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The elasticity modulus and hardness of oxide films obtained by anodic oxidation of
niobium and tantalum have been studied. Relation of these characteristics with surface
oxide thickness has been considered. It is established that the amorphous oxide coatings of
small thickness show an anomalous high elasticity and are capable to withstand consider-
able deformations without the oxide film failure. This property is lost when the oxide film
thickness increases. For the first time the elasticity module and hardness values for anodic
niobium and tantalum oxide films of various thickness have been obtained.

WccnemoBaHbl MOLY/Ib YIPYTOCTH W TBEPAOCTh OKCHUIHBLIX IIJIEHOK, IIOJYYEHHBIX METOJOM
AHOJHOTO OKHCJIEHUA HUOOMA M TaHTajsa. PaccMoTpeHa CBA3b 9THUX XaPAKTEPUCTUK C TOJIIIH-
HOHM IIOBEPXHOCTHOI'O OKCHIA. ¥CTAHOBJEHO, UTO aMOP(HBIE OKCHUIHBbIE IOKPBLITHS MAaJIOK
TOJIIIIUHLI UMEIOT aHOMAJIbHO BBICOKYIO YIPYTOCTh M CIIOCOOHBI BBIAEP/KUBATH 3HAUUTEILHBIE
nedopmarnuy 6e3 HaAPYIIEHUS I[EJOCTHOCTH OKCHAA. JTa CIIOCOOHOCTh TEePSeTCS IIPU yBeJIrde-
HUM TOJINUHBI OKCUIHOU IIeHKN. BrepBbie MMOJyJYeHbl SHAYEHUS MOXLYJsS YIIPYIOCTH U TBEP-
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JOCTH [MJIdd AHOJAHBIX OKCH/IHBIX IIJIEHOK HHOOUSA M TaHTAJIa paBJII/I‘IHOﬁ TOJIIIUHBI.

The interest in research of thin oxide
films on the niobium and tantalum surface
is defined by their wide application in many
branches. So, in electronics, those are used
as dielectric layers, because high breakdown
voltage and high dielectric permeability [1];
in mechanical engineering, as protective
coatings with high stability against chemi-
cal and electrochemical corrosion [2]; in
medicine, as surface stimulators with elec-
tret properties improving integration of im-
plant in biological tissues [3]. Such wide
application fields are defined by unique
properties of oxide films. Besides of electric
and chemical characteristics, the mechanical
properties of oxides are also of importance
because they define the oxide durability
under various external influences or at defor-
mations of objects with oxidized surfaces.

The research of mechanical properties of
thin (10-100 nm) oxide films was hampered
for long time due to absence of techniques
allowing to carry out such researches, for
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example, to measure the elasticity module
and oxide hardness [4]. The standard tech-
niques of similar tests can be used only for
objects of much larger thickness. The devel-
opment of nanoindenters combined with
analytical processing procedures of such ex-
perimental results has opened new opportu-
nities in research both micro- and nanoob-
jects [6]. So, in modern devices, the in-
denter displacement is measured to within
0.1 nm, thus allowing to carry out the test
under loading less than 10 uN and print
depths about several nanometers [6].

The purpose of this work was to study
the elasticity module and hardness of oxide
films obtained by anodic oxidation of 500 um
thick niobium and tantalum foils. Prior to
forming the oxide coatings, the metal foils
were annealed in vacuum (21074 Pa) at
2300 K for 30 min. After annealing, the
metal substrates had monoblock grain struc-
ture with grain size of 200 to 2000 pm. The
texture with (110) orientation was found in

347



S.N.Dub, V.V.Starikov / Elasticity module and hardness...

Load, mN

Displacement, nm

Fig. 1. Load-displacement curves under
0.5 mN load for niobium oxide films of
thickness (nm): 20 (a), 100 (b), 300 (c).

foils of both metals using X-ray diffraction.
Oxidation of niobium and tantalum was car-
ried out consequently in galvanostatic and
voltagestatic modes in 0.1 % aqueous phos-
phoric acid [2]. In the first mode, the con-
stancy of oxide growth rate was controlled
by maintenance of constant current density
of 1 A/m? at increasing voltage in the elec-
trochemical cell. The oxide geometric thick-
ness was calculated using the final voltage
applied to the electrochemical cell. At the
second stage of oxide film growth, the
reached voltage did not change while the
current dropped exponentially because
of electric resistance increase at restoration
of oxide film stoichiometry and increase its
electric thickness up to the geometric one.
The oxide forming was carried out to thick-
ness 20, 100 and 300 nm. The obtained
Me,Og films had amorphous structure and
the width of the oxide-metal transition zone
did not exceed 8 nm [7].

The hardness of samples was measured
using Nano Indenter II of MTS System
(USA) with Berkovich diamond indenter
shaped as a trihedral pyramid. A capacitor
gauge was used to measure the print depth,
the load was applied up to 15 mN, the load-
ing rate was 0.0001 to 20 mN/s. Before
measurement, the temperature of device
and sample was equalized.

The test results for amorphous nicbium
oxide (Nb,Os) films of 20, 100 and 300 nm
thickness at low indenter loading (up to
0.5 mN) are presented in Fig. 1. For 20 nm
thick oxide, the high elastic restoration
after deformation was observed, that is not
typical of ceramic materials (Fig. 1). Such a
result for thin amorphous oxide film can be
explained by its higher durability, hardness
and elasticity as compared to the metal sub-
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Fig. 2. Load-displacement curves under

10 mN load for niobium oxide films of thick-
ness (nm): 20 (a), 100 (b), 300 (c).

strate. An elastic membrane fixed on a soft
basis that does not hinder the membrane
flexure can be taken as an analogue for
such behavior. When the oxide thickness
was grown, the influence of soft nicbium
substrate was reduced. The elasticity mod-
ule of thick oxide films was decreased and
contribution of plastic component to the
oxide deformation was increased. Thin
oxide films have shown the elastic straining
up to rather high values. The observable
values of oxide flexure without failure ex-
ceeded almost twice its thickness.

