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SUMMARY

Haralambos Alkiviades

Airborne Composites Automation recently installed an automation product line that cre-
ates flat thermoplastic laminates intended for consumer electronics industry. However,
due to the composite nature of the material and the process parameters, the final prod-
uct is deformed, as a result of internal residual stresses. The purpose of this thesis is to
use Finite Element Analysis methods in order to build up digital twins of the composite
laminates undergoing the manufacturing process composed by several pressing cycles in
order to predict their final warpage. Hence, this work aims at characterizing and predict-
ing the real cause for warpage, offering an opportunity to minimizing it. Since the pa-
rameterization of the simulations is automated, this work is a first step towards the use of
data-driven methods that enable analysis and design of future laminates under different
process parameters.
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INTRODUCTION

N recent years, the use of fibre reinforced polymer composites in high performance
I structural applications has increased significantly due to improvements in processing
technology that enables the production of parts of very high quality. With increasing pro-
duction rates of structures, there is a demand for time- and cost-efficient manufacturing
processes for large scale production. Traditional manufacturing techniques for compos-
ite materials are generally slow as a typical production cycle involves labour-intensive ply
collation by either hand lay-up or the use of preforms followed by long curing cycles [1].
On the other hand, Airborne Composites Automation (ACA) was able to construct an au-
tomated manufacturing technique where robotic engineering and science replace time
consuming and expensive manual layup processes by laying the thermoplastic composite
into the process line. To complete consolidation, several pressing cycles are used which
combine mechanical and thermal loads simultaneously with the help of pressing plates
and robotic hands.

The purpose of this work is to create the whole process using Finite Element (FE) mod-
eling techniques in order to find what processing parameters cause the deformation and
how to optimize it. The complexity of the modeling and process simulation is attributed
to the multi-physics and multi-scale nature of the composites. Moreover, worth mention-
ing is that, the specific process does not exist from previous authors, so a general digital
computational twin for this new product line is important for the next generation of com-
posite automation.

The automated product line is used to manufacture laminates that will be applied to lap-
top cases, among other possible applications. Therefore, the flatness of the laminates
is particularly important for their functionality as well as visual appeal. However, this
project has an important practical constraint: the material properties are not experimen-
tally determined because the purpose of this thesis is to focus on simulating the process
and to automate the input of the parameters involved. Moreover, it will provide working
material for future work, concerning press consolidation, thermoforming, stamping and
in general forming techniques. Therefore, this research has limited experimental input
beyond simple characterizations of the final shape of the laminate (the output of this re-



2 1. INTRODUCTION

search). Therefore, the research goal is to create a general computational strategy that
can be adopted for predicting the residual stress build-up and subsequent warping of any
composite laminates manufactured by the automation line.

The manufacturing process is called the "Falcon Line" with the purpose of producing
thermoplastic laminates at a fast pace without any human involvement. The whole pro-
cess is very fast (a matter of minutes) where in each full run, 4 flat laminates are produced.
Moreover, the process is labour free, which allows for 24/7 production, reducing vastly the
manufacturing cost of the composite parts.

Trays
Roll m) Cuttingand m) rotation m)| Press
Preparation Feeding and Feeding
welding

¥

Inspection ™ | Press3 Press 2 Press 1

Figure 1.1: Schematic Representation of the Falcon Line

Figure 1.2: Falcon Line

The line is a combination of several steps (Figure 1.1). Also, Figure 1.2 shows the line
from a digital movie that represents the real product line. Two rollers feed the system us-
ing trays that are moving into trailing lines. With correct cutting and placement, the two
rollers provide laminates with different orientations and the laminate sequence is con-
trolled automatically by choosing it before the start of feed process. At the moment, only



two directions can be chosen (0 and 90 Degrees) creating cross-ply laminates. After feed-
ing, the laminates are welded with ultrasonic welding at two spots for the robot to easily
grab them and place them into the consolidation pressing machine. The system handles
four composite laminates at a time (Figure 4.17), where steel plates and a compatibility
layer sheet are also used separately. With the help of robotic hands, the structure is mov-
ing through the press (plates, compatibility layer and laminates). The pressing machine
consists of 3 presses, each one applying different temperature and pressure values, which
is the main focus of this thesis. Moreover, the time that the loads are applied is important
and also the time of the transportation from each press to the next, as it controls the heat-
ing and cooling profile of the laminates. After consolidation, the last step is the inspec-
tion of the laminate’s quality, which measures the deviation of the laminates from flatness.
From the stages, many variables affect the outcome of the material’s quality.

The first laminates fabricated by this process showed non-negligible warping. Warpage is
characterized by a distortion of the composite laminate that leads to a different final shape
after the manufacturing process is finished, as compared to the intended design [2]. In
our case, warpage stands for the deviation from the flatness of initially flat laminates (the
laminates must be as flat as possible in order to meet the design requirements) [3] — see
Figure 1.3 exemplifying a laminate at the end of the Falcon line. Moreover, the laminates
were extracted having concave shape (edges touching the compatibility layer). Then, the
user turned over the laminates (convex shape) and measured the distance from all the
laminate’s corners to the flat reference plate. The final warpage is defined as the average
of the 4 measured distances for each laminate individually. Typically, residual stresses
generated during the production steps are the culprit for this defect. In general, there are
multiple factors associated to composite warpage that can have two origins:

1. Intrinsic sources: arising from the material and the part itself. For example, ma-
terial anisotropy, heterogeneity, thermo-mechanical properties, stacking sequence
and part shape can strongly affect warpage of composite laminates. Non-symmetric
laminate sequences, fibre misalignments, non-homogeneous distribution of fibers
or defects (e.g. matrix voids), and moisture absorption are typical factors that lead
to warpage [4].

2. Extrinsic sources: process related issues, such as kinetics of the forming process,
and thermal gradient profiles that depend on mechanical tool-part interaction [5].

Chapter 2 provides a literature review about this subject and elaborates on the sources
of composite warpage. Chapter 3 shows the influence of a temperature gradient on the
development of stresses and also of the deformation of the material. Both computational
and also experimental efforts will be compared and analyzed. Chapter 4 illustrates the
mechanical interaction from a tool to the laminate that will deform the material, which
again, both computational and experimental work will be illustrated. Chapter 5 will only
provide a computational technique to simulate viscoelastic material, which may open
doors for future work either computationally or experimentally. In the Appendix, all the
coding will be explained in detail that was used for the simulations and also, coding for
future work will be provided.
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Warpage Deformation

Figure 1.3: Warped laminate from Falcon Line



LITERATURE REVIEW

N this chapter the origin of residual stresses and their role on the material’s behavior
I is provided, as well as analytical models describing this behavior. A brief introduction
about thermoplastic polymers composites and the relevant manufacturing process in this
thesis is also included.

2.1. BASICS OF THERMOPLASTICS

Thermoplastics are high density polymers where the interaction between polymer chains
usually occurs via van der Waals forces [6] that weakly attract neutral molecules to each
other. Unlike thermosets that are rigidly crosslinked by permanent bonds between chains,
thermoplastics can be reheated and molded into a wide range of shapes multiple times
[7]1, which makes them recyclable. Thermoplastics do not undergo a curing process (no
permanent cross-links), so the manufacturing process is significantly faster than for ther-
mosets.

Airborne’s Falcon Line currently uses a composite supplied by Sabic [8] that has a poly-
carbonate thermoplastic matrix. This polymer has an amorphous structure [9], and un-
dergoes different temperature and pressure cycles. In amorphous polymers, the mate-
rial transitions from a liquid/fluid state into a glassy/solid one once it reaches the glass
transition temperature. This temperature is important because it affects the mechanical
properties of the material significantly. The glass transition temperature T should not be
confused with the melting temperature T}, since the latter is the "solid-liquid" transition
in one step and can only occur for crystalline materials. Figure 2.1 shows the difference
between the two temperatures, Ty and Ty, comparing an amorphous material, a semi-
crystalline and a crystalline configuration. The glass transition presents features of a 24
order transition since thermal studies often indicate that the molar Gibbs energies, mo-
lar enthalpies, and the molar volumes of the two phases, i.e., the melt and the glass, are
equal, while the heat capacity and the expansivity are discontinuous (but for other prop-
erties such as Elastic Modulus vs Temperature, the glass transition is of 1% order [11, 55]).
However, the glass transition is generally not regarded as a thermodynamic transition in
view of the inherent difficulty in reaching equilibrium in a polymer glass or in a polymer
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melt at temperatures close to the glass-transition temperature. The figure highlights the
variation of volume as a function of temperature [10].

Glass

—

Semi crystalline soli

Specific volume

Crystalline solid

T
g
Temperature

—
=
=

Figure 2.1: Volume Vs Temperature for solids [10].

Figure 2.2 shows how the Young’s Modulus of a polyetheretherketone (PEEK) thermoplas-
tic polymer changes as temperature increases, where it is clear the significant decrease
of the Modulu’s value after Ty is surpassed. As temperature rises above T, material vol-
ume increases and facilitates the movement of molecular chains which affects thermal
and elastic properties [11].

Several factors affect the transition into a glassy state:
1. Mobility of the polymer chains as the temperature increases.

2. Presence of plasticizers, which tend to separate chains from each other and increase
the free volume. In this case, chains can slide past each other more easily, lowering
Ty and making the polymer more pliable [11].

3. External pressure which tends to increase the glass transition temperature (smaller
free volume).

The effect of pressure has been investigated by different authors, in a technique called
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Figure 2.2: Young’s Modulus vs Temperature for PEEK [12].

"Compression Induced Solidification" (CIS) [13, 14]. Using this technique, the user can

manipulate the glass transition temperature concerning their manufacturing applications.

2.1.1. THERMOFORMING PROCESS

Thermoplastic parts can be manufactured by a myriad of techniques [15, 16]. However,
this thesis focuses on the thermoforming or stamping process which is similar but not the
same as Airborne’s Falcon line. Falcon’s Line best description is press consolidation, but it
has some similarities with different forming techniques (so, the description of theoretical
techniques is for the reader to get an understanding of the several existing forming tech-
niques of thermoplastic products). Thermoforming is a manufacturing process where the
thermoplastic polymer is heated until it is easily pliable so that it can be introduced into
a mold by applying pressure such that the product is formed into the desirable shape af-
ter consolidation. The process is mainly used for smaller scale products but it is suitable
for high production rates [17]. Moreover, a difference between regular thermoforming
techniques and Falcon Line is that some thermoforming techniques use an already con-
solidated part due to the nature of thermoplastics to be remolded [18]. As shown in Figure
2.3, there are many different types of forming techniques (e.g. vacuum forming, pressure
forming and mechanical forming) with their own advantages and limitations (cost, in-
tended shape for the product, application, etc.). After consolidation, the excess material
is then trimmed away and the formed part is released. Excess material can be reground,
mixed with unused plastic, and reformed again into new thermoplastic sheets.

Thermoplastics and especially thermoplastic composites can have significant residual
stresses after being manufactured. Residual stresses are the stresses that remain in the
material after the originally induced stresses have been removed [19]. This kind of stresses
can be desirable or undesirable, depending on the application. This thesis aims at cre-
ating an automated finite element analysis process to simulate the effects of residual
stresses on thermoplastic composite parts manufactured by thermoforming. Therefore,
understanding the origin of residual stresses is of key importance.
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Figure 2.3: Thermoforming techiques

2.2. ORIGIN OF RESIDUAL STRESSES

The residual stresses are generated during cooling of the material from its final hold tem-
perature. Since these stresses are generated inside the material, they are typically sepa-
rated into three main categories:

1. Micro-mechanical or constituent level where the mismatch between coefficients of
thermal expansion (CTE) [20] is the most important factor. After heating the ma-
terial to a temperature higher than T; or Ty, during cool down, the thermoplastic
matrix tends to shrink volumetrically at a different rate than the fibres [21]. For
example, Figure 2.4 illustrates the effect of the small negative CTE of carbon fibers
that induces longitudinal compressive stresses in the matrix when heating the com-
posite, as opposed to the tensile stresses that originate from the thermoplastic ma-
trix on the transverse direction. A typical value for the CTE of the carbon fibers is
ac = —0.1-10"°K~! while a polycarbonate matrix would have a,,, = 65-10"K~!. Ev-
idently, higher CTE mismatches cause larger residual stresses. Note that the matrix’s
CTE is temperature dependent [22].

2. Meso-mechanical or lamination level concerns ply to ply interactions due to the
stacking sequence. Figure 2.5 summarizes this phenomenon, where interlaminar
shear stresses arise between layers. If the laminate is unbalanced, for example con-
sidering a stacking sequence of [0,90,90] (which is 3 layers of the specific orienta-
tion of unidirectional laminates), then it will bend even when subjected to an axial
force — see Figure 2.8 for a finite element simulation conducted by the author of



2.2. ORIGIN OF RESIDUAL STRESSES 9

this thesis. Ply thickness or the presence of multiple plies with the same fiber di-
rection (“block effect”) also affect the residual stresses that arise, as the "block" has
high elastic modulus that causes high shear stresses to the adjacent layer, eventually
causing bending [21].

3. Macro-mechanical or Global level pertains to boundary effects that cause, for ex-
ample, thermal gradients in the material. Different thermal distributions through
the thickness of the material can introduce compressive residual stresses at surface
plies and tensile stresses in the centre plies, as illustrated in Figure 2.6. Unbalanced
cooling and thick laminates can also affect material phase formation in different
locations, for example surface plies could have different phases than centre plies
(important for semi-crystalline polymers [23]). This, will create constraints in the
material where the surfaces solidify quicker than the centre [21].

— SRS Po ~ o - —

-+ \:{>¢x
.

fibre matrix

L At (-

bonded unbonded

Figure 2.4: Micro-level: Compressive stresses from the fibres and tensile stresses from the
matrix [21].

Cooling strongly affects the solidification/liquefaction of the composite through the thick-
ness, and can cause different phase transformations [24] (in this thesis, only change in
properties and not phase transformations are applied and used). The temperature in
which the material does not have internal stresses is called stress-free temperature (SFT),
and corresponds to a state where polymer chains have enough kinetic energy to avoid en-
tanglements. Close to Ty, both elastic and viscous properties of the material become im-
portant, so stresses start to build up as the temperature decreases. Figure 2.9 shows a PVT
diagram with the variation of specific volume when cooling in an isobaric environment
for amorphous thermoplastic materials [13]. Comparing the 3 pressure configurations
po, p1 and p,, where py > p1 > p», increasing the pressure, the glass transition tempera-
ture will decrease respectively Tgo < Tg1 < Tg2. In this diagram, the previously mentioned
effect of pressure on the Ty is evident, as well as the variation of free volume with both
pressure and temperature.

The cooling rate is another parameter with significant importance. As the cooling rate
increases, there is less time for residual stresses to relax and unwanted deformations occur
in the final material. Figure 2.10 shows how the glass transition temperature Ty is affected
by the cooling rate. The cooling rate also affects adhesion between the two constituents,
as increasing the cooling rate leads to interfacial shear stress [21] which can lead to fibre



10 2. LITERATURE REVIEW

| e |

Cross-ply
laminate

Free shrinkage Constrained
(a) shrinkage

+o (tensile)

(b) -o (compressive) |

Figure 2.5: Meso-level: Interlaminar interaction concerning the layup sequence and block
effect [21].

debonding and interfacial crack growth between the laminates.

The effect of cooling rate on composite residual stresses has been investigated by different
authors. Guo et al. [25] created a micro-scale finite element model that predicts the re-
sponse of a glass fibre/epoxy composite subjected to thermal stresses. Teixeira-Dias et.al
[26] investigated similar effects for metal matrix composites. The accuracy of these and
other investigations hinges on the quality of the material laws needed in the finite element
analyses. They can include linear elasticity, viscoelasticity and friction models that affect
the generation of residual stresses. Since residual stresses are sensitive to the drop of tem-
perature between processing and working temperature, the higher the AT, the higher the
final value of the residual stresses and also the higher the strain in the respective material.
To calculate that, the simple equation:

Ethermal = @-AT 2.1

can be used, where €1, mq; are the strains in each direction that were developed only
from the temperature drop, and « is the material’s CTE. For linear elasticity, the strains
are independent of the cooling rates, depending uniquely on AT. If the effect of moisture
is also important, the equation €9i5rure = B+ AC can be used where § is the respective
hygroscopic expansion coefficient and AC is the difference between a dry composite and
a composite with moisture

co Moisturemass

DrYVnass

-100
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Figure 2.6: Macro-level: Stresses gradient through the thickness of the material [21].

