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Summary

Laminate distortions around ply drop-off regions were observed by GKN - Fokker Landing Gear B.V.
as result of the cure phase, which is part of the Resin Transfer Moulding (RTM) process. The neces-
sity of implementing ply drop-off regions originates from thickness transitions within their composite
landing gear parts. The aim of this study is to analyse the influence of ply drop-off regions and related
parameters such as the pocket geometry, laminate design and cure cycle, to obtain a more thoroughly
understanding regarding the cure-induced residual stress generation and distortions around these re-
gions.

RTM can be categorized under Liquid Composite Moulding, which is based on the injection or drawing
of a low viscosity thermoset resin into a dry-fibre preform which is enclosed in a sealed cavity be-
tween multiple moulding parts and cured afterwards. Vacuum-Assisted RTM (VARTM) differs from this
process by requiring one single-sided mould with a flexible vacuum bag. The cure phase implies the
polymerization reaction of the resin, where monomers are bonded by chemical cross-links into a single
continuous molecular structure. As result of this reaction, for which the progression can be expressed in
Degree of Cure (DOC), volumetric shrinkage and changes in thermal-chemical and thermal-mechanical
properties of the resin take place. This together with differences in thermal expansion and contraction
causes the fundamental mechanisms of cure-induced residual stress within composite laminates. Out-
of-plane tensile stress is the most detrimental concerning process defects such as ply delamination
and matrix cracking, which becomes even more critical around ply drop-off regions as these have been
identified as discontinuities and therefore stress risers. The resin pocket, resulting from the ply termina-
tion within this drop-off, can be idealized by a right-angled triangle in which the aspect ratio defines the
height and base length. When multiple drop-off regions are implemented, the stagger distance defines
the distance between each drop-off.

Cure simulations has been carried out by using a thermal-mechanical Finite Element Analysis (FEA)
model, established within the FEA environment Abaqus and coupled with multiple user subroutines.
All thermal-chemical and thermal-mechanical material properties of the composite constituents are
included, where most are dependent on time, temperature and DOC. Verification of the model was
accomplished by comparing both final stress and warpage predictions with a study considering cure-
induced warpage in thermoset laminates manufactured by VARTM and validated by experiments. It
was concluded that the thermal-mechanical model was suitable as basis for the ply drop-off models
required for this study. Multiple models were created, based on single and multiple drop-off regions
being implemented within thin- and thick composite laminates. Two different topologies were used for
the multiple drop-off regions, based on either a common core- or belt ply. As different parameters were
investigated, material properties, resin pocket geometry, ply orientations, cure temperature profiles and
stagger distance all were implemented as variable. Required boundary conditions related to VARTM
were kept equal for each model.

Varying resin pocket material properties showed that during the heating stage the thermal expansion
and chemical shrinkage evolve in counteracting manner. As result, an almost stress-free state was
present at the end of this stage. Chemical shrinkage surpasses the thermal expansion throughout the
dwell stage, where combined with thermal contraction during cool down it results in significant out-
of-plane stress built-up within the core- and belt ply. The geometry of the resin pocket was varied
together with the ply orientation of the laminate. Increased out-of-plane tenisle stress levels were
observed for both an increasing aspect ratio and in-plane stiffness in the drop-off direction of the core-
and belt ply. The orientation of the terminated ply also appeared to be of influence, as large in-plane
tensile stress regions within this ply resulted in increased stress levels. As stress levels only became
significant from upon the dwell stage, the dwell temperature and cool down rate were both selected to be
analysed regarding its influence on stress development. Prior to analysing these process parameters,
the transition to thick laminates was evaluated, which only resulted in stress increases related to the
already observed influencing ply orientations. An increased cool down rate resulted in lower final stress
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values. This effect originated from postponing and therefore lowering vitrification temperatures, which
resulted in less thermal contraction in glassy state of the resin during cool down. A distinct relation
between dwell temperature and stress increases could only be observed via the DOC, where higher
dwell temperatures resulted in increased DOC and subsequently stress levels.

By implementing multiple drop-offs, the influence of stagger distance and stress interactions within
these regions as result of different ply orientations were analysed. It was found that even when stress
interactions are neglected, implementing multiple drop-offs results in higher stress levels at the 15t drop-
off, and lower stress levels at the 2" and 3™ drop-off, compared to a single drop-off implementation.
When including different ply orientations for common core ply topologies, all stress levels appeared
higher than the single drop-off, where at the 1! drop-off the stress decreases, and at the 2" and 3™
drop-off it increases with increasing stagger distance. Stress levels within multiple drop-off regions
using common belt ply topologies were more in line with the results when stress interactions were
neglected. Where stress levels at the 15t drop-off significantly increased, stress levels at the 2"? and
3" drop-off remained lower than the single drop-off. Only minor decreases at the 15t drop-off and
increases at the 2" drop-off in stress were observed with increasing stagger distance, where only at
the 3™ drop-off stress levels increased to single drop-off values. The influencing stress interactions
were mainly based on increased in-plane tensile stress regions between-, and decreased in-plane
compressive stress regions above and below drop-offs. These regions were of influence whenever
these occurred near the resin pocket within core- and belt ply.

It can be concluded that multiple influences on the cure-induced stress around ply drop-off regions can
be identified. As result of the material property evolutions of the resin pocket, stress levels only become
significant during the dwell- and cool down stage, which are therefore more critical. For the latter stage,
higher cool down rates decreases the final stress levels. Furthermore, ply orientations are of influence
by resulting in higher final stress levels with increased in-plane stiffness of the surrounding plies in
the drop-off direction. This effect is further increased whenever high in-plane tensile stress regions
occur within the terminated ply, resulting from higher in-plane shrinkage and contraction in the drop-off
direction. Multiple drop-off regions introduce stress interactions whenever different ply orientations are
implemented. These interactions introduce in-plane tensile- and compressive stress regions around
drop-offs, which increase and decrease the maximum out-of-plane stress, respectively. These regions
become less effective with increasing stagger distance.

From these conclusions multiple design guidelines were formulated, which can be used for future imple-
mentation of drop-off regions to avoid undesired stress increase. These guidelines consist of selecting
ply orientations to reduce local stress interactions which can increase the stress levels within drop-off
regions. Also, these guidelines include selecting process parameters as such to avoid unnecessary
cure-induced stress generation and selecting the least critical multiple drop-off topology.



Contents

Preface

Summary

Table of Contents

List of Figures
List of Tables
List of Acronyms

List of Symbols

1

Introduction

1.1 Project Motivation . . . . . . . . ..
1.2 Research Questions . . . . . . . . . . . e
1.3 ThesisOutline . . . . . . . . . . e

Literature Review

2.1 An Introduction to Resin Transfer Moulding. . . . . . . . .. ... ... ... .......
211 Vacuum-Assisted RTM. . . . . . . . . .. .
212 TheCurePhase . . . . . . . . . . . e

2.2 CurePhase Analysis. . . . . . . . . . e e
2.21 Heat Transfer Equation. . . . . . . . . .. .. ... .. .. .. ..
222 CureKinetics . . . . . . . . e
2.2.3 Thermophysical Properties. . . . . . . . . . . . . . ... ...
2.2.4 Thermomechanical Properties. . . . . . . . . .. . .. ... ... .

2.3 Cure-Induced Residual Stress. . . . . . . . . . . . ...
2.3.1 Fundamental Mechanisms of Residual Stress . . . . . ... ... ... ......
2.3.2 Thick Composite Laminates . . . . . . . . ... .. ... .. Lo
2.3.3 Implementation of Fundamental Mechanisms . . . . . .. ... ... .......

24 CureSimulations . . . . . . . . . L e
241 Thermal-Chemical Modelling . . . . . . . ... .. ... .. ... ... .....
2.4.2 Thermal-Mechanical Modelling . . . . . . .. .. .. .. ... .. ... .. ...

25 PlyDrop-off Regions . . . . . . . . . L
251 Design Guidelines . . . . . . . .
252 PlyDrop-off ResearchToDate . . ... ... ... .. ... .. .. ........

Coupled Thermal-Mechanical Model

3.1 Motivation. . . . . . . e

3.2 FEAModel . . . . . . e e
3.2.1 Model ImplementationinAbaqus . . . . . ... ... ... ... ... ...,
3.2.2 Model Definition and Assumptions. . . . . . . . ... ... ... oL,
3.23 Elements . . . . ..
3.24 UserSubroutines. . . . . . . . .. ...

3.3 Thermal-Mechanical Coupling. . . . . . . . . . . . . .. . .. .
3.3.1 Automatic Time Incrementation . . . . . . .. ... ... ... ... . .

3.4 Definition of Material Models. . . . . . . . . . ...
3.4.1 CureKinetics . . . . . . . . . e
3.4.2 Thermal Properties. . . . . . . . . . . . e
3.4.3 Mechanical Properties . . . . . . . . . ...

3.5 Sensitivity Analysis. . . . . . ..
3.5.1 Numerical Input Parameters . . . . . . .. .. ... .. ...
3.5.2 Methodology of Analysis . . . . . . . . . . .. .
3.5.3 Results and Discussion . . . . . . .. ...
3.5.4 Numerical Parameter Selection . . . . . . ... ... ... ... ... ... ... .

iii
Vi

viii

Xi

xiii



viii

Contents

3.6 Model Verification. . . . . . . . . ..
3.6.1 Methodology of Analysis . . . . . .. ... ... ... ... ... ... ...
3.6.2 Resultsand Discussion . . . . . . . . . .. ...

3.7 Conclusions. . . . . . . . .. e e

4 Ply Drop-off Model

4.1 Ply Drop-off Model - ThinLaminate . . . . . ... ... .. ... ..........
4.1.1 Geometry and Boundary Conditions. . . . . . . ... ... .........
412 MeshConvergence. . . . . . . . . . . . i ittt
4.1.3 Oblique Belt Ply Implementation within Abaqus . . . . . .. .. ... ...

4.2 Ply Drop-off Model - Thick Laminate . . . . . ... ... ... ...........
4.2.1 Geometry and Boundary Conditions. . . . . . .. .. ... ... ......
422 MeshConvergence. . . . . . . . . . v i i i i it e e e e

4.3 Multiple Ply Drop-off Model . . . . . . . .. .. .. ... .. .. .. ...
4.3.1 Ply Drop-off Topologies. . . . . . . . . . ... . .. .. ... ... ...
4.3.2 Geometry and Boundary Conditions. . . . . . . ... ... ... ......
4.3.3 MeshConvergence. . . . . . . . . . . .

5 Cure-Induced Residual Stress around Single Ply Drop-Off Regions

5.1 Influence of Resin Pocket Material Properties . . . . . . .. .. ... ... ....
51.1 Methodology of Analysis . . . . . . .. .. ... ..o
5.1.2 Results and Discussion . . . . . . .. ... oo
51.3 ConcludingRemarks. . . . .. .. .. ... .. .. .. ... .. .. ...,

5.2 Influence of Resin Pocket Geometry and Ply Orientation . . . . . ... ... ...
5.2.1 Methodology of Analysis . . . . . . . .. ... ... ...
5.2.2 Resultsand Discussion . . . . . . .. ... o
5.2.3 ConcludingRemarks. . . . . . . .. .. .. ... . ...

5.3 Influence of ThicknessIncrease. . . . . . . .. ... ... ... ... .......
5.3.1 ConcludingRemarks. . . . . . . .. .. ... ...

5.4 Influence of Process Parameters . . . . . . . ... ... ... ... ........
5.4.1 Methodology of Analysis . . . . . . . .. ... ... ...
5.4.2 Results and Discussion . . . . .. .. ... oo o
543 ConcludingRemarks. . . . .. ... ... ... ... .. .. .. .. ...,

55 Conclusions. . . . . . . . e

6 Cure-Induced Residual Stress and Interactions of Multiple Ply Drop-Off regions

6.1 Influence of StaggerDistance . . . . . . . . . .. .. ... ... ... ...
6.1.1 Methodology of Analysis . . . . . . .. ... ... ... ... ... ...
6.1.2 Resultsand Discussion . . . . . . .. ... ... ... .. ..

6.2 Conclusions. . . . . . . . .

7 Conclusions and Recommendations

7.1 Conclusions. . . . . . . . . e
7.1.1 Ply Drop-off Guidelines. . . . . . . .. .. ... ...
7.2 Recommendations . . . . . . . . . . . ... e

Bibliography

Fortran Subroutine Code

Definition of Output - Fortran Subroutine Code
Sensitivity Analysis - Output graphs

Verification Model - Output Graphs

Mesh Strategy - Ply Drop-off Model

Resin Pocket Material Properties - Contour Plots

Influence of Process Parameters - Output Graphs

I O Mmoo W >

Influence of Stagger Distance. All 0° Layup - Output Graphs

103
107
111
117



List of Figures

1.1 CFRP drag stay for the A350-1000, designed by FLGandNLR . . . . . ... ... ... 2

2.1 Common fibre mats and fabricsused inLCM . . . . . .. ... ... ... ........ 5
2.2 Schematic diagram of the process stepsinRTM . . . . . . ... .. ... ... ..... 6
2.3 Schematicdiagram of VARTM setup . . . . . . . . . . . . .. . .. .. 7
2.4 Schematic of cure progression due to polymerisation reaction . . . . . ... ... .. .. 7

2.5 Schematic of cure cycle illustrating the evolution of DOC, Tg and resin viscosity . . . . . 8
2.6 Micro-scale residual stress interaction caused by matrix shrinkage . . . . ... ... .. 14
2.7 Curvature and warpage in unsymmetric cross-ply laminate . . . . ... ... ... ... 14
2.8 Laminate spring-in mechanism . . . . . . . . ... ... ... 15
29 Curecycleofanepoxyresin . . . . . . . . .. 15
2.10 Schematic of volume change of epoxy resin duringcurecycle . . . . ... ... ... .. 16
2.11 Laminate warpage due to interaction at tool interface . . . . . . . ... ... ... .... 17
2.12 Through-thickness residual stress distribution . . . . . ... ... ... ... ... .... 17
2.13 Two-dimensional anisotropic cure simulation, contourplots . . . . ... ... ... ... 19
2.14 Transverse residual stress distribution (thickness <2.54cm) . . . ... ... ... ... 20
2.15 Transverse residual stress distribution (thickness >2.54cm) . . .. ... ... ... .. 20
2.16 Contour plot of spring-in displacement in z-direction, wind turbine blade rootinsert . . . 20
2.17 Contour plot of residual stress distribution, wind turbine blade rootinsert . . . . . . . .. 20
2.18 Schematic of ply drop-offregions . . . . . . . . . . ... ... 21
2.19 Mesh structure for an ill-formed resinpocket. . . . . . . . ... ... ..o L. 22
3.1 Visualization of thermal-mechanical coupled model . . . . . . .. .. ... ... ..... 29
3.2 Relative error - DOC development, Numerical vs. Experimental - Isothermal cycles . . . 34
3.3 Relative error - DOC development, Numerical vs. Experimental - Dynamiccycle . ... 35
4.1 Schematic example of thin laminate ply drop-off model . . . . . . ... ... ... .... 39
4.2 Schematic of thin laminate ply drop-off model geometry and boundary conditions . . . . 40
4.3 Location of maximum out-of-plane stress for thin laminate ply drop-off model . . . . .. 42
4.4 Mesh convergence study - Thin laminate model. Converging trend and solver time . . . 42
4.5 Transitions of material orientation from thick section to drop-off section . . . . . . . . .. 42
4.6 Schematic of thick laminate ply drop-off model geometry and boundary conditions . . . 43
4.7 Schematic topologies of multiple ply drop-off models . . . . . ... ... ... ...... 44
4.8 Schematic of thick laminate, multiple ply drop-off model geometry and boundary conditions 45
5.1 Cure cycle observation points - Influence of resin pocket material properties . . . . . . . 48
5.2 Stress contour plot - Influence of resin pocket material properties (Start dwell) . . . . . . 49
5.3 Stress contour plot - Influence of resin pocket material properties (End dwell) . . . . . . 50
5.4 Stress contour plot - Influence of resin pocket material properties (End cycle) . . . . . . 51
5.5 Influence of aspect ratio on the out-of-plane stress within core- and beltply . . . .. .. 52
5.6 Influence of ply orientation on the out-of-plane stress. 0° terminated ply orientation . . . 53
5.7 Influence of ply orientation on the out-of-plane stress. 90° terminated ply orientation . . 53
5.8 Contour plots of in-plane stress in global x-direction. Thin laminate ply drop-off model . 54
5.9 Temperature gradient at start of the dwell - Thick laminate model . . . . . . . ... ... 55
5.10 Maximum Von Mises stress location within resin pocket . . . . . . ... ... ... ... 57
5.11 Overall out-of-plane stress evolution. All dwell temperatures and cool downrates . . . . 58
5.12 Temperature and Tg evolution graph. Dwell temp: 60 °C, cool down rate: 1.5 °C/min . . 59
5.13 Modulus and stress evolution graph. Dwell temp: 60 °C, cool down rate: 1.5 °C/min . . 59

5.14 Overall out-of-plane stress evolution vs. DOC. All dwell temperatures and cool down rates 60

ix



List of Figures

5.15 Influence of cool down rate on vitrification point and maximum out-of-plane stress 60
5.16 Temperature and Tg evolution graph. Dwell temp: 80 °C, cool down rate: 1.5 °C/min . . 61
5.17 Modulus and stress evolution graph. Dwell temp: 80 °C, cool down rate: 1.5 °C/min 61
6.1 Influence of stagger distance on maximum out-of-plane stress. Topology 1 . . . . . .. 64
6.2 Contour plots of out-of-plane stress. Single- and multiple ply drop-off model. Topology 1 65
6.3 Contour plots of in-plane stress. Single- and multiple ply drop-off model. Topology 1 . . 65
6.4 Influence of stagger distance on maximum out-of-plane stress. Topology2 . .. .. .. 66
6.5 Contour plots of out-of-plane stress. Single- and multiple ply drop-off model. Topology 2 67
6.6 Contour plots of in-plane stress. Single- and multiple ply drop-off model. Topology 2 . . 67
6.7 Influence of stagger distance on maximum out-of-plane stress. Topology 1. All 0° layup 68
6.8 Contour plots of in-plane stress. Single- and multiple ply drop-off model. All 0° layup . . 69
C.1 DOC development, Numerical vs. Experimental (after interpolation) - Isothermal cycles 95
C.2 True error - DOC development, Numerical vs. Experimental - Isothermal cycles . . . . . 96
C.3 DOC development, Numerical vs. Experimental (after interpolation) - Dynamic cycle . . 96
C.4 True error - DOC development, Numerical vs. Experimental - Dynamic cycle . . . . .. 97
C.5 Relative error - DOC development, Numerical vs. Experimental - Dynamic cycle . ... 97
D.1 Cure cycle 1: Development of the DOC and Tg withinthe 0° plies. . . . . .. ... ... 100
D.2 Cure cycle 1: Development of the resin modulus and stress within the 0° plies . . . . . 100
D.3 Optimal cure cycle: Development of the DOC and Tg withinthe 0° plies . . . . ... .. 101
D.4 Optimal cure cycle: Development of the resin modulus and stress within the 0° plies . . 101
E.1 Mesh strategy of thin laminate ply drop-off model . . . . .. ... ... ... ....... 103
E.2 Mesh strategy of thick laminate ply drop-off model . . . . . . ... ... ... ... ... 104
E.3 Mesh strategy of thick laminate multiple ply drop-off models . . . . . . . ... ... ... 105
F.1 Stress contour plot - Influence of resin pocket material properties (Start dwell) . . . . . . 107
F.2 Stress contour plot - Influence of resin pocket material properties (End dwell) . . . . . . 108
F.3 Stress contour plot - Influence of resin pocket material properties (End cycle) . . . . .. 109
G.1 Maximum Von Mises stress evolution within the pocket. Allcurecycles . . . ... . .. 111
G.2 Maximum Von Mises stress evolution vs. DOC within the pocket. All cure cycles . . . . 112
G.3 Process influence output graphs. Dwell temp: 60 °C, Cool down rate: 0.1 °C/min . . . . 113
G.4 Process influence output graphs. Dwell temp: 80 °C, Cool down rate: 0.5 °C/min . . . . 114
G.5 Process influence output graphs. Dwell temp: 100 °C, Cool down rate: 1.5 °C/min . . . 115
H.1 Influence of stagger distance on maximum out-of-plane stress. Topology 1. All 0° layup 117
H.2 Influence of stagger distance on maximum out-of-plane stress. Topology 2. All 0° layup 117



2.1

3.1
3.2
3.3
3.4
3.5
3.6
3.7

4.1
4.2
4.3

5.1
5.2
5.3
54
5.5

List of Tables

Cure Kineticmodels . . . . . . . . . 10
Parameters for the cure kinetics and glass transition temperature . . . . . ... ... .. 30
Parameters for the thermal properties of E-glass fibres and epoxy resin . . . . . . . .. 31
Parameters for expansion and shrinkage properties of epoxyresin . . . . . . ... ... 32
Parameters for mechanical properties of E-glass fibres and epoxy resin . . . . . . . .. 32
Numerical parameter variation of cure model - Sensitivity analysis . . . . . ... .. .. 33
Final residual stress of verificationmodel . . . . .. ... ... ... ... ........ 37
Laminate warpage results of verificationmodel . . . . ... ... ... ... ....... 37
Mesh convergence study - Thin laminate, single ply drop-off model . . . . . ... .. .. 41
Mesh convergence study - Thick laminate ply drop-off model . . . . .. ... ... ... 44
Mesh convergence study - Thick laminate, multiple ply drop-off models . . . . ... .. 46
Variations of material properties withinresinpocket . . . . . . .. ... ... ... .... 48
Variation range of aspect ratio and ply layup orientation . . . ... ... ... ... ... 51
Change in out-of-plane and Von Mises stress - Influence of thickness increase . . . . . 55
Process parameter variation - Influence of process parameters . . . . . .. . ... ... 56

Final DOC, and maximum out-of-plane and Von Mises stress - Process influence analysis 57

Xi






CFRP
CTE

DOC
DSC

FDM
FEA
FLG
FVF
LCM
MRCC
NCF
RTM

SDV

Tg
TS

VARTM

Carbon Fibre Reinforced Polymer
Coefficient of Thermal Expansion

Degree of Cure
Differential Scanning Calorimetry

Finite Difference Method

Finite Element Analysis

GKN - Fokker Landing Gear B.V.

Fibre Volume Fraction

Liquid Composite Moulding
Manufacturer Recommended Cure Cycle
Non-crimp fabric

Resin Transfer Moulding

Solution Dependent State Variable

Glass transition temperature
Thermosetting

Vacuum-Assisted RTM

xiii

List of Acronyms






List of Symbols

E; Young’s modulus composite, longitudinal direction GPa

E, Young’s modulus resin GPa

E; Young’s modulus composite, transverse direction GPa
Egiasst  Temperature dependency of Young's modulus resin in glassy state GPa°c™!
Egiass ~ Young's modulus resin, glassy state GPa

Ef Young’s modulus fibre, longitudinal direction GPa

Erup Young’s modulus resin, rubbery state GPa

Ef Young’s modulus fibre, transverse direction GPa

G, Shear modulus resin GPa

Giaf Shear modulus fibre, in-plane direction GPa

G Shear modulus composite, in-plane direction GPa

Hy Total reaction heat Jkg™!

K; Thermal conductivity composite, longitudinal direction Wm~'°Cc-!
K, Thermal conductivity resin Wm~Tec™1
K; Thermal conductivity composite, transverse direction Wm~'°Cc?
Ky Thermal conductivity fibre, longitudinal direction Wm~'°c™?
K¢ Thermal conductivity fibre, transverse direction wWm=1-c!
Ty Instantaneous glass transition temperature °C

Tyo Glass transition temperature unreacted resin °C

Tyw Glass transition temperature fully cured resin °C

a Degree of cure -

ar Temperature dependency of degree of cure o

a; Critical degree of cure -

Ao Critical degree of cure at absolute zero temperature -

0 Heat generation per unit time and volume Jm 351
Ya Maximum resin shrinkage -

" Shrinkage composite, longitudinal direction -

Y Resin shrinkage -

Vi Shrinkage composite, transverse direction -

v, Poisson’s ratio resin -

Vigf Poisson’s ratio fibre, in-plane direction -

Vi Poisson’s ratio composite, in-plane direction -

Vgiass Poisson’s ratio resin, glassy state -

Viub Poisson’s ratio resin, rubbery state -

Pe Density composite kgm™3

Py Density fibre kgm™3

Pr Density resin kgm™3

oy Von Mises stress MPa

011 In-plane direct stress, longitudinal direction MPa

033 Out-of-plane direct stress MPa

£ Total strain -

M Mechanical strain -

XV



XVi List of Symbols

gSh Chemical strain -

e’ Thermal strain -

a; Coefficient of thermal expansion composite, longitudinal direction °c!

a, Coefficient of thermal expansion resin °c~!

a; Coefficient of thermal expansion composite, transverse direction °c!

ais Coefficient of thermal expansion fibre, longitudinal direction °c!

ags Coefficient of thermal expansion fibre, transverse direction °c!

Cpe Specific heat capacity composite Jg~tec™!
Cpr Specific heat capacity fibre Jg~tec™!
Cor Specific heat capacity resin Jg~'°c?
t Time S

vf Fibre volume fraction -

vy Resin volume fraction -

Weight fraction fibre



Introduction

Within section 1.1 the project background is given together with the motivation why this project is ini-
tiated. Hereafter, the proposed research questions are presented in section [1.2. These are based on
the research gap which resulted from the literature review described in chapter 2. Section [1.3 provides
the thesis outline for this report.

1.1. Project Motivation

The use of composite materials within the aeronautical industry has grown considerably for the past
couple of decades [1]. The success of this type of material is mainly due to their superior strength to
weight ratio which can result in significant weight savings in the primary load-carrying structures [, 2].
With the demand for these composite materials to be used as primary structures, the complexity and
high end-quality of these parts is generally the main challenge during manufacturing [2]. Because these
parts require continuous reinforcing fibres to ensure high structural performance, the Resin Transfer
Moulding (RTM) process was introduced from the automotive industry and adapted for composite man-
ufacturing to produce high quality, net-shaped parts [3]. This RTM process knows many variations but
the fundamental steps are based on the injection of low viscosity thermoset resin under high pressure
in a closed-cavity mould in which dry-fibre preforms are fixated and enclosed. This injection is fol-
lowed by a cure phase and results in a nearly net-shaped part which consist of multiple resin-enclosed
continuous fibre layers with different orientations that are combined within a single laminate. During
this cure phase, multiple material properties change as result of the chemical cross-linking reaction of
the resin. The combination of these changes of material properties and the material properties being
anisotropic for continuous-fibre composite materials, can result in residual stress generation within the
part. When these stresses increase significantly, which is often the effect whenever the thickness of
the part increases, distortions and process-induced defects within the laminate can be the result.

This research project is initiated on behalf of GKN - Fokker Landing Gear B.V. (FLG), which is conduct-
ing research and development on the design and prototyping of thick-walled Carbon Fibre Reinforced
Polymer (CFRP) structures, such as landing gear components, to make their entry in industry. As re-
sult of the cure phase being part of the used RTM manufacturing process, different types of laminate
distortions around ply drop-off regions within their parts are observed. The ply drop-off is introduced
whenever a single laminate layer, knows as the ply, is terminated with the aim to change the overall
thickness and mechanical properties of the laminate. The necessity of ply drop-off regions originates
from the transition between the constant thickness mid-section region and the end-sections of the com-
posite landing gear parts, where for these latter sections the thickness must be larger at the flanges
to ensure load transfer via the composite lug sections. An example of these complex parts is illus-
trated in figure 1.1, where the difference in overall thickness can be observed between the lugs that
are connected to the mid-section and end-section. By analysing the different influencing parameters
such as the resin pocket geometry, laminate design and cure cycle, a more thoroughly understanding
of the influence of these parameters on the residual stress generation and related distortions around
ply drop-off regions can be achieved. This can help the company during the design phase of their
components.
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Figure 1.1: CFRP drag stay for the A350-1000, designed by FLG and NLR. Obtained from [4]

1.2. Research Questions
For this project, the main research question is stated as follows:

‘What is the influence of ply drop-off regions and related process and laminate parameters
within thick composite laminates on the cure-induced residual stress generation and related
distortions as result of RTM manufacturing processes?’

Based on this main research question, multiple sub-questions are proposed. By answering all these
sub-questions individually, a structured approach towards the result of this research project can be
ensured. In addition, using the answers of these sub-questions, a well-argued concluding answer on
the main research question can be given. The following listing are the proposed sub-questions with
each having one or multiple fundamental questions underneath.

