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Observation of the failure mechanism for diamond-like carbon film
on stainless steel under tensile loading
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This study investigated the fracture behaviour of cohesive cracking and subsequent buckling delamination at the interface
between a diamond-like carbon (DLC) film and a stainless steel substrate during tension testing. It was revealed by cross-sectional
analysis with a focused ion beam system that spallation of the DLC film was caused by interfacial cracking and the subsequent kink-
ing into a thin film layer. Interfacial adhesion strength was estimated by the spalled crack width, which shows that the adhesion of
the DLC coating was considerably improved by increasing the negative bias voltage during Ar plasma etching prior to the film

deposition.
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Metallic materials, such as stainless steels and tita-
nium alloys, have been widely used as implant materials
for replacing failed hard tissues in biological applica-
tions [1]. However, wear behaviour of the metallic mate-
rials limits the lifetime of the implants or medical devices
[2]. Inadequate compatibility of the implant surfaces and
bone tissues could also result in a longer healing time,
fixation failures and undesirable inflammatory responses
[3,4]. To overcome these issues in metallic implant mate-
rials, researchers have adopted coating materials, such
as diamond-like carbon (DLC), which have higher wear
resistance, as well as high levels of biocompatibility
according to in vitro analysis of their interactions with
recognized animal [5] and human cell lines [6]. DLC
coatings have been known to extend the operational
lives of hip and knee prostheses, implantable joints
and medical instrumentation [7-9].

In a biological environment, the cracking and inter-
face delamination of coated materials on metal substrates
have been frequently observed when compressive or ten-
sile stress is applied [9-11]. The mechanics of fracture at
the interface between two materials with different
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mechanical properties have been analyzed in detail by
Hutchinson and Evans [12-14]. In the case of a brittle
film on a ductile substrate, a cracked film can either re-
main attached to the substrate or become unattached at
the interface, depending on the interface adhesion
strength and substrate moduli, as shown in Figure 1.

The present study focuses on the failure analysis of
DLC films deposited on steel substrates under microten-
sile loading. The work provides the mechanism of
cohesive cracking and spallation in the films by cross-
sectional analysis with a dual-beam focused ion beam
system (FIB). Furthermore, the interface adhesion
energy was evaluated by measuring the dimensions of
the spalled regions for various deposition conditions
and adopting a simple analytical solution from fracture
analysis [15-17].

The DLC films were deposited onto 304 stainless steel
substrates by radiofrequency plasma-assisted chemical
vapor deposition, using benzene (C¢Hg) as the precursor
gas. Steel coupons, 160 um thick, were machined into a
dog-bone shape for tensile loading (detailed in Ref. [11]).
Steel surfaces were electropolished to remove the oxide
layer and contaminants on the steel substrate, then
cleaned with methyl alcohol in an ultrasonic bath,
followed by blow-drying with nitrogen. Two sets of
specimens were prepared by varying the Ar plasma
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Figure 1. SEM images of the DLC films with deposition conditions of
Ar plasma etching at —200 V for 30 min and Si buffer layer at —200 V
for Smin. (a) A channel-type cohesive crack occurred at 1.23%; (b)
buckling delamination initiated at the free edge of the crack at 1.76%;
(c) crack extension at the perimeter of buckling delamination at 2.13%;
(d) spallations at 3.55% and (e) EBSD analysis data on the region in
(d), with the spalled regions colored green, indicative of the crystalline
orientation as a stainless steel material. Bar = 20 um for the inset. (For
interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

treatment voltage and buffer layer thickness, respec-
tively. The first set was to observe the etching effect of
the Ar plasma on the interface adhesion strength be-
tween the DLC films and the steel substrates. The sur-
face of the steel substrate was Ar plasma-etched for
20 min at various self-bias voltages in the range from
—200 to —800 V, while the Si buffer layer was deposited
for Smin at a bias voltage of —200 V. The second set
was prepared by changing the thickness of the Si buffer
layer deposited between the DLC film and the steel sub-
strate. Here Ar plasma treatment was set for 30 min at a
bias voltage of —400 V. The Si buffer layer was depo-
sited at a bias voltage —200V for 2min 30s, 5 or
10 min. The DLC film was deposited at a bias voltage
—400 V and a working pressure of 1.33 Pa. The thick-
ness and residual stress of the DLC film was 900 +
10 nm and 0.87-0.9 GPa in compression, respectively.