Figure 2.7: Schematic illustration of the boundary conditions for Figure 2.8.

[4].

Also, phase changes can affect the strains in the material, so the most appropriate equa-
tion [20] is
€total = Ethermal * Emoisture * EPhaseChanges (2.2)

The above assumptions do not include any applied stress but only a temperature differ-
ence.

Tool-part interaction can also lead to the development of residual stresses [5, 21], as in-
troduced in section 2.3.4, because the presence of tool affects the transfer of heat and
can introduce friction. Concerning heat transfer, if there is a tool on only one side of the
part, then this will cause a temperature gradient due to different heat transfer properties.
This temperature gradient can affect the material microstructure in different locations,
eventually leading to residual stresses and warping (Macro-mechanism). In composite
laminates, plies that are closer to the metal part tend to cool down/heat up more quickly
(due to high thermal conductivity of the metal tool) and solidify faster, while plies from
the other side that are closer to the mold (compatibility layer) remain at higher tempera-
ture and experience a phase change later. Figure 2.11 shows a heat transfer model, where
the top plies tend to heat up quicker than the bottom due to the addition of extra mate-
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ODE: Iplies-Pressure_0-90-90.0db  Abaqus/Standard IDEXPERIENCE R2018x  Wed Dec 12 17:47:16 CET 2018

Figure 2.8: Abaqus CAE simulation of [0,90,90] with a tensile stress 0 = 10M Pa.

rial (compatibility layer sheet - used for simulation purposes) on the bottom of the lam-
inate, introducing a temperature delay. The specific model was built up for the sake of
visualization of the temperature gradient in the material (the dimensional scaling is not
correct). Concerning the friction interaction between the interface of the tool and the ad-
jacent composite ply [27], this phenomenon arises from different CTE of the tool (usually
higher) and the composite which causes the bottom layers to deform as they will follow
the expansion of the tool. This creates different morphology on both sides, which will
eventually introduce a bending moment and warpage [5]. Figure 2.12 shows the deforma-
tion when the composite is subjected to pressure.

The next sections introduce analytical models describing heat transfer in the press, calcu-
lating residual stresses with linear elasticity and viscoelasticity and also tool-part interac-
tion model. Note that there are many more parameters that can cause residual stresses
that are not analyzed herein, such as fiber misalignment, imperfections/voids in the
material, fiber volume fraction, lamination sequence, etc. [20]. Given the lack of knowl-
edge of the microstructural details of the material in this thesis, these effects are neglected
henceforth.

2.3. PREDICTING RESIDUAL STRESSES IN THERMOFORMING
Thermoforming involves heat transfer, mechanical deformation at high pressure and tool-
part interactions. Computational predictions of the process need to address these three
aspects. In this work, the multi-scale nature of composite laminates is neglected, and only
continuum-level modeling strategies are discussed.

2.3.1. HEAT TRANSFER ANALYSIS

The link between temperature gradients and residual stresses implies a need to predict
how heat transfers during the manufacturing process of composites [28]. The fast manu-
facturing processes for thermoplastics mean that there is short consolidation time, there-
fore the heat transfer processes are expected to be transient (as opposed to steady state).
Analytical models provide simple closed-form solutions to practical heat transfer prob-
lems such as the one of interest in this thesis. Since the material is introduced in the press
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Figure 2.9: Temperature dependence of the specific volume of an amorphous thermoplas-
tic for various pressures (isobaric cooling) [13].

and heat is transferred from both sides, the analytical model presented in [29] is selected
herein, which is written as a function of the Dimensionless Fourier number:

Tm—T, kt
w0 =Fhr— (2.3)
Ti-T, 0+ (Cp) - (xm)

where T, = desirable temperature at the mid-plane (°C), T, = imposed surface Temper-
ature (°C), T; = initial material’s Temperature (°C), F, = Fourier number, k = thermal
conductivity (%), p = density (%), Co= specific heat (F]oc), X, = distance from the
surface to the center (m), t = time needed for the center to be heated at T,, (sec). Figure
2.13 can be used for practical predictions.

These classical results are useful to establish a baseline comparison with finite element
models. When first learning a commercial finite element software such as Abaqus, I en-
sured that the predictions were correct by comparing with this analytical model using two
different homogeneous materials (Copper and respective values for Composite CFRP).
The simulation results are shown in Figure 2.14, and correspond to the input properties
shown in Table 2.1 chosen just for illustration purposes as an average from the literature
[30], and for the boundary conditions described in Table 2.2. The simulations agree with
the analytical model and predict that the time needed to heat the middle of the material



14 2. LITERATURE REVIEW

CR1>CR2

volume volume
]
£
2 —
g ’ﬂ/ ol
s T M

4’/
7 | CR2

LI

: Occupied
| volume
|
|
|

I [Tt
T2
Tem perature

Figure 2.10: Effects of the cooling rate (CR) on the free and occupied volume of the mate-
rial [21].

is t = 355 for the Copper and ¢ = 381s for the Composite.

2.3.2. CONSTITUTIVE MODELING

A key aspect in accurately predicting the thermoforming process is the quality of the con-
stitutive models used in the analysis. In the literature there are investigations that simply
assume linear elastic behavior of the composite, while others consider their viscoelas-
tic properties. One work that analyzes and compares both behaviors is Ghayoor’s et. al
[12, 31]. In the work, an automated placement laminate process was used for analyzing
the residual stresses that are developed in the laminates during placement. The corre-
sponding process is similar to thermoforming processes, as it is also using temperature to
make the laminates pliable and also pressure for consolidation. Also, the consolidation
times are small for the same reason that the material used is a thermoplastic. Moreover,
the metal plate that the laminates were positioned was assumed to be the tool of this
specific process, introducing residual stresses through tool-part interaction (as a thermal
gradient or mechanical). Both elastic and viscoelastic behaviors were highlighted, com-
paring how the internal stresses were developed through the thickness of the material for
each material model. Next sections will introduce the mathematical models for each con-
stitutive model separately.
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Figure 2.11: Abaqus CAE Heat transfer simulation.

Table 2.1: Reference Properties

Properties Copper CFRP
k~-W- 380 10
Cp ~ kch 385 919
p~it 8940 1390
Xy ~m 0.075 0.075

LINEAR ELASTICITY

From the previous section, the thermal strains due to the temperature difference can be
calculated from equation 2.2. Assuming that the material has an amorphous structure,
that moisture absorption is negligible, and that the composite only experiences small
strains as a result of the applied pressure on the top and bottom surfaces, the effects of
elasticity can be predicted at two different levels: micro-mechanical and meso-mechanical
level [4, 19, 32].

Calculating these stresses at the micro-mechanical level follows the linear elastic law
[27]:

Oresidual = S*€thermal (2.4)

where S is the material’s stiffness matrix and the deformation is uniquely associated to
thermal strains. However, in composite materials the stiffness matrix in equation 2.4 de-
pends on the stiffness of the fibers and of the matrix, so that equation can be rewritten as
[27]:

Table 2.2: Reference Temperature

Parameters Values
To(°C) 200
T;(°C) 20
Tm(°C) 150
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Figure 2.12: The generation of the concave shape due to the interaction between tool-part
[20].

ViEfEmé€thermal
Oresidual = f (2.5)

where Vy is the fiber’s volume fraction, E is the fiber’s Young’s modulus, Ej, is the matrix’s
Young’s modulus and E is the total modulus [27]. This is an elementary result when calcu-
lating residual stresses from simplified models at the Micro-mechanical level (confront
section 2.2).

At the Meso-Mechanical level, the simplest model to predict residual stresses follows from
Classical Lamination Theory (CLT) [27, 33]. This follows from the calculation of the ABD
matrix as explained in introductory books on the subject [4]:

n
Aij= Y QN k- 2k-1) 2.6)
k=1
B"_li(Q(n))(Zz—Zz ) @.7)
EREF AR :

1 k
D;j= 3 ];(Qg-l))(zz - zz_l) 2.8)
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Figure 2.13: Plot for calculating the temperature T,, at the midplane of a plate as a func-
tion of time after the two surfaces are suddenly raised to T, [29].

where QEI]C.) is the stiffness matrix of ply k and zj is the distance of the k-ply from the
center of the laminate. For additional details on CLT, the reader is referred to Isaac et.al
[4]. The assembly of the ABD matrix enables to predict strains and curvatures/warpage
of the composite laminate under mechanical or thermal loads. In the case of thermal
deformation, the result becomes:

Nthermal

Mihermai B D

kthermul

:[A B

Ethermal]

where N¢jermai and Mypermar are the force and moment per unit length, and €6, a1 and
ktnermai are the strains and curvatures of the midplane of the laminate.

Linear elastic predictions for small strains are trivial predictions, but often they are un-
satisfactory because polymers are viscoelastic which cause the composite to behave vis-
coelastically as well.
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Figure 2.14: Heat transfer simulations of two materials to predict the time needed to heat
their center up to 150 °C

2.3.3. VISCOELASTICITY

Most polymers exhibit viscoelastic behaviour under mechanical and thermal loads, in-
stead of being purely linear elastic. Not accounting for viscoelastic effects can severely af-
fect the prediction of residual stresses originated after thermoforming [12, 34-36].

Viscoelasticity is when the material exhibits both viscous and elastic characteristics under
stress and deformation. These kind of properties can be found in almost all polymers, due
to chain relaxation after an applied stress is removed which imposes a time-dependency
to the mechanical response that is a function of the applied strain rate [37]. Viscoelastic-
ity implies energy dissipation, unlike elastic deformation [38]. Since viscosity is the resis-
tance to thermally activated plastic deformation, a viscous material will lose energy after
a loading cycle. Moreover, when stress is applied to a viscoelastic polymer, parts of the
long polymer chain change positions. This movement or rearrangement is called creep.
Polymers remain a solid material even when their chains re-arrange themselves in order
to accompany the stresses, and during this accommodation, it creates a back stress in the
material [37].

As mentioned, viscoelastic materials experience rate-dependent behavior, i.e. their in-
ternal stresses depend of strain rate and time. Viscoelasticity can be linear or non-linear.
The simplest theories assume linear elasticity and small strains [34]. If a model is only
a function of the degree of cure (only valid for thermosets) and temperature it is labeled
pseudo-viscoelastic and can be written as:

t de
o(b) :f E(T,a)—dt (2.9
0 dt

where E is the Young’s modulus as a function of temperature and a is the degree of curing
(which is relevant only for thermosets).

Models that take into account the contribution of time-dependency are written as:

t de
U(t):f E(t—1,T,a)—dt (2.10)
0 dt

Figure 2.15 shows a computational comparison between these two types of linear vis-
coelastic models [39], comparing computational speed and accuracy when capturing resid-
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ual stresses.

Viscoelastic model

A Properties vary with time,
temperature, and degree of cure

CHILE model

Properties vary with temperature
and degree of cure

Higher speed

More accuracy

Elastic model

Properties are constant

Figure 2.15: Different material constitutive models to predict residual stresses in compos-
ites [39].

One important factor about viscoelasticity is the glass transition temperature Tg. This
temperature can discriminate the behaviour of the material from rubbery to glassy, al-
though there is a transformation regime that can be called leathery or viscoelastic (Figure
2.16).

At temperatures well below Tg, only elastic bonds can be deformed, so polymers exhibit
high modulus and can be assumed as glassy. When the temperature increases, the stiff-
ness of the material will drop dramatically due to the movement of polymer chains when
energy is obtained (see Figure 2.17). For thermoset polymers, stresses can be calculated
from the crosslink density. If the material is not crosslinked such as thermoplastic com-
posites, the stiffness exhibits a short plateau due to the ability of molecular entanglements
to act as network junctions, but in the end the stiffness modulus will decrease to zero, as
the material will eventually disassemble and melt.

VISCOELASTICITY MODELS FOR COMPOSITE MATERIALS

Thermoplastic composites are in the viscoelastic state between T and a lower tempera-
ture which is different for each polymer (= 60 —80°C) [12]. This state implies that stresses
that were induced due to thermal shrinkage of the composite can be relaxed as a function
of time. This is possible because molecular chains of the polymer matrix have enough
energy to re-entangle and move, causing relaxation of the loads in order to adapt with
the stresses. Moreover, viscoelasticity is a time- and temperature- dependent parameter,
so cooling rate is the most important factor that affect the generation of stresses. As an
example, lower cooling rates give more time to the chains to move and relax and lead to
smaller warpage. For cross ply laminates, the residual stresses between the 0° and 90° are
discontinuous, which can cause delamination and fracture in the material.
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Figure 2.16: Temperature dependence of rate [40].
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Figure 2.17: Temperature dependence of Young’s modulus of amorphous PC and semi-
crystalline Nylon [41].
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(a) Applied strain (b) Resultant stress

Figure 2.18: Applied strain and the stress relaxation through time [12].

ty t 1, t

(a) Applied stress (b) Resultant strain

Figure 2.19: Applied constant stress and the resultant strain, especially at time ¢, when
the step stress is zero (creep recovery) [12].

There are three concepts that are important to consider in viscoelasticity: hysteresis, which
reflects the dependency of the system on its loading and unloading history [37]; stress re-
laxation, occurring when the material is under a constant applied strain €, (Figure 2.18);
and creep, which is the reverse case, i.e. a constant stress g, is applied to the material up
to time ¢, as the material deforms.

For stress relaxation, the Young’s modulus can be calculated as:

E(t) = (1)

(2.11)

o

In the case of creep, the strain starts increasing but after the removal of stress it tends
to exponentially decrease (Figure 2.19). As with stress relaxation, the creep compliance
is:

(1)

D(t) = (2.12)

Oo

The two elementary mechanical models describing the viscoelastic response of polymers
(Figure 2.20 are the Maxwell model and the Kelvin model [12]). The spring represents
the elastic behaviour of the material (instantaneous bond deformation [40]) which is the
Young’s modulus E and the dashpot shows how the material behaves under viscous con-
ditions where u represents the viscosity. For the viscous part, the stress can be calculated

by the following equation:

de
o=p— (2.13)
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Figure 2.20: a) Maxwell model, b) Kelvin model [12].

Each model captures different behaviours. The Maxwell model is more adequate to cap-
ture stress relaxation as opposed to creep due the constraints that the dashpot apply to
the spring during deformation.

Maxwell model assumes that:
0O=03=0y

and
E=€s+é€y
where the subscript s refers to spring and d to dashpot.
Therefore, the basic relation for the Maxwell model is:
de_do Lo (2.14)
dt  dt t '

Due to the time derivatives, it is difficult to calculate the respective quantities, so exper-
imental data is important. Expanding more, the relaxed Young’s modulus can be calcu-
lated ([12, 40]) as:

-t
Erer(1) = kexp(—) (2.15)

where 7 = % is the relaxation time, an important parameter to consider in order to per-
fectly calculate the respective parameters [40].

The Kelvin-Voigt model is exactly the opposite. Due to the assumption that the spring
and the dashpot are in parallel mode the strains can be assumed equal:

E=€gs=¢€4

and
O=05+0g4

After calculations, the basic equation is:

de
0’=E€+/,LE (2.16)

This model is adequate to capture creep since the strains are assumed equal. The model
is governed by the spring and not by the dashpot which gives no stress relaxation.
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Figure 16: Weichert model [B].

Figure 2.21: Weichert model [12].

The creep compliance (time-dependent creep strain) can be calculated as:

1 t
N=—=01- — 2.17
J() i (1-exp( . ) 2.17)
where 7 is the retardation time for creep strains [42].

More complicated models are needed due to the complexity of the polymer chains. Mod-
els such as the Three elements model which capture the phenomenon using a combina-
tion of one elementary model (Maxwell or Kelvin) and one additional spring or dashpot.
These models are called Standard models and they are separated in those suitable for
solids and those suitable for fluids (an example is given later) [42].

A more generalized model about viscoelasticity is the Weichert model, which is a combi-
nation of many parallel Maxwell models. This model is good for stress relaxation calcu-
lations and can be used when the highlight of the project is to capture the stresses on a
material with time dependency (Figure 2.21).

The constitutive equation now is:

n -t
o) =€o()_ E,-exp(7) +Eq) (2.18)
i=1
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Figure 2.22: Stress vs Time diagram [12].

where i is for each spring and damper set up in the model. Moreover, E, is the equilib-
rium modulus which explain the minimum stress after relaxation [12].

