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Quantifying delamination energy is crucial for the reliability and longevity of thin films. In this work, the
delamination energy in tungsten-silicon thin films is investigated through nanoindentation and nanoscratching.
Nanoindentation was also employed to assess the mechanical properties of the coating through the use of sub-
strate corrections. Energy methods were used to analyse the nanoindentation load displacement curves to
quantify the delamination energy. Finite element modelling was used to further improve the accuracy of the

calculated delamination energy. Nanoscratching was found to be highly sensitive to the scratch parameters used,
and the effect of scratch parameters on the critical load and delamination energy was investigated. It was found
that the presence of fragmentation event in nanoscratching led to higher delamination energy values as
compared to nanoindentation. Nanoindentation was found to output values closer to that of literature and were
additionally not parameter sensitive, making it a reliable method of evaluating thin film adhesion.

1. Introduction

Thin films have emerged as an important class of materials with
applications in a wide range of industries such as semiconductors[1],
coatings[2], energy storage|3,4], medical devices[5], and photovoltaics
[6]. In many of these applications, these thin films experience me-
chanical stress due to external forces or internal strains[7,8]. The effi-
ciency of stress transfer in thin films depends on how well the film is
adhered to the substrate, therefore the overall strength of the thin film
greatly depends on the interfacial strength between the film and
substrate.

Fundamental adhesion is a very difficult property to measure directly
[9]. The thermodynamic adhesion at a dissimilar interface is defined as
the energy that must be overcome to convert that interface into two free
surfaces and is related to the in-vacuo surface free energies of the film
(yp), the substrate (yg), and the specific free energy of the contact
interface in equilibrium (ygs) as follows[10] (Eq. (1)):

Wrs =vp+7s —7ps (@]

It is difficult to measure these values directly, leading researchers to
measure the practical or experimental adhesion. Experimental adhesion
only provides a measure of the extrinsic value of the adhesive strength,
which depends on the type of test being conducted, and is not a
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quantitative value of the fundamental adhesion in the system[9,10].
Conventional methods to measure adhesion of thin films include semi-
quantitative peel[11] and micro-scratch tests[12-14]. Complex and
time-consuming methods have been developed for specific applications
such as micro-cantilever bending[15,16], but these are not applicable to
all situations.

Marshall and Evans[17] pioneered the use of nanoindentation for
characterising adhesive strengths by providing a linear fracture me-
chanics approach to the solution of the energy release rate as a function
of the residual and applied stresses during indentation. The indentation
volume (V) required to calculate the energy release rate is defined in
Eq. (2) as:

Vo = ghitang? @

Where hp is the plastic indentation depth, and ¢ is the indenter cone
angle.

An assumption of this method is that the indentation volume remains
within the film through-out the delamination test. This assumes that
there is no pile-up around the indent forms nor is there any substrate
deformation occurring under the indent. This model is therefore not
applicable in ductile films that display pile-up behaviour, and calcu-
lating the indentation volume incorrectly can lead to large variations in
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Table 1
Parameters that affect the critical load during scratch test.

Intrinsic Parameters Extrinsic Parameters

Coating thickness
Coating hardness
Substrate hardness

Scratch loading rate
Scratch displacement rate
Indenter shape

Intender tip radius

Scratch Direction

—_—

Face Forward

Edge Forward

Fig. 1. Face forward and edge forward orientations of a Berkovich tip.

delamination energy[18]. Other researchers have shown that the
delamination work done by the indenter can be calculated by analysing
the areas under the nanoindentation load-displacement curves, which
allows for a simpler energy consideration of adhesion. This has previ-
ously been done in the literature to measure delamination and fracture
energies in ductile[19-21] and brittle[22-24] films.

The critical load to cause coating failure during a scratch test is a
qualitative measure of adhesion[25]. Laugier[26] developed a semi-
quantitative test that converts scratch critical loads into values of ad-
hesive energy. The measured critical load during scratch testing is sen-
sitive to a number of intrinsic and extrinsic parameters, summarized in
Table 1. Therefore, scratch testing is not used as a quantitative measure
of adhesion and is used for comparative studies[27-30].

The literature comparing nanoindentation and nanoscratching
delamination energies is extremely limited in number[31,32]. The
objective of this paper is to understand the delamination deformation
mechanisms that occur during nanoindentation and nanoscratching
tests, and to compare the values of delamination energy results from
both tests. Parametric studies have been conducted to further under-
stand the effect on measured delamination energy. Finally, finite
element modelling has been used to improve on existing nano-
indentation delamination methods.
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Fig. 2. a) the shaded region shows the symmetry axes used. b) and c) show the
3d geometry of model used where the indenter is denoted in green, thin film in
red, and substrate in grey.

