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Abstract 

This work presents an experimental investigation into the permeability of carbon fibre (CF) 

polyetheretherketone (PEEK) for cryogenic storage tanks for space applications. The effects of cryogenic 

cycling, manufacturing method, PEEK matrix type, fibre type, cryogenic temperatures, pressure, and 

thickness on the permeability of CF-PEEK laminates are investigated. Laminates are manufactured using 

autoclave, press and in-situ laser assisted automated tape placement (ATP) consolidation. Optical 

microscopy is used to characterise the microstructure of test samples. The results show that, for 

undamaged autoclaved CF-PEEK samples, the permeability remains essentially constant for the ranges 

of pressures and thicknesses tested. Samples manufactured using the ATP process and samples which 

were damaged by cryogenic cycling, had a higher leak rate than autoclaved and pressed samples. For 

cryogenically cycled samples, the leak rate was shown to be dependent on the damage state of the 

microstructure.  
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1 Introduction  

The current cost to send 1 kg of payload into geosynchronous transfer orbit using the SpaceX Falcon 

launcher is approximately $7500 [1]. The weight reduction achievable due to the high specific strength of 

carbon fibre reinforced polymers (CFRP) has led to their use in cryogenic storage applications in the 

space industry. Composite overwrapped pressure vessels, which consist of low permeability liners 

wrapped in CFRP, are currently used to store cryogens such as liquid hydrogen (LH2) and liquid oxygen 

(LO2) [2-4]. The low permeability liner, typically aluminium or titanium, limits the leakage of the 

cryogen, and the CFRP provides strength and stiffness to the structure. To fully exploit the potential 

weight saving of CFRP in cryogenic storage, the weight of the liner must be reduced or liner-less tanks 

must be designed. The failure of the liner-less X-33 CF-Epoxy tank, due in part to leakage in the tank 

walls [5], highlights the importance of understanding leakage bahaviour in the design of CFRP cryogenic 

storage tanks.  

The term permeability has been used in the literature to refer to leak rate [6], permeability as defined 

by Fick’s law [7-9] and permeability as defined by Darcy’s law [10]. For materials that display non-

Fickian behaviour, the permeability and diffusivity calculated using Fick’s law are not meaningful. This 

illustrates that in order to present valid permeability data it must be verified that the material behaviour is 

close to Fickian. In this study, leak rate through the sample is reported in units of Scc/sm2, whilst 

permeability and diffusivity, as defined by Fick’s law, are given in units of mol/smPa and in m2/s, 

respectively.  Fick’s law describes the transport of matter from areas of high concentration to areas of low 

concentration through the process of diffusion. For the testing in the current study a high concentration of 

helium is maintained on one side of the sample and a low concentration is maintained on the other side of 

the sample. This concentration gradient across the sample is the reason that molecules of helium diffuse 

throught the test samples. The process is charachterised by an initial time lag, as the helium diffuses 

through the solid sample, followed by a rise in concentration on the low pressure side until the system 

reaches a steady state.   

Several experimental studies have investigated the leak rates of various CFRPs [6-9, 11-19]. 

Peddiraju, Popov, Lagoudas and Whitcomb [19] showed that leakage caused by gas flow through 

connected micro-cracks is typically orders of magnitude higher than leakage caused by diffusion alone. 

Stokes [13] stated that CFRPs in an undamaged state had an acceptable leak rate for application in 

cryogenic storage tanks and that the lack of success in applying CFRPs to hydrogen storage tanks is due 
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to micro-cracking at cryogenic temperatures. Choi and Sankar [9] showed that permeability increased by 

several orders of magnitude following cryogenic cycling for samples with connected micro-cracks 

propagating through the thickness of the samples. However, there was little change in permeability for 

samples where the micro-crack network did propagate through the entire thickness of the laminate to form 

a connected leak path. Although the damage state of the microstructure is an important factor in 

understanding the mechanism of leakage through composites, it is not always investigated as part of leak 

rate studies.  

For well-consolidated, undamaged composites, the mechanism of gas leakage through the composite 

is diffusion. Schultheiß [8] has shown that for undamaged composites, leakage shows flux time behaviour 

similar to a Fickian distribution. For undamaged composites, changes in fibre volume, fibre type, resin 

type, temperature and the addition of nano-particles affect permeability, typically by less than an order of 

magnitude [7-9]. Although Fick’s law is only applicable to homogeneous materials [20], undamaged 

composites show near-Fickian behaviour and the effect of temperature on an undamaged laminate can be 

expressed by an Arrhenius equation where permeability decreases with temperature [7, 21].  

For damaged samples with connected leak paths, Darcy’s law has been used to predict the leak rates 

of gas through micro-cracks [10, 22-23]. Grenoble and Gates [11] showed that mechanically cycled 

samples have a higher leak rate at low temperatures, furthermore it was shown that leak rate increased 

with both increasing micro-crack density and applied mechanical strain at both cryogenic and room 

temperature. Bechel, Negilski and James [6] showed that in the absence of micro-cracks there was no 

measurable leakage, that increasing crack densities lead to increasing leak rates, and  that high fracture 

toughness reduced micro-cracking and leak rates. Kumazawa, Susuki and Aoki [15] showed that leak rate 

increased with increasing crack opening displacements caused by applied strains. For damaged samples 

with connected leak paths, the geometry of the leak paths, the viscosity of the test gas and the pressure 

difference across the sample influence the leak rate. As such, the fibre volume, fibre type, resin, layup, 

temperature, pressure and strain state all affect the leak rate. Goetz, Ryan and Whitaker [5] have shown 

that leak rates through damaged samples increase with applied strain and decreasing temperature. 

