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ABSTRACT: Polymers have been identified as replacement materials for metallic liners in composite overwrapped pressure vessels
(COPVs) for future space launchers. PEEK, Nylon, and PVDF plastics formed from base powder grades have been permeability tested
to determine their susceptibility to the diffusion of helium through flatwise panel cross sections. Permeability, diffusion, and solubility
coefficients have been obtained for each material with PVDF and PA11 grades showing the lowest permeability coefficients and hence
the best barrier properties to permeation. Crystallinity percentages and internal air void contents in the polymer samples have also
been used to assess the differences in permeability between materials with an analysis of void dispersion effects given through X-ray
CT scanning techniques. The measured permeability coefficients have been used to assess the ability of all materials tested to act as a
functional polymer liner in a standard COPV with final leak rates predicted based on liner thicknesses and weights. © 2016 Wiley Peri-
odicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43675.
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has made it a standard material for low permeability technolo-
gies with most satellite and spacecraft utilizing titanium lined
COPVs exclusively.*® The permeability coefficient of titanium is
between 2.4 X 107" scc m~' s bar ! and 3.5 X 107"* scc
m~ ' 57! bar ! (titanium permeability coefficients calculated
from leak rates for 0.5 mm thick tanks with surface areas of
1.0 m?).”!® Aluminium materials have shown similarly low per-
meability characteristics with coefficients in the region of 7.1 X
1072 scem™' s bar LM

INTRODUCTION

Composite overwrapped pressure vessels (COPVs) have become
a critical component in satellite and space applications since
their initial introduction in the early 1970s.% Their ability to
store highly permeating fuels at high pressures under cryogenic
conditions makes them an integral part of propulsion systems,
breathing systems, and specialized research and analysis equip-
ment aboard rockets, satellites, and spacecraft.> They have

replaced traditional all-metal tanks due to their significant
The only drawback to titanium is its associated cost, whereby a

50 cm diameter liner can cost in the region of $90,000 due to
precision machining operations and elevated material costs.'?

reduction in weight, dimensional flexibility, and inherent cost
savings.®’

While new materials and configurations have been developed
for COPVs, the design principles
unchanged. They consist of two distinct layers, the inner low-

core have remained
permeability liner and the outer high-strength fiber overwrap.
The inner liner contains the fuel and limits permeation through
the tank wall while the outer fiber overwrap absorbs the stresses

generated by the high pressure fuel within.

Titanium has usually been the preferred liner material for high
end applications. Its exceptional barrier properties, coupled
with its good specific strength and resistance to chemical attack

© 2016 Wiley Periodicals, Inc.
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These high costs have restricted the use of COPVs in other
fields of industry and so recent research has focused on devel-
oping alternative low cost liner materials.

Polymer materials have been identified as prospective replace-
ments for metallic liners in future COPV structures. Their high
barrier properties, light weight characteristics, and significantly
lower cost make them an attractive alternative to their metallic
counterparts. The cost of sending materials to space has been
$11,000 kg '-$20,000 kg '
approximately) with the cost

estimated to be almost
(€9,800 kg '—€17,800 kg~
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Table I. Characteristics of Polymer Materials Tested
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Polymer Name Tm (°C) Dens. (g cm™3) Avg. size (um) Proc. temp (°C) Xc (%)
PEEK 1000P 343 1.30 630 380 44
2000P 341 1.30 540 380 44
150P 346 1.30 1800 380 42
150PF 344 1.30 70 380 46
Nylon PA11 187 1.05 330 240 23
PA12 176 1.01 260 240 24
PVDF PVDF 161 1.78 320 200 25

significantly affected by launch type and final orbital position of
the payload, and so reducing the weight of inherent systems is a
main priority for future launch designs.'>'* A number of stud-
ies have already focused on the barrier properties of polymers
in similar applications with PTFE, PFA, and PEEK exhibiting
good barrier properties to gas permeation.'>™'” Polymer liner
studies have also been applied directly to COPV structures with
a myriad of polymer materials being tested to determine their
overall permeability. Polyimides, nylons, and liquid crystal poly-
mers have all been tested in these studies with initial results
showing significant promise.'®°

These positive test results have allowed COPV technologies to
progress toward the realization of a functional polymer liner,
with AVIO and Astrium ST incorporating thermoplastic liners
into new COPV structures.”’** These steps demonstrate an
increasing trend toward the use of plastics in COPVs with a
number of different polymers functioning as low permeability
barrier materials.

