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Short-time oxidation behavior of nanocrystalline Ta coating is studied at 850 °C in comparison with
that of the Ta sheet. Owing to the large PBR value and insufficient expansion space, the oxide scale on
Ta sheet is dramatically cracked, delaminated and pulverized, resulting in rapid deterioration. For
nanocrystalline Ta coatings with columnar structures and quantitative grain boundaries, a rapid
oxygen diffusion rate causes no initial Ta2O5 to form. The gap between columns provides spaces for
bulk expansion, resulting in few opening cracks and delamination. Ta oxidation experiences a
crystallization course from amorphous Ta oxide, leading to in situ temperature surging and thus
pulverization.

In weaponry systems, guns and barrels play a significant role by guiding
ultrahigh-temperatureprojectiles throughnarrowcylindrical tubeswith large
draw ratios. During firing, substantially, the chemical ammunition sub-
stances explode and produce large amounts of gases1, which results in high
temperatures being imposed on the gun bore. Hence, the temperature soars
to approximately 1000 °C at the very surface of the gun bore and is main-
tained for a short period at 700–900 °C2. This process will mainly cause
chemical conversions, such as oxidation and carbonization after high-
temperaturegunbore erosion3. Lin4 reported that electrodepositedCr coating
on the inner gun surface could protect against high-temperature erosion and
indicated that oxidation can play an important role during the coating failure
process, such as CrO3 evaporation and Cr/CrOx interfacial mismatch of the
coefficient of thermal expansion, leading to a rapid decrease in the thickness
of the Cr coating. Furthermore, the effluents from electroplating into natural
sinks, soil, and water bodies contaminate and degrade their standards.
Although the microelements of chromium have been reported to be sig-
nificant in living systems, Cr(VI) is beneficial for humans in no way5.

Tantalum coating deposited bymagnetron sputtering, which possesses
goodductility, highmeltingpoint, highmechanical properties, and excellent
chemical inertness at elevated temperatures, is a promising candidate for Cr
substitute for gun bore applications6–9. However, only a few researchers are
concerned about the oxidation of tantalum films. Westwood10 investigated
the effect of low-temperature oxidation on the change in resistance and
crystal structure (200–650 °C) of sputtered Ta films before the 1970s.
Perkins11 used acoustic emission technology to detect that oxidation kinetics

obey a parabolic law for the initial oxide course at 600 °C and then a linear
law after obvious rupture detection by acoustic emission.
Chandrasekharan12 reported that the thermal oxidation behavior of tanta-
lumfilms obeyed the rules to be logarithmic at 300 °C, followedbyparabolic
growth at 500 °C and then a multistep growth behavior combined with
parabolic and linear growth at 700 °C.The reason for this differencewaswell
discussed by the predecessor: Ta is a highly active refractory metal that can
easily absorb oxygen, which turns to form Ta2O5 at 260 °C and starts to
pulverize above~600 °C inair13, leading topoorhigh-temperature oxidation
behavior. Pilling and Bedworth14 developed a well-accepted concept, the
Pilling–Bedworth ratio (PBR), which depicts the volume expansion ratio
from ametal to its oxide and describes the structure and protective ability of
an oxide layer formed on a metal. A large volume expansion (PBR > 1) is
undesirable since it produces increasing compressive stresses inside the
oxidewith increasingPBR, resulting in crackingor even spalling of the oxide
scale. It has been reported that the PBR of pure tantalum is 2.5915 when
orthorhombic β-Ta2O5, which is the steady-state thermodynamic equili-
brium phase at temperatures below 900 °C, is formed on the substrate. This
indicates that β-Ta2O5 can consecutively form and delaminate during high-
temperature exposure. For tantalum sheets, pulverization can break the
integral Ta2O5 oxide scale from ametastable state into fragmented powders
for approximately several seconds16,17. To summarize, as far as we know, no
oxidation behavior for short-time oxidation behavior at a high temperature
of ~850 °C has been explored, and it is highly difficult to observe the pul-
verization course and understand its fine mechanism.
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Therefore, nanocrystalline Ta coating by magnetron sputtering was
employed to investigate the oxidation behavior at 850 °C (the temperature
range of the gun bore surface immediately after firing) and how to pulverize
the material because the intrinsic nanoporous columnar morphology can
endure Ta volume propagation; thus, we can determine the details through
microstructure observation.

