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The reduction of helium gas permeability through polyetheretherketone (PEEK) microfilm (250 wm)
coated with titanium (Ti) or tetrahedral amorphous carbon (ta-C) nanofilm was investigated. Two mor-
phologies of PEEK film were used (amorphous and semi-crystalline), and four thicknesses of nanofilm
were deposited (5, 20, 50, or 100 nm). Both types of nanofilm coatings reduced the overall permeabil-

ity of the PEEK film, with the greatest permeability reduction of ~83% seen for the 100 nm Ti coating
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on semi-crystalline PEEK. Defects were identified in both types of coating; however the nature of the
defects was different. The ta-C coatings exhibited a network of microcracks, while pinholes were present
in the Ti coatings. The defects in both coatings were considered the dominant path for gas flow. Overall, Ti
performed better than ta-C with regard to permeability reduction, and Ti also demonstrated a correlation

between coating thickness and permeability reduction.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The poor gas barrier properties of polymers are a limiting fac-
tor for their use in a number of applications. In the medical and
electronic device industries, there has been an ongoing shift from
metallic to polymer materials due to the advantages polymers offer.
A key area in which polymers could have a major impact is in the
protective packaging of implantable electronics. The advantages of
polymers over metals include cost effectiveness, ease of fabrication
(injection moldability) and design flexibility. However, for poly-
mers to be successful in replacing metals, it is necessary to improve
their barrier properties to gases and vapours [1].

In this study, thin film coatings are investigated for improv-
ing the barrier properties of polyetheretherketone (PEEK). PEEK
is a thermoplastic semi-crystalline polymer used in a number of
high-end applications which demand durability and robustness.
Superior performance properties of PEEK include its high thermal
stability (T =343 °C), high mechanical strength, stiffness, fatigue
and wear resistance, and excellent resistance to chemical degrada-
tion. PEEK has gained interest over the last decade for a number of
implantable medical applications [2]. Its desirable properties make
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it a good candidate for protective encapsulation of implantable
electronic components.

High gas barrier properties can be achieved by modifying
the polymer surface by depositing thin film coatings such as
diamond-like carbon (DLC) or metal. The metallisation of polymer
membranes is common practice in the food packaging industry
to keep food fresh for longer. Aluminium coatings are the most
common metal coating used in the food industry [3]. The use of
aluminium in medical applications has been limited as it is not
considered biocompatible. Titanium is a viable alternative as it
is biocompatible and already a material of choice in the dental
and orthopaedic fields. Titanium thin film coatings on polymers
have been investigated to improve the biocompatibility of medical
polymers, such as for orthopaedic polymer implants to promote
bone adhesion [4]. Metallised coatings, however, have some draw-
backs depending on the application; in food packaging this can be
their non-transparency. Diamond-like carbon coatings have been
utilised as an alternative, for example to coat PET soft drink bot-
tles [5]. Diamond-like carbon coatings also have applications in the
biomedical field due to their biocompatibility, low friction coef-
ficient, high wear resistance, high hardness, excellent corrosion
resistance and excellent tribological properties [5,6].

Research which specifically investigates the improvement of gas
barrier properties of PEEK polymer is scarce. Coating of PEEK with
either DLC[6,7] or Ti [4] has been used to improve the surface prop-
erties such as biocompatibility, but the effect of the coating on gas
barrier properties has not been adequately explored. Valentini et al.
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[7] reported gas permeation properties through amorphous hydro-
genated carbon (a-C:H) coatings deposited on PEEK foils. There was
an overall reduction in helium permeability; however the barrier
efficiency was seen to decrease as the a-C:H film density increased;
this was attributed to intrinsic stresses and the formation of a net-
work of microcracks in the denser coatings. Hydrogenated carbon
coatings, such as a-C:H, tend to be softer and more susceptible
to wear than non-hydrogenated carbon coatings such as tetrahe-
dral amorphous carbon (ta-C); this has been attributed the higher
proportion of sp3 networks in ta-C, which improve its overall hard-
ness, wear resistance and adhesion compared to a-C:H [8]. For the
application as a protective housing, where robustness is required
in addition to superior barrier properties, ta-C coating may be more
desirable.

