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KURZFASSUNG 

Wachsende Produktionsvolumen und steigende Bauteilgrößen von Faserver-

bundstrukturen führten zur Entwicklung der sogenannten Out-of-Autoclave Verfahren 

(OoA), mit dem Ziel die kostenintensive Konsolidierung im Autoklav zu ersetzen. 

Kennzeichnend für OoA-Verfahren ist, dass die Konsolidierung allein unter Vakuum 

und ohne externe Druckbeaufschlagung erfolgt. Zur Gewährleistung der Bauteilqualität 

sind speziell für OoA-Verfahren optimierte Prepregs erhältlich. Diese sogenannten Sem-

ipregs sind im Ausgangszustand teilimprägniert und ermöglichen so eine homogene 

Vakuumverteilung und weitere Konsolidierung. Allerdings besteht die Gefahr, dass in-

homogene Druck- und Temperaturverteilungen während des Aushärtezyklus zu Po-

rositäten im Bauteil führen. 

Die Komplexität des OoA-Verfahrens beruht auf der zeitgleichen Evakuierung und Im-

prägnierung des konsolidierenden Fasermaterials unter nicht isothermen Bedingungen, 

weshalb Wärmeübertragung und chemo-rheologische Effekte ebenfalls in Betracht ge-

zogen werden müssen. Aufgrund der Verteilung des Vakuums im trockenen Bereich des 

Semi-Pregs hängen die idealen Prozessrandbedingungen stark von der Bauteilgröße ab. 

Diese Herausforderung wird im Rahmen dieser Arbeit adressiert. Es werden Simula-

tionsmodelle entwickelt, welche die virtuelle Optimierung eines Materialsystems und 

des Aushärtezyklus ermöglichen. Die vorgestellte Methodik fokussiert sich auf die Mod-

ellierung der zeitabhängigen Luftströmung durch das trockene Fasermaterial und die 

Kopplung des lokalen Luftdrucks an der makroskopischen Harzfront, welche auf Basis 

der Druckrandbedingungen ermittelt werden. Eine unidirektionale Kopplung des zeitab-

hängigen Luftdrucks (in der Bauteilebene) und dem Druck an der Harzfront (in Dicken-

richtung) in einem unkonsolidierten Faserbündel bei isothermen Randbedingungen wird 

in Matlab implementiert. Das Modell bildet den Einfluss der verzögerten Vakuumvertei-

lung auf die Imprägnierungszeit des Garns gut ab. Eine bilaterale Kopplung von Luft- 

und Harzdruck bei temperaturabhängigen Bedingungen in Längen- und Dickenrichtung 

eines Bauteils mit mehreren Prepreg-Lagen wird in COMSOL Multiphysics implemen-

tiert. Dieses Modell berücksichtigt zusätzlich die gegenseitige Beeinflussung der zeit-

gleichen Strömung der Gas- sowie der Flüssigphase.Die zeitabhängige Luft-Permeabil-

ität eines Semi-Pregs und die chemisch-rheologischen Eigenschaften des enthaltenen 

Harzfilms werden experimentell charakterisiert und dienen als Eingangsgrößen der Si-

mutlation. Hierzu wird ein kommerziell verfügbares OoA Prepreg (MTM 44-1, ba-

sierend auf einem 2x2 Gewebe) verwendet.  

Zu Validierungszwecken wird aus dem gleichen Material ein monolithischer Demon-

strator in einem Heißluftofen gefertigt. Die experimentell gewonnenen Temperaturpro-

file entsprechen in hohem Grad den Simulationsergebnissen. Direkt im Laminat durch-

geführte Leitfähigkeitsmessungen korrelieren unmittelbar mit der berechneten Entwick-

lung der Viskosität. Weiterhin stimmen gemessene und simulierte minimale Luftdrücke 
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an zwei Positionen entlang der Längsachse des Bauteils gut überein. Die Druckentwick-

lung vom Minimal- bis zum Umgebungsdruck, die durch die graduelle Verschließung 

der Luftkanäle dominiert wird, wird vom Modell akkurat abgebildet. Während die zuvor 

erwähnten physikalischen Prozesse sehr genau von der Simulation abgebildet werden, 

ist bei den Endwerten der Bauteilporosität eine Abweichung zu beobachten, welche auf 

die fehlende Kompaktierung sowie die makroskopische Auflösung im simulierten 

Bauteil zurückgeführt werden können. 

Die durchgeführten Sensitivitätsstudien unter Verwendung des genannten Prepregs 

liefern eine Anleitung zur Material- und Aushärtezyklusoptimierung. Eine Erhöhung der 

Harzviskosität bei Raumtemperatur oder Absenkung der Permeabilität in Dickenrich-

tung des Textils verbessert die Vakuumverteilung während der Evakuierung bei 

Raumtemperatur (vor dem Aushärtezyklus) signifikant. Reduzierte Heizraten während 

des Aushärtens sind vorteilhaft, da diese zu einem langsameren Anstieg des Luftdrucks 

im Laminat führen, vorausgesetzt, der Aushärtungsprozess setzt erst nach vollständiger 

Imprägnierung des Prepregs ein. 



 

ix 

ABSTRACT 

Increasing dimensions and production volumes of composite parts led to the develop-

ment of an alternative process known as Out-of-Autoclave manufacturing (OoA), which 

aims at replacing the expensive prepreg consolidation in an Autoclave. The primary 

characteristic of composite processing OoA is that the parts are consolidated solely un-

der vacuum pressure. To enable the production of components with acceptable quality, 

material manufacturers developed optimized prepregs for OoA processing. These mate-

rials are partially wetted at their initial state (semi-pregs), enabling homogeneous vac-

uum distribution and further consolidation during the cure cycle. However, during the 

cure cycle, transient, inhomogeneous pressure and temperature conditions may lead to 

residual porosity formation. OoA manufacturing is a rather complex process which com-

bines air and resin flow in a consolidating fibrous (porous) medium (i.e. prepreg) under 

non-isothermal conditions, therefore heat transfer and chemo-rheological effects have to 

also be taken into consideration. Since the vacuum is distributed via the dry fiber tows, 

modifications of the part dimensions affect directly the boundary conditions. 

To address these challenges, a multi-physics simulation framework which enables ma-

terial down-selection and virtual testing of production cycles is developed in this thesis. 

The proposed simulation focuses on modeling the transient air flow through the dry tows 

and coupling the predicted local gas pressure on the macroscopic resin flow via pressure 

boundary conditions. A one-way coupling of the transient gas pressure (distributed in-

plane) on the resin flow front in a non-consolidating tow (through its thickness), at iso-

thermal conditions is implemented in Matlab. The model accurately depicts the impact 

of a delayed vacuum distribution on the impregnation time of the prepreg tows. A two-

way, 2D coupling (part thickness and length) between the air and resin pressure at non-

isothermal conditions is implemented in COMSOL Multiphysics. This model addition-

ally captures the gas pressure development inside the prepreg, even when there is an 

interaction between the time-scales of air and resin flow. The transient air-permeability 

of a commercially available OoA prepreg (MTM 44-1, based on a 2x2 twill weave fab-

ric) and the chemo-rheology of the prepreg resin are characterized and used as input for 

the simulation.  

A monolithic demonstrator made of the same prepreg is manufactured in a convection 

oven for validation purposes. The sensor data collected during this experiment show a 

close match between the monitored and predicted temperatures. The measured electrical 

resistance of the laminate correlates directly with the resin viscosity development and is 

in very good agreement with the simulated viscosity evolution. Furthermore the mini-

mum gas pressure obtained in two locations of the laminate along the part’s length 

closely agrees with the minimum simulated gas pressure. From this point onwards the 

gradual locking of the air-pathways and the temperature increase lead to an equalization 

of the laminate pressure with the atmospheric pressure, a behavior successfully depicted 
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in the simulation. While the model accurately depicts the above mentioned physical phe-

nomena, the deviation of the predicted from the experimentally determined residual po-

rosity may be primarily attributed to the absence of the laminate’s compaction and the 

macroscopic resolution of the developed model. 

Sensitivity studies using as a basis the MTM 44-1 prepreg provide a guidance for mate-

rial or cure cycle optimization. An increase of the resin’s viscosity at room temperature 

or a decrease of the textile’s through thickness permeability significantly improves the 

vacuum distribution during debulking. During the cure cycle reduced heating rates are 

preferred since they lead to a slower increase of the gas pressure inside the laminate. 

Nevertheless it should be ensured that curing takes place only after full wetting of the 

prepreg is achieved. 
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Nomenclature 

Symbol Unit Description 

General symbols and representations �, X  Scalar quantities �, X  Tensors (1st and 2nd order)  〈�〉  Volume average of a quantity x (scalar/tensor) 

��	  
Estimated/predicted value of a quantity x (sca-
lar/tensor) �̅  Average value of a quantity x (scalar/tensor) ��   Rate of evolution of a quantity x (scalar/tensor) �∗  Dimensionless quantity (scalar/tensor) 

i  Index 
, �  Scalars denoting number/amount of a quantity x �  Coefficient of determination ����
  Adjusted coefficient of determination ��  Standard deviation of a quantity x in subscript ��  

Standard error of the mean for a quantity x in sub-
script 

Subscripts and superscripts 

�				  
Subscripts used for porous domain definition 					�: prepreg 					�: tow 

� 					  
Subscripts used for wetting fluid definition 					�: air 					�: resin ��, ��  Superscripts used for cure reaction orders 

��  In-plane contribution of a quantity 

��  Through-thickness contribution of a quantity 

Greek Symbols 

Tensors (1st and 2nd order) 

��� m⋅s-1 
Mean velocity of the gas through the porous (fi-
brous) medium during sliding flow ! Pa Applied stress tensor (on porous/fibrous medium) 
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Symbol Unit Description !" Pa Effective stress tensor of the fiber bed #$ Pa 
Viscous stress tensor of a fluid’s motion through a 
porous/fibrous medium 

Scalars   % - Degree of cure %&' - Critical degree of cure at t=0 %&( K-1 Critical degree of cure at temperature T %) - Degree of cure at gel-point * N⋅m-1 Surface tension of mercury  *+ - Shear strain of the resin during an oscillatory test 

*+,�  s-1 
Maximum shear strain rate measured at dis-
tance	� =  from the shaft of the rheometer during 
a parallel plate test . rad 
Phase difference between the stress and strain re-
sponse during a parallel plate oscillatory test /01 J⋅g-1 
Heat or enthalpy of reaction released from 1g of 
resin at time t during cross-linking /02 J⋅g-1 Total heat or enthalpy of reaction released from 1g 
of resin until complete curing of a thermoset resin ∆4�$) °C 
Temperature difference between the average and 
local tool temperatures /56 °C 
Difference between the sample and reference tem-
perature in DSC /5'6 °C 
Difference between the sample and furnace tem-
perature in DSC /7" Pa 
Pressure difference developed in the resin impreg-
nated fibrous domain of the prepreg or tow 8 ° 
Contact angle between mercury and the material 
characterized via mercury porosimetry 9 m Mean free path (8⋅10-8m for air at 25°C and 1atm) 9�	 - 
Coefficient in the analytical solution of the 1D gas 
pressure developed in a porous medium :� Pa⋅s Fluid viscosity :' Pa⋅s 
Initial air viscosity at absolute temperature (Suth-
erland’s equation) ;< kg⋅m-3 
Bulk prepreg density measured using mercury po-
rosimetry 〈;=6〉� J⋅m-³⋅K-1 Effective volumetric heat capacity of the porous 
medium (fibrous) filled with a fluid 
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Symbol Unit Description ;" kg⋅m-3 Fiber density ;� kg⋅m-3 Fluid density >+ Pa 
Shear stress applied on the resin (during sinusoidal 
oscillatory testsing in the rheometer ) >+' Pa 
Shear stress amplitude of the resin (during sinusoi-
dal oscillatory testsing in the rheometer ) ? - Dimensionless elapsed cure time (Kiuna et al.) ?� - Dimensionless time for air flow out of a prepreg @ - or % Porosity @� - or % Porosity (global -ply/local-tow) @� - or % Local volume fraction of fluids (air/resin) 〈A$〉	 J⋅m-3 Viscous dissipation per unit volume B rad⋅s-1 Angular frequency (rheometer) C mrad Scanning angle (rheometer) 

Latin Symbols 

Tensors (1st and 2nd order) D m⋅s-2 Gravitational acceleration E - Unit tensor F" W⋅m-1⋅K-1 Thermal conductivity tensor of the fibers 〈F〉� W⋅m-1⋅K-1 
Effective thermal conductivity of the porous me-
dium impregnated with a fluid G m2 Intrinsic or viscous flow permeability tensor  G� m2 Permeability tensor of the prepreg or tow to fluid G�,HI m2 Equivalent permeability of a sandwich panel  J�" m⋅s-1 Fluid velocity vector at the flow-front K� m⋅s-1 Local fluid velocity vector K�L = 	 〈K�〉	 m⋅s-1 
Volume averaged fluid velocity or Darcy’s          
velocity vector in the porous (fibrous) medium  

Scalars   

a - 
Dimensionless viscosity as a function of time 
(Kiuna’s model) �< - Biot’s effective stress coefficient �" - 
Correction factor in the definition of a sandwich 
panel permeability 
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Symbol Unit Description �N6 g⋅m-2 Prepreg areal weight �N" g⋅m-2 Textile areal weight �N, g⋅m-2 Resin areal weight O, P, = - Rate constants in the resin viscosity evolution O& m2 Cross-sectional area O� m2 Cross-sectional area of prepreg ply or tow  O� m2 Cross-sectional area impregnated with a fluid Q O� m2 
Area of the cavity used for air permeability deter-
mination of the MTM 44-1 prepreg O�,R	, O�,� Pa⋅s Pre-exponential coefficients in S'(4) and S�(4)  O�,�	, OV,� s-1 Pre-exponential coefficient in W(4)and W�(4) O�,X - 
Coefficient correlating the dimensionless viscosity 
with the dimensionless time (Kiuna et al.) O�,Y K-1 Coefficient of the viscosity factor	Z" (Keller et al.) O" - Air resistance to filling [ - Klinkenberg factor \ - 
Coefficient defined in Gebart’s permeability equa-
tions, a weak function of the fiber volume fraction =] - 
Coefficient characteristic of the fiber arrangement 
type in Gebart’s permeability  =� - Coefficients in the Williams-Landel-Ferry model \V - 
Coefficient accounting for chemical reaction ef-
fects on the viscosity =6"  J⋅kg-1⋅K-1 Specific heat capacity of fiber at constant pressure =6�  J⋅kg-1⋅K-1 Specific heat capacity of fluid at constant pressure =62H$ J⋅g-1⋅°C-1 
Reversing specific heat capacity measured via 
MDSC =6, J⋅g-1⋅°C-1 
Specific heat capacity of reference pan measured 
via DSC/MDSC =6+ J⋅g-1⋅°C-1 
Specific heat of the pan containing a sample meas-
ured via DSC/MDSC =+ - Sutherland’s coefficient �%��  s-1 Cure reaction rate �01��  mW 
Differential heat flow rate measured at time t     
during cross-linking of a thermoset resin �0�+^��  mW Isothermal heat flow rate measured via DSC 
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Symbol Unit Description �0,H+��  mW 
Residual heat flow rate measured with a dynamic 
MDSC sweep on a sample previously tested with 
isothermal DSC �02H$��  mW Reversible heat flow rate measured with MDSC �0_^�_2H$��  mW 
Non-reversible heat flow rate measured with 
MDSC �S��  Pa Non isothermal resin viscosity rate (complex) 

��' s 
Solver initialization time used in the delayed air 
evacuation model �4�a���  °C⋅min-1 Heating ramp rate for first sweep in MDSC 

��"�bb s 
Difference between the impregnation time of an 
OoA tow predicted by the instantaneous and the 
delayed air evacuation model �4�+^��  °C⋅min-1 
Heating rate up to the dwell temperature in iso-
thermal DSC  �4,H+��  °C⋅min-1 
Heating ramp rate of the second temperature 
sweep in MDSC  �4+6��  °C⋅min-1 Heating ramp rate of a sample in DSC/MDSC �c��  mW 
Heat flow rate introduced to or emitted by the 
sample in DSC/MDSC d - 
Coefficient accounting for the rate of a resin’s re-
action shift from kinetic to diffusion controlled eV, e�,� J⋅mol-1 Kinetic analogue of the activation energy e�, e�,R																						 J⋅mol-1 Resin activation energy e�,X	 - 
Coefficient correlating the dimensionless viscosity 
with dimensionless time (Keller et al.) e�,Y	 - Coefficient of the viscosity factor	Z" (Keller et al.) f Hz Frequency g_ N Normal force  h* Pa Complex shear modulus h′ Pa Storage modulus h′′ Pa Loss modulus hR s 
Pre-exponential coefficient used in the determina-
tion of the resin’s gel-time h� °C-1 
Coefficient used in the determination of the resin’s 
gel-time at various temperatures 
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Symbol Unit Description ℎH m Minor axis of tow fitted with an ellipse ℎ&2ℎ+ - Ratio of the core dimensions of a sandwich panel 
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Distance between the two parallel plates of the 
rheometer 0� m Thickness of the prepreg ply or tow 0�+^ J⋅g-1 
Heat of reaction of 1g of resin, measured via iso-
thermal DSC 0��� mm 
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pressure (compromised vacuum connection) 0, m Resin film thickness 

0,H+ J⋅g-1 
Residual heat of reaction in 1g of resin measured 
with a dynamic MDSC measurement sweep on a 
sample previously tested via isothermal DSC 01,� m Local thickness of the tow saturated with a fluid l� - Degree of impregnation of the prepreg with fluid W(4), W�(4) s-1 
Kinetic parameter expressing cure-rate advance-
ment Wm s-1 
Direct kinetic analogue of the viscosity	(Sm)	for a 
fully cured resin undergoing a single reaction W",��	,W",�� W⋅m-1⋅K-1 
Thermal conductivity of the fibers in-plane and 
through thickness W� W⋅m-1⋅K-1 Thermal conductivity of the fluid 

n�,�� , n�,�� m2 
In-plane (n�,��) and through-thickness permeabil-
ity (n�,��)	of a prepreg or tow n� m 
Knudsen flow parameter related to pore geometry 
(sliding flow) n� - Knudsen number n,Hb(Z�) - 
Relative permeability - scalar varying from zero to 
one with the saturation of the porous domain  o m Characteristic length of pores in a fibrous medium oH m Major axis of tow ellipse p m Part length q�'	, q� g Mass of air at t=0 and at every t q< g Prepreg mass measured with mercury porosimetry q&' g Mass of penetrometer (mercury porosimetry) qr) g Mass of mercury (mercury porosimetry) q1^1 g Mass of penetrometer (mercury and prepreg) 
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Symbol Unit Description � N⋅m Torque of the rheometer’s shaft �� g⋅mol-1 Molar mass (for dry air ~28.96) S, S∗ Pa⋅s Resin viscosity (complex) Ss Pa⋅s Viscous component of the complex resin viscosity Sss Pa⋅s 
Elastic or out-of-phase component of the complex 
viscosity S)�+ mol Amount of substance in the gas S���,S��� Pa⋅s Maximum/minimum viscosity of the resin S' Pa⋅s Initial resin viscosity (at t=0) S�(4) Pa⋅s Viscosity evolution as a function of temperature Sm Pa⋅s Viscosity of a fully cured resin system 	S)Hb Pa⋅s Resin viscosity at the gel-point, 	�)Hb S+ Pa⋅s Resin viscosity at temperature	4+ 	S��� Pa⋅s Minimum resin viscosity �1 − �6 - In-plane air permeability coefficients  7	i,	7Z	i mm x mm Sensor coordinates denoting position inside part 7� = 〈7〉� = 7)�+	 Pa Air/gas pressure in the porous/fibrous medium 7�1� Pa Atmospheric pressure 7&  Pa Capillary pressure 7)�+_��� Pa 
Minimum gas pressure developed within the time-
scale of resin flow (delayed air evacuation model) 7���  Pa Maximum applied pressure (mercury porosimetry) 7, = 〈7〉, = 7" Pa Resin/fluid pressure in the porous/fibrous medium 7+ Pa ‘Pseudo’ or ‘slip’ pressure 7$�&  7$�&_���, 7$�&_���  

Pa Vacuum pressure (maximum and minimum) 	c m3⋅s-1 Rate of volumetric discharge (Darcy) 〈c〉� J⋅m-3 Energy dissipation of the fluid per unit volume �� µm Curvature of mercury’s interface to the pore �6^,H µm Pore radius measured via mercury porosimetry  J⋅K-1⋅mol-1 Universal gas constant (dry air ~8.3144) (�) MΩ Electrical resistance of the prepreg 〈〉�  J⋅m-3 Energy generation per unit volume due to curing � - Reynolds number " µm Fiber radius ���, ��� MΩ Minimum/maximum electrical prepreg resistance 



 

xxii 

Symbol Unit Description �^,� MΩ Normalized electrical resistance of the prepreg  6 mm Radius of plate used in parallel plate rheometry , °C⋅W-1 
Thermal resistance between the heat source and 
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Thermal resistance between the heat source and 
sample pan during a DSC/MDSC measurements +6 J⋅kg−1⋅K−1 Specific gas constant (for dry air ~287.06) x g⋅m-3s-1 
Sink term (Volume averaged rate of mass per unit 
area of the porous medium) Z" - Viscosity shifting factor (Keller et al.) Z� - 
Degree of saturation of a fibrous medium with a 
fluid Q � s or min Time (units as reported in the text/graphs) �& s Characteristic time for air flow �"�bb s Impregnation time of tow with resin �"�bbyz.y% s Impregnation time of 96.9% of tow area with resin �)Hb s Time at gel-point of the resin ���� s Time at minimum viscosity of the resin �6 s Modulation period of an MDSC  	�}~	� s Prepreg/ply locking time �+ s Sampling time ��S . - Loss factor 5�	 °C Temperature of the fluid saturated porous medium 5	, 4(�) 41^6(�), 41^^b(�) 

°C or K 
Temperature and temperature boundary conditions 
(units as reported in the text/graphs) 

5'	 K 
Absolute temperature in Sutherland’s equation 
(273.15K) 4'6 °C DSC furnace temperature  4� °C Temperature amplitude in a modulated DSC 4�a� °C Temperature range used for the first MDSC sweep 4), 4)m °C Glass transition temperature of cured material 	4)' °C Glass transition temperature of uncured material 4�+^ °C Dwell temperature in isothermal DSC  4,H+ °C Temperature range of the second sweep	in MDSC 4,6 °C Reference pan temperature in DSC 4+ °C Reference temperature 
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Symbol Unit Description 4+6 °C Sample pan temperature in DSC TC	i mm x mm Thermocouple positions in the laminate 4=�$)_� °C 
Difference between the average experimental and 
the average simulated temperature ��L,��, ��L,�� m⋅s-1 In-plane and out-of-plane Darcy velocity ��",��,	��",��	 m⋅s-1 In-plane and out-of-plane flow-front velocity of 
the fluid in the porous (fibrous) medium v�,6 m3 Air volume in the prepreg (mercury porosimetry) v� m3 Bulk prepreg volume (mercury porosimetry) v",� m3 Fiber volume (mercury porosimetry) v� m3 
Cumulative intrusion volume (mercury porosime-
try) v�,� m3 Fluid volume (mercury porosimetry) v� m3 Skeletal volume (mercury porosimetry) �" - or % Fiber volume fraction �",� - or % Fiber volume fraction of prepreg or tow �",� - or % 
Local fiber volume fraction (in sub-domain satu-
rated with a single fluid)  �)�+ m3 Volume of gas �� m3 
Volume of air trapped in the cavity prior to air per-
meability determination of the MTM 44-1 prepreg �"��� - or % Maximum fiber volume fraction (Gebart) �,,6 - or % Global resin volume fraction 

�1 m3 
Tank volume – referring to the tank used for air 
permeability measurements of a sandwich panel �, - or % Weight fraction of the resin �' - 
Coefficient correlating the dimensionless viscosity 
with the dimensionless time (Kiuna et al.) �" m Resin front position through tow/prepreg thickness 

���� m 
Position where 96.9% of the tow thickness im-
pregnated with resin (compromised vacuum con-
nection) 
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Abbreviations 

Abbreviation Description 

AC Alternating Current 

BC Boundary Conditions 

CCD 
Charge Coupled Device  
(in the context of this work refers to CCD microscopy) 

CFRP Carbon Fiber Reinforced Polymer 

CI Confidence Interval 

c-RIO 
Compact Rio 

Data logging platform from National Instruments 

CT, µCT Computed Tomography, micro Computed Tomography 

DC Direct current 

DCB Double Cantilever Beam (ref. to mechanical testing procedure) 

DEA Dielectric Analysis 

DGEBA Diglycidyl Ether of Bisphenol A 

DoD Department of Defense 

DPM Dropping Pressure Method to measure air permeability 

DSC Dynamic Scanning Calorimetry 

DVRT/DVDT Differential Variable Reluctance Transducer 

EVAC’s Evacuation Channels inside an Out-of-Autoclave prepreg 

FEA Finite Element Approach  

FT Fourier Transform 

GMT Glass Mat Thermoplastic material 

IC Initial Condition 

IDoI Initial Degree of Impregnation 

ILSS Interfacial Shear Strength (ref. to mechanical testing procedure) 

LB Lower Bound 

LCM Liquid Composite Molding 

MDSC Modulated Dynamic Scanning Calorimetry 

NCF Non Crimp Fabric 

NMR Nuclear Magnetic Resonance 

OoA Out-of-Autoclave Processing 

OHC Open Hole Compression (ref. to test procedure) 

PW Plain Weave (ref. to textile architecture) 

RPM Raising Pressure Method to measure air permeability 

RT Room Temperature 
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RVE Reference Volume Element 

SEM Scanning Electron Microscope 

SSE Sum of Squares due to Errors 

TBA Torsional Braid Analysis 

TGMDA/TGGDM Tetraglycidyl 4,4’ Diaminodiphenylsulphone 

TMA Thermal Mechanical Analysis 

UB Upper Bound 

UD Unidirectional Fabric 

VARI Vacuum Assisted Resin Infusion 

VBO Vacuum Bag Only Processing 

V-RTM Vacuum Assisted Resin Transfer Molding 

WLF Williams-Landel-Ferry 

5HS Five harness satin (ref. to textile architecture) 
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1 Introduction 

The first Chapter of this thesis introduces the Out-of-Autoclave manufacturing method-

ology, commonly referred to as OoA, comparing it against the traditional Autoclave 

manufacturing of composite parts, utilizing prepregs (Sections 1.1 and 1.2). An over-

view of products currently manufactured outside the Autoclave, as well as the most com-

mon commercial prepregs specifically designed for Out-of-Autoclave processing and 

their key characteristics are summarized in Sections 1.3 and 1.4. Main concerns around 

replacing Autoclave with OoA manufacturing arise from the reduced pressure available 

in the later during the cure cycle. This may lead to an increased amount of voids and 

often to unacceptable material properties of the produced part. An overview of the void 

formation problematic with focus on OoA processing is given in Section 1.5, while a 

brief summary of the performance of composite parts manufactured OoA for a range of 

applications is given in Section 1.6. The Chapter closes with a presentation of the moti-

vation and objectives of the work (Section 1.7), while an outline lays-out the structure 

and main content of each Chapter (Section 1.8). 

1.1 Composites Manufacturing using Prepregs 

The most established method to produce composite parts for the aerospace sector is via 

the use of high performance fibers, made into fabric sheets after pre-impregnating them 

with a resin system. These pre-impregnated sheets are known as prepregs.  

Prepregs have been widely introduced in the production of Aerospace parts for military 

or civil aircrafts. Primary aim of the replacement of metallic parts of aircrafts with com-

posites was the reduction of weight and therefore fuel consumption, while maintaining 

equivalent mechanical performance and prolonging the aircraft’s service time.  

The major steps followed during prepreg processing are depicted in Fig.  1-1.  

 

Fig.  1-1:  Process steps involved in manufacturing of composite parts with prepregs 
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Since the resin is deposited on the prepreg during the material manufacturing stage, the 

prepreg has a limited shelve life and should be stored cold to limit the resin ageing before 

being used to manufacture a part. Prepreg rolls shall be removed from the freezer a few 

hours before processing, in order to allow the resin to reach viscosity and tackiness re-

quired for handling (Step 1) [1–3]. While the tool surface is cleaned and prepared for 

lay-up (Step 2), prepreg is cut into layers according to mold shape and part design. These 

layers are finally placed or formed to the required shape (either in a manual or automated 

fashion, Step 3). At this stage air can become entrapped between the prepreg plies of the 

laminate, which can eventually transition into residual intra-ply porosity. In order to 

reduce this effect, short vacuum cycles can be introduced at this stage (debulking cy-

cles), after a certain amount of plies has been placed on the tool (Step 4). Finally, the 

part is packaged using auxiliary consumables (release film, breather, bleeder etc.) inside 

a flexible membrane or a vacuum bag [4] and undertakes the curing cycle; a predefined 

temperature and pressure schedule after which the part obtains its final shape and struc-

tural capacity (Step 5). Once the cure cycle is completed, it may be painted, cut to shape 

or prepared for joining, or undergo other secondary operations (Step 6) [1, 5].  

The benefits of using prepreg materials for the production of composite parts are three-

fold: the good control over the dimensional tolerance of the resulting part and the pro-

duction of parts with high strength and consistent material properties. Nevertheless, a 

few challenges are associated with their processing. According to Hubert et al. [6], the 

tool design and the design of the bagging and curing procedure shall enable the produc-

tion of ‘a fully cured, void free and undistorted part in the shortest time and the most 

economical fashion’ [6]. Residual stresses can built-up during the cure cycle and lead to 

deformations or warpage, due to a mismatch between the heat transfer coefficients of 

the tooling and the part [6]. Non-optimized cure cycle temperature can lead to the pro-

duction of parts with reduced performance and temperature capability (Tg). Manufactur-

ing heavily contoured parts is a challenge for the drapability of a prepreg. Its incorrect 

placement may lead to wrinkle formation on the finished part [3], with negative conse-

quences on its mechanical performance [7, 8].  

1.2 Autoclave versus Out-of-Autoclave 

The traditional route for processing thermoset prepregs is via the application of external 

pressure in a large heated pressure vessel, the Autoclave. As the composites application 

space expands towards the high volume and economically sensitive industrial markets 

(automotive, wind energy, consumer goods) while the parts become increasingly larger, 

the availability of autoclave facilities has become scarce [4, 9]. This has led to the de-

velopment of flexible, scalable and cost effective manufacturing processes in the last 

decade. Replacing the Autoclave is economically interesting, primarily for manufactur-

ing larger structures where an appropriately sized Autoclave would not be available or 

would be costly to access [10–12]. 
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An example of an alternative to the Autoclave processing is the Out-of-Autoclave (OoA) 

or otherwise known as Vacuum Bag Only (VBO) manufacturing, which is the focus of 

this work. OoA or VBO processing aims to offer production flexibility and reduce pro-

cessing costs of thermoset prepregs [9–11, 13]. OoA curing typically takes place in an 

oven, with the part placed on a single sided tool, closed under vacuum, with the use of 

a flexible membrane or vacuum bag. Other forms of Out-of-Autoclave manufacturing 

are consolidation on heated tools (i.e. Quickstep process), microwave heating and press 

forming, primarily used for processing thermoplastic prepregs.  

The main difference in processing prepregs inside the autoclave lies in the ability to 

apply high external pressure to the laminate during cure, up to 7·105 Pa (7bar). While 

both in the Autoclave and in the oven it is possible to heat-up the part and apply vacuum, 

Out-of-Autoclave processing is performed solely under vacuum pressure (105 Pa or 

1bar). Heating takes place in both cases via convection, though the inert gas atmosphere 

of the autoclave (nitrogen - N2), is generally more efficient in the application and mainte-

nance of the temperature, while it can better suppress heat generated by exothermic re-

actions [14]. A schematic of the operation principal of both methods is given in Fig.  1-2. 

 

Fig.  1-2: Manufacturing set-ups and typical cure cycles utilized when processing prepregs in 

and Out-of-Autoclave 

The curing schedule of the Autoclave is designed to maintain gas and volatiles into so-

lution through balancing the hydrostatic and void pressure [2, 15, 16]. Though vacuum 

assists in volatile removal from the resin at the early stages of the cycle [2], bubbles or 

voids formed during the process can only collapse by applying a high pressure gradient 

before resin gelation takes place [2, 15, 16]. Due to the limited pressure available during 

Out-of-Autoclave cure, a good laminate quality cannot be achieved via balancing the 

hydrostatic with void pressure and maintaining gas and volatiles into solution [2, 15]. In 
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order to circumvent this limitation, the reinforcement used as a basis for the prepreg is 

intentionally left partially impregnated, to assist with vacuum distribution through the 

dry fibers inside the laminate [9, 17, 18]. While the laminate processed OoA is heated, 

the resin transitions from a solid to a liquid state completing the prepreg impregnation. 

At this stage both air and resin flow takes place through the same fibrous domain. Hence 

the impregnation quality is a result of the balance between the rate of air transport out 

of the part, its expansion during heating and the evolution of resin viscosity before cure 

[9, 12]. 

However, since the final impregnation of the prepregs takes place during the cure cycle 

[9], transient, non-homogeneous vacuum pressure and temperature conditions are pre-

sent. This creates a greater risk for residual porosity in the part compared to Autoclave 

processing [9, 12, 18]. Local pressure and temperature inhomogeneity primarily encoun-

tered in large parts, can lead to formation of local air pockets inside the impregnating 

tows, essentially by cutting them off from the vacuum supply [12, 19].  

Choosing the appropriate processing avenue for manufacturing a specific part, requires 

striking a good balance between the ultimate part quality and part features required and 

techno-economic factors, such as cost, productivity and equipment availability. Several 

researchers have proposed cost-models to assist in the decision making process of the 

most suitable production process selection [20, 21]. Centea et al. [22] applied the model 

proposed by Gutowski et al. [21] to develop a generic cost model for OoA manufactur-

ing, demonstrating the dominating influence of the raw material cost when manufactur-

ing using prepregs [22]. The main advantages and disadvantages as a basis for decision 

making between Autoclave and OoA manufacturing are synthesized in Tab. 1-1. 

Tab. 1-1: Advantages and disadvantages of processing prepregs in and outside the Autoclave 

[2, 4, 14, 18, 23] 

 
Autoclave Processing OoA/VBO Processing 

A
d

v
a

n
ta

g
es

 

High Performance  Reduced tooling cost 
Stable & Repeatable  Reduced part warpage/tool re-work 

Good geometric tolerances Higher process adaptability/flexibility           

Significant data-pool of Aerospace 
qualified materials 

Closer to net-shape manufacturing  
compared to LCM 

 
Increased process flexibility  

compared to Autoclave 

D
is

a
d

v
a

n
ta

g
es

 Energy Intensive Reduced geometrical stability 
High tooling costs  Long tool occupation for reduced porosity 

High Capital Investment Lower heat transfer/Slower cycles 
Large footprint Part/Material specific process development 

Medium/Low production Volumes Lower automation potential 

 Limited Aerospace qualified materials   
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1.3 Key Out-of-Autoclave Applications 

Out-of-Autoclave manufacturing has its roots in applications where a high structural 

performance would not be essential, such as: tooling, model airplanes, boat-hull manu-

facturing or manufacturing small ‘niche’ parts for industrial applications, the interest in 

expanding towards high performance applications is growing. It is nevertheless evident 

that the Out-of-Autoclave processing of prepregs is an attractive option due to its re-

duced investment cost and flexibility even in high-end space and aerospace applications. 

According to Gardiner [11], US Department of Defense advisories (DoD) indicated that 

future military aircraft programs will be produced in small volumes with very small 

budgets [11]. The US Air Force has identified OoA prepregs as vital to achieving the 

fast and affordable manufacturing that the DoD will require [11], while future NASA 

programs are expected to be cost-constrained to an even greater degree [11]. Publically 

funded programs, mainly led by the USA and UK governments, focused on research and 

development efforts addressing primarily the high performance, automation and produc-

tivity/accelerated insertion aspects in order to mature the VBO/OoA technologies [11, 

18, 24]. Key Aerospace manufacturers have also included Out-of-Autoclave technolo-

gies in their growth strategies for high volume commercial aircraft production [25]. Air-

bus has qualified the first OoA prepreg for use in secondary aircraft applications (Solvay 

MTM 44-1), while GE is already producing secondary wing structures for the Airbus 

A350 XWB aircraft, manufactured outside the Autoclave. Some of the most commonly 

known, high performance applications for Out-of-Autoclave materials are summarized 

in Appendix a, Tab. A- 1. As the experience with OoA materials leads to performance 

improvements, an increased process reliability and the development of a robust material 

database will assist the qualification process, expansion of the OoA processing is meant 

to continue [10]. The manufacturing interchangeability between Autoclave and oven 

would maximize resource utilization, promote significant cost savings and minimize 

material and process qualification effort. Ultimate goal for the production of parts Out-

of-Autoclave is to achieve increased productivity at a reduced cost, with a performance 

competing that of the Autoclave. 

1.4 Out-of-Autoclave Prepregs – A Review 

Due to the lack of external pressure available outside the Autoclave, Out-of-Autoclave 

material suppliers have concentrated their efforts in developing material systems which 

enable manufacturing of good quality parts using alternative strategies. The presence of 

dry fiber tows attracts most attention as the key feature differentiating Out-of-Autoclave 

from conventional prepregs [9, 18]. The initial degree of impregnation (IDoI) of the 

prepreg and its impregnation pattern can vary depending on the fiber bed substrate and 

the manufacturing method used for their production [9].  
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Several researchers captured this characteristic in a range of commercially available 

OoA systems [17–19, 26–29]. Centea et al. [17] characterized an MTM45-1 prepreg 

produced by Solvay (Advanced Composites Group at the time), based on a 5-harness 

satin weave carbon fabric. The prepreg is partially impregnated by a resin film applied 

on both sides of the textile [17]. Kourkoutsaki et al. [19] characterized the MTM 44-1 

prepreg, based on a 2x2 twill weave (Solvay) and observed single sided impregnation 

achieved through a film deposition process [19]. Kratz et al. [26] quantified the initial 

degree of impregnation of three types of textile architectures based on carbon fibers of 

the Cycom 5320 prepreg (Solvay), all impregnated with resin between 23 - 47% [26]. 

Both Helmus et al. [28] and Kratz et al. [26] observed a double sided impregnation pat-

tern on the unidirectional Cycom 5320 prepreg (Solvay), while the unidirectional rein-

forcement had the highest degree of impregnation of all Cycom 5320 prepregs  measured 

[26]. Cender et al. [27] monitored the evolution of the impregnation state of two OoA 

prepregs during processing, manufactured by Gurit based on twill weave carbon fabrics 

with resin layer deposited on one side of the fabric (ST94-RC200T and ST94-RC303T) 

[27]. The resin film is deposited on top of the fiber bed without significantly impregnat-

ing the tow in both aforementioned prepregs [27]. Tavares et al. [29] characterized the 

air permeability of semi-pregs made of alternating dry and impregnated areas along the 

surface of a two layered Non-Crimp Fabric (NCF) [29]. In this case the resin is deposited 

on one side of the fabric with a pattern which leaves an amount gaps or dry fibers [29].  

The presence of dry fibers in each ply, attained via a partial surface impregnation, assists 

in the distribution of the vacuum everywhere inside the laminate [30]. A partially im-

pregnated prepreg ensures a homogeneous vacuum distribution inside the part [19, 30]. 

At the same time, the dry fibers form a network allowing the transport of entrapped 

gasses, moisture and volatiles outside the laminate [18]. As the type of reinforcement 

makes a difference in the extraction process, different degree and type of impregnation 

is chosen for different textile architectures [9]. For example tight weave materials with 

small tow size need to have impregnation levels close to zero for the materials to achieve 

acceptable OoA processability as noted by Ridgard et al. [9].  

 
(a) (b) 

Fig.  1-3: Cross-sections of two Out-of-Autoclave prepregs and their impregnation schemes  

(a) Prepreg based on a unidirectional reinforcement and (b) prepreg based on a textile. 

Since the Out-of-Autoclave prepregs are highly permeable to air at the initial processing 

conditions, characterizing the prepreg permeability to air at the initial state and during 

processing has attracted significant attention in the literature [12, 19, 31–39]. A sketch 



Introduction 7 

 

of two typical Out-of-Autoclave prepregs and their impregnation pattern is given in Fig.  

1-3. Since void collapse is no longer possible, the preemptive removal of volatiles and 

entrapped gasses from the laminate and the use of resin systems with reduced solvent 

content [40] are measures for reducing the risk of void growth at higher temperatures. 

In order to enable an efficient air transport and gas extraction, it is critical to design an 

efficient laminate breathing strategy around the part with breathable dams (using fabric 

tows or thick breather material), avoiding unnecessary bleeding [9, 41]. Particular care 

shall be taken to enable air flow out of areas with ply drop-offs, tight curvature [42, 43] 

or thick monolithic sections, by applying pressure intensification schemes and modify-

ing the contact of consumables on the laminate [42, 43]. Leaks shall be avoided through-

out the cure cycle. The allowable pressure drop and maximum pressure requirements are 

specified by the material supplier, along with material bagging and cure cycle details 

[41]. 

It is evident that maintaining the air evacuation channels open for as long as possible is 

beneficial for both the transport of unwanted species out of the laminate [9], as well as 

for the homogeneity of the prepreg impregnation. To achieve this, a balance has to be 

struck between the initial degree of impregnation and impregnation pattern of the pre-

preg, the laminate ‘breathing’ or venting strategy used and the selection of resin charac-

teristics at room temperature, during the debulking temperature as well as during pro-

cessing. A high resin viscosity at low temperatures for as long as necessary inhibits cold 

flow [9] and enables mobilization of entrapped gases and extraction of unwanted species 

out of the laminate. At the same time the rate of decrease of the viscosity with increasing 

temperature and the rate of crosslinking which is causing the viscosity to rise should 

enable full impregnation of the tows before gelation takes place [44]. The load carrying 

capability of the resin shall be maximized via an optimized prepreg consolidation pro-

cess and controlled laminate bleeding [2, 13, 18]. The resin viscosity at room tempera-

ture also affects the tackiness of the prepreg. Very tacky prepregs tend to be more prone 

to air entrapment between plies [2, 18, 40] while not tacky enough seem to have a similar 

effect [45, 46]. In any case, the tackiness of the prepreg shall be maintained at the initial 

levels for at least a month at room temperature (under controlled conditions) in order to 

enable reliable processing, preventing significant variability and reduction in mechani-

cal properties [46, 47]. Surface roughness may have an effect on the inter-ply porosity 

formation during processing of prepregs [2], though no systematic study has quantified 

this effect nor addressed the void formation physics to the knowledge of the author. A 

detailed list of the available commercial Out-of-Autoclave prepregs are summarized in 

Appendix a, Tab. A-2, while a summary of their key properties is given in Tab. 1-2. 

According to Ridgard et al. [9], for each combination of resin and reinforcement, the 

required prepreg structure including impregnation level is defined in a process control 

document (PCD), which specifies how the prepreg material itself needs to be made [9]. 

As stretched by both Hexcel and Solvay, for each prepreg combination and format, there 

are corresponding OoA cure cycles, which produce acceptable results [9, 13]. While all 
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fiber architectures could in theory be used to produce an OoA prepreg, their selection 

should be carefully considered in light of the part and process constraints [9, 18].  

The incorporation of honeycomb cores in parts produced OoA parts poses further chal-

lenges, due to the air circulation between the face-sheets and the honeycomb itself. This 

interaction mainly depends on: textile type, resin impregnation pattern, laminate lay-up 

and honeycomb material as well the cell structure of the honeycomb itself [34, 48–50]. 

Another critical aspect of manufacturing Out-of-Autoclave using honeycomb is the gen-

eration of volatiles at high temperatures, caused by vaporization of moisture or solvents 

included either in the organic cores or at the adhesive films used at the bonding line [51, 

52]. Drying the cores and the adhesive before processing and generally avoiding mois-

ture ingress and ensuring appropriate adhesive film selection are measures, which reduce 

the influence of such defects on the bonding and part quality.  

The first generation of OoA prepregs seemed to have significant shortcomings compared 

to Autoclave prepregs [9], mainly related to out-life [46] and tackiness [45] and their 

negative impact on the residual porosity and material performance reliability [9, 13, 45–

47]. The need to make processing and performance of OoA prepregs comparably stable 

to that of an Autoclave prepreg, led to the development of the second and third genera-

tion materials. Continuous improvements of the OoA prepregs focused on the reduction 

of the entrapped porosity and parallel improvement of handlability and reliable mechan-

ical performance [45, 46]. Airbus and Boeing Companies paved the way towards the 

qualification of such material systems for use in Aerospace applications. The forecast of 

Boeing for the evolution of OoA prepregs in terms of performance and basic processing 

features is presented in Fig.  1-4. 

 
Fig.  1-4:  Boeing quality targets for the third generation of Vacuum-Bag-Only Prepregs com-

pared against Autoclave performance [25] 
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Tab. 1-2:  Key Features of Out-of-Autoclave Prepregs 

Characteristics Features Comments 

Reinforcement    

UD 
Woven fabrics 

Multiaxial fabrics (NCFs) 

Available in a range of areal 
weights, tow count & fiber types 

Epoxy type 

Hot-melt systems Preferred due to their latency  

Addition reaction Reduced volatile content 

Low reactivity  Reduced outgassing 

Resin viscosity 

High at RT, low during processing 
Allows gas distribution, volatile ex-

traction, prevents cold flow 

Gel point reached at low tempera-
tures compared to Autoclave 

Prohibits void growth due to  
increasing volatile pressure  
with increasing temperature 

Degree of          

impregnation 

Partial impregnation 
Dry fibrous network Enables gas transport outside the 

part and homogeneous vacuum dis-
tribution inside the laminate Impregnation      

pattern 

Single / Double sided 
Partial surface impregnation  

Tack 

Medium tackiness preferred 
High or Low tack  

can entrap porosity 

Shall be stable at RT For reliable processing 

1.5 Voids in Out-of-Autoclave Manufacturing 

One of the most commonly encountered defects in composites processing are voids or 

porosity. In order to maximize the structural performance of composite parts, the pres-

ence of voids in the finished part has to be reduced to an absolute minimum. Though 

zero residual porosity is essentially required, the target is typically set to a maximum 

allowable 2% porosity inside parts used in the Aerospace field. 

Voids can be classified in three major categories based on the mechanisms driving their 

formation [15, 16, 18, 53, 54]: 

• Flow induced voids, caused by incomplete wetting of tows and interstitial spaces. 

• Voids created due to reaction or dissolution of various chemical species (mois-

ture, solvents, volatiles or gases) at increased temperatures, under vacuum. 

• Voids formed or enlarged due to diffusion, transport and agglomeration of air 

bubbles. 
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Fahrhang et al. [53] has classified voids based on their origin, referring to them as 

‘sources’, when these are included in the laminate since the beginning of the process and 

‘sinks’, when they are generated during the process. The voids formed or entrapped in-

side a prepreg ply are referred to as intra-ply voids or intra-laminar porosity, while the 

voids located at the interface between two plies are referred to as inter-ply or inter-lam-

inar porosity [54]. This classification has been extended further to describe porosity in 

complex textile architectures. In this case porosity located in the interstices between fi-

ber tows is referred to as inter-tow porosity, while porosity located inside the fiber tows 

is referred to as intra-tow porosity or fiber-tow porosity. When the pores are entrapped 

inside the resin, they can also be referred to as resin voids. The main types of porosity 

encountered in an OoA prepreg are presented in Fig.  1-5, using µCT images of a par-

tially impregnated woven textile. The location, size and morphology of voids is influ-

enced by the mechanisms driving their formation and can therefore be used to deduct 

information about the origin or formation mechanism which led to their formation. 

Several researchers have studied factors affecting porosity formation in OoA prepregs. 

As synthesized by the author, [19] main drivers of porosity formation are considered to 

be: the length of the part or its distance from the vacuum source [35, 55, 56], the vacuum 

level during processing [18, 43], material characteristics such as the percentage and pat-

tern of initial tow impregnation [17, 18, 31, 39], the textile architecture and its air per-

meability, in combination with resin characteristics such as latency/cure kinetics (rheo-

kinetics) and prepreg tack [18, 53, 57, 58]. Other factors, such as high moisture uptake 

[18, 54], prepreg out time [18, 59] and local defects (fuzz balls, broken tows or particle 

clusters [15, 46] ) can also influence the final porosity content of a part produced OoA. 

Apart from OoA specific porosity sources, air can be entrapped between the prepreg 

layers during the lay-up process, or even be included in the raw materials (i.e. resin). 

 
 

Fig.  1-5: Porosity development in an Out-of-Autoclave prepreg stack (MTM 44-1, 2x2 TW) 

The light grey color represents the resin, the darker the fibers while the black the voids. 

Assuming that voids are entrapped inside the laminate prior to processing initiation. In-

side the vacuum bag the pressure of voids increases with increasing temperature, reach-

ing a point where the hydrostatic pressure of the resin will be smaller than the void 

Inter-ply porosity 

Intra-tow porosity 

Inter-tow porosity 
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pressure [2, 15, 16]. This condition marks the initiation of void growth and volatile dis-

solution inside the laminate. In a typical Autoclave cycle at this stage the vacuum bag 

shall be vented to atmospheric pressure, while a high external pressure shall be applied 

to assist in bubble collapse [2]. Since this is not possible in oven processing, material 

manufacturers achieve the reduction of the potential for void growth due to outgassing 

by utilizing low reactivity epoxies, with reduced solvent content, produced via addition 

reaction [9]. Lengthy out-times and exposure to humidity shall be avoided, in order to 

avoid void nucleation and growth taking place at temperatures above 80°C and at 45% 

relative humidity or higher [54]. 