The plastic straining of a sample with
thin Nb,Og layer was not observed but its
loading curve at the chosen loadings was
nonlinear, that was associated with the
Berkovich indenter rounded shape, that is,
with transition from indentation of spheri-
cal body (r ~ 150 nm) during the initial de-
formation to indentation of trihedral pyra-
mid at the following stages.

The increase of oxide thickness to
100 nm and especially up to 300 nm re-
duced the effect connected with the oxide
high elasticity and easy straining of soft
metal substrate and was accompanied by in-
crease of plastic strain (Fig. 1.b, ¢) ap-
proaching to the test results for ceramic
materials.

When the load was increased to values of
0.5 to 4 mN, a plateau that characterized
the indenter free displacement without load
increase was observed in all three depend-
ences (Fig. 2). Its onset corresponded ap-
proximately to initial oxide thickness, espe-
cially for samples with thick oxide coating
when the effect of oxide flexure into the
metal substrate decreased essentially. Ap-
pearance of the plateau on the dependences
is connected with failure of oxide layer by
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indenter and advancement of indenter into
the metal substrate with gradual hardening
of metal in the contact with indenter.

The following straining and the further
behavior of samples under unloading were
characteristic for metals and defined mainly
by properties of metal substrates on which
the oxides have been formed. At the end of
unloading, a bend was observed in the de-
pendence connected with fast indenter push-
ing out of the sample. This effect practi-
cally was absent in the samples with thin
oxide layer (Fig. 2a) but appeared and am-
plified at increase of surface oxide thick-
ness (Fig. 2b). Such behavior of metal-oxide
bilayers was accounted to separation of
thick oxide films from metal substrate at
the sample straining.

Testing of similar systems on the base of
tantalum Ta-Ta,05 with the same thickness
of oxide layers has shown results qualita-
tively similar to the above ones and differ-
ing only quantitatively. The results of elas-
ticity module E and hardness H determina-
tion for oxide films Nb,Og and Ta,0Os are
presented in the Table for different thick-
ness of surface oxide in comparison with
the data obtained for Nb and Ta coated with
1 nm thick natural oxide films formed
under contact of these metals with air oxy-
gen. It is seen that elasticity modules of
oxide and metal were closes both for nio-
bium and tantalum bilayers. The hardness
of thin anodic oxide films is close to the
metal hardness, too. The difference in hard-
ness are observed only at essential increase
of the oxide thickness. Besides, for thick
oxide in comparison with thin one, a disper-
sion of hardness values over the sample sur-
face is observed that testifies to thick oxide
heterogeneity. The hardness increases in the
oxide bulk, while the surface shows proper-
ties that were characteristic for more loose
layer.

Thus, the research of mechanical proper-
ties of thin oxide films by means of Nano
Indenter allows to obtain reliable data on
the elasticity and hardness of such objects
and also to monitor the transformation of
mechanical properties under external influ-
ences. Amorphous oxide coatings of small
thickness are capable to withstand abnormal
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Table. Elasticity modulus E and hardness
H of niobium and tantalum oxide films in
metal-oxide bilayers

Metal Oxide E, H,
Osi:;k;_ Type |Thickness, GPa GPa
nm
Nb |Natural ~1 110+6 | 2.1340.16
Anodic 20 106+7 | 2.1240.20
100 10549 |2.21+0.31
300 100+10| 3.96+0.90
Ta Natural ~1 19044 | 2.43+0.10
Anodic 20 193+7 | 2.60+0.06
100 17546 |2.75 +£0.07
300 19445 | 8.43+0.22

high elastic deformations without oxide
failure. This ability is lost at increase of
oxide film thickness. The plateau formation
in the loading curve is connected with the
puncture of surface oxide by indenter. The
step onset and extent depend on integrated
properties of metal-oxide bilayers. The val-
ues of elasticity module and hardness for
anodic niobium and tantalum oxide films of
various thickness have been obtained for the
first time.
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Moayap NMpysKHOCTI Ta TBEpAicTh Hio0i€eBHX
1 TAaHTAJOBMX AHOAHMX OKCHIHHUX ILIIiBOK

C.M.[ly6, B.B.Cmapikros

HocaigkeHo MOAyJb HPYKHOCTL Ta TBEPAOCTI OKCUAHUX ILIiBOK, ONEPIKAHUX METOAOM
AHOZHOI'0 OKMCHEHHs HiobGiro i TaHTamny. Po3rasHyTo 3B’sS30K IUX XaPAKTEPUCTUK 3 TOBIIM-
HOI0O IIOBEPXHEBOr'o OKCHIy. BcTaHOBIEHO, 10 aMOP(HI OKCHAHI IMOKPUTTA MAJOI TOBIIUHU
MalOTh AHOMAJbHO BHCOKY IIPYsKHICTH i 3maTHi BuTpumyBaTu 3HauHi medopmaiiili 6e3 pyuHy-
BaHHA IJIiBKU oKcupiy. Lla smarTHicTh BTpadaeTbcsi IPU 3POCTAHHI TOBIIMHHU OKCHIHOIL
mwiriBku. Brepiie orpuMaHO 3HAUEHHS MOILYJA MIPYMKHOCTI Ta TBEPAOCTI IS aHOLHUX OKCHI-
HHUX IIJIiBOK Hi006ifo i TamTasy pisHOI TOBIUHH.
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