The permeability of ta-C or Ti thin film coatings on PEEK has
not been investigated. Development of treatments to effectively
reduce the permeability of gases and water vapour through PEEK
will allow its applications to be further expanded. The present study
assesses and compares ta-C and Ti coatings on PEEK film and the
corresponding reduction of helium permeability.

2. Methods
2.1. Materials and sample preparation

Two morphologies of untreated PEEK film (Victrex, Lacashire,
UK) 250 wm thick were used as the base material in this study;
amorphous (250a) and semi-crystalline (250c). The PEEK film was
coated with ta-C or Ti at four different thicknesses (5, 20, 50 or
100 nm). Filtered cathodic vacuum arc (FCVA) was used as the depo-
sition technique (Nanofilm Technologies International, Singapore).
The ta-C and Ti nanofilms were produced by a FCVA system
equipped with a double bend off-plane (DBOP) filter. The sub-
strate holder was rotated during the deposition process to improve
uniformity of the coating. The nanofilms were prepared using a neg-
ative substrate bias of 120 V with an arc current of 30 A for ta-C and
100 A for Ti at room temperature and a pressure of 1 x 10~ Torr.
The characteristics of all the specimens investigated in this paper
are listed in Table 1.

2.2. Helium gas permeability measurements

The helium flux J (mol/m?s) and permeation coefficient K
m3(STP)m/m? Pas) for the transport of helium through the films
were determined using the experimental set up shown in Fig. 1a. A
permeability chamber was custom-made to house the PEEK films
(Fig. 1b), and designed to attach to the inlet port of a helium leak
detector (Adixen ASM 142D). The film samples listed in Table 1
were cut into disc samples (60 mm diameter) and were secured
between two O-rings; the surface area of the film samples exposed
to helium was ~1134mm?2. The film separated two compart-
ments within the chamber; one compartment was filled with a
helium-argon gas mixture (5% He and 95% Ar) under constant
pressure Py, (400 mbar), the partial pressure of helium Py was
therefore 20 mbar. The other compartment was maintained under
vacuum. The gas leakage rate was detected by the helium detector
as a function of time, until it reached a steady state and a saturation
value for the helium volumetric flow rate J/ (mbar L/s) was attained.
The Adixen helium leak detector is calibrated to measure helium
using a 100% helium gas source. Therefore when utilising gas mixes
with a lower concentration of helium, a correction factor based on
the percentage content of helium must be included. In this study a
5% helium mix was used, and therefore the measured steady-state
flow rate J' was multiplied by 20 to give the true helium leak rate.

To validate the permeability chamber, two tests were con-
ducted. In the first test a steel plate (250 m), instead of PEEK
film, was used to confirm that there were no gas leaks via other
pathways (e.g. the seals) other than through the film. No helium
was detected when the steel plate was inserted, indicating that
all helium measurements were a result of permeation through the
film samples. In the second test, the helium flow rate of uncoated
semi-crystalline PEEK samples of 250 wum and 500 wm thickness
was measured. The measured flow rate for the 500 wm films was
consistently half the flow rate of the 250 wm films, due to the linear
relationship between flow rate and film thickness.

2.3. Diffusion coefficient calculations

Fick’s 1st law of diffusion was used to determine the permeabil-
ity coefficient of PEEK for helium:

AP
J= —kﬂ (1a)

where ] is the flux of gas through the film (mol/m2 s), K is the per-
meability coefficient (m3(STP) m/m? Pas), Ax is the film thickness
and APis the difference in pressure of the gas across the membrane.
The flux, which is the amount of helium passing through the PEEK
film per unit time, can be determined from the following equation:
]/
J= AxRxT (1b)
where J' is the saturated helium volumetric flow rate directly mea-
sured by the helium leak detector as volume (litres) per second
measured at 1 mbar (mbarlL/s). (Note: Due to the 5% helium gas
mix used, the directly measured helium leak rate was multiplied
by 20 to give the trueJ'.) A is the surface area of film the gas passes
through (m?2), T is the temperature in kelvins (K), and R is the uni-
versal gas constant (83.14 Lmbar/Kmol). The change in pressure
was approximated as Pye (20 mbar), since the pressure on the per-
meate side Pp is very small relative to that of the input pressure
(AP=Pye — Pp =Pye). The final units adopted for the permeability
coefficient K(m3(STP) m/m?2 Pa s) and the fluxJ (mol/m?2 s) are based
on the recommendations given by Ehrlich [9].