Results
Short-time oxidation behavior of Ta1 sheet
Figure 1 shows the XRD patterns of the surface of the pure Ta sheet after
short-time oxidation. With increasing oxidation time, the intensity of
substratepeaks decreased gradually, but in contrast, the intensity of the peak
attributed to tantalum oxide increased slightly, indicating that the oxide
scale quickly increased in thickness and became more complex. Figure 1

clearly shows that two kinds of tantalum oxide appear during oxidation: δ-
Ta2O5 (PDF#18-1304, P6/mmm, ρ = 8.325 g/cm3) and β-Ta2O5 (PDF#25-
0922, P21212, ρ = 9.069 g/cm3). δ-Ta2O5 was preferentially generated in the
initial 30 s. After 60 s, the δ-Ta2O5 phase was transformed into β-Ta2O5,

which dominated thewhole tantalumoxide.WhenTa sheet is located in the
air, it absorbs large amounts of oxygen gas at the surface and into the
subsurface due to its extremely high gas-absorbing capacity. Near-to-
stoichiometric Ta2O5 oxide, a low-temperature steady δ-Ta2O5, is the
commonphaseofpassivation coating18.A rapid temperature shift promoted
deep oxygen diffusion and sequential gas-absorbing behavior so that a thick
oxide scale formed rapidly in a short 30-s time. Then, the thermodynamic
steady-state of the β-Ta2O5 phase gradually stabilized after 60 s.

Figure 2 presents the surface morphologies of the Ta sheets after high-
temperature oxidation for various durations. Figure 2a shows the surface
morphology after 30 s. Partial oxidation occurred, and cracks were pro-
ducedon the surface of the oxide scale because the PBR value of Tawas 2.47,
which is far >1. Therefore, the oxide scale cannot form continuously and
protectively, so the bulk expansion fromTa to theδ-Ta2O5 phase can lead to
quick fracture of the oxide scale.When the oxidation time increased to 60 s,
pulverization of the surface oxide scale occurred. After 90 s of oxidation,
plenty of pulverized fractures throughout the freshly formed oxide scale
caused the Ta substrate to be exposed over a large area. Therefore, the
subsurface under the destroyed oxide scale underwent rapid oxidative
attack. Repeating in the upper way, a large area of delamination on the Ta
surface occurred after 120 s of high-temperature oxidation.

Figure 3 shows the cross-sectional morphologies of the Ta sheets after
30, 60, 90, and 120 s of short-time oxidation. In order to protect the integrity
of the oxidation product, an electroless Ni coating was deposited on the
corresponding oxidized samples, followed by cutting and preparing a cross-
sectional metallographic sample. From the cross-sectional morphology in
Fig. 3a, a disordered and non-consecutive oxide scale on the Ta surface
formedon the surfacewith a thickness of 3 μm.At thebottomright cornerof
Fig. 3a, a magnified photo in Fig. 3a was collected, showing that themelting
phenomenon after crystallization occurred in the framed zone. The reason
for this will be discussed below. The thickness of the oxide scale increased toFig. 1 | XRD patterns of pure tantalum plate after short-time oxidation.

Fig. 2 | Surface morphologies of pure tantalum
plate after short-time oxidation. a 30 s; b 60 s;
c 90 s; and d 120 s.
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10 μm, as shown in Fig. 3b, indicating that particles with sizes on the
micrometer scale and pulverized and splintered characteristics were about
to peel off. Nevertheless, the thickness of the oxide scale decreased suddenly
to 7 μm, indicating that the peeling-off behavior happened at least once
during the 60–90 s oxidation time, as shown in Fig. 3c, which cannot be
captured in detail from the surfacemorphology. In Fig. 3d, it can be inferred
that consecutive pulverization and peeling-off action occurred for a second
time due to the large decrease in the thickness of the oxide scale.

