
Thin Solid Films 589 (2015) 209–214

Contents lists available at ScienceDirect

Thin Solid Films

j ourna l homepage: www.e lsev ie r .com/ locate / ts f
Thickness effect on the fracture and delamination of titanium films
M.J. Cordill a,⁎, A.A. Taylor b,c

a Erich Schmid Institute of Materials Science, Austrian Academy of Science and the Department of Materials Physics, Montanuniversität Leoben, Jahnstrasse 12, 8700 Leoben, Austria
b Physics Department, Durham University, Durham DH1 3LE, UK
c Laboratory for Mechanics and Nanostructures, Empa, Swiss Federal Laboratories for Materials Testing and Research, Feuerwerkerstrasse 39, CH-3602 Thun, Switzerland
⁎ Corresponding author. Tel.: +43 3842804112; fax: +
E-mail address: megan.cordill@oeaw.ac.at (M.J. Cordil

http://dx.doi.org/10.1016/j.tsf.2015.05.021
0040-6090/© 2015 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 13 December 2014
Received in revised form 6 May 2015
Accepted 14 May 2015
Available online 23 May 2015

Keywords:
Transmission electron microscopy
Fragmentation testing
Coating adhesion
Microstructure–property relationships
Titanium adhesion layers are a common component of many coated products; they play a particularly important
role in promoting the adhesion of Cu and Au conduction lines to polymer substrates for flexible electronic circuit-
ry. In this work a full microstructural andmechanical characterization is performed on Ti layers of three different
thicknesses—8, 12 and 50 nm—deposited onto polyimide. Observed differences in themechanical behavior of the
coatings were found to relate to the changing chemistry and grain size of the coatings. In particular, the observa-
tion, using transmission electronmicroscopy, that the two thinner coatingswere comprised of 50% or lessmetal-
lic Ti illustrates the potential pitfalls of altering something so simple as the coating thickness.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Thin filmmechanical behavior can be difficult tomeasure, especially
when the film thickness is less than 100 nm. However, the mechanical
as well as interfacial behavior of the thin films deposited onto polymer
substrates is important to understand for applications in flexible
electronics, sensors, coatings, and bio applications [1,2]. Themechanical
and interfacial behavior will depend on the resulting film microstruc-
ture and interface structure. Usually, the mechanical response, fracture
strain or yield stress, increases with decreasing film thickness. This
size effect could be due to the film thickness decrease, but also the de-
crease in grain size due to the reduced thickness. On the other hand,
the interfacial behavior, or adhesion, should not change with the film
thickness as long as the same interface is failing.

Amethod that can be used to determine themechanical and interfa-
cial properties of metal films on polymer substrates is fragmentation
testing [3–6]. This technique strains the film–substrate system in uni-
axial tension to induce film cracking (fracture) and at higher strains
(N8%) film delamination can occur between the crack fragments [4–6].
When fragmentation testing is performed in-situ, with optical light
microscopy, scanning electron microscopy (SEM), or 4-point-probe
(4PP) resistance measurements [6–9], the initial fracture strain, εf, can
be ascertained. The minimum crack spacing at saturation, λmin, and
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the initial fracture strain can be used with the shear lag model [4,10]
to calculate the interfacial shear stress, τIFSS (Eq. (1)), with

τIFSS ¼
πhσ f

2λmin
; ð1Þ

where h is the film thickness, and σf is the fracture stress (σf = Eεf). Re-
cent work by the authors [6,11] has demonstrated that caution must be
exercised in the application of shear lag typemodels to metallic and ce-
ramic coatings on polymer substrates. This caution is required because
the large difference in elastic moduli between film and substrate, some-
times two orders of magnitude difference, can cause bending of the film
and a rather more complicated stress state at the interface than that
assumed by shear lag. The applicability of such models should be
ascertained through some basic analysis of the crack spacing distribu-
tion once saturation has been reached. A key prediction of the shear
lag model is that at crack saturation the widest spacing between cracks
is equal to twice the narrowest. Variations in film thickness and in film
fracture strengthmean that this is rarely the case. However, Taylor et al.
[11] demonstrated that a comparison of each crack spacingwith its two
neighbors can greatly reduce the effects of these variations and hence
themeasurement of such neighbor ratios is recommendedwhen apply-
ing shear lag mechanics.

