The Karean Journal of Ceramics, 3 12] 73 - B1 {1997)

Estimation of Interfacial Adhesion through the Micromechanical
Analysis of Failure Mechanisms in DLC Film
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In this paper, it is intended to present more reproducible and quantitative method for adhesion assessment. In seratch
test, micromechanical analysis on the stress state beneath the indenter was carried out considering the additional blist-
er field The interface adhesion was quantified as work of adhesion through Griffith energy approach on the hasis of
the analyzed stress state. The work of adhesion for DLC film/WC-Co substrate calculated through the proposed
analysis shows the identical value regardless of distinctly different eritical loads meagured with the change of film
thickness and scratching speed. On the other hand, uniaxal loading was mnposed on DLC film/Al substrate, de-
veloping the transverse film cracks perpendicular to loading direction. Since this film cracking behavior depends on
the relative magnitude of adhesion strength to {ilm fracture strength, the quantification of adhesion strength was
given a trial through the micromechanical analysziz of adhesion-dependence of film cracking patterns. The interface
shear strength can be quantified from the meastrement of strain &, and crack spacing A. at the cessation of film cracking.
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L. Introduction

ince hard films such as diamond, diamond-like carbon

{DLC} and TiN have excellent properties of bardness,
wear regigtance, lubrication, ete., they have been widely
used as optical coatings, protective coatings, and se on.
However, their service quality is significantly influenced
by adhesion loss resulting from mechanical or thermal
strass, humidity, etc., during fabrication or service. To en-
sure the mechanical reliability of films, therefors, sys-
tematic studies on the gquantitative and repeatable adhe-
sion test must be performed. Accordingly, to assess adhe-
gion performance, many techniques have been developed
and used, such as peel test, pull-off test, etc. However,
these tests are limited by adhesive strength and lack of re-
peatahility, In addition, in the widely used scratch test,
test results are strongly affected by several parameters re-
lated to the testing eonditions and to the coating/substrate
gystem, and it is not easy to deduce absolute values of
adhesion since the proeess of scratch formation is very
complex. Hence, we analyze the stress state ahead of the
indenter and then evaluate the interface adhesion st-
rength. Moreover, the so-called film cracking technique
hag been iniroduced especially for a hard film/soft sub-
gtrate system, as a comparative and complementary tech-
nigque for the other tests and several analyses of current
test have been presented.*”

II. Modeling

1. Scratch test

73

In scratch tests, delamination at the interface between
the brittle film and the substrate occurs in the region
ahead of the indenter, where the compressive stress de-
velops. The test has been analyzed in terms of three con-
tributions to the delamination hetween film and sub-
strate: (1) a static indentation stress; (2) a friction stress
due to the interactions between the sliding indenter and
the specimen surface; (3) a residual stress in the film.

When a specimen is indented by a hard sphere, a sym-
metric stress distribution develops in which the three
principal stresses are compressive, on the surface and
beneath the contact region and to a depth of the order of
the contact diameter. Outside the contact region there ex-
ist a radial tensile stress and a hoop stress, each of
which takes on its maximum value at the edge of the
contact region.” The surface stress and strain fields are
independent of the contact stress distribution generated
by the indenting load, assuming the same total in-
denting lead L and a radially symmetric stress dis-
tribution inside the contact region.”™ When plastic de-
formation of the substrate occurs beneath the indenter,
the stress analysis based on the elastic deformation is
inappropriate. The appropriate elastic stress field for an
elastic-plagtic indentation can be obtained by con-
sidering the blister stress generated by the plastically de-
formed substrate;'” this blister stress is proportional to
14", where r is the distance from the center of the in-
denter,

In addition, the friction effeet generated by the in-
teraction between the sliding indenter and the surface of
the specimen must be considered. This friction stress
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field generated by a sliding indenter can be derived by
regarding the indenting load as a symmetric stress dis-
tribution within the contact region.” This friction effect
leads to stress enhancement over the indentation stress
field and also induces a compressive stress at the lead-
ing edge, resulting in the strong compression of the film
in front of the indenter. Thus the total elastic stress field
acting at the leading edge is

o= 5 [A-2w)-@+ v 22E - R a2-w)

9]1‘15#]+

~4(1-2v) (1

Gz:U\y=(7y2=Gzn=0

where L is the indenting lead, o is the contact radius, v,
is the Poisson's ratio of substrate, p is the friction coef-
ficient hetween the indenter and the film, and B is a con-
stant.

