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A B S T R A C T

Massive oxides growth during service inevitably degrade the performance of oxygen sensitive refractory metals.
Here, we propose to improve the oxidation resistance of niobium by surface implantation of Ti+ and Si+. After
oxidation, oxides in niobium not only form at topmost surface, but also massively grow along {100} planes. In
contrast, oxides at top surface can be efficiently suppressed by implantation of Ti+ and Si+. No detectable oxides
were formed after Si+ implantation, while some laminated oxides bundles can still be detected in Ti+ implanted
sample, indicating Si+ has a stronger effect in improving oxidation resistance.

1. Introduction

Oxidation has long been an impassable issue for the production and
service of metallic materials [1–3], especially for the components
served in harsh environments like refractory metals [4–6]. Among
them, niobium is recognized as essential high temperature structure
components in rockets or aircrafts, due to its superior high temperature
strength, creep resistance and relative low density compared with other
refractory metals [7,8]. However, as oxygen has a high affinity to
niobium, oxygen solutes can quickly diffuse into niobium matrix and
form oxides [9,10]. Owing to the large surface expansion caused by the
formation of oxides, cracks easily nucleate and propagate over the
whole surface area [11,12]. In this way, niobium based structure
components often lose its ductility and collapse under unpredictable
low stress with limited lifetime.

To overcome the oxidation induced failure, typical anti-oxidation
strategies like alloying [13,14] and surface barrier coating [15,16] have
been put out to suppress high temperature oxidation. Reactive elements
such as Si, Al, Cr, Ti, Hf, and Y etc., all of which exhibit a higher affinity
to oxygen than niobium matrix [17], are frequently utilized as alloying
elements in fabrication of oxidation resistant niobium alloys [13–19].
Specially, Si, Al and Cr are believed to suppress oxidation by promoting
the formation of dense and protective oxide film at oxidized surface,
which block the deep diffusion of external oxygen [16,20]. In contrast,
Ti, Hf, and Y are typical alloying elements used to trap oxygen because
of their stronger interaction with oxygen than Nb, thus lowering the
diffusivity of oxygen in matrix [19,20]. Typically, most anti-oxidation

design is performed in a complex alloying system with the character-
istics of multiple alloying constitutes and/or high alloying concentra-
tion, which usually play their role with distinct degradation of melting
points, ductility or other physical properties [15]. Therefore, how to
precisely control the surface inner structure in niobium to tune the
oxidation resistance without changing the properties of original alloy is
still remain elusive.

Based on the knowledge of the reactive elements addition on oxi-
dation behavior, it is possible to tune oxidation properties of niobium
alloy by surface introducing of selected elements. While researches on
the effect of single element addition on anti-oxidation behavior mainly
focus on the oxidation kinetics [13,21], an integrated understanding
based on inner microstructure evolution is rarely reported. In this
study, we employ ion implantation to introduce the anti-oxidation
elements on the surface of niobium to evaluate their effect on the oxi-
dation behavior. Ion implantation has been proved to be an efficient
research tool to evaluate alloying effect on oxidation behavior of me-
tallic metals [21–24]. Ti and Si were selected as model elements ac-
cording to previous studies [16,19,20] and introduced into the surface
region of high purity niobium by ion implantation. With the aid of
advanced sample lifting technique, the surface oxidation structures
were systematically examined and analyzed, and the effectiveness of Ti
and Si on oxidation resistance of niobium is discussed.

2. Materials and methods

High purity niobium (99.99 at.%) slices with the size of
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1 cm×1 cm×2mm were selected as our model sample.
Recrystallization annealing was performed at 1000 °C for 1 h with the
vacuum of 10-4 Pa. Afterwards, all the Nb slices were carefully grinded
via 320#, 500#, 800#, 1200# and 2400# abrasive paper to get a flat
surface, and then polished with minor diamond polishing fluid with ∼

0.5 μm in particle size added on a polishing machine. To eliminate the
surface stress or deformation layer introduced during the polishing
process, the polished surfaces were etched slightly using a cotton with a
mixed acid of 10% HF, 10% HNO3 and 80% water (in volume per-
centage). Note that each sample was quickly washed after etching to get
rid of the remaining acid on the surface. As illustrated in Fig. 1(a), the
following processing can be divided into two steps, ion implantation
and oxidation. More details are shown below.

