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Abstract 

The oxidation response of various niobium based refractory alloys from the Nb-Mo-Si-B-X alloy 

system has been examined at temperatures between 700 and 1400°C in air. The development of these 

alloys was part of an ongoing effort to develop and discover a new materials system capable of replacing 

nickel based super alloys. Additions of titanium were found to provide limited oxidation resistance. A 

discontinuous layer of TiO2 was observed to from at temperatures above 1100°C. Alloys containing 

titanium additions were observed to suffer from pest oxidation at low and intermediate temperatures due 

to the development of Nb2O5. Poor oxidation resistance at intermediate temperatures for alloys with 

titanium additions was attributed to a transformation in the structure of Nb2O5 formed. Additions of 

chromium were observed to increase oxidation resistance through the development of a layered oxide 

structure containing SiO2 and CrNbO4. An intermediate oxidation layer was observed to develop along 

the oxide metal interface in which the solid solution was not oxidized. These alloys were found to be 

susceptible to pest oxidation at intermediate and low oxidation temperatures between 700 and 1000°C. 

Boron and molybdenum content was modified and shown to suppress pest oxidation at 700°C. Modified 

molybdenum content led to the development of molybdenum based α primary solid solution instead of 

niobium. Alloys with modified molybdenum and boron content were found to have the best oxidation 

resistance surviving 168 hours of cyclic oxidation at 1400°C. Transient oxidation behavior was observed 

in thermal gravimetric results collected at 1200°C in the alloys with modified boron and molybdenum 

content and attributed to the preferential oxidation of Nb5Si3. Oxidation behavior was characterized by 

the weight change per surface area method and by thermal gravimetric analysis. Oxidation products 

were characterized by x-ray diffraction and scanning electron microscopy in several modes including 

backscatter imaging, secondary imaging, energy dispersive x-ray spectroscopy, and x-ray mapping. 
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Chapter 1: INTRODUCTION 

Discovering and developing materials systems capable of offering high strength and 

stiffness at the highest temperatures possible has always been a fundamental concern of the 

materials science community. Specifically in the aerospace industry in which current nickel 

based super alloys are operating within 200°C of their melting points. This has been made 

possible by advances in both process and design technologies. Such advances have led to the 

development of internally cooled single crystal components within turbines which are protected 

by advanced ceramic thermal barrier coatings [1]. A trend can be observed in the contributions 

each development has made in terms of power produced and turbine rotor inlet temperature as 

shown in Figure 1.1 [2]. Turbine rotor inlet temperature is the hottest part of the turbine where 

combustion occurs. A few initial observations can be made from Figure 1.1 which indicate that 

despite an increase in turbine rotor inlet temperature the amount of specific core power increased 

deviates farther from the ideal gas-turbine engine relationship leading to lower efficiency, hence 

the need for advanced high temperature materials systems. 

There are many constraints that guide the search for new materials such as melting point, 

cost, and density to list a few. However, two prevalent approaches can be observed in the studies 

conducted in the search for these high temperature materials that involve developing either high 

temperature creep resistance and other related mechanical properties or high temperature 

oxidation resistance. The latter of which is very important in developing alloys from niobium 

and molybdenum. Systems that incorporate these two metals potentially represent the next 

generation of high temperature materials given their high melting points and comparable density 

to nickel. Unfortunately like most of other refractory metals niobium suffers from catastrophic 
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oxidation at elevated temperatures. Molybdenum also suffers from catastrophic oxidation. 

However, volatilization of oxides also leads to mass loss issues.  

 

Figure 1.1 Specific power as a function of temperature. Ideal gas-turbine relationship T2-

turbine rotor inlet temperature, T4-turbine exhaust gas temperature, and T-3 

represents stoichiometric temperatures, adopted from [2] 

Other requirements that need to be satisfied include high melting points, comparable 

density to that of nickel, and several mechanical properties such as creep resistance and fracture 

toughness at ambient temperature. Niobium based refractory metal matrix composites are prime 

candidates to fill this need due to their comparable density to nickel alloys (density of Ni = 

8.912g/cm3 and Nb = 8.57g/cm3) and high melting points [3]. However niobium based alloys 

typically suffer from catastrophic oxidation at high temperatures and pest oxidation at 

intermediate temperatures [4-6].  

Over the years many approaches have been taken to overcome this issue such as alloying 

niobium to alter oxidation kinetics. Other avenues of research involved the development of 

complex microstructures with high volume fractions of intermetallic compounds and silicides. 
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Development of refractory niobium based alloys can be traced as far back as the early 1950s, 

granting some perspective on the complexity of problems that have been encountered. 

Despite these short comings the development of refractory metal alloys capable of 

operating in aggressive oxidizing environments at temperatures exceeding the operational limit 

of nickel based super alloys (1150°C) is still needed. Specifically in the aerospace industry 

where the development of an alloy capable of operating at 1300°C without any auxiliary cooling 

equipment could result in 50% more power output form turbo jet engines [7].  

1.1 JUSTIFICATION 

Recent developments in the Mo-Si-B system have led to the development of borosilicate 

glass layers on molybdenum alloys. These glass layers provide some degree of oxidation 

protection. However there are still material loss issues associated with the formation and 

subsequent volatilization of molybdenum oxides. Limited efforts have been made to explore the 

possibility of similar developments in Nb based alloy systems. It will be the focus of this 

research to examine the oxidation behavior of several alloys from the Nb-Mo-Cr-Si-B system as 

well as the influence different silicon, molybdenum, and boron concentrations have on the scale 

morphology and oxidation kinetics. 

Several alloys have been examined in preliminary studies. Compositions are listed in 

Table 1.1. Preliminary findings will be summarized in a later section along with what major 

contributions each made to the development of the final three alloys developed in this study. As 

cast microstructure, oxide scale morphology, and oxidation kinetics were compared to determine 

what characteristics of each composition provided the best oxidation resistance. These alloy 

systems attempt to combine several of the benefits afforded by intermetallic phase, silicides, and 

the possible formation of a protective borosilicate glass layer. 
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Table 1.1 Preliminary experimental alloy compositions 

 

All of these oxidation enhancing mechanisms have been previously studied or developed in the 

pursuit of a niobium based refractory alloys. Each generation of alloys contributed to the 

development and course this project has followed in the search of a new high temperature 

materials system. However, there still remain several aspects of this alloy system that remain to 

be explored, in particular the effects silicon to boron ratios might play on the development of the 

oxide scale. Silicon to boron ratios were studied to a small extent in the Mo-Si-B system but 

have not been explored in the Nb-Mo-Cr-Si-B alloy system. An understanding of what effects 

boron to silicon ratios have on the oxidation behavior of the Nb-Mo-Cr-Si-B alloy system 

warrants this research. This would also contribute to the overall understanding of the oxidation 

behavior of the Nb-Mo-Cr-Si-B alloy system. 

1.2 REFERENCES 

1. N. P. Padture, M. Gell, E. H. Jordan: Science, 2002, vol.296, pp. 280- 284. 

2. Dimiduk D.M. and Perepezko J.H. MRS Bulletin, 2003, vol. 28, pp. 639-645. 

3. CRC Handbook of Chemistry and Physics. Ohio: CRC Press, 1995. 

4. Subramanian P.R., Mendiratta M.G., Dimiduk D.M., and Stucke M.A. Mater. Sci. Eng., 

A, 1997, vol. 239, pp. 1-13. 

5. Bewlay B.P., Lewandowksi J.J., and Jackson M.R. JOM, 1997, vol. 49, pp. 45. 

6. Bewlay B.P., Jackson M.R., Zhao J.C. and Subramanian P.R. Metall. Mater. Trans. A, 

2003, vol. 34, pp. 2003-2043. 

7. Perepezko J.K. Science, 2009, vol. 326, pp. 1068-1069.  
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Chapter 2: LITURATURE REVIEW 

2.1 REFRACTORY METALS 

The term “refractory metal” is often associated with a very specialized application 

whether it is in the lining of a nuclear reactor or as a structural component in a next generation 

aerospace engine. There are several prerequisites a metal must meet before it is referred to as a 

refractory metal. Of those the most widely accepted is that the metal must have a melting point 

and chemical resistance surpassing those of typical stainless steel, cobalt or nickel based alloys 

[1]. Stricter definitions of the term “refractory metal” require the metal to have a melting 

temperature above 2200°C and have a body centered crystal structure. There is an additional 

definition requiring that the ratio of the melting point of the metal and of its oxide be less than 

one [2]. Typically though despite these definitions there are six elements that are often referred 

to as refractory metals those being molybdenum, niobium, tantalum, rhenium (even through it is 

hexagonal closed packed), and vanadium. Select properties of refractory materials are presented 

in Table 2.1 nickel is included in this table for comparison purposes. 

Table 2.1 Select physical properties of refractory metals and nickel for comparison. 
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2.1 OXIDATION OF PURE NIOBIUM 

 The oxidation of pure niobium has been studied extensively to reveal complex oxidation 

behaviors that can be broken down into several different partial processes. The generally 

accepted oxidation behavior of pure niobium as presented by Kofstad [3] involves oxygen 

saturation of the niobium lattice which leads to the formation of metal oxides. As temperature 

increases the amount of time needed to saturate the metal matrix with oxygen becomes shorter 

beyond 500°C. Metal oxides formed above 600°C include NbO and NbO2 often found growing 

along grain boundaries. At temperatures exceeding 650°C the formation of Nb2O5 takes place in 

several steps involving the saturation of the lattice with oxygen followed by the nucleation of 

NbO then NbO2 and finally Nb2O5. It must also be noted that at 700°C, Figure 2.1, a maximum 

in linear rate constants of oxidation has been observed and corresponds to the rapid oxidation of 

NbO2 to form non protective Nb2O5. 

 

Figure 2.1 Linear rate constants for the oxidation of niobium as a function of temperature, 

adopted from Kofstad [3] 
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Also worth noting is the polymorphic nature of Nb2O5, several forms have been observed, a low 

temperature form often termed γ- Nb2O5 transforms to α- Nb2O5 at temperatures between 800 

and 900°C. Various other transformations of Nb2O5 have been reported many of which are 

irreversible and often are not detectable by calorimetry [4]. Very little data is available about the 

oxidation of niobium above 1200°C, due to rapid reaction rates. In some cases niobium can 

ignite in pure oxygen with a pressure of 1 atm at temperatures exceeding 1200°C. This type of 

behavior is not uncommon since a recent study of stainless steels and other refractory alloys 

revealed similar results as the temperature was increased lower oxygen pressers were required to 

maintain self-sustained combustion. [5] 

Oxide scale morphology and kinetics of pure niobium have been shown, to be temperature 

dependent as a result of the various partial processes previously discussed. At elevated 

temperatures, the scale exclusively transforms to Nb2O5, and at temperatures near 600°C a 

layered structure develops. Oxygen tracer studies confirmed the general oxidation behavior 

presented by Kofstad, Nb2O5 was observed growing on a layer of NbO and NbO2 at 600°C. [6] 

An oxygen isotope was used to observe the diffusion progression through the oxide scale in this 

case 
18

O was used. At temperatures exceeding 700°C the oxidation kinetics observed were par 

linear, as a result of a dense Nb2O5 oxide scales growing to a critical thickness and then spalling 

off and cyclically repeating. Oxygen was found to be the most mobile species in the Nb2O5 scale 

and to move uniformly through the scale without any preference for grain boundaries according 

to the distribution of the 
18

O in the scale. The morphology of the high temperature Nb2O5 oxide 

scales developed was examined in detail by Valot et al [7]. Oxide spalling was attributed to 

compressive stresses developing in the oxide scale and tensile stresses developing in the metal. 

Cracks formed in the oxide scale typically due to the accelerated oxidation at the edges of the 
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samples. Accelerated oxidation was attributed to heat buildup, which resulted in increased 

diffusion rates leading to thicker oxide scales which resulted in a curvature of the oxide where 

cracks would eventually form.  