Table 2
FEA model Materials Properties.

Young’s Modulus (GPa) Poisson Ratio Yield Strength (MPa)

Tungsten 410 0.28 750
Silicon 194 0.3 -
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Fig. 3. Silicon wafer load displacement curves.
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Fig. 4. Shallow load-displacement curves 1.5 um (left) and 1.9 um (right) film.
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Fig. 5. Hardness (left) and Young’s Modulus (right) as a function of maximum indentation depth.

Table 3
Mechanical properties of films from shallow indents.
E (GPa) H (GPa)
1.5 pm 108 + 2 6.7 £0.3
1.9 ym 118 £ 6.1 7.8 £0.9

2. Materials and methods
2.1. Materials and Processing

Tungsten films were deposited onto silicon substrates using magne-
tron sputtering in a custom sputtering system equipped with two axially
mounted AJA ST20-HV Radio Frequency (RF) sputtering guns. The
substrates were mounted onto a central target block which gave a target-
substrate distance of 18 cm. The films were deposited onto (001)
orientated Si substrates that were first rinsed with acetone, isopropanol,
and deionised water and dried with compress nitrogen. A 51 mm
diameter W target with a purity of 99.95 % was used with an RF power
of 100 W. The substrates were loaded into the sputtering chamber which
was evacuated until a base pressure of 1x10™ Pa was reached. Deposi-
tion was performed for a total of 6978 s (116.3 min) with an Ar working
gas pressure of 2.5 Pa. The substrate was not rotated or externally heated
during deposition.

Scanning Electron Microscopy (SEM) and Focused Ion Beam (FIB)
Imaging were both performed using a Zeiss Auriga. FIB cross sectioning
was used to cross-section the indent to verify delamination and to
measure the film thickness with a tilt correction. Two thin films were
selected for testing with thickness of 1.5 pm and 1.9 pm (referred to as
the 1.5 pm and 1.9 pm films respectively). SEM imaging was conducted

at 5 kV, while FIB milling used an accelerating voltage of 30 kV and a
current of 4nA. The surface roughness of the two tungsten films was
measured using in-situ Scanning Probe Microscopy (SPM), yielding an
average roughness of 7 nm and 6 nm for the 1.5 pm and 1.9 pm film
respectively.

2.2. Methods

2.2.1. Nanoindentation

Nanoindentation based delamination was performed at room tem-
perature using a Bruker Premier Nanoindenter fitted with a high load
head and a Berkovich tip. Calibrations were performed on fused silica to
get an accurate tip area function for modulus and hardness measure-
ments. A 50 ym spacing between indents was used to ensure no elastic
zone overlap between indents. Indentation tests were conducted under
load control in two regimes: a low-load regime (50-400 mN) and a high-
load regime (100-1,000 mN) with 16 indents performed in each. The
load profile used was a 5 s loading, 2 s hold, followed by a 5 s unloading.
To investigate the effect of loading rate on delamination energy values,
three different loading rates were tested: 52 mN/s, 104 mN/s and 260
mN/s. The delamination radius was obtained from SEM images of the
indents by assuming the indent forms a perfect circle.

The elastic modulus and hardness values of the film were obtained
through the Oliver Pharr method from shallow indents[24,25]. The
shallow indents were done with a low load head with loads ranging from
1 to 10 mN, and 16 indents were performed in each sample.

2.2.2. Nanoscratching
Nanoscratching was performed using the same Premier nanoindenter
and Berkovich tip using a high load transducer. Constant load scratch



S. Almarri et al.

Materials & Design 253 (2025) 113873

300 . .
o O Ef experimental
O Ef corrected
o © o |~ — —average Ef corrected
=250 o 5
7
<) o 5
17} 0O
2 oL
S 200 | oo
S
=
-2
2
= 150
o o 0% 90° © 000 00
100 1 1 1 1 1
50 100 150 200 250 300
Maximum Displacement (nm)
400 o O Ef experimental
° 5 O Ef corrected
350 — — —average Ef corrected
= o
5300fF ———————————— e
5 o)
= 9 o o
3 250 | 0°
S
=
£ 200
w2
=
S|
150
o 0 O 450 00 00 0 0
100 1 1 1 1
50 100 150 200 250