To address void formation related to incomplete, non-optimized flow, the resin chemis-

try shall provide minimal flow during debulking, ensure good wetting of the laminate 

and gel right after this is achieved [9, 40, 44]. Long debulking times at room temperature 

ensure volatile removal out of the part and reduce the risk of air entrapment between 

plies. A very good quality of vacuum with limited leaks and a prepreg permeable to air 

is essential for producing porosity free parts Out-of-Autoclave. Moreover the geometry 

of the part as well as the tool and oven details contributing to the heat transfer have to 

be taken into account in order to optimize the temperature schedule and achieve homo-

geneous heating [43, 58, 60, 61]. Homogeneous heat transfer in the part, combined with 

high, homogeneous vacuum distribution will enable full wetting of the initially dry tows 

and the manufacturing of a part with a limited void content. It is therefore clear that care 

has to be taken at all steps of an OoA process, in order to avoid the incorporation of 

porosity sources in the laminate which cannot be removed during the cure cycle. Careful 

control of the material storage and out time, repeatability of the bagging and debulking 

processes along with an optimized cure schedule are the enablers for producing a part 

with limited porosity outside the Autoclave.  

1.6 Voids and Structural Performance OoA 

Before the introduction of a new material in the market, a significant amount of studies 

needs to be performed to guarantee its reliable performance. Along with the develop-

ment of the Out-of-Autoclave process, focus is given in investigating the quality of the 

resulting products and benchmarking their mechanical performance against the Auto-

clave quality. As discussed in Section 1.2, reducing the processing pressure when tran-

sitioning from Autoclave to OoA processing, raised concerns for increased porosity in 

the finished parts. In the last few years, several Out-of-Autoclave materials are under-

going official or research qualification for various applications. A brief summary of the 

coupon level mechanical performance obtainable with commercially available Out-of-

Autoclave prepregs, based on open literature, is given here.  

Mortimer et al. [13] presented a benchmark study of three baseline material systems 

manufactured by Hexcel for Autoclave cure (M36/914 & 8552 matrix/5HS fabric) and 

compared against the M56 OoA prepreg based on a UD and two woven textiles (PW & 



12 Introduction 

 

5HS) [13]. The tensile and compressive strength and moduli as well as the interlaminar 

shear strength were measured at both dry/RT and wet/elevated temperature conditions 

for all material systems. The in-plane tensile strength (0°) of both Out-of-Autoclave ma-

terials was found to be higher than the Autoclave cured materials, with a comparable 

tensile modulus [13]. At the same time the in-plane compressive strength and the inter-

laminar shear strength of the Out-of-Autoclave materials at RT/dry as well as elevated 

temperature/wet conditions were found to be 10-20% lower than those of the Autoclave 

cured material [13], potentially due to the presence of higher porosity OoA. 

The three most commonly encountered OoA material systems in the literature are pro-

duced by Solvay: Cycom 5320, Cycom 5320-1, and MTM 45-1. These OoA systems 

(based on several textile formats) have been primarily tested by NASA against typical 

Autoclave materials (Cycom 977-3, 8552-1). Lucas et al. [46] presented test results of 

the Cycom 5320/IM7 and 5320-1/T40-800B in compression after impact, which show a 

superior performance of the OoA prepregs, while both the open-hole compressive 

strength and tensile strength were equivalent to the Autoclave cured baseline systems 

[46]. Sutter et al. [47] and Grunenfelder et al. [59] reported an exponential reduction of 

the interfacial shear strength (ILSS) of the Cycom 5320 prepreg for increasing out-time. 

Beyond 21 days out-time, the material is losing from 40% up to 80% of its initial per-

formance for a maximum of two months investigated. The Cycom 5320 material has a 

comparable interfacial shear strength (ILSS), fracture toughness (DCB) and open hole 

compressive strength (OHC) to the two Autoclave systems [47]. Grimsley et al. [62] 

measured the notched compressive strength of the same materials at dry room tempera-

ture conditions, as well as at elevated temperatures and moisture. At room temperature 

the open hole compressive strength of the panels (OHC) produced with the Cycom 5320-

1/T40-800b OoA material was higher than the one from the Cytec 977-3/IM7 prepreg 

produced in an Autoclave, while at elevated temperature/wet conditions both systems 

had equivalent performance. In both processes, the wet/elevated temperature conditions 

reduced the open-hole compressive strength of the panels by almost 50% of the one at 

RT/dry conditions [62]. Kellas et al. tested sandwich panels consisted of 8ply quasi-

isotropic face-sheets with an aluminum core [63]. The 5320-1/T40-800B OoA prepreg 

and the 977-3/IM7 prepregs were used for the manufacturing of the face-sheets, while 

the test coupons produced were tested under flat-wise tension, face-sheet tension and 

edgewise compression. In all cases, the OoA prepreg was stronger but less stiff, while 

an almost identical response of both the Autoclave and OoA material to buckling was 

observed.  

The MTM 45-1 prepreg was found to have approximately 20% reduced interfacial shear 

strength compared to the baseline coupons manufactured using an Autoclave (Cycom 

977-3). The performance reduction was caused by the presence of tow voids and cracks 

observed after failure [47]. The same material had only about 50% of the average com-

pressive strength measured in the Autoclave processed materials [47]. Czarnocki et al. 

[64] tested the delamination resistance of a laminate made with the MTM 46/HTS OoA 
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prepreg. Its Mode I and Mode II fracture toughness was found to be equivalent to un-

toughened Autoclave cured systems, such as the 977-3/IM/ or 914C/T300 [64]. Suhot et 

al. [65] investigated the flexural fatigue performance of laminates produced under vari-

ous curing pressures outside the Autoclave using the UD SPRINT prepreg as a basis 

[65]. He observed that the coupons with increased amount of voids had reduced fatigue 

strength with damage initiation mostly, but not necessarily, originating from voids [65].  

In principal, it is therefore possible to produce coupons with Autoclave quality or better 

without an Autoclave. The transferability of the quality from a coupon level to a scaled 

part requires a very good understanding of the complex, transient process physics, which 

take place during processing and are responsible for void formation. For a review on 

manufacturing demonstrators built with OoA materials and the resulting quality, the 

reader is encouraged to refer to the review paper by Centea et al. [18].  

1.7 Thesis Motivation and Objectives 

In the following Chapters light is shed on the mechanisms of flow induced intra-tow/in-

tra-ply porosity formation. A Multiphysics modeling framework is developed to enable 

the design and virtual testing of OoA cycles. This framework can be used as a basis for 

selecting the optimum cure-cycle parameters, which will enable the production of parts 

with minimum porosity outside the Autoclave (OoA). 

While the partially impregnated tows of OoA prepregs assist in volatile transport and 

vacuum distribution, their impregnation is only meant to be completed during the cure 

cycle. This poses a risk for residual porosity due to incomplete tow impregnation caused 

by transient, non-homogeneous pressure and temperature conditions developed during 

the cycle. Once the access of the initially unsaturated tows to vacuum is disrupted, there 

is no pressure available to enable further saturation, resulting in the development of air 

pockets inside the tow. The air pockets will remain unsaturated and will develop into 

residual intra-tow porosity once the resin gels. 

Modifications of the part dimensions affect the flow and heat transfer boundary condi-

tions directly. This makes experimental investigations through costly prototyping trials 

of little use for processing risk retirement purposes, due to the limited scalability of the 

phenomena involved [11, 12]. Scaling-up an OoA process from a lab prototype to a 

significantly thicker or longer part is not possible a priori for any material, part and pro-

cess combination [9, 11]. The proposed simulation tool can be used to guide material 

down-selection and to test the effect of various cure cycles and bagging schemes on the 

part quality and to enable a cost-efficient transition to prototyping large parts OoA.  

The main focus is placed on the incorporation of the physics of air flow through the 

prepreg during debulking and cure, coupled to resin flow and prepreg consolidation at 

non-isothermal conditions. The MTM 44-1 prepreg, based on a 2x2 twill weave textile 

is thoroughly characterized and used as a basis for this development. A test-bench with 
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integrated sensors is developed for validating the physics captured in the model against 

experiments. The primary objectives of this work fit into the following four categories: 

• 1D and 2D Multiphysics simulation of the OoA process 

Development of a macroscopic simulation model, which will couple the air and 

resin flow through the tow or prepreg ply. This model shall enable studying the 

impact of material characteristics and processing parameters to the porosity for-

mation within a tow or ply, at isothermal and non-isothermal conditions. 

• Material characterization 

Definition of a material characterization matrix, entailing all inputs required for 

simulating the OoA process physics. Development of new characterization meth-

ods where required, with focus on air-permeability measurements. Material char-

acterization of a model system (MTM 44-1) and empirical model development 

from generated data. 

• Validation of the OoA process simulation 

Experimental validation of the modeling results against experiments performed 

using monolithic CFRP parts produced OoA. 

• Sensitivity studies and process recommendations 

Identification of processing parameters, with the highest influence on the im-

pregnation time of a tow during OoA processing. Providing guidelines for im-

proving the quality of a produced part in terms of intra-tow/intra-ply porosity. 

1.8 Outline 

The thesis is divided into six Chapters, with the following content: 

Chapter 1 introduces the topic of Out-of-Autoclave manufacturing (OoA). The motiva-

tion and key objectives of this work are highlighted in this Chapter.  

Chapter 2 presents the theoretical foundations of the principal physics involved in OoA 

processing. A literature review of the state of the art simulation approaches addressing 

the flow through fibrous media, heat and consolidation is included. The developments 

required to sufficiently address the needs of OoA simulation are discussed. 

Chapter 3 summarizes the MTM 44-1 material characterization and model develop-

ment, used as a basis and providing inputs for the OoA simulation. The characterization 

entails the use of microscopy and image analysis of the prepreg and tows, resin viscosity 

and cure kinetics and measurement of the prepreg’s air permeability at various pro-

cessing states. The characterization results and empirical models resulting from the de-

rived data are presented, while each method is accompanied by a brief literature review 

section on the state of the art methods used to characterize similar material systems.  

Chapter 4 introduces the simulation tools developed in the context of this work. The 

Chapter is split into two sections. The first section concentrates on the development of 

a numerical model which couples weakly resin and air flow isothermally through an 
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initially dry tow of the MTM 44-1 prepreg, in a non-consolidating medium via pressure 

boundary conditions (Matlab), with the aim to predict its impregnation time. The impact 

of various pressure boundary conditions on the tow impregnation time is presented, 

while sensitivity studies demonstrate the impact of processing conditions and material 

characteristics on the tow filling time. The second section addresses the implementation 

of the two-way coupled air and resin flow approach in COMSOL Multiphysics, expand-

ing the air-resin flow coupling towards non-isothermal conditions, depicting the impreg-

nation of each prepreg ply in 2D (length and thickness) during the cure cycle.  

Chapter 5 concentrates on the presentation of experimental results from the production 

of a monolithic demonstrator part OoA. The development of an instrumented test-bench 

for capturing all processing parameters during the cure cycle is included. The predicted 

OoA simulation outputs, such as pressure, temperature, viscosity etc. are compared 

against experimental results acquired during OoA manufacturing of the demonstrator. 

Chapter 6 summarizes the most significant findings and key contributions made in the 

context of this thesis, provides guidelines for improved OoA manufacturing of mono-

lithic parts, while it concludes with recommendations for future research. 

The content of the thesis is graphically depicted in Fig.  1-6. 

 

Fig.  1-6: Graphical representation of the PhD thesis content and structure 
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2 A Review of the Governing Physics in 

Out-of-Autoclave Processing 

A range of phenomena takes place simultaneously during processing outside the Auto-

clave: air flow and vacuum distribution through the partially saturated fiber tows, tran-

sient heat development, viscosity evolution, resin flow, compaction and finally curing 

of the matrix, as depicted in Fig.  2-1. Optimization of the composite manufacturing 

process outside the autoclave requires a good understanding of all the involved physics 

and their interactions. 

 

Fig.  2-1: Interacting physics during Out-of-Autoclave processing 

In this work, emphasis is particularly given in the aspects related to the air flow (either 

isothermal or non-isothermal) and coupling it to the resin flow inside the tows during 

processing, without taking into account the compaction of the fibrous medium. The 

physics taking place during processing of composite parts OoA are reviewed. The state-

of-the-art process modeling approaches used to couple the flow of two immiscible fluids 

in the field of composites are presented. Finally, the key differences between OoA pro-

cessing physics and the state-of-the-art modeling approaches of conventional composite 

manufacturing methods (liquid composite molding or autoclave) are highlighted. 

2.1 Introduction 

The theory of porous media is used to describe the physics of fluid flow and heat transfer 

through a fibrous domain. A porous medium consists of a porous and a solid or station-

ary phase. The stationary phase is typically called the skeleton, while the open space 

through which fluid flow can take place is the porosity.  
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The general equation used to correlate the volume fractions of the two phases in a porous 

medium writes: 

 �+ + @ = 1 (2-1) 

The volume fraction of the skeleton writes as	�+, while @ is the porosity volume content. 

If the porous medium is a fibrous tow, its volume fraction is written as	�" and its porosity 

is calculated via Equation (2-2). In this context, the porosity characterizes the volume 

fraction of the tow initially filled with air, later saturated with resin. 

 @ = 1 − �"	 (2-2) 

Equation (2-2) can be modified according to Equation (2-3), to reflect the simultaneous 

presence of more than one fluid in the volume of a fibrous medium [66]. 

 �" +	@R + @������� = 1 (2-3) 

If one of the two fluids present in the tow moves significantly faster than the other one 

in a stationary fibrous medium, the sum of the fibers and the slow moving fluid form the 

skeleton. In this case Equation (2-3) can be reformulated into Equation (2-4) . 

 @R +	�" + @��������
= 1 (2-4) 

Volume averaging is used to express the properties of interest within a selected volume 

of the porous medium. Conservation equations can therefore be expressed at different 

levels of the porous microstructure, if the volume fraction of the concerned phase is 

known. 

2.2 Resin Flow through a Porous Medium 

The equations for mass and momentum conservation and the phenomenological laws, 

which describe the behavior of the constituents are presented in this Section. 

2.2.1 Conservation of Mass 

The continuity, or mass balance Equation (2-5), expresses the mass conservation of the 

resin with density ;, and velocity	K,, through the porous medium [4]. 

 〈�;,�� 〉 + 〈∇ ∙ (;,K,)〉 = −x (2-5) 

The local difference in the kinetics of microscopic and mesoscopic impregnation present 

in a multiscale porous medium is depicted by a mass x included in Equation (2-5). For 
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a fluid flowing through a non-consolidating medium with small density variations com-

pared to its velocity variations, Equation (2-5) is simplified into Equation (2-6). 

 
�〈;,〉�� + ∇ ∙ (;,〈K,〉) = 0 (2-6) 

Where	〈;,〉	and	〈K,〉 stand for the volume-averaged density and velocity of the fluid re-

spectively inside the porous/fibrous domain of interest. 

If the resin flow is laminar, takes place quasi-statically	(�〈;,〉 ��⁄ 	= 0) and the fluid is 

incompressible	(;, =	constant), the conservation of mass of Equation (2-5) can be sim-

plified into Equation (2-7) or even into Equation (2-8) if no resin sinks are present [4]. 

 ∇ ∙ 〈K,〉 = −x	 (2-7) 

 ∇ ∙ 〈K,〉 = 0 → �〈�,,�〉�� + �〈�,,a〉�� + �〈�,,�〉�� = 0 (2-8) 

Various researchers have developed analytical expressions for sink terms. Indicatively, 

the most commonly utilized expressions are: 

• Constant and On/Off sink terms which capture the difference in the impregnation 

rate of simplified tow or gap geometries in woven fiber mats [67]. The sink term 

involves an average pressure dependent saturation rate [67–73]. 

• Phenomenological intra-tow sink term derived by curve fitting of pressure or 

saturation curves using volume averaging [74–76]. 

• Sink developed by a detailed FEA analysis of a repeating unit cell of the textile 

architecture [77–80]. 

2.2.2 Conservation of Momentum 

The momentum conservation of Equation (2-9) relates the forces encountered during the 

flow of resin through a porous medium with its acceleration [4, 81, 82]. 

 
;, dK,d��������H,1���^,&H	

= 	 −@∇〈7〉,�������ra�,^�a����&�^,&H
+	 ∇ ∙ 〈#$〉�������+&^�+	~1,H++�^,&H

+ ;,D�],�$�1�1�^��b�^,&H
 

(2-9) 

This is the expression of second Newton’s law for the flow of a fluid through a porous 

medium. The	;, stands for the resin density,	K,	is the resin velocity, 7, is the fluid pres-

sure, #$ is the viscous stresses developed due to the fluid’s motion through the porous 

medium and D represents the body force per unit mass. 

The general momentum equation for the flow of a fluid through a fully saturated, sta-

tionary fiber bed is expressed using local volume averaging on a Representative Volume 

Element (RVE) according to Equation (2-10) [82]. 
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;, �〈K,〉�� + ;,∇ ∙ 	 〈K,K,〉�����������������H,1���^,&H	

= 	 −@∇〈7〉,�������ra�,^�a����&�^,&H
+ S∇ ∙ ∇〈K,〉���������+&^�+	~1,H++	�^,&H

− �Sn,�R ∙ 〈K,〉�����������+&^�+	L,�)�^,&H
 

(2-10) 

The symbol	〈7〉,stands for the intrinsic pressure, applied on the fluid inside the porous 

medium and S its viscosity, while G,	is the permeability of the porous medium. The 

viscosity and permeability are discussed in more detail in Section 2.2.4. To derive Equa-

tion (2-10) from (2-9), Tucker and Dessenberger [82] considered a fully saturated porous 

medium with uniform porosity without mass exchanges between the solid and fluid 

phase. The fluid is considered Newtonian, with a constant density, while its flow is lam-

inar (H < 1) [82]. Equation (2-10) is applicable when the fluid flows through a porous 

medium under isothermal conditions and no surface tension develops [82].  

When the flow of a fluid with a constant viscosity and negligible inertia is concerned, 

the general form of Equation (2-10) is simplified into Brinkman’s Equation (2-11). 

 −@∇〈7〉, 	+ S∇ ∙ ∇〈K,〉 − @SG,�R ∙ 〈K,〉 = 0 (2-11) 

Under the assumption that the volume-averaged viscous stress can be neglected [81–

83], the momentum balance equation reduces to Darcy’s law, Equation (2-12) [84]. 

 ∇〈7〉, 	+ SG,�R ∙ 〈K,〉 = 0  (2-12) 

Darcy’s law was developed in 1856 by the French physicist, with the aim to correlate 

the flow rate of water in a column of water saturated sand with the applied pressure [84]. 

The law states that the volumetric discharge rate	c, divided by the cross-sectional area	O 

through which flow takes place, is proportional to the pressure gradient /7, present 

across the length of the medium,	p. The constant of proportionality is the permeability 

of the medium in the direction of flow	n,,��, divided by the viscosity of the fluid	S, 

according to Equation (2-13). 

 
cO = − n,,��S /7,p  (2-13) 

Equation (2-13) correlates linearly the pressure gradient in the material, with the average 

velocity of the fluid, also known as Darcy’s Flux or Darcy’s velocity [83, 84]. Equations 

(2-12) and (2-14) are equivalent and describe the volume averaged velocity of a fluid K,L	through a reference volume of the porous medium [83, 84].  

 K,L = 〈K,〉 = − G,S ∇〈7〉, (2-14) 

Once Darcy’s velocity is known, the local velocity	J,"	is calculated via Equation (2-15). 
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 J," = 	K,L@  (2-15) 

Coupling Darcy’s law with the mass conservation of an incompressible medium leads 

to the development of the Laplace Equation (2-16), which can be used to calculate the 

fluid pressure in a domain permeated by the fluid, via the application of selected bound-

ary conditions. The intrinsic fluid pressure 〈7〉, is simplified to	7,	or 7"	in this work. 

 ∇ ∙ ¡G,S ∇〈7〉,¢ = 0 →	∇ ∙ ¡G,S ∇7,¢ = 0 (2-16) 

Different formulations of the momentum conservation equation, can be applied to de-

scribe the flow at different levels of the fibrous medium. Darcy’s law is invoked to model 

phenomena related to the macroscopic flow of resin through a fibrous domain [4, 85–

89]. In this case it is typically assumed that the resin and air saturated phases of a textile 

are separated by a flat resin front. More details on methods used to track the position of 

the resin front are given in Section 2.4.2. Darcy’s law and the mass conservation are 

typically used in Liquid Composite Molding processes to calculate the mold filling time, 

determine the pressure distribution and optimize the injection and venting schemes or 

predict the occurrence of dry spots [90]. Advani, Bruschke and Parnas [90] point out 

that ‘practice has converged on the use of Darcy’s law to describe the physics of flow in 

fibrous media’. Nevertheless, the impregnation of heterogeneous fibrous media with 

dual scale porosity is shown to deviate from the linear pressure evolution described by 

Darcy’s law [67, 89–98]. When the flow of resin through textile preforms [67, 89–93, 

96–98], or preforms consisting of plies with different permeabilities are concerned [67, 

90, 99], the assumption of a fully saturated flow is not fulfilled close to the impregnation 

front [91]. A partially saturated zone separates the fully impregnated and dry region due 

to the difference between the intra and inter-tow resin velocity. The most commonly 

encountered approaches accounting for the coexistence of the two flow types are: 

1. Combination of the Navier–Stokes equation used to describe the macro/inter-

tow flow and Brinkman’s equation to describe the micro/intra-tow flow [100, 

101]. This approach captures the flow in a multi-scale porous medium very 

accurately, at a high computational cost. Therefore utilizing this method is 

typically restricted to permeability computations in a unit cell. 

2. Modification of Darcy’s Law to include a variable, unsaturated permeability 

and a capillary pressure as a function of the saturation [66, 98, 102, 103]. 

3. Application of Darcy’s law at the macroscopic (textile) and microscopic 

(tow) level. Introduction of a sink/source term in the macroscopic conserva-

tion of mass, couples the two effects together ensuring a global mass conser-

vation (see Equation (2-7) and References in Section 2.2.1). Approaches 1 

and 3 are discussed in more detail in Section 2.4. 
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2.2.3 Compaction and Percolation Flow 

The impregnation of a fibrous medium, accompanied by a movement of the resin 

through the fiber is defined as Percolation flow.  

When an external pressure is applied to the composite, it results to an increase of the 

fiber volume fraction, up to a theoretical maximum defined by the spatial distribution of 

the fibers. During the compaction, the fibrous network takes up an increasing amount of 

the applied load which is initially taken by the resin. This is accompanied by a reduction 

of the part thickness and a local fiber rearrangement, also known as nesting [104]. Dave 

et al. [105] describes the effect with a piston (resin), spring (fibrous network) analogy.  

According to Comas-Cardona et al. [106] the resin pressure and the effective stresses of 

the fiber bed can be correlated through Biot’s Equation (2-17) [107], where	! the applied 

stress, !"	the effective stress of the fiber bed, 7,	the resin pressure, �<	Biot’s coefficient 

representing the ratio of stress relief due to pore pressure and E the unit tensor [107]. 

 ! = !" + �<7,E (2-17) 

Most studies in the field of composites use Terzaghi’s equation [108] to correlate the 

stresses in the laminate with the externally applied stress, which can be derived by Biot’s 

equation when �< = 1	[106, 107]. Complementary to the flow and stress equilibrium 

equations, constitutive laws for the through thickness compression of the material are 

used to describe the evolution of the effective stress and deformation or fiber volume 

fraction. The constitutive laws can be derived from micromechanics models, based on 

textiles RVEs [109, 110], empirical relationships which correlate the effective stress to 

the volume fraction [111] or the void ratio [105, 112, 113] and finally fitting experi-

mental data from compression tests performed in textiles [106, 114–119] or saturated 

materials [37, 106, 118, 120–124]. The models developed to describe the consolidation 

process of Autoclave prepregs, consider a coupled saturated flow of resin towards the 

bleeder using Darcy’s law which leads to an elastic fiber bed compaction.  

Predicting the loss of resin mass out of the laminate is a typical output of such simula-

tions. Loos and Springer [125], Dave et al. [105, 112, 113], Gutowski et al. [104] and 

collaborators, derived equations to describe the coupled resin flow and compaction prob-

lem in laminates during autoclave processing. Hubert et al. [126] amongst others, ex-

tended these approaches towards complex part geometries, using FEA approaches. A 

detailed discussion on the various features of the above mentioned models can be found 

in the review paper by Hubert and Poursartip [127]. 

The compaction behavior of textiles is investigated in the context of several Liquid Com-

posite Molding processes. When processing with vacuum is concerned (VARI, V-

RTM), the goal is to develop models which capture the influence of the flow front pro-

gression on the local fiber volume fraction, the thickness and the impregnation time of 

the part [69, 73, 128, 129]. In processes which involve high compaction forces in a 
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closed rigid tooling, interest mostly lies on quantifying the fiber bed deformation in or-

der to predict a part’s thickness, residual stress distribution and the stresses applied on 

the tooling during processing [114, 115, 117].  

Michaud et al. [66, 123, 130] addressed aspects of parallel impregnation and compaction 

of a reinforcement with thermoplastic matrices (Glass Mat Thermoplastics – GMT), us-

ing a coupled model based on the approach developed by Sommer et al. [131]. Helmus 

et al. [132], applied the same theory to model the simultaneous consolidation and air 

evacuation of OoA prepregs. The effective stress of the fiber bed is modeled as a function 

of the fiber volume fraction according to the relationship developed by Gutowski et al. 

[104]. The approach by Sommer et al. [131], is extended further to include relaxation 

effects during deconsolidation in GMTs [102, 133]. Finally, Larsson, Wysocki, Rouhi 

and collaborators [134–137], developed a ‘unified finite-strain continuum framework’ 

for modeling consolidation and flow of partially impregnated fibrous media, such as 

OoA prepregs. The formulation considers a nonlinear reversibly compressible fibrous 

network, saturated with an incompressible fluid including the presence of voids. 

2.2.4 Constitutive Laws 

Since Darcy’s law (Equation (2-14)) is the basis of most studies relating to macroscopic 

flow in Composites Processing [4, 90], the fibrous medium permeability and the resin 

viscosity directly involved in the relationship are discussed. 

2.2.4.1 Permeability 

Permeability expresses the ease of a fluid to flow through a porous medium [4]. The 

permeability characterizes the textile or preform and it is primarily a function of the fiber 

network architecture [93, 99] and the fiber volume fraction [4, 88, 138]. Darcy’s law 

(Equations (2-13) and (2-14)) lumps in the permeability term all interactions which take 

place between the fluid and the fibrous medium [4]. Permeability is anisotropic and di-

rection dependent in orthotropic media such as fiber reinforcements [4, 139] and it is 

described by a second order tensor [139]. 

Three approaches used to determine the permeability of a textile are summarized below. 

1. Use of simplified analytical equations to calculate the permeability of idealized 

unidirectional fiber distributions. 

This category entails models, such as the isotropic model proposed by Kozeny-Carman 

[138], based on the adaptation of the capillary model from soil mechanics. This approach 

is later expanded to include the effect of through thickness permeability reduction to 

zero, once the fibers are in contact. The three most commonly known modifications are 

performed by introducing further experimental constants as done by Gutowski [104] or 

in the case of Gebart [140] and Bruschke and Advani [85], using lubrication theory.  
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2. Modeling of the flow through a unit cell of a textile architecture, using analytical 

or FE simulation approaches. 

Since the analytical formulations can address flows through unidirectional fibrous do-

mains, models that are more complex are used to model the interaction of the flow inside 

and outside the yarns. Once the textile architecture is captured with the required detail 

and the boundary conditions for the flow are applied, the macroscopic flow or the cou-

pled macroscopic and tow flow can be predicted. The most detailed modeling approach 

captures the resin flow inside the tow as Darcian, while the flow through the channels 

of a textile is captured using Stokes flow [68, 141]. For simplification the yarns are 

occasionally treated as impermeable, since their permeability is typically at least two 

orders of magnitude lower than the channel permeability [142, 143]. 

3. Experimental determination of the permeability through saturated or unsaturated 

measurements. 

A summary of the most widely used permeability measurements for characterizing fi-

brous reinforcements, are given in the review paper by Sharma and Siginer [139]. The 

experimental determination of a textile reinforcement’s permeability is a source of sig-

nificant variability and a field of continuous developments and attempts for standardi-

zation [144]. Particularly challenging is the determination of the through thickness per-

meability of dry consolidating textiles [118, 145–147] and lubricated, consolidating fi-

brous media [118, 146]. 

Characterizing the permeability of a prepreg is not as straightforward to pursue experi-

mentally. In a prepreg, the amount of resin necessary to impregnate each ply is deposited 

on top of it or partially impregnating it, as a high viscosity layer of a constant thickness. 

As the fibrous medium is sandwiched between two, almost impermeable layers of resin 

[18], the procedure of pumping a fluid through the thickness of the stack and measuring 

its mass flow and the developed pressure gradient is not possible. To acquire the through 

thickness permeability information, a possibility would be to characterize the fiber bed 

permeability used as a basis for the prepreg by itself. In this case the liquid used for the 

measurement has to be selected carefully to match the viscosity of a hot-melt resin sys-

tem. This imposes significant difficulties in practice, since the viscosity of those resins 

at room temperature is much higher than that of oils typically used for this purpose in 

infusion applications (104-105 Pa⋅s). The standard post-processing procedure to deter-

mine the permeability would have to be adjusted to consider the material as a three phase 

medium, of which the solid part consists of the fibers and the resin. Since the prepreg is 

at a partially saturated state, the direct comparison of the prepreg’s permeability to the 

textile permeability is not meaningful.  

A promising approach to characterize the dual scale permeability of partially impreg-

nated woven prepregs was proposed by Cender et al. [27]. The experimental technique 

uses a CCD camera to track the flow front propagation of the resin through a glass tool, 
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under the application of pressure and heat [27]. The resin flow is modeled as longitudi-

nal, one dimensional flow into two porous media in series in order to capture the perme-

ability change between intra and inter-tow regions. The model is used to fit the experi-

mental curve of the area filled with resin and its evolution in time, for up to approxi-

mately 65% filling of the tow, which is the limit of this method. 

The simplified constitutive equations developed by Gebart [140] describe the flow along 

(Equation (2-18)) and perpendicular to the fiber bed (Equation (2-19)) as Darcian, driven 

by an imposed pressure gradient [104, 140]. The through-thickness permeability of a 

prepreg tow saturated with resin is calculated in this work via Equation (2-19). 

 n,,�� = 8"�\ (1 − �")X�"�  (2-18) 

 n,,�� = =] ¥¦�"����" − 1§�̈ "� (2-19) 

Where, the parameters =] and �"���are characteristics of the fiber arrangement type, c 

is a weak function of the fiber volume fractions equivalent to the Kozeny constant, de-

pending on both the fiber arrangement type and the fiber volume fraction. The symbol " refers to the radii of the fibers used, while �" reflects the fiber volume fraction of the 

medium. The model parameters used in Equations (2-18) and (2-19) for the two charac-

teristic fiber distributions, are given in Tab. 2-1, where it is shown that a much higher 

packing is possible with a hexagonal fiber distribution.  

Tab. 2-1: Numerical values used in Gebart’s model for the two idealized fiber distributions 

Fiber Arrangement =] �"��� \ 

Quadratic 
169ª√2 0.785 57 

Hexagonal 
169ª√6 0.906 53 

The application of Gebart’s model [140] for the definition of the through thickness per-

meability of the MTM 44-1 prepreg is discussed further in Chapter 3.3.2. 
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2.2.4.2 Rheokinetics 

Resin viscosity plays a dominant role in the impregnation quality of a fibrous medium, 

as it is inversely proportional to its velocity. Since the resin viscosity ultimately evolves 

as a result of temperature application and the degree of cure, both aspects are discussed 

with the focus placed on epoxy resin systems.  

Epoxy Resin 

Epoxies are the most commonly utilized thermosetting resin systems in the field of high 

performance composites. Typical features making them attractive are their low shrink-

age, good chemical resistance and mechanical properties. The primary disadvantage of 

epoxies is their brittleness due to their high cross-linking density. Most commonly used 

systems are either based on DGEBA (Diglycidyl Ether of Bisphenol A) or the 

TGMDA/TGGDM epoxy (Tetraglycidyl 4,4’ Diaminodiphenylsulphone) [2].  

The epoxy polymer is formed irreversibly by linking monomers or oligomers into a net-

work via a step reaction process. The basic reaction that takes place is between the epox-

ide and a curing agent, also known as hardener. According to Campbell [2] the most 

common types of curing agents used in epoxies are amines (aliphatic or aromatic), hy-

droxyl and anhydrides. Halides of metals and their fluoroborates can also be used as 

catalytic agents, though typically in a small percentage in combination with the main 

curing agents [2]. The curing process of epoxies depends on the reactivity characteristics 

of the involved functional groups, their molecular structure and spatial distribution 

[148–150]. The resulting material after cure is chemically and thermally stable, insoluble 

and rigid [148]. 

Commercial systems usually consist of a mix of different epoxy types and curing agents 

and occasionally initiators and inhibitors. Addition of different chemical groups in the 

primary epoxy system assists in tuning the crosslinking process, which has an impact on 

the cure reaction rates and the resin viscosity development. At the same time various 

molecules can be incorporated in the polymer as tougheners (second phase toughening, 

network alteration or interlayering) reducing the brittleness of epoxy resins [2].  

Cure Kinetics 

The curing of thermosetting resins is an exothermic process. According to Hatakeyama 

and Quinn [151], the reaction is activated when a particle of the reactants attains suffi-

cient energy to overcome the potential energy barrier impeding the reaction. The total 

heat or enthalpy	/02, released by the reaction of the resin components up to the point 

when curing is completed, is constant and characteristic for a given system. The heat 

released at any time throughout the cross-linking process is expressed as	/01. The re-

leased heat can be measured using a Differential Scanning Calorimeter (DSC).  

The degree of cure	% is defined in Equation (2-20) as the fraction of heat released at a 

given time	(/01), with respect to the heat released by a fully cured system	(/02). 
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 % = /01/02 (2-20) 

When full cure is achieved, the degree of cure becomes unity	(% = 1). The cure reaction 

rate can be calculated from the instantaneous enthalpy according to Equation (2-21). 

 
�%�� = 1/02

�01��  (2-21) 

Two approaches can be used to describe the evolution of cure in a cross-linking thermo-

set system, the mechanistic and phenomenological. Mechanistic models describe each 

reaction taking place during cure (microscopic). Phenomenological models treat the cure 

process as a whole, addressing the kinetics of the dominant reaction (macroscopic).  

Mechanistic models provide significant insights of the cure process, though they require 

detailed knowledge of the reactions which take place between the various species. So-

phisticated techniques are required to track the instantaneous concentration of all species 

in a heterogeneous resin system as a function of temperature and time (Fourier infrared 

spectroscopy, chromatography, nuclear magnetic resonance etc.).  

Phenomenological models express the rate of resin reaction	�% ��⁄ , as the product of a 

function of the evolution of reactant’s concentration and a rate coefficient	W(4). In het-

erogeneous systems, the evolution of the reaction can be determined via monitoring the 

rate of heat consumed over time	�01 ��⁄ 	with DSC. The expression of the rate of reac-

tion in its general form is given in Equation (2-22) [151]: 

 
�%(�)�� = W(4) ∙ f(%(�), 4) = 	W(4) ∙ f(%(�)) ∙ ℎ(%, 4) (2-22) 

Where W(4) a rate coefficient defined by an Arrhenius relationship,	ℎ(%, 4) is omitted 

[151], while f(%(�)) can take different forms, with the simplest being the Sth order 

model, with S being a constant which reflects the dominating reaction order [148, 151]. 

Details on models and fitting parameters used to describe reactions taking place in var-

ious resin systems are provided in the references [148, 151]. 

Resin Viscosity  

A fluid’s viscosity is a measure of its resistance to deformation or flow [4]. The viscosity 

of a thermoset resin is a function of time, temperature and the degree of cure if the resin 

is Newtonian (no effect of shear rate on the viscosity). Out-of-Autoclave processing is 

generally a slow process, taking place under low pressures and therefore shear rate ef-

fects on the viscosity evolution are be considered negligible. 

The two phenomena strongly depending on the molecular structure of an epoxy resin, 

which compete and govern its rheological behavior, are [148, 152–154]:  
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• The polymer mobility intensification due to temperature increase, which may 

lead to viscosity reduction.  

• The growing size of the molecules due to increasing cross-linking as the cure 

progresses, which may lead to an increase of the resin viscosity. 

The expression describing the viscosity evolution based on a reference temperature	4+ 

and a temperature of interest 4 based on the free volume theory proposed by Williams-

Landel-Ferry (WLF) is given in Equation (2-23) [155], where	=R and =� are constants. 

 ln S(4)S(4+) = − =R(4 − 4+)=� + (4 − 4+) (2-23) 

This model is successful in predicting the viscosity of a system for low degrees of cure. 

Karkanas et al. [156] enhanced the model by WLF to capture the viscosity evolution of 

an RTM epoxy system up to gelation. 

Two approaches can be used to describe the evolution of viscosity without a detailed 

knowledge of the material chemistry. The direct correlation of the viscosity with the 

temperature and the degree of cure [148, 157–159], or the indirect correlation through 

temperature and time [148, 160–166]. 

Several empirical models express the viscosity evolution as a product of two functions, 

one correlating the effect of the temperature and the other one the degree of cure, ac-

cording to the general form of Equation (2-24). 

 S = f(4) ∙ ®(�) (2-24) 

Stolin et al. [148, 160] correlated the viscosity evolution with the cure rate as a function 

of the temperature and degree of cure via Equation (2-25). 

 S	(4, %) = S'	���	¡e�4 + \V%¢ (2-25) 

The initial viscosity of the resin is depicted by	S', while	e� is the fluid activation energy 

and  the gas constant (8.3144 JK-1mol-1). The constant \V accounts for the effect of 

chemical reaction on the viscosity and it is independent of the degree of cure [148]. 

The viscosity at zero-time and temperature 4 writes according to Roller et al. [162]:  

 S'(4) = Sm	���	¡e�4¢ (2-26) 

The viscosity of a fully cured resin system is expressed as	Sm, e�	is the fluid activation 

energy and  is the gas constant. The expressions proposed for the prediction of isother-

mal and non-isothermal viscosity are given in Equation (2-27) and (2-28) respectively. 
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 ln S(�) = ln Sm + e�4 + �Wm ��� ¡eV4¢	 , 4 = \¯Sx��S� (2-27) 

 ln S(�) = ln Sm + e�4 + ° Wm��� ¡eV4¢ ��1
' 	 , 4 = f(�) (2-28) 

The coefficients	Wmand	eV	are the direct kinetic analogues of the viscosity	Sm	and the 

activation energy	e�	in the temperature domain, for a single cure reaction. 

Castro and Macosko [157] correlate the viscosity, with the instantaneous degree of cure %, the degree of cure at the gel-point %)	and temperature evolution via Equation (2-29): 

 S = S�(4) ± %)%) − %²�³´�
 (2-29) 

This model is extended according to Equation (2-30) by Khoun et al. [158] in order to 

describe the viscosity evolution of an epoxy resin system used in RTM processing. 

 S = SR(4) + S�(4) ± %)%) − %²�³´µ³¶µ·
 (2-30) 

While the individual viscosities S�(4)	are expressed by the Arrhenius Equation (2-31). 

 S�(4) = O�,�	���	¡e�,�4¢ (2-31) 

The parameters O, P, =, O�,�, e�,� ∙are fitting constants [148, 158]. 

This approach can be used to model the viscosity evolution of the resin, once the cure 

kinetics model for the system of interest is available. The degree of cure %, is predicted 

by Equation (2-20), while the degree of cure at gelation %), is an average of the degrees 

of cure at all tested temperatures [159, 167].  

The viscosity model of Equation (2-30) has been used to characterize three OoA pre-

pregs, namely the MTM 45 and the Cycom 5320 [159] and the Hexcel M18-1 [168]. 

The model captures well the viscosity evolution up to gelling of the MTM 45 and 5320 

systems, for temperatures up to 130°C. Best fit is achieved for dynamic cycles with 

temperature heating rates lower than 1°C/min [159]. Similarly, in the case of the M18-

1 resin the model captures well the viscosity evolution at low temperatures (100-130°C). 

Fontana and Kiuna et al. [163, 164] developed an approach to model viscosity, solely 

through viscosity measurements, combining the principles of the WLF equation and 

Roller et al. [162]. The new model was developed according to Fontana et al. [163], to 

address the reduced applicability of existing models to capture the viscosity evolution 

of an epoxy resin at low temperatures, relevant for RTM processing. Fontana et al. [163] 
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used Equation (2-32) in combination with look-up tables to model the isothermal vis-

cosity of a thermoset resin system. 

 S = ���(oS	(S+) + f(4+ − 4)) (2-32) 

The variables	S, S+	stand for the viscosities at temperatures	4, 4+ and	f, a shifting func-

tion independent of temperature and cure state, normalizing the data to a reference tem-

perature	4+. 

Kiuna et al. [164] adapted Fontana’s approach, proposing a model able to capture both 

isothermal and non-isothermal viscosity evolution without the need for look-up tables 

[164]. The non-isothermal viscosity is calculated via Equation (2-33). 

 
�S�� = S ∙ ¥ W(4)®s(oS ¸ SS'¹) + 1S' ∙ �S'�4 ∙ �4��§ (2-33) 

The initial viscosity of the resin at temperature	4'	is	S', W(4) is the kinetic factor (intro-

duced by Roller) and	®sis a function of the dimensionless viscosity	oS(S S'⁄ ).  

Keller et al. [165] advanced this model to address the viscosity evolution of fast curing 

systems. This approach was applied by Kourkoutsaki et al. [12] to model the viscosity 

of the Cytec MTM44-1 OoA epoxy resin, achieving a good match with the experimental 

data for temperatures in the range of 100-140°C. More details on this approach are pro-

vided in Chapter 3, Section 3.4 

Generally none of the phenomenological viscosity models is universally applicable. 

Their applicability shall be checked individually against experimental data generated at 

the temperature range considered, heating rates or degrees of cure of interest, for the 

resin system of interest. The most prominent method of measuring a resin’s viscosity for 

characterization purposes is with a rheometer in oscillatory mode (for more details see 

Appendix d and Chapter 3.4.2). Nevertheless, when the measurement of a resin’s vis-

cosity during processing, or inside a prepreg/preform is concerned, the electrical con-

ductivity (AC or DC) can be used as a direct analogue of the viscosity [161, 169, 170]. 

According to May et al. [161, 170], an excellent correlation between the complex vis-

cosity and the voltage or phase angle (AC measurements) or the resistance is obtained 

(DC measurements), when the resin is at its fluid state. Dielectric measurements can also 

be used to detect resin aging even inside a prepreg [161, 170–172]. 

Gelation 

Gelation is responsible for the abrupt transformation of a resin system from a viscous 

liquid to an elastic gel, according to the definition given in the EN6043:1995 standard 

[173]. As the reaction proceeds, the molecular mass of the oligomers increases signifi-

cantly, up to a point defined as the gel-point, at which all polymer chains are connected 
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and form a network of infinite molecular weight. The macroscopic consequence of ge-

lation is typically a rapid approach towards infinite viscosity accompanied by a reduced 

ability to flow.  

The gel point in a resin system can be determined with the use of several methods, such 

as: rheometer, dynamic scanning calorimetry (DSC), thermal mechanical analysis 

(TMA), Fisher Johns melting point apparatus [173, 174], dielectric measurements 

(DEA) using either AC or DC current [161, 169, 171, 175, 176], torsional braid analysis 

(TBA) and nuclear magnetic resonance (NMR) [174]. A comprehensive review of all 

established methods for viscosity determination and a comprehensive list of standards 

available in each case, are given in the review paper by Halley et al. [174]. The method 

most broadly applied to determine the gel point of the resin, is through oscillatory rhe-

ometry performed at constant frequency (see Appendix d for more details).  

Capturing the viscoelastic properties of the resin, such as the storage h′ and the loss 

modulus h′′, the gel point can be identified as the point where the two curves intersect (hs = h′′), at which point by definition the loss factor equals to unity (tan . = h′′ h′⁄ =1) [152, 177] or more precisely it becomes independent of the test frequency [178, 179]. 

The evolution of the gel-point at different isothermal conditions is typically fitted to an 

exponential or extended Arrhenius fit [165]. A rule of thumb given in the EN6043:1995 

Standard [173] suggests that gelling is reached when	S)Hb = 10X ⋅ 	S���. Nevertheless, 

this rule cannot be generalized and has to be used with caution after checking its validity 

against measurements performed according to one of the above-suggested methods.  

2.3 Air Flow through a Porous Medium 

2.3.1 Mechanisms of Gas Transport 

The physics of gas transport through porous media are grouped by Mason and Malinaus-

kas [180] as reviewed by Hou et al. [36, 180] in five independent mechanisms, the vis-

cous and free molecular flow, continuum or ordinary diffusion of gas species, diffusion 

or surface flow and chemical interactions with neighboring fluids (absorption). Chemi-

cal interactions between neighboring fluids in a fibrous medium are considered to be 

negligible in the context of this work and will not be discussed further. 

2.3.1.1 Diffusion Processes – Mass Transport 

The diffusion processes are concerned with the movement and redistribution of selected 

gas species. The movement of the gas species can either be relative to each other, or 

along a solid surface under the influence of concentration, temperature or force gradi-

ents. In composites manufacturing such phenomena take place when volatiles or water 

migrate, merge, nucleate or dissolve under specific processing conditions.  
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The first attempt to model the void formation physics in prepregs is performed by Kar-

dos et al. [15, 16]. A similar approach which investigates the conditions of void for-

mation is developed by Wood et al. [181]. These early modeling attempts are followed 

by models coupling the volatile generation with and the consolidation process, such as 

the work by Upadhyaya et al. [182] and bubble motion during flow through a porous 

medium, by Lundström et al. [183], amongst others. The effect of moisture diffusion on 

prepreg porosity formation during OoA manufacturing is investigated by Grunenfelder 

et al. [54], based on the approach proposed by Kardos et al. [16]. Grunenfelder et al. 

[54] demonstrated that intra-ply porosity due to diffusion of moisture is more prone to 

develop in laminates manufactured OoA, since the reduced pressure available in the 

laminate during processing cannot assist in the void dissolution. Helmus [184] devel-

oped a numerical model, which describes the influence of temperature, pressure and 

relative humidity on the bubble growth inside the resin [184]. 

2.3.1.2 Momentum Transport  

The non-dimensional Knudsen number	n� defined in Equation (2-34) [36, 185] can be 

used to determine the gas flow regime in a porous medium. 

 n� = 9o  (2-34) 

The mean free path	9	expresses the average distance traversed by a molecule between 

successive collisions [186], while it depends on the pressure, temperature and molecular 

weight of the gas [186]. The symbol o is used for the characteristic length of the pores 

in the medium under investigation. The mean free path for gas molecules at standard 

temperature and pressure (at 25°C and 1atm) is approximately	9~	8 ∙ 10�¼	q	[186]. The 

gas flow regimes are classified into the following three categories [36, 180]: 

• Viscous flow (n� ≪ 1) 

This mechanism is dominant when the characteristic length of the pores in the medium 

is much larger than the mean free path [36]. Hence the intramolecular collisions in the 

gas are more significant than the molecular collisions with the walls of the medium. In 

this case the gas flow in the porous medium is considered laminar, closely resembling 

the creeping flow of a liquid (though compressible) [180]. As this work is primarily 

concerned with the viscous flow of gas through a fibrous domain, the governing equation 

will be presented in more detail in 2.3.3.1. 

• Free-molecular or Knudsen flow (n� > 1) 

When the number of collisions between the gas molecules is negligible compared to the 

number of collisions of the molecules with the walls, the flow is free-molecular [36]. 

The continuum fluid flow equations break down and alternative diffusion-based formu-

lations shall be used to accurately predict the velocity and permeability [187]. Deviation 

from the viscous flow behavior is particularly observed at low pressures [108] and tight 
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porous media, with low permeability [108, 187, 188]. Inappropriate use of the viscous 

flow governing equations in such media can lead to significant underestimation of the 

permeability [36, 187]. 

• Sliding flow (n�~1) 

If the Knudsen number is close to unity	(n�~1) [36, 187], both Knudsen and Viscous 

flows co-exist in the porous medium. The additional flux results in a faster gas flow 

compared to the pure viscous flow [108]. This pattern is known as sliding gas flow [36, 

189]. The sliding flow is initially observed by Klinkenberg [189] who demonstrated the 

deviation of the effective rock permeability when measured using gas	(n�), from their 

intrinsic permeability	when measured using a liquid (n,) [189]. This effect can be ex-

plained by the slippage of the gas at the walls of the porous medium [36, 38, 187, 188]. 

Klinkenberg’s permeability [189] is in practice the intrinsic permeability enhanced by 

sliding effects described by Equation (2-35), also known as the effective permeability. 

 n� 	= n, ¿1 + [7)�+À (2-35) 

The intrinsic or viscous permeability of a fluid when the Klinkenberg effect is negligible 

is written as	n,, while	7)�+	is the gas pressure in the porous medium. The Klinkenberg 

factor	[	depends on the mean free path of the gas molecules and the microstructure of 

the pores. Various relationships for the Klinkenberg’s gas slippage factor and a range of 

porous media can be found in Ziarani and Aguilera’s work [187]. The range of the Knud-

sen number which defines each flow regime varies in different publications [36, 187, 

188], possibly due to characterization of processes essentially taking place at different 

pressure magnitudes. 

2.3.2 Ideal Gas Law 

An ideal gas consists of freely moving molecules. When the intramolecular collisions 

are short in duration and close to being elastic, the behavior of the gas can be described 

by the equation of state of an ideal gas, according to Equation (2-36). The ideal gas law 

describes the behavior of gases at low pressures (below 105 Pa) with a good accuracy, 

without considering their compressibility. 

 7)�+�)�+ = S)�+4 (2-36) 

The ideal gas law in a closed system at isothermal conditions (Boyle’s Law), correlates 

the absolute gas pressure and its volume according to Equation (2-37). In the context of 

this work this relationship correlates the air pressure	(7)�+), with the air volume inside 

the fiber tows	(�)�+). 
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 7)�+�)�+ = \¯Sx��S� (2-37) 

At non-isothermal conditions, the air density	(;�) is correlated with the absolute gas 

pressure (7)�+) and the temperature (4) according to Equation (2-38). 

 ;� = 7)�++64 	= 7)�+	��	4  (2-38) 

The	+6	stands for the specific gas constant, while	��stands for the mean molar mass of 

dry air (28.97⋅10-3 kg/mol). 