While different processing methods have been used to manufacture
the polymer liners mentioned such as blow injection moulding
and plastic welding, the manufacturing methods utilized are quite
capital intensive.”> This has the effect of transferring the cost of
liner formation to the tooling and does not significantly reduced
the final cost of the liner itself. To this end, rotational moulding
has been suggested as an alternative manufacturing method for
low permeability liner production.

Rotational moulding is an inexpensive polymer processing
method that produces hollow parts of uniform wall thickness
using a specially ground powder material. Rotational moulds
are inexpensive to produce and alter, as there is no use of pres-
sure or centrifugal force, creating parts free of residual stresses.**
The research presented here focuses on the testing of polymer
materials, formed using rotational moulding techniques, to
determine their permeability characteristics and suitability as
liner materials in future COPV structures.

EXPERIMENTAL

Materials Tested

A number of polymers have been tested within this study to
determine which exhibit the lowest permeation rates and are,
therefore, possible candidate liner materials in future COPV lin-
ers. PEEK materials tested included VICTREX 150P and 150PF
powder grades with EVONIK 1000P and 2000P powder grades
also tested. The PA11 (ROTO11), PA12 (ARVO 950), and PVDF
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(2850) materials were supplied by Matrix Polymers and are
based on their rotomoulding range of powder materials.

Differential scanning calorimetry following ASTM D3418 has
been used to determine the melting temperature, T;,, of each
material with the crystallinity, x., of the as-delivered powder
polymer also analyzed.”® Sieve tests following ASTM D1921
have been conducted to determine the average particle size of
each powder material with the processing temperature range of
each sample also quoted in Table I1.2° Samples were formed on a
hot plate apparatus as this process has been shown to simulate
rotational moulding conditions specifically in the area of void
formation.””* The hot plate allows for powder coalescence in a
similar manner to that of the rotational moulding process, cre-
ating flat specimens with internal void contents which are rep-
resentative of the rotomoulding process with similar heating
conditions and rates.

Hot Plate Formation

The hot plate used in the formation of all samples consisted of
a flat aluminium surface with a heating system embedded
beneath the plate. The powder polymer was placed on the sur-
face of the plate within a metal collar with an aluminium sheath

Aluminium Mould Surface

Mould Surface
Thermocouple

Metal Sheath Polymer Powder

I_

tnsulaﬂng Layer
Metal Collar
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Inner Air
Thermocouple

Hot Plate
Tooling

Figure 1. (a) Hot plate apparatus for polymer sheet formation with (
schematic representation of the sample forming process. [Color ﬁgure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43675


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

PEEK Mould Wall Temperature
PEEK Inner Air Temperature
Nylon Mould Wall Temperature
Nylon Inner Air Temperature

W PVDF Mould Wall Temperature
PVDF Inner Air Temperature

400 -

o b x +

300

200

Temperature (°C)

100 -

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time (s)

Figure 2. Heating cycles for the hot plate formed PEEK, Nylon and PVDF
samples. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

placed over the powder to protect the surface from contami-
nants, Figure 1. Thermocouples were attached to monitor the
plate surface temperature and the inner air temperature and the
entire plate was encased in a layer of insulation. The powder
melts where it is in contact with the plate surface creating a
moving front which propagates slowly up through the powder,
melting the powder particles, and causing them to coalesce
together. The temperature of the plate is held above the melting
temperature of the polymer for a specific period of time and
then disengaged to allow the molten melt to cool and solidify.
The measured hot plate heating cycles for all samples have been
included in Figure 2 showing both the mould surface and inner
air temperatures. Three samples of each material were formed
and tested for helium leak rates.

