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Abstract 

Cryogenic storage tanks, also known ’cryotanks’, are an important component of space launch 

vehicles. Cryotanks can form an integral part of the overall structure of the launch vehicle and 

also represent a significant proportion of the overall weight. Because of the high value of 

structural weight reduction in launch vehicles, many major space launcher manufacturers are 

researching moving from metal cryotanks to linerless composite cryotanks; that is, moving 

towards composite cryotanks without metallic liners. The work presented in this thesis 

investigates the suitability of Carbon Fibre (CF) PolyEtherEtherKeytone (PEEK) in the 

manufacture of linerless composite cryotanks due to its favourable specific strength, toughness, 

manufacturability and chemical resistance. Numerous challenges to the production of linerless 

composite cryotanks have been identified in the literature, including permeability, large scale 

manufacturing, joining, damage detection and damage tolerance. This thesis specifically 

focuses on the issues of permeability, joining by induction welding and thermal stress in CF-

PEEK.  

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. Mechanical testing is carried out on a hat stiffened, CF-PEEK, induction welded 

panel to evaluate the performance of the welded assembly and results are compared with 

similar testing of an adhesively bonded panel. An experimental and computational 

investigation into the heating of CF-PEEK is also carried out to identify the parameters that 

influence induction heating of CF-PEEK. Due to its importance in damage tolerance at 

cryogenic temperatures and permeability, an experimental investigation into thermal stress in 

CF-PEEK has also been carried out. The work investigates methods of reducing thermal stress 
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given in the literature and whether a reduction in thermal stress results in reduced damage at 

cryogenic temperatures. 

The results of the permeability study provide a novel insight into the permeability and leak rate 

of CF-PEEK and show that the leak rate of CF-PEEK make it a suitable candidate material for 

use in linerless composite cryotanks. The work on induction welding addresses the lack of data 

relating to demonstrator scale welded assemblies in the literature, demonstrates that continuous 

induction welding is a suitable assembly technique for primary structures and identifies 

process-induced artefacts that may occur during induction welding. The work on induction 

heating provides a novel insight into the heating behaviour of CF-PEEK and demonstrates that 

finite element modelling is a valuable tool in process development of induction welding. The 

results of the thermal stress investigation verify that a reduction in thermal stress is possible by 

subjecting CF-PEEK to thermal post-processes and demonstrate, for the first time, that a 

reduction in thermal stress leads to a reduction in damage initiation at cryogenic temperatures.  

The work presented in this thesis provides valuable information relating to permeability, 

induction welding and thermal stress of CF-PEEK materials, which will inform the future 

development of CF-PEEK linerless composite cryotanks. The impact of the use of CF-PEEK 

in linerless composite cryotanks would be to reduce the weight and ultimately the 

environmental and economic cost of space travel, enabling future space exploitation and 

exploration. 



vii 

 

Acknowledgements 

First of all I would like to thank my friends and family and in particular my wife Aisling, my 

brother Tomas my sister Evelyn and my parents Tom and Helen Flanagan.  

I would like to thank my supervisors Jamie Goggins and Noel Harrison for their support for 

the duration of the work. There were many difficult challenges along the way which would 

have been very arduous to overcome without their guidance.  

I would also like to thank my colleagues at EireComposites and the staff in NUIGalway for 

their help along the way.  

I would also like to thank Professor Conchur O’Brádaigh and Professor Sean Leen for their 

guidance in the early stage of the work. 

 



viii 

 

List of Publications 

The work presented in the current thesis has been published in the following journal articles: 

Flanagan, M., Grogan, D.M., Goggins, J., Appel, S., Doyle, K., Leen, S.B. and Brádaigh, C.Ó., 

2017. Permeability of carbon fibre PEEK composites for cryogenic storage tanks of future 

space launchers. Composites Part A: Applied Science and Manufacturing, 101, pp.173-184. 

Flanagan, M., Doyle, A., Doyle, K., Ward, M., Bizeul, M., Canavan, R., Weafer, B., Ó 

Brádaigh, C.M., Harrison, N.M. and Goggins, J., 2019. Comparative manufacture and testing 

of induction-welded and adhesively bonded carbon fibre PEEK stiffened panels. Journal of 

Thermoplastic Composite Materials, 32(12), pp.1622-1649. 

The following conference papers have also been derived from the current work: 

Flanagan M, Goggins J, Doyle A, Weafer B, Ward M, Bizeul M, et al. Out-of-autoclave 

manufacturing of a stiffened thermoplastic carbon fibre PEEK panel. In: AIP Conference 

Proceedings. AIP Publishing; 2017.  

Flanagan M, Weafer B, Doyle K, Doyle A, Flanagan T, Canavan R, et al. Modelling and 

Experimental Investigation of Induction Welding of Thermoplastic Matrix Composites In: 

ECSSMET. Noordwijk, The Netherlands; 2018. 

The following journal articles were also published during the early stages of the current work: 

Grogan, D.M., Flanagan, M., Walls, M., Leen, S.B., Doyle, A., Harrison, N.H., Mamalis, D. 

and Goggins, J., 2018. Influence of microstructural defects and hydrostatic pressure on water 

absorption in composite materials for tidal energy. Journal of Composite Materials, 52(21), 

pp.2899-2917. 

Fagan, E.M., Flanagan, M., Leen, S.B., Flanagan, T., Doyle, A. and Goggins, J., 2017. Physical 

experimental static testing and structural design optimisation for a composite wind turbine 

blade. Composite Structures, 164, pp.90-103. 



ix 

 

List of Figures 

Figure 1-1 Images of Ariane 5 and space shuttle showing cryotanks [6][7]. ............................ 2 

Figure 1-2 Overview of cryotanks used in space launch vehicles. ............................................ 3 

Figure 1-3 Image of the ares V with a list of the key areas highlighted for development by 
NASA as part of the Ares technology prioritisation process. Issues specifically relevant to the 
manufacture of linerless composites cryotanks are bullet pointed in bold. Adapted from [5]. . 7 

Figure 2-1 X 33 launcher showing composite LH2 linerless composite cryotanks in blue and 
aluminium LOX cryotanks in green [10]. ................................................................................ 18 

Figure 2-2 NASA high level design requirements and geometry for the cryotank [37].......... 19 

Figure 2-3 (a) Sandwich panel with honeycomb core proposed by Northrop Grumman. (b) 
Monolithic skin, reinforced with box sections, bonded to the skin with Pi preforms, proposed 
by Lockheed Martin. (c) Sandwich panel with fluted core proposed by Boeing. ................... 20 

Figure 2-4 Image representing the permeation of a gas or liquid through a solid barrier. ...... 26 

Figure 2-5 Mass conservation principle showing the change in concentration over an element 
of length 2dx. ........................................................................................................................... 28 

Figure 2-6 Comparison of relevant data from literature showing the permeability results of CF-
PEEK, PVC, un-reinforced PEEK, and thermosetting CFRP [13][59][18][60][21][20][53]. . 30 

Figure 2-7 Schematic of laser assisted automated tap placement process showing the incoming 
UD tape being consolidated onto a laminate. .......................................................................... 41 

Figure 2-8 Schematic of residual stress formation in a single fibre surrounded by CF-PEEK. 
The left hand image shows the fibre and matrix separately prior to consolidation. The centre 
image shows the fibre and the matrix at high temperature at which they are effectively bonded 
together in a stress free state. The right hand image shows the fibre and the matrix following 
cooling, at this stage in the process the fibre and the matrix has reduced in length by δL. A 
tensile thermal stress has formed in the matrix and a compressive thermal stress is formed in 
the fibre. ................................................................................................................................... 45 

Figure 2-9 Macromechanical residual stress formation. (a) shows two single plies at high 
temperature, (b) shows their unconstrained contraction due to cooling and, (c) shows their 
response to cooling when constrained in a cross ply laminate. ............................................... 47 

Figure 2-10 Illustration of global stress in a part  in which a non-uniform temperature 
distribution during forming has led to a global parabolic stress field in the part. ................... 49 

Figure 2-11 Effect of cooling rate on crystallisation onset temperature and, hence, stress free 
temperature [124] ..................................................................................................................... 51 

Figure 3-1 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. ... 71 



x 

 

Figure 3-2 Micrographs of laminates S7AC, T4AC, C4AC, and C7AC showing the layup and 
microstructure of each CF-PEEK material. ............................................................................. 75 

Figure 3-3 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. .......................................................................... 78 

Figure 3-4 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 
[13][18][20][21][53][59][60]. .................................................................................................. 80 

Figure 3-5 (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. ............................. 81 

Figure 3-6 Micrograph of laminate S7ATP showing a micro-crack, a large de-lamination, a 
void and scrap material. ........................................................................................................... 82 

Figure 3-7 (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.
.................................................................................................................................................. 84 

Figure 3-8 (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 a micro-crack and 
a de-lamination......................................................................................................................... 86 

Figure 3-9 CT scan of laminate S7AC1 showing ply-by-ply sections of the laminate and micro-
cracks A and B in the central plies. .......................................................................................... 87 

Figure 3-10 Leak rate of laminate S7AC1 samples S1, S2 and S3 after cryogenic cycling 
showing the correlation between measured micro-crack density and leak rate. ...................... 90 

Figure 4-1 Geometry of stiffened panels showing features of the panels including the panel 
ends, potted area, test section and bond edges. ........................................................................ 95 

Figure 4-2 Section view of induction welding setup. .............................................................. 96 

Figure 4-3 Weld line temperature for trial weld, showing time above the melt temperature of 
CF-PEEK ................................................................................................................................. 98 

Figure 4-4 Test sample installed in test machine showing upper and lower platens. ............ 100 

Figure 4-5 Graph of out-of-plane deflection of welded panel showing warpage of panel. ... 101 

Figure 4-6 Images of adhesively bonded panel with panel deformation highlighted by a red 
spline. (a) Loaded prior to buckling, (b) buckled panel, (c) panel post failure and (d) image of 
buckling behaviour of a plate fixed at both ends with unbuckled deformation highlighted by 
the broken blue line and the buckled deformation highlighted by a solid red spline. ........... 102 



xi 

 

Figure 4-7 Load–displacement graph for the adhesively bonded and induction-welded panels 
showing trial loading and loading to failure of each panel. For loading to failure of each panel, 
the non-linearity due to buckling and post failure load-carrying capacity can be seen. ........ 103 

Figure 4-8 Strain gauge locations and response to loading for the induction welded panel. The 
gauge locations are marked by a cross, black gauge numbers are located on the stiffener face 
of the panel and yellow numbers are located on the flat face of the panel. All gauges are 
orientated in the loading direction. Note that the data for gauges 8 and 11 and gauges 7 and 10 
overlap one another and cannot be distinguished from one another in the above graph. ...... 104 

Figure 4-9 Strain gauge locations and response to loading for adhesively-bonded panel. The 
gauge locations are marked by a cross, black gauge numbers are located on the stiffener face 
of the panel and yellow numbers are located on the flat face of the panel. All gauges are 
orientated in the loading direction. ........................................................................................ 105 

Figure 4-10 Welded panel dismantled following testing, showing the skin of the panel in the 
centre and the stiffeners on the right and left. The locations marked 1 to 8 indicate the areas 
from which micro-sections were extracted. The areas highlighted by yellow dashed lines are 
areas that have failed via adhesive failure between the stiffener and the susceptor. The areas 
highlighted in red dashed lines have failed via adhesive failure between the susceptor and the 
panel. The areas highlighted in green and blue solid lines are shown in more detail in the 
following figures. ................................................................................................................... 107 

Figure 4-11 Close up of welded-stiffener fracture surface highlighted in green in Figure 4-10 
showing second ply failure, buckled fibres and glossy weld edge appearance. .................... 108 

Figure 4-12 (a) to (d) show the fracture surface at the glossy area at locations A to D in Figure 
4-10. Each image shows the formations of melted PEEK that indicate voids/delamination were 
formed during thermal processing. (e) Shows a typical fracture surface away from the welding. 
Fracture surfaces (a) and (d) are between the second and the third plies. Fracture surfaces (b) 
and (c) are between the first and second plies. ...................................................................... 109 

Figure 4-13 Micro-section of stiffener and skin, taken from the top of location 1 in Figure 4-
10, showing intact weld line and process-induced voids and delamination. ......................... 111 

Figure 4-14 . Micro-section of failed weld line, taken from the bottom of location 1 in Figure 
4-10, showing adhesive failure between the susceptor and the skin and failure in the first and 
second plies of the skin. ......................................................................................................... 112 

Figure 4-15 Micro-section of an offcut taken from the end of the panel showing an area where 
the weld line was overheated. Process-induced defects can be seen throughout the heat-affected 
zone of the laminate. .............................................................................................................. 113 

Figure 4-16 Adhesively bonded panel dismantled following testing showing the skin of the 
panel in the centre and the fracture surface of the stiffeners on the right and left. ................ 114 

Figure 5-1 (a) Test setup used to measure the induction heating rate in composite materials, (b) 
Close up of semi-circular induction coil, (c) heating pattern measured by camera on bottom 
surface of a typical composite fabric sample. ........................................................................ 123 

Figure 5-2 Typical heating pattern for the fabric material after 20 seconds of heating, showing 
the temperature scale in Celsius recorded using the thermal camera. ................................... 125 



xii 

 

Figure 5-3 Graph of the average temperature increase for each material type and orientation.
................................................................................................................................................ 128 

Figure 5-4 Heating pattern for each material tested showing the temperature scale in Celsius 
for both the 0º and the 90º orientation. .................................................................................. 129 

Figure 5-5 Micro-sections of each of the materials tested. It should be noted that the Suprem 
IM7 laminate was also shown to have micro-cracks due to thermal cycling. ....................... 130 

Figure 5-6 Heating pattern for QI laminate after 5, 10, 15, and 20 seconds of heating. ....... 131 

Figure 5-7 Heating pattern for each of the four tests carried out on the cross ply laminate .. 132 

Figure 5-8 Flow diagram of steps involved in a fully coupled electromagnetic thermal analysis
................................................................................................................................................ 133 

Figure 5-9 Coil and workpiece geometry for computational model showing the induction coil, 
the workpiece and the current application location. The measurements are in units of mm. 135 

Figure 5-10 Models used to investigate the attributes of each current application method 
showing the location of each coil boundary condition: (a) Model geometry used for remote 
surface current and lumped port current application. (b) Model geometry used for edge current. 
(c) Model geometry used for surface current. ........................................................................ 137 

Figure 5-11 Results of mesh independence study showing the maximum temperature graphed 
against the number of elements.............................................................................................. 140 

Figure 5-12 Results of the electrical conductivity parametric study showing the temperature 
error percentage on the y-axis and electrical conductivity percentage change on the x-axis.
................................................................................................................................................ 144 

Figure 5-13 Results of varying the z electrical conductivity from 100S/m to 100000S/m 
showing the temperature error percentage on the y-axis and z electrical conductivity on the x-
axis. ........................................................................................................................................ 145  

Figure 5-14 Results of the coil current parametric study showing the temperature error 
percentage on the y-axis and coil current percentage change on the x-axis. ......................... 147 

Figure 5-15 Results of the permittivity parametric study showing the temperature error 
percentage on the y-axis and permittivity percentage change on the x-axis. ......................... 148 

Figure 5-16 Results of the permeability parametric study showing the temperature error 
percentage on the y-axis and permeability percentage change on the x-axis. ....................... 149 

Figure 5-17 Results of the x,y, thermal conductivity parametric study showing the temperature 
error percentage on the y-axis and x,y thermal conductivity percentage change on the x-axis.
................................................................................................................................................ 150 

Figure 5-18 Results of the z thermal conductivity parametric study showing the temperature 
error percentage on the y-axis and z thermal conductivity percentage change on the x-axis.
................................................................................................................................................ 151 

Figure 5-19 Results of the coil frequency parametric study showing the temperature error 
percentage on the y-axis and frequency percentage change on the x-axis. ........................... 152 

Figure 5-20 Results of the specific heat capacity parametric study showing the temperature 
error percentage on the y-axis and heat capacity percentage change on the x-axis. .............. 154 



xiii 

 

Figure 5-21 Results of the density parametric study showing the temperature error percentage 
on the y-axis and density percentage change on the x-axis. .................................................. 155 

Figure 5-22 Comparison between experimental and computational results .......................... 156 

Figure 5-23 Comparison of actual heating pattern, left, with the simulated heating pattern, right 
showing (a): T1, (b): T2, (c): T3, and (d): T4. ....................................................................... 157 

Figure 6-1 (a) Unsymmetric cross ply laminate held flat; (b) Unsymmetric cross-ply laminates 
allowed deforming freely. ...................................................................................................... 172 

Figure 6-2 Definition of chord (blue), height (red), and radius of curvature (green) of un-
symmetric laminate ................................................................................................................ 173 

Figure 6-3 Sample DSC trace for (a) amorphous CF-PEEK showing the Tg, endothermic peak 
and exothermic peak, (b) semi crystalline CF-PEEK showing endothermic peak taken form 
[26]. ........................................................................................................................................ 180  

Figure 6-4 Calculated equivalent stress in laminates following heat treatments ................... 183 

Figure 6-5 Total micro-cracks in each ply for multi-axial laminates subject to heat treatments 
followed by cryogenic cycling. The figure given here is the average of all samples for each 
heat treatment. ........................................................................................................................ 186  

Figure 6-6 Total micro-cracks in each ply for multi-axial laminates subject to heat treatments 
followed by cryogenic cycling. The ply number, layup direction and the stress in the local 
transverse stress from Table 6-2 is given along the x-axis. ................................................... 187 

Figure 6-7 Sample DSC trace for each thermal process carried out. ..................................... 188 

Figure 6-8 DMA trace for the as manufactured sample (UD-4) showing the storage modulus 
and the loss modulus on the y-axis against the temperature on the x-axis. ........................... 190 

Figure 6-9 DMA trace for the as Quenched sample (UD5-Q) showing the storage modulus and 
the loss modulus on the y-axis against the temperature on the x-axis. .................................. 191 

Figure 6-10 DMA trace for the quenched and annealed sample (UD6QA) showing the storage 
modulus and the loss modulus on the y-axis against the temperature on the x-axis. ............ 192 





xv 

 

List of Tables 

Table 2-1 Typical thermophysical properties of PEEK. .......................................................... 23 

Table 2-2 Typical properties of AS4 and IM7 fibres. .............................................................. 23 

Table 2-3 Review of experimental studies into micro-cracking in CF-PEEK. ........................ 31 

Table 2-4 Overview of models of induction heating in composites. ....................................... 39 

Table 3-1 Laminate ID, material details, manufacturing method, layup and laminate thickness 
of all materials tested as part of the current work. ................................................................... 69 

Table 3-2 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. .................................................................... 76 

Table 3-3 Leak rates, permeability, diffusivity and sample behaviour for autoclave (AC) Press 
(P) and automated tape placed (ATP) laminates...................................................................... 83 

Table 3-4 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. ................................................................................................................. 86 

Table 3-5 Leak rates, permeability, diffusivity and sample behaviour for autoclaves and ATP 
laminates following cryogenic cycling. ................................................................................... 89 

Table 4-1 Residual stress in the fibre direction for the top four plies of the skin. ................. 116 

Table 5-1 Results of heating trials for fabric sample showing the sample orientation and the 
maximum temperature recorded. ........................................................................................... 125 

Table 5-2 Details of CF-PEEK fabric heating experimental trials ........................................ 126 

Table 5-3 Laminate ID, material details, manufacturing method, layup and sample thickness of 
all materials tested as part of the current work. ..................................................................... 127 

Table 5-4 Results of heating trials for cross ply laminate showing the angle with relation to the 
coil, the coil current and the temperature reached.  ............................................................... 132 

Table 5-5 Model parameters used in the mesh independence study ...................................... 139 

Table 5-6 Materials of CF-PEEK fabric used in the current study ........................................ 142 

Table 5-7 Data used for specific heat capacity ...................................................................... 142 

Table 5-8 Values used for parametric study. ......................................................................... 143 

Table 5-9 Comparison between model and experimental results. ......................................... 156 



xvi 

 

Table 6-1 Laminate description, sample ID, layup and dimensions of the samples used in the 
current study........................................................................................................................... 166 

Table 6-2 Laminate description, ply orientation, local ply longitudinal stress and local ply 
transverse stress. .................................................................................................................... 170 

Table 6-3 Thermal processes carried out on each laminate. In cases where more than one 
thermal process were carried out the treatment were carried out in numerical order according 
to treatment number. .............................................................................................................. 175 

Table 6-4 Sample ID’s of cryogenically cycled unsymmetric laminates showing the heat 
treatments to which they were subjected prior to cryogenic cycling. .................................... 177 

Table 6-5 Sample ID’s of cryogenically cycled laminates showing the heat treatments to which 
they were subjected prior to cryogenic cycling. .................................................................... 178 

Table 6-6 Sample ID and the thermal post-processing for each sample................................ 181 

Table 6-7 Sample ID and the thermal post-processing for each DMA sample. .................... 181 

Table 6-8 Measurements of chord and depth and calculated radius of curvature and residual 
stress in laminates following heat treatments. ....................................................................... 184 

Table 6-9 Number of micro-cracks and micro-crack density in unsymmetric laminates 
following cryogenic cycling. ................................................................................................. 185 

Table 6-10 Tg, glass transition temperature, Hf heat of fusion, Tf heat of fusion temperature 
peak, Hm heat of melting, Tm heat of melting temperature peak and Xc crystallinity weight 
percentage for each sample type tested. ................................................................................. 189 



xvii 

 

Nomenclature 

List of Acronyms 

APC   Aromatic Polymer Composites 

ASTM  American Society for Testing and Materials 

ATL  Automated Tape Laying 

ATP  Automated Tape Placement 

CF  Carbon Fibre 

CHATT  Cryogenic Hypersonic Advanced Tank Technologies 

CLT  Classical Lamination Theory 

COPV  Composite Overwrapped Pressure Vessels 

CT  Computed Tomography 

CTE  Coefficient of Thermal Expansion 

DC  Delta Clipper 

DMA  Dynamic Mechanical Analysis 

DSC  Differential Scanning Calorimetry 

ESA  European Space Agency 

FLPP  Future Launchers Preparatory Programme 



xviii 

 

ICI  Imperial Chemical Industries 

LH2  Liquid Hydrogen 

LOX  Liquid Oxygen 

LVDT  Linear Variable Differential Transformer 

NDT  Non Destructive Testing 

PEEK  PolyEtherEtherKeytone 

PID  Proportional Integral Derivative 

PPS  PolyPhenylene Sulfide 

QI  Quasi isotropic 

SFT  Stress Free temperature 

TAPAS Thermoplastic Affordable Primary Aircraft Structure 

TRL  Technology Readiness Level 

UD  Unidirectional 

 

List of Symbols 

A  Area        (m2) 

C  Chord        (m) 

Cv  Coefficient of variation 

D  Diffusion coefficient      (m2/s) 

E  Young’s modulus      (Pa) 

H  Height         (m) 



xix 

 

𝐻   Heat of fusion of 100% crystalline PEEK    (J) 

𝐻   Heat of crystallisation fusion      (J) 

𝐻   Heat of crystallisation melting    (J) 

𝐻   Net heat of crystallisation fusion    (J) 

J  Mass Flux/Leak rate      (Scc/sm2) 

𝐽
𝑠𝑠

   Mass flux/Leak rate at steady state     (Scc/sm2) 

𝐿𝑠𝑠   Leakage at steady state     (Scc/s) 

𝑁  Force        (N) 

P  Permeability        (mol/smPa) 

𝑅  Radius of curvature      (m) 

Tf  Heat of fusion temperature peak     (ºC) 

Tg  Glass transition temperature      (ºC) 

Tm  Heat of melting temperature peak    (ºC) 

𝑊𝑚  Mass fraction of the matrix 

𝑋𝑐  Crystallinity percentage 

c   Concentration       (mol/m3) 

h   Ply thickness        (m) 

𝒋   Non dimensional mass flux  

𝑙  Laminate thickness       (m)  

𝑝  Partial pressure      (Pa) 

t  Time        (s) 



xx 

 

𝑡 .   Time taken for the leak rate to reach half its final value  (s) 

x  Barrier thickness       (m) 

𝛼  Coefficient of thermal expansion    (ºC-1) 

𝛾  Shear strain 

𝛿𝑇  Temperature difference      (ºC) 

𝜀  Strain 

θ  Ply orientation angle      (º) 

σ  Stress         (Pa) 

𝝉  Non dimensional thickness-time 

𝜏   Shear stress       (Pa) 

 

 



 

1 

 

Chapter 1 Introduction 

The current cost to send 1 kg of payload into low earth orbit, based on SpaceX published data 

for its falcon heavy, reusable launcher is $1411 [1]. Over the last two decades, there has been 

significant growth in the space sector with traditional leaders in the sector continuing to 

progress and several new nations investing heavily in the space sector [2]. Initially, space 

launchers were developed only by national space agencies; however now private commercial 

enterprises, such as SpaceX and Orbital ATK are designing, manufacturing and operating space 

launchers [3]. This has resulted in an order of magnitude reduction in cost when comparing 

low earth orbit payload delivery cost per kg between NASA’s space shuttle and the SpaceX 

falcon heavy launcher [4]. Despite this, cost is still a factor limiting exploration and 

exploitation of space technology. The weight reduction possible due to the specific strength of 

carbon fibre reinforced plastic (CFRP) has led to its widespread use for structural applications 

in the aerospace industry [5]. Figure 1-1 shows the propellant cryotanks of the Ariane 5 and 

Space Shuttle launch vehicles. The image shows that the propellant storage tanks represent a 

large percentage of the structure of the launch vehicles. Due to the large weight saving that 

could be realised by manufacturing these tanks from composites, this area has been the focus 

of research and development for several decades. 
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Figure 1-1 Images of Ariane 5 and space shuttle showing cryotanks [6][7]. 

1.1 Cryogenic Storage Tanks 

Cryogenic storage tanks or “cryotanks” are used for storage of propellants, for pressurising 

propellant tanks, for environmental control, for life support, and for scientific research. There 

are two main types of cryotanks used in space applications; large propellant cryotanks and 

smaller high pressure general purpose cryotanks. As well as the external propellant cryotank, 

which contained the main liquid oxygen (LOX) and liquid hydrogen (LH2), the NASA space 

shuttle contained 24 high pressure tanks which were used for storage of liquid helium and 
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liquid nitrogen. These smaller high pressure cryotanks were used in the propulsion,  

environmental control and life support systems [8]. Currently large cryotanks, used for 

propellant storage, are made using metals while smaller high pressure tanks are typically 

manufactured using a hybrid composite-titanium structure. These high pressure tanks consist 

of a metallic (aluminium, titanium, stainless steel) liner which limits leakage and a composite 

overwrap which reinforces the structure of the tank. These tanks are referred to as Composite 

Overwrapped Pressure Vessel’s (COPV’s). The application of composites to both primary 

structures and the LH2 cryotanks has been identified as the technology with the greatest 

potential for weight saving in space launchers [9]. The design requirements of cryotanks may 

depend on the tank purpose, launcher geometry, tank size, propulsion system, cryogen, storage 

pressure, choice of materials and manufacturing methods available. An overview of the current 

cryotanks used in launch vehicles is given in Figure 1-2. 

 

Figure 1-2 Overview of cryotanks used in space launch vehicles. 
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Currently there is extensive research into developing linerless composite cryotanks for storing 

propellants in the next generation of launch vehicles [10]. NASA has identified the 

development of linerless composite cryotanks as a major opportunity in the space sector and 

has assigned the composite cryogenic propellant storage project to its “Game Changer 

Development Programme” with the project running from 2011 to 2015. The project resulted in 

the design, manufacture and test of a sub-scale technology demonstrator. However the leakage 

of the cryotank did not meet the design goals and the composite had a porosity estimated at 3% 

[10]. Propellant cryotanks are by far the largest cryotanks used in launch vehicles. The 

propellant cryotanks, excluding smaller COPV’s, can represent up to approximately 60% of 

the dry mass of a launch vehicle [10]. LH2 and LOX are commonly used propellants for 

launcher applications. LH2 must be stored at -253ºC and LOX must be stored at -183ºC. The 

tank structures must be capable of withstanding dynamic loading during launch and subsequent 

flight while also containing internal pressure due to boil off of the cryogen and tank 

pressurisation during launch. Currently, propellant cryotanks are generally manufactured using 

metals including 2000 series aluminium alloys, aluminium lithium alloy, and austenitic 

stainless steel. Metals offer several advantages over composites for cryogenic propellant 

storage; (i) the performance of metal cryotanks has been demonstrated and their characteristics 

are well understood, (ii) metals are highly impermeable, (iii) metals may be manufactured using 

a wide range of techniques suitable for large scale fabrication including welding and milling, 

(iv) metals are typically cheaper to manufacture. Despite this, due to the potential weight saving 

that could be achieved by the use of linerless composite propellant cryotanks, several space 

launcher manufacturers including SpaceX and NASA have invested heavily in their 

development.  

Although the current work focusses mainly on challenges surrounding cryogenic propellant 

storage, the work is also relevant to replacing COPV’s with linerless composite pressure 

vessels. COPV’s are typically small pressure vessels used for containing high pressure nitrogen 

or helium. The main difference between these pressure vessels and propellant cryotanks is the 

relatively small size and high pressures required of COPV’s. These pressure vessels consist of 
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a metal inner liner which is wrapped in a fibrous composite material such as carbon or kevlar. 

The metal acts as a liner which limits permeability and the composite enables the structure to 

resist the internal pressure. This allows the functional requirements of low permeability and 

high structural strength to be addressed independently. The COPV design results in a weight 

saving over a fully metal pressure vessel. There are several disadvantages of COPV’s; The 

liner adds weight to the finished product; the liner adds complexity and cost to the 

manufacturing process; the mechanical analysis of COPV’s is quite difficult due to the load 

sharing between the liner and the composite; non-destructive evaluation of COPV’s is quite 

difficult [11]. The failure of the SpaceX falcon 9, in 2016, was reportedly due to the failure of 

a COPV [12]. Due to these disadvantages, research into polymer liner materials [13] and into 

linerless composite pressure vessels has been carried out[14]. 

1.2 Technology Barriers 

Due to their high specific strength and stiffness, composites materials are capable of handling 

the stresses due to external flight loads and internal pressure required for composite cryotanks. 

There are, however, still several major technology barriers to the manufacture of linerless 

composite cryotanks. The manufacturability of a material (weldability, machinability, 

drapability (composites only), and ease of assembly using fasteners, co-curing, and adhesives) 

is critical to the design and material selection process [15]. The manufacture of linerless 

composite cryotanks presents new challenges that cannot be met with traditional composite 

manufacturing materials and methods.  

Currently, the majority of composite aerospace primary structures are manufactured using 

autoclave cure. Autoclave cure is not suitable for the manufacture of large structures such as 

propellant cryotanks due to the size of the autoclave that would be necessary for these 

structures. In order to address this issue, Boeing and SpaceX have pioneered the use of out-of-

autoclave thermoset resins which require vacuum pressure only. Metal tanks are typically 

manufactured in sections and then welded together to form the final tank resulting in a small 
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knock down in properties at the joint [16]. There is currently no equivalent joining technology 

available for composites. Current composites joining techniques, such as bolting and gluing, 

result in discontinuous fibres at the joint. This means that the fibre, which gives the composite 

its high specific strength and stiffness, carries no load across the join. Furthermore, the glue or 

fastener introduces a thermal expansion differential which may cause issues at cryogenic 

temperatures.  

NASA carried out a technological prioritisation process to highlight the key technological 

needs for the now cancelled Ares launch vehicle [5]. The technological barriers to completion 

of the project are presented in Figure 1-3. Of the 15 areas highlighted for development, 5 relate 

directly to the manufacture of large linerless composite cryotanks. These 5 areas identified for 

development include, large scale composite manufacturing, composite joining, leak detection, 

out-of-autoclave composites and micro-cracking. 

NASA are developing new layup and curing methods for thermoset matrix composites which 

could be used to manufacture large cryotanks. CYCOM 5320-1 toughened epoxy resin, which 

is used in the experimental 5.5m Boeing cryotank, was developed to allow out-of-autoclave 

manufacturing of large aerospace components using automated tape laying and vacuum bag 

only oven consolidation. The Boeing cryotank demonstrated that a 33% weight reduction could 

be achieved using composite materials; however, although the cryotank met the leakage 

allowable for space applications, it did not meet the target leakage goals of the overall project. 

This is thought to be due to the high porosity of 3%, caused by the low pressure vacuum only 

cure, leading to micro-cracking and connected leak paths. NASA has also investigated the out-

of-autoclave process of automated tape laying with in situ electron beam irradiation curing for 

automated layup and cure of thermosetting resins and demonstrated that it is suitable for 

manufacturing parts with diameters of 9 metres and lengths of over 18 metres [5][17]. 
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Figure 1-3 Image of the ares V with a list of the key areas highlighted for development by NASA as part of 

the Ares technology prioritisation process. Issues specifically relevant to the manufacture of linerless 

composites cryotanks are bullet pointed in bold. Adapted from [5]. 

The high leak rate, due to the intrinsic permeability and due to the presence of connected leak 

paths of composites is widely cited as a barrier to the use of composites in cryogenic storage 

applications[14][10][18]. It should be noted that the term permeability has been used in 
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literature to refer to leak rate [19], permeability as defined by Fick’s law [18][20][21] and 

permeability as defined by Darcy’s law [22]. In this work, the term permeability refers to the 

intrinsic property of a material which governs the mass transfer of a gas or liquid through the 

solid materials due to molecular diffusion as defined by Fick’s law and the terms leakage or 

leak rate refer to the total mass transfer through the barrier. Composite materials have also been 

shown to micro-crack, under no external mechanical load, at cryogenic temperatures [23]. This 

is thought to be caused by a build-up of thermal stress during cooling of the composite material. 

This micro-cracking will influence the material properties of the composite and it can also 

allow leakage, due to flow through connected leak paths, of the cryogen. For propellant 

cryotanks some micro-cracking and leakage may be acceptable [24]. For smaller high pressure 

vessels, operating at higher pressure, this leakage may be unacceptable, but this should be 

assessed on a case by case basis. The reason that leakage is less likely to be acceptable for 

smaller high pressure vessels is because the driver (pressure in the case of Darcy’s law, 

concentration gradient in the case of Fick’s law) is much higher for small high pressure vessels. 

These small high pressure tanks may also need to store materials for much longer durations 

than propellant cryotanks. For small high pressure tanks, the biggest barrier to the use of 

linerless composite propellant cryotanks is limiting cryogen leakage, whereas for large 

propellant, cryotanks developing large scale manufacturing methods is also a major barrier.  

NASA and Lockheed Martin’s experience with the X 33 technology demonstrator serves as an 

illustrative example to the technology barriers relating to the manufacture of a linerless 

composite propellant cryotank. The Lockheed Martin X 33 technology demonstrator was 

designed to be a sub-scale precursor to a larger commercially operated launch vehicle. Part of 

the project brief was to develop a linerless composite propellant cryotank which would form 

part of the airframe of the launcher. The cryotank was manufactured from honeycomb core 

with an inner and outer skin. However, due to the complexity and scale of the design, the final 

design was heavier than a traditional metal cryotank. During testing, the outer facesheet 

deboned from the honeycomb and fractured. The cryotank failed in part due to cryogen leakage 

through the micro-cracked inner skin into the honeycomb core [25].  
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1.3 Thermoplastic CF-PEEK for use in Cryotanks  

The majority of the research to date, on cryotanks, has considered only thermoset matrix 

composites using out-of-autoclave processes such as vacuum bag only consolidation with oven 

cure and Automated Tap Placement (ATP) with in situ electron beam curing. NASA has 

identified thermoplastic composites as a potential technology to address the manufacturing 

needs for large structures required for cryotanks [5]. Thermoplastic composites offer similar 

specific strength to thermoset composites, but they differ from thermoset composites in several 

areas. Thermosetting plastics form irreversible chemical bonds during cure and generally 

cannot be reworked once cured. Thermoplastics are polymer materials that can be repeatedly 

reheated to form new shapes after their initial forming. From a materials property point of view, 

thermoplastic composites are generally considered to be tougher, more suitable to recycling 

and more suitable to repair [26]. In reality, these widely cited advantages have not led to 

thermoplastic composites being chosen over their thermosetting counterparts for aerospace 

applications. All major aeronautical original equipment manufacturers have built decades of 

know-how in processing thermoset composites. Material suppliers have developed and 

qualified many thermoset matrices for aerospace use. Thermoset matrices have been optimised 

for their intended application and toughened thermosets have been developed to meet the 

toughness requirements of the aerospace industry. Numerous publications cite recyclability as 

a major advantage of thermoplastic composites due to the thermoformability. However, there 

is little evidence that indicates that recycling thermoplastic composites is currently 

commercially viable. Although thermoplastic composites have more potential for repair, 

rework [26] and weldability, again due to thermoformability, the knowledge built up in relation 

to thermosetting composites means that even in these areas thermoplastics currently offer little 

advantage over thermosets. During the early stages of development of composite cryotanks, 

Nettles and Biss [27] stated that due to the high temperatures and pressures required for 

thermoplastic processing and the expense this incurred, toughened thermosets were the most 

likely candidate for cryogenic storage applications. Since then there have been advances in the 
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processing of thermoplastics that have the potential to offer cost savings over traditional 

autoclave manufacture. Recent advances in the automation of thermoplastic manufacturing, 

such as thermoplastic fusion bonding, stamp forming, and ATP with in situ consolidation, have 

demonstrated that thermoplastic composite manufacturing can be cost effective [28]. 