 Unfortunately very little detailed data about oxide morphology and kinetics is 

available on niobium based alloy systems. However there is some information available on a few 

key systems such as Nb-Si, Nb-Cr, as well as limited information on various other important 

ternary systems such as Nb-Si-Cr, Mo-Si-B, Nb-Si-B, and Nb-Mo-Si-B. Molybdenum systems 

are worth mentioning due to the large amount of data available and the concepts may be useful in 

understanding the oxidation kinetics of niobium based alloys. The Mo-Si-B system has been 

under development since the early 90s and there are hopes that similar developments can be 

made on niobium based systems. 

2.2 LAVES PHASES 

 The term Laves phase is often used to describe a group of related intermetallic 

compounds, AB2, having either an MgZn2 type hexagonal structure, MgCu2 type cubic structure, 

or an MgNi2 type hexagonal structure [8]. The C14 MgZn2 hexagonal type structure belongs to 

the P63/mmc space group and contains four A atoms and eight B atoms. In this structure the 

smaller B atoms are located at the corners of tetrahedra that are joined in an alternating manner 

at the base and point to point. The A atoms occupy the areas enclosed by the B atom tetrahedra, 

each A atom is coordinated to four other A atoms. The tetrahedral views of each form of Laves 

phase are shown in Figure 2.2. The C15 MgCu2 type cubic structure belongs to the Fd3m-Oh 

space group and contains eight A atoms and sixteen B atoms. The structure can be thought of as 

two interpenetrating lattices of both A and B atoms where the B atoms lie at the corners of the 

tetrahedra connected at the points and the A atoms occupy the resulting enclosed structure 

created by the B atom tetrahedra. The C36 MgN2 type hexagonal structure belongs to the 

P63/mmc space group and contains eight A atoms and sixteen B atoms. The B atoms are located 
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at the corners of tetrahedra however the arrangement of the tetrahedra joining is a mixture of the 

C14 and C15 structures. The arrangement of the A atoms in the three Laves phase lattices are 

presented in Figure 2.3. 

 

Figure 2.2 Tetrahedra formed by the B atoms in the three different Laves structures  

(a) C15 MgCu2, (b) C14 MgZn2, and (c) C36 MgNi2. Adopted from [8] 

 

Figure 2.3 Arrangement of the A atoms in the three Laves phase lattices (a) C14 MgZn2,  

(b) C15 MgCu2, and (c) C36 MgNi2. Adopted from [8] 

 The atomic size factor was hinted at early on in this section. A determining factor in the 

formation of Laves phases was found to be related to the atomic size of the constituent atoms. An 

ideal atomic radii ratio has been determined based on studies of hard sphere packing models to 

be, rA/rB, approximately 1.255. Actual Goldschmidt radii of pure elements known to form Laves 

phases found rA/rB varies between 1.05 and 1.68. It was postulated by various authors that the 

(a) (b) (c)

(a) (b) (c)
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rA/rB determined what type of Laves phase structure would form, however others have indicated 

that valence electron to atom ratios determine the Laves phase structure [9-10]. 

 Of the many known Laves phases NbCr2 is of significant importance to this study due to 

the many desirable physical and mechanical qualities [9]. NbCr2 C15 Laves phase has a melting 

point of 1730°C and a density of 7.7g/cm^3 and offers some oxidation resistance up to 1100°C. 

Interestingly when silicon is introduced into the binary Nb-Cr system a C14 type structure can be 

obtained. Silicon was observed to occupy B atom positions reducing the effective electron 

concentration in the structure allowing for a stable C14 phase [11]. Additionally by introducing 

substitutional soluble atoms into the A and or B lattice sites the Laves phase deformability may 

be enhanced [12]. 

2.3  OXIDATION OF NB-CR ALLOYS CONTAINING LAVES PHASE 

 Nb-Cr alloys contain various amounts of Laves phase NbCr2 and a solid solution 

whether it be Cr based or Nb based and are often the foundation of the more complex alloy 

systems under development. An understanding of the kinetics of Laves phase alloys needed 

before kinetics and oxide scale structures can be discussed or characterized. Brady et al. studied 

the mechanical properties of Laves phase reinforced composites and reported the scale formed 

on the alloy in various layers [13]. The layer closest to the oxide metal interface was composed 

largely of CrNbO4 while above that at the oxide air interface a layer of loosely adherent ruffled 

Cr2O3 was formed. Nitrogen embrittlement was also observed by Brady, it is a well-known and 

documented occurrence in pure chromium [14], however in the Laves phase reinforced 

composites it was found that not only did the solid solution become embrittled but the Laves 

phase did so as well. The embrittlement of the Laves phase, however, is of little consequence 

given its inherently high hardness and brittleness. Zheng et al. reported the development of 

similar layered structures on mechanically alloyed hot pressed Laves phase [15, 16]. The molar 



 11 

volume change from NbCr2 to Cr2O3 and Nb2O5 was also reported and indicated to be nearly 

376% leading to the development of internal stresses within the oxide scales. Coupled with 

mismatches in thermal expansion coefficients these stresses were indicated to be responsible for 

the oxide scale spallation. In this case the solid solution was niobium based and no mention of 

nitridation was made. However, a correlation between the growth of the ruffled loosely adherent 

chromium scale and the diffusion of chromium is made. The exclusive formation of Cr2O3 over 

the CrNbO4 oxides implies that chromium ions diffuse outwards at a much higher rate than 

niobium ions. This kind of outward diffusion has been observed in the oxidation of pure 

chromium in early studies as well as by subsequent oxygen isotope tracer studies which report 

that newly developed Cr2O3 occurs near the oxide air interface indicating the outward diffusion 

of chromium ions took place [17-19].  

2.4 OXIDATION OF MO-SI-B 

 Mo5Si3 and Mo2Si are two silicides of interest in the Mo-Si system. Mo5Si3 

suffers from catastrophic oxidation and mass loss at elevated temperatures (T>800°C) but 

provides excellent creep resistance. MoSi2 offers oxidation resistance up to temperatures as high 

as 1700°C, but suffers from pest oxidation at intermediate temperatures. [20] Boron additions 

were found [21, 22] to increase the oxidation resistance of molybdenum silicides, and pest 

oxidation resistance
 
resulting in a large research effort focused on studying the Mo-Si-B system. 

Mo5SixBx type phases develop a layer of borosilicate glass upon oxidation resulting in high 

oxidation resistance. [23-27] Additions of ductile phases, typically molybdenum solid solution 

[28],
 
are required to enhance the fracture toughness but result in unacceptable material recession 

typically caused by the formation and subsequent volatilization of MoO3 at above 700°C. [29] 



 12 

2.5 OXIDATION OF NB-MO-SI 

The Nb-Si-Mo alloys were examined by Chattopadhyay et al. [30] The authors determined that 

the oxidation behavior was dependant on the hypo-, hyper-eutectic character of the alloy at 

intermediate temperatures due to the accelerated oxidation of (Nb,Mo)5Si3 in hypereutectic 

alloys. Molybdenum was found to increase oxidation resistance at temperatures exceeding 

1000°C by increasing sinterability of the oxide scale effectively lowering the porosity of the 

scale. By reducing the porosity the rate at which oxygen could diffuse into the base metal was 

also lowered resulting in the higher activity of silicon which leads to the development of a layer 

of SiO2. A characteristic multi layer oxide scale is developed on samples which consist of 

dispersed Nb2O5 particles in a borosilicate glass matrix when boron is added. However, the 

beneficial effects of the borosilicate glass may be reduced due to an increased viscosity caused 

by dispersed Nb2O5 oxide particles. [31-32] 

2.6 OXIDATION OF NB-SI-B 

An attempt was made to study the oxidation behavior of the alloys from Nb-Si-B system 

to determine whether Nb5SixBx phases may offer similar oxidation resistance to their 

molybdenum counterparts. Oxidation resistance of Nb5Si3B2 was found to be superior to 

undoped Nb5Si3 as reported by Murakami et al. [33] Unlike the Mo5SixBx type silicides which 

develop volatile MoO3 the development of a continuous borosilicate glass layer from Nb5Si3B2 

type silicides was not possible due to the development of non-volatile Nb2O5. On a side note 

Behrani et al. attempted to promote the volatilization of Nb2O5 through a chlorination treatment 

to develop a continuous layer of borosilicate glass [34]. The treatments resulted in limited 

success and only marginal gains in oxidation resistance. 



 13 

2.7 OXIDATION OF NB-CR-SI 

The Nb-Cr-Si system has also been examined and often, the alloys with the best oxidation 

resistance had microstructures containing large volume fractions of silicides (Nb5Si3) and Lave 

phases (NbCr2). It was determined by Chan [35] that the oxidation resistance of multi-phase 

alloys containing solid solution, NbCr2 and Nb5Si3 depends on their volume fractions. 

Compositions with high volume fractions of NbCr2 and Nb5Si3 were observed to have higher 

oxidation resistance than alloys with higher concentrations of solid solution. Higher 

concentrations of chromium in the solid solution phase as well as higher volume fractions of 

both silicides and Laves phases resulted in improved oxidation resistance which has also been 

reported by several other authors [36-38]. 

2.8 OXIDE VOLATILIZATION 

 Volatilization of refractory metal oxide layers intended to provide some measure 

of oxidation resistance can have extremely detrimental effects on refractory metals. Those effects 

include modification of oxidation kinetics, material loss/metal recession, and pitting of the 

sample as well as localized modification of alloy chemistry near oxide metal interfaces. 

Volatilization of chromium scales has been studied due to its abundant use in refractory alloys. 

Caplan et al. [39] concluded that volatilization occurred only in oxidizing environments by 

heating pure Cr2O3 samples to 1000-1200°C and passing oxygen over pellets after which a 

weight loss was observed, however no weight loss observed with pure argon. Oxidation kinetics 

of alloys that form adherent protective Cr2O3 scales were shown to transform from parabolic to 

linear, transitions in the kinetics are often called par linear, after the scale has grown to a critical 

thickness [40]. Pujilaksono et al. studied the effects of moisture on the oxidation of chromium 

and reported similar shifts in oxidation kinetics due to the evaporation or volatilization of 



 14 

protective Cr2O3 oxide scales [41]. The presence of moisture was found to result in a layered 

oxide structure, one protective and one non-protective, and evaporation of the Cr2O3 scale was 

accelerated by the energetically favorable conversion to a CrO2(OH)2. 

 The volatilization of oxide products formed on commercial nickel and iron based 

super alloys was studied by Zaplatynsky at 1200°C in static air [42]. It was determined that 

elements preferentially lost from the oxide scales included tungsten, molybdenum, niobium, 

manganese, and chromium. Microstructural cross-sections of oxide metal interfaces revealed 

pitting and localized modification of alloy chemistry in many cases resulting in depletion of 

alloying element. Elements that were not detected in the oxide vapor deposits were silicon and 

aluminum. Alloy that formed spinels and protective alumina scales were found to be less 

susceptible to oxide volatilization. 

 Volatilization of molybdenum has also been studied at various temperatures and 

oxygen pressures. Volatilization of MoO3 has been reported to occur at temperatures above 

600°C in air. As previously mentioned molybdenum based alloys although promising suffer from 

metal recession which limits their applications. Several studies have investigated the 

volatilization of MoO3. Gulbransen et al. studied the oxidation of molybdenum and volatilization 

of MoO3 in a temperature range from 550 to 1704°C at pressures between 5 to 76 Torr (0.066 to 

0.1 atm) [43]. At temperatures above 800°C the volatilization of MoO3 occurred as fast as MoO3 

was grown on the surface. A more recent study conducted by Smolik et al. on the volatilization 

and re-deposition of oxide scales formed on a molybdenum based alloy termed TZM alloy 

indicated other non-stoichiometric oxides might change the volatilization process at temperatures 

between 600 and 800°C . [44] 
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2.9 CHARACTERIZATION OF OXIDATION CURVES 

Commonly encountered rate equations and kinetics can typically be described as 

logarithmic, linear, parabolic, or in some cases a combination [3]. Logarithmic reactions 

typically have a high initial rate of weight gain followed by a decrease to lower weight gain rates 

in some cases the rate of weight gain can be negligible. The equations needed to describe both 

logarithmic and inverse logarithmic oxidation curves are provided below. Figure 2.4 provides a 

visual representation of typical logarithmic and inverse logarithmic oxidation curves. 