1. What is the influence of ply drop-off regions within fibre-reinforced laminates on the cure-induced
residual stress and resulting laminate distortions?

(a) What is the effect of cure-induced residual stress on laminate distortions without the appli-
cation of ply drop-off regions?

(b) What is the change in the effect on cure-induced residual stress with the implementation of
ply drop-off regions compared to constant thickness laminates?

(c) What is the influence of the material property evolutions of the resin pocket as result of the
cure process?

(d) What is the influence of the geometry of the resin pocket?

2. How do the laminate- and process parameters influence the cure-induced residual stress and
related distortions resulting from ply drop-off regions?

(a) How do the ply parameters influence the cure-induced residual stress around ply drop-off
regions?

(b) How do the process parameters influence the cure-induced residual stress around ply drop-
off regions?

3. What is the influence of multiple ply drop-off regions on the cure-induced residual stress within
laminates?

(a) What interactions caused by ply orientations are introduced as result of the cure-induced
residual stress around multiple ply drop-off regions?

(b) What is the influence of the topology + stagger distance between ply drop-off regions on
these interactions?
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1.3. Thesis Outline

The literature review conducted for this research study in presented in chapter 2. Within this chapter an
introduction to RTM and a detailed description of the cure phase is given. In addition, the physics and
governing equations to describe the cure phase, and the fundamental mechanisms of cure-induced
residual stress are included. In chapter 3 the implementation of all material models required for the
coupled thermal-mechanical cure model are presented. The sensitivity analysis and verification of this
model are included at the end of this chapter. Chapter 4 describes each ply drop-off model which
is used for this study, together with the required model assumptions and mesh convergence studies.
In chapter § all results concerning implementation of single ply drop-off regions within thin- and thick
laminates are presented. The results obtained by implementing multiple ply drop-off regions using two
different topologies are presented in chapter 6. In chapter |7 the conclusions based on the obtained
observations are given together with answers to the research questions. In addition, multiple design
guidelines to reduce cure-induced residual stress around ply drop-off regions are proposed. This report
is ended with recommendations for further research.






Literature Review

Within section 2.1 an introduction to the process is given. Section 2.2 includes a more detailed
elaboration on the cure phase. Mechanisms causing cure-induced residual stress are described within
section 2.3. Section 2.4 focuses on cure phase simulations, where distinction is made between thermal-
chemical and thermal-mechanical modelling. An introduction to ply drop-off regions and the most rel-
evant research studies are discussed within section 2.5.

2.1. An Introduction to Resin Transfer Moulding

is a production method which can be categorized under the Liquid Composite Moulding (LCM)
process [3]. is based on the principle of the injection or drawing of a low viscosity resin into a dry-
fibre preform which is enclosed in a sealed cavity between two or more matching rigid mould parts [, 3].
Within the industry, generally only (TS) resins are involved for the manufacturing
of composite parts due to its low viscosity and therefore better injection and flow capabilities required
for [B]. Although thermoplastic resins with low viscosity do exist and the interest to use these
materials within increases, the scope of this literature review is limited to TS matrix materials only

[5. B1.

originates from the automotive industry, where the high volume and net-shaped production po-
tential were the main benefits [3]. Primarily, this process was used for injection moulding of resin into
short-fibre fabric material, depicted by figure a within figure 2.1.

(a) Chopped strand mat (b) Continuous filament (c) Woven fabric (d) Non-crimp fabric (NCF)
(short fiber random fabric) random mat (CFRM) (plain weave) (stitched bi-axial fabric)
= prTaw y

raEEEEEEE

EEwErEe
TEEEEEEE

Figure 2.1: Common fibre mats and fabrics used in LCM. Obtained and modified from [3]
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Structural parts with this type of reinforcement could not meet the aerospace performance and quality
standards [3]. Therefore, continuous-fibre preforms were implemented as these effectively increase
the load transfer through the fibres, and as result improve the overall strength and stiffness of the
part along the required load transfer directions. These continuous reinforcements can be implemented
using randomly orientated mats, illustrated by figure b in figure 2.1, or fabrics such as woven fabrics
and Non-crimp fabrics (NCFs), depicted by figure ¢ and d within figure 2.1|, respectively. In general,
using NCFs a higher Fibre Volume Fraction (FVF) and better in-plane mechanical properties can be
obtained compared to woven fabrics [3].

The main steps of RTM can be described using figure 2.2. The first step is the fabrication of the dry-
fibre preforms. Subsequently, these are placed according to the prescribed layup and draped on one
or multiple mould parts. After fixation of this preform, mould closure is accomplished after which the
liquid resin matrix material can be injected under pressure via one or multiple injection inlet ports to
end up with a completely impregnated preform. Hereafter, the cure phase is initiated by activating the
chemical reaction of the resin, better known as polymerisation or cross-linking, which results in curing
of the resin matrix. This cure initiation is generally accomplished by the addition of heat to speed up
the reaction and subsequently decrease cure- and process time. Lastly, after sufficient hardening or
whenever the part is completely cured, demoulding and final processing can take place.

Part removal

]
= _—~

1. Preform manufacturing 5.Demoulding and final processing

Resin
-

= A~

2. Lay-up and draping

4.Resin injection and cure

=<

3.Mould closure

Figure 2.2: Schematic diagram of the process steps in RTM. Obtained and modified from [3]

2.1.1. Vacuum-Assisted RTM

Vacuum-Assisted RTM (VARTM) is a variation of RTM, for which the production steps are very similar to
RTM. The main distinction is that the resin is drawn into the sealed cavity through the use of a vacuum
instead of being injected under pressure. In addition, only a single-sided mould combined with either
a flexible or rigid cover is used instead of two matching rigid moulds. This process can be explained
using figure 2.3, which illustrates the 'vacuum bagged’ type of VARTM. Within this schematic it can be
observed that a single-sided mould is used where, after placement of the preforms, the cavity is sealed
using a flexible bag [3, 5]. By drawing a vacuum to remove the air from this sealed cavity, compacting
of the preform on the mould surface can be achieved [3, 5]. Subsequently, the resin matrix material is
drawn via on or multiple inlet ports into the mould from a reservoir which is at atmospheric pressure [3].
Whenever the preform is completely impregnated by the resin material, the cure phase can be initiated
and similar steps as for RTM can be followed.

One advantage of VARTM are the lower non-recurring costs compared to RTM, because only a single-
sided mould is required which is generally cheaper as process loads are lower [6]. Another advantage
is the capability to manufacture larger components, as the size of the metal RTM moulds is often limited
by the span limitations of the milling machines [3, 6]. The major disadvantage of VARTM is the limited
injection pressure of one atmosphere at maximum, which results in injection speeds being relatively
slow [3, 5]. Secondly, the process can result in an increased non-uniformity of the FVF along the part
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Figure 2.3: Schematic diagram of VARTM setup. Obtained and modified from [3]

as the resin flow can change the compaction along the part [3, 5]. As the FVH is a parameter on which
almost all effective thermal- and mechanical properties of the laminate are dependent on, it is desired
to maintain it as constant as possible to prevent substitutional differences in the part behaviour [g].

2.1.2. The Cure Phase

After the complete impregnation of the dry-fibre preform and filling of the mould cavity by the liquid
matrix material, curing is required to end up with a solid composite part. The cure phase is the most
critical process step in term of the development of residual stress within composite laminates [7]. For
TS matrix materials, this cure phase implies the chemical polymerisation reaction by which the liquid
matrix material transforms irreversibly into a solid. The different molecular stages of this polymerisation
reaction are schematically illustrated by figure 2.4.

a b d
¥ “i ¥ g, FEY AN "”'K M»*f oy
{
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Figure 2.4: Schematic of cure progression due to polymerisation reaction: a) monomers and co-reactants prior to cure phase,
b) cure phase started: molecular structure increases by linear growth and branching, c) gelation stage: continuous network but
incompletely cross-linked structure, d) fully cured network structure. Obtained and modified from [8, S]

The aforementioned low viscosity of TS materials is the result of the low molecular weight of the poly-
mer molecules, known as monomers [10]. During a cure phase, the chemical polymerisation reaction
between these monomers takes place, which is based on the chain lengthening of these monomers
into a single cross-linked molecular structure [10]. The created cross-links are the chemical bonds be-
tween the monomers, which together form a network structure. Up to certain Degree of Cure (DOCQC),
the individual monomers are bonded to form a continuous molecular network where limited molecu-
lar movement is still possible [8]. Around this point, which can be defined as the gelation point, the
viscosity of the matrix material increases rapidly due to the reduced mobility of the polymer chains.
This results in a transition of the material from viscous to rubbery where its response becomes highly
viscoelastic [8, 10—-12]. This transition from viscous to rubbery can be observed within figure 2.5. By
continuing the polymerisation reaction, the DOC increases to its maximum, the material becomes fully
cured and its response changes to elastic [8]. The cross-links which form the network structure cannot
be removed unless the material is exposed to temperatures which result in total material degradation
[10].

TS materials are based on two different components, in general classified as the resin and the co-
reactant or hardener [13]. To initiate the chemical cross-linking reaction, the addition of external heat
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Figure 2.5: Schematic of cure cycle illustrating the evolution of DOC, Glass transition temperature and resin viscosity as
function of temperature and time. Obtained from [g]

prescribed by a (temperature) cure cycle is implemented [5, 13]. A typical cure cycle consists in its
most basic form out of a heating stage, dwell stage and cool down stage, as illustrated by figure 2.5
[3]. Whenever larger amounts of mass are being cured, care should be taken as this chemical reaction
is exothermic for a variety of TS resins and can therefore result in significant heat development [14].
Whenever thick composite laminates are being cured without taking this into account, temperature
overshoot can result in the decrease of laminate quality by material degradation or significant increase
of cure-induced residual stress due to the larger temperature gradients resulting in an uneven cure [15].

2.2. Cure Phase Analysis

Within this section, each cure-related phenomena which is required for understanding the physics and
to develop the thermal-chemical and thermal-mechanical part of the cure model is described. As pre-
dominantly TS epoxy resin is being used within RTM, the scope of this literature review focusses on
these types of resin systems from upon this section [3, 5].

2.2.1. Heat Transfer Equation

Temperature evolutions during the cure phase can be described using heat transfer equations. Two
different heat transfer models can be proposed, both using multiple thermophysical properties: the two-
phase model and the local equilibrium model [16—18]. In the two-phase model both the resin, i.e. the
fluid, and fibre reinforcement material, i.e. the solid, are described with different temperature-averaging
energy equations for a flow through porous media by equation 2.1 and equation 2.2, respectively.
This model is used whenever rapid changes in temperature and chemical reactions occur, e.g. non-
isothermal resin injections [[16, 18].

The local equilibrium model, denoted equation 2.3, describes slow or even stagnant resin flow and ig-
nores heat transfer between the resin and fibre material, which justifies the assumption of local thermal
equilibrium at the moment the fibres are covered with resin. This equation is based on the volume
fraction and the average temperature of a control volume containing both the resin and fibres [3]. Both
models can be described by the Fourier’s law of heat conduction and convection:
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Two-phase model:

Heat transfer equation for matrix material:

oT, o .
¢prcp,ra_tr + prcp,r(V VI;) = ¢V - K, VT, + ¢hrf(Tr - Tf) + ¢0Q (2.1)

Heat transfer equation for fibre material:
aTy
A =P)prepr— = A =PIV KeVTp + phy s (Tr — T,) (2.2)
at
Local equilibrium model:

aT - .
pccp,ca + prCpr(V - VT) = ¢V - K VT, + $Q (2.3)

where p, ¢, and K are the density, specific heat capacity and thermal conductivity (tensor), respectively.
The heat transfer coefficient, represented by h,. ¢, couples both equations of the two-phase model. ¢, T

and V are the porosity, the absolute temperature and velocity field , where subscripts r, f and ¢ denote
the resin, fibre and composite, respectively. The porosity can be defined as the free volume within the
mould cavity between the fibrous preform, i.e. the porous media, that can be filled by the resin [19, 20].
The heat source Q, which represents the instantaneous heat generated by the polymerization reaction
of the resin, is proportional to the reaction rate and can be described by [20]:

Q = erTd_ (24)

where Hy is the total reaction heat and da/dt is the reaction rate, i.e. the cure rate, of the resin system
[16, 18].

As mentioned, the porosity ¢ represents the free volume within the mould cavity. By this definition it
implies an ideal void-free volume after resin injection, which in practice never occurs [18, 21]. Voids will
always be initially present or can be formed during the injection and cure phase, resulting in lower resin
volume fractions. This leads to the substitution of the porosity parameter by the resin volume fraction v,
within equation 2.4, where v, < ¢ [18]. Both models are based on the assumptions of incompressible
fluid, constant thermo-physical properties and Newtonian flow [16, 18]. In addition, whenever stagnant
resin flow is assumed and heat transfer by convection is neglected, the underlined convection terms
within equations 2.1 and 2.3 can be discarded [16, 18].

da
t

Based on above simplifications, the expression for the thermochemical energy equation for heat trans-
fer described by the local equilibrium model can be rewritten to:

aT da
PeCpegy = V(KVT) + prerTE (2.5)

2.2.2. Cure Kinetics

The cure kinetics of resin systems, i.e. the changes of chemical compositions over time by the influence
of temperature, can be modelled by using mechanistic- or phenomenological (semi-empirical) models
[22, 23]. Mechanistic models are based on the balance of the chemical species involved within the
cure reaction, which is in many cases difficult to model without analysing the chemical reactions in
detail [7, 11, 24]. Phenomenological models however, are used to fit experimental data with sufficient
accuracy and are therefore preferred for predicting the cure kinetics within the cure phase [23, 24]. As
result, in the following section the scope is limited to these phenomenological cure models only.

An overview of the most commonly used cure kinetic models that are proposed to date are presented
within table 2.1. All models are based on the n'" order kinetic model, the autocatalytic kinetic model, or a
combination of both [25]. The n" order , defined by equation 2.6, uses a single reaction rate constant K;
to describe the cure reaction and assumes no autocatalytic phenomena [26]. Whenever autocatalytic
effects are exhibited, i.e. the maximum reaction rate (da/dt) is observed at t > 0, autocatalytic reaction
models are required [26, 27]. These models describe the cure reaction by one or multiple reaction rate
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Table 2.1: Cure Kinetic models

Kinetic model Equation
n'" order equation reaction model [29] Z_a =K, (1—a)" (2.6)
t
. d
Lee, Loos, and Springer [30] d—‘: = (K1 + K,a)(1— a)(B — @) ®<03  (27)
da
— =K3(1-a) a>03 (2.8)
dt
White and Hahn [22] c;—a = K;a™(1—a)" (2.9)
t
Kamal-Sourour [31, 32] c;_f = (K; + Kya™)(1 — a)™ (2.10)
Cole with Diffusion [32, 33] da _ ! Kya™(1 - a)" 2.11
’ dt 1+ eCl@a—(aco+acrT) 11— a) (21)
da 1

Kamal-Sourour with Diffusion [31, 32] T = T3 ot Gwtas (Ky + K,a™)(1 — a)™ (2.12)

Arrhenius-dependent rate constant K; = AieR_Tl (2.13)

constants, as described by equation 2.9 and equations 2.7, 2.8 and 2.10, respectively, and results in
an improved estimation accuracy for more complex resin systems [118, 27, 28].

Whenever the cure reaction cannot be described by the aforementioned kinetic models, the general
complex model can be used, which is reported elsewhere [[18]. For most TS epoxy resin systems, the
cure reaction modelling is best approximated by the combined reaction model defined by equation 2.10
[26].

Within the cure kinetic models from table 2.1|, the DOC is denoted by «, and n and m are the reaction
orders [18, 24]. The reaction rate constant, denoted by K;, is based on the Arrhenius-type rate constant
which is described by equation 2.13, where A4;, E; and R are the pre-exponential constant, the activation
energy for the chemical reaction and the universal gas constant, respectively [34, 35].

Diffusion

An additional characteristic of the kinetic modelling of resin systems includes diffusion effects [23].
The chemical reaction of resin systems are based on combinations of both molecular collision and
diffusion of chemical species. During the initial stage of the cure phase, the diffusion of the chemical
species is fast which results in the reaction being chemically-controlled [23, 26]. Whenever the cure
progresses, the cross-link network density increases which results in reduction of the resin free-volume
and subsequently a rapidly decrease in mobility of the chemical species [8]. During this stage, which
is known as vitrifying, the resin changes from rubbery to glassy state [11, 18]. From the start of this
stage the reaction becomes diffusion-controlled, which must be incorporated within the aforementioned
kinetic models [23, 36].

Toinclude this diffusion process, a modification on the reaction rate constant can be proposed as follows
[23, 26, 32]:

1 1 1

K. K K
where K, is the effective reaction rate constant and K, is the aforementioned Arrhenius-dependent
rate constant, defined using equation 2.13 [26]. The diffusion process is included via K;, which can
be defined by two different methods. The first method is based on expressing the diffusion-controlled

(2.14)
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stage by a dependency on the Glass transition temperature (Tg). Whenever the Tg surpasses the
temperature of the resin, it vitrifies and turns into a glassy state [10]. This point, known as the vitrification
point, is illustrated within the previously reported schematic cure cycle within figure 2.5. As result of
this vitrification, the mobility of the polymer chains reduces significantly, the reaction rate decreases
and subsequently the final DOC cannot reach the theoretical unity value [[10, 18]. The definition of this
diffusion rate constant can be defined by [26, 37, 38]:

K, = A el-#)e(-7) (2.15)

where 4, and b are constants, and E; represents the activation energy of the diffusion process. In
addition, T is the cure temperature and f the equilibrium fractional free volume, which is defined by
[26, 38]:

f = 0.00048(T — T,) + 0.025 (2.16)

The Tg within this definition, can be modelled using the DiBenedetto equation, which can be described
as follows [26, 35, 38, 39]:

(Tyoo — Ty)Aat
1-(1-Da

where Ty, and Ty, are the glass transition temperature of the initial solution of monomers (unreacted
resin system) and fully cured resin system, respectively [38, 39]. The parameter A is a material property
between 0 and 1 which represents the ratio of heat capacities of the glassy and rubbery state of the
initial and fully cured resin system [18, 26, 39]. With the DiBenedetto relation, the evolution of the glass
transition temperature can be determined at any stage of the cure [11].

T, = Tyo + (2.17)

According to Cole and others [8, 28, 40Q], this first method requires complex constants which are of-
ten difficult to obtain. Therefore, a second method for the diffusion-controlled rate constant can be
proposed, which is defined by [8, 40]:

K, = K,e~C@ao) (2.18)

where K, is the original Arrhenius-dependent rate constant and «. is the critical DOC from which the
cure reaction changes to diffusion-controlled [32, 40]. This a. is dependent on the cure temperature
via:

a. =agy + arT (2.19)

where a, is the critical DOC at T = 0 kelvins and a; is the parameter accounting for the dependency
of this value to the cure temperature [8]. When combining equation 2.18 with equation 2.14 and im-
plementing the effective reaction rate into the aforementioned cure kinetic models from table 2.1, the
kinetic models including diffusion effects can be defined by equations 2.11 and 2.12.

2.2.3. Thermophysical Properties

As mentioned in section 2.2.1, additional thermophysical properties of the composite laminate are re-
quired for the heat transfer equation. These properties are the density p., specific heat capacity c,
and thermal conductivity K. of the composite laminate, and are dependent on the temperature and
DOC [18]. In addition, the thermal expansion and chemical shrinkage are described within this section
as well.

Specific Heat Capacity

The specific heat capacity can be defined as the amount of heat that is required to raise the temper-
ature of 1 gram material by 1 kelvin. For the laminate, this property can be determined by using the
heat capacity values of the resin system and fibre material and homogenizing it using the rule of mix-
ture [18, 41]. This property can directly be implemented within the simplified local equilibrium model
(equation 2.5) and is defined by:

Cpc =WsCpr+ (1 —wr)cpr (2.20)
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where w; is the fractional weight of the fibre, and ¢, » and c,, - are the specific heat capacity of the fibre
material and resin system, respectively [41]. The specific heat capacity of the fibre material depends
on the temperature, while for the resin system it depends on both the temperature and DOC. These
heat capacities can be defined by:

Cp,f = AfcpT+chp (221)
=A, T+B, + Brey 2.22
Cpr = 4, Tep T ] 1 oCrep T—Tg—0) (2.22)

where Afcp’ chp, Arc,, and Brc,, are parameters for the linear dependency of the heat capacity with

temperature, where subscripts f and r denote the fibre- and resin material, respectively. In addition,
Ayc,, Cre, and s are the strength, width and temperature shift of the specific heat capacity around the
Td [41, 42].

Thermal Conductivity

The thermal conductivity of composite laminates can be defined in multiple orthogonal directions. This
is because the thermal conductivity is highly influenced by the fibre orientation as result of the signifi-
cantly higher conductivity of fibre materials compared to resin material [23]. The thermal conductivity
of a laminate can be determined by first defining it for a single ply, using the thermal conductivities of
both the fibre and resin material. Different models have been proposed and are generally based on the
anisotropic carbon fibre (or isotropic glass fibre), and isotropic resin properties together with the volume
fractions of these constituents [[18, 23, 43]. The scope of the following thermal conductivity equations
is limited to NCHF plies only as these are used as first approximation for cure modelling [23, 44].

The thermal conductivity in the direction along the fibre, i.e. the longitudinal thermal conductivity, de-
noted with K;, can be defined by:
Kl = valf + (1 - vf)KT (223)

where v¢, K;r and K, are the FVF, and the thermal conductivities of the fibre material in longitudinal
direction and the resin system, respectively [23, 41|, 42, 45]. The thermal conductivity in the direction
perpendicular to the fibre, i.e. the transverse thermal conductivity, denoted with K;, can be defined by:

2
Key
th 1 th Kt‘f 2 (Kr +1)
Ke=vply (<L = 1)+ Ko (5= 5 |40 (58 1) [F—vp + ——5 (2.24)
T T T

where K, is the thermal conductivity of the fibre in transverse direction [23, 42]. The relation of K,
K:r and K, with the temperature and DOC can be defined by:

K, = ag,Ta? — by, Ta — cx, T — dgra® + egra + fir (2.27)

where A;r and By are the longitudinal-, and B, the transverse temperature dependency parameter for
the thermal conductivity of the fibre material [42]. The coefficients ay, — fx, are used to include the
relation between the thermal conductivity of the resin with the temperature and DOC [23, 42].

Thermal Expansion

The Coefficient of Thermal Expansion (CTE) of the composite can be expressed in the longitudinal and
transverse direction as well. Using micromechanics laws, the following expressions for the longitudinal
CTE, q;, and transverse CTE, a;, can be defined by [46, 47]:

(1 - Uf) Erar + valfalf
(1 - Uf) ET + UfElf

a =

(2.28)
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a; = (1 - vf) ar + vrags + (1 - vf) ArVy + VigpQp U — V1244 (2.29)

where a,, a;f and a;; are the CTE of the resin, and fibre in longitudinal and transverse direction,
respectively. E, and E;; are the resin modulus and fibre modulus in longitudinal direction, where the
former is defined within section 2.2.4 and the latter is constant. In addition, v;, vi,5 and v,, are the
Poisson’s ratio of the resin, the Poisson’s ratio of the fibre in longitudinal direction and the in-plane
Poisson’s ratio of the composite [48]. The CTE of the resin can be expressed as follows [49]:

(aglass - arub)
1 + eCm(T=Tg=0m)

ar = Qpyp + (2.30)
where a,,,;, and ag;4ss are the CTE values of the linear regions in the rubbery and glassy state of the
resin, respectively, and C,, and g,,, are constants describing the transition around the [Tg [48].

Resin Shrinkage

As result of the polymerisation reaction of the resin, shrinkage effects can be observed during the curing
phase. The volumetric shrinkage of the resin can be fitted using a linear or bilinear DOC dependent
function, where for the latter the breakpoint of the curve is around the gel point [50, 51]. For a linear
dependent function, the following equation can be proposed:

Yr = VYa& (2.31)

where y, and y, represent the instantaneous and maximum linear shrinkage of the resin, respectively
[48]. Subsequently, the resin shrinkage can be defined in longitudinal and transverse direction as

follows: a )E
bl 7
= (2.32)
(1 vf)ET + valf

Ve = A —vp)yr + (1 = vp)VeVr — V1N (2.33)

2.2.4. Thermomechanical Properties

Similar to the thermophysical properties, the modulus and Poisson’s ratio of the resin are influenced by
the temperature and DOC, for which the latter is included via the [Tg [48, 49]. Using the following two
expressions, the modulus and Poisson’s ratio of the resin can be defined by:

(Eglass + EglassT XT — Erub)
1 + em(T-Tg—om)

E, = Eyyp + (2.34)

(Vglass - Vrub)
14+ eCm(T—Tg—O'm)

Vr = Vpyp + (2.35)
where E g, represent the modulus at glassy state, E;,5r includes the linear temperature dependence
of the modulus at glassy state and E,,;, represent the modulus in rubbery state [48]. vy, and vgqqs
are the resin Poisson’s ratios at rubbery and glassy state, respectively, while C,,, and g,,, are equal as
the aforementioned definitions from the resin CTE (equation 2.30).

2.3. Cure-Induced Residual Stress

Within this section, the mechanisms causing cure-induced residual stress within composite laminates
are evaluated. Since most of these are present regardless the thickness of the laminate, these funda-
mental mechanisms are discussed first within section 2.3.1|. Subsequently, the additional influences
introduced by an increased laminate thickness are described within section 2.3.2.

2.3.1. Fundamental Mechanisms of Residual Stress

Residual stress and related distortions are caused by fundamental mechanisms originating from either
the (changing) properties of the composite constituents, the interactions between the laminate and
tooling or a combination of both. In general, the onset of residual stress development can be marked by
the gelation of the resin material [[7, 52]. Prior to this stage, the resin is able to relax all induced stresses,
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resulting in a stress-free state. However, as result of gelation the resin modulus develops significantly
and subsequently residual stress can be induced, regardless of the origin of this development [7].
Within the following sections, each origin and how these contribute to the residual stress development
throughout the cure phase are discussed.

Thermal Expansion Differences

Significant differences in CTE are present between the fibre and matrix material. The residual stress
development and interactions resulting from these differences can be identified on different scale levels
within the composite laminate, with each having their own effect on the residual stress.

On micro-scale level, i.e. fibre-matrix interaction level, residual stress arises due to the difference in CTE
between the fibre filament and surrounding matrix material. The fibre material can be either isotropic,
for glass fibres, or anisotropic, for carbon fibres. For glass fibre material generally the CTE is positive,
while for carbon fibre material this property is slightly negative in longitudinal direction, but positive and
larger in magnitude in radial direction [48, 53, 54]. The resin material is isotropic with a significantly
larger CTE compared to glass or carbon fibres, usually between one- and two order of magnitude larger
for the resin in glassy or liquid stage, respectively [54].

From the elevated cure temperatures to the end of the cool down stage, and by assuming sufficient
bonding between the resin and fibre filaments from the gelation point up to the maximum DOC, resid-
ual stress can arise because of the relatively higher thermal contraction of the resin compared to the
fibre material. These residual stress interactions are visualized by figure 2.6, where the grey arrows
visualising the shrinkage direction of the resin material. Although this type of residual stress at fibre-
matrix interaction level is present within all cure-processed composite laminates, this stress alone is
not significant enough to induce laminate distortions directly [55].
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Figure 2.6: Micro-scale residual stress interaction caused by matrix shrinkage, with =« and <— indicating compressive and
tensile residual stress, respectively. Obtained from [56]

On ply-scale level, residual stress arises due to CTE differences in multiple in-plane orientations and
the difference between the in-plane and through-thickness direction. In-plane residual stress within
plies develops by the anisotropic behaviour caused by the larger CTE in the transverse direction of the
fibres, which is matrix dominated, compared to the direction along the fibres, which is fibre dominated
[63]. Redistribution of these stresses upon demoulding can result in curvature and warpage within
unsymmetrical and unbalanced laminates, which is illustrated by figure 2.7. And even if laminates are
symmetric and balanced, geometrical curvature and residual stress redistribution can result in bending
and subsequently a shift of the neutral axis [63, 55].

