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Niobium metal was studied for its oxidation behaviour at different temperatures (800, 1000 & 1200 °C) and time
(1, 3 & 5h). The study revealed that Nb underwent oxidation forming pro-active Nb oxides with initial formation
of meta-stable Nb;2029 which forms as an oxidisation resistant layer. However, formation of Nb,Os from a meta-
sable Nbj2049 did not act as protective layer as it exposed underneath to further oxidation leading to cracks. The
oxidation kinetics of Nb shown a linear behaviour and the devised mathematical model using Deal Grove

determined the thickness of oxide layers. The un-protectiveness of Nb,Os was verified by the Vickers hardness
(8.06 + 0.4 GPa) and indentation fracture toughness (28.14 + 0.4 MPa.m'/?) of material which decreased with
increase in oxidation temperature.

1. Introduction

Niobium (Nb) and its alloys play a significant role in modern mate-
rial technology owing to its abilities in harsh environments. The
behaviour and properties of Nb and its alloys make the metal unique for
its essential applications for aerospace, electronics and defence sectors
[1]. However, owing to elevated temperatures heat transfer and thermal
controlling of aerospace components could affect the metals and alloys
hence leading to the requirement of barrier coatings which give pro-
tection to the components from various environmental conditions [2,3].
Niobium is one of the metals which can potentially replace aluminium
and its alloys in aerospace applications and as an additive to other high
temperature metallic components in hot section of components owing to
its higher hardness, and higher thermal stabilities [4,5]. This makes Nb
suitable for elevated temperature and structural applications with a
potential to replace various internal aerospace structures and other
applications. However, material utilised for high-temperature applica-
tions should possess good oxidation resistance and retaining its me-
chanical properties at high temperatures [6,7].

Gulbransen et al. studied Nb metal at different temperatures and
determined that it obeys the parabolic law of oxidation between 200 °C
to 375 °C with oxide layer formation at 200 °C acting to prevent further
oxidation unless the temperature is increased. On the other hand, under
water vapour environments a linear rate was viewed until 1200 °C with
irregular behaviours at 400 °C for the moisture environment [8]. Few
studies reported that oxidation properties of Nb are poor even though
the metal is one of the lightest refractory metals with a high melting
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point [5]. Tuffias et al. supported the poor oxidation behaviour by
reporting oxidation layers formation on the surfaces of Nb were non-
protective with a tendency to crack which could lead to the expose
the surfaces of metal [9].

Though there have been extensive studies on Nb based structural
alloys which focused on reducing the oxidation kinetics by modifying
oxidation products, most of these studies were unsuccessful in deter-
mining the formation of oxide layers other than NbyOs which was
considered non-protective oxide [10,11]. Most of the previously re-
ported oxidation studies were based on alloys and analyses related to
pure Nb is limited. Further, most of the studies cited above show
anomalies on the oxidation behaviours even with Nb as an alloy. Hence,
this research intends to fill the gap in atmospheric oxidation behaviour
of pure Nb metal at different temperatures and time along with its me-
chanical properties were also evaluated.

2. Experimental details

Commercially available Niobium metal plates of dimension 150 mm
x 150 mm x 3 mm were obtained from Edgetech Industries LLC Pvt. Ltd.
The properties of the Nb metal are shown in Table 1. The samples were
cut into 15 mm x 15 mm plates using a laser cutting equipment with 2
kW fiber laser. Then the cut samples were further polished using a SiC
grinding disk upto #P1200 sizing. Further, the grinded samples were
mirror polished using Memphis cloth with the help of 1 pm diamond-
based grinding paste.

Oxidation test was carried out in a box furnace (Carbolite-Gero,
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Table 1
Properties of Nb obtained from the manufacturer.
Properties Density Melting Thermal Youngs Thermal
point conductivity modulus expansion
coefficient
Values 8.50 g/ 2476 °C 54 W/m. K 170 GPa 7.3 pm/m. °C
cm®
Temperatures
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Fig. 1. Temperature profile for oxidation studies on Nb metal.

1.6
14 1 A eih
1 ; & 3h
12 1
] ASh
2 ] 4 ’
= 17
£
S8 1
=083
5 4
2 0.6 +
C é
04 1 * é
02 31 é
0:wwwwlwwwwlwwwwlwwwwlwwwwlwwww
700 800 900 1000 1100 1200 1300

Temperature (°C)

Fig. 2. Weight Gain of Nb metal with respect to time and temperature.
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Germany) at 800 °C, 1000 °C and 1200 °C for different time intervals of
1, 3 & 5 h. The samples were placed on the alumina boats such that they
had minimum contact between alumina and edges of samples. The
samples were heated at a rate of 5 °C/min and cooling rate were kept at
5 °C/min as illustrated in temperature profile in Fig. 1.

