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The mechanical properties of plasma-polymerised hexane films have been investigated by
nanoindentation. All the samples studied were harder and stiffer than conventional
thermoplastic polymers and also exhibited lower creep rates. Systematic changes in the
hardness and modulus were identified with varying deposition power, a parameter related
to the degree of cross linking. C© 2002 Kluwer Academic Publishers

1. Introduction
Application of plasma polymers and inorganic plasma
deposits, also obtained from organic precursors, has
been realised in a diverse range of manufacturing sec-
tors where well-adhered and pinhole-free thin coatings
are desirable. Examples include corrosion protective
barrier coatings on reflectors [1], gas permeation bar-
rier coatings in packaging [2], coupling and coorrosion
prevention layers on to steel [3], anti scratch and an-
tireflective coating on polymeric ophthalmic lenses [4]
and adhesion promotion pre-treatments on aluminium
[5]. Film thicknesses of less than 100 nm are desirable
in many of these applications.

Clearly, detailed knowledge of the relationship be-
tween the deposition parameters and the resultant me-
chanical properties of the plasma polymer is necessary
if coatings are to be optimised for specific applications.
Methods for evaluating the mechanical properties of
bulk polymers, such as tensile and hardness testing, are
clearly not suited to the investigation of supported thin
films. For example, in microhardness testing, the large
applied loads and penetration depths necessary to im-
age the resultant indent result in an indentation response
dominated by the underlying substrate [6].

To optimise the mechanical properties of plasma
polymers and other thin polymer films it is necessary
to use depth-sensing indentation (nanoindentation) to
measure these properties on the nanoscale. Although
more commonly used to characterise the mechanical
properties of hard coatings and surface-modified layers
[7–13], nanoindentation has been employed to investi-
gate the mechanical properties of polymeric materials.
These studies have shown that, with careful choice of
the experimental parameters, nanoindentation can pro-
vide reliable quantitative measures of the hardness and
the elasticity (modulus) of thick polymer films and bulk
polymers [14–19].

∗Author to whom all correspondance should be addressed.

To date there has been very little published work on
the mechanical properties of plasma polymers. Benı́tez
and co-workers have investigated the mechanical prop-
erties of thin films of plasma polymerised hexamethyl
disiloxane in a DC glow discharge plasma [20–22]. The
thin films were deposited on polycarbonate (PC) sub-
strates and found to improve the mechanical properties
of the PC. The hardness was found to vary with the com-
position of the gas mixture, with higher values obtained
for oxygen/monomer mixtures than for those from pure
HMDSO. In an earlier study, Kettle and co-workers de-
termined a clear correlation between the elastic modu-
lus of the sample and the flow rate of oxygen into the
plasma [23], with increases in modulus from 2.06 GPa
in pure HMDSO plasma to a maximum of 5.47 GPa at
high oxygen flow rates. Both these research groups in-
terpreted the differences in behaviour in terms of a tran-
sition between an effectively organic “polymer-like”
film for the pure monomer to a more inorganic “silica-
like” film when the proportion of oxygen in the gas
mixture is increased. Characterisation of the chemistry
of the films of Kettle et al. using X-ray photoelectron
spectroscopy support this interpretation [24].

Here, we assess the suitability of nanoindentation
to the characterisation of plasma polymerised hexane
(ppHex) films. The influence of the deposition power
(P) on the mechanical properties of the ppHex films
is determined and compared to those of some conven-
tional polymers.

2. Experimental
2.1. Materials
A range of in-plasma and downstream plasma-
polymerised hexane films were prepared on aluminium
(99.999%), that had been electropolished to give a
smooth and defined surface at a cell voltage of 20 V
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in an 80% ethanol/20% perchloric acid mixture at tem-
peratures less than 5◦C for 240 s. After electropolish-
ing, the specimens were rinsed thoroughly in ethanol
before drying in a cool air stream. The details of the
plasma deposition apparatus are presented elsewhere
[25]. Deposits on the electropolished aluminium were
made both in and downstream of the plasma area with
the thickness estimated using a quartz crystal microbal-
ance located in a position equivalent to that of the sam-
ple and assuming a plasma polymer density of 1000
kg/m3. Hexane (Aldrich) monomer was degassed us-
ing a freeze-thaw cycle prior to use. All ppHex sam-
ples were produced at a hexane flow rate of 2.0 × 10−6

m3min−1 at standard temperature and pressure, and a
pre-ignition pressure of 33 Pa (Base Pressure = 1 Pa).
As a consequence of slower deposition rates for the
downstream samples, these films were thinner than their
in-plasma analogues.