Logarithmic rate equation: 

� � ���� log
� � �
� � � 

Where x is weight gain, t is time, and A is a constant. 

klog is the logarithmic rate constant 

Inverse Logarithmic rate equation: 

1

�
� � � ���log 
�� 

Where x is weight gain, t is time, and B is a constant. 

kln is the inverse logarithmic constant 

 

Figure 2.4 Illustration of a typical logarithmic and inverse logarithmic oxidation curves, 

adopted from Kofstad [3] 

Parabolic rate reactions typically describe high temperature oxidation curves, and signify 

that a thermal diffusion process is rate limiting. The rate limiting mechanisms typically involve 
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the uniform diffusion of one or more reactants through a growing compact scale. A typical 

parabolic oxidation curve can be described by the parabolic rate equations provided below, the 

differential version is also listed. 

Parabolic rate equation: 

�� � 2��� � � � � ��� � � 

Differential integral form: 

��

��
�
�� �

�
 

Where kp and k �p are parabolic rate constants and C is a constant. 

Linear oxidation indicates constant weight gain with time and indicates that the rate of 

oxidation is not influenced by any previous amount of gas or metal consumed in the reaction. 

Linear oxidation may also indicate that the rate limiting mechanism can be a reaction at a phase 

boundary whether it is the oxide air interface or the oxide metal interface. Linear oxidation may 

also occur when oxygen is diffused through a continuous layer of oxide with uniform thickness. 

Figure 2.5 shows typical linear and parabolic oxidation curves. Linear oxidation curves can be 

described by the linear rate equations provided below. 

Linear rate equations: 

� � ��� � � 

��

��
� ��� 

Where x is weight gain, t is time, C is a constant, and kl is a linear oxidation rate constant. 
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Figure 2.5 Representation of typical linear and parabolic oxidation curves adopted from 

Kofstad [3] 
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Chapter 3: Experimental Procedure 

3.1 SAMPLE PREPARATION 

 Alloys were fabricated by the Ames laboratory of Iowa State University by a 

triple arc melt method on a water cooled copper hearth under a high purity argon atmosphere. 

Niobium, molybdenum, and chromium metals used were of 99.9% minimum purity. The boron 

and silicon used were 99.5% in purity.   5 – 50 gram alloy buttons were melted several times and 

then machined into 5x5x5 mm cubes by electronic discharge machining (EDM). Samples were 

polished to a 600 grit finish with silicon carbide emery paper, and then ultrasonically cleaned in 

ethanol for 15 minutes. Surface area was calculated and samples were weighed before oxidation. 

Several compositions were examined in the course of this study all are listed in table 4.1 in both 

atomic and weight percent. 

Table 3.1 Compositions of experimental alloys 

 

3.2 SHORT TERM OXIDATION 

Short term oxidation experiments were carried out in air in computer controlled furnaces. 

Samples were placed in dry covered crucibles and then heated at a rate of 10°C/min to 

designated temperatures and held there for 24hrs after which samples were allowed to furnace 

cool and weighed again to determine the weight change due to oxidation. Auxiliary 

thermocouples were used to monitor the temperature of the crucible. Adjustments were made to 

keep the temperature within 5°C of experiment temperatures.  
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3.3 CYCLIC OXIDATION 

 Long term cyclic experiments were carried out in air in computer controlled 

furnaces. Samples were placed in dry covered crucibles and then ramped at 10°C/min to 

designated temperatures and held for 24 hours then allowed to furnace cool. After furnace 

cooling the samples were weighted and then optically examined in the crucible for changes in the 

sample morphology. The samples were then reintroduced into a cool furnace for another 24 hour 

cycle of oxidation. The samples were cycled at 24 hour intervals till a total of 168 hours had 

been achieved. 

3.4 OXIDE SCALE DEVELOPMENT 

 Oxide scale development studies were carried out on select alloys of interest in air in 

computer controlled furnaces. Polished samples with dimensions of 5x5x2.5mm were placed in 

dry covered crucibles and ramped to 10°C/min to a designated temperature and held for 15 

minutes. The samples were then removed from the furnace and air quenched to conserve high 

temperature structures.  

3.5 THERMAL GRAVIMETRIC STUDIES 

Oxidation kinetics were characterized by thermo gravimetric studies, carried out in a 

LabSys evo. Samples were cut in half (2.5x5x5mm) using a diamond wheal in a liquid cooled 

precision saw. Samplers were then prepared in the same fashion as the short term oxidation 

samples were. Samples were ramped at 30°/min instead of 10°/min and isothermal data was 

collected. Samples were held in an alumina crucible with air allowed into the chamber. Data was 

collected from the scale ever 15 seconds for the duration of the oxidation experiment.  

3.6 X-RAY DIFFRACTION ANALYSIS 

Oxide scales that were not thick enough to be removed without damaging the remaining 

metal were characterized in situ. Oxide products that had either spalled or were the result of pest 

oxidation were ground as finely as possible in a clean pestle and mortar prior to XRD analysis. 

XRD analysis was carried out on the D8 Discovery using a scan rate of 5°/min, the 0.8mm slit on 
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the x-ray source, and an 8mm slit on the detector. It was determined by trial and error that this 

combination gave the best results, acceptable resolution and intensity. For calibration purposes 

powder oxides were laced with Al2O3, the polymer mounting media was also laced with Al2O3. 

3.7 SCANNING ELECTRON MICROSCOPY 

To expose the oxide metal interface when a sample did not spall or pest oxidize samples 

were mounted in an epoxy resin and then sectioned in half by a liquid cooled precision diamond 

saw. The halves were remounted in epoxy resin and polished to reveal the oxide metal interface 

for SEM examination. This was done in order to ensure that a true cross-section of the oxide 

metal interface could be observed. Simply polishing the oxide off one surface of the sample 

would not guarantee that a true cross-section was being observed since it was unknown whether 

or not any sort of micro structural changes had taken place due to localized changes in chemistry 

due to the oxidation process. The mounted samples were polished to 1200 grit silicon carbide 

emery paper and then ultrasonically cleaned in ethanol. After grinding at 600 grit silicon carbide 

had been completed the samples were ultrasonically cleaned to remove any loose carbide that 

may have remained on the sample. No alumina slurries or diamond pastes were used to prevent 

any contamination of the oxide scale. Polished samples were then sputter coated with gold to 

eliminate charging of the sample. SEM characterization was carried out on the samples in BSE 

(back scatter mode) as well as EDS (electron dispersion spectroscopy) at 20Kev and 20µA at a 

working distance of 15mm. To ensure reasonable accuracy of the EDS analysis the equipment 

was routinely calibrated with an aluminum and copper sample while the back scatter detector 

was inserted. 
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Chapter 4: Preliminary Studies 

 Preliminary studies will be presented in this section. Initial studies were centered on 

additions of titanium instead of chromium to the Nb-Mo-Si-B system. However, initial 

evaluations of additions to the alloy system indicated that chromium provided the best potential 

oxidation resistance. Modifications to the composition of the alloy were made to increase both 

the amounts of laves phase and silicdes that formed while reducing the amount of primary solid 

solution.  

4.1 OXIDATION BEHAVIOR OF NB-MO-SI-B WITH TITANIUM ADDITIONS 

 Additions of titanium to the Nb-Mo-Si-B system had not been explored and it was 

determined that the possible development of a layer of TiO2 merited this study. Research 

available in literature had been conducted on niobium based alloys but often incorporated 

additions of aluminum as well which were found to be detrimental to oxidation resistance and 

lower the overall melting point of the resulting alloys. Two oxides containing titanium were 

observed to develop on niobium based alloys i.e. TiO2 at high concentrations of titanium and 

TiNb2O7 for alloys containing high concentrations of niobium [1,2]. It was also shown that the 

simultaneous development of both of these oxides resulted in paralinear oxidation kinetics [1]. 

The development of Ti5Si3 in the alloy and subsequent oxidation was also of interest in this 

study. Previous studies attributed parabolic oxidation behavior at 1200°C in alloys that contained 

Ti5Si3 as a result of a layered scale consisting of an inner SiO2 layer and an outer TiO2 oxide 

layer [3]. A composition of Nb-20Mo-15Si-5B-20Ti (20Ti alloy) was chosen to explore the 

effects titanium additions had on the oxidation behavior, oxide scale development and 

microstructural stability in a temperature range of 700 – 1300°C on the Nb-Mo-Si-B system. 

 Samples were prepared by the Ames Laboratory of Iowa State University by a triple arc 

melt method in an inert argon atmosphere. Samples were electron discharged machined into 

cubes of 5x5x5 mm. Samples were polished to 600 grit and then ultrasonically cleaned, weighed, 

and surface area was determined. Three experiments were conducted to study oxide scale 
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development, short term oxidation behavior (24 hour oxidation), and cyclic oxidation response. 

To study oxide scale development samples were allowed to ramp at a rate of 10°C/min and held 

at peak temperatures and then air quenched. To study the short term oxidation behavior samples 

were ramped at a rate of 10°C/min and held for 24 hours at temperatures between 700 and 

1300°C then allowed to furnace cool. The cyclic oxidation response was studied for 24 hours and 

168 hours, samples in both cases were ramped at 10°C/min and held for a specified period and 

then allowed to furnace cool. Samples were then weighed and reintroduced for another cycle of 

oxidation. 

4.1.1 As Cast Microstructures 

 Isothermal sections were calculated by a thermodynamic software suit called Pandat
TM

 in 

an effort to predict phase changes within the experimental temperature range. It must be 

mentioned that these calculated isothermal sections do not take into account the effects boron 

might have given data base limitations. No phase changes were reported in the experimental 

temperature range, two phases were predicted to exist in the alloy those being � solid solution 

and Nb5Si3 as shown in Figure 4.1 [4]. Both EDS and XRD analysis were used to characterize 

the as cast microstructures which was found to contain a niobium based solid solution and the 

Nb5Si3 silicide as shown in Figure 4.2. Results from the x-ray diffraction are presented in Figure 

4.3 and indicate the presence of the niobium solid solution and Nb5Si3, and a few peeks that 

appear to match Nb3Si. The presence of Nb3Si was confirmed by EDS and is believed to be 

present due to the none equilibrium condition in which the microstructure is present after casting.  

. 

 

 



 26 

 

Figure 4.1 Calculated isothermal sections from the Nb-20Mo-15Si-5B-20Ti alloy at 800°C (a) 

and 1300°C. Sections were calculated using Pandat
TM

 software [4]. 

 

Figure 4.2 As cast microstructure shown in backscatter of 20Ti alloy solid solution and Nb5Si3 

identified [4]. 

 

Figure 4.3 XRD spectra of as received Nb-20Mo-15Si-5B-20Ti alloy. 
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4.1.2 Short Term Oxidation Results 

Short term oxidation results are presented in Figure 4.4. The curve shows various details 

about the final condition of the alloy after oxidation. At lower temperatures, 700 to 900°C, the 

alloy was observed to develop a thin porous oxide scale consisting largely of Nb2O5 and what 

appeared to be SiO2 with a large amount of niobium. 

 

 

Figure 4.4 Short term oxidation results from the Nb-20Mo-15Si-5B-20Ti alloy obtained after 

24 hours of oxidation in air adopted from [4] 

At intermediate oxidation temperatures, 1000 and 1100°C, the alloy was observed to contain 

bulky oxides in the forms of pyramids. The base of each of these oxide pyramids had the same 

characteristics square face from which it seemed to have developed. The pyramids like oxide 

structure was also associated with a large weight gain. It must be noted that at both 1000 and 

1100°C very large portions of the base metal were consumed at 1000°C approximately 20% of 

the original sample remained after oxidation at 1100°C. This scale was later determined to be 

composed primarily of Nb2O5. Micrographs of low and intermediate oxide metal interfaces are 

presented in Figure 4.5. At elevated temperatures between 1200 and 1300°C a bulky thick oxide 
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scale was observed to develop. Closer examination of the scaled developed at 1300°C reveled a 

layered oxide structure. There appeared to be a dense layer growing along the oxide metal 

interface composed of a matrix of niobium rich SiO2 and large grains of Nb2O5 with high 

concentrations of molybdenum. A layer composed of Nb2O5 and TiO2 grains embedded in a 

matrix of SiO2 is observed to develop next in between the oxide metal and air oxide interfaces. 

