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deposited onto zirconia ceramic at annealing in vacuum
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The morphology of titanium, zirconium, and hafnium nanofilms deposited onto zirconia after annealing in
vacuum at 1400, 1500, and 1600 °C was studied. Nanofilms show a tendency to fragmentation; for titanium it
begins at 1400 °C, for zirconium and hafnium at 1500 °C. At further heating, titanium nanofilm coagulates, while
zirconium and hafnium nanofilms interact with the oxygen of the substrate. Tendencies for the formation of
swellings on films prior to fragmentation and a certain role of grain boundaries in the cases of titanium and hafnium

were noted.
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Introduction

Metal nanofilms deposited onto nonmetallic surface
can fragment when heated in vacuum to temperatures
much lower than the melting temperature of the film
metal, and the higher the adhesion in the contact pair, the
less the tendency to island formation [1]. Metals with high
affinity to oxygen, such as titanium, zirconium and
hafnium show high adhesion to solid oxides surfaces, in
particular to zirconia [2]. As the affinities of these metals
for oxygen are different, the morphology of thin films of
these metals on zirconia after annealing should also be
different. So, studying of the fragmentation of these films
is of interest from a scientific point of view considering
peculiar properties of zirconia, in particular possibility of
non-stoichiometric phases with oxygen deficit formation,
that can affect the oxide-metal interaction [3], and for
technologies in which nano-dimensional metal objects are
in contact with solid electrolytes, in particular in the
manufacture and operation of high-temperature
electrochemical devices, electronic devices, catalysts, etc.
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I. Materials and procedure

Ceramic based on zirconia stabilized with 3 at. %
Y203, pure titanium, zirconium, and hafnium were used.
ZrOz-ceramic were machined to plates 4x4x1 mm,
polished with 0.7-0.3 um diamond powder, cleaned in
acetone, and annealed on air at 1000°C during 1 h. 100 nm
thickness titanium, zirconium, and hafnium films were
applied by electron-beam sputtering during 10 min onto
the surface of substrates. During the film deposition,
samples were heated up to no more than 100°C. The
coating thickness was measured with a special quartz
resonator located in a vacuum chamber of electron beam
apparatus ELU-2 along with samples. The quality of the
deposited films was monitored by metallographic
microscope XJL-17.

The samples were annealed in a vacuum not worse
than 2x10° Pa at different temperatures with varying
holding times.

The annealed samples were studied using scanning
electron microscopes Neo Scope JCM-5000 and ZEISS
EVO SO XVP. To determine the free of film area of
substrate after fragmentation planimetrical method by
Adobe Photoshop was used.
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I1. Results and discussion

On fig. 1 SEM images of the titanium films after
annealing at 1400°C are represented.

As one can see, a fragmentation of the film occurs at
these conditions: after 2 min (fig. 1 a) the film is relatively
uniform, there are signs of film swelling due to
delamination. After 5 min holding extensive tears form on
the film (fig. 1 b). 10 min holding (fig. 1 c) corresponds to
the initial stage of fragmentation, the metal “flows out”
from the substrate, and an open ceramic surface appears.
At 20 min holding (fig. 1 d) the film coagulates with
formation of small unconnected islands.

On fig. 2 SEM images of the titanium thin films after
annealing at 1500°C are represented.

After 2 min at 1500°C (fig. 2 a) the film loose the
smoothness, some signs of delamination appear. After
5 min (fig. 2 b) the delamination becomes more obvious,
cracks appear, the film starts to destroy. After 10 min
(fig. 2 c) titanium starts to coagulate, and the film divides
into sections, the surface between which is the metal-free
zones of uniform width. Perhaps these areas correspond to
grain boundaries emerging on the surface of the ceramic
[4] in this case the absence of titanium on them may be
due to the intense diffusion of oxygen precisely along the
grain boundaries. Inside the sections the film coagulates
too forming interconnected islands of irregular shape.
After 20 min (fig. 2 d) titanium is coagulating in large
fragments of irregular shape.

On fig. 3 SEM images of the titanium thin films after
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annealing at 1600°C are represented.