Processing Effects—Air Voids

This processing method creates air voids within the part due to
the lack of applied pressure during sample formation. Air is cir-
culating between the particles prior to heating and once the
particles start to melt and coalesce together the circulating air is
trapped beneath the surface causing void growth, Figure 3. This

Solid Powder
Particles

Molten Melt
Air Voids

Metal Mould

Applied Heat

Figure 3. Bubble formation description for hot plate formed samples.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

43675 (3 of 10)

CIENCE

Table II. X-ray CT Nanotom Gun Settings for Image Capture

Parameter Value
Timing (ms) 1000
Average 3
Skip 1
Binning 1
Sensitivity 2

V Sensor 1
Voltage (kV) 160
Current (uA) 28

inherent by-product of hot plate and rotomoulding manufactur-
ing generates air void distributions in the part wall directly
affecting permeability, as the air is significantly more permeable
then the surrounding polymer material.*

X-ray CT scanning has been used on the tested polymer lami-
nates to identify the void volume contents and void distribu-
tions in the polymer samples. The X-ray CT machine used here
is a GE V/tome/X m300 with a Nanotom gun operating at a
voltage of up to 160 kV, with other factors used quoted in Table
II. A 20 mm X 20 mm sample of each material has been sub-
jected to repeated X-ray imaging at varying orientations, giving
a resolution of between 15-25 um. These X-ray images were
then reconstructed with the use of VGStudio MAX 2.2 software,
rendering a 3D model of the polymer sample with the internal
voids highlighted through the use of defect analysis software.
The internal void volume fraction along with the average void
size has been measured and used to assess the effects of voids
and defects on each material’s permeability.

Leak Rate Apparatus

The apparatus used to test leak rates through each polymer
material follows the standard test method as outlined in ASTM
D1434.%° The sample is clamped between two chambers and a
vacuum is applied to both sides of the sample. Once a suffi-
ciently low vacuum has been achieved in the downstream cham-
ber the helium leak detector (L200 Leybold Leak Detector) is
engaged and measures the leak rate via a mass spectrometer.
Research grade helium gas, with a purity of 99.999%, is then
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Figure 4. Typical leak rate output for a standard permeability test with
steady state highlighted. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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introduced into the upstream chamber at 1 bar (*20 mbar)
and allowed to permeate through the sample.

Once the gas permeates through the sample, it is collected by
the detector which outputs the leak rate results to “Leakware”
software which monitors the leak rate over the test duration. A
typical test can last anywhere from 12 to 48 hrs depending on
the polymer tested and the sample thickness. This is to ensure
that steady state conditions have been reached and the final leak
rate is at a maximum value for that sample as indicated in Fig-
ure 4 by the horizontal portion of the graph.

Permeability Coefficients

The helium leak detector outputs the leak rate in units of mbar
1! 5", Standard units for the leakage of helium for an entire
COPV structures are scc s~ ' which are obtained by multiplying
the mbar 17! s™' output by 0.987.%" This gives the standard leak
rate through the sample but does not give sufficient detail about
the sample’s permeability coefficients. To obtain values for per-
meability, diffusion, and solubility coefficients the leak rate
must be changed to a graph mapping the increase in the vol-
ume of gas passing through the sample over time.

The total volume of gas V that has passed through the sample
at any time step can be calculated by adding together the vol-
ume of gas which has escaped at each corresponding time step
from ¢ = 0. Then, by using the relationship®*>*’:

V=PAApt/B (1)

where A is the sample area (0.009499 m?), Ap is the pressure
difference across the sample (1 bar), t is the test time, and B is
the sample thickness, the permeability coefficient P can be
obtained by rearranging the equation and plotting VB/AAp ver-
sus t to obtain P as the slope of the linear portion of the line at
steady state conditions as demonstrated in Figure 5.