From this stress analysis,” we can derive the strain
field of the film ahead of the indenter. The strain fields
of the film and the substrate are expected to be the
same at the interface under the condition that the adh-
erence between film and subsgtrate must be maintained
at the inferface, and the film is thin enough that the
strain in film may not decrease significantly over the
film thickness. Then the film strain field ecan be ex-
pressed as
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where E, is the Young's modulus of substrate. There also
exists a small strain in the z direction, but since it can-
not stretch the film, we can neglect its contribution in
evaluating the elastic deformation energy stored in the
film.

We can evaluate the elastic deformation energy stored
in a unit volume of film using the strain field in Eq. (2).
However, we must take the film residual stress into con-
sideration. This residual stress effect can be evaluated
hy superpogition of the residual strain on Eq. {2). Thus
the elastic deformation energy can be given as
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where v, and E; are the Poisson's ratio and the Young's
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modulus of the film, respectively, and ofs is the residual
gtress in film.

The adhesion bebavior can be modeled in terms of the
strain energy which is released during film failure. At
the critical lead, the film ahead of the indenter reduces
its elastic deformation energy by delamination and spal-
lation of the film from the substrate. The released en-
ergy provides the surface energy for the detachment of
film. Let us consider a film failure region at the critieal
load az a semicircular area of film of radius ¢ detached
from the substrate. The total stored energy in film is ex-
pressed as
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where t ig the film thickness, v. and v are the surface en-
ergies of substrate and film, respectively, and v, is the in-
terfacial energy between film and substrate. On the
right-hand side of Eq. (4), the first term is the elastic de-
formation energy stored in the film, the second is the sur-
face and interfacial energies created by film delamina-
tion, and the last is the surface energy generated by film
spallation.

The work of adhesion W represented as the interface
adhesion strength ig expressed by the surface and in-
terfacial energies. If the energy released during film
failure ig preater than the increase of the interfacial and
surface energies due to the delamination and spallation,
the detachment of film will be continuous. The above con-
dition can be expressed through the Griffith energy-bal-
ance approach:
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In Egq. (8), the value of vic can be estimated hy as-
sesging the elastic deformation energy stored im a unit
volume of {ilm with the change of film thickness under
the same interface adhesion strength:
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In other words, through plotting the elastic deforma-
tion energy stored per unit volume of film as a function
of 1/t, we can obtain the value of w/c as the y intercept,
and the work of adhesion can be evaluated from Eq. (5}
uging the value of v/c.

2. Film cracking tesi

Uniaxial loading of a hard-film-coated ductile sub-
strate induces a deformation mismateh due to the dif-
ferent mechanical responses of film and substrate. Since
strain continuity, however, must be satisfied at the in-
terface, an interface shear stress that suppresses sub-
strate deformation is generated. At the same time, a ten-
sile stress of is induced In the film, and transferred to
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the film by an interface shear stress t, with the relation
of

‘. dot
dx

=-1,(x) {7

where x is the loading direction coordinate.

If the tensile stress transferred through relation (7}
reaches the film fracture strength {(5), film eracking oc-
curs.””™ With further loading, the number of film eracks
increases first sharply and then more slowly, until fi-
nally no more cracking occurs. This asymptotic film
crack gpacing (Fig. 1} is related to the fact that the film
tensile stress cannot reach the film fracture strength &,
because of the failure in stress transfer by the interface
damage. Because this interface damage (film separation),
which occurs when the shear stress exceeds the critical
shear strength 1;, implies mode-II shear breakage of the
interface, the interface shear strength can he thought as
equivalent to the interface honding force {adhesion).

