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Debonding phenomenon of TiO, nanotube film
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Abstract: Curvature method was used to measure the residual stress and substrate straining tensile test was carried out to study the
debonding behavior of TiO, nanotube film. The results indicate that the internal residual stress is =54 MPa. The strains of debonding
initiation of TiO, nanotube films without annealing, with 250 °C annealing and with 400 °C annealing are 2.6%, 5.1% and 8.6%,
respectively, and the average radii of the debonding patches with debonding initiation are 27.5, 17.1 and 19.4 pm, respectively. The
true critical debonding stresses of TiO, nanotube films without annealing, with 250 °C annealing and with 400 °C annealing can be
estimated as 220.4, 394.5 and 627.9 MPa, respectively. Interfacial shear lag model is modified and polynomial fitting equation of the
interfacial shear strength of TiO, nanotube film is demonstrated under debonding conditions. The modification and polynomial fitting
are reliable since good agreement of the interfacial shear strengths after fitting is obtained compared with those results from the crack
density analysis.
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1 Introduction

TiO, nanotubes have attracted more and more
attention due to their excellent electronic, photonic,
catalytic and gas-sensitive properties [1,2]. They have a
great potential in various applications such as
photocatalysis  [3,4], solar energy cell [5,6],
environmental purification [7], and gas sensors [8].
Titania nanotubes, and nanotube arrays, have been
produced by a variety of methods including deposition
into a template [9], sol-gel transcription [10],
hydrothermal processes [11] and anodization [12]. TiO,
nanotube films prepared by anodic oxidization have been
the subject of intensive research over the past 10 years or
so. However, among these nanotube fabrication routes,
the most remarkable properties are highly ordered
nanotube arrays made by anodization of titanium in
fluoride-based baths [13], of which dimensions can be
precisely controlled [14].

Debonding is usually encountered between film and
substrate due to bonding discontinuities or may be
formed due to the dissimilar material properties such as
linear thermal expansion or elastic modulus [15]. The

combination of the two materials with mismatch of
properties across the interface always results in
concentration of interfacial stresses, which will lead to
initiation of debonding [16]. Many experimental
observations of debonding phenomenon have been
reported. Residual stress and debonding behavior of
DLC coatings have been investigated on the metallic
substrates. From knowledge of the residual stress levels
in these films as a function of temperature, the release
rate of strain energy for interfacial debonding has been
monitored during deposition and subsequent temperature
changes [17]. The failure by debonding of 400 nm Al
thin films on 152 pm-thick polyimide substrates has been
described in uniaxial tension experiments. For a fixed
film length, a thinner film will be more unlikely to fail
by edge debonding compared with a thicker one [18].
Debonding phenomenon of TiO, nanotube film has
seldom been reported. Based on the previous work on
cracking and buckling of TiO, nanotube film, the
debonding research of TiO, nanotube film was further
carried out in this work. After the relationship among
debonding radius, debonding density and tensile strain
was investigated, the interfacial shear model was
modified under debonding conditions. Moreover, the
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residual stress was measured with curvature method.
2 Experimental

Pure annealed titanium foil (30 mm X 30 mm,
thickness 0.25 mm) bought from Goodfellows Co. was
used for tensile test. The Ti foil processing, the TiO,
nanotube fabrication and temperature annealing followed
the protocol of our previous studies [19,20]. Tensile test
for the TiO, nanotube coating was carried out on a
material testing machine (MINIMAT,
Rheometic Scientific Co.). The strain rate was controlled

miniature

as 0.1 mm/min. An optical microscope was used to
observe the debonding behavior of TiO, nanotube
coating. Surface morphology of the tensile specimen was
monitored during tensile test by high speed CCD camera
with high magnification zoom lens. The image-pro plus
software was adopted to measure the debonding radius
and density.

3 Results and discussion

3.1 Residual stress measurement of TiO, nanotube
film

The most important methods to measure the residual
stress in the films are XRD and curvature methods.
Through measuring the changes of the crystal lattice
constants, the residual stress can be calculated by XRD.
Since the TiO, nanotube film prepared by anodization is
amorphous, there is no possibility to measure the residual
stress of TiO, nanotube film by XRD. On a relatively
thin substrate, the residual stress distributed in the
coating layer will cause the substrate to bend. The
induced curvature for the coated substrate was used to
measure the residual stress and depends on the force, the
elastic properties as well as the thickness for both
substrate and coating.