2.3.3 Governing Equations  

The conservation of mass in a non-consolidating porous medium (without sinks) and for 

small density variations writes for air: 

 @ �;��� + ∇ ∙ (;�〈K�〉) = 0 (2-39) 

The air density is depicted as	;�	, @	is the porosity of the medium through which air 

flow takes place and	〈K�〉	is the volume average air velocity. If air is considered an ideal 

gas, its density can be correlated with the gas pressure through Equation (2-38). The 

momentum conservation equations for the three air flow regimes are given below.  

2.3.3.1 Viscous Flow  

Viscous air flow takes place in a porous medium with large pores. If air is considered to 

be a Newtonian fluid which flows under laminar conditions in the porous medium (H <0.1), Darcy’s Law for air expressed by Equation (2-40) can be used. The permeability 

of the porous medium during viscous flow, measured either with a gas or a liquid are 

equivalent. The permeability of the porous medium, when the flow of the fluid is viscous 

[36], is known as the viscous or intrinsic permeability given in Equation (2-41) [38, 39]. 

 〈K�〉 = − G�:� ∇〈7〉� = − G�:� ∇7)�+ (2-40) 

 G� = G, = Gm (2-41) 

Combining the conservation of mass (2-39) and momentum (2-40) with the ideal gas 

law (2-37), leads to the governing Equation (2-42) for viscous air flow at isothermal 

conditions [19, 26, 30, 33, 35, 36, 190–192]. 
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�7)�+�� − G�@:� ∇ ∙ Á7)�+∇7)�+Â = 0 (2-42) 

A range of approaches [19, 30, 35, 190–192] is used to calculate the gas pressure from 

the non-linear, transient expression of Equation (2-42). 

Arafath et al. [35] derived the approximate, empirical expression of Equation (2-43), 

which correlates the mass of air flowing out of an OoA prepreg	(q�), as a function of a 

dimensionless time	(?�). The function is derived from fitting the results of the mass of 

air measured with a flow meter during steady state air permeability tests, for the material 

system and experimental set-up described by Arafath et al. [35]. The dimensionless time 

is described as a function of the initial pressure	7)�+(� = 0), permeability	n�,��, air vis-

cosity	:�	and the square of the length of the part	p�, according to Equation (2-44). 

 
q�	q�'	 = e�'.ÄÅÆÇ.z

 (2-43) 

 ?� = n�,��	7)�+(� = 0):�p� � (2-44) 

According to Arafath et al. [35], the purpose of this correlation is ‘to offer guidance in 

the design of the bagging and vacuum system’ [35]. Since the function of the expelled 

air mass of Equation (2-43) lumps together the contributions of the prepreg, the bagging 

set-up and the auxiliary materials, its applicability is limited to the particular set-up and 

prepreg. For that same reason it cannot be considered as a universally applicable rela-

tionship which can be readily transferred to other OoA prepregs. Therefore its validity 

has to be checked before use in the description of the air evacuation of a different mate-

rial system, or bagging set-up than the one used for the development of this expression.  

Kim et al. [190] derived the in-plane, dimensionless and linearized diffusion Equation 

(2-45) using as a basis Equation (2-42), for which an analytical solution is derived in 

Equation (2-47) using the initial and boundary conditions of Equation (2-46). For this 

simplification the gas pressure variation is considered small compared to the atmos-

pheric pressure	(7)�+��7)�+ ���) ≪ (�7)�+ ��)	⁄ �È and	7)�+ 7)�+(� = 0)⁄ ≅ 1	[190]. 

 
�7)�+∗��∗ = ��7)�+∗��∗�  (2-45) 

IC 7)�+∗(�∗, 0) = 1	
(2-46) BCs 

7)�+∗(0, �∗) = 0	
J�"	(1, �) = 0 →	�7)�+∗(1, �∗)��∗ = 0	
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7)�+∗(�∗, �∗) = 2 Ì 19�

m
�ÍR ���Á−9���∗Â xÎS9�	�∗	 

where			 			9� = Ï(���R)�  

(2-47) 

The author showed [19, 30, 192] that the simplified analytical approach proposed by 

Kim et al. [190] cannot accurately predict the gas distribution in an OoA fiber tow. To 

address the shortcomings of the available approaches, the author proposed a numerical 

scheme to solve the full non-linear, transient Equation (2-42) [19, 30, 192]. Details on 

the implementation scheme and the governing equations used, are given in Chapter 4, 

Section 4.1. Hou et al. [36] use Equation (2-42) to predict the transient 1D permeability 

of fibrous preforms. The author [12] also utilizes this method in order to measure the in-

plane permeability of OoA prepregs to air. More details on the characterization method 

and the resulting permeabilities are given in Section 3.3.1. 

Levy et al. adapted Equation (2-42) to describe the 2D air flow through a sandwich panel 

consisting of two OoA prepreg face-sheets and a honeycomb [191]. An equivalent per-

meability G�,HI	is defined according to Equation (2-48) [191], which lumps the perme-

ability of the core and the face-sheets. A correction factor �" is incorporated in the per-

meability definition, determined by mesoscopic flow model in a honeycomb RVE [191].  

 G�,HI = (1 + �")G� (2-48) 

The governing equation proposed by Levy et al. [191] for the flow of air through the 

sandwich panel modifies Equation (2-42) by the addition of a term which includes the 

contribution of the air volume in the prepreg and core	given in Equation (2-49) [191]. 

 ¡@ + ℎ&2ℎ+¢������� �7)�+����,	�^b��H	(H,�
− ∇ ∙ ¡G�,HI:� 7)�+∇7)�+¢ = 0 (2-49) 

2.3.3.2 Sliding Flow  

In a tight porous medium, the sliding effect of the gas can become significant. In such 

occasions, the conservation of momentum is reformulated either by utilizing the cor-

rected Klinkenberg permeability, or effective permeability G�	in Darcy’s law given by 

Equation (2-50) [26, 33, 38, 39], or by utilizing the dust gas model [36, 180].  

 G� = Gm ¿1 + [7)�+À (2-50) 

Governing Equations (2-51) and (2-52) express the 1D flow of air through the porous 

medium, utilizing the Klinkenberg permeability and the dust gas model respectively. 
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�7)�+�� − Gm@:�

��� ¿(7)�+ + [) �7)�+�� À = 0 (2-51) 

 
�7)�+�� − 1@ ��� Ð¡n���� + Gm7)�+:� ¢ �7)�+�� Ñ = 0 (2-52) 

The intrinsic, viscous permeability of the medium at conditions where the Klinkenberg 

effect is negligible is	Gm, [ is the Klinkenberg factor,	@ is the porosity, while	:�	is the 

air viscosity. The coefficient n�	 is an additional parameter related to the pore geometry 

and the gas surface scattering law incorporated in the expression of Knudsen’s air flow 

[36, 180], while	���	is the mean velocity of the gas. Hou et al. [36] demonstrated the 

equivalence of Equations (2-51) and (2-52), in a medium where significant sliding is 

present [36]. 

Cender et al. [38, 39] extended the dimensionless form of Equation (2-51) into Equation 

(2-53) by incorporating a dimensionless ‘pseudo’ or ‘slip’ pressure	(7+∗). 

 
�7)�+∗��∗ − ���∗ ¿(7)�+∗ + 7+∗) �7)�+∗��∗ À = 0 (2-53) 

 7+∗ = (7$�& + [)(7�1� − 7$�&) (2-54) 

According to Cender et al. [38, 39] when	7+∗ ≫ 0, significant sliding takes place	([ >10¨), or there is a small pressure drop across high pressures. In this case Equation (2-53) 

can be linearized into a diffusion equation according to Equation (2-55).  

 
�(�7)�+∗ + 7+∗)���∗ − 7+∗ �2(�7)�+∗ + 7+∗)���∗� = 0 (2-55) 

The diffusion Equation (2-55) has an analytical solution for selected boundary and initial 

conditions. 

Tavares et al. [33] used the linearized expression of Equation (2-55) as a basis for the 

development of a real-time through thickness permeability measurement of OoA pre-

pregs during the cure cycle. Once the relevant initial and boundary conditions are ap-

plied, Klinkenberg’s permeability	G� is calculated from Equation (2-56). 

 oS ±(7�1� + 7)�+(�))(7�1� − 7)�+�)(7�1� − 7)�+(�))(7�1� + 7)�+�)² = G�O&	7�1�:��1 �	 (2-56) 
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Where	O	is the cross-sectional area of the preform through which flow takes place,	�1	the 

gas volume of the tank used for the measurement,	7�1�	the atmospheric pressure and 7)�+� 	and 7)�+(�)	the measured and calculated pressure in the domain respectively.  

On the other hand, when	7+∗ ≈ 0, Equation (2-53) is transformed into Equation (2-57), 

which recovers the viscous flow Equation (2-42) in a dimensionless form. 

 
�7)�+∗��∗ − ���∗ ¿7)�+∗ �7)�+∗��∗ À = 0 (2-57) 

2.3.4 Constitutive Laws 

2.3.4.1 Air Viscosity 

The dynamic viscosity of dry air at various temperatures is independent of pressure (ex-

cept at very low vacuum pressures) and is given by Sutherland’s Equation (2-58) [36, 

186, 193]. 

 :� = :' ¡5'	 + =+5	 + =+ ¢ ¡ 5	5'	¢X/�
 (2-58) 

The absolute temperature 5'	=	273.15K is and the initial viscosity of air at this temper-

ature is	:' = 1.71 ⋅ 10�¨	(Pa⋅s), correlated by Sutherland’s constant	=+=120 [193]. Sev-

eral approximations of Sutherland’s constants and the absolute temperature and viscos-

ity can be found in the literature [36, 186, 193]. The differences are caused by the vari-

ation in the consistency of air and temperature measurements and are negligible [36].  

2.3.4.2 Air Permeability Measurements in OoA Prepregs 

Characterization of the air permeability of OoA prepregs has attracted significant atten-

tion in the literature. As the only means of applying pressure to consolidate a laminate 

outside the Autoclave is via the distribution of vacuum through its fibrous domain, de-

termining a prepreg’s permeability to air is key to OoA processing. The experimental 

determination of air permeability in OoA prepregs is generally performed either with 

the use of a flow meter measuring the volumetric air flow rate out of the laminate [31, 

35, 53, 56, 194, 195], or via pressure gauges, along the domain through which transient 

flow takes place [12, 33, 34, 36, 39, 120].  

Hickey et al. [37] introduced a method which can be used to characterize the air perme-

ability evolution of an OoA prepreg under compaction. In this approach, the radial per-

meability of the prepreg is determined via correlating the information from a mass flow 

meter and a pressure sensor [37, 120]. Tavares et al. proposed an experimental method 

based on a falling pressure measurement, in order to evaluate the evolution of the out of 

plane air permeability of prepregs and honeycomb sandwich structures [33, 34]. The 
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method proposed by Tavares et al. [29, 33] was applied by Kratz et al. to define the 

honeycomb panel evacuation time of three OoA prepregs based on different textile ar-

chitectures, used as face sheets [26]. Fernlund et al. characterized the in-plane and 

through thickness air permeability of several OoA prepregs and lay-ups [35] based on 

work published by Seferis group in the 90s [31, 32, 194]. The same methodology [32, 

194, 196] was used by Grunenfelder et al. [54] to examine the effects of fiber orientation, 

prepreg direction and distance from the vacuum source. Cender et al. performed exper-

iments in order to characterize the air permeability of textile based OoA prepregs after 

processing at various impregnation states [38, 39]. Kourkoutsaki et al. [12] measured 

the effective air permeability of the MTM 44-1 prepreg based on a 2x2 twill weave at 

various impregnation states and porosity contents, using a transient dropping pressure 

method (DPM) initially proposed by Hou et al. [36] to characterize textile reinforce-

ments. The permeability measurement method used to characterize the MTM 44-1 pre-

preg will be presented in detail in Section 3.3.1. 

2.4 Coupling Air and Resin Flow  

This Section reviews methods used to couple air and resin flow in a fibrous medium. A 

short overview of the main principals used in the simulation of unsaturated resin flow in 

conventional and Out-of-Autoclave composite manufacturing processes is presented. 

Emphasis is placed on methods which enable porosity predictions, either via capturing 

characteristics of the air flow (Section 2.4.1) or enabling tracking of the resin front (Sec-

tion 2.4.2). 

2.4.1 State of the Art 

The presence of air in preforms which are being impregnated with resin can be either 

treated with the use of single phase flow equations, with ad-hoc phenomenological func-

tions (Section 2.4.1.1), or by a detailed multiphase flow approach (Section 2.4.1.2). 

2.4.1.1 Introducing Air Flow in Single Phase Flow Models 

To address the difference in the saturation rates of tows in textiles with dual scale po-

rosity with resin, during Liquid Composite Molding, a sink term is introduced in the 

mass balance equation (see Equation (2-7)) [67].The sink term is defined as a step func-

tion, which becomes zero once all tows are fully saturated with resin. Its magnitude 

depends on the pressure surrounding the tow and the saturation index, defined as the 

fraction of the tow filled with resin [68]. Though the method is not derived from first 

principals, its use is wide-spread due to the ease of implementation and computation. 

This approach can be used to address the partial saturation and air entrapment which can 

occur inside tows of an impregnating preform. Several methods are available in the lit-

erature to derive sink term functions (see overview in 2.2.1), a few of which address the 

mechanisms of air entrapment inside the tow. Gourichon et al. [70, 71] developed a 
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method to include effects of air entrapment using the Ideal Gas Law. Gourichon et al. 

[70, 71] evaluated the local pressure of an air bubble trapped inside a tow against the 

capillary pressure. If the bubble pressure is smaller than the capillary pressure, the air 

will stay entrapped, until the pressure becomes higher than the capillary pressure leading 

to its collapse [70]. 

Lawrence et al. [69] developed a model to describe the gradual air escape from tows in 

a dual scale porous medium. Using an air entrapment factor, Lawrence et al. [69] derived 

an expression which captures the quantity of air escaping the tow through a transition 

between complete air escape or entrapment with or without including the influence of 

capillary pressure [69]. 

To avoid the singularity occurring when the saturation index becomes unity in the orig-

inal sink term definition [68], Simacek et al. [73] replaced it with an expression of the 

tow filling time as a function of the pressure evolution. The filling time can be calculated 

by applying Darcy’s law in the tow geometry concerned [73]. Due to difficulties in the 

accurate determination of a single scale permeability for a dual scale medium, fitting the 

experimental results of the tow saturation evolution is suggested as a practical approach 

to develop an empirical sink term function [73]. This expression is expanded to include 

the effect of capillary pressure, volatile entrapment or transient transport with escape 

rates based on i.e. an Arrhenius relationship [73]. 

Arafath et al. [35] developed an expression which correlates the mass of air flowing out 

of an OoA prepreg as a function of time, lumping the contributions of air flow through 

the material system and the experimental set-up (Equation (2-43)). Helmus et al. [132] 

developed a model, which uses the model proposed by Arafath et al. [35], to couple the 

air flow out of the dry consolidating fiber bed of an OoA prepreg at room temperature. 

In the debulking phase of the OoA prepreg resin flow is considered insignificant and is 

not taken into account [132]. In a second model presented in the same work, Helmus et 

al. [132] translates Arafath’s relationship [35] into a pressure boundary condition for the 

resin flow through a consolidating OoA tow. Local differences in the air evacuation and 

consolidation along the tow length and the impact of temperature variations on the air 

pressure and local resin viscosity evolution are not addressed in this framework.  

The single phase models including phenomenological functions to describe the satura-

tion evolution, are limited in their application to isothermal processes. A generalized 

approach, able to capture heat transfer and curing effects is developed through rigorous 

derivation by expressing the governing equations in each of the scales of the fibrous 

media using volume averaging [74–80]. 

2.4.1.2 Multiphase Flow Models 

The flow of resin in a partially saturated fibrous medium can be described by a two phase 

flow model which considers the flow of two immiscible fluids, resin and air, through the 

fibrous domain. Each domain of the fibrous medium is considered to be fully saturated 
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with one of the two fluids. The methodology is widely used in the soil or earth sciences 

[108] with Michaud and Mortensen [66] unifying the framework for multiphase flow 

modeling in consolidating fibrous media for composites [66]. In multiphase flow, the 

domain of interest contains all three phases, air, resin and fibers. In this case Equation 

(2-3) can be used to correlate the volume fractions of all three phases. The key parame-

ters introduced in the governing equations of single scale flow are the saturation and the 

relative permeability, discussed here in more detail [66, 103]. 

The saturation parameter expressing the percent of the fibrous medium occupied by the 

fluid of interest	Z� is by Equation (2-59). It is a scalar, which varies between zero and 

one. The extreme values of the saturation parameter reflect the two extreme cases en-

countered when a fibrous medium is not saturated (Z� = 0) or fully saturated with a 

fluid of interest	(Z� = 1).  

 Z� = @�(1 − �") (2-59) 

The mass conservation equation for the fluid in a non-consolidating porous medium 

writes according to Park et al. [197]: 

 @� �Z��� = ∇ ∙ 〈K�(Z�)〉 (2-60) 

The expression for the mass conservation of the fluid and the fibers in a consolidating 

porous medium is included in the work by Michaud and Mortensen [66]. 

For the conservation of momentum, Darcy’s law is modified according to Equation 

(2-61) to include the saturation [103, 197–199]. 

 〈K�(Z�)〉 = K�LÁZ�Â = − G�:� ∇(7 − 7&(Z�)) (2-61) 

Michaud and Mortensen [66] expressed the modified Darcy’s law for multiphase flow 

and consolidating porous media. Nordlund et al. [98] used Richardson’s equation as the 

law for momentum conservation, initially derived to capture the movement of water in 

unsaturated soils. Breard et al. [103] modified the approach, considering an additional 

term in the macroscopic balance, Equation (2-61), for the saturation phase. This term 

represents a dispersive flux relative to the transport of the phase aiming to unify the flow 

and air transport through the porous medium [103], later extended by Garcia, Gascon 

and collaborators [198–200]. Wolfrath et al. [102] considered multiphase flow in a com-

pressible, two phase fibrous medium deriving expressions for the saturation. The per-

meability included in Equation (2-61) is defined as the product of the saturated or intrin-

sic permeability of the medium and the relative permeability [66, 103], according to 
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Equation (2-62). The relative permeability	n,Hb is a scalar which varies from zero to one, 

in the same range as the saturation of the fibrous domain [66, 103]. 

 G� = n,Hb(Z�)G, (2-62) 

It is evident that the transition from a single to a multiphase simulation, requires a priori 

the knowledge of the resin saturation as a function of the fluid pressure, as well as the 

relative permeability and the capillary pressure as a function of the saturation [197]. The 

saturation curves as a function of the fluid pressure, also known as drainage/imbibition 

curves, are derived via micro-scale flow modeling [102], as a solution of the saturation 

advection-diffusion equation [103, 199, 200] or via fitting of the experimental saturation 

measurements to semi-empirical models [66, 98]. For the definition of relative permea-

bility functions, semi-empirical equations in the form of power laws are typically used 

combined with experimental data [66]. The capillary pressure as a function of the mate-

rial saturation is difficult to determine and therefore mostly considered constant at the 

boundary when significant [197]. A newly developed approach by Larsson, Wysocki, 

Rouhi and collaborators [134–137] addresses consolidation and flow of partially im-

pregnated fibrous media, describing the intra and inter-tow resin flow and compaction. 

A new approach is developed in the context of this work, which addresses the intra-tow 

impregnation of partially impregnated prepregs, under the influence of transient air 

evacuation taking place during OoA processing [12, 19, 30, 192]. The macroscopic air 

flow through the dry fibrous domain of the OoA prepreg under non-isothermal condi-

tions is explicitly modeled using the governing Equation (2-42). The difference between 

the atmospheric pressure and the predicted air pressure in the dry tow drives the resin 

impregnation [19, 30, 192]. The model considers the presence of two immiscible fluids, 

air and resin, in the same fibrous domain, coupled through a moving boundary [12]. 

More details on the model development are discussed in Chapter 4. 

2.4.2 Resin Front Propagation 

Several researchers have simulated the impregnation of textiles with resin under vacuum 

pressure, in processes such as VARI [201, 202] and RFI [203] amongst others. In such 

processes it is assumed that before initiating the resin impregnation, the pressure inside 

the fibrous medium has reached equilibrium. For this purpose a constant vacuum pres-

sure is used as boundary condition [201–203]. Though this assumption is realistic for 

most traditional vacuum processing scenarios, this is not always the reality when OoA 

processing is concerned [9, 33]. Since the OoA prepregs are partially saturated with 

resin, they are less permeable to air compared to textiles. As the vacuum distribution 

takes place through the dry fibrous domain of the tow, it is a slower process which is 

significantly influenced by its dimensions and the boundary conditions of the flow [12]. 

For this purpose Out-of-Autoclave process models incorporate the influence of air evac-

uation on the tow filling time [19, 28, 30, 132, 192, 204]. 
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The transient air flow along the dry tows of OoA prepregs can lead to inhomogeneous 

vacuum pressure distribution, particularly in long parts. This can in turn cause the de-

velopment of an inhomogeneous pressure difference responsible for resin flow and a 

heterogeneous tow impregnation and intra-tow porosity formation. Since OoA pro-

cessing takes place inside an oven, the transient heat flow exasperates the local tow im-

pregnation differences further. Therefore, tracing the position of the resin front during 

the tow saturation, assists in predicting the potential for air entrapment and designing a 

strategy for minimizing residual intra-tow porosity. The local evolution of a textiles sat-

uration is typically simulated using commercial finite element packages based on the 

following three approaches: 

• Fixed mesh methods 

Mainly based on a combined finite element and control volume method FE/CV [85, 205, 

206], or implicit FE simulations [207].The degree of impregnation can be tracked via 

updating local saturation/fill factors in an RVE. These methods guarantee a good mass 

conservation, are fast, but have reduced accuracy in exact localization of the flow-front.  

• Moving mesh methods 

With the use of moving mesh approaches, the location of the flow front can be accurately 

predicted for simple geometries, guaranteeing very good mass conservation. When very 

complex fronts or part geometries are involved, this method becomes less attractive due 

to the high messing effort, computational cost and reduced repeatability. The approach 

primarily relies on Arbitary Eulerian Lagrangian formulations (ALE) [129, 208]. This 

approach is used to simulate the tow impregnation of OoA prepregs under transient heat-

ing conditions by the author [12]. More details are given in Chapter 4. 

• Stochastic flow front propagation 

Variations in the initial degree of impregnation of partially saturated prepregs and their 

influence on resulting laminate content after OoA processing, can be captured with a 

stochastic framework proposed by Helmus et al. [28, 184]. 

2.5 Heat Transfer through a Porous Medium 

The energy equation for porous media saturated with one fluid, derived as a sum of the 

energy balance equations for the fluid and the solid phase per unit volume when the fluid 

and fibers have the same local average temperature, writes according to the local equi-

librium model [4, 81, 82, 209]: 

 

〈;=6〉� �〈4〉��������� + 〈;=6〉�	〈K�〉 ∙ ∇〈4〉����������� = 	 ∇ ∙ Á〈F〉�∇〈4〉Â���������	+	〈c〉�Ù 

             Transient           Convection               Conduction         Energy 

                                                                                                 Dissipation 

(2-63) 
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The subscript Q denotes the fluid phase which saturates the porous medium, 〈4〉	is the 

average temperature,	〈;=6〉� the effective volumetric heat capacity at constant pressure, 〈K〉�		the volume averaged fluid velocity (Darcy’s velocity – Equation (2-14)), 〈F〉� 	the 

effective thermal conductivity and finally	〈c〉� the energy dissipation rate per unit vol-

ume. The dissipation rate per unit volume	〈c〉,, is the sum of two independent contribu-

tions given in Equation (2-64) [210]: the energy generation due to curing 〈〉� 	(Equation 

(2-65) and the viscous dissipation	〈A$〉 given by Equation (2-66) [4, 81, 82]. 

 〈c〉, = 〈〉� +	 〈A$〉	 (2-64) 

 〈〉� = (@,;,)/02 �%��  (2-65) 

 〈A$〉 = 	S〈K〉, 	 ∙ G,�R ∙ 〈K〉,	 (2-66) 

The volume of the porous medium saturated with resin is depicted as	@�,	S is the viscos-

ity of the resin and	;, its density, /02 the total heat released by the reaction and �% ��⁄  

the cure reaction rate, G,�R	is the inverse of the permeability tensor, while	〈K〉,	ex-

presses the volume average Darcy velocity. When the exothermic curing reaction of the 

resin is limited, the energy generation term can be neglected [4]. In most mold filling 

applications, the ratio of viscous heat generation to external heating is small (small 

Brinkman number) and therefore the viscous dissipation can also be neglected [81]. 

The effective volumetric heat capacity of the material at constant pressure	〈;=6〉�, is 

calculated according to Equation (2-67). 

 〈;=6〉� = @� 	(;�=6�) +	�",�	(;"=6")	 (2-67) 

A wide range of models can be used to determine the effective thermal conductivity of 

porous media	〈W〉�	, saturated with a fluid expressed by the subscript Q [211–213]. The 

most commonly utilized models for determining the conductivity of a homogeneous po-

rous medium are the series model of Equation (2-68), the parallel model of Equation 

(2-69) and the geometric mean model of Equation (2-70) [211, 212]. The series model 

provides an upper bound, while the parallel or reciprocal average model provides a lower 

bound for the calculation of the effective thermal conductivity. According to Nield 

[212], the geometric mean is intermediate between the parallel and series model. 

 〈W〉� = @� 	W� +	�",� 	W"	 (2-68) 

 〈W〉� = @�W� 	+ �",�W" 		 (2-69) 

 〈W〉� = W��Ú	W"�Û,Ú 	 (2-70) 
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These equations formed the basis for the development of more elaborate expressions 

often linked to the microstructure of the porous medium, such as those reviewed by 

Bories and Prat [213]. The conductivity tensor is described by an S × S matrix, in an S-

dimensional problem [214]. Particularly in continuous fiber composites the conductivity 

of the medium is inhomogeneous and has a directionality according to the direction of 

the fibers. The series model is often used to calculate the composite material conductiv-

ity along the fiber direction [4, 211, 215]. The transverse conductivity of a continuous 

fibrous composite made of carbon fibers is generally lower than the in-plane conductiv-

ity, due to the reduced through thickness conductivity of the carbon fiber [4, 211, 215]. 

Due to the strong dependence of the through thickness conductivity on the fiber size, 

shape, spatial distribution and the wetting fluid type, a wide range of empirical equations 

are derived for different materials [211, 213, 214]. 

2.6 Summary and Discussion 

Simulation of prepreg processing in the Autoclave typically addresses aspects related to 

the prediction of the part thickness and fiber volume fraction development due to resin 

bleeding [4, 6] void transport or growth primarily between plies or inside the resin [15, 

16] and part warpage [6]. Nevertheless, the partial saturation of OoA prepregs involves 

additional challenges, such as the intra-tow porosity formation due to insufficient tow 

wetting [18]. Therefore phenomena such as the resin flow in fibrous media, air distribu-

tion and entrapment in the dry domain, traditionally investigated in LCM processing, 

transient heat application and heat transfer have to be additionally addressed in the con-

text of OoA processing and simulation. Since the focus of this work is placed on mod-

eling the intra-tow saturation of OoA prepregs, the literature review covered primarily 

state of the art methods used to model resin (Section 2.2) and air flow in fibrous media 

(Section 2.3) and their coupling (Section 2.4). The most significant literature of rheoki-

netics and air permeability characterization of OoA prepregs has also been covered (Sec-

tions 2.2.4 and 2.3.4).  

A summary of relevant state-of-the-art models developed for Out-of-Autoclave pro-

cessing is also included. Traditional flow and consolidation models are enhanced to in-

clude effects such as: transient air flow inside the dry channels of OoA prepregs [12, 19, 

27, 30, 35, 57, 132, 184, 192], the non-isothermal temperature distribution considering 

all three phases present in the material (air, resin, fibers) [12] and the transient laminate 

consolidation of a partially impregnated material [28, 132, 136]. As the field of OoA 

process simulation is relatively new, enhancing the accuracy of the simulations will pro-

vide a better understanding of the process capabilities and limitations.  
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3 Characterization of the MTM 44-1 Prepreg  

This Chapter presents key material characteristics of the Cytec MTM 44-1 prepreg, used 

as a basis for modeling the flow of resin and air through the tows, performed in Chapters 

4 and 5. Focus is placed on characterizing the main properties influencing the flow of 

air and resin through the porous medium, such as the rheokinetics (viscosity and cure 

kinetics) and the prepreg’s in-plane permeability to air. The tow morphology and the 

volume fraction of the prepreg’s constituents and its impregnation scheme are deter-

mined using a range of methods presented in Section 3.1. All characterization methods 

discussed in this Chapter are based on established methodologies, adapted to capture the 

influence of the evolving prepreg microstructure during Out-of-Autoclave processing, 

to the properties of interest. 

3.1 Morphological Characterization 

As discussed in Section 1.4 , the design of the initial impregnation pattern of an Out-of-

Autoclave prepreg plays a decisive role in the production of parts with low porosity. The 

microscopic characterization of a prepreg enables the identification of a representative 

volume, which is the basis for describing the air and resin flow and therefore the intra-

tow porosity formation physics.  

Several methods can be used to define the volume fractions of all constituents and to 

quantify the initial state of impregnation. A detailed overview of methods applicable for 

this purpose are evaluated in the context of the Diploma thesis of S. Özer [S1]. The most 

promising techniques identified by Özer [S1], i.e. microscopy, CT and mercury porosim-

etry were pursued further in order to measure the thicknesses, initial porosity and fiber 

volume fraction of the MTM 44-1 prepreg. The initial degree of impregnation of the 

MTM 44-1 prepreg is compared against the degree of impregnation of three other Out-

of-Autoclave prepregs based on a variety of reinforcements, characterized in the context 

of S. Özer’s thesis [S1] (PW/5HS -Proprietary Prepregs, UD-Cycom 5320, 2x2 TW-

MTM 44-1). Testing showed that no single method is capable for characterizing all prop-

erties of interest [S1]. The difficulty arises primarily by the fact that the prepreg shall be 

characterized at its uncured, flexible state. Therefore the resin and air can be locally 

distorted due to sample handling prior or during testing (embedding, clamping) as well 

as resin debris deteriorating the image quality and increasing the variability when stand-

ard image analysis techniques are utilized. 

Optical microscopy provides insights on local features at a cross section (i.e. ply thick-

ness, dimensions of tows, local porosity) and a good estimate of fiber volume fractions. 
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CT provides a global view of the volume of a prepreg stack. The air content of the pre-

preg can be determined via µCT due to sufficient contrast between the air and the rest of 

the composite. A high contrast allowing discrimination between carbon fibers and resin 

is not yet within the capabilities of industrial X-ray CT. The best-suited method to ex-

tract specific information from the material combined with information available in ma-

terial data-sheets is used to determine the macroscopic volume content of all constitu-

ents. SEM is used to examine details of the impregnation pattern, while mercury po-

rosimetry is used to provide an evaluation of the connected porous network available in 

the prepreg. These methods are reviewed in more detail in the following paragraphs. 

3.1.1 Microscopy and Computed Tomography 

The MTM44-1/CF5804A prepreg, is based on a 285g/m2 2x2 twill weave carbon fabric 

which consists of 6k HTA5131 tows. The prepreg is partially impregnated with the 

MTM44-1 epoxy resin film, with a specified 40% resin weight content.  

SEM is used to image the upper and lower planar surfaces of the prepreg, to derive 

information about the prepreg impregnation pattern and morphology of the tows. Fig.  

3-1 reveals a single sided impregnation of the prepreg via a resin film application pro-

cess. A continuous resin film has been applied only on one side of the fabric, with no 

‘open channels’ nor dry locations which could enable air evacuation outside of the ply 

visible (Fig.  3-1(b)). The other side of the prepreg is mostly dry, with some resin con-

centrated in the gaps between warp and weft tows (Fig.  3-1(c)), while the air fills up all 

locations inside the fibers which are not impregnated by resin. 

 

Fig.  3-1: Planar views of (a) a 2x2 twill weave textile, consisting the basis of the MTM44-1 pre-

preg [216] (b) top side and (c) bottom side of the MTM44-1 prepreg 

A cross-sectional view of the prepreg using both optical microscopy and µCT was used 

to derive more information on the through thickness impregnation levels of the MTM 

44-1 tows. Selected images of the tows are depicted in Fig.  3-2, where it can be seen 

that the resin is deposited as a layer on top of the fabric, impregnating the tow cross-

section only minimally at the initial state of the material before vacuum is applied. Lo-

                  (a)                                               (b)                                                         (c)  
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cations where a warp and a weft tow overlap are thicker and the tows are less impreg-

nated as shown in the pictures with red and green circles, while locations where only 

one tow is present due to the weaving pattern, a higher percentage of resin is present 

(Fig.  3-2, cyan). 

 

Fig.  3-2: Cross-sectional views of the MTM44-1 prepreg at different locations and magnifications 

The images with the black background shown in Fig.  3-2 are generated at GE Global 

Research (by A. Singhal), on square 15x15mm samples using a Phoenix Nanotom µCT 

scanner at 60kV tube voltage, 130µΑ filament current and 4.3µm voxel size. The black 

color represents the air while the various shades of grey represent the resin and fibers. 

The edges of warp tows are more easily identifiable and are marked in Fig.  3-2 with 

ellipses. The weft tows crossing over and under the warp tows are more difficult to dis-

cern. The prepreg is imaged with the backing-paper (grey lines of constant thickness at 

the top and bottom of the material on 1-3). The images of single tows with the grey 

background were taken by the author and S. Özer [S1] using an Olympus BX41M optical 

microscope with a 20x times magnification and exposure time of approximately 15ms. 

Since the depth of field of the optical microscope is limited, embedding and polishing is 

required to acquire images with good resolution. The prepreg was kept at room temper-

ature for a minimum of three weeks before embedding in a fluorescent epoxy resin 

(EpoFix), in order to achieve stiffening of the sample before polishing and reduce debris. 

In the images generated by microscopy the resin layer deposited on top of the prepreg is 

black and can be clearly identified from the embedding resin due to the difference in the 

reflectivity of light. The warp fibers appear as white dots, while the weft fibers are pol-

ished at an angle and are therefore larger and brighter. In the microscopy images it is 

generally easier to detect individual tows and the border between impregnated and non-

impregnated tow, as well as acquire information on fiber volume fractions. The differ-

ence in color shades originating from the imaging of warp/weft fiber tows at various 

angles and the debris from polishing only partially cured resin make it difficult to use 

image thresholding techniques to automatically quantify intra-ply and intra-tow porosity 

from microscopy images. This becomes more challenging particularly when the material 

is imaged at 0 or 90° to the fibers.  

Tow Zoom /Microscopy 
Tow Zoom /Microscopy 

1 

2 

3 
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3.1.2 Geometry Definition 

As shown in Section 3.1.1 a textile based OoA prepreg is strongly heterogeneous and 

consists of three phases: the fibrous domain, resin and air. The heterogeneity of an OoA 

material goes beyond that of a conventional prepreg or even textile, due to the co-exist-

ence of all three phases. Each prepreg ply consists of the fiber-bed, which contains air 

at its initial state, the resin film layer deposited on top of the textile, while locations with 

pure resin can be identified between the tows. The first level of inhomogeneity is inher-

ited by the structure of the textile, which influences the local resin deposition pattern of 

each single prepreg ply (Fig.  3-1 and Fig.  3-2). A second level of inhomogeneity is 

present when prepreg plies are stacked on top of each other as shown in Fig.  3-3 (b), 

since nesting of the plies and individual tows may occur. 

The ‘tow equivalent’ consisted of two overlapping tows shown in Fig.  3-3 (a) is selected 

as a basis for OoA model development. The tow is simplified into a rectangular domain 

with clearly separated regions, one fibrous region saturated with resin and one with air 

and a pure resin layer on top, as shown in Fig.  3-3 (c). The ply stack imaged with mi-

croscopy in Fig.  3-3 (b) confirms the clear separation of the dry tows from the resin. 

 

(a)  (b) 

 
(c) 

Fig.  3-3: (a) Zoom of the ‘tow equivalent’ domain of the MTM 44-1 prepreg [S1] (b) cross-section 

of an MTM44-1 prepreg stack [S2] (c) simplified domain used as a basis for modeling 

Since the mass and weight content of all prepreg constituents is known at its initial state, 

the idealized ‘equivalent tow’ geometry shown in Fig.  3-3 and the ply, tow and resin 

thickness measurements allow the quantification of the volume fraction of all constitu-

ents, which is performed in detail in the following Section (Section 3.2). 

06 �",6 

0,  

Fibrous domain + Resin 

Fibrous domain + Air 

Resin Film 

Tow Prepreg  
01 �",1 
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3.2 Quantification of the Volume Fraction of all 

Prepreg Constituents at the Initial State 

In this Section, a combination of measurements and information from material data-

sheets are used to determine the macroscopic and the local volume content of all prepreg 

constituents. Mercury porosimetry is presented in more detail since it provides quanti-

tative information on the size and distribution of the porous network and an estimate of 

the initial prepreg porosity. Finally, a characterization of local features is performed as 

a first step towards a mesoscopic model development. 

3.2.1 Determination of Global Volume Fractions 

Several techniques were investigated in order to determine the global volume fractions 

of the constituents of an MTM 44-1 prepreg ply at its initial state, prior to vacuum ap-

plication. These techniques either provide local information on material thickness, or the 

volume fraction of its constituents, in a selected cross-section or volume. The following 

methods are selected for this purpose, presented in this Chapter: 

1. Measurement of the thickness of a prepreg ply and theoretical calculations of its 

constituent’s volume content, in combination with data sheet information. 

2. Direct determination of air volume content via analysis of µCT images. 

3. Direct determination of air volume content via mercury porosimetry. 

To take into account the variability caused by handling of the uncured prepreg, an aver-

age value of the determined volume fraction of the constituents is calculated. 

3.2.1.1 Theoretical and Experimental Determination of the 

Volume Content of Constituents at the Ply Level 

Equation (3-1) can be used to determine the fiber volume fraction	�",6 of a single prepreg 

ply once the ply thickness	06 at the initial state of the prepreg, the areal weight of the 

fiber bed	�N" and the fiber density	;" are known (considering	
 = 1). 

 �",6 = �N"(;"	
	06) (3-1) 

While the fiber density (material data-sheet) and the areal weight are provided in mate-

rial data sheets, 	the ply thickness of the prepreg	06 was determined with a caliper, mi-

croscopy and µCT. A summary of the average ply thickness, the standard deviation and 

error of each measurement is given in Tab. 3-1. 
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Tab. 3-1: MTM 44-1 ply thickness and measurement error (using a range of methods) 

Measurement Method 
# 

Plies 
06'����� 

(mm) 

�rÝÇ  

(mm) 
#  

Samples 
�rÝÇ  

(mm) 

Optical Microscope 1 0.43 0.02 4 0.01 

Stereoscope 1 0.46 - 1 - 

µCT 1 0.45 0.02 9 0.01 

Caliper 5 0.47 0.02 25 <0.01 

Caliper 18 0.43 0.01 21 <0.01 

Average - 0.45 0.02 60 0.01 

The standard deviation and the measurement error are determined via Equations (3-2) 

and (3-3) , where N is the amount of measurement points considered. 

 �� = ¦∑ (�� −	�̅)�_�ÍR 
  (3-2) 

 �� = ��√
 (3-3) 

Since the areal weight of the prepreg (�N6) and its resin content by weight (�,) is 

known, the resin areal weight can be calculated via Equation (3-4). Subsequently Equa-

tion (3-5) can be used to calculate the resin volume fraction �,,6 of a single MTM 44-1 

ply, similarly to the fiber volume content.  

 �N,' = 	�, ∙ �N6 (3-4) 

 �,,6 = �N,;,06 (3-5) 

Finally the air content or porosity of the prepreg ply is calculated via Equation (3-6), 

applying conservation of mass in the prepreg domain. 

 @6 = 	1 − (�",6 + �,,6) (3-6) 

The material properties are calculated as an average of three MTM 44-1 prepreg batches. 

The variability in the determination of the weight and weight content of all raw materials 

is captured by means of standard deviation within one batch (reported as individual) and 

the standard error of multiple batches is also reported (average). The definition of upper 

and lower boundaries can be used as a basis for evaluating the volume contents resulting 

from the other two measurement methods. For comparison purposes all material prop-

erties and their standard error are listed in Tab. 3-2. The last decimal of the density is 

considered to vary. The error of the resin areal weight (��ßà)	is not provided in the data 
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sheet and was calculated using the error propagation methodology according to Equation 

(3-7), assuming the areal weight of the prepreg (�w6) and its resin content by weight (W,) are independent properties. 

 ��ßà = �N, ⋅ ¦¡�ãà�, ¢� +	¿��ßÝ�N6 À�
 (3-7) 

Tab. 3-2: Summarized properties of three MTM 44-1 prepreg batches 

 
�N6 

(g⋅m-2) 
;" 

(g⋅cm-3) 
�N" 

(g⋅m-2) 
;, 

(g⋅cm-3) 
�, 

(%) 

�N, 

(g/m2) 

Mean  478 1.76 284 1.18 41 196 �� 30 0.01 10 0.01 2 16 �� (%) 6 0.59 4 0.85 5 8 

Once all inputs are determined, the constituent volume fractions of the prepreg are cal-

culated from Equations (3-1), (3-5) and (3-6). The results are summarized in Tab. 3-3. 

Tab. 3-3: Theoretical volume content of the MTM 44-1 prepreg constituents (via Method 1) 

 �",6 �,,6 @6 

Mean (%) 36.0 36.7 27.4 �� (%) 5.5 2.0 5.8 

The error propagation method is used to calculate the error of the mean. Equations (3-8) 

and (3-9) are used for the calculation of the error in the resin and fiber volume fractions. 

 ��Û,Ý = �",6 ⋅ ¦¿��ßÛ�N" À� +	¿�äÛ;" À� +	¿�åÝH6 À�
 (3-8) 

 ��à,Ý = �,,6 ⋅ ¦¡��ßà�N, ¢� +	¿�äÛ;" À� +	¿�åÝH6 À�
 (3-9) 

Since the air volume content of the prepreg at its initial state is determined through the 

calculation of the fiber and resin volume contents, variability in these properties directly 

affects the porosity. The error of the mean of the initial prepreg porosity is determined 

according to Equation (3-10). 

 ��Ý = ¦¿��Û,Ý�",6 À� +	¿��à,Ý�,,6 À�
 (3-10) 
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3.2.1.2 Porosity Determination via Image Analysis 

The µCT images of the MTM 44-1 prepreg cross-section used for thickness determina-

tion are also used here to determine the air volume fraction included in the material via 

image segmentation. The microscopy images were not used for this purpose as their 

quality was insufficient for reliable segmentation of the prepreg domain.  

The simplest method of image segmentation, thresholding, essentiallyeach pixel of the 

image is represented by a binary 1 or 0. These two levels are defined below and above 

a threshold value, through a histogram which shows the amount of pixels at each inten-

sity level of the image. The Image J (Fiji) software was used for this analysis. All pic-

tures were transformed into 8-bit grey scale, while a median filter was applied in order 

to reduce the influence of a speckle pattern visible in all images (de-speckle). Since the 

contrast between the intensity of fibers and resin was not sufficient for separate thresh-

olding of the two phases, the de-speckling filter was used to smoothen the intensity dif-

ferences and enable segmentation of both as one material (prepreg skeleton). Images 

were acquired without removing the backing paper of the prepreg, the resin deposited 

on top of the tows instead of complying with the shape of the fibers sticks to it, making 

the identification of the prepreg edges difficult. Due to this limitation, eight out of the 

nine cross-sections are considered. For the remaining sample, the prepreg edges are care-

fully selected (manually) and the area outside the prepreg domain is deleted. The varia-

bility in the background intensity is reduced and a clear peak, which represents the in-

tensity of the prepreg domain can be discerned and segmented.  

Image J offers a variety of thresholding techniques for automatic thresholding, while the 

operator can also adjust the thresholding levels manually. In this case all thresholding 

methods have been tested, with the Default (variation of the IsoData algorithm) and Otsu 

methods delivering results very close to each other reliably [217]. Both procedures rely 

on performing segmentation operations through a comparison of the intensity variance 

of the segmented phase, against the average intensity of the image. Otsu's algorithm 

searches for the threshold that minimizes the intra-class variance, defined as a weighted 

sum of variances of the two classes [218]. The IsoData procedure divides the image into 

object and background by taking an initial threshold and computes the averages of the 

pixels above and at or below the threshold. Once the averages of the values are com-

puted, the threshold is incremented and the process is repeated until the threshold is 

larger than the average [219]. Finally, the percentage of the segmented area is calculated 

against the selected area of the prepreg.  

An example of an image segmented with the Otsu algorithm is given in Fig.  3-4. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig.  3-4:  Image analysis process used for global porosity determination 

(a) Prepreg domain selection (b) deletion of part of the image outside of the domain of interest 
(c) image after de-speckling (d) image after segmentation. 

The average porosity determined from the analysis of eight sections, was found to be 

0.335 (or 33.5%), with a standard deviation of 0.036 (or 3.6%), as summarized in Tab. 

3-4. A variety of segmented images and corresponding porosities calculated, are sum-

marized in Appendix b. 

Tab. 3-4: MTM 44-1 ply porosity determined via segmentation of the µCT images @6 

(%) 
��Ý 

(%) 

��Ý 	 
(%) 

Sample 
# 

33.5 3.6 1.3 8 
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3.2.1.3 Porosity Determination via Mercury Porosimetry 

Mercury porosimetry is a technique broadly used to characterize the dimensions of the 

network of porous and granular materials. Despite the broad use of this technique in 

other fields, it has not found its place in the field of composites.  

The most prominent publication in the field of composite materials, discussing the po-

tential of this method in characterizing the porosity in prepregs can be traced back in the 

80s [220]. Thorfinnson and Biermann have used mercury porosimetry to characterize 

the porosity and degree of impregnation of prepregs and to highlight the benefits of par-

tial impregnation [220]. Since mercury is a non-wetting liquid, it can be forced into a 

porous structure under controlled pressures. From the pressure versus the intrusion vol-

ume data (calculated directly by the instrument), the pore volume and the pore size can 

be determined using the Washburn Equation (3-11), if a cylindrical pore geometry is 

assumed [221]. 

 ∆7 = * ¡1�R + 1��¢ = 2*\¯x8�6^,H  (3-11) 

The pressure difference across the curved mercury interface	∆7, is characterized by the 

positions	�R	and	��, which describe the curvature of mercury’s interface to the pore with 

radius	�6^,H. The surface tension of mercury * and the contact angle between the mate-

rial measured and mercury	8, have to be taken into account as well. A surface tension 

of 0.485 N⋅m-1 and a contact angle of 120-140° between the material and mercury, are 

typically used for most materials tested at room temperature [221]. The pressure is in-

versely proportional to the size of the pores. Therefore the greater the applied pressures, 

the smaller the intruded and measured pores. The main benefit from utilizing porosime-

try is its applicability for a wide range of pore sizes in the range of 3nm - 400µm, able 

to be measured within a few hours in a single test [222, 223]. 

Dr. Robin Beddoe tested several OoA prepregs with different textile architectures (Cy-

com 5320 -UD, Proprietary 5HS, PW, MTM 44-1 based on a 2x2 Twill weave) using 

an Auto Pore porosimeter by Micrometrics at the Center of Building Materials and Ma-

terial Testing of the Technical University of Munich.. Primary aim of the activity is the 

characterization of the dimensions of the porous network, available to transport gas at 

the initial state of the prepregs. The volume of air contained in the prepreg, is determined 

in combination with a pycnometer and a precision balance.  

A prepreg sample cut into 30cm long stripes with a maximum width of 1.5cm and rolled 

in order to fit into the dimensions of the intrusion chamber (dilatometer) is used to per-

form the test. A schematic of the intrusion chamber is given in Fig. 3-5 (a), while a 

typical intrusion curve generated by the porosimeter is given in Fig. 3-5 (b). The samples 

used weigh between 0.7-2.5g, within 1mg accuracy. 
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(a)  (b) 

Fig. 3-5: (a) sketch of a mercury penetrometer and (b) typical curve acquired during prepreg po-

rosity measurements using mercury porosimetry 

The measurement procedure is summarized in the following steps:  

• The sample	(q´) and intrusion cell weights (q&') are measured before the test. 

• The sample is placed in the penetrometer, while mercury is allowed to enter the 

cell until it fills up, with low pressure applied on the sample. The sum of the 

weights of the cell, the sample and the mercury used to fill up the cell is therefore 

known (q1^1). The bulk mercury weight is determined via Equation (3-12). 

 qr) = 	q1^1 − (q&' + q´	) (3-12) 

Its volume can easily be determined from its density, which is known. This vol-

ume reflects the bulk volume of the prepreg material	v´, which consists of fi-

bers	v",6, resin	v,,6	and air	v�,6, given in Equation (3-13). 

 v´ = v",6 + v,,6 + v�,6	 (3-13) 

The bulk density of the prepreg can be determined via Equation (3-14). 

 ;´ = q´v�  (3-14) 

• In a following step, more mercury is pressed in the cell in order to intrude the 

open pore network of the material within a wide pressure range (104 Pa up to ~ 

108 Pa). The volume of mercury required in order to fill all accessible pores (v�) 
can be determined from a Pressure vs Cumulative Intrusion Volume plot at	7���. 

An example of such curve is shown in Fig. 3-5(b). The bulk volume of the pre-

preg sample, minus the volume of mercury intruded into the pores (v�) provide 

Mercury

Sample

Vacuum

Intrusion Cell 

Capilary tube
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the skeletal volume. The skeletal volume reflects the volume of the prepreg oc-

cupied by resin and fibers. If the prepreg contains pores with no access for mer-

cury to intrude (‘closed’), the volume of those pores is also included in the skel-

etal volume. The skeletal density of the prepreg	(;~) is calculated from Equation 

(3-15) (in a similar fashion as in Equation (3-14)). 

 v~ = v´ − v� = v",6 + v,,6 (3-15) 

• The difference between the bulk and the skeletal volume of the prepreg is given 

by Equation (3-16) and can be used to calculate the volume of open pores. 

 v�,6 = v´ −	v~ = v�	at 7 = 7çèé (3-16) 

• Finally, the percentage of open pores intruded by mercury over the bulk volume 

is the porosity of the material, according to Equation (3-17). 