The diffusion coefficient D can also be obtained from this graph
by defining the time lag L as the point where a straight line fit-
ted to the linear steady state portion of the graph in Figure 5
intercepts the time axis. This corresponds to the time taken for
the diffusing gas to break through the sample and is governed
by the relationship®>**:

L=B*/6D (2)

from which the diffusion coefficient, D, can be obtained. The
solubility coefficient, S, is then calculated by dividing the per-
meability coefficient by the diffusion coefficient giving an over-
view of the relationship between the leak rate and the time
taken to reach steady state conditions as outlined by’

S=P/D (3)

Fick’s Law of Diffusion

While these coefficients are beneficial for comparing individual
materials, the final leak rate J is the most important factor for
liner studies. This is because COPV tanks are qualified against a
maximum helium leak rate for the entire tank structure at the
maximum expected operating pressure of the tank. The coeffi-
cients calculated from the experimental results can be used in
conjunction with Fick’s law of diffusion’*:
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Figure 5. Sample graph to determine permeability coefficient and time
lag. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

ocC

J= D% (4)
where C is the concentration difference and all other symbols
are as previously defined, thus determining the leak rate of each
polymer sample at different thicknesses and pressures. The con-
centration, C, can be defined as the product of the solubility
coefficient and the pressure difference across the sample and
allows for the calculation of the leak rate J using the previously
defined coefficients™*:

C= S.Ap (5)

The thickness of each sample will directly affect the final leak
rate with thicker samples giving a lower leak rate for each mate-
rial as J o« B~ '. To this end, a comparison has been drawn
between each material using Fick’s law for specific thicknesses
to obtain a true comparison between samples and to identify
materials which meet the low leak rate requirements.

RESULTS AND DISCUSSION

Leak Rate Results

Table IIT shows the measured leak rates and subsequent calcula-
tions for permeability, diffusion, and solubility coefficients for
each material tested. PVDF and PAIl have shown the lowest
leak rates of around 7.0 X 107> scc m™ > s~ ' followed by PA12
at around 1.3 X 10™* scc m~* s~ '. The PEEK grades have dis-
played higher leak rates in a range of 1.6 X 10 * sccm % s !
to 5.2 X 10 * scc m % s~ '. The different PEEK grades show a
significant difference in initial leak rates for similar materials
with the EVONIK PEEK grades (1000P and 2000P) having a
leak rate of nearly twice that of the VICTREX grades (150P and
150PF). This is not unexpected for the leak rate measurement
as the VICTREX samples were twice as thick as their EVONIK
counterparts and leak rate is thickness dependent.

The permeability coefficients of PA1l and PVDF are almost
identical at less than 3.5 X 1077 scc m~ ' s~ ' bar~ '. The PAI2
and PEEK grades have all much higher values ranging from 6.5
X 1077 to 12.0 X 1077 scc m~ ' s~ ' bar™'. The permeability
coefficient is independent of part thickness and so the difference
in permeability coefficient for the 2000P material from its PEEK
counterparts cannot be explained by differences in part thick-
ness. These permeability coefficients are significantly higher
than those of the previously quoted metal liner materials, but
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Table III. Experimental Results for Mass Flow Rates at Each Thickness with Permeability, Diffusion, and Solubility Coefficients Calculated for Each

Material
Permeability Solubility
coefficient, Diffusion coefficient,
Thickness Leak rate, J (107° P (107 sccm™? coefficient, S(10%sccm™3
Material Grade (mm) sccm 2 s) st bar ) D@10 m?s? bar™%)
PEEK 1000P 2.40 35.23 8.25 18.27 454
2000P 213 52.27 11.67 18.63 6.50
150P 3.13 23.47 7.34 9.60 7.69
150PF 4.42 16.00 6.52 12.12 544
Nylon PA11 5.75 6.27 3.36 23.93 1.41
PA12 523 12.75 6.59 38.43 1.80
PVDF PVDF 5.09 7.55 3.46 8.47 411

polymers are still capable of meeting the low permeability
requirements of COPV applications as shown later.