First, Si+ and Ti+ ions were implanted into Nb slices at room
temperature with the accelerate voltage of 400 kV to a fluence of
3× 1016 ions cm-2 for Si+ and 2×1016 ions cm-2 for Ti+, respectively.
Thus, the corresponding flux rates are 1×1013 ions cm-2 s-1 for Si+ and
5.55×1012 ions cm-2 s-1 for Ti+. The sample with Si+ implantation is
named as ‘Nb-Si’, while the sample with Ti+ implantation is named as
‘Nb-Ti’ in the following section. As shown in Fig. 2(a) and (b), the
corresponding ion concentration and damage along depth was esti-
mated with SRIM (the Stopping and Range of Ions in Matter) simulation
using full cascade damage mode with an average displacement energy
of 35 eV [25]. Both of the implantation depth are no more than 450 nm
and the maximum concentration of implanted ions are less than 3 at.%.
In addition, ion implantation induced damage is extremely high and the
peak damage is approaching ∼ 80 dpa for Nb-Si and ∼ 60 dpa for Nb-Ti,
respectively. The XRD patterns after implantation (shown in Fig. 2(c))
shows no distinct change in microstructures compared with original
high purity Nb, indicating no obvious precipitates/oxides forms during
ion implantation. Therefore, the implanted ions should exist as solutes
after ion implantation in Nb matrix. To further analyze the effect of ion
implantation on niobium, the hardness variation before and after ion
implantation was measured by nanoindentation (TI 950 Triboindenter).
The maximum indentation force was set as 6000 μN and more than six
repeated tests were performed for each sample. The resultant load-
depth curve achieved in indentation test shows that the maximum in-
dentation depth is ∼ 302 nm for Nb, ∼ 298 nm for Nb-Ti and ∼ 256 nm
for Nb-Si, as shown in Fig. 2(d). Therefore, the maximum indentation
depth of all the samples falls into the region of the ion implanted zone.
The measured hardness is an average value for the ion implanted

region.
Afterwards, all the samples (Nb, Nb-Si and Nb-Ti) were oxidized at

the same time in a tube furnace. The procedures of oxidation experi-
ments is shown in Fig. 1(b). Considering the limited implantation depth
and ion concentration, the oxidation conditions was set as 600 °C for
30min within the controlled atmosphere of 0.1% O2(volume percent)
in high-purity argon. Finally, the oxidation surface was analyzed by
scanning electron microscope (SEM). The cross-sectional sample was
made by typical sample lifting technique inside focus ion beam (FIB)
system. Platinum (Pt) was utilized to protect oxidized surface from ion
damage during FIB fabrication process. The oxidation structures char-
acterization was conducted inside a transmission electron microscope
(TEM, JEOL-2100 F).

3. Results

3.1. Surface morphology after oxidation

The oxidized surface was firstly examined under SEM, as shown in
Fig. 3. For Nb, irregular local bulges with the size of several micro-
meters can be seen across the whole oxidized surface (Fig. 3(a)). In
contrast, the surface morphology of oxidized Nb-Ti appears to be dif-
ferent. As can be seen in Fig. 3(b), distinct surface wrinkles with the
length of hundreds of micrometers are formed. Particularly, the local
wrinkles are parallel to each other with the spacing of ∼ 10 μm
(Fig. 3(c)). No distinct irregular surface bulge structures were found in
Nb-Ti sample. While for Nb-Si, the oxidized surface is quite smooth
with only seldom tiny local bulges formed, as shown in Fig. 3(d). The
distinct oxidation morphology for Nb with and without ion implanta-
tion suggests that the oxidation resistance can be tailored by ion im-
plantation of selected oxygen affinity elements.

3.2. Cross-section microstructures of oxidized Nb

For a clear understanding of the different oxidation morphologies
among Nb, Nb-Ti and Nb-Si, the cross-sections microstructure of the top
surface were further analyzed in detail. For Nb, mainly two types of
oxides have been formed during oxidation according to the contrast
difference under SEM, surface oxides at topmost surface and lamella
oxides uniformly distributed inside Nb matrix at subsurface, as shown
in Fig. 4(a). In addition, distinct inner crack can be observed inside the