 @6 = v�,6v´ = 	 v�v´ (3-17) 

A comparison of the porosity and pore distribution of four OoA prepregs with different 

textile architectures and impregnation patterns is performed in Fig. 3-6. Preliminary po-

rosimetry results for all but the MTM 44-1 prepreg are included in [S1].  

  

      (a)           (b) 

Fig. 3-6:  Mercury porosimetry curves for all OoA prepregs 

(a) Percentage of cumulative intruded mercury volume plotted against the applied pressure. 

(b) Prepreg porosity correlated with measured pore diameters. 

The pressure required to force mercury inside the open pores is plotted against the per-

cent of intrusion achieved in Fig. 3-6(a). The pore diameter is plotted against the meas-

ured porosity of all prepregs in Fig. 3-6(b), for pores with sizes of mm down to nm. The 

larger pores reflect the air between tows or the gaps in the weaving pattern (mm), while 
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the smaller porosities reflect the air entrapped between the individual fibers within a tow 

(µm-nm). The slope of the yellow curve in Fig. 3-6(a) shows that a high percentage of 

mercury intrusion is achieved at relatively low pressures, at large pore diameters (Fig. 

3-6(b)). This observation was confirmed after imaging the material using SEM, pictures 

depicted in Fig.  3-7, where the PW prepreg tows of the proprietary material depicted, 

have a high level of impregnation, though gaps can be identified in the relatively ‘loose’ 

textile pattern. Its porosity content was measured to be 0.252 or 25.2%.  

  

Fig.  3-7: SEM pictures of the proprietary PW OoA prepreg 

The proprietary prepreg based on a 5-HS textile contains 0.199 or 19.9% porosity at its 

initial state, though its porosity is smaller. Approximately 0.367 or 36.7% and 0.361 or 

36.1% of the MTM 44-1/2x2 TW and Cycom 5320/UD prepreg volumes respectively 

are pores. All prepregs, apart from the one based on the PW textile, have a similar dis-

tribution of pore dimensions. The porosity of the MTM 44-1 prepreg determined via 

porosimetry is higher than the theoretically calculated porosity and the porosity deter-

mined via image segmentation. A potential reason for the deviation m be explained by 

the volumetric expansion of the prepreg during mercury intrusion, due to the lack of 

resin backing-layers from both sides of the prepreg. In the literature, the compressibility 

of a material is a common source of error in the measurement [221]. Nevertheless, mer-

cury porosimetry is a promising technique, as it can offer quantitative information of a 

prepreg’s impregnation state and porosity distribution, particularly when materials with 

a two-sided impregnation are concerned. Due to limited availability of the mercury po-

rosimeter, it has not been possible to perform a series of tests to establish an understand-

ing of the measurement repeatability and the associated uncertainty in the porosity de-

termination, nor to establish the inherent variability of each material. 

3.2.1.4 Summary 

The amount of pores included in the MTM 44-1 prepreg at its initial state was deter-

mined using three methods: theoretical calculations based on material data-sheet prop-

erties and ply thickness measurements, direct segmentation of images acquired via µCT 

and mercury porosimetry.  
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The summary of all prepreg porosity results are presented in Fig.  3-8 with the measure-

ment error included where available. The red lines represent the mean, minimum and 

maximum of the theoretically determined prepreg porosity. 

 

Fig.  3-8: Porosity of an MTM 44-1 ply determined via image segmentation and porosimetry 

The results are compared against the theoretically calculated porosity volume content, with 

the continuous red line depicting the average theoretical porosity	@6, while the dotted lines 

the minimum and maximum prepreg porosity determined. 

In this Chapter the significant amount of variation inherent to the uncertainty in the de-

termination of the initial volume fractions of the material is highlighted. The variations 

originate from the variability of the measurement techniques (image segmentation) or 

handling differences, leading to sample deformation before and during the measurement 

influencing the results. Taking this into account the porosity determined via image seg-

mentation agrees well with the theoretical porosity, while the porosity determined via 

porosimetry is higher. It can be concluded that the MTM 44-1 prepreg has a high initial 

porosity content, with	@6	ranging between 0.274 (or 27.4%) and 0.367 (or 36.7%). 

3.2.2 Determination of Local Volume Fractions 

This Chapter presents the process used for the determination of the tow dimensions of 

the MTM 44-1 prepreg, initially only saturated with air. Image segmentation techniques 

are used to determine the local fiber and air volume content of the tows.  

The images generated via µCT were analyzed using thresholding and particularly the 

IsoData algorithm. The microscopy images were analyzed using several segmentation 

techniques in the context of the Term Project of T. Glockner [S2]. The most repeatable 

method for defining fiber volume content from microscopy images was found to be the 

application of a Gaussian Blur filter, in combination with a noise reduction filter. Sub-

sequently an algorithm able to identify high intensity pixels within a specified tolerance 
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range was used (Find Maxima) [S2]. The Find Maxima algorithm creates a binary image 

of the same size as the original by marking one segmented particle per maximum iden-

tified with a cross [217]. In our case these particles are the single fibers inside each tow. 

Using Image J, the amount of points where a maximum is detected can be identified and 

counted. The number of fibers measured with image analysis and the theoretical number 

of filaments present in a 6K tow assist in the reduction of outliers in the measurement. 

The geometrical information of a tow are usually not available in material data-sheets. 

Therefore after testing various shape options [S2], an ellipse with major axis	oH, minor 

axis	ℎH and the cross-sectional area	O1 fitted to each tow shown in Fig.  3-9(a), for eight 

tows imaged with microscopy and ten tows imaged with µCT. The results are summa-

rized in Tab. 3-5.  

Tab. 3-5: Area and dimensions of MTM44-1 tows fitted to an ellipse 

Properties Microscopy µCT 

Symbol Unit Mean �� # Tows �� Mean �� # Tows �� O1 mm2 0.45 0.02 8 0.01 0.43 0.04 10 0.01 oH mm 2.32 0.08 8 0.03 2.17 0.06 10 0.02 ℎH mm 0.25 0.02 8 0.01 0.25 0.02 10 0.01 

Once the area of the tow is defined and the fibers counted, the local fiber volume fraction 

can be determined directly from Equation (3-18).  

 �",1 = 
 ⋅ (ª�)Α1  (3-18) 

The 
 reflects the number of single fibers in the tow (in this case 6K or 6000 filaments 

[224, 225]),  the fiber radius (3.5µm for theTenax HTA 40 E13/ Tenax HTA 5131 

fibers [224]) and ë1 the cross-sectional area of the tow. 

Since tows consist solely of air and fibers, they can be represented as a two phase porous 

domain, with the local porosity volume content calculated from Equation (3-19). 

 @1 = 	1 − �",1 (3-19) 

Examples of all image analysis steps used in the tows are shown in Fig.  3-9. The results 

of the theoretical and experimentally determined fiber volume fractions are summarized 

in Tab. 3-6. The average fiber volume fraction of the tows is approximately 50%, when 

all tows and calculation methods are considered. It can be concluded that the difference 

between the fiber volume fraction assuming	
	fibers are included in the tow ellipse and 

the fiber volume fraction determined via image analysis is small, if the standard devia-

tion of the measurement is taken into account. 
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(a) 

 

(b) 

 

(c) 

Fig.  3-9: Microscopy images of the MTM 44-1 prepreg and image analysis 

(a) Selection of tow using an ellipse (b) erasing background to analyze the tow domain (c) 

zoom on the fibers to demonstrate the impact of Gaussian blur and Find Maxima [S2]. 

The fiber volume fraction determined via image analysis is in both cases lower than the 

one calculated. This difference originates from the difficulty of accurately detecting the 

tows edges. The idealization of the tow as ellipse occasionally leaves fibers outside the 

ellipse uncounted and the local presence of resin and impurities inside the tow domains 

masks the presence of some fibers as well.  

Tab. 3-6: Local fiber volume fraction of the MTM 44-1 tows 

Properties Microscopy µCT 

Method Symbol Unit Mean �� Tows  �� Mean �� Tows �� 

Im
ag

e 
  �",1 % 49 2 8 0.7 46 3 10 0.9 @1 % 51 2 8 0.7 54 3 10 0.9 

T
he

or
y �",1 % 52 3 8 1.1 54 2 10 0.6 @1 % 48 3 8 1.1 46 2 10 0.6 
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3.3 Prepreg Characterization 

The method used to determine the MTM 44-1 prepreg permeability to air is presented 

in this Section. The air permeability is characterized at different prepreg impregnation 

levels, while regression is used to determine the equation which better fits the permea-

bility as a function of the prepreg porosity. The intrinsic permeability of the tow is de-

termined via the equations proposed by Gebart [140], assuming the initial volume frac-

tion of the prepreg remains constant throughout the process. Both properties play a de-

cisive role in the distribution of the pressure inside the laminate during OoA processing. 

3.3.1 Permeability to Air 

The in-plane air permeability of the MTM 44-1 prepreg	n�,��	is characterized in order 

to quantify its capacity to transport air. The air permeability of the prepreg is measured 

using a transient dropping pressure method (DPM) initially proposed by Hou et al. [36] 

for the characterization of textile reinforcements. In this approach the error between the 

calculated and measured pressure is minimized and used for the calculation of the effec-

tive permeability of the prepreg [36]. This work was performed in the context of a sci-

entific exchange at Ecole Centrale de Nantes in collaboration with Marie Devisse, Julie 

Hemmer and Hermine Tertrais [SN1]. All measurements are performed at room temper-

ature, after conditioning a 5-ply prepreg stack at various temperatures under vacuum. 

The in-plane air permeability of the MTM 44-1 prepreg, 	n�,��	is calculated for a range 

of porosities	@6, which are obtained via conditioning the material at a range of temper-

atures. The equation resulting from fitting the in-plane air permeability as a function of 

the prepreg porosity is used as an input in the OoA process simulation developed in the 

context of this work, which is presented in detail in Section 4.2. 

3.3.1.1 Measurement Set-up 

The test set-up developed by Hou et al. [36] was replicated at the Research Institute in 

Civil Engineering and Mechanics (GEM) of Ecole Centrale de Nantes. A picture of the 

test-bench and the test cavity set-up used for the measurement of the in plane air perme-

ability of the MTM 44-1 prepreg is given in Fig.  3-10. The set-up consists of a metal 

base plate and a transparent Plexiglas lid. The base plate includes fitting for the installa-

tion of pressure sensors and vacuum inlets/outlets are drilled at several locations. Two 

of which are used in the context of this work, one close to the vacuum inlet before the 

stack and one after. The holes not in operation for each experiment are sealed with a 

custom plug fitting. The prepreg stack is placed in the area between the two pressure 

sensors, while the other two edges of the prepreg are sealed with tacky tape. O-rings are 

placed at the front and back side of the cavity, which assists with the sealing of the 

preform and the definition of a reduced area for air flow and a constant cavity thickness. 

The prepreg is placed in the cavity as shown in Fig.  3-10(b), with the backing paper of 

the top and bottom ply in place, in order to avoid contamination of the mold surfaces 



64 Characterization of the MTM 44-1 Prepreg 

 

with resin. Steel shims are used to define the cavity thickness of thicker stacks. To avoid 

unwanted cavity deformations during the test, four steel bars are evenly distributed and 

fixed on top of the Plexiglas and sealed with the rest of the set-up.  

  

 

(a)  (b)  

Fig.  3-10: Experimental test-bench used for the determination of the in-plane air permeability 

(a) General view of the set-up during a measurement (b) placement of the prepreg sample 

inside the test-cavity and test-cavity lay-out [SN1]. 

The sensors used for pressure acquisition (Kistler) can measure absolute pressure in the 

range of 0-2 bar (0-2⋅105 Pa). They are powered by a DC supply delivering 20 mA and 

22V, with a current output of 4 and 20 mA. The pressure and temperature signals are 

register via a cDQ-9174 data acquisition system from National Instruments. A Lab-View 

program acquires the signals and converts them through a calibration routine to pressure 

read-outs, each registered in a separate ASCII file. All measurements are performed at 

room temperature, while the exact temperature is measured and used to calculate and 

adjust the air viscosity as necessary. 

3.3.1.2 Theoretical Approach and Sample Preparation 

To calculate the 1D in-plane permeability of the prepreg to air using a transient meas-

urement concept based on the approach of Hou et al. [36], it is considered that the flow 

of air through the prepreg is laminar, it is in the viscous regime and gravity is neglected. 

Equation (2-42) can be used for the permeability determination, combining the conser-

vation of mass for air from Equation (2-39) with Darcy’s law (Equation (2-40)) and the 

ideal gas law at isothermal conditions and constant volume (Equation (2-37)).The set-

up can be either to perform both dropping (DPM) and raising pressure experiments 

(RPM). In this study, the dropping pressure method is selected, as it better reflects the 

condition of pressure distribution in the prepreg during OoA processing.  
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The initial and boundary conditions for the dropping pressure measurement expressed 

for pressure (7)�+) are given in Equations (3-20) and (3-21) respectively [36]. Since the 

inlet pressure (x=0) is logged during the experiment by a data acquisition software (7R - 

Fig.  3-11), it can be used as a boundary condition in COMSOL Multiphysics (Equation 

(3-21) at x=0). A schematic presentation of the principal is given in Fig.  3-11. 

IC 	7)�+(�, � = 0) = 7�1� (3-20) 

BC 

 at	� = 0	 → 7)�+(�) = 	7R(�)  

at	� = p	 → n�,��:� 	Á7)�+ì7)�+Â +	 ��O�
�7)�+�� = 0	 (3-21) 

Where 7)�+ the air pressure, 7�1� the atmospheric pressure (approximately 105 Pa),	:� 

the viscosity of air, O�	the area of the cavity excluding the prepreg (initially empty and 

fills with air only during the test) and �� the volume of air trapped in the initially empty 

cavity, L the length of the prepreg sample measured and finally n�,��	the effective in-

plane permeability of the prepreg to air determined using this method.  

 

Fig.  3-11: Schematic of the approach used to determine the MTM 44-1 air permeability 

The governing equation, initial and boundary conditions and the input parame-

ters:	O�	, ��	, p	, �",6	, :� are implemented in COMSOL Multiphysics, where the transi-

ent isothermal air flow through the prepreg is considered in order to calculate the pres-

sure at the end of the sample (x=L). To perform this calculation, an initial guess of the 

expected permeability of the medium shall be made. Consecutively, an algorithm imple-

mented in Matlab calculates the permeability of the prepreg via minimizing of the error 

between the theoretical and simulated pressures according to Equation (3-22) [36]. 
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 �}íÆ� 	= 17�1� î 1� Ì ¸7)�+H�6� − 7)�++��� ¹�ï
�  (3-22) 

Where i stands for the number of points interpolated out of a total number of points	
, 

while	7)�+H�6� , 7)�++���  are respectively the experimental and simulated pressures. 

The samples consisted of five plies with a size of 210mm x 200mm. Air flow took place 

along the long side of the sample, which coincided with the warp axis of the textile. Prior 

to testing, each sample was kept under vacuum, at room temperature, for 10min. Con-

secutively the sample was transferred to a convection oven where it was heated for an-

other 10min at temperatures between 40-100°C under vacuum, as shown in Fig.  3-12. 

After temperature conditioning, vacuum was released and the samples were kept at room 

temperature. Once the prepreg has cooled-down, a sample was placed inside the cavity 

at a selected thickness, smaller than the initial prepreg thickness and vacuum was ap-

plied. The fixed cavity thickness of the test-bench defines the prepreg thickness under 

test. To ensure the influence of race-tracking is minimized, the stack is compressed to a 

slightly smaller thickness than the one measured at room temperature. Testing the ma-

terial only once it is cold serves in maintaining the prepreg microstructure attained after 

conditioning, through inhibiting significant resin flow during the measurement. Since 

heating reduces the viscosity of the resin, applying pressure to a hot prepreg stack can 

lead to a change of the impregnation state. The sample preparation before testing may 

last 1-2 hrs, while the testing can take from several minutes up to few hours depending 

on the amount of porosity enclosed in the sample. 

 

 

 

(a)  (b)  

Fig.  3-12:  Conditioning of the prepreg stack before testing its air permeability [SN1] 

(a) Room temperature debulking of the stack (b) sample conditioning inside the oven. 
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3.3.1.3 Air Permeability as a Function of Prepeg Porosity 

The fiber and resin volume fractions	�",6	and	�,,6	are determined according to Equations 

(3-1) and (3-5) respectively after determining the thickness of the sample at the end of 

each measurement. Once the fiber and resin volume fractions are known, the global pre-

preg porosity @6	can be determined from Equation (3-6). Conditioning the prepreg at 

different temperatures produced samples with porosity in the range of 0-0.3 (or 0 – 30%) 

and resulting in-plane air permeability	n�,��	which is summarized in Fig.  3-13. 

           

 

  (a)  

     

 

(b)  

Fig.  3-13: Air permeability of the MTM 44-1 prepreg for a range of porosities 

(a) Experimental points and measurement error – linear scale 

(b) Experimental points and 5th order polynomial fit – logarithmic scale. 
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The first permeability data point was measured after consolidating the prepreg at room 

temperature solely under vacuum, for approximately ten minutes. The stack after the 

measurement had a porosity	@6	of 0.30 or 30%, fiber volume fraction	�",6	of 0.36 or 36% 

and resin volume fraction	�,,6	of 0.34 or 34%. Its air permeability at 0.3 or 30% porosity 

was the highest permeability determined for the MTM44-1 prepreg, 1.86⋅10-12 m2.  

In some occasions, the test cavity was closed with uneven or insufficient torque, which 

resulted in a higher cavity thickness than the initial sample thickness. During these tests 

race-tracking can result in an over-estimation of the measured permeability. This effect 

was observed at the initial state of the prepreg, for a porosity content of 0.3 or 30%, 

therefore the first data-point is excluded from the analysis as shown in Fig.  3-13(a). 

Nevertheless, this data point is still included in Fig.  3-13(b) for comparison purposes 

due to unavailability of other test results at this porosity level. 

The air permeability was initially fitted to an exponential function, typically used to 

describe the permeability of textiles. Nevertheless, the best fit was attained by a fifth 

order polynomial as a function of the prepreg’s porosity given in Equation (3-23). 

 n�,��Á@6	Â = �1 ⋅ @6	¨ + �2 ⋅ @6	Y + �3 ⋅ @6	X + �4 ⋅ @6	� + �5 ⋅ @6	 + �6  (3-23) 

The Bisquares weight method, minimizing the effect of outliers within a 95% confidence 

interval (95% CI), was used to determine the coefficients of Equation (3-23) in Matlab 

R2014b. The coefficients �1 − �6	are summarized in Tab. 3-7 including an upper and 

lower band for 95% CI. The parameters describing the regression quality are included 

in the same table.  

Tab. 3-7:  Fitting coefficients of the MTM 44-1 in-plane air permeability as a function of the 

prepreg’s porosity and regression quality attained (see Equation (3 23)) 

Parameters Units Coefficients Lower Band Upper Band �1 m2 3.68 ⋅10-9 -3.61⋅10-9 1.10⋅10-8 �2 m2 -2.01⋅10-9 -6.62⋅10-9 2.59⋅10-9 �3 m2 4.35⋅10-10 -5.97⋅10-10 1.47⋅10-9 �4 m2 -4.08 ⋅10-11 -1.37⋅10-11 5.59⋅10-11 �5 m2 1.84⋅10-12 -1.42⋅10-12 5.10⋅10-12 �6 m2 6.14⋅10-15 -2.24⋅10-14 3.47⋅10-14 

Quality of fit 

R2 0.988 

Radj
2 0.982 
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Since only two samples were measured in the 0-0.5 (or 0-5%) porosity range, the confi-

dence of the model in this region is low. A poor fit between the measured and simulated 

pressure was obtained and therefore these points are excluded from the regression for 

determining the air permeability. The permeability equation can nevertheless qualita-

tively capture the drop of permeability in this porosity region. 

Potential reasons for this discrepancy between experimental and simulated pressure may 

be attributed to: 

• Mold leakage, which has a higher influence on the measurement’s accuracy in 

samples with lower porosity content and therefore lower permeability. 

• Modification of the prepreg’s microstructure at different porosity levels, directly 

affects the physics of air flow. The increase of the prepreg impregnation causes 

a reduction of the characteristic length for air flow. When this effect becomes 

significant, the dominating mechanism of air flow through a highly saturated 

prepreg most likely switches from viscous to sliding flow. Furthermore, the ap-

plication of vacuum for a significant amount of time during the measurement 

may contribute towards a more significant reduction of the characteristic length 

of the porous network, further impregnation and ‘locking’ of the air channels.  

Inspection of the sample’s microstructure with µCT after performing air permeability 

measurements (images included in Fig.  3-14) shows evidence of the significant change 

occurring in the microstructure between the sample conditioned at 80°C and 100°C. 
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      (b)  

Fig.  3-14:  Experimental versus simulated pressures and resulting microstructures imaged with 

µCT after conditioning the MTM 44-1 prepreg for 10min at (a) 80°C (b) 100°C 

3.3.1.4 Effects of Temperature on the Prepreg Microstructure 

and the Air Permeability 

The sensitivity of the prepreg permeability to the conditioning temperature and duration 

of its application was investigated and the results plotted in Fig.  3-15. 

        
Fig.  3-15: MTM 44-1 permeability vs. porosity of samples conditioned at various temperatures 

and times 
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Three temperatures (40°C, 60°C and 80°C) and three durations of conditioning (1, 5, 20 

min) were selected for this purpose. The red points, are points used to derive the fitting 

equation	n�,��Á@6	Â, reflecting samples conditioned for 10min, while the blue points 

represent all other samples conditioned for 1min and 20min, before the permeability of 

the material was measured. As shown in Fig.  3-15, the influence of temperature and 

temperature conditioning duration does not have an effect on the shape of the permea-

bility vs. porosity curve. A shift along the porosity axis due to longer conditioning times 

at elevated temperatures, contributes towards measuring a lower air permeability in the 

sample. It can be concluded that the air permeability is independent of the conditioning 

temperature of the prepreg and therefore the 5th order polynomial fit can be used as a 

generalized expression to describe the permeability of the MTM44-1 prepreg solely as 

a function of its porosity. This function is implemented in COMSOL Multiphysics and 

can depict the influence of the porosity reduction of the prepreg on the air permeability, 

which may take place either during debulking, or during the cure cycle (see Section 4.2 

for implementation details). 

3.3.1.5 Conclusions and Perspectives 

In this Section the application of a transient air permeability measurement method, ini-

tially developed for the characterization of textiles by Hou et al. [36], is used to measure 

the permeability of the MTM44-1 OoA prepreg. Measurements were performed at a 

range of saturation levels, representing the evolution of the material’s permeability with 

evolving impregnation during OoA processing. While no information about the in-plane 

air permeability of the MTM44-1 prepreg is available in the literature, the permeability 

determined in this work agrees well with the permeability range reported by Hickey et 

al. [37], Cender et al. [39], Arafath et al. [35] for other OoA prepreg systems. The initial 

permeability of textile based OoA prepreg stacks (8 plies) is reported to be in the range 

of 5.49⋅10-13 and 5.69⋅10-14 m2, without reference on the porosity or fiber volume frac-

tion of the sample measured [35]. Cender et al. [39] presented the evolution of the air 

permeability of two OoA prepregs based on a TW fabric (Gurit ST94), at different sat-

uration levels. The permeability measured by Cender et al. [39] reduced with increasing 

resin saturation, causing a simultaneous decrease in the in-plane air permeability of the 

prepreg from approximately 5⋅10-12 up to 3⋅10-14 m2 from 0 to 0.6 or 0 to 60% saturation 

of the prepreg with resin [39]. Correlating a prepreg’s permeability with its porosity 

using a 5th order polynomial equation provide the means to mathematically describe the 

permeability evolution taking place during OoA processing. This direct correlation of 

the air permeability evolution with its macroscopic porosity as the impregnation pro-

gresses, enables an accurate and convenient implementation of the air flow physics in 

the virtual processing toolkit, developed in the context of this work. The approach of 

correlating the air permeability with the porosity instead of the fiber volume fraction of 

the prepreg, enables decoupling the air flow from the compaction, if the resin content is 

assumed to remain constant. 
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Future work shall enable a more detailed study of the MTM44-1 prepreg at high (0.3 or 

30%, or higher) and low porosity contents (0-0.06 or 0-6%), to enable an increased con-

fidence in the validity of the developed model in these regions. Furthermore the imple-

mentation of the Klinkenberg sliding effect for measurements performed at low porosity 

levels will be improve the prediction accuracy. A detailed study of the microstructure 

shall be performed in order to quantify the dimensions of the mean free path of the gas 

molecules in the prepreg (Klinkenberg factor). To determine if resin flow takes place 

during the test at low porosity levels, it would be interesting to image the vacuum appli-

cation process in a small scale, real time, using a µCT. Finally, a comparative study of 

the resulting pressures during the permeability measurement could be performed using 

a prepreg with a higher viscosity or an aged prepreg sample. 

3.3.2 Tow Permeability to Resin 

The analytical equations developed by Gebart [140] describe the permeability of unidi-

rectional fibrous materials with idealized fiber distributions (Section 2.2.4). These equa-

tions are used to calculate the through thickness tow permeability of the MTM 44-1 

prepreg defined as the ‘tow equivalent’ in Fig.  3-3. The simplified rectangular tow of 

Fig.  3-3(c) is considered to saturate exclusively through its thickness, while the through 

thickness permeability of the warp and weft tow is equal. The through thickness perme-

ability of the MTM 44-1 prepreg	n,,��, for a range of fiber volume fractions	�",6	and for 

a quadratic, a hexagonal fiber distribution and their average is presented in Fig.  3-16. 

 
Fig.  3-16: Through thickness permeability of the MTM 44-1 tow for a quadratic and a hexago-

nal distribution of fibers in the tow and their average 

The fiber radius of the MTM 44-1 prepreg is 3.5µm [224, 225], while their distribution 

is rather erratic (Fig.  3-9 (a)). Since it does not resemble any idealized distributions, the 

average permeability is calculated instead as an input for the OoA simulation presented 
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in Chapter 4. The through thickness permeability of the ‘tow equivalent’ for the average 

prepreg volume fraction (�",6	= 0.36 or 36% - Tab. 3-3) is n,,��	= 7.58⋅10-13 m2. If the 

average tow volume fraction is considered instead (approximately	�",1	= 0.5 or 50%- 

Tab. 3-6), the tow permeability reduces to n,,��	= 1.79⋅10-13 m2. 

3.4 Resin Film Characterization 

The MTM 44-1 prepreg is partially impregnated by an epoxy resin film based on a 

TGMDA/TGGDM epoxy (N,N,N´,N´Tetraglycidyl 4,4´ Diaminodiphenylsulphone), 

while it also contains two tertiary amines (4,4´Methylenebis[2,6 Diethylaniline] and 4,4´ 

Methylenebis[2-Isopropyl-6-Methylaniline]) [226]. The resin also contains toughening 

agents [225], nevertheless the chemistry of the toughening agents has not been reported.  

3.4.1 Cure Kinetics 

In this Section the curing process of the MTM44-1 resin is investigated via isothermal 

and non-isothermal (ramp) Differential Scanning Calorimetry measurements (DSC). 

The characterization results are summarized in Section 3.4.1.2 and are used as an input 

for the development of a cure kinetics model presented in Section 3.4.1.3.  

3.4.1.1 Differential Scanning Calorimetry (DSC) 

DSC can be used to quantify the energy released from an initially uncured polymer, 

during its cure at controlled isothermal or non-isothermal conditions. Furthermore, the 

cured and uncured glass transition temperature of a polymer can be characterized at a 

range of heating rates using DSC. A TA Q2000 Heat Flux DSC is used to measure the 

temperature difference between a reference pan and a pan containing an MTM 44-1 

sample. The DSC System has a temperature range of -90°C and 725°C. The sample pans 

are placed inside the same furnace, while their temperature difference during heating is 

used to calculate the heat flow [151]. Apart from the sensors used to measure the tem-

peratures of the sample (4+6) and reference pan (4,6), another temperature sensor is in-

cluded between the two pans (4'6). The introduction of a sensor in the furnace (TzeroTM 

Sensor), enables the measurement of the furnace’s thermal resistance, reducing the error 

caused by the resistance modification during the measurement [227]. The acquired heat-

flow signal is therefore stable within the temperature range of interest. The differential 

heat flow rate measured in a pan is given by Equation (3-24)[228]. 

 
�01�� = =6+ �4+6�� +	�c��  (3-24) 

Where	=6+	is the heat capacity of the pan containing the sample, 4+6	is the sample tem-

perature and	�c ��⁄ 	is the heat flow produced or absorbed by a kinetic response in the 
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material, according to Dykeman [229]. The heat flow rate introduced to, or emitted by 

the sample can be calculated from Equation (3-25). 

 
�c�� = 4'6 − 4+6+  (3-25) 

Where	4+6	stands for the sample temperature,	4'6	is the furnace temperature, and + the 

thermal resistance between the heat source and the pan. The heat flow rate of the refer-

ence pan can be calculated similarly, by replacing the sample temperature, resistance 

and heat capacity of the sample with that of the reference pan. Substituting Equation 

(3-25) into (3-24) and subtracting the heat flow equations of the reference from the sam-

ple (Equations (3-27) and (3-28)) leads to the differential equation (3-26)[227].  

 �01�� = − /56, + /5'6 ⋅ ( 1+ − 1,) + ¸=6, − =6+¹ ⋅ �4+�� − =6, ⋅ �(/56)�� 	 (3-26) 

 /56 = 4+6 − 4,6 (3-27) 

 /5'6 	= 4+6 − 4'6 (3-28) 

This is a four-term heat flow equation, with the first term expressing the principle heat 

flow, while all other terms account for any imbalances within the measuring system and 

sample pans [227, 228]. Recording two differential measurements has played an im-

portant role in achieving a flat baseline for the measurements. 

Modulated DSC is better suited when materials with overlapping transitions, or transi-

tions difficult to discern are to be characterized. In MDSC two heating rates, one linear 

and one sinusoidal (modulated) are applied simultaneously on the sample. To perform 

an MDSC measurement the average heating rate, the temperature modulation pe-

riod	(�6) and amplitude (4�) have to be specified. The MDSC can measure the Total 

Heat Flow, but also two individual components, the Reversing and Non-Reversing Flow 

presented in Equations (3-29) and (3-30) respectively.  

 
�02H$�� = =62H$ 	�4������

 (3-29) 

 
�0_^��2H$�� = �01�� − �02H$��  (3-30) 

The Reversing Heat Flow signal	02H$ is calculated from the Reversing Heat Capacity 

signal	=62H$. The Total Heat Flow signal	01 is calculated from the average value of the 

measured Modulated Heat Flow signal, with the use of Fourier Transform (FT) on the 

sinusoidal wave signal. The difference between the Total Heat Flow and the Reversing 

Heat Flow gives the Non-Reversing Heat Flow	0_^��2H$. Generally material phase 
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transitions (i.e.	4)) which are reflected in the heat capacity can be measured in the Re-

versing signal, while kinetic events such as chemical reactions and crystallization or 

evaporation processes are investigated using the Non-Reversing signal.  

3.4.1.2 Sample Preparation and Measurement 

Sample Preparation 

The MTM 44-1 resin supplied in the form of a resin film was cut in small samples (mass 

~15-17mg) and transferred to an aluminum pan (type Tzero - Al Hermetic). A large sam-

ple mass is selected (at the limit of the capacity of the pan) to increase the measurement 

sensitivity. The mass of the sample, pan and lid were in the range between 52-69mg. 

The mass of each sample and the pan/lid weight was determined before the DSC meas-

urement, with the use of a high accuracy Mettler Toledo XS205 balance (0.01mg). Ac-

curate determination of the sample mass is critical to the accuracy of the results, while 

a limited mass variability reduces the variability in the calculated energy of reaction. 

Care was taken to not significantly extend the resin film during the cutting process, as 

this could cause alterations in the physical behavior of the polymer and to ensure good 

contact with the bottom of the pan [151]. The pan was finally sealed and the lid was 

perforated and loaded in the furnace at room temperature. 

Baseline and Temperature Calibration 

Before testing the actual material an evaluation run of the heat flow signal was per-

formed within the temperature range of interest. For this purpose two empty pans sealed 

with a lid are placed in the furnace (of the same type as the ones later used in the actual 

measurement). A Tzero calibration, entailing two empty furnace runs was performed to 

determine the resistance of the cell, while two runs with sapphire samples (one per pan 

side) were used to determine its heat capacitance. To improve the sensitivity of the meas-

urement, a calibration run was performed using a metal with a transition in the temper-

ature range where phase transitions are expected to take place. Since the glass transition 

temperature of the MTM 44-1 resin is expected at 170-190 °C, a calibration using In-

dium (In) with a melting point at 156.6 °C and Tin (Sn) with a melting point at 231.9 °C 

was performed at each heating rate used in the characterization. 

Non-Isothermal Characterization and Data Extraction 

The total enthalpy and the glass transition temperature before and after cure 

(namely	4)'	or	4)m) can be determined via dynamic DSC measurements on the MTM 

44-1 resin. Since the MTM 44-1 resin is a mix of at least three main components, the 

glass transition temperature is not clearly discernable with simple DSC measurements. 

Therefore MDSC was chosen to perform non-isothermal MTM 44-1 resin characteriza-

tion. The linear heating rate	�4�a� ��⁄ 	is selected according to the heating rates sug-

gested for processing of the MTM 44-1 prepreg from the material manufacturer [225]. 
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The temperature modulation period	�6	and amplitude	4�	were selected according to the 

TA guidelines, for materials with glass transition temperatures hard to detect [230]. The 

temperature measurement range	4�a�	spans 30°C below the expected	4)'	and stops be-

low 280°C, where most epoxies start decomposing during the first run [148]. Before 

initiating the temperature scan and after its completion, the measurement is left to equil-

ibrate at temperature for 10-20min. Cooling the sample to 20°C takes place fast. The 

settings used for the MTM 44-1 characterization are summarized in Tab. 3-8. 

Tab. 3-8: Non-isothermal MDSC settings used for the measurement of the MTM44-1 resin 

1st – Run 2nd– Run MDSC Settings �4�a���  

(°C⋅min-1) 

4�a� 

(°C) 

�4�a���  

(°C⋅min-1) 

4�a� 

(°C) 

4� 

(°C) 

�6 

(s) 

1 
-60 up to 280 

1 
20 up to 280 

0.636 60 

2 2 1.272 60 

3 3 1.908 60 

Fig.  3-17 depicts signals of the Reversing (blue) and Non-Reversing Heat flow (green) 

during an indicative non-isothermal scan of the MTM 44-1 resin at 1°C/min.  

 

 

Fig.  3-17: MDSC thermogram of the MTM 44-1 resin depicting two consecutive scans per-

formed at 1°C/min on the same sample 

The Reversing signal shows a complex response with more than one glass transition 

temperature present in the uncured material (-30 °C up to 30 °C, 30 °C up to 80 °C & 
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120 °C up to 220°C). The total enthalpy of the MTM44-1 resin was determined by cal-

culating the area under the curve of the Non-Reversing heat flow rate at the time where 

an exothermic curing reaction takes place (first MDSC run), divided by the sample mass. 

The trapezoidal rule is used to integrate the Non Reversing Heat Flow signal (in mW) 

over time above a selected baseline in Matlab R2014b. A local weighted linear least 

squares regression with a 2nd degree polynomial was used to smoothen the data before 

the integration (loess). An example of a typical curve of the MTM 44-1 Non Reversing 

Heat Flow rate and the baseline used to perform the integration and determine the total 

enthalpy, is shown in Fig.  3-18 (a). The total enthalpy released by the reaction of the 

MTM 44-1 resin at three heating rates is summarized in Fig.  3-18 (b). 

  

 

         (a)              (b)  

Fig.  3-18: Total enthalpy of the MTM 44-1 resin determined via non-isothermal measurements 

The glass transition temperature of the uncured material	(4)') was measured during the 

first temperature scan while the glass transition temperature of the cured material	(4)m) 

was measured on the second, in both cases on the Reversing Signal (Fig.  3-17 – blue).  

Tab. 3-9: Glass transition temperatures of the MTM 44-1 resin and method of calculation 

 

 �4�a���  

(°C⋅min-1) 

4)' 

(°C) 

�(íÇ 

(°C) 

4)m 

(°C) 
�(íñ  

(°C) 

1 -0.11 0.5 188.9 0.9 

2 0.20 0.5 193.9 4.5 

3 0.34 0.5 192.2 1.3 

The glass transition temperature was determined from the mid-point of the step transi-

tion as shown in Tab. 3-9 along with the MTM 44-1 glass transition temperatures. 
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Isothermal Characterization and Data Extraction 

The determination of the total enthalpy of reaction by isothermal DSC measurements 

for a resin system of choice is generally favored over the non-isothermal determination 

[229]. Since the total enthalpy is a characteristic of the material, the reaction enthalpy 

measured with any measurement method should match closely. A reduced enthalpy de-

termined from an isothermal test can be compensated by performing a consecutive dy-

namic measurement on the same sample, enabling the material to release any residual 

enthalpy (0,H+). The total heat of reaction is determined by the sum of the isothermal 

and the residual enthalpy of the material according to Equation (3-31).  

 /02 = 0�+^ +	0,H+ (3-31) 

The isothermal heat of reaction was measured in the DSC, while the residual enthalpy 

was determined using MDSC and a dynamic temperature scan of the sample. The set-

tings of both measurements (isothermal and residual) used for the characterization of the 

MTM 44-1 resin are summarized in Tab. 3-10.  

Tab. 3-10: Settings used for isothermal DSC measurements on the MTM44-1 resin, followed 

with an MDSC scan for the quantification of the total enthalpy of the material 

Isothermal - DSC Dynamic - MDSC �4�+^��  

(°C⋅min-1) 

4�+^ 
(°C) 

�4,H+��  

(°C⋅min-1) 

4,H+ 
(°C) 

4� 
(°C) 

�6 

(s) 

40 100, 120, 130, 140,160, 180, 200 2 20-280 1.272 60 

One or two samples were tested at each temperature	4�+^. The heating ramp �4�+^ ��⁄  

from room temperature up to the temperature of interest, should be as fast as possible in 

order to minimize the influence of the transient heating to the curing state of the material 

though avoiding significant temperature overshoot. The isothermal enthalpy was deter-

mined by calculating the area under the curve of the Total Heat flow signal during the 

time of the exothermic reaction, divided by the sample mass. Each test extends inten-

tionally beyond the end of the reaction, in order to capture the signal up to the point 

where negligible change was observed. 

The isothermal and residual heat flow data are transposed along the y-axis in order to 

define a baseline heat flow rate at zero mW, as shown in Fig.  3-19 (a). The trapezoidal 

rule was used to integrate the Total Heat Flow signal (in mW) above the baseline over 

time, after smoothing the curves to reduce measurement noise (loess – Matlab R2014b). 

The residual enthalpy was calculated from the Non Reversing Heat flow signal in a sim-

ilar fashion as in the case of the Non-Isothermal measurements. The curves presented in 

Fig.  3-19 (b) are shifted to reflect a baseline –where at zero heat flowrate, no cure takes 

place. 
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   (a)              (b)  

Fig.  3-19: (a) Isothermal heat flow of the MTM 44-1 resin measured between 100 °C-200 °C 

and (b) residual heat flow determined via a subsequent dynamic scan 

The results of the total enthalpy determined from the sum of the isothermal and residual 

enthalpies are summarized in Fig.  3-20. The enthalpy cannot be accurately determined 

at 100 °C, since a significant part of the heat flow emitted during the isothermal test lies 

within the measurement error of the system. 

 

Fig.  3-20: Total enthalpy of the MTM 44-1 resin determined at isothermal temperatures 

Depicted average temperatures at low range (120-140°C) and high range (160-200°C), av-

erage of all isothermal temperatures (All Iso) and all heating rates tested (All Dyn). 

The total enthalpy calculated as an average of the enthalpy of all isothermal measure-

ments (Αll Iso - Fig.  3-20) is lower than the average enthalpy of all dynamic measure-

ments (All Dyn - Fig.  3-20). This behavior is commonly encountered in the literature 

and discussed in detail by Calado et al. [148] and Dykeman [229] amongst others. It can 

be further observed that the total enthalpy measured at the low temperature range (120-
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140°C) is higher than the one measured at the high temperature range (160-200 °C). This 

behavior could be explained by two potential reasons:  

• The advancement of the cure during the transient heating phase is more signifi-

cant at higher temperatures leading to only part of the total energy being captured 

with the selected method of integration of the curve. 

• The material demonstrates a complex kinetic behavior, with more than one reac-

tion mechanism involved, which dominate at different temperature ranges. The 

MTM 44-1 resin is a mixture of the primary epoxy and two amines, which could 

justify the presence of two kinetic mechanisms at two temperature ranges. 

Several step responses were observed at different temperature ranges on the Reversing 

Heat Flow signal of the uncured material on the MDSC thermograms (Fig.  3-17). This 

could be an indication of the different phases formed at different testing/processing tem-

peratures. The presence of different kinetics at different temperatures can also be seen 

in the evolution of the MTM 44-1 viscosity up to the gelling point. Discussion on the 

results of the viscosity measurements is included in Section 3.4.3.2. In the following 

Section, the isothermal measurements are used as a basis for the development of a cure 

kinetics model for the MTM 44-1 resin system.  

3.4.1.3 Cure Kinetics Modeling 

A cure kinetics model based on a phenomenological modeling approach able to capture 

the development of the degree of cure of the MTM 44-1 resin as a function of its cure 

rate is presented. The isothermal DSC measurement results were fitted to a range of 

models available in the literature by Wilson Tan [S4], while the model which better 

described the experimental behavior of the MTM 44-1 resin is discussed in detail here. 

As presented in Section 2.2.4.2, the degree of cure and cure reaction rate of the material 

can be directly calculated from the heat flow rate measured by DSC or MDSC, according 

to Equations (2-20) and (2-21). The principal of phenomenological modeling relies on 

identifying the best correlation between cure rate	�% ��⁄ 	and the temperature and degree 

of cure	%. Specifically	%	is a function which closely fits the shape of the heat flow curve 

generated by DSC. The most commonly applied model for % when reaction kinetics of 

an amine-based epoxy system is concerned is the autocatalytic model, given in Equation 

(3-32)[148, 231]. 

 
�%�� = (WR +	W�%�)(1 − %)� (3-32) 

Cole extended the autocatalytic expression into Equation (3-33) in order to capture the 

switch from a kinetics to a diffusion controlled reaction, which usually takes place at 

high degrees of cure (% > 0.1) [232, 233]. 
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�%�� = W%�(1 − %)�1 +	�[L(µ�(µóÇ³µóô())]	 (3-33) 

Nevertheless none of the two models could describe the cure behavior of the MTM 44-

1 resin accurately enough [S4].  

For this purpose the model proposed by Kratz et al. [159] and Shahkarami et al. [167], 

combines the principals of the above models in a single expression given in Equation 

(3-34). Since the model is used to characterize the cure kinetics of the MTM 45-1 OoA 

epoxy resin, a better match of the experimental data is expected. 

 
�%�� = WR%�R(1 − %)�R +	 W�%��(1 − %)��1 +	�[L(µ�(µóÇ³µóô())]	 (3-34) 

Where: 

• SR, qR, S�, q�: Reaction orders 

• d: Diffusion coefficient 

• %&', %&(:	Critical degree of cure at t=0 and during the temperature evolution T 

The coefficients	WR, W�	are described by an Arrhenius Equation (3-35). 

 W�(4) = OV,�	��� ¡−eV4 ¢	− 	where	Î = 1,2 (3-35) 

The activation energy eV was calculated from the slope of the line of oS(W�(4)) ver-

sus	1 4⁄  via linear regression, using a 1st order polynomial to fit the whole temperature 

range and for each temperature range (low and high) separately (multiplied by the gas 

constant	). It was also determined for the complete range of degrees of cure (0<	% <1), 

as well as for low (% <0.1) and high degrees of cure (% >0.1) separately. The resulting 

activation energies are summarized in Tab. 3-11. A good fitting was achieved in most 

cases, with �	and ���� ≥ 0.8.	A reduced quality was only obtained at the low temper-

ature range and at low degrees of cure	(� = ��� = 0.67). 

Tab. 3-11: Activation energy of the MTM 44-1 for a range of temperatures and degrees of cure 

 eV	(J/mol) 

Range All Temperatures 120-140 °C 160-200 °C 

0<	% <1 60784 62530 56768 % <0.1 65090 63910 72689 % >0.1 60484 60800 56818 

A higher activation energy was measured at low degrees of cure, while the highest en-

ergy was attained at the high temperature range and at low degrees of cure. In a second 

step Equation (3-35) is inserted into Equation (3-34), leading to Equation (3-36). 
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�%�� = OV,R��� ¡−eV4 ¢ %�R(1 − %)�R +	OV,���� ¸−eV4 ¹ %��(1 − %)��1 +	�[L(µ�(µóÇ³µóô())] 	 (3-36) 

Non-linear regression and particularly the trust-region reflective algorithm was used to 

determine the nine coefficients	OV,R, OV,�, qR, q�, SR, S�, d, %&', %&(. The cure behavior 

of the resin at the low and high temperature ranges as well as the whole temperature 

range was fitted with the coefficients summarized in Tab. 3-12.  

Tab. 3-12: Fitting coefficients of the cure rate versus degee of cure model proposed by Kratz 

and Shahkarami et al. [159, 167] (Equation (3-34)) adapted for the MTM 44-1 resin 

Parameters 
Fitting Coefficients 

All Temperatures 120-140 °C 160-200 °C OV,R	(s-1) 5.80⋅105 1.46⋅105 5.74⋅105 qR	(-) 1.00 0.94 0.51 SR(-) 2.32 1.81 2.31 OV,�	(s-1) 1.00⋅106 6.00⋅105 4.89⋅105 q�	(-) 0.65 0.50 0.73 S�	(-) 1.83 0.72 1.94 d	(-) 9.83 17.26 8.66 %&'	(-) -1.50 -1.48 -1.50 %&(	(K-1) 5.00⋅10-3 5.00⋅10-3 5.00⋅10-3 

The fitting error	�úûúü 	was quantified by Equation (3-37), where	�%ý ���⁄  the predicted and �� ���⁄  the experimental cure rate, while 	�%���� ��⁄  the average experimental cure rate, for 

a total of 
	measurement points. 

��µ�1 	(%) = 1�%������ î∑ (�%�� � − �%ý�� �)�_�ÍR 
  
(3-37) 

A comparison between the experimental and modeled curves is shown in Fig.  3-21, 

where it can be seen that defining two sets of fitting coefficients to describe the cure 

behavior of the MTM 44-1 resin at low and high temperatures is beneficial. This behav-

ior confirms the assumption of a complex kinetic behavior of the system, with more than 

one reaction activated at different temperature ranges (the low and high investigated). 
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          (a)            (b)  

 

 

       (c)           (d)  

 

 

(e)  

Fig.  3-21: MTM 44-1 cure rate vs. degree of cure and global fitting error 

(a) & (b) Modeled (dotted line) and experimental data (solid line) using one set of coeffi-

cients to model the whole temperature range (c) & (d) modeled (dotted line) and experi-

mental data (solid line) using two sets of coefficients, one per temperature range (e) Fitting 

error for whole (white) or part of the temperature range (grey). 
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3.4.2 Rheometry 

Rheological characterization of the MTM 44-1 resin is performed with the aim to deter-

mine the material’s viscosity and the time available until gelation for a range of temper-

atures relevant to OoA processing. The measurements are used as a basis for the devel-

opment of a model which will predict the resin viscosity evolution for a wider range of 

temperatures and heating rates. This model is used in OoA process simulation to predict 

the impregnation time of the MTM 44-1 prepreg tows and plies. Details of the charac-

terization method, data analysis and viscosity fitting are presented in this Section. 

3.4.2.1 Material Preparation 

The MTM44-1 resin is supplied from the manufacturer as a film with a nominal areal 

weight of 182gsm and a thickness of 0.2mm, deposited between two backing papers. 

Eight or nine plies of the film are stacked on top of each other at room temperature, in 

order to form a sample thick enough to be tested with the Rheometer. A 300mm x 

300mm plate of resin with a thickness of 1.6-1.8mm is constructed for this purpose. As 

conventional degassing of the resin led to adverse effects (i.e. foaming), to reduce the 

air entrapped between the resin films due to stacking samples in the size of the plate 

diameter (25mm) were cut out of the resin plate and compacted in the Rheometer. Dur-

ing the compaction a temperature of approximately 40 °C was used, with a parallel ap-

plication of 0.9 bar of pressure (9⋅104 Pa and a maximum force of 45 N), until a thickness 

between 0.9-1.1mm was attained. At this stage the sample is wider and thinner, while 

most of the air initially enclosed in the samples (i.e. due to ply stacking) shall be pushed 

out. Once the required thickness was obtained, the force was released and the material 

was removed from the rheometer and left at room temperature to cool down. Once the 

sample was sufficiently cold, it was cut to the size of the plate used for testing in order 

to perform the actual measurement.  

3.4.2.2 Method 

The viscosity of the MTM44-1 epoxy resin film was measured using an Anton Paar 

MCR 302 Rheometer in an oscillatory mode. A plate-plate configuration was selected 

(see Appendix d), while the tests were performed inside a Peltier Chamber assisted by a 

water cooling/heating system (Viscotherm VT2). Disposable aluminum plates of 25mm 

diameter were used for the measurements. Several parameters, such as the storage	(h´) 

and loss modulus	Áh ´´Â	and the loss factor (tan .) could be measured simultaneously in 

the rheometer apart from the viscosity, which were used to determine the gel-time of the 

resin when the loss factor is unity (see Section 2.2.4.2 for more details). Isothermal vis-

cosity measurements were performed in the temperature range 100-200 °C, while heat-

ing rates of 1, 2 and 3 °C/min were selected for the dynamic measurements. The selec-

tion of the temperature range used for testing was driven by the two-step cure cycle 

proposed by the prepreg manufacturer [41, 225]. Amplitude and frequency sweeps were 
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performed in advance of the characterization tests, in order to establish that the resin 

viscosity was measured in the Linear Viscoelastic Domain (see Appendix d and e). 

Based on these preliminary tests, a constant frequency of 1Hz and constant strain am-

plitude of 0.1% was selected for the resin’s gel-point determination. The settings se-

lected for the rheological characterization of the MTM 44-1 resin closely match those 

utilized by Kratz et al. for the MTM 45 resin characterization [159]. 