The Nb2O5 developed in this layer does not contain molybdenum. The oxide layer developed at 

the oxide air interface is composed of Nb2O5 needles and a SiO2 matrix. The different oxide 

layers are presented in Figure 4.6 including backscatter micrographs of the oxides developed 

along the oxide metal interface, the middle layer, and the oxide air interface. Despite the 

development of the SiO2 matrix there was no indication borosilicate glass had been formed.  

 

Figure 4.5 Oxide metal interface shown at 800 to 1000°C after short term oxidation, the large 

amounts of Nb2O5 developed are attributed to the oxidation of the niobium solid 

solution. 

 

Figure 4.6 Layered oxide developed at 1300°C after 24 hours of oxidation. (a) dense oxide 

layer developed at the oxide metal interface, (b) second layer consisting of Nb2O5 

and TiO2 oxide grains dispersed in SiO2, and (c) oxide developed at air oxide 

interface consisting of Nb2O5 and SiO2. Adopted from [4] 
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4.1.3 Short Term Cyclic Oxidation Results 

 Given the limited understanding gained from characterizing the oxide metal interfaces 

formed after shot term oxidation it was determined that an additional short term oxidation cyclic 

study was needed. The data presented in Figure 4.7 was collected over a 24 hours period each 

data point was collected after a set time interval and after the sample had furnace cooled.  

 

Figure 4.7 Short term cyclic oxidation of Nb-20Mo-15Si-5B-20Ti adopted from [4] 

Initial observations of the cyclic data indicate linear oxidation took place at 800°C which can be 

related to the porous oxide layer that developed which was found to be composed primarily of 

Nb2O5 and niobium rich SiO2. At 1000°C the oxidation process appears to be linear however 

during the first 10 hours the rate is considerably higher than the rest of the data. This can be 

interpreted as an indication as to when the sample was completely consumed. At 1200°C the 

cyclic data indicates there was a parabolic response which may indicate that the scale developed 

at 1200°C afforded some protection over a longer period of time the oxidation rate should have 

become diffusion controlled through the oxides scale. This may be related to the formation of the 

layer consisting of dispersed Nb2O5 and TiO2 in the SiO2 matrix. The linear rate constants of the 

800 and 1000°C curve were reported to be 1.3 and 14.2 mg/cm
2
h [4]. The parabolic oxidation 

curves observed both at 1200 and 1300°C were found to have parabolic rate constants of 200 and 

2000mg
2
/cm

4
hr respectively [4].  
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4.1.4 Oxide Scale Development 

 Valuable insight was gathered from the two shorter oxidation experiments however there 

was no clear understanding of the development of the oxide scale itself which lead to oxide scale 

growth experiments. The oxide scale development results which were carried out at 700, 900, 

1100, and at 1300°C are presented in Figure 4.8.  

 

 

Figure 4.8 Oxide metal interface developed at (a) 700, (b) 900, (c) 1100, and (d) 1300°C after 

5 minutes of oxidation in air followed by an air quenching [4]. 

The porosity found at lower temperatures was also visible in the oxide scale development 

samples. It appears as though the solid solution phase is being preferentially attacked casing the 

rapid growth of Nb2O5. Another issue that came to light was the apparent lack of molybdenum 

oxides present in the scale and it is believed that MoO3 formed and then volatilized further 

exacerbating the porosity issues caused by the rapid growth of Nb2O5. The oxide metal interface 
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developed at 900°C shows that the scale developed is almost continuous however the scale 

developed does not have a uniform composition. After oxidation at 1100°C the oxide formed is 

observed to be continuous, however, along the metal oxide interface a molybdenum right layer 

appears to have begun developing. The molybdenum rich layer appears to be fully formed along 

the oxide metal interface after oxidation at 1300°C. When the short term cyclic oxidation data is 

re-examined it becomes apparent that linear oxidation behavior changes to parabolic behavior at 

temperatures in which the molybdenum rich layer forms along the oxide metal interface. When 

none cyclic short term oxidation data was reviewed this molybdenum rich layer was found to be 

best understood by x-ray mapping. An example of x-ray maps showing the molybdenum rich 

oxidation layer is can be observed in Figure 4.9. 

 

 

Figure 4.9 20Ti alloy x-ray maps showing molybdenum rich layer along the oxide metal 

interface at 250X after oxidation at 1300°C. 

 

 

Ti Si

Mo O Nb
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4.1.5 Long Term Cyclic Oxidation Results 

Long term cyclic oxidation was also carried out for a total of 168 hrs in 24 hour cycles. 

The oxidation curves are presented in Figure 4.10. Linear oxidation behavior was observed for 

the entire 168 hr test period for both 700 and 800°C which indicates that the alloy was unable to 

grow a protective scale. At all other temperatures a common trend can be observed which 

includes rapid weight gain within the first 48 hours of oxidation followed by weight loss. The 

rapid weight gain curve was found to correspond to the consumption of the sample followed by 

the volatilization of oxides developed. Two oxides that could possibly be responsible for the 

volatilization weight loss observed are MoO3 and B2O3 both of which are volatile at 1000°C and 

above. The presence of either oxide could not be confirmed by EDS or XRD, however, x-ray 

maps and EDS analysis indicate an enrichment of molybdenum along the metal oxide interface at 

1200 and 1300°C after this layer the amount of molybdenum present in the oxide scale 

diminishes rapidly as the oxide air interface is approached. 

 

 

Figure 4.10 Long term cyclic oxidation of 20Ti alloy in air for 168 hours.  
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4.1.6 Comparison of Titanium Additions and Chromium Additions 

 This preliminary study was conducted in parallel with another study in which titanium 

additions were substituted by chromium [5]. The alloy studied with chromium additions had a 

composition of Nb-20Mo-15Si-5B-20Cr (20Cr alloy). After results were compared [5] it was 

determined that chromium additions offered better results due to the development of CrNbO4 an 

oxide that has been shown to offer better oxidation resistance than Nb2O5 [5]. As cast 

microstructures are presented in Figure 4.11. The 20Cr alloy was found to contain a niobium 

solid solution, NbCr2 Laves phase, Nb3Si, and Nb5Si3. 

 

 

Figure 4.11 20Cr alloy as cast microstructure containing NbCr2 Laves phase, Nb5Si3, Nb3Si and 

a niobium solid solution [5]. 

 Short term oxidation results are compared in Figure 4.12. The chromium (20 at%) 

additions were found to give better results throughout the temperature range tested. Layered 

oxide structures were observed to develop as well. When the short term oxidation data collected 

for both alloys is compared it becomes clear that the chromium additions provided better 

oxidation resistance throughout the experimental temperature range, comparison of the short 

term oxidation data presented in Figure 4.12. The 20Cr alloy did show signs of pest oxidation at 

low temperatures between 700 and 800°C. Pest oxidation leads to the disintegration of alloys into 

powder oxides. At intermediate temperatures between 900 and 1000°C the alloy developed a thin 

NbssNbCr2 Nb5Si3

Nb3Si
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oxide scale consisting of CrNbO4 and Nb2O5. At high temperatures between 1100 and 1300°C 

the 20Cr alloy developed a thick bulky oxide scale that contained CrNbO4, Nb2O5, and SiO2.  

 

 

Figure 4.12 Comparison of short term oxidation data of Nb-20Mo-15Si-5B-20X alloy with 

chromium and titanium additions [5]. 

It should also be noted that at every temperature, with exception of 1400°C, there was sample 

remaining after oxidation for the studies conducted on the 20Cr alloy in contrast to the limited 

survivability of the 20Ti alloy. Several oxide metal interfaces developed by the 20Cr alloy are 

presented in Figure 4.13. At lower temperatures, 700 and 800°C, the oxide scale developed is 

porous and consist mainly of Nb2O5 and CrNbO4. At intermediate temperatures 1000 to 1100 the 

oxide scale developed is much denser and consist of Nb2O5 with molybdenum, CrNbO4, and 

SiO2 with CrNbO4 dispersed in it. A similar oxide scale can be observed to develop at 1200°C 

and above the oxide scale however develops in layers. At the metal oxide interface a layer of 

CrNbO4 is observed followed by Nb2O5 and CrNbO4 dispersed in SiO2. 
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After comparing the oxide scales developed and short term oxidation data it was clear 

that Cr additions provided better oxidation resistance than titanium additions. It was determined 

that the development of a TiO2 oxide layer would not be possible with the dominant growth of 

Nb2O5 without drastically altering the composition of the 20Ti alloy. This would lead to a lower 

melting point [6]. During this study samples were oxidized at 1400°C but no results could be 

obtained from these samples since they appeared to have melted. The preliminary study on 

titanium additions provided invaluable insight on characterization methods as well as experience 

in characterizing the high temperature oxidation behavior of refractory metal alloys. The results 

and observed oxidation behavior were all taken into consideration in the development of the 

subsequent set of alloys containing boron and higher chromium additions. 

 

 

Figure 4.13 Oxide metal interfaces developed on the 20Cr alloy after short term oxidation at 

800, 900, and 1300°C [5]. 

4.2 OXIDATION BEHAVIOR OF NB-MO-SI-B WITH CHROMIUM ADDITIONS 

The second oxidation study in the preliminary work was carried out on three alloys from 

the Nb-Mo-Si-Cr system with boron additions and modified chromium content, compositions are 

presented in table 4.1 [7]. It was necessary to understand the effects boron additions had on the 

oxidation response of alloy from this system. This work was largely inspired by the limited 

success several authors had developing a borosilicate glass layer on alloys from the Mo-Si-B 

alloy system. The previous study comparing titanium and chromium additions also indicated that 

a change in the alloy composition was needed to reduce the amount of primary alpha in the 

microstructure which seemed to be the largest source of Nb2O5 growth. 

800°C 1000°C 1300°C

SiO2+CrNbO4

Nb2O5

CrNbO4
SiO2+Nb

CrNbO4

(Nb,Mo)2O5 SiO2+CrNbO4

CrNbO4

(Nb,Mo)2O5
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Table 4.1 Alloy compositions intended to study the effects of chromium composition and 

boron additions. 

 

Other authors who studied similar niobium based multiphase alloys have reported improvements 

in oxidation resistance by reducing the volume fraction of primary solid solution and increasing 

the volume fraction of both silicides and Laves phases [8]. Increases in chromium were shown to 

both increase the amount of Laves phase and reduce the amount of niobium solid solution 

according to composition calculations by Pandat
TM

 presented in Figure 4.14. Initial observations 

indicate that an addition of 5 atomic percent could reduce the fraction of solid solution by almost 

10% throughout the test temperature range. In a similar fashion a larger fraction of Laves phase 

is predicted. 

 

 

Figure 4.14 Phase fractions as a function of temperature calculated using Pandat
TM

 for alloy 

compositions containing (a) 20 and (b) 25Cr additions. 

4.2.1 As Cast Microstructures 

 As cast microstructures in back scatter contrast are presented in Figure 4.15. Three 

common phases were present in all of the alloys those being a niobium solid solution, Nb5Si3, 

(a) (b)
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and NbCr2 Laves phase. An additional silicide, Nb3Si, is observed in the 25Cr 5B alloy and has a 

large blocky morphology with smooth interfaces. In both alloys the Nb5Si3 silicide is observed to 

develop in areas where the Laves phase coarsens around the solid solution interfaces. Further 

characterized by EDS analysis of the solid solution in both alloys found large amounts of 

molybdenum in excess of 50at Pct. Initial observations indicate that increased chromium content 

reduces the amount of primary solid solution present in the microstructures.  

 

 

Figure 4.15 As cast microstructures for preliminary alloys in collected in back scatter mode [7]. 