Figure 2.7: Curvature and warpage in unsymmetric cross-ply laminate. Obtained from [53]
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Due to the difference in CTE between the in-plane and through-thickness direction, a change in curva-
ture for curved laminates can be related to residual stress development and redistribution as well. This
phenomena, known as the spring-in effect, is depicted by figure 2.8 [53, 55, 57]].
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Figure 2.8: Laminate spring-in mechanism. Obtained and modified from [53]

Volumetric Chemical Shrinkage

The second origin of residual stress can be related to the chemical shrinkage of the resin material.
This volumetric shrinkage, which is caused by the polymerisation reaction that reduces the resin free-
volume, is generally difficult to quantify and predict because it develops simultaneously with the ther-
mal expansion during heating stages [50]. This can be observed within figure 2.9, where both the
temperature- and DOC evolution of a generic cure cycle is illustrated together with the stages of ex-
pansion, shrinkage and contraction. As can be seen within this graph, from upon the dwell stage
the temperature remains constant and the volume reduction is therefore only dependent on chemical
shrinkage. As generally the DOC reaches its maximum value at the end of the dwell stage, during cool
down the volume reduction is only dependent on thermal contraction.
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Figure 2.9: Cure cycle of an epoxy resin. Obtained and modified from [50]

The overall volume change throughout the cure phase can be illustrated by plotting it against the tem-
perature evolution, depicted by figure 2.10. During the heating- and cool down stage, illustrated by
a-b and c-d, respectively, the temperature changes between the ambient temperature T, to the curing
temperature T, and back, which results in the volume change mainly driven by thermal expansion and
contraction [9]. Note that when chemical shrinkage becomes significant during the heating stage, it
influences the linear volume increase by deflecting downwards prior to reaching point b. During the
dwell stage, illustrated by b-c, the effective volume reduction resulting from the chemical shrinkage
progresses linearly when assuming that no exothermic phenomena are present during the dwell stage.
Note that the slope from stage c-d is less significant compared to the slope from stage a-b, which can
be explained by the CTE of the resin material being lower in glassy state than in the liquid/rubbery state
[9, 20, 58].
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As explained by Kravchenko et al. [52] and Adli and Jansen [59], from the gelation point up to the max-
imum DOC, both the bonding between the fibres and matrix, and the resin modulus become significant
[7]. This results in residual stress generation induced by the interaction between the volumetric shrink-
age of the resin at fibre-matrix interaction level, and between the fibre- and matrix dominated directions
at ply-level. Although the observed volume shrinkage between point a and d in figure 2.10 appears
low, the effective volumetric chemical shrinkage during stage b-c can be up to 7% for an epoxy resin
and can increase the effects introduced by residual stress generation caused by the CTE differences at
ply-level significantly [51|, 53]. Since gelation occurs somewhere between point b-c, the residual stress
build-up induced by chemical shrinkage and thermal contraction can be increased to significant levels
[62].
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Figure 2.10: Schematic of volume change of epoxy resin during cure cycle. Obtained from [S]

Tooling Interaction

Residual stress development from tooling interaction is based on the mismatch of CTE between the
composite part and the tooling material [53, 55]. The CTE of tooling material is often higher compared
to the overall CTE of the composite. During the cure phase, both the part and tooling surfaces expand
due to the elevated curing temperatures, which results in an additional elongation of the surface plies
that are in contact with the tooling surface. Subsequently, gradients of in-plane shear stress through-
thickness can be induced, which are being constrained within the laminate whenever the DOC passes
the gelation point and vitrifies. Upon cooling, this results in the development of residual stress. This
interaction effect is illustrated by figure 2.11| for a cure process with a single-sided mould configuration.

The surface plies of the part closed to the tooling surface are loaded with the highest amount of residual
stress, which decays through-thickness. After removal of the tooling, redistribution of this residual
stress results in bending curvature, warpage or even fibre waviness [67]. Parametric study from Twigg
et al. [60] revealed that with increasing thickness the maximum curvature and warpage of the part
decreases since it becomes more difficult to redistribute the residual stress by the increased stiffness
of the laminate.

The CTE mismatch between the part and tooling can result in complications upon demoulding such as
locking of the part within the mould [53, 55, 61]. With an outside mould, prior to the cool down stage
of the cure, both the part and tooling are still expanded at the elevated cure temperature. Throughout
the cool down stage, the thermal contraction of the tooling is higher compared to the composite. This
phenomena can result in locking of the part and subsequently compressive stress build-up in the outer
surface layers of the composite part which can result in laminate damage [567]. Whenever an inside
mould is used, during the heating stage tensile stress within the laminate reinforcement can be de-
veloped due to the higher CTE and therefore larger expansion of the mould. From the gelation point
up to maximum DOC, these tensile stresses remain present within laminate. Upon cooling of both the
mould and composite part, these stresses can influence the overall residual stress development and
can cause delamination and geometry distortions as well [62].
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Figure 2.11: Laminate warpage due to interaction at tool interface. Obtained from [53]

2.3.2. Thick Composite Laminates

According to Struzziero and Skordos [63], in the aerospace industry distinction between thin- and thick
composite laminates can be defined whenever the thickness exceeds 10 mm [63]. When curing thick
composite laminates, additional challenges regarding residual stress can be identified. The first chal-
lenge is the aforementioned increased stiffness of thick laminates. During the cure phase and after
demoulding, the residual stress within thin laminates can be redistributed and averaged out over the
laminate by deformations. This effect is more difficult within thick laminates, since the increased stiff-
ness makes this stress redistribution more difficult. As result, matrix cracking and ply delamination can
occur whenever the residual stress levels within the laminate increase [64].

Another challenge introduced by the large thickness is the possibility of thermal gradients through-
thickness during the cure phase. As generally the polymerisation reaction is exothermic, through-
thickness temperature gradients can occur when curing thick TS composites. These can influence the
reaction rate at different locations through-thickness. As result, uncured or partly cured regions can be
constrained by fully cured regions, which results in additional residual stress build-up through-thickness
[9, 58, B2]. An example is depicted by figure 2.12, where the outer-plies are cured prior to the plies at
the centre region of the laminate. This phenomena, known as outside-in curing, results in a parabolic
through-thickness stress distribution [57].
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Figure 2.12: Through-thickness residual stress distribution [567]

2.3.3. Implementation of Fundamental Mechanisms

The fundamental mechanisms of residual stress described within section 2.3.1 can be determined using
the strains induced by these mechanisms. In total three strain types can be identified; mechanical
strains, thermal strains and chemical strains. These strains are included in the following total strain
definition [65]:

&j =& el + sfjh (2.36)

where ¢ is used to define the strain with subscripts i,j = 1, 2, 3 for the orthogonal directions and super-
scripts M, T and Sh denote the mechanical-, thermal- and chemical origin of the strain, respectively.
The relation between the thermal strain and chemical strain with the CTE and linear shrinkage of the
resin can be defined using:



18 2. Literature Review

sfjh = Aa{y;} (2.38)

in which AT and Aa are the change in temperature and DOC, respectively. The vector notations {aij}
and {yij} include the CTE and linear shrinkage coefficients of the transversely isotropic ply and isotropic
resin regions.

By redefining the mechanical strain from equation 2.36 to stress, the following equation can be defined:
Eij = [S] aij + E;Tj + Eigjh (239)

which subsequently can be rewritten as:
oy = [C1[eyy — (eF; + )] (2.40)

in which [S] and [C] are the compliance and stiffness matrix, respectively, and g;; is the vector notation
of the final resulting stress components.

2.4. Cure Simulations

Prior to the use of cure simulations, research regarding the cure process was only possible using em-
pirical methods [19]. These were costly, time consuming and were only limited to small specimens. As
result, the obtained data was generally not representative for entire laminates which made it difficult
to determine the appropriate cure cycle and its influence on the residual stress development [[19]. To
overcome these challenges, cure simulation models based on the cure kinetics from section 2.2 were
developed, which numerically could predict the temperature and DOC evolution for laminates with dif-
ferent geometries and material properties [19]. From upon this section, distinction is made between
thermal-chemical models and thermal-mechanical models. The first only predicts the influence of ther-
mochemical material properties and its relation with the evolution of temperature and DOC. The latter
includes this as well but in addition the development of mechanical properties, e.g. the resin modulus,
and its relation with temperature and DOC [66].

2.4.1. Thermal-Chemical Modelling

Loos and Springer [19] investigated continuous fibre-reinforced TS materials using a model which in-
cluded thermal-, chemical- and physical processes and their response on the cure phase [19]. The
results obtained using this numerical model were verified by experimental data from which it was con-
cluded that these type of models can adequately predict both temperature and DOC distribution during
the cure phase [19]. In addition, a parametric study revealed that using this model, the most suitable
cure cycle could be determined in terms of an uniformly cured composite within the shortest amount
of time. Similar research was conducted by Bogetti and Gillespie [67] and Teplinsky and Gutman [68],
where the cure phase of thick TS composites was investigated using a two-dimensional anisotropic
cure model [67]. Different arbitrary cross-sections, such as angle bend and ply drop-off laminates,
were analysed to investigate the influence of the cure phase and tooling on the gradients in tempera-
ture and DOC. It was found that these gradients are not only strongly dependent on the cure kinetics,
thermal anisotropy and temperature cycle, but these can be influenced by thickness variations as well
[67, 68]. An example is depicted by figure 2.13, where a "hot” region can be observed in which the
temperature rises significantly above the laminate surroundings as result of the exotherm [67]]. In addi-
tion, as effect of larger temperature gradients, the thick section is only cured to a DOC of 0.12 while the
thin section is already fully cured at this stage of the cure phase [67]. This outside-in curing, discussed
within section 2.3.2, can potentially induce severe stress levels and deformations during the cure phase
[67].

Park and Lee [69] developed a Finite Element Analysis (FEA) model for two-dimensional CFRP cure
simulations in which the thermal conductivity of the mould was taken into account [69]. According to
the results, including the mould within the simulation is worth the additional computational effort as the
influence of the variation in thermal conduction of tooling cannot be underestimated [69]. Whenever
these moulds are relatively thick, these must be added to the simulation to include heat sink effects due
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Figure 2.13: Two-dimensional anisotropic cure simulation, contour plots with a) temperature gradients trough-thickness and b)
DOC evolution. Obtained and modified from [57]

to the thermal conductivity between the laminate and the mould. Using modern FEA software, these
mould interactions can be included by different thermal properties at the boundary of the laminate, which
can reduce the computational work to simulate an entire moulding geometry. Overall, the model from
Park and Lee [69] successfully simulated both temperature and DOC gradients within thick composite
structures which can lead to residual stress development [69]. As result of the translation from the 3D
problem to the two-dimensional model, recommendations were made that a three-dimensional model
is required to diminish additional errors introduced by the 2D simplifications.

Epoxy resin samples were analysed by Zhang et al. [[70] to assess the influence of heating rates on
the temperature DOC and gradients of thick epoxy resin samples using the commercial FEA software
ABAQUS combined with multiple FORTRAN subroutines. Results obtained using a three-dimensional
simulation model, which were validated by literature and experiments, revealed that not only cure cycle
temperatures but heating rates can affect the non-uniform curing and temperature distribution of the
resin as well. By emphasizing non-uniform curing inside the part, an increase in warpage and residual
stress development was observed [70].

2.4.2. Thermal-Mechanical Modelling

Next to cure phase studies using thermal-chemical models, the prediction of mechanical property evo-
lutions as function of temperature and DOC, and the influence of these on the residual stress develop-
ment became more accurate as these models further improved. Bogetti and Gillespie [58] implemented
a kinetic-viscoelastic model of the resin using an a-mixing rule, which explicitly expresses the instan-
taneous resin modulus in terms of the DOC [22, 58]. By including thermal expansion and chemical
shrinkage as main contributors of stress development throughout the cure phase, it was found that
transverse stress distributions changed as result of the increased laminate thickness. This effect is
depicted by figures 2.14 and 2.15, where it can be observed that for an increasing thickness, the trans-
verse stress distribution changes from an internal compressive stress- to an internal tensile stress
region. This change is the effect of the transition from inside-out curing to outside-in curing, which is
caused by the delay in heating and the exothermic reaction of the internal region within thick laminates
[58].

Instead of defining the development of the resin modulus by a relation with the DOC only, Khoun and
Hubert [64] used an elastic modulus model as function of the difference between the Tq and the cure
temperature [64]. By coupling a heat transfer- and stress analysis using a three-dimensional FEA
model based on ABAQUS/COMPRO, the dimensional stability and tool-part interactions of composite
structures as result of the RTM process were investigated [54], 64]. Bellini and Sorrentino [66] used an
equal material model for the resin modulus evolution as reported by Ersoy et al. [71]], and implemented
this using the PAM-RTM and PAM-Distortion software for the thermal-chemical and thermal-mechanical
part of the FEA model, respectively [66]. This research focussed on spring-in effects caused by cure-
induced residual stress as result of the RTM process. According to simulation results, it was concluded
that the stacking sequence of laminates is the most influencing parameter regarding spring-in defor-
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Figure 2.15: Transverse residual stress distribution

Figure 2.14: Transverse residual stress distribution
(thickness = 2.54 cm). Obatined from [58]

(thickness < 2.54 cm). Obtained from [58]

mation while both the effect of the laminate thickness and mould radius was minimal [66].

Research conducted by Struzziero and Teuwen [46] investigated the residual stress generation within
ultra-thick curved laminates [46]. For the cure phase simulation, the resin modulus was implemented
using a relation with a step transition around the Tq with an additional exponential dependency on
the DOC after transition [46, 49]. As result of the cure phase of VARTM, residual stress develops
and subsequently results in the spring-in effect after demoulding. Using a coupled thermal-mechanical
analysis model and by initially applying the Manufacturer Recommended Cure Cycle (MRCQ), the
resulting spring-in displacement, cure-induced residual stress and the exothermic temperature profile
were obtained. It was found that the MRCC led to spring-in effects together with significant residual
levels [46]. Both the displacement and residual stress contour plots are illustrated in figure 2.16 and
figure 2.17,, respectively.
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Figure 2.16: Contour plot of spring-in displacement in
z-direction, wind turbine blade root insert. Obtained
from [46]

Figure 2.17: Contour plot of residual stress
distribution, wind turbine blade root insert (o).
Obtained from [46]

2.5. Ply Drop-off Regions

As described in section 1.1, the necessity of ply drop-off regions originates from the required thick-
ness transition between sections of composite laminates. Since this tapering in thickness can result in
both material- and weight reductions, this laminate feature is implemented in many different structural
components [72]. An example of a laminate in which multiple ply drop-off regions are implemented is
illustrated by figure 2.18. As shown, by terminating multiple plies the laminate thickness is reduced
between the thick- and thin section.
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Figure 2.18: Schematic of ply drop-off regions. Obtained and modified from [73]

Multiple characteristics of ply drop-off regions can be identified using figure 2.18. Each ply termination
results in a resin pocket, which are generally simplified by a right-angled triangle. The geometry of this
resin pocket can be described by the aspect ratio a/b, which is the ratio between the height and length
of the resin pocket resulting from the ply termination [74]. The plies below and above the ply drop-off
region can be identified as the core plies and belt plies, respectively [[72, 73]. Whenever multiple ply
drop-offs are implemented to achieve a specific thickness reduction, the stagger distance is introduced
as parameter which defines the distance between two successive ply drop-offs [75].

2.5.1. Design Guidelines

For the implementation of ply drop-off regions within laminates, multiple design guidelines can be fol-
lowed. These guidelines are generally deduced from studies involving experimental testing, strength
and buckling optimizations, and fracture mechanics [76, 77]. Overall, these guidelines are based on
the following rules of thumb [76]:

» The number of terminated plies, i.e. dropped thickness, at any given drop-off region should be
kept to a minimum.

+ Termination of plies should be achieved in decreasing order of stiffness in longitudinal direction.
This involves that the stiffest plies (0° orientation) should be terminated at the thick section and
least stiffest plies (90° orientation) should be terminated at the thin section. This ensures the most
gradual transition of load transfer and reduction in stress concentrations.

» The stagger distance between multiple drop-off regions should be at least three times the ply
drop-off thickness. Whenever 45° plies are being dropped, this distance should be eight times
the thickness.

* While plies are being terminated, the laminate should be kept both symmetric and balanced in
order to prevent coupling effects.

Despite that these guidelines can potentially reduce stress concentrations introduced by ply drop-off
regions, some of these can be conflicting in practice. For example, maintaining both a symmetric
and balanced laminate layup can be challenging whenever drop-offs are arranged according to their
stiffness [76]. In addition, the guideline regarding the minimal stagger distance may not be feasible
whenever the available length of the required thickness reduction is limited [77].

2.5.2. Ply Drop-off Research To Date

Ply drop-off regions within composites can be identified as discontinuities within laminates and therefore
stress risers [72, 77]. The effects of ply drop-offs on the stress-strain behaviour and different fracture
modes within carbon/epoxy laminates were investigated by Cannon [74]. Drop-off laminates were
tested under uniaxial tensile loading, where it was observed that predominately the order in which
different drop-offs are implemented only has influence on the deviation in results between drop-off
laminates and uniform-thickness laminates [[74]. The failure stress and failure mode of the ply drop-
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off laminate were equal and similar to the uniform-thickness laminate having the same layup as the
dropped section within the drop-off laminate [74].

Mangalgiri and Vijayaraju [78] investigated the stress levels near ply drop-off regions to determine
the potential delamination locations and energy release rates based on fracture mechanics [78]. By
implementing a prescribed strain at one end of the laminate using FEA modelling, the influence of
the stagger distance between two successive drop-offs and the effect of the layup sequence were
investigated [78]. Results showed that strain-energy release rates increased significantly whenever two
plies were dropped together compared to implementing significant stagger distance between these. An
additional result, which conflicted with the current design rules from section 2.5.1, showed that dropping
a 90° ply between two 0° plies results in higher possibility of delamination arresting at this dropped ply
[78].

In contrast to most studies, Vizzini [[7 3] included realistic ply drop-off geometries such as ill-formed resin
pockets, unsymmetric and misplaced drop-off locations, varying ply thickness and voids to investigate
the influence of these on the interlaminar stress levels [[73]. Using FEA modelling and by implementing
an uniaxial displacement to induce in-plane stress, it was found that ill-formed resin pockets increase
the effective aspect ratio and subsequently increase interlaminar stress levels which can initiate delam-
ination [73]. An example of an ill-formed resin pocket is illustrated by figure 2.19. Also, the presence
of voids increases these stress levels at the ply drop-off significantly. Because delamination was as-
sumed to occur as result of failure of the resin (layer), the Von Mises failure criterion was analysed [73].
Vizzini [73] concluded that although neglecting realistic drop-off geometries for strength predictions
may introduce additional errors, qualitative results from idealized geometries can still be valid provided
that these geometries are uniform and the overall relations between the observed trends are unaffected
by geometry differences [73].
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Figure 2.19: Mesh structure for an ill-formed resin pocket. Obtained from [73]

A new type of ply drop-off element has been developed by Varughese and Mukherjee [72] and im-
plemented within a FEA model based on the global-local approach [72, 75]. Using this model, the
magnitude and distribution of major interlaminar stress levels at ply drop-off regions of both symmet-
ric and unsymmetric laminates were investigated [75]. These stresses, i.e. out-of-plane stresses, are
predominant in the vicinity of the drop-off and may cause ply delamination upon loading [72, [75]. From
the analysis in which laminates were loaded in longitudinal direction at the thin section, results showed
that highly uniform out-of-plane stress levels are observable near the drop-off while at locations away
from the drop-off these become negligible [75]. The same model was later used to analyse parameters
such as the number of dropped plies, stagger distance and ply orientation, and the influence on the
maximum out-of-plane stress levels [[/7]. The aforementioned drop-off design guidelines were mainly
based on the observations resulting from this research study [77]. Similar global-local approach was
used by Gan et al. [76], who investigated the prediction of the delamination onset from individual ply
drop-offs using a FEA model in which the laminate was submitted to uniaxial tensile loading [76].

One of the few research studies involving cure-induced stress instead of implementing (uniaxial) load-
ings was conducted by Mulle et al. [79]. This research focussed on the through-thickness gradients
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of autoclave cure-induced in-plane residual stress within carbon/epoxy beam specimens containing
design singularities such as ply drop-offs [[/9]. Strain values obtained by experimental testing using
fibre Bragg gratings, which were compared with 3D FEA simulation results, suggested that the possi-
ble influence of different through-thickness thermal properties and tooling-laminate interactions on the
behaviour of the material are significant and cannot be ignored [79].

Despite that these research studies provide useful knowledge regarding implementing ply drop-off re-
gions within composite laminates, almost all studies are based on (uniaxial) tensile loadings. Research
concerning the influence of ply drop-off regions on cure-induced residual stress is practically absent,
which leads the following: Concluding from the discussed studies above, it can be stated that the
available data regarding ply drop-off regions within (thick) composite laminates and their influence on
cure-induced residual stress and related distortions is limited. Based on this research gap, the pro-
posed research questions from section 1.2 were formulated.






Coupled Thermal-Mechanical Model

This chapter is dedicated to the modelling and verification of the thermal-mechanical cure model which
is required to analyse the cure-induced residual stress around ply drop-off regions. Within section 3.1,
a brief introduction of the cure model is given. In section 3.2 the method by which the cure model is
implemented in the Abaqus software and the required assumptions, elements and user subroutines are
given. The coupling of these subroutines is described in section 3.3. Within section 3.4, all material
models required for the cure model are described with corresponding parameters. In section 3.5 the
sensitivity analysis concerning the numerical parameters controlling the time incrementation of the cure
simulation is presented, followed by the verification of the thermal-mechanical model in section 3.6. This
chapter ends with the conclusions in section 3.7,.

3.1. Motivation

To understand the influence of ply drop-off regions on the cure-induced residual stress, a comprehen-
sive method is required to analyse the residual stress evolution as result of the cure phase of the RTM
process. Using a coupled thermal-mechanical analysis model within the FEA software Abaqus, cure
simulations can be conducted to analyse these stress evolutions. Multiple material properties describ-
ing the thermal-, chemical- and mechanical behaviour of the laminate are implemented within the model
to predict the residual stress. The following phenomena and properties are included: cure kinetics, or-
thotropic thermal expansion and chemical shrinkage, and orthotropic thermal- and mechanical material
properties. The thermal- and mechanical material properties are changing continuously during the cure
phase. By predicting these changing properties throughout the cure phase, their influence together with
laminate- and cure cycle parameters on the residual stress evolution around ply drop-off regions can
be investigated.

The fundamentals of the thermal-mechanical model are based on studies investigating the generation
of residual stress during the cure phase of the VARTM process [48, 80]. These studies focused on
accurately characterizing the viscous-elastic material properties of the resin system and implemented
these in a coupled thermal-mechanical model within the FEA software Marc.Mentat to predict the final
residual stress and warpage of asymmetric laminates [48]. Using multi-objective optimization methods,
both the final warpage and process time were reduced by means of intensionally generating cure-
induced residual stress [48].

The materials used within this study are based on a non-crimp E-glass fibre fabric, and the two compo-
nent Airstone™ 780E epoxy resin and 785H hardener system that is often used in the wind turbine blade
manufacturing industry [48]. As the material characterization data regarding the thermal-chemical and
thermal-mechanical properties is available in an extensive range, which is required for accurate cure-
induced residual stress predictions, these are being used for the current study [46]. Although these
material properties differ from the materials used by FLG, it is expected that the influence of ply drop-
off regions on the cure-induced residual stress can be observed nevertheless and therefore common
effects and conclusions can be deduced. Details of the material characterization data and its validation
are out of the scope of this research study and are described in [48, 80].

25
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For each cure simulation within this research study, the MRCC is implemented unless specified other-
wise. This cure cycle is selected as baseline because even though it is the standard cure cycle provided
by the manufacturer, it is often not optimal in terms of cure-induced residual stress [63]. By using this
cure cycle as base line, the evolution of cure-induced residual stress around the drop-off regions can
be assessed.

Regarding the output of the thermal-mechanical model, different data can be extracted such as the
changing material properties, the cure-induced displacements or the residual stress. Literature review
showed that the residual stress generated during the cure cycle can have considerable effects, espe-
cially for thick composite parts which are often too rigid to redistribute these stresses by distortions,
resulting in possible delamination and matrix failure [81]]. Since a ply drop-off can be identified as dis-
continuity within laminates, this introduces additional stress concentrations around the drop-off region.
These can lead to process-failures through delamination or failure of the resin pocket [72]. The main
contributing stress component of these composite failures around the pocket is the out-of-plane direct
tensile stress, which is acting normal the plane of the plies (through-thickness direction), in the direc-
tion outwards from the resin pocket [72]. Using the ply drop-off model created for this research study,
this out-of-plane tensile stress is selected as main output quantity to analyse the influence of residual
stress around drop-off regions. Since the resin pocket can be the origin of process-failure as well, the
Von Mises equivalent stress within this pocket region is included as output quantity from the upon the
sections that thick laminates are considered.

3.2. FEA Model

The thermal-mechanical model is built using different Abaqus utilities, by which the thermal-mechanical
coupling, material property models and manufacturing process conditions are all implemented. In the
following sections the model implementation and assumptions, type of elements and required user
subroutines are described.

3.2.1. Model Implementation in Abaqus

For predicting the residual stress evolution, it is important to build the model as such that the material
properties are dependent on both the temperature and the DOC evolution. Within Abaqus, this can
be achieved using a transient coupled temperature-displacement analysis, in which the thermal- and
mechanical solution parts can be coupled either in a sequential order or simultaneously [82]. For the
former type, first a heat transfer analysis is executed whereafter a stress analysis is performed. By
mapping the thermal loadings from the thermal analysis into the stress analysis, an one-way coupling
is achieved in which the stress evolution depends on the temperature fields but not vice versa.

Different from the sequential type of analysis, is the fully coupled type in which both the thermal and
mechanical solutions are obtained simultaneously throughout the analysis [82]. This type is often used
for processes where both the thermal and mechanical effects strongly influence each other. In essence,
this two-way coupling is not required for the current model, but because the DOC data resulting from
the thermal solution part is directly required by the mechanical solution part, the fully coupled option
will be used for the current model. By this, a single complementary analysis model can be used which
is more convenient compared to running two sequential analysis models. Although a fully coupled
analysis model can potentially increase computational effort, for the current thermal-mechanical model
it is expected this will have no significant influence.

3.2.2. Model Definition and Assumptions

The verification model and ply drop-off model are both built up as three-dimensional models, where
fixed-displacement boundary conditions in the in-plane directions are applied to simulate an internal
strip of the laminate. As result, the problem reduces to 2.5D in which laminate edge effects at the
drop-off regions can be ignored while out-of-plane and internal in-plane effects can still be considered.
The implemented boundary conditions for each model are described in the corresponding sections.

As result of the boundary conditions, initial conditions and simplifications that are introduced by using
the FEA software, multiple assumptions arise which can be described as follows:

* |Itis assumed that within the model, all elements have an equal ambient temperature and stress-
free state as initial condition.
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« It is assumed that compaction of the laminate has reached its maximum prior to the start of the
cure simulation. The effects of compaction can result in additional stress built-up which may
influence the final residual stress [83]. Because of the assumed initial stress-free condition at the
start of the cure simulation, the influence of compaction is ignored which can result in the final
residual stress levels being underestimated.

+ Since the cure simulation initiates at the start of the cure phase, resin flow as result of the injection
phase is neglected and assumed to be stagnated.

* The laminate is assumed to be a non-porous medium without voids.

» Because the aforementioned VARTM process includes one mould side and one vacuum film
side that follows equal temperature profiles, time dependent temperature boundary conditions
are implemented. It is assumed that the input of the reference temperature of both surfaces is
uniform over the entire surface. Note that this assumption only applies for the model input as
exothermic reactions can still increase temperatures locally.

3.2.3. Elements

Both the verification model and ply drop-off model are built using three-dimensional 8-node brick ele-
ments (Abaqus element type: C3D8T) where both thermal and displacement degree of freedoms are
included at each node [82].

3.2.4. User Subroutines

Implementation of the material models is carried out using multiple user subroutines that are provided
within Abaqus. All subroutines required are included together in a single separated file and written in
FORTRAN. During the analysis, the solver uses this subroutine file to calculate the evolving material
properties for each increment and step, dependent on time, temperature and other variables. Since
only minor changes are implemented between the subroutine files of the verification model and ply
drop-off model, only the ply drop-off model file is included in appendix A. Together with this code, the
Solution Dependent State Variables (SDVs) that are shared between the subroutines and can be used
for post-processing purposes are included in appendix B. The following subroutines are included in
each model [84]:

» SDVINI is used for implementing initial values for SDVs which cannot be set within the Abaqus
initial conditions module.

« UMAT! is used to implement material models that are not available within the Abaqus material
library when when specific behaviour of material properties dependent on changing SDVs are re-
quired. In this subroutine, the cure kinetics, evolution of mechanical properties and the governing
equations for the thermal-mechanical analysis are implemented.