Short-time oxidation behavior of nanocrystalline Ta coating
Figure 4 shows the XRD patterns of the nanocrystalline Ta coatings after a
short-time oxidation course. From Fig. 4, only a kind of Ta6O (PDF#15-

0206: a = 3.357, c = 3.264, I4/mmm, ρ = 16.412 g/cm3) suboxide in the low
valence statewas generated on the Ta coating after a 30 s oxidation time, but
no Ta oxide in the full valence state was detected. This is because, in sput-
tered coatings, the grain size is generally nanosized, thus resulting in quick
elemental diffusion of oxygen into deep coatings through large amounts of
passages along the crystal boundaries. Together with the high-temperature
absorbing and scrambling characteristics, easy, sensitive, and deep diffusion
occurred, leading to the formation of unsteady tantalum oxide in the full
state but its corresponding suboxide in the low valence state. When oxi-
dation time increased tomore than 60 s, the Ta6O diffraction peak intensity
gradually diminished. instead, bcc Ta peaks appeared again. Unlike the Ta
sheet, there is no such δ-Ta2O5 phase, i.e., a kind of intermediate state
emerging during the course of oxidation, and instead, the β-Ta2O5 sub-
stitution phase becomes dominant and lasts until 120 s of oxidation.

Figure 5 presents the surface morphologies after gradient oxidation
time. As shown in Fig. 5a, after 30 s of oxidation, the coating surface is very
compact, without any microcracks. According to the calculation from the
lattice data, the volume from α-Ta to δ-Ta2O5 phase expands to 247% after
30 s of oxidation, while that of the nanocrystalline coatings shrank to
~98.18%, so this shrinkage behavior partially releases the intrinsic internal
stress of as-deposited Ta coating. Therefore, the oxidation morphology till
60 s seems unchangingly compact without any microcracks. When oxida-
tion time increased to over 90 s, cracks took place, as shown in Fig. 5c. Only
partial delamination of the oxide scale after 120 s happened in Fig. 5d.
Therefore, hot internal stress accumulatesdue tobulk expansion from theα-
Ta phase to the β-Ta2O5 phase.

Figure 6 shows the cross-sectional morphologies of nanocrystalline Ta
coating after gradient short-time oxidation time. As shown in Fig. 6a, a
seemingly cracked oxide scale formed on the Ta coating surface due to
volume shrinkage behavior. After 60 s of oxidation, the morphology of the
oxide scale becamevery compact. This is the result of phase conversion from
theTa6O to theβ-Ta2O5phase, leading to avolumeexpansionof~38.53% in
the lattice. This promoted crack healing behavior at a high temperature of
850 °C, resulting in compact oxidation behavior without increasing the

Fig. 3 | Cross-sectional morphologies of pure
tantalum plate after short-time oxidation. a 30 s;
b 60 s; c 90 s; and d 120 s.

Fig. 4 | XRD patterns of nanocrystalline Ta coating after short-time oxidation.
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oxide scale thickness. This compact coating closed the intrinsic defects of
inner passages and pinholes, and then it became a kind of element
diffusion barrier in a short time, blocking fast oxygen diffusion.
Therefore, according to Figs. 4, 5c, and 6c, only the total β-Ta2O5 phase
conversion can initiate cracking of the oxide scale. A small amount of
inevitable pulverization and delamination occurred with increasing
oxidation time, as shown in Fig. 6d.

To further investigate the oxidationmechanism of the nanocrystalline
Ta coating, cross-sectional TEM images of the Ta coating after 30 s of
oxidation were obtained, and the results are shown in Fig. 7. From Fig. 7a,
the morphology for most regions is compact, except for the breakage
between the coatings at the top left corner in Fig. 7a, which indicates the
volume shrinkage phenomenon of Ta→Ta6O, which is coincident with
Fig. 6a. The SAED results in Fig. 7a mainly show the polycrystalline state of
α-Ta, and the appearance of an array of single crystals is the preferred
orientation characteristic of the nanocrystalline Ta coating. Figure 7b
exhibits the HRTEM morphology of the framed zone in Fig. 7a. Here,
apparent Ta oxide layer is only 5 nm thick and is in an approximately
amorphous state, as shown inFig. 7c. FromtheFFTpatterns inFig. 7d, it can
be distinguished of ultrafine-grained Ta6O and a non-α-Ta diffraction ring,
and a detailed analysis is shown in Fig. 8. In other words, the real full-
valence-stateTaoxide is only 5 nm in thickness,while the other inner region
consists of oxygen-doped tantalum coatings, in coincidence with the XRD
results in Fig. 4. Thewell-adhered and compactTaoxidewith 5 nmseems to
have a good effect on protecting the uncracked part beneath it for a period
of time.

