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ABSTRACT: The characterization of variations in the
chemical composition and ensuing mechanical properties across
the thickness of coatings with continuously varying composi-
tions through their thickness (graded coatings) presents
considerable challenges for current analytical techniques in
materials science. We report here the direct imaging of
nanomechanical and chemical gradients across cross-sections
of an organosilicone coating fabricated via microwave plasma
enhanced chemical vapor deposition (PECVD). Cross-sectional
nanoindentation was used to determine the mechanical
properties of uniform and graded organosilicone coatings. Both hardness and modulus across the coatings were directly
measured. Additionally, “modulus mapping” on cross-sections was used to map the complex modulus. For the graded coating, it
was found that variations in the complex modulus was predominantly due to varying storage modulus. It was observed that at the
interface with the substrate there was a low storage modulus, which linearly increased to a relatively high storage modulus at the
surface. It is proposed that the increase in stiffness, from the substrate interface to the outer surface, is due to the increasing
content of a cross-linked O−Si−O network. This mechanical gradient has been linked to a change in the Si:O ratio via direct
compositional mapping using ToF-SIMS. Direct mapping of the mechanical and compositional gradients across these protective
coatings provides insight into the changes in properties with depth and supports optimization of the critical mechanical
performance of PECVD graded coatings.

KEYWORDS: nanoindentation, graded, thin films, plasma-enhanced chemical vapor deposition (PECVD), mechanical properties,
plastic

1. INTRODUCTION

Protective thin film coatings are of considerable interest for the
purpose of protecting substrate “bulk” materials against
abrasion, scratching, corrosion, and other damage. For plastic
materials in particular, such coatings can open up many new
applications. Protective coatings on plastics, and in particular
hardcoatings, have been used successfully in a variety of
applications such as in ophthalmic lenses,1,2 automotive
headlights,3 and aircraft windows.4 These hardcoatings are
commonly deposited as a liquid and then cured by thermal or
UV radiation to form an abrasion resistant and durable surface
treatment. An alternative technique is the deposition of a
protective coating via vacuum deposition. One vacuum
technique of considerable interest and practical utility is
microwave plasma-enhanced chemical vapor deposition
(PECVD), which offers fast deposition rates and the ability
to grade chemically and mechanically through the thickness of
the coating.5,6

Currently used hardcoatings are uniform in composition;
however, often it may be preferable to utilize coatings whose
chemical composition varies continuously across their thickness
from the substrate interface to the outer surface. The
compositional variation in such “graded” coatings can be used
to tailor the ensuing mechanical properties; for example, a

protective coating on polycarbonate should possess mechanical
properties similar to those of the substrate at that interface,
whereas the outer surface of the coating should be much harder
so as to be more abrasion resistant.
It is, however, challenging to characterize graded coatings

across their thickness, both chemically and mechanically. The
mechanical characterization of thin films has been a focus of
research for many years.7,8 The development of nano-
indentation techniques has led to an increase in research and
micromechanical understanding of thin film systems.9−12 As
this measurement technique has evolved, improvements have
allowed smaller and shallower penetrations to be made. This
has resulted in the mechanical properties of thin layers to be
determined independent of the influence of the substrate.
Following simple rules, one can obtain reliable results for single
homogeneous layers for both hardness and modulus.10 This
information can then be used to engineer coatings for a
particular application. Nonhomogenous (graded or multilayer)
coatings, in contrast, represent a more complex scenario in
terms of mechanical characterization. While indicative proper-
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ties can be measured on single layers deposited under different
conditions, extrapolating single layer properties to a continu-
ously graded layer may lead to errors in interpretation.13 Depth
sensing indentation normal to the surface can also lead to
errors in data analysis. As a result there has been considerable
work on directly measuring the properties of graded coatings.
Li and Bhushan14 have shown a variation in contact stiffness
due to a change in mechanical properties with depth for
magnetic tapes; however, the values determined were
influenced by the underlying layers. Similar limitations were
also noted by Poornesh et al.15 on the mechanical properties of
graded catalyst layers. It is well-established that indentation
normal to the surface suffers from sublayer influences and, as
such, cannot reliably determine inhomogeneous film proper-
ties.16−18 In an attempt to overcome such issues, Linss et al.19

have shown a level of success by utilizing multiple spherical
indents using indenter tips of different radii. However, the most
promising results have been demonstrated using cross-
sectioning, and then direct mechanical indentation.6,16,20−22