Temperature affects both the geometry of the leak paths, due to thermal strain, and the viscosity of the 

leaking gas. The pressure gradient across the sample is the reason for helium flow through samples with 

connected leak paths. 
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Thermoplastics have several advantages over thermosets; they can be manufactured using 

automated techniques such as Automated Tape Placement (ATP) and fusion bonding. Furthermore, they 

have superior toughness and storage life [24]. This has led to research into the application of 

thermoplastics to cryogenic storage [3-4]. Laser assisted ATP is an out of autoclave manufacturing 

technique, which involves automated, in-situ placement, and consolidation of CF thermoplastics with 

laser heating. ATP can be used to make large parts without the need to use large autoclaves which 

provides a potential cost benefit over thermoset production [25]. 

CF-PEEK, which can be manufactured using the ATP process, has been identified as a potential 

material for cryogenic storage tanks due to its specific strength, toughness and chemical resistance. 

Ahlborn [26] showed that CF-PEEK samples, manufactured with AS4 fibres, showed no micro-cracking 

after 120 cryogenic cycles. Funk and Sykes [27] showed that AS4-PEEK had a crack density of 0.1 

cracks per millimetre after 500 cryogenic cycles and concluded that of the six CFRPs tested, AS4-PEEK 

was the best suited to cryogenic aerospace applications due to its resistance to micro-cracking after 

cryogenic cycling. Nairn [28] showed that micro-cracking of CF-PEEK followed similar trends to CF-

Epoxy and the superior toughness of CF-PEEK was negated by higher residual thermal stress in the as-

manufactured state.  

Grogan, Leen, Semprimosching and Ó’Brádaigh [29] investigated damage formation due to 

cryogenic cycling in autoclave samples manufactured from three types of commercially available CF-

PEEK: Suprem IM7-PEEK, Cytec IM7-PEEK, and Tencate AS4-PEEK. This work showed that (i) PEEK 

type affected micro-crack density with Suprem IM7-PEEK being the most susceptible to micro-cracking, 

(ii) for the majority of samples no further micro-cracking occurred after the first cryogenic cycle, (iii) the 

majority of cracks extended in the fibre direction, through the full length of the specimen and (iv) thicker 

samples and quasi-isotropic layups were more susceptible to cracking due to cryogenic cycling. 

Nettles and Biss [30] states that in order for CFRP’s to be used in cryogenic applications the 

permeability of these material must be characterised. The permeability and leak rate work carried out to 

date has focused mainly on composites with thermosetting matrices, as these have been the most common 

materials used in the aerospace industry. The current work compliments the work of Grogan et al. [29] by 

address the knowledge gap surrounding the permeability and leakage behaviour of damaged and 

undamaged CF-PEEK. The work investigates the leak rates of CF-PEEK from different material 

suppliers, composed of different fibres, and manufactured using different consolidation techniques. 
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Optical microscopy and 3D X-ray CT scanning are used to verify the quality of the laminates and to 

monitor cryogenic cycling damage to the microstructure in order to better understand the leakage 

behaviour of CF-PEEK. The permeability results are compared to experimental results from literature and 

a published allowable leak rate for cryogenic storage tanks given by Robinson [31] of 3.58 Scc/sm2. 

Different cryogenic storage designs may require orders of magnitude difference in leak rate allowables, 

and the design allowable presented here is given for context only.  

2 Methodology 

2.1 Materials 

Permeability tests were performed on four different CF-PEEK materials: Cytec PEEK with 60% AS4 

fibres [32], Cytec PEEK with 60% IM7 fibres [32], Suprem PEEK with 60% IM7 fibres [33] and Tencate 

PEEK with 59% AS4 fibres [34]. Laminates were manufactured using heated press, autoclave, and laser 

assisted ATP consolidation. Permeability tests were also carried out on CF-M21 Epoxy [35], on un-

reinforced PEEK and un-reinforced PVC in order to compare the test results to published data and 

validate the test methodology. The CF-Epoxy sample was cured in the autoclave in accordance with the 

manufacturer’s specification given in [35]. The PEEK sample was manufactured by laying up several 

sheets of Victrex PEEK [36] film and consolidating in a heated press. Information on laminate ID, 

supplier, fibre type, manufacturing method and layup is given in Table 1. All CF-PEEK samples are 

coded in accordance with their supplier (C for Cytec, S for Suprem and T for Tencate), fibre type (4 for 

AS4 and 7 for IM7) and manufacturing method (AC for autoclave, P for press and ATP for automated 

tape placement). For example, in sample C4AC, “C” indicates that the material is supplied by Cytec, “4” 

indicates the fibre type is AS4, and “AC” indicates the samples were manufactured using the autoclave. 

The trademark of the PEEK matrix for each material system is given, but further details such as additives 

used during processing and manufacturing techniques is not available from suppliers. Before testing, the 

quality of all CF-PEEK samples was verified using ultrasonic through-transmission and optical 

microscopy. Test samples, of dimensions circa 200mm by 200mm, were extracted from the parent 

laminate using a water-cooled diamond blade. All autoclave and press laminates were processed at 380°C 

and a pressure of 6 bar, in accordance with the manufacturers’ recommendations, in an EN/ISO 9100 [37] 

accredited facility. Autoclave samples experienced a cooldown rate of circa 5ºC per minute, this would 

lead to a crystallinity percentage of 30-35% [24]. Press laminates and the un-reinforced PEEK sample 
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have cooling rates of circa 1 ºC per minute which would lead to a crystallinity of  37-42% [24].  The ATP 

laminate was manufactured using Suprem CF-PEEK tape designed for use with the ATP process. The 

crystallinity percentage of the ATP specimen, measured using differential scanning calorimetry, was 

found to be 25% [38]. 

2.2 Cryogenic Cycling 

Test Samples taken from laminates C4AC, C7AC, T4AC, S7AC1 and S7ATP were subjected to 

cryogenic cycling between -196°C and room temperature. Although LH2 and LO2 are typically stored in 

cryogenic tanks, for issues of safety and practicality, liquid nitrogen (LN2) is commonly used for 

cryogenic cycling in laboratory testing. Samples were immersed in LN2 for 2 minutes, removed, and 

heated to room temperature for 6 minutes using a convection fan. The cryogenic cycle was verified by 

embedding a thermocouple in an 8-ply laminate during a cryogenic cycle. 