Using a screw-driven tensile tester [11], the tensile
load was applied to the DLC-coated steel substrate un-
der displacement control up to ~20% in strain. Initial
film cracking and buckling delamination were carefully
observed during the tension test. After the application
of each 0.5% strain increment, the specimen’s surface
was repeatedly observed by a FIB/scanning electron
microscopy (SEM) system (Nova 200, FEI). The local
strain (&) near the failure site was estimated by the
change in the shape of the indented markers that had
been fabricated using a diamond-shaped indenter before
the DLC coating. The cracks in the film and interface
were characterized by the serial sectionings at the failure
sites (Figs. 3 and 4).

The cohesive cracks in the film first appeared perpen-
dicular to the axis of tensile loading at a strain of 1.23%.
Figure 1a shows the channel-type cohesive cracking. The
cohesive crack plays an important role as a flaw initiat-
ing the interface delamination [18]. Upon further strain-
ing, subsequent buckling delamination occurred at the

free edge of the cohesive crack due to the high energy re-
lease rate and compressive strain developed by Poisson’s
contraction normal to the tensile direction, as shown in
Figure 1b [15]. DLC film was cracked at the perimeter of
the buckling delamination and remained a semi-circular
shape (see Fig. 1c and d). The surface material exposed
after the spallation of the DLC layer was stainless steel
(green color in Fig. le), as confirmed by electron back-
scattered diffraction (EBSD) analysis.

Figure 2 shows the density of cracks in the coating for
the bias voltages during the Ar plasma treatment of
—200 and —600 V. For the case of the bias voltage of
—200V, the onset strain of the cohesive crack was
1.23% and that for the spallation 1.76%. Increasing the
bias voltage to —600 V increased both onset strains.
The onset strains for the cohesive cracking and the spall-
ation were 1.65% and 19.17%, respectively. The result
shows that the initial onset strain for the cohesive crack
of the DLC coating increased slightly as the bias voltage
during the Ar plasma treatment increased. However,
one should note that the onset strain for the spallation
was dramatically increased from 1.76% to 19.17%, indic-
ative of a significant improvement in adhesion strength
at the interface [19,20]. The average spacings between
the cohesive cracks were, respectively, about 7.5 and
3.5 pm as measured in the SEM images. Previous theo-
retical analysis showed that the crack spacing would de-
crease under better adhesion conditions because misfit
stress between the film and substrate would transfer into
the film without interface failures [21,22]. The change in
the spacing of the cohesive crack also confirmed that the
adhesion strength increased with the negative bias volt-
age during the Ar plasma treatment.

The region with cohesive cracks in the films was
examined using sectional analysis with FIB (see
Fig. 3a). At an initial strain of 1.02%, the crack tip prop-
agated through the thickness of the DLC film and
stopped at the interface, as shown in Figure 3b. As the
tensile strain increased, the steel substrate plastically
deformed and the spacing between the crack edges of
the film increased, as shown in Figure 3c. It was also
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Figure 2. A plot of the density of cracks with applied engineering
strain under different adhesion conditions. Solid circles and open
circles denote two different adhesion conditions with Ar plasma
treatment at —200 and —600 V, respectively. Bar = 20 pm.
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Figure 3. (a) A cohesive crack in DLC film; bar = 10 pm. (b) A cross-
sectional view of the cohesive crack using FIB sectioning at a tensile
strain at 1.02%. (c) After further straining at 4.57%, the distance
between the free edges became wider; bar = 1 um. Deposition condi-
tions of Ar plasma etching at —600 V for 50 min and Si interlayer at
—200V for 10 min.

observed that plastic deformation of the steel substrate
tends to blunt the crack tip at the interface, resulting
in suppression of the propagation of the cohesive crack
into the steel substrate.