The shear lag theory for fibre composites'® was applied
to the two-dimensional medel of film/substrate system to
analyze the stress state developed near the interface dur-
ing uniaxial straining. The deformation of the ductile
substrate is suppressed at the interface by the constraint
of the hard film. At location more distant from the in-
terface within the substrate, deformation is less and less
suppressed, and is finally restored completely to the un-
constrained deformation when the film constraint effect
disappears.

The following assumptions are made in analyzing the
stress state in the near-interface region: (a) The x-direc-
tional tensile stress in the film is constant over the film
thickness because the film is very thin. {b) The interface
shear stress has a maximum value at the interface and
decreases to zero at a depth z=& at which the film con-
straint effect fades away completely. £ is defined as the
distance from the interface at which the stress state of
the substrate is influenced by the film constrammt. (c) The
interface shearing is assumed elastic because the in-
terface shear stress is relaxed by the continuing film

crack spacing
h

X

*~ ductile substrate /]—
Y 2

E, substrate strain ,

Fig. 1. Variation of film crack spacing (A) with external
gtrain (g).
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cracking. (d) In the near-interface region of the substrate,
the external load applied to 2§, o,£, is assumed to be
distributed into film and substrate as given in relation
(8), where the x-directional tensile stress in the near-in-
terface region of the substrate is approximated by its av-
erage o :

o.l= o, Ealt (8)

where superscripts § and f represent the substrate and
the film, respectively.

Through the modified shear lag analysis under these
assumptions,” the interface shear stress can be related
to the substrate displacements as follows:

700 = % (15— ) )

where us 18 the unconstrained displacemsnt at z=£ and
us 15 the film-constrained displacement at the interface
{(see Fig. 2). G, is the shear modulus of substrate.

Next, combining the relation (7} and the derivative of Eq.
(9) gives

dof _ 2G.

dx? &
where the first term on the right-hand side reflects the
strain of substrate at the interface and the last term
represents the strain at the film-unaffected region whose
magnitude corresponds to the external strain e.

In determining the strain components in Eq. (10), we
consider separately the film residual stress effect and
the film constraint effect during uniaxial straining, as
depicted in Fig, 2. As seen on the right side in the figure,
the film strain ef, which is constant through film thick-
ness, 15 identical to the interface strain & (ef=g), when
considering the film constraint effect only. The y-direc-
tional component of film stresses, which is generated in
order to maintain strain continuity, is taken into account
by assuming that the y component of film strain &f is

duy _ dus

dx dx

( ) (10)

nearly equal to Poisson contraction of substrate -v.e™ (ef=
£;=-v.£). On the other hand, the residual stress exists in
the film even in the absence of stress from external

Residual Strain
film (strain}

.
- Ere

External Loading

substrate /
—  (displacement)

&
1‘+En\m 5}

Uy

r

Fig. 2. Effects of film residual stress and film constraint on
x-directional strain state in substrate.
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straining, and so we take its effect into account by ad-
ding the film residual strain g, linearly to the sirains, €
and -v.g, as seen in Fig, 2:

ef=el+e, g =eh—we . (11

At this point, to restore the force equilibrium state dis-
turbed by the film residual stress, the stress of an op-
posite sign develops in the near-interface repion of the
substrate. If the substrate residual stress is assumed to
decrease linearly from the interface to z=£, it can be ex-
pressed in terms of the film residual stress through the
force equilibrium condition, F:+F.=0. In consequence,
the maximum substrate residual strain, ™, helieved
to develop at the interface, is determined with sign op-
posite to the film residual strain as follows:

&%am=—2é g::ﬁ; E%srfes : 12)

Though no external load is applied, the substrate
strain at the near-interface has some contributions from
the residual stress as mentioned above. The first-order
differential terms in Eq. (10), i.e., substrate strains, are
thus determined ag indicated in Fig. 2 by adding linearly
the contributions of the residual stress (g3™) and of the
external tensile load {g and £

dug ; dus
— =g =g . 13
dx dx 13)

We can derive £ in terms of of and e by using condition
(11). Then, by applying condition (13) to Eq. (10}, the
governing equation of film tensile stress is obtained as
2 ol —yE
Pt 20 LoV ey (1 hv) et e (1-vne).
S (14)