2.3 Test Method 

All samples are tested using a Leybold L200, mass spectrometry-based, helium leak detector. Helium was 

used as a test gas as it has a similar molecular diameter to hydrogen and it gives similar measured 

permeability results to hydrogen [6-7]. The mass spectrometry test setup, shown in Fig. 1, is similar to 

that used previously in the investigation of permeability of composites [6-7, 14]. This test setup measures 

only the helium in the lower chamber. This means that the system is less susceptible to errors due to 

leakage from atmospheric gasses into the test chamber as noted by Bechel et al. [6]. To seal the sample in 

place, Viton O-rings are used for room temperature testing and indium rings are used for cryogenic 

temperature testing. 

The samples were placed between the upper and lower test chamber and helium gas was then 

introduced into the upper chamber. The helium leaked through the test sample into the lower test 

chamber. The helium leak detector drew a vacuum in the lower chamber and measured the helium leak 

rate through the sample and the pressure in the lower chamber. Monitoring the pressure in the lower 

chamber allowed the quality of the seals to be evaluated before testing.  

2.4 Procedure 
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Test samples were placed between the upper and lower test chamber and clamped in place using threaded 

fasteners. The upper chamber was evacuated using the vacuum pump shown in Fig. 1 and the lower 

chamber was evacuated using a pump incorporated into the leak detector. The pressure in the lower 

chamber was monitored to ensure that there was no leakage due to poor seals. If the pressure in the lower 

chamber did not drop below 0.015 millibar this indicated that the sample was not sealed correctly or the 

sample was leaking at a very high rate. This value was chosen as it gave a measured background signal 

that was one order of magnitude lower than the signal from the lowest permeability samples tested. In 

cases where the pressure did not drop, the sample was removed, inspected, cleaned and re-tested. If the 

issue continued, a low viscosity, polyurethane edge sealant was applied to the sample surface around the 

O-ring clamping area. Samples with a rough surface or surface damage would not seal adequately without 

the use of polyurethane sealant. If the pressure in the test chamber was still high following the application 

of polyurethane sealant, it was concluded that this was due to a high leak rate through the sample and the 

test was continued.  The valve to the vacuum was closed and helium was introduced into the upper test 

chamber. The time at which the helium was introduced was recorded at the start of the test. Standard 

samples were exposed to helium at a pressure difference of 1 bar across the sample. Samples S7AC3, 4, 

and 5 were tested at a pressure difference of 1 bar and 10 bar across each sample. The test area enclosed 

by the O-rings for all samples was 0.0095 m2. 

Permeability testing at cryogenic temperatures was performed used the same principle as above, 

with indium seals being used instead of Viton. The sample was initially allowed to reach a steady state at 

room temperature. The test chamber was then submerged in the liquid nitrogen dewar shown in Fig. 1 and 

the leak rate was monitored until it reached steady state at cryogenic temperatures.  

For each laminate type, testing was carried out to identify the time taken for the sample to reach 

steady state.  The steady state time was defined as the time when leak rates reach their respective constant 

values without any significant fluctuations (+/-5% deviation) over a time period appropriate for the 

sample type. This steady state time was then set as the test time for samples of this type. Test times varied 

from several minutes for damaged samples to 50 hours for thick samples.  

2.5 Calculation of Permeability and Diffusivity 

At steady state, the permeability, 𝑃 through a membrane, in the through thickness direction is calculated 

from [7, 20, 39]: 
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𝑃 = 𝐽𝑠𝑠𝑙𝐴 (𝑝𝑢 − 𝑝𝑙)                                     (1) 

where  𝐽𝑠𝑠 is the steady state leak rate, 𝐴 is the sample surface area, 𝑝u is the partial pressure of permeate 

in the upper chamber, 𝑝l is the partial pressure of permeate in the lower chamber and 𝑙 is the sample 

thickness. In the current study, pure helium was used in the upper chamber and a high vacuum was drawn 

in the lower chamber so that the partial pressures are equal to the actual measured pressure. Eq. 1 is 

equivalent to Fick’s first law [39], for the current testing, where it is assumed that the  diffusivity, D, is 

independent of concentration, and the permeate surface concentration is proportional to the applied partial 

pressure. 

For materials that follow Fickian behaviour, under the test conditions described above, the normalised 

leak rate at any time, 𝑡, is given by [39]: 

𝐽𝐽𝑠𝑠 = 4√𝜋.  √ 𝑙24𝐷𝑡 ∑ expn=∞
n=0 {−(2𝑛 + 1)2𝑙2(4𝐷𝑡) }                       (2) 

where 𝐽 is the leak rate at time 𝑡. By inputting the value of  𝐽/𝐽𝑠𝑠 = 0.5  and solving for 𝐷, Eq. 2 reduces 

to 𝐷 = 𝑙2/7.199𝑡0.5 , where 𝑙 is the sample thickness and 𝑡0.5 is the time taken for the leak rate to reach 

half its final value.       

Defining the non-dimensional leak rate 𝑗 as  𝑗 = 𝐽/𝐽𝑠𝑠 and the non-dimensional thickness-time as 𝜏 =𝐷𝑡/𝑙2  samples with different leak rates, thickness and test times can be compared to theoretical Fickian 

behaviour using Eq. 2. 

Although permeability as defined by Fick’s law has previously been applied to composites, strictly 

speaking, it only applies to homogeneous materials [20]: hence, it is important to assess its validity for 

composite materials, on a case by case basis, by comparing the sample behaviour to theoretical Fickian 

behaviour.  