In practical implementations of viscoelastic models in finite element simulations, con-
sidering the stress variation with time is important, i.e. where every cycle has different
applied load. For that, the concept of Boltzmann superposition should be introduced
(Figure 2.22). In that case, the constitutive equation becomes:

(& —t de(1)
U(t)—fo (;Elexp(T)+Eoo)7dt (2.19)

This equation can be used in finite element analysis simulations, provided that appropri-
ate experimental data is available. Reference [43] details a three-dimensional implemen-
tation using tensorial notation. Lastly the Young’s modulus as a function of time is written
as:

L —t
E(n)= ZEiexp(T) +Eoo (2.20)
i=1

This equation is called the Prony Series, and represents a basic input of most viscoelastic
models used in finite element simulations.

However, composite materials are not isotropic, which means that it is not sufficient to ex-
press one Young’s modulus as a function of time. Current commercial finite element soft-
ware do not have implementations for orthotropic viscoelastic models, which introduces
practical difficulties in analyzing composite viscoelasticity in a practical setting. The in-
terested reader in more advanced viscoelastic models is referred to references [42, 44]. In
this thesis, the focus is on finding practical solutions that are sufficiently simple to quickly
implement and use in a practical (industrial) setting. In a recent work, Martynenko [44]
proposed a new method in which he merges two finite element models with independent
meshes where one is an isotropic viscoelastic model and the other an orthotropic elastic
one (Figure 2.23).
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Figure 2.23: Nodes merging [44]
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Figure 2.24: Standart Solid II [34].

This modeling strategy of merging the nodes of two material models provides a simple
pathway to exhibit both elastic and viscoelastic properties [44]. If the viscoelastic model
is the standard Maxwel model, then this modeling strategy is equivalent to the Standard
Solid IT model [34] shown in Figure 2.24 where the additional spring (EV) represents a
solid with orthotropic elasticity, due to the superposition principle.

The stress can be calculated as:

B +E
a+Eicr=E1e+—"( 1B,

(2.21)
2 E,

where ¢ and ¢ indicate the stress and strain rate that the material undergo and 7 is the vis-
cosity. This modeling strategy is adopted in this thesis, and additional details are provided
in section 5.2.

A final note is included herein concerning the modeling of temperature-dependent vis-
coelastic properties. A simple strategy that is widely used [12, 45] is to define a master
curve. In essence many measurements at different temperatures are considered, and
then the shifting of the responses is captuted via the Williams-Landel-Ferry (WLF) [46,
471

_ —G(T-Ty)
log(ar) = Gt (T-Ty ) (2.22)
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Figure 2.25: Interply/Interface stresses due to slippage [48].

where a7 is the time-based shift factor, T is the measured temperature, T, is the reference
temperature and C;, C, are material parameters.

2.3.4. FRICTION MODEL

Completing the essential models for simulating the thermoforming of composites is the
selection of an appropriate friction model. Interaction between the composite and the
toolis important because it imposes transversal deformation to the composite (see Figure
2.12). For example, if a metallic tool imposes pressure on the top surface of the composite
laminate and the material does not allow slippage, it will create shear stresses at the top
and induces bending moments that create a stress gradient between the plies, which can
cause undesirable deformation and damage. Twigg et.al [5] proposed analytical models
and conducted experiments to confirm the influence of friction. In his master thesis [48],
he extensively analyzed all the effects of friction with different parameters such as the
applied pressure, material dimensions and different tooling. He assumed that the stress
gradient is only developed between the first layer that is in touch with the tool, instead of
through the entire thickness of the material (Figure 2.25). With this assumption, the stress

can be obtained as [5]:

o= M (2.23)

Iply

where T et = Tiner face — Tinterply With Tinrer face being the shear stress between the first
and the second ply. The other parameters can be seen in Figure 2.25.

The interested reader is referred to the original reference for better understanding about
the analytical model proposed. As will be investigated in Chapter 4, the interaction be-
tween the laminates and the compatibility layer is found to be very important due to the
no-slip conditions that occur in practice.
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UTOMATING the computational analysis of laminates manufactured by the thermo-

forming process (Falcon production line) is achieved by creating parametric finite el-
ement models for the thermal and mechanical interactions that the laminates undergo.
The codes for the simulations of this Chapter are provided in Appendix A.

In this chapter, the focus is solely on the thermal analysis and corresponding influence
on laminate warpage, in an attempt to isolate different effects. The chapter starts with
section 3.1 defining the various material properties required for these simulations, sec-
tion 3.2.1 presents the the different consolidation cycles to be simulated via a commercial
finite element software (Abaqus), section 3.2.2 includes experimental results of warpage
that can be used to establish a baseline comparison with the predictions, and section 3.3
concerns the predictions of warpage by finite element analysis.

3.1. MATERIAL PROPERTIES

The composite laminates are pressed under high temperature. In a first stage, under-
standing the influence of the heat transfer process without considering mechanical de-
formation provides important information on whether the laminates experience a signif-
icant temperature gradient through their thickness which would cause warpage. The es-
sential parameters for these simulations are the thermal conductivity of the constituents
and the thermal conductance (GAPCON). The latter explains how the thermal energy
is conducted between materials that are in contact [49]. Contact between two materi-
als or systems is not ideal, instead there are microgaps of air called asperities that lower
the thermal conductivity (or equivalently, the thermal conductance, which is the ther-
mal conductivity per unit thickness multiplied by the contact area). High thermal con-
ductance indicates quick transfer of the thermal energy from one material to the other,
which implies that more "surface points" are in contact. Simulations and experiments
from many authors have been conducted to establish qualitatively the thermal conduc-
tance [50].

27
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Table 3.1: Carbon Fibers: Type AS4 (High strength) [4]

Parameters Values
Longitudinal Young’s Modulus E¢; (GPa) 230
Transverse Young's Modulus E¢, (GPa) 15
Poison Ratio 0.2
Flexural Modulus Gy, r (GPa) 27
Linear Thermal Expansion coefficient (longitudinal) a; (%) -0.5x107%
Linear Thermal Expansion coefficient (transverse) ax s (Ii() 15x1078

Table 3.2: Sabic’s Polycarbonate: Type ALS01 (medium-low flow rate) [8]

Parameters Values
Young’s Modulus E (GPa) 2.35
Poison Ratio 0.37
Flexural Modulus G;, (GPa) 2.3
Linear Thermal Expansion coefficient a,, (%) 70x1076
Thermal Conductivity k,, (%) 0.2

Due to practical constraints and confidentiality issues, determining the properties of the
specific composite laminates of interest is not possible. Instead, this thesis focuses on au-
tomating the simulation process and the input material properties were estimated with
appropriate literature, as referenced throughout [51-59]. Unquestionably, not measur-
ing the properties directly invalidates a rigorous validation of the simulations since there
is significant scatter in the literature for the different properties. Table 3.1 provides the
properties of AS4 carbon fibers (high strength fibers) obtained by Isaac et. al [4], while Ta-
ble 3.2 includes the properties for polycarbonate ALS01 provided by Sabic [8]. Moreover,
due to the lack of some important properties, articles were used to fill the missing values
(from the main references provided above).

3.1.1. COMPOSITE PROPERTIES
Composite’s Density is calculated by the rule of mixtures assuming a fiber volume fraction
of V¢ =55%:

k
Pcomposire = PmatrixVm + pfibersvf = 1390(?‘2) 3.1

The composite elastic properties are estimated from elementary micromechanical mod-
els thoroughly explained in appropriate textbooks, e.g. [4]. More accurate models can
be considered, without loss of generality of the automated finite element analysis. Con-
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Figure 3.1: Square Properties of a composite laminate [4].

sidering the laminate transversely isotropic, which means that there are 6 independent
elastic constants as shown in Figure 3.1, the elementary micromechanical models predict
the following properties [4, 60, 61]:

By =ViEf+ VinEn (3.2)
E, E>¢E
Bp=Ey=— - 2" (3.3)
Vit Vgt ViBm* EafVim
1 Gi2rG
Gi2=Gi3=—; = fom (3.4)
Vi Ym VG + Vi Grap
G Gm
Ey
=— 3.5
27201+ p2) 39
2= Vetof+ Vinlim (3.6)
E, E, , b
— 1 _ - = = 1 —_— —_ 37
H23 H21 3K 2K H12 E G.7
where V¢ and V), are the fiber and matrix volume fractions, respectively, Gy = 2(%2]6),

1% . .

Gm = 2(+71m)’ 21 = %plg and K = (K—f + Z—'Z)‘l which K being the bulk modulus. The
numbering of 1,2 and 3 correspond to the local ply coordinates (1 is the fiber orientation
and 2,3 are the transverse directions for a Unidirectional laminate).

Note that the elastic properties of the material are strongly dependent on temperature. As
previously discussed (Figure 2.17), the elastic modulus of polycarbonate decreases with
the increase of temperature, especially above its glass transition temperature T = 150°C.
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Table 3.3: Composite’s elastic properties as a function of temperature (GPa)

T Eyy Ep» E33 G2 Gi3 Gos H12 H13 23
°O

20 130.47| 4.95 4.95 4.62 4.62 1.65 | 0.276 | 0.276 | 0.51

70 130.34| 4.51 4.51 4.40 4.40 1.48 | 0.276 | 0.276 | 0.52

120 130.24| 4.15 4.15 4.00 4.00 1.36 | 0.276 | 0.276 | 0.53

170 129.90| 2.88 2.88 2.50 2.50 0.92 | 0.276 | 0.276 | 0.55

210 129.51] 1.23 1.23 0.3 0.3 0.1 0.276 | 0.276 | 0.58

According to references [41, 62, 63], and from the previously discussed micromechanical
predictions, the composite elastic properties as a function of temperature are calculated
and shown in Table 3.3. In these predictions, the properties of the carbon fibers are con-
sidered temperature independent.

The composite thermal properties are predicted according to models proposed in [52, 54].
The coefficients of thermal expansion CTE and Specific Heat are estimated as,

= Efafo+Emame 3.8)
EfVi+EnVp ’

ay
Az = asz = azyVy(l +M12fa—j:) + am Vi (L + i) — (12 Vi + m Vi) ann (3.9)
2

leading to the values in Table 3.4 based on the constituent properties in [4, 8, 54, 64]).
When the material undergoes phase transformations, the specific heat exhibits a peak
due to the heat absorption or extraction (so, the experimental points need to be refined
around that region).

Thermal conductivity in the longitudinal and transverse directions is also estimated ac-
cording to elementary micromechanical models,

ki1 :mGm+kaf (3.10)

1 1 Vi Vy
_ = = — 4+ L (3.11)
koz  ks3  km Ky

from which the estimated values are summarized in Table 3.5.

3.1.2. TOOL PROPERTIES
The steel plates that were used for the simulations are stainless steels type 304 (Table
3.6).
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Table 3.4: Composite’s Volume Thermal Expansion and Specific Heat

T (°C) an(5) az (5%) as3(52) Clyig)
20 0.4 39 39 919
70 0.42 40 40 938.4
120 0.39 41 41 996.7
170 0.36 41.5 41.5 1035.5
210 0.33 42 42 1105

Table 3.5: Composite’s Thermal Conductivity
T (°C) ki1 (%) koo (%) ks (%)
20 20 1.2 1.2
70 21 1.5 1.5
120 22 2 2
170 24 2.5 2.5
210 25 3 3
Table 3.6: Stainless Steel Properties
Parameters Values
Young’s Modulus (GPa) 200
Poison Ratio 0.28
Yield Strength (M Pa) 215
Thermal Conductivity (%() 16.2
Volume Thermal Expansion (%{) 17.55
Density (*5) 8000
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Table 3.7: Compatibility layer sheet Properties for the computational work [65]

Parameters Values
Young’s Modulus (GPa) 2
Poison Ratio 0.4
Yield Strength (M Pa) 30
Thermal Conductivity (%() 0.25
Volume Thermal Expansion (%) 120
Density (£5) 2200

The bottom part of the laminate is in contact with a compatibility layer for which the prop-
erties could only be estimated roughly due to confidentiality issues. Table 3.7 summarizes
the properties of the material [65]. The main reference for obtaining these properties is
[65], and the material was assumed to be isotropic. In Chapter 4, this additional sheet
is considered orthotropic (a composite) due to its influence on the mechanical deforma-
tion.

3.2. HEAT TRANSFER ANALYSIS MODULE

Before any experimental result was available, the heat transfer analysis were conducted
to provide a qualitative assessment on whether thermal gradients could be responsible
for the warpage of the composite laminate. Subsection 3.2.1 details how these simula-
tions were defined, while subsection 3.2.2 presents experimental results (subsequent to
the simulations).

3.2.1. HEAT TRANSFER SIMULATIONS

When compared to the material properties discussed in the previous section, the ther-
mal conductance is particularly challenging to estimate, as this property changes not only
with the applied pressure and temperature but it is also dependent on the different ma-
terial interfaces that are in contact. For the process and materials under analysis, typical
values can range from 500 to more than 3000 JT~! L7207 (typically thermal conductance
is a measure in Watts per Kelvin) [66, 67]. Recall that the process under analysis involves
different material interfaces that have different thermal conductance.

Nevertheless, since the finite element simulations are parameterized (Appendix A), an-
alyzing the thermoforming process assuming different thermal conductance values be-
tween different materials is straightforward. A commercial finite element software is used
(Abaqus), and transient heat Transfer analysis are conducted to obtain the temperature
profiles considering convection and conduction.

For these simulations, two stainless steel 304 plates, a compatibility layer sheet and the
composite laminate are considered, as seen in Figure 3.2 and Figure 3.3. A complete sim-
ulations involves 6 heat transfer steps, three heating cycles and each of them followed
by a cooling cycle as the material is transferred from one press to another (confront with
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Figure 3.2: Assembly on Abaqus CAE

Figure 3.3: Structure layup of the Assembly

Figure 1.1). The cooling mechanism was assumed to be Natural Convection, which is ap-
plied on the top and bottom of the stainless steel’s faces with a value of 7 m%(, given past
experience with the process.

Thermal conductance (GAPCON) is assumed to be higher at interfaces between stain-
less steel and each polymer composite (steel with compatibility layer sheet composite, or
steel with composite laminate) when compared to the value between the two composites
(compatibility layer sheet and laminate). This assumption follows from the smoothness
and higher thermal conductivity of the steel plates compared to the compatibility layer
sheet and the Laminate. Also in the literature, compatibility layer sheet and PC have GAP-
CON values in the range of 370-1300 JT~!L720~! depending of the applied temperature,
pressure and the materials that they are in contact with. For the stainless steel, it is on the
range of 1000-2500 JT~'L=20! [66-68].

Each simulation of the complete process using different GAPCON values leads to differ-
ent predictions of the temperature profile that can be assessed at different locations of the
laminate. Figures 3.4 and 3.5 assumed GAPCON7_c =500JT~ L7207}, i.e. the thermal
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Figure 3.4: Temperature vs Time from the top and the bottom node of the laminate for
GAPCON7_¢c =500 and GAPCONss_7-¢ = 1500
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Figure 3.5: Temperature vs Time, nodes through all the laminate’s thickness for
GAPCON7_¢c =500 and GAPCONss_7_¢ = 1500
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Figure 3.6: Temperature vs Time for GAPCON7_¢ = 1000 and GAPCONgs_7_¢c = 1500

conductance between the compatibility layer sheet and the Laminate is 500/ T~'L=207!,
and GAPCONss_7_c =1500J T~ L7201 as the thermal conductance between the stain-
less steel plates with the compatibility layer sheet and with the Laminate (assumption
that due to their polymeric nature, they have the same GAPCON with the stainless steel
sides). Figure 3.4 shows the temperature values as the laminate goes through the cycles,
where the blue line corresponds to the temperature at the top surface of the laminate (the
assigned node is the one at the very top of the laminate which is in contact with the top
plate), and the orange line is the first node of the laminate from the bottom, showing how
the temperature changes from the compatibility layer sheet side. Figure 3.5 shows similar
information, but including more nodes through the thickness of the laminate (a node is
assigned from every two plies).

For illustrative purposes, two other simulations are shown where the influence of different
thermal conductance values on the temperature profile can be seen. Figure 3.6 presents
the heat flow for a different thermal conductance between the compatibility layer sheet
composite sheet and the composite laminate GAPCON7_¢ = 1000/ T~ L=20~! while main-
taining GAPCONgs_7-c = 1500712071, Figure 3.7 shows the heat flow for GAPCON7_¢ =
500/ T~ 'L=2@~! while considering different GAPCONgs_7_c = 2000/ T~'L720!. These
figures illustrate how the thermal conductance delays the heating and cooling of the lam-
inate, especially when the material is close to its glass transition temperature (recall that
PC’s Ty = 150°C). From Figure 3.4, the top surface cooled down from it’s T in 63 seconds,
but the bottom one only achieves the same temperature after 67 sec. The other two fig-
ures show similar heating and cooling times (62-63 sec for the top surface and 67-68 for
the bottom). Therefore, the lack of precise values for the thermal conductance does not
seem to be a significant issue.
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Figure 3.7: Temperature vs Time for GAPCON7_¢c =500 and GAPCONgs—1—¢ = 2000

3.2.2. HEAT TRANSFER EXPERIMENTS

The qualitative computational investigation pointed towards an asymmetric temperature
profile of the laminate, especially around the glass transition temperature. Therefore, an
experimental investigation is conducted to determine the temperature at the top and bot-
tom of the laminate during the thermoforming process. The laminates before and after
the process are shown in Figure 3.8.