Consider the case in which two cracks a distance A
apart have formed in the film. In this geometry, the film
tensile stress is zero at both film edges (x=+A/2) and the
shear stress has an antisymmetric distribution along x
direction. By applying these boundary conditions, the
solution of Eq. (14) is determined in terms of crack spac-
ing A and external strain e ag follows:

cosh arx (15)
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Through the relation (7),
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In the early stage of straining, because the rate of in-
crease of the tensile stress with straining is higher than
that of the interface shear stress, the tensile stress easi-
ly reaches the critical fracture strength of the film so
that film cracking oeccurs. Then, for the further film
cracking to continue, additional tensile stress must be
transferred to film to overcome the stress relief resulting
from film cracking. This additional stress transfer is ac-
complished by the increase of interface shear stress with
straining. But, as the crack spacing decreases, the rate
of increase of film tensile stress becomes significantly
lower than that of interface shear stress. Thus film
separation occurs before film cracking if the interface
shear stregs reaches the critical shear strength 1, before
the film tensile stress reaches ¢. Then, additional stress
transfer becomes impossible because of interface damage,
and so film cracking stops and reaches the saturation
state. The maximum value of interface shear stress de-
veolped at the stoppage of film cracking can be es-
timated as the interface shear strength t; through the fol-
lowing eguation if the saturated values of strain and
crack spacing, g, and A, are experimentally measured.

rd=1-|(x=%):13(£§,5, ‘ss)oct-tanhDET}LN (17

III. Experiments

The validity of the analyses presented above was test-
ed on DLC films deposited on WC-Co K20 and annealed
1050 Al substrates. Ar-plasma pre-etching time was var-
ied in order to investigate the effect of pre-etching time
on interface adhesion. WC-Co substrates (12 mm length
%12 mm width» 3 mm thickness) and doghone-shaped
Al substrates (25 mm x 7 mm X 3 mm) were mechanically
polished, and then ultrasonically cleaned sequentially in
trichloroethylene, acetone, methanol and ethanol., The
DLC films were deposited by plasma-enhanced CVD
{(PECVD). Before depositing DLC films on WC-Co sub-
strates, the chamber was evacuated to a pressure of 7.0
10* torr and then backfilled with Ar gas to a pressure of
0.15 torr by flowing Ar gas at 14 scem, followed by plas-
ma pre-etching of the substrate. Then the compogition of
gas was changed in a few seconds from Ar 14 scem and
CH, 0 scem to Ar 0 scem and CH, 14 scem. After this pro-
cedure, DLC films were deposited under an initial pres-
sure of CH, 0.3 torr.

And we deposited the DLC films on Al substrates und-
er a CH, plasma atmosphere of 0.28 torr for 45 minutes,
proceded by the pre-etching: 0, 5, 15, 30 and 60 minuies
under an Ar plasma atmosphere of 0.17 torr. To evaluate
the residual stress in the film, we deposited the DLC
filmm om the {001} flat silicon wafer of thickness 200 pm
and aspect ratio at least 13. After the deposition, the cur-
vature of substrate was measured by laser deflection
method and then the residual stress in the film was es-
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timated.”™ The film thickness was measured using an o-

step profilometer.

All the critical load measurements were performed by
the seratch tester equipped with an acoustic emission
(AE) detector. The detailed experimental conditions are
as follows. We deposited the DLC films for 15, 30 and 45
minutes with a plasma etching time of 15 minutes.
Scratch tests were performed on each specimen. The
Rockwell C diamond indenter {conical angle: 120°; hem-
ispherical tip of 200 pm radius) of the test apparatus
was drawn over the sample surface with continuously in-
creasing normal load. The loading rate was 100 N/min
and the scratching speed was 10 mm/min. The indenting
load, tangential friction force, friction coefficient and AE
signal from the diamond tip were continually monitored.
We then deposited the DLC films for 30 minutes with
plasma etching times of 5, 15 and 30 minutes. Seratch
tests were carried out with scratching speeds 5, 10, 15
and 20 mm/min, under constant loading rate 100 N/min
and indenter tip radius 200 pm.