The diffusion coefficients for the Nylon materials have settled at
higher values of between 24 X 10~ m? s™' and 38 X 10~ !!
m” s~' while the PEEK and PVDF materials have much lower
values of 8.5 X 10~ m? s7! to 18.6 X 10~ " m® s~ ' This
highlights the time taken for the gas molecules to pass through
each material and shows that the PVDF and PEEK materials take
significantly longer for steady state conditions to be reached. The
solubility coefficient, which is a ratio between the permeability
coefficient and diffusion coefficient, has switched these positions
again with the Nylon materials having a lower coefficient at
around 1.4 X 10’ scc m > bar ' while the PVDF and PEEK
materials have higher values at 4.1 X 10° scc m™ > bar ' to 7.7
X 10% scc m > bar . While the results given for the measured
coefficients are important, the permeability coefficient in the
most prominent factor for permeation analyses as it also ranks
materials in a manner which is independent of part thickness.

The crystallinity of the as-formed materials has also been
assessed, with results presented in Figure 6. The crystallinity of
a polymer material has been shown to have a direct effect on
the permeability of a material with higher crystallinity percen-
tages equating to a reduction in permeability.”>® The PEEK
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PA12 PVDF
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PEEK 150 PEEK 150PF PEEK 1000P PEEK2000P  PA11
Figure 6. Crystallinity measurements of the hot plate formed polymer
specimens. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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materials have crystallinity percentages around 30% while the
Nylon materials have percentages around 20%. The crystallinity
of the PVDF has risen considerably from its initial powder mea-
surement in Table I with a 41.43% crystalline structure. The
consistency of the crystallinity percentages in the PEEK materi-
als can be explained by the use of the same cooling rate in the
forming of all samples. The 150PF sample has the highest crys-
tallinity of all PEEK samples tested at 33.79%, and also has the
lowest permeability coefficient of all PEEK materials tested.
Results for the 150P and 1000P materials are consistent with
this as they have average crystallinity percentages of 31.65% and
30.31%, respectively, with correspondingly higher permeabilities.
Although the 2000P material would be expected to have the
lowest crystallinity, due to having the highest permeability, this
is not the case as the 2000P material has an average crystallinity
of 32.63%. An explanation for this is given in the section below
on the basis of measured internal voids and defects affecting the
permeability of the 2000P material.

Void Volume Fraction and Void Size Assessments

A comprehensive analysis of void volume fractions, Vi and
average void radii, R,, was also conducted on all of the samples
tested. X-ray CT imaging was used to determine the void vol-
ume fraction and average void radius in each material along

Defect Volume (mm?)

Figure 7. X-ray CT scan coupled with defect analysis software showcasing
the internal voids in a PVDF sample. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. X-ray CT scan coupled with defect analysis software showcasing
the internal voids in a PEEK 150PF sample. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

with an analysis of void location bias and void morphology.
Figures 7 and 8 demonstrate the void analysis results for PVDF
and PEEK 150PF materials, respectively, with the defect analysis
software highlighting internal voids of different volumes. The
void volume fraction contained within each material directly
affects permeability with higher void percentages leading to
higher permeabilities.”’

Figure 9 gives an overview of the internal void volume fraction
in each material as measured via the X-ray CT defect analysis
tool. Here, it is clear that the PVDF and VICTREX PEEK mate-
rials have the highest internal void percentages at between 3.0
and 4.0% of their total volume. This is followed by PAIl at
around 1% void volume fraction, the EVONIK PEEK grades
at < 1% and finally the PA12 grade with 0% voids detected. For
the PVDF and VICTREX materials, this void percentage will
affect permeability with significant scope for improvement via
void removal techniques during processing. The PA12 material
is the only one without any voids present and so represents the
lowest permeation rate achievable for the material with the cur-
rent production method. The average void radius is shown in
Figure 10 with most materials giving values in the range
between 200 and 300 um.