Before initiating oscillatory testing, a small normal force was applied to the mate-

rial	(g_ ⋍ 0.06	
) to ensure a good contact of the plate with the sample. To avoid sig-

nificant squeeze-out of the resin, the minimum distance allowed between the plates was 

restricted to a minimum of 0.75mm. Shortly before the oscillatory test starts, force con-

trol is activated, though no force was actually applied on the material throughout the 

test	(g_ = 0	
). By enabling force control, an electromagnetic sensor positioned under 

the bottom plate of the rheometer was activated throughout the measurement, ensuring 

the plate distance was respected. This aspect was crucial to accurate viscosity character-

ization of a curing resin at high temperatures, since a deformation of the set-up may lead 

to a false determination of the distance between the plates of the rheometer and modify 

the material’s stress state. The exact sampling time is not pre-defined by the user. The 

first point is selected automatically once the noise of the measurement is reduced and a 

constant value of viscosity can be measured. During isothermal measurements, the sam-

pling rate was universally defined to extend further than the gel-time of the resin (5000 

points). To avoid potential damage of the shaft caused by an increased torque due to 

eventual resin geling and curing, the tests are interrupted manually at an earlier time. A 

constant logging frequency of one measurement point per second is selected during the 

rheological tests performed at non-isothermal temperature. 

3.4.2.3 Results and Analysis 

Isothermal measurements of the MTM 44-1 resin viscosity were used as a basis for the 

development of a model, which can predict the viscosity evolution at isothermal as well 

as non-isothermal conditions in the composite laminate. Non-isothermal measurements 

were used to validate the developed model. Furthermore, the storage and loss moduli 

were used to develop a model for the gelation time of the material. A summary of the 

temperature conditions used during isothermal and non-isothermal viscosity tests are 

given in Tab. 3-13 and Tab. 3-14 respectively. Four samples were tested at each temper-

ature and heating rate, nonetheless fewer samples were eventually used in model fitting, 

due to unwanted influences on the experimental results such as the presence of large air 

bubbles in the sample, or sample handling effects.  

Isothermal Characterization 

The evolution of the average viscosity, storage, loss modulus and loss factors of the 

MTM 44-1 resin were determined for temperatures between 110-180 °C and presented 
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in Fig.  3-22. Viscosity measurements above 180 °C were not possible, due to the ad-

vanced curing state of the material before the beginning of the measurement.  

 

 

        (a)  

 

 

     (b)  

Fig.  3-22: Rheological properties of the MTM 44-1 resin generated between 110-180°C using 

isothermal oscillatory parallel plate rheometery (see Appendix d) 

(a) Viscosity (S∗ = S)	and (b) storage	(hs), loss modulus (h′s) and loss factor	(��S .). 
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The initial resin viscosity	S' was higher at lower temperatures. The time delay between 

sample insertion in the heated plate and measurement initiation varied between 20-100s, 

depending on sample quality, handling and contact quality between the plates and sam-

ple. This time delay was included in the elapsed time, captured in the	�-axis of Fig.  3-22. 

Particularly at high temperatures (160-180 °C), this delay had a significant effect on the 

initial viscosity measured. The time and viscosity of the MTM 44-1 resin at the gel-point 

is summarized in Tab. 3-13, for all temperatures evaluated. The gel time was identified 

as the time when	��S . = 1 (see discussion in 2.2.4.2).  

Tab. 3-13: Minimum viscosity n0, gel time tgel and viscosity at the gel point ngel, measured at a 

range of temperatures during isothermal characterization of the MTM 44-1 resin  4 
(°C) 

S' 
(Pa⋅s) 

�)Hb	 
(s) 

S)Hb	 
(Pa⋅s) 

Sample 
# 

110 23.2 16800 3.00⋅103 1 

120 12.0 10700 2.68⋅103 3 

130 8.6 6780 2.58⋅103 3 

140 6.0 4600 3.25⋅103 4 

160 2.9 2150 2.73⋅103 4 

180 2.4 1200 2.82⋅103 4 

Increasing temperatures lead to a decrease in the resin’s gel-time	(S)Hb). This shift in 

lower gelation times	(�)Hb) observed at higher measurement temperatures has limited 

effect in the magnitude of the viscosity at gel. The MTM 44-1 viscosity at the gel point 

remains constant between 2.6⋅103 - 3.3⋅103 Pa⋅s. This is an important observation which 

can assist in developing a process monitoring scheme to detect the resin gel point using 

the average viscosity as a detection criterion, independent of processing temperatures. 

Non-Isothermal Characterization 

Non-isothermal viscosity measurements were performed according to the processing cy-

cles proposed by the material supplier (1, 2, 3 °C/min – see Fig.  3-23 (a) and (c)) and 

served as validation to the model developed and presented in Section 3.4.3.3. The meas-

urement of the loss, storage modulus and the loss factor (see Fig.  3-23 (b), (d)), provide 

information on the time and temperature at which gelling occurs during each cure cycle. 

Since gelling implies the transition of the polymer from its liquid to its gelled state (gel-

point), at this stage the macroscopic flow velocity of the resin and the compaction of the 

laminate slow down significantly. This marks the end of the process, which can be mod-

eled using flow and compaction physics, since at higher states of cure other effects are 

dominant (i.e. diffusion). Knowledge of the resin gel-time and the pressure state in the 

material will assist in selecting the processing cycle, which enables maximum wetting 

of the prepreg before gelation takes place (see Chapter 4 for details on the OoA simula-

tion framework developed).  
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                                       (a)                                                                                 (b)  

 

 

                                          (c)                                                                                  (d)  

Fig.  3-23: Non-isothermal oscillatory measurements of MTM 44-1 resin at three heating rates 

generated using a parallel plate rheometer (see Appendix d) 

(a) Applied temperature cycles (b) storage and loss modulus	(hs, hss) (c) viscosity (S∗ =S)	and (d) loss factor	(tan .). 

Although the time to minimum viscosity	����	is longer at slower heating cycles, the 

minimum viscosity	S���	can be considered constant (10 Pa⋅s). A non-linear time delay 

between curves generated at different heating rates is observed. This may imply a dif-

ference in the molecular interaction between resin constituents at different heating rates. 

Gelling takes place during the first temperature hold (130 °C), at 3⋅103 Pa⋅s. 

Tab. 3-14: Minimum viscosity nmin, time at minimum viscosity tmin, gel time tgel and viscosity ngel 

of the MTM 44-1 resin, for three cure cycles with heating rates between 1-3 °C/min �4��  

(°C⋅min-1) 

���� 

(s) 
S��� 
(Pa⋅s) 

�)Hb 
(s) 

S)Hb 
(Pa⋅s) 

Sample 
# 

1 6597.9 9.9 12122 3.28⋅103 2 

2 3344.3 9.6 9400.2 3.13⋅103 5 

3 2320.2 9.2 8515.2 3.19⋅103 2 
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3.4.3 Rheological Modeling 

The MTM 44-1 resin viscosity was modeled based on data generated using a rheometer 

according to the methods described in Section 3.4.2. The approach proposed by Kiuna 

et al. [164] and Keller et al. [165] is modified and used as a basis for simulating the resin 

viscosity evolution during the OoA process. Furthermore, a model able to predict the 

resin gelation time at isothermal conditions was developed to offer insights within the 

processing window of the prepreg OoA.  

3.4.3.1 Isothermal Gel-time  

The results of the rheological measurements presented in Section 3.4.2 are used to define 

the resin gel time at temperatures between 110-180 °C. To enable prediction of the gel 

time at temperatures beyond those characterized, the results of gel-time versus temper-

ature were fitted to Equation (3-38). 

 �)Hb = hR	���(h�	4) (3-38) 

The fitting of the experimental results are presented in Fig.  3-24 (the temperature T is 

given in °C). The least-square fit method is used to determine the coefficients	hR, h� in 

Matlab R2014b. The fitting coefficients and parameters characterizing the quality of the 

fit are summarized in the table of the Fig.  3-24. 

 

 

 

 

 

  

Parameters Coefficients hR	(s) h�	(°C-1) 

1.09⋅106 

-0.038 

R2 = 0.979 
Radj

2 = 0.974 

 

            (a) (b)  

Fig.  3-24: Predicted gel time of the MTM 44-1 resin at isothermal temperatures (100-200 °C) 

(a) Plot of the MTM 44-1 gel times, measured at various isothermal temperatures and  

(b) Table incl. fitting coefficients and regression quality achieved (Equation (3-31)). 
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3.4.3.2 Isothermal Viscosity Model 

Kiuna et al. [164] introduced two non-dimensional terms in order to capture the viscosity 

evolution of a resin system with evolving temperature. The first term	a	expresses the 

viscosity evolution as a function of cure according to Equation (3-39), while ?	 expresses 

the elapsed cure time according to Equation (3-40), both being dimensionless quantities. 

 a = oS ¡ SS'¢ (3-39) 

 ? = W(4)	� (3-40) 

The uncured resin viscosity at different isothermal temperatures is expressed as	S'(4), 

while W(4) reflects the cure rate advancement at temperature	4. 

The viscosity evolution during an isothermal heating cycle is calculated from Equation 

(3-41), after substituting Equations (3-39) and (3-40). Knowledge of the functions S'(4), W(4), ®(a) at the temperatures of interest is required, in order to implement a 

model, which explicitly reflects the rheochemical behavior of the MTM 44-1 resin.  

 a = f(?)		 (3-41) 

The relationship of Equation (3-41) is defined by the shape of the curve which best fits 

the normalized viscosity a, against the dimensionless time ?, for all temperatures of in-

terest. Kiuna et al. [164], developed a simple linear relationship to describe the behavior 

of a two part epoxy/amine resin (LY5052/HY5052). Keller et al. [165] used Equation 

(3-42) to describe the behavior of the normalized viscosity against the normalized time, 

for a toughened DGEBA epoxy resin (XB3585, Huntsman Advanced Materials).  

 a = �'? + O�,X��� ¿ ?e�,XÀ (3-42) 

The evolution of a versus τ for the MTM 44-1 resin system for all isothermal tempera-

tures is shown in Fig.  3-25. A significant difference in the slope of the curves is observed 

between the curves at low (110 - 140 °C) and high temperature ranges (160 - 200 °C). 

This difference could imply a difference in the reaction kinetics of the resin at the two 

temperature ranges concerned, possibly explained by the presence of two hardeners ac-

tivated at different temperatures. This assumption is also confirmed by the DSC inves-

tigations, as discussed in Section 3.4.1.2. Fitting the isothermal curves with one set of 

coefficients throughout the temperature range is therefore not feasible. 
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      (a)           (b)  

Fig.  3-25: Dimensionless MTM 44-1 resin viscosity (a) vs dimensionless time (τ)  

(a) All temperatures tested (b) Selection of the low temperature range used for fitting. 

A non-linear fit utilizing the trust-region reflective algorithm and the Bisquares weight 

method was used in Matlab to determine the coefficients of Equation (3-42). The deter-

mined constants and regression quality are summarized in Tab. 3-15. As shown in Fig.  

3-25 (b), Equation (3-42) fits well the isothermal viscosity curves of the MTM 44-1 resin 

for viscosities up to approximately the gel-point. 

Tab. 3-15: Coefficients of Equation (3-42), determined through the best fit of the normalized vis-

cosity vs normalized time for the MTM 44-1 resin (95% Confidence Interval) 

Parameters Coefficients Lower Bound Upper Bound �'	(-) -0.1 fixed fixed O�,X	(-) 0.2 fixed fixed e�,X	(-) 0.604 0.6037 0.6042 

Quality of fit 

R2 0.962 

Radj
2 0.962 

SSE 1315 

The terms S' and W have an Arrhenius dependency with temperature.  

 S'(4) = O�,R	��� ¡e�,R4 ¢ (3-43) 

 W(4) = 	O�,�	��� ¡e�,�4 ¢ (3-44) 
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The y-intercept and slope of the line of	ln	S' and ln	W versus	1 4⁄  depicted in Fig.  3-26 

(a) and (b) were used to calculate the coefficients e�,R and O�,R	as well as		e�,�	and 	O�,� 

respectively in the low temperature range (110-140°C), utilizing Equations (3-43) and 

(3-44).  

  

 

 (a)  (b)  

Fig.  3-26: Determination of viscosity coefficients An,1, An,2, En,1, En,2 using linear regression 

(a) Initial viscosity and (b) cure rate advancement functions for the MTM 44-1 resin. 

The linear least-square method is used to determine the two sets of coefficients, as shown 

in Fig.  3-26(a) and (b) respectively. The fitting coefficients, the constants O�,R	, e�,R	as 

well as	O�,�	, e�,�	and the regression quality parameters are summarized in Tab. 3-16. 

Tab. 3-16: Coefficients determined via linear regression of the viscosity no(T) and cure rate ad-

vancement k(T) functions of the MTM 44-1 resin 

Properties Coefficients Parameters Coefficients 

Slope - oS(S^) �x	 1 4⁄  

y - Intercept 

-7956 

11.69 

O�,R	(Pa⋅s) e�,R	(J⋅mol-1) 

2.41⋅10-7 

58301.9 

Quality of fit 

R2 = 0.977 

Radj
2 = 0.9654 

Slope - oS(W) �x	 1 4⁄  

y - Intercept 

7013 

-15.24 

O�,�	(s-1) e�,�	(J⋅mol-1) 

1.19⋅105 

-66150 

Quality of fit 

R2 = 0.999 
Radj

2 = 0.999 
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An empirical term, Z", is implemented by Keller et al. [165] to adjust the shift in gel 

time of the viscosity at different temperatures. This coefficient is a linear function of the 

temperature for the MTM 44-1 resin, described by Equation (3-45). 

 Z"(4) = 	O�,Y	4 + e�,Y	 (3-45) 

The shifting factor of the highest temperature modeled was set to one	Z"(200	°=) = 1, 

while it becomes zero at a temperature where no gelling is considered to take place, 

which in this case is	Z"(100	°=) = 0. The coefficients O�,Y, e�,Y are summarized in Fig.  

3-27(b), determined via a linear least-square fitting via Equation (3-45). 

 

 

 

 

 

Parameters Coefficients O�,Y	(K-1) e�,Y	(-) 92.07⋅10-4 
-3.311 

R2=0.992 

Radj
2=0.990 

 

        (a) (b)  

Fig.  3-27: Determination of the shifting factor Sf  using linear regression 

(a) Plot of the MTM 44-1 gel times, for a range of isothermal temperatures and  

(b) Table incl. fitting coefficients and regression quality achieved (Equation (3-45)). 

The isothermal MTM44-1 viscosity at a given temperature was calculated by the ana-

lytical expression of Equation (3-46), developed by Keller et al. [165]. 

S(�) = O�,R��� ¡e�,R4 ¢ ∙ ���
�
��
�� O�,���� ¡e�,�4 ¢e�,X¿�' + O�,X��� ¡O�,���� ¡e�,�4 ¢ ∙ �e�,X¢À

⋅ Z"�
�
��
��

 (3-46) 

A comparison of the modeled and experimental viscosity of the MTM 44-1 resin is pre-

sented in Fig.  3-28. The model coincides well with the experimental data, particularly 

in the range between 110-130 °C .This temperature range is suggested for the first tem-

perature dwell during OoA processing [225]. At 180 °C, curing of the resin has already 
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initiated prior to the measurement, which led to a loss of a significant amount of the 

initial viscosity evolution data. 

 

Fig.  3-28: Comparison between the experimental and modeled isothermal resin viscosity 

The fitting quality of the rheological model is evaluated at each temperature using the 

global error ��	�
 	expressed in percent according to Equation (3-47).  

 ��	�
 	(%) = 1S� ¦∑ (S� − S��)�_�ÍR 
  (3-47) 

The average experimental viscosity is expressed as	S� , S� is the experimental viscosity 

and S�� the viscosity calculated by the rheological model, for a total of 	measurements. 

Since the viscosity spans within a range of several orders of magnitude, the error calcu-

lations are limited to the time where the modeled and experimental viscosity curves cross 

each other, as shown in Fig.  3-28. The gel-time results and the fitting quality attained 

in the selected time-frame are summarized in Tab. 3-17. 

Tab. 3-17: Simulated MTM 44-1 resin gel time and time interval used for determining the fit-

ting quality (Equation (3-46)) 	4 

(°C) 

�)Hb	 
(s) 

Fitting time 

(s) 
R2 Radj

2 
��	�
 

(s) 

110 16800 135 up to 18700 0.639 0.640 1.11 

120 10700 165 up to 10400 0.732 0.735 0.93 

130 9380 63 up to 5600 0.842 0.824 0.69 

140 4600 10 up to 3200 0.824 0.825 0.55 

160 2160 113 up to 1200 0.615 0.632 0.69 
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3.4.3.3 Non-Isothermal Viscosity Model 

Knowledge of the MTM44-1 resin viscosity is of great significance to the prediction of 

the resin flow velocity under non-isothermal conditions. Therefore, the development of 

a model which accurately predicts the evolution of the MTM44-1 viscosity at non-iso-

thermal conditions is critical to OoA processing. The approach presented in Section 

3.4.3.2, is adapted here to enable non-isothermal viscosity prediction. 

In this case the differential form of Equation (3-46) proposed by Kiuna et al. [164] given 

by Equation (3-49) is used with the aim to implement it directly in COMSOL Multiphys-

ics. 

 �? = ®s(a)	�a		�		 �a�� = W(4)®s(a) (3-48) 

 

�S�� = S ∙ ÐW(4)®s(a)��� + 1S'
�S'�4 �4���������Ñ	 

                                                 I                  II 

(3-49) 

The first term of Equation (3-49) captures the cure advancement, while the second cap-

tures the viscosity evolution due to the effect of temperature. The term ®′(a)	given in 

Equation (3-50) represents the first derivative of Equation (3-42) and correlates the di-

mensionless viscosity a, versus the dimensionless time τ. 

 ®s(a) = ¿�' + O�,X	W(4)e�,X À ∙ exp	¿W(4)e�,X ∙ �À (3-50) 

Equation (3-49) is fully determined when Equations (3-43), (3-44) and (3-50) are sub-

stituted and the initial viscosity S' and the temperature evolution over time is known. 

Matlab R2014b and the trust region reflective non-linear least squares method is used to 

determine the coefficients O�,R, e�,R, O�,�, e�,�, O�,X, e�,X, Z"	and	�' from the best fit of 

Equation (3-51) to the experimental data. 

S(�, 4) = O�,R��� ¡e�,R4 ¢ ∙ ���
�
���
� ∑ O�,���� ¡e�,�4 ¢_� ∙ Z" ∙ ��eX¿�' + O�,X��� ¡∑ O�,���� ¡e�,�4 ¢_� ∙ ��e�,X¢À��

��
�

 (3-51) 

The coefficients of Equation (3-51) are determined and utilized in the implementation 

of the MTM 44-1 viscosity model in COMSOL Multiphysics in the form of the partial 

differential equation of Equation (3-49). The shifting factor included in Equation (3-51) 

is omitted in Equation (3-49), since the temperature evolution is explicitly included in 
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the second term of the partial differential equation. The global fitting error between the 

measured and simulated viscosity (in COMSOL Multiphysics) up to the gel-

point	��ú� 	is calculated via Equation (3-52). 

 ��ú� 	(%) = 1S^ ¦∑ (S� − S��)�_�ÍR 
  (3-52) 

The viscosity of the MTM 44-1 resin predicted by the analytical equation (3-51) and the 

partial differential Equation (3-49) which was implemented in COMSOL Multiphysics 

are compared in Fig.  3-29 against the experimental viscosity, for a heating rate of 2 

°C/min. The coefficients determined from the best fit of the models to the experimental 

viscosity measured at 2 °C/min are summarized in the Table of Fig.  3-29 (b). 

 

 

  
Parameters Coefficients O�,R	(Pa⋅s) 1⋅10-10 e�,R	(J⋅mol-1) 85040 O�,�	(s-1) 90400 e�,�	(J⋅mol-1) -65249 �'	(-) 0 O�,X	(-) 7.7⋅10-2 e�,X	(-) 72.4⋅10-2 Z"	(-) 20⋅10-2 ��ú�	Æ�Æ�ü	óÆ� 	(%) 2.21 ��ú�	Ýú�(%) 3.10 

 

    (a)        (b)  

Fig.  3-29: Comparison of the experimental and modeled MTM 44-1 resin viscosity resulting 

from the analytical (3-51) and pde (3-49) expressions at a heating rate of 2°C/min 

(a) Graph showing the modeled viscosity, compared against the experimental data. 

(b) Fitting coefficients and quality of fit quantified in each case by the global error. 

Within the first 6000s of the heating cycle, a good fit is attained between measured and 

simulated viscosity. Beyond this time the experimental MTM44-1 viscosity increases 

almost linearly up to the gel point, while the model predicts a slower exponential in-

crease. Nevertheless, the global error quantified up to 10000s is below 5%. Equations 

(3-49) and (3-51) are equivalent and both predict the MTM44-1 viscosity development 

as a function of temperature and time. The non-isothermal viscosity evolution of Equa-

tion (3-49) is incorporated in the OoA process simulation platform based on COMSOL 

Multiphysics, developed in the context of this work (see Section 4.2 for implementation 
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details). As shown in Fig.  3-29, the fit attained using both approaches is satisfactory. 

The difference in the predicted viscosity between the two approaches is due to: 

• A higher initial viscosity, closer to the experimental one, is set as an initial con-

dition for the pde implemented in COMSOL Multiphysics. 

• A delayed resin heating rate is present in COMSOL compared to the experi-

mental temperature utilized as an input in the analytical viscosity calculation. 

During OoA processing, the laminate typically experiences a range of heating rates be-

tween 1-2 °C/min. Therefore, the coefficients of Equation (3-51) are determined in the 

specified range of heating rates using the trust region reflective, non-linear least squares 

method. The fitting coefficients determined are utilized to implement Equation (3-49) in 

COMSOL Multiphysics, while the quality of fit attained up to 6000s is shown in Fig.  

3-30.  

 

 

Parameters Coefficients O�,R	(Pa⋅s) 1⋅10-10 e�,R	(J⋅mol-1) 84965 O�,�	(s-1) 90400 e�,�	(J⋅mol-1) -65249 �'	(-) 0 O�,X	(-) 4.8⋅10-2 e�,X	(-) 78⋅10-2 Z"	(-) 48⋅10-2 ��	ú�	�°�/�	� 	(%) 2.48 ��	ú�	·°�/�	�(%) 3.13 

 

    (a)        (b)  

Fig.  3-30: Comparison of the experimentaly measured and modeled MTM 44-1 viscositiy of 

Equation (3-49) implemented in COMSOL Multiphysics at 1 and 2 °C/min 

(a) Graph showing the modeled viscosity, compared against the experimental data. 

(b) Fitting coefficients and quality of fit quantified in each case by the global error. 

The difference in the heating rate has an effect on the viscosity reduction rate in the early 

stages as well as the kinetics of network formation towards gelling. As shown in Fig.  

3-30, the viscosity model can capture well the aspect of viscosity reduction and the min-

imum viscosity attained for both cycles up to approximately 6000s. A non-linear effect 

of the measured viscosity at 1 °C/min within the first 1000s may be caused by the in-

creased air-content in the resin during the experiments and has a negative effect on the 

fitting quality of the experimental viscosity in this area. The viscosity increase towards 
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gelling for both heating rates cannot be captured accurately with only one set of fitting 

parameters. The simulated viscosity increase better matches the gelling characteristics 

of the viscosity measured at 1 °C/min. 

3.4.3.4 Conclusions and Perspectives 

The rheo-kinetics of the MTM44-1 resin system were investigated using Differential 

Scanning Calorimetry and a Rheometer. Particular emphasis was given in the develop-

ment of models, which describe the resin viscosity evolution under isothermal or non-

isothermal conditions, based on the experimental data generated in the context of this 

work. A model of the MTM 44-1 resin viscosity evolution as a function of time and 

temperature is implemented in COMSOL Multiphysics in the form of a partial differen-

tial equation (Equation (3-49)). The coefficients of the model were optimized for cycles 

with heating rates between 1-2°C/min, up to the resin gel-point and are utilized to per-

form sensitivity studies in Section 4.2 and for model validation in Chapter 5. 

Since most air evacuation takes place within the first minutes of the OoA cure cycle, an 

accurate prediction of the initial resin viscosity enables accurate depiction of the inter-

action between the flow of resin and air through the dry tow, particularly at low temper-

atures where vacuum is being established. The quality of fit achieved between experi-

mental and modeled data is very good during the time of transient heat evolution (6000s) 

and for heating rates in the range of 1-2 °C/min. The development of a model with 

broader applicability in terms of heating rates based on a thorough investigation of the 

chemical interactions, which lead to the untypical, non-exponential, heating rate depend-

ent behavior of the MTM44-1 resin towards the gelling point shall be aimed. This will 

provide insights for further modification of the relationship proposed or the development 

of a mechanistic model, with the aim to improve the fitting quality of the experimental 

viscosities and an increase in applicability in terms of heating rates. 

3.5 Summary and Discussion 

This Chapter provides an overview of all material characterization aspects of the MTM 

44-1 resin and prepreg, which are utilized as input for the Out-of-Autoclave Process 

simulation developed in the context of this thesis and presented in Chapter 4. The mate-

rial characterization effort focused on the characterization of the viscosity and cure ki-

netics (rheokinetics) of the resin film and the air permeability of the prepreg, at various 

processing stages.  

The microscopic characterization of the model material was imperative for the develop-

ment of a geometrically representative modeling scheme. The rest of material inputs 

required for the simulation are acquired from literature data. The single-sided, partial 

prepreg impregnation with resin and the quantification of the initial volume fractions of 

constituents assisted in the development of a suitable flow modeling strategy and the 
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definition of appropriate initial and boundary conditions for modeling the OoA impreg-

nation process. Apart from the microstructure, the transient in-plane permeability of the 

MTM 44-1 prepreg to air was characterized for a range of porosities. The measurement 

results were fitted to an equation describing the evolution of the prepreg’s permeability 

in relation to its residual porosity.  

Finally the rheo-kinetic characterization of the MTM 44-1 resin was performed with the 

primary goal to develop a model able to predict the resin viscosity evolution during OoA 

processing (isothermal and non-isothermal). Both the permeability and viscosity models 

presented in this Chapter were integrated in the OoA processing simulation developed 

in COMSOL Multiphysics (see Section 4.2). Well-established techniques were adapted 

as necessary to reflect the specific needs of the materials under study, since there is 

limited literature available specifically for the characterization of OoA prepregs. The 

mesoscopic structure of the prepreg and the local volume fractions and tow shapes have 

been extensively characterized using optical (i.e. microscopy or CT) and physical tech-

niques (i.e. mercury porosimetry). This information can be used in future work to expand 

the simulation, in order to further include a detailed mesoscopic representation of the 

material and therefore a more detailed representation of the textile architecture of the 

fabric utilized as a basis for the MTM 44-1 prepreg. 
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4 The Impact of Air Evacuation on the 

Impregnation of OoA Prepregs 

Aim of the simulation framework developed in the context of this work is the optimiza-

tion of large monolithic parts manufactured outside the Autoclave and specifically the 

reduction of the resulting intra-tow porosity. A toolkit of models is developed to address 

the air evacuation through the initially dry tows of OoA prepregs, with emphasis on 

capturing the local air pressure evolution and its influence on the simultaneous impreg-

nation of the tows with resin. Strategies for intra-tow porosity reduction can be devel-

oped through virtual testing and down-selection of the temperature and pressure cycles, 

which is the focus of this work. 

In Section 4.1, a toolkit of models implemented in Matlab is developed and can be used 

to calculate the impregnation time of a prepreg tow with resin at isothermal conditions, 

under the influence of three in-plane air evacuation scenarios, which can be encountered 

during vacuum processing outside the Autoclave. To capture all potential air evacuation 

states encountered during OoA processing, the ‘delayed air evacuation model’ is devel-

oped and presented in Section 4.1.2.2. By explicitly modeling the transient air flow 

through the dry fibrous domain of the tow and coupling the local air pressure to the resin 

front progression via boundary conditions, the local tow impregnation state can be pre-

dicted. This methodology comes as an improvement of the state-of-the-art expression 

developed by Arafath et al. [35], which provides information on the lumped mass of air 

evacuated out of the laminate and is thus not able to capture the local evolution of vac-

uum pressure in the tows. Sensitivity studies using the ‘delayed air evacuation model’ 

demonstrate the robustness of the proposed scheme for a wide range of time scales at 

isothermal conditions.  

A 2D Finite Element simulation based on a moving mesh formulation (Deformed Ge-

ometry) is implemented in COMSOL Multiphysics (v.5.2), presented in Section 4.2.  

This is an extension of the coupling approach presented in Section 4.1 to include transi-

ent heating effects at a prepreg/ply level. Sensitivity studies demonstrate the effect of 

various material properties in the vacuum quality attained during debulking (Section 

4.2.4.2) and provide guidelines for cure cycle optimization (Section 4.2.4.3). Finally the 

influence of temperature gradients on the impregnation quality and the porosity devel-

oped inside the prepreg, are discussed based on two case studies presented in Section 

4.2.4.4. A summary of the findings and comparison with literature is performed in Sec-

tion 4.3. It shall be noted that the consolidation of the laminate during OoA processing 

has not been taken into account. 
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4.1 Isothermal Tow Impregnation 

The equations used for modelling resin flow under the influence of three air evacuation 

scenarios are presented in this Section. In 4.1.1 the domain and assumptions used as the 

basis for the development of the model presented in 4.1.2 are defined. Sensitivity studies 

show the capabilities of the delayed air evacuation model in 4.1.3.  

Parts of this Section, including text and figures, are based on the article [19] and confer-

ence proceedings [30, 192] published in the context of this dissertation. The content is 

reused here, in agreement with the co-authors. 

4.1.1 Domain and Assumptions 

Imaging of the MTM 44-1 prepreg plies, revealed a single sided impregnation via a resin 

film application process (images and detailed discussion included in Section 3.1). The 

‘tow equivalent’ domain comprises of two overlapping tows (warp and weft), simplified 

to an equivalent rectangular tow shown in Fig.  4-1.  

 

Fig.  4-1: ‘tow equivalent’ used as a basis for the development of isothermal tow impregnation 

models in Matlab 

The impregnation time of the dry tow depicted in Fig.  4-1 is calculated for all air evac-

uation scenarios presented in detail in 4.1.2. The resin is assumed to impregnate the 

fibrous domain solely through its thickness	01, due to the pressure difference between 

the atmospheric and vacuum pressure	/7" developed in the resin impregnated fibrous 

domain. The vacuum pressure is initially established along the dry tows of the prepreg 

consisting a connected porous network, which enables air transport along the length of 

the part	(� − ��Îx). When the prepreg plies are stacked on top of each other, the ‘dry 

core’ of the tows will be enclosed between two impermeable resin films. Hence, no in-

terconnected pore network and can enable significant air evacuation through the thick-

ness of the part. The significant reduction of the through thickness air permeability, 

when prepreg plies are stacked on top of each other is also discussed in the review paper 

by Centea et al. [18], therefore the through thickness air evacuation has been neglected. 

06 �",6 

0,  

Fibrous domain + Air 
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Fig.  4-2 shows the boundary conditions applied for modelling the tow impregnation 

with resin. 

 
(a) 

 
(b) 

Fig.  4-2: Boundary conditions used in isothermal tow impregnation model development 

(a) In-plane air flow (� − ��Îx) and (b) through thickness resin flow (� − ��Îx). 

4.1.2 Modeling Approach 

Three models are developed for the prediction of the dry prepreg tow impregnation dur-

ing OoA processing: the instantaneous air evacuation, compromised vacuum connection 

and delayed air evacuation model.  

In the two first cases the tow impregnation time is calculated analytically. The delayed 

air evacuation model, couples numerically the flow of both fluids (air and resin) in the 

fibrous domain. The coupling is performed iteratively through updating the pressure 

boundary conditions for air flow, during the time scale of the resin flow. The delayed air 

evacuation model captures the transient behavior of the air flow through the tow during 

isothermal processing. In reality the delayed air evacuation model reflects the state of 

vacuum inside the tow in the majority of cases, since the gas distribution through the dry 

tows of a partially impregnated material is rarely instantaneous. In the following Sec-

tions the calculation of the tow impregnation time as well as the development of the gas 

pressure inside the tow is presented for all three scenarios. The analytically predicted 

impregnation time of the tow via the instantaneous air evacuation and compromised 

vacuum connection models consist the lower and upper boundary of the impregnation 

time respectively, in the case of a very permeable tow and an obstructed vacuum distri-

bution.  

x=0                                                                                      x=L       

Air 

Flow 

x 

z Resin Flow 

K� = 0 

K� = 0 

K� = 0 

z 

Time            t=0                                                                    tfill 

01 

Resin Flow 

K, = 0 



104 The Impact of Air Evacuation on the Impregnation of OoA Prepregs 

 

4.1.2.1 Resin Flow 

As shown in Fig.  4-2 the resin impregnates the fibrous domain solely through its thick-

ness	01	(� − ��Îx), while the air flows exclusively in-plane (� − ��Îx). The following 

assumptions are used for modeling the resin flow through the tow:  

• The porous medium is not consolidating	(01, �",1, @1 = \¯Sx��S�). 

• The through thickness permeability of the warp and weft tow is equal and con-

stant	(n,,��).  

• Resin flow takes place exclusively through the thickness of the tow (� − ��Îx). 

• The resin is incompressible (;, = \¯Sx��S�). 
• The pressure drop within the pure resin is negligible. 

• The domains wetted by resin are fully saturated. 

• Resin is viscous and the flow is slow	(H < 1).  

• Resin flow modelled at a quasi-steady state	(	�äà�1 = 0). 

• Infinite resin supply, while flow stops when the domain is filled with resin. 

These assumptions enabled the use of the simplified mass conservation of Equation (2-8) 

and Darcy’s law (Equation (2-14)), which combined provide Equation (4-1) used to de-

termine the resin pressure developed along the	� − ��Îx. It shall be noted that the resin 

is in a fluid state throughout the impregnation and therefore its pressure is expressed 

here as	7"	(7, = 7"). 

 
��7"��� = 0	 → 7"(�) = O� + P (4-1) 

The fluid pressure in the saturated fibrous domain is calculated via the application of the 

boundary conditions of Equation (4-2) at the entry	01, and flow front	�".  

 7"(01) = 7�1� 

(4-2) 
 7"Á�"Â = 7)�+ 

Equation (4-3) is used to calculate the flow front velocity, where /7" the pressure dif-

ference developed in the impregnated domain, @1 the tow porosity, 	n,,��	its through 

thickness permeability and S	the viscosity of the resin. 

 �,",�� = − n,,��S@1
�7"��" = − n,,��S@1

	/7"(01 − �") → �,",�� = ��"��  (4-3) 

The impregnation time of the tow	�"�bb is calculated via integrating the flow front veloc-

ity	�,",�� given in Equation (4-3). The boundary conditions for the air pressure and the 

respective tow impregnation time calculated, are presented in Section 4.1.2.2. 
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4.1.2.2 Air Flow and Evacuation 

Instantaneous Air Evacuation 

When the air evacuation takes place instantaneously, a constant vacuum pressure is pre-

sent at the resin front, which for this study is considered to be	7)�+ = 7$�&= 2⋅103 Pa.  

This results to the establishment of a constant pressure difference	/7", which drives the 

impregnation of the tow with resin.  

 /7" = 7�1� −	7$�& (4-4) 

The impregnation time of a tow with resin, is calculated in this case via Equation (4-5). 

 �"�bb = S@1n,,��	/7"
01�2  (4-5) 

The resin and gas pressure at various flow front positions �" and with evolving time	� 

are presented in Fig.  4-3. 

  
                               (a)                                                     (b)                                                     (c) 

Fig.  4-3: Resin and gas pressure evolution – Instantaneous air evacuation 

 (a) Resin pressure in the impregnated domain, versus flow front position (b) gas pressure 

versus the flow front position (c) gas pressure versus tow impregnation time. 

The calculations are based on the inputs summarized in Appendix f, Tab. A- 5. 
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Compromised Vacuum Connection 

During vacuum processing, the connection to the vacuum source may fail unexpectedly 

either due to a leak in the vacuum bag, or due to a microscopic obstruction of the air 

paths in the prepreg. The gas pressure driving the tow impregnation increases, provided 

the mass of air inside the tow remains constant. The gas pressure at the flow front	�", is 

calculated according to Equation (4-6): 

 7�1�	0��� 	= 	7)�+	�" 	→ 	7)�+	 =	7�1� 0����" 	 ,∀		�" < 0��� (4-6) 

It should be noted that the gas will equilibrate with the atmospheric pressure at a posi-

tion	�" = 	0���, preventing the complete tow impregnation. If we assume the minimum 

attainable pressure is 7$�&  = 3⋅103 Pa while the atmospheric pressure is 7�1� =105 Pa, 

the percentage of thickness which does not impregnate for a tow with thickness	01 

is	0��� = 3%. The pressure is calculated from Equation (4-1), applying the boundary 

condition of Equation (4-6) at the flow front. At	�" = 0���		the resin velocity is zero, 

implying an infinite amount of time required to impregnate 97% of the tow. For com-

parison purposes, the impregnation time of 96.9% of the tow thickness defined 

as	�"�bbyz.y% at the position	���� = 3.1%	 ⋅ 01 is given by Equation (4-7).  

 �"�bbyz.y% = 0.6405 S@101�n,,��	7�1� (4-7) 

The resin and gas pressure based on the inputs of Tab. A- 5 are shown in Fig.  4-4.  

   

                                (a)                                                    (b)                                                      (c) 

Fig.  4-4:  Resin and gas pressure evolution – Compromised vacuum connection 

(a) Resin pressure in the impregnated domain, versus flow front position (b) gas pressure 

versus flow front position (c) gas pressure versus tow impregnation time. 

z
f
 (m) ×10-4

0 2 4 6

R
e

s
in

  
P

re
s
s
u

re
, 

P
f  

 (
P

a
)

×104

0

2

4

6

8

10

z
f
 (m) ×10-4

0 2 4 6

A
ir
 P

re
s
s
u

re
, 
P

g
a

s
  

  
(P

a
)

×104

0

2

4

6

8

10

Time (s)
×104

0 1 2

A
ir
 P

re
s
s
u

re
, 
P

g
a

s
  

  
(P

a
)

×104

0

2

4

6

8

10

H
min

H
t

H
min

H
t

t (s)t (s)
 t

fill
infinity

t
H

min
 + dz



The Impact of Air Evacuation on the Impregnation of OoA Prepregs 107 

 

Delayed Air Evacuation 

Instantaneous air evacuation is in practice only rarely encountered, mostly when pro-

cessing short parts directly connected to a vacuum pump. The delayed air evacuation 

model captures the influence of the local air pressure variations on the tow impregnation 

time along the length of long tows, when processing is performed solely under vacuum 

pressure. Resin flows perpendicularly through the tow thickness and it is coupled in a 

time iterative fashion to the local gas pressure developed at the flow front. 

Basis for this development is the constitutive Equation (2-42) depicting the flow of air 

through the porous medium at isothermal conditions, originating from the combination 

of the conservation of mass, momentum and ideal gas law, for viscous air flow. Equation 

(2-42) has no known analytical solution. Kim et al. [190] linearized and solved analyti-

cally Equation (2-44) in order to predict the air evacuation in preforms for quality control 

purposes, assuming the variation of the gas pressure is small, compared to the atmos-

pheric pressure [190]. Nevertheless, in [19] we show that the simplified equation pro-

posed by Kim et al. [190] underestimates the gas pressure within the complete range of 

the air evacuation process, therefore making the linearized equations inappropriate for 

use in the scope of this work. Therefore Equation (2-42) is solved numerically using the 

pdepe function available in Matlab R2013a considering the initial (IC) and boundary 

conditions (BC) given in Equation (4-8). 

IC 		7)�+(�, 0) = 7�1� 

(4-8) 
BCs 

		7)�+(0, �) = 7$�& 

K�(p, �) = 0 → 	�}íÆ�(�,1)
�� = 0	 

To ensure the stability of the coupling concept, the following conditions have to be sim-

ultaneously fulfilled: 

• Discretization of the tow thickness 01 along the,	� − ��Îx should guarantee resin 

flow initiation, after the initialization of the air flow. 

• Initialization of the air flow solver at	��' < �&. This will ensure that the transient 

phase of the air evacuation process will be included in the calculations. 

The variable	�& is the characteristic time for air flow defined according to Equation (4-9). 

 �& = :�@1p�n�,��(7�1� − 7$�&)	 (4-9) 

The characteristic time for air flow is used to develop the dimensionless form of Equa-

tion (2-42), given in Equation (4-10). The characteristic time for air flow expresses the 

time it takes for 63-64% of the total mass of air to be evacuated out of the tow, for the 

range of material properties considered in the sensitivity study, when the pde of Equation 
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(2-42), with boundary conditions of Equation (4-10) is considered. The percentage of 

the mass of air evacuated up to � = �&	is calculated by integrating the pressure profile 

along the length of the tow at � = 0 (q') and � = �& (q1&).  

 
�7)�+∗��∗ = ¿n�,���&	(7�1� − 7$�&)@1:�p� À ì ∙ Á7)�+∗ì7)�+∗Â (4-10) 

 

�∗ = �p	, 			0 � �∗ � 1		 
�∗ = ��& , 					0 � �∗ � ∞				 

		7)�+∗ = 7)�+ − 7$�&7�1� − 7$�& 	 ,			0 � 7)�+∗ � 1 

(4-11) 

A /7)�+ 	~2.4%	ensures that	��' < �&		in the complete range of time scales investigated. 

Therefore it is selected as the minimum pressure required to initiate resin flow in the 

model. Resin flow is iteratively coupled to the air flow at every location inside the tow 

according to the scheme of Fig.  4-5. 

 

Fig.  4-5:  Modeling scheme of the delayed air evacuation out of the Out-of-Autoclave tows 

The impregnation time	�"�bb	of a tow domain	�� (Equation (4-12)) under the influence of 

gas pressure is calculated from Equation (4-13). 
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 �� = 01(
� − 1) (4-12) 

The impregnation time for an incompressible porous medium with constant viscosity is: 

 			�"�bb	 = −	 Î���	@1 	:�n�,��Á7�1� − 7)�+	Â (4-13) 

The total impregnation time of the tow with resin	�"�bb is calculated by the sum of the 

filling time instances �"�bb	 	during the resin flow timeframe (see Equation (4-14)). 

 �"�bb = Ì �"�bb	
_�
�ÍR  (4-14) 

The total impregnation time is set as the time span within which the pdepe solver is used 

to calculate the air pressure. A typical example of resin and air pressure development in 

an OoA tow is presented in Fig.  4-6. Calculations are based on inputs summarized in 

Tab. A- 5.  

   
                                   (a)                                                   (b)                                                  (c) 

Fig.  4-6:  Resin and gas pressure evolution – Delayed air evacuation 

(a) Resin pressure in the impregnated domain, versus flow front position (b) gas pressure 

versus flow front position (c) gas pressure versus time of impregnation. 

Convergence studies showed that the global error in the prediction of the filling time 

using the delayed air evacuation model reduces with a denser discretization of the tow 

thickness [19]. Discretizing the tow thickness with more than 300 points is sufficient to 

provide an error smaller than 1% of the calculated tow impregnation time [19]. 
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4.1.3 Sensitivity Studies 

The delayed air evacuation model is used to investigate the impact of the tow properties 

and processing conditions on the tow impregnation time of an OoA prepreg. The tow 

has a constant thickness, porosity and permeability, while the flow takes place under 

isothermal conditions, considering a resin with constant viscosity. The impregnation 

time is predicted in the mid-span of the tow (�	 = 	p/2), while the impact of the follow-

ing parameters on the impregnation time is investigated: 

• Air and resin viscosity at various temperatures (Fig.  4-7 and Fig.  4-8) 

• Part length and material type (Fig.  4-9 and Fig.  4-10) 

The resulting tow impregnation time is compared against the analytical steady state so-

lution, derived by the equations of instantaneous air evacuation (Equation (4-5)) and 

compromised vacuum connection (Equation (4-7)). 

The flow of resin through three tows with the same thickness, but different porosity and 

through thickness permeability is considered (referred to as Materials 1-3). The tows 

considered consist of unidirectional fibers with 7µm diameter, which have fibers distrib-

uted either hexagonally or quadratically. The out-of-plane permeability is calculated via 

Gebart’s equations [140]. The range of in-plane permeability is based on literature data 

extrapolated towards higher permeability values (Materials 1-3, Tab. A- 6, Appendix f). 

As the tow is filling with resin, its in-plane air permeability decreases significantly, up 

to the point that no air can flow through the fibrous domain.  

The tow can be classified in one of the following categories, based on the magnitude of 

the ratio of the through thickness resin permeability, versus its air permeability: 

• Anisotropic porous medium, with a higher in-plane permeability   

(n,,��/n�,�� < 1) or a higher out of plane permeability (n,,��/n�,�� > 1) 

• Nearly isotropic porous medium (n,,��/n�,��= 1) 

The flow of both fluids through the tows takes place either at 30°C (elevated room tem-

perature) or 130°C (1st dwell temperature in the MTM 44-1 cycle Ref MTM MDS).Tow 

lengths of 0.5 − 20q	are considered. The air viscosity is calculated from Sutherland’s 

equation [186], while the minimum air pressure is	7$�& = 2.00 ∙ 10X	7�. All inputs used 

in the calculations are summarized in Appendix f, Tab. A- 6. 

A new metric expressing the air resistance to filling	O" given by Equation (4-15) is 

proposed in order to classify the relative impact of the air evacuation on the tow impreg-

nation time. The ratio of air resistance to filling O"	correlates the tow impregnation 

time-scale with resin,	�"�bb	(given by Equation (4-14) in	� − ��Îx), with the characteristic 

time for air flow through the same tow,	�&	(given by Equation (4-9) in	� − ��Îx). 

 O" = �"�bb�&  (4-15) 
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Though	�&	does not express the time it takes to evacuate the complete mass of air out of 

the tow, it correlates the physical parameters involved in the air evacuation process given 

the lack of an analytical solution. Therefore, the ratio of air resistance to filling for the 

minimum gas pressure achievable at the location of interest during the tow impregnation 

process 7)�+_��� is simplified into Equation (4-16). 

 O" ≈ n�,��S	01�(7�1� − 7$�&)2n,,��	:�p�Á7�1� − 7)�+_���Â (4-16) 

As the timescale for flow of the two fluids (air and resin) varies significantly, classifying 

their relative magnitude assists in defining the most effective strategy for the calculation 

of the tow impregnation time. In particular: 

• To achieve an accurate prediction of the tow filling time when the characteristic 

times of resin �"�bb	and air flow �&	 are of similar magnitude,	O" ≈ 1 the transi-

ent air flow shall be captured via the delayed air evacuation model. 

• When the filling time of the tow with resin is much slower than the characteristic 

time of air flow,�"�bb	 ≫	�& the ratio of air resistance to filling is significantly 

larger than unity,	O" ≫ 1. The air evacuation takes place during the very early 

stages of the resin flow establishing a steady state along the part length and it is 

therefore sufficient to describe the air flow as instantaneous. 

• If the ratio of air resistance to filling, is several orders of magnitude smaller than 

unity	O" ≪ 1	the air is evacuated much slower than the tow impregnation with 

resin	�"�bb	 ≪	�&. In this case the tow impregnation time can be either calculated 

via the delayed air evacuation model or via the instantaneous air evacuation 

model, considering a reduced gas pressure attained during the time of resin flow 

in the tow	(7)�+_���). 

Two studies demonstrate the influence of the resin viscosity and the porosity on the 

interaction between air and resin flow through the tow. 

Initially the impregnation time of the tows from Material 1 (Tab. A- 6) is captured at 

30°C in Fig.  4-7 and at 130°C in Fig.  4-8, for a variety of permeability ratios and 

lengths. The difference between the impregnation time predicted by the instantaneous 

and the delayed air evacuation model is defined as 	��"�bb	(%)	and is plotted against the 

ratio of air resistance to filling O"	in Fig.  4-8. The tow impregnation time predicted by 

the delayed evacuation model is bound between the analytical solutions derived by the 

instantaneous air evacuation model (Equation (4-5)), considering a minimum 7$�&_��� = 2.00 ∙ 10X	7� and a maximum constant vacuum pressure	7$�&_��� = 9.76 ∙10Y	7�. When the air evacuation takes place significantly faster than the impregnation 

of the tow with resin, its impregnation time is independent of the tow length and ap-

proaches the time predicted by the instantaneous air evacuation model.  
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        (a) 

 

       (b) 

Fig.  4-7:  Impregnation time of a Material 1 tow, for a range of lengths and permeability ratios 

(a) Impregnation taking place at 30°C and (b) impregnation taking place at 130°C. 
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The filling time at elevated room temperature, (30°C) was shown in Fig.  4-7 (a) to be 

independent of the tow length if the in-plane permeability is higher than the through 

thickness permeability	n,,��/n�,�� < 1. The increase in processing temperature leads to 

a reduction of the tow impregnation time, caused by the reduction of the resin viscosity. 

When	n,,��/n�,�� < 1, the ratio of air resistance to filling is larger than unity	O" ≫ 1.  

If		n,,��/n�,�� > 1 and	O" � 1, the length of the tow has a significant influence on the 

tow filling time. Therefore an accurate description of the air flow through the tow using 

the delayed air evacuation model is preferred. 

 
                                        (a)                                                                           (b) 

Fig.  4-8:  The impact of the air resistance to flow ARf  on the tow impregnation time difference 

dtfill  between the instantaneous and delayed air evacuation models 

(a) Material 1 at 30°C and (b) Material 1 at 130°C, for the lengths and permeability ratios 

investigated in Fig.  4-7. 

The reduction of the resin viscosity at elevated temperature (130°C) and the subsequent 

reduction of the tow impregnation time, leads to a reduced resistance to filling. It can be 

deducted that the resin impregnation inhibits the air evacuation, which is progressing 

much slower. This leads to the development of a small pressure gradient, which assists 

the tow impregnation, for all lengths investigated with the exception of those with 0.5m 

length. The tow filling time was approximated with the use of the instantaneous air evac-

uation model, considering a reduced vacuum pressure as a boundary condition at the 
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flow-front	7$�& = 7)�+_���. Equation (2-42) shall be used to calculate the	7)�+_���, un-

less it is known from experiments. Therefore, the suggested and most accurate method 

to calculate local tow filling times is via the use of the delayed air evacuation model. 