2.4. Scanning electron microscopy (SEM)

After permeability measurements, the films were removed from
the permeability chamber and a small disc approximately 8 mm
diameter was cut from the centre of the sample. The samples were
then mounted on aluminium SEM stubs using double sided conduc-
tive tape. The samples were sputter coated with platinum using a
sputter coater (K550X, Quorum Emitech, UK), at 25 mA for 2 min
giving a platinum coating thickness of approximately 8 nm. SEM
imaging was conducted using a Zeiss Ultra plus at an accelerating
voltage of 15kV.

2.5. Nanoindentation

The hardness H and elastic modulus E of the 100nm ta-C
and Ti coatings were measured using a commercially available
nanoindenter (TI 900 Tribolndenter, Hysitron Inc). Nanoindenta-
tion measurements were conducted using a Berkovich diamond
indenter. A closed-loop load control function was used; indenta-
tions were performed to a peak load value of 125 N at a loading
and unloading rate of 20 wN/s, with a 2 s hold time at the peak load
to account for stress relaxation. Values for H and E were calculated
from the unloading curve using the Oliver and Pharr method [10].
Nine indentations were averaged per sample to obtain mean H and
E values.
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Table 1
Designation and characteristics of specimens.

Sample details Coating thickness (nm) Coating Abbreviation
Amorphous PEEK control - - 250A
Semi-crystalline PEEK control - - 250C
Amorphous PEEK with 5 nm Ti Ti 5 250A.T5
Amorphous PEEK with 20 nm Ti Ti 20 250A_T20
Amorphous PEEK with 50 nm Ti Ti 50 250A_T50
Amorphous PEEK with 100 nm Ti Ti 100 250A.T100
Semi-crystalline PEEK with 5 nm Ti Ti 5 250C.T5
Semi-crystalline PEEK with 20 nm Ti Ti 20 250C.T20
Semi-crystalline PEEK with 50 nm Ti Ti 50 250C_T50
Semi-crystalline PEEK with 100 nm Ti Ti 100 250C.T100
Amorphous PEEK with 5 nm ta-C ta-C 5 250A_C5
Amorphous PEEK with 20 nm ta-C ta-C 20 250A_C20
Amorphous PEEK with 50 nm ta-C ta-C 50 250A_C50
Amorphous PEEK with 100 nm ta-C ta-C 100 250A_C100
Semi-crystalline PEEK with 5 nm ta-C ta-C 5 250C_C5
Semi-crystalline PEEK with 20 nm ta-C ta-C 20 250C.C20
Semi-crystalline PEEK with 50 nm ta-C ta-C 50 250C_C50
Semi-crystalline PEEK with 100 nm ta-C ta-C 100 250C.C100

3. Results and discussion

Fig. 2 shows the experimentally measured helium volumet-
ric flow rate J for each sample listed in Table 1. The results are
divided into three sections for ease of interpretation: at the left
are the results for the two controls (250A and 250C), in the cen-
tre the Ti coatings (for all thicknesses and both morphologies), and
at the right the ta-C coatings (for all thicknesses and both mor-
phologies). Table 2 lists the values of the helium diffusion flux (Eq.

(1b)) and the calculated permeability coefficient (Eq. (1a)) for each
sample.

3.1. Helium gas permeability of uncoated amorphous and
semi-crystalline PEEK

The permeability of the untreated amorphous PEEK (250A)
was double the semi-crystalline PEEK (250C). Semi-crystalline
polymers exhibit lower permeability than their amorphous
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Fig. 1. (a) Schematic diagram of helium gas permeation apparatus used for helium flow rate measurements; (b) The key components of the permeability chamber. Helium
that permeates through the film into the lower compartment is detected by the helium leak detector.
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Fig. 2. Steady-state helium flux (mol/m? s) through the film samples listed in Table 1. Blue: 250C films; Green: 250A films. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of the article.)

counterparts. The crystalline portions of a polymer are considered
essentially impermeable, however, the permeate is able to diffuse
via the interconnected amorphous regions which are still present in
semi-crystalline polymers, even at maximum crystallinity (which
never reaches 100%).