50 -

PEEK 150P  PEEK 150PF PEEK 1000P PEEEK 2000P PA11 PA12 PVDF
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Measured Void Volume Fraction (%)

-
=}

Figure 9. Void volume fraction results for each material tested for helium
permeability. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 10. Average void radius results for each material tested for helium
permeability. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Void volume size is shown in Figure 11, where the volume of
voids ranges from 0.40 mm’ down to 0.01 mm’ for varying
percentages of the total percentage of voids in each material. It
can be seen here that the 1000P and 150PF materials have a
higher percentage of smaller voids below 0.10 mm® while the
PA11 for example, has a collection of larger voids above the
0.10 mm® mark. The void location bias has also been assessed
with the defect analysis tool, whereby, Figure 12 shows the per-
centage of voids located through the thickness of a material
from the mould surface on the left of the graph to the free side
of the sample on the right of the graph.

The void content in rotationally moulded parts is influenced by
a number factors but it is controlled by the applied heating
cycle.*>* During the forming process, as the powder particles
melt and coalesce together, the collapsing structure traps air
beneath the surface in a pattern similar to that of the majority
of materials tested here (PVDE 1000P, 150P, and 150PF) with a
higher distribution of voids located at the mould surface side of
the sample. In these samples, the applied heating cycle has not
allowed sufficient time for voids to diffuse into the polymer
melt and so they have become trapped in the sample cross sec-
tion.”™*! Due to the viscosity of the polymer melt, the bubbles
do not rise and so diffusion is the main method of void

8
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Figure 11. Graph displaying the percentage of total void volume versus
the average void volume size for each material. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 12. Percentage of total voids in the part versus the location of the

voids as a percentage of the total part thickness (mould side on the left

and free side on the right). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

removal.”®™*' For the samples with void bias at a location closer
to the free surface and minimal voids throughout the rest of the
cross section, such as in the PAI1l and 2000P materials, the
heating cycle has provided enough time for the voids in these
specific materials to diffuse into the melt (starting at the mould
surface side closest to the heat source) but has still trapped air
voids at locations nearer the free surface side.”*** An example
of the bias of void locations is highlighted in Figure 13 where
voids in a PAll sample are clearly located in a region 3.0—
4.0 mm from the mould surface at the bottom of the image.

The main drawback to the X-ray CT scanning used here is that
the defect analysis only includes internal defects in its analysis.
This is because the software needs to define the surface of the
sample to distinguish between the solid material and surround-
ing air which removes surface voids from the analysis. This has
led to lower predictions of void contents, specifically in the
1000P and 2000P materials, which are important for the perme-
ability analysis, as will be shown.

While it is difficult to compare void statistics across different
materials, certain conclusions can be drawn from a coupled
analysis of the permeability results and void statistics. For the
PVDF material, a reduction in the void content should lead to
a further reduction in the permeability of the material. For the
Nylon materials, PA11 is clearly the better permeation barrier as
it maintains a lower permeation rate then PA12, even with a

[ Distance: 45000ma] =
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void volume fraction of 1%. A more comprehensive analysis of
the effect of voids and internal defects can be carried out from
an analysis of the PEEK materials tested. The void statistic
results suggest that the EVONIK PEEK materials (1000P and
2000P) should have lower permeation rates due to their lower
void contents, but this is not the case. In fact, the VICTREX
PEEK grades (150P and 150PF) have a much lower permeability
than the EVONIK PEEK grades (1000P ad 2000P), even with an
almost 3% higher void content.