To obtain the relation of crack spacing to strain, the
prepared specimens were pulled with a tensile tester.
The substrate was removed from the straining stage and
examined with an optical microscope in order to measure
film crack spacing. This process was repeated to obtain
data for the wide range of strain: the strains were
measured each time by attaching an extensometer to the
substrate, and the crack spacing was obtained ag an av-
erage value of three different data points. The film crack-
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Fig. 3. Dependency of saturated strain and crack spacing
on Ar plasma pre-etching time.
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ing behavior with external strain is shown in Fig. 3. The
newly developed cracks can have smaller width than ex-
isting cracks; as the crack patterns saturate, the crack
widths increase and become comparable. This is because
its increase accommodates most of the substrate de-
formation and the film does not deform any more after
this point.

IV. Results and Discussion

1. Scratch test

In differently deposited specimens. the detailed ex-
perimental results are shown in Table 1. As listed in
Table 2, the critical loads decrease significantly with the
increase of film thickness. In general, if we assume that
the adhesion is the same and the critical load is det-
ermined by the extent of deformation, an increased film
thickness requires an increased indenting load to obtain
the same deformation, so that the critical load increases
with the film thickness**" But, considering the residual
stress effect in the film, the variation of critical load
with film thickness may be described in another way. In
our experiment {see Tabhle 1), the estimated compressive
residual stresses are 813, 669 and 632 MFa for film
thicknesses of 078, 1.31 and 2.32 pum, respectively.
These residual stresses decrease as film thickness in-
creases, but the elastic deformation energies stored in
the film {« o6if-t) due to only the residual stress in-
crease. Thus the eritical loads decrease with increasing
film thickness.

Table 2 illustrates the experimental results of dif-
ferently pre-etched specimens. Film thicknesses were
1.16, 1.31 and 1.30 um with the increase of etching time,
and the measured film compressive residual stresses
were 741, 738 and 735 MPa, respectively. As listed in
Table 2, the critical loads decrease distinctly with in-
creasing scratching speed and increase with increasing
etching time. The latter effect is mainly due to better
cleanness of the surface as the etching time increases.
The former effect is probably because, when scratching
speed increases under constant loading rate, the pro-
bability of encountering defects in the film within a cer-
tain load range increases, so that critical load decreases.
With seratching speeds above 15 mm/min, however, crit-
ical load apparently did not decrease with increasing
scratching speed. It is likely that the film may wear at

Table 1. Experimental Results Obtained at Indenter tip Radius 200 pm and Theoretically Evaluated work of Adhesion (W) for
DLC Films Deposited on WC-Co Substrates (loading rate: 100 N/min, scratching speed: 10 mm/min}

Depositi_on time | Film thickness | Residual stress Critical load Friction coeff Contact radius |Work of ag]hesion
min pm MPa N . pm Jhm
15 0.78 -813 33.32 0.0797 25.6 17.87
30 131 -669 30.70 0.0552 24.6 17.81
45 2.32 -632 12.50 0.0425 15.7 17.90
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Table 2. Experimental Results Obtained at Plasma Etching time 5, 15 and 30 minutes and Theoretically Evaluated work of
Adhesion (W) for DLC Films Deposited on WC-Co Substrates (indenter tip radius: 200 pm, loading rate: 100 N/min)

Plasma etching time |Seratching speed| Film thickness | Critical load Fricti i Contact radins [Work of adhesion
min mm/min nm N on coet. um J/m®
5 37.21 0.0622 27.0 19.50
10 22.08 0.0593 20.8 17.60
5] 1.16
15 13.63 0.0693 16.4 19.21
20 13.77 0.0591 16.5 16.08
5 38.67 0.0606 27.6 20.07
10 30.70 0.0652 24.6 17.78
15 1.31
15 12.13 (0493 154 12.85
20 11.81 0.0513 15.2 13.39
5 66.83 0.0825 36.2 27.16
10 51.86 0.0832 319 27.17
30 1.30
15 33.89 00787 25.8 24.88
20 28.01 0.0715 23.5 21.91
20 . : . S0r— . ——r T T r v
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Fig. 4. Variation of work of adhesion with film thickness
for indenter tip radius 200 pm.

higher scratching speeds. In general when wear occurs
between materials in contact, the softer material is de-
formed by debris on contact surface, or the asperities of
the surface are deformed. Indenting load is consumed in
these deformations. So the measured critical load will be
greater than that expected.