Fig. 1. Schematic illustration of ion implantation and subsequent surface oxidation process of high purity Nb. (a) Schematic illustration of ion implantation and
subsequent surface oxidation process. (b) Schedule of heat treatment and oxidation experiments.
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surface oxides layer. Further TEM characterization reveals that the
thickness of surface oxides layer is ∼ 0.6 μm, ignoring the existence of
the cracks inside (Fig. 4(b)). The thickness of the lamella oxides is about
150 nm, which appears to be uneven, as marked in Fig. 4(c). It is worth
noting that the lamella oxides originates from the surface oxides layer,
as shown in Fig. 4(c). The corresponding selected area diffraction pat-
tern displayed that the surface oxide and lamella oxide share the same
crystal structure. The typical orientation relationship between lamella
oxide and niobium matrix is shown in Fig. 4(d). The niobium oxides
here is body-centered tetragonal α-Nb2O5, normally seen under a si-
milar oxidation temperature [26]. According to Fig. 4(d), the (200)

planes of Nb matrix are parallel to the (010) planes of α-Nb2O5, in-
dicating that lamella α-Nb2O5 is prone to nucleate and grow along
(200) planes of Nb matrix once the oxygen content is above its solu-
bility.

3.3. Cross-section microstructures of Nb-Ti after oxidation

In Nb-Ti, as distinct surface wrinkles can readily take shape during
oxidation, cross-section microstructure analysis was also performed, as
shown in Fig. 5. After oxidation, the surface of Nb-Ti sample is rather
flat, as marked by the white dashed lines in Fig. 5(a). No surface oxides

Fig. 2. Ion concentration, surface structure and hardness after Si+ and Ti+ implantation in Nb. (a) The Ti concentration and damage distribution in Ti+ implanted
Nb according to SRIM simulation. (b) The Si concentration and damage distribution in Si+ implanted Nb according to SRIM simulation. (c) The XRD patterns of Nb
before and after ion implantation. (d) Representative load-depth curve formed during indentation test before and after ion implantation. (e) Hardness of Nb before
and after ion implantation.

Fig. 3. SEM images of surface morphology of (a) Nb, (b–c) Nb with Ti ion implantation and (d) Nb with Si ion implantation after oxidation experiment.
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can be observed at topmost surface, which is different from the ob-
servation in Fig. 4 for Nb. However, two bundles of laminated structure
with the thickness of ∼ 1 μm formed inside Nb matrix at the subsurface,
which is different from the dispersed laminated oxides with high den-
sity inside the matrix of oxidized niobium. Further TEM characteriza-
tion demonstrates that there is no detectable niobium oxides at topmost
surface as well, as shown in Figs. 5 (c) and (d). Only a thin layer of
ultrafine grains within the depth of ∼ 1 μm at topmost surface region
was observed. This is caused by rearrangement of radiation defects
during ion implantation [27,28], on the base of extremely large ra-
diation damage introduced by ion implantation, as shown in Figs. 2(a).
The ion implantation induced ultrafine-grain in the top surface region
also contributes to the surface hardening (Fig. 2(e)). As for the lamella
oxides bundles, the thickness of single lamella is comparable to that
formed in oxidized niobium. Meanwhile, these oxides are also body-
centered tetragonal α-Nb2O5 type oxide with a similar orientation as
the oxides in Nb, as demonstrated in Figs. 5 (e) and (f). In brief, Ti+

implantation can fully suppress the surface oxides formation and reg-
ulate the subsurface lamella oxides as bundles during oxidation. While

nearly ∼ 2.68 volumn expansion occurs with the formation of α-Nb2O5

[12], the nucleation of lamella oxides bundles at subsurface region will
give rise to a distinct wrinkle morphology on the top of the oxidized
surface, as shown in Fig. 3(b). Because of the growth of lamella oxides
exhibits preferred crystallographic features along the {100} planes of
niobium matrix, the local wrinkles are seen to be parallel to each other
(Fig. 3(d)).

3.4. Cross-section microstructures of Nb-Si after oxidation

For Nb-Si, no distinct oxides morphology can be detected after
oxidation processing, as shown in Fig. 6(a). At the topmost surface, a
layer of ultrafine grains can also be observed (Fig. 6(b)), similar to that
of Nb-Ti in Fig. 5(b), as a result of radiation defects rearrangement
during ion implantation with radiation damage around 70 dpa, as
shown in Figs. 2(b) [27,28]. The corresponding diffraction pattern re-
veals that the ultrafine grain region consists of body-centered-cubic
niobium with no oxides or precipitates formation (Fig. 6(c)), consistent
with the XRD results in Fig. 2(c). While for the subsurface beneath the

Fig. 4. Cross-section image of the microstructures in oxidized pure Nb. (a) A low magnified SEM image of the cross-section of oxidized pure Nb. (b) A low magnified
bright field TEM image of the cross-section of the microstructures formed in oxidized pure Nb. The boundary between surface oxide layer and Nb matrix are labeled
by the white dashed line. (c) A high magnified TEM image of the oxide layer marked by white box in (b). (d) The selected area diffraction pattern acquired at the
interface of Nb matrix and lamella α-Nb2O5 oxide.