Titanium foil with thickness of 0.075 mm bought
from Goodfellows Co. was specially used to carry out
the curvature measurement. To achieve an obvious
curvature change, the Ti foil was cut into narrow strips
with sizes of 60 mmx3 mm. Wire cutting was used to
keep regular and flat planes. Ti foils were cleaned
ultrasonically in acetone, absolute ethanol, and distilled
water for 15 min sequentially, and then air-dried. In order
to calculate the residual stress of the TiO, nanotube film,
one side of the sample should be shielded to prevent the
anodic oxidization. The solution was coating one side of
the sample with Au powder for 3 min by using Au
sputtering apparatus, as shown in Fig. 1. The other side
of the sample should face Pt electrode. The fabrication of
TiO, nanotube followed the protocol of our previous

studies too [18,19]. The photos of Ti foil sample after
anodization are shown in Fig. 2. It can be seen that the
curvature change occurred in the Ti foil sample after
anodization. Besides, the samples bended towards the Au
coating side. So the residual stress in the TiO, nanotube
film was compressive stress. The curvature in Fig. 2(b)
can be calculated as —1.2 m™'. The measured curvature
difference before and after fabrication of TiO, nanotube
film of the coating (Ak) is related to the residual stress

(ow) [21]:
op = {AKE:[h? +(Ehd) (Ech) +(Ech®)/
(Eghp)+ht +3(h+hp)* 13[6(h+ hy)(1-vg)]

where hr is the total thickness of the substrate plus
coating; h is the thickness of the coating; vg is the
Poisson ratio of the substrate; E; is the elastic modulus of
the coating and Ej is the elastic modulus of the substrate.
In this study, Ef, Es, vs, & and At are 20 GPa, 120 GPa,
0.32, 4 um and 79 pm, respectively. Thus, the residual
stress in the TiO, nanotube film can be estimated as —54
MPa (in compression).
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Fig. 1 Photos of Ti foil sample before anodization: (a) Front
view; (b) Side view
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Fig. 2 Photos of Ti foil sample after anodization: (a) Front view;
(b) Side view
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3.2 Debonding behavior of TiO, nanotube film

Debonding dynamics was studied by an optical
microscope magnified 100 times and a connecting high
speed CCD camera with high magnification zoom lens.
Image-pro plus software was used to analyze the
debonding area, debonding radius and debonding
densities. The radius » of the debonding patch was
calculated through b=A/xn.

The relationship between debonding density and the
strain of the TiO, nanotube film is shown in Fig. 3. With
the increase of tensile strain, the densities of TiO,
nanotube films without annealing, with 250 °C annealing
and with 400 °C annealing behaved three processes of
debonding initiation, propagation and saturation, which
demonstrated excellent agreement with the crack density
analysis.
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Fig. 3 Relationship between debonding density and strain of
TiO, nanotube film

During the tensile test, the tensile strain is
transferred to the TiO, nanotube film through the
interface between the Ti substrate and the TiO, nanotube
film. With the increase of applied axial strain, the tensile
stress in the TiO, nanotube film increases correspondingly.
When the stress reaches the critical cracking stress,
cracks occur in the TiO, nanotube film. Once the cracks
appear, the cracks propagate abruptly. Thus, crack
densities reach saturation within a narrow strain gap. At
the same time, axial tensile strain produces transverse
compressive strain because of the effect of the Poisson
ratio. Transverse compressive stress increases with the
increase of tensile strain. When the compressive stress
reaches the critical debonding stress, debonding occurs.
Similar to the crack propagation model, debonding
propagates rapidly once it occurs and reaches the
saturation status within a narrow strain gap.

The relationship between the debonding patch
radius and the strains of the TiO, nanotube films without
annealing, with 250 °C annealing and with 400 °C
annealing is shown in Fig. 4. The applied strain has

essentially no effect on the minimum size for all the
samples. With the increase of strain, the mean debonding
patch radii for all the three group samples increase
linearly within a small magnitude. The maximum
debonding patch radii for 250 °C annealing samples and
400 °C annealing samples increase linearly with a large
magnitude, while the maximum debonding patch radius
for room temperature samples increases exponentially.
Merging and incorporation occurred among the
debonding patches during the debonding propagation
stage, which made the maximum radius of debonding
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Fig. 4 Minimum, maximum and mean sizes of debonding
patches as function of applied strain for TiO, nanotube film:
(a) Without annealing; (b) With 250 °C annealing; (c) With
400 °C annealing
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patch increase with a large magnitude. For the room
temperature samples, the debonding propagation was the
fastest because its interface was the weakest, which made
the debonding patch radius increase exponentially.
Combining the maximum radius with the almost
unchanged minimum radius, mean radius changed with a
small magnitude.