In order to measure temperatures during the process, thermocouples are placed in vari-
ous locations through the laminate’s thickness. Figure 3.9 shows a Temperature vs Time
measurement, where the 2 thermocouples are on the top surface of the laminate (between
the last laminate ply and the top stainless steel plate) and one at the bottom (between the
last laminate ply and the compatibility layer). Figure 3.10 shows result for two thermo-
couples at other positions through the thickness of the laminate (one between ply 3 and
ply 4, and one between ply 8 and 9). Figure 3.11 is similar to Figure 3.9, but where the
process is conducted at lower pressure configurations.

Warpage of twelve laminates are analyzed after going through the manufacturing process.
Nine laminates with the following stacking sequence [0,/90/0/90,]5, and three consisting
with a similar stacking sequence but only 7 plies with stacking sequence [02/90/0];. The
warpage measurements were manually conducted by measuring the height for each edge
(displacement in the out-of-plane dimension; z-axis). The measurements include an off-
set of 1.4 — 1.5mm due to the thickness of the laminates. Only 3 out of 4 laminates that
were extracted from each run were used for measurement due to fracture conditions of
one of the laminates caused by the presence of the thermocouples (can be seen from Fig-
ure 3.8). Tables 3.8, 3.9, 3.10 and 3.1 1 summarize the measurements.

The Temperature vs Time figures demonstrate that there is negligible temperature differ-
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Figure 3.8: Airborne configuration of Laminates

Temperature vs Time

Thermocouples Top and Bottom .
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Figure 3.9: Temperature vs time obtained from thermocouples at the top and the bottom
of the laminate (laminate has 11 plies).

Table 3.8: First Run with High applied Pressure and 11 plies

First Run

Edge 1 Edge 2 Edge 3 Edge 4
Laminate 1 (mm) 1.6 1.05 0.6 1.3
Laminate 2 (mm) 1.7 0.25 1.25 0.55
Laminate 3 (mm) 1.1 1.2 0.4 1
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Temperature vs Time
Through the thickness thermocouples
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Figure 3.10: Temperature vs time obtained from thermocouples within the laminate (plies
3 and 4, and between 8 and 9).

Temperature vs Time
Low Pressure

Cooling 1 Cooling 2 Cooling 3
Cycle 1 Cycle 2 Cycle 3
—
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Figure 3.11: Temperature vs time obtained from thermocouples at the top and bottom of
the laminate, but using lower pressure.

Table 3.9: Second Run with High applied Pressure and 11 plies

Second Run

Edge 1 Edge 2 Edge 3 Edge 4
Laminate 1 (mm) 1.9 1.7 09 1
Laminate 2 (mm) 0.8 1.5 0.7 1
Laminate 3 (mm) 0.9 0.5 1.6 1.4
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Table 3.10: Third Run with High applied Pressure and 11 plies

Third Run

Edge 1 Edge 2 Edge 3 Edge 4
Laminate 1 (mm) 1.55 2.1 1.5 1.7
Laminate 2 (mm) 1.65 2 1.2 1.5
Laminate 3 (mm) 1.4 1.4 1.3 0.6

Table 3.11: Fourth Run with High applied Pressure and 7 plies

Fourth Run

Edge 1 Edge 2 Edge 3 Edge 4
Laminate 1 (mm) 0.9 0.85 0.3 0.4
Laminate 2 (mm) 0.2 0.3 0.3 0.2
Laminate 3 (mm) 0.2 0.3 0.5 0.5

ence between the top and bottom of the laminates, i.e. there is no significant temperature
gradient. In addition, the temperature is stable for several seconds before each pressing
cycle (cooling stages of approximately 40 seconds). In some cases, one of the thermo-
couples showed some measurement errors (fluctuations in Figure 3.10), but the results
are consistent through different measurements. Therefore, the presence of a tempera-
ture gradient and the subsequent asymmetric buildup of residual stresses is ruled out as
the source of warpage. This is explained by the small thickness of the laminates and the
compatibility layer sheet. However, Tables 3.8, 3.9, 3.10 and 3.11 also clearly show that
the laminates are warped. Therefore, the probable cause for this phenomenon remains
unclear at this point (motivating the subsequent investigations of this thesis).

3.2.3. CONCLUSIONS FROM HEAT TRANSFER ANALYSIS

The heat transfer simulations demonstrate that there is a negligible thermal gradient oc-
curring due to the presence of the composite compatibility layer sheet at the bottom of
the laminate during the thermoforming process. This conclusion is merely qualitative, as
a good estimation of material properties was not possible. However, an experimental veri-
fication led to the same conclusion (even less temperature difference is observed).

Figures 3.12 and 3.13 show finite element predictions when the composite compatibil-
ity layer sheet is present or not during the manufacturing process, in order to highlight
the small thermal asymmetry induced by the composite compatibility layer sheet. If this
difference was larger, the top part of the laminate would solidify faster than the bottom
which would lead to residual stresses that cause undesirable deformation.

Therefore, the laminate warpage that is observed experimentally cannot be explained by
the heat transfer process. Instead, the focus should be on the mechanical deformation
and the tool-part interations. Yet, before analyzing the mechanical deformation, the next
section 3.3 includes Coupled Temperature Displacement simulations to illustrate the ef-
fect of the small temperature differences when the laminate temperature is around the
glass transition temperature.
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Figure 3.12: Temperature gradient with the use of compatibility layer sheet
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Figure 3.13: Temperature gradient without the use of compatibility layer sheet
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Figure 3.14: Assembly for Coupled Temperature-Displacement simulation

3.3. COUPLED TEMPERATURE-DISPLACEMENT SIMULATIONS
The temperature difference in the beginning of cycle 2 occurs during the glass transition,
where the material goes from rubbery to glassy. At this stage, the material closer to the
top would become more rigid and constrain the bottom material, introducing residual
stresses. Considering coupled temperature-displacement simulations it is possible to as-
sess what is the distortion caused at the moment when the temperature difference is high-
est. The top steel plate is omitted in order to let the laminate deform freely. Figure 3.14
shows the setup assembly, and the simulation steps are summarized as follows:

1.

2.

The simulations lasts for 20-60 sec (several tries to observe the difference).

Surface interactions between the materials are considered, where the tangential
and normal behavior is specified, as well as the Thermal conductance (Table 3.12).
The values for the tangential behavior are estimated from the literature [69]. The
friction between compatibility layer sheet and steel is small compared to the fric-
tion between compatibility layer sheet and laminate. For the latter, no-slippage
condition is considered [69].

The boundary conditions of the problem include a fixed bottom steel plate and a
fixed node at the top surface of the laminate (to hold the material in place during
deformation).

From the heat transfer simulation it is possible to pre-define a temperature pro-
file at the time the material transitioned from a rubbery to solid form, defined here
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Table 3.12: Interaction properties

SS to compatibility
compatibility layer sheet to
layer sheet Lamina
Tangential Behaviour (Penalty) 0.04 0.4
Normal Behaviour Hard contact Hard contact
GAPCON 1500 500

as the time when the top layers reach a percentage of the glass transition temper-
ature. Looking at figure 3.12 and with the well-said assumption that T = 150°C,
the time the top ply is reaching Ty is different than the bottom ply. This can be il-
lustrated with the circle at figure 3.12, where there is a delay from the bottom side.
This specific moment is captured in Abaqus, which represent the temperature gra-
dient. This temperature gradient is super-imposed as the initial condition/state of
the compatibility layer sheet and laminate.

5. Surface Convection at the top surface of the laminate and at the bottom of the com-
posite compatibility layer sheet’s surface is considered, in order to cool the materi-
als.

6. Meshing of the 2 materials (rigid plates cannot be meshed) with 8-node thermally
coupled brick elements (C3D8T elements in Abaqus, suitable for thermo-mechanical
analysis).

The Tangential behavior [69] was implemented by a Penalty method that approximates
contact without introducing Lagrange multipliers (that can lead to convergence issues
[70]). The Normal behavior was used as a Hard contact, which does not let any nodes
penetrate the surface. Moreover, Thermal conductance was used with the same values as
in the Heat Transfer module.

For comparison, simulations with homogeneous temperature profile as a predefined step
were also conducted. Figures 3.15 and 3.16 illustrates the pre and post analysis when an
initial thermal gradient is applied.

Unsurprisingly, the temperature gradient would cause warpage of the laminate. Since the
central node of the top surface is fixed, all four edges warp outwards with similar values,
approximately around 0.9 to 1.2 mm depending the step time, where for 60 seconds, max-
imum warpage was observed. After that (if the step is bigger than 60 seconds), the mate-
rial tend to return to its original non-deformed shape due to its elastic nature. Evidently,
if there is no temperature gradient, then there is no warpage of the composite laminate —
see Figure 3.17.

Note that these simulations are significant simplifications of reality, but they illustrate
how the temperature gradient can lead to warpage by creating local stress imbalances
at the time when the plies are becoming glassy. However, these simulations do not in-
clude viscoelastic effects, neither phase transformations, nor mechanical loads. There-
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Figure 3.15: Pre-analysis
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Figure 3.16: Post-analysis with temperature initial gradient
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Figure 3.17: Post-analysis with uniform temperature initial profile
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fore, these simulations just provide a preliminary estimation about the influence of tem-
perature gradients through the thickness on the warpage of the laminate. Nevertheless,
as repeatedly mentioned, this effect is concluded to be small in practice, excluding heat
transfer effects as the main cause for warpage.



TOOL-PART INTERACTION

EAT transfer analyses and temperature profile measurements have demonstrated that
temperature gradients are unlikely to be the cause of significant laminate warpage in
the practical thermoforming process under analysis (Chapter 3).

For reminder, placing a tool in one side will introduce several effects:

1. Different heating and also cooling rate comparing both sides that it will introduce a
significant Temperature Gradient (Chapter 3).

2. Different friction coefficients between both sides that it will introduce constraints
and eventually a stress gradient profile.

3. Introduction of imperfections and fiber misalignment due to the interaction of the
laminate with the tool and most important,

4. The compatibility layer will expand due to it’s higher thermal expansion coefficient,
letting the bottom layers expand with it.

Therefore, this Chapter focuses on the mechanical tool-part interaction and its possible
effect on warpage. Similarly to the previous Chapter, the main goal is to automate the
analysis process by creating parametric finite element models that can be used for future
design and analysis tasks. The reason of that is due to the several input properties of
the laminates, compatibility layer (compatibility layer sheet for the simulations) and also
the system’s configurations that can influence the stress development. The codes for the
simulations of this Chapter are provided in Appendix B.

As discussed in Chapter 2 and illustrated in Figure 2.12, in general if the part being formed
is subjected to pressure on the top surface and there is a tool at the bottom surface that
constrains deformation, when the part cools down it can lock the induced stress state
which has a through the thickness gradient. This creates asymmetrical residual stresses
that lead to warpage.

The process under analysis has two similar press plates at the top and bottom of the lam-
inate, but there is an additional composite compatibility layer sheet sheet placed in be-

45
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tween the bottom press plate and the laminate which can potentially introduce a simi-
lar effect because there are different friction coefficients between the different surfaces,
and the composite compatibility layer sheet has a higher coefficient of thermal expansion
(CTE) compared to the laminate. In addition, warpage could also be caused by manufac-
turing or microstructural imperfections such as fiber misalignment.

Section 4.1 details the parametric simulations for the tool-part interaction predictions,
while Section 4.2 includes additional experiments of the manufacturing process conducted
at different pressure cycles to assess the influence of the mechanical load in warpage.

4.1. TOOL-PART FINITE ELEMENT ANALYSES

As discussed in Chapters 2 and 3, most residual stresses in the laminate are arrested when
the material stiffness steeply increases after the part is cooled below the glass transition
temperature. In the process under analysis, this occurs at the second pressure cycle (see
for example Figure 3.12). The first pressure cycle heats up both the laminate and the com-
posite compatibility layer sheet sheet to high temperatures where the laminate is in a vis-
cous state but the sheet is not. In this cycle, the stress build-up at the laminate is expected
to be negligible, but the deformation of the bottom layers is larger due to the higher ther-
mal expansion of the sheet compared to the top press plate (metal). During cool down,
the laminate transforms from a rubbery state into a solid state and higher stresses start
to develop (Cycle 2), so capturing the stress gradient at this moment is expected to be of
critical importance for predicting warpage.

The parametric finite element analyses undergo three steps to simulate Cycle 1, Cycle 2
and the warping effect. Each step enables to create appropriate Predefined fields for the
subsequent step. Note that the laminate’s geometry changes due to mechanical interac-
tions between the laminate closer to the composite compatibility layer sheet sheet but
also between the plies themselves [5]. As discussed in Section 2.3.4 and shown in Figure
2.12, the bottom plies of the laminate "slide" as the tool expands (here, the composite
compatibility layer sheet).

The 1°¢ step (Cycle 1) is simulated with top and bottom stainless steel plates as Rigid sur-
faces and assuming frictionless interaction between the plate and the laminate and a very
small friction with the composite compatibility layer sheet. Assuming rigid surfaces re-
duces the computational time and facilitates convergence. This finite element analysis is
summarized as follows:

1. Laminate and composite compatibility layer sheet sheet are modeled as 3D solids
and the stainless steel plates as Rigid Surfaces.

2. AbaqusImplicit analyses are used, despite potential convergence issues arising from
contact conditions, because larger time steps can be considered when compared to
Explicit analyses. Nonetheless, convergence issues can occur for some of the au-
tomated simulations, depending on the input parameters chosen. It was noticed
that by considering smaller simulation time when compared to the real time of the
process, convergence of the simulations improved. A second difficulty when pre-
processing these analyses pertains the contact heating condition. Rigid surfaces
cannot transfer heat (by nature of Abaqus), so in this case, heating conditions are
applied on the surfaces of the composite laminate and the compatibility layer sheet
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Table 4.1: Interaction properties

Compatibility Composite-TP
layer sheet-BP

Tangential Behaviour 0.04 Frictionless
Normal Behaviour Hard contact Hard contact
GAPCON 1500 1500

Figure 4.1: Structure layup of the Assembly

(so the heating is faster comparing to the heat transfer simulations from Chapter 3).
When imposing the total simulation time, the main condition is to ensure that the
material is heated well above it's T;. As in Chapter 3, Coupled Temperature Dis-
placement simulations are considered, using thermo-mechanical finite elements
to predict both the temperature distributions as well as the deformation of the lam-
inate. Laminate and composite compatibility layer sheet are meshed with 8-node
thermally coupled brick elements (C3D8T in Abaqus).

3. Contactinteractions between the top plate and the laminate, and between the com-
posite compatibility layer sheet and the bottom plate are imposed according to Ta-
ble 4.1. For the interaction between the Laminate and the compatibility layer sheet
ano-slip condition is considered (as if the are perfectly bonded, which corresponds
to a Tie constraint in Abaqus). Viscous damping is assumed in the contact areas, in
order to stabilize the model [71].

4. Boundary conditions are defined by a concentrated mechanical load at the top plate
applied in a reference point of the rigid surface. The bottom plate is fixed. Temper-
ature is applied on top of the Laminate’s surface and on the bottom of compatibility
layer sheet’s surface. The analyses start with the Laminate and compatibility layer
sheet at room temperature using a Predefined Temperature Field. Figure 4.1 shows
the assembly of the complete model. The same simulation strategy is used for Cycle
2 but with different input conditions.

Once Cycle 1 is simulated, warpage can be predicted by removing the plates and applying
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Table 4.2: Compatibility layer sheet Isotropic Properties

T (°C) E(GPa) p a5 k(o) Clig)
20 2 0.4 120 0.25 970
70 2 0.4 125 0.27 980
120 1.9 0.4 150 0.3 1000
170 1.8 0.4 177 0.32 1100
210 1.78 0.4 200 0.33 1200

a stress gradient created at the end of Cycle 1 as an initial step for the whole assembly
(same procedure as the warpage model for the heat transfer module, but this time with
stress gradient rather than thermal). Moreover, the Tie condition was also replaced by a
friction interaction, in order to let the laminate warp. The cooling simulation is an implicit
static analyses where the only applied load in the structure is the stress gradient. The
boundary conditions are defined by fixing the center node of the laminate’s top surface
and also the center node of the bottom surface of the composite compatibility layer sheet.
This allows the material to deform according to the stress gradient, causing warpage due
to it’s unbalanced profile. This step is only for comparison with the stress profile that is
generated through Cycle 2.