The Nb samples before and oxidation studies were characterised
using techniques like scanning electron microscopy (Zeiss SM350D)
fitted with EDS and X-ray diffraction (XRD) (Burker D8) to identify the
phases formed. XRD analysis was conducted in room temperature
(25 °C) with of 20 values ranging from 0° to 70° with Cu—K with a step
time of 0.1°sec™!. Vickers hardness studies were carried out using a
diamond intender at a load of 10 kgf and a loading time of 20 s. Three
trails were utilised to determine the average hardness of the samples.
The indentation fracture toughness of the samples was calculated by
measuring the cracks propagated from indentation through Evans
Charles equation as illustrated in Eq. (1) where Hy represents Vickers
hardness, a represents average half-length of diagonal and c is average
half-crack length from diagonal [12-14].

|2
Kic ~ 0.203 Hy x a* x {2} (2) o)

3. Results and discussion
3.1. Oxidation behaviour

The weight gain of samples after oxidation is plotted in Fig. 2. The
initial weight of the Nb sample was measured to be 2.35 g. After
oxidation at 800 °C, samples recorded an increase in weight by 8.6%,
17.39% and 47.8% for time intervals of 1, 3 and 5 h, respectively. A
similar pattern of increase in weight gain was observed at 1000 °C and
1200 °C with gain of 13.04%, 30.43% and 56.52% for 1000 °C and
21.73%, 47.82% and 60.86% for 1200 °C, respectively. From Fig. 2, it is
visible that metal oxidised for long time 5 h, shows the highest weight
gain due to the formation of oxide layers onto the samples.

The weight gain at all temperatures at different time intervals shown
a linear growth throughout the surfaces of the metals. XRD of oxidised
samples indicated formation of NbyOs which was the most common
oxide of niobium [15]. Along with this oxide, formation of a meta-stable
phase of Nb;2049 was also observed in samples oxidised for shorter time.
Fig. 3 (a) & (b) illustrates the XRD peaks of Nb metal after oxidation at 3
h and 5 h at all three different temperatures. From Fig. 3, Nb at low
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Fig. 3. XRD phases of Nb oxidised at (a) 3 h and (b) 5 h.
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Fig. 4. Scanning electron microscopy and EDS spectrum of pure Nb metal.

Table 2
EDS (Fig. 1(c) &d) and XRF compositions of unoxidized Niobium metal.

Characterisation Spectrum/ Elemental Composition (Wt%)
Techni Regi
ciique esion Niobium Oxygen Iron Manganese
(Nb) ©) (Fe) (Mn)
EDS Spectrum 99.78 0.22 0.00 0.00
A
Spectrum 99.91 0.09 0.00 0.00
B
XRF Region A 99.66 0.14 0.08 0.12
Region B 99.73 0.16 0.03 0.08

temperature (800 °C) led to the formation of Nb;3029 which gradually
decreased with increase in temperature and time. On the other hand,
with gradual increase in temperature, there was also formation of Nb,Og
which was visible at samples oxidised for 5 h indicated most peaks
corresponded towards the NbyOs. At temperature of 800 °C, weight gain
between 1 h and 3 h was restricted due to the formation of meta-stable
phase of Nb;2029 which inhibited further oxidation of metal substrate.
The formation of the meta-stable phase of Nb led to steep weight gain at
900 °Cat1h.

Although there have been studies on the formation of NbyOs on the
surfaces of Nb metal as per Eq. (2), the formation of meta-stable oxide
passivation layer of the Nb has not been mentioned elsewhere. Eq. (3)
shows the formation reaction of meta-stable oxide phase of the Nb and
owing to high concentration of oxygen molecules present in the phase, it
tends to be unstable and decomposes back to stable oxide of niobium at
high temperature by reacting with additional atmospheric oxygen as
given in Eq. (4). The formation of the H-NbyOs at high temperature and

atmospheric conditions is said to be highly stable polymorph of niobium
oxide which forms at temperature range of 1000 °C [16].