As one can see, at 2 min holding at 1600°C (fig. 3 a)
the film starts to coagulate: becomes rough and porous,
some cracks appear. After 5 min (fig. 3 b) the picture is
similar to that for 10 min holding at 1500°C (fig. 2 ¢):
sections with partially fragmented film and metal-free
zones of uniform width between them. After 10 min (fig. 3
¢) the picture is similar to that for 5 min, coagulation is
somewhat more noticeable. After 20 min (fig. 3 d)
titanium collected into separate drops of regular shape.

On fig. 4 kinetic curves of titanium nanofilm onto
zirconia coagulation for different temperatures is
represented in the form of diagrams as dependences of the
area of the metal-covered ceramic surface on the holding
time.

So the titanium film fragmentation accelerates with
temperature increasing. It should also be noted that the
adhesion of the titanium film to ZrO, is quite low, as
evidenced by the delamination of the film at the initial
stages of fragmentation and coagulation of titanium into
spherical islands.

The fact that at certain stages of annealing, the
titanium-free areas are formed near the boundaries of ZrO,
grains on the substrate surface can be explained as follows.
Due to the high mobility of anions, ZrO; can lose oxygen
when heated forming non-stoichiometric phases [5], and
metals exhibit adhesion precisely to zirconia with a
significant oxygen deficiency (ZrO,) [3].
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Fig. 1. SEM image of the titanium nanofilms onto ZrO-ceramic after annealing in vacuum at 1400°C with different
holding time: a— 2 min; b — 5 min; ¢ — 10 min; d — 20 min.
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Fig. 2. SEM image of the titanium nanofilms on the ZrO,-ceramic after annealing in vacuum at 1500°C with
different holding time: a — 2 min; b — 5 min; ¢ — 10 min; d — 20 min.
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Fig. 3. SEM images of the titanium nanofilms on the ZrO»-ceramic after annealing in vacuum at 1600°C with
different holding time: a — 2 min; b — 5 min; ¢ — 10 min; d — 20 min.
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Fig. 5. SEM image of the zirconium nanofilms on the ZrOz-ceramic after annealing in vacuum at 1400°C with
different holding time: a — 2 min; b — 5 min; ¢ — 10 min; d — 20 min.

Under the conditions of these experiments, the surface
layers of the substrate lose oxygen both due to heating and
due to interaction with the titanium film (which is typical
for contact of dioxide with active metals [2]), so the
adhesion of the metal film to the zirconia substrate
increases. However, the mobility of anions along grain
boundaries is significantly higher than in the bulk of grains
[6, 7], so the stoichiometry of zirconia near these
boundaries is quickly restored due to the diffusion of
oxygen from the depths of the ceramic, the adhesion of
titanium to such a surface decreases, and metal “flows
away” from it.
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Fig. 4. Kinetics of the titanium nanofilms onto zirconia
coagulation.
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On fig. 5 SEM images of the zirconium thin films after
annealing at 1400°C are represented.

After holding for 2 min at 1400°C the zirconium film
onto ZrO,-ceramic remains homogeneous (fig. 5 a),
although some cracks appears, small fragments of the film
break off. After 5 min numerous swellings are formed,
apparently due to the release of oxygen from the substrate
(fig. 5 b). However, after 10 min holding the number of
swellings noticeably decreases, although on some of them
cracks are visible (fig. 5 c). The irregular shape of the
swellings may indicate that they are decreasing, possibly
due to the interaction of oxygen released by the substrate
with metallic zirconium. Holding for 20 min leads to the
transformation of the film into a non-uniform porous
coating, at the same time, the swellings disappear (fig. 5
d).

On fig. 6 SEM images of the zirconium thin films after
annealing at 1500°C are represented.

As one can see after 2 min holding the film is
relatively uniform (fig. 6 a), small fragments of the film
break off, possibly due to thermal stresses generated
during heating. After 5 min holding (fig. 6 b), the film is
still fairly homogeneous, with small depressions
appearing. After 10 min (fig. 6 c), very numerous
swellings appear on the film and even merge with each
other. After 20 min (fig. 6 d), the swellings disappear,
small isolated depressions merge into extended ones, that
is, the film fragments; the formation of isolated islands
does not occur, it indicates relatively high adhesion of the
film to the substrate.