Maximum Displacement (nm)

Fig. 6. Corrected elastic modulus for 1.5 film (top) and 1.9 film (bottom).

tests at 0.1 mN were performed to obtain the coefficient of friction (p =
Flateral/Fnormal) Needed for adhesion calculations[33]. Ramped load
scratches with tilt correction were used to obtain the failure critical load
with the following scratch parameters: peak load = 70 mN, scratch
length = 250 um, scratch time = 30 s. The main 3 scratch parameters
that were varied in the parametric study were: scratch length, scratch
maximum load, and scratch time. Additionally, scratches were per-
formed in the edge forward and face forward direction to study the in-
fluence of scratch tip orientation (Fig. 1).

2.2.3. Finite element modelling

ABAQUS was used to conduct a finite element model (FEM) of the
thin film indentation process. 1/6th of the sample and an ideally sharp
Berkovich tip were modelled using axes of symmetry to simplify the
computational time[34]. A description of the axes of symmetry and the
geometry used in the model are shown in Fig. 2. The mesh elements used
throughout the model were linear C3D8R elements. An optimal mesh
with 10 elements across the cross-section of the thin film (0.19 pm mesh
size) was found. A mesh bias was applied in the film and substrate re-
gions to create a finer mesh near the indenter.

A thin film with a thickness of 1.9 pm was modelled on a 1 mm thick
silicon substrate. The mechanical properties used for both materials are
described in Table 2. The mechanical properties of the diamond indenter
are not required as the tip was modelled as a rigid body. The system was

modelled with an elastic-perfectly plastic thin film on a perfectly elastic
substrate. Tungsten undergoes little to no strain hardening at room
temperature due to its BCC structure, therefore this was not imple-
mented in the model[35-37]. The modulus of the silicon wafer was
obtained from nanoindentation experiments presented in the following
section (E = 194 GPa), while the Poisson ratio was obtained from
literature[34]. The nanoindentation results for the tungsten film in the
subsequent section yielded underestimated modulus values. As a result,
the modulus and yield strength of tungsten used in the FE models were
taken from literature values instead[38-40].

The interaction between the indenter and the thin film was modelled
as hard and frictionless with finite sliding. The boundary conditions used
are: fixing the bottom of the substrate in the indentation direction (z-
direction); fixing the sample and indenter planes of symmetry in the
direction perpendicular to indentation (0-direction using cylindrical
coordinates); and the indenter was only allowed to move in the inden-
tation direction (z-direction), which was displacement controlled to
conduct the indentation test.
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Fig. 7. SEM images of three stages of fracture observed in the 1.5 ym film (left) and 1.9 um film (right) with applied loads of 73 mN (a, b), 370 mN (c, d), 760 mN

(e, .

Table 4
Summary of load ranges and maximum displacement ranges for 3 stages of
deformation.

1.5 pm 1.9 pm Colour
Code
Stage I — plastic deformation and < 73 mN < 73 mN Red
surface cracks < 700 nm < 700 nm
Stage II - blistering 97 mN - 377 97 - 400 Black
mN mN
750 — 1500 780 — 1600
nm nm
Stage III - fragmentation > 400 mN > 460 mN Blue
> 1500 nm > 1780 nm

3. Results and Discussion
3.1. Nanoindentation

3.1.1. Mechanical properties

Indentation tests were initially performed on an uncoated silicon
substrate to characterize its properties. Fig. 3 shows the load displace-
ment curves, from which an average of Young’s modulus of 194.16 +
1.31 GPa and an average hardness of 13.99 + 1.56 GPa was found.

Load-displacement curves on the thin films performed in the shallow
depth regime are shown in Fig. 4. The reduced modulus obtained from
the nanoindenter was converted to the true elastic modulus using the
properties of the diamond indenter (E = 1140 GPa, v = 0.07) provided

by the manufacturer. The Young’s modulus (E) and hardness (H) are
plotted as a function of maximum indentation depth in Fig. 5. The values
of Young’s modulus and hardness increase with increasing indentation
depths due to a greater interaction with the substrate[41]. The values of
hardness and Young’s modulus shown in Table 3 are an average of the
indents with a maximum depth less than 10 % of the total film thickness
to evaluate the applicability of this criterion in minimizing substrate
influence[38,41].