4NDb (s) +5 Oy (g)—2 NbOs (s) 2
24 Nb (S) +29 Oz(g) —>2Nb12029 (S) (3)
2Nb12029 (S) +02(g)—>12 Nb205(s) (4)

The SE image in Fig. 4 shows the surface of pure Nb metal at two
different magnifications. The corresponding EDS and XRF results pro-
vided in Table 2 confirms the high purity of the metal. The EDS and XRD
results show that there is a trace of pre-oxidation at room temperature.
Although, EDS did not showcase any traces of Fe or Mn, XRF indicated
small traces which could have been the impurities.

Fig. 5(a) indicates the surface of Nb metal after oxidation for 3 h at
800 °C. Comparing the non-oxidised surface in Fig. 4(a), surface shows
dark spots throughout the region and with increase in the oxidation
temperature, the metal initiates to lose its surface smoothness leading to
formation of uneven surfaces throughout the material (Fig. 5(b-d)). This
could have been due to the formation of passive oxidation layers. Fig. 5
(b) indicates that Nb oxidised at 800 °C for 5 h shows the presence of
surface rip off through SE imaging. With increase in temperature to
1000 °C, surface rips enhance leading to formation of small nodes
throughout the surface. The features on the surfaces of metal could be
due to the formation of NbyOs which is said to have a palish grey colour.
Further, continuous passivation layers of metastable Nb;5029 which was
visible in Fig. 5(b) starts to decompose leading to cracks. XRD results
indicates the formation of Nb,Os which could be confirmed by its cor-
responding SE image in Fig. 5(c & d) with a formation of granules. This is
also supported via EDS and XRF analysis tabulated in Table 3. EDS and
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Fig. 5. Scanning electron images of (a) metal oxidised at 800 °C for 3 h (b) metal oxidised at 800 °C for 5 h (c) oxidisation at 1000 °C for 3 h and (d) oxidation at

1000 °C for 5 h.

Table 3
Elemental composition of Fig. 5 characterised via EDS and XRF techniques.

Nomenclature Characterisation Technique Region/Spectrum Elemental Composition (Wt%)
Nb (o] Fe Mn
Fig. 5(a) EDS Spectrum A 71.60 28.40 - -
Spectrum B 71.26 28.74 - -
XRF Region 1 68.26 31.52 0.13 0.09
Region 2 70.49 29.48 - 0.03
Fig. 5(b) XRF Region 1 57.16 42.83 - 0.01
Region 2 56.26 43.71 - 0.04
Fig. 5(c) EDS Spectrum A 28.58 71.42 - -
Spectrum B 28.65 71.35 - -
XRF Region 1 32.68 67.19 0.09 0.04
Region 2 38.78 61.22 - -
Fig. 5(d) EDS Spectrum A 27.9 72.1 - -
Spectrum B 28.3 71.7 - -
XRF Region 1 27.86 72.11 0.01 0.02
Region 2 27.35 72.65 - -

XRF tabulated in Table. 3 indicates presence of oxygen element on the
surfaces of Nb metal in different elemental percentages. In Fig. 5(c),
spectrums of EDS and XRF indicated higher elemental content of oxygen
to niobium indicating formation of metastable phase of Nb;2029 which
was also confirmed via XRD analysis. Further, analysis indicated that the
composition drops to a percentage equal to NbyOs supporting the
diffusion of metastable phase to highly stable Nb penta-oxide phase.
SE image of Nb substrate oxidised at 1200 °C at 5 h is shown in Fig. 6.
From Fig. 6, it could be observed that surface had dark phases with
cracks propagating from the phase the brittle behaviour of the oxide
ceramics forming on the surfaces [13,14]. Further, no passivation layer
could be detected on the surfaces justifying the XRD which indicated
complete conversion of Nbj2029 to NbyOs. A closer observation of dark
spot is provided in Fig. 6(b) which shows presence of micro-pores

throughout the dark spots with cracks. The continuous formation of
oxide layers on the surface could lead to prominent drop in the me-
chanical properties. EDS analysis on the surfaces illustrated in Table. 4
indicates only traces of Nb and O throughout all the spectrums. The EDS
supported the full formation Nb,Os throughout all the spectrums with
oxygen having higher elemental composition compared to niobium.
Pilling Bedworth ratio was utilised for to investigate the presence of
formation of meta-stable phases since it accounts to the ratio between
the molar volumes of metal oxide and metal and was calculated 2.66 and
1.319 for Nby,O5 and Nbj,049 respectively using Eq. (5) BP ratio [17].

(W/D) x () ©

R=
w/d

where R is Pilling Bedworth ratio, W is molecular weight of oxide per
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Fig. 6. SE image of Nb metal after oxidation at 1200 °C for 5 h.

Table 4
Vickers hardness & fracture toughness of Nb before and after oxidation.