3 Results and Discussion 

This section presents results and discussion of the laminates listed in Table 1. The results are broken into 

three separate sections which present data on the microstructure and the leak rates of the laminates. The 

first section presents the results pertaining to un-cycled autoclave laminates, un-reinforced PVC and un-

reinforced PEEK. These results are compared with available results from literature. The second section 
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presents the results pertaining to un-cycled press and ATP laminates. The third section presents results on 

the effect of cryogenic cycling on autoclave and ATP laminates.  

3.1 Autoclave Laminates 

3.1.1 Microstructure 

Micrographs from laminates SC4AC, C7AC, T4AC, S7AC1 and S7AC2, were taken along a length of 

200mm to examine the microstructure and to identify any processing defects. All autoclave samples were 

shown to have a uniform structure, consistent ply thickness and well-distributed fibres.  No fibre 

wrinkles, de-laminations, gaps or foreign matter were observed and all samples had a measured void 

content less than 1%. Fig. 2 shows micrographs of laminates S7AC, T4AC, C4AC and C7AC, chosen to 

represent the general, well-consolidated microstructure of each laminate type. The Suprem IM7 laminate 

and Tencate AS4 laminates have the most homogeneous structure with fibres uniformly distributed and 

no large intralaminar or interlaminar resin rich areas. Both Cytec IM7 and AS4 laminates show a less 

homogeneous structure with fibres less uniformly distributed and intralaminar and interlaminar resin rich 

areas shown in dark grey. The micrographs showed that all autoclaved laminates were well consolidated, 

with no clusters of voids, or damage that could form a connected leak path. 

3.1.2 Leak Rate 

Table 2 shows a summary of the measured leak rates, permeabilities, diffusivities, and sample 

behaviour for autoclaved CF-PEEK, CF-Epoxy, un-reinforced PEEK and un-reinforced PVC tested at a 

pressure difference of 1 bar. In the case where results are based on more than one sample, the coefficient 

of variation (Cv) is given. One sample from laminate C4AC was tested at cryogenic temperatures in order 

to investigate the influence of cryogenic temperature on permeability. 

The data in Table 2 shows that the leak rate of CF-PEEK for all samples is well below the allowable 

leak rate given in [31]. The result of testing C4AC at -196°C shows a decrease of two orders of 

magnitude for leak rate and permeability at cryogenic temperatures. A decrease in permeability with 

temperature for composite materials was reported by Humpenöder [7], who also showed that the decrease 

follows an Arrhenius equation. The result measured at cryogenic temperature is the lowest leak rate of all 

test samples measured and indicates that leakage due to diffusion through the composite at cryogenic 

temperatures is extremly low. At the rate measured here it would take 18 days for a volume of one 
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centimeter cubed at standard temperature and pressure to leak through a one meter squared area of 

composite (Scc/m2). The data presented in Table 2, indicates that damage free autoclaved CF-PEEK is a 

suitable material choice for cryogenic storage. 

Fig. 3 shows a comparison of the theoretical 𝑗 − 𝜏  response, plotted using Eq. 2, with measured 

data from samples taken from laminates C4AC and S7ATP. The agreement between the theoretical 

Fickian curve and the results from laminate C4AC indicates that the assumptions used in Eq.2 are 

reasonable.  For the purpose of this study samples shall be described as Fickian, near-Fickian and non-

Fickian depending on how they compare to the theoretical 𝑗 − 𝜏 curve. The behaviour of sample C4AC is 

described as near-Fickian as it follows the theoretical Fickian response closely. It shows an initial time lag 

followed by an increase in leak rate, before slowly reaching steady state bahaviour. In contrast the leak 

rate of sample S7ATP is described an non-Fickian as it shows an immediate increase once gas is 

introduced, with no initial time lag. Samples that show Fickian behaviour follow the above equations and 

also an Arrhenius equation where leak rate decreases with decreasing temperature [7-8].  

All autoclave CF-PEEK samples tested show near-Fickian behaviour and all leak rate, permeability 

and diffusivity results measured at room temperature are within one order of magnitude difference, 

respectively. The differences in permeability and diffusivity between similar CF-PEEK materials may be 

due to (i) different grades of PEEK used by different suppliers, (ii) differences in supplier manufacturing 

techniques and (iii) different fibres and fibre sizing.  

The diffusivity influences the rate at which the permeate diffuses through the samples and the time 

taken for the system to reach steady state. A steady state was reached by un-reinforced PEEK in circa 2 

hours, by Cytec AS4 in circa 12 hours, and by Cytec IM7 in circa 20 hours.  

Comparing the results of the CF-PEEK to the un-reinforced PEEK, shows that the addition of fibres 

to the matrix decreases the permeability in agreement with Humpenöder [7] . This decrease in 

permeability and increase in time taken to reach steady state for the CF- PEEK sample  is likely due to the 

increased length of the diffusion path due to the gas having to diffuse around the fibres. This effect is 

known as tortuosity [40]. 

Fig. 4 compares the results of this study with the results from literature. The measured permeability 

of CF-PEEK, PVC, un-reinforced PEEK, and CF-Epoxy are in agreement with the values reported in 

literature. The results for CF-PEEK are also in the same range as CF-Epoxies given in literature. This 

shows that the permeability of the CF-PEEK is in line with thermosetting CF composites, and from the 
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point of view of permeability, is equally well suited to the manufacture of cryogenic storage tanks. The 

result presented by Choi and Sankar [9], which is unusually low, highlights the wide spread of data from 

literature. The spread of data in the literature could be due to the lack of a standard test method or 

apparatus for assessing the permeability of composites and the varying sensitivity of different test setups. 

The ASTM D1434 [20] test standard for measurement of the gas permeability characteristics of plastic 

film has been widely adopted for permeability testing of composites [9, 17, 41]. This standard states that 

the measurements give semi-quantitative results for the permeability and that the results are dependent on 

the lab test setup.  The standard was updated in 2015 and an incorrect formula for calculating the gas 

transmission ratio has been corrected.  

Fig. 5 shows the measured effects of pressure and sample thickness on permeability. Fig. 5 (a) 

shows the influence of pressure on leak rate and Fig. 5 (b) shows the influence of pressure on 

permeability for three Suprem IM7 samples, tested with a pressure difference of 1 bar and 10 bar. 