Figure 8 shows the interface of nanocrystalline tantalum coatings after
oxidation for 30 s and corresponding images of the outlined regions pro-
cessed by the autocorrelation function in several two-dimensional lattice
structures, mainly showing the morphology of amorphous tantalum oxide
with a completely twisted atomic arrangement. In addition, as shown in
Frame 5 of the figure, we also found that the morphology of unoxidized
nanocrystalline tantalum still existed in the 5 nm-thick oxide film, but the
atomic spacing was slightly greater than that of the α-Ta phase.

Furthermore, in the subsurface layer below box a, lattice distortion and an
amorphousmorphology also appear inboxes g andk, indicating that oxygen
has locally diffused from the surface to the matrix and thus cannot form a
complete barrier layer. The other boxes represent the bcc atomic arrange-
ment of α-Ta structure. This is also the reason for the appearance of poly-
crystalline rings in Fig. 7d, indicating that the tantalum oxide scale cannot
form a complete and good protective layer. Hence, oxygen is easily enriched
at the surface, forming quinquevalent oxides under high oxygen pressure.
Meanwhile, quick and convenient oxygen diffusion along the nanograin
boundary happens simultaneously toward the innerdirection of lowoxygen
pressure, leading to an incomplete and discontinuous structure of the sur-
face oxide scale. However, quick diffusion did not result in much bulk
propagation for the oxide scale, so a comparatively compact structure could
be maintained for a period of time rather than generating large-scale crack-
like defects.

Figure 9 exhibits the detailed TEM morphologies of inner coating
after oxidation for 30 s. Figure 9a–c shows the enlargedmorphology and
elemental distribution photos in the upper left corner of Fig. 7a, which
clearly show the cracks caused by the shrinkage of the tantalum coating
and the enrichment of a large amount of oxygen. This fully demonstrates
that oxygen will rapidly oxidize here as long as large-scale defects appear
in the coating, and the oxidation rate does not bring a gradient down-
ward trend with the increasing crack depth. This is because of the high
Ta/O affinity. Moreover, Fig. 9d and e present the enlarged TEM mor-
phology and its corresponding SAED patterns of the framed part in
Fig. 9a. This region is mainly composed of amorphous diffraction ring
halos, but a large number of diffraction spots of approximately regular
crystallization appear on the outer side of the diffraction ring pattern.
Furthermore, we conducted HRTEM observation on the frame section,
as shown in Fig. 9d, and found that the crystallization of tantalum oxide
had already happened locally, resulting in rapid volume expansion.
Therefore, the phenomenon of internal oxide collapse in Fig. 9d
occurred, which is the reason for the comparatively regular crystal-
lization spots in Fig. 9e.

Fig. 5 | Surface morphologies of pure tantalum
plate after short-time oxidation. a 30 s; a’ regional
enlargement of (a); b 60 s; b’ regional enlargement of
(b); c 90 s; c’ regional enlargement of (c); d 120 s; d’
regional enlargement of (d).
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Discussion
Short-time oxidation mechanism of Ta1 sheet
During the oxidation of tantalum, there are two temperature levels, namely,
low-temperature oxidation (300–900 °C) and high-temperature oxidation
(>900 °C), and the Ta–O-type oxides generated are also different.