The 2000P material has a permeability coefficient of almost
twice that of every other PEEK material tested. With an analysis
of the X-ray CT images it can be seen somewhat in the 1000P
material, and almost entirely in the 2000P material, that there
are significant surface defects throughout the specimen, with
Figure 14 highlighting a selection of these defects in a 2000P
sample. These defects are 0.5-0.7 mm deep into both sides of
the sample making up almost half of the specimen’s overall
thickness. These defects allow for higher rates of permeation by
decreasing the effective thickness of the material and hence are
the reason for the heightened rates of permeation. These surface
defects have a substantial presence in the 2000P material and
are the reason why the EVONIK PEEK materials have signifi-
cantly higher permeabilities then the VICTREX PEEK materials.
These defects are a direct result of poor powder consolidation
during melting, with Figure 15 showing the presence of tail sec-
tions in the 2000P powder particles prior to specimen forma-
tion. These long fibrils and tails create larger air gaps
throughout the sample during specimen formation which pre-
vent proper consolidation of the powder during melting and
hence increase permeability.

Leak Rate Comparisons for Varying Thicknesses

While it has already been shown that the leak rate is thickness
dependent and thus the permeability coefficient is a better mea-
sure for ranking materials for permeability, the leak rate is still
used to qualify COPV tanks and so it is the usual value quoted
in COPV liner studies.">*> To this end, Fick’s law, in conjunc-
tion with the permeability coefficient, has been used to predict
the final leak rate of each liner material at a given pressure and
thickness for a prospective COPV tank.

The envisaged use of the polymer materials studied is for a
standard 90L cylindrical COPV tank with domed ends and a
maximum allowable leak rate of 1 X 107> scc s~ ' of helium at
an operating pressure of 5 bar. If the tank has an internal sur-
face area of around 1.1 m> then the maximum allowable leak

| 3 mm

Figure 13. X-ray CT scans showing void location bias in a PA11 sample in a horizontal region around 3.0-4.0 mm away from the mould surface at the

bottom of the image. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 14. X-ray CT images and a transparent view of the internal defects in a PEEK 2000P samples showing thin cracks through the part thickness at
both surfaces (mould surface along bottom of each image) along with the internal defect analysis highlighting the lack of surface defect incorporation at

top and bottom surfaces. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

—3 —1 . . . :
scc s divided by this surface area gives a
“sccm”?

rate of 1 X 10
maximum leak rate limit per m* area of 9.1 X 10
s~ '. Figure 16 shows the predicted effectiveness of each material
at achieving this limit with different material thicknesses
defined for a 5 bar pressure difference using Fick’s law and the
measured coefficients to predict the leak rate.

Tail Sections

Figure 15. Optical microscopy image of the PEEK 2000P powder showing
tail sections which inhibit intimate contact during melting and lead to
larger void formations and defects. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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This demonstrates that the PA11 and PVDF grades significantly
outperform PA12 and PEEK with both materials displaying leak
rates below that of the maximum allowable for a liner with a
minimum thickness of 2.0 mm. A liner of twice this thickness
at 4.0 mm is needed for the PEEK 150PF and PA12 materials to
reach a sufficiently low leak rate to be acceptable as a liner
material. At a 4.0 mm thickness, the PA11 and PVDF materials
have reduced the leak rate further to less than half that of the

6.00 x 10°* =@~ PEEK 2000P

~#— PEEK 1000P
~i— PEEK 150P

5.00 x10°%
== 150PF
—8—PA12
4.00 x 10 PVDF
——PA11

£ PA11S5 bar Pressure Tests
= Allowable Leak Rate

Predicted Leak Rate (scc/m’.s)

10 20 3.0 40 50 6.0
Liner Thickness (mm)

Figure 16. Leak rate predictions using Fick’s Law and a standard pressure
difference of 5 bar for different polymer liner thicknesses. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43675


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP
6.00 x 10 —fl— PEEK 2000P
—¢— PEEK 1000P
s PEEK 150P
3
5.00 x10% i PEEK 150PF
= —8—PA12
:Eam x10%] —t—EVEE
Z —+—PA11
§ ¥ PA115 bar Pressure Tests
; 3.00 x 10 = Allowable Leak Rate
3
°
4
E2.00 x102
°
2
&

0.00 2.00 4.00 6.00 8.00 10.00 12.00
Liner Weight (kg)