Direct indentation of cross-sectioned samples has been
conducted mostly on multilayer systems.16,17,20 and to a lesser
extent on graded materials.20,23 To help improve the resolution
of the measurements, some researchers have employed small-
angle cross-sectional (SACS) nanoindentation.16,17,24 However,
even at small angles there is considerable influence on
individual measurements by the surrounding sample volume
and, additionally, sample cross-sectioning and preparation can
influence the results. These limitations have hampered the
wider application of this technique in the coating engineering
field.
The study reported here-in addresses limitations of cross-

sectional analysis, by utilizing nanoindentation with increased
resolution and reducing the change per unit volume occurring
within the grading during measurements. First, nanoindenta-
tion equipment with very high resolution was employed in this
study. Second, for the coating system under study, it was
possible to deposit layers with significant thickness, of ∼10 μm.
At this thickness the rate of change in mechanical properties
across the coating was small enough to be within the resolution
of the nanoindentation systems used. This coating thickness
was afforded by the high deposition rates of our microwave
PECVD process. Deposition rates of up to ∼40 nm/s were
achieved, allowing 10 μm films to be deposited without
significant substrate heating or deviation from “real world
conditions”, where typically a coating thickness of 3−8 μm is
used as a protective hardcoating. This range of thicknesses is
challenging to achieve with more conventionally powered radio
frequency (rf) PECVD systems and, as such, there is limited
information in the literature on the direct mechanical and
chemical mapping of these types of coatings.16

This study has applied high-resolution nanoindentation to
directly measure the nanomechanical properties across a
continuously graded coating. Hardness and modulus values
for a homogeneous and a graded coating were determined and
the results compared. Additionally, dynamic indentation was
used to perform modulus mapping to determine the complex
modulus across cross sections and determine both storage and
loss modulus values with submicrometer resolution. For
correlation with mechanical characterisations, analysis of the
compositional gradient achieved during deposition was
performed by ToF-SIMS. The relative performance in two
critical tests (adhesion and abrasion) was determined on the
homogeneous and graded coating and compared to a

commercially available liquid applied homogeneous hardcoat-
ing.
Such characterisations of graded coatings support work

toward designed protective coatings particularly for the
protection of plastic substrates, such as poly(methyl meth-
acrylate) (PMMA) and polycarbonate (PC), for example, for
automotive lights and mirrors, acrylic windows, and ophthalmic
lenses.

2. EXPERIMENTAL SECTION
A. Deposition and Sample Preparation. Substrates of

polycarbonate, aluminum foil, and microscope glass slides were
cleaned with methanol in an ultrasonic bath for 5 min and then blow-
dried with dry nitrogen before loading into the vacuum chamber.
Deposition was performed in a custom-built reactor as shown in
Figure 1. The design is based on systems developed by both Leybold

Optics GmbH and Muegge GmbH.25,26 and used more recently by
Neykova et al.27 Microwave power up to 6 kW and at a frequency of
2.45 GHz was fed into both ends of 4 copper antennas. The antennas
were fed down the center of four aluminum oxide tubes. The tubes are
located along one wall of the chamber and are semienclosed to form
the plasma zone which feeds directly into this region. The total volume
of the plasma glow is ∼9700 cm3 and requires the plasma power levels
used in this study to produce uniform glow zones. The monomer
vapor, to enable deposition, was fed separately through a gas ring
aimed directly at the substrates which are located facing the tubes.
Monomer and gas flows were regulated via mass flow controllers
(MFC) calibrated for the specific gases used. The chamber was
evacuated with a Roots blower (605 m3/h EH500, Edwards) and
Rotary pump (80 m3/h, E2M80, Edwards) combination. The chamber
pressure was monitored with a capacitance manometer (10 Torr,
model #628, MKS) and the system was controlled via a Programmable
Logic Controller (PLC).

The deposition of organosilicone coatings was achieved using a
mixed vapor phase consisting of the monomer tetramethyldisiloxane
(TMDSO) (Sigma-Aldrich, Australia) and oxygen (ultrahigh purity).
The flow of TMDSO was kept constant at 100 sccm (standard cubic
centimeters per minute) for all coatings. Homogeneous coatings for
performance testing and nanoindentation normal to the surface were
deposited on PC at oxygen flows of 200 and 500 sccm to a thickness of
∼4 μm. Graded coatings for performance testing of ∼4 μm thickness
were deposited on PC with oxygen linearly ramped from 200 to 500
sccm. Coatings for cross-sectional analysis of ∼10 μm thickness were
produced with either a constant oxygen flow of 500 sccm for 240 s or a
linearly ramped flow from 200 to 500 over 290 s. The pressure during
deposition varied from 40 to 70 Pa as a result of the oxygen ramp.
Samples were stored in laboratory conditions at 22 °C and RH