Thermoplastic matrix composites can be manufactured using autoclave cure. However, 

because of their thermoformability, thermoplastic composites can also be manufactured using 

techniques that are not suitable for thermoset materials. These techniques include ATP with in 

situ consolidation, press forming and thermoforming processes such as continuous 

compression moulding. Thermoplastics also offer a wide range of bonding techniques based 

on their ability to be fusion bonded such as induction welding, ATP overlay, resistance 

welding, conduction welding, friction stir welding and amorphous interlayer bonding. 

Thermoplastic composite laminates may also be joined to other composites or neat resin 

structures with the same matrix using techniques such as 3D printing, overmoulding and 

rotomoulding [13].  

Laser assisted ATP involves automated, in situ placement and consolidation of CF 

thermoplastics with laser heating. ATP can be used to make very large parts without the need 

to cure in large autoclaves, which provides a potential cost benefit over thermoset production 

[29]. Such manufacturing techniques are viable alternatives to autoclave manufacturing and 

traditional methods for joining composite subassemblies. Because of these advantages, 

thermoplastic composites are currently replacing thermosetting composites in many 

applications [30]. In the ATP process, a robot arm lays thermoplastic tape onto a tool, the tape 

is heated using a laser or gas torch and a roller provides the pressure for consolidation. ATP is 

an automated out-of-autoclave process which offers design flexibility not available to 

thermoset matrix composites with only a small knock down in material properties when 

comparable with autoclave consolidation [31]. ATP can be configured to lay down single or 

multiple plies at a time and allows layups which would be impractical with hand layup. ATP 

is very suitable to the manufacture of large cylindrical bodies with closed ends as continuous 
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tows can be laid up around the entire part. The ATP process with in situ consolidation is a very 

similar technology to automated tap laying (ATL) process with electron beam cure developed 

specifically for the manufacture of linerless composite propellant cryotanks. Both processes 

involve automated layup of a prepreg carbon fibre composite material. The primary difference 

is that the ATP uses in situ consolidation of the thermoplastic whereas the ATL with electron 

beam cure and post-processing in an oven.  

Fusion bonding is the joining of thermoplastic composites using the application of heat to melt 

the thermoplastic matrix and pressure to aid adhesion at the bondline. Fusion bonding is 

currently being used by Fokker to manufacture primary aerodynamic control surfaces and 

research into primary structures is currently being carried out. During fusion bonding, the heat 

may be applied using a variety of methods including conduction, electromagnetic induction, 

and electrical resistance. Fusion bonding offers the possibility of joining composites without 

the use of fasteners or glues. Because parts to be bonded are intrinsically the same materials, 

issues such as thermal stress in joints and galvanic corrosion due to fasteners and glues may be 

reduced.  

Thermoplastics can also be consolidated and formed using a heated press. A part can be laid 

up and placed in a press for consolidation and forming in one step. Alternatively, a flat pre-

consolidated sheet can be pre-heated and placed in a heated hydraulic press and reformed to a 

new shape. Using stamp forming in conjunction with ATP complex shapes can be quickly 

formed using a fully automated process where a simple blank is laid up using the ATP process 

and the part is then thermoformed into the final geometry using the press.  

PEEK is a high performance thermoplastic, with excellent material properties such as high 

toughness, strength and solvent resistance which was developed by Imperial Chemical 

Industries, London, England (ICI) for engineering applications [32]. Due to these properties, 

composites based on PEEK have been the focus of research in the aerospace sector. Carbon 

Fibre PEEK (CF-PEEK) pre-consolidated sheets and tapes are available from several suppliers 

for the manufacture of CF-PEEK composites. CF-PEEK is a thermoplastic that can be 
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manufactured using the ATP process and it can be welded and thermoformed. The material 

characteristics of PEEK combined with its manufacturability have led several researchers to 

investigated the use of CF-PEEK in cryogenic storage [16][33][13][31]. CF-PEEK was initially 

identified as the preferred material for the propellant cryotank of the (cancelled) NASA X-30 

launch vehicle technology demonstrator. Due to difficulties encountered with the high 

temperatures and pressures required for consolidation during scale up of the manufacturing 

process, an alternative thermoset matrix carbon fibre composite was chosen instead [16]. This 

demonstrates that, at the time, the lack of manufacturing techniques capable of reaching high 

temperatures and pressures required for consolidation precluded the use of CF-PEEK in 

cryotank manufacture. Recent advances in manufacturing techniques such as ATP, induction 

welding and vacuum bag only consolidation [34] give CF-PEEK manufacturability and 

scalability advantages over thermoset composites. This justifies their reconsideration for use 

in propellant cryotanks and for large scale space applications. Doyle et al [31] investigated the 

feasibility of the use of CF-PEEK for the manufacture of propellant cryotanks for the next 

generation of space launchers. The researchers characterised the mechanical performance of 

autoclave and CF-PEEK and investigated the challenges involved in joining of CF-PEEK. They 

attempted induction welding but found that multi-axial CF-PEEK did not heat up sufficiently 

to facilitate induction welding. They suggested that amorphous interlayer bonding could be 

used for the assembly of propellant cryotanks and demonstrated that it provided lap shear 

strengths of 32MPa. They concluded that the mechanical properties of ATP CF-PEEK were 

sufficient for use in cryogenic storage applications, but that further work was needed to 

characterise its permeability. Funk and Sykes [35] showed that AS4-PEEK had a crack density 

of 0.1 cracks per millimetre after 500 cryogenic cycles and concluded that of the six carbon 

fibre reinforced plastics tested, AS4-PEEK was the best suited to cryogenic aerospace 

applications due to its resistance to micro-cracking after cryogenic cycling.  
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1.4 Objectives 

This work will investigate several of the key enabling technologies required to manufacture a 

linerless composite cryotank using CF-PEEK. The key areas identified for study relate to 

permeability of CF-PEEK and joining of CF-PEEK. The objectives of the project are as 

follows: 

 To investigate the permeability of CF-PEEK materials formed using ATP, press and 

autoclave curing under cryogenic temperatures and at a range of pressures. This data 

will be compared to the available data from the literature in order to determine the 

suitability of CF-PEEK for use in cryotanks. 

 

 To validate the induction welding process for use in primary structures through the 

manufacture and testing of an induction welded panel. 

 

 To investigate the parameters that influence induction welding using experimental 

testing and a finite element model incorporating temperature dependent material 

properties. 

 

 To verify that quenching of CF-PEEK results in a reduction in thermal stress, and to 

investigate if the reduction in thermal stress results in a reduction in damage following 

cryogenic cycling. 

1.5 Thesis Outline 

The thesis is divided into the following chapters: 

Chapter 2 presents a literature review discussing the current research into composite cryotanks. 

The importance of permeability in cryotanks is presented and a review of work carried out on 
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permeability of CFRP’s is presented. The issues with manufacturability, highlighted by NASA, 

are also discussed and an overview of thermoplastic manufacturing methods is presented. A 

review of the influence of thermal stress in CF-PEEK is also presented due to its importance 

in the properties of CF-PEEK. 

Chapter 3 presents the theory of permeability and the experimental work carried out to 

investigate the permeability of CF-PEEK. The first part of the study involves manufacturing 

CF-PEEK samples using press forming, ATP and autoclave consolidation. The permeability of 

these samples at room temperature is then assessed and a microstructural analysis is carried 

out. The samples are then cryogenically cycled and the permeability is reassessed. Samples 

have also been permeability tested at cryogenic temperatures to assess the permeability in a 

cryogenic environment.  

Chapter 4 presents the experimental work carried out to verify the induction welding process 

for CF-PEEK. The study involves testing of several stiffened CF-PEEK panels which have 

been manufactured using induction welding, gluing, autoclave and press forming. These panels 

are tested to failure in order to validate the induction welding process. Several manufacturing 

artefacts associated with the induction welding process are identified. 

Chapter 5 presents the results of an experimental and computational investigation into the 

heating of CF-PEEK by induction. Samples are heated by induction and the heat up rate is 

measured. A finite element model of the heating process has been created. This model has been 

used to investigate the salient parameters that effect the temperature distribution. 

Chapter 6 presents the results of an experimental investigation into thermal stress in CF-PEEK 

and examines the influence of a reduction in thermal stress on the damage in CF-PEEK 

following thermal cycling. The influence of the processing and post-processing of CF-PEEK 

on the thermal stress is examined. Samples are post-processed to reduce the thermal stress and 

are subsequently cryogenically cycled in order to investigate if the post-processing results in a 

reduction in damage following cryogenic cycling. 
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Chapter 7 summarises the main findings of the work, outlines some of the potential applications 

and makes recommendations for future work. 
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Chapter 2 Literature Review 

2.1 Composite Cryotank Development 

The Delta Clipper (DC) was an experimental reusable single stage to orbit launch vehicle 

designed by Mc Donnell Douglas. The first variant of the launcher, designated the DC X, used 

an aluminium LH2 cryotank. The second variant, the DC XA used a 2.5 metre diameter 

linerless solid laminate [14] linerless composite LH2 cryotank, which resulted in a weight 

saving of over 30%[5][36][10]. The DC XA was the first successful demonstration of a 

composite LH2 cryotank. In 1996, the DC XA performed 4 successful flight tests and 

demonstrated that linerless propellant cryotanks were suitable for the manufacture of reusable 

cryotanks. The knowledge gained from the Delta Clipper flight testing was used to develop the 

X 33 cryotank. 

The X 33 was designed by NASA as a launch vehicle to replace the space shuttle. The X 33 

was to demonstrate several advanced technologies, including the large scale composite 

cryogenic LH2 tanks, shown in blue in Figure 2-1. The tanks were designed to form an integral 

part of the lifting body of the launcher. This meant that the structures were a much more 

complex geometry than the more traditional cylindrical cryotanks used in rockets like the Ares 

and Ariane launchers. A honeycomb sandwich structure was also chosen over a solid laminate 

used in the DC XA. Due to the complexity of the design, the composite tanks did not provide 

any weight saving over metallic cryotanks. The tanks failed during pressure testing due to 

several issues relating to micro-cracking of the tank inner wall leading to leakage through the 

micro-cracks and, consequently, pressure build-up in the sandwich structure during heating of 

the tank to ambient temperature, as well as delamination caused by inclusion of foreign matter 
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during manufacture [25]. Due to the high risk involved in developing a lineless composite 

propellant cryotank, a contingency plan that involved the design and manufacture of a metallic 

tank was also carried out. The X 33 development was halted for several reasons, including that 

using a metallic tank would undermine the original technological goal of demonstrating the 

advantages of linerless composite propellant cryotanks. The X 33 project showed that although 

composites have a significantly lower specific strength than their metal alternatives, 

manufacturing complex geometries and integrating them into the airframe can negate this 

advantage. The X 33 project highlighted several major issues with composite propellant 

cryotanks including micro-cracking of the composite structure, poor bonding at cryogenic 

temperatures, residual stress created during cure and difficulties in scaling up composite 

manufacturing processes[25]. Due to the X 33 failure, micro-cracking and leak rate of 

composite structures have become an important research topic.  

 

Figure 2-1 X 33 launcher showing composite LH2 linerless composite cryotanks in blue and aluminium LOX 

cryotanks in green [10]. 

The NASA composite cryotank technology demonstrator project has manufactured a 5m 

cryotank which is capable of meeting the project design criteria using out-of-autoclave 
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manufacturing techniques suitable for use in full scale launch vehicles. The high level design 

requirements developed for the project by NASA are given in Figure 2-2. 

 

Figure 2-2 NASA high level design requirements and geometry for the cryotank [37]. 

The first step in the process was the design of a state of the art aluminium cryotank to compare 

to the composite tanks developed. The metallic tank was designed to use orthogrid panels of 

2195-T8 aluminium-lithium alloy (Al-Li) welded together for the main cylindrical body. These 

orthogrid sections were then friction stir welded to 2219-T87 aluminium for the end sections. 

NASA then worked with Lockheed Martin, Northrop Grumman and Boeing to develop three 

competing linerless propellant cryotank design concepts. The main difference between the 

designs was the approach to stiffening the main cylindrical section of the cryotank. Northrop 

Grumman designed a tank with a honeycomb sandwich structure as shown below in Figure 

2-3(a). Lockheed Martin designed a monolith structure with external stiffeners joined to the 

main body with “pi preforms” as shown in Figure 2-3(b).  
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Figure 2-3 (a) Sandwich panel with honeycomb core proposed by Northrop Grumman. (b) Monolithic skin, 

reinforced with box sections, bonded to the skin with Pi preforms, proposed by Lockheed Martin. (c) Sandwich 

panel with fluted core proposed by Boeing. 

The Boeing concept shown in Figure 2-3(c), which used a fluted core, with in situ cure of out-

of-autoclave Cycom resin, was chosen for further development [10]. Thin plies were used in 

parts of the tank to limit micro-cracking and leakage and the fluted core design ensures that 

propellant cannot build up inside the core, making the design resistant to pressure build-up in 
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the core which was an issue in the X 33 tank. As part of the project a 5m diameter tank was 

ground tested and it was shown to withstand flight loads and pressure loads at cryogenic 

temperature; however, the leakage performance did not meet the design goals. It is thought that 

the leakage was due to micro-cracking caused by the high porosity of 3%, which resulted from 

the out-of-autoclave process used in the manufacture of the tank. On the other hand the project 

met the design goas of a 30% reduction in weight and a 25% reduction in cost. 

SpaceX have manufactured a prototype 12 metre diameter, LOX, cryotank for use in its 

interplanetary transport system. SpaceX state that they developed a new matrix specifically for 

use in the tank and that they have successfully tested the tank to its design pressure and to its 

failure pressure. The SpaceX tank is the largest linerless composite cryotank demonstrator 

produced and is capable of storing 1200 Tons of LOX [38]. It should be noted that the main 

sources of information on this cryotank are SpaceX promotional material and not peer reviewed 

literature and few details of the manufacturing methods or test loads have been made public.  

The European Space Agency (ESA) has identified the development of composite cryotank 

technologies as a part of its ongoing strategy to ensure Europe’s independence in the space 

sector [39]. The ESA state that they are currently at Technology Readiness Level (TRL) 4 and 

acknowledge the competitive disadvantage to the USA. As discussed, NASA have 

demonstrated the technology on a small scale in the DC XA programme and are developing 

and qualifying large LH2 composite cryotanks. The Cryogenic Hypersonic Advanced Tank 

Technologies (CHATT) project was set up in 2012 as part of the European Commission’s 

Framework Programme 7. The objective of this project was to investigate the use of linerless 

composite propellant cryotanks and manufacture small scale technology demonstrators. 

Deutsches Zentrum für Luft und Raumfahrt, Advanced Lightweight Engineering, Swerea 

SICOM/ Totalförsvarets Forskningsinstitut, and Technical University Delft all designed small 

scale technology demonstrators [40]. As part of this research a technology which developed 

the used thin plies to reduce or eliminate micro-cracks was developed, however this technology 

is at TRL 3 [41]. Research into composite cryotanks is ongoing and several challenges have 
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become clear. There is a need for large scale, cost effective, out-of-autoclave manufacturing 

methods married with lightweight composite materials capable of offering excellent material 

properties with low permeability and leak rate under operational conditions.  

The majority of the work to date on cryotanks has focussed on thermoset matrix composites 

and, hence, there is little data relating to the permeability and leakage of thermoplastics, and, 

in particular, CF-PEEK. This literature review will first critically analyse the literature relevant 

to the permeability of CF-PEEK. The second part of the literature review will critique the work 

carried out to date on the manufacturability of CF-PEEK with a particular focus on induction 

welding CF-PEEK. The final section of the literature will examine the literature relating to 

thermal stress in CF-PEEK. 

2.2 Carbon Fibre Polyetheretherkeytone (CF-PEEK) 

Due to its material properties, PEEK is an ideal candidate as a matrix for composite materials. 

PEEK is part of a group of thermoplastic materials which were originally manufactured for 

engineering applications by ICI. PEEK is a semi-crystalline polymer which means that it is 

typically composed of both a crystalline and an amorphous phase. The level of crystallinity is 

dependent on the cooling rate during processing, with high cooling rates producing lower 

crystallinities. Typical thermophysical properties of PEEK, taken from [26] are given in Table 

2-1. Above the glass transition temperature, the crystalline structure of PEEK adds significant 

stiffness to the polymer meaning that the maximum continuous service temperature is above 

the glass transition temperature. PEEK has excellent long term creep fatigue, tribological, 

chemical resistance, moisture absorption, radiation resistance, and fire resistance properties 

when compared to other engineering polymers [26]. Unreinforced PEEK, which is part of the 

Victrex range of Aromatic Polymer Composites (APC), is often referred to as APC-2 [26]. 

 



2.2 Carbon Fibre Polyetheretherkeytone (CF-PEEK) 

 

23 

 

Table 2-1 Typical thermophysical properties of PEEK. 

Glass transition temperature  143 (ºC) 
Maximum continuous service temperature*  250 (ºC) 
Melting temperature  334 (ºC) 
Density * 1,264 - 1,400 (Kg/m3) 
CTE ** 47e-6 - 120e-6 (ºC-1) 
Equilibrium water content 0.5% (%) 
Tensile strength *** 92 (MPa) 
Tensile modulus *** 3.6 (GPa)  
Compression strength *** 119 (MPa) 
Compression modulus *** 3.6 (GPa)  
Shear strength *** ≈60 (MPa) 
Shear modulus *** 1.3 (GPa) 

*Dependent on Crystallinity **Dependent on temperature ***Measured at room temperature 

Due to their low density, high strength and high stiffness, continuous carbon fibres are 

commonly used for high end weight sensitive applications. CF-PEEK composites 

manufactured using AS4 and IM7 UD carbon fibres are examined in this thesis. Both of these 

are high performance pan based fibres commonly used in the aerospace industry. The fibre 

diameter, Coefficient of Thermal expansion (CTE), tensile strength, and tensile modulus, taken 

from Hexcel datasheets [42][43], are given in Table 2-2. 

Table 2-2 Typical properties of AS4 and IM7 fibres. 

Fibre type AS4 IM7 
Fibre diameter 7.1 microns 5.2 microns 
CTE -0.64*10-6 ºC-1 -0.64*10-6 ºC-1 
Tensile strength  4,413 MPa 5,516 MPa 
Tensile modulus 231 GPa 276 GPa 

 

CF-PEEK comes in several material types including unidirectional (UD) and woven fabric 

materials. These materials are supplied as individual plies which are consolidated into a final 

laminate. UD CF-PEEK is a material where the individual plies have fibres running in one 
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direction only. These materials may be used to manufacture, UD, cross ply, multi-axial or quasi 

isotropic (QI) laminates. A UD laminate is a laminate with plies running in one direction only. 

A cross ply laminate is a laminate with plies in the 0º and 90º directions only. A multi-axial 

laminate is a laminate with plies running in several directions. A QI laminate is a laminate with 

equal numbers of plies running in the 0º, 90º, 45º and -45º directions. Woven CF-PEEK is a 

material where the individual plies have fibres running in two or more directions.  

As UD CF-PEEK offer the best mechanical properties it is the most suitable to high 

performance applications. UD CF-PEEK is commercially available in fibre volumes of circa 

60% in pre-consolidated prepreg material from several different suppliers including Cytec, 

Suprem and Tencate. This prepreg material is then laid up and consolidated in order to from 

the final part. UD CF-PEEK has been shown to perform well in a simulated space environment 

[35] and there is ongoing research into its use in primary structures of launch vehicles [44], 

primary structures of commercial aircraft [45], and in cryotanks [31]. 

2.3 Permeability 

The term permeability has been used in the literature to refer to leak rate [19], permeability 

as defined by Fick’s law [18][20][21] and permeability as defined by Darcy’s law[22]. 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, defined as leakage through the sample per unit area or mass flux 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 via the process of diffusion. 

For permeability testing, 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 
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through the test samples. The process is characterised by an initial time lag, as the helium 

diffuses through the solid sample, followed by a rise in concentration on the low 

concentration side until the system reaches a steady state. 

Several experimental studies have investigated the leak rates of various CFRPs 

[19][18][20][21][46][47][48][49][50][51][52]. Peddiraju et al [52] measured the leakage of 

IM7, CF epoxy matrix laminates and showed that the leakage caused by gas flow through 

connected micro-cracks can be orders of magnitude higher than leakage caused by diffusion 

alone. Stokes [53] measured the leakage of IM7, Bismaleimide laminates and concluded that 

CFRPs in an undamaged state had an acceptable leak rate for application in cryotanks and 

that the lack of success in applying CFRPs to hydrogen storage tanks is due to micro-

cracking at cryogenic temperatures. Choi and Sankar [21] measured the leakage of CF epoxy 

matrix laminates and 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 not propagate through the entire thickness of the laminate 

to form a connected leak path. Choi and Sankar provided a valuable insight into the leakage 

of CFRP; however, they did not differentiate between the fundamental causes of leakage in 

their results.  

For undamaged composites, the mechanism of gas leakage through the composite is typically 

diffusion. Schultheiß [20] measured the leakage of CF Bakelite and CF Epoxy laminates and 

showed that for undamaged composites, leakage behaviour is 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 

[18][20][21]. Although Fick’s law is only applicable to homogeneous materials [54], 

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 [55][18].  
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A schematic representation of gas or liquid permeation through a solid membrane, of thickness 

x, at steady state, is shown in Figure 2-4. The driver for permeation is the difference in 

concentration gradient across the barrier. The three stages of permeation are adsorption of the 

fluid at the surface of the barrier, diffusion of the fluid across the solid membrane, and 

desorption of the fluid at the low concentration surface of the barrier. 

 

Figure 2-4 Image representing the permeation of a gas or liquid through a solid barrier. 

The steady state diffusion process is governed by Fick’s law which states that the mass flux 

through the membrane is proportional to the concentration gradient or: 
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𝐽 = −𝐷
𝑑𝑐

𝑑𝑥
                                     (1) 

Where J is the mass flux, D is the diffusion coefficient, c is the concentration and x is the 

thickness of the barrier. 

The transient diffusion process is governed by Fick’s second law which states that rate of 

change of concentration is equal to the diffusion coefficient times the derivative of the 

concentration gradient. 

The rate at which the amount of diffusion substance increases is given by the length, times the 

change in concentration or: 

2𝑑𝑥
𝑑𝑐

𝑑𝑡
                                    (2) 

The mass conservation principle applied to a simple 1D case, shown in Figure 2-5, illustrates 

that the amount of the diffusion substance increase is given by: 

or: 

𝐽𝑐 −
𝑑𝐽

𝑑𝑥
𝑑𝑥 − 𝐽𝑐 +

𝑑𝐽

𝑑𝑥
𝑑𝑥 = −2𝑑𝑥

𝑑𝐽

𝑑𝑥
                                    (3) 
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Figure 2-5 Mass conservation principle showing the change in concentration over an element of length 2dx. 

Equating equation 2 and equation 3 and substituting in equation 1 gives Fick’s second law: 

𝑑𝑐

𝑑𝑡
= 𝐷

𝑑 𝑐

𝑑𝑥
                                                           (4) 

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

rates of gas through micro-cracks [22][56][57]. Grenoble and Gates [46] investigated the 

leakage of IM7 epoxy laminates and showed that mechanically cycled samples have a higher 

leak rate at low temperatures than at room temperature. Furthermore, it was shown that the leak 

rate increased with both increasing micro-crack density and applied mechanical strain at both 

cryogenic and room temperature. Bechel et al [19] measured the leakage of IM7 bismaleimide, 

and IM7 epoxy laminates, and concluded showed that; (i) In the absence of micro-cracks there 

was no measurable leakage, (ii) increasing crack densities lead to increasing leak rates and (iii) 

high fracture toughness reduced micro-cracking and leak rates. Kumazawa et al [49] 

investigated the leakage of IM600 epoxy laminates and showed that leak rate increased with 

increasing crack opening displacements caused by applied strain and for damaged samples with 
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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. It follows that the fibre volume, 

fibre type, resin, layup, temperature, pressure and strain state all affect the leak rate. Goetz et 

al measured the leakage of IM7 epoxy laminates [25] showed that leak rates through damaged 

samples increase with applied strain and decreasing temperature. It is clear that temperature 

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

leaking gas. Furthermore, the pressure gradient across the sample is the reason for flow through 

samples with connected leak paths. 

Nettles and Biss [27] state 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 candidates considered for cryogenic storage applications. Figure 

2-6 presents the permeability results from literature for CF-PEEK, PVC, un-reinforced PEEK 

and thermosetting CFRP’s. The result presented by Choi and Sankar [21], 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 [54] test 

standard for measurement of the gas permeability characteristics of plastic film has been widely 

adopted for permeability testing of composites [21][51][58]. This standard states that the 

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

dependent on the laboratory test setup. The standard was updated in 2015 and a previously 

incorrect formula for calculating the gas transmission ratio has been corrected. These results 

show that the permeability of CF-PEEK is similar to the permeability of thermoset composites. 
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Figure 2-6 Comparison of relevant data from literature showing the permeability results of CF-PEEK, PVC, un-

reinforced PEEK, and thermosetting CFRP [13][59][18][60][21][20][53]. 

Table 2-3 gives an overview of studies that have experimentally investigated micro-cracking 

following cryogenic cycling in CF-PEEK. Ahlborn [61] investigated the behaviour of cross ply 

laminates using optical microscopy, scanning electron microscopy and x-ray analysis and 

showed that there was no detectable damage following 120 cycles. Kobayashi et al [62] 

investigated the damage formation in CF-PEEK following cryogenic cycling using optical 

microscopy and x-ray analysis and showed that cross ply laminates cracked after the first few 

thermal cycles and that crack density increased with increasing thermal cycles. Funk et al [35] 

subjected several composite systems to a simulated space environment and, based on the 

material properties and low micro-crack density, measured using x-ray analysis, following the 

simulation, concluded that CF-PEEK was the most suited to space application. Grogan et al 

[33] 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 using CT scanning and optical microscopy. This 

experimental investigation into the micro-cracking behaviour of CF-PEEK demonstrated that 
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the different PEEK resins had a strong influence on the micro-cracking behaviour of the 

samples with Suprem PEEK being the most susceptible to micro-cracking. For all the materials 

examined thicker samples resulted in higher micro-crack densities and QI layups resulted in 

higher micro-crack densities than cross ply laminates. Blocked plies result in more shear stress 

at the interface between plies, which may be a contributing factor to the higher micro-crack 

densities found in the thicker laminates. The paper also presents ply-by-ply thermal stress along 

with the crack densities; however it did not include the effect of residual stress build-up during 

manufacture. It should be noted that several CF-PEEK samples did not crack following 50 

thermal cycles. Nairn [63] investigated micro-cracking in both thermosetting and thermoplastic 

composites and concluded that while the high toughness of thermoplastic composites increase 

their resistance to micro-cracking their high forming temperature and consequently high 

residual stress resulted in no significant differences in the micro-cracking resistance of 

thermoplastic matrix composites. The results from literature with relation to the micro-cracking 

behaviour of CF-PEEK subject to thermal cycling are somewhat mixed. The literature indicates 

that the matrix type, layup and cooling method all have an influence on the micro-crack 

densities.  

Table 2-3 Review of experimental studies into micro-cracking in CF-PEEK. 

Author Micro-cracks 
after cycling 

Cooling 
method 

Number 
of cycles 

Fibre type Temp ºC 

Ahlborn [61] No Slow 
cooling 

120 AS4 20 to -196 

Kobayashi et al [62] Yes Quenching 
in LN2 

≈10 AS4 250 to -196 

Funk et al [35] Yes Slow 
cooling 

500 AS4 65 to -157 

Grogan et al [33] Some 
laminates 

Quenching 
in LN2 

1 AS4, IM7 20 to-196 
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2.4 Manufacturability 

Due to its thermoplastic nature CF-PEEK can be produced using manufacturing technologies 

that are well suited to large scale manufacture. These include thermoforming, press 

consolidation, ATP (including ATP overlay bonding), overmoulding, 3D printing, vacuum 

forming, and fusion bonding. Induction welding is a promising, scalable, out-of-autoclave, 

method for joining of composite structures. ATP is an out-of-autoclave method of 

consolidating large composite structures suitable for in situ layup and consolidation of large 

composite structures. Because of their potential to be enabling technologies for the manufacture 

of large composite structures, this section will present a critical review of the literature on these 

topics as well as a brief description of other manufacturing techniques which may be relevant 

to the topic.  

2.4.1 Induction Welding 

ArianeGroup, who produced the Ariane5 launcher, stated in 2018 that joining activities account 

for 20-30% of their reoccurring production costs. To reduce these costs, they launched a 

research and development drive to improve joining technologies for composites [64]. The high 

cost of joining is also evident in the aeronautical industry, where the cost of assembly of a wing 

box can represent as much as 40% of the total production cost of the part [65]. Assembly using 

mechanical fasteners is the primary method used for joining aircraft primary structures [66] 

and it is also widely used in space applications. This is typically a manual process involving 

the alignment of parts using jigs and shims before drilling, deburring, cleaning, and installing 

the mechanical fasteners [65]. Adhesive bonding is also used in aerospace manufacture, but it 

is also a labour intensive manual process. The possibility of poor bonds due to inadequate 

surface preparation or un-cured adhesive (kissing bonds), which are not detectable using 

conventional Non Destructive Testing (NDT), is a major disadvantage of the adhesive bonding 

process [67]. A study of the effect of surface preparation on bond strength of CF-PEEK samples 

showed that bond strength is strongly dependent on the surface preparation carried out [68]. 
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These potential defects, and the inability of NDT in detecting them, leads to difficulties with 

certification of adhesive joints, and has largely limited their use to secondary loaded structures 

[69]. Due to these issues, additional fasteners are often incorporated into adhesively bonded 

joints, increasing weight, cost, and production time. 

Thermoplastic composite fusion bonding, or welding, involves the application of pressure and 

energy to the thermoplastic matrix at the weld line (interface between two previously 

unconnected sub-components). During fusion bonding, heat melts the thermoplastic matrix of 

both components locally, and the pressure ensures intimate surface contact, causing fusion of 

polymer matrix chains in both components. This re-melting of the composite laminate can 

cause de-consolidation [70] (i.e. structural disintegration of originally consolidated composites 

[71]). The fibre network de-compaction, void evolution due to gas expansion and surface 

tension, and vaporisation of moisture influence de-consolidation [70]. The pressure ensures 

that the individual composite laminates do not de-consolidate when heated [72][73]. Once 

cooled, the thermoplastic matrix at the weld line solidifies, creating a strong continuous bond 

without the need for fasteners or adhesive. The final bond contains no fasteners or glues and as 

such reduces issues such a build-up of thermal stress due to CTE mismatch or stress 

concentrations due to the holes necessary for fastening. It should be noted that the CTE of 

composite laminates is dependent on the fibre type, weave and layup and, as such, sub 

components may still have significantly different CTE and, hence, thermal stress may still 

present as an issue. The weld type is generally classified based on the energy used to melt the 

material at the weld line. Three of the most promising forms of fusion bonding are ultrasonic, 

resistance, and electromagnetic (induction) welding [74]. 

Induction welding is a type of fusion bonding where heat is induced at the weld line using 

electromagnetic induction. During welding, an alternating current passes through an induction 

coil creating an alternating magnetic field. This induces eddy currents in nearby conductive 

materials, which result in volumetric heating of these materials. Pressure can be applied by 

mechanical means via a roller [75,76], tooling [77], or drawing of a vacuum [76]. With roller 
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pressure (generally limited to flat panels), the weld line is initially heated by induction without 

the application of pressure before the consolidation roller passes over the part [30,75,78]. This 

means that the area heated by induction may de-consolidate locally before being reconsolidated 

by the roller. With vacuum pressure only, the maximum achievable pressure is atmospheric 

pressure (circa 1 bar) and a vacuum tight setup is required.  

Induction welding is currently used in the aerospace industry, and has several advantages over 

adhesive bonding and joining with fasteners. These advantages including ease of automation, 

weight reduction [28], cycle time reduction [79,80], reprocessability [80], reproducibility (has 

been shown to provide single lap shear strength results with a scatter less than 1.5% of lap 

shear test value [81]), fatigue life [68], and surface preparation reduction [74]. It has been 

demonstrated that induction welding is capable of automated joining of complex composite 

geometries [82]. Fokker Technologies (Papendrecht, The Netherlands) have manufactured 

several parts using fusion bonding. Part of the leading edge of the Airbus A380 wing is 

manufactured using resistance welding of glass fibre resulting in a net weight reduction of more 

than 20%, as well as lower manufacturing costs [83]. The rudder and elevator of the Gulfstream 

G650 is manufactured using induction welding of carbon fibre Polyphenylene Sulphide (PPS) 

and mechanical fasteners [28]. The use of induction welded CF-PPS in the Gulfstream 

Aerospace Corporation (Georgia, US) G650 has resulted in a 20% cost saving and a 10% 

weight saving [28]. The weight reduction is achieved through the reduction of the number of 

fasteners, as well as consequent reduction in ply build-ups around fastener holes. Fokker has 

stated with relation to thermoplastic composites “Our ambition is to step up from the products 

we already have to larger products that bear higher loads. For example the complete tail section 

of the aircraft”[84]. The Thermoplastic Affordable Primary Aircraft Structure (TAPAS) 

research projects are aimed at developing technologies, including induction welding and ATP, 

to enable thermoplastic use in primary structural applications. This project has demonstrated 

that thermoplastic materials and manufacturing methods, including induction welding, are 

suitable for the manufacture of primary structures [45]. Although induction welding of large 

scale, loaded parts is currently used in the aerospace industry, there is a lack of detailed 
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published data on the topic. Details of part geometries, loading conditions, welder setup, 

tooling setup, and test results have not been widely published. For many of the commercial 

parts that are either in service or under development, it is not clear to what extent induction 

welding has been used in the manufacturing process. In the case of the Gulfstream G650 tail-

section, joints between the beam webs and ribs are bolted and anti-peel fasteners are used at 

weld ends [28]. Furthermore, none of the large scale, induction welded demonstrators are 

manufactured using CF-PEEK. Induction welding is also used in automated manufacturing of 

unreinforced thermoplastic materials for high volume production of lower value parts [85], 

highlighting the low cost and automation benefits of the process. This potential low cost may 

open up new markets such as automotive, sporting goods and construction. There is some 

literature considering the use of induction welding in space applications [86] which indicates 

that it has potential in the space industry.  

 During manufacture, thermal residual stress is created in composite components due to the 

mismatch in thermal expansion between the fibre and the matrix, the anisotropic thermal 

expansion of the plies (for non UD layups only), and asymmetric cooling of the matrix [87]. 