The hardness values obtained from shallow indents are close to that
of bulk tungsten (6 GPa)[42], however the Young’s modulus is signifi-
cantly lower than bulk tungsten (410 GPa)[43]. Similar results showing
correct hardness and incorrect elastic modulus film values were found in
literature[34,44]. FEM analysis of thin films showed that while it is
possible to contain the plastic regime within the film to determine
hardness, containing the elastic regime is difficult even at shallow
depths[34].

To correct for the substrate effects, the modified King expression
developed by Saha and Nix[45] was used and the corrected average
Young’s modulus of the films were found to be 236 + 27 GPa and 300 +
45 GPa, for the 1.5 um and 1.9 pm film respectively (Fig. 6). Surface
effects observed up to a maximum displacement of 100 nm introduced
deviations in the average values. Therefore, the first two data points
were excluded from the calculations. The 1.9 um sample exhibited
higher uncorrected and corrected modulus values compared to the 1.5
um film. This can be attributed to reduced substrate effects in the thicker
film at any given depth. However, the corrected modulus for the 1.9 um
film remained lower than that of bulk tungsten. Similar underestimated
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Fig. 8. Low load displacement curves 1.5 pm (left) and 1.9 pm (right). Red: plastic deformation, black: blistering, and blue: fragmentation.
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Fig. 9. High load displacement curves 1.5 um (left) and 1.9 um (right). Black: blistering, and blue: fragmentation.

values for tungsten after applying substrate corrections have been re-
ported in the literature (E = 370 GPa)[39], potentially due to porosity or
other fabrication defects.

3.1.2. Nanoindentation adhesion

Indentation was conducted on both samples in a low load range
(50-400 mN) and a high load (100-1,000 mN). SEM images at three
different peak loads of 73 mN, 370 mN, and 760 mN are shown in Fig. 7,
showing stages of plastic deformation (a,b), blistering and delamination
(c,d), and fragmentation (e,f) respectively. The load ranges and
maximum indentation depths observed in each stage is summarized in
Table 4.

The low load and high load displacement curves are given in Figs. 8
and 9 respectively. Both samples display no observable slope change in
the load displacement curves for the low load tests, and significant steps
in the high load curves. SEM and FIB images in Fig. 7 highlight three
distinct stages of deformation during loading. Firstly, minimal plastic
deformation and radial cracks were observed in the lowest load regime
(stage I). As the loads increased, circular blisters began forming on the
surface (stage II). These blisters are indicative of film delamination
which are observed subsurface using FIB, Fig. 7 (c, d). This is formed
because double buckling occurs around the indenter as the indenter is
driven into the film[46]. Then as the indenter is removed, the portion of
the film under the indenter is no longer pinned and forms a circular
raised blister. The radius of the blister was observed to increase as the
maximum load increased. This indicates that delamination in this sam-
ple is gradual and not an instantaneous event, which explains the lack of
slope deviation in the load-displacement curves and agrees with other
observations in the literature[32]. During stage II, additional cracks

appear and the radial cracks grew to a critical length while increasing in
width. No major substrate cracking was observed in this stage, which
ensures that the delamination energy is not overestimated. The features
visible in the SEM images in the substrate under the indent are an effect
of FIB curtaining and not substrate cracking.

The final stage occurs as the blister reaches a critical radius, after
which fragmentation occurs as seen in Fig. 7 (e, f). Some curves in the
fragmentation regime (blue curves in Fig. 9) avoid fragmentation above
the critical fragmentation load. This can be attributed to statistical ef-
fects and localized adhesive strength inhomogeneity due to the sput-
tering fabrication process. FIB and SEM imaging shows that
delamination occurs before the occurrence of the large load-displace-
ment steps (observed at large depths in Fig. 9). From this observation we
conclude that these steps in the loading curve are due to film fragmen-
tation alone.

The load-displacement curves can be analysed through the energy
approach described by Malzbender[22] to determine the work of
delamination, prior to the large depth discontinuities. This method was
selected as it is applicable to data where there is no significant step in the
load-displacement curve on delamination. The area enclosed by the
load-displacement curve gives us the irreversible work done by the
indenter, including plastic deformation, delamination, and fragmenta-
tion. The total irreversible work for each stage of fracture is described in
Egs. (3)-(5) below.

Stagel : Wi = W, 3

Stagell : Wy, = W, + Wy @
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Fig. 10. Irreversible work done (Wj,,) vs load map for 1.5 pm film (top) and 1.9 pym film (bottom). Work of delamination (Wq) calculated as the difference between

Wi, and plastic work (Wp).
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Table 5
Summary of range of delamination energies calculated.
1.5 pm 1.9 ym
Range of delamination energies 11-162 J/m? 17-107 J/m?