There are three steps involved in the permeation of gases and
liquids through polymeric membranes: (1) sorption onto the poly-
mer surface, (2) diffusion through the membrane along chemical or
pressure gradients, and finally (3) desorption from the polymer into
the atmosphere on the other side of the membrane. Diffusion is a
physical process whereby gas molecules move through the polymer
via free volume movement as a result of polymer chain movement.
The free volume available in polymers is affected by a number of
factors, which include the density and degree of crystallinity of the
polymer.

3.2. Helium gas permeability of PEEK with Ti and ta-C nanofilm
coating

The results indicate that gas barrier performance was improved
by coating the PEEK with either ta-C or Ti nanofilms. Ti coating

Table 2
Helium flux J and permeability coefficient K for helium for the film samples listed
in Table 1.

Sample J (mol/m?s) K (m3(STP)m/m? Pass)
250A 7.95 x 107 497 x 10713
250C 4,02 x 1077 2.52x 10713
250A_T5 521x1077 3.26x 1013
250A_T20 3.43 x 1077 2.14x 10713
250A_T50 3.14 x 1077 1.96 x 1013
250A_T100 2.50 x 107 1.56x 1013
250C.T5 2.29x 1077 143 x10°13
250C_T20 1.29 x 107 8.04x 1014
250C_T50 8.57 x 1078 536 x 10714
250C_T100 6.86 x 10-8 429x 1014
250A_C5 6.57 x 10~7 411x10°13
250A_C20 4.50 x 1077 2.81x10°13
250A_C50 6.71 x 1077 420x 1013
250A_C100 6.07 x 107 3.79x10°13
250C.C5 1.36x 1077 8.48 x 10-14
250C_C20 1.79x 1077 1.12x 1013
250C_C50 1.71 x 1077 1.07 x 1013
250C_C100 143 x 1077 8.93 x 1014

proved to be the most effective, with a maximum permeability
reduction of 83% for the 250C_T100. As seen in Fig. 2, both amor-
phous and semi-crystalline morphologies with Ti nanofilm showed
reductions in permeability, and the correlation between coating
thickness and permeability was inversely proportional. A regres-
sion line was fitted to the semi-crystalline and amorphous data
points for Ti permeability for each coating thickness, with the best
trend being a power relationship; y=6 x 10~7x~0408 (R2 =0,9978)
for semi-crystalline and y =1 x 10~6x-0-234 (R2 = 0.9686) for amor-
phous. The ta-C coating also reduced the permeability of helium,
but to a lesser extent than the Ti coatings. The greatest
reduction in permeability for the ta-C coating was seen for
the semi-crystalline PEEK substrates, ranging from 56% to 66%
reduction. Unlike the Ti coatings, no correlation between the
coating thickness and permeability was observed with the ta-C
nanofilms.

Images from high resolution SEM provide insight into the sur-
face morphology of the coatings and correlation with permeability.
Fig. 3 shows a network of micro-cracks which propagate across
the surface of a 100 nm ta-C coating (sample 250C_C100). Fig. 3
is representative of observations of the 50 and 100 nm ta-C coat-
ings for both 250C and 250A. The extent of the cracking in ta-C
coatings at higher magnification is shown in Fig. 3c, where the
coating has catastrophically cracked down to the film-polymer
interface, and the section of coating appears to be flaking off. Lit-
tle to no surface cracking was observed for the thinner (5 and
20nm) ta-C coatings at these magnifications. A study by Sheeja
et al. [11] investigating the effect of film thickness on the intrinsic
stress and adhesion of FCVA-deposited ta-C on silicon substrates
indicated that stress within the coating increases with increasing
coating thickness. This increasing level of intrinsic stress results
in micro-cracking, therefore limiting the maximum thickness for
ta-C coatings, and also decreases the adhesion of the coating to
the substrate, leading to possible delamination. For the Ti coat-
ings, micro-cracking was not observed (Fig. 4), however pinholes
where identified as seen in Fig. 5. Pinholes in metallised coatings
are the result of contamination (such as dust particles) present on
the surface of the substrate during coating, these particles subse-
quently dislodge, leaving behind an unmetallised “shadow” [12].
Both the Ti and the ta-C coatings exhibited defects (pinholes and
micro-cracking respectively) within the coating that appeared to
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Fig. 3. SEM of 250C_C100: (a) Network of micro-cracks evident across the surface; (b) and (c) show magnified regions as indicated by the white boxes; (c) At higher

magnification, brittle cracking and flaking of the coating are clearly evident.