P.-J. Yang and W.-Z. Han Corrosion Science 163 (2020) 108297

4



ultrafine grain layer, slight contrast with lamella morphology can be
detected from the bright field image in Fig. 6(d). However, the corre-
sponding diffraction pattern demonstrate that no detectable new phase
were formed in this region, which indicates that the formation of oxides
were fully suppressed at subsurface in Nb-Si. These observations de-
monstrate that, Si+ implantation can simultaneously suppress surface
oxides formation and subsurface lamella oxides growth during oxida-
tion, which has a higher influence in improving the oxidation resistance
of niobium than Ti+.

4. Discussion

4.1. Oxidation of Nb at 600 °C

As for high temperature oxidation of niobium, with stable and dense
amorphous oxide well bonded to niobium matrix, niobium is free of
oxidation below 400 °C [12,26]. But with increasing temperature, loose

α-Nb2O5 nucleates accompanied by a factor of 2.68 vol expansion,
breaking original protective surface oxides and facilitating continuous
oxidation [26,29]. Afterwards, oxygen diffuses freely in Nb matrix and
accumulate to form oxides when local oxygen concentration exceeds its
solubility. Since the diffusion rate of oxygen in Nb is D=4.55×10-3

exp(-25900/RT) cm2·s-1 [10], the maximum diffusion distance L can be
estimated using Fick’s Law =L 4Dt , where R= 1.987 cal·K-1 mol-1, T
is the oxidation temperature and t is oxidation duration. As the oxi-
dation was conducted at 600 °C for 30min in our case, the corre-
sponding diffusion distance is ∼ 33 μm, far exceeding our detection
region with the maximum depth of ∼ 5 μm. Therefore, it is reasonable
to form oxides at the depth of our detection region. In real oxidation
process at 600 °C, O2 is continuously absorbed and decomposed at
niobium/atmosphere interface, causing high oxygen concentration at
surface region. Therefore, the oxides at topmost surface take the shape
rapidly. Meanwhile, due to high diffusion rate of oxygen in niobium
mentioned above, massive oxygen quickly diffuse into niobium matrix

Fig. 5. Cross-section images of microstructures formed in oxidized Nb with Ti ion implantation. (a) A low magnified SEM image showing the cross-section of the
microstructures formed in oxidized Nb with Ti ion implantation. (b) An enlarged bright field TEM image of the surface region labeled in the dashed box region in (a).
(c) An enlarged bright field TEM image of the ultra-fine grain region at topmost surface in (b). (d) Corresponding diffraction pattern in the dashed circled region in
(c). (e) An enlarged bright field TEM image of the lamella oxides in (b). (f) Corresponding selected area diffraction pattern of the dashed circled region in (e).

Fig. 6. Cross-section TEM images of
microstructures in oxidized Nb with Si
ion implantation. (a) A low magnified
bright field TEM image showing the
cross-section of the oxidized Nb with Si
implantation. (b–c) The enlarged bright
field TEM image of the top ultra-fine
grain region and its corresponding se-
lected area diffraction pattern. (d–e)
The enlarged bright field TEM image of
niobium matrix and its corresponding
diffraction pattern.
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and saturate. Similar to the characteristics that premature niobium
oxide nucleates along certain crystallographic planes revealed by in situ
TEM [30], oxygen at subsurface tends to accumulate and precipitate out
along {100} planes of niobium matrix, forming lamella oxides in Fig. 4.

4.2. Suppressed oxides formation at topmost surface after ion implantation

While for Si+ and Ti+ implanted samples, the oxides at topmost
surface can be suppressed during oxidation, as shown in Figs. 5 and 6.
As Ti and Si have a higher affinity with oxygen than Nb matrix, namely
lower ΔGO (standard free energy of formation) value than NbO
( > > >ΔG ΔG ΔG ΔGNbO

o
NbO
o

SiO
o

TiO
o

2 2 2), oxygen will be preferentially
picked up by these two reactive elements to form stable SiO2 and TiO2