Stagelll : Wy, = W, + Wy + Wy )

Where W, is the plastic work, Wj is the work of delamination, and Wy
is the work of fragmentation. The other energy-based analysis methods
[19,20] use a power law to extrapolate the loading curve, which is
applicable for bulk materials however it is unclear whether a power law
is applicable to thin films due to the effect of the substrate.

The irreversible work is plotted against the applied load in the
Fig. 10. Malzbender suggests that the plastic work W, can be linearly
extrapolated from the experimental data in stage I. The work of
delamination in stage II is calculated as the difference between the
experimental line and the extrapolated plastic work line. The line of
delamination work is also linearly extrapolated from stage II to allow for
fragmentation energy calculations in stage IIl. This assumes that other
dissipation mechanisms (i.e. plastic deformation due to buckling and
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substrate deformation) have a minimal contribution to the irreversible
work.
Finally, the delamination energy can then be calculated as follows:

Wy

Gy=—
2

(6)

Where r is the blister radius.

Considering indents in stage II allows for accurate determination of
delamination energy without any fragmentation effects. The SEM im-
ages indicate that fragmentation is an event arising from fracture in the
thin film itself and not the interface.

The values calculated for the delamination energy are plotted in
Fig. 11 against the difference between the applied load and the initial
delamination load, summarized in Table 5. The delamination energy
increases with the applied load for both samples. This agrees with the
gradual increase in delamination observed by SEM with increasing load.
It is possible that the delamination energy is being overestimated at high
loads as the indenter gets closer to the interface as there may be an
increasing influence of the substrate.

g. 13. Load displacement curve for three different loading rates.

Similar delamination energies were measured for the two films at
low loads while at higher loads, lower values of delamination energy
were measured for the 1.9 pm than the 1.5 pym. This behaviour is due to a
combination of two different reasons. There is a greater contribution
from the substrate in the thinner samples at the same load (or absolute
depth) compared to the thicker samples, which leads to an increase in
the measured delamination energy[22]. The second reason is that there
may be a difference in the residual stresses of the two samples. An in-
crease in thickness leads to higher amounts of stored elastic energy in
the film, which are released to induce delamination and fracture[24].

3.1.3. FEM corrected method

The assumption of linear extrapolated work in the method described
in the previous section was investigated using an FEM simulation of the
1.9 pm film. The model only considers the total irreversible work due to
plastic dissipation without delamination or fragmentation. The simula-
tion appropriately models the plastic dissipation work in the thin film as
shown by the agreement of the FEM and experimental W;, value in the
low load regime (<97 mN) before any delamination occurs. Fig. 12
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Fig. 14. SEM images of indents with three different loading rates of 260 mN/s (top left), 104 mN/s (top right), 52 mN/s (bottom).

Table 6
Values of delamination energy with different loading rates.
Blister Radius (um) Wir(nJ) Wyi(nJ) G (J/m?)
260 mN/s 17 268.7 21.7 23.9
104 mN/s 17.3 274.7 27.7 29.5
52 mN/s 17.8 269.8 22.8 23.0

shows the values of the FEM calculated values of irreversible work for a
range of peak loads compared with the experimental values, and the
linear extrapolation from the plastic deformation in stage I (as per-
formed in the previous section).

The FEM data suggests that the plastic dissipation work does not
follow the linear progression proposed by Malzbender[22] and that
using a linear extrapolation significantly overestimates the value of the
work of delamination. Others reporting this overestimation suggest that
this is due to additional energy dissipation mechanisms that cannot be
separated from delamination[32,47].

Our FEM simulation allows for these mechanisms to be captured and
results in a smaller range of measured delamination energies (2-29
J/m?) with increasing peak loads compared with those calculated with
the linear extrapolation (17-107 J/m?). This is due to the smaller work
of delamination calculated from the FEM plastic work compared to the
linear extrapolated plastic work. This reduction in uncertainty in the
measured delamination energy provides values that agree well with the
adhesion of tungsten on silicon measured by other methods[18,39,48].