Oxidation State ~ Condition Vickers Hardness Fracture Toughness (MPa.
(GPa) m'?)
Pre-Oxidation RT 5+0.5 40.6 £ 0.5
Oxidised 800 °C/5h 5.6 £0.3 33.2+0.8
Samples 1000 °C/5 6.4 + 0.2 30.6 + 0.3
h
1200 °C/5 8.06 + 0.4 28.14 +£ 0.4
h

mol, D is specific density of oxide, f is factor per mol of oxidant, w is
themolecular weight of oxidising metal per mol, and d is specific density
of metal. As per Pilling Bedworth ratio of Nbj2029 which satisfies
“0<Nb12029< 27, it allows the formation of a passivation layer without
cracks or chipping while covering the entire surface. For this case
samples oxidised for 1000 °C confirmed via SE results in Fig. 5(d) which
shows a full passivation layer formed covering the once exposed sub-
strate. However, when converted to Nby,Os does not permit the forma-
tion of a passivation layer as it satisfies “NbyOs >2” which dictated that
the formation of metal oxide is of an excess which creates cracks and
chippings, this is evident in samples oxidised at 1200 °C for 5 h as shown
in Fig. 6. This is due to the brittle nature of Nb,Os and inability of plastic
deformation which promotes to cracking hence oxidising the substrate.
The brittle behaviour of the oxide formation onto Nb metal were sup-
ported through the Vickers hardness and its following indentation
fracture toughness of Nb metal pre and after oxidation is tabulated in
Table 4 by measuring the cracks propagated by indentation through a
microscope. The metal showed a hardness of 5 + 0.5 GPa with an in-
crease to up to 60% for samples oxidised at 1200 °C at the same tem-
perature which is in case for most of the ceramics [7]. Table 4 confirmed
that oxidised samples exhibited lower fracture toughness with increased
hardness leading to conclusive evidence of the formation of oxide layers
which is further confirmed in the oxidation. Sample exposed to 5 h at
1200 °C which was proved to have higher Nb;Os content which corre-
sponded to the lower fracture toughness of 28.14 + 0.4 MPa. m'/? in
comparison with the sample oxidised at_800 °C for 5 h with a lower
NbyOs but higher Nb;2029 content corresponding to a better fracture
toughness of 33.2 + 0.8 MPa. m"/2.

To further understand the oxidation behaviour of Nb, Gibbs free
energies were calculated by determining the enthalpy and entropy
changes for the formation of NbyOs. Its Enthalpy was calculated to be

0.1 - - -1230
—@—Gibbs free energy b

+ 1225

=4
f=3
oo}
I
T

A Oxide thickness + 1220

>

=
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= ~
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Fig. 7. Gibbs free energy for the formation of Nb,Os and the oxide thickness
calculated via the Deal Grove model.

—~1161.5 KJ. Mol ! via Eq. (6).

AH = Z Broken Bonds — Z Formed Bonds 6)

where AH is the enthalpy change, sum of broken bonds consists of 5
Oxygen, Oxygen double bonds corresponding to 494 KJ.Mol ! while
sum of formed bonds consists of 8 Niobium, Oxygen double bonds cor-
responding to 513 KJ.Mol ! and 4 Niobium, Oxygen single bonds at 753
KJ.Mol ! in accordance to VESPR diagrams and energy sheets [18].
Calculated Entropy change (—1161.5 KJ.Mol™!) suggests the high sta-
bility of the final oxidation stage as Nb,Os. Calculated Gibbs free energy
values are —1198.90 KJ, —1213.10 KJ and 1227.3 KJ for samples oxi-
dised at 800 °C, 1000 °C and 1200 °C, respectively. This suggests that
although the formation of both NbyOs and Nb;5,059 are spontaneous
reactions, formation of the meta-stable Nb;3059 forms first which is
followed by its stabilisation. Similarly, the formation of NbyOs is clas-
sified as a spontaneous reaction by its negativity of Gibbs free energy, as
it is dependant process. This is supported by T. McQueen et al. who
reported formation of unstable structures of Nb;2099 out of commer-
cially available NbyOs most likely due to the inevitable formation of
Nb;2099 prior to formation of NbyOs [19]. The linear pattern of the
Gibbs free energies as depicted Fig. 7 corresponded with a previous data
[20].
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Table 5

Calculated oxidation thickness of Nb metal at different temperatures.