Laminates S7AC3, S7AC4 and S7AC5 were all manufactured in the same autoclave with the same 

process conditions and tooling.  Fig. 5 (a) shows that the increase in pressure leads to an increase in leak 

rate. However, Fig. 5 (b) shows that the permeability remains constant, in line with Eq. 1. This result 

indicates the assumption that permeate surface concentration is proportional to the applied partial pressure 

is reasonable over the pressure ranges investigated.  Fig. 5 (c) shows the permeability and leak rate of 

Suprem IM7 laminates, S7AC1, S7AC2, S7AC3, S7AC4 and S7AC5, tested at a pressure difference of 1 

bar. The results show that the leak rate of the thicker laminate (S7AC2) is reduced in comparison to the 

other laminates. However, the permeability remains constant, in line with Eq. 1. These results have 

important implications for the design of composite cryo-tanks. If the permeability is measured at a certain 

pressure, for a certain laminate thickness, the permeability measurement can be used to predict the leak 

rate of proposed tank designs of different thicknesses and pressures.  

3.2 ATP and Pressed Laminates  

3.2.1 Microstructure 

ATP and press consolidated laminates were manufactured and tested in order to assess the suitability 

of these manufacturing methods to cryogenic storage applications. Micrographs of laminates S7P and 

S7AC2 showed that the press and autoclave laminates had a similar microstructure to that shown in Fig. 2 

with void contents below 1%. Micrographs of ATP laminate S7ATP show many large local defects and 



12 

 

several surface micro-cracks. These defects included large de-laminations, areas of foreign matter and 

several areas of co-incident defects of different types that occurred more frequently on the surface plies. 

Fig. 6 shows three surface plies of laminate S7ATP and represents the largest defect area examined 

during inspection; the entire defect consisted of a de-lamination 3 mm in length, a large micro-crack, 

foreign matter, and a void located in three surface plies of the laminate. The micrographs show that the 

foreign matter contains randomly orientated carbon fibres and the micro CT indicates that the scrap 

material has a similar density to the composite. This suggests that the foreign matter is CF-PEEK debris 

that has been unintentionally consolidated into the laminate during the ATP manufacturing process. 

3.2.2 Leak Rate 

Table 3 presents a summary of the measured leak rates, permeabilities, diffusivities, and sample 

behaviour for Suprem CF-PEEK laminates for each manufacturing method tested at a pressure difference 

of 1 bar. The data presented is based on the average of several test samples taken from each laminate and 

the coefficient of variance is given for each result. The leak rate, permeability, and diffusivity of the 

autoclave and press laminates are very close to one another, have a low coefficient of variance and show 

near-Fickian behaviour.  

Table 3 also shows that the ATP samples do not follow Fickian behaviour, i.e. no initial time lag 

and behaviour similar to the non-Fickian sample in Fig. 3. The ATP laminate has a much higher leak rate 

than both autoclave and press laminates, it also has a coefficient of variance of leak rate of 70%, and the 

time taken for the samples to reach steady state was circa 2 hours. The high leak rate and coefficient of 

variance of ATP laminates is thought to be due to randomly located local defects which allow leakage 

through connected leak paths. The presence of these defects highlights possible issues with the ATP 

manufacturing process.  Development of the ATP process parameters to eliminate these defects would 

lead to leak rate properties closer to that of autoclave and press laminates and Fickian behaviour. 

3.3 Cryogenically Cycled Laminates 

3.3.1 Microstructure 

Samples taken from laminates C4AC, C7AC, T4AC, and S7AC1 were examined after 0, 1, 10, 20 

and 30 cryogenic cycles. Each sample had an edge polished and inspected to investigate the effects of 

cryogenic cycling on the microstructure. 



13 

 

Samples taken from laminate C4AC showed one surface ply micro-crack before cryogenic cycling.  

Fig. 7 shows the micro-crack on the surface of a sample taken from laminate C4AC before and after 

cryogenic cycling, which shows no discernible change in this micro-crack between 0 and 30 cycles. This 

indicates that for laminate C4AC, the observed individual crack did not propagate following cryogenic 

cycling.  

Samples taken from laminate C7AC showed no micro-cracks before cryogenic cycling and 3 

surface ply micro-cracks following cryogenic cycling. The micro-cracks were similar to that shown in 

Fig. 7.  

Samples taken from laminate T4AC showed no micro-cracks before cryogenic cycling and no 

change in microstructure following cryogenic cycling. 

Samples taken from laminate S7AC1 showed no micro-cracking before cycling but all samples 

had micro-cracks following 1 cycle. Fig. 8 (a) shows a typical micro-crack, found in sample S7AC1, 

which propagates through the four central plies of the laminate. For sample S7AC1, nearly all cracks 

were at least 1 ply thick. Table 4 gives micro-crack densities for laminate S7AC1, following 1 cryogenic 

cycle (cracks less than 1 ply thick were discounted). It can be seen that there was a large difference in the 

crack densities from sample to sample and that not all samples had detectable cracks in all plies. Even in 

individual samples with high levels of damage, cracks did not show a uniform distribution, but tended to 

occur in unevenly spaced clusters with no discernible edge effects. Samples showed no change in micro-

crack density after the first cryogenic cycle. The lower Mode I and Mode II fracture toughness of Suprem 

IM7-PEEK (1515 and 1355 J/m2 [42]) when compared to Cytec IM7-PEEK (2300 and 1900 J/m2 [32]) 

has been suggested as an explanation for Suprem  CF-PEEK laminates exhibiting micro-cracking after 

just one cryogenic cycle [29]. 

ATP samples examined following 1 cryogenic cycle showed micro-cracks in all samples. Micro-

cracks were shorter and less defined than in autoclave samples and were sometimes indistinguishable 

from other defects such as areas of porosity and de-laminations as shown in Fig. 8(b). Micro-cracks did 

not propagate from ply to ply as with the blocked plies shown in Fig. 8(a). This is thought to be due to the 

layup of the laminates. 