For a tensile strain beyond a critical value, interface
delamination starts from a free edge of the cohesive
crack due to the high energy release rate. As the width
of the buckle reaches a critical value, the kink at the
crack fronts of the buckle was observed, as shown in
Figure 4. When the interface is relatively tough, the tra-
jectory of the interface crack appears to be driven off the
interface into the film, which may increase mode I frac-
ture [15,23-25]. The kinked cracks that developed at
both edges of the buckle (bottom left and right in
Fig. 4) extend along the crack front of the buckling
delamination. The kinking of the DLC films eventually
causes the spallation on the substrate. Finally, the entire
buckled region was spalled off in the shape of a semi-cir-
cle, as shown in Figure 1d. The width, 25, of the spalled
region of the DLC film depends on the pretreatment
conditions. The widths are plotted in Figure 5a for var-
ious values of the bias voltages during Ar plasma etch-
ing and the thickness of the Si buffer layer. As the
thickness of the Si buffer layer increased, the spalled
width (2b) gradually decreased. Increasing the bias volt-
age during the Ar plasma etching significantly reduces
the spalled width when the bias voltage is beyond
—600 V. The width of the spalled region was used to
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Figure 4. A cross-sectional view of the buckling delamination as seen
by SEM. Top: buckling delamination initiated at a free edge of a
cohesive crack; bottom middle: cross-section of buckling delamination
(bar = 5 um); bottom left and right: magnification of the kinked sites
at each edge of the interface crack noted as square boxes
(bar = 500 nm) (deposition conditions: Ar plasma etching at —600 V
for 50 min and Si buffer layer at —200 V for 10 min). The Pt layer was
pre-deposited to prevent Ga' ion beam damage during FIB sectioning.
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Figure 5. (a) A plot for the width (2b) of the spalled region with voltage
for the Ar plasma treatment (solid circle) and deposition time for the Si
buffer layer (open circle). (b) A plot for the interfacial adhesion energy
estimated using Eq. (1) and experimental data from (a).

quantitatively evaluate the interface adhesion energy
for various conditions using a simple analytical solution,
as will be discussed below [15-17].

By a simple assumption of a circular blister model for
buckling delamination, the interface adhesion energy
was estimated using the buckled width with respect to
deposition conditions. Under the condition of the fully
steady-state for the crack propagation of a circular
buckle, the steady-state energy release rate, G, averaged
over the strain energy per unit area in the unbuckled film,
Go= (1 — vpho*/E;, could be expressed as G/Gy= ¢,
[1 — (6/0)?], where the classical buckling stress (o) is
1.2235[E¢ /(1 — v%)](h/b)2 Here Erand veare the Young’s
modulus and the Poisson’s ratio in the film, respectively,
and ¢, =[140.9021(1 — v)]~' [15]. The applied stress
(o) in the film is determined from a summation of the ini-
tial residual stress (6.¢s) in the DLC film [11] and the ap-
plied Poisson’s contraction stress (vs g) in the steel
substrate with the Poisson’s ratio vs and applied tensile
stress . Using the definition of b, as a critical half width
for the onset buckling [15,16] and b as the half width of
the spalled region, it is convenient to use the expression
(6./0) = (bo/b)* for the purpose of evaluation of the
interface adhesion energy (I'.) as

bo\*
1—-(— 1
(%) ] , n
where the pre-determined values of the thickness, stress,
elastic modulus and buckled (or spalled) width could be
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taken from experimental results shown in Figure Sa.
Using Eq. (1), the range of interface adhesion energy
was estimated to be 12-98 J m~? for the experiment set
with various bias voltages during the Ar plasma etching,
as shown in Figure 5b. The estimated values of interface
adhesion energy in this work were larger than those for
DLC films with the condition of spontaneous buckling
delamination (4-6Jm~2) [16,18]. However, the esti-
mated range of the interface adhesion energy is feasible
since adhesion strength was significantly improved by
the Ar plasma treatment and the Si buffer layer. In the
previous works, the poor adhesion condition had been
carefully chosen for the purpose of achieving the buck-
ling delamination in the DLC film on a glass substrate
[16]. From the result shown in Figure 5b, it was also evi-
dent that the increment in the bias voltage of Ar plasma
is a more effective way to improve the interface adhesion
strength of the DLC coating on steel substrates [19,20].

In summary, fracture behaviours of brittle film on duc-
tile substrate were analyzed with a tension test. During
uniaxial tensile loading, the film showed cohesive cracks
normal to the tensile loading followed by the buckling
delaminations initiated from free edges of the cohesive
cracks by Poisson’s contraction. The width, 2b, of the
buckled region extends until it reaches a critical value at
which the interface adhesion strength is matched by the
kinking strength. Then, the trajectory of an interfacial
crack appears to be driven off the interface and kinked
into the DLC film, causing the spallation of DLC film
in a semi-circular shape. The sizes of the spalled regions
were adopted to quantitatively evaluate the interface
adhesion energy for each set of deposition conditions
using a simple analytical solution. In this study, the
interface adhesion energy was increased to the range of
12-98 J m 2 by optimizing the condition of the Ar plas-
ma treatment and Si buffer layer deposition.
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