The debonding initiation strains of TiO, nanotube
films without annealing, with 250 °C annealing and with
400 °C annealing are 2.6%, 5.1% and 8.6%, respectively
(Fig. 3) and average radii of the debonding patches with
debonding initiation are 27.5, 17.1 and 19.4 pm,
respectively (Fig. 4). The debonding initiation strains of
250 °C annealing samples and 400 °C annealing samples
are much larger than those of room temperature samples.
It can be concluded that annealing has obviously
modified the interface between Ti substrate and TiO,
nanotube film. At the same time, the debonding initiation
strain of 400 °C annealing samples is much higher than
that of 250 °C annealing samples, so slightly higher
annealing temperature behaves better modifying effect.

3.3 Surface characterization of TiO, nanotube films
The debonding images of TiO, nanotube films are
shown in Figs. 5-7. The debonding areas appear brighter
than the background for room temperature samples (Fig.
5) and darker than the background for 250 °C annealing
samples and 400 °C annealing samples (Fig. 6 and Fig. 7).

S Al - AT Wy i ]

Fig. 5 Debonding images for TiO, nanotube film without
annealing: (a) Debonding initiation; (b) After tensile strain of
4.4% (The numbered debonding patches were measured and
analyzed.)

1

o DT

Fig. 6 Debonding images for TiO, nanotube film with 250 °C
annealing: (a) Debonding initiation; (b) After tensile strain of

9.4% (The numbered debonding patches were measured and
analyzed)

Fig. 7 Debonding images for TiO, nanotube film with 400 °C
annealing: (a) Debonding initiation; (b) After tensile strain of
10.5% (The numbered debonding patches were measured and
analyzed)
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The possible reason is that debonding patches quickly
flake away for room temperature samples (brighter spots
left) and debonding patches still cover on the surface of
the film for 250 °C annealing samples and 400 °C
annealing samples (darker spots left). With the increase
of the applied strain, debonding density increases.

The radius evolution for the given debonding
patches of TiO, nanotube film without annealing is
shown in Fig. 8, which is corresponding to the numbered
debonding patches in Fig. 5. With the increase of applied
strain, the debonding patch radius of TiO, nanotube film
without annealing experiences three stages of initiation,
propagation and saturation, and the propagation stage
includes two or three abruptions.
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Fig. 8 Radius evolution of given debonding patches with

applied strain for TiO, nanotube film without annealing

The radius evolution for the given debonding
patches of TiO, nanotube film with 250 °C annealing is
shown in Fig. 9, which is corresponding to the numbered
debonding patches in Fig. 6. With the increase of applied
strain, the debonding patch radius of TiO, nanotube film
with 250 °C annealing experiences three stages of
initiation, propagation and saturation too, and the
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Fig. 9 Radius evolution of given debonding patches with
applied strain for TiO, nanotube film with 250 °C annealing

propagation stage includes one or two abruptions.

The radius evolution for the given debonding
patches of TiO, nanotube film with 400 °C annealing is
shown in Fig. 10, which is corresponding to the
numbered debonding patches in Fig. 7. With the increase
of applied strain, the debonding patch radius of TiO,
nanotube film with 400 °C annealing experiences three
stages of initiation, propagation and saturation too.

Though the debonding initiation
differently, the numbered debonding patches behaved the
same tendency of initiation, propagation and saturation
with the increase of applied strain. These results
demonstrate good agreement with the researches
reported by WANG and EVANS [22]. During the tensile
test, stress concentration is formed at the interface
because of the elastic modulus mismatch between the
substrate and the TiO, nanotube film. Eventually, the
film separations occur. The local separation can be
regarded as interfacial crack, the crack propagation
happens due to the stress concentration of the crack tip.
Finally, debonding occurs in the films. Since the
debonding propagation energy is far lower than that of
the debonding initiation, debonding propagates rapidly
once it appears. Thus, the results in Figs. 8—10 can be
obtained.
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Fig. 10 Radius evolution of given debonding patches with
applied strain for TiO, nanotube film with 400 °C annealing

3.4 Stresses in TiO, nanotube film

Transverse compressive strain caused by the axial
tensile strain is used to study the debonding dynamics of
the TiO, nanotube film grown on the Ti substrate.
Compatibility dictates that the strains in the substrate and
the film are the same. Accordingly, upon loading, the
axial stress oy induced in the film is given by [22]

oy =& E; (1)

where E:is the elastic modulus of the film and ¢ is the
applied axial strain. The corresponding transverse stress
Oy is
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oy = —veE; )

where v is Poisson ratio for the substrate. The total
stresses are thus

oy =e"E; +op 3)
oy = —VEAEf + 0y @)

where oy is the equi-biaxial residual stress, comprising
thermal and growth contributions. The thermal residual
stress can be calculated as —14.1 MPa and —23.5 MPa for
250 °C annealing samples and 400 °C annealing samples,
respectively [20]. So, or can be estimated as —54, —68.1
and —77.5 MPa for TiO, nanotube films without
annealing, with 250 °C annealing and with 400 °C
annealing, respectively (in compression).