Sections from laminates C4AC, C7AC, T4AC, S7AC, and S7ATP were scanned using micro 

computed tomography after cryogenic cycling and post processed using the image processing package 

Fiji [43-44] in order to give a qualitative assessment of laminate features. The section taken from laminate 
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C4AC, C7AC and T4AC showed uniform structure throughout the section, indicating that the laminates 

were well consolidated with few voids or defects. The microstructure of laminate S7ATP was distinctive 

from all other laminates scanned as it showed voids, running parallel to the fibres. This indicating that 

there were defects, possibly caused by inaccurate tow placement during the ATP process, which ran along 

the direction of the fibre tows. 

Fig. 9 shows ply-by-ply plan view sections of sample S7AC in which the fibre direction can be 

identified in most of the images. Fig. 9 also shows two micro-cracks, labelled “A” and “B”, in the four 

central plies, which travel along the full length of the scanned section in the fibre direction. The presence 

of micro-cracks identified by “A”, and “B” in Fig. 9 was confirmed by optical microscopy.  

 

3.3.2 Leak Rate 

Table 5 shows a summary of  the measured leak rate, permeability and diffusivity of  laminates 

S7ATP, S7AC1, T4AC, C7AC and C4AC after cryogenic cycling. Comparing these results with results 

for un-cycled laminates, given in Table 2, shows that cryogenic cycling has very little effect on the leak 

rate and permeability of Cytec AS4, Cytec IM7 and Tencate AS4. However, it increases the leak rate of 

Suprem autoclaved and ATP laminates by several orders of magnitude after just one cryogenic cycle. The 

leak rate time response for laminate S7AC1 also changes from near-Fickian to non-Fickian and the time 

taken to reach steady state is reduced from hours to several minutes. This indicates that leakage has 

changed from a diffusion-based process, driven by concentration gradient, to fluid flow through 

connected leak paths, driven by pressure gradient.  

Fig. 10 shows the leak rate following cryogenic cycling for three samples taken from laminate 

S7AC1, plotted against the average crack density for each sample, taken from  Table 4. Fig. 10 shows a 

correlation between micro-crack density and leak rate after both 1 and 30 cycles. This correlation 

indicates that gas flows through a connected micro-crack network, which explains the increase in leak 

rate, and why the leakage behaviour of damaged samples changes from near-Fickian to non-Fickian. The 

increase in leak rate from 1 cycle to 30 cycles also suggests that, although the crack density remains 

constant, further damage is caused after the first cycle. This damage may be due to propagation of internal 

delamination’s or changing crack geometry, but further work is needed to confirm this. This result clearly 

highlights that micro-crack density alone cannot be used to predict leakage. The leak rate at 1 bar pressure 

difference is below the allowable leak rate given by Robinson [31].  However, the effect of increasing the 
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pressure or decreasing the temperature cannot be predicted using Ficks law as the sample deos not show 

Fickian behaviour. 

4 Conclusions and Future Work 

The permeability of four different CF-PEEK composites, manufactured using autoclave, press and 

automated tape placement, was measured at room temperature and after cryogenic cycling. Optical 

microscopy and CT scans were carried out to investigate the effect of micro-structural defects and/or 

cryogenic damage on permeability.  

The results show that: 

• The permeability of CF-PEEK is low enough to make it a suitable material choice for 

cryogenic storage. However, for damaged CF-PEEK, or CF-PEEK with manufacturing 

defects, Fickain diffusion is not the dominant leakage machanism and the leak rate must be 

evaluated under working conditions and compared to design allowables if these materials 

are to be used in cryogenic storage applications.  

• All autoclaved CF-PEEK laminates showed near-Fickian behaviour before cryogenic 

cycling. This result allows the leak rate of proposed tank designs of different wall thickness 

and at different pressures to be calculated using Fick’s law, provided the material is not 

likely to be subject damage that would lead to the creation of leakage paths during its 

lifetime. 

• The permeability of un-cycled CF-PEEK at -196°C is several orders of magnitude less than 

that measured at room temperature.  This shows that, for Fickian materials, using values for 

permeability measured at room temperature is extremely conservative.  

• ATP samples showed a high leak rate (relative to un-cycled autoclave samples), high 

sample variance, and non-Fickian behaviour in the as-manufactured state. This was 

attributed to manufacturing defects in the laminates. 

• Supreme IM7 micro-cracks following just one cryogenic cycle. This is in agreement with 

previous work carried out by Grogan et al [29]. Following cryogenic cycling Suprem IM7 

showed non-Fickian behaviour and a high leak rate (relative to un-cycled samples), which 

was shown to correlate with micro-crack density. 
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• For all samples, cryogenic cycling had little effect on the leak rate of CF-PEEK unless 

cycling caused micro-cracking of the composite matrix.  

 

Future work should focus on: 

• Modelling micro-cracking and leak rate in composite materials. This could be carried out 

by importing CT scans into finite element software, as demonstrated by Harrison et al. [45] 

and modelling micro-crack growth using X-FEM. The effect of cryogenic temperatures and 

the predicted operational loads could be simulated.  The results of these simulations could 

be used to model leakage of LH2 and LO2 using computational fluid dynamics. The model 

could be validated at room temperature using the current test setup. 

• Investigating the feasibility of polymer liners. The current work has shown that 

permeability is reduced at cryogenic temperatures. A thin polymer liner, which remains 

intact following cryogenic cycling, would reduce the leak rate of damaged composites by 

orders of magnitude with a negligible weight penalty.   

• Designing, manufacturing and testing of ATP, CF-PEEK structures to demonstrate their 

suitability to load bearing applications such as structural cryogenic storage tanks.  
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Tables and Figures 

Fig. 1 Schematic of test setup used for leakage testing of laminates showing the helium gas supply, test 
chamber, cryogenic dewar, leak detector and the data acquisition system. 