Concerning the predictions of the tow impregnation at elevated room temperature 

(30°C), it is shown that the impregnation would have progressed significantly in a days’ 

time for most cases investigated. This is in agreement with Ridgard’s comment [9] on 

the adverse effects caused by the cold flow of resin, induced during long vacuum cycles 

performed at room temperature. In a second study, the impregnation time of three tows 

with the same thickness	01, various lengths p and with different porosity contents @1 is 

investigated (Appendix f, Tab. A- 6, Materials 1-3). The influence of the porosity on the 

impregnation time of the tow and the ratio of air resistance to filling is summarized 

graphically in Fig.  4-9 and Fig.  4-10.  

 

Fig.  4-9:  Impregnation time of three tows (Materials 1-3) at 130°C for a range of lengths and 

permeability ratios 

It is evident that the lower the porosity of the tow, the slower its impregnation with resin. 

A more interesting observation from Fig.  4-9 is that the tows with high porosity levels 

impregnate faster, nevertheless their filling times vary significantly with the part length. 
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This is also depicted in Fig.  4-10, where the time difference ��"�bb	increases from right 

to left, while O" becomes much smaller than unity for all tow lengths considered. 

 

Fig.  4-10:  The impact of the air resistance to flow ARf  on the impregnation time difference be-

tween the instantaneous and delayed air evacuation models dtfill  at 130°C 

The tow impregnation time calculated by the delayed air evacuation model is validated 

against the analytical instantaneous air evacuation model and provides a good agreement 

when highly permeable tows are concerned. The permeability ratio and the air resistance 

to filling, assist in the categorization of the relative impact of the time for flow of the 

two fluids through the porous medium. The assumption of instantaneous air evacuation 

mostly underestimates the local impregnation time of the tow away from the vacuum 

source, on the contrary to the delayed air evacuation model. When vacuum is applied on 

one side of the tow, the location close to the vacuum source will impregnate first. At this 

point the tow will be cut-off from the vacuum and no pressure will be available to enable 

further tow saturation, leading to air entrapment. The longer the tow and its distance to 

the vacuum source, the more pronounced the impregnation time difference along the tow 

length and hence the chance for air entrapment. If the resin gels before the tow is fully 

impregnated, the lack of saturation will become residual porosity. Therefore, an accurate 

knowledge of the impregnation state everywhere inside the tow is needed to accurately 

quantify the residual intra tow porosity. 
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4.2 Non-Isothermal Prepreg Impregnation  

The simulation of the Out-of-Autoclave process at non-isothermal conditions is imple-

mented in COMSOL Multiphysics (v.5.2). The model describes the impregnation of an 

OoA prepreg ply with resin under the influence of transient air flow through the fibrous 

tows of the prepreg, at non-isothermal conditions during the cure cycle. Local pressure 

and temperature inhomogeneity can lead to formation of local air pockets inside the im-

pregnating tows, essentially by cutting them off from the vacuum supply. Once the ac-

cess of the tows to vacuum is disrupted, no external pressure is available to enable fur-

ther saturation. Thus residual intra-tow porosity may develop, an undesirable defect re-

ducing the quality of the produced composite part as discussed in more detail in Section 

1.6. The modeling toolkit developed in the context of this work can be used for virtual 

testing of temperature and pressure cycles with the aim to enable an optimized process 

design, which will lead to the reduction of undesired intra-tow porosity on the finished 

part produced outside the Autoclave. 

The simplified prepreg ply shown in Fig.  4-11 is used here as the basis for model de-

velopment of the non-isothermal OoA simulation. Its thickness and the volume fractions 

of all constituents reflect the initial state of the MTM44-1 prepreg determined in Section 

3.2.1, since the fiber bed compaction is not taken into account. 

Implemented physics in the OoA simulation include the flow of air through the po-

rous/fibrous media and the ideal gas law for air (Section 4.2.2.1), the flow of resin in 

porous media (Section 4.2.2.1) combined with a moving resin impregnation front (Sec-

tion 4.2.3) and heat transfer from the tool or oven to the part (Section 4.2.2.2). The evo-

lution of the MTM 44-1 resin film viscosity is depicted as a function of time and tem-

perature described according to the semi-empirical model of Equation (3-49), derived in 

Section 3.4.3.3. Furthermore, the permeability of the prepreg to air is implemented as a 

function of the prepreg porosity according to Equation (3-23), derived from the charac-

terization of the MTM 44-1 prepreg. The air flow is described according to the delayed 

air evacuation model developed in Section 4.1.2.2. The resin and air flow are coupled 

via pressure boundary conditions, according to the principal presented in Section 4.1.2. 

The approach is extended to include a two-way coupling between the air and resin flow 

in 2D (length and thickness of the prepreg). The numerical approach and coupling 

scheme used, are discussed in Section 4.2.3.  

A number of sensitivity studies are presented in Section 4.2.4 in order to provide debulk-

ing and process optimization guidelines using as a basis the MTM 44-1 prepreg. The 

Chapter concludes with a summary and discussion of the most interesting findings, cor-

relating them to findings discussed literature. 

The theoretical development presented in this Section as well as selected graphs and 

figures are based on the conference proceedings [12] published by the author in the con-

text of this dissertation. The content is reused here, in agreement with the co-authors. 
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4.2.1 Domain and Assumptions 

The development of the non-isothermal model is based on the domain of Fig.  4-11. The 

prepreg consists of two clearly separated fibrous sub-domains, one saturated with resin 

(with thickness	01,,) and one with air (with thickness	01,�). The thickness of the resin 

film is much smaller than the prepreg’s thickness and is therefore omitted for simplicity. 

The tow and prepreg sub-domains are therefore equivalent and have the same thick-

ness	(06 = 01	)	as well as the same fiber volume fraction	(�",6 = �",1). The fiber vol-

ume fraction of the domain is constant throughout the process as the compaction of the 

fibrous medium is not taken into account. The initial thickness of the resin impregnated 

domain is	0�,�(0) = 57.3% ∙ 0�. 

 

Fig.  4-11: Prepreg domain used as a basis for non-isothermal impregnation modeling using 

COMSOL Multiphysics 

The degree of impregnation of the prepreg with resin, l,	and air,	l� are calculated via 

Equations (4-17) and (4-18) respectively, while the domain width remains constant. 

 l,(�) = O,(�)O6 = 	01,,(�)06  (4-17) 

 l�(�) = O�(�)O6 = 01,�(�)06  (4-18) 

The cross-sectional areas of the tow occupied respectively with resin and air are depicted 

as	O, 	and	O�, while	O6	is the cross-sectional area of the prepreg. The ply area	remains 

constant throughout the process	ÁO6 = O� + O,Â	since the prepreg consolidation is not 

yet implemented. Several researchers [57, 66, 132, 184, 196, 204, 220] have defined 

similar functions to describe the degree of impregnation presented in Equations (4-17) 

and (4-18), such as the initial degree of impregnation of a prepreg, IDoI [57, 132, 204, 

220], the resin distribution function,	f∗	[196], or the degree of saturation,	Z	[66]. 

The initial global porosity of the MTM44-1 prepreg	@6 is calculated from the conserva-

tion of mass of Equation (3-6), once the fiber volume fraction	�",6 and resin volume 

O6 06 = 01 �",6 

Fibrous domain + Resin 

Fibrous domain + Air 

Tow & 

Prepreg  

O, 01,,  �",,  O� 01,� �",� 
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fractions	�",,	are known. The initial volume fractions of the prepreg constitu-

ents	�",6(0), �,,6	(0), @6(0)	are determined theoretically according to the method dis-

cussed in Section 3.2.1 and are summarized in Tab. 3-3. The local fiber volume fraction 

of the prepreg sub-domains	�",�	and fluid volume fraction	@1 = 	@� 	are considered to re-

main constant in each subdomain. They are calculated from Equation (4-19), where the 

subscript		Q = �	stands for the air and	�	for the resin saturated sub-domains of the pre-

preg. The fiber volume fraction of the sub-domains is equal to the volume fraction of 

the prepreg	�",�	 = �",, = �",6. 

 �",�	 +	@� = 1 (4-19) 

As the degree of impregnation of the prepreg with resin l,(�) increases, so does its global 

resin content	�,,6	(�). The degree of impregnation of the prepreg with air reduces and so 

does its global porosity	@6(�). The instantaneous resin and air content of the prepreg are 

calculated from the local properties of the sub-domains	(@, , @�)	and the fluid saturation 

via Equations (4-20) and (4-21). 

 �,,6	(�) = @, ∙ l,	(�) (4-20) 

 @6(�) = @� ∙ l�(�) (4-21) 

The initial degree of impregnation of the MTM 44-1 prepreg with resin	l,(0) 	=57.3%	is calculated from Equation (4-20), since the initial tow porosity in the resin im-

pregnated domain	@, and prepreg resin content	�,,6	are known. The thickness of the do-

main impregnated with resin 01,,	can be subsequently calculated from Equation (4-17). 

4.2.2 Modeling Approach 

The theoretical background used as a basis for the development of the non-isothermal 

OoA simulation is presented in this Section including utilized governing equations, con-

stitutive laws and initial and boundary conditions. 

4.2.2.1 Flow through a Porous Medium 

At the beginning of the process, the prepreg is at atmospheric temperature and pressure 

(105 Pa). At its initial state	57.3	% of the tow is saturated with resin, while the remaining 

domain is saturated with air. The air flows along the dry fibrous network once vacuum 

pressure is applied. Vacuum is pulled from one end of the tow (� = p), causing the resin 

to impregnate the tow through its thickness	06, with a flow front velocity	�,",��. The 

prepreg impregnation is driven by the difference between the atmospheric 7�1� and the 

local air pressure	7)�+	developed at the interface of its two sub-domains saturated with 

air and resin. A linear discretization of the air and resin pressure is used in both domains. 

The boundary conditions for flow of both fluids (air and resin) are shown in Fig.  4-12. 
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Fig.  4-12:  Boundary conditions for air and resin flow 

Equation (4-22) expresses the conservation of mass for each fluid saturating the fibrous 

medium, considering their flow through the prepreg is Darcian. The subscript	Q reflects 

either properties of the air (�) or resin saturated phase	(�). The volume averaged veloc-

ity of the resin	K,L	is calculated via Equation (4-23), while that of air	K�L	by Equation 

(4-24). Equation (4-25) is used to calculate the flow front velocity of the fluids. 

 
�(;Q@Q)�� +	∇ ∙ ¸;QKQd¹ = 0 (4-22) 

The resin is considered to be in a fluid state throughout the process and its pressure is 

expressed as	7" = 7,. The air pressure is expressed as 7)�+ = 7�. 

 K,L = − G,S 	∇7" (4-23) 

 K�L = − G�:� 	∇7)�+ (4-24) 

 J�" = K��@�  (4-25) 

The resin permeability	G,	is the permeability of the MTM 44-1 prepreg tows (Equation 

(4-28)), while	G�	is the air permeability of the prepreg (Equation (4-29)). The viscosity 

of the resin	S	evolves during the process according to Equation (3-49), determined ex-

perimentally in Section 3.4. The air viscosity	:�	is calculated by Equation (4-30). Equa-

tions (4-26) and (4-27) are used to quantify the pressure drop between the initial pressure 7�1�	and the pressure at time �	in the prepreg domains, respectively. 

 ∆7"(�) = −(7�1� − 7"(�)) (4-26) 

 ∆7)�+(�) = −(7�1� − 7)�+(�)) (4-27) 
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Resin Flow 

The permeability of the prepreg’s sub-domain saturated with resin	G, (in	m�), is de-

scribed by a diagonal 2x2 tensor with components in the principal directions	��	and	��, 

given by Equation (4-28).  

 G, = �n,,�� 00 n,,��� (4-28) 

Since only a limited amount of resin flows outside the part during OoA processing, the 

in-plane permeability	n,,��	is set to a low value in all simulations	(n,,�� =10��'	q�)	in order to inhibit in-plane resin flow from taking place. The out-of-plane 

permeability	n,,�� is the intrinsic permeability of the MTM 44-1 prepreg as depicted in 

Fig.  4-12. Its permeability 	n,,�� = 7.58	 ⋅ 10�RX	q� is determined as the mean value 

of the quadratic and hexagonal permeability given by Equations (2-18) and (2-19) for 

the prepreg’s fiber volume fraction	�",6 = 36	%, which remains constant throughout the 

process as compaction of the fibrous medium is not taken into account (see Section 

3.3.2). The semi-empirical viscosity model of the MTM 44-1 resin film is developed 

experimentally in the context of this work (see Section 3.4.3.3) and is implemented as a 

partial differential equation in COMSOL Multiphysics. 

Air Flow 

The Ideal Gas Law is used to capture the thermodynamic behavior of air within the range 

of pressures and temperatures developed during OoA processing. The ratio of specific 

heat for dry air is set to	* = 1.4 = \¯Sx��S� for the temperature range considered [234]. 

The heat capacity of air is considered to be constant (listed in Tab. 4-1). The density of 

air	;� at constant temperature is calculated from Equation (2-38). The permeability of 

air	G� (in	m�), is determined by the diagonal 2x2 tensor of Equation (4-29). 

 G� = �	n�,��(@6) 00 	n�,��� (4-29) 

As both sub-domains are considered to have the same fiber volume fraction, they have 

the same out-of-plane permeability	n,,�� = 	n�,�� = 7.58	 ⋅ 10�RX	q�. 

The effective in-plane air permeability of the MTM44-1 prepreg	n�,��, is a function of 

its porosity	@6(�). A fifth order polynomial correlates the in-plane permeability with the 

porosity according to Equation (3-23). A fourth order polynomial is used to approximate 

the dependency of the air viscosity :�	(in Pa⋅s) with temperature	4 (in K) [234]: 

 
:�(4) = −8.38 ⋅ 10�� + (8.36 ⋅ 10�¼	4) − (7.69 ⋅ 10�RR		4�)+		 (4.64 ⋅ 10�RY	4X) − (1.07 ⋅ 10�R�	4Y) 

(4-30) 
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4.2.2.2 Heat Transfer in a Porous Medium  

Out-of-Autoclave processing takes place in an oven or a heated tool. The part is heated 

either directly through its bottom side (heated tool), or through forced convection (oven). 

The temperature boundary conditions vary in the following Chapters, they will therefore 

be presented in each Section as necessary. 

The conservation of energy expressed separately for each prepreg sub-domain, which is 

saturated either with air or resin	(Q = �, �) is expressed by Equation (4-31). 

 〈;=6〉� �4�� = 	 ∇ ∙ (〈F〉�∇T) (4-31) 

Since the MTM 44-1 resin has limited exothermic capacity at the concerned tempera-

tures as observed during the course of validation experiments (Chapter 5), the viscous 

dissipation is insignificant and therefore the term 〈c〉�	included in the general expression 

of Equation (2-63) is omitted. The convection term, which incorporates the contribution 

of the volume averaged fluid velocities	K�� has also been omitted due to the small mag-

nitude of the flow velocities and therefore the negligible contribution of the term. 

The effective volumetric heat capacity of each sub-domain	〈;=6〉�, is calculated at con-

stant pressure according to Equation (2-66), while the density of air	;� is calculated by 

Equation (2-38). The resin	;, and fiber density	;" are considered to be independent of 

the processing temperatures. The heat capacity of the MTM 44-1 resin	=6,, is character-

ized by Dimopoulos et al. [235]. Since curing does not take place during the simulated 

process, the	=6,of the uncured resin (from Dimopoulos et al. [235]) is used in this work. 

The heat transfer in porous media interface available in COMSOL Multiphysics is based 

on the theory of soils. The skeleton of soils, in contrast to the fibrous media utilized in 

composites manufacturing have homogeneous heat transfer properties [108, 234] and 

hence a single model is sufficient to describe their in and out-of-plane thermal conduc-

tivity. Composite parts on the other hand are often manufactured using long fibers. In 

particular carbon fibers investigated in this work have a significantly higher in-plane 

conductivity	(W",�� > W",��).Therefore the effective in-plane conductivity of the prepreg 

and therefore the conductivity of the produced part is much higher than its out-of-plane 

conductivity. To capture this directionality, the thermal conductivity of the fibrous me-

dium is expressed by the diagonal tensor of Equation (4-32) with contributions in the 

two primary axes (�� and	��). 

 F" = �W",�� 00 W",��� (4-32) 

The thermal conductivity of air W�	(in WK-1m-1) is expressed as a function of the tem-

perature 4 (in K) as a fourth order polynomial, according to Equation (4-33) [236]. 
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W�(4) = −2.28 ⋅ 10�X + (1.15 ⋅ 10�Y	4) − (7.90 ⋅ 10�¼		4�)+		 (4.12 ⋅ 10�RR	4X) − (7.44 ⋅ 10�R�	4Y) 

(4-33) 

To include the insulating effect caused by the presence of air inside the tows, the effec-

tive thermal conductivity of the air saturated domain	〈F〉� is calculated from the recip-

rocal average of the conductivities of air and fibers, according to Equation (2-69). The 

effective thermal conductivity of the resin saturated domain 〈F〉, is calculated by the 

volume average of the fiber and resin conductivities, according to Equation (2-68). All 

coefficients utilized as inputs in the heat transfer model are summarized in Tab. 4-1. 

Tab. 4-1: Material properties used to model heat transfer in COMSOL Multiphysics 

Property Value Unit Property Value Unit �",�	 = �",, = 	�",6 36 % W",��* 10 � ⋅ q�R ⋅ n�R 

@� = @, = 	1 − �",6 64 % W",��*** 3.89 � ⋅ q�R ⋅ n�R 

;"* 1760 W® ⋅ q�X W,**** 0.24  � ⋅ q�R ⋅ n�R 

;,** 1180 W® ⋅ q�X =6"* 710 � ⋅ W®�R ⋅ n�R 
*Tenax HTA 40 Product Data Sheet [224] 
** Cytec MTM 44-1 Product Data Sheet [225] 
*** Zimmerman et al. [237] 

**** Dimopoulos [235] 

=6,**** 2700 � ⋅ W®�R ⋅ n�R 

=6� 1.00 � ⋅ W®�R ⋅ n�R 

4.2.3 Coupling Scheme 

Constructing a part with thickness	0, requires stacking of a number of prepreg plies of 

thickness	06	on top of each other. Each ply consists of two sub-domains, the bottom, 

saturated with air and the top, saturated with resin. Relevant material properties and 

boundary conditions are assigned to each prepreg domain.  

The finite element method is used to discretize the coupled resin, air flow and heat trans-

fer equations inside the fibrous domain. The time variable problem is integrated by im-

plicit Backward Differentiation Formulas (BDF) in COMSOL Multiphysics v. 5.2 [234]. 

The non-linear equations are solved according to the Newton method, producing several 

linear systems, solved by a Direct Gauss solver (MUMPS) [234]. The temperature, air 

and resin pressure fields and their respective velocities, the local or global porosity evo-

lution and the degree of impregnation during the cure cycle are calculated. Accurate 

resin front localization enables capturing local impregnation differences, which may oc-

cur because of local air pressure, or temperature differences present in the prepreg. The 

heat transfer affects the air and resin viscosity, the air density of the material. The air 

density and pressure are directly correlated through the ideal gas law, contributing sig-

nificantly to the final air pressure development inside the prepreg. 
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The boundary between the resin and air saturated fibrous domains deforms as a function 

of the normal component of the resin velocity developed at the flow front	�,",��, utiliz-

ing an Arbitrary Eulerian Lagrangian scheme, implemented via a Deformed Geometry 

interface (DG). In this case, the deformation of the domain can be regarded as addition 

(resin) or removal (air) of material [234]. The new position of the resin front becomes 

the new boundary between the two domains, each saturated with a different fluid (air 

and resin). The gas pressure developed at the common boundary acts as a bidirectional, 

symmetric constraint for the properties of both prepreg sub-domains. Flux conditions 

introduced this way appear as reaction terms in the system of equations of the acting 

physics affecting all dependent properties involved [234]. The degree of the prepreg’s 

impregnation with resin increases while its porosity reduces, leading to a subsequent 

reduction of its air permeability. The coupling scheme utilized is graphically presented 

in Fig.  4-13. As a result, the 2D, two-way interaction between the physics and the utili-

zation of a moving flow-front enables the local variations of the pressure, density and 

porosity to affect not only the air evacuation but also the local progression of the resin 

front, closely mimicking the actual physics of the OoA process. 

Fig.  4-13:  Coupling scheme utilized in modeling the non-isothermal impregnation of the OoA 

prepreg in COMSOL Multiphysics 

A structured mesh consisting of linear elements (1st order) which are denser close to the 

vacuum inlet where most of the boundary deformation takes place due to the presence 

of high pressure gradients. The mesh is less dense far from the vacuum source. The 

remaining domain is sparsely meshed in order to circumvent the calculation resource 

limitation occurring when a dense mesh is used in the whole geometry. The mesh density 

is defined by the interaction between the physics resolved in each sub-domain and test-

case, examples of the utilized meshes are presented individually in each Section. Gen-

erally six elements are included as a minimum through the thickness of each ply, while 

at least three elements are included in each sub-domain of the prepreg (air or resin satu-

rated). A variable element size is selected along the tow length, in order to limit the 
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calculation time, while avoiding compromising the quality of the results where a dense 

mesh is necessary. The mesh deformation is attained via the use of a Winslow smoothing 

equation [234]. To avoid its significant degradation, automatic re-meshing takes place 

at a predefined distortion (I1isoMax>1.2 or 1.3), reflecting the maximum of the first 

invariant of the isochoric mesh strain tensor [234]. When the resin impregnation front 

reaches approximately 98% of the ply thickness	(�" = 98%	06), the local warpage of 

elements may lead to instability and physical inconsistencies since the air saturated do-

main cannot be fully replaced by the resin saturated domain. For this purpose, a step 

function which drives the local velocity field of the resin to zero be-

tween	97.5%	and	98.5%	06 is implemented. Hence, the maximum amount of tow im-

pregnation	l,, is limited to 98.5% of the tow area	O6. This leads to a maximum of	0.75% 

porosity, which will remain in the tow as residual porosity, considering 50% of the area 

consists of fibers. The competition between air and resin flow through the same tow is 

largely influenced by the pressure developed on the boundary between the two sub-do-

mains. This pressure directly affects the flow front velocity, as shown in the coupling 

scheme depicted in Fig.  4-13. Fast progression of the flow front close to the vacuum, 

inhibits the vacuum distribution along the length of the tow and leads to air entrapment. 

On the other hand, slow impregnation enables homogeneous vacuum distribution and 

reduces chances of air entrapment in the tow, as long as the impregnation completes 

before gelling. Therefore the modeling framework proposed, can address the impregna-

tion of a range of materials (as long as they can be described according to Section 4.2.1) 

and time scales of flow, while no adaptation of the coupling scheme or the underlying 

physics required, contrary to most state-of-the-art approaches [28, 68, 73, 76]. 

4.2.4 Sensitivity Studies 

The influence of selected material properties, such as the resin viscosity and prepreg 

permeability, as well as process conditions, such as the heating rate during the cure cy-

cle, on the gas pressure and the residual part porosity is investigated in this Section. The 

following studies are used to draw conclusions on the influence of material characteris-

tics and processing parameters, on the impregnation quality of a part manufactured out-

side the Autoclave and develop strategies, which will lead to the manufacturing of a part 

with reduced residual porosity.  

The gas pressure development inside the prepreg without the influence of temperature 

is presented in Section 4.2.4.1. In this Section the gas pressure is not influenced by the 

impregnation of the prepreg with resin, since the resin flow is considered insignificant 

and is therefore ignored. Sections 4.2.4.2 and 4.2.4.3 are concerned with the coupled air 

and resin flow physics, with the former focusing on the influence of the material prop-

erties on the air evacuation during debulking at room temperature and the latter on the 

influence of the heating rate during the cure cycle. Finally, in Section 4.2.4.4, two studies 

demonstrate the influence of a temperature gradient developed along the length and the 

thickness of two parts manufactured OoA on an insulated heated tool. In the first case 
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the temperature gradient is introduced on the tool (consisted of three heating zones), 

while on the second case a thicker part is heated from the bottom to the top. The geom-

etry of Fig.  4-14 depicts two MTM 44-1 prepreg plies stacked on top of each other, 

constructing a part of thickness	0 and length	p. This part is used as a basis for the studies 

of Sections 4.2.4.1 up to 4.2.4.3. 

 

 

      (a) (b) 

Fig.  4-14:  (a) Domain geometry and (b) meshing concept used to perform sensitivity studies 

Three probes are positioned at the bottom ply of the part depicted in Fig.  4-14(a), at 

three locations along the part length, at position	7	1 close to the vacuum source,	7	7 in 

the mid-span of the part and 7	10 far from the vacuum source (see Tab. 4-2). 

Tab. 4-2: Part dimensions, probe coordinates and miscellaneous inputs for sensitivity studies 

Category Symbol Unit Value 

S
im

ul
at

io
n 

In
pu

ts
 

7$�& 7� 400 ;µ W® ⋅ q�� 1.1886 06 q 0.45⋅10-3 0 q 0.9⋅10-4 p q 0.59 l, % 53 �",6 % 36 �,,6 % 34 @6 % 30 

P
ro

be
s 7	1 q (0.58997, 0) 7	7 q (0.3, 0) 	7	10 q (1.719⋅10-4, 0) 

The domain as shown in Fig.  4-14(b) is discretized with 640 elements, 4 of which are 

equally spaced through its thickness. The computation time following the methodology 

presented in Fig.  4-14 is 10-20 min in a computer with 16 GB Ram and 8 Cores. 

x (m) 

z (m)

L 

H 

0

7	10 7	7 7	1 
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4.2.4.1 Air Flow and Evacuation 

Influence of Fiber Bed Characteristics on the Vacuum Distribution 

Focus of this study is to demonstrate the effect of the in	(n�,��) and out-of-plane per-

meability (n�,��)	of the prepreg to air, on gas pressure development inside the material 

without the influence of the temperature and the interaction with resin flow. The air is 

considered to flow within the dry tow of each prepreg ply at 291.9K (~19°C), under the 

influence of the boundary conditions shown in Fig.  4-15. The initial pressure within the 

domain is atmospheric (7�1� = 10¨	7�). To avoid numerical instabilities from occur-

ring within the first time steps, due to the large initial pressure drop between atmospheric 

and the vacuum pressure imposed at position x=L, the vacuum is applied through a step 

function in	�+ = 1.5x, according to the profile shown in Fig.  4-15(b). 

 
     (a) 

 
     (b) 

Fig.  4-15: (a) Boundary conditions for air flow and (b) vacuum application via a step function 

The influence of five permeability ratios	(n�,��	 n�,��)	⁄ on the gas pressure development 

along the part length is investigated. Materials with the in and out-of-plane air permea-

bilities of Cases 1-5 presented in Tab. 4-3 are utilized for this purpose. The in-plane 

permeability in Cases 1-4 (see Tab. 4-3) reflects the permeability of the MTM 44-1 pre-

preg, at its initial porosity	@6(0), which is considered to remain constant. The applied 

vacuum pressure	7$�&, the ply thickness	06, the volume fractions of all constituents and 

the air density	;µ 	are summarized in Tab. 4-2. 
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K� = 0 K� = 0 

Z���	1 
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Tab. 4-3: Permeability characteristics of the air saturated prepreg domain 

Case 	n�,��(q�) 	n�,��	(q�) n�,��/	n�,�� 

1 1.55⋅10-12 7.58⋅10-13 4.88⋅10-1 

2 1.55⋅10-12 4.14⋅10-15 2.66⋅10-3 

3 1.55⋅10-12 2.16⋅10-18 1.39⋅10-6 

4 1.55⋅10-12 2.16⋅10-20 1.39⋅10-8 

5 1.00⋅10-15 7.58⋅10-13 7.58⋅102 

The simulated pressure at the three positions along the length of the part	(7	1, 7	7, 7	10) 

for prepregs having the same in-plane air permeability and reducing through thickness 

permeability (materials with the characteristics of Cases 1-4), is depicted in Fig.  4-16. 

 

Fig.  4-16:  Gas pressure evolution over time at three locations along the part length, for the ma-

terials with permeabilities of Cases 1-4 (Fig.  4-3) 

In Fig.  4-16 it is shown that a reduction of the through thickness permeability occurring 

when replacing the material properties of Case 1 with Cases 2-4, has no effect on the 

gas pressure distribution along the part length. It is evident that in all cases considered, 

the air flow takes place predominantly in-plane.  

A significant difference between the magnitudes of the in (��L,��)	and out-of-plane ve-

locities of air	Á��L,��Â for the prepregs with characteristic properties of Cases 1-4 is ob-

served in Fig.  4-17. The ratio of the two velocities is plotted as a function of time in 

Fig.  4-17, for the same four materials (Cases 1-4).  
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Fig.  4-17:  Influence of the through thickness air permeability reduction Ka,zz (Cases 1-4) on the 

in-plane versus out-of-plane air velocity ratio vaD,xx/vaD,zz 

The Fig.  4-17 shows that the in-plane air evacuation is dominant in all materials inves-

tigated	(��L,�� ��L,��⁄ 	≫ 1), even in Case 1 where the two permeabilities are of similar 

magnitude	(n�,�� ≅ 0.5	n�,��). This is a consequence of the boundary conditions ap-

plied in the domain (see Fig.  4-15), as well as the dimensions of the domain at the two 

principal flow directions, which contribute primarily to the development of a large pres-

sure gradient along the	� − ��Îx. 

The influence of the in-plane air permeability reduction on the gas pressure developed 

at positions	7	1, 7	7, 7	10 between the material of Case 1 and 5 (see Tab. 4-3), is shown 

in Fig.  4-18. 

 

Fig.  4-18: The influence of the in-plane air permeability reduction from Cases 1 to Case 5, on the 

gas pressure evolution at three locations along the part length 
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The in-plane air permeability of the prepreg in Case 5 reduces by approximately three 

orders of magnitude compared to that of Case 1, while its through-thickness permeability 

remains the same in both cases. This causes a significant delay in the gas pressure dis-

tribution inside the prepreg. The gas pressure developed inside the dry tows of the pre-

preg is shown in Fig.  4-19. 7)�+	ÎS	7�	��	� = 20x 

Case 1 Case 5 

  7)�+	ÎS	7�	��	� = 2000x 

Case 1 Case 5 

7)�+	ÎS	7�	��	� = 10000x 

Case 1 Case 5 

  

Fig.  4-19: Gas pressure distribution in the air saturated prepreg sub-domain 

A homogeneous pressure distribution is attained in both parts through the thickness of 

the air saturated prepreg domain, while a large gas pressure gradient is developed in-

plane, for prepregs with characteristic permeabilities of Case 1 and 5. Particularly in 

Case 1 a steady state of pressure is reached within the first 10000s of the study, while in 

Case 5, the distribution of the gas pressure is significantly slower. 
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Influence of Temperature and Heating Rate on the Vacuum Quality 

The influence of temperature and heating rate on the gas pressure distribution inside the 

prepreg with characteristics of Case 1 is investigated here for Fig.  4-14. Heat is intro-

duced from the bottom of a single-sided tool as a temperature profile	4(�), reflecting the 

temperature development on the tool-part interface during the cure cycle. The top and 

the two sides of the part are insulated. The influence of two temperature profiles on the 

gas pressure is directly compared against the scenario of vacuum application on the same 

prepreg, at room temperature. The temperature profiles are depicted in Fig.  4-20.  
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Fig.  4-20: Temperature development on the tool surface during three OoA cure cycles 

The gas pressure and density are correlated via the Ideal Gas Law (Equation (2-40)) 

during the temperature cycles of Fig.  4-20, presented in Fig.  4-21 and Fig.  4-22. 

 
Fig.  4-21:  Gas pressure evolution along the length of the air-saturated prepreg domain in the 

material of Case 1 and for cure cycles shown in Fig.  4-20 
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As shown in Fig.  4-21, heating the part before the vacuum or gas pressure reaches a 

steady state inside the tow has a negative influence on the pressure distribution along its 

length. The more pronounced effect is observed far from the vacuum source, at loca-

tions	7	7, 7	10, where the vacuum pressure is established slower even when no heating 

takes place. The application of heat delays the gas pressure distribution far from the 

vacuum source as shown in Fig.  4-21, which consecutively leads to a slower air density 

reduction, presented in Fig.  4-22. 

 

Fig.  4-22: Air density evolution along the length of the air-saturated prepreg of Case 1 and for 

cure cycles shown in Fig.  4-20 

Generally, the higher the heating rate of the prepreg, the slower the vacuum distribution 

inside the tow and the larger the influence on the gas pressure, at the different locations 

along the length of the part. Once a steady state of pressure is attained inside the prepreg, 

the density is only influenced by the temperature development inside the part. 

4.2.4.2 Coupled Air and Resin Flow in OoA prepregs during 

Room Temperature Debulking 

In this Section the coupled air and resin flow through the prepreg depicted in Fig.  4-1 

is investigated at 291.9K (~19°C). The investigation performed in Section 4.2.4.1 takes 

into account solely the air flow through the prepreg considering the resin does not flow 

at room temperature. This approach is extended here to consider also the influence of 

the resin flow at room temperature on the gas pressure distribution. The competition 

between the two flows in the same fibrous domain during debulking at room temperature 

and the influence it has on the gas pressure development and the prepreg saturation is 

investigated for a range of permeabilities and two resin viscosities. 
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Influence of Fiber Bed Characteristics on the Vacuum Quality 

The influence of three combinations of out-of-plane permeabilities	for the two prepreg 

sub-domains 	(n�,��, 	n,,��	)	on the gas pressure distribution inside the prepreg is inves-

tigated. In both Case 1 and Case 3, the through-thickness permeability of the two sub-

domains is equal	(n�,�� = n,,��). The material of Case 6 has the same through-thickness 

permeability of the resin saturated sub-domain of Case 1 and a significantly reduced 

through-thickness permeability of the air saturated sub-domain	(n�,�� ≪ n,,��). The re-

duction of the through-thickness permeability to air creates a resistance to the resin flow 

through the thickness of the prepreg ply. Such a scenario may be realistic if the air evac-

uation leads to a dense packing of the fibers in the air saturated domain, causing a re-

duction of its through thickness permeability (resin saturated domain incompressible). 

The in-plane air permeability of the MTM 44-1 prepreg is implemented as a function of 

the global part porosity	n�,��Á@6Â according to the Equation (3-23). The in and out-of-

plane permeability of the prepreg to resin	n,,��, 	n,,��	and its out-of-plane permeability 

to air	n�,��	are summarized in Tab. 4-4. The initial resin viscosity is considered constant 

throughout the debulking process	(S^ = 6.5 ∙ 10¨	7� ∙ x	). 

Tab. 4-4: Permeability characteristics of the materials from Case 1, 3, 6 under investigation 

Case 	n�,��	(q�) 	n,,��	(q�) 	n,,��	(q�) 

1 7.58⋅10-13 3.26⋅10-20 7.58⋅10-13 

3 2.16⋅10-18 3.26⋅10-20 2.16⋅10-18 

6 1.00⋅10-20 3.26⋅10-20 7.58⋅10-13 

The global porosity and in-plane air permeability evolution of the simulated part (see 

Fig.  4-14) for Cases 1, 3 and 6 are shown in Fig.  4-23. 

  
       (a)           (b) 

Fig.  4-23: (a) Prepreg porosity evolution over time and (b) resulting in-plane air permeability 

evolution over time for Cases 1, 3 and 6 (see Tab. 4-4) 
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From Fig.  4-23(a) it can be observed that the fastest porosity reduction is achieved when 

using the prepreg of Case 1, while the prepreg of Case 6 follows. Since the prepreg 

compaction is omitted, a faster reduction of the porosity reflects a faster impregnation 

of the prepreg with resin. The in-plane air evacuation reduces faster as a consequence 

(Fig.  4-23(b)). The competition between the air and resin flow inside the prepreg at 

291.9K (~19°C) has an influence on the establishment of the gas pressure in the material, 

even when small porosity differences like those depicted in Fig.  4-23(a) are concerned. 

The gas pressure development at selected positions such as at position	7	1 close to the 

vacuum source, at position	7	7	in the middle of the part and at position	7	10	far from 

the vacuum source is depicted in Fig.  4-24 for all three Cases considered. 

Fig.  4-24: Gas pressure evolution along the length of the air-saturated prepreg domain for pre-

pregs with the properties of Cases 1, 3 and 6 (see Tab. 4-4) at 291.9K (~19°C) 

The prepregs of Case 1 and 6 have the highest out-of-plane permeability to resin	(n,,��). 

Nevertheless the reduction of the through thickness air permeability (n�,��)	from Case 

1 to Case 6, leads to an intensification of the in-plane air flow along the length of the 

part, which is beneficial for the vacuum distribution along its length while it simultane-

ously imposes a resistance to the resin flow through its thickness. The gas pressure de-

veloped in Case 6 in the middle	(7	7)	and at the end of the part	(7	10)	increases after 

approximately 2500s due to the significant porosity reduction, driven by the high initial 

vacuum (low gas pressure) established in the prepreg compared to Case 1 and the result-

ing air permeability reduction. A small increase of the gas pressure after approximately 

2000s is also observed in Case 1, though at a much slower rate compared to Case 6, due 

to the presence of a limited pressure difference (higher gas pressure) responsible for the 

air flow inside the material as shown in in Fig.  4-25. The prepreg of Case 3 has a sig-

nificantly reduced through thickness permeability in both of sub-domains compared to 

the prepreg of Case 1. A homogeneous and fast in-plane air evacuation is achieved in 
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Case 3, where the pressure developed in all three positions closely matches the gas pres-

sure attained when no resin flow is considered (see Fig.  4-18), though at a cost of a 

slower prepreg impregnation rate with resin. This indicates a limited interaction between 

air and resin flow in this material. 

The pressure difference between atmospheric and gas pressure attained after 20s and 

10000s from the vacuum application	(/7"		&		/7)�+	)	is depicted in Fig.  4-25. The dark 

red color stands for zero pressure-drop, while the dark blue reflects the maximum attain-

able pressure-drop.  

	/7"		&		/7)�+		��	� = 20x 	/7"		&		/7)�+		��	� = 10000x 

Case 1 

 
Case 3 

 
Case 6 

 

Fig.  4-25: 2D plots depicting the pressure difference developed along the length and thickness 

of the part at 20s and 10000s, for the prepregs of Cases 1, 3 and 6 (see Tab. 4-4) 

A delay in the gas pressure distribution along the part length can be observed inside the 

air saturated domains of the prepreg, particularly for the prepregs of Case 1 and 6. Pri-

mary reason for this delay is the faster resin impregnation speed of these prepregs (Cases 

1 and 6), reflected on the porosity reduction speed captured in Fig.  4-23(a). Particularly 
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in the prepreg of Case 6, a pressure gradient is present through the thickness of its air 

saturated domain. While the gas pressure close to the tool surface and along the complete 

part length approaches vacuum, it reduces close to the boundary between the two fluids. 

Influence of Initial Resin Viscosity on the Vacuum Quality 

Focus of this Section is the identification of means to enhance the vacuum distribution 

along the part length, particularly for the prepregs with the permeabilities of Cases 1 and 

6 where a homogeneous in-plane air evacuation is not possible. Since the impregnation 

speed of the prepreg with resin inhibits the vacuum distribution along its length, the 

reduction of the impregnation speed at room temperature shall be beneficial to attaining 

homogeneous vacuum distribution during debulking. Therefore the influence of a resin 

viscosity increase by two orders of magnitude is investigated (from	6.5 ∙ 10¨	7� ∙ x 

to	6.5 ∙ 10�	7� ∙ x). The influence of the viscosity increase on the gas pressure distribu-

tion along the part length for the prepregs of Case 1 and 6, is captured in Fig.  4-26. 

Fig.  4-26:  Gas pressure evolution over time along the length of the air-saturated prepreg do-

main, for the prepregs of Cases 1and 6 (see Tab. 4-4) at 291.9K (~19°C) 

As shown in Fig.  4-26, a significant improvement in the homogeneity of the vacuum 

distribution is obtained along the length of the part in both materials investigated, when 

increasing the prepreg viscosity by two orders of magnitude. The gas pressure in Case 6 

reaches steady state within the time frame of the test, demonstrating a very similar be-

havior to that shown in Fig.  4-18 where air evacuation takes place along the	� − ��Îx 

without the influence of resin flow. The gas distribution along the length of the part is 

significantly improved, also in Case 1. 

The pressure difference established in the part after 10000s if the initial viscosity of the 

MTM44-1 resin is considered	(S^ = 6.5 ∙ 10¨	7� ∙ x) is depicted in Fig.  4-27(a) and 

(c), while the pressure difference established in both prepregs if an increased viscosity 

is considered	(S^ = 6.5 ∙ 10�	7� ∙ x) is shown in Fig.  4-27(b) and (d). A larger pressure 
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difference	(/7)�+	)	is available inside the air saturated domains of both prepregs when 

an increased resin viscosity is considered. This is shown by the shift of the colors inside 

the air saturated prepreg sub-domains of Fig.  4-27 towards a darker blue color, reflect-

ing an air pressure closer to the vacuum applied at the inlet of the part. 

Case 1 /7"		&		/7)�+	ÎS	7�, ��	� = 10000x S^ = 6.5 ∙ 10¨			7� ∙ x S^ = 6.5 ∙ 10�	7� ∙ x 

  
(a) (b) 

Case 6  	/7"		&		/7)�+		ÎS	7�, ��	� = 10000x S^ = 6.5 ∙ 10¨			7� ∙ x S^ = 6.5 ∙ 10�	7� ∙ x 

 
(c) (d) 

Fig.  4-27:  Development of pressure difference after 10000s in the prepreg of Case 1 and 6  

(a), (c) Pressure development when the initial viscosity of the MTM 44-1 resin is considered 

in Case 1 and 6 respectively and (b), (d) for an increased initial resin viscosity. 

The interaction between the resin and air flow through the same fibrous sub-domain at 

time-scales which depend on material characteristics such as the prepreg permeability 

and the viscosity of the resin were investigated. An effective air evacuation strategy can 

be ensured when the difference between the time-scale for flow of the two fluids in-

creases. In particular, slowing down the resin flow assists in maintaining an efficient air 

evacuation out of the prepreg. This effect is depicted in both Fig.  4-27 and Fig.  4-28, 

where it is shown that in the cases where the initial viscosity of resin is increased by two 

orders of magnitude it leads to a significantly reduced porosity reduction rate (Fig.  
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4-28(a)). As a result, this assists in maintaining a high in-plane air permeability in the 

material for longer, within the time-scale of flows investigated (Fig.  4-28(b)). 

 
        (a)       (b) 

Fig.  4-28: Influence of the increased initial resin viscosity on the prepreg porosity and the re-

sulting in-plane air permeability evolution over time for Cases 1 and 6 

Material Design for Optimized Debulking 

Introducing a debulking cycle prior to processing an Out-of-Autoclave prepreg is said 

to enable the establishment of a high vacuum level inside the material, which will even-

tually assist in evacuating unwanted gas and volatiles out of the part and drive a homo-

geneous prepreg impregnation. To achieve this, material manufacturers kept part of the 

OoA prepregs intentionally dry. As discussed in Chapter 1, for this strategy to be effec-

tive it shall be ensured that vacuum application does not inhibit the gas pressure distri-

bution by causing ‘cold flow’ of the resin inside the air saturated domains. To reduce 

the competition between the flows of the two fluids through the same domain, the ma-

terial shall be designed to ensure a limited resin flow at room temperature.  

The key material properties enabling efficient in-plane air evacuation and homogeneous 

gas pressure distribution during the prepreg debulking process are discussed using as a 

basis the geometry and properties of the MTM 44-1 prepreg. These properties are the  

permeability of the prepreg sub-domains (either saturated with air or resin) as reported 

also by Cender et al. [38, 39], as well as the resin viscosity at room temperature (initial 

viscosity), the influence of which is also discussed by Ridgard et al. [9]. 

As shown earlier a reduction of the out-of-plane permeability of the air saturated sub-

domain leads to an intensification of the in-plane air evacuation and therefore an im-

provement of the gas pressure distribution along the part length close to the tool surface 

(Fig.  4-25). Reducing the out-of-plane permeability in both prepreg sub-domains (sat-

urated with air and resin can be more efficient since it leads to a simultaneous reduction 
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of the resin impregnation rate, which can be very beneficial if it simultaneously guaran-

tees a complete impregnation of the tow before resin gelation. An extreme out-of-plane 

permeability reduction was considered in this work to demonstrate the effects of homo-

geneous air evacuation, considering the flow boundary conditions of Fig.  4-12. A sig-

nificant increase in the resin viscosity of the prepreg at room temperature contributes 

towards an improved vacuum distribution and may be simpler to realize in practice com-

pared to fiber-bed modifications (Fig.  4-27). This effect has also been highlighted in the 

review paper by Centea et al. [18], who points out the beneficial aspects of increased 

prepreg tack and viscosity at room temperature, ‘as long as it does not shift the resin 

viscosity too far from the designed range’ [18].  

Key concern for increasing the resin viscosity at room temperature is the influence it 

may have on the minimum viscosity attainable during the cure cycle. A significant in-

crease of the minimum viscosity might lead to micro-porosity development later in the 

process [2, 9]. This could impose limitations on what is practically achievable with the 

initial resin viscosity modification and a combined approach of adjusting both the resin 

and fiber properties might be required. Several researchers investigated the air evacua-

tion of OoA prepregs at room temperature by decoupling the air from the resin flow, 

considering the amount of resin flow at room temperature insignificant [33, 38, 54, 57, 

132]. In 4.2.4.2 we show through simulation that this is a very strong assumption when 

pure in-plane gas evacuation takes place in monolithic laminates. This behavior is ex-

perimentally verified in a debulking experiment utilizing the MTM 44-1 prepreg, which 

is summarized in Section 5.3. On the contrary, there is a strong interaction between the 

air and resin flow and the fibrous domain properties in both directions, unless the prepreg 

becomes practically impermeable through thickness, or the resin viscosity increases sig-

nificantly beyond the standard viscosities of hot-melt epoxy systems at room tempera-

ture. Two-way coupling of the gas in 2D enables capturing potential deviations from the 

anticipated dominant in-plane air evacuation behavior seen in Cases 1 and 3, as in Case 

6. These effects cannot be predicted with the 1.5D model presented in Section 4.1, nor 

with other models available in the literature to date. It shall be stretched that compress-

ibility characteristics of the prepreg have not been taken into account, which may lead 

to an overestimation of the prepreg impregnation rate, since its thickness, the porosity 

and its fiber volume fraction remains constant. The comparison between simulated and 

experimentally measured gas pressures for a part manufactured using the MTM 44-1 

prepreg follows in Chapter 5. 

4.2.4.3 Coupled Air and Resin Flow in OoA Prepregs and the 

Influence of the Heating Rate during the Cure Cycle 

This Section discusses the impact of temperature evolution during the manufacturing of 

a part OoA on the vacuum distribution and the gas pressure development in the material. 

The part of Fig.  4-14 and the prepreg with permeabilities of Case 1 (Fig.  4-4) is used 

as a basis for this study. The air and resin flow through the prepreg are coupled, while 
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heat is introduced in the form of a temperature profile	4(�). The effect of two heating 

rates (0.5 and 3°C/min depicted in Fig.  4-20) on the prepreg impregnation and gas pres-

sure development are investigated here. The part is heated from the bottom, while the 

top and sides of the part are insulated. The temperature influences amongst others the 

viscosity of the resin	S, the porosity @6	and the in-plane air permeability of the pre-

preg	n�,��, therefore it has a significant influence on the impregnation rate of the prepreg 

with resin	l, shown in Fig.  4-29. 

 
        (a)            (b) 

 
         (c)        (d) 

Fig.  4-29: (a) Resin viscosity (b) prepreg porosity (c) impregnation state (d) in-plane air perme-

ability as a function of porosity for three temperature profiles depicted in Fig.  4-20 

In Fig.  4-29(c) it can be seen that the use of a slower heating rate enables the impreg-

nation of a larger area of the prepreg with resin, though at a slower rate, if the resin does 

not gel within the processing time considered. The same trend is observed with the po-

rosity and the in-plane air permeability shown in Fig.  4-29(b) and (d). The viscosity 

reduces faster at higher heating rates. Slower heating leads to slower porosity reduction, 

which allows the prepreg to remain permeable to vacuum and thus maintain a lower gas 
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pressure for a longer time and producing a part with lower porosity after 10000s. While 

the resin viscosity evolves as a function of temperature and time (Equation (3-49)), the 

porosity, in-plane air permeability and the resin impregnation rate ultimately result from 

the interaction of the air, resin flow and heat transfer which take place during processing. 

Though air, resin flow and heat transfer take place simultaneously during Out-of-Auto-

clave processing, different physics dominate the gas pressure development at different 

times. Using a graphical representation of the gas pressure development during a typical 

temperature cycle in Fig.  4-30, five discreet phases are identified. 

Fig.  4-30: The influence of various physical phenomena on the gas pressure development inside 

the air saturated prepreg domain 

The gas pressure, established in the prepreg within the first seconds is primarily a result 

of the initial porosity and permeability development inside the dry prepreg sub-domain 

and the boundary conditions for vacuum application (Phase 1). The gas pressure distri-

bution in the prepreg there-off strongly depends on the temperature development and 

the competition between air evacuation and resin impregnation (Phase 2). As the resin 

viscosity reduces, the prepreg impregnation speed increases, which in combination with 

the high pressure difference available close to the vacuum source and the increasing 

temperature, inhibits the air evacuation causing the gas pressure to increase (Phase 3). 

The pressure loss in the material is further intensified far from the vacuum source, since 

an increased gas pressure (reduced pressure difference) is initially available in this loca-

tion. Once a steady state of temperature is attained in the prepreg accompanied by an 

insignificant viscosity evolution, the pressure remains constant (Phase 4). When the vac-

uum access is not fully blocked and a large viscosity gradient develops, the gas pressure 

decreases until gelation takes place in the resin (Phase 5). At this point, the prepreg does 

not impregnate further and the gas pressure in the part remains constant. 
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The gas pressure development at positions 7	1	close to the vacuum source, 7	7 in the 

mid-span of the part and 7	10 far from the vacuum source when processing at 0.5 and 3 

°C/min is presented in Fig.  4-31(a).  