2.2. Nanoindentation
A NanoTest System manufactured by Micro Materi-
als was used for the nanoindentation testing. Details
of the specifications of the instrument are published
elsewhere [6, 7]. The NanoTest is a pendulum-based
depth-sensing system, with the sample mounted verti-
cally and the load applied electromagnetically as shown
schematically in Fig. 1. Current in the coil causes the
pendulum to rotate on its frictionless pivot so that the
diamond probe penetrates the film surface. Test probe
displacement is measured with a parallel plate capacitor
achieving sub-nm resolution.

A Berkovich (three-sided pyramidal) diamond in-
denter was used throughout. The area function for the
diamond (used to determine the contact area for a
given depth) was calibrated by indentations into fused
silica from 0.5–200 mN. The measured depth is sub-
sequently adjusted for the effect of instrument compli-
ance in the software before analysis. Two approaches
to study the variation in mechanical properties with
indentation depth were employed. These were (i) sin-
gle repeat indentations to 0.2, 0.3, 0.6, 1.2, 5.0 and
10.0 mN and (ii) 20-cycle load-partial-unload experi-
ments. Typical experimental conditions for the single

Figure 1 Schematic of the NanoTest system.

indentations were:- initial load 0.02–0.03 mN, load-
ing rate = unloading rate = 0.03–0.64 mN s−1, 30–60 s
holding period at peak load. Indentations were load-
controlled (constant velocity) to a set maximum load
(or to a maximum depth of 150 nm in some experi-
ments) and were repeated on different regions of the
film surface to determine the mechanical homogene-
ity of the samples. The load-partial-unload experiments
covered the depth range 50–1500 nm. The loading and
unloading rate was 0.21 mN/s and the dwell time was
30 s. The target unloading proportion was 10% of the
current maximum load for that cycle. The data were
analysed with the Oliver and Pharr method [9] as de-
scribed below.

2.3. Indentation data analysis
A schematic of an idealised loading-unloading cycle
from an elastoplastic material is shown in Fig. 2. For
clarity creep occurring during the hold period at maxi-
mum load has been omitted. The depth vs. load unload-
ing data was fitted to a power law function, as originally
proposed by Oliver and Pharr [9], to determine the hard-
ness and modulus of the film, after correction for the
effects of instrument compliance (Equation 1).

Contact compliance (C) = Total compliance (Ct)

− Machine compliance (Cm) (1)

The power law function has the form

P = a(h − hf)
m (2)

where P is the load, (h − hf) is the elastic displace-
ment, and a and m are material constants. The indenter
contact (or plastic) depth, hc, is determined from the
expression:

hc = hmax − ε(CPmax) (3)

where C is the contact compliance equal to the tangent
at maximum load (Pmax). The value of ε depends on the
pressure distribution that is established after the plastic
deformation and is therefore a function of the indenter
geometry. For flat punch indenter ε is 1, for a sphere
ε is 0.75, cone ε is 0.72, and for a Berkovich indenter
ε is taken as 0.75 since most indenters have a rounded
tip. The plastic depths corresponding to these indenter
geometries are shown in Fig. 2. The hardness (H ) is
determined from the peak load (Pmax) and the projected

Figure 2 Schematic of the single indentation response from an idealised
elasto-plastic material.
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area of contact, A:

H = Pmax/A (4)

The unloading portion of the depth-load curve is anal-
ysed according to Equation 5 to obtain the elastic mod-
ulus.

C = π0.5/(
2Er A0.5) (5)

where C is the contact compliance, A is the contact area
and Er is the reduced modulus defined by

1/Er = (
1 − ν2

s

)/
Es + (

1 − ν2
i

)/
Ei (6)

where νs = Poisson’s ratio for the sample, νi =
Poisson’s ratio for the diamond indenter (0.07), Es =
Young’s modulus for the sample and Ei = Young’s
modulus for the indenter (1141 GPa). In this paper Er
values are reported.

The creep data acquired during the holding period at
maximum load (dwell time) were fitted by the general
logarithmic equation for nanoindentation creep (Equa-
tion 7).

h = A ln(Bt + 1) (7)

where h = increase in depth at maximum load, t = time,
and A and B are fitting parameters.

3. Results
The plasma-polymer mechanical properties were inves-
tigated using both the single indentation and the load-
partial-unload techniques.

Illustrative single-indentation curves from 1500 nm
thick in-plasma samples deposited at 25 and 100 W
are presented in Fig. 3. The film deposited at 100 W is
harder and more elastic recovery is observed during un-
loading than for the 25 W film. The harder film is also
more resistant to creep deformation occurring during
the hold period (30 seconds) at maximum load. Re-
peated single indentations at different locations on the
surface reveal lateral homogeneity of the indentation
behaviour of the samples.