Fig. 2 Micrographs of laminates S7AC, T4AC, C4AC, and C7AC showing the layup and microstructure of each 
CF-PEEK material. 

Fig. 3 The non-dimensional leak rate j plotted against non-dimensional time and thickness τ for (i) 
theoretical Fickian behaviour, (ii) a near-Fickian Cytec AS4 autoclaved sample and (iii) a non-Fickian 
Suprem IM7ATP sample. 

Fig. 4 Comparison of the permeability results from the current work with results reported in literature for 
CF-PEEK, PVC, un-reinforced PEEK, and CF-Epoxy. The minimum and maximum values for CF-PEEK 
from the current work are presented [4, 7-9, 13, 46-47]. 

Fig. 5 (a) Leak rate of three samples tested at pressure differences of 1 bar and 10 bar, which shows that the 
leak rate increases with increasing pressure. (b) Permeability of three samples tested at a pressure difference 
of 1 bar and 10 bar, which shows that the permeability remains constant at different pressures in line with 
Fick’s law. (c) Leak rate and permeability of samples of different thickness, which shows that leak rate 
decreases with increasing sample thickness, but the permeability remains constant, in line with Fick’s law. 
Fig. 6 Micrograph of laminate S7ATP showing a micro-crack, a large de-lamination, a void and scrap 
material. 

Fig. 7 (a) Micrograph of laminate C4AC showing micro-crack on surface ply before cryogenic cycling. (b) 
Micrograph showing the same micro-crack after 30 cryogenic cycles. 

Fig. 8 (a) Micrograph of laminate S7AC1 following one cryogenic cycle, showing a large micro-crack, which 
propagates through the all four 0° plies and into the 135° plies. (b) Micrograph of laminate S7ATP following 
one cryogenic cycle which shows de-laminations, micro-cracking, and porosity. 

Fig. 9 CT scan of laminate S7AC1 showing ply-by-ply sections of the laminate and micro-cracks A and B in 
the central plies. 

Fig. 10 Leak rate of laminate S7AC1 samples S1, S2 and S3 after cryogenic cycling showing the correlation 
between measured micro-crack density and leak rate. 

Table 1 Laminate ID, material details, manufacturing method, layup and laminate thickness of all materials 
tested as part of the current work.  
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Table 2 Leak rates, permeability, diffusivity and sample behaviour for CF-PEEK autoclaved laminates of 
similar thickness, CF-Epoxy Laminate of similar layup but different thickness an, un-reinforced PEEK and PVC 
all tested at 1 bar. 

Table 3 Leak rates, permeability, diffusivity and sample behaviour for autoclave (AC) Press (P) and automated 
tape placed (ATP) laminates.  

Table 4 Micro-crack densities in cracks per mm for three test samples taken from laminate S7AC1 following 
one cryogenic cycle. No difference in micro-crack densities was found following 30 cycles.  

Table 5 Leak rates, permeability, diffusivity and sample behaviour for autoclaves and ATP laminates following 
cryogenic cycling.  

 

 

Table 6 Laminate ID, material details, manufacturing method, layup and laminate thickness of 
all materials tested as part of the current work.  

Laminate ID Supplier/PEEK 
Type 

Fibre Manufacture 
Method 

Layup  Thickness mm 

C4AC Cytec APC 2 AS4 Autoclave [45°,135°,0°4,135°,45°] 1.1±0.1 

C7AC Cytec APC 2 IM7 Autoclave [45°,135°,0°4,135°,45°] 1.1±0.1 

T4AC Tencate Cetex 
TC 1200 

AS4 Autoclave [45°,135°,0°4,135°,45°] 1.1±0.1 

S7AC1 Suprem Victrex 
150 UF 10 

IM7 Autoclave [45°,135°,0°4,135°,45°] 1.2±0.1 

S7ATP Suprem Victrex 
150 UF 10 

IM7 ATP [135°,45°,90°,0°,90°,0°,90°,0
°,90°]s 

2.7±0.1 

S7P Suprem Victrex 
150 UF 10 

IM7 Press [135°,45°,90°,0°,90°,0°,90°,0
°,90°]s 

2.5±0.1 

S7AC2 Suprem Victrex 
150 UF 10 

IM7 Autoclave [135°,45°,90°,0°,90°,0°,90°,0
°,90°]s 

2.3±0.1 

S7AC 3,4,5 Suprem Victrex 
150 UF 10 

IM7 Autoclave [0°,90°,45°,135°]s 1.1±0.1 

CF-Epoxy Hexcel M21 IMA Autoclave [45°,135°,0°4,135°,45°] 2.55±0.2 

PEEK Victrex NA Press NA 1.4±0.05 

PVC NA NA NA  NA 1±0.1 
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Table 7 Leak rates, permeability, diffusivity and sample behaviour for CF-PEEK autoclaved 
laminates of similar thickness, CF-Epoxy Laminate of similar layup but different thickness an, un-

reinforced PEEK and PVC all tested at 1 bar. 

Laminate  No of     Leak rate  Permeability    Diffusivity Behaviour 

 samples x̅(Scc/sm2)  Cv(%) x̅(mol/smPa) Cv(%) x̅(m2/s) Cv(%)  

C4AC  

C4ACa 

4 

1 

8.5 ×10 -5 

6.5 ×10 -7 

  4 

  - 

4.3×10-17 

3.2×10-19 

  5 

  - 

1.9×10-11 

- 

4 

- 

Near-Fickian 

- 

C7AC 4 5.2×10-5   15 2.6×10-17   15 9.5×10-12 8 Near-Fickian 

T4AC 3 1.1×10-4   1 5.5×10-17   1 1.7×10-11 8 Near-Fickian 

S7AC1 4 7.0×10-5   8 4.0×10-17   8 1.8×10-11 16 Near-Fickian 

CF-Epoxy 1 1.3×10-5   - 1.5×10-17   - 1.2×10-11 - Near-Fickian 

PEEK 1 9.0×10-4   - 5.6×10-16   -  1.6×10-10 - Fickian 

PVC 1 1.6×10-3   - 6.8×10-16   - 2.5×10-10 - Fickian 

aTested at -196°C 
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Table 8 Leak rates, permeability, diffusivity and sample behaviour for autoclave (AC) Press (P) and 
automated tape placed (ATP) laminates. 