The debonding process begins when the transverse
compressive stress exceeds a critical value o.. The
debonding appears to start randomly, probably due to the
presence of defects. The strains of debonding initiation
of TiO, nanotube films without annealing, with 250 °C
annealing and with 400 °C annealing are found to be
2.6%, 5.1% and 8.6%, respectively. According to
equation (4), the true critical debonding stresses o, of
TiO, nanotube films without annealing, with 250 °C
annealing and with 400 °C annealing can be estimated as
220.4, 394.5 and 627.9 MPa, respectively. In Ref. [20],
the critical buckling stresses of TiO, nanotube films
without annealing, with 250 °C annealing and with 400
°C annealing through SEM observation are estimated as
180, 410 and 619.5 MPa, respectively. Excellent
agreement of critical debonding stress from optical
microscope observation and critical buckling stress from
SEM observation has been obtained. It is worth noting
that the true strain of debonding initiation can be caught
accurately since the debonding photos are given
continuously every 4 s (i.e. every 0.07% strain). So, the
experimental ¢, values obtained above are reasonable.

The crack initiation stresses of TiO, films without
annealing, with 250 °C annealing and with 400 °C
annealing were calculated as 320, 460 and 900 MPa,
respectively [19]. Basically the debonding initiation or
the buckling initiation should follow the crack initiation.
It seems contradictory since the crack initiation stress is
lager than the debonding initiation stress or the buckling
initiation stress. But it is not. The reason is that the
direction of the debonding initiation stress or the
buckling initiation stress is perpendicular to the direction
of crack initiation stress. There is no comparability
between the crack initiation stress and the debonding
initiation stress or the buckling initiation stress.

3.5 Debonding theory and modification
A thin elastic film in compression bonded to a
substrate will undergo debonding-driven interfacial

delamination when the compressive stress is sufficiently
high if an initially debonding patch of interface exists.
The film is assumed to be isotropic with elastic modulus
(E)), Poisson ratio (v,) and thickness (%). The substrate is
also taken to be isotropic but with different moduli, £,
and v,. The substrate is modeled as being infinitely thick.
The stress state in the film is uniform, equi-biaxial
compression o.

When the stress in the film exceeds the critical
debonding stress o, there is an energy release rate:

G =g,Goll-(0,/0)*] Q)

where G, =(1-v;)h o’/ E; 1is the elastic energy per
unit area stored in the unbuckled film and

g =[1+0.9(1-vp)]™ (6)

The loading phase angle at the tip of the buckle is
given by [23]
K, VI2M cos @ + hAN sin

tan¥ =—2 = @)
K, —J12M sin @ + hAN cos @

where K; and K, are the model 1 and model 2 stress
intensity factors and

hAN /(N12M) = 0.25(1+v; (5 / h) (8)
O L Z oy ©)
h g, o

2, =0.25(1+v)+0.22(1-v}) (10)

where ¢ is the thickness of the film; M is the moment;
AN is the effective loading; w is the phase angle shift.
The criterion for the buckle to propagate is

G=T(y) (11)

where /(y) is the interface toughness and is a function of
the loading phase angle . A phenomenological
representation for /() is [24]

I'y)=Ief(y) (12)

fy)=1+tan’[(1-A)y] (13)

where Ic is the mode I toughness of the interface (when
w=0). The parameter 1 is dependent on the interface
roughness.

Interfacial shear lag model is as follows [25,26]:

o

T=—70,
150 ¢

(14)
where 1 is the average crack spacing when the crack
density becomes constant.

Based on the shear lag model, the interfacial
properties including interfacial shear strength, critical
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energy release rate and fracture toughness can be
achieved according to the crack initiation strain and the
crack density at the crack saturation strain. Since the
cracks are very difficult to be identified with optical
microscope and should be observed with SEM, many
samples are needed to stop at different strains to catch
the crack initiation strain and the saturation strain during
tensile test. Sometimes the crack initiation strain and
crack saturation strain will be missed if the stopping
strains are not selected appropriately. This is a large
problem for the shear lag model.

There are no equations relating debonding densities
to interfacial properties, especially to interfacial shear
strength. If such equations can be developed, it will be a
good solution to the problem of shear lag model. Since
the debonding photos are taken continuously and the
strains change continuously, it will be a convenient
method to study the interfacial properties of the films
with debonding photos.