Fig.  4-31: (a) Gas pressure (b) air density along the length of the air-saturated prepreg domain 

for the prepreg of Case 1 (Tab. 4-4) and three temperature profiles (Fig.  4-20) 

The gas pressure distribution at room temperature is included in Fig.  4-31 for compari-

son purposes. Τhe air pressure is directly proportional to its density (Fig.  4-31(b)) and 

indirectly proportional to the applied temperature at non-isothermal conditions (Ideal 

Gas Law, Equation (2-38)). As shown in Fig.  4-31(a), the vacuum distribution along 

the length of the tow is poor even at room temperature. A large pressure differential is 

available in the resin domain close to the vacuum source	/7"	, which subsequently leads 

to a faster impregnation of the prepreg at this location. This essentially blocks the access 
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of vacuum inside the prepreg and reduces its air evacuation rate. This effect in combi-

nation with the global porosity and in-plane air permeability reduction (Fig.  4-29(b) and 

(d)) leads to a gradual increase of the gas pressure inside the prepreg until it reaches 

atmospheric pressure (Fig.  4-31(a) and Fig.  4-32). The time where the gas pressure 

becomes atmospheric is defined here as the ‘prepreg locking time’ since from this point 

onwards there is limited chance for further impregnation of the prepreg while the en-

trapped air will transition to residual porosity. As shown in Fig.  4-32 faster heating leads 

to faster impregnation and as a consequence faster equalization of the gas pressure with 

the atmospheric pressure inside the air saturated sub-domain of the prepreg. Heating at 

higher rates leads to earlier locking of the prepreg tows.  

0.5	°=/qÎS 3	°=/qÎS 			7)�+		��	� = 6800x 			7)�+		��	� = 1500x 

			7)�+		��	� = 7800x 		7)�+		��	� = 1850x 

 			7)�+		��	� = 10000x 		7)�+		��	� = 10000x 

 

Fig.  4-32: Gas pressure evolution inside the dry prepreg sub-domain of Case 1 at selected times 

during two cure cycles with a heating rate of 0.5 and 3 °C/min 

The access of the prepreg to vacuum at the furthest position from the vacuum source (7	10) is locked after approximately 6600s. Limited vacuum is available in the prepreg 

after 7900s, corresponding to a window of 1.8-2.2 h available for air evacuation and 

impregnation during the cure cycle at 0.5 °C/min. The prepreg position further away 
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from the vacuum source for a part processed at 3 °C/min starts locks-up after approxi-

mately 1260s, while an earlier locking of the part takes place at approximately 1540s 

(20-26 min). It is obvious that the high heating rate limits significantly the time frame 

available for air evacuation and leads to a laminate with higher porosity content and 

reduced impregnation levels. Using a slow heating rate of 0.5 °C/min leads to a slower, 

but more efficient porosity reduction. Virtual processing with a slow heating rate leads 

to lower porosity levels in the MTM 44-1 prepreg within the first 8500s of the cure cycle, 

where no gelling is anticipated (see Tab. 3-14).  

The beneficial effect of using a reduced heating rate during OoA processing in the re-

sidual porosity has been observed by Lucas et al. [46], after investigating laminates man-

ufactured using the 5320 and 5320-1 Cycom prepreg with heating rates between 0.28-

1.67 °C/min. During the investigations performed by Lucas et al. [46], the part produced 

at 1.67 °C/min was the only one that did not meet the 0.5% porosity target set for the 

study. Furthermore Agius et al. [238] investigated the influence of heating rates in the 

range of 1.5-10 °C/min on the porosity formation of laminates manufactured OoA at 

various stages of the cure cycle, using as a basis the 8552 Hexply prepreg. No influence 

is observed on the average prepreg porosity, though a slight increase is observed in the 

large voids (1000-15000 µm) when utilizing a faster heating rate [238]. 

Contrary to the experimental findings from Lucas et al. [46], Agius et al. [238] and the 

results of simulation summarized in this work, Centea et al. [18, 43, 57, 239] reports 

porosity reduction at increased heating rates identified via simulation [18, 57] and ex-

periments [239]. Nevertheless, the author could not deduct an influence of the high heat-

ing rate on the intra-tow porosity reduction reported in the work by Centea et al. [239]. 

Limited influence appears in one of the investigated prepregs based on an 8HS textile, 

where a high porosity is measured after 28 days of prepreg ageing at room temperature. 

In the study by Centea et al. [239] dominating influence on the intra-tow porosity for-

mation has the textile type and the dwell temperature selection. Centea et al. [57, 59] 

models the impregnation of OoA tows, considering an instantaneous and constant vac-

uum everywhere in the prepreg. The main influence captured by Centea’s model [57] is 

that of a slower viscosity reduction rate on the tow impregnation rate, when a cycle with 

a slower heating rate is used. In the case of a very slow impregnation, resin gelation 

takes place before the tows are fully impregnated and may lead to intra-tow porosity 

formation [18]. Therefore, the faster impregnation of the prepreg close to the inlet cannot 

be captured in the model developed by Centea et al. and this may be the reason for the 

discrepancy observed [54, 57]. 

4.2.4.4 The Influence of Temperature Gradients on the Im-

pregnation of a Part Outside the Autoclave 

The challenges associated with the scalability of OoA processing and the influence of 

the inhomogeneous temperature distribution on the gas pressure and porosity develop-
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ment are discussed in this Section based on two studies. The first demonstrates the in-

fluence of an imposed temperature gradient along the length of the part, on the air evac-

uation and vacuum distribution. The second presents the impact of temperature gradients 

through the thickness of a part produced on a single-sided heated tooling OoA. 

In-Plane Temperature Gradients 

The domain depicted in Fig.  4-33(a) is used to evaluate the influence of temperature 

gradients on a part manufactured on a tool which consists of three heated zones. Three 

heating rates are applied on the three Zones, while six probes are located in the air and 

resin saturated domains of the prepreg (Fig.  4-33(a)). To accurately capture the position 

of the resin front, the tow is discretized with a high element density at the transition 

region between the heating zones and a total of 2100 elements, as shown in Fig.  4-33(b). 

 

 

 

(a)  (b) 

Fig.  4-33: (a) Domain and probe locations (b) spatial discretization (meshing) 

The heating rates applied and the location of the probes are presented in Tab. 4-5.  

Tab. 4-5: Temperature cycles applied in the three Zones of the part and probe locations 

Zone Ramp rate °C/min 

Dwell  
Temperature °C	 Probes Location Unit 

1 0.5 130 
7	1 − OÎ� (0.58997,0) q 7	1 − �xÎS (0.58997, 2.35⋅10-4) q 

2 1.5 130 
7	7 − OÎ� (0.3, 0) q 7	7 − �xÎS (0.3, 2.35⋅10-4) q 

3 3 130 
7	10 − OÎ� (1.719⋅10-4,0) q 7	10 − �xÎS (1.719⋅10-4, 2.35⋅10-4) q 

A slower heating-rate is applied close to the vacuum source, aiming to reduce the rate 

of gas pressure increase, caused by the temperature increase rate. The temperature and 

resin viscosity at the probe locations of Tab. 4-5 are shown in Fig.  4-34. 

Zone 1 4R	(�) 

Zone 3  4X	(�) 

7	1 7	7 7	10 
Zone 2 4�	(�) 

7	17	77	10 
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        (a)         (b) 

Fig.  4-34: (a) Temperature development inside the resin impregnated sub-domain of the pre-

preg (b) resin viscosity at P 1, P 7, P 10 for the cure cycles depicted in (a) 

A reduced gas pressure is available away from the vacuum source	(,¯S�x	2, 3),	even 

when the part is not heated, as shown Fig.  4-35.  

 

Fig.  4-35: Gas pressure at three positions along the length of the air-saturated sub-domain for 

the material of Case 1 (see Tab. 4-4) at room temperature (at 291.9K ~19°C) and for 

three cure cycles at 0.5, 3°C/min and with zone heating (see Tab. 4-5) 

As the temperature raises faster in the tool section furthest from the vacuum 

source	(710 − ,¯S�	3), the gas pressure raises to atmospheric pressure first. The mid-

dle section follows	(7	7 − ,¯S�	2), while the location close to the vacuum source 	(71 − ,¯S�	1) maintains access to vacuum throughout the cure cycle. When a higher 

heating rate is used as a basis for the temperature cycle, the resin viscosity decreases 
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faster and so does the prepreg impregnation rate. From the point the gas pressure reaches 

a plateau, no significant impregnation takes place in the respective section of the pre-

preg. This effect is shown in Fig.  4-36, where the temperature and gas pressure is pre-

sented at three characteristic times, selected to reflect the maximum impregnation state 

reached in each zone of the part a few seconds after a steady state is reached.  

4			(°=) 7)�+			(7�) � = 2940x 

� = 4700x 

 � = 6700x 

Fig.  4-36: 2D Temperature and gas pressure development inside the domain of Fig.  4-33 at 

three selected times when the zone heating concept presented in Tab. 4-5 is utilized 

After approximately 2900s, no vacuum reaches	,¯S�	3, while after 4700s the pressure 

access to	,¯S�	2, is inhibited as well. The section close to the vacuum source (,¯S�	3)	impregnates last. The influence of utilizing the zone-heating concept on the 

porosity, air permeability and the impregnation level is presented in Fig.  4-37(a)-(d). 

All graphs compare the evolution of the properties during the cure cycle on the heated 

tool, against the Cases where either no temperature or a homogeneous temperature is 

applied on the part (see Fig.  4-20). 
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       (a)          (b) 

  
       (c)          (d) 

Fig.  4-37: (a) Porosity evolutionin the prepreg of Case 1 processed at room temperature and 

three cure cycles at 0.5, 3°C/min and with zone heating (Tab. 4-5) (b) air permeabil-

ity as a function of porosity (c) impregnation state - air (d) impregnation state –resin 

As shown in Fig.  4-37, utilizing the zone-heating concept leads to the lowest residual 

porosity and thus the highest degree of impregnation of the prepreg with resin. The fast 

viscosity reduction at the early stages of the cure cycle far from the vacuum source, 

enables local impregnation of the zone before the gas pressure equilibrates with the at-

mospheric pressure. Though the impregnation rate is in between the rates attained when 

homogenous heating with heating rates of 0.5 and 3°C/min is considered, the shape of 

the curve and the time when the porosity/impregnation plateau is reached resembles 

closer the cycle with a heating rate of 0.5°C/min. The plateau is reached when the front 

part of the tow reaches the maximum impregnation level, obstructing the vacuum distri-

bution in the remaining part. 
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Out-of-Plane Temperature Gradients 

The part depicted in Fig.  4-38 consists of twenty plies of the prepreg with properties of 

Case 1 stacked on top of each other and is used as a basis for this study. The part dimen-

sions are summarized in Tab. 4-6. 

 

Fig.  4-38: Domain used as a basis for studying the effects of out-of-plane temperature gradients 

A temperature profile	4(�) with a heating rate of 0.5°C/min is applied on the bottom of 

the part, while its top and sides are insulated as shown in Fig.  4-39(a).  

 

(a) (b) 

Fig.  4-39: (a) Temperature boundary conditions and (b) spatial discretization (meshing) 

The part domain is discretized using a structured, non-homogeneous mesh consisting of 

10080 elements. Eight elements are included through the thickness of each ply, with four 

elements included in each sub-domain. A dense discretization is used, with elements of 

increasing size close to the vacuum source	(0.5	q < p < 0.59	q)	as shown in Fig.  

4-39(b). A dense discretization of the whole part was not possible due to memory and 

computational power limitations imposed by the operating system available (16GB 

Ram, 2.4GHz Processor on an 8 Core Laptop PC) and the selected numerical scheme. 

The selected meshing strategy allows fine discretization of locations where the largest 

pressure gradients are present, enabling reduction of the running time to less than 20 h. 
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The temperature and gas pressure distribution is depicted in Fig.  4-40 at selected times. 

Focus is placed on capturing the temperature development and its influence on the gas 

pressure distribution through the part’s thickness. Both phenomena have an effect on the 

impregnation and the porosity development inside the part during processing.  4			(°=) 7)�+			(7�) � = 2000x 

  � = 6900x 

  � = 8500x 

 

Fig.  4-40: Temperature and gas pressure distribution in the part of Fig.  4-38 at selected times 

A temperature gradient of 6°C develops within the first 2000s through the thickness of 

the part. The part close to the tool is hotter, while the temperature distribution in-plane 

is rather homogeneous. The increased temperature contributes towards a faster increase 

of the gas pressure in the hotter regions. This results from the direct temperature effect 

on the gas pressure (ideal gas law) and the indirect effect of the increased heating rate 

on the resin viscosity. The faster heating of the resin leads to an accelerated impregna-

tion, which inhibits the vacuum distribution in the prepreg. The air flow through the 

prepreg can be captured as a function of either the local porosity in each ply or the global 
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porosity of the part. The global porosity is used to capture the air flow in Fig.  4-40. The 

temperature evolution in three locations through the part thickness, at its mid-span is 

presented in Fig.  4-41(a), while the viscosity is captured in Fig.  4-41(b). The probe 

positions are given in Tab. 4-6. The heat transfer characteristics of the air saturated do-

main have and influence on the resin temperature, as the heat progresses from the bottom 

to the top of the part. Their development when local and global porosity is captured in 

Fig.  4-41. 

 
  (a)    (b) 

Fig.  4-41: (a) Resin temperature development utilizing the local and global porosity to describe 

the in-plane air evacuation (b) resin viscosity at three positions through the part 

thickness (P 7, P 7.1, P 7.2) 

As shown in Fig.  4-41, utilizing the local (ply) or global (part) porosity as a basis for 

the air flow through the prepreg, has a negligible influence on the resin temperature 

development, dominated by temperature difference through the part thickness. 

Tab. 4-6: Part dimensions and probe locations inside the part of Fig.  4-38 

Symbol Value Unit 06 0.45⋅10-3 q 0 9⋅10-3 q p 0.59 q 7	7 − OÎ� (0.3, 0) q 7	7 − �xÎS (0.3, 2.35⋅10-4) q 7	7.1 − OÎ� (0.3, 4.5⋅10-3) q 7	7.1 − �xÎS (0.3, 4.49⋅10-3) q 7	7.2 − OÎ� (0.3, 8.56⋅10-3) q 7	7.2 − �xÎS (0.3, 8.98⋅10-3) q 
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The effect of temperature on the gas pressure developed in the mid-span of the part, at 

positions	7	7, 7	7.1, 7	7.2, is depicted in Fig.  4-42.  

  
        (a)                (b) 

Fig.  4-42: (a) Gas pressure at three positions at the mid-span of the part, through its thickness 

(P 7, P 7.1, P 7.2) considering air evacuation based on the local and global porosity 

development and (b) zoom on the locking time of the three plies concerned (# 1, 11, 20) 

Since the air is insulating and its content is unevenly distributed along the length and 

thickness of the part, it results in the development of a temperature gradient. The bottom-

right side of the part depicted in Fig.  4-40 is hotter and as a result the gas pressure in 

this region equalizes faster with the atmospheric pressure. 

The gas pressure in the mid-span of the bottom ply of the part	(7	7)	equalizes with the 

atmospheric pressure after approximately 8000s, while the top ply	(7	7.2)	after 8500s. 

Though capturing the air evacuation at a global or local level does not have a significant 

influence on the gas pressure development at the top and bottom ply	(7	7, 7	7.2), it 

does have an impact on the pressure developed in its mid-plane	(7	7.1)	as shown in Fig.  

4-43(b). The pressure in the mid-plane (7	7.1)	equalizes with atmospheric pressure after 

approximately 8400s (2.33hrs) when the global porosity is considered, while it is de-

layed by approximately 800s if the local porosity is considered instead.  

The local porosity evolution in all three plies (7o�	#	1, 11, 20) and the global and local 

average porosity are captured in Fig.  4-43(a). In Fig.  4-43(b) the influence of the po-

rosity evolution over time on the evolution of the in-plane air permeability and the de-

gree of impregnation of the prepreg is shown in Fig.  4-43(c) and (d) respectively.  

Accurate prediction of the time at which the prepreg’s access to vacuum is inhibited Á7)�+ ≈ 7�1�Â	has a significant influence on the prediction of the residual porosity, since 

it occurs before resin gelation takes place. Therefore modeling the air permeability evo-

lution taking into account the local porosity is more accurate and shall be preferred, 
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while it contributes to a substantial reduction of the computational time. In particular for 

the geometry, mesh and boundary conditions utilized here, the computational time when 

the local porosity is considered is reduced by approximately one tenth of the time com-

pared to the calculation performed using the global porosity (reduced from 20hrs to ap-

proximately 3hrs). 

  
       (a)          (b) 

  
         (c)            (d) 

Fig.  4-43: Comparison of (a) the prepreg porosity of the material of Case 1 during processing 

with a rate of 0.5°C/min (Fig.  4-20) (b) the air permeability as a function of the pre-

preg porosity (c) the impregnation state - air (d) the impregnation state –resin 

Utilizing the local porosity to describe the air flow through each ply leads to a faster 

porosity and in-plane permeability reduction at the top and bottom of the part as shown 

in Fig.  4-43(a) and (b) respectively. The highest percent of impregnation is achieved in 

the mid-plane of the part (7o�	#11)	as depicted in Fig.  4-43(d), as its impregnation rate 

becomes faster than that of the top and bottom plies as well as the average local and 

global impregnation after 7500s, while the resin has not gelled yet. 
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4.3 Summary and Discussion  

The instantaneous air evacuation assumption used for modeling resin flow through tex-

tile preforms during liquid composite molding processes, typically underestimates the 

impregnation time of an Out-of-Autoclave prepreg away from the vacuum source as 

shown in Section 4.1. When vacuum is applied on one side of the part, the prepreg tows 

close to the vacuum source will impregnate first and will essentially cut-off the access 

of the remaining material from the applied vacuum. Since no pressure is available to-

further enable the tow saturation, the air becomes entrapped in the tows and once the 

resin gels, it transitions to residual porosity. 

A debulking cycle typically takes place prior to OoA processing in order to establish a 

high and homogeneous vacuum and achieve the evacuation of unwanted gas and vola-

tiles out of the part. To achieve this, material manufacturers kept part of the OoA tows 

intentionally dry. Nevertheless, to make use of the dry network as means for air evacu-

ation, it shall be ensured that vacuum application does not cause ‘cold flow’ of resin in 

the air saturated domains, inhibiting the gas pressure distribution. To reduce the compe-

tition between the flow of the two fluids in the prepreg (air and resin) during room tem-

perature debulking, the material shall ensure minimal resin flow, while maintaining a 

high, homogeneous rate of air evacuation.  

The key properties enabling efficient air evacuation and homogeneous gas pressure dis-

tribution in the prepreg during debulking of a non-consolidating laminate are: 

• The ratio of resin and air saturated permeability along the primary flow direc-

tions of the two prepreg domains		(n,,��/	n�,��) 

• The ratio of in and out-of-plane permeability of the air saturated prepreg do-

main		(n�,��	/	n�,��	) 

• The initial resin viscosity of the prepreg at room temperature	(S') 

Significantly reducing the out-of-plane permeability of the air saturated domain of the 

prepreg	(n�,��)	contributes towards an intensification of the air flow in-plane, which 

subsequently leads to an improved gas pressure distribution along its length. This effect 

can be further enhanced through a simultaneous and more significant reduction of the 

out-of-plane permeability of its resin saturated domain	(n,,��), or an increase of the resin 

viscosity at room temperature	(S'). Both modifications will reduce the speed of impreg-

nation of the prepreg with resin and will provide more time for the gas to distribute along 

the part length. Nevertheless the main concern for significantly increasing viscosity of 

the resin at room temperature, is the potential of a parallel increase of the minimum 

viscosity attained during the cure cycle, which may lead to the development of inter-ply 

or inter-tow porosity. 

When the air and resin permeability reduction out-of-plane is significant and the resin 

viscosity is increased, the interaction between the flows of the two fluids in the prepreg 
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is insignificant. A fast, homogeneous in-plane air evacuation takes place, which is inde-

pendent of the part’s length. The simplified 1.5D delayed air evacuation model of Sec-

tion 4.1 could also describe the air distribution in this ideal case under isothermal con-

ditions, while the ratio of out-of-plane resin versus in-plane air permeability is smaller 

than one		(n,,��/	n�,�� ≪ 1) and the air resistance to filling significantly larger than 

one	(O" ≫ 1). For all other cases where a strong interaction between the air and resin 

flow is present, the 2D, two-way coupled simulation implemented in COMSOL Mul-

tiphysics presented in Section 4.2 is the suggested tool for accurately simulating the OoA 

prepreg impregnation. 

Regarding the actual design of the OoA cure cycle, faster heating leads to faster impreg-

nation, which in combination with an intensified pressure differential close to the vac-

uum source results to an earlier ‘locking’ of the prepreg’s access to vacuum. As a result, 

at higher heating rates the gas pressure in the material equalizes faster with the atmos-

pheric pressure, while an increased volume of gas cannot be evacuated out of the tows 

and remains entrapped as porosity. Therefore, a reduced heating ramp-rate promotes a 

slower tow impregnation, which allows more air to evacuate the tow before it locks-off. 

During the selection of a heating rate for an OoA cure cycle, a balance shall be stroke 

between a slow heating which will enable air to evacuate the dry tows due to a slow raise 

of the gas pressure to atmospheric pressure and a fast enough heating rate, which will 

enable homogeneous temperature and gas pressure distribution and maximum impreg-

nation before the resin gels. Generally, uncontrolled temperature gradients, particularly 

through the thickness of the part as shown in 4.2.4.4 may lead to significant differences 

in the impregnation time of the various prepreg plies, which may lead to porosity zoning 

once the resin gel-time is reached. Nevertheless, in Section 4.2.4.4 we show that a con-

trolled in-plane temperature gradient may be beneficial for porosity reduction, with the 

right selection of the temperature ramp rates in the available heating zones of a self-

heated tool. In the example selected, the fastest heating region is located far from the 

vacuum source, while the heating rate selected reduces, with the slowest heating rate 

applied close to the vacuum source. This selection enables the impregnation of the three 

zones to take place in three phases, as a result of the interaction of the temperature de-

veloped in each sub-domain with the viscosity evolution and the gas pressure. The high 

rate of resin viscosity evolution at the part section far from the vacuum initially exceeds 

the rate of gas pressure increase due to temperature and starts impregnating the material, 

until the gas pressure equalizes with the atmospheric pressure. The middle zone follows, 

while the zone close to the vacuum source impregnates last. Nevertheless, for this con-

cept to be successful, maximum impregnation has to take place before the gel time of 

the resin. 

Several researchers investigated the air evacuation of OoA prepregs decoupling the air 

from the resin flow, considering the amount of resin flow at room temperature insignif-

icant [33, 54, 57, 132, 204]. In 4.2.4.2 it is shown that this is a very strong assumption. 

On the contrary it is demonstrated that there is a strong interaction between the air and 
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resin flow and the fibrous domain properties in both directions of a prepreg with the 

MTM 44-1 characteristics. To minimize the interaction between the air and resin flow, 

the prepreg shall become practically impermeable through thickness, or the resin viscos-

ity shall be increases significantly beyond the standard viscosities of hot-melt epoxy 

systems at room temperature. Two-way coupling of the gas and resin pressure in 2D 

enables capturing the competition between the two flows as well as deviations from the 

anticipated in-plane air evacuation behavior. This is neither possible with the 1.5D 

model presented in 4.1, nor with other existing models developed in the literature to date 

[27, 28, 33, 54, 57, 132, 191, 204], to the best knowledge of the author. It shall be 

stretched that the compressibility of the prepreg has not been taken into account in this 

work, which may contribute to the overestimation of the predicted prepreg impregnation 

rate. The modeling tools developed and presented in this Chapter can be used in the 

design of new debulking or cure cycles, as well as in comparatively investigating textiles 

or resin systems, assisting in screening existing or designing an optimized OoA material. 

The non-isothermal model based on COMSOL Multiphysics can be used as a virtual 

cure cycle design tool, which will enable manufacturing of monolithic parts with re-

duced porosity, while reducing the amount of time and cost invested in trial and error 

approaches. It will be beneficial to further enhance the tool capabilities with the addition 

of the prepreg’s compressibility and an indication of the gelation-time, which will enable 

an accurate prediction of residual porosity. 
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5 Validation of the OoA Simulation 

In this Chapter, the evolution of properties measured during the manufacturing process 

of a monolithic CFRP part inside the oven are compared against the simulated properties 

using the OoA simulation framework developed in COMSOL Multiphysics and pre-

sented in Section 4.2. An instrumented test-bench was devised for this purpose [240], 

with the capability to simultaneously log the pressure, temperature, viscosity as well as 

the thickness evolution of the part during manufacturing. A comparison between the 

measured and simulated temperatures, viscosity and pressure, developed at the bottom 

of the laminate during processing is performed. The magnitude of the laminate’s con-

solidation is recorded, though not included in the simulation. Finally, the residual poros-

ity is quantified via microscopy at selected locations along the length of the part. 

5.1 Experimental Test Bench 

The test bench used for manufacturing the demonstrator consists of an aluminum tool 

supported on an aluminum framework placed on wheels, shown in Fig.  5-1(a). The tool 

can accommodate parts as large as 0.6m x 1.8m. To add flexibility in the positioning of 

the sensors and guide the cables, rails are included on the top of the tool. Manufacturing 

of the demonstrator OoA took place in a convection oven from Vötsch Industrietechnik 

(model VTLD 150/200/200), utilizing a dedicated vacuum pump. 

Temperature, pressure, viscosity and displacement measurement sensors are instru-

mented either on the tool, inside or on top of the part being manufactured, in order to 

register the development of the properties of interest before and throughout the cure 

cycle. Due to the large amount of sensors and the variety of sensing principals, a syn-

chronous acquisition of the input signals was developed using a cRIO-9074 platform 

from National Instruments.  

The data logging and the HMI were realized in Lab-View [240]. The sensors were cali-

brated [240] and tested independently [S5], to ensure the anticipated range and accuracy 

is attainable before utilizing them for process monitoring purposes. The general scheme 

used for data-acquisition is shown in Fig.  5-1(b), while details about each sensor follow 

in Section 5.2. Wiring and set-up details and instructions can be found in the test-bench 

manual (SigCat Documentation) [240]. 
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(a) (b) 

Fig.  5-1: (a) Aluminum tool used in the manufacturing of the CFRP demonstrator (b) data-

acquisition scheme 

5.2 Process Monitoring 

A range of sensors are utilized during the OoA manufacturing process, in order to verify 

the results of the simulation developed in COMSOL Multiphysics, presented in Section 

4.2. The main physical properties captured with the OoA simulation are the laminate 

temperature, gas pressure and resin viscosity. Therefore, sensors able to capture the evo-

lution of these properties during the cure cycle are selected for instrumenting the part. 

The magnitude of consolidation taking place during the cure cycle is captured via a dis-

placement sensor included in the process-monitoring scheme. The fully instrumented 

part placed on the tool before undergoing curing is shown in Fig.  5-2. 

Fig.  5-2: Fully instrumented demonstrator part before undergoing OoA processing 
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5.2.1 Pressure Gauges 

Accurately capturing the gas pressure development inside the laminate during pro-

cessing outside the Autoclave plays a dominant role in this work. The main challenge 

with utilizing pressure sensors is the difficulty to integrate them into the laminate in 

order to directly measure the gas flow in the material, without obstructing the air flow 

nor affecting the laminate quality.  

Miniaturized sensors can assist with these aspects, though any direct contact of the sen-

sor with the liquid resin during processing shall be avoided, since it may impair the 

sensor’s functionality and complicating the set-up further. Threaded miniaturized 

gauges (Kulite HKL-233C-375) shown in Fig.  5-3, linearly compensated and calibrated 

for operation up to 150°C were utilized to capture the gas pressure evolution in the lam-

inate with a maximum absolute pressure rating of 1.7⋅105 Pa (or 1.7 Bar). An NI 9237 

bridge module is used for logging the signal of the pressure sensors via Ethernet using 

an NI 9949 Ethernet-to-lead adaptor [240]. The sensors are integrated inside the tool and 

are in direct contact with the bottom ply of the laminate as shown in Fig.  5-3. To avoid 

contamination of the sensor by the flowing resin during processing, a semi-permeable 

VAP membrane is placed on top of the sensor, between the laminate and the tool surface. 

The membrane enables vacuum to be distributed in the sensor while at the same time it 

acts as a resin-blocking medium. An O-ring and PVC tape is used to cover the thread of 

the pressure sensor, in order to prevent any leaks. An Oerlikon Leybold vacuum sensor 

(Ceravac CTR100) with a measurement range of 1.3⋅104 Pa (or 0.13 Bar) is used to 

measure the vacuum level attained in the hose at the inlet of the bag outside the oven. 

Before each test all pressure sensors were calibrated using as a reference the pressure 

measured by the Oerlikon vacuum sensor in the hose close to the vacuum pump. The 

method utilized for this purpose is discussed in detail in the Term Project Report [S5]. 

Fig.  5-3: Pressure sensor and tool-part integration 
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5.2.2 Temperature and Viscosity Sensors 

Sixteen type-K thermocouples can be registered simultaneously using the NI 9213 mod-

ule. None of the logging thermocouples in the c-RIO platform is able to control the cure 

cycle, which is programmed and control independently utilizing the integral sensing el-

ements of the oven through a dedicated control panel. A DC based resistance monitoring 

system from Synthesites (Optimold) is used to monitor the viscosity evolution. The sys-

tem can measure a material’s resistivity and temperature using specialized sensors and 

suitable electronics, with the measured resistance varying from 105 Ohms up to 5 1013 

Ohms [241]. As shown in several publications, the DC resistance can be directly corre-

lated with the viscosity evolution of the resin up to the gelation point, where the viscosity 

becomes infinite, while the material resistance remains constant at constant temperature 

[168, 169, 174, 179]. Flexible DC sensors are integrated at selected locations inside the 

laminates manufactured Outside the Autoclave as shown in Fig.  5-4(b). 

5.2.3 Displacement Sensors 

Two sub-miniature displacement sensors (DVDT) with a demodulator and an 8mm 

stroke-length from MicroStrain (DEMOD-DVRT) are used to measure the laminate 

thickness change during manufacturing. This provides useful information on the magni-

tude and laminate consolidation time-frame during OoA processing. Since a significant 

amount of air is included at the initial state of the prepreg, it is expected to be evacuated 

during processing.  

The two displacement sensors shown in Fig.  5-4(a) are guided in the selected location 

using an aluminum rail placed on the top of the tool. Once the bagging set-up is com-

pleted, the sensors are placed on top of the set-up and the spring is pushed down to reach 

its maximum stroke. While the vacuum is pulled, the stroke length of the sensor in-

creases, with the magnitude of change showing the relative difference in mm between 

the initial and final set-up thickness, including the thickness of the backing paper and 

vacuum bag. The sensors are compensated up to 175 °C, nevertheless the sensor readings 

are further corrected to exclude the influence of the support-frame deformation [S5]. 

  
(a) (b) 

Fig.  5-4: (a) Displacement measurement sensors (DVDTs) (b) real-time viscosity measurement 

via a measurement of the DC Resistance – provided by Synthesites (Optimold) 
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5.3 Room Temperature Debulking  

A debulking experiment revealed the interaction between the air and resin flow inside 

the prepreg. Seven MTM 44-1 prepreg plies with a length p = 0.6q	and a width of	N =0.1q	are stacked on top of each other, according to the set-up of Fig.  5-5. 

Fig.  5-5: Set-up used to perform debulking experiments at room temperature 

The pressure sensor	7Z	1	was placed just before the part, close to the inlet as shown in 

Fig.  5-5. The pressure sensor	7Z	2 was placed at the other end of the part, with sole 

access to vacuum through the dry fibrous channels of the laminate. Pressure develop-

ment  at the two ends of the part during debulking is depicted in Fig.  5-6(a). 

  

Fig.  5-6: (a) Measurement of the gas pressure at PS 1 and PS 2 during room temperature 

debulking (Tavg) (b) sketch of the expected versus measured gas pressure at PS 2 

As shown in Fig.  5-6(a), vacuum application during debulking leads to the obstruction 

of the air flow through the initially dry fibrous channels of the prepreg within the first 
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minutes of the debulking process at room temperature. This observation essentially con-

firms the competition between the time-frames for air and resin flow through the MTM 

44-1 prepreg, even at short debulking cycles taking place at room temperature. If a lim-

ited interaction between the air and resin impregnated domains of the prepreg could be 

assumed, the expected gas pressure in the material would continuously reduce over time 

until it reached the imposed vacuum levels, as depicted in Fig.  5-6(b). It is obvious that 

considering a gas flow through the prepreg not inhibited by the resin flow, will lead to a 

homogeneous vacuum distribution everywhere inside the laminate.  

As shown in Fig.  5-6(a) this is certainly not confirmed via experimental observations. 

Cold flow of resin and compaction of the fiber bed does take place during debulking and 

as the applied vacuum close to the vacuum pump is higher, the locations closer to the 

inlet ‘lock-up’ first and inhibit the distribution of vacuum further along the length of the 

part. This leads to an inhomogeneous gas pressure distribution along the part length and 

a gradual raise of the gas pressure towards atmospheric pressure inside the laminate. 

Therefore, for an accurate prediction of the vacuum state attained inside the laminate 

during OoA processing, the use of a two-way coupled air and resin flow model through 

the fibrous medium is required for an accurate physical description of the phenomena. 

Such a model was developed in the context of this work (see details in Section 4.2.4.2) 

and is utilized in the following sections to predict the pressure, temperature, viscosity 

and impregnation levels of the demonstrator part during OoA manufacturing, for model 

validation purposes. 

5.4 Manufacturing a CFRP Demonstrator OoA 

The manufacturing process utilized for the production of a monolithic CFRP demonstra-

tor OoA based on the MTM 44-1 prepreg is presented here. As shown in Fig.  5-7, twenty 

plies of the prepreg are stacked on top of each other, constructing a part with a thick-

ness	0 ⋍ 9 ∙ 10�Xq	, length	p = 0.59q	and width 	N = 0.1q	 at its uncured state. The 

laminate is instrumented with a range of sensors able to measure pressure	(7Z), temper-

ature	(4), DC resistivity () and thickness evolution (�0) of during processing under 

vacuum in the convection oven, using the sensors and sensing principals summarized in 

Section 5.2. It shall be noted that in order to capture the influence of the part’s length on 

the vacuum distribution, all edges including the top-surface of the laminate are sealed, 

apart from the vacuum inlet at the front of the part	(� = p). In this fashion the air evac-

uation and vacuum distribution is forced to take place primarily along the length of the 

part, mimicking the worst-case scenario as far as vacuum distribution is concerned. 

The temperature cycle applied, is based on the cycle provided by Cytec [225], adjusted 

to enable heating at rates higher than 1.3°C/min and lower than 2°C/min. A dwell tem-

perature of approximately 130°C is selected. The resulting heating profiles are presented 

in Section 5.5.  
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Fig.  5-7: Bagging and instrumentation scheme used for manufacturing of the demonstrator 

5.5 Simulation and Experimental Verification 

A comparison is performed in this Section between the simulated and experimentally 

measured gas pressure, temperature and viscosity fields developed in the demonstrator 

part. The experimental set-up utilized for this purpose and the manufacturing scheme 

were presented in Sections 5.1 and 5.4. The simulation domain, mesh and boundary 

conditions utilized for OoA process simulation are presented in Section 5.5.1, while the 

results of the comparison are presented in Sections 5.5.1-5.5.3. The experimentally 

measured part thickness change during consolidation is discussed in Section 5.5.4. 

5.5.1 Simulation Domain and Assumptions 

The length and thickness of the demonstrator part depicted in Fig.  5-7 is implemented 

in COMSOL Multiphysics as a 2D domain according to Fig.  5-8. The dimensions of the 

simulation domain are based on the part dimensions given in Section 5.4, considering 

they remain constant throughout the process (laminate compaction not considered). The 

part is discretized using a structured non-homogeneous mesh consisting of 11360 ele-

ments. Eight elements are included through the thickness of each ply, with four elements 

in each sub-domain. A dense discretization is selected close to the vacuum source	(0.5 <p < 0.59	q), as shown in Fig.  5-8(b). The modeling approach utilized to simulate the 

Out-of-Autoclave process in COMSOL Multiphysics is presented in Sections 4.2.2 and 

4.2.3. The temperature boundary conditions applied in the domain of Fig.  5-8 are pre-

sented in 5.5.2, while the flow boundary conditions are presented in Section 5.5.3. The 

air flow through each prepreg ply is influenced by the continuous reduction of the air 

permeability, as a function of the local porosity evolution according to Equation (3-23).  
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(a) (b) 

Fig.  5-8: (a) CFRP demonstrator geometry in COMSOL Multiphysics (b) spatial discretiza-

tion 

5.5.2 Temperature and Viscosity Evolution 

Simulating the heat transferred in the CFRP demonstrator during OoA processing under 

vacuum in a convection oven is performed according to the methodology discussed in 

Section 4.2.2.2. The domain and boundary conditions are depicted in Fig.  5-9(a). The 

experimental and virtual sensors monitoring temperature and resin viscosity are shown 

in Fig.  5-9(b). 

 

(a) (b) 

Fig.  5-9: (a) Temperature boundary conditions (b) experimental and virtual sensor positions 

The temperatures at the top	41^6(�)	and bottom of the part	41^^b(�), are directly applied 

as boundary conditions on the simulated part. These profiles result from averaging the 

temperature of three thermocouples recorded at the bottom	(4=	0, 1, 2)	and top of the 

part	(4=	7, 8, 9) under the vacuum bag (see Fig.  5-9(b)). As shown in Fig.  5-10(b) a 

temperature difference	∆4�	smaller than 1 °C is measured between the average and the 
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local tool temperatures	(∆4� = 4=�$)_� − 4=	). Preliminary tests performed to deter-

mine the temperature homogeneity of the tool are presented in Appendix h. 

 
        (a)          (b) 

Fig.  5-10: (a) Temperature cycles applied at the top and bottom of the part (b) difference be-

tween the average and local temperatures, measured at the top and bottom plane 

Though experiments to determine the heat-flux at the top of the part were performed in 

the same oven and with the same tooling, they were not successful in determining an 

accurate thermal coefficient due to unsteady air flow and the significant thermal mass 

of the tool which prevented the establishment of a steady state. As demonstrated in Sec-

tions 4.2.4.3 and 4.2.4.4, accurately capturing the temperature evolution inside the part 

is crucial for an accurate prediction of the resin viscosity and air density, which both 

influence the establishment of the gas pressure inside the laminate. Preliminary simula-

tions utilizing the over-estimated convection coefficient led to the development of a hot-

ter part and therefore a significantly lower vacuum pressure established in the laminate. 

Therefore, the direct application of temperatures registered during the experiment was 

the most accurate method to capture the temperature state of the part in the simulation. 

For a generic application of the model in more complex part geometries, the convection 

coefficient and modeling the thermal behavior of the tool may be of interest. 

The simulated temperature and viscosity development inside the part in COMSOL Mul-

tiphysics is shown in Fig.  5-11. A temperature gradient is present through the part thick-

ness within the first 4000s. The top section is initially hotter, due to the hot air released 

parametrically from the sealing of the convection oven (� = 2000x). After the vacuum 

is applied, the air evacuates the prepreg while the locations close to the vacuum source 

maintain the lowest gas pressure. This leads to a reduced air content close to the vacuum 

and since the air has an insulating effect, this region of the part is hotter therefore an in-

plane temperature gradient develops. 
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4			(°=) �Îx\¯xÎ��		(7� ∙ x) � = 2000x 

 � = 3700x 

� = 5800x 

� = 8000x 

Fig.  5-11: Simulated temperature and resin viscosity development in the demonstrator part 

The temperature gradient is particularly visible in the middle section of the part	(� =3700x). As the cure cycle progresses, the air temperature stabilizes close to the dwell 

temperature (~130°C), while the aluminum tool releases the residual heat stored. This 

leads to the development of a hotter zone at the bottom of the part towards the end of 

the cure cycle (� = 5800 − 8000x). The equations utilized to model the thermal con-

ductivity of the prepreg (see Section 4.2.2.2) are selected to attain a temperature state in 
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the simulated part, which will closely match the experimentally measured temperature, 

at the first seconds of the cure cycle. Since the top and bottom temperatures are imposed 

as boundary conditions, the temperatures at positions	4=	4, 5, 6 are used for comparison 

purposes in Fig.  5-12(a)-(c). The thermocouple readings	(4=)	are compared against the 

temperature inside the air	(4�)	and resin saturated domain of the prepreg	(4,).  

 
       (a)          (b) 

  
       (c)         (d) 

Fig.  5-12: Comparison of experimentally measured and simulated temperatures at the mid-

plane of the CFRP demonstrator (between the tenth and eleventh ply) 

(a) Temperature at the location furthest from the vacuum source – TC 4 (b) temperature at 

the mid-span – TC 5 (c) temperature measured close to the vacuum source – TC 6 (d) dif-

ference between the measured, local and the average, simulated temperature - ∆Τ as well 

as the average experimental and simulated temperature - ∆Τavg. 

The thermocouples and simulation probes are placed between the tenth and eleventh ply 

of the laminate, as depicted in Fig.  5-9. The exact probe positions are summarized in 

Tab. A- 7, Appendix h. The difference between the local, measured	(4=	i) and the av-

erage, simulated temperature	((4, + 4�) 2⁄ ), is calculated as ∆4	i via Equation (5-1), 
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while	∆4�$)	is the difference between the average experimental temperature at the mid-

plane of the part	(	4=�$)_�)	and the average simulated temperature	((4, + 4�) 2⁄ ) 

which is calculated in this case via Equation (5-2).  

 ∆4	i = 4=	i − (4, + 4�)2  (5-1) 

 	∆4�$) 	= 	4=�$)_� − (4, + 4�)2  (5-2) 

Since the resin saturated domain at the top of the tenth ply and the air saturated domain 

at the bottom of the eleventh ply are modeled as separate domains, the average temper-

ature is utilized instead for comparison against the thermocouple readings. 

In Fig.  5-12(d) the temperature difference is smaller than 0.3°C within the first 150s, 

while from this point onwards it gradually raises to a maximum of 4°C, which is reached 

within 2000-4000s depending on the location of the sensor inside the part. The highest 

temperature difference of approximately 4°C is present in the middle of the part	(4=	5), 

while the smallest difference of approximately 2.5°C is measured close to the vacuum 

source	(4=	6). The simulated temperature is lower than the experimental temperature 

throughout the cure cycle and therefore a positive temperature difference is depicted, 

with the only exception of 4=	6 which measures an insignificantly lower temperature 

than the simulated one (by approximately 0.2°C). The temperature difference peaks at 

4000s and starts reducing thereof to approximately 6000s, when the temperature differ-

ence stabilizes to less than 1°C. Though the temperature difference in the middle and far 

end of the part is not small, it can be justified by the assumption of a constant fiber 

volume fraction and part thickness utilized, which does not reflect reality as discussed 

in Section 5.5.4. It is evident that the underestimation of the evolving fiber volume frac-

tion in reality, to a constant initial fiber volume content and ply thickness throughout the 

process in the simulation will lead to an underestimation of the heat transfer in the part, 

particularly within the time-scale where most of the compaction takes place. As shown 

in Fig.  5-20, capturing the thickness evolution of the part during processing, the time-

frame within which maximum temperature difference occurs, coincides with the time-

frame of maximum compaction due to the presence of a reducing pressure gradient in 

the part. This indicates that including the compaction physics in the OoA process simu-

lation scheme developed will significantly enhance the current prediction capabilities.  

Nevertheless, the temperature close to the vacuum source is depicted with a very good 

accuracy, considering the measurement error of the thermocouple and the error originat-

ing from the application of an average temperature boundary condition at the bottom 

and top of the part. Accurate prediction of the temperature close to the vacuum source 

influences significantly the impregnation and air evacuation process. As the resin veloc-

ity is higher close to the vacuum source throughout the process, this location impreg-

nates or ‘locks’ first. The gas pressure development during processing is presented in 
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detail in Section 5.5.3. The influence of temperature on the resin viscosity and its im-

pregnation velocity is evident. The viscosity evolution of the resin is experimentally 

captured using the Optimold and the flexible DC sensor, able to measure the electrical 

resistance of the material shown in Fig.  5-13(a). 

        
(a) 

      
(b) 

Fig.  5-13: (a) Resistance measured in the material at positions DC 1 and DC 2, in the mid-plane 

of the laminate (b) comparison of the measured and simulated temperatures as well 

as normalized viscosity and resistance signals at position DC 1 in the laminate 

The electrical resistance of the uncured laminate reduces while the vacuum is distrib-

uted, due to the increasing laminate compaction. Once the resin comes in contact with 

the sensors at positions d=	1	and	d=	2, the resistance evolution depicted in Fig.  5-13(a) 
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reflects primarily the change in resin viscosity. The steep, linear drop of the resistance 

from 107 to approximately 105 MΩ takes place within the vacuum application time 

frame. By this time, a good contact between the sensor and the laminate is attained, 

which in the case of the d=	1 sensor leads to capturing the viscosity evolution of the 

resin throughout the cure cycle. The minimum resistance measured at d=	1 is approxi-

mately 6 MΩ. In the case of the sensor at	d=	2, the signal becomes noisy at approxi-

mately 2000s, limiting the usability of the data for further analysis. This behavior was 

repeatedly observed at sensors placed far from the vacuum source, in a range of parts 

manufactured Outside the Autoclave [S5], using the same material and manufacturing 

set-up. Potential explanation for this behavior could be the insufficient consolidation of 

the laminate far from the vacuum source, which may subsequently lead to insufficient 

wetting of the sensor with resin. The signal of the d=	2 sensor is not used for further 

analysis. The normalized resistance at	d=	1 is calculated according to Equation (5-4) is 

compared against the predicted viscosity at the same location, normalized and calculated 

by Equation (5-3) in Fig.  5-13(b).  

 S�^,�(�) = S(�)S��� (5-3) 

 
�^,�(t) = ¡100 ∙ S(�R)S��� − (�R)��� ¢���������������&^�+1��1	�1	1Í1�

∙ (�)��� 
(5-4) 

The time at � = �R reflects the end of the linear resistance drop in the signal (107-105 

MΩ), depicted in Fig.  5-13(a). 

The shape of the two normalized curves (viscosity and resistance at	d=	1) matches 

closely throughout the duration of the cure cycle. A small difference is observable within 

the first 4000s, possibly due to the influence of the laminate compaction. Apart from the 

qualitative comparison of the shape of the curve, comparing the time when a viscosity 

minimum is attained in simulation, against the minimum measured resistance during 

processing, gives a quantitative indication of the prediction quality attained. A good 

match of the elapsed-time is obtained at the minimum of both curves, with a difference 

of less than 7min (460s) between the two, considering the variability of the resistance 

sensor (1 MΩ), which makes the definition of an absolute minimum challenging.  

Tab. 5-1:  Time at which the minimum DC Resistance and viscosity is measured 

Symbol Unit Time at minimum ��� x 5278-6000 S��� x 5580 
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5.5.3 Gas Pressure Development 

The most novel aspect of the Out-of-Autoclave simulation is the coupling of the air and 

resin pressures at the resin-front throughout the prepreg impregnation process, which 

takes place during the cure cycle. In this section, the measured gas pressure at two loca-

tions at the bottom ply of the part, along its length, is compared against the simulated 

pressure developed at the same locations. The gas pressure distribution is simulated in 

the complete part, while the influence of the temperature gradients on the impregnation 

levels attained in each ply are discussed below. The locations of the pressure sensors 

and virtual probes used for simulations are shown in Fig.  5-15, while the exact positions 

are summarized in Tab. A- 7 of Appendix h. 

 

Fig.  5-14: Locations of the pressure sensors and simulation probes inside the demonstrator 

The development of the gas pressure inside the MTM 44-1 prepreg is simulated in COM-

SOL Multiphysics according to the coupling scheme presented in Section 4.2.3, while 

the part undergoes heating in a convection oven during the cure cycle of Section 5.5.2. 

The domain of Fig.  5-15 consists of twenty MTM 44-1 plies stacked on top of each 

other. The initial ply thickness	(06 = 	0.45 ⋅ 10�Xm)		determined in Section 3.2 and an 

approximation of the volume fractions of air, resin and fibers in the MTM 44-1 prepreg 

are utilized in this simulation	(�",�	 = �",, = 	�",6 = 36%, �,,6 = 	34% and @6(0) =30%). The air and resin flow are coupled according to the methodology presented in 

Section 4.2.2.1, while the in-plane air permeability of the prepreg is considered as a 

function of the ply porosity according to Equation (3-23). The through thickness perme-

ability of the prepreg remains constant throughout the cure cycle, since the fiber volume 

fraction and the thickness of the material remains constant. The through thickness per-

meability of both the air and resin saturated domains of the prepreg are equal, while the 

in-plane permeability of the resins saturated domain is high, to prevent the resin from 

flowing outside each ply (same as in Case 1 - Tab. 4-3). The vacuum pressure is applied 

with the use of a step function at position	� = p, while no flux boundary condition (K� =0) is applied on the other walls of the air saturated domain, as shown in Fig.  4-15.  
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The gas pressure established at the bottom ply of the demonstrator, at ten positions along 

its length	(7	1 − 7	10)	is depicted in Fig.  5-15(a). The red dashed line shows the inlet 

vacuum pressure	7$�&, applied as a boundary condition in the simulation, while the solid 

red	(7	8)	and the dotted red lines	(7	5)	reflect the simulated pressures at the sensor po-

sitions. The average temperature at the tool surface	(41^^b)	and the volume of gas in the 

bottom ply, in contact with all sensors	(7o�	#1)	is depicted in Fig.  5-15(b). 

     
(a) 

     
(b) 

Fig.  5-15: (a) Simulated gas pressures at the inlet and ten more locations along the length of the 

demonstrator (P 1-P 10, at positions depicted in Fig.  5-14) (b) tool temperature and 

the air volume evolution as depicted in the bottom ply of the part during the cycle 
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A direct comparison of the measured and simulated gas pressure at positions 7	5	and	7	8, where sensors	7Z	1	and	7Z	2 are located is shown in Fig.  5-16. 

 

Fig.  5-16: Comparison of the measured and simulated pressure at the inlet and at two positions 

along the part length (P 5/ PS 1 and P 8/ PS 2, see Fig.  5-14 for sensor locations) 

A delay in attaining a constant pressure at the inlet of the vacuum bag can be observed 

in Fig.  5-16 (7$�& 	- simulated), most likely as a result of the interaction between the 

vacuum pump characteristics and the quality of vacuum attained under the vacuum bag. 