Image analysis was carried out on each of the as cast microstructures, results are presented in 

table 4.2. Phase fractions were obtained by determining the fraction of each phase observed in 

the as cast microstructures at 500X. The fractions were calculated based on the contrast of each 

phase present given, that the micrographs were collected in back scatter imaging mode in which 

contrast is determined by mean atomic number. Similar results were obtained from previous 

alloy studied Nb-20Mo-15Si-5B-20Cr (20Cr5B) and are presented for comparison purposes. 
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Table 4.2 Phase fractions calculated for preliminary alloys studied containing various 

chromium and boron additions. 

 

Two apparent trends related to the compositions of the alloys can be observed in the 

phase fractions. Additions of boron appear to lead to lower fractions of solid solution and higher 

fractions of silicides. Lower amounts of solid solution could be explained by the lower fraction 

of niobium present in the alloy since the 5at.% additions of boron lower the total amount of 

niobium in the alloy. However lower amounts of niobium in the alloy compositions do not 

account for the formation of larger fractions of silicide. Further investigation should be 

undertaken to determine the exact mechanisms involved. Additionally it should be noted that the 

microstructures are studied in the as cast conditions. Given the nature of refractory metals 

annealing should be undertaken at elevated temperatures in inert atmosphere for extended 

periods of time. Several authors have undertaken this type of heat treatment to determine 

equilibrium microstructures and various other properties with annealing times ranging from 100 

to 1x10
3
 hours [9-11]. In either case the amount of solid solution in the microstructures was 

reduced and higher fractions of both NbCr2 Laves phase and silicide were achieved. 

Isothermal sections from the Nb-Cr-Mo-Si system were calculated for the increased 

amount of chromium and are presented in Figure 4.16. The calculated isotherms can be related to 

Figure 4.15 which shows various trends as a function of temperature in which amount of solid 

solution and Nb5Si3 increase with temperature while the amount of Laves phase decreases. No 

phase changes were predicted throughout the experimental temperature range of 700 to 1300°C.  
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Figure 4.16 Isothermal sections calculated for the Nb-Mo-Si-Cr system at 700 and 1300°C 

while holding 25at.%Cr constant [7]. 

4.2.2 Short Term Oxidation Results 

 Short term oxidation results are presented in Figure 4.17 which also includes information 

on the observed morphology of oxide products. Preliminary observations indicate that boron 

additions provide oxidation resistance through the entire experimental temperature range when 

compared to the 25Cr alloy with no boron additions. At elevated temperatures similar oxidation 

behavior is observed in both alloys. Samples were sectioned and polished to reveal the oxide 

metal interfaces. EDS analysis was used to identify phases and oxides present. XRD analysis was 

conducted to confirm the presence of phases and oxides identified by EDS analysis. The surface 

oxides were also characterized by XRD analysis to determine what oxides were present on the 

samples surface after oxidation. 

Thermo gravimetric results are presented in Figure 4.18 in terms of weight change per 

unit area as a function of time for three temperatures 800, 1000, and 1200°C. The oxidation 

curves at 800°C indicate a linear oxidation behavior for both alloys. At 1000°C the oxidation 

behavior of the 25Cr indicates some mass loss for the first 12 hours after which weight gain 

increases linearly, the oxidation curve for the 25Cr5B alloy remains linear. At 1200°C the 



 40 

oxidation curve for 25Cr indicates an initial increase in weight followed by a mass loss and 

almost linear weight gain. The oxidation curve for 1200°C indicates parabolic oxidation behavior 

which is indicative of diffusion controlled oxidation rate. 

 

Figure 4.17 Short term oxidation results for the 25Cr, and the 25Cr5B alloy [7]. 

 Coarse porous oxide scales were observed to develop on both alloys at low temperatures 

between 700 and 800°C as shown in Figure 4.19. In both alloys Nb2O5 and CrNbO4 were 

identified. Additionally the presence of a mixed oxide was also detected. It is believed to be a 

mixture of Nb2O5 and SiO2. Scales developed at 800°C appear to be coarse, however this, seems 

to further exacerbate the porosity issues encountered in the scales developed at 700°C. At 900°C 

the morphology of the oxide scale developed on the 25Cr5B alloy changes while the scale 

developed on the 25Cr coarsens but is still porous. The Nb2O5 developed in the 25Cr scale seems 

to retain the morphology the solid solution had in the remaining metal before oxidation. An 

intermediate oxide layer develops at 900°C at the metal oxide interface of the 25Cr5B alloy as 

shown in Figure 4.20, which provides a more detailed view of the oxide metal interface in 
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secondary electron imaging mode. A layer of chromium depleted, silicon rich oxides forms 

above this intermediate layer. Followed by a layer of SiO2 containing large amounts of dispersed 

Nb2O5 and CrNbO4 oxides. Also observed was the preferential oxidation of the Nb3Si phase 

which was made apparent by the formation of Nb2O5 beneath the oxide metal interface also 

shown in Figure 4.20. 

 

 

Figure 4.18 Thermal gravimetric data collected over 24 hours of oxidation of the 25Cr and 

25Cr5B alloys in air at 800, 1000, and 1200°C. 

To better understand the oxide morphology and the distribution of elements across the 

metal oxide interface x-ray maps were collected from the 25Cr5B oxide metal interface after 

oxidation at 900°C and are shown in Figure 4.21. The chromium depletion and the molybdenum 

enrichment are clearly visible in the corresponding x-ray maps. Maps pertaining to oxygen 
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distribution show contrast in the layer described as internal oxidation or the intermediate oxide 

layer indicating the presence of oxygen. Also observable when both oxygen and niobium maps 

are compared is the development of the Nb2O5 beneath the oxide metal interface from the Nb3Si 

grain. The outline of the Nb3Si grain can be clearly seen in the chromium map indicating the 

absence of chromium in the silicide. When the silicon and oxygen maps are compared the 

locations where SiO2 has developed become evident. The development of SiO2 appears to take 

place after the intermediate oxidation layer. The SiO2 matrix developed was further characterized 

to determine whether or not the presence of borosilicate could be detected. EDS analysis was 

carried out in several places but no boron peak was observed an example of the spectra collected 

from the SiO2 matrix is presented in Figure 4.22. The presence of borosilicate cannot be verified 

or discounted at this time given the nature of EDS analysis the concentration of boron may have 

been too low to detect with the current interment. Areas with no contrast in all of the x-ray maps 

indicate the presence of a pore in the oxide scale. 

 The morphology of the oxide developed on the 25Cr alloy changes at 1000°C relative to 

the morphologies previously observed at lower temperatures between 700 and 900°C. A 

continuous oxide is developed containing Nb2O5 and a mixed oxide as presented in Figure 4.23. 

Large voids were observed in the oxide scale developed on the 25Cr alloy after short term 

oxidation at 1000°C and were found to be lined with SiO2. To better visualize the distribution of 

elements a x-ray map was collected at the oxide metal interface and is presented in Figure 4.24. 

Comparing the silicon and oxygen maps reveals the presence of SiO2 as evident by the contrast 

along the edges of the voids observed in the oxide scale. The scale developed after short term 

oxidation at 1100°C was also found to contain Nb2O5 and a mixture of oxides believed to be 

Nb2O5 and SiO2, the scale was also much more compact and did not contain large voids. 

 Oxide morphologies of the scales developed on the 25Cr5B alloy at 1000 and 1100°C 

remain similar to the morphology observed at 900°C. With the exception of a thinner oxide scale 

with respect to previously observed scales developed at lower temperatures the morphology 

remained largely unchanged. The layered oxide structure maintained its previous ordering  
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Figure 4.19 Oxide metal interfaces developed on both the 25Cr and 25Cr5B alloy at 700, 800, 

and 900°C after short term oxidation [7]. 
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Figure 4.20 Closer examination of the oxide metal interface and intermediate oxide layer 

developed on the 25Cr5B alloy after short term oxidation at 900°C. 

scheme. The presence of the intermediate oxidation layer is still observed, X-ray maps still 

indicate the intermediate oxidation layer is molybdenum rich and chromium depleted. 

 Oxide metal interfaces developed at 1300°C after short term oxidation are presented in 

Figure 4.25. The dense oxide consisting of a mixture of Nb2O5 and SiO2 developed on the 25Cr 

alloy was observed to spall off as a result of a crack along the oxide metal interface. A high 

magnification micrograph presented in Figure 4.26 along the oxide metal interface reveals the 

presence of both. The oxide scale developed on the 25Cr5B alloy remained the same with the 

exception of the development of a dense layer of Nb2O5 and CrNbO4 along the oxide air 

interface. A similar layer can be observed to develop on the 25Cr alloy however it does not 

appear to be as dense or well developed. 
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Figure 4.21 X-ray maps collected from the oxide metal interface developed on the 25Cr5B alloy 

after short term oxidation at 900°C showing the chromium depletion and 

molybdenum enrichment of the intermediate oxidation layer. 
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Figure 4.22 EDS spectra collected for SiO2 matrix developed in the oxide scale of the 25Cr5B 

alloy after shot term oxidation at 900°C [7] 

 

Figure 4.23 Oxide metal interfaces developed after short term oxidation at 1000 and 1100°C for 

the 25Cr and 25Cr5B alloys. 
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Figure 4.24 X-ray maps collected along the oxide metal interface developed on the 25Cr alloy 

after short term oxidation at 1000°C. Voids in the oxide scale are shown to be lined 

with SiO2. 
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Figure 4.25 Oxide metal interface and oxide air interface developed on the 25Cr and 25Cr5B 

alloys after short term oxidation at 1300°C showing the spalling of the oxide from 

the 25Cr alloy. 
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Figure 4.26 High magnification micrograph of the dense oxide scale developed on the 25C alloy 

after shot term oxidations showing the composition of the fine oxide structure. 

 

4.2.3 Discussion 

XRD characterization of the surface oxides detected Nb2O5 and CrNbO4 as shown in 

Figure 4.27. A transformation of Nb2O5 was observed at 900°C. The peaks corresponding to a 

low temperature form of crystalline Nb2O5 disappear from the XRD spectra in samples oxidized 

at temperatures above 900°C and the peaks corresponding to a high temperature monoclinic form 

were detected. Nb2O5 has been shown to exist in its low temperature form as �- Nb2O5 at 

temperatures below 850°C, as temperature increased it transformed into �- Nb2O5 which has a 

based centered monoclinic crystal structure [12]. It must also be noted that many of the Nb2O5 

polymorphic transformations are not reversible and are not detectible by calorimetry making 

their detection possible at room temperature [13]. No crystalline forms of molybdenum oxides 

were detected. MoO3 is expected to have volatilized. 

 



 

Figure 4.27 X-ray diffraction spectra collected from surface oxides developed on both 25Cr and 

25Cr5B alloy after short term oxidation
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4.21). Molybdenum concentrations were found to decrease drastically beyond the intermediate 

oxidation zone, in contrast concentrations of chromium were found to increase in CrNbO4. The 

presence of molybdenum at temperatures greatly exceeding its volatilization temperate may be 

an indication that the layer of SiO2 developed may contribute to enhanced oxidation resistance.  

The oxidation kinetics for the 25Cr5B alloy remains linear at 1000°C which indicates a 

rate limiting process that is not diffusion controlled. It may be possible that the oxidation rate is 

being limited by the intermediate layer. As previously mentioned linear oxidation can occur 

when oxygen has to diffuse though a layer of uniform thickness. In this case that layer is the 

intermediate oxide layer, since it is continuous and of uniform thickness. This would also 

indicate that the outer oxide scale is providing negligible oxidation protection. Longer oxidation 

studies may be necessary since the oxide scale may not be fully developed yet. The presence of 

the intermediate oxide layer may be present but the rest of the outer scale may not be fully 

developed yet. Earlier work on the Nb-Cr-Si-Ti-B system indicates that the intermediate oxide 

layer can be observed as soon as the ramping to the oxidation temperature is complete [4]. 

Kinetics for the 25Cr alloy indicate an initial mass gain followed by a loss that can be associated 

with the volatilization of both molybdenum and possibly chromium oxides. It is believed that 

eventually the oxide scale reaches a critical thickness at which point the rate at which oxides are 

volatilized no longer dominates the Nb2O5 growth rate. 