Cycle 2 is simulated similarly to Cycle 1, but considering different input conditions. Fol-
lowing the work of Ghayoor [12], Cycle 2 starts with an undeformed part but defining two
predefined fields (temperature and stress) according to the end of the analysis of Cycle
1. These predefined fields are superimposed in the structure and then the loads are ap-
plied according to the specified cycle conditions. Implementing Cycle 1 and Cycle 2 in the
same simulation leads to convergence issues; therefore, this strategy is adopted instead.
A different strategy was also attempted, where Cycle 2 starts with a deformed structure,
but where the thermal loads were implemented differently (convection cooling instead of
an assigned temperature), and similar predictions were obtained.

The computational analysis are conducted considering different materials as the bottom
sheet in the process. This illustrates the influence of this added material in the process.
Therefore, a composite compatibility layer sheet with properties outlined in Table 4.3 is
used, as well as an isotropic sheet of pure compatibility layer sheet (Table 4.2). Note that
the composite compatibility layer sheet is a cross-ply laminate with two layers (0 and 90
degrees).

4.1.1. SIMULATION RESULTS

CYCLE 1

The choice of pure compatibility layer sheet (isotropic) or composite compatibility layer
sheet should affect significantly the warpage of the composite laminate because the co-
efficients of thermal expansion are significantly higher for the pure polymer. Figure 4.2
shows the undeformed configuration of the analyses, while Figure 4.3 shows the deformed
configuration at the end of Cycle 1 when using only pure compatibility layer sheet at the
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Table 4.3: Compatibility layer sheet Composite Properties

T (°C) 20 70 120 170 210
En(GPa)| 2037 20.20 20 19.8 19.1
E» (GPa) 6.65 6.5 6.2 6 59
E33(GPa)|  6.65 6.5 6.2 6 5.9
G12(GPa)| 44 43 4 3.50 3.4
Gi3(GPa)| 44 43 4 3.50 3.4
Go3(GPa) 3 2.8 2.6 2.5 2.4

[z 0.35 0.35 0.35 0.35 0.35

f13 0.35 0.35 0.35 0.35 0.35

iz3 0.4 0.4 0.4 0.4 0.4
an (£2) 2.7 2.8 3 3.1 3
az(52) 126 127 200 210 250
asz(£2) 126 127 200 210 250

Cleg) 1000 1050 1100 1150 1200
ki1 (52%) 0.49 0.5 0.52 0.55 0.6
koo(50%) | 031 0.32 0.33 0.35 0.4
kss(-22) | 031 0.32 0.33 0.35 0.4
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Figure 4.2: Undeformed configuration

Figure 4.3: Deformed configuration with Isotropic compatibility layer sheet

bottom of the laminate. The deformation of the laminate is clearly visible, as compared
with Figure 2.12. Figure 4.4 shows the deformed configuration when a composite com-
patibility layer sheet is used instead of the pure polymer. In this case, the deformation
also exists but it is significantly less pronounced.

The displacement on the x-direction (sliding/dragging of the laminate due to the compat-
ibility layer sheet expansion) is 1.26 mm for the simulation with pure compatibility layer
sheet and 0.09 mm for the simulation with composite compatibility layer sheet. These val-
ues are indicative because, as discussed previously, the input material properties have not
been accurately characterized. Figures 4.5 and 4.6 show the stresses along the fibers di-

Figure 4.4: Deformed configuration with Composite compatibility layer sheet
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Figure 4.5: Stresses along the fibers direction (o1; = S11) when using a compatibility layer
sheet sheet at the bottom.

Figure 4.6: Stresses along the fibers direction (o;; = S11) when using a composite com-
patibility layer sheet sheet at the bottom.

rection through the thickness of the laminate when considering pure compatibility layer
sheet or composite compatibility layer sheet. Note that showing the stresses along the
fibers directions (g1; = S11) can be misleading in the sense that 0° plies correspond to
stresses along the horizontal (left to right) direction, while 90° plies correspond to stresses
aligned perpendicular to the paper plane (coming towards the reader). However, since
the laminate is rectangular, the strains in the two directions are the same which implies
that the stresses 011 become continuous. Moreover, Figure 4.9 shows the stress gradient
through the global x-direction which is discontinuous. However, the point of showing the
stress gradient on the local coordinates (S11) is to strongly pinpoint the steep increase of
the stresses through thickness, so, the subsequent analyses will only show the local stress
gradients.

Note that the stress components are very large, which is unphysical because unlike the
simulations, in reality the material during Cycle 1 is in a viscous state and has very limited
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Figure 4.7: Stress S11 through the thickness for a laminate on top of a pure compatibility
layer sheet sheet.

ability to hold stresses. This is confirmed by plotting the stress S11 variation along the
thickness of the laminate, in Figures 4.7 and 4.8. Obviously, the induced stresses are higher
when using pure compatibility layer sheet instead of the composite compatibility layer
sheet.

One way to visualize the effects of the stress gradients introduced by the expansion of
the compatibility layer sheet, is to create a new simulation where the plates are released
and the laminate is allowed to relax in the presence of the residual stresses. For the pure
compatibility layer sheet, Figure 4.10 shows how the laminate warps reaching a maximum
displacement of 0.54 mm. For the Composite compatibility layer sheet, Figure 4.11 shows
a value of warpage that is one order of magnitude lower, around 0.03 mm. The laminate
warps in the same way as shown in Figure 2.12, i.e. bending outwards (the edges stayed in
contact with the compatibility layer sheet).

CYCLE 2

Simulations of Cycle 2 are conducted only considering a pure compatibility layer sheet,
given that this exaggerates the warping effect (although other conditions can easily be
considered, as the simulations are parameterized). Cycle 2 is influenced by the stresses
of Cycle 1, so the loads are applied similarly as in Cycle 1 but not with the same value
(Temperature below the Ty and Pressure of several kN). Also, as already explained in sec-
tion 4.1, the structures are undeformed initially and the simulation starts by predefining
temperature and stresses. Figure 4.12 shows the deformation of the laminate, where the
horizontal displacement U2 is 0.3 mm. The stress S11 through the thickness is shown in
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Figure 4.8: Stress S11 through the thickness for a laminate on top of a composite compat-
ibility layer sheet.

Figure 4.13.

The next step is to show how the material warps. First, the stress gradient at the end of
the step (when the temperature of the material is 130 °C through the thickness) is pre-
dicted (Figure 4.14). The second stress gradient that was used is during the solidification
temperature range, where part of the laminate is under its Ty = 150°C and part of it over
the glass transition (so half of it is solid and the other half still at rubbery stage). Figures
4.14, 4.15 and 4.16 show the calculated warpage at each Temperature. Using the stress
gradient at the end of Cycle 2, the warpage is small and around 0.3 mm. However, when
the stress gradient was captured around it’s T, the warpage deformation is higher, since
the maximum displacement reaches 1 mm which is very close to the real experimental
results. The second case is higher due to the additional effect of the temperature gradient
discussed in Chapter 3, which is sufficient to enhance warpage.

4.1.2. SIMULATION CONCLUSIONS

The presence of a compatibility layer sheet (pure or composite) is concluded to induce
non-negligible warpage into the laminates after manufacturing. During Cycle 1, the com-
patibility layer sheet expands due to the increase of temperature, so the laminate deforms
with it. However, since the temperature is above the glass transition, the internal stresses
should not be large (contrary to linear elastic predictions). Then, in Cycle 2 there is cool-
ing below the glass transition and there the stresses are locked. Since the compatibil-
ity layer sheet contracts significantly it drags the laminate with it and leads to the final
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Figure 4.9: Stress x-direction through the thickness for a laminate on top of a pure com-
patibility layer sheet.
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Figure 4.10: Top view warpage from Isotropic compatibility layer sheet Simulation
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Figure 4.11: Top view warpage from Composite compatibility layer sheet Simulation
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Figure 4.12: Stress S11 through the thickness for laminate on top of pure compatibility
layer sheet for Cycle 2
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. «108 Stress Gradient Profile Cycle 2 - Isotropic Teflon

Stress S11 (Pa)
[#%]

0 6 Top Node ]

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Thickness (mm) «1072

Figure 4.13: Stress S11 through the thickness for laminate on top of pure compatibility
layer sheet for Cycle 2
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Figure 4.14: Cycle 2 warpage at the end of the step T =130°C
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Figure 4.15: Cycle 2 warpage at the solidification T ~ 150°C
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Figure 4.16: Cycle 2 edge warpage at the solidification T ~ 150°C
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warpage.

Figures 4.7 and 4.13 show a steep stress gradient for the first cycle, but an almost uniform
temperature across the thickness (~ 180°C). For Cycle 2, the stress gradient is similar but
there is also a temperature gradient during the time when stresses are arrested, which
imposes extra constraints and deforms the material further.

4.2. TOOL-PART EXPERIMENTS

Subsequently to the simulations, a simple experimental investigation was conducted to
assess the impact of the presence of the compatibility layer sheet on the warpage of the
laminate. Three pressure configurations were used, ranking from Low to High. For these 3
configurations, 6 total runs were conducted where 3 of them used the compatibility layer
sheet and the other 3 without it. Moreover, 3 more tests with different compatibility layer
sheet and laminate sequence were done for the sake of comparison. The temperatures for
each cycle were the same for each pressure configuration.

1. Low Pressure Configuration: Cycle 1: 100kN, Cycle 2: 100kN, Cycle 3: 50kN
2. Medium Pressure Configuration: Cycle 1: 200kN, Cycle 2: 200kN, Cycle 3: 50kN
3. High Pressure Configuration: Cycle 1: 300kN, Cycle 2: 300kN, Cycle 3: 50kN

Figure 4.17 shows the configuration of the laminates before the press. To make the data
collection easier and also to observe if there is any correlation or warpage pattern, the
laminates were numbered, where 1 is the top left, 2 is the top right, 3 is the bottom left and
4 is the bottom right. Also, the edges of each laminate where numbered in the same way
(1is the top left edge and so on). The compatibility layer has thickness of 500um.

After the runs, manual measurements were conducted using a metallic handling tool for
every edge of all the laminates. Tables 4.4 and 4.5 show the results from the measure-
ments with the standard 11 layers ([02,90,0,90,]; lamination sequence with and without
the compatibility layer respectively.

To check if the lamination sequence affects the warpage initiation, one extra experiment
was conducted with different layup sequence [04,90,]s (Table 4.6). It was decided for the
Pressure configuration to be High due to the assumption that the higher the Pressure, the
better the consolidation of the laminates.

The last experiment was with the use of a different compatibility layer sheet, which was
thinner with value of 230um and also of smaller strength (Table 4.7).

4.2.1. EXPERIMENTAL CONCLUSIONS

The experiments clearly demonstrate that the use of compatibility layer sheet introduces
significant deformation in the laminates. The warpage was in the range of 1.3-1.8 mm on
average with the use of compatibility layer sheet and for all the pressure configurations. So
probably, the pressure does not affect significantly the warpage initiation, but it is possible
that the extracted laminates may have different properties depending of the consolidation
pressure cycle that was used. Without compatibility layer sheet, the warpage was minimal
since there is no asymmetry introduced by the top and bottom press plates. When thinner
compatibility layer sheet was used, it does not seem to affect the warpage differently than
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Figure 4.17: Laminate Configuration before the press
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Table 4.4: Warpage measurements with the use of regular Airborne’s compatibility layer
sheet

Low Pressure

Edge 1 Edge 2 Edge 3 Edge 4
Laminate 1 (mm) 1.44 1.9 2 1.4
Laminate 2 (mm) 1.35 1.4 1 0.9
Laminate 3 (mm) 1.4 1.4 1.5 1
Laminate 4 (mm) 1 1.2 1.3 1
Medium Pressure

Edge 1 Edge 2 Edge 3 Edge 4
Laminate 1 (mm) 1.2 1.3 1.1 1.45
Laminate 2 (mm) 0.7 2.3 2 1.1
Laminate 3 (mm) 1.3 0.6 0.8 0.8
Laminate 4 (mm) 1.45 1.25 1.1 1.8
High Pressure

Edge 1 Edge 2 Edge 3 Edge 4
Laminate 1 (mm) 1.5 2.1 1.5 1.9
Laminate 2 (mm) 0.6 2.4 1.5 1
Laminate 3 (mm) 1.1 1.7 1.4 1.3
Laminate 4 (mm) 1.5 1.2 0.8 1.5

Table 4.5: Warpage measurements without the use of compatibility layer sheet

Low Pressure

Edge 1 Edge 2 Edge 3 Edge 4
Laminate 1 (mm) 0.5 0.4 0.5 0.3
Laminate 2 (mm) 0.3 0.7 0.8 0.6
Laminate 3 (mm) 1 0.6 1.1 0.1
Laminate 4 (mm) 0.1 0.3 0.1 0
Medium Pressure

Edge 1 Edge 2 Edge 3 Edge 4
Laminate 1 (mm) 0.5 0.2 0.55 0.7
Laminate 2 (mm) 0.1 0.65 0.9 0.7
Laminate 3 (mm) 0.4 0.6 0.8 0.3
Laminate 4 (mm) 1 0.6 0.5 0.7
High Pressure

Edge 1 Edge 2 Edge 3 Edge 4
Laminate 1 (mm) 0.4 0.1 0.3 0.1
Laminate 2 (mm) 0.1 0.2 0.1 0.1
Laminate 3 (mm) 0.2 0.1 0.5 0.1
Laminate 4 (mm) 0.2 0.1 0.1 0.4
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Table 4.6: Warpage measurements with the use of the regular compatibility layer sheet
and different layup sequence

High Pressure with compatibility layer sheet

Edge 1 Edge 2 Edge 3 Edge
Laminate 1 (mm) 2.5 1.4 2.1 2.5
Laminate 2 (mm) 0.5 2.4 4.1 3.7
Laminate 3 (mm) 1.8 2 2.45 1.7
Laminate 4 (mm) 2.1 1.6 3.1 3.2
High Pressure without compatibility layer sheet

Edge 1 Edge 2 Edge 3 Edge
Laminate 1 (mm) 0.5 0.6 1.5 1.4
Laminate 2 (mm) 2 2.5 24 1.6
Laminate 3 (mm) 4.6 4.6 5.6 5.4
Laminate 4 (mm) 0.5 0.4 0.3 0.3

Table 4.7: Warpage measurements with the use of thinner compatibility layer sheet

High Pressure

Edge 1 Edge 2 Edge 3 Edge 4
Laminate 1 (mm) 2 0.7 09 1.6
Laminate 2 (mm) 1.6 1.8 0.6 0.8
Laminate 3 (mm) 1.6 1.4 1.6 0.7
Laminate 4 (mm) 0.9 0.7 1.1 1.7
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Warpage Measurements
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Figure 4.18: Average Warpage Measurements with (red) and without (yellow) compatibil-
ity layer sheet sheet.

the regular one. It should be noted that the laminates adhered well to the compatibility
layer sheet, i.e. the compatibility layer sheet was not as effective in facilitating extraction
as intended. Concerning the experiments with different laminates, it was evident that
due to the block effect (high number of consequent layers with the same direction) the
interlaminar stresses would have been high enough to bend the laminate in higher values
concerning the regular laminate (see Figure 2.5 and section 2.2). Figure 4.18 illustrates
an average of the warpage measurements for the 3 pressure configurations for the sake
of visualization (for the meaning of low, medium and high pressures, you can refer to the
start of this section).

As an overall conclusion, simulations showed that the compatibility layer sheet affects the
warpage initiation, where the experiments validate this result. However, the input proper-
ties and constitutive models that were considered in this Chapter are not truly representa-
tive of reality. In addition, manufacturing imperfections such as fiber misalignments were
not taken into account.



VISCOELASTICITY

OLYMERS are viscoelastic, i.e. their elastic behavior is time-dependent. This has impli-
P cations for residual stresses because the material can relax with time. Therefore, this
chapter follows a simple modeling strategy to predict viscoelasticity of composite lami-
nates using commercial finite element software.