« UMATHT describes the evolving thermal properties and thermal analysis of the model.

» DISP is used to define the time dependent temperature boundary condition of the mould surface
during the cure cycle of the process. Within this subroutine the heating rate, dwell temperature,
dwell time and cooling rate all can be specified individually.

* FILM can be compared with the DISP subroutine and is used to describe both the sink tempera-
ture and convection coefficient of the natural air boundary condition of the vacuum film surface.
The sink temperature of this subroutine follows the same cure cycle as implemented in the FILM
subroutine.

3.3. Thermal-Mechanical Coupling

The thermal-mechanical coupling of the model describes which phenomena and material properties
are related to each other and in which sequence these are calculated. This sequence is essential be-
cause thermal effects at a particular time increment can have significant influence on the mechanical
behaviour of the material for the next time increment. For instance with increasing cure rate, the heat
of reaction increases proportionally as well (equation 2.4). As result, thermal energy and temperature

"For the ply drop-off model, distinction is made between the composite ply and neat resin material regions (i.e. resin pocket) by
using two sub-models within one subroutine
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increases which can cause additional strain by thermal expansion. It is therefore important to take into
account these temperature changes before continuing with the next increment where these tempera-
tures are used for the calculation of the effective strains on which the stress components are based.
Because the mechanical properties depend on both the DOC and temperature, these must be updated
for each time increment to end up with accurate residual stress predictions. Using figure 3.1, the re-
quired sub-parts and subroutines within the coupled thermal-mechanical analysis can be defined as
follows;

At the start of each time increment, the values of the temperature, DOC, and stress and strain compo-
nents are called for each element. These values are obtained either from the previous time increment
or from the predefined initial values of the analysis step described in the Abaqus initial conditions mod-
ule or SDVINI subroutine. The temperature and the DOC values are used by the cure kinetics module
within the UMAT subroutine to determine the cure rate, the instantaneous [Tg and to predict the DOC
value at the end of the current time increment.

The DOC value from the start of the time increment is used within the same UMAT subroutine to define
mechanical properties such as the elastic modulus, shear modulus and Poisson’s ratio. These are
determined to set up the Jacobian matrix of the constitutive material models [84]. This matrix, known as
the stiffness matrix, is used for calculating the incremental stress using the incremental strains. These
strains can have one of the following three origins; mechanical strain, thermal strain and chemical
strain, which were described in section 2.3.3.

After completion of the UMAT subroutine, the UMATHT subroutine is called within the same time incre-
ment for each element. Within this subroutine the Tg and DOC values at the start of the current time
increment are both used within the thermal properties module for determining changes in the thermal
conductivity and specific heat of the materials. The cure rate from the UMAT subroutine is used for
determining the exothermic heat generation within the thermal analysis module in which, together with
the updated thermal conductivity and specific heat value, the thermal energy is updated for the next
time increment.

At the end of each time increment, the updated strain, stress, DOC and thermal energy values are
stored and transferred to the next time increment, where the complete sequence is repeated again up
to the point where the maximum step time is reached. Note that the updated thermal energy is only
required for Abaqus to determine the change in temperature for each element and not used for any
material property calculations.

3.3.1. Automatic Time Incrementation

As can be seen in figure 3.1, at the end of every time increment two different options are possible for the
FEA solver. If a solution for that increment cannot be found, the solver abandons the time increment
and another attempt is executed with a smaller time increment size. This decrease in increment size is
known as a cutback [85]. These cutbacks are repeated until a converged solution for that time increment
is found or the minimum allowable time increment size is subceeded, whereafter the analysis is aborted.

If the solution of a single time increment converges, the output data of that time increment is stored
in the database. Whenever for a predetermined number of consecutive time increments the solution
is found easily, i.e. 3 times in a row without any cutbacks (by Abaqus default), the size of subsequent
time increments can be increased up to a preset maximum allowed increment size [85].

3.4. Definition of Material Models

During the cure phase, multiple material properties change as result of the evolution in temperature
and DOC. For the implementation of the materials within the model, the following material models are
required.

3.4.1. Cure Kinetics
The cure kinetics model determines the cure rate, da/dt. For the materials used within this study, this
model is based on an autocatalytic cure model with diffusion factor, developed by Hubert et al. [36],
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and is a combination of equation 2.11 and equation 2.13:
da Ae(;_?)
E = 1+ eC(a—aC—aTT)(
Using the cure rate, the exothermic heat of reaction of the resin can be calculated. This heat of reaction,

denoted by the heat source term @ within the heat transfer equation defined in section 2.2.1, can be
rewritten from equation 2.4 [80]:

1—a)"a™ (3.1)

. da

Q= ~vpptr— (3:2)
For the prediction of the DOC, the following Finite Difference Method (FDM) is used to estimate the
new DOC for the next time increment:

da
Apiq = ap + At - It ) (3.3)
where the subscripts n and n + 1 represent the current and next increment, respectively, and At is
the time increment size. This FDM is generally used in FEA software via an one-step finite difference
scheme [86]. Alternatively this FDM can be implemented by the use of a multi-step difference scheme.
This multi-step type requires multiple DOC values from previous time increments combined with co-
efficients to get better approximations of the true solution for the next time increment. In general the
multi-step scheme can result in more accurate predictions, but when the time increment size is kept
relatively small (in the order of hundreds of seconds), differences in DOC prediction between the two
schemes are insignificant [86]. In addition, for the multi-step difference scheme the subroutines be-
come more complex due to the multiple required DOC values from the previous time increments that
must be stored for each increment. Considering this, for the current model the one-step difference
scheme is implemented, for which the maximum time increment size will be determined based on its

influence on the convergence and error of the model output.

The evolution of the instantaneous Tg and its relationship with the DOC is implemented using the
DiBenedetto equation defined by equation 2.17 [35, 39]. The fitting parameters for equations 2.17
and 3.1 to 3.3 are given in table 3.1.

Table 3.1: Parameters for the cure kinetics and glass transition temperature of Airstone™ 780E/785H epoxy resin [80]

Parameters Values Units
A 681,085 s

E 59,291 Jmol~!
n 1.67

m 0.12

c 47.7

a, 0.77

ar 0.0016 °c1
Hp 434,000 Jkg™!
Tyo -55 °C
Tyoo 89 °C

A 0.476

3.4.2. Thermal Properties

Different thermal properties are included within the model. For the epoxy resin, these properties are
changing during the cure phase with dependence on temperature, Tqg and DOC, while the properties
of the glass fibre material can be either temperature dependent or constant.

Specific Heat Capacity

The specific heat capacity of the composite, fibre material and resin follows from equations 2.20 to 2.22
respectively [41, 48]. The corresponding constants, which can be determined by experimental fitting
using data obtained by Differential Scanning Calorimetry (DSC), are given in table 3.2 [80].
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Thermal Conductivity

The thermal conductivity of the composite laminate is orthotropic and can be calculated using the con-
tributions from both the glass fibre and epoxy resin. Since the material orientation of the laminate is
based on NCF plies, the material orientation of a single ply can be simplified to transversely isotropic,
which results in only two directional components that can be calculated; the longitudinal component K;
and the transverse component K, [80]. These components can be defined by equations 2.23 and 2.24,
respectively [87]. In addition, K, represents the isotropic thermal conductivity of the resin, which is de-
scribed by the polynomial function from equation 2.27 and for which the coefficients are obtained from
literature [41], 42, 80]. All parameters required for the thermal conductivity models aforementioned are
included in table 3.2 [42].

Table 3.2: Parameters for the thermal properties of E-glass fibres and Airstone™ 780E/785H epoxy resin [80]

Parameters Values Units

Afcp 0.0014 Jg=1°Cc?
chp 0.841 Jg~'°c!
Arcp 0.0025 Jg=1°Cc?
Brc,, 1.80 Jg~'°c
Bre, -0.25 Jg~'°c!
Cre, 1.10 °c~!

o 16.5 °C

Kis 1.03 Wm~'Cc~!
K¢ 1.03 Wm~'Cc~’
Axr 0.0008 Wm~'°C2
by~ -0.0011 Wm~1°C—2
Cxr -0.0002 Wm~1°C—2
dy, -0.0937 Wm~1°c~’
exr 0.22 Wm~1°c~’
frr 0.12 Wm~'Cc~!
pr 2580 kgm=3

Pr 1105 kgm™3

Thermal Expansion

The CTE of the composite is implemented in both the longitudinal and transverse direction. Using
equations 2.28 and 2.29, respectively the longitudinal- and transverse CTE are implemented, for which
all corresponding parameters are included in tables 3.3 and 3.4 [46, 47]. The CTE of the resin can be
implemented using equation 2.30, for which the required parameters are given in table 3.3.

Resin Shrinkage

For the epoxy resin used within the model, the total volumetric shrinkage is determined at 5.6%, which
corresponds to a linear shrinkage of 1.9% [48]. As only two experimental data points are available for
this epoxy resin, a linear dependence of the shrinkage on the DOC is implemented using equation 2.31.
To include the shrinkage effects in longitudinal and transverse direction within the FEA model, equa-
tions 2.32 and 2.33 are used, respectively.

3.4.3. Mechanical Properties

For the mechanical behaviour of the composite, only four different mechanical components can be
defined to implement the transversely isotropic material within the FEA model. An overview of the
stiffness matrix definition and the relation between these components are reported in [65]. The first two
components are the modulus in longitudinal and transverse direction, which can be defined by:

El = UfElf + (1 - Uf)ET (34)
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Table 3.3: Parameters for expansion and shrinkage properties of Airstone™ 780E/785H epoxy resin [80]

Parameters Values Units
i 5.0 x 10© °c~!
ars 5.0 x 10© °c~!
Agiass 6.0 x 10® °c!
Qrup 1.7 x 10 °c!
Cr 0.4 °c1
Om 10.2 °C

Y 1.9 x 102

E, = Er (3.5)

1=y (1-5)

where E¢f is the modulus of the glass fibre in transverse direction. The shear moduli of the composite

ply can be defined by the following expressions:

T

Gy = e Gy3 (3.6)
1= (1-2)
Gy
023 = G, (37)
1= \/v_f<1 B stf)

where G, G;,5 and G35 are the resin shear modulus and the two fibre shear moduli, respectively. Note
that both shear moduli are equal within this study, since the two shear moduli of the glass fibre are
equivalent. The last component is the in-plane Poisson’s ratio of the composite, which follows from

[46]:
Vi = valzf + (1 -

Resin Modulus and Poisson’s Ratio

Ve )Vy (3.8)

The resin modulus and Poisson’s ratio are implemented using the Tq dependent expressions defined by
equations 2.34 and 2.35, respectively. For these equations, the applicable parameters for implementing
the glass fibre and epoxy resin in the model are given in table 3.4 [48, 88, 89].

Table 3.4: Parameters for mechanical properties of E-glass fibres and Airstone™ 780E/785H epoxy resin [48]

Parameters Values Units
Ey 73.1 GPa
Ef 731 GPa
Grzf 30 GPa
Gasf 30 GPa
Vizf 0.22

Egiass 4.61 GPa
EgiassT -0.012 GPa°Cc™!
Erup 0.04 GPa
Vglass 0.35

Vrub 0.5

Cm 0.4 °c!
Om 10.2 °C
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3.5. Sensitivity Analysis

The numerical parameters that determine the size of the time increment of the cure simulation influ-
ences the prediction accuracy of the output data, such as the resin modulus and the residual stress
development. Since multiple output variables depend on the prediction of the DOC evolution, this resin
property is selected as main objective for this sensitivity study. By analysing the convergence rate, and
by comparing the output of the cure simulation with available experimental DSC data, the influence of
the numerical parameters are analysed and the most suitable preset values for the cure simulation are
determined.

3.5.1. Numerical Input Parameters

As explained within section 3.3.1|, the size of time increments of the cure simulation is determined by
automatic time incrementation. In general smaller increment sizes result in more accurate predictions
but at the expense of computational effort and therefore simulation time. Because the calculations for
the FEA solver are relatively easy to solve, cutbacks almost never occur which results in the minimum
allowed time incrementation size never being required to obtain the solution for the current increment.
On the contrary, the maximum time incrementation size is reached after only a couple of increments,
which is why the variations of the following numerical parameters only focuses on the maximum time
increment size settings, since only this one is expected to be bounding.

Two numerical parameters are selected for which either one is always bounding the maximum time
increment size. These parameters are the maximum allowable increment time, t,,ax [S], and the maxi-
mum allowable temperature change per increment, AT,.x [°C/inc.]. The latter parameter ensures that
whenever the temperature change within a time increment exceeds the prescribed value, a cutback is
initiated after which calculation of a smaller time increment is repeated until the temperature change
within this increment is below the prescribed limit. The variations for both numerical parameters are
given in table 3.5. By definition, the maximum allowable temperature change in an increment can
be redefined into a maximum allowable increment time for heating- and cool down stages, since the
heating- and cool down rates are known. However, both nhumerical parameters are required for the
thermal-mechanical analysis within this study and because all cure cycles include heating-, isothermal
and cool down stages, one of two parameters is always bounding the maximum increment size and is
therefore investigated for different type of cure cycles.

Table 3.5: Numerical parameter variation of cure model - Sensitivity analysis

Numerical parameter Unit Variation Applicable cycle
tmax [s] [10, 100, 500, 2000, 4000] Isothermal
AT max [°Clinc] [1, 3,5, 10, 20] Dynamic

3.5.2. Methodology of Analysis

A cubical unit cell model is created in which all FEA model characteristics from sections 3.2 and 3.3,
and all thermal-mechanical resin properties are included. By dimensioning the unit cell with 1.75 mm
edges, the model sample weight is about 6 mg which is similar to the DSC data obtained by Struzziero
and Teuwen [80], and in agreement with the 2-10 mg weight range for DSC experiments [26, 90, 91].
Using a mesh convergence study, the mesh structure is determined and based on eight equal-sized
elements.

In total five cure cycles are being used; four isothermal cycles with dwell temperatures of 50, 70, 90
and 110 °C and one dynamic cycle with 1 °C/min [80]. These cycles are implemented on the bottom
surface as heating mould using the DISP subroutine, while on the remaining side- and top surface a
convection boundary condition is implemented using the FILM subroutine. Despite that these may not
be directly representative for the heat application used by DSC, it is expected that due to the low sample
weight and therefore absence of large temperature gradients the analysis can still give understanding
of the model convergence rate and error with respect to the experimental data. As presented in the last
column of table 3.5, the influence of the numerical parameter t, 5 is analysed using the four isothermal
cure cycles, as only this parameter can limit the time increment size whenever temperature is stable.



34 3. Coupled Thermal-Mechanical Model

The influence of the numerical parameter AT, . is analysed using the dynamic cure cycle. For all
variations and cycles the initial time increment size is set on 10s, which can be increased up to the
maximum increment size allowed for that analysis.

For all isothermal cycles, an initial ambient temperature equal to the isothermal cure temperature is
implemented. For the dynamic cure cycle, an initial temperature equivalent to the experimental data
temperature of -1 °C is used. Although in practice the resin sample is heated rapidly from ambient- to
experiment temperature before being subjected to DSC measurements, for the isothermal cure cycles
the isothermal value is directly implemented as initial temperature. The impact of this instantaneous
initial temperature implementation must be considered during interpretation of the results since this can
have effect on the initial cure rate by overestimating it. Regarding the initial DOC, an equal value as
from the experimental data has been implemented for each model.

Interpolation of the simulation output data is performed to end up with an equal amount of data points
as for the experimental data. These interpolated data sets with the DOC evolution graphs are included
in appendix C. Using the interpolated data, the influence of the time increment size can be analysed
via both the convergence rate and error of the DOC evolution data.

3.5.3. Results and Discussion

The difference in DOC evolution between the model and experimental data is plotted against the DOC
values by means of the relative error using figures 3.2 and 3.3, for the isothermal cycles and dynamic
cycle, respectively. The true error graphs of both cycles on which these relative error graphs are based,
are included in appendix C.
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Figure 3.2: Relative error - DOC development, Numerical vs. Experimental - Isothermal cycles with 50, 70, 90 and 110 °C

Regardless which cure temperature and time increment size is used, for the isothermal cycles all graphs
show an initial peak of the relative error, which shifts to higher DOC values whenever the isothermal
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temperature is increased. For the 50 and 70 °C cycles, the error curves for t;,5 < 500s quickly con-
verges to the curve for t,,,= 10s, while this effect is less observable for the 90 and 110 °C cycles.
The shift of the initial error peak to higher DOC values is caused by the increased cycle temperatures,
which results in a more rapid initial DOC evolution. As consequence, DOC predictions become less
accurate and therefore a lower convergence rate of the error for smaller increment sizes can be ob-
served. When comparing the 50 and 70 °C cycles with the 90 and 110 °C cycles, it is clearly visible
that for the former cycles the error drops more rapidly below 5% after the initial peak, while for the latter
two cycles this point is only reached at around 0.8 or higher. It is preferable that this peak occurs at
the beginning of the DOC evolution and away from the gelation point, which is set on 0.6 for this resin
system, because from upon this point large errors in DOC values directly result in large deviations in
resin modulus predictions. This can affect the prediction of residual stress levels by becoming less
accurate [48].

For the dynamic cycle the relative error of the DOC evolution only shows a large relative error peak at
the start of the cycle. This peak can be ignored since the absolute DOC value is insignificantly low at
this stage of the cycle. Note that the graph in figure 3.3 is magnified for a more detailed overview of the
error progression where the error maximum is outside the range of the graph limits. As can be seen in
the graph, directly after the peak the relative error of AT, o= 1 and 3 °C/inc. rapidly converges without
exceeding the 10% margin before the gelation point is reached. The complete graph is included within
figure C.4.
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Figure 3.3: Relative error - DOQC development, Numerical vs. Experimental - Dynamic cycle with 1 °C/min

3.5.4. Numerical Parameter Selection

Maximum Allowable Increment Time

As described above, the cure models of the isothermal cure cycles with a maximum allowable increment
time of 10s and 100s end up with sufficient accuracy in terms of convergence rate and DOC predictions.
For the first three isothermal cycles it can be observed that the relative error decreases to less then 5-
10% before the gelation point of the resin is reached. Because only small differences can be observed
between 10s and 100s for the 50 and 70 °C isothermal cycles, it is concluded that 100s as limit for
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the maximum allowable increment time is sufficient for cure simulations within this research project.
Whenever a more detailed simulation is required because it is suspected that accuracy is lost due
to the maximum time increment size at higher cure temperatures, an additional analysis with smaller
maximum allowable increment time of 10s can be considered.

Maximum Allowable Temperature Change per Increment

The maximum allowable increment time is determined on a limit of 100s for the cure model, which can
be translated to a maximum allowable temperature change per increment of 1.67 °C/inc. whenever the
dynamic cure cycle is considered. From figure 3.3, it can be observed that for a maximum allowable
temperature change per increment of 1 °C/inc., the DOC evolution model output is the most accurate
without exceeding the 10% error after the initial peak. This value is therefore selected for the maximum
allowable temperature change per increment. With this value, the maximum temperature change per
increment parameter is dominant during heating- and cool down stages whenever the rates are larger
than 0.6 °C/min. Whenever during heating- and cool down stages this rate does not exceed this 0.6
°C/min or during isothermal stages, the maximum allowable increment time of 100s is limiting the time
increment size.

3.6. Model Verification

Before the cure model can be used as basis for the ply drop-off models, verification of the model is
required. This is achieved by comparing the output results of the cure model with the aforementioned
research study conducted by Struzziero et al. [48], whose model has been validated by experimental
warpage measurements in thermoset laminates. The main output result that is used for verification
of the cure model is the generation of the residual stress throughout the cure phase. By this output,
the coupling of the thermal-chemical and thermal-mechanical properties of the model can be verified.
Since the residual stress results in warpage of the thermoset laminates upon demoulding, the maximum
curvature of the warpage is used for verification as well to verify the mechanical response of the model
[48].

3.6.1. Methodology of Analysis

The model used for verification represents a laminate with an asymmetric layup of [0/90], which is
built using the previously described thermal-mechanical FEA model [48]. Equal dimensions and FVF
as described in [48] are being used. The mesh structure of the verification model followed from a
convergence study and is based on 3600 elements, with a single element per ply in through-thickness
direction (z-direction) and two elements in width direction (y-direction). As for the boundary conditions,
equal initial-, symmetry-, thermal-, mould surface and vacuum film surface boundary conditions as
reported in [48] are being used. Regarding the symmetry boundary conditions, a quarter model of the
laminate is created which represents an internal strip of the laminate close to the y-symmetry plane
[48]. For the mould heating and vacuum film convection surfaces, respectively the Abaqus subroutines
DISP and FILM are implemented, for which the reference temperatures follow three different cure cycle
profiles. These represent cure cycle 1 (MRCQ), cure cycle 2 and the optimal cure cycle, as reported in
[48].

Numerical Parameters - Verification Model

The sensitivity analysis showed that the influence of the numerical time incrementation parameters
can influence the DOC predictions significantly. To ensure that the correlation of both the verification
model output and research data can be conducted as objectively as possible, equal numerical time
incrementation parameters as the research data are implemented within the verification model. These
numerical parameters are based on an unlimited allowable maximum time incrementation size with an
initial time incrementation size of about 500s, and with a maximum allowable temperature change per
time increment of 3 °C/inc.

3.6.2. Results and Discussion

In the following sections, the correlation of the final residual stress levels and maximum laminate
warpage after demoulding are elaborated. From the cure simulations it became clear that minor differ-
ences in DOC evolution can result in deviations in the development of the resin modulus which in turn
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affects the residual stress. Within appendix D, the DOC, Tg and stress evolutions graphs for cure cycle
1 and the optimal cure cycle are included. Within this appendix, the graphs for cure cycle 2 have been
left out since these were similar in terms of modulus and residual stress deviations to cure cycle 1. By
comparing the resin modulus development in addition to residual stress and final laminate warpage
between the verification model and the research data, a well-argued conclusion can be drawn if the
current thermal-mechanical cure model is suitable to be used as basis for the ply drop-off model. The
research data obtained by Struzziero et al. [48] is hereinafter referred as the research model.

Final Residual Stress

For the residual stress correlation between the research- and verification model, final stress values
are obtained within the 0° plies at three different locations through thickness, namely bottom, centre
and top [48]. As for the verification model, the development of the resin modulus and residual stress at
these locations throughout the cure phase show similar trends as the research model (see appendix D).
The final residual stress values at the end of the cure phase are presented within table 3.6. Despite
the small absolute differences in stress values between the two models, the final stress decreases
within each ply with the implementation of the optimal cure cycle. When comparing the stress values
of cure cycle 1 and 2 for the verification model, a similar decrease in stress as for the research model
is observable as well. The final stress values and decreasing trends within the graphs included within
appendix D are satisfactory, which implies the current model is suitable for residual stress predictions.

Table 3.6: Final residual stress of verification model. Data for correlation obtained from [48]

Residual stress g;; [MPa]

Struzziero et al. [48] Verification model
Cure cycle Bottom Center Top Bottom Center Top
1 (MRCCQC) 12 17 22 11 16 20
2 12 16 21 11 15 19
Optimal 12 16 20 10 14 18

Maximum Warpage

The maximum laminate warpage as result of the residual stress redistribution after demoulding is com-
pared as well. At the end of the cool down stage, the vacuum film pressure is disabled by which a
demoulding effect is simulated, resulting in warpage of the laminate with a maximum predicted deflec-
tion in z-direction. The measured and predicted warpage obtained by Struzziero et al. [48] and the
predicted warpage resulted from the current verification model are presented in table 3.7. The pre-
dicted warpage values from the models are in the same order of magnitude, with the same decrease of
10% warpage with the implementation of the optimal cure cycle compared to the MRCC. The difference
in absolute values of the maximum deflection between both can be explained by the stress differences
as presented in the previous section.

Table 3.7: Laminate warpage results of verification model. Data for correlation obtained from [48]

Predicted warpage [cm]

Measured warpage [cm]

Cure cycle Struzziero et al. [48] Struzziero et al. [48] Verification model
1 (MRCCQC) 1.810.5 2.0 1.6
2 1.6+0.5 1.9 1.5
Optimal N.A. 1.8 1.4

3.7. Conclusions

Verification of the model showed that the coupled thermal-mechanical model is capable of predicting
the residual stress accurately. Both the final residual stress values and maximum warpage predictions
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after demoulding are in close agreement with the model used by Struzziero et al. [48]. Despite small
deviations in residual stress development throughout the cure cycle between the model and the re-
search data, similar trends and directions of the stress development are observed as result of heating-,
dwell- and cool down stages. Therefore, it is concluded that the thermal-mechanical cure model built
within Abaqus is suitable and can therefore be used for the prediction of cure-induced residual stress
around ply drop-off regions and the investigation regarding influencing parameters.



Ply Drop-off Model

Section describes the single ply drop-off model within a thin laminate. This model is used to in-
vestigate the fundamentals influence of the ply drop-off and influencing parameters on residual stress
around these regions. Section 4.2 describes the transition to a thick laminate in which the ply drop-off
is implemented. Using this model, the influence of the increased thickness and process influences are
investigated. The last iteration involves modelling multiple ply drop-off regions within a thick laminate,
which is described in section 4.3. This model is used to investigate the influence of the multiple ply
drop-off configurations on the residual stress.

4.1. Ply Drop-off Model - Thin Laminate

For the implementation of the ply drop-off region within a laminate, the model from chapter 3 is extended
by including the ply drop-off geometry. Because differences between ply drop-off regions within thin-
and thick laminates are expected due to temperature gradients through-thickness, first a thin laminate
model is established. As shown in figure 4.1, this model is built using nine horizontal plies, defined
as the thick section, in which the fifth ply is terminated at about half the length of the model. As result
of this terminated ply, the drop-off section and resin pocket are introduced. Followed by this drop-
off section is the thin section which consists of eight plies. The ply thickness is equal throughout the
complete laminate. The mesh of the model, for which the mesh structure is described in section 4.1.2,
is based on the same brick elements as the verification model. To each ply within the model, an unique
orientation can be assigned, resulting in each ply having orthotropic material properties. Furthermore,
within the resin pocket region only the isotropic resin material is implemented.

Thick section

Drop-off
section

Thin section

k.,

Figure 4.1: Schematic example of thin laminate ply drop-off model (without mesh structure) with ply- and resin pocket sections
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4.1.1. Geometry and Boundary Conditions

The geometry of a ply drop-off can be described by the aspect ratio a/b, which is visualized by the
enlarged schematic A within figure 4.2. This study only includes ply drop-off regions resulting from a
single terminated ply, which implies that the height a of the pocket is per definition equal to the ply
thickness of 0.25mm, while the length b is variable and can be used to analyse different ratios. The
length of the thick- and thin section is determined as such that no influences can be observed at the
drop-off region originating from the edges of the model. Only considering a single terminated ply is
justified by the assumptions reported in the next section, which imply excluding inter-ply failures from
the analysis. As result, no distinctive differences are expected whenever multiple plies are terminated
at once. In addition, terminating a single ply corresponds to the current design guidelines reported in
section 2.5.

In practice the ply drop-off region is located within a laminate and enclosed by one or multiple plies,
and therefore not located at any laminate edges. As can be seen in figure 4.2, by implementing fixed
displacement boundary conditions in one x-direction and both y-directions of the model, an internal
cross sectional strip of the laminate is considered. With these, the internal effect of ply drop-off regions
on the residual stress can be investigated without taking into account the influence of edge effects.
Regarding the process boundary conditions, a fixed displacement moulding surface and vacuum film
convection surface boundary condition is implemented, for which the reference temperatures of both
follow prescribed temperature profiles based on the cure cycle. For each of these surface conditions,
the required subroutine is given in figure 4.2.

(a) (b)
Fixed displacement (y)
. . +
Fixed dlsplicement ) Vacuum film convection Zero heat flux boundary
boundary condition iti
Zero heat flux boundary p (F?,LM) 2 N Ze&o heat ﬂéj); condition
condition oundary condition
0.5mm
& r&e———3.75 mmM——>

2.25mm 2mm
z T z
]_, Mould surface fixed N [_>
X displacement (z) y

+
Prescribed mould
temperature (DISP)

A

Figure 4.2: Schematic of thin laminate ply drop-off model geometry and boundary conditions: (a) xz-view and (b) yz-view

Ply Drop-off Model Assumptions
As an extension to the model assumptions described in section 3.2.2, additional assumptions can be
defined for the ply drop-off model as follows:

» The resin pocket is to be assumed an idealized right-angled triangle. By this assumption, over-
estimation of stress concentrations at the sharp geometry corners as result of the cure-induced
stress is expected, which must be considered when interpreting the results by means of stress
contour plots.