Utilizing the height, δ, and half buckle width, b, of the delaminated
regions (called buckles) and the thermo-mechanical model of Cordill
et al. [12] the adhesion energy of ametal–polymer interface can bemea-
sured. The model takes into account the strain energy between the
resulting buckles, the debonding energy of the interface, and the strain



Fig. 1. (a) AFM height image of cracked and buckled 12 nm Ti film after 15% strain
(straining direction vertical). (b) Corresponding height profile of the dashed line in
(a) of the measured buckle. Using the height profile, the buckle height, δ, and buckle
width, 2b, can be measured.

210 M.J. Cordill, A.A. Taylor / Thin Solid Films 589 (2015) 209–214
energy of the buckles. It has been shown that the method to brittle
films [12–14] or multilayer films that behave in a brittle manner
[15–18].

In the various studies of thin film fracture behavior and adhesion
measured with fragmentation, knowledge of the film microstructure
and interface structure is often lacking [4,5,19–21]. The assumption
that the grain size is the same as the film thickness does not always
hold true. And, as demonstrated bymeasurements in ultra-fine grained
or nanocrystallinemetals, the fracture behavior changeswith grain size,
as does the propagation path of the cracks [22,23]. Intimate knowledge
of the interface structure is also necessary to understand the adhesion
energy and how the interface fails, as previously shown by Taylor
et al. [13]. Not only the interface structure but the interface chemistry
will also influence the adhesion energy.

Presented here is an in-depth study of the mechanical behavior
(fracture and adhesion) of thin Ti films (8–50 nm) on polyimide (PI)
with respect to the microstructure and interface structure. Ex-situ and
in-situ 4 point probe (4PP) fragmentation testing are employed to
study the fracture and adhesion while high resolution transmission
electron microscopy (HRTEM) and scanning TEM (STEM) is used to
evaluate the resulting film grain size and interface structure.

2. Experimental

The Ti films were deposited with electron beam evaporation onto
cleaned UPILEX brand 50 μm thick polyimide (PI). The PI film was first
cleaned by soaking in a 10% aqueous solution of RBS 50 (a laboratory
cleaning concentrate with high pH). After soaking for 24 h at room tem-
perature the substrates were rinsed with deionized water and a 1 MHz
ultrasonic cleaning process. The Ti filmswere deposited in a Balzers BAK
550 evaporation machine with the vacuum at 2.10 × 10−7 mbar and
using a deposition rate of 0.2 nm/s for the nominal 8 nm and 12 nm
thick films and 0.5 nm/s for the nominally 50 nm thick film. These
ultra-thin thicknesses represent typical adhesion layers for flexible
electronics applications. The residual stresses in the films were not
able to be measured by other techniques such as the sin2 Ψ method
with X-ray diffraction. After deposition the samples were flat and did
not exhibit any macroscopic bending typical of films on polymer sub-
strates with high residual stresses.

Cross-sectional and plan view transmission electron microscopy
(TEM, JEOL 2100F) was used to examine the film microstructure and
interface structure. Cross-sectional TEM samples were made by focused
ion beam (FIB, FEI Helios Nanolab) lift-out [24]. A 1 μm thick layer of Pt
was deposited onto the area of interest with the electron beam prior to
lift-out in order to prevent ion-beam damage to the film. The samples
were milled from 3000 nm down to around 200 nm thickness by
parallel milling with the beam acceleration being decreased from
15 kV down to 5 kV. Final polishing of the samples was then carried
out at 2 kV and 1 kV at a 7° incline to the sample surface; this reduced
the samples to around 50 nm thickness in the areas examined. Plan
view samples were prepared by straining the film–substrate system
and mechanically removing the film from the substrate [25] (samples
strained to 20%). These samples were principally used to obtain grain
size statistics for the films.

To study the fracture and adhesion properties of the different film
thicknesses, fragmentation testingwas employed [3,6–9]. Two straining
stages were utilized to strain in uni-axial tension to cause fracture and
delamination of the films. For the ex-situ experiments a Kammrath &
Weiss (Germany) small scale straining device was employed to strain
the films to 15–17% engineering strain. In-situ fragmentation tests
were performed on an MTS Tytron® with in-situ 4PP resistance mea-
surements. The electrical resistance measurements were made with
the 4-point-probes incorporated into the grips [8]. In-situ 4PP experi-
ments were performed in order to obtain a more exact measure of the
fracture strain since the resistance of the film will increase dramatically
with the introduction of a single crack and deviate from the theoretical
behavior as described by a volume conservation [8,9]. The samples test-
ed by in-situ 4PP were strained to 20%.