10 pm

WD= 31mm EHT=1500kv Mag= 400KX SignalA=SE2 E SYDNEY

WD=32mm EHT=1500kV Mag= 10.00KX SignalA=SE2 % SYDNEY

Fig. 4. SEM of 250C_T100 at two magnifications. Microcracks, as seen in the ta-C coatings, were not evident in the Ti coatings. The arrow indicates a manufacturing line in

the original PEEK substrate (b) and is not a characteristic of the coating.
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Fig. 5. SEM of sample 250C_T100 showing a pinhole in the coating.

increase in severity with coating thickness. The micro-cracking in
the ta-C coatings and the pinholes in the Ti coatings provide a
direct path for helium molecules to flow through to the underlying
substrate.

3.3. Nano-mechanical properties of Ti and ta-C coatings

By qualitative observation, the thin film coatings appeared to
have no affect on flexibility of the PEEK substrate, for all coat-
ing thicknesses. Evaluation of nanomechanical properties of thin
films can be difficult due to the influence of the underlying sub-
strate. A generally accepted method is to measure properties within
an indentation depth of less than 1/10 of the film thickness in
order to attain results that are substrate independent. However,
for films with a thickness of 100 nm or less, accuracy within this
range is difficult to achieve. We therefore measured the properties
at a contact depth of 50% of the coating thickness (~50 nm for the
100 nm coating thickness); this provided a method for comparison
of mechanical properties of the film-substrate composite for the
two nanofilm materials [13].

Fig. 6 shows the hardness and Young’s modulus values deter-
mined for the 100 nm ta-C and Ti nanofilms. The superior gas barrier
properties for the Ti coatings compared to the ta-C coatings can
be explained in terms of the coating mechanical properties. The
hardness of the ta-C coatings were 9-fold and 12-fold greater than
the Ti coatings for the amorphous and semi-crystalline morpholo-
gies, respectively (Fig. 6). These results suggest that the ta-C films
were more brittle than the Ti films, leading to the generation of
micro-cracks as seen on the film surfaces in Fig. 3.
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Fig. 6. Nanomechanical properties of Ti and ta-C coatings (100 nm) on amorphous and semi-crystalline PEEK substrates.

The gas barrier performance properties of carbon-based coat-
ings with relation to nano-mechanical properties have been
investigated by many researchers. A study by Abbas et al. [13]
investigated reducing the high level of compressive stress in amor-
phous carbon coatings using silicon doping. Both ta-C and a-C:H
coatings were investigated on polyethylene terepthalate (PET) and
polycarbonate (PC) substrates. Silicon doping was shown to sig-
nificantly improve the gas barrier properties of both coating types
due to an improvement in surface morphology as a result of stress
relaxation in the coating. Both ta-C and a-C:H coatings were cov-
ered by a network of microcracks; these microcracks disappeared
when doped with silicon. A similar approach could be adopted
to reduce the intrinsic stresses of carbon coatings on PEEK sub-
strates.

3.4. Diffusion mechanisms through nanofilm coatings —
dependence on substrate morphology and coating thickness

A clear disparity in gas permeability was observed between the
amorphous and semi-crystalline morphologies of PEEK substrates
which had the same nanofilm coating and thickness. Furthermore,
the effect of coating thickness on permeation for the ta-C and Ti
coatings was completely different, with Ti showing a clear rela-
tionship, while ta-C appeared to have no relationship.

Inorder to interpret the results, the mechanisms of gas transport
through materials require discussion. Two different mechanisms
of gas transport through materials can occur: (1) bulk diffusive
flow often referred to as the solubility-diffusion mechanism (as dis-
cussed in Section 3.1), and (2) flow through defects in the material
(which include pinholes and microcracks). The latter mechanism
can significantly alter results, such that the flow through defects in
a coating may be many times greater than flow via diffusion, poten-
tially making diffusive flow negligible; the permeability reduction
of a polymer is thus solely dependent on the frequency and size
of defects in the coating. Moreover, the permeation flow rate for
the solubility-diffusion mechanism is inversely proportional to the
coating thickness, whereas the flow through defects is independent
of thickness [14,15]. In the present study, it is therefore likely that
helium flow via the defect path was the dominant mechanism for
ta-C coatings due to lack of an effect of coating thickness. For the Ti
coatings, the inverse correlation with thickness suggests that elon-
gation of pinhole paths, thus increasing tortuosity, may have been
a more prominent factor.