For laminates with a symmetrical layup, where the laminate is not subject to large asymmetrical 

cooling, this residual stress does not lead to component warpage, as the stresses are 

symmetrical about the centre of the laminate. The localised thermal cycle (room temperature 

to above melt temperature and back to room temperature) associated with composite induction 

welding may alter the residual thermal stress distribution in the assembled component. In the 

heat affected zone (the region around the weld line that has had its microstructure changed by 

the welding process), some of the matrix near the weld line is heated past its melting point. As 

the laminate approaches its melting temperature, it loses its ability to resist the residual stress 

in the laminate. The high residual thermal stresses combined with low material properties at 

high temperatures may lead to stress relief via component warpage, internal voids, and local 

fibre buckling [88]. These defects may reduce joint performance and/or the functioning of the 

overall assembly may be altered. To the best of the authors’ knowledge, warpage of a structural 

assembly due to induction welding has not been reported in the literature; however, warpage 
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has been reported by studies investigating resistance welding [80,89]. It should be noted that 

the heat affected zone in resistance welding is quite different to induction welding. During 

resistance welding, the entire length of the weld line is above the melt temperature of the 

matrix, whereas in continuous induction welding only a small part of the weld line is molten at 

any given time. As such, induction welding should be less susceptible to warpage.  

Induction heating and welding of thermoplastic composites has been the focus of research for 

many years, (see for example [15,30,91–100,75–78,80,81,85,90]). The majority of the work 

investigates welding small scale simple geometries. Where testing has been carried out, it has 

involved coupon level tests such as single lap shear, double cantilever beam, wedge, and peel 

tests. A review of fusion bonding techniques, by Ageorges et al [80], which also provides a 

comparison with adhesive bonding and mechanical fastening, gives single lap shear results 

from each method. This review indicates that, based on lap shear tests, induction welding offers 

superior performance to adhesive bonding and mechanical fastening. Although small scale 

laboratory trials and industry reports indicate that induction welding provides advantages in 

comparison to adhesive bonding, there is very little published work on demonstrator scale, 

induction welded structural components to confirm this. Only one component level induction 

welded part consisting of a CF-PPS stiffened panel was identified in the literature and this 

component was not mechanically tested [99]. This highlights the knowledge gaps that currently 

exist in the literature relating to structural performance of component level induction welded 

demonstrators.  

For laminates reinforced with woven carbon fabrics, fibre heating can be the dominant heating 

mechanism [101], with heat being induced in loops in the carbon fabric, through which eddy 

currents can flow. UD stacked carbon fibre reinforcements generate significantly less heat 

when exposed to an alternating electromagnetic field compared to carbon fabrics [91], and are 

generally unsuitable for induction welding without the addition of a conductive material 

(referred to as a susceptor) [78]. Thermoplastic composite laminates reinforced by glass fibre 

or unreinforced polymers cannot be induction welded without the use of susceptors at the weld 
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line, as the materials are not electrically conductive [95]. Carbon fibre fabric, metal-coated 

carbon fibres, metal grids, or doping the matrix with metal particles have been used to facilitate 

induction heating [15][102]. In the current study, a nickel coated carbon fibre mat is used as a 

susceptor material, see Chapter 4 for further details. 

Several experimental studies have identified issues along weld line edges due to local heating 

and pressure effects [75,77,81,92]. These edge effects can lead to local overheating causing 

process defects or alternatively incomplete welds due to insufficient heating or pressure. The 

induction welding process may produce defects, including voids in the weld line [77] and in 

the heat-affected zone of the composite sub-components [92]. Careful control of process 

parameters such as pressure and temperature distribution is needed to minimise void and 

delamination formation. Minimising the size of the heat affected zone minimises the volume 

in which process induced defects can occur. Bayerl et al [15] concluded that a susceptor 

material should ideally be placed at the weld line in order for heating to be localised at the weld 

line only. Applying cooling to the workpiece surface during the welding process has also been 

shown to reduce the size of the heat affected zone [103][104]. 

The temperature distribution at the bond line is a critical factor in induction welding [30]. 

Overheating may result in thermal degradation [30][77] and under-heating will result in areas 

of the composite which are not fully welded. The temperature distribution is dependent on a 

wide variety of parameters including the coupling distance, excitation current, frequency, coil 

geometry, workpiece geometry, thermal boundary conditions, specific heat capacity of the 

workpiece, electrical conductivity of the workpiece, and thermal conductivity of the workpiece 

[103]. For composite materials many of the material properties are anisotropic and temperature 

dependent.  

Finite element analysis has been successfully used to predict the temperature distribution 

during induction welding of composites and to evaluate the importance of the factors affecting 

the temperature distribution at the bondline (see for example 

[30][99][105][106][103][92][77][107]). Table 2-4 gives a summary of several models of 
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induction heating of composite available in the literature. The majority of the work model 

heating of carbon fabric and treat the entire laminate as one single domain with no internal 

boundaries representing the plies [30][99][75][103][92][15][107]. This approach is 

computationally efficient as the actual layup does not need to be meshed leading to reduced 

computation cost. This method generally assumes the in plane properties are the same in the x 

and y direction and vary only in the z direction. While there is likely to be some anisotropy in 

the x and y direction, the agreement shown between experiment and simulation results for this 

verifies the approach for fabric materials. Treating the laminate as a single homogeneous 

volume has also been used to model the heat up rate in multi-axial laminates [77][108]. 

O’Shaughnessey et al [77] showed good agreement between experiment and simulation, 

however the problem analysed contained a metal susceptor which would dominate the heating, 

meaning that having precise material properties for the laminate itself is of less importance 

than in susceptorless welding. Lundstrom et al [108] also use homogeneous material and 

showed good agreement between their computational and experimental work, however they 

used measured laminate material properties rather than fundamental material properties. The 

use of a homogeneous volume for modelling the heating has the disadvantage that the 

anisotropic material properties of the whole laminate must be measured in order to create a 

realistic model. Wasselynck et al [109] investigated the heating of multi-axial laminates, they 

modelled each layer individually and applied varying material properties in the plane of the 

laminate, as well as at the interface between plies. The material properties were calculated 

using a novel two scale homogenisation approach which enables calculation of the conductivity 

in the x and y direction. This approach allows different laminate layups to be modelled using 

only the material properties of each individual ply and the electrical conductivity in the through 

thickness direction. However it has the disadvantage that the actual geometry of the layup must 

be modelled. The models to date have both static and transient heating as shown in Table 2-4. 

For the transient models, typically a constant cross section is modelled in order to simplify the 

model. Very few models investigate overheating at edges due to global current loops being 

restricted due to edge effects caused at the start or end of a model or due to holes in the 
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geometry. Worrall and Wise [100] presented a methodology for induction welding of CF-

PEEK in which insulation layers are placed between the plies in multi-axial laminates. This 

method reduces the conductivity in the z direction, prevents global current loops from forming 

and reduces the heating effect of the composite. This study shows that control of the 

conductivity at the interface of the composite has a major effect on the overall heating rate in 

the composite. While all the modelling presented in the literature has shown excellent 

agreement with experimental results a wide variety of material properties have been used and 

temperature dependence of the materials is not always taken into account. This thesis will 

investigate the heating of CF-PEEK using computational and experimental methods. 

Table 2-4 Overview of models of induction heating in composites. 

Author Fibres Transient Software Susceptor Plies 
modelled 

Constant section 
geometry  

Lionetto et al[30] Carbon 
fabric 

Yes Comsol No No Yes 

Pappada et 
al[99][75] 

Carbon 
fabric 

Yes Comsol No No Yes 

Moser[103] Carbon 
fabric 

Yes Comsol No No Yes 

Mitschang et 
al[92]  

Carbon 
fabric 

No Ansys No No Na 

O’Shaughnessey 
et al[77] 

UD and 
Multi-axial 

No Comsol Yes No Na 

Duhovic et 
al[107] 

Carbon 
fabric 

No LS-dyna No No Na 

Lundström et 
al[108] 

UD and 
multi-axial 

No FEMM No No  Na 

Wasselynck et 
al[109] 

UD and 
multi-axial 

No Not 
specified 

No Yes Yes 
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2.4.2 Automated Tape Placement (ATP) 

ATP is an advanced manufacturing process where fibre reinforced tape is laid down and 

consolidated in one step. The raw material is supplied in thin strips of pre-impregnated tapes 

which are rolled off a carrying spool and onto the tooling surface using a robot arm. Once the 

tape is in position, pressure and heat are applied to the tape so that it forms a consolidated 

laminate. The pressure is generally applied using a roller and the heat may be applied using a 

laser or gas. Because the laminate is consolidated in situ, there is no need to post consolidate 

the part in an autoclave. Common geometries such as flat laminates, cylinders and bi-axially 

curved laminates can be made and the size of the part is only limited by the tool geometry and 

the range of the robot arm. There are some limitations to the part geometries that can be 

manufactured due to the size of the ATP machine head and the drapability of the prepreg tapes. 

A schematic of the laser assisted ATP process which shows incoming CF-PEEK tape being 

laid down is shown in Figure 2-7. During the ATP process, the entire heating and consolidation 

of the CF-PEEK tape takes place over just a few seconds; for comparison, autoclave 

manufacture typically has a dwell time of 20 minutes. There are also several disadvantages to 

ATP in comparison to autoclave manufacturing which have precluded its uptake as a 

mainstream manufacturing method in the aerospace industry. These include that (i) there is 

typically a reduction in the mechanical performance of ATP laminates in comparison to 

autoclaved laminates [110][111][112], (ii) there is a limited supply of suitable thermoplastic 

composite tapes, (iii) only UD thermoplastic materials can be manufactured using ATP, and 

(iv) the aerospace industry is dominated by thermoset materials [26]. The potential for 

automation, the ability to manufacture very large parts with quick cycle times and the potential 

cost savings, has driven recent research efforts in the ATP process [45]. The TAPAS project 

which involves several commercial aerospace manufacturers is currently researching using 

ATP for the manufacture of large thermoplastic structures such as fuselages and trailing edge 

flaps [45]. 
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Figure 2-7 Schematic of laser assisted automated tap placement process showing the incoming UD tape being 

consolidated onto a laminate. 

2.4.3 Other Manufacturing Techniques 

Press consolidation involves the layup of CF-PEEK prepreg material in a mould and the 

application of heat and pressure using a heated hydraulic press. Using press consolidation, the 

heat and pressure must be maintained for the duration of the consolidation cycle in order to 

manufacture a void-free consolidated part. An alternative to press consolidation is press 

thermoforming. Using this process, a pre-consolidated laminated with a simple geometry is 

thermoformed using a press. Because the laminate has already been consolidated, the forming 

process can be much quicker than autoclave cycles and the laminate can be preheated or heated 

in situ. For both press consolidation and forming, the final part will match the geometry of the 

mould used for forming. The size of the parts that can be manufactured is limited by the size 

of the press available. 

Vacuum consolidation involves the use of vacuum pressure only for consolidation. For vacuum 

forming, pre-impregnated material is laid up on the tool and a vacuum bag with appropriate 

breather materials is placed on the preform. A vacuum is then drawn under the bag to apply 
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pressure and heat is applied using an oven of integrally heated tooling. Void contents below 

1% can be achieved using vacuum bag only processing of CF-PEEK [34]. Amorphous 

interlayer bonding had also been demonstrated to be a promising joining technology for both 

thermoplastic and thermoset composites [31,44,113]. CF-PEEK structures can also be 

combined with short fibre or neat PEEK using manufacturing methods such as ATP, 

overmoulding [114] and 3D printing[115,116]. These technologies are scalable, are suited to 

automation and offer greater design flexibility than thermosetting manufacturing technologies. 

2.5 Thermal Stress 

Because thermal stress has been highlighted as a contributing factor to leakage due to micro-

cracking and defect development in induction welding, a critical review of the current literature 

relating to thermal stress in CF-PEEK has been carried out. 

Due to the high processing temperature of CF-PEEK of circa 380ºC and the thermal expansion 

mismatch between the fibres and the PEEK matrix, residual stresses are built into the laminate 

during consolidation. The presence of these residual stresses may cause defects such as micro-

cracking [26][33], micro-buckling [88], void formation [88] and warpage [26], which in turn 

may lead to stiffness, strength and fatigue life reduction [117][118] and may also influence the 

environmental resistance of the final part [26]. Because the processing temperature is high in 

comparison to most other composite systems, residual thermal stress is also higher in CF-PEEK 

than in most other CFRP systems. It is important that residual stress is accounted for in the 

design and analysis of CF-PEEK composite structures, particularly for applications involving 

cryogenic temperatures. During design, thermal stress is not taken into account if the standard 

material tests alone are used for as design input. This is because standard material tests such as 

tensile and compressive strength and modulus are performed on fully UD laminates which have 

no macro residual thermal stress.  
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The general theory behind the formation of residual stress in CF-PEEK is similar to that in 

thermosetting composites. The earliest literature on the formation of residual stress in carbon 

fibre composite systems relates to thermoset systems. Although there are many differences 

between CF-PEEK matrix composites and thermoset composites, many of the fundamental 

mechanisms and concepts are the same. A review of residual stress in thermoplastic matrix 

composites has been published by Parlevliet et al [87][119][120]. These papers review in detail, 

the origin, measurement and effects of residual stress in thermoplastic composites. This review 

covers literature relating to thermoplastic composites in general and as such it does not go into 

detail on issues specific to CF-PEEK. The bulk of existing literature does not consider residual 

stress in the context of fusion bonding, ATP or micro-cracking due to thermal cycling.  

2.5.1 Formation or Residual Stress 

Residual stress is stress that is locked into a component during the manufacturing process. This 

stress can be due to mismatch in thermal expansion between the constituents of a laminate or 

they may be result from other cause such a mismatch in CTE between the tool and the part or 

elastic energy stored in fibres due to fibre deformation during manufacture. Several studies 

have indicated that the residual stress caused by a mismatch in CTE between the constituents 

of the laminate is a major concern in cryogenic applications [121][25]. Due to its importance 

in these applications this thesis will focus on this area of residual stress. 

Residual thermal stress in composites occurs on three levels, the micro-mechanical, macro-

mechanical (also commonly referred to as mesoscale) and global levels [87]. Each of these 

stress types is based on the scale on which it occurs with micro-mechanical stress forming at 

the scale of individual fibres, macro-mechanical forming at the scale of the plies and global 

stress forming on a global laminate level. Categorising each stress based on scale allows us to 

visualise the origins of residual stress and investigate each stress type independently. In reality, 

the overall stress state of a composite part is the sum of the residual micro, macro and global 
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stress and any external stresses created in the part due to loading. The following section 

considers in more detail at the formation of residual micro, macro and global stress. 

2.5.1.1 Micro-mechanical Thermal Stress 

Micro-mechanical residual thermal stress is formed on the micro scale between the matrix and 

the individual fibres due to the difference in the CTE between the fibre and the matrix. This is 

shown schematically in Figure 2-8. The first image shows the fibre and the matrix free to 

expand. During the consolidation process the fibre and the matrix are bonded together at high 

temperature. At this high temperature the fibre and matrix are in a stress free state. As the 

composite system cools, the fibre and the matrix contract at different rates depending on their 

CTE. The matrix contraction is much greater than the fibre contraction. This leads to a 

compressive stress in the fibre and a tensile stress in the matrix. The matrix also shrinks around 

the fibre creating a radial compressive stress around the fibre. This type of stress is found in all 

fibre based composite systems where solidification and adhesion of the matrix to the fibres 

occurs above the operating temperature of the final part.  
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Figure 2-8 Schematic of residual stress formation in a single fibre surrounded by CF-PEEK. The left hand image 

shows the fibre and matrix separately prior to consolidation. The centre image shows the fibre and the matrix at 

high temperature at which they are effectively bonded together in a stress free state. The right hand image shows 

the fibre and the matrix following cooling, at this stage in the process the fibre and the matrix has reduced in 

length by δL. A tensile thermal stress has formed in the matrix and a compressive thermal stress is formed in the 

fibre.  

Typical composite systems consist of many fibres embedded in the matrix. Fibre grouping can 

have a large effect on micro-mechanical residual stress distribution and can cause stress 

concentrations in closely packed fibres [122]. Fibres which are in very close proximity can act 

as nucleation sites for crystal growth [123][124][26], potentially as the result of stress 

concentrations caused by close proximity of the fibres. During consolidation of fabric 

materials, the pressure required for consolidation compacts the fibres during manufacture. 

Once cooled, this elastic energy is stored in the laminate in the form of micro-mechanical 

residual stress in the fibres. This means that variables such as fibre volume, uniformity and 

diameter will affect the micro-mechanical residual stresses in the laminate. 
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2.5.1.2 Macro-mechanical Thermal Stress 

Macro-mechanical stress is formed in the laminate due to the anisotropic shrinkage of each ply 

in multi axial laminates (laminates with plies laid up in different directions). Each ply in the 

laminate has a different thermal expansion coefficient in the longitudinal and transverse 

direction. For UD CF-PEEK, the longitudinal contraction is less than the transvers contraction 

due to the inclusion of fibres with low longitudinal CTE values restraining the matrix. During 

consolidation, all plies are bonded together to form a single composite structure at high 

temperatures. As the laminate cools, each ply contracts in both the longitudinal and transverse 

direction. In laminates with all plies in one direction, the laminate is free to cool and no residual 

stress is introduced into the part on the macro scale. In multi axial laminates, the contraction 

of each ply is restricted by the adjacent plies. This restriction causes a build-up of compressive 

residual stress in the longitudinal direction and tensile stress in the transverse direction [125]. 

Figure 2-9 displays a visualisation aid for macro scale residual stress formation. Figure 2-9(a) 

shows a 0 and a 90 ply at high temperature with the fibre direction given by the longitudinal 

lines. Figure 2-9(b) shows the thermal strain in the same plies following cooling; as the plies 

are not constrained the thermal strain does not lead to thermal stress. Figure 2-9(c) shows the 

plies consolidated into a laminate following cooling. The plies are bonded together and 

constrain one another; this leads to the thermal stress as indicated. In the case shown in Figure 

2-9, the stress field is not balanced about the centre of the laminate and, as such, it results in a 

net moment in the laminate which would cause deformation in the final laminate. A residual 

shear stress will also form at the interface between the two plies. The resulting macro 

mechanical stress is compressive in the local longitudinal direction and tensile in the local 

transverse direction. It should be noted that in Figure 2-9, the relatively small contraction in 

the fibre direction is ignored for ease of visualisation. Macro-mechanical stress is found in 

multi axial thermoset and thermoplastic laminates. 
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Figure 2-9 Macromechanical residual stress formation. (a) shows two single plies at high temperature, (b) shows 

their unconstrained contraction due to cooling and, (c) shows their response to cooling when constrained in a 

cross ply laminate. 

2.5.1.3 Global Thermal Stress 

Global level residual stress, often referred to as skin core stress, occurs due to the temperature 

gradients in the part during the manufacture of the part. As the part is cooled from the 

processing temperature, a thermal gradient is created through the part. For illustration purposes, 

a part which is cooled uniformly from both sides is considered. As the part cools both surfaces 

of the part solidify while the centre of the part remains in a molten state. Initially, the outer 

layer is free to contract as the temperature decreases. When the next layer of the part solidifies, 
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it is constrained by the cooler outer layer. The inner layer is at a higher temperature than the 

outer layer and, as such, it must contract more to reach a stress free state. However, due to the 

constraints of the outer layers it is not free to contract. This creates a compressive stress in the 

outer layer and a tensile stress in the next layer. This process continues for each layer until the 

final stress state of the laminate is a symmetric parabolic stress distribution with compression 

on the surface and tension in the centre as shown in Figure 2-10. If the laminate is not cooled 

uniformly from both sides a non-symmetric stress distribution may occur which may lead to 

warpage in the final part. Temperature gradients in the part during cooling are the main cause 

of global level thermal stress. The temperature gradients, and consequently the thermal stresses, 

are generally lower in thin laminates and laminates which are slowly cooled. Unlike micro-

mechanical and macro-mechanical stress, global stress may also occur in non-composite 

systems. Global level stress has been shown in CF-PEEK by several researchers 

[122][126][88][127][128][88][129]. Global level stresses are caused by miss-matched CTE 

due to temperature gradients, i.e. the laminate containing a gradient in temperature and thus 

also a gradient in temperature dependent CTE. Unlike micro and macro residual stress, global 

residual stress is not the intrinsic mismatch in CTE between the matrix and the fibre and it is 

also found in un-reinforced polymers. Manson and Seferis [128] manufactured CF-PEEK 

laminates with a high global residual stress which caused deformation of the laminate. They 

showed that the deformation and, hence, the global thermal stress can be reduced significantly 

by heating the laminates above the glass transition temperature and allowing them to cool 

slowly.  
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Figure 2-10 Illustration of global stress in a part  in which a non-uniform temperature distribution during 

forming has led to a global parabolic stress field in the part. 

2.5.2 Factors Influencing Thermal Stress 

As discussed in Section 2.5.1, residual thermal stress in CF-PEEK is comprised of, (i) thermal 

stress in a laminate due to thermal shrinkage mismatch between the fibres and the matrix in the 

case of micro and macro scale thermal stress and, (ii) temperature gradients due to cooling in 

the case of global stress. Significant thermal stress can only start to build up once the matrix is 

in a solid form and is capable of carrying a load. For amorphous CF-PEEK, solidification 

occurs at the glass transition temperature while for semi-crystalline CF-PEEK, solidification 

occurs at the crystallisation temperature [130]. The crystallinity influences the thermal stress 

by dictating the temperature from which stress starts to build up in the part. Furthermore, the 

crystallinity percentage also influences the shrinkage and, thus, the CTE of the matrix. Unger 

and Hansen [130] have measured and predicted the curvature of laminates subject to several 

different cooling rates and, by extension, crystallinities. The solidification temperature at which 

stress starts to build up is referred to as the stress free temperature, SFT. The greater difference 

between the SFT and the operating temperature of the final structure, the greater the thermal 

stress in the part. Unger and Hansen [130] also showed that for amorphous CF-PEEK, 

manufactured using quench cooling; the stress free temperature is at the glass transition 



 Literature Review

 

50 

 

temperature (Tg) of the matrix, which is circa 140ºC below the typical crystallisation onset 

temperature. These laminates also showed curvatures less than half those of slowly cooled 

laminates, indicating that there was a significant reduction in thermal stress. Figure 2-11 shows 

the effect of cooling rate on crystallisation onset temperature, and, hence, SFT. Manson and 

Seferis [131] showed that processing CF-PEEK using a dwell temperature of 350ºC resulted in 

a crystallinity of 48% and an increased melt temperature. This suggests that laminates 

manufactured using low dwell temperatures may be subject to increased shrinkage due to 

crystallinity and higher residual thermal stress due to the higher crystallinity onset temperature 

and, hence, higher SFT. Unger and Hansen [130] propose manufacturing a laminate using very 

high cooling rates followed by annealing at a temperature just above the maximum operating 

temperature of the composite. Annealing involves raising temperature of CF-PEEK to change 

the properties of the material. They suggest that very high cooling rates would result in a 

laminate with minimum residual stress and subsequent annealing will remove any global 

stresses and develop the crystalline micro-structure needed for improved mechanical properties 

and solvent resistance. They showed that for semi-crystalline polymers, higher cooling rates 

lead to lower crystallinity, less shrinkage, a lower peak crystallisation temperature and a lower 

modulus at a given temperature [130]. While these factors lead to a reduction in residual stress, 

the fast cooling rates are difficult to achieve with many manufacturing methods and may also 

create temperature gradients in the part which in turn may lead to significant global residual 

stress. Gillespie and Chapman [117] modelled the formation of residual stress and carried out 

a parametric study into the factors influencing residual thermal stress. They showed that 

thermal conductivity, laminate thickness, cooling rate, and layup all effected the thermal stress 

development. 
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Figure 2-11 Effect of cooling rate on crystallisation onset temperature and, hence, stress free temperature [124]  

Ye et al [73],[132] investigated void formation in CF fabric with thermoplastic matrixes. They 

conclude that residual stress caused by elastic energy stored in the fibres during de-compaction 

is a major cause of de-consolidation. This suggests that the decompaction pressure during 

manufacture will influence the residual stress in the case of fabric materials. Although these 

studies do not investigate CF-PEEK, the fundamental thermomechanical mechanisms involved 

in this residual stress development are applicable. 

As highlighted previously, the cooling rate experienced during processing affect the stress free 

temperature, the matrix modulus at a given temperature, and consequently the final residual 

stress in the part. The CTE and thermal properties of the tooling also affect the residual stress 

in the final part. This in turn means that the method used in the manufacture of the final part 

can have major implications in the residual stress in the laminate. Typical manufacturing 

methods for CF-PEEK are autoclave consolidation, press consolidation/forming, continuous 

consolidation/forming, transfer press moulding, diaphragm forming, ATP and fusion bonding. 



 Literature Review

 

52 

 

All of these processes involve heating and cooling the laminate and the application of pressure. 

A typical cure cycle for autoclave processing of CF-PEEK is given in [133]. For autoclave 

manufacture the cooling rate is controlled to minimise global stresses due to non uniform 

cooling and to produce the desired crystallinity level. With typical autoclave processes the 

extremely fast cooling levels needed to manufacture low crystallinity laminates is not possible. 

Transfer press moulding involves consolidating the laminate at high temperature and 

transferring it to a cooler press which cools the laminate at the desired cooling rate. The 

laminate may then be held at elevated temperature in order to eliminate the global residual 

stress [122]. This manufacturing method can result in reduced residual stress; however, there 

is an increase in cycle time and equipment cost.  

During ATP each ply of the laminate is subject to a complex thermal cycle where the tape is 

initially melted for consolidation, followed by repeated heating and cooling as the further layers 

of tape are laid up on the part. Sonmez et al [134] modelled the residual stress in cross ply 

laminates manufactured using the ATP process. The results showed that the tape pre-heat 

temperature, laminate pre-heat temperature and consolidation roller speed all affected the final 

residual stress. For the process parameters investigated in the study, the residual stress was 

unsymmetrical and was found to be range from -200 to 150 MPa. The residual stress model 

was validated against press moulded specimens, but not against ATP laminates.  

During fusion bonding, the heat affected zone is subjected to melting and resolidification and, 

hence, a change in residual stress is likely. Above the melt temperature, the matrix no longer 

supports the fibres and the fibres lose their load carrying capacity. This local heating can change 

the residual thermal stress state of the laminate through annealing or an increase in crystallinity 

[30]. Xiao [71] investigated deconsolidation in CF-PEEK subject to non-uniform heating. 

Laminates subject to local heating, deconsolidated at a lower temperature that samples which 

were uniformly heated. It was concluded that deconsolidation was due to the combination of 

residual thermal stress in the part in the as manufactured state and the stress caused due to local 

heating. Lu et al [135] analysed void formation in laminates with a PA 12 matrix with carbon 
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fibre fabric fibres. They concluded that as the fabric is compressed during compaction and 

residual stress due to stored elastic energy is introduced into the laminate. This non thermal 

residual stress was the main cause of de-consolidation during heating. Scoles [136] gives 

details of a patent covering annealing of PEEK composite welds claiming that annealing 

increases the strength of the welded joint. The reason for this is not given, but it is possible that 

the process leads to a decrease in residual stress which is in part responsible for the increased 

performance. Residual thermal stress also forms when the bonded parts have a different CTE 

to one another; this is a major issue when bonding CF-PEEK to metals with high CTE’s. It is 

also a concern when bonding CF-PEEK laminates of a different layups to one another, as each 

laminate will have a different global laminate level CTE. To the best of the author’s knowledge, 

no efforts have been made to computationally model residual stress formation in the induction 

welding process.  

2.5.3 Experimental Measurements of Thermal Stress 

This section presents a critical review of studies that have quantified the residual thermal stress 

experimentally. For each study, a brief overview of the experimental technique is given 

followed by the core findings. This overview of experimental techniques is not complete as 

other means of residual stress measurement which have not yet been applied to CF-PEEK are 

not included. A more comprehensive list of residual stress measurement techniques suitable 

for CF-PEEK composites is given in [119] and [137].  

Jeronimidis and Parkyn [138] investigated the macro-mechanical residual stress in the 

transverse direction in CF-PEEK laminates using the first ply failure method and the curvature 

method and compared the results with the residual stress calculated using Classical Laminate 

Theory (CLT) and temperature dependent material properties. The results of an elastic CLT 

analysis indicated that the residual stress in the laminate was 42MPa which represents 50% of 

the transverse strength of the material. The first ply failure method involves first measuring the 

transverse strength of UD laminates. A [0,90]s laminate is then manufactured with the 90 plies 
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on the outside of the laminate to reduce the crack suppression effect. The first ply failure stress 

is then taken from the transverse strength and the result should approximate the residual stress. 

The results of tensile testing indicated that the residual stress was 41MPa (standard deviation 

=2.5MPa). The curvature of unsymmetric laminates was also measured and the stress 

equivalent to that of a flat laminate with the same layup was calculated using an adapted bi-

metallic strip formula given in [122] and [119]. The results from the curvature method indicated 

the stress in the laminates varied from 47MPa to 54MPa. Overall the experimental results 

showed good agreement with predictions calculated using CLT. 

Barnes and Byerly [122] used the curvature method to investigate the macro-mechanical 

residual stress in the transverse direction in [0,90] CF-PEEK laminates. The stress in AS4 

PEEK was found to be 84MPa and the stress in IM7 PEEK was found to be 78MPa. They also 

monitored curvature during heating of the laminates and observed that stress built up in a 

roughly linear fashion, with relation to temperature, during processing. Ersoy and Vardar [139] 

calculated the residual stress in a [0,90] laminate using the compliance method, the layer 

removal method and a finite element model. All three methods were in good agreement and 

indicated that there was a compressive stress of circa 40MPa to 80MPa in the fibre direction 

and 40MPa to 80MPa tensile stress in the matrix direction. 

Wang and Sun [140] held laminates at zero displacement, using a tensile test machine, as 

specimens were cooled from 315ºC to room temperature. While this constraint is not equivalent 

to the constraints imposed during manufacture, the results provide insight into the build-up of 

residual stress during cooling and also the maximum stress that a lamina will experience if it 

were completely constrained in the local direction during cooling. They recorded a maximum 

stress of 60MPa. The results showed that the stress builds up from the initial temperature with 

approximately half of the final residual stress already present at a temperature of 150ºC, which 

is in broad agreement with the observations of [122]. They also held +/-45 laminates under 

constant stress for 300 seconds at 250ºC and showed that no stress relaxation occurred in this 

timeframe. An elastic analysis of the process showed good agreement with the measured stress, 
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indicating that in the timeframes of typical manufacturing processes viscoelasticity has little 

effect. 

Chapman et al [88] and Manson and Seferis [128] measured the global residual stress in UD 

CF-PEEK laminates, quenched at 35ºC per second. The results show a parabolic global thermal 

residual stress distribution varying from -45MPa to +20MPa. They confirmed that samples had 

uniform crystallinity in the through thickness and concluded that the stress induced was due to 

non isothermal cooling resulting in time dependent volume changes and not crystallinity 

changes. They also showed excellent correlation between their model, given in [127] and the 

testing. The model also takes viscoelastic relaxation into account and, based on the model 

results they stated that any analysis that does not take into account viscoelasticity will 

overestimate the stress.  

Very little work has been carried out into the measurement of micro-mechanical residual stress; 

presumably due to the difficulty in experimentally validation. Young et al [141] used micro 

Raman spectroscopy to measure the thermal stress in CF-PEEK. They showed that the peak 

positions of the Raman active bands are sensitive to the level of applied strain. By measuring 

the positions of these peaks, they were able to deduce the strain in the laminate. They checked 

their readings by applying an external load and measuring the change in position of the Raman 

peaks. They then measured the peak positions in CF with no matrix and CF-PEEK and 

compared the readings. This indicated that a compressive strain of 0.28% was present in the 

laminate. The theoretical value obtained was 0.038% (corresponding to -133MPa). While the 

study verified that thermal strain could be measured with Raman spectroscopy. They 

speculated that the poor agreement between the theoretical and measured value may be due to 

local variations in strain across the laminate thickness and the use of temperature independent 

material properties in the theoretical calculations. 
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2.5.4 Effects of Thermal Stress 

Many studies have investigated the influence of thermal stress on the properties of CF-PEEK. 

The thermal stress has been shown to influence the strength, modulus, fatigue life, toughness, 

CTE of CF-PEEK [142], the deconsolidation [71], and defect formation in CF-PEEK [88]. 

There is a general consensus that the thermal stress is an important factor in the fracture 

toughness and resistance to micro-cracking. Goetz et al [25] investigates the failure of the X 

33 CF thermoset cryotank and attributes the failure of the tank in part to thermal stress. 

Although the X 33 used a thermoset matrix, this highlights the importance of residual thermal 

stress in cryogenic applications. The majority of the work relates to macro thermal stress and 

generally shows that the mechanical properties are reduced by thermal stress. Many of the 

commonly used failure criterial can be adjusted to account for residual stress by simply adding 

the residual stress to the failure criteria. This has the effect of reducing the size of the failure 

envelope. However, very little work has been carried out in this area to validate this approach 

when designing with CF-PEEK. 

Gillespie and Chapman [117] investigated the influence of thermal stress on the fracture 

toughness of AS4 PEEK. They compared the results of fracture toughness tests between UD 

laminates and cross ply laminates in order to determine the influence of macro residual stress. 

Laminates were manufactured to have the same crystallinity in order to isolate the effects of 

residual thermal stress. The study also utilised several different cooling rates and concluded 

that the global stresses induced by cooling had little effect on the fracture toughness and that 

the macro level stress was the dominant factor. The results showed that the mode 1 fracture 

toughness of AS4 PEEK laminates was 35% lower in cross ply laminates than in UD laminates 

and this was attributed to the presence of macro-mechanical residual stress. Nairn [143] states 

that the residual stress affects the energy release rate in composites and as such it must be taken 

into account in every composite’s fracture model.  
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Several studies have also investigated the relationship between micro-cracking and residual 

thermal stress. The tensile stress in the matrix of off axis plies may cause micro-cracking due 

to thermal stress alone [144]. This is because the off axis strength of the individual plies is far 

lower than the on axis strength. Grogan et al [33] investigated the micro-cracking of CF-PEEK 

subject to thermal cycling. They found that laminates micro-cracked following cryogenic 

cycling. It was suggested that the high residual stress caused by the high processing temperature 

of CF-PEEK was responsible for micro-cracking. This increase in leakage due to damage 

caused in cryogenic cycling may limit the application of CF-PEEK to composite pressure 

vessels used for storage of cryogenic propellants in space launchers. Nairn [63] defined the 

micro-cracking fracture toughness as a measurement of the resistance of a material to micro-

cracking. It was concluded that although CF-PEEK has a higher micro-cracking fracture 

toughness, this is offset by the high tensile residual stress in CF-PEEK matrix. This means that 

the mechanical stress needed to micro-crack CF-PEEK is similar to that of an epoxy matrix 

composites, despite the tougher matrix. Wang and Vu-Khanh [145] studied the effect of 

residual stress in CF-PEEK on micro-crack propagation. They compared first ply failure test 

results in cross ply laminates with the transverse strength measurements taken from UD 

samples in order to validate the residual stress predications calculated using the method in 

[138].They also varied the thickness of the transverse layer that was being investigated. This 

investigation showed that a strong crack constraining effect occurred for ply bocks less than 30 

plies thick. This crack suppression meant that first ply failure did not occur in the transverse 

plies until a stress of over 170MPa was reached. This stress exceeds the transverse tensile 

strength measured in UD samples. This effect explains how very high tensile residual stressed 

can be present in the transverse direction without micro-cracks occurring. Cantwell et al [146] 

carried out physical tests to study the effect of residual stress on UD and cross ply laminates. 

They showed that fast cooled cross ply specimens had a higher strain to failure, slightly lower 

modulus, and cracked far more than slow cooled specimens. They also manufactured 

unsymmetric cross ply laminates in an effort to quantify the residual stress. The results showed 

that the fast cooled laminates had a higher residual stress. They concluded that the reduced 
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performance in the cross ply laminate was due to high residual stress caused by slow cooling. 

O’Brien [118] carried out edge delamination tension fatigue tests to investigate the fatigue 

delamination behaviour of CF-PEEK laminates. They concluded that although the static 

interlaminar fracture toughness of CF-PEEK was greater than that of several epoxy composites 

the endurance limit of CF-PEEK was only slightly better. They cited high residual stress in CF-

PEEK as a major factor in this discrepancy. Davies et al [147] investigated the effect of cooling 

rates on UD and cross-ply laminates. They investigated tension, compression, delamination 

resistance, impact, creep and fatigue properties of slow cooled and quickly cooled laminates. 