Supposing the interfacial shear strength of TiO,
nanotube film can be estimated with equation (14) under
debonding conditions, equation (14) can be modified as

no
£ 1.5r e (15)
where r is the average debonding radius when the
debonding initiates.

The average radii of the debonding patch with
debonding initiation of TiO, nanotube films without
annealing, with 250 °C annealing and with 400 °C
annealing are 27.5 pum, 17.1 pm and 194 pm,
respectively. The true critical debonding stresses of TiO,
nanotube films without annealing, with 250 °C annealing
and with 400 °C annealing can be estimated as 220.4,
394.5 and 627.9 MPa, respectively. So the interfacial
shear strengths 7 can be calculated as 67.1, 193.2 and
271.0 MPa, respectively.

The interfacial shear strengths of TiO, nanotube
films without annealing, with 250 °C annealing and with
400 °C annealing have been estimated as 163.3, 370.2
and 684.5 MPa, respectively [19]. There is a larger
difference between those two groups of data. Polynomial
fitting is carried out to figure out the problem and the
polynomial regression formula is

Tgebonding = 205.74-1.4227 +0.0127° (16)

According to equation (16), the interfacial shear
strengths of TiO, nanotube film without annealing, with
250 °C annealing and with 400 °C annealing are
calculated as 164.4, 378.9 and 701.7 MPa, respectively.
The modification and polynomial fitting are reliable
because excellent agreement of the interfacial shear
strengths compared with those results from crack
calculation is obtained.

3.6 Synthetical influence of residual stress

It is uncertain how the residual stress in TiO,
nanotube is formed during anodization. There are three
possible reasons. First, different coefficients of thermal
expansion between Ti substrate and TiO, nanotube lead
to the residual stress in the anodizing preparation process
[20]. Second, TiO, nanotube is grown along the direction
perpendicular to the Ti foil plane. Tacking effect is
produced at the interface. Besides, the bonding
mechanism between TiO, nanotube and Ti substrate is
the strong chemical bonding. TiO, nanotube film
implicates tensile stress to the Ti substrate. On the
contrary, Ti substrate implicates tensile stress to the TiO,
nanotube film and bends itself to the reverse way of TiO,
nanotube growing direction, as shown in Fig.2, which
makes TiO, nanotube film behave residual compressive
stress. Third, the growth of TiO, nanotube film includes
three processes of passivated layer formation, passivated
layer perforation and nanotube growth [27]. Residual
stress is produced accompanying these processes. Most
probably, the residual stress is originated from the second
one.

The interfacial shear strength is derived on the
assumption of zero residual stress [28]. As residual stress
exists (in compressive) in the TiO, nanotube film, the
tensile stress needed to break the film will be more.
Correspondingly, the critical crack stress, the critical
buckling stress and the critical debonding stress will be
more too. If there is no residual stress, less stress will be
needed to break the film and to form the crack, buckling
and debonding. As shown in equations (3) and (4), the
total stresses have been modified with the residual stress.
Compared with the shear strength calculated before
residual stress consideration, it can be seen that the
existence of residual stress increases the interfacial shear
strength, the critical crack stress, the critical buckling
stress and the critical debonding stress in the TiO,
nanotube film.

4 Conclusions

1) With curvature method, the internal residual
stress in the TiO, nanotube film was tested as —54 MPa.
The true critical debonding stresses of TiO, nanotube
films without annealing, with 250 °C annealing and with
400 °C annealing can be estimated as 220.4, 394.5 and
627.9 MPa, respectively, which show excellent
agreement with the critical buckling stresses.

2) The applied strain has essentially no effect on the
minimum size of the debonding radius for all the samples.
The mean debonding patch radius for all the three group
samples increases linearly within a small magnitude. The
maximum debonding patch radii for 250 °C annealing
samples and 400 °C annealing samples increase linearly
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within a large magnitude, while the maximum debonding
patch radius for room temperature samples increases
exponentially.

3) Interfacial shear lag model is modified as
7 =mndo, /(1.5r) under debonding conditions. Polynomial
fitting equation of the interfacial shear strength of TiO,
nanotube film is tdebonding=205.74*1.4221+0.012‘L’2. The
interfacial shear strengths of TiO, nanotube films without
annealing, with 250 °C annealing and with 400 °C
annealing are given as 164.4, 378.9 and 701.7 MPa,
respectively. The modification and polynomial fitting are
reliable because of the excellent agreement of the
interfacial shear strengths compared with those results
from the crack density analysis.
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