+ Although in practice deformations as result of the vacuum pressure of the process are
expected, it is assumed that the geometry of the resin pocket, the terminated ply-end shape,
and the oblique plies of the laminate remains undistorted prior to the cure phase. Note that
deformations of these regions can still occur during the cure phase itself as result of the evolutions
of material properties, and expansion and shrinkage effects.
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+ Since the effects of intra-ply and inter-ply failures are outside the scope of this study because no
cohesive elements are included within the analysis, the laminate plies are assumed to be perfectly
bonded and no separation can occur throughout the cure simulation.

* It is assumed no voids are present within the resin pocket or surrounding laminate, and no voids
can arise as result of the cure effects.

+ Since no voids can be present in and around the resin pocket, it is assumed no separation be-
tween the neat resin within the pocket and surrounding plies can occur.

4.1.2. Mesh Convergence

A mesh convergence study is conducted to determine the most efficient mesh structure in terms of
computational cost and convergence rate. For this convergence study, six different structures with
varying element sizes are created, with mesh 1 having the largest element size and mesh 6 the smallest.
Because the region of interest is only around the ply drop-off, the mesh structure is based on biased
horizontal and constant vertical mesh seed edges. For the y-direction of the model, a single element
is used for each mesh structure. Within appendix E, a more detailed elaboration is given regarding the
mesh seed edge layout. Within table 4.1 the successive mesh structure refinements with corresponding
seed edge sizes is given for the ply drop-off model with aspect ratio 1/1.5.

For this convergence study the maximum out-of-plane stress within the belt ply is analysed, as shown
in figure 4.3. For each successive mesh refinement, the stress output is compared with the previous
courser mesh structure. Whenever the relative change between the output values of two successive
mesh structures is below the 5% margin, the solution is assumed to be converged. As can be seen
within the table, the solution for mesh 4 is already below this margin with aspect ratio 1/1.5, and there-
fore convergence has been reached. This converging trend can also be observed within figure 4.4, in
which both the stress output and linear increasing solver time with respect to the increasing number
of elements is illustrated. This mesh convergence study is performed for all ply drop-off models with
different aspect ratios that are used for the analysis dedicated to the influence of the drop-off geometry.
For all models the same mesh structure is used for the sake of model replication and adaptability, for
which all mesh structures are based on mesh 5. Using this mesh, the largest relative difference below
the 5% margin resulted in 2.5% for the model with an aspect ratio of 1/24.

Table 4.1: Mesh convergence study - Thin ply drop-off model (a/b = 1/1.5)

Approx. seed edge size [mm] Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5 Mesh 6

H1 (maximum)! 1.0 0.5 0.25 0.25 0.25 0.25
H1 (minimum)" 0.1 0.05 0.025 0.02 0.015 0.0125
H2 0.1 0.05 0.025 0.02 0.015 0.0125
V1/V2 0.125 0.1 0.05 0.03 0.025 0.02
Number of elements 388 1180 3966 7050 9894 14125

Relative change with respect

to previous mesh [%] - 3.7 5.2 29 0.7 0.6

"Biased mesh seed edges require a maximum and minimum size value. For each mesh the element size decreases from the
coarsest element at the laminate edge (maximum size), to the finest element at the drop-off section (minimum size).
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Figure 4.3: Location of maximum out-of-plane tensile
stress within belt ply for thin laminate ply drop-off model
(a/b = 1/1.5). Resin pocket is hidden for clarification

Figure 4.4: Mesh convergence study - Thin laminate ply drop-off
model: Converging trend of stress output and analysis solver time
versus number of elements

4.1.3. Oblique Belt Ply Implementation within Abaqus

Followed from the assumptions described in section 4.1.1, due to the resin pocket geometry the ply
drop-off region is idealized by an oblique-shaped belt ply. As a consequence, the transition from the
thick section to the drop-off section results in an abrupt change of the local material orientation. This
effect, which was already visible within the contour plot of the previous mesh convergence study, can
be observed more clearly for both the core- and belt ply contour plots illustrated within figure 4.5. In this
figure, for each section the local material orientation is visualized by the x-z datum axis. As can be seen
in figure 4.5a, a gradual and continuous change of the different stress contour levels can be observed
within the core ply at the transition from the thick section to the drop-off section. This continuous region
is the result of the material orientation, which remains unchanged between both sections. Differently
is this transition within the belt ply, depicted by figure 4.5b, where a discontinuous change of contour
levels can be observed due to the abrupt change of the local material orientation. It is important to
take the influence of these discontinuous transition regions into account when interpreting contour plot
results, because the stress values at these locations can be under- or overestimated by the solver.
Therefore, exact stress values are only obtained at the core- and belt ply regions away from the pocket
corners to minimize the influence of this effect.
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Figure 4.5: Transitions of material orientation from thick section to drop-off section
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4.2. Ply Drop-off Model - Thick Laminate

Itis expected that for the process influence analysis the thickness of the laminate may affect the results,
since an increased thickness of the laminate introduces the possibility of exothermic reactions and
temperature gradients through-thickness.

4.2.1. Geometry and Boundary Conditions

As result of the thickness increase, the geometry of the ply drop-off model is slightly modified. As can
be seen within the schematic illustrated by figure 4.6, the thick laminate model is defined by a thick
section and a thin section, which consist out of 73 and 72 plies, respectively. Identical ply thickness,
boundary conditions and model assumptions as for the thin laminate model are implemented with an
aspect ratio of 1/1.5. For the ply orientations, an arbitrary and symmetric layup is defined to be more
realistic. By using symmetry, influences of cure-induced laminate warpage or other in-plane and out-
of-plane coupling effects are excluded from the analysis. For the following model, the thick section
is based on a [(£45/03/90)35/01p/(£45/03/90)35] symmetric layup and the thin section is based on a
[£45/05/90]¢s symmetric layup. The ply orientations for both layups with the internal resin pocket are
depicted by figure 4.6 as well.

(@) (b)
Fixed displacement (x) Vacuum film convection  Z€ro heat flux Fixed displacement (y)
boundary condition boundary +
Zero heat flux boundary (FYLM) condition Zero heat flux boundary
condition condition
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z z
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Figure 4.6: Schematic of thick laminate ply drop-off model geometry and boundary conditions: (a) xz-view with laminate ply
orientations and (b) yz-view
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4.2.2. Mesh Convergence

A mesh convergence study is executed with an equal approach as described for the thin laminate
model. Using a modified mesh seed edge layout, included within appendix E, four different mesh
structures are defined. As output for this convergence study the maximum out-of-plane stress is se-
lected, which is located within the core ply. As can be seen in table 4.2, mesh structure 4 resulted in
2.0% relative difference with respect to the courser mesh structure. Since this value is below the afore-
mentioned 5% error margin, it is assumed convergence has been reached and therefore this mesh
structure can be used.

Table 4.2: Mesh convergence study - Thick laminate, single ply drop-off model (a/b = 1/1.5)

Approx. seed edge size [mm] Mesh 1 Mesh 2 Mesh 3 Mesh 4
H1 (maximum) 0.25 0.25 0.25 0.25
H1 (minimum) 0.015 0.015 0.015 0.015
H2 0.015 0.015 0.015 0.015
V1 0.125 0.0625 0.03 0.025
V2 0.25 0.125 0.1 0.0625
V3 0.25 0.25 0.25 0.25
Number of elements 9502 15138 22497 28373
Ezlsrt]n@)]change with respect to previous ) 1.3 75 20

4.3. Multiple Ply Drop-off Model

Within composite laminates, generally more than one ply drop-off is implemented to achieve the re-
quired thickness variation along the composite part. By implementing more than one ply drop-off region
within these laminates, additional parameters and interactions are introduced, which are expected to
influence the cure-induced residual stress at these regions. To investigate these parameters and inter-
actions, the thick laminate drop-off model from section 4.2 is modified by implementing multiple drop-off
regions.

4.3.1. Ply Drop-off Topologies

The arrangement of multiple ply drop-off regions within laminates can be implemented using different
topologies. For this research study, two different topologies in the most basic arrangement are proposed
for terminating a single ply within each drop-off region, where both include three successive ply drop-
offs. The proposed topologies are schematically illustrated by figure 4.7. As can be seen in figure 4.7a,
the three drop-offs share the same core ply, while the belt ply of the first drop-off is the terminated ply
within the second drop-off, and so on. This is different for topology 2, depicted by figure 4.7b, where
the belt ply is equal for all drop-offs while the core ply of each previous drop-off is the terminated ply
within the next drop-off.

~
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(a) Topology 1: Shared core ply (b) Topology 2: Shared belt ply

Figure 4.7: Schematic topologies of multiple ply drop-off models
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4.3.2. Geometry and Boundary Conditions

Since the thick laminate model with single drop-off is modified for the multiple drop-off model, only
the changes applicable for this new model are described. As can be seen in figure 4.8, the length of
both the thinnest and thickest part of the model is increased, while the thickness of the thinnest part is
decreased due to the multiple drop-offs. The through-thickness position of the second drop-off remains
equal for both topologies and there are different ply orientations along the three drop-offs. The variable
stagger distance S, described within section 2.5, is introduced to investigate its influence on the residual
stress. Regarding the aspect ratio of the drop-offs within this model, a constant value for a/b of 1/1.5
is used since this ratio resulted in the most severe residual stress development.

Fixed displacement (x) Vacuum film convection Zegg&:g;flyux
boundary condition condition
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+
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Figure 4.8: Schematic of thick laminate, multiple ply drop-off model geometry and boundary conditions: xz-view with laminate
ply orientations and topologies

4.3.3. Mesh Convergence

For both topology models a mesh convergence study is conducted where the smallest stagger distance
of 1.5B is implemented due to the highest expected residual stress and stress concentrations. Note
that within this notation B represents the length of the resin pocket, where this length is relative to the
ply thickness via the aspect ratio a/b.

The maximum out-of-plane stress within the core ply of the first ply drop-off is evaluated for each
topology model. The mesh seed strategy from previous models is modified for this model and included
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within appendix E. As can be seen in table 4.3, equal sizes for all seed edges are implemented for
each topology. Resulting from this convergence study, mesh 4 is selected for both models for further
analysis since the relative changes with respect to the previous mesh size are below the 5% margin.

Table 4.3: Mesh convergence study - Thick laminate, multiple ply drop-off models (a/b = 1/1.5 and S = 1.5B)

Approx. seed edge size [mm] Mesh 1 Mesh 2 Mesh 3 Mesh 4
H1 (maximum) 0.25 0.25 0.25 0.25
H1 (minimum) 0.015 0.015 0.015 0.015
H2 0.015 0.015 0.015 0.015
V1 0.125 0.0625 0.03 0.025
V2 0.25 0.125 0.1 0.0625
V3 0.25 0.25 0.25 0.25
Number of elements - Topology 1 18501 29072 42516 53459
Number of elements - Topology 2 18489 29043 42911 53443
Relative change with respect to previous

mesh - Topolo%y 1 [%] P P i 1.0 7.0 14
Relative change with respect to previous ) 11.4 9.1 3.0

mesh - Topology 2 [%]




Cure-Induced Residual Stress around
Single Ply Drop-Off Regions

Section 5.1 describes the investigation on which material properties of the resin pocket have influence
on the residual stress evolution within single drop-off regions. Hereafter, focus is shifted to the pocket
surroundings, where the influence of the pocket geometry and ply orientations on the residual stress
are evaluated within section 5.2. Prior to investigating process influences, the transition from thin- to
thick laminates and its influence is discussed within section 5.3. Using the thick laminate model, the
influence of process parameters are analysed, for which the results are presented in section 5.4. This
chapter ends with the conclusions presented in section 5.5.

5.1. Influence of Resin Pocket Material Properties

It is expected that multiple material property evolutions contribute to the residual stress generation
throughout the cure phase. The out-of-plane stress, which is critical concerning delamination and
composite failure, can result in significant concentrations within the core- and belt ply (figure 4.3). By
evaluating this stress component, the influence of the resin pocket material properties can be analysed.

5.1.1. Methodology of Analysis

To analyse the influence of the resin pocket material properties, five cure simulations with different
pocket material implementations are conducted. The thin laminate ply drop-off model with an aspect
ratio of 1/1.5 is used, since with this ratio the most significant residual stress development and therefore
distinctive material property influences can be observed. The layup is based on [04/01p/04] to exclude
the influence of interactions between different ply orientations on the residual stress. Within this layup
notation, the subscript D indicates the terminated ply.

The five material variations are based on including thermal strain, chemical strain and the presence of
the resin modulus within the resin pocket. An overview of these variations is summarized in table 5.1
For all variations, the mechanical strain is kept implemented, which can be justified knowing that this
strain originates from the surroundings of an element and not from the material properties of the element
itself. Note that for the fifth variation no differences can be observed whether or not any type of strain is
involved. Within the pocket region, the resin modulus is the only modulus included within the stiffness
matrix from equation 2.40. By neglecting this modulus, the fifth variation results in a zero-stiffness
material which per definition excludes all strain types.

For each of the five variations, three different moments throughout the cure cycle are analysed for
the residual stress built-up. These observation points are at the start of the dwell stage, at the end
of the dwell stage and at the end of the cycle, as depicted by figure 5.1. At each observation point,
the most distinctive out-of-plane stress contour plots are evaluated together with the most important
observations.
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Table 5.1: Variations of material properties within resin pocket

No. Description Thermal strain Chemical strain  Resin modulus
1 Normal strain development D X X
2 Only thermal strain X O X
3 Only chemical strain O X X
4  Constant volume O O X
5 No resin modulus X X O
90
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Figure 5.1: Cure cycle observation points - Influence of resin pocket material properties

5.1.2. Results and Discussion

In the following sections each observation point is elaborated separately. For all contour plots corre-
sponding to an equal observation point, equal contour limits are used for the ease of comparison. An
extensive overview of the contour plots for all variations at each observation point is included within
appendix F.

T1: Start Dwell

At this point only the heating stage is completed. Since the laminate is relatively thin and no exothermic
reaction takes place that can cause large temperature gradients, an evenly distributed and gradual
temperature increase throughout the laminate can be observed. As result of this increase, the DOC
developed to a value of 0.7 for both the ply and resin pocket regions, which subsequently results in an
already significant chemical shrinkage of the resin. The [Tg is around 20°C at this point, resulting in a
resin modulus that is still insignificant in magnitude.

Within figure 5.2 it can directly be observed that up to this point in the cure cycle, the thermal expansion
of the resin pocket is counteracted by the chemical shrinkage of the pocket. This is substantiated by
the absence of any stress regions visible in figure 5.2a, while compressive- and tensile stress regions
are present for the only thermal strain and only chemical strain variation, depicted by figures 5.2b
and 5.2q, respectively. Whenever constant volume is implemented in the resin pocket, or whenever no
modulus development for the pocket is implemented representing a void (variation 4 & 5, respectively),
the induced stress within the drop-off region is insignificant and similar to the normal strain variation.

For the only thermal strain variation, depicted by figure 5.2b, the compressive stress regions in the core-
and belt ply originate from the thermal expansion and simultaneous chemical shrinkage in through-
thickness direction of the surrounding plies while the pocket is only thermally expanded. This results
in compression of the pocket, compressive stress regions in core- and belt ply, and tensile stress
concentrations at the end of the terminated ply. The opposite effect is observable for the only chemical
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strain variation, depicted by figure 5.2d, where tensile stress regions are induced within the core- and
belt ply originating from the larger effective shrinkage of the pocket compared to its surroundings.
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Figure 5.2: Out-of-plane stress contour plot as result of material property evolutions within resin pocket. Thin laminate ply
drop-off model (a/b = 1/1.5). Time = 156 min (Start dwell), DOC = 0.7. For clarification a deformation scale factor of 10 is used
and the resin pocket is hidden. Unit of contour limit values in Pascal

T2: End Dwell

As result of the dwell stage, the DOC developed to a value of 0.92. At this point, the Td is around
66 °C with a resin modulus of 3.4 GPa. No through-thickness temperature gradients by exothermic
reactions have occurred, therefore only an increase in chemical shrinkage of the resin has taken place.
Combined with the increased resin modulus, both the tensile- and compressive stress regions in the
core- and belt ply observed at the start of the dwell stage increased for all variations.

Since the stress regions for the only chemical strain variation, depicted by figure 5.3b, are more pro-
nounced compared to the normal strain variation within figure 5.34, it can be concluded that the stress
increase during the dwell stage is a direct result of the increased chemical shrinkage of the resin pocket.
For the only thermal strain variation, the dwell stage results in minimal stress increase within the core-
/belt ply and terminated ply-end, which is caused by the increase in through-thickness chemical strain
of the surrounding plies. Regarding the fourth and fifth material variation, no inexplicable effects can
be observed other than already discussed.

T3: End Cycle

During the cool down stage, no further development in DOC can be observed, meaning no increase
in resin shrinkage has taken place. However, as result of this cool down, thermal contraction and an
increase of the modulus to 4.3 GPa results in changes of stress levels for all material variations. From
previous section the Td was determined at 66°C at the end of the dwell, meaning vitrification has taken
place at the beginning of the cool down stage.
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Figure 5.3: Out-of-plane stress contour plot as result of material property evolutions within resin pocket. Thin laminate ply
drop-off model (a/b = 1/1.5). Time = 396 min (End dwell), DOC = 0.92. For clarification a deformation scale factor of 10 is used
and the resin pocket is hidden. Unit of contour limit values in Pascal

For the normal strain variation, depicted by figure 5.4a, the relatively higher thermal contraction of the
pocket compared to its surroundings only results in an increase of the previously described stress re-
gions. For the only chemical strain variation, depicted by figure 5.4b, the compressive regions within
core-/belt ply changed into tensile regions, as the deformed surroundings of the thermally expanded
pocket vitrified at the beginning of the cool down stage after which the pocket thermally contracted to
a greater extend compared to the surroundings. The opposite occurred for the only chemical strain
variation, depicted by figure 5.4d, where due to the thermal contraction of the surrounding plies the
tensile regions within the core- and belt ply almost completely disappeared. Whenever only the sur-
rounding plies have influence on the stress generation, which is applicable for variation 4 depicted by
figure 5.4d, it can be concluded that due to the effective chemical shrinkage and thermal contraction
through-thickness, still significant tensile stress regions are generated at the terminated ply-end.

5.1.3. Concluding Remarks

From the results above, multiple important phenomena can be identified. At the end of the heating
stage, the thermal expansion and chemical shrinkage of the resin pocket developed in a counteracting
manner. This combined with a relatively low resin modulus results in an almost stress-free drop-off
region, up to the point where the expansion stabilizes due to the dwell while the resin shrinkage con-
tinues.

During this dwell stage, tensile stress regions within the core- and belt ply starts to develop as result
of this increase in resin shrinkage. Due to the surrounding plies that predominantly shrink in through-
thickness direction during this stage, a compressive stress concentration starts to develop within the
plies at the lower-right corner of the pocket, while a tensile stress region can be observed within the
plies at the top-left corner of the pocket. Both these stress regions and concentrations increase in
magnitude as result of the cool down stage, for which the thermal contraction of the resin is the main
contributor.

It can be concluded that due to the material evolution of the resin, predominantly within the resin pocket,
both the chemical shrinkage and thermal contraction during the dwell- and cool down stage, respec-
tively, have the most significant contribution to the stress generation within ply drop-off regions.

5.2. Influence of Resin Pocket Geometry and Ply Orientation

The aspect ratio, illustrated within figure 4.2, is an important geometry parameter which is generally
described by laminate design guidelines and influenced by the flexibility of the covering belt ply in the
drop-off direction and thus its in-plane stiffness. Due to the absence of many research studies regarding
this parameter and its influence on the residual stress around drop-offs, these guidelines have remained
conservative and can constrain composite designs [77]. In addition, it is expected that the orientation
of surrounding core- and belt plies have an influence as well. Therefore, the influence of the aspect
ratio and ply orientation on the cure-induced residual stress are investigated together.
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Figure 5.4: Out-of-plane stress contour plot as result of material property evolutions within resin pocket. Thin laminate ply
drop-off model (a/b = 1/1.5). Time = 490 min (End cycle), DOC = 0.92. For clarification a deformation scale factor of 10 is used
and the resin pocket is hidden. Unit of contour limit values in Pascal

5.2.1. Methodology of Analysis

For this analysis the thin laminate ply drop-off model is used, in which variations of the aspect ratio
and ply orientation are implemented to asses their individual influence and their combined influence on
the residual stress. The proposed variations of both parameters are given in table 5.2. Regarding the
output result, the maximum out-of-plane direct tensile stress component located within either the core-
or belt ply is analysed.

Table 5.2: Variation range of aspect ratio and ply layup orientation - Influence of resin pocket geometry and ply orientation

Parameter Variation

Aspect ratio 1 11

U 1 i]

15, 3, 6, 12, 24

[04/0,5/0,], [£304/01p/F30,], [£45,/01p/F45,], [904/015/90,]
[04/904p/04], [£302/904p/F30,], [+45,/901p/F45,], [904/90415/90,]

Laminate layup

5.2.2. Results and Discussion

Using the five different aspect ratio values and the eight laminate layups, multiple maximum out-of-
plane stress values can be extracted. Only the layups based on combinations of 0° and 90° plies are
used for the influence of the aspect ratio as these result in the least- and most severe stress levels. The
corresponding graph is shown in figure 5.5. Since the maximum stress can occur within the core- or belt
ply, the location of the stress concentration is visualized using different data point markers. Note that in
the graph on the x-axis the inverse of the aspect ratio is plotted (1/aspect ratio). The results regarding
the eight different layups for each aspect ratio are divided over two graphs depicted by figure 5.6 and
figure 5.7, which represent the layups with 0° and 90° orientation for the terminated ply, respectively.
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When observing the graphs for each layup within figure 5.5, it can directly be concluded that for larger
aspect ratios the out-of-plane stress increases. In addition, by analysing the declining curvature for all
graphs, which becomes almost horizontal between lower aspect ratio values of 1/12 and 1/24 for layups
[904/9041p/904] and [904/01p/904], it suggests that with aspect ratios being below 1/12 the difference in
residual stress becomes almost negligible.

Influence of aspect ratio
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Figure 5.5: Influence of aspect ratio on the maximum out-of-plane tensile stress within core- and belt ply

Another important observation is the shift to higher stress values for the layups in which the 0° ply
orientation is used for the core- and belt ply. This increase in stress can be explained by the higher
in-plane stiffness of these plies in the global x-direction, which is the direction along the plies that span
over the resin pocket region. Higher in-plane stiffness increases the resistance in deformation in out-of-
plane direction of the surrounding plies against the resin pocket shrinkage. This results in an increase
of the residual stress within the 0° plies. This effect can be substantiated by analysing both figures 5.6
and 5.7. Within these graphs, the decreasing maximum out-of-plane stress for decreasing in-plane
stiffness (from 0° to 90°) of the core- and belt ply is confirmed by the decreasing linear trend for all
aspect ratio curves.

Another influencing effect that can be identified is the orientation of the terminated ply. Due to the
differences in in-plane chemical shrinkage and thermal contraction between the terminated ply and
surrounding plies, internal stress builds up within the terminated ply. This effect can be observed within
figure 5.8a, where the relatively higher in-plane shrinkage and thermal contraction of the 90° terminated
ply results in tensile stress along the global x-direction.

As result of this tensile stress in the 90° ply, counteracting compressive stress regions above and be-
low the terminated ply and around the resin pocket arise while a tensile stress region is induced at
the oblique belt ply region. This tensile stress region within the belt ply influences the maximum out-
of-plane stress at this location by increasing it. This effect can be observed whenever the terminated
ply exhibits relatively larger in-plane chemical shrinkage and thermal contraction compared to its sur-
rounding, where as result tensile stress is induced. This effect is the most significant for the [04/904p/04]
layup. The opposite effect occurs for the [904/04p/904] layup, where significant compressive stress lev-
els are induced within the terminated ply resulting in a decrease of maximum out-of-plane stress at the
oblique belt ply region. Overall, this effect weakens for lower aspect ratios, which justifies the shift of
location of the maximum out-of-plane stress from the belt ply to the core ply, as indicated by the mark-
ers within figure 5.5. In addition, this effect is more detrimental whenever a 90° terminated ply is used,
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Figure 5.8: Contour plots of final in-plane stress in global x-direction. Thin laminate ply drop-off model with aspect ratio of 1/1.5.
Resin pocket is hidden for clarification. Unit of contour limit values in Pascal

which is substantiated by the difference in absolute value in out-of-plane stress whenever a 0° instead
of a 90° terminated ply is used, when comparing figures 5.6 and 5.7, respectively. This conclusion
holds up for £30° and +45° ply orientations for the core- and belt ply as well

The influencing effect of local compressive stress regions for equally oriented terminated ply and core-
/belt ply can be observed within figure 5.84. For this layup, the significant difference in in-plane stress
between terminated ply and its surroundings is absent because all plies have equal response in shrink-
age and thermal contraction. This results in a different stress distribution within the terminated ply and
an increase in compressive stress regions around the resin pocket within the core- and belt ply. As
result of these compressive stress regions, the maximum out-of-plane tensile stress at these locations,
which is induced by the shrinkage and thermal contraction of the pocket, is decreased by lowering the
resistance to deform towards the pocket.

The final observation is the converging trend off all five aspect ratio curves within figures 5.6 and 5.7
when changing the core- and belt ply orientation from 0° to 90°. This converging trend implies that the
effect of an increased out-of-plane stress within the core- and belt ply for larger aspect ratios is less
significant whenever the stiffness of these plies in the direction of the drop-off is decreased.

Note that within the contour plots in figure 5.8 all stress values are transformed to the global coordinate
system. This results in the contour stress values within the oblique part of the drop-off section being
underestimated, as the real in-plane direction is along the oblique fibre direction.

5.2.3. Concluding Remarks

The influence of the aspect ratio can be described by the increase in out-of-plane stress with increasing
aspect ratios in a non-linear manner: the decrease in stress levels flattens out at lower aspect ratios.
Significantly higher stress values can occur when the orientation of the core- and belt ply is 0° due
to an increase of in-plane stiffness in the direction of the drop-off. In addition, the in-plane stress
within the terminated ply can influence the maximum out-of-plane stress at the core- and belt ply as
well by increasing or decreasing it, dependent on whether the terminated ply is loaded in tensile- or
compressive stress, respectively.

5.3. Influence of Thickness Increase

As result of the increase of the laminate thickness, multiple changes are observed regarding the internal
effect on the laminate and the residual stress evolution around the drop-off region. Within this section,
the most important effects due to these changes are discussed.
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The temperature history data of the thick laminate model showed a maximum temperature gradient
between the bottom and top surface of about 8 °C. An overshoot in temperature at the top surface as
result of the exothermic reaction of about 5 °C at most occurred at the start of the dwell. As can be
seen in figure 5.9, the most significant temperature gradients are present between the bottom surface
and centre region of the laminate. The influence of the through-thickness cure evolution on the residual
stress around the drop-off region resulting from these temperature gradients is expected to be minimal.
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Figure 5.9: Temperature gradient at start of the dwell - Thick laminate model. Unit of contour limit values in degrees Celsius

An increase in the residual stress levels can be observed as well. Within table 5.3, both the maxi-
mum out-of-plane tensile stress within the core ply and Von Mises stress within the resin pocket are
presented. As can be seen, both stress levels increase about 10% with the implementation of the
thick laminate. This is caused by the aforementioned influence of the induced in-plane stress levels
within the terminated ply, as relatively higher compressive stress levels within this ply can be observed
for the thin laminate compared to the thick laminate. This difference originates from the layup vari-
ety through-thickness, where for the thin laminate this is based on a single 0° ply enclosed by eight
45° plies, where for the thick laminate it is more evenly distributed. For the latter, this results in lower
compressive stress levels within the terminated ply as the surrounding 0° plies above and below the
45° plies provide additional in-plane resistance against the higher shrinkage and thermal contraction
of the 45° plies. As effect, lower compressive stress levels are induced within the terminated ply for
the thick laminate. Since section 5.2 concluded that compressive stress regions within the terminated
ply decrease the maximum out-of-plane stress within core- and belt ply, this explains the higher out-
of-plane tensile stress and Von Mises stress within the core ply and resin pocket for the thick laminate,
respectively.