The role of molybdenum at the intermediate oxidation interface is still not understood. It 

was proposed by Chattopadhyay et al [15]. that the substitution of Nb with Mo in Nb2O5 results 

in lower anion vacancies resulting in slower diffusion of oxygen and an increased activity of 

silicon enhancing the preferential formation of SiO2 [16]. One might postulate similar effects on 

the activity of chromium and silicon in the 25Cr/5B alloy given the similarities in free energy of 

formations for SiO2 and Cr2O3 (-700.3kJ/mol and -832.8 kJ/mol respectively) [17]. Cr2O3 

although not detected by XRD is believed to be involved in the development of CrNbO4. 

Information regarding the formation of CrNbO4 in multi-phase alloys is not available but studies 
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related to the development of dielectric ceramics report the formation of CrNbO4 after Cr2O3 and 

Nb2O5 powders calcined together at elevated temperature [17].  

The oxidation kienetics observed at 1200°C for the 25Cr alloy indicate an initial mass 

gain possibly due to the diffusion of oxygen into the metal followed by a mass loss often 

associated with the volatilization of above mention oxides. The low weight gain that follow 

indicates that the rate of volatilization and oxidation are almost equal because if no oxidation 

were taking place then no scale would have developed on the sample. Eventually the scale 

reaches a critical thickness at which point the rate of volatilization is no longer comparable to 

that of the formation of none volatile oxides. The oxidation kinetics for the 25Cr5B are parabolic 

indicating that diffusion controlled oxidation has been reached. Given the numerous complex 

reaction taking place it is very difficult to calculate the oxidation rates using typical methods 

established for single phase alloys.  

4.3 SUMMARY 

Additions of boron to the Nb-20Mo-15Si-25Cr were found to suppress the formation of 

solid solution in the as cast microstructure and promote the formation of silicides and NbCr2. 

Oxide scales developed at lower temperatures on both alloys had a coarse and porous 

morphology resulting from the dominant growth of Nb2O5 and volatilization of molybdenum 

oxides. Thermogravimetric studies of both alloys at 800°C also revealed linear oxidation kinetics 

at lower temperatures corresponding to non-protective oxide scales. The observed layered oxide 

structure and intermediate oxidation zone formed exclusively on the 25Cr5B alloy after 24hr of 

exposure at 900°C and above. Oxidation kinetics at intermediate temperatures indicated linear 

oxidation for both alloys. Further studies may be necessary to determine whether diffusion 

controlled oxidation can be achieved as a result of the intermediate oxidation interface. At 

elevated temperatures oxide scales that formed on the 25Cr alloy were pore free resulting in 

increased stresses developed along the metal oxide interface due to the mis-match of coefficients 

of thermal expansion between the oxide scale and remaining metal resulting in the formation of 
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cracks along the interface and spalling of the oxide scale. The high temperature oxidation 

kinetics indicate that the 25Cr5B alloy had reached a state in which oxidation was diffusion 

controlled. On the other hand the 25Cr alloy was believed to have several competing 

mechanisms, oxide volatilization and the growth of Nb2O5 resulting in a plateau in the oxidation 

curve. 

The results obtained in this preliminary study indicated that boron additions were 

beneficial to both oxidation resistance and in modifying the phase composition of the 

microstructure. The development of the intermediate oxidation layer is not entirely understood or 

the role molybdenum plays. Future work will be focused on silicon to boron ratios and the 

amount of molybdenum in the alloys. Thermal gravimetric results were also obtained offering 

another invaluable form of characterization and a better perspective on oxidation kinetics. 
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Chapter 5: Results and Discussion 

 Preliminary studies on the Nb-Cr-Si-Mo alloy system indicate that additions of boron 

promoted the growth of a layered oxide structure and suppressed both pest oxidation and oxide 

spalling [1]. Results from the preliminary studies conducted on the effects of boron additions on 

oxidation behavior indicated that the alloy composition Nb-25Cr-20Mo-15Si-5B at.% should be 

investigated further [1]. Three modified alloys based on the Nb-25Cr-20Mo-15Si-5B at.% alloy 

with modified molybdenum, silicon, and boron content are presented in Table 5.x. Boron and 

silicon content has been modified in an attempt to promote the development of borosilicate glass. 

Boron to silicon ratios have been reported to influence the development of borosilicate glass in 

studies based on Mo-Si-B alloys [2]. Molybdenum content has been modified to further reduce 

the amount of primary solid solution developed. Preliminary studies have indicated that higher 

compositions of molybdenum were found to reduce the amount of primary solid solution 

developed in the microstructure [1]. Primary niobium solid solution was observed to be 

preferentially attacked in preliminary studies resulting in the formation of un-protective Nb2O5 

[3]. The oxidation behavior of three alloys Nb-25Cr-15Mo-20Si-5B (15Mo5B alloy), Nb-25Cr-

20Mo-15Si-10B (10B alloy), and Nb-25Cr-10Mo-15Si-5B (10Mo5B alloy) at.% which have 

modified silicon, molybdenum, and boron concentrations will be reported in this section. 

5.1 CHARACTERIZATION OF THE AS-CAST MICROSTRUCTURE 

 Pandat
TM

 was used to calculate isothermal sections from the Nb-Cr-Mo-Si system as 

shown in Figure 5.1, for the set of alloy compositions presented in Table 4.1. It must be noted 

that boron additions were not considered in the calculated isothermal sections due to database 

limitations. The isothermal sections predicted the stable formation of three common phases α 

solid solution, Nb5Si3, and NbCr2 Laves phase throughout the experimental temperature range, 

no phase changes were predicted. 
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Figure 5.1 Calculated isothermal sections for Nb-25Cr-20Mo-15Si-10B, Nb-25Cr-15Mo-20Si-

5B, and Nb-25Cr-10Mo-15Si-5B alloys at (a) 700 and (b) 1300°C. Three common 

phases were predicted a solid solution, NbCr2 Laves phase, and Nb5Si3. 

 As-cast microstructures were characterized by scanning electron microscopy in various 

modes including back scatter, EDS analysis, and x-ray mapping. The as-cast microstructures are 

presented in Figure 5.2. Three common phases were identified a solid solution, NbCr2 Laves 

phase, and the Nb5Si3 silicide. Phases were identified by EDS analysis and then x-ray diffraction 

analysis confirmed their presence. The x-ray diffraction spectra collected from the as-cast 

microstructures are presented in Figure 5.3.  

The as-cast microstructure morphology is different for each alloy. The 15Mo5B alloys 

appears to have a large fraction of NbCr2 Laves phase and Nb5Si3 silicide. Solid solution is 

observed to be distributed throughout the NbCr2 phase. The 10B alloy appears to have a eutectic 

like morphology consisting of Laves phase and solid solution with relatively large silicides 

distributed throughout the microstructure. Morphology of the 10Mo5B alloy appears to be a 
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mixture of both the 10B and 15Mo5B alloys. A eutectic like structure composed of NbCr2 and 

solid solution provide a matrix in which Nb5Si3 and primary NbCr2 are distributed within. 

 

 

Figure 5.2 Back scatter micrographs of as cast microstructures at 1000x mag (a) Nb-25Cr-

15Mo-20Si-5B, (b) Nb-25Cr-20Mo-15Si-10B, and (c) Nb-25Cr-10Mo-15Si-5B 

alloys. 

 Additional image analysis was performed on the as-cast microstructures in an 

attempt to quantitatively characterize the fractions of the phases present for each alloy. Image 

analysis results are presented in Tabe 5.1. Unfortunately the microstructures of the 10B alloy did 

not lend itself well to the image analysis process due largely in part to the fine structure of the 

solid solution and silicides in the eutectic like microconstituent. Only the NbCr2 Laves phase was 

able quantified given the difference in contrast with respect to the solid solution and silicides. 
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The image analysis results seemed to indicate relatively large fractions of Laves phase present in 

all three alloy compositions. When compared to the phase fractions observed in the preliminary 

studies presented in Table 4.2 it is apparent that lower molybdenum content promotes the growth 

of the Nb5Si3 silicide. Solid solution fractions seemed to be unaffected by the changes 

molybdenum content when compared to the preliminary results for the 25Cr5B alloy. 

 

 

Figure 5.3 XRD spectra collected for Nb-25Cr-15Mo-20Si-5B, Nb-25Cr-20Mo-15Si-10B, and 

Nb-25Cr-10Mo-15Si-5B alloys. alloy comps in the as cast condition. 

 

 

 



 

Table 5.1 Image analysis results of the as

X-ray mapping was carried out to better understand the distribution of the elements in the 

as-cast microstructure of each alloy. X

10Mo5B alloys are presented in Figure 5.4, 5.5

developed in all three alloys was observed to contain a large amount of molybdenum. Further 

EDS analysis indicates that the solid solution is molybdenum based in both the 10B and 15Mo5B 

alloys.  

The x-ray maps collected for the 15Mo5B alloy are pres

concentration of molybdenum in the solid solution phase is clearly shown. The chromium map 

indicates that most of the chromium in the microstructure is concentrated in the Laves phase and 

in the solid solution. The niobium map 

solution and silicides. Silicon is observed to be concentrated in the silicides as expected.

The x-ray maps collected from the as

in Figure 5.5. The maps share many similarities with those of the 15Mo5B alloy with respect to 

the silicon and niobium distributions. The eutectic like microconstituent was to fine at 1500X to 

be properly mapped. The chromium map does indicate to some extent the locations

phase. 

X-ray maps collected from the as

in Figure 5.6. The maps share many of the same characteristics with respect to element 

distribution to those observed in the 15Mo5B alloy. The solid 

concentration of molybdenum, chromium is observed to be concentrated in the Laves phase, and 

59 

Image analysis results of the as-cast microstructures of the 10Mo5B, 15Mo5B and 

10B alloys. 

 

mapping was carried out to better understand the distribution of the elements in the 
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silicon is observed to be concentrated in the silicides. Chromium is observed to be completely 

absent from the silicides this is common in all three alloys. 

 

 

Figure 5.4 X-ray map of Nb-25Cr-15Mo-20Si-5B alloy in the as cast condition at 1500X 

magnification. 
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Figure 5.5 X-ray map of Nb-25Cr-20Mo-15Si-10B alloy in the as cast condition at 1500X 

magnification. 
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Figure 5.6 X-ray map of Nb-25Cr-10Mo-15Si-5B alloy in the as cast condition at 1500X 

magnification. 
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5.2 SHORT TERM OXIDATION RESULTS 

 Short term oxidation results for all three alloys in terms of weight gain per unit area as a 

function of temperature are presented in Figure 5.7. At 700°C pest oxidation was observed to 

take place in both the 10Mo5B and 15Mo5B alloys resulting in the disintegration of the entire 

sample into powder oxide. Oxide metal interfaces developed after short term oxidation at 

temperatures between 800 and 1000°C are presented in Figures 5.8 and oxide metal interfaces 

developed at temperatures between 1100 and 1300°C are presented in Figure 5.9. It must be 

noted that at 1200°C and above stains were observed along the insides of all the sample crucibles 

indicating that oxide volatilization may have taken place. 

 

 

Figure 5.7 Short term oxidation results for 10Mo5B, 15Mo5B, and the 10B alloys from 700 to 

1400°C. 
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 Initial observations of the short term oxidation results indicate that the 10B alloy 

performed the best throughout the experimental temperature range. The oxide scale developed at 

700°C could not be observed, there was no oxide metal interface when the sample was sectioned 

and polished. The oxide products may not have been able to withstand the sectioning and 

polishing processes. The oxide scales developed on the 10B alloy at temperatures between 800 

and 900°C are not continuous as observed in Figure 5.8. The cracks developed at 800°C are 

believed to have developed upon cooling since no oxide is observed to have grown along the 

cracks. At 1000°C the oxide scale developed on the 10B alloy is semi continuous and oxides 

identified are CrNbO4 and Nb2O5. SiO2 is also observed to form amongst the CrNbO4 and Nb2O5 

oxides but not along the oxide metal interface. At temperatures between 1100 and 1300°C 

(Figure 5.9) the oxide developed on the 10B alloy is continuous and the formation of the 

intermediate oxidation zone previously reported in the preliminary studies can be observed [1]. 