For UD laminates, the cooling rate had little effect on matrix dominated properties. For cross 

ply laminates, several properties had improved performance when cooled at a slower rate. The 

difference was attributed to macro residual stress reduction due to slow cooling.  

Very few studies have considered the influence of residual stress on the fibre interface. Di 

Landro and Pegoraro [148] investigated the effect of residual stress on fibre interface by tensile 

testing single CF fibres in a CF-PEEK matrix to failure. They state that residual stress at the 

interface contributes to fibre matrix adhesion and concluded that interface efficiency decays 

strongly with reduced micro-mechanical residual compressive stress. Greisel et al [149] 

investigated the effect of residual stress on interfacial fracture toughness using single fibre 

push-out tests in PPS matrix composites and showed that a reduction in residual stress led to 

an increase in interfacial fracture toughness by a factor of 2.4. Although this study did not 

consider CF-PEEK samples it highlights the important role that micro-mechanical stress can 

have on mechanical properties.  

Xiao [71] investigated the mechanism for deconsolidation in CF-PEEK subject to a local 

thermal gradient. They used induction heating to heat samples locally and used optical 

microscopy to identify deconsolidation. They also carried out an analysis which investigated 

the thermal stress build up during local heating. They concluded that the combination of 

residual thermal stress caused during manufacture and thermal stress caused by non-uniform 

heating were responsible for this deconsolidation during induction heating. 



2.5 Thermal Stress 

 

59 

 

Lebrun and Denault [142] experimentally investigated the effect of residual stress and 

crystallisation on the CTE of cross ply CF-PEEK laminates. They used differential scanning 

calorimetry to investigate the crystallinity and a thermal mechanical analyser to measure the 

CTE. They showed that during the first anneal cycle the laminate CTE was altered. They 

attributed this to expansion due to release of thermal stress and contraction of the matrix due 

to crystallisation. Subsequent anneal cycles showed no effects from crystallinity or residual 

stress release on CTE. They concluded that in order to have predictable CTE, samples should 

be annealed to a temperature higher than the maximum operating temperature of the part in 

order to relieve thermal stress and develop the crystalline structure. All tests were carried out 

over short time periods, so it is possible that further residual stress relief could occur and cause 

a change to the CTE in the long term. Unger and Hansen [150] showed that specimens of CF-

PEEK showed a contraction as they approached the Tg of the laminate. This contraction was 

attributed to the release of residual skin-core stress. This contraction would also influence the 

CTE of the laminate. 

2.5.5 Methods of Reduction of Thermal Stress 

Several studies have investigated the factors that influence thermal stress and possible means 

of reducing thermal stress during manufacture. Several methods of reducing thermal stress, 

including careful control of the process cycle, annealing, and the addition of filler materials are 

proposed in the literature. These proposed methods are discussed in the following section.  

2.5.5.1 Quenching 

Cooling laminates at high rates during manufacture in order to create a low crystallinity, or 

amorphous laminate, is referred to as quenching. Quenching has been shown to increase global 

thermal stress [128], but decrease macro stress [130].  

Unger and Hansen [130] quenched unsymmetric cross ply samples in order to create a laminate 

with an amorphous CF-PEEK structure. The curvature of the samples was measured and 
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compared to laminates manufactured using a slow cooling method. The curvature of the 

quenched sample was half of that of the slow cooled sample. This indicates that the macro 

residual stress is reduced in quenched laminates. This is not surprising because as an 

amorphous polymer solidification, and, hence, the onset of thermal stress, occurs at the Tg of 

the polymer (≈143ºC), whereas with semicrystalline polymers matrix solidification occurs at 

the onset of crystallisation which is above the Tg.  

Manson and Seferis [128] and Barnes and Byerly [122] manufactured laminates using quench 

cooling. They showed that samples manufactured using this method deformed due to global 

thermal stress.  

2.5.5.2 Annealing 

Annealing of CF-PEEK may reduce global thermal stress [122], may increase or decrease 

macro-mechanical thermal stress [122][130] and increase the crystallinity percentage [26] of 

the laminates. Increasing the crystallinity can in turn change the mechanical properties and 

increase solvent resistance [26][126].  

Unger and Hansen, [130], carried out stress relaxation experiments on cross ply  unsymmetric 

[0,90]  laminates. As these laminates are unsymmetric about the centre of the laminates they 

deform into a curved state following manufacture. The curvature can be directly related to the 

residual stress in the laminate using the material properties of the laminate and an adapted 

Timoshenko bi-metallic strip formula. The curvature of the laminates at a given test 

temperature was measured. The laminates were constrained so that they were held flat for a 

given time at the test temperature. The constraint was then removed and the curvature was 

measured still at the test temperature. By constraining the laminate at the test temperature as 

opposed to heating the laminate to the test temperature in a clamped condition, the effect of 

relaxation at the test temperature was isolated. The tests were carried out from 25ºC to 200ºC. 

The results showed that the curvature change was highest in the vicinity of the Tg but that some 

stress relaxation occurred at all temperatures. It should be noted that the maximum reduction 
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in curvature was 18% at 125ºC for 146 minutes, which corresponds to circa 10% reduction of 

the room temperature stress. Similar tests were carried out by Barnes and Byerly [122] at 

temperatures from 200ºC to 305ºC. This study showed that the curvature typically decreased 

in the first hour and then plateaued at this value for the remainder of the test time of 350 

minutes. Jeronimidis and Parkyn [138] also measured the curvature of cross ply unsymmetric 

laminates and observed a reduction in curvature at room temperature. This curvature reduction 

was attributed to relaxation of the thermal residual stress in the laminates.  

Both Unger and Hansen [130] and Barnes and Byerly [122] carried out annealing trials on 

[0,90] un-symmetric laminates to investigate at the effect of annealing on the macro scale 

stress. Un-symmetric laminates will deform into a curved shape due to the internal macro stress 

state of the laminates. Laminates were heated and cooled in order to investigate the macro-

mechanical stress development with temperature and the effect of the annealing cycle on stress. 

Both studies showed that the curvature of the laminates and, hence, the residual stress increased 

following the first anneal cycle. Barnes and Byerly [122] used traditionally manufactured 

laminates which already had crystal structure. Unger and Hansen [130] used quenched 

specimens which had an amorphous structure. Both authors concluded that annealing 

developed a crystalline structure, which in turn increased the stress free temperature. In the 

case of laminates with a developed crystal structure the stress free temperature was increased 

a few tens of degrees where for the amorphous laminate the SFT was increased from the Tg to 

the maximum temperature of the anneal cycle. Annealing CF-PEEK above the Tg in the 

crystallisation range will result in an increase in crystallinity in laminates where the crystal 

structure is not well developed and a subsequent increase in thermal stress. After the first anneal 

cycle there was no further increase in residual stress. It is reasonable to assume that in cases 

where laminates with a well-developed crystal structure are annealed, where there is no change 

in crystallinity, there will also be no increase in thermal stress although the author is not aware 

of any study verifying this. 
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Barnes and Byerly [122] also investigated the effect of annealing on UD 16 ply CF-PEEK 

laminate. The laminate was subject to a high cooling rate during manufacture to induce global 

residual thermal stress and curvature in the laminate. It was found that annealing at 270ºC for 

one hour reduced the curvature to near zero demonstrating that the global thermal stress could 

be almost completely removed by annealing. Manson and Seferis [128] also showed that global 

residual stress caused by quench cooling could be reduced by annealing. It makes sense that 

reprocessing a laminate and slow cooling it would reduce the global residual stress, as this 

stress is dependent on the cooling rate during processing and not the intrinsic CTE difference 

between the matrix and the fibre. Although this data from Barnes and Byerly [122] shows that 

annealing showed some reduction in macro-mechanical residual stress they state that little 

useful stress relieving can be promoted in such systems. It should be noted that they did not 

carry out tests near the Tg of the system at which Unger and Hansen [130] saw the maximum 

levels of macro-residual stress relief. 

Manson and Seferis [128] manufactured process simulation laminates to investigate the 

residual stress profile of quenched and quenched annealed UD laminates. A process simulation 

laminates is manufactured by placing polyimide release film between individual plies or groups 

of plies during the layup. The laminate is then consolidated with the release film in place. After 

manufacture the individual plies of groups of plies can be separated. These laminates are 

mainly used to investigate global residual stress because macro stress would be relieved once 

the laminates were separated. The global residual stress was shown to vary from 20MPa to -

50MPa depending on the location in a 40 ply laminate. Annealing was carried out at both 177ºC 

and 300ºC and it was demonstrated that annealing at 300ºC resulted in the greatest reduction 

in curvature. Greisel et al [149] showed that annealing reduced micro-mechanical stress in CF-

PPS. To the best of the author’s knowledge, the effect of annealing on micro-mechanical 

residual stress in CF-PEEK has not been investigated. 
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2.5.5.3 Other Approaches 

Several other approaches to reducing the residual thermal stress in CF-PEEK have been 

proposed. Nairn and Zoller [151] propose using a lower Tg matrix at the fibre interface to allow 

slippage between the matrix and the fibre to occur during manufacture and, hence, reduce 

thermal residual stress. O’Brien [118] and Nairn [63] state that moisture absorption acts to 

reduce the residual stress in composites presumably due to moisture absorption causing 

swelling of the matrix. This effect is likely small as CF-PEEK absorbs very little moisture 

[152]. Research has shown that the addition of low levels of filler materials with low or 

negative CTE, such as carbon nano particles, to a polymer can result in tailored CTE of the 

doped polymer [153][154]. This research has highlighted the potential of these tailored CTE 

polymers in the composites sector. Shokrieh [155] has shown that the addition of 1% of carbon 

nano particles can reduce the CTE of epoxy matrices, resulting in a reduction in residual stress 

of up to 25%. Although the use of carbon nano particles in CF-PEEK laminates has been 

investigated by several researchers [156], the effect of these additives on the residual stress in 

the laminate has not been considered. This technique could provide useful residual stress 

reduction while also benefiting from other advantages of carbon nano particles.  

2.5.6 Thermal Stress Summary and Conclusions 

This review has presented the origins of residual stress in CF-PEEK and the factors that affect 

it. Experimental studies that quantify residual stress in CF-PEEK are presented. It has been 

shown that residual stress affects many important properties of CF-PEEK. Matrix micro-

cracking due to residual stress may lead to premature failure and also makes CF-PEEK 

susceptible to damage at cryogenic temperatures. 

There are, however, still many knowledge gaps relation to residual thermal stress in CF-PEEK. 

Relatively few studies examine residual stress in more complex processes such as ATP and 

fusion bonding. While predictive models exist for ATP, they have not been validated 
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experimentally. Several authors have highlighted residual stress as a potential cause of defects 

in the fusion bonding process and patents exist that suggest that thermal stress may reduce bond 

strength. Despite this there is relatively little work published that investigates thermal stress in 

the context of fusion bonding. 

Several studies have considered annealing as a method of reduction of residual stress. These 

studies show that annealing reduces global stresses and that it may increase or decrease macro-

mechanical residual stress. For samples with underdeveloped crystallinity, annealing may 

increase the crystallinity and the stress free temperature causing an increase in stress. However, 

stress relaxation during annealing has also been shown to reduce the residual stress. No studies 

could be found that investigated the effect at long term residual stress relaxation at elevated 

temperatures. Although it was shown that annealing reduces micro-mechanical residual stress 

in PPS, no study confirming this in the case of CF-PEEK was found.  

Overall, the vast majority of the literature considers residual stress in UD prepreg material. 

Residual stress in fabric materials will be subject many of the same sources of residual stress 

and also the added complexity of stored elastic energy and fibre contact.  

Several researchers have stated that the majority of the stress builds up between the Tg of the 

matrix and the ambient temperature [138][88] and this has been referenced in [26] however the 

results presented by [122][130][140] contradict this. 

2.6 Summary 

The challenges associated with the manufacture of linerless composite cryotanks have been 

reviewed. These challenges include; (i) developing manufacturing technologies capable of 

manufacturing large composite structures, (ii) developing out-of-autoclave composites, (iii) 

developing composites joining and, (iv) limiting cryogen leakage. The review has indicated 

that CF-PEEK may be a suitable candidate for the use in cryotanks due to its high specific 
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strength, specific stiffness, and environmental resistance. In order for it to be used in this 

capacity, it must demonstrate low leakage rates and its potential for large scale out-of-autoclave 

manufacture and joining must be validated. 

Low leakage has been highlighted as a material requirement for cryogenic storage. Several 

studies have investigated the permeability of composites and indicated that leakage occurs via 

permeability of the cryogen through the solid composite and leakage due to fluid flow through 

connected leak paths. No studies were found which investigate the leakage behaviour of CF-

PEEK, manufactured using out-of-autoclave techniques, which consider both permeability and 

leakage due to fluid flow at several pressures and temperatures. Using state of the art 

techniques, demonstrated in the literature, such as mass spectrometry, and optical microscopy, 

the current work will, for the first time, investigate the leakage behaviour of CF-PEEK 

manufactured using autoclave and out-of-autoclave techniques.  

Joining and assembly is a major challenge in large scale manufacture of composite structures 

and it has been specifically highlighted as a barrier to the manufacture of linerless composite 

cryotanks. Induction welding has been demonstrated to give excellent small scale test results. 

However, there is a lack of published data showing that it is suitable for use in primary 

aerospace structures. The literature suggests that modelling of induction welding is a useful 

tool for process development. However, the fundamental mechanisms and parameters that 

influence heating of composites are not fully understood and several of the models in the 

literature are not thoroughly validated. This thesis will validate induction welding on a 

demonstrator level, through the manufacture and test of an induction welded panel and 

comparison of the results with an adhesively bonded panel. Furthermore, a computational 

model will investigate the parameters that influence induction welding will be created and the 

results will be used to critically analyse the modelling results to date. Although this work 

represents an important step in the development of induction welding large scale testing will 

need to be carried out to fully validate the technology. 
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Thermal stress has been shown to have a major influence on the mechanical properties of CF-

PEEK. CF-PEEK has also been shown to micro-crack in the absence of any external loading 

and this has been attributed to thermal residual stress. Studies of thermosetting composites have 

shown that micro-cracking caused leakage due to fluid flow and this has been identified as a 

major technology barrier to the manufacture of a linerless composite cryotank. Several studies 

indicate that annealing of CF-PEEK reduces thermal stress, and it is likely that this 

subsequently leads to better damage tolerance in cryogenic conditions; no studies have verified 

that this is the case. This thesis uses the methodologies proposed in the literature to quantify 

the thermal stress in CF-PEEK laminates and then subjects these laminates to cryogenic 

cycling. This gives an insight into the cryogenic damage tolerance of CF-PEEK subject to stress 

reduction. 

Several technology barriers identified in the literature are not considered in the current thesis. 

The most important of these is the development of the ATP process. Although ATP has been 

identified as a potential solution to large scale out-of-autoclave composites developing ATP to 

a TRL level where it can be used in this capacity is beyond the scope of the thesis. It should 

also be noted that while induction welding is a joining method with high potential for use in 

cryotanks other joining methods such as amorphous interlayer bonding, ATP overmoulding, 

and resistance welding also have high potential in this area. These joining methods may also 

play a part in the development of linerless composite cryotanks but this is also outside the scope 

of the current work.  
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Chapter 3 Experimental Investigation into the 

Permeability of CF-PEEK 

Permeability and leakage of composite materials has been identified as a barrier to their usage 

in cryogenic storage applications. Several studies have investigated permeability and leakage 

in thermosetting composites materials. However, there are relatively few that consider the 

permeability and leakage behaviour of CF-PEEK. This work investigates the influence of 

cryogenic cycling, manufacturing method, PEEK matrix type, fibre type, cryogenic 

temperatures, pressure, and thickness on the permeability of CF-PEEK laminates. Laminates 

are manufactured using autoclave, press and in situ laser assisted 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. The aim of the work is to provide a 

better understanding of the leakage mechanisms of CF-PEEK in order to assess its potential for 

use in cryogenic storage applications.  
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3.1 Methodology 

3.1.1 Materials 

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

60% AS4 fibres [133], Cytec PEEK with 60% IM7 fibres [133], Suprem PEEK with 60% IM7 

fibres [157] and Tencate PEEK with 59% AS4 fibres [158]. Laminates were manufactured 

using heated press, autoclave, and laser assisted ATP consolidation. Permeability tests were 

also carried out on CF-M21 Epoxy [159], 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 [159]. The PEEK sample was manufactured by laying up several sheets of Victrex 

PEEK [35] film and consolidating in a heated press. Information on laminate ID, supplier, fibre 

type, manufacturing method and layup is given in Table 3-1. 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 

[160] accredited facility. Autoclave samples experienced a cooldown rate of circa 5ºC per 

minute, this would lead to a crystallinity percentage of 30–35% [26]. Press laminates and the 

un-reinforced PEEK sample have cooling rates of circa 1ºC per minute which would lead to a 
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crystallinity of 37–42% [26]. The ATP laminate was manufactured using Suprem CF-PEEK 

tape designed for use with the ATP process.  

Table 3-1 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 

 

3.1.2 Cryogenic Cycling 

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

to cryogenic cycling between -196 ºC and room temperature. Although LH2 and LO2 are 

typically stored in cryotanks, 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 min, removed, and heated to room temperature for 6 min using a convection fan. The 
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cryogenic cycle was verified by embedding a thermocouple in an 8-ply laminate during a 

cryogenic cycle. 

3.1.3 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 [19][18]. The mass spectrometry test setup, 

shown in Figure 3-1 is similar to that used previously in the investigation of permeability of 

composites [19][18][48]. 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. [19]. To seal the sample in place, Viton Orings 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. 
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Figure 3-1 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. 

3.1.4 Procedure 

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 

Figure 3-1 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 mbar 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 retested. 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 would not seal adequately without the use of 
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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 Figure 3-1 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 h for thick 

samples. 

3.1.5 Calculation of Permeability 

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

calculated from [18][54][161]: 

𝑃 =
𝐿 𝑥

𝐴 (𝑝 − 𝑝 )
 (3.1) 
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Where 𝐿𝑠𝑠 is the steady state leakage, 𝐴 is the sample surface area, 𝑝
𝑢
 is the partial pressure of 

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

𝑥 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. Permeability and diffusivity are both measures of a materials 

susceptibility to mass transport though the material. Permeability considers the adsorption, 

diffusion, and desorption of the diffused substance. The calculation of permeability required 

only measurement of the leakage, the sample area, the partial pressures, and the sample 

thickness. Diffusivity is a more fundamental property which looks only at the diffusion of the 

substance through the material. The calculation of diffusion required the measurement of the 

concentration at the surfaces of the material, or measurement of the leakage time behaviour. 

Because it is easier to measure permeability, it is often used in engineering applications as it 

can provide the information necessary to calculate gas transmission rates with a relatively 

simple test setup. Equation (3.1) is equivalent to Fick’s first law [161] , 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 [161]: 

𝐽

𝐽𝑠𝑠

=
4

√𝜋
.  

𝑥2

4𝐷𝑡
exp

n=∞

n=0

−(2𝑛 + 1)
2
𝑥

2

(4𝐷𝑡)
 (3.2) 

Where 𝐽 is the leak rate at time t and 𝐽𝑠𝑠 is the steady state leak rate. By inputting the value of 

𝐽/𝐽 = .5 and solving for D, equation (3.2) reduces to: 

𝐷 =
𝑥2

7.199
𝑡 .  (3.3) 
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Where 𝑥 is the sample thickness and 𝑡 .  is the time taken for the leak rate to reach half its final 

value. 

Defining the non-dimensional leak rate  𝒋 as 𝒋 = 𝐽/𝐽 and the non-dimensional thickness-time 

as 𝝉 = 𝐷𝑡/𝑙  samples with different leak rates, thickness and test times can be compared to 

theoretical Fickian behaviour using equation (3.2). 

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

strictly speaking, it only applies to homogeneous materials [54] : 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. 

3.2 Results and Discussion 

This section presents results and discussion of the laminates listed in Table 3-1. 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 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. 

3.2.1 Autoclave Laminates 

3.2.1.1 Microstructure 

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

length of 200 mm 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 
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all samples had a measured void content less than 1%. Figure 3-2 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. 

 

Figure 3-2 Micrographs of laminates S7AC, T4AC, C4AC, and C7AC showing the layup and microstructure of 

each CF-PEEK material.  
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3.2.1.2 Leak Rate 

Table 3-2 shows a summary of the measured leak rates, permeability’s, 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. 

Table 3-2 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. 

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 

a Tested at -196°C 

The data in Table 3-2 shows that the leak rate of CF-PEEK for all samples is well below the 

allowable leak rate given in [24]. 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 [18], who also 
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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 extremely low. At the rate 

measured here it would take 18 days for a volume of one centimetre cubed at standard 

temperature and pressure to leak through a one metre squared area of composite (Scc/m2). The 

data presented in Table 3-2, indicates that damage free autoclaved CF-PEEK is a suitable 

material choice for cryogenic storage. 

Figure 3-3 shows a comparison of the theoretical j-τ response, plotted using equation (3.2), 

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 equation (3.2) 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 behaviour. In contrast the leak rate of sample 

S7ATP is described as 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 [18][20]. 



 Experimental Investigation into the Permeability of CF-PEEK

 

78 

 

 
Figure 3-3 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. 

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

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 [18]. This decrease in 

permeability and increase in time taken to reach steady state for the CF- PEEK sample is likely 
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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 [162]. 

Figure 3-4 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 within the range of 

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 point of view of permeability, is equally well suited 

to the manufacture of cryotanks. The result presented by [21] , 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 [54] test 

standard for measurement of the gas permeability characteristics of plastic film has been widely 

adopted for permeability testing of composites [21][51][58]. 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. 
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Figure 3-4 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 [13][18][20][21][53][59][60]. 

Figure 3-5 shows the measured effects of pressure and sample thickness on permeability. 

Figure 3-5(a) shows the influence of pressure on leak rate and Figure 3-5(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. Figure 3-5(a) shows that 

the increase in pressure leads to an increase in leak rate. However, Figure 3-5(b) shows that the 

permeability remains constant, in line with equation (3.1). This result indicates the assumption 

that permeate surface concentration is proportional to the applied partial pressure is reasonable 

over the pressure ranges investigated. Figure 3-5(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 
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line with equation (3.1). These results have important implications for the design of composite 

cryotanks. 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. 

 

Figure 3-5 (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. 
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3.2.2 ATP and Press Laminates 

3.2.2.1 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 Figure 3-2 with void contents below 1%. Micrographs of ATP 

laminate S7ATP show many large local defects and 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. Figure 3-6 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. 

 

Figure 3-6 Micrograph of laminate S7ATP showing a micro-crack, a large de-lamination, a void and scrap 

material.  
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3.2.2.2 Leak Rate 

Table 3-3 presents a summary of the measured leak rates, permeability’s, 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 3-3 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 Figure 3-3 . 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. Several defects associated with the ATP process such as microcracks, delamination 

and the inclusion of foreign matter were present in the ATP samples. The high leak rate and 

coefficient of variance of ATP laminates is thought to be due to these 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 may lead to leak rate properties closer to that of 

autoclave and press laminates and Fickian behaviour. 

Table 3-3 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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3.2.3 Cryogenically Cycled Laminates 

3.2.3.1 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. While optical microscopy has been used to 

measure micro-crack density in several studies [21,33,61,62], it should be noted that this 

inspection method is a 2D examination technique which gives data only on the area that is 

investigated and not the entire volume of the sample.  

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

cycling. Figure 3-7 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. 

 

Figure 3-7 (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. 

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 Figure 3-7. Samples taken from laminate T4AC showed no micro-cracks before 
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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. Figure 3-8(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 3-4 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 [163]) when compared to Cytec IM7-PEEK (2300 and 

1900 J/m2 [133] has been suggested as an explanation for Suprem CF-PEEK laminates 

exhibiting micro-cracking after just one cryogenic cycle [27]. Fracture toughness is a measure 

of the resistance of a material to crack propagation as opposed to crack initiation. Other factors 

that could influence the microcrack resistance include the microstructure of the laminate, the 

matrix toughness, the fibre matrix interface, and the thermal stress in the as manufactured 

laminate. Local defects such as voids in the laminate could act as crack initiation sites; 

however, the images of microcracked laminates did not indicate that cracks were initiated at 

the sites of voids and all samples had similar void contents. There may be differences between 

the fibre packing of the laminates, which could create micro thermal stress concentrations that 

could contribute to the microcracking behaviour. However, further work would be needed to 

investigate this. The strength of the fibre matrix interface influences the toughness [26]. If a 

different fibre sizing was used on the fibres in the Suprem laminate, compared to the Cytec 

laminate, it is possible that this could lead to poor fibre matrix interface, which would allow 

cracks to initiate at the fibres and consequently lead to microcracking. The current work shows 

that the different CF-PEEK systems behave differently; however, further work is required to 

identify the reason(s) for this difference.  
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Figure 3-8 (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 a micro-crack and a de-lamination. 

Table 3-4 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. 

 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 

 

ATP samples examined following one 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. A typical 

micro-crack which transitions into a de-lamination at the ply interface is shown in Figure 
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3-8(b). Micro-cracks did not propagate from ply to ply as with the blocked plies shown in 

Figure 3-8(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 [164] [165] in order to give a qualitative assessment of laminate features. The 

section taken from laminate 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. 

Figure 3-9 shows ply-by-ply plan view sections of sample S7AC in which the fibre direction 

can be identified in most of the images. Figure 3-9 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 Figure 3-9 was 

confirmed by optical microscopy. 

 
Figure 3-9 CT scan of laminate S7AC1 showing ply-by-ply sections of the laminate and micro-cracks A and B 

in the central plies.  

3.2.3.2 Leak Rate 

Table 3-5 shows a summary of the measured leak rate, permeability and diffusivity of laminates 

S7ATP, S7AC1, T4AC, C7AC and C4AC after cryogenic cycling. The data presented in Table 
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3-5 is based on testing a minimum of three samples for each value presented. Comparing these 

results with results for un-cycled laminates, given in Table 3-2, 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. 
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Table 3-5 Leak rates, permeability, diffusivity and sample behaviour for autoclaves and ATP laminates 

following cryogenic cycling. 

Laminate/ 
No of samples 

No of      Leak rate      Permeability      Diffusivity Behavior 

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 

 

Figure 3-10 shows the leak rate following cryogenic cycling for sample 1, sample 2, and sample 

3, taken from laminate S7AC1, plotted against the average crack density for each sample, taken 

from Table 3-4. The leak rate data presented is the actual measured value for each individual 

sample. Figure 3-10 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 [24]. However, 
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the effect of increasing the pressure or decreasing the temperature cannot be predicted using 

Fick’s law as the sample does not show Fickian behaviour. 

 

Figure 3-10 Leak rate of laminate S7AC1 samples S1, S2 and S3 after cryogenic cycling showing the 

correlation between measured micro-crack density and leak rate. 

3.3 Conclusions and Future Work 

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

and ATP, 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: 
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 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, Fickian diffusion is not the dominant leakage mechanism 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 [33]. 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. 

 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 [166]  and modelling micro-crack growth using X-FEM. The effect of cryogenic 
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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 cryotanks. 
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Chapter 4 Comparative Manufacture and Test of 

Induction Welded and Adhesively Bonded CF-PEEK 

Stiffened Panels. 

Induction welding is a promising manufacturing technology that offers several advantages over 

traditional manufacturing methods. Although induction welding is currently being used in the 

aeronautical industry for primary control surfaces it is not used for primary structures and there 

are few studies testing demonstrator level components and identifying defects associated with 

the process. This work presents details of manufacturing and testing of a carbon fibre 

polyetheretherketone induction-welded hat-stiffened panel. Mechanical testing is carried out 

to evaluate the performance of the welded assembly and results are compared with similar 

testing of an adhesively bonded panel. The results show that the welded panel and the bonded 

panel had similar load-bearing capacity (<2% difference) and stiffness (<1% difference). 

Optical microscopy is used to verify the weld quality and identify manufacturing artefacts 

associated with induction welding. Inspection of the panel after welding shows that the 

induction welding process caused minor warpage, voids and delamination in the panel. The 

work addresses the lack of data relating to demonstrator scale welded assemblies in the 

literature, demonstrates that continuous induction welding is a suitable assembly technique for 

aerospace and automotive components under uniaxial in-plane compressive loading and 

identifies process-induced artefacts that may occur during induction welding. 
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4.1 Materials and Methods 

A stiffened composite panel, consisting of a flat skin reinforced with hat stiffeners, is shown in 

Figure 4-1. This panel was designed as a demonstrator structure for composite joining in 

aerospace applications. Hat-stiffened panels are widely used in the manufacture of load-bearing 

aerospace structures due to their specific stiffness, strength and fatigue resistance [167]. The 

skin of each panel was manufactured from 60% fibre volume, UD CF-PEEK supplied by 

Suprem [157]. The lay-up of the skin was symmetric (90/+45/0-45) and contained 26 plies with 

unequal ply percentages and a thickness of 3.6 mm. The stiffeners were manufactured from 

52% fibre volume 3K, five harness fabric reinforced CF-PEEK [168] consolidated using a 

heated hydraulic press. The lay-up of the stiffeners was (+45/-45, 0/90, 0/90)s with a thickness 

of 1.9 mm. CF-PEEK was chosen as the material for the current study due to its toughness, 

environmental resistance and its performance in space environments [35].  
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Figure 4-1 Geometry of stiffened panels showing features of the panels including the panel ends, potted area, 

test section and bond edges. 

CF-PEEK is a tough thermoplastic with a glass transition temperature of circa 143ºC and a 

melt temperature of circa 343ºC. The high melt temperature of CF-PEEK also leads to high 

thermal stress. The process cycle for all subcomponents was in accordance with the material 

supplier’s manufacturing specifications. Two stiffened panels have been manufactured and 

tested. The first panel was manufactured using a continuous induction welding process and the 

second using a standard adhesive bonding technique. The manufactured panels were then 

loaded to failure to determine their load-bearing capacity and provide a comparison between 

the two manufacturing techniques. 
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4.1.1 Induction Welded Panel Assembly 

The stiffeners and the skin of the induction-welded panel are joined together using the 

continuous induction welding process shown in Figure 4-2. Alternating electrical current is 

supplied to the induction coil by a generator, which is controlled and monitored using the 

control unit and a data acquisition system. The coil is a ‘double-D’ geometry which is 18 mm 

wide by 32 mm long. A pneumatic pressure of 3 bar is supplied through the pressure bladder 

in the lower tooling and the upper tooling is stationary. A flat pressure plate is positioned 

between the bladder and the workpiece to ensure the pressures is evenly distributed. A 

transparent pressure plate is positioned directly above the workpiece; this reacts the pressure 

from the pressure plate and allows the surface temperature to be monitored using an infrared 

pyrometer. The upper pressure plate is cooled during welding using compressed air on the 

upper surface of the plate. The pressure is monitored using a pressure gauge with an accuracy 

of +2.5%. The current system is capable of a continuous weld up to circa 1.5 m in length; 

however, the system could be upgraded to connect to a multi-axis robot arm in order to facilitate 

continuous welding of large complex geometries. A proprietary susceptor layer, highlighted in 

red in Figure 4-2, was supplied by EireComposites (Galway, Ireland). 

 

Figure 4-2 Section view of induction welding setup. 
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The susceptor, consisting of a nickel coated CF mat embedded in PEEK film, 0.2 mm thick 

and 30 mm wide, was inserted along the length of the weld line. The susceptor was oversized 

by 5 mm either side of the weld line to eliminate susceptor misalignment during assembly. The 

stiffeners and susceptor layer were aligned with the skin and placed in the tooling. The 

induction coil was positioned 5.6 mm above the weld line but not in contact with either of the 

subcomponents. An alternating current of 240–288 A at a frequency of 620 kHz was applied 

to the coil and it was moved along the length of the weld line at a rate of 1.75 mm per second. 

The welder current was controlled using a proportional–integral–derivative (PID) controller 

with the temperature on the top surface of the laminate used as the input set point. The set point 

of 195ºC was selected, so that the entire contact area of the weld line was welded. To ensure 

no overheating occurred, trial welds were also carried out with a type k thermocouple located 

at the centre of the weld line. Figure 4-3 shows the temperature at the weld line as the coil 

moves over the weld line. The figure shows that the weld line is above the melt temperature 

for 24 s. The PID input temperature on the top surface of the skin laminate was measured during 

welding using an infrared pyrometer with an accuracy of +2ºC. In order to eliminate any 

possible end effects at the weld run in and run outs due to overheating or under heating, as 

discussed by [92], a length of approximately 40 mm was removed from either end of the panel 

before mechanical testing. It was observed following welding that this area of the laminate had 

overheated. This area of the laminate was not part of the final structure. 
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Figure 4-3 Weld line temperature for trial weld, showing time above the melt temperature of CF-PEEK 

4.1.2 Adhesively Bonded Panel Assembly 

A 3M scotch-weld 9323-150 two-part structural adhesive [170] recommended for bonding 

aerospace primary structures [171] was used to adhesively bond the second panel. Testing in 

accordance with BS EN 1465 [172] showed that this adhesive provided lap shear strengths of 

24 MPa for UD CF-PEEK samples. The failure surfaces for these tests showed adhesive failure. 

It should be noted that 24 MPa is below the lap shear results for induction welded test 

specimens from literature of 27-48 MPa [95] and the lap shear results from the current setup 

of  the 49 MPa [169]. The surfaces were sandblasted and cleaned with acetone prior to bonding. 

The adhesive was mixed and applied in accordance with the manufacturer’s instructions. Glass 

beads of diameter 150 mm were included in the mixture to control the bond-line thickness. The 

adhesive was placed along the bond line and the stiffeners were aligned with the panel. The 

stiffeners were clamped in place and the adhesive was allowed to cure at 65oC for 2.5 hours. 
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4.1.3 Inspection 

Prior to assembly, all components were visually inspected for defects and NDT scanned using 

a Midas NDT ultrasonic through-transmission system. This verified that the parts were free 

from major issues such as large (>25 mm2) defects due to high percentages of local porosity, 

delamination or inclusion of foreign matter. Visual and dimensional inspections were also 

carried out to identify surface defects, such as dry fibres or surface imperfections, and to ensure 

that the panel thickness was uniform. The skin sections were inspected for flatness before 

assembly on an inspection table using a calibrated Mitutoyo digital dial with an accuracy of 

+0.03 mm. After assembly, the panels were also visually and dimensionally inspected to check 

stiffener alignment and joint quality and to identify process-induced visual defects. 

4.1.4 Mechanical Testing of Stiffened Panels 

The panel ends were potted in epoxy resin and machined flat to ensure that the load was 

transferred evenly over the entire surface area. This also allowed a cross-sectional view of the 

weld lines and bond lines to be visually inspected. Both panels were subjected to uniaxial in-

plane compression loads along the axis of the stiffeners and testing was carried out using a 

Zwick (Ulm Germany) 400 kN screw-driven test machine, calibrated in accordance with 

ASTM E4-16, [173] class A. The crosshead displacement was measured using a linear variable 

differential transformer (LVDT) with an accuracy of ±0.01 mm. The test panels were placed 

between the upper and lower test platens and clamped in place as shown in Figure 4-4. 12, 

KFG 12-Ω uniaxial strain gauges were placed along the longitudinal direction to measure the 

panel deformation during loading. Both samples were then loaded in compression up to 60 kN 

to check the alignment of the test fixtures. Metal shims were placed between the test panels 

and the loading fixture to correct misalignment. Once the strain gauge data for all gauges 

indicated compressive symmetrical loading, the panels were loaded beyond the onset of 

buckling to ensure that buckling behaviour was elastic. Following this, the panels were loaded 

to failure. 
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Figure 4-4 Test sample installed in test machine showing upper and lower platens. 