Table 5.3: Change in final maximum out-of-plane tensile and Von Mises stress [MPa] - Influence of thickness increase

Model a33 (Core ply) g, (Right corner pocket) Layup
Thin laminate 8.4 23.91 [+45,/04p/F45,]
Thick laminate 9.3 26.3 [(£45/03/90)35/04p/(145/03/90)5]

"The maximum Von Mises stress for the thin laminate, which is 25.6 MPa, is in fact located at the rear top-left corner of the
pocket as result of the -45° orientation for the core-/belt plies and the overall layup as described above. To achieve the most
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5.3.1. Concluding Remarks

By increasing the laminate thickness, temperature gradients through thickness can be observed with
a maximum overshoot of 5 °C relative the mould surface. The cure-induced residual stress within the
ply drop-off region increased by 10% for the thick laminate, which is caused by the lower in-plane
compressive stress within the terminated ply compared to the thin laminate, resulting from the more
evenly distributed layup around the drop-off.

5.4. Influence of Process Parameters

Within this section multiple process parameters are analysed regarding the influence on the residual
stress around ply drop-off regions.

5.4.1. Methodology of Analysis

Since the results of section 5.3 showed that significant temperature gradients through-thickness can
occur as result of the cure phase, for this analysis the thick laminate ply drop-off model is used. Sec-
tion 5.1 showed that cure-induced stress mainly arises during the dwell- and cool down stage, which is
caused by the combination of the resin modulus development, and the chemical shrinkage and thermal
contraction of predominantly the pocket and surrounding plies. Therefore, the dwell temperature and
cool down rate are selected as target parameters for this process parameter analysis.

Different values for each process parameter are selected, which are presented in table 5.4. The varia-
tion of the dwell temperature is selected as such that the first and second value are respectively lower
and higher than the MRCC of 70 °C. The third and highest dwell temperature variation of 100 °C is
selected deliberately as it is higher than the theoretical maximum [Tg of the resin material. This may
have influence on the residual stress generation throughout the cure cycle as vitrification effects do
not occur during the dwell stage. The lowest cool down rate is selected lower than the recommended
cool down rate in the MRCC but not too low that process times become too long. The second rate
is selected to be higher than the MRC( but still in the same order of magnitude, whilst the highest
rate is significantly higher compared to the MRCC. For each cure cycle a heating rate of 0.3 °C/min is
implemented combined with maximum dwell time of 4h, which are both according to the MRCC.

Table 5.4: Process parameter variation - Influence of process parameters

Process parameter Variation Unit
Dwell temperature [60, 80, 100] [°C]
Cool down rate [0.1, 0.5, 1.5] [°C/min]

As described within sections 2.3 and 3.4, the residual stress is influenced by the DOC evolution via
the resin modulus development. To conduct the most legitimate comparison regarding the influencing
process parameters between each cycle, an about equal final DOC value at the end of each cycle is
considered. Therefore, a maximum allowed DOC check is implemented within the UMAT subroutine of
the neat resin material, which is only assigned to the resin pocket region. This restriction implies that
the dwell stage ends whenever either the maximum dwell time or DOC threshold within the pocket is
reached, after which the cool down stage initiates. Note that this restriction only ensures a maximum
DOC value at the end of the dwell stage, while lower DOC values can still occur whenever the maximum
dwell time is reached first. For the maximum DOC, a value of 0.92 is selected as minimum threshold
at which sufficient quality of the laminate has been reached.

The maximum out-of-plane direct tensile stress located within the core ply is used to analyse the influ-
ence of the process parameters. In addition, the Von Mises stress within the resin pocket is analysed,
which is observed to be the most critical at the rear right corner where both the core- and belt ply come
together, as depicted by figure 5.10. This location results from both the +45° core- and belt ply below
and above the resin pocket. Because this corner is aligned with the fibre direction of these plies, resis-
tance against the chemical shrinkage and thermal contraction of the resin pocket is the most significant
at this location.

objective comparison, the maximum Von Mises stress for the thin laminate is obtained at the same location as within the thick
laminate, i.e. the rear right corner of the resin pocket, as shown in figure 5.10
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Figure 5.10: Maximum Von Mises stress location within resin pocket. Cure cycle with dwell temperature of 60 °C and 0.1
°C/min cool down rate. For clarification a deformation scale factor of 10 is used. Unit of contour limit values in Pascal

5.4.2. Results and Discussion

Due to the DOC threshold check, different dwell times resulted for each dwell temperature. For the 60
°C cycles, only a maximum DOC value of 0.90 is achieved within the available dwell time. The dwell
stage for the 80 °C cycles aborted after only 67 min whereafter the cool down stage initiates. For the
100 °C cycles, the dwell temperature is not reached due to the exceeding of the DOC threshold at
a temperature of 92 °C during the heating stage. In table 5.5, the final DOC values, maximum out-
of-plane stress within the core ply and maximum Von Mises stress within the resin pocket are given.
Within appendix (G, for each dwell temperature the output graphs for a single different cool down rate
are given. In the following sections, the most important findings from this process influence analysis
are discussed.

Table 5.5: Final DOC of pocket, and maximum out-of-plane and Von Mises stress values - Process influence analysis

60 °C dwell 80 °C dwell 100 °C dwell
Cooldownrate | a[] 033[MPa] 0, [MPa] | @[] O33[MPa] Oy [MPa] | @[] 033 [MPa] Oy, [MPa]
0.1 °C/min 0.90 8.3 22.7 0.93 9.1 25.5 0.95 9.6 27.2
0.5 °C/min 0.89 8.0 21.7 0.93 8.8 24 .4 0.93 9.2 25.6
1.5 °C/min 0.89 7.7 20.8 0.92 8.5 23.5 0.93 8.9 247

Influence of Dwell Temperature

The moment at which stress starts to develop is different for lower dwell temperatures. In figure 5.11,
the out-of-plane stress evolution within the core ply for all cure cycles is illustrated. Equal trends but
different absolute values for the Von Mises stress evolution within the resin pocket can be observed,
for which the graph is included in appendix G. Within the graph for the out-of-plane stress evolution,
for each of the three dwell temperatures the start of the cool down stage is marked by red circles. As
can be seen for the 60 °C cycles, prior to the cool down stage an already significant stress evolution
has taken place during the dwell. For both the 80 °C and 100 °C cycles, this stress evolution during
the dwell cannot be observed and only becomes significant from upon the cool down stage. Because
stress development is already significant earlier in the cure phase, the final residual stress values are
lower compared to the 80 °C and 100 °C cycles.

Using the temperature and Td evolution graph for the 60 °C cycle with the 1.5 °C/min cool down rate,
depicted by figure 5.12, multiple observations can be done. As result of heating of the laminate, a
temperature overshoot caused by the exothermic reaction of the polymerisation of the resin can be
observed. Only minor differences in temperature between the centre region (resin pocket) and top
surface region are present. The laminate cure evolves from top to bottom and the largest temperature
gradients are mainly present within the lower half of the laminate. This temperature overshoot can be
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Figure 5.11: Overall out-of-plane stress evolution within core-/belt ply. All dwell temperatures and cool down rates

observed for the cure cycles with dwell temperatures of 80 and 100 °C as well. However, for these
cycles the overshoot only occurs during the heating stage and flattens out before the start of the dwell
stage.

Within the same graph, the vitrification point of the resin pocket can be identified directly at the start
of the cool down stage while significant modulus development already occurs from halfway through
the dwell stage (225 min). This development can be observed within figure 5.13 and is caused by the
Tg which approaches the dwell temperature within about 10 °C difference. According to Struzziero
et al. [48], within this range the resin starts vitrifying and residual stress can develop. This increase of
residual stress in both the core ply and resin pocket during the dwell are a direct result of the chemical
shrinkage of the resin and the modulus development, as temperature remains stable during this stage.
After the vitrification point and during the cool down stage, stress continues to increase linearly which
is caused by the thermal contraction due to temperature decrease.

When comparing the DOC- and stress results in table 5.5 for different dwell temperatures, it can be
suggested that the stress values are mainly affected by the final DOC values and that a direct influence
of the dwell temperature is absent. Using figure 5.14, the influence of the DOC can be analysed to ex-
amine whether a combined effect of the final DOC and dwell temperature is present. When comparing
the stress development for the 80 °C, 0.1 °C/min cycle and 100 °C, 0.5 °C/min cycle, it can be con-
cluded that although different stress evolution trends at the initial development stage can be identified,
both stress levels stabilise at almost identical final values. This implies that the stress development
is mainly influenced by the final DOC value and that a direct influence of the dwell temperature, or a
combined effect of both, cannot be identified. Similar trends for the Von Mises stress evolution within
the resin pocket can be observed, for which the graph is included in appendix G.

Influence of Cool Down Rate

The stress values within table 5.5 indicate that an increase in cool down rate decreases residual stress
development. This effect can be observed by comparing the stress evolutions for different cool down
rates per dwell temperature within figure 5.11. From upon the red markers where the cool down stage
initiates, the residual stress increases more rapidly but the final stress levels are lower. This effect can
be related to the vitrification point of the resin pocket, which is different for each cool down rate. As
can be seen in figure 5.15a, the vitrification point resulting from each dwell temperature is postponed
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Figure 5.12: Temperature and [Td evolution graph. Dwell temp: 60 °C, cool down rate: 1.5 °C/min

Resin modulus and stress evolution (60 °C, 1.5 °C/min)
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Out-of-plane stress evolution - All cure cycles
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Figure 5.14: Overall out-of-plane stress evolution within core-belt ply vs. DOC. All dwell temperatures and cool down rates

to lower values with increased cool down rates. Since stress levels at this point per dwell temperature
are about equal for all cool down rates, this lower vitrification temperature results in a decrease of the
effective thermal contraction in glassy state throughout the cool down stage. This effect is visualized
by figure 5.15b, where lower vitrification points result in a decrease in final stress values.
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Figure 5.15: Influence of cool down rate on vitrification point and maximum out-of-plane stress

These observations suggest that cool down rates can be increased to reduce residual stress devel-
opment, up to the practical limits of RTM equipment and tooling. Also, additional problems can arise
for laminates with larger thickness, such as large temperature gradients during cooling. These may
influence the stress development throughout the cool down stage and introduce additional limitations

to the maximum feasible cool down rate.

For the 80 and 100 °C cycles, virtually all stress development occurs during the cool down stage,
because the dwell temperatures are higher than the maximum reached [Tg, which is about 68 °C and
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71 °C, respectively. As result, resin vitrification and modulus development only becomes significant
during the first part of the cool down stage, which can be observed within figure 5.16. Because the
DOQC development stabilises at the start of the cool down, the residual stress development is only
caused by the thermal contraction of the resin combined with the modulus development as result of
the temperature decrease. This effect is depicted by figure 5.17,, in which the stress increases linearly
from upon the start of the cool down stage. The same effect can be observed for the 100 °C cycles, for

which an example is included within appendix G.
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5.4.3. Concluding Remarks

From the process influence analysis, it can be concluded that lower dwell temperatures lower the resid-
ual stress development and changing the moment where significant stress starts to build up. The latter
effect results from the Tg which approaches the dwell temperature during the dwell stage, causing the
resin modulus and stress levels to become significant prior to vitrification. No considerable direct influ-
ence can be identified between the dwell temperature and stress generation other than via the DOC
values, where higher dwell temperatures result in higher final DOC which subsequently increase the fi-
nal stress levels. Regarding the influence of the cool down rate, an increase of this parameter results in
a more rapidly, but lower final stress build-up. This effect originates from the vitrification point, which is
postponed to lower temperatures with increased cool down rates, resulting in lower stress development
arising from thermal contraction in the glassy state of the resin.

5.5. Conclusions

From this chapter multiple important elements can be identified which are essential for ply drop-off
implementation. It was found that the influence of the aspect ratio, defining the pocket geometry, be-
comes almost negligible whenever this ratio is decreased from 1/12 to 1/24 for layups including 90°
orientation for core- and belt plies. This implies that whenever for a given ply drop-off, where due to the
in-plane stiffness of the covering belt-ply the aspect ratio becomes around 1/24, potentially more than
a single ply can be terminated without resulting in significant out-of-plane stress increases. This is an
important consideration as potentially this may require less ply drop-offs within laminates to achieve
the required thickness transition.

According to the ply drop-off guidelines from section 2.5.1,, it is recommended to first terminate the ply
with the highest in-plane stiffness in drop-off direction, i.e. the 0° ply. This rule is in line with the observed
influence of the terminated ply orientation from section 5.2, as dropping a 0° ply surrounded by plies
with equal- but preferably lower in-plane stiffness results in an in-plane compressive stress region within
the terminated ply. This region is advantageous as it decreases the maximum out-of-plane stress at
the drop-off region.

Process parameters can be used to lower the final residual stress levels around drop-off regions. By
selecting the dwell temperature as such that the Tg can approach this value during the dwell stage, an
already significant resin modulus can be achieved during this stage. As result, stress levels become
significant prior to vitrification for which it is observed that this early stress development can result in
lower final stress levels after vitrification during the cool down stage. In addition, the final stress levels
are influenced by the final DOC values as well. Considering these observations, it is essential to select
the dwell temperature high enough to obtain a minimal required DOC within the available process time,
but not higher than 5-10 °C above the Tg value achievable in practice, so stress generation already
takes place during the dwell. Note that his Tg value is not equivalent to the T, as this value is never
reached.

Besides the dwell temperature, the cool down rate can also be used to lower the final residual stress
levels. As higher cool down rates postpone the vitrification point and therefore decrease the significant
stress built-up in the glassy state of the resin, this rate can potentially be selected higher than pre-
scribed by the MRCC. Naturally, this cool down rate is limited to a some extent by the practical limits
of the process equipment. In addition, increasing cool down rates may induce significant through-
thickness temperature gradients which can introduce additional problems regarding stress generation
and laminate distortions, which therefore must be considered.



Cure-Induced Residual Stress and
Interactions of Multiple Ply Drop-Off
regions

This chapter is dedicated to the analysis regarding the influence of multiple ply drop-off regions on
the residual stress. In section 6.1, the influence of the multiple drop-off implementation, the stagger
distance and stress interactions introduced by different ply orientations are investigated. This chapter
is ended with the conclusions in section 6.2.

6.1. Influence of Stagger Distance

As described within chapter 2, the stagger distance is often selected using conservative guidelines,
where the lower bound originates from the prevention of large stress concentrations around the drop-
off regions, while the upper bound is driven by the maximum available length of the required thickness
reduction along the laminate. Within this section, the influence of the stagger distance on the cure-
induced residual stress around multiple ply drop-off regions is investigated for two topologies. These
topologies are based on implementing multiple drop-offs using the two most basic arrangements; a
shared core- or belt ply (see section 4.3). Since the stress evolutions at these regions can introduce
stress interactions between each drop-off as result of the different ply orientations, these interactions
are evaluated as well.

6.1.1. Methodology of Analysis

In total three different stagger distance variations are evaluated using the multiple ply drop-off model
from section 4.3: the variation range is based on 1.5B, 2B and 3B (see definition of B in section 4.3).
The centre value of this variation is based on the minimum stagger distance guidelines reported by
[77]. The lower- and upper bound of the variation is defined by respectively decreasing and increasing
the distance by 0.5B and 1B with respect to the centre value.

The maximum out-of-plane direct tensile stress within both the core- and belt ply at each drop-off is
analysed for each topology. The stress values at these locations are compared to the results of the
thick laminate single drop-off model. By comparing these stress values, the influence of the multiple
ply drop-off implementation and the stagger distance can be investigated. Additional simulation is
performed where both the thick laminate single ply drop-off model and multiple ply drop-off models are
implemented with a layup only consisting of 0° ply orientations, to evaluate the combined influence of
multiple drop-offs and ply orientations, and its relation with the stagger distance.

Besides the maximum stress values, contour plots visualizing the out-of-plane and in-plane stress
regions are being analysed for each topology and layup. Using these plots, the coupling effects between
the in-plane stress induced by different ply orientations and their effect on the out-of-plane stress can
be analysed.

63



64 6. Cure-Induced Residual Stress and Interactions of Multiple Ply Drop-Off regions

6.1.2. Results and Discussion
In the following sections, both topologies and corresponding stress results are discussed individually.

Stress Results - Topology 1

Within figure 6.1, the maximum out-of-plane direct tensile stress values are plotted against the stagger
distance for both the core- and belt ply separately. As can be seen in both graphs, implementing
multiple ply drop-off regions within a laminate using topology 1 results overall in higher out-of-plane
stress levels within both the core- and belt ply.

Influence of stagger distance - Topology 1 Influence of stagger distance - Topology 1
Core pl Belt pl
13 ply 13 ply
— 124 12
& 11 //‘ £ 11
R — 2
¢ 10 ¥ 10 4
S g
9] % 97
2 o 2 o
& 71 —e— 1st drop-off &7 —e— 1st drop-off
f"_, 6 2nd drop-off ?_, 6 2nd drop-off
8 —e— 3rd drop-off 8 —e— 3rd drop-off
57 -—— Single drop-off 51 -—- Single drop-off
4 . T 4 T T
1.5B 2B 2.5B 3B 1.5B 2B 2.58B 3B
Stagger distance [-] Stagger distance [-]
(a) Core ply (b) Belt ply

Figure 6.1: Influence of stagger distance on maximum out-of-plane stress within core- and belt ply. Multiple ply drop-off model
with aspect ratio of 1/1.5. Topology 1

Important to emphasize are the changes in stress levels around the 15t drop-off regardless the stagger
distance, where the surrounding plies at this drop-off have equal orientations as the single drop-off
model. This implies that the increase in stress around this 15! drop-off can only be caused by the
multiple drop-off implementation. The effective difference can be observed within figure 6.2, where
the out-of-plane tensile stress region below the single drop-off, depicted by figure 6.24, is less signifi-
cant compared to the stress region at the same location below the 15t drop-off, depicted by region | in
figure B.2b. This region becomes smaller with increasing stagger distance, as shown in figures 6.2¢
and 6.2d, causing the decreasing trend of the maximum out-of-plane stress for the 15t drop-off in fig-
ure B.1.

Another effect which can be explained by figures 6.2b to 6.2d, is the increasing trend of the out-of-
plane stress around the 3 drop-off with increasing stagger distance. As shown in these contour plots,
the significance of the compressive stress concentration at the right corner of the pocket, indicated by
location Il, decreases when the stagger distance increases. This decrease implies that the compressive
stress levels around the region where the core- and belt ply come together, become less significant for
larger stagger distances. When these compressive stress levels are lower, effectively the maximum
out-of-plane stress within core- and belt ply, induced by the shrinkage and contraction of the pocket,
becomes higher. This observation is substantiated by the tensile stress region, indicated by location IlI
within figure 6.2d, which increases in size with increasing stagger distance.

In-plane Interactions - Topology 1

Within figure 6.3 the in-plane stress contour plots of both the single ply drop-off model and multiple
ply drop-off model for different stagger distances is illustrated. Note that within these contour plots all
stress values are transformed to the global coordinate system.

The first interaction effect which can be observed using the in-plane stress contour plots is the changing
tensile stress region within the 2" terminated ply-end, indicated by location | within figures 6.3b to 6.3d.
By increasing the stagger distance, this region separates over the oblique- and straight section of the
2" terminated ply. It is expected that this tensile stress region increases the out-of-plane stress at the
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Figure 6.2: Contour plots of out-of-plane stress in local z-direction. Single- and multiple ply drop-off model with aspect ratio of
1/1.5 and topology 1. Resin pockets are hidden for clarification. Unit of contour limit values in Pascal. () Increased tensile
stress region at 15t drop-off. (Il) Compressive stress concentration at 3™ drop-off. (Ill) Increased size of tensile stress region at
3 drop-off with increasing stagger distance

18t drop-off, which justifies the decreasing trend as shown in figure for increasing stagger distance
as this region becomes less dominant.
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Figure 6.3: Contour plots of in-plane stress in global x-direction. Single- and multiple ply drop-off model with aspect ratio of
1/1.5 and topology 1. Resin pockets are hidden for clarification. Unit of contour limit values in Pascal. () Increased tensile
stress region at 2" terminated ply-end. (I1) Lower compressive stress regions above the multiple drop-offs

An additional interaction effect is based on the three regions of lower compressive stress within the 0°
plies above the multiple drop-offs, which are influenced by the stagger distance. It can be observed that
these regions, indicated by location Il within figures to 6.3d, lengthen in longitudinal direction and
concentrate more towards the oblique- and right edge of each pocket with increasing stagger distance,
primarily for the 3™ drop-off. Due to the shift of these regions, effectively the in-plane compressive
stress decreases at these locations. This effect is the origin of the decrease in significance of the
out-of-plane compressive stress concentration observed within figures to 6.2d, which causes the
increase in out-of-plane tensile stress within the core- and belt ply of the 3™ drop-off with increasing
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stagger distance. Similar as described in section 5.2, the in-plane compressive stress regions within the
0° plies arise from the difference in in-plane thermal contraction and chemical shrinkage with respect
to its surroundings, which are 45° and 90° plies.

Stress Results - Topology 2

As can be seen within figure 6.4, similar trends of increased out-of-plane direct tensile stress with in-
creasing stagger distance as for topology 1 can be observed for all drop-offs. One important difference
is that the stress values of the 2"% and 3™ drop-off are lower compared to the induced stress for the
single drop-off implementation. Both these drop-offs have similar core- and belt ply orientations as
the single drop-off configuration, which implies that this decrease in stress originates from effects in-
troduced by the multiple drop-off implementation. The stress values of both drop-offs increase with
increasing stagger distance, where for the 3rd drop-off these approach the single drop-off values.
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Figure 6.4: Influence of stagger distance on maximum out-of-plane stress within core- and belt ply. Multiple ply drop-off model
with aspect ratio of 1/1.5. Topology 2

Another difference is the significantly increased out-of-plane stress around the 15 drop-off, observable
in figure 6.4. As shown in figure 6.4d, the stress component within the core ply of this 15t drop-off is
increased to almost 13 MPa, while this stress for the single drop-off model is around 9.5 MPa. The
increase of this stress for the multiple drop-off model can be explained partially by the 0° orientation of
the core ply, for which it was already concluded within section 5.2 that higher in-plane stiffness of a 0°
ply orientation can result in an increased out-of-plane stress at this location.

The out-of-plane stress within the belt ply at this 15t drop-off is significantly higher compared to the
same ply for the single drop-off model as well, as shown in figure 6.4b. This increase can be partially
justified by the increased stress within the core ply, which is expected to influence the stress at the belt
ply via the resin pocket. However, as the stress within both the core- and belt change with increasing
stagger distance, it is expected that the ply orientation alone is not the only origin of this increase. The
increased stress levels are related to the tensile stress region below the 15t drop-off, indicated by region
I in the contour plots depicted by figures 6.5b to 6.5d. As the stagger distance is increased, this region
decreases which explains the decreasing trend of the out-of-plane stress at this drop-off. As can be
seen in the contour plot for the single drop-off implementation, depicted by figure 6.53, this region is still
significantly smaller compared to the regions for the multiple drop-offs with different stagger distances.
Therefore, it is expected that interaction effects due to the ply orientations combined with the multiple
drop-off implementation influences the overall changes in out-of-plane stress.

In-plane Interactions - Topology 2

The interaction effects as result of the different ply orientations are more emphasized with this topology.
The increased in-plane tensile stress region before and after the 15! resin pocket, indicated by location
| in figures 6.6b to 6.6d, can be related to the significantly increased out-of-plane stress observable
within the graphs of figure 6.4. Since tensile stress regions are present within both the 15t and 3
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Figure 6.5: Contour plots of out-of-plane stress in local z-direction. Single- and multiple ply drop-off model with aspect ratio of
1/1.5 and topology 2. Resin pockets are hidden for clarification. Unit of contour limit values in Pascal. () Increased tensile
stress region at 1t drop-off

terminated ply, location | and Il respectively, it can be concluded that these are caused as counteracting
effect on the induced compressive stress within the 2" terminated ply. As this ply is 0° orientated, it
encounters the same relatively lower in-plane thermal contraction and chemical shrinkage compared
to its surroundings, resulting in compressive stress build up.
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Figure 6.6: Contour plots of in-plane stress in global x-direction. Single- and multiple ply drop-off model with aspect ratio of
1/1.5 and topology 2. Resin pockets are hidden for clarification. Unit of contour limit values in Pascal. (I) Increased tensile
stress regions before and after the 15t resin pocket. (1) Increased tensile stress region within 3™ terminated ply. (IIl) Stress-free
region above 2" resin pocket. (IV) Lower compressive stress regions above the multiple drop-offs. (V) Increasing tensile
stress region within 3" belt ply

Resulting from the interaction effect described above, an additional effect causes the out-of-plane ten-
sile stress within the core- and belt ply of the 2" drop-off to be lower compared to the single drop-off
values. Since the terminated ply of the 2" drop-off encounters the in-plane compressive stress, the
corresponding resin pocket is forced between the core- and belt ply which effectively lowers the out-
of-plane tensile stress within these plies. This is substantiated by the emphasized stress region above
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the 29 resin pocket, indicated by location IlI in figures 6.6b to 6.6d, which is about stress-free. This
justifies the overall lower out-of-plane tensile stress within this core- and belt ply with increasing stag-
ger distance, depicted by figure ©.4, as this stress-free region remains present for all stagger distances
variations.

The last interaction effect resulting from the different ply orientations around the drop-off regions arises
from the aforementioned compressive stress regions within the 0° plies above the multiple drop-offs,
indicated by location IV in figures 6.6b to 6.6d. These relatively lower compressive stress regions
lengthen in longitudinal direction where the region above the 3 drop-off enlarges and approaches the
corresponding belt ply. As result, the in-plane tensile stress within the belt ply increases at this drop-off,
which is observable within the contour plot with increasing stagger distance and indicated by location
V in figures 6.6b to 6.6d. This effect explains the increase in out-of-plane tensile stress around this 3™
drop-off as shown in figure 6.4.

Stress Results - All 0° Layup

From the results with only 0° ply orientation it becomes clear that even without the large in-plane stress
differences and related interactions caused by the different ply orientations, the three successive drop-
offs still have significant influence on the out-of-plane stress within the core- and belt ply. As can be
seen in figure B.7, where the out-of-plane stress is plotted against the stagger distance for topology
1, all stress levels converge to the single drop-off model values. This effect is expected because
with increasing stagger distance, the interaction effects between the drop-offs become less dominant
where each individual region approaches the single drop-off configuration. This converging trend with
increasing stagger distance is similar for topology 2, for which the graph is included within appendix H.
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Figure 6.7: Influence of stagger distance on maximum out-of-plane stress within core- and belt ply. Multiple ply drop-off model
with aspect ratio of 1/1.5. Topology 1. All 0° layup

The origin of the increase and decrease of the out-of-plane stress within core- and belt ply can be
explained by the in-plane stress contour plots as shown in figure 6.8. Within this figure, where only the
contour plots for the stagger distance of 1.5B for both topologies are illustrated, can be observed that in-
plane tensile stress regions are only induced at the end of each terminated ply. These stress regions are
caused by the relatively higher thermal contraction and chemical shrinkage of the resin pocket. From
this it can be concluded that the increase in out-of-plane stress within the 15t, and decrease in out-of-
plane stress within the 2"9/3" drop-off, is in essence caused by interaction effects of the induced stress
between the multiple drop-off regions. With the implementation of different ply orientations around
multiple drop-off regions, stress levels are influenced and changed in magnitude depending on which
terminated- and surrounding plies are loaded in tensile- or compressive stress. This influencing effect
becomes less substantial whenever the stagger distance between the multiple drop-offs is increased.
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Figure 6.8: Contour plots of in-plane stress in global x-direction. Single- and multiple ply drop-off model with aspect ratio of
1/1.5. All 0° layup. Resin pockets are hidden for clarification. Unit of contour limit values in Pascal

6.2. Conclusions

Based on the changing stress levels and the local stress regions observed in the contour plots it can
be concluded that implementing multiple ply drop-off regions within a laminate influences the residual
stress around these regions significantly. Without taking into account the influence of stress interactions
caused by different ply orientations, implementing multiple ply drop-offs influences the maximum out-of-
plane stress within the core- and belt ply by increasing this stress at the 15t drop-off, while it is decreased
at the 2" drop-off and even lower for the 3™ drop-off. Whenever multiple drop-offs are arranged with
a common core ply (topology 1), the largest stress increase occurs within the belt ply, while a common
belt ply arrangement (topology 2) results in the largest stress increase within the core ply, both being
located at the 15! drop-off.

Whenever the influence of stress interactions caused by different ply orientations is taken into account,
it can be concluded that when implementing multiple drop-offs using topology 1, generally all stress
levels at each drop-off are increased compared to a single drop-off. This effect was unexpected con-
sidering the overall decrease in stress at the 2" and 3 drop-off whenever the influence of different
ply orientations is being neglected. The stress at the 15 drop-off decreases with increasing stagger
distance, while the stress at the 2"4/3™ drop-off is increased.