Figure 17. Leak rate predictions using Fick’s Law and a standard pressure
difference of 5 bar for different polymer liner weights. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

allowable leak rate at an average of 4.25 X 10 * scc m * s},

providing a significant factor of safety for the integrity of a pro-
spective COPV tank. The 1000P, 2000P, and 150P grades even-
tually reach the maximum allowable limit at the 5.0 mm
thickness mark but at this point their reduced performance lags
significantly behind that of PA11 and PVDE

The second effect of liner thickness which must be considered is
the overall liner weight which is linked to the density of the spe-
cific polymer material tested. From Table I, it is clear that the
Nylon materials are almost half as dense as PVDF which further
separates the PA11 material from PVDF as the better material for
low permeability liner applications and the lighter material for
weight saving operations. A representation of the predicted liner
weight versus the final leak rate has also been included in Figure
17 with results showing that a PAIl liner is far superior to all
other materials on a weight basis as its leak rate is half that of all
other materials for the same liner weight. This has been con-
firmed experimentally by further testing of three PA11 samples
(with an average thickness of 5.6 mm) at a pressure difference of
5 bar (the expected operating pressure of the COPV designed
here), the results for which have been included in Figures 16 and
17. The leak rate from these samples had an average value of 2.91
X 107* scc m~ % s~ ! which is accurate to within 3% of the pre-
dicted value of 3.00 X 10™* scc m~2 s~ '. This proves the accu-
racy of the permeability testing conducted here at a 1 bar
pressure difference and further verifies that the PA11 material is
the best barrier to permeation. The PVDF and PA12 are equal in
regard to barrier properties for similar liner weights while the
PEEK materials lag behind again for storage properties.

CONCLUSIONS

The viability of rotationally moulded polymers as low perme-
ability COPV liner materials has been demonstrated via helium
permeability testing, coefficient calculation and the use of Fick’s
law to predict specific leak rates for different liner thicknesses at
a given pressure difference. The presence of air voids in the
tested laminates has shown the effects of void contents on per-
meability while also demonstrating that significant void defects
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negatively affect barrier properties as demonstrated by the
2000P PEEK material.

X-ray CT scanning has given significant information in relation
to void statistical data with void position data, void size, and
void volume fraction data also assessed. This analysis has shown
that for most materials the predominant location for voids is
close to the mould surface, with the free side having a reduced
void content showing the positional bias of voids in roto-
moulded materials. It has also shown the effects of improper
powder selection for rotational moulding trials as the lack of
intimate powder contact leads to significant defect inclusion.

PA11 and PVDF have the highest barrier properties of all materi-
als tested, with the lowest permeability coefficients and lowest
predicted leak rates. Predicted leak rates with liner wall thick-
nesses above 2.0 mm with these polymers are lower than the
maximum allowable leak rate for a 90L COPV tank operating at
a 5 bar pressure difference. The predicted weight of a liner
formed from each material has further separated PA1l from its
counterparts as its weight savings far exceed that of PVDE. Per-
meability testing of PA11 samples, at a pressure difference of 5
bar, has verified these leak rate predictions for 5.6 mm thick sam-
ples which further proves the accuracy of the current test results.
The availability of these materials in powder form makes them
natural candidates for future trials as rotomoulded COPV liners
for the storage of cryogenic fuels aboard rockets and satellites.
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NOMENCLATURE

P Permeability Coefficient (scc m s !bar )
D Diffusion Coefficient (m? s~ !)

S Solubility Coefficient (scc m™> bar™ ')

J Leak Rate (sccm s~ 1)

\%4 Total Volume of Gas (scc)

A Area (m?)

Ap  Pressure Difference (bar)

t Time (s)

B Thickness (m)

L Time Lag (s)

C Concentration (scc m ™)
V¢ Void Volume Fraction

R,  Average Void Radius (um)
T  Melt Temperature (°C)

Xe Crystallinity (%)
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