4.2 Results 

4.2.1 Pre and Post Assembly Inspection 

Pre-assembly inspection of the skins and stiffeners showed that the subcomponents were well 

consolidated with no large inclusions, delaminations or voids. Measurements of the flatness of 

the skins before joining showed that the skins were within a flatness tolerance of ±0.3 mm over 

the panel length. No defects or stiffener alignment issues were found during post-assembly 

inspection. Although detailed pre-test microscopy was not carried out, visual inspection of the 

section view of the panel ends was carried out to identify any major issues. This inspection 

indicated that the weld lines and bond lines were well formed, with no perceptible voids or 
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incomplete bonds. Flatness measurements of the adhesively bonded demonstrator taken after 

assembly showed that the panel remained within the flatness tolerance of ±0.3 mm and that no 

warpage had occurred during bonding. Flatness measurements of the welded demonstrator, 

presented in Figure 4-5, show that warpage up to 1.15 mm occurred during welding of the 

panel. The measurements were taken from the flat side of the panel and the warpage has curved 

the panel in the direction of the stiffeners. The warpage consists of a bowing along the loading 

axis of the panel. The ends of the welds, in the region of the panel that was removed, showed 

evidence of fibre and resin pushout and minor surface wrinkling on the stiffener foot. Visual 

inspection of the welded areas in the main body of the panel showed no perceptible surface 

discolouration or matrix or fibre push out at the edge of the part. 

 

Figure 4-5 Graph of out-of-plane deflection of welded panel showing warpage of panel. 

4.2.2 Testing 

The buckling and failure behaviour of the panels during testing are illustrated in Figure 4-6. 

Figure 4-6(a) shows the adhesively bonded panel under load, prior to buckling. Figure 4-6(b) 

shows the panel in a buckled state and Figure 4-6(c) shows the panel post failure (a grid pattern 

has been painted on the surface to highlight panel deformation). Figure 4-6(c) shows that the 

stiffeners have failed across the mid-height of the panel and have detached from the skin of the 

panel. Comparing the panel buckling in Figure 4-6(b) to theoretical buckling in Figure 4-6(d) 
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indicates that the panel behaviour is similar to that of a theoretical flat plate fully restrained 

against rotation at both ends.  

 

Figure 4-6 Images of adhesively bonded panel with panel deformation highlighted by a red spline. (a) Loaded 

prior to buckling, (b) buckled panel, (c) panel post failure and (d) image of buckling behaviour of a plate fixed 

at both ends with unbuckled deformation highlighted by the broken blue line and the buckled deformation 

highlighted by a solid red spline. 

Figure 4-7 shows the load–deflection curves for the induction-welded and adhesively bonded 

panels. The induction-welded panel failed at a load of 370 kN, and the adhesively bonded panel 
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failed at 361 kN. The load for both panels has been normalised against the failure load of the 

induction-welded panel. Trial loading to circa 80% of the failure load, and loading to failure is 

shown for each panel. The load– deflection graphs for both panels show an initial non-linearity 

due to bedding in of the test machine and fixtures. After this initial non-linearity, both panels 

show a linear load–deflection response up to circa 70% of the failure load. Above 70% of the 

failure load, the responses of the panels become non-linear and diverge slightly from each 

other. This non-linearity indicates that there is a loss of stiffness representing the onset of 

buckling. Comparison between the trial loading and the loading to failure of both panels shows 

that the load response of the panels was repeatable and there were no signs of damage in the 

panels. This indicates that the buckling was elastic. Following buckling, both panels failed at 

similar loads and crosshead displacements, with the adhesively bonded panel failing at 98% of 

the failure load of the welded specimen. 

 

Figure 4-7 Load–displacement graph for the adhesively bonded and induction-welded panels showing trial 

loading and loading to failure of each panel. For loading to failure of each panel, the non-linearity due to 

buckling and post failure load-carrying capacity can be seen. 
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Figure 4-8 and Figure 4-9 show the strain gauge response for loading to failure of both panels. 

The strain gauge data have been normalised against the maximum strain experienced by the 

panels. The grouping of all gauges at the start of loading and the response of gauges on each 

stiffener verifies that the panel was well aligned in the test machine. The figures show that the 

strain responses for equivalent gauges on both panels are similar. Gauges that behave in a 

similar manner have been colour coded in order for ease of comparison.  

 

Figure 4-8 Strain gauge locations and response to loading for the induction welded panel. The gauge locations 

are marked by a cross, black gauge numbers are located on the stiffener face of the panel and yellow numbers 

are located on the flat face of the panel. All gauges are orientated in the loading direction. Note that the data for 

gauges 8 and 11 and gauges 7 and 10 overlap one another and cannot be distinguished from one another in the 

above graph. 
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Figure 4-9 Strain gauge locations and response to loading for adhesively-bonded panel. The gauge locations are 

marked by a cross, black gauge numbers are located on the stiffener face of the panel and yellow numbers are 

located on the flat face of the panel. All gauges are orientated in the loading direction. 

The strain at any point in the structure is the sum of the strain due to the compression loading 

and the strain due to bending caused by the onset of buckling. Initially, the compressive strain 

in all gauges increases linearly with increased load. At approximately 70% of the failure load, 

both panels start to buckle. At this point, the rate of change of strain increases with increase in 

load for strain gauges 2, 4, 6, 8 and 11, while the rate of change of strain reverses for gauges 

1, 3, 5, 7, 9, 10 and 12. As the load increases, the strain becomes positive for gauges 1, 3 and 

5, indicating that the surface ply of this area of the panel goes into tension. This is due to the 

superposition of the bending strain due to buckling and the compressive strain in each gauge. 
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The strain gauge data indicate that the panels with fixed ends behaved as indicated in Figure 

4-6(d) and that buckling occurred gradually as the load increased.  

Several acoustic emissions were heard prior to failure in both panels. The maximum 

compressive strain, which exceeded 12,000 microstrain (1.2% strain) for both test panels, was 

measured at the mid-height of the panel on the crown of the stiffeners as shown in Figure 4-8 

and Figure 4-9. This strain measurement is in the region of the ultimate compressive strain to 

failure of the fabric material [168] and indicates that the stiffeners failed initially. Following 

the initial failure, the stiffeners detached from the skin, along the mid-height of the panel, and 

transferred the load into the skin causing buckling of the multiaxial skins of the panels. It should 

be noted that because the initial failure of the panels occurred in the hat stiffener crown, the 

test results are not a strong indication of the bond strength of the adhesive or welded joint.    

4.2.3 Post Test Inspection 

Post-test inspection of the welded panel showed that the stiffener had detached along the length 

of the panel. Figure 4-10 shows the welded panel disassembled following failure. The potted 

ends of the panel were removed from the panel and micro-sections were extracted at locations 

1 to 8 in Figure 4-10. For the purpose of this discussion, adhesive failure is failure at a weld 

surface between the susceptor and the composite surface, cohesive failure is failure in the 

susceptor and substrate failure is failure in the substrate of the composite. The stiffeners of the 

panel have fractured across their mid-height at strain gauge locations 8 and 11. Areas that have 

failed via adhesive failure between the stiffener and the susceptor are highlighted in yellow. 

Areas that have failed via adhesive failure between the susceptor and the panel are highlighted 

in red. For the remainder of the weld line, the substrate of the panel failed and the majority of 

the weld lines remained intact. In general, the joint failed adhesively between the CF-PEEK 

and the susceptor material at the mid-height of the panel. Away from the mid-height of the 

panel, the failure transitions to substrate failure in the skin panel. Much of the top ply, and in 
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some areas the second ply, has remained welded to the stiffeners. In areas where the first ply 

has been removed, the welded area of the composite is highlighted by a slight change in texture 

and appearance as seen in Figure 4-10. The areas highlighted in green and blue contain several 

defects which are examined in more detail in Figure 4-11 and Figure 4-12. 

 

Figure 4-10 Welded panel dismantled following testing, showing the skin of the panel in the centre and the 

stiffeners on the right and left. The locations marked 1 to 8 indicate the areas from which micro-sections were 

extracted. The areas highlighted by yellow dashed lines are areas that have failed via adhesive failure between 

the stiffener and the susceptor. The areas highlighted in red dashed lines have failed via adhesive failure 

between the susceptor and the panel. The areas highlighted in green and blue solid lines are shown in more 

detail in the following figures. 

Figure 4-11 shows a close up of the bottom of the left-hand stiffener from Figure 4-10, which 

highlights the second ply failure, buckled fibres, on the top ply of the laminate, and the glossy 

appearance at the edge of the weld line. The area in Figure 4-11 where the panel has failed via 
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adhesive failure between the susceptor material and the skin shows that fibres have been pulled 

off the surface of the top ply along the centre of the weld line. This indicates that a strong bond 

was formed between the weld line and the laminate skin. Fibre pull-off was also evident in 

areas where the weld failed via adhesive failure between the stiffener and the susceptor again 

indicating a strong bond. The majority of the failure occurred either by adhesive failure 

between the skin and the susceptor or failure of the substrate of the panel. Figure 4-10 and 

Figure 4-11 show that all the interply fracture surfaces have a matt appearance, apart from some 

of the edges of the weld lines where the material has a glossy surface.  

 

Figure 4-11 Close up of welded-stiffener fracture surface highlighted in green in Figure 4-10 showing second 

ply failure, buckled fibres and glossy weld edge appearance. 
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Figure 4-12(a) to (d) shows microscopic images of the glossy areas highlighted by the green 

circles in Figure 4-10. Figure 4-12(e) shows a typical fracture surface away from the weld lines 

between the first and second plies. Figure 4-12(a) to (d) shows a distinctly different fracture 

surface to Figure 4-12(e). The PEEK matrix, located on the fracture surface, has round edges 

at several locations showing that it was formed by thermal processing as opposed to fracturing 

of the part. This shows that these locations represent voids/delamination in the part which were 

created during thermal processing. The glossy area at the edge of the weld line is the only area 

that showed these patterns.  

 

Figure 4-12 (a) to (d) show the fracture surface at the glossy area at locations A to D in Figure 4-10. Each image 

shows the formations of melted PEEK that indicate voids/delamination were formed during thermal processing. 

(e) Shows a typical fracture surface away from the welding. Fracture surfaces (a) and (d) are between the second 

and the third plies. Fracture surfaces (b) and (c) are between the first and second plies. 
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Eight welded sections were extracted from ends of the failed panel and two sides of each section 

were polished in order to inspect the microstructure of the weld and the surrounding composite. 

The sections were removed after testing but prior to panel disassembly to preserve any intact 

welds at the panel ends. Inspection of the weld lines showed that the weld lines were well 

consolidated with a low void content. Figure 4-13 shows a representative micro-section of a 

weld line taken from the top of location 1 in Figure 4-10. The figure shows an intact, well-

consolidated, weld line between the stiffener and the skin with very few voids. The figure also 

shows voids in the stiffener, delaminations and one void in the skin, and potential stress 

concentrations at the weld edges. The location of the delaminations in the skin along the edge 

of the weld line between the first, second and third plies coincides with the glossy areas 

highlighted in Figure 4-11 and Figure 4-12. Of the 16 micro-sections examined, 7 contained 

voids at the edge of the weld line in the top plies of the skin, similar to those shown in Figure 

4-13, while 2 did not contain voids at this location and 7 were inconclusive as the welded joint 

had failed. This indicates that the glossy areas of the panel represent delaminations in the top 

plies. 
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Figure 4-13 Micro-section of stiffener and skin, taken from the top of location 1 in Figure 4-10, showing intact 

weld line and process-induced voids and delamination. 

Figure 4-14 shows a micro-section of a failed weld line taken from the bottom of location 1 of 

Figure 4-10. On the left-hand side of the weld line, the weld has failed adhesively between the 

susceptor and the skin of the panel. Near the centre of the weld line, the failure transitions 

through the second ply and causes a delamination along the centre of the weld line. The image 

shows that the failure has transitioned through the first ply via fibre breakage and through the 

second ply via matrix micro-cracking. Micro-cracking can also be seen in the third ply of the 

laminate. On the right-hand side of the weld line, the failure transitions back through the first 

ply causing a delamination between the first and second plies. Figure 4-14 also shows potential 

stress concentrations at both edges of the weld, potential stress concentrations were found on 

all welds examined. There was no evidence of process-induced defects seen in the skin of the 

laminate at the location examined; however, this may be because the delamination passed 
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through or initiated at the defect and is no longer visible. Although there were local areas of 

high porosity at the free edge of the stiffener, a void analysis of the entire welded area of the 

stiffener foot from Figure 4-13 and Figure 4-14 showed that the void content of the stiffener 

was below 1.5%. The void analysis was carried out by applying a threshold to a micro-section 

image of the stiffener and calculating the number of pixels below this threshold as a percentage 

of the total pixels using ImageJ [165]. 

 

Figure 4-14 . Micro-section of failed weld line, taken from the bottom of location 1 in Figure 4-10, showing 

adhesive failure between the susceptor and the skin and failure in the first and second plies of the skin. 

Figure 4-15 shows a micro-section taken from a weld run in at the end of the panel, where 

overheating was observed following welding. This area is part of the area that was removed 

prior to testing. The figure shows several process-induced defects in the heat-affected zone in 

both the stiffener and the skin of the panel with defects in the skin located as far as 15 plies 
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into the panel. At the edge of the stiffener, fibres and matrix have been pushed out and have 

deformed locally. Voids and delaminations can be seen in the skin of the panel, while voids 

can also be seen in the stiffener and in the weld line itself. The voids and delaminations in the 

skin form a ‘deconsolidation front’ similar to that shown by [174]. This offcut illustrates the 

potential problems that occur when an area is overheated during welding and highlights the 

need for process control during welding. 

 

Figure 4-15 Micro-section of an offcut taken from the end of the panel showing an area where the weld line was 

overheated. Process-induced defects can be seen throughout the heat-affected zone of the laminate. 

Figure 4-16 shows the adhesively bonded panel disassembled following failure. Post-test 

inspection of the adhesively bonded panel showed that the stiffener had detached along the full 

length of the panel. The stiffeners of the panel have fractured across their mid-height at strain 

gauge locations 8 and 11. Areas where the pink adhesive can be seen on the surface of the panel 

failed due to adhesive failure between the stiffener and the adhesive. The remainder of the bond 

failed due to adhesive failure between the skin and the adhesive. Close examination of the bond 

area showed that the adhesive had pulled out individual surface fibres and caused local 

delaminations in the bond area.  
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Figure 4-16 Adhesively bonded panel dismantled following testing showing the skin of the panel in the centre 

and the fracture surface of the stiffeners on the right and left. 

4.3 Discussion 

The strain gauge data and failure loads reached for both panels showed that both panels 

behaved in a similar manner. This indicates that induction welding is comparable to an adhesive 

bond, and that it is suitable for the manufacture of CF-PEEK primary components. Post-test 

inspection of the welded panel showed that the welded joints had failed via (i) adhesive failure 

between the stiffener and the susceptor, (ii) adhesive failure between the skin and (iii) 

delamination of the top plies of the skin. Over much of the panel, the welded joint remained 

intact and failure occurred in the second and third plies of the skin. This indicates that a strong 

joint was formed by the welding process. Optical microscopy of the weld line showed that the 
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weld line was well consolidated. The edge of the weld line, where the susceptor material joined 

to the composite, contained sharp edges that may act as stress concentrations. These stress 

concentrations are difficult to avoid and could lead to reduced joint strength in certain loading 

conditions. The heat-affected zones in both the skin laminate (UD material) and the stiffener 

(fabric) were inspected; process-induced defects were found in both stiffeners and skins. Visual 

examination of the skin showed that the surface ply had buckled locally under the welded area, 

as shown in Figure 4-10, and a glossy area had formed between the first and second plies, as 

well as between the second and third plies. The glossy areas on the fracture surface were 

examined under a microscope and revealed melted PEEK formations between the first, second 

and third plies. Optical microscopy of nine intact micro-sections removed from the panel 

revealed the presence of voids and delaminations at the weld edge in seven out of the nine 

samples. The glossy area on the panel and the delaminations identified in the panel were found 

to be in the same location as the voids and delamination. This indicates that the glossy areas 

on the fracture surface of the plies are delaminations between the plies. The locations of these 

defects at the edges of the weld line indicate that the defects were caused by the welding 

process. Visual examination of the entire fracture surface has shown that the glossy regions 

were present between the first and second plies, as well as between the second and third plies, 

and were up to 3 mm wide in places. In order to investigate the possible cause of the fibre 

buckling and delaminations in the heat-affected zone, the residual stress of the top four plies 

of the laminate was investigated. During manufacture, the main body of the skin laminate 

contracts during cooling. Due to anisotropic thermal expansion of the individual plies, macro-

mechanical residual stress builds up as the laminate cools from the stress free temperature to 

room temperature. The macro-mechanical residual thermal stress in the fibre direction for the 

top four plies is given in Table 4-1. The values were calculated using composite laminate theory 

(CLT) and verified using a 3-D finite element simulation. The material properties given in the 

study by [23] were used for the analysis. Using elastic CLT has been shown to give good 

approximation or residual stress [138]; however, more accurate material properties and a 

viscoelastic analysis verified by experimentation would be needed to accurately predict the 
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macro-mechanical residual thermal stress. The analysis indicates that there is a significant 

compressive thermal stress present in all plies and that the compressive stress in the fibre 

direction for the top ply of the laminate is nearly twice that in the +45º plies, and nearly five 

times that of the 0º plies. During welding, the matrix of the surface plies melts and these plies 

lose their compressive load-carrying capacity. If the pressure constraining the plies is not 

adequate, the fibres may buckle locally in the heat-affected zone [71] due to compressive 

thermal stress caused by the temperature gradient in the laminate. This may explain the in-

plane buckling observed on the surface of the laminate under the welded joints and the 

delaminations formed in the top plies of the laminate.  

Table 4-1 Residual stress in the fibre direction for the top four plies of the skin. 

 90º (Surface 
Ply) 

+45º(Ply 2)  0º(Ply 3) -45º(Ply 4) 

Stress MPa (fibre direction) -119 -69 -19 -69 

 

Two of the nine specimens examined contained no delamination. This shows that these defects 

may be avoided with tighter process control and highlights inconsistencies in the current set-

up. Future work will investigate the coil geometry and susceptor material consistency in order 

to eliminate these defects. Visual examination of the stiffener showed no surface defects. A 

void analysis of the foot of the stiffener showed that the void contents were below 1.5%. It is 

not clear whether these voids are caused by the welding process or if they were already present 

in the stiffener before welding. During stiffener manufacture, the fabric material is compressed 

in a hydraulic press and heated in order to consolidate the material. Once the part has cooled 

sufficiently, the compression constraint is removed and the matrix of the laminate must resist 

the decompaction force of the carbon fibre [70][72]. During welding, the matrix of the laminate 

is melted and the decompaction force may cause deconsolidation of the laminate. As with the 

skin laminate, if the pressure constraining the fibres is not sufficient, deconsolidation may 
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occur. Dubé et al [89] have proposed that a reduction in pressure at the free edge is responsible 

for the formation of voids. During the welding process, much of the matrix of the stiffener foot 

is melted and the edge of the stiffener is not constrained. This results in the melted composite 

deforming outward at the free edge and the composite no longer fully reacting the pressure 

applied by the welding rig. The lower pressure then allows voids to form in the surrounding 

composite. This may explain why voids and delaminations were found in the skin below the 

free edge of the stiffener but not on the other edge of the weld. Further work is needed to say 

with certainty that this is the main cause of the observed voids. Residual stress has been 

highlighted as a major factor in deconsolidation of carbon fibre reinforced thermoplastics 

[70][71][132]. The local buckling defects and voids identified in the current paper are 

consistent with these observations. Reducing the residual stress, by tailoring the lay-up so that 

plies with the lowest residual stress are located at the surface, or by controlling the cooling 

during manufacture [175] may lead to a reduction in process-induced defects. 

Measurement of the panel geometry after welding showed that the panel had deformed during 

the welding process. Warpage may occur during any thermal process; therefore, it is not 

surprising that some warpage occurred in the current study. Fibre buckling is a means of 

compressive stress relief, and the presence of local buckling indicates that compressive stress 

has been reduced on the stiffener side of the skin. This creates an asymmetric stress distribution 

in the laminate which may cause warpage of the panel toward the stiffener of the panel. Other 

factors that may affect buckling are the clamping conditions, thermal expansion mismatch 

between the stiffener and the skin or a change in crystallinity in the heat-affected zone. During 

manufacture, the ends of the panel were subject to excessive heating which caused major 

defects in this area. Although this area was removed from the laminate, it is possible that this 

approach increased the warpage in the panel. Micro-sections were examined in an area of the 

panel that was overheated. The examination showed some process-induced defects throughout 

the skin and stiffener. This examination highlighted the need for improved process control in 

order to avoid damage to the subcomponents during assembly. End effects have been identified 

in several studies [75][92] but there is little published work quantifying their effects. In order 
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for induction welding to become a standard manufacturing technique, end effects will have to 

be quantified and methods for mitigating their effects developed. Reducing the size of the heat-

affected zone and achieving better temperature uniformity across the width of the weld line 

would likely reduce the defects that have been identified in the current paper. Several 

improvements could be made to the current setup. The coil design used here is a ‘double D’ 

design which has been shown to give a heating pattern which is a mirror image of the coil, with 

the hottest point at the centre of the coil. Improving the coil design to give better uniformity 

across the weld line would reduce the size of the heat-affected zone and also the thermal 

gradients in the laminate. Adding cooling channels to the tooling to achieve better cooling of 

the workpiece during welding would also reduce the size of the heat-affected zone at a cost of 

tooling complexity. The study has shown that the welding process may cause defects in the 

final part. These defects are not identifiable through non-destructive visual inspection. In order 

for the induction welding process to be used in aerospace applications, better process control, 

process monitoring and NDT procedures are needed. Post-test inspection of the adhesively 

bonded panel showed that the joint failed via (i) adhesive failure between the adhesive and the 

stiffeners and (ii) adhesive failure between the adhesive and the panel. The bonded joint also 

caused the surface ply to delaminate in the area under the bond line. No process induced defects 

were found. 

4.4 Conclusions and Future Work 

The current work compares a single induction-welded stiffened panel to a single adhesively 

bonded stiffened panel under uniaxial in-plane compression loading. The materials used, 

pressure application method, testing and post-test inspection have provided a valuable insight 

into a novel manufacturing method. Several issues not previously highlighted in the literature 

have been identified. The following conclusions can be drawn from the work. 
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 The work carried out in this study suggests that the induction welding process may be 

a suitable assembly process for the manufacture of CF-PEEK primary structural 

components. Mechanical testing showed that the stiffness, ultimate load, failure 

location and buckling behaviour of the induction-welded panel were similar to an 

adhesively bonded panel.  The mechanical performance demonstrated here, combined 

with its advantages over traditional bonding, make it a promising manufacturing 

method for bonding primary aerospace structures. Further studies, however, involving 

multiple demonstrators under a variety of loading conditions which test the bond 

strength are needed to further validate the induction welding process for primary 

loadbearing structures. 

 The process demonstrated in the current study is capable of continuous induction 

welding of a hat-stiffened panel, representative of a typical aerospace primary structure. 

 Both glued and induction-welded thermoplastic panels were shown to be capable of 

repeated loading past the onset of buckling without any indication of damage to the 

panel. 

 The failure of the weld line during panel structural failure caused damage into the third 

ply of the skin, indicating that a strong bond had been formed between the skin and the 

stiffeners. 

 The welding process caused warpage, local fibre buckling, voids and delamination 

formation in the skin of the panel. These defects did not significantly affect the 

mechanical behaviour of the panel in the current loading scenario. 

 Process-induced defects that could affect the mechanical performance of the laminate 

were not apparent during visual examination. This highlights the need for investigation 

of NDT techniques suitable for verifying the induction welding process and for tight 

process control and quality procedures in order to verify joints 

 Potential stress concentrations created during welding were identified. These defects 

occur where the susceptor material fuses with the subcomponents at the edges of the 
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weld line. These defects are intrinsic to the welding process, and as such, their effect 

on different loading scenarios should be investigated. 

 Examination of an area of the laminate that was overheated at the start of the welding 

procedure showed the potential to create a poor bond and to damage the surrounding 

composite. 

It should be re-emphasised that the panel test presented in this chapter is not a test which will 

differentiate between bond strength, but a demonstrator of a typical aerospace panel geometry 

that suggests that the induction welding process may be a suitable assembly process for the 

manufacture of CF-PEEK primary structural components. 

 Future work should focus on: 

 Designing manufacturing and testing large-scale induction welded structures, which 

test the bond strength, in a variety of test conditions including fatigue and cryogenic 

conditions. 

 Identifying a suitable NDT technique for the qualification of induction welded joints. 
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Chapter 5 Experimental and Computational 

Investigation of CF-PEEK Heating 

As outlined in Section 2.4.1 induction welding is a joining technique which involves the 

application of heat and pressure to thermoplastic sub-assemblies resulting in fusion of the 

polymer chains at the bondline and the formation of a bond between the two components. A 

major disadvantage of the induction welding process is the possibility of inadvertent 

deconsolidation of the composite laminates during joining. In order to successfully join the 

sub-assemblies, the melt temperature at the entire bondline must be exceeded with minimum 

exposure of the remaining part to excessive heating and deconsolidation. Deconsolidation can 

be reduced by the application of pressure and by applying cooling to the surface of the sub-

assemblies [103]. Because the control of the induction heating is a critical factor in induction 

welding, there are many experimental and computational studies into the induction heating 

process, as outlined in Section 2.4.1. The current work is an experimental and computational 

investigation into the heating of CF-PEEK fabric and UD materials, used in Chapter 3 and 

Chapter 4. The purpose of the study is to examine the dominant parameters that influence 

induction heating. The literature shows that the heating rate is an important factor influencing 

induction welded joints and also that computational methods are a useful tool in investigation 

process parameters that influence induction welding.  
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5.1 Experimentation 

Induction heating trials were performed on fabric, UD, QI and multi-axial laminates, as well 

as on single UD plies, using the induction heating apparatus described in Chapter 4. The 

materials used in the work presented in Chapter 3 and Chapter 4 were also used in the current 

study. These materials were: Toho Tenax, 52% fibre volume 3K, five harness fabric reinforced 

CF-PEEK fabric, Cytec PEEK with 60% AS4 fibres [133], Cytec PEEK with 60% IM7 fibres 

[133], Suprem PEEK with 60% IM7 fibres [157] and Tencate PEEK with 59% AS4 fibres 

[158]. These materials were chosen as they are all suitable candidates for the manufacture of 

CF-PEEK structural components.  

5.1.1 Test Setup 

The test setup shown in Figure 5-1(a) was used to measure the heat up rate of the test samples. 

An aluminium frame with two ceramic supports was used to hold the test samples. The 

aluminium frame was circa 200mm away from the coil so that it did not influence the induction 

heating. Ceramic supports are electrically transparent and do not influence the heating rates. 

The ceramic supports were placed at the sample edges so that they did not influence the heating 

through thermal conduction. An alternating electrical current was applied to the induction coil 

shown in Figure 5-1(b) to inductively heat the composite. The current output from the generator 

was the root mean squared current. The current and duration of the heating was set using the 

induction heating apparatus, however the frequency was automatically selected by the 

induction apparatus based on the inductance of the sample. The distance between the coil and 

the workpiece was set using a 2mm thick spacer. The spacer was placed between the workpiece 

and the coil. The coil was then brought into contact with the spacer and the spacer was removed 

prior to testing. An infrared pyrometer was used to measure the temperature on the top surface 

of the sample for some trials. The pyrometer measured the temperature at the point shown in 

Figure 5-1(b) and its stated accuracy is +/-2%. A Testo 868 thermal camera, with as stated 

accuracy of +/-2ºC and a stated sensitivity of 0.1ºC was placed under the rig. The camera was 
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used to measure the temperature of the bottom of the sample and record images of the heating 

pattern as shown in Figure 5-1(c). Figure 5-1(c) also shows the x and y orientations which are 

referred to in the remainder of this chapter. 

 

Figure 5-1 (a) Test setup used to measure the induction heating rate in composite materials, (b) Close up of 

semi-circular induction coil, (c) heating pattern measured by camera on bottom surface of a typical composite 

fabric sample. 
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5.1.2 Procedure 

Test samples of each material were placed on the ceramic supports stand. The coil was moved 

into position at a set distance from the composite sample. The camera was placed facing the 

bottom of the test sample and switched on to record the temperature. Before testing, the 

temperature recorded by the thermal camera was compared to the temperature measured by a 

thermocouple to verify the accuracy of the thermal camera. The pyrometer was aimed at the 

upper surface of the laminate to record the temperature on the upper surface. The samples were 

allowed to reach ambient temperature before the start of each heating trial. Each sample was 

tested multiple times. For each sample, two tests were carried out with the zero orientation at 

0º to the x-axis of the coil and two tests were carried out with the zero direction of the laminate 

orientated 90º to the x-axis of the coil as defined by Figure 5-1. The orientation of the samples 

to the coil may be of importance because the heating is dependent on the electrical properties 

of the laminates, which vary depending on the orientation of the sample. 

5.1.3 Experimental Results 

5.1.3.1 Fabric Material Experimental Results 

The heating rate of a 1.9 mm thick fabric laminate was measured. For the initial tests the coil 

was placed at a distance of 2 mm from the sample, the generator was set to 80 Amps and the 

sample was heated for 20 seconds at a frequency of 762 kHz. The heating time was limited to 

20 seconds. These settings were used as they resulted in measurable heating which was below 

the melt temperature of the composite. This ensured that no deconsolidation occurred during 

the heating trials. Two samples of each material were used and four measurements were taken 

per sample. Two measurements were taken with the sample orientated at 0º and 90º to the x-

axis of the coil. The maximum temperature measured on the underside of the sample with the 

thermal camera is given in Table 5-1. The average temperature reached was 219ºC with a 

standard deviation of 4ºC. The low standard deviation indicates that both samples had similar 



5.1 Experimentation 

 

125 

 

heating behaviour and the sample orientation did not have a significant influence on the 

maximum temperature reached. Figure 5-2 shows the heating pattern on the bottom of the 

sample for the final test in Table 5-1.  

Table 5-1 Results of heating trials for fabric sample showing the sample orientation and the maximum 

temperature recorded.  

Sample designation Orientation º Max Temperature ºC 
A 90 216 
A 90 213 
A 0 217 
A 0 218 
B 90 218 
B 90 221 
B 0 226 
B 0 222 

 

 

Figure 5-2 Typical heating pattern for the fabric material after 20 seconds of heating, showing the temperature 

scale in Celsius recorded using the thermal camera. 

 

Following the initial trials, tests were carried out using the same coil distance and sample “A” 

above; however, different powers, frequencies and times as outlined in Table 5-2 were used to 

investigate the influence of these parameters. The results of these tests are shown in Table 5-2. 
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The temperature on the uppers surface was recorded using the pyrometer and the temperature 

on the lower surface was recorded using the thermal camera.  

Table 5-2 Details of CF-PEEK fabric heating experimental trials 

Test Current (A) Frequency (Hz) Time (s) Top Actual (ºC) Bottom Actual (ºC) 
1 40 875 30 149 151 
2 80 762 20 231 240 
3 120 715 15 298 288 
4 160 692 10 330 306 

 

5.1.3.2 UD Material Experimental Results 

This section presents the experimental results for heating trials of UD, multi-axial, and QI 

laminates manufactured using UD materials. The laminates tested are listed in Table 5-3. The 

first part of the sample ID is the supplier, Cytec (C), Tencate (T) or Suprem (S); the next part 

is the fibre type, AS4 or IM7; the following part is sample type laminate (L) or single ply (S); 

and the letters CP , QI and UD stand for Cross ply, Quasi-Isotropic and Unidirectional, 

respectively, where applied. It should be noted that laminates C AS4 L, C IM7 L and T AS4 L 

used in this study are the same laminates used as part of the permeability study and, as such, 

they had been subject to cryogenic cycling. Section 3.2 shows that there was no significant 

damage due to cryogenic cycling to the laminates and, as such; it is assumed that the cryogenic 

cycling step did not influence the induction heating rates.  
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Table 5-3 Laminate ID, material details, manufacturing method, layup and sample thickness of all 

materials tested as part of the current work.  

Samples ID Supplier/PEEK 
Type 

Fibre Fibre 
Volume % 

Layup Thickness mm 

C AS4 L Cytec APC 2 AS4 60 [45°,135°,0°4,135°,45°] 1.1±0.1 

C IM7 L Cytec APC 2 IM7 60 [45°,135°,0°4,135°,45°] 1.1±0.1 

T AS4 L Tencate Cetex  AS4 59 [45°,135°,0°4,135°,45°] 1.1±0.1 

S IM7 L CP Suprem Victrex IM7 60 [90°4,0°8,90°4] 1.2±0.1 

S IM7 L UD Suprem Victrex  IM7 60 [0°8] 1.1±0.1 

S IM7 L QI Suprem Victrex IM7 60 [0°,90°,135°,45°]2s 2.2±0.1 

S IM7 S Suprem Victrex IM7 60 NA 0.13±0.2 

 

5.1.3.2.1 Multi-axial and Unidirectional Laminates 

Samples S IM7 L UD, C AS4 L, C IM7 L and T AS4 L were all heated under the same 

conditions to see what influence the different material properties had on the induction heating 

rate. For each test, the coil was placed at a distance of 2 mm from the sample, the generator 

was set to 80 Amps and the sample was heated for 30 seconds at 982 kHz. Two samples of 

each material were used and four measurements were taken per sample. Two measurements 

were taken with the sample orientated at 0º to the coil and two with the sample orientated at 

90º to the coil. The temperature increase measured on the underside of the laminate was 

measured and recorded with the thermal camera. The Suprem IM7 UD laminate, S IM7 L UD 

and single ply S IM7 S, showed little heating in the induction field indicating the electrical 

properties of the UD plies and layups do not allow global current loops to form. Figure 5-3 

presents a graph of the maximum temperature reached for each material and the orientation 
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and the error associated with the measurements. Figure 5-3 shows that all multi-axial laminates 

heated up in the induction field. It is also shown that the heat up rate of Cytec IM7 is 

considerable lower than that of Tencate and Cytec AS4. The error bars show that there was a 

spread in the data for all material tested. Figure 5-3 also indicates that the orientation of the 

samples relative to a coil influenced the maximum temperature reached for all samples. 

  

Figure 5-3 Graph of the average temperature increase for each material type and orientation. 

Figure 5-4 shows the heating pattern and sample orientation for each specimen and the 

maximum temperature reached for each individual test. The heating patterns shown are not a 

mirror image of the coil and they are not fully symmetrical. 
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Figure 5-4 Heating pattern for each material tested showing the temperature scale in Celsius for both the 0º and 

the 90º orientation. 

A non-uniform structure, resin rich areas, damage, delamination, or misaligned fibres will 

influence the electrical properties of the material. In order to see if there were any differences 

in the microstructure that could explain the different heating rates, samples from each material 

type were polished and microscopically examined. Figure 5-5 shows the microstructure of each 

of the materials used in the study. All samples examined had reasonably uniform structure, 

which was free from defects such as large resin rich areas, de-laminations, micro-cracks, 

foreign matter, voids or porosity which might influence the electrical or mechanical properties. 

The Cytec AS4 and IM7 samples show small resin rich areas and the individual plies can easily 

be discerned. The Tencate samples have a more uniform structure and individual plies are less 

obvious. The investigation of the microstructure shows that there are significant differences in 

the microstructure of the laminates. The fibre architecture is an important parameter in junction 

heating, with touching fibres resulting in fibre contact resistance, and fibres separated by matrix 
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resulting in capacitive heating through dielectric hysteresis. It is possible that in the current 

systems subtle differences in the microstructure result in significantly different heating rates.  

 

Figure 5-5 Micro-sections of each of the materials tested. It should be noted that the Suprem IM7 laminate was 

also shown to have micro-cracks due to thermal cycling. 

5.1.3.2.2 Quasi Isotropic Laminate 

Sample S IM7 L QI was heated with the same setup. Several tests were carried out at a 

generator power of 300A, a frequency of 651 KHz and a coil distance of 4mm. The sample 

was heated for 5, 10, 15, and 20 seconds. The temperature reached after 5, 10, 15 and 20 

seconds is presented in Figure 5-6.  
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Figure 5-6 Heating pattern for QI laminate after 5, 10, 15, and 20 seconds of heating.  