Laminate No of     Leak rate    Permeability    Diffusivity Behaviour 

 samples x̅ (Scc/sm2) Cv(%) x̅ (mol/smPa) Cv(%) x̅ (m2/s) Cv(%)  

S7AC2 3 3.3×10-5 3 3.8×10-17 3 2.2×10-11 1 Near-Fickian 

S7P 4 4.3×10-5 9 2.4×10-17 9 1.7×10-11 4 Near-Fickian 

S7ATP 4 8.7×10-4 70 NA NA NA NA Non-Fickian 
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Table 9 Micro-crack densities in cracks per mm for three test samples taken from laminate S7AC1 
following one cryogenic cycle. No difference in micro-crack densities was found following 30 

cycles.  

 Average 
cracks/mm 

Ply 1 Ply 2 Ply 3 Ply 4 Ply 5 Ply 6 Ply 7 Ply 8 

Sample S7AC1 S1 0.03 0.08 0.00 0.02 0.02 0.02 0.02 0.00 0.06 

Sample S7AC1 S2 0.26 0.23 0.41 0.23 0.22 0.22 0.25 0.25 0.30 

Sample S7AC1 S3 0.15 0.27 0.21 0.12 0.14 0.14 0.12 0.12 0.06 
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Table 10 Leak rates, permeability, diffusivity and sample behaviour for autoclaves and ATP laminates 
following cryogenic cycling. 

Laminate  No of      Leak rate      Permeability      Diffusivity Behaviour 

 cycles x̅ (Scc/sm2) Cv(%) x̅ (mol/smPa) Cv(%) x̅ (m2/s) Cv(%)  

C4AC  1 

10 

30 

8.8×10-5 

9.2×10-5 

1.0×10-4 

4 

3 

11 

4.5×10-17 

4.6×10-17 

5.0×10-17 

4 

4 

11 

1.9×10-11 

1.9×10-11 

2.1×10-11 

3 

7 

4 

Near-Fickian 

Near-Fickian 

Near-Fickian 

C7AC 1 

10 

30 

4.6×10-5 

4.9×10-5 

6.6×10-5 

5 

6 

19 

2.3×10-17 

2.4×10-17 

3.2×10-17 

6 

7 

19 

8.9×10-12 

8.6×10-12 

9.8×10-12 

9 

6 

4 

Near-Fickian 

Near-Fickian 

Near-Fickian 

T4AC 1 

10 

30 

9.9×10-5 

1.0×10-4 

1.0×10-4 

7 

6 

6 

4.9×10-17 

5.2×10-17 

4.9×10-17 

7 

6 

6 

1.6×10-11 

1.7×10-11 

1.6×10-11 

6 

7 

11 

Near-Fickian 

Near-Fickian 

Near-Fickian 

S7AC1 1 

10 

30 

2.6×10-1 

7.6×10-1 

8.6×10-1 

98 

69 

70 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

Non-Fickian 

Non-Fickian 

Non-Fickian 

S7ATP 1 1.9×10-1 52 NA NA NA NA Non-Fickian 

 

 

 



26 

 

 

Fig. 11 Schematic of test setup used for leakage testing of laminates showing the helium gas 
supply, test chamber, cryogenic dewar, leak detector and the data acquisition system. 
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Fig. 12 Micrographs of laminates S7AC, T4AC, C4AC, and C7AC showing the layup and 
microstructure of each CF-PEEK material. 
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Fig. 13 The non-dimensional leak rate j plotted against non-dimensional time and thickness τ 
for (i) theoretical Fickian behaviour, (ii) a near-Fickian Cytec AS4 autoclaved sample and (iii) 

a non-Fickian Suprem IM7ATP sample. 

 

Fig. 14 Comparison of the permeability results from the current work with results reported in 
literature for CF-PEEK, PVC, un-reinforced PEEK, and CF-Epoxy. The minimum and maximum 

values for CF-PEEK from the current work are presented [4, 7-9, 13, 46-47]. 
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Fig. 15 (a) Leak rate of three samples tested at pressure differences of 1 bar and 10 bar, which 
shows that the leak rate increases with increasing pressure. (b) Permeability of three samples 
tested at a pressure difference of 1 bar and 10 bar, which shows that the permeability remains 

constant at different pressures in line with Fick’s law. (c) Leak rate and permeability of samples of 
different thickness, which shows that leak rate decreases with increasing sample thickness, but the 

permeability remains constant, in line with Fick’s law. 

 

Fig. 16 Micrograph of laminate S7ATP showing a micro-crack, a large de-lamination, a void and 
scrap material. 
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Fig. 17 (a) Micrograph of laminate C4AC showing micro-crack on surface ply before cryogenic 
cycling. (b) Micrograph showing the same micro-crack after 30 cryogenic cycles. 

 

Fig. 18 (a) Micrograph of laminate S7AC1 following one cryogenic cycle, showing a large micro-
crack, which propagates through the all four 0° plies and into the 135° plies. (b) Micrograph of 

laminate S7ATP following one cryogenic cycle which shows de-laminations, micro-cracking, and 
porosity. 
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Fig. 19 CT scan of laminate S7AC1 showing ply-by-ply sections of the laminate and micro-cracks 
A and B in the central plies. 

 

 

Fig. 20 Leak rate of laminate S7AC1 samples S1, S2 and S3 after cryogenic cycling showing the 
correlation between measured micro-crack density and leak rate. 

 