Post-mortemexperimental examination of all strained sampleswith
SEM and atomic forcemicroscopy (AFM)was performed to characterize
the cracking and buckling behavior of the different film thicknesses.
From the SEM images the crack spacing, λ, was measured using Image
J [26]. Using the minimum saturation crack spacing (N10% strain) and
the initial fracture strain, the interfacial shear stress, τIFSS, was calculated
with Eq. (1) following neighbor ratio verification that the shear lag
model is valid. In order to determine the crack spacing distribution for
the films, spacings were measured from four SEM micrographs taken
across the entire length of a sample strained to at least 15%, which is
well within the saturation regime for these films [13]. Then the ten
shortest (minimum) measured crack spacings were averaged to find
the average, λmin, used in determining τIFSS. Neighbor ratios were deter-
mined for the three coating thicknesses following Ref. [11]. Because
brittle cracking via through thickness cracks occurred for all film thick-
nesses, strain recovery was not considered to be an issue for the crack
spacing measurements.

AFM was used to measure the buckle dimensions in order to calcu-
late the adhesion energy of the Ti–PI interface using the model from
Cordill et al. [12]. The ends of 20–30 partial buckles on each film were
measured to evaluate the adhesion energy. Partial buckles, those
which have not traveled across the crack fragment, have been shown
to be the ideal geometry and size to determine the adhesion energy
using fragmentation induced delamination [12–14,17]. An example of
the buckle measurement is shown in Fig. 1 for the 12 nm film. All
buckles weremeasured after approximately 15% strain. Again, strain re-
coverywas not considered to be an influencing factor for the AFM buck-
le measurements of these brittle films. For more ductile or poorly
adhering films, strain recovery should be taken into account.



Fig. 2. Plan-view DF-STEMmicrographs of the three Ti films (a) 8 nm, (b) 12 nm, and (c) 50 nm. Note the change in scale bar in (c). The corresponding diffraction patterns for the images
are included as inserts.
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3. Results and discussion

The microstructures for the three films are shown in the plan view
dark field scanning TEM (DF-STEM) micrographs in Fig. 2. It can be
seen that the grain size of the films decreases with film thickness, as is
expected, from 32 nm in the thickest film to around 1.4 nm in the thin-
nest; a summary of the measured grain sizes is presented in Table 1.
Cross-sectional TEM of the three film thicknesses are presented in
Fig. 3. It is important to note from these micrographs that the three
different thickness coatings are all comprised of a TiOx surface oxide, a
Ti layer and a Ti–PI interlayer [13]. The thickness of the TiOx layer the
and Ti–PI interlayer is observed to be constant between the samples
while the thickness of the Ti layer scales with film thickness (Table 1).
The discovery of a Ti–PI interlayer between the pure Ti film and the PI
substrate is not surprising. Some thin film adhesion studies have
assessed the chemistry of the film and substrate after a peel test to
determine if film residue is left on the substrate after mechanical re-
moval [27,28]. Other more in-depth investigations use in-situ X-ray
photoelectron spectroscopy (XPS) experiments [29–34] or in-situ
Auger electron spectroscopy (AES) [35] to reveal the bonding nature
of metals to polymers over a few monolayers. The main finding of
Table 1
Average film thickness and grain size of the studied films.

Nominal film Ave. grain Total film

Thickness (nm) Size (nm) Thickness (nm)

8 1.4 ± 0.4 12 ± 2
12 5.5 ± 1.6 17 ± 3
50 32 ± 8 52 ± 4

Fig. 3.HRTEMcross-sectionmicrographs of the three Ti films. The thicknesses of the Ti–PI interla
in (c).
these investigations has been that during the first few monolayers of
deposition, a compound of the depositing film, carbon, and oxygen
forms first. The desired film grows without significant additional
elements being incorporated after the reaction layer reaches a critical
thickness. These few atomic layers help to ensure good bonding be-
tween the metal and polymer.