By taking Poisson's ratio and Young's modulus for the
film as 0.25 and 200 GPa, respectively, we estimated the
change in elastic deformation energy in a unit volume of
film with the change of film thickness. By linear re-
gression of data, we obtained the value of y/c caleulated
from Eq. (6): 8.79 J/m® with indenter tip radius 200 pm.
Using this value, we evaluated the work of adhesion in
differently deposited specimens (zee Table 1). The evalu-
ated work of adhegions using tip radius 200 um were
17.87, 17.81 and 17.90¢ J/m® nearly constant regardiess
of the change in film thickness as shown in Fig. 4.

Using the value of y/c obtained with tip radius 200

Scratching Speed (mm/min)

Fig. 5. Variations of work of adhesion with scratching spe-
ed for plasma etching time 5, 15 and 30 minutes.

pm, we evaluated the work of adhesion for different plas-
ma etching times, as listed in Table 2 and shown in Fig.
5. The work of adhesion increases: 18.6, 18.9 and 27.2 J/
m’ with plasma etching times of 5, 15 and 30 minutes,
respectively. The work of adhesion was evaluated con-
stantly except at scratching speeds 15 and 20 mm/min.
This discrepancy may result from the wear described
above. Therefore, when considering the scratching speed
range in which the wear is not severe, we could evaluate
the quite constant work of adhesion net influenced by
any effect of scratching speed. Furthermore, the constant
work of adhesion could be assessed eliminating the film
thickness effect in the current stress analysis by ex-
tracting the surface energy generated by film spallation.
These experinental results mean that interface adhesion
strength can be analytically evaluated as work of adhe-
gion from the critical load, which is dependent on vari-
ous parameters besides adhesion. This evaluation gives
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us reliable data on interface adhesion strength that ex-
clude the effects of external experimental factors.

2. Film cracking test

E-A. data estimated from the experimentally obtained
g-A data for each etching time are plotted in Fig. 3. The
test results show that the saturated strain, &, increases
from 0.1 to 0.2 with increasing pre-etching time, but the
saturated crack spacing, A, decreases from 29 pum to 22
pum as listed in Table 3. We take the elastic modulus of
Al substrate as 70 GPa and its Poisson's ratio as 0.35,
respectively.™

The measurement of film fracture strain e*, which is
determined hy observing whether or not the film has
cracked after several small strains, shows that e* is 0.012
for DLC films deposited for 45 minutes (the film cracks
formed in the range £>0.012), and the fracture strength
g, is then estimated as 1.8 GPa (c=E«&*), as in other
literature.” However, initial cracking occurs at a strain
less than 0.011 for the 60 minute-deposited film. This
tendency for film fracture strength to decrease with in-
creaging film thickness has been atiributed to the higher
probability of the existence of larger defects in the thick-
er film.* However, in amorphous film such as DLC film,
the tendency is probably also affected to some extent by
compressive residual stress in the film, which decreases
with inecreasing f{ilm thickness. In other words, the de-
crease of compressive residual stress in the film makes
film fracture easier. This argument is confirmed by the
film residual stress data in Table 1 which show that the
residual stress decreases with increasing film thickness.
Substrate residual stress estimated through Eq. (12) was
considered negligible compared to the other terms in Eq.
(14).