3.1.4. The influence of loading rate

Three sets of indents were performed on the 1.9 um film using the
following loading rates 52, 104 and 206 mN/s with an applied load of
350 mN. No change was observed in the load-displacement curves for
the different loading rates, as seen in Fig. 13. The SEM images show that
the 3 indents reached a similar level of delamination (Fig. 14). Table 6
summarizes the similarity in calculated delamination energy from all
three indents due to the same load-displacement curve shape and
similar delamination radii. This suggests that the loading rate has no
effect on delamination energy values and that the delamination mech-
anism is strain rate independent.

3.2. Nanoscratch

3.2.1. Nanoscratch adhesion

Ramped load scratches with maximum load of 70 mN were per-
formed on both samples and observed by SEM (Fig. 15). Both scratches
display plastic deformation initially, followed by sudden fragmentation
(or spallation) at the critical point of failure[30]. The thin film material
behind the indenter was removed at the point of critical failure as the
tensile stress is concentrated on the rear of the indenter while scratching
[49]. Fragmentation is expected to be the dominant failure mode for a
hard coating on a hard substrate[50]. No buckling or blistering is
observed in the initial portions of the scratch.

The normal force and friction coefficient during the ramped portion
are plotted in Fig. 16. Failure in a scratch test is denoted by a sudden
change in the graph of friction coefficient and normal force. The 1.5 pm
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Fig. 15. SEM images of example scratches on 1.5 pm film (top) and 1.9 pm film (bottom) made with a maximum load of 70 mN, scratch time of 30 s, and scratch
length of 250 pm.
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Fig. 16. Normal force and friction coefficient graphs for 1.5 pm (top) and 1.9
pm (bottom), red dotted line indicates the critical point of failure (P.).

Fig. 17. Scratch at 30 mN peak load on 1.9 um film.

Table 7
Properties at point of critical scratch failure.
P.(mN)  dc(pm)  u Iz Ef(GPa)  0(GPa) Gy(J/m?)
1.5 ym 35 2.22 0.28 0.3 410 4.8 43
1.9 pm 58 3.42 0.28 0.3 410 3.4 27

film displayed a lower critical load of 35 mN, while the 1.9 pm film fails
at around 58 mN. This is expected as a thicker film will need a higher
load to fail compared to a thinner film[51-53]. More load is dissipated in
the thicker film before being transferred to the interface, leading to a
higher critical load needed to delaminate the interface.
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The Laugier model[26] gives the adhesive strength of the interface
(o) as:

o~ (r) [0

Where P, is the critical load, d. is the critical scratch width, vy is the film
Poisson ratio, and y is the film coefficient of friction. The scratch width
at the point of failure in Eq. (7) cannot be measured directly from the
residual SEM image due to fragmentation, therefore it is calculated from
the tip geometry and contact depth, assuming a perfectly sharp tip.

2h,
L=
tana

)

(€))

Where h, is the contact depth and a: is the effective cone angle.

To study the validity of the Eq. (8), a scratch with peak load 30 mN
was performed on the 1.9 ym film (Fig. 17). This peak load was less than
the critical load, so no fragmentation took place and the scratch width at
peak load was measured through optical microscopy to be 2.24 ym.
Using the contact depth, the equation above outputted a scratch width of
2.71 um, meaning that Eq. (8) can accurately determine scratch width
from contact depth.

Adhesive strength is related to the adhesive energy by:

o’t

Gd:TEf

)
Where t is the film thickness and E; is the modulus of the film.

The values of these parameters for both films are given in Table 7,
along with the calculated adhesive strength and delamination energy.
Since the elastic modulus of the tungsten film was underestimated in the
previous nanoindentation results, the modulus used for the calculations
was instead based on bulk tungsten values[43]. The friction coefficient
used in the Laugier calculations (¢ = 0.3) was found from low load
scratches (<10 mN) ensuring minimal contribution from material
removal or ploughing friction.

The thicker (1.9 pym) film produced a lower value of delamination
energy due to the higher scratch width despite the higher critical load
compared with the thinner film. The film thickness is an intrinsic
parameter that affects the results of the scratch tests, so direct com-
parisons between the delamination energies of the two samples cannot
be made here. The large film fragments observed in the post-scratch SEM
images suggests that the real adhesive strength of the film is low,
therefore the calculated delamination energies may be overestimated.
Additionally, the occurrence of severe fragmentation also means that the
calculated adhesion energy measured will contain a contribution from
the film fracture energy.