By arranging multiple drop-offs using topology 2 and by including the influence of interactions caused
by ply orientations, the obtained results are more in line with the results of implementing multiple ply
drop-offs without considering different ply orientations. The relatively higher stress within core- and
belt ply at the 15t drop-off increases even further, while the stress levels at the 2" and 3 drop-off are
still lower than the single drop-off. Minor decrease in stress at the 15t drop-off and increase in stress at
the 2"Y drop-off can be observed for increasing stagger distance, where for the 3™ drop-off the stress
increases to the single drop-off value.

Overall it can be concluded that the first drop-off is most critical regarding stress increases, regardless
whether different ply orientations are implemented around the multiple drop-off regions. Similar as
observed in section 5.2, the effect of stress increase resulting from higher in-plane thermal contraction
and shrinkage within the terminated ply compared to surrounding plies remains applicable for multiple
drop-off implementations, where this effect is most dominant for topology 2.

When evaluating the ply drop-off guidelines from section 2.5.1, it can be concluded that these must be
further specified for each topology when cure-induced stress around drop-off regions are incorporated.
The existing guidelines recommend a stagger distance of at least three times or eight times the ply
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thickness for 0°/90° or 45° orientation for the terminated ply, respectively. These minimal values corre-
spond to a stagger distance S of 2B and 5.3B for the applicable pocket geometries within the multiple
drop-off model. For topology 1 with different ply orientations, no excessively large stress levels can
be observed for the stagger distance variations used. Considering this, the minimal stagger distances
of 2B and 5.3B prescribed by the guidelines cannot be substantiated by these results, as both 0° and
45°plies are terminated without resulting in significant differences in stress level. This is different for
topology 2 with multiple ply orientations, where the stress levels at the 15t drop-off are considerably
increased, resulting from the 45° terminated ply. These relatively higher absolute stress levels can
only become more damaging whenever the laminate is loaded in the direction of the drop-off, which
is why these increased local stress levels should be prevented. Considering this, the larger minimal
stagger distance of eight times the thickness for 45° dropped plies is valid for this topology.



Conclusions and Recommendations

This research project was initiated to increase the understanding of cure-induced residual stress gen-
eration around ply drop-off regions within thick composite laminates. As result, the following main
research question is formulated:

‘What is the influence of ply drop-off regions and related process and laminate parameters
within thick composite laminates on the cure-induced residual stress generation and related
distortions as result of RTM manufacturing processes?’

which is answered in section [7.1. Hereafter, recommendations regarding implementation of ply drop-off
regions and further research are presented in section [7.2.

7.1. Conclusions

Cure-induced residual stress affects composite laminates in different ways. Literature review showed
that for thin laminates, stress redistribution results in geometry distortions such as bending curvature
or warpage. Whenever laminate thickness is increased, redistribution through deformation becomes
more difficult and can result in distortions such as ply delamination and matrix cracking when out-of-
plane tensile stress levels increase. Cure simulations showed that single ply drop-off regions influence
the cure-induced out-of-plane tensile stress by increasing it locally, where the most significant stress
levels occur below and above the resin pocket, within the core- and belt ply, respectively. An influ-
ence of the ply drop-off on the global stress distribution of the laminate cannot be identified, whether
being implemented in thin- or thick laminates. Whenever the laminate thickness is increased, no sig-
nificant influence on local stress levels within drop-off regions related to this thickness increase can be
observed.

Since both thermal expansion and chemical shrinkage of the resin pocket develop in counteracting
manner during the heating stage of the cure process, an almost stress-free drop-off region is present
at the end of this stage. As at this point the resin modulus is still insignificant and vitrifaction has not
taken place, it is highly unlikely that stress related laminate distortions occur during this stage. As
result, under these conditions the heating stage can be seen as a non-critical part of the cure phase in
terms of process defects. From upon the dwell stage, the chemical shrinkage surpasses the thermal
expansion. This effect combined with the resin modulus becoming significant and the vitrification of
the resin when the Glass transition temperature (Tg) approaches the dwell temperature, it results in an
effective out-of-plane tensile stress within core- and belt ply. These stress levels become even more
critical during the cool down stage as result of the thermal contraction of the resin pocket in glassy state
combined with the increasing resin modulus due to the temperature decrease.

Regarding the influence of process parameters, the dwell temperature and cool down rate can be
identified as most significant. Primarily the cool down rate, where increasing this rate results in lower
final stress levels. Despite that this effect is counterintuitive, it can be related to the vitrification point
which is postponed to lower temperatures as the rate increases. Consequently, lower effective thermal
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contraction after resin vitrification takes place in the glassy state, which results in lower final stress
levels.

This is an interesting effect because even with the most basic cure cycle profile used, which results in
almost all Degree of Cure (DOC) development takes place during the heating- and dwell stage, still the
cool down stage has an influence on the final stress levels. Naturally this effect is dependent on the type
of resin and its exothermic reactivity, because whenever vitrification of the resin occurs already during
the dwell stage, the cool down rate may have a less pronounced effect on the final stress values. For the
dwell temperature, only significant influences on the stress development can be identified via the DOC,
where increased dwell temperatures result in higher DOC values which subsequently results in higher
stress levels. Whenever the dwell temperature is selected as such that the Tg development approaches
about equal values as the dwell temperature during this stage, significant stress development can occur
prior to vitrification as the resin modulus already becomes significant.

The geometry of the resin pocket is in essence related to the flexibility of the covering belt ply in the
direction of the drop-off and therefore the in-plane stiffness, where lower stiffness results in larger aspect
ratios. Different combinations of aspect ratios and ply orientations for core- and belt ply demonstrated
that both these parameters have a significant influence on the maximum out-of-plane tensile stress.
Higher in-plane stiffness of these plies and higher aspect ratios result in an increased out-of-plane
stress within the core- and belt ply. More interesting is the combined effect of these two parameters.
By considering that the lower in-plane stiffness of these plies inherently results in larger aspect ratios,
the combination of these opposing effects turned out to be advantageous by reducing the significance
of the stress increase. Furthermore, increasing the aspect ratio results in a non-linear increase of the
maximum out-of-plane stress, where the differences between relatively smaller ratios, i.e. a/b values
below 1/12, become almost negligible. This increasing effect for larger aspect ratios is less significant
for drop-offs when core- and belt ply have lower in-plane stiffness. Another influence arises from the
terminated ply orientation within the drop-off. Lower in-plane shrinkage and contraction relative to the
surrounding core- and belt ply is beneficial as it decreases the out-of-plane stress, where relatively
higher in-plane shrinkage and contraction is more detrimental and can double the stress for higher
aspect ratios.

Often multiple ply drop-off regions are implemented in composite laminates to obtain the required thick-
ness reduction along the part. Within these regions, the stagger distance is introduced as an important
parameter which defines the distance between the multiple ply drop-offs. When these drop-offs are
implemented, it cannot be avoided to influence the out-of-plane stress around these regions. When
considering the fundamental influence, and thus ignoring stress interactions caused by different ply
orientations, the maximum out-of-plane stress increases at the 15t drop-off and decreases at the 2"
and 3™ drop-off. This effect holds regardless whether a common core- or belt ply topology is used.
When taking the influence of stress interactions into account, local regions of increased in-plane ten-
sile stress between drop-offs, and decreased in-plane compressive stress above and below drop-offs
can be observed. Whenever these regions occur close to the resin pocket within the core- and belt ply,
both types of stress regions have an increasing effect on the maximum out-of-plane stress.

When implementing multiple ply drop-offs using topologies based a common core ply, all stress levels
at each drop-off are higher compared to the single drop-off whenever different ply orientations are
included. With increasing stagger distance, stress levels at the 15! drop-off decrease, where at both the
2" and 3" drop-off these stress levels increase to a greater extent. Using common belt ply topologies
for multiple drop-off implementations, changes in stress level caused by stress interactions are more
in accordance with the fundamental influence of the multiple drop-off region itself. Where for the 15t
drop-off stress levels are significantly higher, for 24 and 3™ drop-off these levels are still lower than
the single drop-off. With increasing stagger distance, each stress level progresses towards the single
drop-off value.
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7.1.1. Ply Drop-off Guidelines
Resulting from the conclusions, the following guidelines can be proposed to reduce the out-of-plane
tensile stress increase as result of the implementation of ply drop-off regions:

» The number of terminated plies within a drop-off region should be kept at a minimum, i.e. prefer-
ably a single ply per drop-off, as dropping multiple plies at once increases the aspect ratio of the
resin pocket and consequently the out-of-plane tensile stress at this location.

* The core- and belt ply orientation should be selected as such that the in-plane thermal contrac-
tion and chemical shrinkage of these plies in the direction of the drop-off is at least equal-, but
preferably higher than the dropped ply:

— When a 0° orientated ply must be dropped, select an orientation for core- and belt ply of 0°
but preferably 45° or 90°.

— When a 45° orientated ply must be dropped, select an orientation for core- and belt ply of
45° but preferably 90°.

— When a 90° orientated ply must be dropped, select an orientation for core- and belt ply of
90°.

» The dwell temperature must be selected high enough to obtain the required DOC within the avail-
able process time, but not higher than 5-10 °C above the practical achievable Tg. Dwell temper-
atures which are significantly higher result in unnecessary stress development around drop-off
regions.

» The cool down rate should be increased, up to the limits of the process equipment and assuring
no significant temperature gradients are induced throughout the part, to reduces tensile stress
development after vitrification of the resin during the cool down stage.

 Implementing multiple drop-offs should be achieved by a common core ply arrangement, as this
topology results in the most evenly distributed increase in out-of-plane tensile stress around all
drop-offs. This can extent the margin to whenever these stress levels can become critical upon
loading of the laminate.

— Whenever a common belt ply arrangement is required for implementing multiple drop-offs,
select the layup as such that the 15! drop-off consist of a 0° terminated ply surrounded by
90° core- and belt ply, as this drop-off naturally results in the largest stress increase.

» The stagger distance between multiple drop-off regions should be determined based on the ap-
plicable drop-off:

— The distance between the 15t and 2"? drop-off should be at least 4.5 times the ply thickness,
but preferably as large as possible within the multiple drop-off arrangement.

— The distance between the 2" and 3™ drop-off can be selected smaller, preferably between
2-3 times the ply thickness.

» Avoid aligning multiple ply drop-offs vertically, as it is expected that the observed out-of-plane
tensile stress regions above and below each resin pocket can have a mutually increasing effect
on the maximum stress at these locations.

+ When multiple ply drop-offs are implemented, integrate applicable design guidelines at the first
drop-off primarily as the highest increase in out-of-plane tensile stress occurs at this location.

7.2. Recommendations

For further research related to the influence of ply drop-off regions on the cure-induced residual stress
the following is proposed. First of all, the thermal-mechanical Finite Element Analysis (FEA) model
established for this study can be improved in various ways. Implementing a more realistic ply drop-off
and resin pocket geometry where voids, slippage of plies and thickness reduction of the terminated ply-
end are all included, it can result in an improved prediction accuracy of the residual stress around these
regions. For instance by including a void at the ply-boundary of the resin pocket, this can influence the



74 7. Conclusions and Recommendations

location and magnitude of the maximum out-of-plane tensile stress observed within the core- and belt
ply significantly.

By adding cohesive elements around drop-off regions, delamination mechanisms can be incorporated
within the analysis to investigate if and when stress levels can become critical. Furthermore, evaluation
of the critical stress locations within drop-off regions via contour plots can be improved by implementing
a more gradual transition of local material orientations between the straight- and oblique ply sections.
As of the orthotropic nature of modelling composites in FEA, it can be recommended to implement
corner regions and inter-ply layers of isotropic resin material to avoid overestimations in stress levels
resulting from the singularities arising at sharp corners around the resin pocket.

Expanding the variation range of the input parameters for the ply drop-off model can result in additional
data to improve the understanding of this laminate feature. For instance the ply orientations, where
for the current study equal values were implemented for both the core- and belt ply. By alternating
the orientations for each of these plies, more layup combinations within the drop-off region can be
investigated to assess the influence. Increasing the maximum stagger distance variation can confirm
if and when the observed stress interactions are no longer of influence on the stress levels within the
drop-off regions.

In addition, as the process used by FLG is based on RTM, changing the model boundary conditions
into a two-sided rigid mould process can influence the stress levels around the drop-off regions as
well. Whenever RTM boundary conditions are implemented, it is expected that the thickness reduction
observed for VARTM cannot occur in the same amount as it is restricted by the rigid mould surfaces.
This process variation can result in significant changes in the overall stress built-up around ply drop-off
regions, as less relaxation of the laminate in through-thickness direction is possible.

At last, implementing other types of resin systems for the matrix material within the simulation model can
increase the understanding of the influence of different resin states on the residual stress development.
As it is observed that early stress development during the dwell and prior to vitrification can effect the
final stress levels around drop-off regions, varying in different types of resin systems can confirm if this
effect holds for other resin systems as well.
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Fortran Subroutine Code

=General comment=== == 1

This Subroutine code file is written as part of the MSc research study conducted
by Tom van Loon. Parts of the code are based on the research performed by Giacomo
Struzziero (https://doi.org/10.1177/0021998320908631) while the rest is
added/changed to make it applicable suitable for Abaqus CAE 2019.

The following code is based on multiple subroutines that are used by the Abaqus
solver to describe the evolution of both the thermochemical- and thermomechanical
properties of the ply material properties. Notes and applicable units for each
parameter or governing equation are given within each subroutine.

SUBROUTINE SDVINI (STATEV, COORDS,NSTATV,NCRDS,NOEL, NPT,
1 LAYER,KSPT)

INCLUDE ’"ABA PARAM.INC’

DIMENSION STATEV (NSTATV), COORDS (NCRDS)

DOUBLE PRECISION DOC initial

DOC initial=8.0D-2 !Set initial DOC
STATEV (20)=DOC_initial

RETURN

END

SUBROUTINE UMAT (STRESS, STATEV, DDSDDE, SSE, SPD, SCD,

1 RPL,DDSDDT, DRPLDE, DRPLDT,
2 STRAN, DSTRAN, TIME, DTIME, TEMP, DTEMP, PREDEF, DPRED, CMNAME,
3 NDI,NSHR, NTENS, NSTATV, PROPS, NPROPS, COORDS, DROT, PNEWDT,
4 CELENT,DFGRDO,DFGRD1,NOEL, NPT, LAYER, KSPT, JSTEP, KINC)
INCLUDE ’ABA PARAM.INC’

CHARACTER*80 CMNAME

IF (CMNAME(1:3) .EQ. ’PLY’) THEN

CALL UMAT PLY (STRESS, STATEV, DDSDDE, SSE, SPD, SCD,
1 RPL,DDSDDT, DRPLDE, DRPLDT,
2 STRAN, DSTRAN, TIME, DTIME, TEMP, DTEMP, PREDEF, DPRED, CMNAME,
3 NDI,NSHR, NTENS, NSTATV, PROPS, NPROPS, COORDS, DROT, PNEWDT,
4 CELENT,DFGRDO,DFGRD1,NOEL, NPT, LAYER, KSPT, JSTEP, KINC)

ELSE IF(CMNAME(1:5) .EQ. 'RESIN’) THEN

CALL UMAT RESIN (STRESS, STATEV, DDSDDE, SSE, SPD, SCD,

1 RPL,DDSDDT, DRPLDE, DRPLDT,

2 STRAN, DSTRAN, TIME, DTIME, TEMP, DTEMP, PREDEF, DPRED, CMNAME,
3 NDI,NSHR, NTENS, NSTATV, PROPS, NPROPS, COORDS, DROT, PNEWDT,
4 CELENT,DFGRDO, DFGRD1,NOEL, NPT, LAYER, KSPT, JSTEP, KINC)
END IF
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44 RETURN

45 END

46

47 SUBROUTINE UMAT_PLY(STRESS,STATEV,DDSDDE,SSE,SPD,SCD,

48 1 RPL,DDSDDT, DRPLDE, DRPLDT,

49 2 STRAN, DSTRAN, TIME, DTIME, TEMP, DTEMP, PREDEF, DPRED, CMNAME,

50 3 NDI,NSHR,NTENS,NSTATV, PROPS, NPROPS, COORDS, DROT, PNEWDT,

51 4 CELENT, DFGRDO, DFGRD1, NOEL,NPT, LAYER, KSPT, JSTEP, KINC)

52 INCLUDE "ABA PARAM.INC’

53 CHARACTER*80 CMNAME

54 DIMENSION STRESS (NTENS), STATEV (NSTATV),

55 1 DDSDDE (NTENS,NTENS) , DDSDDT (NTENS) , DRPLDE (NTENS) ,

56 2 STRAN (NTENS) , DSTRAN (NTENS) , TIME (2) , PREDEF (1) , DPRED (1),

57 3 PROPS (NPROPS) , COORDS (3) ,DROT (3, 3) , DFGRDO (3, 3) , DFGRD1 (3, 3) ,

58 4 JSTEP (4)

59

60 DIMENSION ELASSTRAN (NTENS), DTHERMSTRAN (NTENS) , THERMSTRAN (NTENS) ,

61 1 CHEMSTRAN (NTENS) , DCHEMSTRAN (NTENS)

62

63 DOUBLE PRECISION DOC max,v_f,DOC,A,E,n,m,C,alpha c,alpha T,H tot,

64 1 R,rho f,rho r,rho laminate,E 1f,E tf,Gl2 f,G23 f,NUl2 f,a 1f,

65 2 a tf,E r glass,E r glassT,E r rub,NU r glass,NU r rub,a glass,

66 3 a rub,y a,Cm,sigma m,Tg 0,Tg inf, LAMBDA,DOC old,CureRate, Tg,

67 48 r,NU r,Gr,aryrEl,E2E3Gl2,G13,G23,NU 12,NU 13,NU 23,

68 5 NU 21,NU 31,NU 32,DELTA,a l,a t,y 1,y t,DOC initial,TEMP initial

69 INTEGER I,J

70 PARAMETER (ZERO=0.0D0, ONE=1.0D0, TWO=2.0DO)

71 | ==================== Manual input of DOC max and laminate v f===================== !
72 DOC max = 0.9999 !Set maximum DOC

73 v_f=0.54 'Fibre volume fraction of the laminate

74 | ============== Obtaining state variables 1-19 from previous increment=============|
75 DO I=1,NTENS

76 ELASSTRAN (I) = STATEV(I)

77 THERMSTRAN (I) = STATEV (I+NTENS)

78 CHEMSTRAN (I) = STATEV (I+TWO*NTENS)

79 ENDDO

80 DOC=STATEV (20)

81 !|===========Cure kinetic parameters, based on Airstone 780E/785H resin============
82 A=681085.0 !Pre-exponential Arrhenius factor [s"-1]

83 E=59291.0 !Activation energy [J/mol”-1]

84 n=1.67 !Reaction order [-]

85 m=0.12 'Reaction order [-]

86 C=47.7 '[=]

87 alpha c=0.77 -1

88 alpha T=1.60D-3 ! [degC”-1]

89 H tot=434.0D3 ' [J*kg"-1]

90 R=8.3145 !Universal gas constant [J K-"1 mol-"1]

91 ! ===Material parameters of constituents !
92 |-—-Glass fibre---!

93 !Mechanical

94 E 1f=73.1D9 'Modulus glass fibre longitudinal direction [Pa]
95 E tf=73.1D9S !Modulus glass fibre transverse direction [Pa]
96 Gl2 £=30.0D9 'Modulus fibre 12-direction [Pa]

97 G23 f=30.0D9 'Modulus fibre 23-direction [Pa]

98 NU12 f=0.22 !Poisson’s ratio of fibre in 12-direction [-]
99 !Thermal

100 a 1f=5.0D-6 !CTE in longitudinal direction [1/degC]

101 a tf=5.0D-6 ICTE in transverse direction [1/degC]

102

103 !|---Epoxy resin---!

104 !Mechanical
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E r glass=4.61D9 !'Modulus resin at glassy state [Pa]

E r glassT=-0.012D9 !Temp. dependency modulus at glassy state [Pa/degC]
E r rub=0.04D9 !Modulus resin at rubbery state [Pa]

NU r glass=0.35 !Poisson’s ratio resin at glassy state [-]

NU_r rub=0.49999 !Poisson’s ratio resin at rubbery state [-]

!Thermal expansion
a glass=6.0D-5 ICTE resin at glassy state [1/degC]
a rub=1.7D-4 ICTE resin at rubbery state [1/degC]

!Chemical linear strain due to shrinkage
y a=1.9D-2 !Linear shrinkage of resin [-]

!0ther parameters
Cm=0.4 !Breadth of transition [1/degC]

sigma m=10.2 !Temperature shift of transition [degC]

!Glass transition temperature parameters

Tg 0=-55.0 'Minimum Tg of epoxy resin [degC]
Tg inf=89.0 'Maximum Tg of epoxy resin [degC]
LAMBDA=0.476 !'Fitting parameter [-]

'Evolution of Glass transition temperature (DiBenedetto Eq.)
Tg=Tg_ 0+ ((Tg_inf-Tg 0)*LAMBDA*DOC) / (1- (1-LAMBDA) *DOC)

!Mechanical property evolutions throughout cure development
E r=E r rub + (E r glass+(E_r glassT*TEMP)-E r rub)/

& (l+exp (Cm* (TEMP-Tg-sigma m))) 'Resin modulus [MPa]

NU r=NU r rub + (NU r glass-NU_r rub)/

& (1+exp (Cm* (TEMP-Tg-sigma m))) !Resin Poisson’s ratio [-]
G r=E r/(2*(1+NU r)) IResin shear modulus [MPa]

| ===========Property calculation of composite (transversely isotropic)============|

oo Mechanical (transversely isotropic)------ !
El=v f*E 1f + (1-v_f)*E r !Young’s modulus in l-direction [Pa]

E2=E r/(l-sqrt(v_f)*(1-(E_r/E tf))) !Young’s modulus in 2-direction [Pa]
E3=E2 !Young’s modulus in 3-direction [Pa]

G12=G_r/(l-sgrt(v_f)*(1-(G r/Gl2 f))) !Shear modulus in 12-direction [Pa]
G13=G12 !Shear modulus in 13-direction [Pa]
G23=G_r/ (l-sgrt(v_£f)*(1-(G r/G23 _f))) !Shear modulus in 13-direction [Pa]

NU_ 12=v_£*NU12 f + (1-v_£f)*NU r !Poisson’s ratio in 12-direction [-]
NU 13=NU 12 !Poisson’s ratio in 13-direction [-]
NU_23=(E2/(2*G23))—1 !Poisson’s ratio in 23-direction [-]
NU_21=(E2/E1)*NU_12 !Poisson’s ratio in 21-direction [-]
NU_31=(E3/E1)*NU_13 !Poisson’s ratio in 31-direction [-]
NU_ 32=(E3/E2)*NU_23 !Poisson’s ratio in 32-direction [-]

DELTA=ONE-NU 12*NU 21-NU 13*NU 31-NU 23*NU 32
& -NU_12*NU 23*NU_31-NU 21*NU_ 32*NU_13

Resin material parameters evolution models !

!Calculation curing rate with autocatalytic kinetic model (1lst T in kelwvin!)

CureRate = (A*exp (-E/ (R* (TEMP+273.15))))/
& (1+exp (C* (DOC-alpha c-alpha T* (TEMP))))
& *(1-DOC) **n * DOC**m

!Updating DOC for next increment
DOC new = DOC + CureRate*DTIME
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!When new DOC is exceeding DOC max, DOC max is used, CureRate is terminated
IF (DOC_new .gt. DOC_max) THEN

DOC new = DOC max

CureRate=0.0
END IF

!Thermal expansion evolutions throughout cure development [1/degC]
a r=a rub + (a_glass - a_rub)/ (l+exp (Cm* (TEMP-Tg-sigma m)))

!Tncremental Chemical shrinkage of the resin due to DOC development
y_r=y_a* (DOC_new-DOC)

a 1=(((1-v_f)*E r*a r)+v_f*E 1f*a 1f)/((1-v f)*E r+v_f*E 1f)!CTE 1 [1/degC]

a:t=(l -v f)*a r + v f*a tf + (1-v_f)*a r*NU r
+ NU12 f*a 1f*v f-NU 12*a 1 !CTE_t [1/degC]

y 1=(((1-v_£)*E r*y r))/((1-v_£f)*E r + v_f*E lf)‘Chemlcal shr. long. [-]
y t=(1-v_f)*y r +(1-v_£f)*y r*NU r - NU1l2 f*y 1 !Chemical shr. transv. [-]

!Create empty stiffness matrix

DO I=1,NTENS

DO J=1,NTENS

DDSDDE (I, J)=ZERO

ENDDO
ENDDO

!The following lines define the 12 different entities of the stiffness matrix
!for an transversely isotropic linear elastic material.
! (Mechanics of Anisotropic Materials, Skrzypek2015)
DDSDDE (1,1)=((ONE-NU_23*NU_32) /DELTA) *E1

DDSDDE (1,2)=((NU_12+4NU 13*NU 32) /DELTA) *E2

DDSDDE (1,3)=((NU_13+NU 12*NU 23)/DELTA)*E3

(

(
DDSDDE (2, 1) =DDSDDE (1, 2)
DDSDDE(2 2)=((ONE-NU_13*NU 31) /DELTA) *E2
DDSDDE (2, 3) = ( (NU_23+NU_21*NU_13) /DELTA) *E3
DDSDDE (3, 1) =DDSDDE (1, 3)
DDSDDE(3 2)=DDSDDE (2, 3)
DDSDDE (3, 3) = ( (ONE-NU_12*NU_21) /DELTA) *E3
DDSDDE (4, 4)=G12
DDSDDE(5 5)=G13

DDSDDE (6, 6) =G23
!Define Thermal Strain tensor for current increment
DTHERMSTRAN (1) =a 1*DTEMP
DTHERMSTRAN(2)=a_t*DTEMP
DTHERMSTRAN (3) =DTHERMSTRAN (2)
DO J=NDI+1,NTENS
DTHERMSTRAN (J) =2ERO
ENDDO

!Define Incremental chemical strain tensor for current increment
DCHEMSTRAN (1)=-y 1
DCHEMSTRAN(2)=—y_t
DCHEMSTRAN (3) =DCHEMSTRAN (2)
DO J=NDI+1,NTENS
DCHEMSTRAN (J) =ZERO
ENDDO

!Define the new stress tensor by using the previous calculated stiffness
! entity with the corresponding stress vector and strain vector entity.
DO I=1,NTENS
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DO J=1,NTENS
STRESS (J) =STRESS (J) +DDSDDE (J, I) * (DSTRAN (I) -

& (DTHERMSTRAN (I) +DCHEMSTRAN (I)))
ENDDO
!'Sum incremental elastic and thermal strains in total strain arrays
ELASSTRAN (I) = ELASSTRAN(I) + (DSTRAN(I)- (DTHERMSTRAN (I)+DCHEMSTRAN (I)))
THERMSTRAN (I) = THERMSTRAN (I) + DTHERMSTRAN (I)
CHEMSTRAN (I) = CHEMSTRAN(I) + DCHEMSTRAN (I)
ENDDO

!Save Elastic, thermal and chemical strain for next increment.
DO I=1,NTENS

STATEV (I) = ELASSTRAN (I)

STATEV (I+NTENS) = THERMSTRAN (I)

STATEV (I+TWO*NTENS) = CHEMSTRAN (I)
ENDDO

!Save new DOC, CureRate,Tg for next increment

STATEV (19)=DOC Needed for current increment as DOC in UMATHT
STATEV (20)=DOC_new !Needed for next increment as DOC old

STATEV (21)=CureRate !Needed to export for heat development in UMATHT
STATEV (22) =Tg !Needed to export the Tg for equations in UMATHT
RETURN
END

SUBROUTINE UMAT RESIN (STRESS, STATEV,DDSDDE, SSE, SPD, SCD,
1 RPL,DDSDDT, DRPLDE, DRPLDT,
2 STRAN,DSTRAN, TIME, DTIME, TEMP, DTEMP, PREDEF, DPRED, CMNAME,
3 NDI,NSHR,NTENS,NSTATV, PROPS, NPROPS, COORDS, DROT, PNEWDT,
4 CELENT, DFGRDO, DFGRD1, NOEL, NPT, LAYER, KSPT, JSTEP, KINC)
INCLUDE "ABA PARAM.INC’
CHARACTER*80 CMNAME
DIMENSION STRESS (NTENS), STATEV (NSTATV),
DDSDDE (NTENS, NTENS) , DDSDDT (NTENS) , DRPLDE (NTENS) ,
STRAN (NTENS) , DSTRAN (NTENS) , TIME (2) , PREDEF (1) , DPRED (1),
PROPS (NPROPS) , COORDS (3) , DROT (3, 3) , DFGRDO (3, 3) , DFGRD1 (3, 3),
JSTEP (4)

DSw N

DIMENSION ELASSTRAN (NTENS) , DTHERMSTRAN (NTENS) , THERMSTRAN (NTENS) ,
1 CHEMSTRAN (NTENS) , DCHEMSTRAN (NTENS)

DOUBLE PRECISION DOC max,v_f,DOC,A,E,n,m,C,alpha c,alpha T,H tot,
R,rho f,rho r,rho laminate,E 1f,E tf,Gl2 f,G23 £f,NU12 f,a 1f,

a tf,E r glass,E r glassT,E r rub,NU r glass,NU_r rub,a glass,

a rub,y a,Cm,sigma m,Tg 0,Tg_inf, LAMBDA,DOC old,CureRate, Tqg,
ErNUVYrGTFr,aryrE,E2E3GI2,G13,G23,NU 12,NU 13,NU 23,

NU 21,NU 31,NU_32,DELTA,a l,a t,y 1,y t,DOC initial,TEMP initial
INTEGER I,J

PARAMETER (ZERO=0.0D0, ONE=1.0D0, TWO=2.0D0, THREE=3.0DO0)

g w N

DOC max = 0.9999 !Set maximum DOC

DO I=1,NTENS

ELASSTRAN(I) = STATEV (I)
THERMSTRAN (I) = STATEV (I+NTENS)
CHEMSTRAN (I) = STATEV (I+TWO*NTENS)
ENDDO

DOC=STATEV (20)

!Cure kinetic parameters, based on Airstone 780E/785H resin
A=681085.0 !Pre-exponential Arrhenius factor [s"-1]
E=59291.0 !Activation energy [J/mol”-1]

n=1.67 !Reaction order [-]

Obtaining state variables 1-19 from previous increment===========
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m=0.12 !Reaction order [-]

C=47.17 1[-]

alpha c=0.77 '[-]

alpha T=1.60D-3 '[Kh-1]

H tot=434.0D3 ' [J*kgh-1]

R=8.3144 !Universal gas constant [J K-"1 mol-"1]

Material parameters of constituents !
!|---Epoxy resin---!