5.1. IMPLEMENTATION IN FINITE ELEMENT ANALYSIS

The commercial finite element software used herein, Abaqus, does not have orthotropic
viscoelastic material models implemented. However, a simple strategy [44] is to merge
two separate material models to as shown in Figure 5.1. In practice, this is achieved as
follows:

1. Create two materials and assign the corresponding constitutive laws having exactly
the same part dimensions: one with an isotropic viscoelastic law, and one with an
elastic orthotropic law.

2. Mesh the parts with the same element configuration.

3. Merge the 2 parts as one, such that they occupy the same location (perfect superpo-
sition). Note that this merge operation should be a "node" merge, not a "geometry"
merge.

This simple strategy is equivalent to having a parallel model between the elastic response
(that is orthotropic) and an isotropic viscoelastic response. Due to the parallel addition of
an extra elastic element (spring), the stifness of the material will be stiffer comparing to
the one with only one elastic part (see equation 2.21 and Figure 2.24).

After merging the two models, the Teflon sheet and the two plates are added into the as-
sembly with the proper assignment of interactions and loads, as discussed previously in
Chapter 4. There are different viscoelastic models that can be considered. Typically, their
properties can be assigned using three types of time dependencies:

1. Relaxation data (time dependent shear modulus vs time)
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v
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Figure 5.1: Merging of coincident nodes for elastic (orange) and viscoelastic (blue) finite
element models [44]

2. Creep data (time dependent creep compliance vs time)
3. Prony series

The Prony series can be defined directly or calculated from the relaxation or creep data.
Moreover, they can be implemented as shear relaxation tensor (G) or/and bulk relaxation
function (K) with the equations:

n

A A t

G = G,,[EEO+ZEfexp(—T—G)] (5.1)
i .

1

n t
K, =K0[E§+ZE{<exp(—T—K)] (5.2)
i .

1
where the same notation of Section 2.3.3 is used.

For this thesis, the material properties are selected from Jazouli et al. [35], who report
on creep data for polycarbonate. The creep compliance must be normalized according
to Figure 5.2. As highlighted in the figure, the data associated to creep at higher applied
stress is considered herein, as the manufacturing process occurs at high pressure. Figures
5.3 and 5.4 show the corresponding viscoelastic data implemented in the finite element
code. After the generation of the Figures 5.3 and 5.4, Abaqus also provide a way to evaluate
the viscoelastic model. What it does is to calculate the Prony series using the equations
5.1 and 5.2 with all the data properties that the user provided to the software. The ex-
tracted Prony series is then defined by the coefficients listed in table 5.1. The user can
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Figure 5.2: Creep compliance curves of PC for various stress levels [35]

Table 5.1: Prony series from Abaqus evaluation from data [35]

Linear Isotropic Prony Series

I G KD TAU®D)
1 -2.23E-02 0.0 5.19E-03
2 0.25 0.0 156.3

also define the Prony series immediately, if they are known through numerical analysis
and experimental results.

5.2. COMPUTATIONAL PREDICTIONS WITH VISCOELASTICITY
CYCLE 1

The simulations are similar to Chapter 4, but now using the merged finite element meshes
as described in the previous section. Recall that during Cycle 1 the temperature is 210
°C and the force is 400 kN. Figures 5.5 and 5.6 show the pre- and post-deformation
of the material after the applied loads (only the laminate for better illustration). Figure
5.7 illustrates the overall stresses and also the residual stresses along the direction of the
fibers.

Concerning the deformed laminate, the displacement on the x-axis is small, about 0.4
mm of horizontal dragging. However, the deformed shape of the laminate is different to
the one observed for the purely elastic case seen in Chapter 4. The laminate’s top layers
are more deformed than the bottom ones — the opposite of what was observed in the pre-
vious Chapter. The stress gradient is also smaller, as expected due to relaxation (Figure
5.8).
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Figure 5.4: Time Dependent Shear Modulus vs Time from ABAQUS CAE evaluation
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Figure 5.5: Undeformed configuration of the viscoelastic laminate

Figure 5.6: Deformed configuration of the viscoelastic laminate for Cycle 1

-3.183e+06

Figure 5.7: Stress profile along the fibers direction for Cycle 1
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Figure 5.8: Stress profile along the fibers direction for Cycle 1 graph

After the stress gradient was obtained at the end of the cycle, it was used as a predefined
field for the warpage simulation. Figure 5.9 illustrates how the material warped. As can
be seen, the warpage is very small compared to the purely elastic material. The value
is approximately 0.06 mm. The reason of the limited warpage is associated to the low
residual stresses due to relaxation.

CYCLE 2

In Cycle 2 recall that the stress and temperature profiles are predefined from the last in-
crement of Cycle 1, and then the loads of Cycle 2 are applied. Figure 5.10 shows the de-
formed configuration and Figure 5.11 illustrates the stress profile along the fibers direc-
tion.

The horizontal displacement along the x-axis is very small, approximately 0.056 mm. Also,
the stress gradient in this case is not what was expected. As can be seen from Figure 5.11,
there are fluctuations of the stresses between the layers, where the middle layers have
negative residual stresses comparing with the top layers (tensile forces are applied on top
layers and compressive stresses of the same magnitude on the middle layers). The bottom
layers have smaller compressive stresses than the middle layers and in general, the resid-
ual stresses are small. Figure 5.12 shows a top view of the laminate and the corresponding
vertical displacement. The warpage of the laminate is higher than the one obtained from
Cycle 1, achieving a value around 0.1 mm. However, this value is small compared to ex-
perimental results.
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Figure 5.9: Warpage from stress gradient from Cycle 1

Figure 5.10: Deformed configuration of the viscoelastic laminate for Cycle 2
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Figure 5.11: Stress gradient on the x-direction for Cycle 2
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Figure 5.12: Stress gradient on the x-direction for Cycle 2 graph
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Figure 5.13: Warpage from stress gradient from Cycle 2

5.3. VISCOELASTICITY CONCLUSION

Due to time constraints in performing this work, the viscoelasticity simulations can only
be considered preliminary. However, the modeling strategy is implemented and future
work can be developed to improve the quality of the predictions by including adequate
material properties and experimentally validating them. Nevertheless, the effect of re-
laxation mechanisms is demonstrated where the residual stresses become lower when
compared to an elastic material, leading to less warpage.






DISCUSSION

HIS work aims at understanding warpage of thermoformed composite laminates. Al-

though this investigation focused on a particular manufacturing line, the codes de-
veloped herein are parametric and applicable to other thermoforming processes with dif-
ferent conditions.

Concerning the particular thermoforming process under analysis, it was observed that the
laminates at the end of the process were undesirably warped. The literature on the subject
offers several origins for the residual stresses that explain this behavior: from micro-scale
to macro-scale phenomena. This thesis concentrates on simulating the main macro-scale
phenomena.

In Chapter 3, finite element analyses have demonstrated that thermal gradients are not
significant, so they cannot explain the formation of residual stresses because heat trans-
fers sufficiently quickly in each press cycle of the process. The simulations can still be
improved significantly:

1. Input material properties have not been experimentally determined. This is a ma-
jor limitation of this work because the properties found in the literature cannot be
representative of the particular material under analysis, which severely affects the
quality of the simulations;

2. Viscous/rubbery phases of the composite laminate have not been simulated;

3. The temperature profile is obtained without considering mechanical loads (pres-
sure)

4. Few simulations have been conducted, only providing qualitative information, in-
stead of determining the dependency of warpage on the input material properties
and process conditions.

Notwithstanding the above stated, the computational analyses of Chapter 3 enabled an
estimation of the influence of thermal conductance and contact conditions on the ther-
mal profile, and excluded thermal effects as being the only ones responsible for residual
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stresses.

In Chapter 4, the interaction with the tool is shown to significantly affect warpage by in-
troducing a stress gradient due to the expansion of a Teflon sheet at the bottom of the
composite laminate. If that sheet is itself a composite with Teflon matrix, then warpage
decreases significantly, although still being observed. Nevertheless, appreciable limita-
tions in the developed models should be taken into consideration:

1. Again, reliable input material properties have not been used;

2. Elastic material laws are used, so the rubbery and viscous phases are not properly
modeled;

3. Cycle 2 is modeled from an undeformed configuration and by importing the ther-
mal and stress profiles at the end of Cycle 1 as predefined fields;

4. Similar issue when simulating warpage after Cycle 2;
5. No microstructural defects have been considered.

Finally, Chapter 5 introduced a practical strategy to predict viscoelastic behavior in com-
posite laminates where two finite element models are merged into one by superimposing
orthotropic elasticity with isotropic viscoelasticity. These simulations show that the relax-
ation of the polymer matrix leads to lower residual stresses and less warpage, as compared
to a purely elastic material (Chapter 4). However, simulating orthotropic viscoelasticity
with this strategy involves important simplifications:

1. The elastic and viscoelastic model are in parallel. In micromechanics, parallel mod-
els provide a lower bound for composite properties (and series models an upper
bound). Therefore, this modeling strategy should be validated appropriately by
comparing against other modeling strategies, and especially against experimental
results;

2. Once again, experimental input should be carefully determined to enhance the pre-
dictive capabilities of the model;



CONCLUSION

This thesis provides basic knowledge about thermoforming of thermoplastics and the role
of residual stresses in warping composite laminates. This is intended to be a modest first
step towards automating the simulation process such that more in depth investigations
can be conducted, including sensitivity analysis, machine learning, and optimization.
Sensitivity analyses can help understand what are the input material properties and pro-
cess parameters that affect more significantly the properties of interest (e.g. warpage),
while machine learning can map the input-output relationship. Yet, these techniques can
only be used after automating the analyses process, which is the main focus of this the-
sis.

The macro-scale models created showed that the presence of a Teflon sheet in between
the bottom press and the composite laminate leads to non-negligible warpage of the ma-
terial. This warpage was identified to arise from a mechanical interaction between the
Teflon and the laminate, due to a higher thermal expansion of the first when compared to
the latter. This stretches the bottom part of the laminate while the temperatures are above
the glass transition temperature, i.e. when the laminate is in a viscous/rubbery state and
offers little resistance to deformation. Yet, after cooling, there is a stress build-up and
these residual stresses are arrested, causing the subsequent warpage when the laminate
is released from the press. The finite element simulations also excluded the possibility of
the residual stresses arising from a thermal gradient through the thickness of the lami-
nate. In summary, the computational predictions showed that warpage can be predicted,
and assisted in isolating the causes behind this warpage.

Due to the limited duration of a masters research project, a vast parametric study was not
possible. However, the parametric finite element models developed herein are shared in
the Appendix of this work for assisting future investigations. A future investigation should
start by carefully characterizing the material properties and developing adequate con-
stitutive models that include viscoelasticity and phase transformations. Predicting the
viscous/rubbery state of the material may involve different modeling techniques, such as
Arbitrary Lagrangian-Eulerian finite element methods, meshfree methods, or even Com-
putational Fluid Dynamics.
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APPENDIX A

In the Appendix A, some basic Python scripts for simulating the Heat Transfer simulation
from Chapter 3 will be provided. The basic structural code will be given, which will be the
same for simulations of Chapters 4 and 5. Off course, for each Chapter, extra structural
coding will be needed (such as the simulation of the plates as rigid or deformable). The
interactions, boundary conditions and mesh of the elements will be given in each Chapter
individually. Moreover, for display methods, the viewer can’t copy and paste the codes, as
the need of splitting them in order to be fully displayed in the document. But, the code is
fully automated if correctly displayed in Python programming. There are two ways to run
the scripts. One is to use the "Run Script" command in Abaqus, where you can choose
the desirable file and the second one is to run script by script in Abaqus GUI (this is better
if the user wants to add different scripts and also using the tools from the interface in
conjuction).

For better understanding, comments will be given in the script (the comments are illus-
trated in Python with "hash-tag"). The code is one big script, but each smaller script can
be used to simulate separate needs.

A.1. HEAT TRANSFER SIMULATION
## Heat Transfer

from abaqus import =

from abaqusConstants import =

from caeModules import *

from driverUtils import executeOnCaeStartup
executeOnCaeStartup ()

import os

#os.chdir (r"C:\temp")

os.chdir (r"E:\HDD BACKUP_03.09.19\temp")

# Import important modulus
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from part import =

from material import =
from section import =

from assembly import *
from step import =

from interaction import =
from load import =

from mesh import =

from job import =

from sketch import =

from visualization import =
from connectorBehavior import =

session.journalOptions.setValues (replayGeometry=COORDINATE,
recoverGeometry=COORDINATE)

Grid = 0.04

## Composite Parameters

#Diamensions and laminate sequence,

sheet_Size = 1 #If i want to change parameters
Length = 0.3

Width = 0.2

Width_=Width/2.0
Length_=Length/2.0

thick_ply=0.00015

#Airborne 11 plies composite

OrientationPlyes= [ 0, 0, 90, 0, 90, 90, 90, 0, 90, 0, 0 ]
#Thickness of the cohesive zone (change it concerning the units)
delta=0.00001

Nplies=(len (OrientationPlyes))—-1

## Create the laminate with adding the thickness of the plies

ThicknessPlyes=][]

for i in range(len(OrientationPlyes)):
ThicknessPlyes.append (thick_ply)

# Calculate the Thickness of the composite

Thickness_=0.0
ThicknessPlyesCumulative=[]
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for i in range(len(ThicknessPlyes)):
Thickness_=Thickness_+ThicknessPlyes[i]
ThicknessPlyesCumulative .append (Thickness_)

# Create the cohesive layer (pure matrix material)
ThicknessPlyesCohesive=]]

for i in range(len(ThicknessPlyesCumulative)):
ThicknessPlyesCohesive .append (ThicknessPlyesCumulative [i]-delta/2.0)
ThicknessPlyesCohesive .append (ThicknessPlyesCumulative [i]+delta/2.0)

ThicknessPlyesCohesive.remove (Thickness_+delta/2.0)

# Teflon Parameters
Sides = 0.45
Sides_=Sides /2.0
thickness = 0.0005

# Heat Transfer Steps
time_Heat = 40
time_Couling = 20

# Interaction
Thermal_Conductance_Comp_Teflon=500
Thermal_Conductance_Plates_Polymers=1500
ContactValue = 0.1

# Convection: Not needed now
Convection = 7
sink_temperature = 20

HERBHHHHAHBRRHHHHARRRRHHHHAHRRRRHHHARRR R ARRR R AR B R R R A A

## Composite
# Sketch and Part
mdb. models [ 'Model-1"] . ConstrainedSketch (name="__profile__"’,
sheetSize= sheet_Size)
mdb. models[ 'Model-1"] . sketches[’__profile__"’].rectangle (pointl=(
Width_, Length_),
point2=( —Width_,-Length_))
mdb. models[ "Model-1"] . Part (dimensionality=THREE D,
name="Airborne—Composite’, type=
DEFORMABLE_BODY)
mdb. models[ "Model-1"] . parts [ 'Airborne—Composite '] . BaseSolidExtrude (
depth=Thickness_, sketch=
mdb. models [ 'Model-1"] . sketches [’ __profile__"1])
del mdb.models[ 'Model-1"].sketches[’__profile__"]
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# partition for the edge with cohesive elements

for i in range(len(ThicknessPlyesCohesive)):
# partition of the edge
p = mdb. models[ ’'Model-1"].parts[’Airborne—Composite ’ ]
el, vl, dl = p.edges, p.vertices, p.datums
c = p.cells
p.DatumPointByCoordinate (coords=(Width_, Length_,
ThicknessPlyesCohesive[i]))
Datum_1 = p.datums[p.datums.keys () [-1]]
p.DatumPointByCoordinate (coords=( Width_,-Length_,
ThicknessPlyesCohesive[i]))
Datum_2 = p.datums[p.datums.keys () [-1]]
p.DatumPointByCoordinate (coords=( —Width_, Length_,
ThicknessPlyesCohesive[i]))
Datum_3 = p.datums[p.datums.keys () [-1]]
p.PartitionCellByPlaneThreePoints (pointl=Datum_1, point2=Datum 2,
point3=Datum_3, cells=c)

# Vertical cut (partition) of the top and bottom face

p = mdb.models[ "Model-1"] . parts[’Airborne—Composite ’ ]

el, vl, dl = p.edges, p.vertices, p.datums

c = p.cells

p.DatumPointByCoordinate (coords=(0.0, 0.0,0.0))

Datum_1 = p.datums|p.datums.keys () [-1]]

p-DatumPointByCoordinate (coords=(0.0, Length_,0.0))

Datum_2 = p.datums[p.datums.keys () [-1]]

p.DatumPointByCoordinate (coords=(0.0, Length_, Thickness_))