Temperature at which sample oxidises Oxidation Thickness (mm)

800 °C 0.0187
1000 °C 0.0436
1200 °C 0.0903

00°C/Shrs

1200°C/S hrs
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3.2. Oxidation thickness prediction

Oxidation is a basic phenomenon which occurs due to molecular
diffusion of oxygen with high temperature deformation and swelling due
to formation of new products in high temperature alloys and metals
[3,21]. While predicting the oxidation thickness, the first consideration
which was undertaken was law of Lavoisier which indicates that the
mass could neither be created nor destroyed with assumption that there
is no flow divergence. Further consideration on the diffusion of any
product would not return to its original state. The formed equation to
understand the oxide layer thickness was modified for current scenario
and Deal Grove equation model is illustrated in Eq. (7) [22].

xo—%( l+i—lj(t+7)—l) )]

where, xq is the thickness of the oxidation layer, t is oxidation time, 7
accounts for initial oxidation thickness which was taken to be zero due
to absence of surface oxidation at initial conditions. Values A and B
correspond to constituents of linear and parabolic rate constants for
which A was modified to Eq. (8). This was done on the temperatures at
focus via the aid of the Arrhenius Equation.

11
A=2><D(k—s+z) ®)

The rate constant A was obtained via Eq. 6 correspond to Aj200:c =
1.215 x 1077, A1g00-c = 3.605 x 1078, Agogec = 2.425 x 10710, Where D

1000°C/S hrs

Fig. 9. Oxidation thickness of cross section of Nb observed after (a) 800 °C, (b) 1000 °C and 1200 °C after 5 h.
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is the O diffusivity in Nb,Os corresponding to Djpo-.c = 1.85 x 107°,
Digooec = 4.3 X 10719 and Dgoocc = 1.72 x 107'2 [23]. Gas trans-
portation coefficient of atmospheric air at 1 atm at the respective
oxidation temperatures were determined to be hj29p.c = 0.0953 Wm!
K1, higooe.c = 0.08108 Wm ™ K™%, hggg:c = 0.07135 Wm K~ [24,25].
The Arrhenius constants for the three temperatures 800 °C, 1000 °C and
1200 °C were obtained via extrapolating to the Y-intercept, hence rep-
resenting the logarithmic value of the Arrhenius constants (A) as rep-
resented in Fig. 8. A represents the frequency at which atoms and
molecules collide in a way that leads to a reaction and since the reactions
are only present at the surface. Therefore, it was assumed that the
Arrhenius constants (A) is equal to surface rate constant K in this study.
Hence 10\ 1200°C = KS = 0.0447, 10\ 1000°C = Ks = 0.0338, 10\ 800°C = Ks =
0.0177.

The calculated thickness of the oxidised samples through modified
Deal-Grove is reported in Table. 5. From Table 5, it could be seen that
thickness was directly proportional to the oxidation temperature. The
abrupt increase in the oxidation thickness between 800 °C to 1000 °C
was due to degradation of the meta-stable passive oxidation layer of
Nb;2029 to NbyOs with increase in the temperature. The cross-sectional
view (Fig. 9) of the Nb metal oxidised at 1200 °C for 5 h indicated an
oxidation layer thickness of 104 pm which was closer to the calculated
value with an error percentage of ~15% which could have due to the
inaccuracies while inhibiting the physical properties of the oxide layer
owing to chemical constituent which may vary from the characterisation
techniques. Further, theoretical Gibbs energy in the phase trans-
formation of the Nb;2049 to NbyOs could be different from the experi-
mental owing to high temperature.

4. Conclusion

The oxidation behaviour of Niobium metal has been studied in at-
mospheric conditions at high temperatures. The oxidation behaviour of
Nb indicated formation of metastable Nb;5059 which acted as a pro-
tective oxidation layer inhibiting further oxidation beneath Nb metal
surfaces at around 800 °C. With increase in temperature, Nbjy099
transformed into more stable oxide of Niobium Nb5Os. The formation of
NbyOs5 on the surfaces of Nb metal was said to be unprotective as it
exposed the metal substrate for further oxidation resulting in complete
formation of oxide. The rate of weight gain for 5 h samples were
comparatively lower than 1 and 3 h due to the energy required for phase
conversation of Nb;2029 to Nbo,Os which led to passivation layers to fail.
Vickers hardness and its indentation fracture toughness supported the
formation of oxide layer as with increase in temperature the fracture
toughness of metal decreased by 30%. A mathematical model devised
through Deal-Grove equation with relation with Arrhenius equation
evidenced the formation of oxide layer thickness which was closer to
10% while measure through electron microscopy.
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