Figure 3 Typical single indentation measurements to maximum depth
of 150 nm on a 1500 nm thick in-plasma films deposited at P = 25 W
(open squares) and a 1500 nm thick P = 100 W (filled diamonds).

Figure 4 Variation in hardness with indentation depth for in-plasma
films deposited at P = 10 W (triangles), P = 25 W (circles) and
P = 100 W (squares) calculated from a number of single indents. The
25 W and 100 W films were 1500 nm thick and 10 W film was 300 nm
thick.

Figure 5 Variation in reduced modulus with indentation depth for in-
plasma films deposited at P = 10 W (triangles), P = 25 W (circles) and
P = 100 W (squares) calculated from a number of single indents. The
25 W and 100 W films were 1500 nm thick and 10 W film was 300 nm
thick.

The variation in mechanical properties with inden-
tation depth determined from repeated single indenta-
tions is shown for 100, 25 and 10 W films in Figs 4
and 5. Within the precision of the data, it is not pos-
sible show a clear trend in the hardness of the 25 or
100 W samples with depth at indentation depths less
than 400 nm, although there may be a small increase in
hardness approaching the surface of the coatings. The
hardness of the 100 and 25 W films clearly decreases
with increasing indentation depth after plastic depths
of about 400 nm. The rapid increase in the modulus for
the P = 10 W sample is indicative of the heightened
influence of the aluminium substrate on this thinner
(300 nm) coating.

The effect of loading rate and dwell time on the in-
dentation behaviour are summarised in Table I. Varying
the loading rate had little influence on the indentation
behaviour of the 25 W films. The effect of varying the
hold time on the mechanical properties of the plasma
polymers is summarised in Tables II and III. Increasing
the hold time from 30 to 180 s decreased the calculated
hardness and slightly increased the elastic modulus.
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T ABL E I P = 25 W in-plasma films—variation in mechanical prop-
erties with hold time and loading rate

Deposition Dwell Load Plastic
power time rate depth
(W) (s) (mN/s) (nm) H (GPa) Er (GPa)

25 60 0.03 88 0.554 ± 0.031 11.96 ± 0.61
25 30 0.03 91 0.582 ± 0.033 12.27 ± 1.18
25 60 0.10 86 0.608 ± 0.038 12.51 ± 0.55

Repeat indentations to 0.3 mN. ppHex films were ∼1500 nm thick.
Standard errors in the mean quoted from ∼5 repeat determinations.

Figure 6 Typical single indentation measurement on 200 nm thick
downstream films deposited at P = 10 W (open circles) and P = 100
W (filled circles).

Typical indentation behaviour for the samples de-
posited downstream of the plasma are presented in
Fig. 6. In this figure clear discontinuities in displace-
ment can be seen at critical loads of 0.19 and 0.24 mN
on the 100 W sample and at 0.17 mN on the 10 W sam-
ple. Similar behaviour was seen in thinner (100 nm)
in-plasma films deposited at 25 or 100 W.

In the load-partial-unload technique several loading-
unloading cycles are performed at the same point to
gradually increasing depth. The probe remains in con-
tact throughout the test, unloading to a set propor-
tion (10% of the maximum load for that cycle) before
reloading to the next peak load. The technique gives a
rapid overview of the variation in mechanical properties
of the system as a function of depth.

The depth profile of the hardness and modulus de-
termined using the partial unload technique is shown
in Fig. 7. The hardness at shallow depths is similar to
that derived from the single-indentations, such as those
in Fig. 3. As the indentation depth was increased, the
hardness of the film-substrate composite decreased and

T ABL E I I In-plasma films—influence of hold time and deposition power on hardness and modulus

Power (W) Dwell (s) Max. depth (nm) Plastic depth (nm) Max. load (mN) H (GPa) Er GPa

100 30 164 ± 2 130 ± 4 0.45 ± 0.02 0.679 ± 0.018 9.96 ± 0.16
25 30 175 ± 1 153 ± 1 0.41 ± 0.02 0.477 ± 0.009 13.47 ± 0.18
25 90 180 ± 1 161 ± 1 0.42 ± 0.02 0.444 ± 0.018 14.35 ± 0.26
25 180 185 ± 2 167 ± 2 0.42 ± 0.02 0.419 ± 0.008 15.10 ± 0.39

All samples were nominally 1500 nm thick.
10 repeat indentations at each point.