During low-temperature oxidation, the phase of tantalum oxide can
includemany kinds of L-Ta2O5 phases: TaOx, TaOy, TaOz, TaOu, α1Ta16O,
Ta12O, Ta6O, α1

’Ta4O, α2Ta4O, α2
’Ta2O, TaO, Ta2O3, tetragonal δ-TaO2,

hexagonal δ-Ta2O5, TT-Ta2O5, monoclinic B-Ta2O5, triclinic γ-Ta2O5,
orthorhombic T-Ta2O5 and β-Ta2O5

19,20. Among them, α1Ta16O, Ta12O,
Ta6O, α1

’Ta4O, α2Ta4O, and α2
’Ta2O are the possible bcc superlattice oxide

products for Ta foil at 600 °C for the first step, followed by a vacuum heat
treatment at 1500 °C. This means that if diffusion happens, the saturated
oxide on the surface can decompose into suboxide with superfine grains. δ-
Ta2O5 is prone to nucleation and oxidation under the reduction conditions
of Ta5+→Ta4+. Various types of Ta2O5 oxides are formed at various
temperatures in the air, and the formation laws of different oxide scales have
not been well found so far. However, β-Ta2O5 is a low-temperature steady-
state thermodynamic equilibrium phase19. When the temperature exceeds

900 °C, the H-Ta2O5 phase consists of only β-Ta2O5 and α-Ta2O5
21. When

the temperature reaches beyond 1320 °C, the β-Ta2O5 phase was converted
into α-Ta2O5, with an extremely slow transition speed. In this paper, the
studied oxidation temperature is 850 °C, which is unconcerned with
α-Ta2O5.

As for the tantalum plate, its manufacturing process undergoes elec-
tron beammelting, rolling, annealing, and removal of surface oxide film22,23,
resulting in the formation of a continuous and dense structure inside the
tantalum plate. During the oxidation process, it is difficult to cause rapid
inward diffusion of oxygen due to the lack of abundant facilitating passages.
Therefore, as a well-known oxygen getter24–26, the exposure of tantalum in
the air at room temperature can result in the intake of abundant oxygen at
the surface.When the Ta sheet was placed into amuffle furnace, the surface
temperature increased rapidly from room temperature. Then, the chemical
bonding between Ta and O from physical absorption occurred above
300 °C27, i.e., the real oxidation course started. When the surface tempera-
ture exceeds 600 °C, an intermediate product of δ-Ta2O5 oxide forms
quickly due to the already full oxygen-absorbed Ta surface. Ma28 also
reported that δ-Ta2O5 oxide has somewhat high-temperature stability in

Fig. 6 | Cross-sectional morphologies of nano-
crystalline Ta coating after short-time oxidation.
a 30 s; b 60 s; c 90 s; and d 120 s.

Fig. 7 | TEM observation of nanocrystalline Ta
coating after 30 s short-time oxidation. a TEM
morphology and SAED patterns (b) HRTEM image
at the very surface in (a); c, d FFT analysis in the
framed zones of (b).
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comparison with those suboxides and is prone to obtain preferentially. Due
to the density difference, the bulk propagation of the Ta→Ta2O5 reaction
was completed in several seconds, accompanied by propagation and
bursting-apart behavior for the outermost surface oxide. Next, the inner Ta
substrate was exposed to a high-temperature environment. When the
temperature raised between 700 and 1200 °C, the gas absorption perfor-
mance reached its highest value29. Therefore, after less than 30 s, the sub-
surface layer experienced rapid oxygen absorption and simultaneous
oxidation behavior of several micrometers at 850 °C. This is the reason why
the surface oxide layer was broken, and the subsurface oxide film seemed
dense but did not collapse, as shown in Fig. 3a.

In addition, due to the large PBR value of Ta2O5 oxide and its poor
matching with the Ta matrix, rapid delamination occurs. As the high-

temperature oxidation time prolongs, the tantalum oxides cracked con-
tinuously, leading to continuous peeling and further peeling-off of the
subsurface layer. This process allows oxidation to rapidly penetrate into
the interior of the substrate, resulting in rapid cyclical deterioration of the
tantalum blocks.