Datum_3 = p.datums|p.datums.keys () [-1]]

p. PartitionCellByPlaneThreePoints (pointl=Datum_1, point2=Datum_2,
point3=Datum_3, cells=c)

# Horizontal cut (partition) of the top and bottom face

p = mdb.models[ "Model-1"] . parts[’Airborne—Composite ’ ]

el, vl, dl = p.edges, p.vertices, p.datums

c = p.cells

p-DatumPointByCoordinate (coords=(0.0, 0.0,0.0))

Datum_1 = p.datums[p.datums.keys () [-1]]

p.DatumPointByCoordinate (coords=(Width_, 0.0,0.0))

Datum_2 = p.datums|p.datums.keys () [-1]]

p-DatumPointByCoordinate (coords=(Width_, 0.0, Thickness_))

Datum_3 = p.datums|[p.datums. keys () [-1]]

p.PartitionCellByPlaneThreePoints (pointl=Datum_1, point2=Datum_2,
point3=Datum_3, cells=c)

# Define Lamina for Composite
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p = mdb.models[ "Model-1"] . parts[’Airborne—Composite ’ ]
lamina_Composite=[]
for i in range(len(ThicknessPlyesCumulative)):
c = p.cells
cells = c.findAt(
(((width_) /2.0, (Length_) /2.0,
(ThicknessPlyesCumulative [i]-ThicknessPlyes[i]/2.0)
),),
((—=(Width_) /2.0, (Length_) /2.0,
(ThicknessPlyesCumulative [i]-ThicknessPlyes[i]/2.0)
)y,
(((Width_)/2.0,— (Length_) /2.0,
(ThicknessPlyesCumulative [i]-ThicknessPlyes[i] /2.0)
)y),
((—=(Width_) /2.0,—-(Length_) /2.0,
(ThicknessPlyesCumulative [i]-ThicknessPlyes[i] /2.0)
),) )
string="Lamina—"+str (i+1)
p.Set(cells=cells , name=string)
lamina_Composite.append(cells)

p.Set(cells=lamina_Composite, name=’Lamina’)

# Define Lamina for Cohesive
p = mdb.models[ 'Model-1"] . parts[’Airborne—Composite ’ ]
lamina_Cohesive=[]
for i in range(len(ThicknessPlyesCumulative)) :
c = p.cells
cells = c.findAt(
(((width_) /2.0, (Length_) /2.0,
ThicknessPlyesCumulative[i] ),),
((=(Width_) /2.0, (Length_) /2.0,
ThicknessPlyesCumulative[i] ),),
(((Width_)/2.0,— (Length_) /2.0,
ThicknessPlyesCumulative[i] ),),
((—=(Width_) /2.0,—-(Length_) /2.0,
ThicknessPlyesCumulative[i] ),),)
string="Lamina—Cohesive—"+str (i+1)
p.Set(cells=cells, name=string)
lamina_Cohesive.append(cells)

p-Set(cells=lamina_Cohesive, name=’Lamina—Cohesive’)
## Assign material properties

# Airborne—Composite
mdb. models [ '"Model-1"] . Material (name="Airborne—Composite ")
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mdb. models[ 'Model-1"] . materials [ "Airborne—Composite’ ] . Density (
table=((1390,
)y )
mdb. models [ '"Model-1"] . materials [ ’Airborne—Composite’] . Elastic (
type=ENGINEERING_CONSTANTS, table=((166010000000.0, 4950000000.0,
4950000000.0, 0.3115, 0.3115, 0.0093, 1810000000.0, 1810000000.0,
1810000000.0, 20.0), (165990000000.0, 4840000000.0, 4840000000.0,
0.3115,
0.3115, 0.00908, 1760000000.0, 1760000000.0, 1760000000.0, 70.0),
(
165900000000.0, 4410000000.0, 4410000000.0, 0.3115, 0.3115, 0.00828,
1600000000.0, 1600000000.0, 1600000000.0, 393.0), (165800000000.0,
3740000000.0, 3750000000.0, 0.3115, 0.3115, 0.00705, 1370000000.0,
1370000000.0, 1370000000.0, 443.0)), temperatureDependency=0ON)
mdb. models [ '"Model-1"] . materials [ ’Airborne—Composite’ ] . Expansion (
type=ORTHOTROPIC, table=((4e—07, 3.9e-05, 3.9e-05, 293.0), (4.2e-07,
3.9e-05, 3.9e-05,
343.0), (3.9e-07, 4e-05, 4e—-05, 393.0), (3.36e—-07, 4.1e—-05, 4.1e-05,
433.0)), temperatureDependency=0N)
mdb. models [ '"Model-1"] . materials [ ’Airborne—Composite’] . SpecificHeat (
table=((919.0, 293.0), (938.4, 393.0), (996.7,
413.0), (1035.5, 433.0), (1074.4, 453.0)), temperatureDependency=0ON)
mdb. models[ 'Model-1"] . materials [ "Airborne—Composite '] . Conductivity (
type=ORTHOTROPIC, table=((20.0, 1.0, 1.0, 20.0), (21.0, 2.0,
2.0, 393.0), (22.0, 3.0, 3.0, 443.0)), temperatureDependency=ON)

# Cohesive
mdb. models[ "Model-1"] . Material (name="Cohesive ")
mdb. models[ "Model-1"] . materials [ ’Cohesive’] . Density (table=( (1200,
)y )
mdb. models|[ 'Model-1'"] . materials [ ’Cohesive’] . Elastic (
type=ISOTROPIC, table=((2250000000.0, 0.3, 293.0), (2200000000.0,
0.3, 343.0), (2000000000.0, 0.3, 393.0), (1700000000.0, 0.3, 443.0)),
temperatureDependency=0N)
mdb. models[ "Model-1"] . materials [ ’Cohesive '] . Expansion (
type=ISOTROPIC, table=((
6.7e—-05, 293.0), (7.2e—05, 333.0), (7.4e-05, 353.0), (7.5e-05, 373.0),
(
7.7e—05, 393.0)), temperatureDependency=0ON)
mdb. models [ '"Model-1"] . materials [ "Cohesive '] . SpecificHeat (table=((1100.0,
293.0), (1150.0, 393.0), (1300.0,
413.0), (1400.0, 433.0), (1500.0, 453.0)), temperatureDependency=0N)
mdb. models[ "Model-1"] . materials [ "Cohesive '] . Conductivity (
type=ISOTROPIC, table=((0.2, 293.0), (0.26, 393.0), (0.28,
443.0), (0.3, 493.0)), temperatureDependency=0ON)

## Create material sections (Composite and Cohesive)
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mdb. models[ 'Model-1"] . HomogeneousSolidSection (name="Composite—Section ’,
material="Airborne—Composite’, thickness=None)

mdb. models [ '"Model-1"] . HomogeneousSolidSection (name="Cohesive—Section’,
material="Cohesive’, thickness=None)

# Assign material sections
mdb. models [ 'Model-1"] . parts [ "Airborne—Composite’ ] . SectionAssignment (
offset=0.0, region=
mdb. models[ "Model-1"] . parts [ ’Airborne—Composite’] . sets [ 'Lamina’],
sectionName=
’Composite—Section )

mdb. models [ '"Model-1"] . parts [ "Airborne—Composite’ ] . SectionAssignment (
offset=0.0, region=
mdb. models[ "Model-1"] . parts [ ’Airborne—Composite '] .
sets [ 'Lamina—Cohesive '], sectionName=
"Cohesive—Section’)

## Define the orientation and assign Orientation for Composite

mdb. models[ 'Model-1"] . parts [ Airborne—Composite ' ] . DatumCsysByThreePoints (
coordSysType=
CARTESIAN, linel=(1.0, 0.0, 0.0), line2=(0.0, 1.0, 0.0), name=
'Datum_,csys—1’, origin=(0.0, 0.0, 0.0))

DatumOrientation_1 = p.datums[p.datums.keys () [-1]]

for i in range(len(OrientationPlyes)):
string="Lamina—"+str (i+1)
mdb. models[ '"Model-1"] . parts [ "Airborne—Composite '] .
MaterialOrientation (angle=OrientationPlyes[i], axis=
AXIS_3, localCsys=DatumOrientation_1,
orientationType=SYSTEM, region=mdb.models[ Model-1’].
parts[’Airborne—Composite’] . sets [string])

## Teflon

# Sketch and Part
mdb. models [ 'Model-1"] . ConstrainedSketch (name="__profile__",
sheetSize=sheet_Size)
mdb. models[ "Model-1"] .sketches [’ __profile__’].rectangle (pointl=
(Sides_, Sides_),
point2=(-Sides_, —Sides_))
mdb. models[ "Model-1"].Part (dimensionality=THREE D, name=’Teflon’,
type=
DEFORMABLE _BODY)
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295 mdb. models[ 'Model-1"].parts[’Teflon’].BaseSolidExtrude (depth=thickness,
296  sketch=

297 mdb. models [ '"Model-1"] .sketches [’ __profile__"1])
298 del mdb.models[ 'Model-1"].sketches[’__profile__ "]
299

300 # Partition

301

302 # First Side
303 mdb. models[ 'Model-1"] . ConstrainedSketch (gridSpacing=Grid,

304 name=’__profile__"’,

305 sheetSize=sheet_Size, transform=

306 mdb. models[ 'Model-1"] . parts [’ Teflon’].MakeSketchTransform (

307 sketchPlane=mdb. models[ 'Model-1"].parts[’'Teflon’].faces.findAt((
308 Sides /6.0,

309 Sides /6.0, thickness), ), sketchPlaneSide=SIDE1,

310 sketchUpEdge=mdb. models[ "Model-1"].parts[ Teflon’].edges.findAt((
311 —Sides /2.0,

312 —Sides /4.0, thickness), ), sketchOrientation=RIGHT, origin=(0.0,
313 0.0, thickness)))

314 mdb.models[ 'Model-1"].parts[’Teflon’].projectReferencesOntoSketch (

315 filter=

316 COPLANAR_EDGES, sketch=mdb.models[ 'Model-1"].sketches[’ __profile__"’1)
317 mdb.models[ 'Model-1"1] .sketches[’__profile__’].Line(pointl=(0.0,

318 Sides/2.0), point2=

319 (0.0, —Sides/2.0))

320 mdb.models[ 'Model-1"] .sketches[’__profile__’].VerticalConstraint (

321 addUndoState=

322 False, entity=

323 mdb. models[ "Model-1"] . sketches[’__profile__’].geometry.findAt((0.0,
324 0.0),

325 ))

326 mdb.models[ 'Model-1"].sketches[’__profile__’].PerpendicularConstraint (
327 addUndoState=False, entityl=

328 mdb. models[ "Model-1"] .sketches[’__profile__’].geometry.findAt((0.0,
329 Sides/2.0),

330 ), entity2=mdb.models[ 'Model-1"] .sketches [’ __profile__’].geometry.
331 findAt ((

332 0.0, 0.0), ))

333 mdb. models[ 'Model-1"].sketches [’ __profile__’].CoincidentConstraint (

334 addUndoState=False, entityl=

335 mdb. models [ 'Model-1"] . sketches [’ __profile__"].vertices.findAt((0.0,
336 Sides/2.0),

337 ), entity2=mdb. models|[ 'Model-1"].sketches[’__profile__"’].geometry.
338 findAt ((

339 0.0, Sides/2.0), ))

340 mdb.models[ 'Model-1"] .sketches [’ __profile__’].EqualDistanceConstraint (
341 addUndoState=False, entityl=
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mdb. models[ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((
—Sides /2.0,
Sides/2.0), ), entity2=
mdb. models [ 'Model-1"] . sketches [’ __profile__"].vertices.findAt((
Sides /2.0,
Sides/2.0), ), midpoint=
mdb. models[ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((0.0,
Sides/2.0),
))
mdb. models[ "Model-1"] .sketches [’ __profile__’].CoincidentConstraint (
addUndoState=False, entityl=
mdb. models[ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((0.0,
—Sides/2.0), ), entity2=
mdb. models [ 'Model-1"] . sketches [’ __profile__"].geometry.findAt((0.0,
—Sides/2.0), ))
mdb. models[ 'Model-1"] .sketches[’__profile__’].EqualDistanceConstraint (
addUndoState=False, entityl=
mdb. models [ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((
Sides /2.0,
—Sides/2.0), ), entity2=
mdb. models[ "Model-1"] .sketches [’ __profile__’].vertices.findAt((
—Sides /2.0,
—Sides/2.0), ), midpoint=
mdb. models [ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((0.0,
—Sides/2.0), ))
mdb. models[ "Model-1"] .sketches [’ __profile__’].Line(pointl=(-Sides/2.0,
0.0),
point2=(Sides/2.0, 0.0))
mdb. models [ 'Model-1"] .sketches [’ __profile__’].HorizontalConstraint (
addUndoState=False, entity=
mdb. models [ 'Model-1"] . sketches [’ __profile__’'].geometry.findAt((0.0,
0.0),
))
mdb. models[ "Model-1"] . sketches[’__profile__’].PerpendicularConstraint (
addUndoState=False, entityl=
mdb. models [ 'Model-1"] . sketches [’ __profile__’].geometry. findAt((
—Sides /2.0,
0.0), ), entity2=
mdb. models[ "Model-1"].sketches[’__profile__’].geometry.findAt((0.0,
0.0),
))
mdb. models[ "Model-1"] .sketches [’ __profile__’].CoincidentConstraint (
addUndoState=False, entityl=
mdb. models[ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((
—Sides /2.0,
0.0), ), entity2=
mdb. models [ 'Model-1"] . sketches [’ __profile__"].geometry. findAt((
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389 —Sides /2.0,

390 0.0), ))

391 mdb.models[ 'Model-1"] .sketches[’__profile__’].EqualDistanceConstraint (
392 addUndoState=False, entityl=

393 mdb. models[ "Model-1"] .sketches [’ __profile__’].vertices.findAt((
394 —Sides /2.0,

395 —Sides/2.0), ), entity2=

396 mdb. models [ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((
397 —Sides /2.0,

398 Sides/2.0), ), midpoint=

399 mdb. models[ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((
400 —Sides /2.0,

401 0.0), ))

402 mdb. models[ 'Model-1"].sketches[’__profile__’].CoincidentConstraint (
403 addUndoState=False, entityl=

404 mdb. models[ "Model-1"] .sketches [’ __profile__’].vertices.findAt((
405 Sides /2.0, 0.0),

406 ), entity2=mdb.models[ 'Model-1"].sketches[’__profile__’].geometry.
407 findAt ((

408 Sides /2.0, 0.0), ))

409 mdb.models[ 'Model-1"] .sketches[’__profile__’].EqualDistanceConstraint (
410 addUndoState=False, entityl=

411 mdb. models[ 'Model-1"] .sketches[’__profile__"].vertices.findAt((
412 Sides /2.0,

413 Sides/2.0), ), entity2=

414 mdb. models[ "Model-1"] .sketches [’ __profile__"’].vertices.findAt((
415 Sides /2.0,

416 —Sides/2.0), ), midpoint=

417 mdb. models [ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((
418 Sides /2.0, 0.0),

419 ))

420 mdb.models[ 'Model-1"].parts[ Teflon’].PartitionFaceBySketch (faces=
421 mdb. models[ 'Model-1"] . parts[ ' Teflon’].faces.findAt (((Sides/6.0,
422 Sides /6.0, thickness),

423 ), ), sketch=mdb.models[ 'Model-1"] .sketches[’__profile__"1],

424 sketchUpEdge=

425 mdb. models[ "Model-1"] . parts[’Teflon’].edges.findAt((-Sides/2.0,
426 —Sides /4.0,

427 thickness), ))

428 del mdb.models[ 'Model-1"] .sketches[’__profile__"]