A review conducted by Chatham [12] assessed the results of
studies investigating oxygen permeation through various metal-
coated polymer systems as a function of coating thickness. The
review showed that oxygen permeability decreased with increas-
ing coating thickness, until reaching a minimum value (Py) for
coating thicknesses above a critical thickness ( A¢). Chatham postu-

lated that barrier effectiveness of a coating was determined solely
by gas transport through defects in a metallised coating, and that
the observed initial decrease in permeability (before reaching Py;)
was due to the requirement for a finite coating thickness to achieve
complete coverage of the polymer surface. It should be noted that
gas diffusion is also dependent on the gas molecule shape and size,
and permeability is dependent on the gas diffusion and gas solubil-
ity, hence different permeabilities are expected for different gases.
The studies investigated by Chatham assessed oxygen permeabil-
ity, and the permeabilities for oxygen and helium would not be the
same, due to differences in solubility and diffusivity. However, the
results of the present study reflect the trends seen in Chatham’s
findings; permeation through the barrier coating appeared to be
dominated by flow through defects in the coating. It is of interest
to note that the Ti coating followed an inverse trend with coating
thickness in our study, and according to the fitted trend line dis-
cussed in Section 3.2 would reach a minimum at a critical thickness.
However, as the coating thickness increased, the channels created
by the pinholes effectively lengthen, therefore it is more likely that
the decrease in permeability is due to increased tortuosity of the
channels with thickness [16] rather than increased coverage of the
coating.

It should also be noted that delamination between the coating
and substrate can occur. Delamination may arise due to differences
between the thermal expansion coefficients of the polymer sub-
strate and the coating material. These interfacial gaps could reduce
the barrier performance of a film, particularly if they are connected
to cracks and/or pinholes.

The formation of pinholes in films deposited by physical vapour
techniques such as cathodic vacuum arc deposition poses a sig-
nificant challenge. A defect-free surface would greatly enhance
the barrier performance of the films. One technique that may
produce a pinhole free surface is atomic layer deposition (ALD)
[17]. Recent advances in ALD have shown that enhanced bar-
rier properties can be achieved for water vapour and oxygen
gas transmission using 25nm thick aluminium oxide coatings
on a polyethylene napthalate [18]. Hirvikorpi et al. [19], how-
ever, demonstrated that the barrier improvement with ALD is
substrate dependent, and that thicker coatings on rough sub-
strate surfaces can lead to cracking. Further work is required
to assess the suitability of the ALD technique on PEEK sub-
strate.

4. Conclusions

We investigated the gas permeability of PEEK film coated with
ta-C and Ti nanofilms to determine the level of permeability reduc-
tion that could be achieved. The following conclusions were made
from the study:
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¢ Ti or ta-C coatings applied to PEEK reduced the permeability
to helium; the maximum reduction in permeability of 83% was
achieved with a 100 nm Ti coating on semi-crystalline PEEK.

¢ Ti coating had superior barrier properties compared to ta-C.

¢ The defects in the coating layer were a governing factor for the
overall gas barrier performance of PEEK film coated with either
ta-C or Ti. The defects provided a direct path to the underlying
substrate, therefore making the resultant gas permeability also
dependent on substrate properties.

e Helium gas flow through ta-C was independent of coating thick-
ness. This was attributed to the network of micro-cracks which
propagated through to the underlying substrate.

¢ There was aninverse trend for permeability and coating thickness
for the Ti coatings; this is attributed to the increased tortuosity
of the pinhole channels as the coating thickness increased.

Improving the barrier properties of PEEK will expand its
potential as a protective encapsulant for implantable electronic
components. This study shows that coating of PEEK with a nanofilm
barrier can reduce permeability by up to ~83%. Titanium coating
was identified as the superior coating, compared with ta-C, but fur-
ther work is required to minimise pinhole formation to decrease
permeability further.
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