When the three films are subjected to fragmentation testing the
fracture behavior changes with increasing film thickness. As shown in
Fig. 4, the 8 nm film fractures with straight cracks and the 50 nm with
zig-zag cracks. The 12 nm film fails through both straight and zig-zag
cracks and appears to be a transition thickness between the two crack-
ing morphologies. The average saturation crack spacing increases with
increasing films thickness, as expected (Table 2). In-situ 4PP straining
experiments measured fracture strains of about 4.5% for the three film
thicknesses (Table 2). If the films contained a large residual stress,
they wouldmacroscopically bend and increase the initial fracture strain
(compressive residual stress) or decrease the initial fracture stress (ten-
sile residual stress). Before the fracture stresses were calculated from
the fracture strains, the crack spacing and neighbor ratio distributions
were generated for the three film thicknesses (Fig. 5a). The range of
the crack spacing distributions was found to be in excess of the factor
Interlayer film Ti film TiOx film

Thickness (nm) Thickness (nm) Thickness (nm)

4.5 ± 1 4.5 ± 1 3 ± 1
5 ± 1 9 ± 1 3 ± 1
5 ± 1 44 ± 2 3.5 ± 1

yer and the TiOx surface oxide do not varywith film thickness. Note the change in scale bar



Fig. 4. SEM micrographs of Ti films strained approximately 15% (a) 8 nm with straight cracks and buckles, (b) 12 nm with straight and zig-zag cracks as well as triangular buckles, and
(c) zig-zag cracks with large triangular buckles. Note the change in scale bar in (c).

Table 2
Summary of the mechanical behavior results. An elastic modulus for Ti of 116 GPa was used for the calculation of the interfacial shear stress.

Nominal film Ave. saturation crack % fracture Calc. fracture Min. crack Calc. tifss Adhesion energy

Thickness (nm) Spacing (pm) Strain, sf Stress (GPa) Spacing (pm) (MPa) r (Jm−2)

8 1.1 ± 0.3 3.8 ± 0.14 4.4 ± 0.7 0.6 ± 0.07 139 ± 62 4.7 ± 1.3
12 2.3 ± 0.6 4.8 ± 0.2 5.6 ± 1.3 1.3 ± 0.12 114 ± 57 5 ± 1.7
50 3.6 ± 1.2 4.9 5.70 3.1 ± 0.22 150 ± 22 4.1 ± 0.8
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two predicted by shear lag theory for all the investigated coatings
(Table 2). However, the neighbor ratio data (Fig. 5b) demonstrates
that the majority of the distribution lies between 1 and 2, i.e. most of
the neighboring crack fragments do not exceed the factor of two, and
hence shear lag can be applied to these samples. Examples of neighbor
ratio distributions, and corresponding micrographs, from coatings
where the ratio regularly exceeds 2 can be found in reference [6].

Using the fragmentation results, the fracture stress and minimum
crack spacing; the interfacial shear stress of the investigated Ti films
can be calculated using Eq. (1). A minimum in the τIFSS is observed for
the 12 nmfilmwhile the values for the 8 nmand 50 nmfilm thicknesses
are similar; this is an indication of a transition thickness or grain size for
two different thin film fracture behaviors. The calculated values using
the shear lag theory are presented in Table 2 for all film thicknesses. It
can be inferred from the microstructural and mechanical results that a
combination of two factors is affecting the fracture behavior of the
films. The first is the reduction in the total amount of Ti. This causes
the brittle behavior of the interlayer and TiOx to dominate the fracture
Fig. 5. (a) Crack spacing distributions and (b) neighbor ratio distributions for the three Ti films
model can be applied to these coatings.
behavior by decreasing any Ti-mediated toughening via plastic defor-
mation and crack deflection. The second factor is the change in grain
size. The larger grains of the 50 nm film allow for easier nucleation
and glide of dislocations while also causing greater deflections to cracks
that propagate via grain boundaries. The fact that both straight and zig-
zag cracks are observed in the 12 nmfilmprovides further evidence that
this is a critical thickness for the activation of toughening mechanisms.

Investigating the mechanical properties of ultra thin films, particu-
larly those deposited on polymer substrates, is complicated by the diffi-
culty in determining the elastic constants of the film [36,37]. The
necessity for extensive research in the area of thin films is largely driven
by the unusual physical properties of materials at these dimensions [38,
39], this does however complicate any calculations where these param-
eters could be changing between the studied samples. In the present
case, it has been assumed in the calculation of the interfacial shear stress
that the elastic modulus of the TiOx/Ti/Ti–PI multilayer is the same for
all three thicknesses, 116 GPa. It is unlikely that the TiOx surface oxide
and Ti–PI interlayer have the same elastic constants as Ti. In order to
. The majority of neighbor ratios lying between 1 and 2 in (b) indicates that the shear lag



Fig. 6. The calculated τIFSS is plotted using stiffnesses for the TiOx and Ti–PI layers of+30%
to −30% with respect to Ti. Determining the real elastic properties of these layers would
be very challenging but this analysis demonstrates that the exact Young's modulus values
do not affect the overall trend.
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justify the conclusions drawn from the mechanical data, a simple com-
parison of the calculated τIFSS for the different film thicknesses is pre-
sented in Fig. 6 where the average modulus of the combined non-
metallic layers is varied by +30% to −30% with respect to metallic Ti.
It can be seen from Fig. 6 that while the absolute values of τIFSS change
more for the thinner coatings, where a greater fraction of non-metallic
Ti is present, the observed trend remains the same.