Figure 1. Schematic diagram of the microwave PECVD chamber.
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between 30% and 60% in between sample preparation and
measurements.
Samples of 1 × 1 cm2 size were embedded and cut normal to the

surface in an epoxy based mounting resin (Epofix, Struers), see the
Supporting Information, Figure S1. Cross-sectioning was carried out
with a Minitom diamond cutoff machine (Struers) to reveal a suitable
section of the coating. The samples were polished with a Tegramin 30
system (Struers), using 500 and 1000 grit SiC paper with water for 1
min each and then polished with decreasing particle size diamond
polish (DP −Suspension A; 9, 3, 1, and 0.25 μm) with nonaqueous
lubricant for 5 min each. The samples were cleaned with an ethanol
rinse followed by Milli-Q water and then blown dry with dry nitrogen
gas stream.
A commercially available hardcoating (PHC587B, Momentive

Performance Materials, Germany) was used as a reference in the
performance testing. This siloxane based hardcoating was deposited
and cured as per the manufacturers specifications to a thickness of ∼3
μm on PC substrate.
B. Characterization. Indentation measurements were performed

with two different indentation systems, namely a UMIS 2000
(CSIRO) and a TI-950 TriboIndenter (Hysitron). Nanoindentation
was carried out using a UMIS2000 (CSIRO, Australia) with a
Berkovich tip following ISO14577.21 Normal indentation was
performed to a maximum load of 1 mN and unloaded to 20% of
maximum load with a 20 μm spacing. Cross-sectional nanoindentation
was performed under the following conditions. Three sets of 20
indents to a maximum load of 0.35 mN and unloaded to 20% of
maximum load were performed at 2 μm intervals across the sample
surface. For all nanoindentation analysis, corrections were made for
initial penetration, machine compliance (0.00015 μm/mN) and area
correction factor (previously determined from indents on fused silica).
Hardness and modulus were calculated following the Oliver and Phar
method28 and then averaged to give a final value.
Additional nanoindentation was carried out with a TI-950

TriboIndenter nanomechanical test instrument (Hysitron, Minneap-
olis, MN, USA). A diamond cube-corner indenter probe was used.
Three lines of 14 indents were performed perpendicular to the film
interface on each sample to obtain hardness and modulus across the
coating surface. The spacing between indents was 1 μm. Each indent
consisted of a 5 s loading segment to a peak load of 0.2 mN, a 5 s hold
segment, and a 5 s unloading segment. A 15 × 15 μm2 scan was
performed across the surface of each sample using the dynamic
modulus mapping technique. The interpretation of the references to
color in the modulus mapping figures is contained in the web version
of this article. The same diamond cube-corner probe was utilized. The
measurement was performed at 200 Hz with a set-point of 4.0 μN and
a dynamic load of 0.5 μN. The dynamic load was selected to produce
displacement amplitudes of approximately 1−2 nm within the film.
Time of flight−secondary ion mass spectrometry (ToF-SIMS)

experiments were performed using a Physical Electronics Inc. PHI
TRIFT V nanoTOF instrument (Physical Electronics Inc., Chanhas-
sen, MN, USA) equipped with a pulsed liquid metal 79+Au primary ion
gun (LMIG), operating at 30 kV energy. Dual charge neutralization
was provided by an electron flood gun and 10 eV Ar+ ions.
Measurements were performed at a pressure of ≤5 × 10−6 Pa.
“Bunched” Au1 instrumental settings were used to optimize mass
resolution. Prior to analyses, the surface was sputter cleaned for 10 s
using a 20 kV C60 ion gun (Ionoptika, Southampton, UK). Spectra
were collected in positive and negative SIMS modes, using a 25 by 25
μm raster area. ToF-SIMS spectra were calibrated using the
WinCadenceN software (Physical Electronics Inc.). Particular care
was required in the preparation of the coating for ToF-SIMS analysis.
The coating was deposited onto an aluminum substrate and then
embedded in silver loaded resin. The high conductivity of the
mounting system avoided charge buildup during analysis. Data were
collected from at least two positions per sample, to ensure that the
overall data were representative of the samples. Three line scans per
position per sample were generated across each cross-section. Each
point on the line scan is an average of 7 pixels, which was equivalent to
the width of the line.