Short-time oxidation mechanism of nanocrystalline Ta coating
When nanocrystalline Ta coating was oxidized for 30 s, its diffraction peak
shifted to the left according to the XRD pattern shown in Fig. 4. We
designated thehighest peak as theTa6Ophase by indexing thePDFcard and
the SAED patterns in Fig. 7a. In the meantime, the broadened peaks also
cover the main peaks of α-Ta phase, as proved in Figs. 7 and 8. It is more
appropriate to designate this substance as the nonuniform diffusion

Fig. 8 | Cross-sectional HRTEM image of interface of nanocrystalline tantalum coatings after oxidation for 30 s. a–l corresponding images of the outlined regions
processed by the autocorrelation function.

Fig. 9 | Detailed TEMmorphologies of inner coating after oxidation for 30 s. a Enlarged TEMmorphology from the top left corner in Fig. 7a; b, c elementary distributions
of Ta and O by area scan of TEM; d TEM morphology in framed region of (a); e SAED patterns of (d); f HRTEM morphology of framed region in (d).
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interstitial solid solution behavior of tantalum/oxygen30,31, as the solid
solution of oxygen in the bcc Ta lattice increases the internal stress of the
nanocrystalline tantalumcoating, resulting in the offset ofα-Ta phase peaks.
Due to the short oxidation time, tantalumoxide crystallizationdidnot occur
over a large range, still leading to a generalizing diffraction peak width.

In addition, from the HRTEM analysis, we found that there was no
continuous Ta2O5 protective layer formed on the surface of tantalum oxide,
but a kind of substance, whose atomic spacing is slightly larger than that of
the α-Ta phase, is a Ta–O solid solution32,33. Garg et al.19 suggested that the
solid solution law of O in Ta between 600 and 1100 °C conforms toHenry’s
law and can coexist with Ta2O5. The following reactions occurred during
high-temperature oxidation:

2
5
Taþ 1

2
O2 ¼ Ta2O5 ð1Þ

1
2
O2 g; atm

� � ¼ OinTa ð2Þ

The Gibbs free energy of the products corresponding to reaction Eqs.
(1) and (2) can be calculated by the following formula29:

Δf G
θ
Ta2O5

¼ �2048:0þ 0:50902T � 0:017439TlnT � 1:4263× 10�5T2

ð3Þ

Gθ
OinTa

¼ 0:2Δf G
θ
Ta2O5

�RTlnCs ð4Þ

ln Cs ¼ 1:25� 1036T�1 ð5Þ

From formulas (3)–(5), the corresponding values at 850 °C can be
calculated: Δf G

θ
Ta2O5

¼ �1629:91 kJ mol�1 and
Gθ
Oin Ta

¼ �3379:06 kJ mol�1. It can be conducted from the values that the
oxygen diffusion and, thus solid solution behavior in tantalum occur highly
and simultaneously at 850 °C, which is consistent with the rapid Ta–Ta2O5

oxidation reaction occurring on the surface of tantalum. Nanocrystalline
coatings can exhibit microscale effects on macroscopic physical and che-
mical aspects. Due to their nanoscale columnar crystals, there are a large
number of grain boundaries and defects in the nanocrystalline coating. The
high-density defects in the coatingmake the interdiffusion of heterogeneous
elements easier34. Therefore, the presence of high-density grain boundaries
provides a convenient channel for the high-speed diffusion of oxygen in
tantalum coatings. Due to the extremely low free energy of solid solution
diffusion, it preferentially diffuses inwards rather than forming oxide
compounds. Therefore, it is difficult for Ta2O5 to aggregate on the surface of
nanocrystalline tantalumcoatings,which is a stark contrast for the oxidation
process in comparison to that of rolled tantalum sheets. Due to the heating
effect of electron beams, the grain boundary density of pure tantalum plates
is low, resulting in a lower diffusion rate of oxygen along their grain
boundaries during the oxidation process. The oxidation behavior of tanta-
lum on the surface increases, and tantalum quickly accumulates on the
unprotectableTa2O5 scalewithpulverizing characteristics, resulting in rapid
spalling of the Ta sheet.