Not only does the cracking behavior change with film thickness, but
also the buckling behavior. The 8 nm buckles are narrow and straight
and the 12 nm and 50 nm thick films have triangular shaped buckles.
In order to measure the adhesion of the interfaces, the buckle dimen-
sions, δ and b, are plotted as (δ/h)1/2 versus (b/h). Then the lower
bound of the data points can be described by Eq. (2) and varying the
fitting parameter, αA

δ=hð Þ1=2 ¼ 2αAð Þ1=4 b=hð Þ 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 3=4ð ÞαA b=hð Þ4

q� �−1=4

: ð2Þ

It has been shown [12–17] that it is best to use a minimum αA value
as this best corresponds to uncracked buckles with a more regular and
curved cross-section. Using the αA parameter that best fits the lower
bound of the data, the adhesion energy, Γ, is calculated using

Γ ¼ hE0αA

0:657
: ð3Þ

In Eq. (3), h is the film thickness and E′ is the modified elastic
modulus. The modified elastic modulus takes into account the elastic
Fig. 7. The adhesion energies of the three Ti films were calculated by fitting the buckle data wit
point represents one buckle measurement.
modulus, E and Poisson's ratio, ν, of the titanium film as E′ = E /
(1 − ν2). For Ti an E = 116 GPa and ν = 0.32 were utilized. From
the buckle measurements, the adhesion energies were calculated
using three different αA values (4 × 10−4, 1.5 × 10−3, and
2.5 × 10−3, respectively for the 8, 12, and 50 nm films) as shown in
Fig. 7. In Fig. 7, each point is one buckle measurements and only a
lower bound fit of the data with Eq. (2) with the appropriate αA

value are needed for the adhesion measurement. Examination of the
polymer substrate surface beneath buckled areas of film with cross-
sectional TEM determined that delamination occurs at the Ti–PI/PI in-
terface, therefore the total thickness of the three layers is used in the
adhesion calculations. The adhesion energies are relatively constant
as a function of the film thickness (4.5 Jm−2) which is expected be-
cause the same interface with the same interface structure failed in
all cases. The calculated adhesion energies can be found in Table 2
and compare well with similar metal–polymer systems [12–17]. It
should also be noted that the change in crack path or buckle shape
did not affect the measured adhesion energies as the film thickness
was increased.

4. Summary

In this study, the microstructure and mechanical behavior of thin Ti
films (nominally 8–50 nm) on PI were examined using TEM and frag-
mentation testing. The use of multiple characterization methods was
necessary to understand the different behavior of the coatings as a func-
tion of film thickness. The TEM grain size assessment found that the
grain sizes were not the same as the nominal thickness, rather much
smaller. With cross-sectional TEM it was observed that the films were
actually made of three different layers, a Ti–PI interlayer, Ti layer, and
a TiOx surface oxide, with the Ti–PI and TiOx thicknesses being indepen-
dent of the total film thickness. Fragmentation testing was employed to
investigate the fracture behavior as well as the adhesion behavior by
using the dimensions of the tensile-induced buckles which formed be-
tween crack fragments. Of note was a change in the crack path from
straight to zig-zag as the film thickness was increased. The shear lag
model was applied to determine the interfacial shear stress and found
that the 12 nm film had the lowest value. This, along with the presence
of both straight and zig-zag cracking, could be an indication of a critical
film thickness or grain size for the activation of toughening mecha-
nisms. Adhesion does not change with decreasing Ti thickness (average
4.5 Jm−2) and compares well to other metal-polymer systems. What
this study brings forward is the fact that very small changes in the
filmmicrostructure or thickness could have dramatic effects on theme-
chanical behavior. Also, that the thinner Ti films were made of more
than 50% of another material should be a concern. The common as-
sumption that the interface is sharp and grain size is on the order of
the film thickness does not necessarily hold true for metal films on
h Eq. (2) using a minimum αA value: (a) 8 nm, (b) 12 nm, and (c) 50 nm films. Each data
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polymers and these systems should be characterizedmore fully in order
completely understand the mechanical behavior.
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