Adhesion was measured according to ASTM D3359−02 in three
different locations on three different samples. A quantitative measure
of the level of adhesion is achieved by assessing the amount of coating
removed from the cross-hatch area with adhesive tape, 3 M #600 (pull
of force on metal 44 N/100 mm width).29 This was then converted
into a score from 0 to 5 using the standard rating system, where 0
indicates complete delamination and 5 indicating no coating has been
removed

The abrasion resistance was determined by the Bayer abrasion
test.30 In this test a Taber oscillating abrasion tester (model 6100) was
used as per previously described procedure.31 In this test, the abrasion
resistance is quantified by the Bayer ratio, which takes account of the
change in haze of the sample before/after abrasion with reference to
the haze change observed for a reference sample. Both the sample and
the reference were measured for haze using a HunterLab UltraScan
Pro instrument. In this study, an uncoated PC was used as the
reference sample, for determination of the Bayer ratio. Thus, a Bayer
ratio of 1 corresponds to the abrasion resistance of uncoated PC. The
larger the determined Bayer ratio, the greater the abrasion resistance
relative to the reference sample. Three samples per variant were tested
and the results averaged.

3. RESULTS
A. Nanomechanical Analysis. Preliminary mechanical

analysis was carried out with the UMIS system, normal to the
surface, on the materials used in this study, that is, glass, PC,
PMMA, mounting resin and two homogeneous coatings, see
Table 1. The homogeneous coatings were deposited onto PC at

a low oxygen flow to create a “compliant” layer and at high
oxygen flow to create a “hard” layer. Deposition parameters
were chosen to replicate conditions used to previously deposit
protective coatings on polymer substrates.32,33

Coatings of graded composition were deposited onto glass
substrates for the purpose of cross-sectional analysis. A glass
substrate was chosen so that a distinct difference in mechanical
properties between the substrate, the coating, and the mounting
resin could be observed. Normally these coatings would be
deposited on a PC or PMMA substrate. As these coatings are
designed to match the mechanical properties of these
substrates, it was found with this arrangement, that it was
difficult to identify the substrate−coating interface.
Figure 2 shows indentation data from the UMIS system with

a graded coating. Cross-sectional analysis was carried out on the
same indentation system as was used to determine the
mechanical properties normal to the surface, data in Table 1.
This allowed the direct comparison between the nano-
indentation performed normal to the surface and that

Table 1. Hardness and Modulus of Relevant Materials and
Homogenous Coatings Deposited at Low and High Oxygen
Flowsa

material sample
hardness
(GPa)

modulus
(GPa)

glass substrate 6.9 ± 0.7 66.8 ± 8
resin encapsulate 0.4 ± 0.05 5.2 ± 0.6
PC substrate 0.2 ± 0.05 2.2 ± 0.5
PMMA substrate 0.3 ± 0.05 3.5 ± 0.5
“compliant” homogenous
coating On PC substrate

oxygen flow
200 sccm

0.2 ± 0.05 2.5 ± 0.3

“hard” homogenous coating
On PC substrate

oxygen flow
500 sccm

1.2 ± 0.1 8.6 ± 0.8

aMeasurements were performed using the UMIS nanoindenter,
normal to the surface. Errors were determined from standard deviation
of the measurements (n = 20).
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performed on the cross-section, using the same indentation
protocol.
Indentation was only possible every 2 μm because of system

limitations. The indent at position 0 μm has clearly been
influenced by the interface with the glass, as the hardness and
modulus values are higher at 0.7 and 6.3 GPa, respectively. At
position −4 μm, the mechanical properties match those of
glass, see Figure S2a in the Supporting Information. Note that
the indents positioned at the 10 and 12 μm mark show
decreased hardness and modulus values, because of the
influence of the mounting resin. These points indicate the
position of the substrate-coating and coating−resin interfaces.
Four data points (positions 2 to 8) fall within the coating, and
these data show a significant increase in both hardness and
modulus. The low oxygen flow (soft) coating is representative
of the conditions at the start of the grading and the high oxygen
flow (hard) coating is representative of the conditions at the
end of the grading. There is general agreement between values
from indentations normal to the surface on homogeneous
coatings to those recorded with cross-sectional indentation on a
graded coating at the respective positions.
Further mechanical analysis was performed with a Hysitron

TriboIndenter. This analysis directly compared a coating
deposited under constant oxygen flow of 500 sccm (referred
to as the uniform coating) with a coating deposited with
increasing oxygen flow from 200 to 500 sccm (the graded
coating). Figure 3a shows hardness and modulus values for the
uniform coating at 1 μm intervals. It is noted that the
measurements at the interface transition points of glass to
coating (position −1 and 0 μm) and coating to resin (position
11 μm) show values between those of the glass and the coating
at the first interface, and between coating and resin at the
second interface. For these points, the mechanical properties
were influenced by a combination of the materials at the
interface and, as such, there was a volume averaging effect. At
position −2 μm the mechanical properties match those of glass,
see Figure S2b, c in the Supporting Information.
The size of the measurement transition was estimated from

observation of the position at which the measurement returned
to its “true” value. From the observations, it was estimated that
each measurement point was influenced by the surrounding
material out to a radius of ∼1 μm. The uniform coating has a
hardness of ∼0.75 GPa and a modulus of ∼3.5 GPa. The data