According to the oxide layer in Fig. 7b, we can clearly observe that the
oxide film on nanocrystalline Ta coating forms a seemingly continuous film
withno crack-like openingdefects, hindering further inwarddiffusion of the
oxygen medium beyond the transport of anion vacancies. This behavior
persists until 120 s, and the cracking phenomenon of the oxide film, which
can promote the growth rate of oxide intrusion, only occurs when the

thickness of the oxide film reaches about 6 microns (Fig. 6d). This is also
attributed to the columnar crystal structure of the nanocrystalline coating
(Fig. 2f), which is an inevitable morphology of the coating obtained by
physical vapor deposition35–37. The spacing between the columnar crystals of
the tantalum coating can reach about 20 nm7, which provides space for the
volume expansion generated by the Ta2O5 oxidation process, causing the
oxide film to gradually densify, resulting in relatively slow oxygen diffusion
behavior, as shown inFig. 6.During the120 soxidationprocess of rolling the
tantalum plates, two or more peeling events occurred, and the oxidation
depth reached 20 μm.

Pulverizing mechanism during Ta oxidation course
During 30 s of oxidation, the surface of the rolled tantalum sheet has
undergone pulverization. This process involves at least five courses, e.g.,
compound formation, mass accumulation, cracking, delamination, and
pulverization. Therefore, it is of great difficulty to seize and observe howand
why pulverization is conducted. However, during the initial 30 s of oxida-
tion, nanocrystalline tantalum contracted due to the Ta6O growth, resulting
in longitudinal cracks, as detected in Fig. 7a. At this microscale crack
beneath the surface herein, the local oxygen pressure was relatively low
compared with the atmospheric conditions for the coating surface. There-
fore, we successfully captured the instantaneous pulverization morphology
of tantalum oxide, as shown in Fig. 9.

In the early stages of the short-term oxidation process, due to the
formation of discontinuous but compact tantalum oxide scale on the sur-
face, which acted as a temporary thermal barrier coating, the temperature
rising of the subsurface was relatively slow, and the following reactions
occurred below the oxide film:

Taþ Ochemsorp ! Ta� Oðsolid solutionÞ ! Ta6O ! Ta2O5 ð6Þ

As mentioned earlier, tantalum starts to oxidize at 300 °C, which can
result in the formation of amorphous oxides, and when the ambient tem-
perature exceeds 500 °C, the crystallization of amorphous tantalum oxides
releases a large amount of heat38. In Fig. 9f, it can be seen that some parts of
the subsurface layer in the framed zone became crystallized. This region is
located inside the crack, which is shown on the left side of Fig. 8a. Here, the
crackwas not exposed to the air directly but was exposed to low air pressure
due to the subsurface site. The upper right direction in Fig. 9f is toward the
inner coating, still exhibiting a large area of amorphous state distribution.
This not only reflects the thermal barrier effect of Ta2O5

39 but also indicates
that the crystallization process gradually diffuses from the outside to the
inside according to reaction formula 6. Furthermore, the heat generated by
crystallization gradually occurs near the surface, inducing the temperature
of internal oxidation to rise so that the internal originally amorphous tan-
talum oxide obtains externally continuous and escalating energies from
outside crystallization. With the extension of oxidation time, although the
environmental oxidation temperature is only 850 °C, the sharp energy surge
fromaccumulated crystallizationheat release causes the local temperatureof
the subsurface oxide to surpass the melting point of tantalum oxide at a
possible temperature peak (Ta2O5: 1872 °C, Ta: 2996 °C). This process will
bring about themelting and expansion of the tantalum oxide, thus resulting
in the outward collapse behavior of the outer oxide scales (Fig. 9d, left side).
Moreover, these avalanche particles, possibly joined with other parts of
unoxidized tantalum separation from the body coating, become indepen-
dent individuals attached ordisengaged fromcoatings. Then, theywere fully
exposed to an atmospheric environment above 850 °C. During the sub-
sequent harsh oxidation process, the density decreases from 16.7 g/cm3

(α-Ta) to 7.7 g/cm3 (β-Ta2O5) or even lower, and the oxidation process of

Table 1 | Chemical composition of Ta1 tantalum sheet

Element C N H O Nb Fe Ti W Mo Si Ta

Content (%) 0.008 0.004 0.0012 0.01 0.04 0.002 0.001 0.005 0.008 0.005 Bal.
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external tantalum particles undergoes rapid expansion and continuous
collapse behavior as Fig. 9d, resulting in pulverization and disintegration.
This is the whole course of how Ta pulverized during high-temperature
oxidation.