5.1.3.2.3 Cross Ply Laminate 

Sample S IM7 L CP was heated with the same setup; however, only one sample was used. All 

tests were carried out at a coil distance of 2mm and a heating time of 30 seconds. Tests were 

carried out with the zero direction on the laminate at zero degrees and ninety degrees to the x 

axis of the coil and generator powers of 40A and 80A were used. The angle with relation to the 

coil, the coil current, the frequency and the max temperature for each test carried out is given 

in Table 5-4. The results show that the angle has very little influence on the final temperature 

reached. 
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Table 5-4 Results of heating trials for cross ply laminate showing the angle with relation to the 

coil, the coil current and the temperature reached.  

Angle º Current (A) Frequency (Hz) Temp (ºC) 
90 40 870 89 
90 80 760 156 
0 40 870 90 
0 80 760 157 

 

The heating pattern for each test is given in Figure 5-7. The heating pattern is qualitatively 

similar for all four heating patterns. Four separate heating areas can be seen in each image. 

Two hotter areas occur at the front of the coil on either side of the coil and two occur at the 

rear of the coil on either side of the coil.  

 

Figure 5-7 Heating pattern for each of the four tests carried out on the cross ply laminate  
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5.2 Computational Modelling 

A three dimensional model of the induction heating process was developed using Comsol 

Multiphysics®. A fully coupled heat transfer electromagnetic model was created in Comsol 

using the AC/DC and the heat transfer modules. For modelling fabric materials, the approach 

used by Moser [103] is used. A flow diagram of the steps involved in solving the model is 

shown in Figure 5-8. The user sets the duration and number of time steps for the analysis. 

Firstly, an electromagnetic analysis is carried out, which calculates the eddy currents and the 

heat generated. Secondly, the heat generated is used as an input to a heat transfer analysis which 

outputs the temperature field. Finally, at the end of each step the computed thermal field is used 

to update any temperature dependant material properties. These properties are then used for the 

electromagnetic analysis carried out at the start of the next step.  

 

Figure 5-8 Flow diagram of steps involved in a fully coupled electromagnetic thermal analysis 
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In the current study only the temperature dependence of the specific heat capacity is considered 

and not the temperature dependence of the electromagnetic properties. This means that a model 

where the electrical domain was solved only once would have resulted in the same results with 

a quicker solving time. The fully coupled approach has the advantage that it could easily be 

updated to add in the temperature dependence of the electrical properties or incorporate a 

control loop based on the workpiece temperature into the model. For this reason, a fully coupled 

model was used.  

Modelling multidirectional layups was also attempted as part of the current work. The 

anisotropy in the x, y and z directions, the different heating mechanisms to be considered when 

looking at heating of UD materials, and the mesh density required to capture the individual 

plies lead to difficulties with this modelling. Unidirectional material is highly anisotropic with 

the electrical properties in the fibre direction being several orders of magnitude higher that of 

the matrix direction. Models of an 8 ply cross ply laminate were created. Initially fabric 

electrical conductivity properties were used, which resulted in the same results as the fabric 

model. Electrical conductivity based on data from literature was then applied to the model. The 

current model considers joule heating in the fibres as the only source of heating in the laminate. 

This approach is valid for fabric systems. However, in a multiaxial system which uses UD 

materials, heating at the junction between fibres due to resistance and capacitive heating is the 

dominant mechanism [101] . Because of difficulties during solving the model and the fact that 

the current model setup would not have been capable of capturing the dominant heating 

mechanisms, the current work focused on fabric systems only.   

The coil and workpiece geometry modelled is shown in Figure 5-9. The coupling distance 

between the coil and the workpiece is 2 mm for all experimentation and modelling and the 

sample dimensions are 80mm by 80mm. The current and frequency is set to match the 

experimentally recorded values for each scenario modelled. It should be noted that Comsol 

uses the zero to peak current. In order to calculate eddy currents in the workpiece, the 

electromagnetic field in the air must also be modelled. Applying a surface current to the coil is 

justified in this case, as the skin depth in copper at high frequencies is very small in relation to 
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the geometry of the coil. The model treats the workpiece as an electromagnetic heat source 

where the induced eddy current heats the component locally. 

 

Figure 5-9 Coil and workpiece geometry for computational model showing the induction coil, the workpiece 

and the current application location. The measurements are in units of mm. 

Comsol based induction welding modelling in literature have applied the current to the coil 

using several methods including a “surface current” boundary condition on the geometry of the 

coil [82][77], an “edge current” boundary condition on a wire which represents the coil 

geometry [30], and a remote “lumped port” boundary condition with an impedance boundary 

condition on the coil geometry [99][75]. To use the surface current boundary condition, the 

current on the surface of the coil, in amps per metre, at each location in the coil must be defined. 

This is easy for simple geometries with uniform straight or circular sections. However, it is 

difficult to implement, for more complex geometry. Applying the current along a line which 
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represents the coil geometry allows a complex current path to be applied to the model and 

reduces the mesh density. However, representing the coil by a line does not capture the 

influence of the coil section on the current flowing in the coil and this may lead to inaccurate 

predictions. Whether the line should be located at the centre of the coil cross section, or at the 

edge nearest the workplace as in [30], has not been investigated. For the “edge current” and 

“surface current” boundary conditions, the current is applied directly to the geometry in units 

suitable for the geometry and it is uniform over the length of the line or surface. In contrast, 

the “lumped port” boundary condition allows the application of a current to a part of the model 

independent of the physically modelled geometry at that location. A fourth application method 

not used in the literature, which involves the application of a remote surface current with an 

impedance boundary condition, may also be used to apply current in Comsol. This method is 

essentially the same as the lumped port method but it is slightly more difficult to implement.  

All four approaches were explored in this study in order to understand the attributes of each 

application method and decide which application method was most representative of the 

current actual system. Figure 5-10(a) shows the model geometry used for the “lumped port” 

and “surface current” boundary conditions combined with the surface impedance modelled on 

the coil geometry. Figure 5-10(b) shows the geometry used for the “edge current” boundary 

condition. In Figure 5-10(b), the current shown in blue was applied to the edge of a surface 

shown in grey. Figure 5-10(c) shows the model geometry used for the “surface current” 

boundary condition.  
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Figure 5-10 Models used to investigate the attributes of each current application method showing the location of 

each coil boundary condition: (a) Model geometry used for remote surface current and lumped port current 

application. (b) Model geometry used for edge current. (c) Model geometry used for surface current. 
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The lumped port and the remote surface current model give equivalent results. They both apply 

a current at a location away from the coil and the current flow is then calculated for the 

remainder of the model. This allows complex current paths and, hence, complex coil 

geometries to be modelled using these methods. The lumped port differs from the remote 

surface current application methods, as it may be used when the geometry of the application 

point is a non-uniform section. Accurate prediction of the current in the coil surface required 

the mesh density on the surface of the coil to be optimised.  

The edge current application method can be used to represent current flowing in complex 

geometries. Because the current is applied to the edge, only the geometry of the edge must be 

created in the model. This method does not take into account the geometry of the section of the 

coil and, as such, if the section geometry is of importance this may be an issue. The decision 

of the exact geometry and coupling distance of the edge at which the current is applied has a 

major influence on the heating rate in the composite. Using the actual coupling distance of the 

coil will mean that the entire current is flowing at the coupling distance of the coil and will 

overestimate the heating. Models which varied the location of the line current between the 

lower edge of the coil and the centre of the coil showed that this has a significant influence on 

the temperature reached in the work piece. Lionetto et al [30] showed excellent agreement 

between the model and experiment, despite this simplification in the model. For their study the 

coil section was small, which in turn would lead to a smaller error. 

As the “lumped port” combined with the impedance boundary condition takes into account the 

section geometry of the coil, allows the current in the coil to be modelled, and has been used 

in literature, it was used for the current study. 

A mesh independence study was carried out to ensure that the final result is independent of the 

mesh density. The electromagnetic model requires the coil, workpiece and surrounding air be 

meshed. The material properties given in Table 5-5 are used for the study. The specific heat 

capacity has been kept constant for this study, which allowed the use of a coupled rather than 

a fully coupled model, thus minimising the computational cost. 
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Table 5-5 Model parameters used in the mesh independence study 

Property Value Unit 
Density 1566 Kg/m3 
Specific heat capacity 1000 J/kgK 
Electrical conductivity [103] 13890  S/m 
Relative permittivity [30] 3.7 Na 
Relative permeability [77] 1  Na 
Thermal Conductivity [103] 2.5 (X,Y), 0.32(Z) W/mK 
Frequency 870 KHz 
Power 40  A 
Coil distance 0.002 M 
Sample thickness 0.0019 M 
Time 30 S 

 

The air was modelled with an unstructured tetrahedral mesh. The internal volume of the 

workpiece was modelled using a swept mesh with hexahedral elements. The workpiece surface 

was converted to triangular elements for compatibility with the surrounding tetrahedral mesh. 

For the coil geometry, only the surface needs to be meshed as the impedance boundary 

condition is applied to the surface only. The surface of the coil was meshed with triangular 

elements for compatibility with the air surrounding tetrahedral elements.  

The results of the mesh independence study are given in Figure 5-11. The temperature was 

used as a predictor of accuracy because the temperature prediction is based on both the 

electromagnetic and thermal model and the temperature prediction is the primary goal of the 

model. The results show that the mesh converged at a maximum temperature of 86.5ºC. This 

mesh applied the same mesh parameters to the whole model and resulted in 550,000 elements. 

Following this study, several mesh strategies were trialled looking at the effect of reducing the 

mesh density in the air and the work piece. Using a fine mesh on the coil and a coarser mesh 

elsewhere resulted in a max temperature of 86.2ºC with only 100,000 elements. These mesh 

parameters were used for all the fabric models.  
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Figure 5-11 Results of mesh independence study showing the maximum temperature graphed against the 

number of elements.  

5.2.1.1 Material Properties  

To model induction heating of a material, the electrical and thermal properties of the material 

are needed. The density, specific heat capacity, electrical conductivity, relative permittivity, 

relative permeability and thermal conductivity must be included in the model. In the current 

model, all material properties except the specific heat capacity have been kept constant. The 

use of constant material properties will likely lead to error; however, the experimental 

agreement found between models which use constant material properties suggest this approach 

can provide useful results [103][30][75]. Moser [103] presents the results of a parametric 

sensitivity analysis of the effect of varying the model material inputs by 10% on the heating 

pattern output by the model. This work provides a valuable insight into induction heating of 
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CF fabric materials. However, the study does not investigate the wide range of material 

properties presented in literature. 

For a woven fabric material, there will be as small difference in electrical conductivity in the x 

and y directions due to the fabric weaving process. On the other hand, the z conductivity will 

vary by a large order of magnitude difference [107], as there are no fibres running in the z 

direction. Duhovic et al [107] modelled induction heating of CF-PEEK fabric and compared 

the results from models which treat the material as isotropic and orthotropic. They showed that 

despite the large difference in the z electrical conductivity, there is no significant difference in 

the heating behaviour when the material is treated as isotropic. They concluded that for fabric 

materials the z conductivity is not an important property and the small difference between the 

x and y conductivity has negligible effect. This allowed them to treat the composite as an 

isotropic material, and it was not necessary to model the geometry of individual plies. This 

approach was also used by Moser [103]. In the current work, the electrical conductivity is taken 

as isotropic. However, an orthotropic model has also been created to verify that the z 

conductivity has a negligible influence on the heating of the work piece. The current model 

assumes that resistive heating is the dominant heating mechanism in fabric materials as 

indicated by [103][92].  

The material properties used to model CF-PEEK fabric are given in Table 5-6. The thermal 

conductivity, density, specific heat capacity and electrical conductivity are taken from Moser 

[103]. The data used for the specific heat capacity is given in Table 5-7. This data takes into 

account the apparent increase in specific heat capacity due to melting of the crystalline structure 

of the matrix. It should be noted here that the rule of mixtures uses half of the fibre volume to 

calculate the resistivity in a given direction, as half of the fibres travel in the x direction and 

half in the y direction. An isotropic electrical conductivity is used in the models. The electrical 

properties are likely to be close to one another in the x and y directions, as there will be a 

similar fibre architecture with equal number of continuous fibres running in both direction. 

Convective cooling was used to simulate cooling from the workpiece to the ambient air. A 
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value of 7.4 W/m2K was used for the upper face, 31 W/m2K was used for the sides of the 

workpiece and 5.6 W/m2K was used for the lower face. These values were an average of the 

temperature dependent values used in Moser [103]. Emissivity of .95 [176] was used to model 

radiative cooling. 

Table 5-6 Materials of CF-PEEK fabric used in the current study 

Property Value Unit 
Density [103] 1540 Kg/m3 
Specific heat capacity [103] F(t) J/kgK 

Electrical conductivity [103] 13890 S/m 
Relative permittivity [30] 3.7 Na 

Relative permeability [77] 1  Na 

Thermal Conductivity [103] 2.5 (X,Y), 0.32(Z) W/mK 

 

Table 5-7 Data used for specific heat capacity 

Temperature ºC Cp J/kgK 

20 950 
320 2000 
340 3000 

360 1950 

 

5.2.1.2 Parametric Study of Induction Heating 

A parametric study of the induction heating process in CF-PEEK fabric was carried out using 

the induction welding model. The base model used for the study was Test 4 from Table 5-2. 

Table 5-8 shows the main parameters varied as part of the test. These parameters were varied 

from -10% to +10% in steps of 5%. For properties for which are difficult to measure or where 

there is a wide range of values in the literature, several simulations of values from literature 

were also performed. For thermal conductivity, the x and y conductivity has been examined in 

one study and the z conductivity has been examined in a separate study. The main model uses 

isotropic electrical conductivity. However, a separate model which uses orthotropic electrical 



5.2 Computational Modelling 

 

143 

 

conductivity was also used to investigate the influence of the z electrical conductivity in 

isolation. The maximum temperature output by the model was taken as the parameter of interest 

and the error percentage between this and the base model was presented. 

Table 5-8 Values used for parametric study.  

Parameter Units -10% -5% Model 5% 10% 

Electrical conductivity x,y,z S/m 12501 13196 13890 14585 15279 

Coil current A 144 152 160 168 176 

Relative Permittivity  NA 3.33 3.515 3.7 3.885 4.07 

Relative Permeability NA 0.9 0.95 1 1.05 1.1 

Thermal conductivity x,y W/mK 2.25 2.375 2.5 2.625 2.75 

Thermal conductivity z W/mK 0.288 0.304 0.32 0.336 0.352 

Frequency kHz 623 657 692 727 761 

Heat Capacity     @20ºC 
                             @320ºC 
                             @340ºC 
                             @360ºC 

J/kgK 855 
1800 
2700 
1755 

903 
1900 
2850 
1853 

950 
2000 
3000 
1950 

998 
2100 
3150 
2048 

1045 
2200 
3300 
2145 

Density Kg/m3 1755 1853 1540 1617 1694 
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Electrical Conductivity 

Electrical conductivity is a measure of the ability of a material to conduct electrical current. It 

is an important parameter in induction heating as it is influences the electrical field induced in 

the workpiece and the heat generated in the workpiece through joule heating. The results of the 

electrical conductivity study are presented in Figure 5-12. The figure shows that the 

temperature increases as the electrical conductivity is increased with a 10% increase in 

conductivity leading to a 5% increase in the maximum temperature. The minimum figure found 

in the literature for electrical conductivity is 2,000S/m [75]. A simulation of the current system 

was carried out using this figure which resulted in an error of 77%. The value of 2,000S/m is 

taken from a study which modelled CF-PPS heating. However, as it is the fibre architecture 

that drives the conductivity this is still a valid comparison as demonstrated by Moser [103] 

who use the same electrical conductivity for both materials in models of the induction heating 

process.  

 

Figure 5-12 Results of the electrical conductivity parametric study showing the temperature error percentage on 

the y-axis and electrical conductivity percentage change on the x-axis. 
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Z electrical Conductivity 

The influence of varying the z conductivity from 100S/m to 100,000S/m is given in Figure 

5-13. The figure shows that varying the z conductivity by several orders of magnitude results 

in less than 1% change in the maximum temperature. This indicates that the z conductivity is 

not an important parameter in induction welding of fabric materials and validates the use of 

isotropic conductivity material properties in the model. 

 

Figure 5-13 Results of varying the z electrical conductivity from 100S/m to 100000S/m showing the 

temperature error percentage on the y-axis and z electrical conductivity on the x-axis. 

The electrical conductivity of the material is dependent on many parameters. These may 

include, fibre type, fibre volume, manufacturing method, process parameters, weave type, fibre 

tow count and temperature. Different carbon fibres have different electrical conductive 

properties [42][43] leading to different laminate properties. The fibre volume content controls 

the amount of highly conductive fibres in the composite and as such any variance in this will 

have direct influence on the conductivity of the laminate. The manufacturing methods and 

processing parameters can influence both the fibre volume and the fibre architecture and 
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therefore it is likely that they also influence the electrical conductivity of the laminate. The 

weave pattern defines how the fibre tows are orientated to one another and the tow count has 

as strong influence on the fibre architecture so it is likely that these parameters also influence 

the conductivity. The electrical conductivity also changes with temperature [177].  

The current model uses a non-temperature dependent electrical conductivity with rule of 

mixtures approach which has been demonstrated to product useful results [103]. However, 

considering the sensitivity of the output temperature to the conductivity, it is likely that the 

electrical conductivity is a large source of error in the current work. Given that there is such a 

wide spread of data used for electrical conductivity and that many papers take their data from 

literature, it is likely that the electrical conductivity is also a source of error in the modelling 

work on the topic to date.  
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Coil Current 

The coil current is an important parameter in induction heating as it is this current that is 

responsible for inducing the eddy currents in the workpiece. The results of the coil current 

study are presented in Figure 5-14. The figure shows that the temperature increases as the 

electrical conductivity is increased with a 10% increase in conductivity leading to a 15% 

increase in the maximum temperature. Given that the coil current is an output of the machine, 

which is easily measured with high accuracy; it is unlikely that this is a major source of error. 

 

Figure 5-14 Results of the coil current parametric study showing the temperature error percentage on the y-axis 

and coil current percentage change on the x-axis. 

  



 Experimental and Computational Investigation of CF-PEEK Heating

 

148 

 

Permittivity 

Permittivity is a measure of a materials ability to store an electric field. Relative permittivity is 

the ratio of the permittivity to the permittivity of free space. The results of the relative 

permittivity study are presented in Figure 5-15. The figure shows that the there is no change in 

the maximum temperature with a 10% change in permittivity. This indicates that the 

permittivity is not a major source of error. 

 

Figure 5-15 Results of the permittivity parametric study showing the temperature error percentage on the y-axis 

and permittivity percentage change on the x-axis. 
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Electrical Permeability 

Permeability is a measure of the degree of magnetism that a material exhibits in response to a 

magnetic field. Relative permeability is the ratio of the permeability to the permeability of free 

space. The results of the relative permeability study are presented in Figure 5-16. The figure 

shows that an increase in permeability leads to an increase in the maximum temperature with 

a 10% change in permeability resulting in a 2% increase in the maximum temperature. Given 

that CF is known to have a low permeability and that the permeability does not have a strong 

influence on the output temperature, it is likely that the permeability is not a major source of 

error. 

 

Figure 5-16 Results of the permeability parametric study showing the temperature error percentage on the y-axis 

and permeability percentage change on the x-axis. 
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Thermal Conductivity 

Thermal conductivity is a measure of a materials ability to conduct heat. The results of the x,y 

thermal conductivity study are presented in Figure 5-17. The figure shows that an increase in 

thermal conductivity results in a decrease in the maximum temperature with a 10% change in 

thermal conductivity resulting in a decrease in the maximum temperature of 1%. The values 

from literature vary from 1.4 W/m2K [75] to 5.4 W/m2K [30]. Reducing the value to 1.4W/m2K 

resulted in an in an increase of 7%, while increasing the value to 5.4W/m2K resulted in a 

decrease of 11%. 

 

Figure 5-17 Results of the x,y, thermal conductivity parametric study showing the temperature error percentage 

on the y-axis and x,y thermal conductivity percentage change on the x-axis. 

The results of the z thermal conductivity study are presented in Figure 5-18. The figure shows 

that an increase in thermal conductivity results in a decrease in the maximum temperature with 

a 10% change in thermal conductivity resulting in a decrease in the maximum temperature of 

1%. The values from literature vary from 0.25 W/m2K to 0.5 W/m2K. Reducing the value to 



5.2 Computational Modelling 

 

151 

 

0.25 W/m2K resulted in an in an increase of 1%, while increasing the value to 0.5W/m2K 

resulted in a decrease of 1%. 

 

 

Figure 5-18 Results of the z thermal conductivity parametric study showing the temperature error percentage on 

the y-axis and z thermal conductivity percentage change on the x-axis. 

The thermal conductivity has a small influence on the maximum temperature reached in the 

current study. Varying the thermal conductivity to the maximum values reported in literature 

resulted in significant change in the maximum temperature. It is likely that there is some error 

in the current model due to the thermal conductivity. It should be noted that the thermal 

conductivity could be a much more important parameter in models where there is a cooling 

boundary condition or where there is a much faster heating rate.  
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Frequency 

The results of the frequency study are presented in Figure 5-19. The figure shows that an 

increase in frequency results in an increase in the maximum temperature with a 10% change in 

frequency resulting in an increase in the maximum temperature of 12%. The frequency is an 

output of the machine, which is easily measured with high accuracy; therefore, it is unlikely 

that the frequency is a major source of error in the current study. 

 

 

Figure 5-19 Results of the coil frequency parametric study showing the temperature error percentage on the y-

axis and frequency percentage change on the x-axis. 
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Specific Heat Capacity 

The results of the specific heat capacity are presented in Figure 5-20. The figure shows that an 

increase in the specific heat capacity results in a decrease in the maximum temperature with a 

10% change in frequency resulting in a decrease in the maximum temperature of 6%. As shown 

in Table 5-8 temperature dependent values are used in the parametric study. Lionetto et al [30] 

used a constant specific heat capacity of 1088 J/kgK for modelling CF-PEEK and Pappada et 

al [75] used a constant value of 710 J/kgK for modelling CF-PPS. Two models were run with 

these values showed an increase of 16% for the 1088 J/kgK value and 55% for the 710 J/kgK 

value.  

The specific heat capacity of CF-PEEK is dependent on many factors including the 

temperature, crystallinity and fibre volume fraction. The specific heat capacity of CF-PEEK is 

highly dependent on temperature and, as such, this must be taken into account when modelling 

the heating of CF-PEEK. Using a constant specific heat capacity as carried out in the literature 

[30][75] results in a very significant error. The fact that these studies showed excellent 

agreement with their experimental results is surprising. During heating, the specific heat 

capacity can vary significantly as the crystals are formed or melted during the heating process. 

The temperature at which this occurs is dependent on the cooling rate of the samples during 

manufacture. This latent heat of crystallisation also has a strong influence on specific heat 

capacity, which would have to be taken into account if the sample is heated in a range where 

crystallisation occurs. The fibre volume fraction may also vary depending on the manufacturing 

method and supplier. In the current model, the specific heat capacity is taken from a study of a 

similar CF-PEEK fabric material from literature. These assumptions mean it is possible that 

the specific heat capacity is a significant source of error in the current model. 
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Figure 5-20 Results of the specific heat capacity parametric study showing the temperature error percentage on 

the y-axis and heat capacity percentage change on the x-axis. 
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Density 

The results of the density study are presented in Figure 5-21. The figure shows that an increase 

in density results in a decrease in the maximum temperature with a 10% change in density 

resulting in a decrease in the maximum temperature of 6%. The density is an easily measured 

parameter with very little scatter in the results presented in literature. The density may vary a 

few percent depending on fibre volume, crystallinity and temperature. As such, it is possible 

that the density is a small source of error in the model.  

 

Figure 5-21 Results of the density parametric study showing the temperature error percentage on the y-axis and 

density percentage change on the x-axis. 

The results presented here are in general agreement with the study carried out by Moser [103]. 

The parametric study shows that varying the material parameters by +/- 10% results in a 

significant change in the maximum output material.  
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5.2.1.3 Modelling Results 

The results from the fabric model were compared to the results from heating the actual system 

given in Table 5-2. The comparison between the experimental results from the model and the 

error are given in Table 5-9 and Figure 5-22. The error percentage between the model and the 

actual system is as high as 43% in the 160 Amp test. The table also shows that the error between 

the modelled and measured values is larger for the measurement taken on the top side of the 

sample.  

Table 5-9 Comparison between model and experimental results. 

Test Top Actual 
(ºC) 

Top Model 
(ºC) 

Error 
(%) 

Bottom Actual 
(ºC) 

Bottom Model 
(ºC) 

Error 
(%) 

1 (40A) 149 134 12 156 120 26 
2 (80A) 231 267 17 240 244 2 
3 (120A) 306 387 28 285 354 26 
4 (160A)* 330 464 43 306 382 27 

*This is the base model for the parametric study 

 

Figure 5-22 Comparison between experimental and computational results 

Figure 5-23 shows a comparison between the heating pattern from the model and the 

experimental results, captured with the thermal camera, for a fabric material. It can be seen that 
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the results are qualitatively similar for all tests; however, there is a large quantitative 

disagreement at low current. The error percentages between the model and the actual system 

show that there are significant sources of error in the modelled system.  

 

Figure 5-23 Comparison of actual heating pattern, left, with the simulated heating pattern, right showing (a): T1, 

(b): T2, (c): T3, and (d): T4. 
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5.3 Discussion 

For all fabric materials tested, the heating patterns recorded were very similar with the 

maximum temperature located directly under the front of the coil. The results show that CF-

PEEK fabric heats up quickly in an induction filed and the heating pattern directly mirroring 

the geometry of the coil as shown in the literature (see for example [103],[78],[95]). There is 

also no indication of a slightly non uniform heating pattern highlighted by Moser [103], which 

was attributed to junction heating. The parameters for test 2 from Table 5-2 are identical to 

those for the initial trials; however, the temperature is circa 10% higher. This indicates that 

there was some experimental error in the testing. The source of this error is not known. The 

sample, generator settings and coil are the same for each test. The coil distance was set 

manually for each test using a spacer. This was carried out for the first test for each sample 

thickness. It is possible that the samples did not sit correctly on the stand or that the stand 

dropped slightly during testing leading to this error. Table 5-2 shows the temperature measured 

at the top of the sample using the pyrometer and at the bottom of the sample using the thermal 

camera. For tests one and two, the temperature recorded on the upper side of the samples is 

lower than that on the underside of the samples. It is possible that this result is a measurement 

error due to inaccurate location of the pyrometer measurement point.  

The results for the multi-axial laminates presented in Figure 5-3 show that all samples heat up 

in an induction field. This indicates that global current loops are induced in all laminates during 

testing. The different heating rates for the three different CF-PEEK laminates, which have the 

same layup, geometry, and fibre type, is surprising. This shows that applying the rule of 

mixtures, used to calculate the electrical properties in fabric materials, is not valid for multi-

axial laminates. The heating pattern for each of these materials is also quite different to the 

typical heating pattern that occurs in fabric CF heating generally reported in literature. The 

maximum temperature occurs directly under the front of the coil for all samples. For the IM7 

laminate, the heating pattern is much larger than the coil geometry for all the samples tested 

and it can be seen that heating occurs at the edges of the part. For the AS4 samples, the heating 
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is concentrated in the region below the coil; however, the heating pattern is larger than the coil 

and there is still some heating at the edges of the part. This is an interesting result and it shows 

that multi-axial laminates behave in a manner that is fundamentally different to fabric systems. 

Lundström et al [108] has shown excellent results when modelling UD materials using isotropic 

material properties and an “equivalent resistance” technique. Although this method is 

undoubtedly useful in some scenarios, the current work shows that this method cannot be 

applied to all multi-axial laminates as the heating pattern is fundamentally different than that 

in an isotropic system. These results show significantly different heating patterns and 

maximum temperatures from CF-PEEK laminates from different suppliers. This indicates that 

the electrical properties of different material systems which have similar fibre volumes, layups 

and thickness are very different. 

For the QI laminate, the heating pattern is a mirror of the coil and is qualitatively similar to the 

heating pattern in the fabric material. In this case, the “equivalent resistivity” technique 

proposed by Lundström et al [108] would result in a good agreement with the experimental 

results. 

For the cross ply laminate four distinct heating nodes are shown on the laminate. A similar 

phenomenon was identified by Moser [103] in CF-PEEK fabric materials and was attributed to 

current flowing in the z direction in the laminate. The heating pattern is qualitatively dissimilar 

to the heating pattern shown in the QI laminates and fabric samples. In this case the “equivalent 

resistivity” method could not be used as the results are not a mirror of the coil. 

Yarlagadda and Kim [101] have shown that three separate heating mechanisms are present in 

induction heating of carbon fibre. These mechanisms are resistive heating in the fibres, resistive 

heating at the fibre junctions and capacitive heating at the junction. They state that for fabric 

materials the dominant heating mechanism is generally resistive heating of the fibres, where 

for UD multidirectional layups the dominant heating mechanism is junction heating. The 

results of the cross ply laminate suggest that junction heating due to current flowing between 

the plies is occurring which supports the hypothesis of Yarlagadda and Kim [101]. Resistive 
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heating is dependent on global current loops forming in the fibres. In fabric materials, it is 

assumed that the fibre architecture allows the electricity to flow in loops in the fabric through 

fibre contacts in the weave. The fact that single plies of UD do not heat up significantly 

indicates that global current loops cannot form in single plies of UD materials. In 

multidirectional layups, current must pass from one ply to the next in order to current to flow 

and generate heat. As the current flows from one ply to the next, heat is also generated by 

junction heating. Worrall and Wise [100] have shown that introducing an insulating layer of 

matrix between the plies results in a reduction in induction heating in multi-axial laminates. 

This again supports the hypothesis that for these materials heating is occurring at the junction. 

Using extra layers of PEEK at the ply interfaces could be used to control induction welding in 

multi-axial laminates. The disadvantage of this method is that the addition of extra layers of 

PEEK adds weight and reduces specific strength.  

The results of the model of the fabric system show good qualitative agreement, but poor 

quantitative agreement with the measured results. The model error percentage varies 

significantly when the current, frequency, test time and temperature are changed. This indicates 

that some model parameters are likely to be varying with these parameters and this is not 

captured in the model. The parametric study showed that the model is heavily dependent on 

the material properties. Varying the material properties across the range presented in the 

literature resulted in very significant differences to the model results. This highlights the 

importance of these parameters in modelling the fabric system. 

5.4 Conclusion and Future Work 

Heating trails were carried out on fabric and UD CF-PEEK laminates. The fabric trials showed 

that the material heats up readily in an induction field and that the heating pattern is a mirror 

of the coil geometry. A comparison between the modelled and measured results showed that 

the model gave good qualitative results but there was a significant difference between the 

quantitative results. A parametric study of the material properties identified the relative 
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importance of the material properties in modelling the heating system. The UD material heating 

trials showed that fully UD laminates do not heat up in an induction field, but that multi-axial 

laminates do heat up; however, the heating pattern is not always a mirror of the coil geometry.  

The results show that: 

 For fabric materials, the heating is heavily dependent on temperature-dependent 

material properties such as the specific heat capacity and electrical conductivity. A wide 

variety of values are used for these material properties in the literature and the 

temperature dependence is not always taken into account. This is likely to be a source 

of error in modelling work in the literature.  

 All multi-axial samples were shown to heat up in an induction field, but similar 

materials show different heating rates and qualitatively dissimilar heating patterns. This 

result suggests that for multi-axial laminates, where heating in the fibres is not the 

dominant heating mechanism, calculating the electrical properties with the rule of 

mixtures is not a valid approach. 

 As the heating patterns are similar for QI laminates and fabric materials, an equivalent 

resistance model can be used to accurately model the heating of QI laminates. 

Nevertheless, to use this approach it must be verified that the material behaves like a 

fabric and the equivalent resistivity must be measured. 

 In order to model the heating in multi-axial laminates, each individual ply must be 

modelled. This combined with the anisotropy of the materials leads to difficulty when 

attempting to model these systems 

Future work should focus on: 

 Measuring the x, y, and z conductivity of fabric and UD materials over the full 

temperature range and taking these into account in the modelling process.  
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 Investigating what drives the difference in heating rates between different materials in 

order to see if this can be controlled. This could then be used to optimise the heating at 

the bondline during induction welding.  

 Developing models of the induction heating process which take into account junction 

heating. This can then be used to model multi-axial laminate heating and also 

investigate the influence of junction heating on fabric heating.  

 Developing a transient model of the induction process that can be used to investigate 

edge effects in the induction welding process. 
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Chapter 6 Experimental Investigation of Thermal 

Stress in CF-PEEK 

The literature indicates that thermal stress in CF-PEEK has a negative influence the material 

properties, contributes to micro-cracking at cryogenic temperatures and also contributes to 

defect creation during induction welding. Chapter 3 showed that surface micro-cracks were 

formed during the manufacturing of CF-PEEK samples and that following cryogenic cycling 

Suprem CF-PEEK micro-cracked extensively. Furthermore, a positive correlation between 

micro-crack density and leakage was demonstrated. Chapter 4 identified several defects 

associated with induction welding, including warpage of the laminate and fibre buckling. In 

both chapters it was hypothesised that thermal stress was a contributing factor to these defects. 

Because of its importance to micro-cracking, leakage and defect formation in induction 

welding and its influence on material properties of CF-PEEK in general, an experimental 

investigation into thermal stress in CF-PEEK has been carried out. The first objective of this 

experimental investigation is to manufacture laminates with reduced thermal stress and 

investigate their thermophysical properties using Differential Scanning Calorimetry (DSC) and 

Dynamic Mechanical Analysis (DMA). The second objective is to investigate whether a 

reduction in thermal stress results in an increase in micro-crack resistance following cryogenic 

cycling.  

Quench cooling of CF-PEEK has been shown to result in a reduction in macro thermal stress 

[130], and an increase in global thermal stress [122] in comparison to slow cooling. Annealing 

has been shown to reduce global thermal stress [128] and increase or reduce macro thermal 
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stress depending on the original crystallinity of the laminate. Annealing has also been shown 

to increase the crystallinity, which results in increased strength and solvent resistance.  

In the current work several cross ply unsymmetric laminates were manufactured to quantify 

the macro residual thermal stress in as manufactured CF-PEEK. These samples were subjected 

to quenching to create an amorphous composite and the stress reduction due to this process 

was quantified. These amorphous samples were then annealed to increase the crystallinity in 

order to benefit from the added strength and solvent resistance from having a semi-crystalline 

structure. DSC was then carried out to investigate the crystallinity of the matrix and DMA was 

used to examine the mechanical properties of the laminates.  

In order to investigate the influence of thermal stress on damage at cryogenic temperatures 

multi-axial laminates, cross ply unsymmetric laminates and UD laminates were manufactured 

and subjected to quenching and annealing. These laminates were cryogenically cycled to 

induce damage. Microscopy was carried out to assess the degree of damage induced in the 

laminates after cryogenic cycling. A comparison with the as manufactured state was carried 

out to reveal if the thermal processes influenced the damage. 

6.1 Materials 

Suprem CF-PEEK with 60% IM7 fibres [157] was used for the current study. Suprem CF-

PEEK was used because it was shown in Chapter 3 and in the literature that this material is 

susceptible to micro-cracking following cryogenic temperatures. All laminates were processed 

at 380°C and a pressure of 6 bar, in accordance with the manufacturers’ recommendations, in 

an EN/ISO 9100 [160] accredited facility. Autoclave samples experienced a cooldown rate of 

circa 5ºC per minute. A flat 2 mm thick stainless steel plate was placed on top of the laminates 

to ensure a uniform thickness and a good surface finish. Before testing, the quality of all CF-

PEEK samples was verified using ultrasonic through-transmission to verify that the samples 

were free from large defects or areas of porosity. An unsymmetric laminate with a 
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[0,0,0,0,90,90,90,90] layup, a multi-axial laminate with a [45,-45,0,90,45,45,90,0,-45,45] 

layup, and a UD [0,0,0,0,0,0,0] laminate were manufactured for the current study. During 

cooling, the unsymmetric laminates behave like a bi-metallic strip due to the difference in the 

longitudinal and transverse thermal expansion. This results in the final part deforming into a 

curved shape. All laminates were held under vacuum pressure during cooling. During removal 

of the stainless steel plate from the unsymmetric laminate the laminate deformed into its curved 

shape and an audible popping noise could be heard. Close inspection of the laminate indicated 

the possibility of surface micro-cracks. Covering the surface of CF-PEEK in polyurethane edge 

sealant and observing areas where the edge sealant is drawn into the cracks, presumably by 

capillary action, highlights the presence of surface micro-cracks. This procedure confirmed 

that there were micro-cracks on the concave side of the laminae in the transverse direction. 