show that there was no significant change in mechanical
properties across the cross-section, as would be expected from a
uniform coating.
Figure 3b shows the nanomechanical data for the graded

coating. At the interface with the substrate (glass) the coating
has a hardness and elastic modulus of 0.16 and 0.83 GPa
respectively. The mechanical properties of this layer are
comparatively soft and flexible, as expected for a low oxygen
flow organosilicone plasma coating.34 A clear increase was
observed across the cross-section with both the hardness and
the modulus values at the coating-resin interface reaching 0.72
and 4.5 GPa respectively. The hardness and modulus values at
this “outer” surface of the coating are comparable to those of
the uniform coating deposited under the same conditions.
Both the UMIS and Hysitron data indicate a grading in the

mechanical properties that is linear. A linear fit of the hardness
and modulus data returns an R2 > 0.85. It is noted that there is
a difference in the absolute values between the two systems
with the UMIS data tending to be higher in both hardness and
modulus. This discrepancy most probably arises from a
combination of different loads used in the indentation
procedure (UMIS ∼0.35 mN and Hysitron ∼0.2 mN) and
the use of differently shaped indenter tips. The Hysitron system
used a cube corner indenter, whereas the UMIS system used a
Berkovich tip, and the relative sharpness of the two tips would
produce different sized plastic zones, which most likely
accounts for the difference in results.35

B. Complex Modulus. Dynamic indentation was per-
formed with the modulus mapping technique of the Hysitron
TriboIndenter. A 15 × 15 μm2 area was scanned with a low
load to produce a high resolution map of the elastic properties
of uniform and graded samples, specifically its complex
modulus. At shallow indentation depths the indenter tip can
be considered spherical;10 and thus the response of the system

Figure 2. Mechanical properties of the graded coating as a function of
position, as measured with the UMIS nanoindenter: hardness (▲) and
elastic modulus (■). Error bars were determined from the standard
deviation of 3 data sets. Shaded lines are located at the glass-coating-
resin interfaces.

Figure 3. Mechanical properties as a function of position across the
cross-section as measured by the Hysitron system: (a) for a uniform
coating and (b) for a graded coating. Hardness (▲), and elastic
modulus (■). Error bars were determined from the standard deviation
of the 3 data sets. Shaded lines are located at the glass-coating-resin
interfaces.
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to the measurement was assumed to be purely elastic. The
complex modulus can be separated into its real and imaginary
parts, which are known as the storage and loss modulus,
respectively. Figure 4 shows complex modulus, storage modulus

and loss modulus maps for both uniform and graded coatings.
In each image the glass substrate is on the left-hand side, the
coating in the middle and the mounting resin on the right-hand
side, arrows indicate each materials extent. There are some
anomalies at the coating-resin interface, which are attributed to
the small change in height at this interface produced during
sample preparation. The change in modulus is depicted by a
color change, as described by the scale bar at the bottom of the
images. In all images a dark color corresponds to a low modulus
and a light color corresponds to a high modulus. With this
color scale, the glass substrate appears as completely white.
Figure 4a shows a uniform color indicating a uniform modulus.
Figure 4d shows a dark color at the substrate-coating interface
changing to a lighter color at the coating-resin interface, as
expected on the basis of the coating becoming harder with
increasing oxygen flow across the cross-section.
The map image for the storage modulus for the uniform

coating is shown in Figure 4b and for the graded coating in
Figure 4e. The storage modulus for the uniform coating is
homogeneous throughout the cross-section examined, as

indicated by a constant color across Figure 4b. In contrast
Figure 4e. shows a clear change in color from dark to light,
indicating an increase in the storage modulus for the graded
coating.
Figure 4c shows the mapping of the loss modulus of the

uniform coating and Figure 4f for the graded coating. The loss
modulus map shows some noise in the form of a grainy image,
this is due to the small value of the loss modulus for these
coatings, between 0 and 0.3 GPa. In Figure 4c, there is no
change in color across the cross-section, indicating a uniform
loss modulus. In Figure 4f, there is a slight dark region at the
glass-coating region becoming lighter toward the interface
between the glass substrate and the coating. This indicates a
very small grading in the loss modulus for the graded coating.
Thus, in summary, the variation in oxygen flow during

deposition to produce the graded coating has predominately
resulted in a gradient of the storage modulus of the coatings,
with only a small gradient observed in the loss modulus.