3.2.2. Influence of scratch parameters

Comparison of scratch results in the literature is difficult due to the
high sensitivity to scratch parameters. This section is included to show
the wide range of delamination energy values that are measured from
the scratch test by changing the testing parameters. Table 8 shows all the
combinations of parameters that were tested on the 1.9 um film (face
forward orientation) with the resultant measured critical load and
delamination energy calculated.

The critical load varies measurably with all these parameters and
shows a significant positive correlation with the ratio of dL/dx, which
agrees with previous observations[27,51]. An increase in dL/dx de-
creases the probability of encountering an interfacial defect, leading to
higher value of critical load. No direct dependence on either dL/dt or
dx/dt alone was found on the critical load.

Failure was seen to occur in a large range of contact depths values
ranging from 610 nm to 1,900 nm. No failure was observed at contact
depths greater than 1,900 nm (equal to the film thickness). A range of
delamination energies were calculated ranging from 12 — 27 J/m?.
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Table 8
Various combinations of scratch parameters tested on 1.9 ym film along with critical load and delamination energy.
Peak Load (mN) Scratch Length (um) Scratch Time (s) dL/dt dx/dt dL/dx P, (mN) hc (nm) G
U/m?)
70 250 30 2.33 8.33 0.28 58 610 27
100 180 30 3.33 6.00 0.56 73 717 22
200 250 30 6.67 8.33 0.80 79 751 22
100 100 60 1.67 1.67 1.00 76 720 24
250 200 30 8.33 6.67 1.25 90 810 21
250 100 30 8.33 3.33 2.50 125 980 19
400 100 30 13.33 3.33 4.00 177 1244 15
300 60 10 30.00 6.00 5.00 173 1182 17
500 50 10 50.00 5.00 10.00 118 1003 15
300 20 30 10.00 0.67 15.00 159 1213 13
400 20 30 13.33 0.67 20.00 202 1400 12
600 20 30 20.00 0.67 30.00 237 1494 13
800 20 30 26.67 0.67 40.00 383 1907 12
500 10 5 100.00 2.00 50.00 no failure - -
recorded along with the delamination energy of each is summarized in
0.7 . . . . . Table 9. Edge forward orientation was found to produce higher values of
\ —face forward both critical load and delamination energy, with a range of delamination
0.6 \ edge forward| - energies of 25-49 J/m? (depending on the parameters selected) as
—_ \ compared to 13-27 J/m? from the face forward orientation. Wang et al.
&, 0.5 & [54] have shown that the face forward orientation is more likely to
il . 3 [ b T ey . . . .
c \\\N N e initiate lateral crack formation in the sample, which explains the lower
[} P b .. . .
D critical loads found in our experiments.
& 0.4 1
3
O 03¢t 4 3.3. Comparison and discussion of feasibility of both methods
5 NP '
" 0.2 /ﬂﬂfﬂ" ‘_ i Nanoscratch and nanoindentation experiments have been shown to
E ’ \v "o display different deformation mechanics. In nanoindentation, the indent
0.1 progresses from plastic deformation and surface cracking, to blistering,
z and finally fragmentation. In the nanoscratch experiments, the scratch
progressed from plastic deformation to sudden fragmentation. The
0 : 7 : : : critical loads needed to induce fragmentation in the nanoindentation
40 45 50 o9 60 65 70

Time (seconds)

Fig. 18. Friction coefficient graphs for the face and edge forward orientation.

Generally, lower values of adhesive energy were obtained with higher
ratios of dL/dx and no failure was observed with dL/dx ratios above 40.

Scratches were performed in both the edge forward face and the face
forward face to investigate the influence of the scratch orientation on
delamination energy, for a set of different scratch parameters. Fig. 18
shows the friction coefficient graph for the edge forward and face for-
ward orientation using the same scratch parameters of 70 mN load, 250

tests (400 mN and 460 mN for the 1.5 pm and 1.9 pm film, respectively)
were much higher than the critical loads for fragmentation seen in the
nanoscratch tests (35 mN and 58 mN for 1.5 ym and 1.9 pm film,
respectively). It is expected that the load needed to induce fragmenta-
tion should be higher in nanoindentation since only one force is involved

Table 10

Comparison of range of delamination energies calculated from nanoindentation
and nanoscratch test for the 1.9 um film, along with literature values of tungsten
on silicon thin films.