Samples with these micro-cracks were not used for the current study. Cross ply unsymmetric 

laminates are used to study the residual stress in composites because the radius of curvature, 

as defined in Figure 6-2, is an easily calculated parameter which gives an indication of the 

stress state of the part [125][138].  

The unsymmetric samples were given the prefix U, the multi-axial laminates were given the 

prefix MA and the UD laminates were given the prefix UD. The meaning of the suffix for each 

sample is outlined in subsequent sections. Table 6-1 gives an overview of all samples used in 

the current study.  
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Table 6-1 Laminate description, sample ID, layup and dimensions of the samples used in the current study  

Laminate Sample ID Layup Dimensions mm 
Unsymmetric U-14 [0,0,0,0,90,90,90,90]  152*22 
Unsymmetric U-15  [0,0,0,0,90,90,90,90]  152*22 
Unsymmetric U-16-AC [0,0,0,0,90,90,90,90]  152*22 
Unsymmetric U-17-AC [0,0,0,0,90,90,90,90]  152*22 
Unsymmetric U-18-AC [0,0,0,0,90,90,90,90]  152*22 
Unsymmetric U-19-Q [0,0,0,0,90,90,90,90]  152*22 
Unsymmetric U-20-Q [0,0,0,0,90,90,90,90]  152*22 
Unsymmetric U-21-Q [0,0,0,0,90,90,90,90]  152*22 
Unsymmetric U-22-QA1 [0,0,0,0,90,90,90,90]  152*22 
Unsymmetric U-23-QA1 [0,0,0,0,90,90,90,90]  152*22 
Unsymmetric U-24-QA1 [0,0,0,0,90,90,90,90]  152*22 
Multi axial MA-1 [45,-45,0,90,45,45,90,0,-45,45] 35-35 
Multi axial MA-2 [45,-45,0,90,45,45,90,0,-45,45] 35-35 
Multi axial MA-3-Q [45,-45,0,90,45,45,90,0,-45,45] 35-35 
Multi axial MA-4-Q [45,-45,0,90,45,45,90,0,-45,45] 35-35 
Multi axial MA-5-QA1 [45,-45,0,90,45,45,90,0,-45,45] 35-35 
Multi axial MA-6-QA1 [45,-45,0,90,45,45,90,0,-45,45] 35-35 
Multi axial MA-7-A2 [45,-45,0,90,45,45,90,0,-45,45] 35-35 
Multi axial MA-8-A2 [45,-45,0,90,45,45,90,0,-45,45] 35-35 
Multi axial MA-9-Q [45,-45,0,90,45,45,90,0,-45,45] 35-35 
Multi axial MA-10-Q [45,-45,0,90,45,45,90,0,-45,45] 35-35 
Multi axial MA-DMA  [45,-45,0,90,45,45,90,0,-45,45] 35-35 
Multi axial MA-DMA-Q [45,-45,0,90,45,45,90,0,-45,45] 35-35 
Multi axial MA-DMA-QA [45,-45,0,90,45,45,90,0,-45,45] 35-35 
Unidirectional UD-1 [0,0,0,0,0,0,0,0] 20*20 
Unidirectional UD-2 [0,0,0,0,0,0,0,0] 20*20 
Unidirectional UD-3 [0,0,0,0,0,0,0,0] 20*20 
Unidirectional UD-4 [0,0,0,0,0,0,0,0] 35-10 
Unidirectional UD-5-Q [0,0,0,0,0,0,0,0] 35-10 
Unidirectional UD-6-QA [0,0,0,0,0,0,0,0] 35-10 
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6.2 Theoretical Prediction of Residual Stress 

The current section presents the theory used in the prediction of residual stress. The problem 

has been analysed using closed form solutions and the finite element method. The commercial 

finite element package Abaqus was used to verify the thermal stress built up during 

manufacture. The thermal stress was calculated incrementally in Abaqus and summed 

manually to validate the closed form solution. This method was used due to issues with the 

default final thermal stress calculation method employed by Abaqus, as outlined in Appendix 

B. 

6.2.1 Closed Form Analysis 

For the prediction of thermal stress in multi-axial laminates Classical Laminate Theory (CLT) 

is used. In order to apply this method the temperature dependence of the mechanical properties 

of the laminate must be known. For prediction of residual stress in cross ply unsymmetric 

laminates, the thermal stress is calculated using a combination of an elastic analysis of a cross 

ply laminate [178] combined with Timoshenko bi-metallic strip theory [179]. The Timoshenko 

bi-metallic strip theory analyses the deformation of a strip consisting of a two layers of material 

with different material stiffness and CTE. Although it was conceived to analyze bi-metallic 

strips the theory is equally applicable to unsymmetric cross ply laminates. The combination of 

these techniques has the advantage over CLT alone because it allows the prediction of residual 

stress without knowledge of the temperature dependence of the material properties. For cross 

ply unsymmetric laminates the curvature of the laminate and the room temperature properties 

may be used with the Timoshenko method to calculate the theoretical residual stress. For all 

other laminate configurations CLT and the temperature dependent material properties may be 

used to calculate the theoretical residual stress.  
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6.2.1.1 Classical Laminate Theory 

CLT was used to predict the stress in multi-axial laminates. The current analysis is linearly 

elastic, there are no external forces, and, because the laminate is symmetric and the heating is 

considered uniform, there is no moment due to thermal stress. Here subscripts x and y denote 

the global co-ordinates and 1 and 2 denote the local co-ordinates. The thermal strain is predicted 

using the following formula: 

𝜀
𝜀
𝛾

= [𝑇 ]
𝛼
𝛼
0

𝛿𝑇 
6.1 

𝜀  and 𝜀  are the strains in the global co-ordinate system, 𝛾  is the shear strain, 𝛼  and 𝛼  are 

the thermal expansions in the local co-ordinate system, 𝛿𝑇 is the temperature difference and 

[𝑇 ] is the strain transformation matrix given by: 

[𝑇 ] =
𝐶𝑜𝑠 𝜃 𝑆𝑖𝑛 𝜃 𝐶𝑜𝑠𝜃𝑆𝑖𝑛𝜃
𝑆𝑖𝑛 𝜃 𝐶𝑜𝑠 𝜃 −𝐶𝑜𝑠𝜃𝑆𝑖𝑛𝜃

−2𝐶𝑜𝑠𝜃𝑆𝑖𝑛𝜃 2𝐶𝑜𝑠𝜃𝑆𝑖𝑛𝜃 𝐶𝑜𝑠 𝜃𝑆𝑖𝑛 𝜃

 
6.2 

Where 𝜃 is the ply orientation angle. 

The sums of forces [𝑁] along a cross section of a single ply is given by 

𝑁
𝑁

𝑁
=

𝜎
𝜎
𝜏

ℎ

𝑑𝑧 
6.3 

Where h is the ply thickness and the subscript 𝑝 denotes that the forces are for a single ply 

only. 

The sum of forces [𝑁] along a cross section of a laminate consisting of u plies is given by. 
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𝑁
𝑁

𝑁
=

𝜎
𝜎
𝜏

𝑑𝑧 
6.4 

Where u is the number of plies and the subscript 𝑙 denotes that the forces are for the whole 

laminate. 

 The stress matrix is replaced by the strain matrix using the overall transformed stiffness matrix 

[𝑄] times the strain. 

𝑁
𝑁

𝑁
= [𝑄]

𝜀
𝜀
𝛾

𝑑𝑧 
6.5 

Combining equation 6.5 and equation 6.1 

𝑁
𝑁

𝑁
= [𝑄][𝑇 ]

𝛼
𝛼
0

𝛿𝑇 𝑑𝑧 
6.6 

Using equation 6.6 the laminate thermal forces can be calculated over a temperature interval. 

The thermal stress can then be calculated in the global co-ordinates for each ply and can be 

transformed to any co-ordinate system using the stress transformation matrix. As the material 

properties are temperature dependant the forces must be calculated incrementally over the 

temperature differential and summed to calculate the thermal stress at a given temperature. 

The macro thermal stress in each laminate calculated incrementally using CLT and the material 

data from a previous micro-cracking study [121], is given in Table 6-2. The material properties 

are based on data extrapolated from AS4 CF-PEEK and IM7 CF-PEEK properties. The stress 

is calculated in temperature increments of 25ºC down to room temperature and assumes a stress 

free temperature of 315ºC. Between room temperature and cryogenic temperature the stress is 
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calculated in one increment and the room temperature properties are used. It should be noted 

here that the predictions given in Table 6-2 are based on an elastic analysis and the temperature 

dependent material properties from literature. The material properties of CF-PEEK including 

the longitudinal stiffness and CTE, the transverse stiffness and CTE and the stress free 

temperature are dependent on the pressures and cooling rates during manufacture. This in turn 

means that while the values presented in Table 6-2 are indicative of the thermal stress in the 

laminates further work would be needed to accurately predict the residual stress in the 

laminates and to account for viscoelasticity. For the unsymmetric laminate the stress given is 

the stress in the laminate when it is constrained flat. The table shows that the magnitude of the 

theoretical residual stress is significant in comparison to the off axis strength of the composites 

and that for UD composites there is no macro residual stress.  

Table 6-2 Laminate description, ply orientation, local ply longitudinal stress and local ply transverse stress. 

Laminate Ply Local Macro Longitudinal 
(MPa) 

Local Macro Transverse 
(MPa) 

Unsymmetric RT 0 -58 58 
 90 -58 58 

Unsymmetric -196ºc 0 -98 98 
 90 -98 98 

Multi-axial RT 45 -27 57 

 -45 -104 59 

 0 -66 58 
 90 -66 58 

Multi-axial -196ºC 45 -46 95 
 -45 -173 99 

 0 -109 -97 

 90 -109 -97 
Unidirectional RT 0 0 0 

Unidirectional -196ºC 0 0 0 
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6.2.1.2 Timoshenko Bi-metallic Strip Theory Combined with Elastic 

Analysis 

A linear elastic analysis of the stress perpendicular to the fibre direction of a symmetric cross 

ply laminate gives [178][151]: 

𝜎 =
𝐸 ∗ 𝐸

(𝐸 + 𝐸 )
(𝛼 − 𝛼 )𝑑𝑇 

6.7 

Where 𝜎  is the thermal stress in the matrix direction (perpendicular to the fiber), 𝑇𝑠𝑓 is the 

stress free temperature, 𝑇 is the operational temperature of the part, 𝐸  is the Young’s modulus 

in the fibre direction, 𝐸  is the Young’s modulus in the matrix direction, 𝛼  is the CTE in the 

fibre direction and 𝛼  is the CTE in the matrix direction. The sign indicates that the stress 

perpendicular to the fibre direction is tensile. It should be noted the for a cross ply laminate the 

stress perpendicular to the fibre direction is equal but opposite to the stress in the fibre direction. 

It is apparent from equation 6.7 that the knowledge of the stress free temperature as well as the 

mechanical properties and their temperature dependence must be known to predict residual 

stress using this equation.  

For an incremental temperature range where the mechanical properties are held constant 

equation 6.7 is simplified to: 

𝜎 =
𝐸 ∗ 𝐸

(𝐸 + 𝐸 )
(𝛼 − 𝛼 )𝛿𝑇 6.8 

A cross ply unsymmetric laminate is shown in Figure 6-1. The thermal expansion mismatch 

between the fibre and transverse direction in each ply produces a curvature as shown in Figure 

6-1 (b). For laminates whose dimensions are thin in comparison to their in-plan dimensions the 

laminates will tend to form into a cylindrical shape as illustrated.  
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Figure 6-1 (a) Unsymmetric cross ply laminate held flat; (b) Unsymmetric cross-ply laminates allowed 

deforming freely. 

The curvature of the laminate can be predicted using Timoshenko’s bi-metallic strip equation 

[179]: 

1

R
=

24(𝛼 − 𝛼 )

𝑙(14 +
𝐸
𝐸

+
𝐸
𝐸

)
𝛿𝑇 

6.9 

Where 𝑙 is the laminate thickness and R is the curvature as defined in Figure 6-2.  
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Figure 6-2 Definition of chord (blue), height (red), and radius of curvature (green) of un-symmetric laminate  

The radius of curvature, R, is calculated by measuring the chord, C, and the height, H, of the 

curved laminate and inputting them into equation 6.10: 

𝑅 =

𝐶
4ℎ

+ 𝐻

2
 

6.10 

A non supported unsymmetric laminate will deform as shown in Figure 6-1(b). The stress 

which would cause this deflection, i.e. the stress which exists in an equivalent laminate which 

has been constrained flat, is given by combining equations 6.8 and 6.9 to give: 

𝜎 =
(𝐸 ∗ 𝐸 )

(𝐸 + 𝐸 )
∗

𝑙

𝑅
∗

1

2
+

1

24
2 +

𝐸

𝐸
+

𝐸

𝐸
 

6.11 

It should be noted that the stress can now be calculated using only the laminate thickness, 𝑙, 

the radius of curvature,R, and the room temperature stiffness of the laminate. 
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6.3 Experimental Procedure 

6.3.1 Heat Treatments 

In order to investigate the possibility of reducing the thermal stress in CF-PEEK several heat 

treatments were carried out. A Carbolite furnace was used for heating the samples and a Pico 

logger data logger with a type K, high temperature thermocouple was used to monitor the 

temperature. Although the oven had a stated accuracy of +/-5 ºC a sensitivity analysis of the 

oven showed that the actual accuracy was +/-20ºC. The thermal processes carried out on each 

samples are given in Table 6-3.  

The following treatments were carried out: 

 Treatment 1: Heating followed by air cooling  

o The oven was preheated to 360ºC. Samples were placed in the oven for 5 

minutes. After 5 minutes the samples were removed from the oven and allowed 

to cool in air. Samples which underwent this treatment were given the suffix 

AC. 

 Treatment 2: Heating followed by Quenching 

o The oven was preheated to 360ºC. Samples were individually placed in the oven 

for 5 minutes. Samples were then removed and immediately submerged in room 

temperature water. Samples which underwent this treatment were given the 

suffix Q.  

 Treatment 3: Annealing cycle 1 

o The oven was preheated to 170ºC. Samples were placed in the oven for 40 

minutes. Following the 40 minutes the samples were removed from the oven 

and allowed to cool in air. Samples which underwent this treatment were given 

the suffix A1. 

 Treatment 4: Anneal cycle 2 
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o The oven was preheated to 143ºC. Samples were placed in the oven for 6 hours. 

Following the 6 hours the samples were removed from the oven and allowed to 

cool in air. Samples which underwent this treatment were given the suffix A2. 

Table 6-3 Thermal processes carried out on each laminate. In cases where more than one thermal process were 

carried out the treatment were carried out in numerical order according to treatment number.  

Sample 
 ID 

None Treatment 1 
(air cooling) 

Treatment 2 
(Quench) 

Treatment 3 
(Anneal 170°C) 

Treatment 4 
(Anneal 143°C) 

U-14* ✓     
U-15  ✓     
U-16-AC*  ✓    
U-17-AC  ✓    
U-18-AC  ✓    
U-19-Q*   ✓   
U-20-Q   ✓   
U-21-Q   ✓   
U-22-QA1*   ✓ ✓  
U-23-QA1   ✓ ✓  
U-24-QA1   ✓ ✓  
U-2-A2*      ✓ 
MA-1 ✓     
MA-2 ✓     
MA-3-Q   ✓   
MA-4-Q   ✓   
MA-5-Q-A1   ✓ ✓  
MA-6-Q-A1   ✓ ✓  
MA-7-A2     ✓ 
MA-8-A2     ✓ 
MA-9-Q   ✓   
MA-10-Q   ✓   
UD-1 ✓     
UD-2 ✓     
UD-3 ✓     
UD-4  ✓     
UD-5-Q   ✓   
UD-6-QA1   ✓ ✓  

* Sample also used for subsequent DSC testing 
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To verify the cooling rate during quenching an eight ply CF-PEEK laminate was manufactured 

with a thermocouple embedded in the central ply. This laminate was heated to 350ºC and 

quenched in water at room temperature to check the cooling rate for the quenched samples. 

The cooling rate achieved was 1191ºC per minute. Following the heat treatments several curved 

laminates showed edge delamination along the centre of the laminate. No damage was noted 

on the UD and multi-axial laminates. This is not surprising given that no pressure was applied 

to the laminates during the quench process. A comparison of the curvature of laminates which 

had suffered edge delamination with those that showed no delamination indicated that the 

delamination had no measurable influence on the curvature.  

6.3.2 Cryogenic Cycling 

In order to investigate if the heat treatments resulted in a reduction in damage following 

cryogenic cycling several laminates were subject to a single cryogenic cycle. 

6.3.2.1 Unsymmetric Laminates 

In typical composite structures, the layup of the composites are symmetric about the centerline 

of the laminate and the thermal stress cannot be alleviated by deformation because it is held 

flat by the adjoining plies. During cooling of unsymmetric laminates the thermal stress is 

relieved by the laminated deforming into a curved shape. By constraining the laminate so that 

it is held flat the thermal stress in the laminate cannot be relieved by deformation and, hence, 

the stress in the laminate is equivalents to the stress in a cross ply laminate. For an unsymmetric 

laminate held flat during cooling the thermal stress in the longitudinal and transverse direction 

will be the same as that of a symmetric cross ply layup. The thermal shear stress at the ply 

interfaces will not be the same as this is dependent on the number of blocked plies in the layup 

which by definition cannot be the same for an unsymmetric laminate and a cross ply symmetric 

laminate of the same thickness. The unsymmetric laminates which were used to investigate the 
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thermal stress were subject to either (a) air cooling, (b) quenching, or (c) quenching followed 

by annealing at 170°C.  

In order to mimic the stress in a symmetric laminate subject to cryogenic cycling the 

unsymmetric laminates were held flat during cryogenic cycling using a mechanical clamping 

jig. The laminates and the heat treatments they were subject to are listed in Table 6-4. All 

samples were subjected to cryogenic cycling between -196 ºC and room temperature. Samples 

were immersed in LN2 for 10 min, removed, and allowed to reach room temperature.  

Table 6-4 Sample ID’s of cryogenically cycled unsymmetric laminates showing the heat treatments to which 

they were subjected prior to cryogenic cycling.  

Sample ID Heat treatment 
U-14 None 
U-15  None 
U-16-AC Air cooled 
U-17-AC Air cooled 
U-18-AC Air cooled 
U-19-Q Quenched 
U-20-Q Quenched 
U-21-Q Quenched 
U-22-QA1 Quenched followed by annealing at 170 
U-23-QA1 Quenched followed by annealing at 170 
U-24-QA1 Quenched followed by annealing at 170 

 

6.3.2.2 Multi-axial and Unidirectional Laminates 

Multi-axial and UD samples were subjected to cryogenic cycling between -196 ºC and room 

temperature. Samples were immersed in LN2 for 2 min, removed, and allowed to reach room 

temperature. Table 6-5 lists the cryogenically cycled laminates and the heat treatments that 

were carried out on them. The multiaxial laminates were subject to either (a) quenching, (b) 

quenching followed by annealing at 170°C, or (c) annealing at 143°C. For the multi-axial and 

UD laminates, air cooling was not carried out as the results from the unsymmetrical laminates 
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indicated that there was no change in thermal stress following this step. Instead, the laminates 

were annealed at the Tg to investigate what influence, if any, this had on the damage following 

cryogenic cycling.  

Table 6-5 Sample ID’s of cryogenically cycled laminates showing the heat treatments to which they were 

subjected prior to cryogenic cycling.  

Sample ID Heat treatment 
MA-1 None 
MA-2 None 
MA-3-Q Quenching 
MA-4-Q Quenching 
MA-5-Q-A1 Quenching followed by annealing at 170°C 
MA-6-Q-A1 Quenching followed by annealing at 170°C 
MA-7-A2 Annealing at 143°C 
MA-8-A2 Annealing at 143°C 
MA-9-Q Quenching 
MA-10-Q Quenching 
UD-1 None 
UD-2 None 
UD-3 None 
UD-4 None 
UD-5-Q None 
UD-6-QA1 None 

6.3.3 Measurement of Curvature 

Following extraction the chord and the sample height as defined in Figure 6-2 was measured 

and recorded for each sample. This was carried out by placing each sample on paper and a 

tracing an outline of the inner radius of the sample. The sample chord and height was then 

measured with a veneer calliper. The radius of curvature was calculated using equation 6.10. 

The sample thickness was then measured with a Vernier calliper for each sample at three 

locations. Equation 6.11 was then used to calculate the thermal stress which would exist in a 

symmetric laminate of the same layup.  



6.3 Experimental Procedure 

 

179 

 

6.3.4 Differential Scanning Calorimetry 

Due to the importance of crystallinity to the material properties and thermal stress of CF-PEEK 

DSC was carried out on samples subject the heat treatments to investigate the crystallinity. A 

Polyma DSC 214 was used to investigate at the thermal behaviour of CF-PEEK specimens 

which had undergone thermal processing. DSC involves measuring the power taken to heat a 

sample over a temperature range. The weight of the specimen is also measured and the DSC 

outputs a graph of power per unit weight against temperature. Changes in the slope of this 

graph indicate changes in the material such as the glass transition and the formation and melting 

of the crystalline structure. Formation of crystals is seen as an exothermic peak in the trace and 

melting of crystals is seen as an endothermic peak. The amount of energy given off by the 

formation of crystals, referred to as the heat of fusion, and the amount of energy absorbed 

during melting the crystals, referred to as heat of melting, can be calculated from the DSC trace. 

By comparing the energy absorbed or given off by the samples to the energy taken to form a 

100% crystalline structure the crystalline percentage by weight can be calculated. The 

crystallinity weight percentage, 𝑋𝑐, is given by: 

𝑋𝑐 =
𝐻

(𝑊𝑚)𝐻
 

6.12 

Where 𝐻  is the net heat of crystallisation fusion , 𝐻  is the heat of fusion of 100% crystalline 

PEEK taken as 130J/g [26], and 𝑊𝑚 is the mass fraction of the matrix. For amorphous samples 

where there is crystal formation as well as melting during the scan, 𝐻  is the net heat of 

crystallisation melting, ie the heat of crystallisation melting, 𝐻 , minus the heat of 

crystallisation forming 𝐻 . Figure 6-3 shows DSC traces, taken from literature, for an 

amorphous and semicrystalline CF-PEEK sample. 𝐻  The heat of crystallisation fusion is given 

by the area under the peak shown in blue in Figure 6-3(b). These traces can be used to 

accurately measure the temperature at which the Tg, crystal melting and formation peaks occur. 

It should be noted that although DSC is widely used to predict crystallinity percentage the 
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results should be viewed as a semi-qualitative measure for comparison only, rather than an 

absolute value of crystallinity percentage [26].  

 

Figure 6-3 Sample DSC trace for (a) amorphous CF-PEEK showing the Tg, endothermic peak and exothermic 

peak, (b) semi crystalline CF-PEEK showing endothermic peak taken form [26]. 

Three DSC specimens were removed from each laminate using a scissors and a scalpel. 

Samples were weighed and placed in an aluminium heating pan. The lid of each pan was 

crimped into place, pierced and placed in the DSC. Table 6-6 shows the sample ID and the 

thermal process history of each sample. The DSC heated the samples from room temperature 

to 400ºC at a rate of 20°C per minute for all samples.  
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Table 6-6 Sample ID and the thermal post-processing for each sample. 

Sample ID None 1 
(air cooling) 

2 
(Quench) 

3 
(Anneal 170C) 

4 
(Anneal 143C) 

U-14  ✓     

U-16-AC   ✓    

U-19-Q   ✓   

U-22-QA1   ✓ ✓  

U-2-A2     ✓ 

6.3.5 Dynamic Mechanical Analysis 

DMA is used to further substantiate the DCS results by providing insight into the mechanical 

properties of CF-PEEK following each of the heat treatments. The apparent glass transition 

temperature, the storage modulus and the loss modulus were measured using a TA DMA850 

Dynamic Mechanical Analysis (DMA) machine. The tests were carried out in accordance with 

BS EN 6032 [180]. During a DMA the sample is heated while a sinusoidal force is applied to 

the sample. The sample response is analysed and the storage modulus and loss modulus are 

measured. The point at which the sample exhibit’s a dramatic change in mechanical and 

damping behaviour as the temperature is increased is referred to as the glass transition 

temperature [180].  

UD samples with dimensions of 35 mm by 10 mm by 1.2 mm were used for the test. All 

samples were placed in an oven at 100ºC for one week to dry the samples prior to testing. The 

samples are placed in the test machine in a three point bend configuration. The machine is set 

to heat the sample at 5ºC per minute from room temperature to 300ºC. The sample was tested 

at a fixed frequency of 1 Hz. The samples tested and the heat treatments carried out are given 

in Table 6-7. 

Table 6-7 Sample ID and the thermal post-processing for each DMA sample. 

Sample ID None 2 (Quench) 3 (Anneal 170C) 
UD-4  ✓   

UD-5-Q  ✓  



 Experimental Investigation of Thermal Stress in CF-PEEK

 

182 

 

UD-6-QA  ✓ ✓ 

6.4 Results 

6.4.1 Unsymmetric Laminates 

This section presents the equivalent stress for each to the unsymmetric laminates in the as 

manufactured state prior to heat treatments and after the heat treatments had been carried out. 

The purpose of this testing was to confirm what effect, if any the heat treatments had on the 

thermal stress. The equivalent stress calculated using 6.11 and the thermal post-processing 

carried out for each sample is presented in Figure 6-4. The longitudinal and transvers modulus 

of 155GPa and 8.6GPa were taken from [121]. The results of the as manufactured samples 

range from 71.1MPa to 75.5MPa with an average value of 73.8MPa. Very little change in 

curvature was observed following air cooling. The Quenched samples show a large reduction 

in stress to an average value of 40.5Mpa. Annealing the samples after cooling increased the 

stress to a value of 56.6MPa. The average equivalent stress in the as manufactured laminates, 

given in Figure 6-4, is 73.8MPa and the value predicted using CLT, given in Table 6-2 is 

58MPa. The discrepancy between the two values is not surprising given that the data used in 

the CLT is extrapolated from AS4 and IM7 CF-PEEK data available in the literature.  

The measurements used for the calculations along with the equivalent residual stress are given 

in Table 6-8. It should be noted that measurements of all samples is given for all treatments 

that were carried out on them. For example, the stress state of sample U-23-QA1 is given with 

(i) no heat treatment, (ii) following quenching and (iii) following quenching and annealing. 

The analysis of the unsymmetric laminates used the material properties from literature for a 

laminate with high crystallinity. In reality, the modulus of the quenched material is likely to be 

below that of the material properties used. This means that the results presented of the stress in 

the quenched samples are likely to be an over prediction of the thermal stress. 
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The quenched samples showed a reduction in thermal stress of circa 50%. The samples which 

were annealed at 175ºC following quenching shows an increase from the quenched state but an 

overall reduction of circa 33% from the as manufactured state. The equivalent stress calculated 

for the unsymmetric laminates given in Figure 6-4 shows that the heat treatments had a major 

influence on the thermal stress in the laminates. Although the as manufactured and the air 

cooled specimens were likely subjected to slightly different cooling rates this had a small effect 

on the stress in the samples.  

 

 

Figure 6-4 Calculated equivalent stress in laminates following heat treatments 
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Table 6-8 Measurements of chord and depth and calculated radius of curvature and residual stress in laminates 

following heat treatments.  

Sample 
Number 

Treatment 
 

Chord 
(m) 

Depth   (m) Radius of curvature 
(m) 

Stress      
(MPa) 

U-14 None 0.134 0.014 0.167321 74.2 
U-15  None 0.134 0.0135 0.173009 71.8 
U-16-AC 
 

None 0.134 0.014 0.167321 75.5 
Air cooled 0.1335 0.0135 0.171771 73.5 

U-17-AC 
 

None 0.134 0.014 0.167321 77.5 
Air cooled 0.1335 0.014 0.166127 78.0 

U-18-AC 
 

None 0.134 0.0135 0.173009 73.0 
Air cooled 0.134 0.0125 0.18581 68.0 

U-19-Q 
 

None 0.134 0.0135 0.173009 72.4 
Quenched 0.138 0.007 0.343571 36.5 

U-20-Q 
 

None 0.134 0.0135 0.173009 74.3 
Quenched 0.138 0.007 0.343571 37.4 

U-21-Q 
 

None 0.134 0.013 0.179154 71.1 
Quenched 0.138 0.007 0.343571 37.1 

U-22-QA1 
 
 

None 0.134 0.013 0.179154 71.7 
Quenched 0.138 0.007 0.343571 37.4 
Quenched 
Annealed 0.137 0.00925 0.25826 49.8 

U-23-QA1 
 
 

None 0.134 0.0145 0.162043 77.3 
Quenched 0.138 0.007 0.343571 36.5 
Quenched 
Annealed 0.136 0.0095 0.248118 50.5 

U-24-QA1 
 
 

None 0.134 0.0135 0.173009 73.0 
Quenched 0.138 0.007 0.343571 36.8 
Quenched 
Annealed 0.136 0.0095 0.248118 50.9 

 

All unsymmetric specimens were polished and examined for damage following cryogenic 

cycling. The number of micro-cracks identified in each sample is given in Table 6-9. All micro-

cracks went through all four plies from the centre of the laminate to the edge of the laminate. 
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Samples U-14, U-15, U-16-AC, U-17-AC and U-18-AC all have a high micro-crack density. 

Several of the micro-cracks were also associated with delaminations along the centreline of the 

laminate. The remaining samples had no micro-cracks.  

Table 6-9 Number of micro-cracks and micro-crack density in unsymmetric laminates following cryogenic 

cycling. 

Sample Number Micro-cracks Micro-crack density (Cracks/mm) 
U-14 14 .09 
U-15  21 .14 
U-16-AC 24 .15 
U-17-AC 7 .05 
U-18-AC 5 .03 
U-19-Q 0 0 
U-20-Q 0 0 
U-21-Q 0 0 
U-22-QA1 0 0 
U-23-QA1 0 0 
U-24-QA1 0 0 

 

6.4.2 Unidirectional and Multi-axial Laminates  

The as manufactured UD laminates show no micro-cracks following cryogenic cycling. All 

multi-axial laminates showed micro-cracking following cryogenic cycling. Figure 6-5 gives 

the total number of micro-cracks for each heat treatment. Each of the bars represents the 

average of two samples except the quenched bar which represents the average of four samples. 

The figure shows that the samples annealed at the Tg have the highest number of micro-cracks. 

The as manufactured samples have a lower micro-crack density and the quenched and the 

quenched annealed samples have a significantly lower micro-crack density. The error bars 

show that while there is a very wide spread in data for the quenched samples. The reason for 

this is unknown but is possible that the poor accuracy of the oven used in the study meant that 
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this sample was quenched from a lower temperature and this resulted in the crystal structure 

not being fully melted.  

 

Figure 6-5 Total micro-cracks in each ply for multi-axial laminates subject to heat treatments followed by 

cryogenic cycling. The figure given here is the average of all samples for each heat treatment.  

Figure 6-6 shows the average micro-cracks for each ply. Ply numbers 4 and 7 were not 

examined as the fibres were parallel to the edge examined and as such micro-cracks could not 

be counted in these plies. All samples show the highest micro-crack densities on the outer plies. 

The annealed sample has more than 10 micro-cracks in all plies except ply 6. The as 

manufactured sample has greater than 5 micro-cracks in all plies with the exception of plies 5 

and 9. The quenched and the quenched annealed results show low micro-crack counts on all 

the central plies.    
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Figure 6-6 Total micro-cracks in each ply for multi-axial laminates subject to heat treatments followed by 

cryogenic cycling. The ply number, layup direction and the stress in the local transverse stress from Table 6-2 is 

given along the x-axis. 

6.4.3 Crystallinity and Thermophysical Analysis  

Typical DSC traces for each thermal process are shown in Figure 6-7. The as manufactured 

sample trace is qualitatively similar to Figure 6-3(b). It can be seen that the Tg of the resin is 

not evident; however, a slight double melting peak with an earlier onset of crystal melting is 

shown. The double melting peak indicates that the laminate was cooled at a heating rate less 

than 20ºC per minute [181]. There is no discernible difference between the as manufactured 

specimen and the specimen subject to anneal cycle 2 (145ºC). The similarity between the two 

samples indicates that annealing the samples at 145ºC does not change the crystalline structure 

of the laminate.  
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The air cooled sample is also quite similar to the as manufactured sample. However, there is a 

single melting peak and the temperature at which the max flow peak occurs is slightly lower. 

This indicates that the air cooled sample was cooled at a faster rate than the as manufactured 

sample.  

The quenched sample is qualitatively similar to Figure 6-3(a). The trace shows a single melting 

peak at a slightly lower temperature than the as manufactured sample. The Tg of the sample 

can be seen at 145ºC and an exothermic peak with the minimum flow at 175ºC can be seen. 

The presence of the exothermic peak indicates that sample was initially highly amorphous and 

crystal formation occurred during the DSC scan.  

The quenched and annealed at 175ºC sample is also quite similar to Figure 6-3(b) indicating 

that the sample has a well-developed crystalline structure. This result confirms that the 

annealing cycle resulted in a well-developed crystalline structure.  

 

Figure 6-7 Sample DSC trace for each thermal process carried out.  
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Table 6-10 shows the Tg, glass transition temperature, Hf heat of fusion, Tf heat of fusion 

temperature peak, Hm heat of melting, Tm heat of melting temperature peak and Xc 

crystallinity weight percentage for each sample type tested. Each result presented is the average 

of 3 samples tested. Details of all samples tested are presented in the appendix. The results of 

the as manufactured and the samples annealed at 145ºC show a very similar level of 

crystallinity, the air cooled and quench annealed sample shows a lower crystallinity and the 

quenched sample shows a very low crystallinity. 

Table 6-10 Tg, glass transition temperature, Hf heat of fusion, Tf heat of fusion temperature peak, Hm heat of 

melting, Tm heat of melting temperature peak and Xc crystallinity weight percentage for each sample type 

tested. 

Sample Tg  
(ºC) 

Hf 

(J/g) 
Tf  

(ºC) 
Hm 

(J/g) 
Tm 

(ºC) 
Xc 
(%) 

U-16-AC Air Cool - - - 14.3 342.0 33.9% 

U-19-Q Quench 145.5 9.93 175.5 14.8 342.3 11.7% 

U-22-QA1 Quench Anneal 1 - - - 15.1 342.5 35.8% 

U-2-A2 Anneal 2 Tg - - - 15.7 346.0 37.2% 

U-14 As Manufactured - - - 16.1 345.8 38.0% 

 

The storage modulus and loss modulus for the as manufactured sample is given in Figure 6-8. 

The storage modulus shows a slight decrease between room temperature and the Tg at 135ºC. 

Around the Tg there is a decline in the storage modulus followed by a steady decline up to 

circa 250ºC at which the rate of decline increases again. The loss modulus reaches its peak 

above the Tg at 153ºC. The DMA indicates that the as manufactured sample had a well-

developed crystalline structure and that the material shows a gradual degradation in properties 

above the Tg of the laminate. The sample would maintain much of its stiffness at high 

temperatures and as such could be used in high temperature applications.  
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Figure 6-8 DMA trace for the as manufactured sample (UD-4) showing the storage modulus and the loss 

modulus on the y-axis against the temperature on the x-axis. 