C. Chemical Analysis. Positive and negative ion scans were
carried out by ToF-SIMS, and clear signals for Si+, O−, and Al+

were detected. Despite precautions against charge build up,
significant signals could not be detected for carbon-containing
ions. It was expected that the carbon content of coatings would
change with oxygen flow, as has been reported previously.36

The intensity of Si+ did not show any grading for either the
uniform coating or the graded coating, in accord with
expectations, as a previous study using XPS reported that the
silicon content of a plasma coating is not influenced by the
oxygen to TMDSO ratio.36 Figure 5a shows the O− signal from

Tof-SIMS surface scans for the graded coating. A change in
color, from dark to light, was observed in the cross-section,
indicating an increase in the O− signal from the substrate to the
surface of the coating. The chemical map for the uniform
coating showed a constant O− signal across the cross-section
(data not shown). Figure 5b shows an overlay image of the Si+

and Al+ signals, this more clearly defines the boundaries of the
coating.
Three line scans, as indicated by the colored rectangles in

Figure 5a, were averaged and the average plotted in Figure 6.
The substrate−coating interface has been defined as the
midpoint between the substrates chemical signature and the
coatings chemical signature. The interface has been nominally
located at 0 μm position. The O− signal measured at the
substrate is high and this is most likely due to the presence of
an oxide layer on the aluminum. The O− signal drops
significantly at the interface, indicating the beginning of the

Figure 4. Modulus mapping imaging on samples produced with
uniform oxygen flow showing (a) complex, (b) storage, and (c) loss
modulus and graded oxygen flow showing (d) complex, (e) storage,
and (f) loss modulus. Images are of a 15 × 15 μm square. Color bar
indicates the magnitude of the modulus in GPa. Low modulus is
indicated by a dark color, a high modulus by a light color.

Figure 5. ToF-SIMS mapping of the graded coating (a) O− (yellow)
signal and (b) an overlayer of the Si+ (green) and Al+ (red) signal.
Rectangular windows represent areas where the line scans where taken.
Scale bar is 10 μm. Arrows indicate each materials extent.
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low oxygen flow coating and rises again to a maximum at the
resin interface. A clear increase in the O− signal can be
observed across the thickness of the graded coating and this
increase matches the increase seen in mechanical properties.
D. Performance Testing. For automotive or aerospace

applications, protective coatings on plastics must adhere well
and provide an increased level of abrasion resistance. To
establish the relative performance of homogeneous and graded
coatings, we undertook performance-based testing. Homoge-
nous and graded coatings were deposited on PC, their
performance was assessed via adhesion and abrasion resistance,
Table 2. The results show that the graded coating achieves a

compromise between adhesion and abrasion resistance that
homogeneous coatings cannot. It shows better adhesion and
almost the same level of abrasion resistance to that of the
“hard” coating. A commercial hardcoating was tested as a
suitable performance reference.

4. DISCUSSION
A. General Interpretation. Cross-sectional analysis has

been successfully used to detect and image changes in
mechanical and chemical properties between uniform and
graded coatings. The measurements established that a linear
increase in mechanical and chemical properties was achieved
across the thickness of the graded coating. Previous work has
predominantly used separate measurements at constant

deposition parameters to measure the coatings characteristics.
The characteristics of subsequent graded coatings made under
continuously changing deposition parameters were then
inferred from these previous measurements.37,38 This technique
can deliver good results that show a match between
homogeneous coating properties and that of gradient coatings.
It is postulated that this technique may miss important effects
caused by continuous deposition. It also may not be feasible to
produce individual coatings from a particular deposition system,
or that these individual measurements are not representative of
the continuous deposition.39 Alternatively, direct indentation
normal to the surface of graded materials has been conducted,40

but suffers from discrepancies due to errors in the assumptions
made and limitations in the modeling.13

This study has shown that the mechanical properties
measured via normal indentation on separate coatings
deposited under conditions representative of the start and
finish of the grading (Table 1) agree with the start and end
points of the cross-sectioned sample. As discussed above, one
could infer the grading from these individual measurements;
however, using direct indentation of the cross-section this study
has identified that the gradient between these two points is
indeed linear in nature. The data in Table 1 were closely
compared with the indentation data in Figure 3. A slight
discrepancy was observed in that the high oxygen flow coating
displayed a higher modulus than the graded coating at the final
point; this is most likely due to insufficient spatial resolution
causing an averaging effect at the interface with the resin. This
observation places a limitation on how to interpret the cross-
sectioned indentation data at the interface, with either substrate
or resin, highlighting that one must exercise caution when
analyzing such regions.
Ideally, the concept of grading is such that a coating is made