The development of the intermediate oxidation layers is not completely understood but is 

believed to be attributed to the outward diffusion of chromium. Previous studies on the oxidation 

of NbCr2 Laves phase alloys indicated that the outward diffusion of chromium was faster than 

that of niobium [4]. A layer consisting of a matrix of SiO2 with dispersed CrNbO4 and Nb2O5 is 

also observed to form over the intermediate oxidation layer at 1200 and 1300°C. At 1300°C 

molybdenum solid solution is observed along the intermediate oxidation layer. Cracks are also 

observed in the metal remaining along the metal oxide interface at 1200 and 1300°C and are also 

believed to have formed while cooling since no oxide was observed to grow along the cracks. At 

1400°C the weight gain appears to drop off and may be related to the volatilization of oxides. 

The oxide scale and metal oxide interface are presented in Figure 5.10 (a). The intermediate 

oxidation layer is present and considerably thicker with respect to the morphology of the oxide 

scales formed at 1200 and 1300°C. Large amounts of SiO2 are observed to develop after the 

intermediate oxidation layer along with CrNbO4. No outer layer of Nb2O5 was observed much of 

the oxide scale appears to consist of CrNbO4. Cracks and pores are observed to have developed 
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along the metal oxide interface and penetrate into the metal remaining. No oxide is observed to 

grow along the cracks indicating they formed upon cooling. 

 The large weight gain observed at 700°C in the short term oxidation results of the 

15Mo5B alloy, presented in Figure 5.7, can be attributed to the pest oxidation observed and the 

complete oxidation of the sample. At temperatures between 800 and 1000°C (Figure 5.8) the 

oxide scales developed on the 15Mo5B alloy are not continuous. At 1000°C the preferential 

oxidation of the Nb5Si3 silicide can be observed resulting in large amounts of Nb2O5 and a 

discontinuous oxide scale. The oxide metal interfaces developed between 1100 and 1300°C 

(Figure 5.9) indicate the presence of the intermediate oxidation layer running along the metal 

oxide interface. At 1200 and 1300°C layered oxide scales are observed as well. Solid solution is 

observed to be present in the intermediate oxidation layers developed at 1100, 1200, and 1300°C. 

The morphology of the oxide metal interfaces developed on both the 10B and the 15Mo5b alloy 

appear to have several characteristics in common including the development of the intermediate 

oxidation layer along the metal oxide interface starting at 1100°C. At 1400°C the short term 

oxidation results indicate and increase in weight gain maintaining the stead trend in weight gain 

observed to start at 1100°C. The oxide metal interface developed at 1400°C presented in Figure 

5.10 (b) shows large amounts of Nb2O5 and CrNbO4 as well. The oxide was also observed be 

loosely adherent and on the verge of spalling after short term oxidation. Large cracks with 

respect to those observed in the 10B alloy are observed to form along the metal oxide interface 

and are also believed to have formed after cooling since no oxide was observed to have 

developed along the cracks inner surfaces. 

 The oxide scale developed on the 10Mo5B alloy at 800°C (Figure 5.8) is discontinuous. 

At 900°C the oxide scale developed is observed to be semi continuous but severely cracked. At 

1000°C a continuous oxide layer is developed and the intermediate oxidation layer is observed. 

The oxide metal interface is also observed to advance uniformly into the metal remaining. No 

preferential oxidation of the Nb5Si3 silicide is observed. At 1100°C the oxide scale morphology 

remains the same as the morphology observed at 1000°C. At 1200°C the oxide scale is observed 
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to spall and the preferential oxidation of the Nb5Si3 silicide is observed. The oxide metal 

interface developed at 1300°C reveals a crack that runs along the metal oxide interface and is an 

indication of that the stresses developed by mismatches of thermal expansion coefficients and the 

molar volume increase between oxide products and un-oxidized phases [5-6]. The 1400°C 

sample was unrecoverable, it appears to have melted and fused with the crucible. The data is kept 

for comparison purposes. 
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Figure 5.8 Oxide metal interfaces developed after short term oxidation at 800, 900, 1000°C for the 10B, 15Mo5B, and 10Mo5B 

alloys micrographs collected in back scatter imaging mode. 
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Figure 5.9 Oxide metal interfaces developed after short term oxidation at 1100, 1200, 1300°C for the 10B, 15Mo5B, and 10Mo5B 

alloys micrographs collected in back scatter imaging mode. White parentheses indicate location of intermediate oxide 

phase
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Figure 5.10 Oxide metal interfaces developed after short term oxidation at 1400°C for the (a) 

10B alloy and (b) the 15Mo5b alloy. 

 

X-ray diffraction spectra were collected from the surface oxide products at all 

temperatures. Two oxides were common at all temperatures those being Nb2O5 in its monoclinic 

form and CrNbO4. The spectra collected from the oxidation products after short term oxidation at 

800°C are presented in Figure 5.11, and the spectra collected from the oxidation products after 

oxidation at 1200°C are presented in Figure 5.12. There was no indication of the presence of 

molybdenum based oxides, possibly due to the volatile nature of the MoO3 oxide which was 

reported to volatilize at temperatures above 600°C [7, 8]. No crystalline boron oxides are 

observed in the spectra. The volatilization of B2O3 may have been possible at temperatures above 

1200°C since it has been reported to volatilize at 1000°C [9]. The spectra collected at 1200°C 

shows lower intensities for the reflections associated with Nb2O5 indicates that the outer oxide 

layer formed is CrNbO4. No crystalline form of SiO2 was detected in the surface oxides even 

though it was identified by EDS analysis. EDS analysis indicates the presence of boron in the 

Nb2O5 and in the solid solution in the un-oxidized microstructure but not in SiO2. Examples of 

the EDS spectra collected from 10B alloy after short term oxidation 1200°C are presented in 

Figure 5.13. It must be noted that the analysis of boron content are qualitative given the disparity 

in atomic weight between the alloying constituents. These results cannot be used to determine 
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whether the observed SiO2 is borosilicate glass or not and should not be interpreted as an 

indication that no borosilicate is present. The concentration may not be detectable by the EDS 

interment.  

 

 

Figure 5.11 XRD spectra collected at 800°C of the surface oxides after short term oxidation of 

the 10B, 15Mo5B, and 10Mo5B alloys. 
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Figure 5.12 XRD spectra collected at 1200°C of the surface oxides after short term oxidation of 

the 10B, 15Mo5B, and 10Mo5B alloys. 
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Figure 5.13 EDS spectra collected from the Nb-25Cr-20Mo-15Si-10B alloy after 24 hrs of 

oxidation at 1200°C. The SiO2 matrix spectra was collected from the SiO2 layer 

with dispersed CrNbO4 oxide. The solid solution spectra was collected from the 

remaining molybdenum solid solution in the intermediate oxidation layer. The 

Nb2O5 spectrum was collected near the SiO2 matrix closest to the air oxide 

interface. 

 

5.3 THERMAL GRAVIMETRIC CHARACTERIZATION 

Thermal gravimetric analysis was carried on the 10B and 15Mo5B alloys at 800, 1000, 

and 1200°C for 24 hours, results are presented in Figures 5.14, 5.15, and 5.16 respectively. 

Thermal gravimetric analysis of the 10Mo5B alloy was not carried out. At 800°C the oxidation 

behavior observed for the 10B alloy was linear for the first three hours of oxidation followed by 

a parabolic trend. The oxidation behavior of the 15Mo5B alloy was observed to be linear. The 

parabolic rate constant was calculated after the initial linear weight gain for the 10B alloy to be 
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16.98 mg
2
/cm

4
/hr. The linear rate constant for the 15Mo5B alloy was calculated to be 0.0013 

mg/cm
2
/hr. The linear oxidation behavior indicates that the discontinuous oxide scale observed 

to develop at 800°C in Figure 5.14 does not provide the 15Mo5B alloy any protection and the 

oxidation kinetics are not controlled by the diffusion of oxygen through the discontinuous oxide 

scale.  

 

 

Figure 5.14 Thermal gravimetric results collected for Nb-25Cr-15Mo-20Si-5B and Nb-25Cr-

20Mo-15Si-10B alloys at 800°C for 24 hours. 

The results collected form the oxidation at 1000°C are presented in Figure 5.15 and 

indicate that both the 15Mo5B alloy and the 10B alloy had similar oxidation responses. A large 

initial weight gain is observed followed by slight mass loss. After the mass loss the weight gain 

is observed to be linear. Linear rate constants for the 15Mo5B alloy and the 10B alloy were 

found to be 0.00042 and 0.00044 mg/cm
2
/hr, respectively. Additional oxidation time may be 

required for the oxidation process to become diffusion controlled at 1000°C since the oxide 

scales observed to develop were continuous. 
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Figure 5.15 Thermal gravimetric results collected for Nb-25Cr-15Mo-20Si-5B and Nb-25Cr-

20Mo-15Si-10B alloys at 1000°C for 24 hours. 

Results collected from the 1200°C oxidation are presented in Figure 5.16, and indicate 

transient oxidation behavior in both alloys. Initial weight gain is linear followed by mass loss and 

then a continuous parabolic oxidation behavior is observed. Parabolic rate constants were 

calculated after the mass loss for both the 15Mo5B alloy and the 10B alloy to be 44.59 and 8.00 

mg
2
/cm

4
/hr respectively. These results indicate that the oxidation kinetics are diffusion 

controlled after the first few hours of oxidation given the parabolic nature of the oxidation data. 

The mass loss observed in both alloys at 1200°C may be the result of oxide volatilization. 
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Figure 5.16 Thermal gravimetric results collected for Nb-25Cr-15Mo-20Si-5B and Nb-25Cr-

20Mo-15Si-10B alloys at 1200°C for 24 hours. 
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5.4 OXIDE SCALE DEVELOPMENT 

To examine the transient oxidation behavior observed at 1200°C the oxide scale development 

studies were performed. The development of the oxide scales on the 10B, 15Mo5B, and 10Mo5B 

alloy were examined at 900 and 1200°C. The surface oxide morphology developed at 900°C is 

presented in Figure 5.17. The oxides developed were identified as Nb2O5 and CrNbO4 and are 

common to all three alloys. The flat portions in the micrographs were found to be CrNbO4 while 

the protruding structures were found to be Nb2O5 according to EDS analysis. The morphology of 

the oxides retain characteristics from the as cast microstructure, this becomes evident with the 

morphology of the protruding oxide structures are compared to the morphology of the silicides 

observed in the as cast microstructures. The surface oxide morphology developed at 1200°C is 

presented in Figure 5.18. All alloys seem to retain similar characteristics to those observed at 

900°C. The flat portions of the micrographs are locations where CrNbO4 was observed to form 

and the protruding oxides were observed to be Nb2O5. 

The samples were cross sectioned to reveal the oxide metal interface. The oxide metal 

interfaces developed on the 10B alloy are presented in Figure 5.19. A patchy oxide scale 

consisting mostly of Nb2O5 is observed to develop at 900°C. At 1200°C the onset of the 

intermediate oxidation layer is observed. The Nb5Si3 silicide appears to be preferentially attacked 

since it appears as though the oxide metal interface advances into the metal farther in areas along 

the interface where the silicide is present in comparison to the areas along the interface that 

contain NbCr2. SiO2 is also observed to start forming form the oxidized Nb5Si3 silicide. 

The cross-sections from the 15Mo5B alloy presented in Figure 5.20 reveal a 

discontinuous bulky oxide consisting of a mixture of Nb2O5 and SiO2 at 900°C. Also at 900°C a 

thin layer of CrNbO4 was observe to develop on the Laves phase and solid solution along the 

oxide metal interface. At 1200°C the oxide scale developed is also discontinuous and consisted 

of a mixture of Nb2O5 and SiO2. The Nb5Si3 silicide was observed to be preferentially attacked  
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Figure 5.17 Micrographs at 250X and 1000X of the surface oxides developed on the 10B, 15Mo5B, and 10Mo5B alloys after a 

10°C/min ramp to 900°C and 10 minutes of oxidation followed by an air quench. 
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Figure 5.18 Micrographs at 250X and 1000X of the surface oxides developed on the 10B, 15Mo5B, and 10Mo5B alloys after a 

10°C/min ramp to 1200°C and 10 minutes of oxidation followed by an air quench. 
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Figure 5.19 Back scatter micrographs of oxide metal interface developed on the 10B alloy after 

10 minutes of oxidation at 900 and 1200°C. 