The storage modulus and loss modulus for the quenched sample is given in Figure 6-9. The 

quenched sample shows a slight drop in storage modulus up until the Tg at 142ºC. Around the 

Tg there is a drop in modulus greater than one order of magnitude up until 157ºC. The drop in 

storage modulus of over one order of magnitude indicates that the sample is amorphous. The 

storage modulus then begins to rise until it reaches circa 175ºC. The storage modulus then 

begins a steady decline up to circa 250ºC at which the rate of decline increase again. The loss 

modulus reaches a peak just above the Tg at 145ºC, however it also shows a second Peak at 

170ºC. The DMA indicates that the quenched sample suffers from a very sharp degradation in 

properties above the Tg of the laminate. This degradation in stiffness means that the amorphous 

quenched material could not be used above its Tg. 
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Figure 6-9 DMA trace for the as Quenched sample (UD5-Q) showing the storage modulus and the loss modulus 

on the y-axis against the temperature on the x-axis. 

The storage modulus and loss modulus for the quenched and annealed sample is given in Figure 

6-10. This sample shows a slight drop in storage modulus up until the Tg at 153ºC. Around the 

Tg there is a drop in storage modulus up until circa 175ºC. The storage modulus then begins a 

steady decline up to circa 250ºC at which the rate of decline increase again. The loss modulus 

reaches a peak just above the Tg at 162ºC and there is no secondary peak. The result shows 

that annealing the sample after quenching results in less of a drop in storage modulus above 

the Tg in comparison to the quenched sample. While the quenched annealed specimen shows 

improved high temperature performance in comparison to the quenched specimen it is still 

significantly less stiff than the as manufactured sample at high temperatures.  
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Figure 6-10 DMA trace for the quenched and annealed sample (UD6QA) showing the storage modulus and the 

loss modulus on the y-axis against the temperature on the x-axis. 

6.5 Discussion  

The results of the unsymmetric laminate calculated equivalent stress, given in Figure 6-4 are 

in broad agreement with the results from literature. All the stress calculated using the show a 

low variance indicating that the heat treatments provided consistent results. The as 

manufactured samples indicated that the stress in the laminate was 73.8 MPa. The air cooled 

laminates had a slightly lower thermal stress of 73.2 MPa. Although there is as small decrease 

in stress, there is no statistical significance between the two datasets. The cooling rate between 

the as manufactured laminates and the air cooled laminates was likely quite different. This 

difference has not resulted in a change in the residual thermal stress. This is in agreement with 

[130] which indicates that the curvature and, hence, the thermal stress varies little in laminates 

cooled between 1ºC per minute and 100ºC per minute. The DSC traces of the air cooled and 
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the as manufactured sample also showed that there was very little difference between the 

crystallinity of the two samples. 

The quenched samples show a 50% reduction in stress from the as manufactured state and 

subsequent annealing step increase the thermal stress, but still resulted in a reduction of 33% 

when compared to the as manufactured state. The DMA results of the quenched sample show 

a large drop off in modulus at the Tg of the laminate verifying that the sample was amorphous. 

The reduction in stress confirms the results of [130] and shows that processing steps involving 

quenching CF-PEEK into an amorphous state followed by annealing result in a significant 

reduction in thermal stress. It should be noted that the cooling rates needed to achieve this 

reduction are not easily achieved using traditional manufacturing techniques. The only 

traditional manufacturing process capable of these high cooling rates is a mould transfer 

process described in [130]. The Quenching process used in the current study resulted in edge 

delamination in several of the samples and as such the process would not be suitable for a 

production part. The DMA results showed that quenching followed by annealing resulted in an 

improvement in modulus, at high temperatures, in comparison to the quenched sample. 

However, the results were less than the as manufactured laminate. 

The DSC trace of the quenched sample shows the double melting peak and the Tg of the 

laminates can be seen in the scan. This indicates that the quenching cycle was successful in 

creating and amorphous sample. In contrast the DSC trace for the quenched annealed samples 

is similar to the as manufactured sample. The crystallinity percentage of the quenched annealed 

sample is also close to the value of the as manufactured sample which indicates that the anneal 

cycle resulted in a semi-crystalline structure.  

The unsymmetric laminates give an insight to the influence of the heat treatments on the macro 

residual stress state of the samples. It should be noted that the method used here does not 

provide any data on global, and micro-mechanical residual stress. It is likely that the micro-

mechanical residual stress state of the laminate follows the same trend (i.e. a reduction in stress 

following quenching) as the macro stress because the fundamental cause of this stress is 
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essentially the same as the macro stress. In contrast the global residual stress will likely have 

been increase due to the high thermal gradients that occur during the quenching process. The 

literature indicates that although the anneal step increased the macro residual stress it also 

reduces the global residual stress. As such it is possible that it leads to an overall lower stress, 

in comparison to amorphous samples, than quenching alone.  

Cryogenic cycling was carried out on unsymmetric, UD and multi-axial laminates following 

heat treatments in order to investigate what influence the heat treatments had on damage 

development during cryogenic cycling.  

The UD samples in the as manufactured state showed no micro-cracks after thermal cycling. 

These samples were slow cooled so they should have low levels of global stress and because 

they are UD they have no macro stress. This indicates that the micro-mechanical residual 

thermal stress alone does not lead to damage following cryogenic cycling. However, further 

work involving a larger sample size and a volumetric analysis of the samples would be required 

to confirm this. 

The micro-crack densities of the unsymmetric samples given in Table 6-9 show that cryogenic 

cycling of the laminates resulted in damage in the as manufactured laminates and the air cooled 

laminates. This result confirms that micro-cracking occurs in Suprem CF-PEEK following 

thermal cycling as shown in Chapter 3 and also in [121]. The laminates which had been 

quenched and the quenched annealed laminates showed no damage following cryogenic 

cycling. These results indicate that quenching and quenching followed by annealing resulted 

in reduced damage following cryogenic cycling. While it is likely that the reduction in thermal 

stress contributed to the improved cryogenic damage tolerance other factor are also likely at 

play. The crystalline phase acts as a reinforcement to the matrix, this increases the modulus but 

also results in lower toughness [175], hence, the quenched sample is likely to have a higher 

toughness than the as manufactured and air cooled sample. This is likely to contribute to the 

increase the damage tolerance of the quenched samples. 
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Figure 6-5 shows that all the multi-axial samples micro-cracked following cryogenic cycling. 

The results presented indicate that annealing at 143ºC resulted in an increased micro-crack 

density in comparison to all other samples. This is a surprising result as the annealing at the Tg 

has been shown to decrease the curvature in unsymmetric laminates and also reduce global 

stress; as such, it should result in a slightly lower thermal stress. The Tg is also below the 

crystallisation temperature so the annealing step could not have increased the crystallisation, 

which might decrease the toughness of the matrix. The DSC trace for the sample annealed at 

the Tg of the laminate verify that the crystallinity was not changed by annealing at the Tg. The 

reason for the high micro-crack density is not clear but it appears that there is no reduction in 

macro stress when annealing at the Tg. This supports the hypothesis of [122] that no useful 

stress relief can be achieved by annealing at the Tg. One possible reason for the high micro-

crack densities is that annealing at the Tg reduced the residual stress caused by tool shrinkage 

during manufacture. This residual stress would be compressive and would cancel the tensile 

macro thermal stress leading to a lower overall E22 thermal stress. The as manufactured 

laminate also shows a high micro-crack count but it is significantly lower than the annealed 

samples. The quenched and quenched annealed samples show very similar micro-crack 

densities which are lower than the as manufactured samples. The data indicates that quenching 

and quenching followed by annealing resulted in less damage at cryogenic temperatures. The 

small sample size and the spread of results particularly for the quenched samples mean that the 

data is not compelling enough to make a solid conclusion on the influence of the heat treatments 

based on this dataset alone. The multi-axial results combined with the unsymmetric cross ply 

laminates indicate that the quenching and quench annealing may result in increases in damage 

tolerance; however, further work is needed to confirm this. 

Comparing the macro thermal stress at low temperatures, given in Table 6-2, and the micro-

crack densities in each ply, given in Figure 6-6, shows no correlation. This is surprising given 

that it has been shown that UD laminates do not micro-crack and it has been concluded the 

damage during cryogenic cycling is due to macro-mechanical thermal stress. Grogan [121] 

investigated micro-cracking in several CF-PEEK systems also found no correlation between 
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average crack densities and the macro residual thermal stress. This result indicates that there 

are other factors, such as variations in micro-mechanical residual stress due to fibre packing, 

influencing the damage following cryogenic cycling apart from the macro thermal stress. 

Figure 6-6 shows that the micro-crack densities in the outer plies are higher than those in the 

central plies. It is not surprising that the outer plies are the most susceptible to micro-cracking 

as these plies are only supported on one side by adjacent plies and crack suppression is thus 

less likely [138].  

In interpreting the micro-cracking data it is worth reverting back to Chapter 3 which also 

presented data on Suprem IM7 laminates in the as manufactured state subject to cryogenic 

cycling. Table 3-4 gives the micro-crack densities for three samples taken from the same 

laminate and shows that there is a wide spread of micro-crack densities in laminates that have 

not been subject to any thermal cycle. This illustrates that caution must be used when drawing 

conclusions from micro-crack data. Given the large spread in micro-cracking results, in the 

current work and in literature, further work is needed to verify whether the trends in the current 

work are due to the thermal treatments or due to other factors.  Furthermore, as stated in Chapter 

3, although optical microscopy gives a good indication of the damage state of the laminate, it 

is a 2D inspection method that gives information on the area examined only. 

Overall the data on cryogenic cycling shows that the micro-crack densities for both cross ply 

unsymmetric and multi-axial laminates subject to quenching and quenching followed by 

annealing were lower than for as manufactured laminates. While this indicates that the damage 

tolerance of CF-PEEK may be increased by these thermal post-processes, further work is 

needed to verify that this is the case. 

6.6 Conclusions and Future Work 

An experimental investigation into the effect of several heat treatments on the thermophysical 

properties and the macro-mechanical thermal stress in IM7 CF-PEEK has been carried out. 
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UD, unsymmetric and multi-axial laminates were manufactured and subjected to heat 

treatments. The curvature of the unsymmetric laminates gave an insight into the thermal stress 

present in the laminate. Samples from each laminate type were cryogenically cycled to 

investigate whether the heat treatments resulted in a reduction in damage following cryogenic 

cycling. DSC and DMA were carried out to give an insight into the crystallinity and 

thermophysical properties of the laminate.  

The results show that: 

 Quenching and quenching followed by annealing resulted in reduced detected damage 

in both unsymmetric laminates and multi-axial laminates. This suggests that the 

reduction in stress shown in the unsymmetric laminates resulted in increased damage 

tolerance at cryogenic temperatures; however, further work is needed to confirm this. 

 The DSC data indicated that the quenching followed by annealing resulted in 

crystallinity percentage similar to that of the as manufactured composites. The DMA 

data showed that quenching followed by annealing resulted in a composite with 

improved high temperature performance when compared to the quenched material. 

 Quenching followed by annealing can reduce the stress in CF-PEEK, in comparison to 

as manufactured samples, while maintaining a high level of crystallinity and better high 

temperature performance than the quenched samples. 

 Cryogenically cycling UD laminates resulted in no detected damage to the laminate. 

This result suggests that macro mechanical residual stress must be present to cause 

damage during cryogenic cycling; however, further work is needed to confirm this. 

 Quenching and quenching followed by annealing at 175ºC resulted in a reduction in 

macro mechanical residual thermal stress. This agrees with the results presented by 

[130]. 

Future work should focus on: 
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 A more comprehensive study with a larger number of samples and several layups and 

thickness could be carried out and the damage state of the composite should be 

investigated with x-ray or CT scanning. Grogan [121] showed that the laminate 

thickness influenced the micro-crack densities. By manufacturing laminates with 

different levels of blocked plies but the same overall percentage of plies in each 

direction the influence of blocked plies and, hence, shear stress could be investigated 

to see what influence if any this has on micro-crack densities.  

 Carrying out a material characterisation would result in better closed form predictions. 

The toughness characteristics of quenched and quenched annealed laminates would be 

of particular interest as they might indicate if the improved cryogenic performance was 

due in part to increased toughness. The material properties used here are taken from 

literature and are based on laminates subject to slow cooling rates. It is very likely that 

the room temperature and the temperature dependant material properties vary 

substantially from the data used and, hence, a full material characterisation would 

provide a better analysis. 

 The current study only considers thermal stress in autoclave processes. Induction 

welding and ATP both subject CF-PEEK to very different thermal cycles which would 

undoubtedly influence the thermal stress. Manufacturing unsymmetrical Cross ply 

laminates using these processes would provide an insight into the thermal stress in these 

laminates.  

 The current study demonstrated that a reduction in thermal stress was possible by fast 

quenching the laminate during manufacture. While it may be possible to quench small 

laminates this is likely not practical for large structures. Alternative methods of 

reduction of thermal residual stress such as varying the CTE of the matrix by the 

addition of nano particless or other means should be investigated. 

 The failure criterial are generally based on data from the standard mechanical tests used 

to characterise composites such as compression strength/modulus, tensile 

strength/modulus in the fibre and matrix direction use UD samples only. Macro residual 
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stress is not present in the laminate during these tests. A review of the failure criteria 

and how they are applied to CF-PEEK should be carried out and recommendations 

should be made for designing with CF-PEEK.  

 Based on the resulted of the current work it was hypothesised that tool shrinkage could 

cause a compressive surface stress which acts to supress crack initiation and growth on 

surface plies. This is a very interesting hypothesis which could be investigated by 

manufacturing laminates on different tools and investigating their damage tolerance at 

cryogenic temperatures before and after annealing.  

 The current work investigates macro stress only, an investigation into the influence of 

micro-mechanical residual stress could provide a valuable insight into the behaviour of 

CF-PEEK. 

 The majority of the literature considers laminates manufactured using UD materials. 

The influence of thermal stress on fabric materials should be investigated. 

 The results of the samples annealed at the Tg showed a higher micro-crack density than 

the as manufactured samples. Carrying out further experimentation with a larger 

samples size and tooling which matches the CTE could verify this result and investigate 

the hypothesis that tooling stress is responsible for the higher microcrack density. 
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Chapter 7 Thesis Conclusions 

7.1 Chapter Overview 

This chapter contains the main conclusions for this thesis, as well as some reflections on the 

work. Section 7.2 discusses the motivation for the work and presents the main 

accomplishments. Based on the conclusions from the research conducted as part of this thesis, 

Section 7.3 discusses the suitability of CF-PEEK to linerless cryotanks and outlines some of 

the barriers which must be overcome in order to manufacture linerless cryotanks using CF-

PEEK. Recommendations for future work are presented in Section 7.4. Section 7.5 is a 

reflection of the research presented in the current work. This section reflects upon the 

importance of the literature review, experimentation, modelling and critical thinking in the 

context of the current work.  

7.2 Discussion Summary 

The cost to send payload into space is still a barrier to space exploration and commercialisation. 

Reducing the mass of the launch vehicles results in a significant reduction in the cost of space 

travel. NASA has demonstrated that linerless composite cryotanks, manufactured using 

thermoset materials, can reduce vehicle weight. However, to date they have not been successful 

in introducing this technology on a large scale.  

This thesis explored the suitability of CF-PEEK as a candidate material for linerless composite 

cryotanks. Critical CF-PEEK aspects, identified for the study were permeability, joining via 

induction welding and the influence of thermal stress. 
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The main components of work that form the thesis are as follows: 

 CF-PEEK samples from three different suppliers, using different fibre types, were 

manufactured and the leakage behaviour of the samples was investigated over a range 

of temperatures and pressures.  

 A hat stiffened induction welded CF-PEEK panel was manufactured and mechanical 

testing was carried out to evaluate the performance of the welded assembly and the 

results were compared with the results of an adhesively bonded panel. 

 An experimental investigation to study the heating rates of woven and UD CF-PEEK 

was carried out. A computational model of the heating of woven CF-PEEK was also 

created to explore the factors that influence induction heating. 

 Several CF-PEEK samples were manufactured and subjected to thermal post-

processing and the thermal stress in the samples was quantified. Following post-

processing, the samples were subject to cryogenic cycling to see what influence the 

thermal post-processing had on the damage tolerance of the samples.  

The results of the permeability study, given in Chapter 3, showed that CF-PEEK is a suitable 

choice for cryogenic storage tanks based on its leakage properties. For undamaged samples, 

the permeability behaviour of CF-PEEK showed a Fickian behaviour, which decreased with 

decreasing temperature. For damaged samples and samples manufactured using the ATP 

process, the mechanism for leakage was fluid flow through micro-cracks. Leakage due to fluid 

flow was orders of magnitude greater than leakage due to Fickian diffusion. For samples with 

Fickian diffusion, the diffusion coefficient can be used to predict the leakage for CF-PEEK 

enabling designers to predict leakage of proposed cryotank designs. A microscopic 

examination of the samples after cryogenic cycling showed that, unlike CF-PEEK from other 

suppliers, Suprem CF-PEEK micro-cracked extensively following just one thermal cycle. This 

clearly demonstrates that there is a fundamental difference between CF-PEEK manufactured 

by different suppliers, likely due to differences in commercially sensitive fabrication processes. 
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The results of the manufacture and test of a CF-PEEK stiffened panel, given in Chapter 4, 

provided a valuable insight into the induction welding process. The work carried out in this 

study indicates that the induction welding process is a suitable assembly process for the 

manufacture of CF-PEEK primary structural components. Mechanical testing showed that the 

behaviour of the induction-welded panel were similar to an adhesively bonded panel. The work 

showed that the induction welding process is capable of high quality welded joints suitable for 

use in primary aerospace components. Several artefacts associated with the welding process 

such as warpage, local fibre buckling, voids and delamination were identified. 

The results of the heating trials and modelling, presented in Chapter 5, verified that fabric 

material heats up readily in an induction field. However, heating rates and patterns for UD 

layups depend on the layup and material supplier. The heating pattern for UD materials was 

not a mirror of the coil geometry as indicated by the majority of the literature, demonstrating 

non-isotropic electromagnetic properties in the UD laminate. A model of the heating process 

in fabric CF-PEEK was created and a parametric study was carried out. The parametric study 

highlighted the importance of the material properties in predicting the heating rates and 

indicated that this is a potential source of error in the literature.  

The experimental investigation, presented in Chapter 6, into thermal stress in CF-PEEK 

considered several layups and investigated their damage susceptibility following thermal post-

processing and cryogenic cycling. The results showed that quenching and quenching followed 

by annealing reduced the thermal stress in the laminates. Cryogenic cycling of laminates 

indicated that laminates which had been quenched and quenched followed by annealing 

showed higher damage tolerance than as manufactured laminates. Cryogenically cycling of 

fully UD laminates did not result in damage indicating that macro residual stress was 

responsible for micro-cracking at cryogenic temperatures. 
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7.3 Conclusions: The Path to a CF-PEEK Linerless Composite 

Cryotank 

 The current work has investigated the permeability, manufacturability and thermal stress in 

CF-PEEK in the context of next generation cryotanks. The following are the main conclusions 

drawn from this work: 

 The permeability measurements indicate that CF-PEEK is suitable for use in some 

cryogenic storage applications, despite micro-cracking at cryogenic temperatures 

causing leakage in some material systems. While the leakage due to micro-cracking 

was below the allowable for propellant cryotanks, it is still a concern to high-pressure 

tanks and overall structural integrity. The leakage rate of micro-cracked laminates is 

too high for small high pressure tanks where composite overwrapped pressure vessels 

(COPV’s) are currently used.  

 The work on induction welding suggests that induction welding is a suitable joining 

process for primary structures such as cryotanks. 

 Thermal stress has been identified as a major contributor to micro-cracking following 

cryogenic cycling and the literature has shown that it has detrimental effects on the 

room temperature properties of CF-PEEK.  

 There is very little design guidance on how to design composites for cryogenic 

temperatures. In the absence of such design guidance, a conservative approach 

involving testing of small scale and full scale demonstrators is required in order to 

validate the designs. 

7.4 Future Work 

For small scale cryogenic storage, manufacturability is not a major issue and the main challenge 

to overcome is limiting the leakage of the cryogen. Leakage due to fluid flow would have to 
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be eliminated and it is also likely that leakage due to diffusion through the composite would 

have to be reduced. For larger cryotanks, used for propellant storage, the leakage is below the 

allowable given in literature. Despite this, leakage may still be an issue for specific tank 

designs. Ideally micro-cracking should be eliminated. This is a challenge for composite 

materials. With relation to permeability, adding polymer liners or metallised polymer liners 

could be explored. The reason for the different cryogenic behaviour of the CF-PEEK from 

different supplies should be investigated. This investigation might give an insight into the cause 

of micro-cracking in CF-PEEK. Future work in this area should investigate approaches to 

prediction and reduction of leakage in CF-PEEK laminates. Further experimental work coupled 

with computational modelling of both micro-cracking and leakage could be carried out to 

predict micro-cracking and leakage in linerless composite cryotank designs. Investigating the 

factors influencing micro-cracking in order to design CF-PEEK composite materials which do 

not micro-crack under cryogenic conditions should also be investigated. Possible avenues of 

research include using thinner plies, using layups which reduce micro-cracking, reducing 

thermal stress, adding layers of CF-PEEK with less stiff fibres, using plies with lower fibre 

volumes or the inclusion of nano particles to toughen the matrix, alter the CTE and decrease 

the permeability. 

Manufacturing  

While the leakage is acceptable for large scale cryotanks, there are several issues surrounding 

the manufacturability of large load bearing components from CF-PEEK and composites in 

general, which must be overcome in order for composites to be used in large cryogenic 

propellant storage applications. Although CF-PEEK is suitable for manufacture using scalable, 

automated manufacturing processes, such as ATP, there are no manufacturing trials of the 

physical size required for cryogenic propelalnt tanks presented in the literature. Generally 

heated tooling is used when manufacturing ATP CF-PEEK. For its cryogenic demonstrators, 

Boeing has used a collapsible mandrel as the layup surface which allowed them to layup the 

entire tank skin in one piece. Manufacturing a heated collapsible mandrel would be very 
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challenging. In the absence of a collapsible mandrel, the tank would need to be manufactured 

from several sections and joined. Although induction welding or some other fusion bonding 

process could be used for this application, no trials of this scale are given in the literature. All 

of the fusion bonded processes presented in the literature melt the matrix at the surface and 

apply pressure allowing the matrix of the sub-components to bond together through the matrix. 

In this type of joint, there are no fibres crossing the bondline to carry the load and the joint is 

dependent on the matrix only. For added joint strength, alternative joint configurations that 

contain mechanical locking or fibres in the z direction may need to be developed.  

Due to these manufacturing challenges and the lack of design guidelines at cryogenic 

temperatures, it would be advisable to first manufacture large CF-PEEK primary structures for 

non-cryogenic applications using scalable processes such as ATP and induction welding. In 

parallel to this, an experimental and computational investigation into the cryogenic behaviour 

of CF-PEEK could be carried out to investigate possible means of eliminating micro-cracking 

and developing design criteria for cryogenic applications. Following this work, cryotank 

demonstrators would have to be manufactured and tested at operating temperatures and 

pressures to validate the manufacturing methods and materials. Further work should 

manufacture and test multiple demonstrators under a variety of loading conditions to further 

validate the induction welding process for primary loadbearing structures. In order to qualify 

the technology for aerospace applications, fatigue tests and NDT inspection methods would 

also need to be developed. 

Induction welding & thermal stress 

Future work should focus on material characterisation of CF-PEEK composites over the full 

temperature range and developing models of the heating of multi-axial laminates in order to 

better predict their heating. The parameters that influence the heating of multi-axial laminates 

should be investigated to see if this could be locally altered to aid induction welding by 

increasing the conductivity at the bondline. Developing a transient model of the induction 
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process that can be used to investigate edge effects in the modelling process would also be 

useful.  

This literature review carried out as part of this work has indicated that thermal stress has a 

detrimental influence on the mechanical behaviour of CF-PEEK at both ambient and cryogenic 

temperatures. A material characterisation of amorphous and semi-crystalline CF-PEEK at 

cryogenic and elevated temperatures should be carried out in order to better predict the thermal 

stress in the laminate. Investigating the thermal stress induced in the ATP process to see if this 

process results in a higher or lower thermal stress would also be useful. Investigating the 

influence of thermal stress on the failure criteria in order to inform designs at both room 

temperature and cryogenic temperatures would enable better designs of CF-PEEK structures. 

As with the permeability study, studying the factors that influence micro-cracking and 

investigating ways to reduce micro-cracking could improve the cryogenic performance of CF-

PEEK. 

Although many challenges still remain in the development of CF-PEEK cryotanks, the current 

work addresses knowledge gaps related to this field and suggests that with further research and 

development, CF-PEEK cryotanks could be developed for commercial applications. 

7.5 Reflection  

The current thesis investigated several areas that are relevant to the manufacture of CF-PEEK 

cryotanks and to the manufacture of CF-PEEK in general. While the research gives some 

insight into the areas of permeability, induction welding and thermal stress, it is clear that 

further development work is needed to manufacture linerless composite cryotanks using CF-

PEEK. This section contains some general observations relevant to the current study. 

The current project was based on an ESA Future Launchers Preparatory Programme (FLPP), 

which investigated the possibility of manufacturing a demonstrator of a linerless composite 

cryotanks. Based on the literature review carried as part of the FLPP project, CF-PEEK was 
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identified as the material of choice for this demonstrator. The main drivers for this choice were 

the superior cryogenic performance of CF-PEEK and the potential manufacturability of CF-

PEEK. The experimentation presented here, along with several other studies, has shown that 

CF-PEEK can micro-crack following cryogenic cycling. It is also clear that while ATP is an 

extremely promising manufacturing technology, there are still many challenges to be 

overcome. The original FLPP project proposed not only designing a demonstrator using new 

technologies and qualifying the cryogenic behaviour of the material, but also assessing the 

materials leakage behaviour. One of the conclusions of the project is that these original project 

goals should be broken down into sections, where the first part is to demonstrate the 

manufacturing technologies on their own and then investigate the possibility of designing a 

cryotank using this technology.  

One of the most valuable lessons learned in preparing the thesis is how to critically interpret 

scientific literature. During the publication of the paper on the stiffened CF-PEEK panel, I 

originally cited recyclability as a major advantage of CF-PEEK and received negative feedback 

from a reviewer. Initially I was very surprised at this feedback as numerous publications cite 

the recyclability of CF-PEEK as a major advantage. On closer inspection, it is apparent that 

while CF-PEEK is intrinsically more recyclable than thermoset carbon fibre, due to its 

formability, there are currently few commercially viable options for recycling of CF-PEEK. 

Several other examples of misleading statements in the literature exist such as the use of the 

term permeability and the use of DSC as a quantitate measure of crystallinity. The initial 

literature review of modelling of induction welding in CF-PEEK shows multiple studies have 

obtained excellent correlation between experimental and computational results. Several of 

these studies have for instance ignored the temperature dependence of a material property, 

which is of fundamental importance to the induction heating. It is clear that while these studies 

demonstrate how useful the finite element method is in process development, their models do 

not capture all the parameters needed to fully simulate the induction heating of composites.  
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The term permeability has been used in the literature to refer to leak rate, permeability as 

defined by Fick’s law and permeability as defined by Darcy’s law without authors verifying 

the fundamental nature of the leakage. Both types of permeability deal with mass transfer of a 

liquid or gas through a membrane. Nevertheless, the fundamental cause of each of these mass 

transfer types is different. This work shows that the dominating mass transfer mechanism 

changes from Fickian for undamaged composites to fluid flow through connected leak paths 

once it is damaged. Permeability, as defined by Fick’s law, decreased with decreasing 

temperature where leakage, due to fluid flow, may increase with decreasing temperature due 

to opening of micro-cracks caused by thermal strain. The apparent increase in permeability as 

defined by Fick’s law cited by some authors is likely due to the misuse of this term. It is clear 

that this lack of clarity has caused a misinterpretation of results and it also makes the literature 

on permeability of composites difficult to comprehend.  

The calculation of residual thermal stress using the finite element method would appear at first 

glance to be a trivial modelling task. Unfortunately, this was not the case. When calculating 

thermal stress during cooling, the commonly used general purpose finite element solver Abaqus 

uses the final Young’s modulus multiplied by the total strain to calculate the thermal stress. 

This approach leads to an over-prediction of thermal stress when predicting stress during 

cooling of CF-PEEK. This example highlights the importance of understanding the 

fundamental working of the finite element package and demonstrates the importance of 

validating finite element models. While the current work did not show excellent agreement 

between the computational and experimental results it has still shown the value of modelling. 

Even when a model does not accurately predict the process, the creation of the model requires 

the researcher to think about the problem in a different way which is useful in itself.  
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Appendix A DSC 

Details of the DSC data are given in Table A1. 

Table A1 Sample ID, specimen Id, glass transition temperature Tg, heat of fusion Hf , heat of melting Hm, melt 

temperature Tm, and crystallinity percentages Xc, for DSC tests. 

Sample Specimen Tg (ºC) Hf (J/g) Tf (ºC) Hm(J/g) Tm(ºC) Xc (%) 

U-16-AC a - - - 14.4 341.7 34.1% 
 b - - - 13.8 341.1 32.7% 
 c - - - 14.8 343.1 35.1% 

Average     14.3 342.0 33.9% 
U-19-Q a 145.5 9.9 175.1 14.4 342.1 11.9% 
 b 145.9 9.7 176.0 14.7 342.8 12.4% 
 c 145.2 10.2 175.5 15.4 342.1 36.3% 

Average  145.5 9.93 175.5 14.8 342.3 11.7% 
U-22-QA1 a - - - 15.3 343.0 36.7% 
 b - - - 15.5 342.3 34.4% 
 c - - - 14.5 342.1 34.4% 

Average     15.1 342.5 35.8% 
U-2-A2 a - - - 14.6 345.2 35.6% 
 b - - - 15.0 347.2 41.4% 
 c - - - 17.5 345.7 38.5% 

Average     47.1 346.0 37.2% 
U-14 a - - - 16.3 345.4 39.9% 
 b - - - 16.8 345.3 35.7% 
 c - - - 15.1 346.8  

Average     16.1 345.8 38.0% 
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Appendix B Validation of Thermal Stress 

Calculation Using Abaqus 

Simple Thermal Stress Simulation 

In order to investigate the calibration of a residual stress calculation a single element model 

has been created. The model has dimensions of 0.001m × 0.001m × 0.001m (1mm3). The 

material has been given constant thermal expansion of 2.5×10-5 ºC-1.The part has been given a 

fixed temperature dependent Young’s modulus of 9 GPa below 150ºC and 1 GPa above 160 

ºC. Between 150 ºC and 160 ºC, the temperature is scaled linearly. The part is constrained in 

the X direction on opposite faces and the corners of the part are constrained in order to prevent 

translation as shown in Figure B1. A predefined field is applied to the whole part which cools 

the part linearly from 330 ºC to 25 ºC. This would induce thermal strain in the element, in the 

x direction only, but due to the restrictive boundary conditions, this causes thermal stress. 
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Figure B1 Boundary conditions for problem. 

Closed form solution 

Table B1 shows the thermal strain in the element due to cooling from 330 ºC to 25 ºC. The 

strain is calculated incrementally in 12 steps. The first step is from 25 ºC to 150 ºC. The next 

10 steps are from 150 ºC to 160 C in 1 ºC increments. The next step is from 160 ºC to 330 ºC. 

The total stress which is the sum of all the temperature increments is calculated to be 3.37×107 

Pa. 
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Table B1 Closed form solution for stress calculation. 

Young’s 
modulus 

Temperature 
ºC 

Thermal 
increment ºC 

Thermal 
strain 

Thermal 
stress Pa 

Sigma 
stress Pa 

9.0E+09 25 125 0.003125 2.81E+07 3.37E+07 

9.0E+09 150 1 0.000025 2.25E+05 
 

8.2E+09 151 1 0.000025 2.05E+05 
 

7.4E+09 152 1 0.000025 1.85E+05 
 

6.6E+09 153 1 0.000025 1.65E+05 
 

5.8E+09 154 1 0.000025 1.45E+05 
 

5.0E+09 155 1 0.000025 1.25E+05 
 

4.2E+09 156 1 0.000025 1.05E+05 
 

3.4E+09 157 1 0.000025 8.50E+04 
 

2.6E+09 158 1 0.000025 6.50E+04 
 

1.8E+09 159 1 0.000025 4.50E+04 
 

1.0E+09 160 170 0.00425 4.25E+06 
 

 330     

 
Abaqus solution 

The thermal stress calculated using Abaqus is circa 7MPa as shown in Figure B2. The build-

up of stress with cooling is shown below. It can be seen that there is a sudden increase in 

thermal stress as the Young’s modulus is interpolated between 150ºC and 160ºC. The finite 

element model is significantly different from the closed form solution from literature.  
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Figure B2 Stress development in a single element model calculated using Abaqus. The stress develops as the 

element goes from 330ºC to 25ºC. 

Discussion 

The Young’s modulus at any stage is the stress divided by the strain and has been interpolated 

correctly. Multiplying the Young’s modulus by the total thermal strain results in the Abaqus 

solution to the problem as presented below in Figure B3. Multiplying the Young’s modulus by 

the incremental thermal strain results in a stress of 3.39×107 Pa in close agreement with the 

closed form solution. The results of the stress calculated using the total strain (calculated by 

Abaqus) and the incremental strain (calculated by Abaqus) are given below.  
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Figure B3 Closed form incremental solution from table b1 and closed from solution using total strain instead of 

incremental strain. 

Abaqus calculates the thermal strain correctly. The thermal stress for a given step is then 

calculated by multiplying the Young’s modulus at that step by the total strain. This means that 

instead of using the formula C1 below, Abaqus is using formula C2. The use of formula C2 

generally results in a reasonable estimate of the thermal stress; however, it results in a large 

error when applied to cooling of a highly temperature dependent material as shown above.  

𝜎 = 𝐸 𝛼 𝑑𝑇 
C1 

𝜎 = 𝐸 𝛼  𝑑𝑇 
C2 
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where σ  is thermal stress, E is youngs modulus T1 is the initial temperature, T2 is the final 

temperature and α is the thermal expansion.  

Conclusion 

The thermal stress output during cooling of a material with temperature dependant material 

properties in Abaqus is not accurate. In order to calculate the thermal stress more accurately 

one of the following approaches may be used: 

1 Post-process the Abaqus solution by multiplying the incremental thermal stress by the 

incremental thermal expansion and summing this over the temperature difference.  

2 Create a user subroutine in Abaqus which multiplies the incremental thermal stress by the 

incremental thermal expansion and sums this over the temperature difference.  

3 Use constant material properties and sum the stress over a given temperature increment.  

In the current thesis, method three was used as it provided accurate results without the need for 

extra post-processing or the addition of a user subroutine.  
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Appendix C Polishing Method 

Details of the polishing method used for preparation of samples are given in this appendix. A 

Metkon Forcipol polishing/grinding machine shown in Figure C 1 was used for polishing. The 

polisher consists of a base plate which rotates at an adjustable RPM and a water supply to the 

plate. 

 

Figure C 1 Metkon Forcipol grinding machine used for polishing CF-PEEK samples 

A P600 sanding pad was placed on the grinder base plate.  

The grinder plate was set to 250 RPM and the water supply was switched on. 

The sample was placed on the base plate and a force was applied to the sample.  
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After 30 seconds the orientation of the sample was changed. 

After one minute the machine was stopped. 

The sample was rinsed in water to remove any debris. 

A P1200 sanding pad was placed on the grinder base plate.  

The grinder plate was set to 250 RPM and the water supply was switched on. 

The sample was placed on the base plate and a force was applied to the sample.  

After 30 seconds the orientation of the sample was changed. 

After 1 minute the machine was stopped. 

The sample was rinsed in water to remove any debris. 

A polishing cloth was placed on the base plate. 

The grinder plate was set to 150 RPM. 

3µm diamond suspension was added to the cloth. 

The sample was placed on the base plate and a force was applied to the sample.  

The sample orientation was changed every 30 seconds for a total time of three minutes. During 

this time extra diamond suspension was added to ensure the polishing cloth did not dry out. 

After three minutes the machine was stopped. 

A new polishing cloth was places on the base plate or the original clothe was rinsed. 

The grinder plate was set to 150 RPM. 

.25µm diamond suspension was added to the cloth. 

The sample was placed on the base plate and a force was applied to the sample.  
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The sample orientation was changed every 30 seconds for a total time of one and a half minutes. 

During this time extra diamond suspension was added to ensure the polishing cloth did not dry 

out. 