mechanically compliant at the interface with a polymer
substrate and then the mechanical properties are increased so
that, at the surface, the coating is hard and abrasion resistant.
The compliant substrate interface addresses the problem of
coating delamination by interfacial stress caused by flexing,
temperature changes, and other effects. By matching the
mechanical properties of the initial stages of the coating to that
of the substrate, compatibility is enhanced and interfacial
stresses are reduced. This concept has been discussed by
Ramalingam and Zheng,41,42 who studied high hardness
coatings on metals, and Jen et al.,43 who studied barrier films
on Teflon. They both discuss the use of interlayers to achieve a
mechanical match between substrate and coating. In the
worked described here, we have transferred this concept to low
temperature coatings on plastics using a graded coating to
achieve the desired match in mechanical properties. Table 1
lists the hardness and modulus values of the two plastics that
these coatings have been applied onto (PMMA and PC). The
mechanical properties of the graded coating in the initial stages
of the grading are ∼0.2 and 2.1 GPa. The graded coating
examined has achieved a close match in properties to those of
both polymers (see Figure S3 in the Supporting Information
for schematic).
On increasing the mechanical strength of the surface of the

coating, a hard outer layer results in the imparting of abrasion
resistance. The analysis presented in this study has confirmed
that this concept has been achieved with these coatings.
Preliminary performance in adhesion and abrasion resistance
(Table 2) has shown that grading has led to an enhanced
adhesion while abrasion resistance was maintained. A

Figure 6. Line scans of the O− (solid line) and Si+ (dashed line) signal,
which are an average of the three areas indicated by the rectangular
windows for the uniform (red, ▲) and graded (blue, ■) samples.
Error bars are indicative of the standard deviation between the three
line scans performed on each sample. Shaded lines are located at the
substrate−coating−resin interfaces.

Table 2. Performance Data Comparing Homogenous and
Graded Coatingsa

deposition
conditions

oxygen
flow

(sccm)

adhesion
(rating out of

5)
abrasion resistance

(Bayer abrasion ratio)

“compliant”
homogeneous
coating

200 4 ± 0.5 2.2 ± 0.4

“hard”
homogeneous
coating

500 2 ± 0.5 5.1 ± 0.6

graded coating 200−500 4 ± 0.5 4.6 ± 0.7
PHC587B resin
hardcoating

n.a. 5 ± 0.5 6 ± 0.9

aErrors were determined from standard deviation.
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comparison with the performance of a commercially available
liquid resin hardcoating has shown that the graded coating
requires further optimization. Further, mechanical and
durability testing of such graded coatings will be reported
elsewhere.
Potential errors due to long-range effects in the indentation

measurements should be considered when interpreting these
results. As can be seen in the transition between substrate and
coating there was a 1−2 μm area in which the results are
determined by a combination of the materials in the measured
volume. This is in agreement with the results of Cedaka et al.;44

however, this is no different to indentations performed at
normal incidence or at small angles. These other techniques
also suffer from unwanted influences from surrounding
materials. Importantly, surface roughness effects should also
be considered. There are two points to be made. First, both the
uniform and graded coatings have been cross-sectioned and
polished at the same time, and it was found that there was no
significant difference in surface roughness between the two
samples. As such, any surface roughness influence should be
comparable for the two systems measured. Second, for the
standard hardness and modulus measurements, penetration
depths (hp) were between 150 and 500 nm. The surface
roughness was well below the suggested limit of hp/20.

45 For
dynamic indentation with a 4 μN indentation load, the
penetration depth was approximately 15−20 nm. At these
low penetration depths, the surface roughness was less than the
0.75 nm limit, and so would have had a minimal effect on the
projected contact area.
The deposition rate has been shown to be influenced by the

variation in the oxygen to monomer ratio.36,46 At the beginning
of the grading (TMDSO/O2 = 100/200) the deposition rate
was ∼27 nm/s, and this reached a maximum of ∼42 nm/s at
TMDSO/O2 = 100/360, after which it dropped slightly to ∼40
nm/s at TMDSO/O2 = 100/500. Theoretically, this will result
in the early part of the grading having a smaller thickness than
the final part. Figure 7 shows the thickness calculated from the

expected deposition rate, as the graded coating was deposited.
A straight line, which represents the thickness that would result
from a constant deposition rate, is also plotted for reference.
Here the variations in deposition rate with oxygen content were
small enough for the deviation from a straight line to be
acceptable. The resolution of the mechanical and chemical
measurements was not sufficient to reveal this deviation.
B. Complex Modulus Interpretation. Complex modulus