To determine £, we fit the experimental crack spacing
vs. strain data to the following relation, which was deriv-
ed on the assumption that film eracking oceurs in the
middle of the film, x=0, where maximum film tensile
stress develops, when the maximum tensile stress in a
film having two cracks a distance X apart is equal to the
film fracture strength o, The film fracture strength o, is
determined not by the simple Hooke's law {(c.=FE*; but
by Eg. (15} under the initial film cracking conditions, ie.,

Table 3. Film deposition conditions and measured properties
for 45 minute-deposited DLC films

Etching Plasma Residual Film
time temp. stress thickness
min °C MPa pm

0 70 -644 2.04
5 80 -750 2.03
15 100 -716 2,17
30 100 -624 2.01
60 110 -665 1.97
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erack spacing is infinite and strain is *

1+

(18}

By fitting € vs. A data to relation (18}, we obtained £=120
pm and =0.0369 pm” for the DLC film of 2 pm thick-
ness. The film-affected depth in the substrate and « de-
creases as film thickness increases.

Interface shear strength was evaluated quantitatively
through Eq. {17) using the e-A, data as shown in Fig. 6.
The results show that the strength increases with pre-
etching time but its rate of increase becomes lower In
the 15-minute pre-etching and finally reaches an almost
constant value after the 30-minute pre-etching, The in-
terface shear strength of DLC films on Al without pre-
etching is estimated as 480 MPa, and the values in-
crease up to 760 MPa with a 30-minute pre-etching,
which meang an increase of adhesion strength hy a fac-
tor of 1.6. However, the magnitude of interface shear
strength depends on the measured parameters £* and E;,
and so it is noted that a reliable value of E, must be
presented to ensure the precision of the interface shear
strength. The improvement of interface shear strength
with increasing pre-etching time is thought to be due to
the removal of surface impurity layers such as oxides
ete., and may also be related to increasing plasma tem-
perature. These results, ag shown in Fig. 6, are in good
agreement with the general prediction that interface
adhesion is improved by etching the substrate surface.
As Fig. 6 shows, 30-minute pre-etching is sufficient for
the present DLC/A] system.

From the experimental fact that g, and A, have a clear
dependency on adhesion, ie., e increases and A, de-
creases with pre-etching time, we know that though our
final goal i the interface shear strength, £, and A, can be
taken into consideration as standard parameters for the
qualitative comparison of adhesion. However, as plotted
in Fig. 7, g, and A, are interrelated by the following mod-
ified form of Eq. (18).
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Fig. 6. Variations of interface shear strength and plasma
temperature with pre-etching time.
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{19)

E, is closely related to A, with an inverse-proportional re-
lationship. As seen in Fig. 7, since one parameter can be
found from knowledge of the other through Eq. (19), a
single parameter is sufficient to describe the interface
adhesion gualitatively. Using e, will be more effective
than X, because & is more sensitive to interface adhe-
sion than A, is.

V. Conclusions

1) In a scratch test, the stress state in the material
ahead of the spherical indenter can be described by con-
gidering the blister stress caused by the plastic de-
formation of the material and the friction stress.

2) Through stress analysis, the strain of the film can
be described by using the strain-matching criterion and
the constant strain over the film thickness. In addition,
by using the strain in the film, we could evaluate the
work of adhesion through the Griffith energy-balance ap-
proach:

E; 2(m+2) %
W:?(ZSZJF—(%)?W .

3) The constant work of adhesion with increasing etch-
ing time was evaluated irrespective of various scratching
speeds. These results clearly show the increase of adhe-
sion with increasing plasma etching time. In addition,
the evaluated work of adhesions with varying film thick-
ness were about 17.86 J/m’ irrespective of film thickness.

4) In film eracking test, by applying shear lag theory
to the interface of hard film deposited on ductile metal
substrate, the distributions of the interface shear stress
and the film tensile stress can be expressed in terms of
the external strain £ and the crack spacing A

5) Film cracks devolp no further after some straining
because interface failure oceurs preferentially to film
cracking by the excessive interface shear stress applied

Vol.3, No 2

to the interface. By using the distribution of interface
shear stress analyvzed above, interface adhesion strength
can be evaluated from the parameters g, and A, in terms
of interface shear strength:

T, =F{eks, et - tanh% ]

6) According to the current stress analysis, for DLC/AL
interface shear strength is estimated to increase from
480 MPa for no etching up to 760 MPa for 30-minute
etching, after which it becomes constant, Thiz result
shows that 30-minute pre-etching is sufficient for a given
DLC/Al system.
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