Short-timeoxidation behavior of the nanocrystallineTa coating,which
was obtainedbymagnetron sputtering technology,was studied for 30, 60, 90
and 120 s at a high temperature of 850 °C and compared with that of the
Ta sheet.

For the Ta1 sheet, after only 30 s of oxidation, the δ-Ta2O5 phase was
generated on the oxide scale of the Ta sheet due to its oxygen-absorbing
characteristics with a large bulk expansion ratio. Owing to the PBR value
(2.47), the oxide scale on theTa sheetwasdramatically cracked, delaminated
and pulverized, without enough expansion spaces for the forged Ta1metal.
Hence, that will result in deep oxidation deterioration into Ta sheet.

For the nanocrystalline Ta coating, a bulk-shrunken Ta6O phase, a
kind of solid-solution strengthened Ta coating by oxygen, was initially
formed on the surface. Due to its nanoscale columnar structure and a large
number of grain boundaries in the nanocrystalline coating, the diffusion of
oxygenby these twodefects is very convenient so that noTa oxidewith a full
valence state can be produced in the first 30 s of oxidation. Despite the
inevitable large bulk expansion behavior from α-Ta to β-Ta2O5, the gap
between columnar grains provided space for it, resulting in a few opening
cracks and delamination phenomena. This compact structure can inhibit
quick coating deterioration until 120 s.

Moreover, we developed a low-pressure oxidation method during the
initial 30 s of oxidation, and utilizing the bulk shrinkage behavior can yield a
momentary crack defect to determine how Ta can pulverize during high-
temperature oxidation viaTEMobservation.During the oxidation course of
Ta coating, it will experience a crystallization course from amorphous Ta
oxide. This exothermic energy from crystallization accumulates, leading to
in situ temperature surging,which can surpass themeltingpoint of tantalum
oxide. The avalanche behavior happened together with the surrounding
part, becoming independent individuals. The oxidation process of external
tantalum particles causes rapid expansion and continuous collapse beha-
vior, resulting in pulverization and disintegration.

Methods
Materials and coating process
304 stainless steel and Ta1 sheet were used as the substrates, which were
sandblasted by SiC balls of 220mesh. An ethanol solution was used to clean
the substrate ultrasonically for 10min before coating deposition. Detailed
descriptions of the coating process were reported in our previous work6. In
order to avoid the diffusional influence of substrate elements during oxi-
dation, the thickness of nanocrystalline Ta coating was ~40 μm. Bare
Ta1 sheet (its composition is shown inTable 1)was chosen for analysis of its
oxidation mechanism in comparison with that of the N–Ta coating.

Oxidation experiments
High-temperature oxidation test was carried out in a muffle furnace. The
temperaturewas set at 850 °C. The durations of high-temperature oxidation
were about 30, 60, 90, and 120 s. Then, the samples were taken out and
cooled in air.

Sample characterizations
Electroless nickel plating was utilized to deposit on the samples after oxi-
dation to ensure the integrity of the oxide scales via cross-sectional obser-
vation. The cross-sections of the specimens were prepared by cutting,
embedding in resin, grinding and then polishing. Phase compositions of the
specimens were analyzed by X-ray diffraction (XRD, X’Pert PRO, Cu Kα
radiation, 40 kV, 30mA, 2θ range of 10–90°, step of 0.1°, counting time of
300 s). Microstructure and elemental distributions were determined by
scanning electron microscope (SEM, Inspect F50, FEI Co., Hillsboro, OR,
USA) and transmission electron microscopy (TEM, FEI Talos F200X),
respectively.

Data availability
Data supporting the findings of this study are available from the corre-
sponding author and the first author upon reasonable request.

Code availability
Codes are available upon request to the corresponding authors.
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