[17]. In this way, the oxygen concentration in niobium matrix is re-
duced compared with the samples without ion implantation, leading to
a delayed oxides nucleation. Meanwhile, ion implantation induced
defects like ultrafine grains shall also play a role. Normally, the reduced
grain size or increased defect density will exert two-fold effects on
oxidation [31], the increased high energy sites for oxygen segregation
[20] and enhanced diffusion kinetics for alloying elements [32]. First,
for the effect of increased oxygen segregation sites, vast radiation de-
fects or alloying sites shall act as sinks to absorb oxygen solutes and
increase the solubility of oxygen in niobium [23], leading to delayed
oxides formation. Moreover, via the enhanced diffusion effect for al-
loying element (here by Ti and Si), the establishment of SiO2 and TiO2

is much more rapid and uniform [17,31], quickly altering surface defect
structure and hindering the inward diffusion of oxygen. Note that the Ti
or Si concentration is no more than 3% even at the peak concentration
region in Nb, thus the resultant TiO2 and SiO2 concentration after
oxidation should be limited with extremely small size, which is out of
the detection limit of TEM.

Based on the analysis above, the whole process of the suppressed
oxidation at topmost surface of Si+ and Ti+ implanted Nb can be
summarized as follows (Fig. 7). Ion implantation firstly produces large
amounts of irradiation defects in original sample (Figs. 2(a) and (b)),
typically ultrafine grains in our case. Once the temperature is elevated
for oxidation, the diffusivity of implanted elements is accelerated with
the aid of implantation induced grain boundaries (Figs. 5(b) and 6(b)),
leading to rapidly aggregation of reactive elements at topmost surface
region. When oxygen is decomposed from atmosphere and diffuses into
niobium sample, they will be quickly gettered by the aggregated re-
active elements and grain boundaries at topmost surface [17,20], hin-
dering the inward diffusion of following oxygen from atmosphere.
While the absorbed oxygen at topmost surface tends to be trapped by
the reactive elements or grain boundaries, the oxides at topmost surface
are completely suppressed (Figs. 5 and 6).

4.3. Different oxidation structure at subsurface between Nb-Ti and Nb-Si

As for subsurface lamella oxides, Nb-Ti and Nb-Si sample exhibit
totally different oxidation features. This is caused by different oxidation
products for these two samples. As for Nb-Ti, the oxidation products of
Ti is loose, which allows continuously absorption of oxygen into surface
region [19]. Although the selective oxidation of Ti at topmost surface
shall act as oxidation barrier to restrict the inward diffusion of oxygen
as a whole, oxygen can still quickly penetrate into niobium subsurface
from the position where local Ti concentration is limited or the barrier
is loose. In this way, at subsurface region, lamella oxides will still take
the shape in the manner of bundles originating from surface, causing
wrinkle morphology at oxidized surface (Figs. 3(b) and (c)). For Nb-Si,
it is widely recognized that dense and stable SiO2 tends to nucleate
during high temperature oxidation, forming a protective layer at out-
side surface and resist the entrance of oxygen [16,18]. Therefore, the
formation of lamella oxides at subsurface was delayed due to fully re-
stricted entrance of oxygen from atmosphere. While Si concentration at
surface region is limited (Fig. 2(b)), it is hard to capture the signal from
silica in our experiment. For the factors above, as depicted in Fig. 7,
lamella oxides bundles take the shape from the loose location of oxi-
dized surface in Nb-Ti, while no distinct oxides appear in Nb-Si for its
dense and protective oxidized surface.

5. Conclusion

To sum up, a new strategy for improved oxidation resistance in
niobium was put out by implantation of oxygen sensitive Ti+ and Si+

ions. Two types of surface oxidation products are formed in Nb at
600 °C, exactly topmost surface oxides and subsurface dispersed thin
lamella oxides, with α-Nb2O5 type structure. In contrast, for Nb im-
planted by Ti+ and Si+, the topmost surface oxides can be suppressed
due to the gettering effect of oxygen solutes by reactive Ti/Si elements
and implantation defects. The subsurface lamella oxides in Ti+ im-
planted Nb tend to grow as bundles, contributing to the formation of
wrinkle morphology at surface. The Si+ implanted Nb shows no oxides
formed at subsurface region, suggesting stronger oxidation resistance
than Ti+ implanted Nb, which is caused by the dense and protective
nature of its oxidation products. Our work demonstrates that enhanced
oxidation resistance can be achieved in refractory Nb by ion im-
plantation using well-selected reactive elements, which provides new
choices to improve the oxidation resistance of niobium and other me-
tallic materials.

Fig. 7. Schematic illustration for the delayed oxides formation by the gettering effect of reactive elements in (a) Ti+ implanted Nb and (b) Si+ implanted Nb.
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