is a measure of the resistance of a material to deformation. It

consists of two components, the real (storage modulus) and
imaginary (loss modulus) parts. The storage modulus relates to
a material’s elastic response, and the loss modulus relates to a
material’s viscous response. At the measurement frequency
used (200 Hz), the coating system studied had a high storage
modulus and a small loss modulus; thus they can be described
as viscoelastic. However, as the loss modulus is small, the
material is deforming predominantly in an elastic manner. For
the graded coating the change in mechanical properties across
its thickness was observed to occur predominantly in the
storage modulus component, that is, the observed grading
resulted in changes of the elastic properties. At the substrate,
the coating was compliant, which is desirable for use on plastic
substrates, as this will give an enhanced mechanical match
between substrate and coating. Such a result is advantageous for
robust adhesion47 and, as discussed earlier, is expected to
enhance durability in performance based testing. The storage
modulus linearly increased with thickness and at its surface the
coating was stiff and is predicted to provide a high level of
abrasion resistance. Previous work supports the validity of the
approaches we have used to characterize our gradient coatings.
Similar measurements were used to probe nanometer sized
features by Shilo et al.48 and were shown to produce superior
resolution compared to other modulus mapping studies.49

The increase in storage modulus toward the surface
corresponds with decrease in the TMDSO to oxygen ratio
during deposition. Correspondingly, there is a change in the
Si:O ratio in the coating as confirmed by the ToF-SIMS
measurements. It has been reported46,50−52 that oxygen gas
added to a siloxane plasma performs a major role in the
fragmentation process. The efficiency with which it changes the
mechanical and chemical properties of a PECVD coating makes
it a useful parameter for tuning coating properties. With the
increase in oxygen flow into the chamber, an associated increase
in pressure was observed. This would also act to reduce the
mean free path of the gases and the increase the plasma density.
Hegemann et al.53,54 report on the previous work performed in
this area, for large changes in pressure, a plasma can transition
from a volume-dominated discharge to a corner-dominated
discharge. However, in most cases, a limited pressure change
has little to no effect on deposition rate and limited effect on
film formation. In studies where pressure has been kept
constant while the TMSDO to oxygen ratio varied, similar
changes to coating chemistry and structure were reported.50,51

As such, although the effect of the two parameters cannot be
separated for this study, it is proposed that the oxygen driven
reactions dominate the film formation.
Previous NMR and FTIR55,56 studies have shown that

coatings produced with high oxygen flow have a highly cross-
linked O−Si−O network. Predominantly their network consists
of Si−O in a Q (quaternary) structure, where Si is bound to 4
oxygen atoms. Coatings produced at lower oxygen flow tend to
have more termination type bonds, O−Si−R where R can be H,
OH, or CHx. In NMR terms, the structure is made up of more
M (monofunctional), D (difunctional), T (trifunctional)
structures. This structural information can now be linked to
the coating’s increasing storage modulus, as described here. As
the oxygen flow was increased the coating changed from a
compliant low modulus coating to a stiff, high modulus and
highly cross-linked structure. It appears reasonable to postulate
that this increase in cross-linking is predominantly responsible
for the increase observed in the storage modulus toward the
surface of the graded coating.

Figure 7. Calculated total thickness based on expected deposition
rates at the various TMDSO and oxygen flows (⧫) and solid black line
representing the calculated thickness for a constant deposition rate.
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This study has shown the feasibility of using nanomechanical
mapping on cross sections of graded coatings to determine key
mechanical and compositional characteristics. Further work is
being undertaken to change the profile of the grading and to
relate this to mechanical performance based analysis. It is
intended to use the present cross-sectional analysis approaches
to assist the optimization of graded coatings.

5. CONCLUSIONS
Cross-sectional mapping has been achieved for both mechanical
and compositional properties of PECVD coatings. These
techniques are essential tools for studies aiming to tailor such
properties for better compliance with those of plastic substrates,
such as polycarbonate. The mechanical cross-sectional data
show that our organosilicone graded coatings indeed possessed
the intended structure of a compliant substrate interface and a
hard, abrasion resistant surface. Performance testing showed
the enhanced adhesion and abrasion resistance of the graded
coating over the homogeneous coating. The resolution of the
hardness and modulus measurements was limited to 1 μm due
to the influence of the surrounding material. However, the high
deposition rates obtained with the microwave PECVD system
has allowed sufficiently thick coatings to be deposited and
characterized with acceptable resolution.
Modulus mapping using very low, oscillatory loads has

provided high resolution 2D maps of homogeneous and graded
coatings. It was found that the dominant change in the coating’s
complex modulus was in the storage modulus component. This
has been associated with an increase in the O−Si−O network
of the coating as the oxygen flow is increased. Complementary
information was obtained via ToF-SIMS, which showed a linear
change in the O− ion signal across the graded coating. As such,
the change in mechanical properties could be directly linked to
a change in chemical composition. It is expected that such
direct cross-sectional analyses will be useful for optimization of
the profile in mechanical properties of graded coating so as to
enhance durability performance.
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