As the vacuum pressure is measured at the hose which connects the pump to the vacuum 

bag, the pressure registered lumps the contribution of the vacuum pump characteristics 

and the quality of vacuum established under the vacuum bag. The steady-state vacuum 

pressure established after approximately 5000s, is utilized as a boundary condition at 

position	� = p	for the OoA simulation. A very close match is attained between the min-

imum simulated and experimentally measured gas pressure. The minimum pressure pre-

dicted at position	7	5 close to the vacuum source (sensor	7Z	1) is higher by 200 Pa than 

the measured, which is established with a delay of approximately 100s. The minimum 

gas pressure established at position	7	8 lags behind the measured gas pressure (sen-

sor	7Z	1) at the same position by approximately 150s, while the measured pressure is 

higher by 350 Pa. These differences are not significant, considering the duration of the 

cure cycle and the range of pressures concerned	(10� − 10¨	7�). Shortly after a mini-

mum pressure is reached, both the experimental and simulated pressures increase to-

wards atmospheric pressure. This increase is the result of the interaction between the 

impregnation of the initially dry tows of the prepreg with resin and therefore locking-

off the air-pathways, as well as the direct effect of temperature on the gas pressure 

through the air density. The interaction between the evolution of the local, simulated 
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temperature and pressure and the residual air volume within the first ply at positions 7	1, 7	5	and	7	8 as well as at the vacuum inlet is depicted in Fig.  5-17. 

 

Fig.  5-17: Interaction between the simulated temperature, pressure and air volume in the bot-

tom ply of the demonstrator at the inlet and three locations along the part length 

The prepreg impregnates first close to the vacuum source, due to the presence of an 

increased local pressure difference	(/7 = 7�1� − 7)�+). This leads to a reduction of the 

available pressure and eventually a blockage of the part’s access to vacuum.  

It can therefore be deducted that limited impregnation will take place at	�}~	R =3800s	(63min),	since	7)�+ ≈ 7�1� 	. The back side of the part	(7	8	/7Z	2)	loses access 

to vacuum already after	�}~	� = 3000s	(50min) due to a reduced initial pressure. This 

time is referred to as prepreg ‘locking time’, implying locking of the prepreg’s access to 

vacuum. This effect in combination with an advanced state of resin gelation define the 

time-frame available before an intra-tow porosity becomes entrapped. Though the slope 

of the experimental and simulated gas pressure is almost the same within the first 800s 

of the cycle, the experimental gas pressure significantly slows down compared to the 

simulated pressure, reaching a steady state at lower pressures than predicted. The dis-

crepancy between experimental and simulated gas pressure increase may result from:  

• The increased porosity and thickness of the resin saturated domain considered in 

the simulation, since the prepreg consolidation during processing is not modeled 

(see Section 5.5.4). This leads to a higher simulated resin velocity and therefore 

a faster raise of the gas pressure. 

• The macroscopic definition of the flow front. For a more accurate localization of 

the resin front inside the woven textile, the definition of a mesoscopic reference 

volume element (RVE) shall be developed and coupled to the macroscopic front. 
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• Continuous air evacuation between the first ply and the tool interface may have 

been possible due to a potential leak through the bagging set-up utilized. 

An accurate prediction of the material’s ‘locking time’ is nevertheless possible with the 

current capabilities of the OoA simulation. As shown in Fig.  5-16, the pressure meas-

ured close to the vacuum source reaches a plateau only approximately 3qÎS before it 

does in the simulation	(�}	¨ > �}~	R), while the simulated gas pressure at 7	8 reaches a 

plateau first	(�}~	� > �}	¼), with the measured pressure following after	7qÎS.  

Although the dominating pressure gradient in the demonstrator develops in-plane, a 

small temperature difference developed during the cure cycle (see Fig.  5-11) leads to a 

gradual impregnation from the top towards the bottom of the part, as shown in Fig.  5-18. 

go¯N	f�¯S� 7)�+		(7�) � = 1.7x 

  � = 2830x 

  � = 3771x 

  

Fig.  5-18: Domain deformation and gas pressure development at three selected times 
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The porosity and resulting air permeability development of three plies located at the 

bottom	(7o�	#1), middle	(7o�	#11), and top of the part	(7o�	#20)during the cure cycle 

and the impact it has on the degree of impregnation is shown in Fig.  5-19. 

 
  

           (a)          (b) 

      
       (c)         (d) 

Fig.  5-19: (a) Local porosity evolution in three plies located through the thickness of the part 

(ply #1,11, 20) (b) air permeability as a function of the local porosity evolution (c) gas 

pressure at the mid-span of the part (d) degree of impregnation - resin 

It can be seen that the gas pressure at the top ply increases faster, due to a faster heating 

of the top-side of the laminate at the initial phase of the cure cycle. The ply porosity 

reduces faster inside	7o�	#20, as the resin flows faster, leading to a higher level of im-

pregnation attained at the end of the 10000s. Nevertheless the final impregnation level 

attained in all three plies at the end of the cure cycle varies minimally, indicating limited 

intra-tow porosity zoning present through the thickness of the part. 
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5.5.4 Laminate Consolidation 

The evolution of the part’s thickness is measured experimentally at the two ends of the 

part with the use of two displacement sensors (see Section 5.2.3 for sensor details) dur-

ing OoA processing. The thickness change is compensated to exclude tool deformations 

developed due to heating, while it is compared against the gas pressure (Fig.  5-20(a)) 

and the difference between measured and simulated temperatures at the two end of the 

part (Fig.  5-20(b)).  

         
(a) 

 
(b) 

Fig.  5-20: Part thickness evolution during OoA processing plotted along (a) the pressure devel-

opment and (b) the local difference between measured and simulated temperature 
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In Fig.  5-20 it can be seen that the maximum thickness change takes place within the 

first 3500-4000s, with the back side of the part (d�d4	2) reaching steady state first. 

This time closely coincides with the time the gas pressure reaches steady state in the 

laminate, at a pressure close to atmospheric. The most significant porosity reduction has 

already taken place within this time  frame, as shown in Fig.  5-19 (a), where the simu-

lated porosity evolution is depicted throughout the cure cycle. Therefore the thickness 

change of the laminate is reflected in the OoA simulation as the increasing difficulty of 

air evacuation out of the part, as shown in Fig.  5-19 (b), also confirmed by the close 

match of the steady state of gas pressure established at the two ends of the demonstrator 

within the same time. The laminate thickness reduces after processing to approximately 

75% of the initial thickness of the part.  

Though the part thickness reduction is initially caused by porosity reduction due to air 

evacuation, as the cure cycle proceeds the pressure difference applied is also born by the 

fibers, which leads to an increase in the fiber volume fraction. This effect has not been 

captured in the simulation, since the initial fiber volume fraction of both the resin and 

air saturated domains remains constant throughout the OoA process. This difference 

leads in simulating a higher resin impregnation rate than realistic, which causes a dis-

crepancy between the simulated and measured rate of gas pressure increase, as discussed 

in Section 5.5.3. Furthermore the underestimation of the ply thickness and fiber volume 

content leads to a reduced heat transfer both in-plane, as well as through the thickness 

of the part, which explains the temperature difference between the measured and simu-

lated temperatures depicted in Fig.  5-20. An exact match of the experimentally deter-

mined porosity is therefore not possible yet, due to the overestimation of the ply thick-

ness by approximately 25 % over the course of the cure cycle and the underestimation 

of the fiber volume content, since the laminate consolidation is not taken into account. 

Though a direct comparison of the experimentally measured and simulated porosity is 

quantitatively not possible yet, the model can be used to determine areas of the part more 

prone to porosity formation due to the development of pressure and temperature gradi-

ents as well as to compare materials and cure cycles against each other. 

The consolidation behavior of Out-of-Autoclave prepregs is complex, since the prepregs 

consist of dry and resin saturated regions which cannot be easily distinguished, particu-

larly in the case of prepregs based on a woven fabric. To characterize the consolidation 

behavior of the MTM 44-1 fiber volume fraction evolution, a pressure of 1Bar (105 Pa) 

is applied at different displacement rates and temperatures in a stack of 18 plies of the 

material. The resulting curves of the fiber volume fraction of the material as a function 

of the applied pressure, were utilized as a basis for the development of a phenomeno-

logical model at isothermal and non-isothermal conditions without capturing the relax-

ation phase, in the context of Desiree Grießl’s Term Project [S3]. The model has not 

been implemented in the OoA simulation tool due to insufficient time after the comple-

tion of the experimental work. 
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5.6 Laminate Quality Evaluation 

As a final step in the evaluation of the manufactured CFRP demonstrator, microscopic 

investigations are used to determine its residual porosity after cure. To investigate the 

impact of scaling-up the part’s length on the porosity development, a 1.2m long part is 

manufactured with the MTM 44-1 prepreg, using the same number of plies and OoA 

manufacturing scheme. The global and intra-tow porosity is determined using micros-

copy and image analysis, while the resulting porosity at the front, middle and the back-

side of both parts is compared in Fig.  5-21 and Fig.  5-22. 

 

 

 

 
(a) (b) 

  
(c) (d) 

Fig.  5-21: Porosity of parts with 0.59 and 1.2m length at three locations along the part length 

and pictures depicting (a) front side of part with L=0.59m (b) back side of part with 

L=0.59m (c) front side of part with L=1.2m (d) back side of part with L=1.2m [S5] 
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Sections of 30mm x 30mm are cut out of the center of the part, at three locations along 

the length, close to the vacuum source, which are depicted in Fig.  5-21(a) and (c), at its 

mid-span and at the end of the part, depicted in Fig.  5-21(b) and (d). As shown in Fig.  

5-21, the porosity of both parts is lower close to the vacuum source, while it increases 

gradually towards the back side, due to the reduced vacuum pressure measured and pre-

dicted by the OoA simulation in 5.5.4. It is also shown that doubling the part’s length, 

leads to a non-linear increase of the porosity along the part’s length since the porosity at 

the back side of the 1.2m long part is 2.5 times higher than that the porosity of the de-

monstrator part with almost half the length.  

The pictures included in Fig.  5-21(a)-(d) were taken using the Olympus BX41M Re-

flected light microscope, using a 10x magnification at ±45° to the fibers [S5].The images 

were analyzed using image segmentation and particularly two thresholding algorithms 

in Image J (Fiji), after adjusting the brightness and contrast while considering their av-

erage. The total porosity is determined as the percentage of the black area in each sam-

ple, analyzed at ±45° and 0/90° to the fibers. The intra-tow porosity is defined as the 

percentage of black area inside each tow, for three tows selected at each location. As 

shown in Fig.  5-22, the average and maximum intra-tow porosity increases far from the 

vacuum source and with increasing part length, similarly to the global porosity, although 

some variability is present due to the reduced measurement area of the tows. 

 

 
(a) 

 
(b) 

Fig.  5-22: Intra-tow porosity summary and indicative worst-case porosities observed at the 

back side of each part for (a) 0.59m long part (b) 1.2m long part 
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5.7 Summary and Discussion 

The experimentally measured temperature, gas pressure and viscosity evolution during 

OoA manufacturing of a monolithic demonstrator part were compared against the prop-

erties simulated in COMSOL Multiphysics The consolidation of the laminate is not in-

cluded in the simulation. The results of the prepreg domain characterization, its constit-

uent volume fractions, the air permeability and resin viscosity (Chapter 3) are utilized 

as input. 

As shown in Chapters 4 and 5, the temperature development inside the part during the 

cure cycle plays a dominating role in the distribution of the vacuum pressure as it has an 

influence on both the resin viscosity, the impregnation velocity of the prepreg with resin 

and the air density. Since OoA processing takes place solely under vacuum pressure, a 

close match between the measured and simulated gas pressure distribution in the mate-

rial during processing is a prerequisite for an accurate depiction of the OoA physics. To 

achieve a close match of the real boundary conditions and the simulation, the average 

temperature measured via thermocouples placed at the top and bottom of the part is used 

as a boundary condition to model the heat transfer in the demonstrator. The temperature 

predicted in the mid-plane of the part is generally lower than the measured one, with an 

increasing difference of up to a maximum of 2.5-4°C captured at different locations dur-

ing the air evacuation phase. Within this period, a significant amount of part thickness 

reduction is encountered, reaching up to 20% reduction of the initial thickness. The sim-

ulated temperature is underestimated since the initial thickness and fiber volume fraction 

of the part are maintained constant throughout the process. Once the laminate pressure 

reaches steady state, the difference between measured and predicted temperature is less 

than 1°C and therefore the temperature match attained is satisfactory. The shape of the 

viscosity curve and the time at minimum viscosity matches closely the shape and global 

minimum of the DC resistance measured up until the end of the cycle. 

A very close match between the minimum simulated and the experimentally measured 

gas pressure is attained, considering the cycle duration and involved pressures. Shortly 

after a minimum pressure is reached, both the experimental and simulated pressures in-

crease towards atmospheric pressure. This increase is the result of the interaction be-

tween the impregnation rate of the dry tow with resin and therefore locking-off the air-

pathways and the direct effect of temperature on the air density and therefore the gas 

pressure. An accurate prediction of the material’s locking-time, where no significant 

flow takes place, is therefore possible with the current OoA simulation capabilities. 

Apart from the physical properties, qualitative evaluation of the degree of impregnation 

and the residual porosity in the part is possible and can be used to virtually down-select 

materials or cure cycle. Implementing the consolidation behavior of the prepreg and in-

corporating the textile mesoscopic structure would assist in improving the temperature 

and pressure accuracy, providing a more realistic prediction of the residual porosity. 
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6 Conclusions and Outlook 

Primary aim of the research presented in this thesis was the development of a virtual 

testing platform, which will assist in the down-selection of OoA material systems and 

optimum cure cycle parameters, with the ultimate goal being to enable the production of 

parts with minimum porosity outside the Autoclave. The simulation primarily addressed 

aspects related to the influence of the air evacuation and heat transfer, on the intra-

tow/intra-ply porosity formation during Out-of-Autoclave manufacturing. 

The contributions and most significant results of the thesis in the context of OoA simu-

lation developments, material characterization as input for the simulation and process 

monitoring for model validation purposes, are highlighted in the following Sections (6.1 

and 6.2). Limitations and possibilities for future work are outlined in each individual 

Section below. Emphasis is placed on understanding the drivers, which enable manufac-

turing of a porosity free monolithic part outside the Autoclave via sensitivity studies, 

which resulted in formulating recommendations for the improvement of the process, 

summarized in Section 6.3. 

6.1 OoA Process Simulation 

A toolkit of models has been developed with the aim to capture the evacuation process 

of air through the initially dry tows of an OoA prepreg and the influence it has on the 

prepreg’s impregnation quality. Emphasis was placed on capturing the local gas pressure 

evolution in the tows and the influence it may have on the local tow impregnation with 

resin, at both isothermal and non-isothermal conditions. The simulation development 

focused on coupling the physics of transient air flow through the prepreg, on the resin 

flow progression at isothermal and non-isothermal conditions. 

The transient air flow through the tows was explicitly modeled, with the aim to capture 

the instantaneous, delayed air evacuation or compromised connection to vacuum and the 

influence it has on the gas pressure development during OoA processing. This method-

ology comes as an improvement of the state-of-the-art expression developed by Arafath 

et al. [35], which only provides information on the lumped mass of air evacuated out of 

the laminate and thus cannot capture the local evolution of vacuum pressure in the tows. 

The impregnation state of the tows was predicted via setting the local gas pressure de-

veloped at the dry tow domain as a boundary condition for the resin flow through its 

thickness. 

Two modeling approaches were developed in the context of this work. Initially a sim-

plified 1.5D model was developed to predict the impregnation time of an initially dry 
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OoA tow at isothermal conditions. The model was implemented in Matlab using a nu-

merical scheme with the air and resin flow weakly coupled during the air evacuation 

period. This model can capture the impact of the air evacuation on the resin flow (one-

way coupling) via predicting the local filling time of the tow at any location, without 

taking into account the laminate consolidation nor the viscosity evolution due to curing. 

The predicted tow impregnation times were in good agreement with the analytically de-

termined times for the instantaneous air evacuation and compromised vacuum connec-

tion. Sensitivity studies demonstrated the robustness of the proposed scheme for a wide 

range of time scales. A new metric, the air resistance to filling	O" which correlates the 

time-scale of the tow impregnation with resin, with the characteristic time for air flow 

through the same tow, was proposed. This approximate relationship correlates all pa-

rameters which have an influence on the gas pressure development in the prepreg, since 

no analytical solution of the coupled problem is available. It can also be used in identi-

fying the interaction potential between the air and resin flow within the tows of a pre-

preg, before utilizing a more complex simulation approach. 

If the interaction between the flows of the two fluids (air and resin) in the prepreg is 

insignificant, homogeneous and fast in-plane air evacuation takes place. In this case the 

tow impregnation time is independent of the part’s length within the range of lengths 

considered in this study (up to 20m). The air distribution under isothermal conditions 

can be described using the simplified 1.5D delayed air evacuation model, presented in 

Section 4.1. If there is a strong interaction between the air and resin flow time-scales, 

the 2D simulation developed using COMSOL Multiphysics shall be used to accurately 

capture the impregnation process outside the Autoclave. In this case the following fea-

tures enable depicting the influence of resin flow on the gas distribution inside the ma-

terial: a two-way coupling between air and resin flow, the development of a relationship 

which correlates the in-plane air permeability with the porosity development in the pre-

preg or ply (global or local) and the use of a moving front to capture the resin front 

propagation in each ply. Local temperature or pressure gradients may lead to a faster 

impregnation of the tows with resin (‘locking-off’), obstructing the vacuum distribution 

in the material and leading to residual porosity development once gelling of the resin 

takes place. 

A monolithic CFRP demonstrator was manufactured outside the Autoclave, as a basis 

for comparison between the measured and predicted temperature, pressure and viscosity 

development inside the part. The MTM 44-1 prepreg and properties resulting from its 

characterization (Chapter 3) were used in the simulation.  

The temperature predicted in the mid-plane of the demonstrator during the air evacuation 

phase was lower than the temperature measured, by a maximum of 4°C, which was 

measured away from the vacuum source. Though this temperature difference is not 

small, it can be justified by the assumption of a constant fiber volume fraction and a part 

of constant thickness utilized in the simulation, since the consolidation of the material 

has not been captured. Within this period, a thickness reduction of up to 20% of the 
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initial thickness takes place, which has not been depicted in the simulation. Once the 

temperature and pressure reached steady state, this difference reduced to less than 1°C, 

providing a very good match between experimental and simulated temperatures. The 

shape of the viscosity curve and the time at minimum viscosity matches closely the shape 

and global minimum of the measured DC resistance. 

The minimum gas pressure obtained via simulation shows a very good agreement with 

the corresponding experimental pressure along the length of the demonstrator. Shortly 

after the minimum pressure is reached, gradual locking of the air-pathways and the in-

fluence of the increasing temperature on the air density, lead to a raise of the gas pressure 

towards atmospheric pressure and therefore a ‘locking’ of the air channels. This behavior 

is successfully depicted in the simulation, with the predicted ply locking-time being ap-

proximately seven minutes faster than the measured time. The rate of gas pressure in-

crease simulated is overestimated, predicting a higher gas pressure established in the 

laminate than the one measured. Although the initial reduction of the laminate’s thick-

ness is assumed to be the result of porosity reduction in the air saturated domain due to 

air evacuation, influencing directly in the in-plane air evacuation (n�,��(@6)), as the 

cure cycle proceeds the pressure difference applied is also borne by the fibers. This will 

lead to an increase of the fiber volume fraction and therefore a slow-down of the pre-

preg’s impregnation velocity. This effect was obvious in the experimental measurements 

of the gas pressure but has not been captured in the simulation, where the initial fiber 

volume fraction of both the resin and air saturated domains and the ply thickness remain 

constant throughout the OoA process. This difference is the cause for the overestimation 

of the prepreg’s impregnation rate during the simulation. A good correlation between 

the experimentally determined and predicted porosity is not possible yet since the lami-

nate consolidation is not taken into account, for the above-mentioned reasons. Compar-

ative evaluation of the degree of impregnation and the residual porosity to virtually 

down-select materials or cure cycle parameters is nevertheless possible at this stage. 

Implementing the consolidation behavior of the prepreg in the simulation will improve 

the accuracy of the gas pressure and temperature distribution in the part and will lead to 

a more realistic prediction of the residual porosity. An initial approach may involve the 

depiction of the compaction behavior of the prepreg as a whole, without separating the 

consolidation behavior of the two domains saturated with two fluids (air and resin) ac-

cording to the phenomenological model developed in [S3]. Furthermore incorporating 

mesoscopic information of the textile structure used as a basis for the prepreg may fur-

ther enhance the porosity prediction capabilities and increase the applicability of the 

simulation to a wider range of material systems. 

Tab. 6-1 provides an overview of the quality of validation of the developed OoA simu-

lation proposed in the context of this work. 
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Tab. 6-1: OoA process simulation tool and quality of predicted outputs 

Predicted Quantities Ranking Prediction Quality 

Gas pressure distribution at RT +++ Close match 

Min gas pressure during cure cycle +++ Close match 

Residual gas pressure far from vacuum ++ Overestimated 

Temperature ++ Underestimated during heat-up 

Viscosity evolution +++ Close match 

Tow locking time +++ Close match 

Porosity + Overestimated 

6.2 Material Characterization, Process 

Monitoring and Quality Evaluation 

The viscosity and cure kinetics of the MTM 44-1 resin film and the air permeability of 

the prepreg were characterized as input for the OoA simulation developed in the context 

of this work. Neither the rheokinetic properties of the resin, nor the air permeability of 

the MTM 44-1 prepreg have been previously characterized in the literature. All charac-

terization methods were based on well-established techniques, adapted to the specific 

needs of the OoA prepreg characteristics and allowing implementation in the simulation 

framework. Microscopic characterization of the prepreg’s structure was imperative for 

the development of a geometrically representative domain used as a basis for the simu-

lation. The initial volume fractions of prepreg constituents, the mesoscopic structure of 

the prepreg and tow shapes and local volume fractions have been extensively character-

ized using optical (microscopy and µCT) as well as mercury porosimetry. Image seg-

mentation was used to determine the degree of impregnation, the porosity and fiber vol-

ume fraction of the prepreg at its initial stages. The µCT image resolution was only suf-

ficient to determine its porosity, while microscopy could also be used for fiber volume 

fraction determination. The information of the microstructure may be used to expand the 

simulation capabilities towards a mesoscopic fabric representation. 

The transient in-plane permeability of the MTM 44-1 prepreg to air	(n�,��) was charac-

terized for a range of porosities. Correlating a prepreg’s permeability with its porosity 

provided the means to capture the permeability evolution of a prepreg during OoA pro-

cessing, decoupling it from temperature and time evolution. The direct correlation of the 

air permeability with the part porosity enabled a convenient implementation of the air 

flow physics in the OoA simulation via decoupling the air flow from and laminate com-

paction. While no in-plane air permeability measurements of the MTM44-1 prepreg are 

available in the literature, the permeability determined in this work agrees with the per-

meabilities reported by Hickey et al. [37], Cender et al. [39], Arafath et al. [35] for other 

OoA prepreg systems. Future work shall enable a more detailed study of the MTM44-1 
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prepreg at high (< 30%) and low porosity contents (0-6%) to increase the confidence of 

the developed model in these regions. Furthermore the implementation of the effective 

instead of the viscous permeability including the Klinkenberg sliding effect will be ben-

eficial at low porosity and low gas pressure levels, accompanied by a detailed quantifi-

cation of the material microstructure to quantify the dimensions of the mean free path of 

the gas molecules in the prepreg (Klinkenberg factor – b). During OoA processing, most 

of the air evacuation and transient heating takes place within the first minutes of the 

cycle. The quality of fit between experimental and modeled resin viscosities achieved 

within this period and for heating rates in the range of 1-2°C/min is very good. Never-

theless, the development of a model with broader applicability and the identification of 

the chemical interactions responsible for the atypical, non-exponential viscosity devel-

opment towards gelling will be beneficial. This will provide insights for further improve-

ment of the fitting quality of the experimental viscosity curves for a wider range of times 

and heating rates. A summary of the physics and constitutive laws incorporated in the 

simulation are given in Tab. 6-2. 

Tab. 6-2: Review of the governing physics and constitutive laws implemented in COMSOL 

Multiphysics, used as a basis for the OoA simulation and suggestions for future work 

Physics 
Spatial 

Resolution 
Model Limitation Future work 

Air flow in           
porous me-
dium 

1D, 2D 
Darcy n�,��Á@6	Â 

Macroscopic 

Accuracy at 
low porosity  

Mesoscopic 

Air permeabil-
ity 

1D 
Fifth order     
polynomial  

Limited to           @6 > 6% 

Extend  
applicability to @6 < 6% 

Resin flow in 
porous me-
dium 

1D 
Darcy G,	= constant 

Macroscopic G,	= constant 

Mesoscopic n,,��(�",6) 

Rheology - 

Kiuna et al. 
and Keller et 
al. modified 
for MTM 44-1 

Optimized up 
to the gel-point 
and 1-2°C/min 

Improve fitting 
quality between S��� and S)Hb 

Moving resin 
flow-front 

1D 
Deformed       
Geometry 

Movement 
based on	�,",�� 

Movement to be 
based on	J," 

Heat transfer 
in porous me-
dium 

2D 

Equilibrium 
model for satu-
rated porous 
medium 

Homogeneous 
fiber                   
conductivity  W",�� = W",�� 

Inhomogeneous 
fiber                        
conductivity W",�� > W",�� 

Compaction - - - Implementation 
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A significant portion of this work dealt with the identification and development of meth-

ods, which enabled quantification of the impregnation state of the prepreg, either indi-

rectly via capturing physical properties inside the laminate during processing or via im-

aging of the impregnation state of the material itself. The integration of pressure sensors 

at the bottom of the laminate, embedding thermocouples and DC resistance sensors at 

selected locations inside the part and measurement of the part’s thickness development 

during manufacturing, enabled the validation of the most significant physical parameters 

simulated in the context of this thesis. Microscopy was used to quantify the residual 

porosity at the end of the cure cycle, at selected locations along the demonstrator’s 

length. Capturing the impregnation state of the prepreg during processing was not pos-

sible using advanced imaging methods, such as µCT or MR, due to the large part dimen-

sions and the resolution required to image pores in the size of a few mm down to µm. A 

common method encountered in the literature to image prepregs is the interruption of an 

experiment at selected times and the extraction of smaller specimens for further detailed 

analysis [53, 55, 58]. Though utilizing this approach would require manufacturing of 

several parts potentially at a range of attained vacuum levels, which adds significant 

variability to the process and can make direct correlation of the predicted and actual 

flow-front progression challenging. Cender et al. [27, 39] depicts the planar evolution 

of a prepreg’s impregnation at the bottom of the laminate during OoA processing, which 

cannot capture the through thickness impregnation of the tows. Although several imag-

ing approaches can be used to evaluate the microstructure of the part at selected times 

and locations of an interrupted process and quantify the residual porosity after pro-

cessing, they cannot be used to validate the flow-front evolution and porosity develop-

ment real-time. Therefore future work on identifying and developing methods which can 

depict the impregnation of large parts real-time would significantly assist the research 

in the field of Out-of-Autoclave processing. 

6.3 Recommendations for Manufacturing 

Monolithic Parts Out-of-Autoclave 

A typical Out-of-Autoclave manufacturing cycle consists of the debulking cycle, which 

typically takes place at room temperature and the cure cycle, which takes place in an 

oven or heated tooling, under vacuum pressure. The debulking cycle is used to enable 

evacuation of unwanted gas and volatiles out of the prepreg, while it shall also enable 

the vacuum to be evenly distributed along the length of the part. To achieve this material 

manufacturers kept part of the OoA tows intentionally dry, nevertheless to make use of 

the dry network vacuum application shall not lead to ‘cold flow’ of resin inhibiting the 

gas pressure distribution. To reduce the competition between the air and resin flow 

through the prepreg during debulking, the material shall ensure a minimal flow of resin 

and a high, homogeneous air evacuation rate. 
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The key properties enabling efficient air evacuation and homogeneous gas pressure dis-

tribution in the prepreg are, the ratio of resin and air saturated permeability along the 

primary flow directions of the prepreg	(n,,��/n�,��), the ratio of in and out-of-plane 

permeability of the air saturated domain	(n�,��/n�,��) and the resin viscosity at debulk-

ing temperature	(S'). Significant reduction of the out-of-plane permeability of the air 

saturated domain	(n�,��) leads to an in-plane air flow intensification, which subse-

quently enhances the distribution of gas along the part length. This effect can be further 

enhanced when combined with a simultaneous reduction of the out-of-plane permeabil-

ity of the resin saturated domain	(n,,��), or an increase of the resin viscosity. All men-

tioned modifications result in reducing the impregnation speed of the prepreg with resin 

and provide more time for the gas distribution in the material. Nevertheless significantly 

increasing the resin’s viscosity at room temperature, may lead to a simultaneous increase 

of the minimum viscosity attained during the cure cycle and therefore cause the devel-

opment of inter-ply or inter-tow porosity. This should be factored-in during the devel-

opment of resin systems for OoA prepregs. 

Regarding the design of an OoA cure cycle, faster heating generally leads to a faster 

prepreg impregnation, which in combination with an intensified pressure differential 

close to the vacuum source results in an earlier ‘locking’of the part access to vacuum. 

As a result the gas pressure in the material reaches atmospheric pressure, while an in-

creased amount of air is entrapped inside the prepreg since it cannot be evacuated. A 

reduced heating rate promotes slower impregnation, which allows for more air to evac-

uate the prepreg, before it locks-off. To select the ideal heating rate for an OoA cure 

cycle, a balance shall be stroke between a slow heating rate which will enable air to 

evacuate the dry tows and a fast enough heating rate, which will enable maximum im-

pregnation before resin gelation. Uncontrolled temperature gradients may cause signifi-

cant differences in the impregnation time of the various prepreg plies and develop into 

porosity. Nevertheless, in Section 4.2.4.4 we showed that a controlled in-plane temper-

ature gradient on a self-heated tool with several zones, may be beneficial for porosity 

reduction, if the appropriate tool design and temperature heating rates are used. Posi-

tioning a colder zone close to the vacuum source is beneficial for the vacuum distribution 

along the part’s length, though not sufficient to guarantee a porosity free part. Due to the 

strong interdependency between the local temperature and gas pressure development as 

well as the part geometry, providing general guidelines on the design of self-heated tool-

ing which can be used for OoA manufacturing is not straight-forward. This suggests that 

the bagging-scheme and cure cycle or tool design defined for a particular part and ma-

terial system cannot be transferred directly for producing another part geometry or using 

a different material system. The OoA simulation package can be used to identify the best 

process design, select the optimum cure cycle or oven settings or down select the most-

suited material for manufacturing a part with a specific geometry. 
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A Appendix 

a OoA Applications and a Review of 

Commercially Available Prepregs (Chapter 1) 

Tab. A- 1: A list of commercial products manufactured Out-of-Autoclave 

Applications Part Type OoA Material 

Meridian and Malibu aircraft                
Piper Aircraft Inc.'s [242] 

Exterior fairings 

LTM 24ST carbon/epoxy prepreg    
Toray T-300 carbon 2x2 TW 
fabric  
(Solvay) 

Vision SF50 Cirrus Aircraft [243] 
5+ passenger           
Aircraft 

Carbon/epoxy prepreg  
by TenCate Advanced Compo-
sites 

Next Generation Heavy Launch 
Vehicles NASA/Boeing [24] 

Cryogenic          
Tanks 

Carbon/BMI OoA prepreg                  
Carbon/Epoxy Cycom 5320-1 
(Solvay) 

Airbus A350 XWB                               
GE Aviation Systems [244] 

Trailing Edge 
Secondary Wing 
Structures             

MTM 44-1 carbon/epoxy prepreg 
based on 2x2 TW fabric              
(Solvay) 

Denver Orion                                       
Lockheed Martin [245] 

Heat shield 
TC420 carbon/cynate ester by 
TenCate Advanced Composites 

Virgin Galactic - Scaled Compo-
sites Spaceship 2 & White Knight 2 
[246] 

Aircraft 
MTM 45-1 carbon/epoxy prepreg 
(Solvay) 

X-55A Advanced Composite Cargo 
Aircraft  Lockheed Martin [10] 

Modification of 
Dornier fuselage 

- 

Radar antenna Norma MPM [247] 
Complex  
modules for  
Antennas 

VTM 240 prepreg with addition 
of  fire retardants  
(Solvay) 

ABN AMRO Volvo 70  Round the 
World Race boats [247] 

Boat hull 
VTM prepreg  
(Solvay) 

Mercedes Benz SLR McLaren         
Hamble/GE Aviation Systems 
[244] 

Chassis  
structures 

OoA semi-pregs based on NCF 

Tidal turbine rotor                          
Marine Technology Seagen [248] 

Thick structural      
carbon spars 

VTM 260 prepreg  
(Solvay) 
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Tab. A-2: A review of available commercial OoA prepregs, key features and their applications 

Prepreg  Manufacturer Application Fabric Resin Impregnation 

MTM 44-1 
Solvay 
(ACG) 

Aerospace 
Secondary 
structures 

UD 
woven  

Toughened 
Epoxy 

single-sided 
partial            

MTM 45-1 
MTM 57-1 

Solvay 
(ACG) 

Aerospace 
woven fab-

rics 
Epoxy 

double-sided 
partial            

MTM 47-1 
Solvay 
(ACG) 

- 
UD 

slit tape 
woven      

Toughened 
Epoxy 

- 

LTM 24ST 
Solvay 
(ACG) 

Automotive 
Tooling         

- Epoxy 
single-sided 

partial            

Cycom  
5215 

5320/-1 

Solvay 
(Cytec) 

Aerospace 
Primary 

structures 

UD 
 woven  

Epoxy 
various         
partial  

Cycom 
754 

Solvay 
(Cytec) 

Marine - Epoxy - 

HexPly 
M56 

Hexcel Aerospace 
UD  

woven  
Epoxy - 

HexPly  
M9 

Hexcel 
Wind 

Marine 
- Epoxy 

- 
Information 

SparPreg Gurit Spars UD Epoxy - 

Single 
Sprint 
ST94  

Gurit Industrial 
woven  

multiaxial 
Epoxy 

single-sided  
or sandwiched 

ZPreg 
Solvay 
(ACG) 

Industrial 
Marine 
Tooling 

UD 
multiaxial 

Epoxy 
selective 

resin stripes 

BT 250E-1 
250E-6 

TenCate Rotor blade - Epoxy - 

TC 250  
TC 275/-1 
TC 350-1 

TenCate Aerospace - Epoxy - 

TC 420 TenCate 
Very High 

Temperature 
(321°C) 

- 
Cyanate       

Ester 
- 

TC 800 
BMI+ 

Ten Cate 
High            

Temperature 
(236°C) 

- 
Toughened 

BMI 
- 

2510  Toray 
Aerospace 

Primary      
stuructures 

-- Epoxy - 

Loctite BZ Henkel - - 
Benzoxa-

zine 
- 

E752 
Park Electro-

chemichal 
Aerospace 

woven        
fabrics 

Epoxy/ 
Benzoxa-

zine 

selective  
double-sided 
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b Image Analysis of the MTM 44-1 Prepreg 

(Section 3.2.1.2) 

Tab. A- 3: Global Porosity Determination via image segmentation of µCT images of single plies 

Sample #  Prepreg Cross - Sections @6' 

1 

 

0.39 

2 

 

0.36 

3 

 

0.26 

4 

 

0.32 

5 0.32 

6 0.35 

7 0.35 

8 0.31 

@6'����� ± �@�0 0.33 ± 0.04 
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c Raw Data from the Air Permeability 

Measurements of the MTM 44-1 Prepreg 

(Section 3.3.1) 

Tab. A- 4: List of measurement points used to define the in-plane air permeability of the MTM 

44-1 prepreg as a function of its porosity (see Chapter 3, Section 3.3) 

Sample # @6	(-) 	n�55(m2) �	6Æ55(%) 

1 0.30 1.86e-12 248.92 

2 0.25 4.08e-13 63.73 

3 0.22 2.43e-13 13.99 

4 0.20 1.58e-13 16.46 

5 0.20 1.91e-13 16.22 

6 0.18 1.12e-13 28.34 

7 0.17 1.31e-13 22.03 

8 0.16 9.39e-14 14.03 

9 0.14 8.56e-14 22.08 

10 0.14 1.00e-13 28.35 

11 0.13 8.48e-14 22.29 

12 0.12 4.62e-14 45.45 

13 0.11 6.89e-14 12.51 

14 0.11 5.18e-14 10.04 

15 0.06 3.91e-14 22.22 

16 0.06 4.50e-14 22.82 

17 0.05 3.87e-14 13.55 

18 0.00 6.00e-15 6.00 
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d Dynamic Oscillatory Testing of Resins using 

Parallel Plate Rheometry (Section 3.4.2) 

Dynamic Oscillatory Testing 

The elastic shear stress and strain during an oscillatory test are in phase for fully elastic 

materials, while the elastic modulus can be determined according to Equation (A-1). 

 >+' = 	h	*+' (A-1) 

On the other hand, pure viscous liquids demonstrate a time dependent response, when 

subjected to an oscillatory strain. The stress response is in this case proportional to the 

strain rate, which results into a lag of	ª 2⁄ 	radians behind the strain input. In this case 

the material behaves as a Newtonian fluid and the relationship of the viscous shear stress 

versus the strain rate is given in Equation (A-2). 

 >+' = 	S	*�+' (A-2) 

In this case the transient effects cancel each other out, resulting in a constant viscosity. 

Therefore in Newtonian fluids, viscosity is a material constant independent of the defor-

mation rate, while in fully elastic materials the strain is directly proportional to the stress. 

Polymers, as viscoelastic materials exhibit a time dependent behavior, in between that 

encountered in perfectly elastic and viscous fluids. In this case the stress response (Equa-

tion (A-4)) lags . radians behind the strain (Equation (A-3)), as shown in Fig. A- 1. 

 
Fig. A- 1: Shear stress and strain of a viscoelastic fluid during an oscillatory test (0‹δ‹π/2) 

 *+(�) = 	 *+'	sin	(B�) (A-3) 

 >+(�) = 	>+'	sin	(B�	 − 	.) (A-4) 



216 Appendix 

 

In this case the complex form of the shear modulus is given by Equation (A-5) .The 

complex shear modulus	h∗	is a sum of the storage	hs, and the loss modulus	hss. The 

ratio of loss to storage modulus is referred to as loss factor	tan ., which is a positive 

number for viscoelastic materials is given in Equation (A-6). 

 h∗ =	>+(�)*+(�) = >+'*+' 	��7 =	>+'*+' 	(cos . +	Î	sin .) = 	 	hs 	+ 	Îhss (A-5) 

 tan . 	= 	hsshs →	 	0 � tan . �∞ (A-6) 

Where the symbols >+'	, *+' stand for the stress and strain amplitude respectively.  

From a rheological point of view, the complex viscosity of the viscoelastic material	S∗	is 

related to the shear modulus	h∗	according to Equation (A-7). Similarly the complex vis-

cosity can be described by the elastic and viscous contributions according to Equation 

(A-9), where B is the angular frequency related to the frequency f via Equation (A-8), 

while the Ss is the viscous and Sss the elastic component of the complex viscosity. 

 h∗ = (ÎB)	S∗ (A-7) 

 B = 2ª	f (A-8) 

 S∗ =	>+(�)*+� (�) = 	Ss − ÎSss	 (A-9) 

Parallel Plate Rheometry 

The parallel plate or plate-plate rheometer consists of two plates, one stationary and one 

rotatory. The Anton Paar MCR 302 Rheometer and a schematic of the parallel plate 

measurement system used in this work are given Fig. A- 2. 

 

 

 

(a) (b)  

Fig. A- 2: (a) The Anton Paar MCR 302 Rheometer and (b) schematic of the parallel plate set-

up utilized for testing the MTM 44-1 resin film 
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To ensure homogenous flow during the test, the distance between the plates (0) shall be 

smaller than the radius of the plates used (6). In the parallel plate set-up, the shear 

rate	*+,� 	increases with increasing distance from the rotational axis, while the maximum 

shear rate is encountered at a distance of		� = , defined according to Equation (A-10). 

The shear rate can be varied by adjusting the angular velocity and the distance between 

the plates.  

 *+,� = �0 = 6 ∙ C0  (A-10) 

The shear stress is calculated according to Equation (A-11), where � is the torque of 

the shaft and the radius of the plates used (6). In the parallel plate set-up. 

 >+ = 2�ª6X (A-11) 
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e Linear Visco-Elastic Domain Definition (LVE) 

of the MTM 44-1 Resin (Section 3.4.2) 

Small amplitude oscillatory shear tests can be used to characterize the linear viscoelastic 

properties of polymers at small deformations. At large deformations, material properties 

such as storage and loss shear modulus exhibit a deformation dependent behavior, due 

to molecular disentanglement and orientation during the test [152]. 

A sweep within the small strain amplitude range, at a low constant frequency shall be 

performed, in order to identify the domain within which the storage modulus (as a pa-

rameter of the material structure) remains linear and unchanged. This region marks the 

linear viscoelastic domain, within which the viscosity measured is independent of the 

magnitude of the deformations during the measurement [249]. In the case of the 

MTM44-1 resin, a sweep within 0.01-10% deformation is performed at the frequency of 

1Hz and at four temperatures in the temperature range of interest. The storage modulus 

is recorded against the deformation in % and displayed in Fig. A- 3. 

 

Fig. A- 3: Amplitude sweep of the MTM 44-1 resin at 1Hz, for four isothermal temperatures 

As shown in Fig. A- 3, the MTM44-1 resin exhibits a linear viscoelastic behavior, nfor 

all temperatures in the range of 0.01-0.2% deformation. The increase of the storage mod-

ulus observed above 1% deformation at 140 and 200 °C, is caused by cure advancement 

of the resin, due to its extended exposure to high temperatures (see Fig. A- 4).When the 

material is tested at room temperature, it remains within the linear viscoelastic domain 

for the whole range of deformations tested. At 100 °C the storage modulus reduces ap-

proximately at 10% deformation. This is the critical strain of the resin at 100 °C, at which 

strain the polymer transitions from the linear to the non-linear viscoelastic domain. To 

ensure the resin remains in the LVE for an amount of time, at all temperatures of interest, 

a deformation of 0.1% is selected for all measurements of the MTM44-1 viscosity.  
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Fig. A- 4: Evolution of the MTM 44-1 storage modulus during the isothermal amplitude sweep 

at 1Hz for a range of temperatures 

During the amplitude sweep, the sampling time is selected according to Equation (A-12) 

in order to avoid instability issues occurring during the measurement [249]. 

 �+ ≥ B2ª (A-12) 

A frequency sweep at constant deformation (selected during the deformation sweep), 

shall enable the selection of a frequency, where the resin is at a liquid state. Particularly 

for the MTM 44-1 resin, the 0.1% deformation is selected for the test. The most critical 

temperatures (100-130 °C) for the viscosity model development are chosen to evaluate 

the state of the resin with a frequency sweep, between 0.1-100 Hz (see Fig. A- 5). Each 

test was repeated twice, one from low to high and one from high to low frequencies.  

     

Fig. A- 5: Evolution of the storage and loss modulus of the MTM 44-1 resin during a frequency 

sweep at 0.1% deformation, for a range of temperatures 
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Typically in polymer melts, at low frequencies, the material responds as a perfect vis-

cous fluid, while at high frequencies it behaves as a hookean solid [152]. At the frequen-

cies shortly before the point where the storage and loss moduli cross each other (soften-

ing point), the material can be considered as a viscoelastic fluid and defines the fre-

quency domain for these studies. The relative magnitude of the storage and loss modulus 

characterizes the properties of the material under test: 

• If	hs < 	hss → 	 tan . > 1, the material is at its liquid state. 

• If	hs > 	hss → 	 tan . < 1, the material is at a state after gelation. 

• If	hs =	hss → 	tan . = 1, is the material’s gel transition point. 

Therefore it is clear from Fig. A- 5 that the MTM44-1 resin is liquid at its initial state, 

while at frequencies close to 1Hz the resin can be considered a viscoelastic fluid below 

140°C. Increasing temperature causes a shift of the softening point to lower frequencies. 

Therefore above 2.5Hz in the case of 140 °C and ~10Hz in the case of 100 °C, the resin 

transitions to a gel. A good repeatability of the softening time is observed when testing 

the material staring with high as well as low frequencies. 
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f Inputs for the Isothermal Tow Impregnation 

Models (Section 4.1) 

Tab. A- 5: Inputs used in the calculation of the tow impregnation times and pressure profiles at 

isothermal conditions during instanteneous air evacuation (Fig.  4-3), compromised 

vacuum connection (Fig.  4-4) and delayed air evacuation (Fig.  4-5) 

Inputs Units 
Instantaneous 
air evacuation 

Compromised         
vacuum connection 

Delayed air 
evacuation 01 q 0.5588⋅10-3 0.5588⋅10-3 0.5588⋅10-3 p q Independent Independent 5 @1 − 0.5 0.5 0.5 S 7� ⋅ x 104 104 104 :� 7� ⋅ x Independent Independent 1.97⋅10-5 n,,�� q� 4.68⋅10-13 4.68⋅10-13 4.68⋅10-13 n�,�� q� Independent Independent 2.00⋅10-17 7$�& 7� 2⋅103 3⋅103 2⋅103 
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Tab. A- 6: Inputs used in sensitivity studies summarized in Section 4.1, Fig.  4-7 to Fig.  4-10 

Inputs Units Material 1 Material 2 Material 3 01 q 0.44⋅10-3 0.44⋅10-3 0.44⋅10-3 

p q 

0.5 

1 
2 

5 
10 

20 

0.5 

1 
2 

5 
10 

20 

0.5 

1 
2 

5 
10 

20 @1 − 0.59 0.3 0.1 

S 7� ⋅ x 

at 30°C 
104 

at 30°C 
104 

at 30°C 
104 

at 130°C 
10.5 

at 130°C 
10.55 

at 130°C 
10.5 

:� 7� ⋅ x 

at 30°C 

1.97⋅10-5 

at 30°C 

1.97⋅10-5 

at 30°C 

1.97⋅10-5 

at 130°C  

2.43⋅10-5 

at 130°C 

2.43⋅10-5 

at 130°C 

2.43⋅10-5 n,,�� q� 4.68⋅10-13* 4.14⋅10-15* 2.16⋅10-18* 

n�,�� q� 

2.26⋅10-12 * 

1.91⋅10-13 ** 

5.69⋅10-14 ** 

9.60⋅10-15 *** 

5.69⋅10-16 **** 

2.0⋅10-17 

2.26⋅10-18 

2.26⋅10-12 * 

1.91⋅10-13 ** 

5.69⋅10-14 ** 

9.60⋅10-15 *** 

5.69⋅10-16 **** 

2.0⋅10-17 

2.26⋅10-18 

2.26⋅10-12 * 

1.91⋅10-13 ** 

5.69⋅10-14 ** 

9.60⋅10-15 *** 

5.69⋅10-16 **** 

2.0⋅10-17 

2.26⋅10-18 7$�& 7� 2⋅103 2⋅103 2⋅103 

*Gebart [19, 140]  
** MTM 44-1 [19] 
*** Fernlund et al. [19, 35] 
**** Hickey et al. [19, 120] 
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g Sensor and Probe Locations in the CFRP 

Demonstrator used for Validation (Chapter 5) 

Tab. A- 7: Sensors (experimental) and probe (simulation) locations in the CFRP demonstrator 

part presented in Chapter 5 

Property Sensor Probe xprobe (m) yprobe (m) Ply # 

Pressure 

7$�& 7$�& 0.59 - BC 7Z	1 7	5 0.56-0.57 0 tool/1 7Z	2 7	8 0.05-0.06 0 tool/1 

Displacement 
DVDT 1 0.065  20 +  

DVDT 2 0.525  20+ 

Resistance  

Viscosity 

DC 1 0.55 4.5⋅10-3 10-11 

DC 2 0.01 4.5⋅10-3 10-11 

Temperature 

4=	0 - 0.03 - tool/1 

4=	1 
4�	1 4,	1 

0.29 
0 

2.35⋅10-4 
tool/1 

4=	2 - 0.52 - tool/1 4=	0 − 2 4<^11^�	(�) Average 4=	3 Not used 

4=	4 
4�	4 4,	4 

0.035 4.5⋅10-3 10/11 

4=	5 
4�	5 4,	5 

0.295 4.5⋅10-3 10/11 

4=	6 
4�	6 4,	6 

0.525 4.5⋅10-3 10/11 

4=	7 - 0.035 - 20 

4=	8 
4�	8 4,	8 

0.28 
8.56⋅10-3 

8.98⋅10-3 
20 

4=	9 - 0.54 - 20 4=	10 - 0.025 9⋅10-3 20+bag 4=	11 - 0.27 9⋅10-3 20+bag 4=	12 - 0.55 9⋅10-3 20+bag 4=	10 − 12 41^6	(�) Average 4=	14 - 0.3 - oven/air 4=	15 - 0.44 - oven/air 
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h Temperature Homogeneity Measurements on 

the Tool used for Validation (Chapter 5) 

  

Fig. A- 6: Position and installation of thermocouples used to evaluate tool homogeneity 

  
(a) (b) 

Fig. A- 7: (a) Tool and air temperature inside the oven (Tm) versus time and (b) temperature 

difference between the front and middle/back of the tool and the two ends of the tool 

area where the validation parts are placed (∆Tm) versus time, during the cure cycle 

The temperature at the front (TC1,2), middle (TC 6,7) and back of the tool (TC 11,12) are 

calculated as an average of the two thermocouples at each position, placed according to the 

sketch of Fig. A- 6. The air temperature is reported as an average of TC 14 and 15. The 

difference between TC 4 and TC 9 depcits the difference between the two ends of the part. 
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Front Middle Back 

  
(a) 

(b) 

Fig. A- 8: Temperature homogeneity monitoring during cool-down, via an IR camera 

(a) Residual heat measured on the tool after the cure cycle, at three positions (front, middle, 

back) (b) residual heat measured on top of a part, at three positions along its length. 
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