On fig. 7 SEM images of the zirconium thin films after
annealing at 1600°C are represented.
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Fig. 6. SEM images of the zirconium nanofilms onto ZrOj-ceramic after annealing in vacuum at 1500°C with
different holding time: a — 2 min; b — 5 min; ¢ — 10 min; d — 20 min.
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Fig. 7. SEM images of the zirconium nanofilms onto the ZrO,-ceramic after annealing in vacuum at 1600°C with
different holding time: a — 2 min; b — 5 min; ¢ — 10 min; d — 20 min.
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After 2 min holding (fig. 7 a) the film is relatively
uniform, after 5 min (fig. 7 b) numerous small swellings
appear. After 10 min holding (fig. 7 c) the swellings
disappear, the film transforms into a rough coating consist
on small fragments. After 20 min (fig. 7 d) these fragments
merge, although not isolated islands are formed, but, on
the contrary, a covering is a metal layer with isolated
extensive openings. Probably due to interaction with
zirconium, the substrate oxide becomes non-
stoichiometric, as a result of which the adhesion of the
metal to it increases. It is also possible that the zirconium
in the film is oxidized to dioxide, completing the structure
of the substrate, which is why openings are formed on the
film.

On fig. 8 kinetic curves of zirconium nanofilm onto
zirconia coagulation for different temperatures is
represented in the form of diagrams as dependences of the
area of the metal-covered ceramic surface on the holding
time.

On fig. 9 SEM images of the hafnium thin films after
annealing at 1400°C are represented.

After annealing at 1400°C for 2 min (fig. 9 a), the film
remains homogeneous. After 5 min (fig. 9 b), individual
symmetrical swellings formed; after 10 min (fig. 9 c),
small ones were added to them, and it should be noted that
grain boundaries clearly appeared in the form of thin dark
lines, which probably represent breaks in the film. It is
interesting to note that the formation of swellings is not
observed near the grain boundaries, perhaps oxygen,
which caused the swelling to form, escaped through
breaks in the film. After 20 min (fig. 9 d), small blisters
spread over the entire surface of the film.
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Fig. 8. Kinetics of the zirconium nanofilms onto zirconia
coagulation.

On fig. 10 SEM images of the hafnium thin films after
annealing at 1500°C are represented.

After 2 min holding (fig. 10 a), numerous cracks form
on the surface of the film, probably due to thermal stress;
after 5 min (fig. 10 b), the cracks become wider, small
swellings also appear, usually far from the cracks, some
swellings burst. Further holding for up to 10 min (fig. 10
c) does not lead to significant changes in the film
morphology. After holding for 20 min (fig. 10 d), pores
form in place of the swellings, the film divides into closely
spaced islands, it can be considered the beginning of
fragmentation.
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Fig. 9. SEM images of the hafnium nanofilms onto the ZrO,-ceramic after annealing in vacuum at 1400°C with
different holding time: a — 2 min; b — 5 min; ¢ — 10 min; d — 20 min.
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Fig. 10. SEM image of the hafnium nanofilms onto the ZrO-ceramic after annealing in vacuum at 1500°C with
different holding time: a — 2 min; b — 5 min; ¢ — 10 min; d — 20 min.

On fig. 11,a SEM images of the hafnium thin film
after holding at 1600 °C during 2 min is represented.

As one can see the film collapsed and delaminated
from the surface of the substrate over a significant area;
oxidation of hafnium to its oxide apparently occurred.

WD 8.3mm

l:lbf‘llﬂ
Fig. 11. SEM image of the hafnium nanofilm onto the
ZrOz-ceramic after holding during 2 min at 1600°C in
vacuum.
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On fig. 12 kinetic curves of hafnium nanofilm onto
zirconia coagulation for different temperatures is
represented in the form of diagrams as dependences of the
area of the metal-covered ceramic surface on the holding
time.
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Fig. 12. Kinetics of the hafnium thin films coagulation on
zirconia.

So the tendency to fragmentation decreases in the
range titanium - zirconium - hafnium. For titanium, the
first signs of fragmentation are observed at 1400°C and 10
min holding time, for zirconium and hafnium at 1500°C
and 20 min holding. This may be related to the melting
temperatures of metals, since fragmentation temperatures
depend on them [1]. However, at further heating, titanium
continues to fragment, while in the cases of zirconium and
hafnium, fragmentation stops due to the interaction of the
films with the substrate. The interaction obviously
represents the oxidation of films deposited on the metal
with oxygen from the substrate. The affinity of the studied
metals to oxygen was assessed as the change in the Gibbs
energy in the reactions of interaction of these metals to
atomic oxygen with the formation of their higher oxides
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(TiOz, ZrO,, HfO,), which was calculated using the decreases in the titanium-zirconium-hafnium series. This

resource [8]. Graphs of the dependence of the change in is probably due to the mechanical properties of the films.
the Gibbs energy in these reactions on temperature are
presented on fig. 13.