!Mechanical

E r glass=4.61D9 'Modulus resin at glassy state [Pa]

E r glassT=-0.012D9 !Temp. dependency modulus at glassy state [Pa/degC]
E r rub=0.04D9 !Modulus resin at rubbery state [Pal]

NU r glass=0.35 !Poisson’s ratio resin at glassy state [-]

NU_r rub=0.49999 !Poisson’s ratio resin at rubbery state [-]

!Thermal expansion
a glass=6.0D-5 !CTE resin at glassy state [1/degC]
a rub=1.7D-4 !CTE resin at rubbery state [1/degC]

!Chemical linear strain due to shrinkage

y a=1.9D-2 !Linear shrinkage of resin [-]

!Others

Cm=0.4 !Breadth of transition [1/degC]

sigma m=10.2 !Temperature shift of transition [degC]

!Glass transition temperature parameters

Tg 0=-55.0 'Minimum Tg of epoxy resin [degC]
Tg inf=89.0 !Maximum Tg of epoxy resin [degC]
LAMBDA=0.476 !Fitting parameter [-]

!'Evolution of Glass transition temperature (DiBenedetto Eq.)
Tg=Tg_ 0+ ((Tg_inf-Tg 0)*LAMBDA*DOC) / (1- (1-LAMBDA) *DOC)

!Mechanical property evolutions throughout cure development
E r= E r rub + (E_r_glass+(E_r_glassT*TEMP)—E_r_rub)/

& (l+exp (Cm* (TEMP-Tg-sigma m))) !Resin modulus [Pa]
NU r=NU r rub + (NU r glass-NU_ r rub)/
& (1+exp (Cm* (TEMP-Tg-sigma m))) !Resin Poisson’s ratio [-]

——————— =Property calculation of resin (isotropic)= == !
!Elastic properties

EMOD=E r

ENU=NU r

EBULK3=EMOD/ (ONE-TWO*ENU)

EG2=EMOD/ (ONE+ENU)

EG=EG2/TWO

EG3=THREE*EG

ELAM= (EBULK3-EG2) /THREE

Resin material parameters evolution models== == !
!Calculation curing rate with autocatalytic kinetic model (1lst T in kelwvin!)

CureRate = (A*exp (-E/ (R* (TEMP+273.15))))/
& (1+exp (C* (DOC-alpha c-alpha T* (TEMP))))
& * (1-DOC) **n * DOC**m

!'Updating DOC for next increment
DOC new = DOC + CureRate*DTIME

!When new DOC is exceeding DOC max, DOC max is used, CureRate is terminated
IF (DOC _new .gt. DOC_max) THEN

DOC new = DOC max

CureRate=0.0
END IF
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!Thermal expansion evolutions throughout cure development [1/degC]
a r=a rub + (a_glass - a_rub)/(l+exp(Cm*(TEMP—Tg—sigma_m)))

!Tncremental Chemical shrinkage of the resin due to DOC development
y_r=y a*(DOC new-DOC)

!Create empty stiffness matrix
DO I=1,NTENS

DO J=1,NTENS

DDSDDE (I, J)=ZERO

ENDDO
ENDDO

!Define Stiffness matrix
DO I=1, NDI
DO J=1, NDI
DDSDDE (J, I)=ELAM
END DO
DDSDDE (I, I)=EG2+ELAM
END DO
DO I=NDI+1, NTENS
DDSDDE (I ,I)=EG
END DO

!Define Thermal Strain tensor for this increment
DTHERMSTRAN(1)=a_r*DTEMP
DTHERMSTRAN (2) =DTHERMSTRAN (1)
DTHERMSTRAN (3) =DTHERMSTRAN (1)
DO J=NDI+1,NTENS

DTHERMSTRAN (J) =ZERO
ENDDO

!Define Incremental chemical strain tensor for this increment
DCHEMSTRAN(l):—y_r
DCHEMSTRAN (2) =DCHEMSTRAN (1)
DCHEMSTRAN (3) =DCHEMSTRAN (1)
DO J=NDI+1,NTENS
DCHEMSTRAN (J) =2ERO
ENDDO

!Define the new stress tensor by using the previous calculated stiffness
lentity with the corresponding stress vector and strain vector entity.
DO I=1,NTENS
DO J=1,NTENS
STRESS (J)=STRESS (J) +DDSDDE (J, I)* (DSTRAN (I) -
(DTHERMSTRAN (I) +DCHEMSTRAN (I)))

ENDDO

!'Sum incremental elastic and thermal strains in total strain arrays
ELASSTRAN (I) = ELASSTRAN(I) + (DSTRAN(I)- (DTHERMSTRAN (I)+DCHEMSTRAN (I)))
THERMSTRAN (I) = THERMSTRAN (I) + DTHERMSTRAN (I)

CHEMSTRAN (I) = CHEMSTRAN(I) + DCHEMSTRAN (I)

ENDDO

!Save Elastic, thermal and chemical strain for next increment.
DO I=1,NTENS

STATEV (I) = ELASSTRAN(I)

STATEV (I+NTENS) = THERMSTRAN (I)

STATEV (I+TWO*NTENS) = CHEMSTRAN (I)
ENDDO
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410 !Save new DOC, CureRate,Tg for next increment

411 STATEV (19) =DOC Needed for current increment as DOC in UMATHT
412 STATEV (20) =DOC_new !Needed for next increment as DOC old

413 STATEV (21)=CureRate !Needed to export for heat development in UMATHT
414 STATEV (22)=Tg !Needed to export the Tg for equations in UMATHT
415 RETURN

416 END

417

418 SUBROUTINE DISP(U,KSTEP,KINC,TIME,NODE, NOEL, JDOF, COORDS)

419 INCLUDE ’ABAiPARAM.INC’

420 DIMENSION U(3),TIME (3),COORDS (3)

421 DOUBLE PRECISION TO,T1,Dtl,r1,T2,Dt2,r2,r3

422 ! Input variables= !
423 T0=23 !Predefined Temp. (Equal to CAE model init. Temp.)
424 !First dwell parameters

425 T1=70.0 !Temperature First dwell [degC]

426 Dt1=240 !Duration of First dwell [min]

427 r1=0.3 !Heating rate [degC/min]

428 !Cooldown parameter

429 rc=0.5 !Cooling rate [degC/min]

430 ! ==Parameter recalculation= !
431 'Recalculate dwell times to seconds

432 Dtl = Dt1*60.0 I[s]

433 Dt2 = Dt2*60.0 1[s]

434 !Recalculate heating rate to seconds

435 rl=rl/60 'Rate 1, [degC/s]

436 r2=r2/60 'Rate 2, [degC/s]

437 rc=rc/60 'Rate 3, [degC/s]

438 !Recalculate Temp’s and rates to time durations

439 ral=(T1-T0)/rl

440 rac=(T1-T0) /rc

441 !Cure cycle definition

442 IF (TIME(2) .le. ral) THEN

443 U(1l)=TO+r1*TIME (2)

444 ELSE IF (TIME(2) .gt. ral .and. TIME(2) .le. ral+Dtl) THEN

445 U(l)=T1

446 ELSE IF (TIME(2) .gt. ral+Dtl .and. TIME(2) .le. ral+Dtl+rac THEN

447 U(1l)=T1 - rc*(TIME(2)-Dtl-ral)

448 ELSE IF (TIME(2) .gt. ral+Dtl+rac) THEN

449 U(1l)=T0

450 END IF

451 RETURN

452 END

453

454 SUBROUTINE FILM (H,SINK,TEMP,KSTEP,KINC, TIME,NOEL, NPT,

455 1 COORDS,JLTYP,FIELD,NFIELD, SNAME, NODE, AREA)

456

457 INCLUDE "ABA PARAM.INC’

458 DIMENSION H(2),TIME (2),COORDS (3), FIELD(NFIELD)

459 CHARACTER*80 SNAME

460 DOUBLE PRECISION TO,T1,Dtl,rl,T2,Dt2,r2,r3

461 ! == ==Input variables== == == !
462 H(1)=13.7 !Convection coefficient [W/m or J s”1 m"1]

463 H(2)=0.0 'Rate of change convection coefficient wrt temp.
464 T0=23 !Predefined Temp. (Equal to CAE model init. Temp.)
465 !First dwell parameters

466 T1=70.0 !Temperature First dwell [degC]

467 Dt1=240 !Duration of First dwell [min]

468 r1=0.3 'Heating rate [degC/min]

469 !Cooldown parameter

470 rc=0.5 !Cooling rate [degC/min]



471 ! Parameter recalculation=

472 'Recalculate dwell times to seconds

473 Dtl = Dt1*60 '[s]

474 Dt2 = Dt2*60 '[s]

475 !Recalculate heating rate to seconds

476 rl=rl/60 'Rate 1, [degC/s]

477 rc=rc/60 'Rate 3, [degC/s]

478 !Recalculate Temp’s and rates to time durations

479 ral=(T1-T0)/rl

480 rac=(T1-T0) /rc

481 !Cure cycle definition

482 IF (TIME(2) .le. ral) THEN

483 SINK=TO+r1*TIME (2)

484 ELSE IF (TIME(2) .gt. ral .and. TIME(2) .le. ral+Dtl) THEN
485 SINK=T1

486 ELSE IF (TIME(2) .gt. ral+Dtl .and. TIME(2) .le.
487 & ral+Dtl+rac) THEN

488 SINK=T1 - rc* (TIME(2)-Dtl-ral)

489 ELSE IF (TIME(2) .gt. ral+Dtl+rac) THEN

490 SINK=TO

491 END IF

492 RETURN

493 END

494

495 SUBROUTINE UMATHT (U, DUDT, DUDG, FLUX, DFDT, DFDG,

496 1 STATEV,TEMP, DTEMP, DTEMDX, TIME, DTIME, PREDEF, DPRED,
497 2 CMNAME, NTGRD,NSTATV, PROPS, NPROPS, COORDS, PNEWDT,
498 3 NOEL, NPT, LAYER, KSPT, KSTEP, KINC)

499

500 INCLUDE "ABA PARAM.INC’

501 CHARACTER*80 CMNAME

502 IF (CMNAME (1:3) .EQ. ’"PLY’) THEN

503 CALL UMATHT PLY (U,DUDT, DUDG, FLUX, DFDT, DFDG,

504 1 STATEV,TEMP, DTEMP, DTEMDX, TIME, DTIME, PREDEF, DPRED,
505 2 CMNAME, NTGRD,NSTATV, PROPS, NPROPS, COORDS, PNEWDT,
506 3 NOEL, NPT, LAYER, KSPT, KSTEP, KINC)

507

508 ELSE IF(CMNAME (1:5) .EQ. ’"RESIN’) THEN

509 CALL UMATHT RESIN (U, DUDT,DUDG, FLUX, DFDT, DFDG,

510 1 STATEV,TEMP, DTEMP, DTEMDX, TIME, DTIME, PREDEF, DPRED,
511 2 CMNAME, NTGRD,NSTATV, PROPS, NPROPS, COORDS, PNEWDT,
512 3 NOEL, NPT, LAYER, KSPT, KSTEP, KINC)

513

514 END IF

515 RETURN

516 END

517

518 SUBROUTINE UMATHT PLY (U, DUDT, DUDG, FLUX, DFDT, DFDG,
519 1 STATEV,TEMP, DTEMP, DTEMDX, TIME, DTIME, PREDEF, DPRED,
520 2 CMNAME, NTGRD,NSTATV, PROPS, NPROPS, COORDS, PNEWDT,
521 3 NOEL, NPT, LAYER, KSPT, KSTEP, KINC)

522

523 INCLUDE "ABA PARAM.INC’

524 CHARACTER*80 CMNAME

525 DIMENSION DUDG (NTGRD) , FLUX (NTGRD) , DEDT (NTGRD) ,

526 1 DFDG (NTGRD, NTGRD) , STATEV (NSTATV) , DTEMDX (NTGRD) ,
527 2 TIME (2),PREDEF (1), DPRED (1), PROPS (NPROPS) , COORDS (3)
528

529 DOUBLE PRECISION DOC,CureRate,Tg,H tot,v f,Q,K(NTGRD),K 1f,K tf,
530 1 a kr,b kr,c kr,d kr,e kr,f kr,K r,K11,K22,K33,A fcp,B fcp,A rcp

531 2 B rcp,delta rcp,C rcp,sigma,rho f,rho r,w £,Cp £,Cp r,Cp c
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90 A. Fortran Subroutine Code
PARAMETER (ZERO=0.0D0, ONE=1.0D0, TWO=2.0DO0)
!Tnitialize STATEV.
DOC = STATEV (19) !Obtaining DOC from UMAT
CureRate=STATEV (21) !0btaining CureRate from UMAT
Tg=STATEV (22) !Obtaining Tg from UMAT
H tot=434.0D3 !Reaction energy [J*kg”-1]
v_f=0.54 'Assumed fibre volume fraction of the laminate
!Heat generation source definition
Q=(1-v_f)*H tot*CureRate*DTIME
! ==Material Constants - Thermal conductivity !
!Fibre Material
K 1f=1.03 !Longitudinal thermal conductivity fibre [W/ (m degC) ]
K tf=1.03 !Transverse thermal conductivity fibre [W/ (m degC) ]
!Resin Material
a _kr=0.0008 '[W/ (m degC”2)]
b kr=-0.0011 '[W/ (m degC”2)]
c_kr=-0.0002 !'[W/ (m degC”2) ]
d kr=-0.0937 !'[W/ (m degC) ]
e kr=0.22 ' [W/ (m degC) ]
f kr=0.12 !'[W/ (m degC) ]
! ==Calculation orthotropic conductivity development !
K_r=a kr*TEMP*DOC**2 + b kr*TEMP*DOC + c_kr*TEMP + d_kr*DOC**2 +
& e kr*DOC + f kr !Resin conductivity
Kll=v_f*K 1f + (1-v_f)*K r
K22=v_f*K _r*(K_tf/K r - 1) + K _r*(ONE/TWO - K_tf/(TWO*K r))
& + K r* (K tf/K r - ONE)*
& sqrt(v_f**2-v_f+((K_tf/K r + ONE)**2)/ ((TWO*K tf/K r — TWO)**2))
K33=K22
!Set orthotropic conductivity in array formation
K(l)=K1l1
K (2)=K22
K (3)=K33
! Material Constants - Specific heat !
!Fibre Material
A fcp=0.0014D3 !'[J/ (kg degC"2)]
B fcp=0.841D3 1'[J/ (kg degC)]
'Resin Material
A rcp=0.0025D3 !'[J/ (kg degC"2)]
B rcp=1.80D3 1'[J/ (kg degC) ]
delta rcp=-0.25D3 1'[J/ (kg degC) ]
C rcp=1.10 ! [1/degC]
sigma=16.5 ! [degC]
rho £=2580.0 ! Tkg/m”*3]
rho r=1105.0 ! [kg/m"3]
! Calculation specific heat development !
w_f= (v_f*rho f)/(v_f*rho f + (1-v_f)*rho r)
Cp_f=A_ fcp*TEMP + B_fcp
Cp_r=A rcp*TEMP + B rcp +
& (delta_rcp/ (ONE+exp (C_rcp* (TEMP-Tg-sigma))))
Cp c=w f*Cp f + (1-w f)*Cp r
DUDT = Cp_c !Specific heat Composite
DU = DUDT * DTEMP
U=U+DU - 0Q
!Define Heat flux vector
DO i=1, NTGRD
FLUX (i) = -K(i)*DTEMDX (1)
END DO
!Define variation of heat flux vector as conductivity vector
DO i=1, NTGRD
DFDG (i,1)=-K (1)
END DO
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RETURN
END

SUBROUTINE UMATHT RESIN (U, DUDT, DUDG, FLUX, DFDT, DFDG,
STATEV, TEMP, DTEMP, DTEMDX, TIME, DTIME, PREDEF, DPRED,
CMNAME, NTGRD, NSTATV, PROPS, NPROPS, COORDS,, PNEWDT,
NOEL, NPT, LAYER, KSPT, KSTEP, KINC)

INCLUDE "ABA PARAM.INC’

CHARACTER*80 CMNAME

DIMENSION DUDG (NTGRD) , FLUX (NTGRD) , DFDT (NTGRD) ,
DFDG (NTGRD, NTGRD) , STATEV (NSTATV) , DTEMDX (NTGRD) ,
TIME (2) , PREDEF (1), DPRED (1), PROPS (NPROPS) , COORDS (3)

DOUBLE PRECISION DOC,CureRate,Tg,H tot,v f,Q,K1,K 1f,K tf,

a kr,b kr,c kr,d kr,e kr,f kr,K r,K11,K22,K33,A fcp,B fcp,A rcp
B rcp,delta rcp,C rcp,sigma,rho f,rho r,w £,Cp £f,Cp r,Cp c
PARAMETER (ZERO=0.0D0O, ONE=1.0D0, TWO=2.0DO)

!Tnitialize STATEV.

DOC = STATEV(19) !Obtaining DOC from UMAT
CureRate=STATEV (21) !Obtaining CureRate from UMAT
Tg=STATEV (22) !Obtaining Tg from UMAT

H tot=434.0D3 !Reaction energy [J*kg”-1]

'Heat generation source definition, for neat resin only
Q=H tot*CureRate*DTIME

Material Constants - Thermal conductivity (isotropic)=========|

!Resin Material

a kr=0.0008 '[W/ (m degC”2)]

b kr=-0.0011 '[W/ (m degC”2) ]

c_kr=-0.0002 ' [W/ (m degC”2) ]

d kr=-0.0937 '[W/ (m degC) ]

e kr=0.22 !'[W/ (m degC) ]

f kr=0.12 '[W/ (m degC) ]

&

K r=a kr*TEMP*DOC**2 + b kr*TEMP*DOC + c kr*TEMP + d _kr*DOC**2 +
e kr*DOC + f kr

—————————————————————— Material Constants - Specific heat=========================
'Resin Material
A rcp=0.0025D3 '[J/ (kg degC”™2)]
B rcp=1.80D3 '[J/ (kg degC)]
delta rcp=-0.25D3 !'[J/ (kg degC)]
C rcp=1.10 1 [1/degC]
sigma=16.5 ! [degC]

&

Calculation specific heat development !
Cp_r=A rcp*TEMP + B rcp +
(delta_rcp/ (ONE+exp (C_rcp* (TEMP-Tg-sigma))))

DUDT = Cp_r !Specific heat resin
DU = DUDT * DTEMP
U=U+ DU - Q

!Define Heat flux vector
DO i=1, NTGRD

FLUX (i) = -K r*DTEMDX (i)
END DO

!Define variation of heat flux vector as conductivity vector
DO i=1, NTGRD

DFDG (i,1)=-K r
END DO
RETURN
END
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SDVO01
SDV02
SDVO03
SDV04
SDVO05
SDVO06
SDVO07
SDV08
SDV09
SDV13
SDV14
SDV15
SDV19
SDV20
SDV21
SDV22

Code

Total effective strain - xx

Total effective strain - yy

Total effective strain - zz

Total effective strain - xy

Total effective strain - yz

Total effective strain - xz
Thermal strain - xx

Thermal strain - yy

Thermal strain - zz

Shrinkage strain - xx

Shrinkage strain - yy

Shrinkage strain - zz

DOC at the beginning of the increment
DOC at the end of the increment
Cure rate (da/dt)

Tg
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Sensitivity Analysis - Output graphs

Within this appendix, the output graphs of the sensitivity analysis are presented. Figures and C.2
are the resulting interpolated DOC evolution data and the DOC evolution true error graphs for the
isothermal cure cycles. In addition, figures C.3 to C.5 are the resulting interpolated DOC evolution
data, the DOC evolution true error and the DOC evolution relative error for the dynamic cure cycle.
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Figure C.1: DOQ development, Numerical vs. Experimental (after interpolation) - Isothermal cycles with 50, 70, 90 and 110 °C
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Figure C.2: True error - DOQ development, Numerical vs. Experimental - Isothermal cycles with 50, 70, 90 and 110 °C
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Figure C.3: DOQ development, Numerical vs. Experimental (after interpolation) - Dynamic cycle with 1 °C/min
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Figure C.4: True error - DOQ development, Numerical vs. Experimental - Dynamic cycle with 1 °C/min
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Figure C.5: Relative error - DOQ development, Numerical vs. Experimental - Dynamic cycle with 1 °C/min






)

Verification Model - Output Graphs

This page intentionally left blank

99



100 D. Verification Model - Output Graphs
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Figure D.1: Cure cycle 1: Development of the DOC and [Td within the 0° plies. Data for correlation obtained from [48]
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Figure D.2: Cure cycle 1: Development of the resin modulus and residual stress generation within the 0° plies. Data for

correlation obtained from [48]
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Tg and DOC evolution - Optimal cure cycle
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Figure D.3: Optimal cure cycle: Development of the DOQ and [Td within the 0° plies. Data for correlation obtained from [48]
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Figure D.4: Optimal cure cycle: Development of the resin modulus and residual stress generation within the 0° plies. Data for
correlation obtained from [48]






Mesh Strategy - Ply Drop-off Model

Within this appendix, the mesh structure strategy of each ply drop-off model is given. As can be seen
in figure E.1, four different mesh seed edge groups are implemented within the thin laminate model.
For the thick laminate model, as shown in figure E.2, five different mesh seed edge groups are imple-
mented. The subsequent steps of assigning mesh seeds and implement mesh elements for the thick
laminate drop-off model and multiple drop-off model is identical to the thin laminate model, as shown
in figures and E.3. As result of these standardized methods using different (biased) mesh seed
edges, multiple mesh structures can be obtained for the mesh convergence studies.

(a)

Horizontal biased seed line (H1)

Horizontal seed line (H2)

Vertical seed line (V1)
Vertical seed line (V2)

(b) ) 1

Figure E.1: Mesh strategy of thin laminate ply drop-off model. (a) Visualization of different mesh seed edges, (b) Assigning
mesh seeds according to different element sizes and (c) Implementation of mesh elements
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Horizontal biased seed line (H1)
Horizontal seed line (H2)
Vertical seed line (V1)

Vertical seed line (V2)

Vertical seed line (V3)

Figure E.2: Mesh strategy of thick laminate ply drop-off model. Visualization of different mesh seed edges
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Horizontal biased seed line (H1)
Horizontal seed line (H2)
Vertical seed line (V1)

Vertical seed line (V2)

Vertical seed line (V3)

Topology 1 Topology 2

Figure E.3: Mesh strategy of thick laminate multiple ply drop-off model. Visualization of different mesh seed edges for both
topologies






Resin Pocket Material Properties -
Contour Plots
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Figure F.1: Out-of-plane stress contour plot as result of material property evolutions within resin pocket. Thin laminate ply
drop-off model (a/b = 1/1.5). Time = 156 min (Start dwell), DOC = 0.7. For clarification a deformation scale factor of 10 is used
and the resin pocket is hidden. Unit of contour limit values in Pascal. Note that no differences were observed between variation
4 and 5 at this observation point (constant volume and no resin modulus, respectively) and therefore the fifth plot has been left

out
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Figure F.2: Out-of-plane stress contour plot as result of material property evolutions within resin pocket. Thin laminate ply
drop-off model (a/b = 1/1.5). Time = 396 min (End dwell), DOQ = 0.92. For clarification a deformation scale factor of 10 is used
and the resin pocket is hidden. Unit of contour limit values in Pascal
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Figure F.3: Out-of-plane stress contour plot as result of material property evolutions within resin pocket. Thin laminate ply
drop-off model (a/b = 1/1.5). Time = 490 min (End cycle), DOQ = 0.92. For clarification a deformation scale factor of 10 is used
and the resin pocket is hidden. Unit of contour limit values in Pascal






Influence of Process Parameters -
Output Graphs

Within this appendix, the graphs for the Von Mises stress vs. time and vs. DOC within the resin pocket
for all cure cycles is given. In addition, for each dwell temperature the output graphs for a single different
cool down rate are given.

Von Mises stress evolution - All cure cycles
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Figure G.1: Maximum Von Mises stress evolution within the pocket. All dwell temperatures and cool down rates
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Temperature and DOC evolution (60 °C, 0.1 °C/min)
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(c) Modulus and stress evolution graph

Process influence output graphs. Dwell temp: 80 °C, Cool down rate: 0.5 °C/min
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Temperature and DOC evolution (100 °C, 1.5 °C/min)
100 1.0
80 A 0.8
T 60 06
2. R
2 g
5 8
= 40 0.4
Temp bottom
//” —— Temp pocket
20 A ,,¢' —— Temp top 0.2
’,r’ —==- DOC bottom
Lomm"" —~=- DOC pocket
--=- DOC top
0 T T T T T 0.0
0 50 100 150 200 250
Time [min]
(a) Temperature and DOQ evolution graph
100 Temperature and Tg evolution (100 °C, 1.5 °C/min)
Vitrification
80 A
60 - B i N
s 7
c ,/v //
— S Pl
O 40 A © P g
o @ Ry S
o 47 ’ kel
2 Ayt 2
20+ i S
aQ R
; s
~ 01 0// e
R —— Temp bottom
v 'd
—20 1 R —— Temp pocket
/;f/ —— Temp top
_e?” ==~ Tg bottom
—401 e ~~- Tg pocket
" --- Tgtop
-60 T T T T - a
0 50 100 150 200 250
Time [min]
(b) Temperature and [Td evolution graph
5 Resin modulus and stress evolution (100 °C, 1.5 °C/min) 30
c
—== Modulus pocket 2
—— 0, Pocket §
— 5 -=F25
o33 Core ply £
44
I r 20
1
[ H I
& 3 - ©
c L o
2 : s
(%] ° ] —
2 3 ! a
_g S 1 10 @
O 21 1 ]
= ,' 0
1
1 F5
1
1
1 .
1 ro
I
1
1
’/
[ e B S T T -5
0 50 100 150 200 250
Time [min]

(c) Modulus and stress evolution graph

Figure G.5: Process influence output graphs. Dwell temp: 100 °C, Cool down rate: 1.5 °C/min






Influence of Stagger Distance. All 0°
Layup - Output Graphs
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Figure H.1: Influence of stagger distance on maximum out-of-plane stress within core- and belt ply. Multiple ply drop-off model
with aspect ratio of 1/1.5. Topology 1. All 0° layup
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Figure H.2: Influence of stagger distance on maximum out-of-plane stress within core- and belt ply. Multiple ply drop-off model
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