TABLE I I I In-plasma films—analysis of creep data and comparison
to other materials

Dwell Mean
Sample period/s creep/nm A B

100 W ppHex 30 13.7 ± 1.0 3.79 ± 0.32 1.06 ± 0.12
25 W ppHex 30 22.6 ± 0.3 6.84 ± 0.09 0.81 ± 0.04
25 W ppHex 90 27.5 ± 0.5 6.62 ± 0.18 0.66 ± 0.05
25 W ppHex 180 30.4 ± 0.6 6.88 ± 0.19 0.40 ± 0.03
Uniaxially 60 77.0 ± 1.3 30.6∗ 0.19∗

oriented PET∗
Uniaxially 60 37 10.91‡ 0.47‡

oriented PET‡

Fused silica 30 ∼8 2.22 ± 0.26 2.32 ± 0.43

All samples 1500 nm thick.
A and B are fitting parameters to the logarithmic creep equation d = A
ln (Bt + 1).
PET = poly(ethylene terephthalate) film.
∗5.0 mN indentations—data from Ref. 19.
‡0.5 mN indentation.

Figure 7 Depth profile of hardness and modulus from load-partial-
unload experiments. Key:— for 1500 nm thick films deposited at
P = 100 W—hardness (open circles) and reduced modulus (filled cir-
cles); for 1500 nm thick films deposited at P = 25 W—hardness (open
triangles) and reduced modulus (filled triangles).

the modulus increased. The hardness (∼0.30 GPa) and
reduced modulus (∼72 GPa) of the bare aluminium
substrate were observed to be invariant with indenta-
tion depth.

4. Discussion
4.1. Hardness and modulus: comparison

with conventional thermoplastics
The in-plasma ppHex films studied in this work ex-
hibited much greater hardness and stiffness than con-
ventional (amorphous or crystalline) polymeric ma-
terials. For example, the reduced modulus of the
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P = 25 W films (∼14 GPa) is much larger than the re-
duced modulus of highly crystalline biaxially oriented
poly(ethylene terephthalate) [PET] film determined by
nanoindentation (∼3 GPa) [19]. It is known that the de-
position process produces a range from lightly to highly
cross-linked materials depending on parameters relat-
ing to power input per monomer unit. The nanoinden-
tation data show that this structure confers increased
hardness to the films compared to a linear themoplastic
polymer such as PET.

The behaviour of the plasma polymers shows much
similarity to that of polymers which have been surface-
modified by ion-irradiation techniques such as ion-
implantation and plasma-enhanced ion implantation.
These processes can lead to a highly cross-linked re-
gion at the surface of many polymers, which is hard,
stiff and brittle [26–28]. Ion beam modifications have
the potential to improve the tribological behaviour of
polymers through shifting the dominant wear mecha-
nism from abrasive or adhesive wear to slower fatigue
wear processes [26]. The altered mechanical properties
of the plasma polymerised coating will also influence
the tribological performance of the material. We have
previously shown that the deposition power has a dra-
matic influence on the nanotribology of the resultant
film [29] and subsequently a critical load parameter
has been developed to numerically express such data
for comparison [30]. An AFM probe tip was used as a
model single-asperity contact. The resistance to AFM
tip-induced scratching wear increased with the deposi-
tion power. For the films deposited at higher powers,
the resistance to scratching was much better than for
conventional polymers such as PET.

Cross-linked polymers usually exhibit a much lower
E/H ratio than unmodified polymers. For example,
Dong and Bell have shown [26, 28] that although
plasma immersion ion implantation of UHMWPE can
lead to a seven-fold increase in hardness from 50 to
350 MPa, the elastic modulus is less than doubled (840
to 1453 MPa), causing the E/H ratio to decrease from
16.8 to 4.2. This change was accompanied by an im-
provement in the wear resistance of the modified poly-
mer by a factor of 10. The data in Table II and Figs 4–6
show that the E/H ratio on ppHex films does decrease
with higher deposition power, in line with the expected
greater cross-link density, although it is necessary to
compare with data on shallow indentations in view of
the lower film thickness on the P = 10 W sample.

4.2. Variation in mechanical properties
with indentation depth

The mechanical property data show fairly typical be-
haviour for a harder coating on a softer substrate. Sim-
ilar trends were obtained using the load-partial-unload
and the repeat single indentation techniques. When the
indentation depth is a small proportion of the coating
thickness, the stress field remains within the plasma
polymerised film and the mechanical properties are es-
sentially those of the coating without substrate influ-
ence. Fig. 4 shows that, within the experimental scat-
ter, there is no clear variation in the measured hardness
with depth within ∼400 nm of the surface, the constant

hardness (0.5–0.6 GPa) suggesting the structure of the
ppHex films varies little with distance from the coating
surface. Fig. 7 shows that at plastic depths greater than
∼300–400 nm the influence of the underlying substrate
on the (composite) indentation response increases with
the indentation depth, as expected. Since the aluminium
substrate is much stiffer than the plasma polymer film,
this leads to a continuous rise in the elastic modulus
with depth. The more rapid rise in modulus on the
P = 10 W sample seen in Fig. 5 is due to the lower
film thickness of this sample; the substrate influence is
felt at considerably smaller indentation depths.