Delamination Energy

um scratch length and 30 s scratch time. The edge forward direction Nanoindentation (using FEM correction) 2-29 J/m?
. s s . . Nanoscratch 13-49 J/m?
produced higher friction coefficient values compared to the face forward Li . 5
R K o iterature values of tungsten on silicon[18,39,48] 5-15 J/m
case, agreeing with the results of Wang et al[54]. The critical loads
Table 9
Effect of scratch tip orientation on critical load and delamination energy.
Peak Load (mN) Scratch Length (um) Scratch Time (s) dL/dt dx/dt dL/dx P. (mN) hc (nm) G
(J/m?)
Face Forward
70 250 30 2.33 8.33 0.28 58 610 27
400 100 30 13.33 3.33 4.00 177 1244 15
300 60 10 30.00 6.00 5.00 173 1182 17
600 20 30 20.00 0.67 30.00 237 1494 13
Edge Forward
70 250 30 2.33 8.33 0.28 40 437 49
400 100 30 13.33 3.33 4.00 197 1099 30
300 60 10 30.00 6.00 5.00 209 1160 27
600 20 30 20.00 0.67 30.00 443 1722 25
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(normal force), meanwhile the presence of two loads (normal and
lateral) in nanoscratch, lowers the normal load needed for
fragmentation.

Table 10 summarized the values of delamination energies calculated
from the nanoindentation method using FEM data and from the nano-
scratch test. Nanoscratch is seen to give higher values of delamination
energy as compared to nanoindentation because the energy of film
fragmentation is included in the delamination energy calculations. The
scratch analysis developed by Laugier[26] assumes that the work done
by the indenter to fragment the film is small compared to the delami-
nation work, which is not the case for our experiments. Fragmentation
significantly increases the total work during nanoindentation (Fig. 10)
suggesting that fragmentation will also have a significant contribution to
the total work done during scratch. The nanoindentation test with FEM
corrections was found to output results agreeing with literature[39,48].
Comparable values of G were found using the nanoscratch test with high
dL/dx ratios, with the face forward orientation.

The high parameter sensitivity combined with a lack of a standard-
ized parameter selection process for nanoscratching makes the semi-
quantitative values of delamination energy results difficult to inter-
pret. The nanoindentation test is not parameter sensitive and is able to
provide quantitative values of adhesion which agree very well with
values obtained by other methods in the literature[18,39,48].

4. Conclusions

Through nanoindentation, film hardness properties comparable to
bulk tungsten were found due to the plastic zone being contained within
the film at these depths. On the other hand, the Young’s modulus had
high substrate effects, leading to underestimated values (118 GPa).
Corrections to the Young’s modulus led to values (300 GPa) closer to
that of bulk tungsten.

Interface delamination energy was measured using two different
methods; nanoindentation and nanoscratching. In nanoindentation
adhesion analysis, conventional linear extrapolation of the plastic
dissipated work resulted in a range of delamination energy values of
11-162 J/m? and 17-107 J/m? from the 1.5 pm and 1.9 um film,
respectively. FEM simulations of the 1.9 pm film allowed for the plastic
dissipated work to be corrected to give a range of delamination energies
of 2-29 J/m?, agreeing more closely with literature.

Different deformation mechanics were observed in nanoscratch tests.
The scratch progressed from plastic deformation directly to fragmenta-
tion. Tests with a similar set of scratch parameters produced values of
adhesive energy for 1.5 ym and 1.9 ym film were found to be 43 J/m?
and 27 J/m? respectively. Different scratch parameter combinations
were used to show their effect on the values of delamination energy
ranging from 13 to 49 J/m?2. Higher values of dL/dx were found to give
higher critical loads and lower delamination energies. The scratch
orientation was found to be an important parameter that significantly

Appendix
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altered the delamination energy, with face forward orientation output-
ting lower delamination energy values as compared to edge forward.
Nanoscratch adhesion values comparable to those outputted from
nanoindentation and literature were found using high dL/dx ratios and a
face forward orientation. While the observed trends align with findings
in the literature, additional scratches under the same conditions would
further reinforce the statistical significance of these results.

This paper has highlighted the difference in adhesion energies
measured by nanoindentation and nanoscratching. Nanoindentation
measurements showed that fragmentation is an important event that
causes an overestimation of the calculated adhesion energy. Further
work needs to be done on scratch testing to understand the effect of
adhesion energy overestimation caused by fragmentation.
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A mesh convergence study on the effect of mesh on load-displacement curve (indirectly measured through Wirr i.e: area under curve). The number
of mesh elements in the film regions shown with a red arrow (under the indenter) was varied for convergence.
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1x10* mesh elements was selected as optimal mesh size for modelling.
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