 

but to a larger extent to what was observed in the 10B alloy. The preferential oxidation of the 

Nb5Si3 silicide is observed to penetrate past the oxide metal interface and well into the metal. 

The intermediate oxidation layer can also be observed to be fully developed at 1200°C. A closer 

examination of the Nb2O5 and SiO2 mixture is presented in Figure 5.21. The high magnification 

micrograph reveals the morphology of the mixture of Nb2O5 and SiO2 that was developed from 

the Nb5Si3 silicide. 

The cross-sections from the 10Mo5B alloy are presented in Figure 5.22 and reveal similar 

oxide morphologies to the 10B alloy. A thin discontinuous oxide scale is observed to develop at 

900°C. However, the preferential oxidation of the Nb5Si3 can be observed to take place and to a 

larger extent to what was observed in both the 15Mo5B and the 10B alloy. At 1200°C the oxide 

morphology remains similar to what was observed at 900°C with the exception of the 

development of CrNbO4 over the Laves phase. A similar mixture of Nb2O5 and SiO2 can be 

observed to develop in the preferentially oxidize Nb5Si3 silicide. 

The observed transient oxidation behavior in the thermal gravimetric results at 1200°C 

can be attributed to the preferential oxidation of the Nb5Si3 silicide resulting in the formation of 

Nb2O5. The high oxygen diffusivity and porosity of Nb2O5 has been well documented [10-13]. 
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Thus it may be possible for oxygen to attack the NbCr2 phase and solid solution along the 

interfaces where Nb5Si3 has been oxidized to form Nb2O5 and SiO2 leading to an accelerated 

oxidation rate at the onset of oxidation. The shorter path needed to attack the un-oxidized metal 

would account for the large initial weight gain observed in the gravimetric results collected at 

1200°C for both the 15Mo5B and the 10B alloys. After accelerated oxidation has taken place and 

a semi protective scale forms and the volatilization of oxides causes the decrease in weight 

accounting for the subsequent weight loss observed in Figure 5.16. After these two processes 

have taken place the oxide kinetics stabilize and continue in a parabolic manner. Figure 5.23 

shows a schematic representation of the process. 

 

 

Figure 5.20 Back scatter micrographs of oxide metal interface developed on the 15Mo5B alloy 

after 10 minutes of oxidation at 900 and 1200°C. A thin layer of CrNbO4 is 

observed to form over the Laves phase and solid solution phases at 900°C. 
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Figure 5.21 Closer examination of the SiO2 Nb2O5 oxide mixture developed on the 15Mo5B 

alloy after 10 minutes of oxidation at 1200°C. The mixture was observed to form 

from the Nb5Si3 silicide. 

 

 

 

Figure 5.22 Back scatter micrographs of oxide metal interface developed on the 10Mo5B alloy 

after 10 minutes of oxidation at 900 and 1200°C. 
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Figure 5.23 Schematic representation of rapid oxidation process responsible for transient 

oxidation behavior indicated by thermal gravimetric results. 

5.5 LONG TERM CYCLIC OXIDATION 

 The long term cyclic oxidation behavior was examined at 700, 1000, 1300, and 1400°C 

for a total of 168 hours results are presented in Figures 5.24 – 5.27. Only the 10B alloy was 

subjected to long term cyclic oxidation at 700°C since the 15Mo5B and 10Mo5B were found to 

suffer from catastrophic pest oxidation after only 24 hours as mentioned in a previous section. 

The cyclic oxidation was performed in 24 hour intervals till a total of 168 hours of oxidation had 

been achieved. Macroscopic images were collected of the oxidation products and are presented 

in Figures 5.28 -5.30. 

 Figure 5.24 presents the long term cyclic oxidation data collected for the 10B alloy at 

700°C. The data indicates that the oxidation response was linear. A linear rate constant of 0.034 

mg/cm
2
/hr was determined from the data presented in Figure 5.24. Macroscopic views of the 

oxide products after long term oxidation are presented in Figure 5.28. It should be noted that the 

two macroscopic images for the 15Mo5B and 10Mo5B alloys (Figure 5.28 (b) and (c)) were 

taken after only 24 hours of oxidation, then entire sample had disintegrated into a fine oxide 

powder. 

 Figure 5.25 presents the long term cyclic oxidation data collected for all alloys at 

1000°C. The 10B and 10Mo5b alloy cyclic data indicates that the oxidation response was linear. 

The linear rate constant for the 10B alloy was determined to be 0.015 and 0.099 mg/cm
2
/hr for 

the 10Mo5B alloy. Macroscopic views of the oxide products for the 20Mo10B and 10Mo5b 

alloys after long term cyclic oxidation are presented in Figure 5.29 (a) and (c). A continuous 
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oxide scale was observed to form on these two alloys. There was some evidence of pest 

oxidation for the 10Mo5b alloy but nothing catastrophic. The cyclic oxidation data for the 

15Mo5B indicates that the oxidation response was parabolic, but the oxide products presented in 

Figure 5.29 (b) indicate catastrophic pest oxidation. The parabolic response can be attributed to 

competing oxide mechanisms [14, 15]. As the sample oxidized Nb2O5 and CrNbO4 are 

generated, however, several other volatile oxides can form simultaneously causing a mass loss in 

the sample thus modifying the oxidation kinetics.  

 

 

Figure 5.24 700°C long term cyclic oxidation results for the 10B alloy. 
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Figure 5.25 1000°C long term cyclic oxidation results for the 10B, 15Mo5B, and 10Mo5B 

alloy. 

 Figure 5.26 presents the long term cyclic oxidation data collected for all alloys at 

1300°C. The oxidation response for the 10B alloy was observed to follow the parabolic rate law. 

A parabolic rate constant of 6.386 mg
2
/cm

4
/hr was determined for the cyclic oxidation of the 10B 

alloy. The sample was sectioned and found to contain approximately 60% of the original sample. 

The oxide metal interface developed for the 10B alloy is presented in Figure 5.31 (a), the 

morphology is very similar to what was observed in the interfaces developed after short term 

oxidation. The oxidation response for both the 15Mo5B and the 10Mo5B were mixed linear and 

parabolic. However, the macroscopic oxidation products indicate that the sample was completely 

consumed and that spalling of the oxides occurred as evident by the images presented in Figure 

5.30 (b) and(c). The oxide scale observed on the 10B alloy was continuous and did not show any 

evidence of spalling or pest oxidation Figure 5.30 (a). 
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Figure 5.26 1300°C long term cyclic oxidation results for the 10B, 15Mo5B, and 10Mo5B 

alloy. 

 Figure 5.27 presents the long term cyclic oxidation data collected for all alloys at 

1400°C. The oxidation data for both the 15Mo5B alloy and the 10Mo5B alloy indicate a linear 

response after a large initial weight gain. The 10Mo5B alloy demonstrates a linear weight gain, 

when the sample was sectioned none of the sample was found to have survived. The 15Mo5B 

alloy demonstrates a linear weight loss after a large initial weight gain. When the sample was 

sectioned none of the sample was found to have survived. The first 96 hours of cyclic oxidation 

data for the 10B alloy was observed to follow the parabolic rate law, a parabolic rate constant of 

11.2 mg
2
/cm

4
/hr was calculated from the cyclic data. The sample was sectioned and found to 

contain aproximatly 45% of the original sample. The oxide metal interface developed for the 

10B alloy is presented in Figure 5.31 (b), the morphology is also similar to the oxide metal 

interface developed after short term oxidation. 
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Figure 5.27 1400°C long term cyclic oxidation results for the 10B, 15Mo5B, and 10Mo5B 

alloy. 

 

 

Figure 5.28 Oxidation products after long term cyclic oxidation at 700°C for (a) 10B, (b) 

15Mo5B, and (c) 10Mo5B alloys. 

 

 

Figure 5.29 Oxidation products after long term cyclic oxidation at 1000°C for (a) 10B, (b) 

15Mo5B, and (c) 10Mo5B alloys. 
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Figure 5.30 Oxidation products after long term cyclic oxidation at 1300°C for (a) 10B, (b) 

15Mo5B, and (c) 10Mo5B alloys. 

 

 

Figure 5.31 Oxide metal interfaces developed for the 10B alloy after long term cyclic oxidation 

at (a) 1300°C and (b) 1400°C. 

 

 X-ray diffraction spectra were collected from the oxidation products formed after 

long term cyclic oxidation at 700, 1000, and 1300°C for the 10B, 15Mo5B, and 10Mo5B alloy 

and are presented in Figure 5.32, 5.33, and 5.34 respectively. Two common oxides are present 

CrNbO4and Nb2O5 in its monoclinic form. The intensity of the Nb2O5 peaks is observed to 

decrease as a function of temperature for all compositions. 
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Figure 5.32 XRD spectra collected from oxide products after long term cyclic oxidation at 700, 

1000, and 1300°C of the 10B alloy 

 

Figure 5.33 XRD spectra collected from oxide products after long term cyclic oxidation at 700, 

1000, and 1300°C of the 15Mo5B alloy 
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Figure 5.34 XRD spectra collected from oxide products after long term cyclic oxidation at 700, 

1000, and 1300°C of the 10Mo5B alloy 

 

5.6 SUMMARY 

 The oxidation response in air for three modified alloys based on the Nb-25Cr-20Mo-

15Si-5B at.% alloy with modified molybdenum, silicon, and boron content were observed in a 

temperature range of 700 to 1400°C. Three phases were found to be common in the as-cast 

microstructures of all alloy compositions those being NbCr2, Nb5Si3, and a solid solution.  

The short term oxidation results indicate that the higher boron content resulted in higher 

oxidation resistance. Thermal gravimetric results also indicate similar finding. The oxidation 

kinetics observed at 900 and 1000°C for the 15Mo5B were found to be linear. The 10B alloy was 

found to have parabolic oxidation kinetics at both 900 and 1200°C. The higher boron and 

molybdenum content also appear to have enhanced pest oxidation resistance at 700°C. Both the 

15Mo5B and 10Mo5B were observed to suffer from catastrophic pest oxidation at 700°C. Boron 

was observed to be present in the un-oxidized solid solution and in Nb2O5 but not in the SiO2 
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developed in the oxide scale on both the 15Mo5B and 10B alloys according to qualitative EDS 

analysis. The development of borosilicate could not be confirmed. 

 Transient oxidation behavior was observed in the thermal gravimetric results for the 

15Mo5B and the 10B alloys. The Oxide scale development was examined to understand the 

transient oxidation behavior. The preferential oxidation of the Nb5Si3 silicide was observed at the 

onset of the oxidation process which led to develop Nb2O5 that allowed oxygen to attack the un-

oxidized metal past the oxide metal interface resulting in rapid oxidation accounting for the 

transient oxidation behavior observed.  

5.7 RECOMMENDATIONS 

 The results obtained from increased molybdenum and boron content merit further 

investigation of this alloy system. Large additions of boron should be investigated to determine 

whether or not borosilicate can be developed a niobium based alloy. 

 Several issues that have hindered the application of niobium based alloys such as pest 

oxidation at intermediate and low temperatures were observed to be suppressed by the 

molybdenum and boron content in the 10B alloy. However, the issue regarding the cracks along 

the oxide metal interface should be addressed. Mechanical properties should also be examined 

and characterized to determine possible applications. By reducing the amount of primary alpha 

high oxidation resistance was achieved but the effects on the mechanical properties have not 

been examined yet. 

 Regarding the issue of the preferential oxidation of the Nb5Si3 silicide refinement of the 

microstructure may possibly result in better oxidation resistance. Finer microstructures have been 

reported to offer better oxidation resistance [16, 17]. 
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