Conclusion

-700
_ 800 The effect of annealing in vacuum on the morphology
£ 000 of titanium, zirconium, and hafnium nanofilms deposited
2 000 | I onto the surface of a ZrO-ceramic was studied. Films tend
£ 1100 - — to fragment; in the case of titanium, fragmentation begins
S 1200 e // at lower temperatures than in the cases of zirconium and
R / hafnium. At the same time, titanium can coagulate
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Fig. 13. Gibbs energy change for reactions of titanium,
zirconium and hafnium to oxygen.

mechanical properties of the coating.

So the affinity of zirconium and hafnium for oxygen
is higher than that of titanium, which explains the different
behavior of the films during annealing.

It should also be noted that before fragmentation
begins, swellings form on the films, the size of which
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O.B. Aypos, T.B. Creutok

Mopdosioris HaHOILTIBOK TUTAHY, HIUPKOHII0 Ta raHil0 HAaHECEHUX Ha
OKCHIHOLMPKOHIEBY KepaMiKy NpH BianaJjiy BakyyMmi

Inemumym npobaem mamepianosnascmea in. I M. @panyesuva HAH Yrpainu, m. Kuis, Ykpaina, avdu@ukr.net

JocnikeHo MOp(oIIoTiro HAHOTLTIBOK TUTaHY, IUPKOHIIO Ta TadHi0, HAHECEHUX Ha JIIOKCH IIMPKOHIIO MicIs
Bignaiy y Bakyymi mpu 1400, 1500 ta 1600°C. HaHOmIiBKY BUSIBISIIOTh CXWIIBHICTB 10 ()parMeHTallil; 1 THTaHY
BoHA roynHaeThes npu 1400°C, mrs mupkosiro i raguiro npu 1500°C. Ilpu noxansmomMy HarpiBaHHI HAHOTITIBKH
TUTaHy KOAaryJiOl0Th,  HAHOILTIBKY IUPKOHIO Ta radHiro B3a€MO/IIOTh 3 KUCHEM ITiAKIaIKH. BinMiueHo TeHaeHmii
JI0 YTBOPEHHS 31y TTA Ha IUTiBKaX Mepe]l pparMeHTali€l0 Ta EBHY POJIb MEX 3€pPEH Y BHIIJIKaX TUTaHY Ta raHito.

Kurouogi ciioBa: mopdosiorisi, HAHOIITIBKH, JIOKCH]] IMPKOHII0, TUTaH, IIMPKOHIH, TadHii.
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Before fragmentation, swellings are formed on all
studied films, the size of which probably depends on the

For titanium and hafnium, the grain boundaries
emerging on the surface of the substrate play a certain role.

Durov O.V. — candidate of chemical sciences, leading


http://www.springerlink.com/(r4ou5o45cjcsic450nmfczz0)/app/home/journal.asp?referrer=searchresults&id=100181&backto=searcharticlesresults,1,1;issue,1,1;journal,23,639;browsepublicationsresults,865,1571;
http://www.springerlink.com/(r4ou5o45cjcsic450nmfczz0)/app/home/journal.asp?referrer=searchresults&id=100181&backto=searcharticlesresults,1,1;issue,1,1;journal,23,639;browsepublicationsresults,865,1571;
http://www.springerlink.com/(r4ou5o45cjcsic450nmfczz0)/app/home/issue.asp?referrer=searchresults&id=V82623W1R318&backto=searcharticlesresults,1,1;issue,1,1;journal,23,639;browsepublicationsresults,865,1571;
https://doi.org/10.1016/j.jmbbm.2010.10.010
https://doi.org/10.1007/BF02227395
https://link.springer.com/bookseries/6557
https://doi.org/10.1007/978-3-319-18437-1_14
https://www.crct.polymtl.ca/reacweb_plus.php
mailto:avdu@ukr.net