4.3. Creep deformation
Since hardness is derived from the contact depth at max-
imum load, it is affected by creep deformation occur-
ring during the dwell time (holding period) at maxi-
mum load. It is known that that if this holding period
is absent, the sample will continue to deform visco-
plastically during unloading, distorting the shape of
the unloading curve and leading to inaccurate values
of the modulus, since it is determined from the tan-
gent to the slope of the unloading curve at maximum
load [15, 17, 19]. The data in Table II show that as
the dwell time is increased the calculated hardness de-
creases slightly, whereas the elastic modulus increases
slightly. In microhardness and depth-sensing testing of
polymers, the time-dependent part of the plastic defor-
mation (i.e. creep) generally follows a function of the
type shown in Equation 8 [6, 17].

H = H0t−k (8)

where H0 is the hardness measured at t = 1 min and k is
the creep constant. An approximate value for k of 0.07
can be estimated from the data in Table II. This can be
compared with k values of ∼0.04 on PET and ∼0.09
on poly(ethylene oxide) [PEO], although it should be
noted that as these two materials are much softer than
the plasma polymers, these k values correspond to a
much greater % change in their hardness with hold time.

The slight increase in modulus with increasing dwell
time was somewhat unexpected, although Flores and
Baltá Calleja have observed a similar time-dependent
behaviour on indenting amorphous PET films to a peak
load of 150 mN and holding at maximum load for up to
10 min [17]. They interpreted this behaviour as greater
viscoelastic recovery occurring during unloading with
shorter holding times.

The creep data (depth increase vs. hold time) were
found to follow the general logarithmic creep formula
(Equation 8) which has recently been used to describe
the nanoindentation creep behaviour of PET [19], PEO
[31], glasses, ceramics and thin DLC coatings [32].
Typical creep data for PET and fused silica are shown
in Table III for comparison. The parameter A is a mea-
sure of the general susceptibility to creep whilst the
parameter B is a measure of the rate of the exponential
creep process. Table III shows that increasing hold time
had little effect on the parameter A but decreased B. The
slight decrease in B with time suggests that the fit to the
creep equation is not exact, and hence the actual creep
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rate decreases more rapidly than predicted by the data
from short dwell times. Time-dependent plastic defor-
mation (e.g., polymer chains moving relative to each
other) appears to be significantly restricted by the ex-
tensive cross-linking. The plasma polymers exhibit bet-
ter creep resistance than conventional semicrystalline
thermoplastics such as PEO or PET, and the P = 100 W
sample approaches the creep resistance of fused silica.

4.4. Downstream samples
The samples deposited downstream of the plasma ex-
hibited cracking during loading. In view of this crack-
ing, hardness and modulus values determined on the
downstream samples are less reliable than those on the
in-plasma films. Similar cracking in thin (100 nm) in-
plasma coatings points to the thinness of the coatings
being the cause, although another possibility is poor
adherence of the coating to the substrate.

5. Conclusions
The mechanical properties of plasma-polymerised hex-
ane films have been investigated by nanoindentation.
There were clear differences with the deposition power,
a parameter related to the degree of cross-linking.
The samples studied were harder and stiffer than con-
ventional thermoplastic polymers. They also exhib-
ited much lower creep rates, which approached those
of fused silica. The work has shown the capability
of nanoindentation to study these materials and has
identified suggested a process parameter by which
their mechanical properties can be tailored for given
applications.
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6. F . J . B A L T Á C A L L E J A and S . F A K I R O V in “Microhardness
of Polymers” (Cambridge University Press, Cambridge, UK, 2000).

7. H . M. P O L L O C K , “Nanoindentation,” ASM Handbook, Vol. 18
(1992) p. 419.

8. M. F . D O E R N E R and W. D. N I X , J. Mat. Res. 1 (1986) 601.
9. W. C . O L I V E R and G. M. P H A R R , ibid. 7 (1992) 1564.
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11. A . L O U S A , E . M A R T Í N E Z , J . E S T E V E and E . P A S C U A L ,
Thin Solid Films 355//356 (1999) 210.
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