429

430 # Second Side

431 mdb.models[ 'Model-1’] . ConstrainedSketch (gridSpacing=Grid,

432 name='__profile__"’,

433 sheetSize=sheet_Size, transform=

434 mdb. models [ 'Model-1"] . parts [’ Teflon’] . MakeSketchTransform (

435 sketchPlane=mdb. models[ 'Model-1"] . parts[’Teflon’].faces.findAt((
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—Sides /6.0,
Sides /6.0, 0.0), ), sketchPlaneSide=SIDE1,
sketchUpEdge=mdb. models[ 'Model-1"] . parts [’ Teflon’].edges.findAt ((
—Sides /4.0,
Sides /2.0, 0.0), ), sketchOrientation=RIGHT, origin=(0.0, 0.0,
0.0)))
mdb. models[ 'Model-1"] . parts[’Teflon’].projectReferencesOntoSketch (
filter=
COPLANAR EDGES, sketch=mdb.models[ 'Model-1"].sketches[’__profile__"1])
mdb. models[ "Model-1"] .sketches [’ __profile__’].Line(pointl=(0.0,
Sides/2.0), point2=
(0.0, —Sides/2.0))
mdb. models [ 'Model-1"] .sketches[’__profile__"].VerticalConstraint (
addUndoState=
False, entity=
mdb. models[ "Model-1"] . sketches [’ __profile__’].geometry.findAt((0.0,
0.0),
))
mdb. models [ 'Model-1"] .sketches [’ __profile__"'].PerpendicularConstraint (
addUndoState=False, entityl=
mdb. models[ "Model-1"] .sketches [’ __profile__’].geometry. findAt((
Sides /2.0,
Sides/2.0), ), entity2=
mdb. models [ 'Model-1"] .sketches [’ __profile__"].geometry.findAt((0.0,
0.0),
))
mdb. models[ 'Model-1"] .sketches[’__profile__"’].CoincidentConstraint (
addUndoState=False, entityl=
mdb. models[ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((0.0,
Sides/2.0),
), entity2=mdb.models[ 'Model-1"] .sketches [’ __profile__’].geometry.
findAt ((
Sides /2.0, Sides/2.0), ))
mdb. models[ "Model-1"] . sketches[’__profile__’].EqualDistanceConstraint (
addUndoState=False, entityl=
mdb. models [ 'Model-1"] .sketches[’__profile__"].vertices.findAt((
Sides /2.0,
Sides/2.0), ), entity2=
mdb. models[ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((
—Sides /2.0,
Sides/2.0), ), midpoint=
mdb. models[ "Model-1"] .sketches [’ __profile__"’].vertices.findAt((0.0,
Sides/2.0),
))
mdb. models[ "Model-1"] .sketches [’ __profile__’].geometry.findAt((
—Sides /2.0,
—Sides/2.0))
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mdb. models[ "Model-1"] .sketches[’__profile__’].CoincidentConstraint (
addUndoState=False, entityl=
mdb. models [ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((0.0,
—Sides/2.0), ), entity2=
mdb. models[ "Model-1"] .sketches [’ __profile__’].geometry. findAt ((
—Sides /2.0,
—Sides/2.0), ))
mdb. models [ 'Model-1"] .sketches [’ __profile__"'].EqualDistanceConstraint (
addUndoState=False, entityl=
mdb. models[ "Model-1"] .sketches [’ __profile__"’].vertices.findAt((
—Sides /2.0,
—Sides/2.0), ), entity2=
mdb. models [ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((
Sides /2.0,
—Sides/2.0), ), midpoint=
mdb. models[ "Model-1"] . sketches [’ __profile__’].vertices.findAt((0.0,
—Sides/2.0), ))
mdb. models[ "Model-1"] . sketches[’__profile__’].Line(pointl=(-Sides /2.0,
0.0),
point2=(Sides/2.0, 0.0))
mdb. models[ 'Model-1"] . sketches[’__profile__"’].HorizontalConstraint (
addUndoState=False, entity=
mdb. models[ "Model-1"] .sketches[’__profile__’].geometry.findAt ((
—Sides /2.0,
0.0), ))
mdb. models[ "Model-1"] .sketches [’ __profile__’].PerpendicularConstraint (
addUndoState=False, entityl=
mdb. models[ "Model-1"] .sketches [’ __profile__’].geometry.findAt ((
—Sides /2.0,
Sides/2.0), ), entity2=
mdb. models [ 'Model-1"] . sketches [’ __profile__"].geometry. findAt((
—Sides /2.0,
0.0), ))
mdb. models[ "Model-1"] . sketches[’__profile__’].CoincidentConstraint (
addUndoState=False, entityl=
mdb. models [ 'Model-1"] .sketches[’__profile__"].vertices.findAt((
—Sides /2.0,
0.0), ), entity2=
mdb. models[ "Model-1"] .sketches [’ __profile__’].geometry.findAt((
—Sides /2.0,
Sides/2.0), ))
mdb. models[ "Model-1"] .sketches [’ __profile__’].EqualDistanceConstraint (
addUndoState=False, entityl=
mdb. models[ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((
—Sides /2.0,
Sides/2.0), ), entity2=
mdb. models [ 'Model-1"] . sketches [’ __profile__"].vertices.findAt((
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—Sides /2.0,

—Sides/2.0), ), midpoint=

mdb. models [ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((
—Sides /2.0,

0.0), ))

mdb. models[ "Model-1"] . sketches [’ __profile_
addUndoState=False, entityl=

"] .CoincidentConstraint (

mdb. models [ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((

Sides /2.0, 0.0), ), entity2=

mdb. models[ "Model-1"] .sketches [’ __profile__’].geometry. findAt ((
Sides /2.0,

—Sides/2.0), ))

mdb. models [ 'Model-1"] .sketches[’__profile__’].EqualDistanceConstraint (

addUndoState=False, entityl=

mdb. models [ '"Model-1"] . sketches[’__profile__"].vertices.findAt((
Sides /2.0,

—Sides/2.0), ), entity2=

mdb. models [ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((
Sides /2.0,

Sides/2.0), ), midpoint=

mdb. models[ "Model-1"] .sketches [’ __profile__’].vertices.findAt((

Sides /2.0, 0.0), ))
mdb. models[ 'Model-1"] . parts[’Teflon’].PartitionFaceBySketch (faces=
mdb. models [ 'Model-1"] . parts [’ Teflon’].faces.findAt (((-Sides /6.0,
Sides /6.0, 0.0),
)), sketch=mdb.models[ 'Model-1’].sketches[’__profile__"],
sketchUpEdge=
mdb. models[ "Model-1"].parts[’Teflon’].edges.findAt((-Sides/4.0,
Sides /2.0, 0.0),
))
del mdb.models[ 'Model-1"].sketches[’__profile__ "]

# Teflon Properties

mdb. models[ 'Model-1"] . Material (name="Teflon ")

mdb. models [ '"Model-1"] . materials [ 'Teflon’] . Density (table=((2200.0, ), ))

mdb. models[ 'Model-1’] . materials[ 'Teflon’] . Elastic (table=((200000000000.0,
0.3), ))

mdb. models[ "Model-1’] . materials [’ Teflon’] . Expansion(table=((0.00012, ),
))

mdb. models [ '"Model-1"] . materials [ 'Teflon’].Conductivity (table=((0.25, ),
))

mdb. models[ 'Model-1"] . materials [ 'Teflon’].SpecificHeat (table=((970.0, ),
))

# Section Assigned



577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623

94 A. APPENDIX A

mdb. models[ "Model-1"] . parts [’ Teflon’].Set(cells=

mdb. models[ 'Model-1"] . parts[ ' Teflon’]. cells.findAt (((-Sides /6.0,
Sides /6.0, 0.0),

)), name="Teflon’)

mdb. models [ "Model-1"] . HomogeneousSolidSection (material="Teflon’, name=
"Teflon—-Section’, thickness=None)

mdb. models[ 'Model-1"] . parts[ ' Teflon’].SectionAssignment (offset=0.0,
offsetField="", offsetType=MIDDLE_SURFACE, region=
mdb. models[ 'Model-1"] . parts['Teflon’].sets [ ' Teflon’], sectionName=
"Teflon—Section’, thicknessAssignment=FROM_SECTION)

#Stainless Steels

#### Plates ####

# Dimensions

Grid = 0.04

TopPlate = 0.6

TopPlate_ = TopPlate/2.0
BottomPlate = 1.0
BottomPlate_= BottomPlate/2.0

sheet_Size =1
PlatesDepth = 0.0005

## SS—Top

# Sketch and Part
mdb. models[ "Model-1"] . ConstrainedSketch (name="__profile__",
sheetSize=sheet_Size)
mdb. models [ '"Model-1"] . sketches [’ __profile__"'].rectangle (pointl=(
TopPlate_, TopPlate_),
point2=(—TopPlate_, —TopPlate_))
mdb. models[ 'Model-1"] . Part (dimensionality=THREE_D, name=’SS_Top’,
type=
DEFORMABLE_BODY)
mdb. models[ '"Model-1"] . parts[’SS_Top’] . BaseSolidExtrude (depth=PlatesDepth,
sketch=
mdb. models[ 'Model-1"] .sketches [’ __profile__"1)
del mdb.models[ 'Model-1"].sketches[’__profile__"]

# Partition Top Plate
mdb. models[ "Model-1"] . ConstrainedSketch (gridSpacing=Grid,
name="__profile__",
sheetSize=sheet_Size, transform=
mdb. models [ 'Model-1"] . parts[’SS_Top’] . MakeSketchTransform (
sketchPlane=mdb. models[ 'Model-1"] . parts[’SS_Top’].faces.findAt((

TopPlate/6.0, TopPlate/6.0,
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624 PlatesDepth), ), sketchPlaneSide=SIDEI,

625 sketchUpEdge=mdb. models[ "Model-1"].parts[’SS_Top’].edges.findAt((

626 —TopPlate/2.0,

627 —TopPlate/4.0, PlatesDepth), ), sketchOrientation=RIGHT, origin=(0.0,
628 0.0, PlatesDepth)))

629 mdb.models[ 'Model-1"].parts[’SS_Top’].projectReferencesOntoSketch (
630 filter=

631 COPLANAR_EDGES, sketch=mdb.models[ 'Model-1"].sketches[’__profile__"1)
632 mdb.models[ 'Model-1"] .sketches [’ __profile__’].Line(pointl=(0.0,

633 TopPlate/2.0), point2=(

634 0.0, —TopPlate/2.0))

635 mdb.models[ 'Model-1"].sketches[’__profile__"’].VerticalConstraint (
636 addUndoState=

637 False, entity=

638 mdb. models [ 'Model-1"] . sketches [’ __profile__’'].geometry.findAt((0.0,
639 0.0),

640 ))

641 mdb.models[ 'Model-1"].sketches[’__profile__’].PerpendicularConstraint (
642 addUndoState=False, entityl=

643 mdb. models [ 'Model-1"] . sketches [’ __profile__’'].geometry. findAt((

644 —TopPlate/2.22, TopPlate/2.0),

645 ), entity2=mdb. models[ 'Model-1"].sketches[’__profile__’].geometry.
646 findAt ((

647 0.0, 0.0), ))

648 mdb. models[ 'Model-1"].sketches[’__profile__’].CoincidentConstraint (

649 addUndoState=False, entityl=

650 mdb. models[ "Model-1"] .sketches [’ __profile__’].vertices.findAt((0.0,
651 TopPlate/2.0), )

652 , entity2=mdb.models[ 'Model-1"] .sketches[’__profile__"’].geometry.
653 findAt ((

654 —TopPlate/2.22, TopPlate/2.0), ))

655 mdb.models[ 'Model-1"].sketches[’__profile__’].EqualDistanceConstraint (
656 addUndoState=False, entityl=

657 mdb. models [ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((

658 —TopPlate/2.0, TopPlate/2.0),

659 ), entity2=mdb.models[ 'Model-1"] .sketches[’__profile__’].vertices.
660 findAt ((

661 TopPlate/2.0, TopPlate/2.0), ), midpoint=

662 mdb. models[ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((0.0,
663 TopPlate/2.0),

664 ))

665 mdb.models[ 'Model-1"].sketches[’__profile__’].CoincidentConstraint (

666 addUndoState=False, entityl=

667 mdb. models[ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((0.0,
668 —-TopPlate/2.0),

669 ), entity2=mdb.models[ 'Model-1"] .sketches[’__profile__’].geometry.

670 findAt((
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671 TopPlate/2.22, —TopPlate/2.0), ))

672 mdb.models[ 'Model-1"1] .sketches [’ __profile__’].EqualDistanceConstraint (
673 addUndoState=False, entityl=

674 mdb. models [ 'Model-1"] . sketches [’ __profile__"].vertices.findAt((
675 TopPlate/2.0, —TopPlate/2.0),

676 ), entity2=mdb.models[ 'Model-1"].sketches[’__profile__’].vertices.
677 findAt ((

678 —TopPlate/2.0, —TopPlate/2.0), ), midpoint=

679 mdb. models [ 'Model-1"] . sketches [’ __profile__"'].vertices.findAt((0.0,
680 —TopPlate/2.0),

681 ))

682 mdb. models[ 'Model-1’"].sketches[’__profile__’].Line(pointl=(-TopPlate/2.0,
683 0.0), point2=(

684 TopPlate/2.0, 0.0))

685 mdb.models[ 'Model-1"].sketches[’__profile__’].HorizontalConstraint(
686 addUndoState=False, entity=

687 mdb. models[ "Model-1"] . sketches [’ __profile__’].geometry.findAt((
688 —TopPlate/2.22, 0.0),

689 ))

690 mdb.models[ 'Model-1"].sketches[’__profile__’].PerpendicularConstraint(
691 addUndoState=False, entityl=

692 mdb. models[ "Model-1"] .sketches [’ __profile__’].geometry. findAt ((
693 —-TopPlate /2.0,

694 —TopPlate/2.22), ), entity2=

695 mdb. models [ 'Model-1"] . sketches [’ __profile__"].geometry. findAt((
696 —TopPlate/2.22, 0.0),

697 ))

698 mdb. models[ 'Model-1’"].sketches[’__profile__’].CoincidentConstraint (
699 addUndoState=False, entityl=

700 mdb. models [ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((
701 —TopPlate/2.0, 0.0),

702 ), entity2=mdb.models|[ 'Model-1"].sketches[’__profile__"’].geometry.
703 findAt ((

704 —TopPlate/2.0, —TopPlate/2.22), ))

705 mdb.models[ 'Model-1"] .sketches [’ __profile__’].EqualDistanceConstraint (
706 addUndoState=False, entityl=

707 mdb. models[ "Model-1"] .sketches [’ __profile__"’].vertices.findAt((
708 —TopPlate /2.0, —TopPlate/2.0),

709 ), entity2=mdb.models[ 'Model-1"].sketches[’__profile__’].vertices.
710 findAt ((

711 —TopPlate/2.0, TopPlate/2.0), ), midpoint=

712 mdb. models[ 'Model-1"] .sketches [’ __profile__"’].vertices.findAt((
713 —TopPlate/2.0, 0.0),

714 ))

715 mdb. models[ 'Model-1"].sketches [’ __profile__’].CoincidentConstraint (
716 addUndoState=False, entityl=

717 mdb. models [ 'Model-1"] . sketches [’ __profile__"].vertices.findAt((
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TopPlate/2.0, 0.0), )

, entity2=mdb.models[ 'Model-1"] .sketches[’__profile__"’].geometry.
findAt ((

TopPlate/2.0, TopPlate/2.22), ))

mdb. models[ 'Model-1"] .sketches[’__profile__’].EqualDistanceConstraint (

addUndoState=False, entityl=

mdb. models[ 'Model-1"] .sketches[’__profile__"].vertices.findAt((
TopPlate/2.0, TopPlate/2.0), )

, entity2=mdb. models[ 'Model-1"] .sketches[’__profile__’].vertices.
findAt((

TopPlate/2.0, —TopPlate/2.0), ), midpoint=

mdb. models[ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((

TopPlate/2.0, 0.0),
))
mdb. models [ 'Model-1"] . parts[’SS_Top’] . PartitionFaceBySketch (faces=
mdb. models[ "Model-1"] . parts[’SS_Top’].faces.findAt(((TopPlate/6.0,
TopPlate/6.0, PlatesDepth), )),
sketch=mdb. models[ "Model-1"] .sketches [’ __profile__’], sketchUpEdge=
mdb. models [ 'Model-1"] . parts[’SS_Top’] .edges. findAt ((—TopPlate/2.0,
—TopPlate/4.0, PlatesDepth),
))
del mdb. models[ 'Model-1"].sketches[’__profile__"]

#BottomPlate

# Sketch and Part
mdb. models[ "Model-1"] . ConstrainedSketch (name="__profile__",
sheetSize=sheet_Size)
mdb. models [ '"Model-1"] . sketches [’ __profile__’'].rectangle (pointl=
(BottomPlate_, BottomPlate ),
point2=(—BottomPlate_, —BottomPlate_))
mdb. models[ 'Model-1"] . Part (dimensionality=THREE D, name=’SS_Bottom’,
type=
DEFORMABLE_BODY)
mdb. models[ '"Model-1"] . parts [ 'SS_Bottom’] . BaseSolidExtrude (depth=
PlatesDepth, sketch=
mdb. models[ 'Model-1"] .sketches [’ __profile__"1)
del mdb.models[ 'Model-1"].sketches[’__profile__"]

# Partition Bottom Plate
mdb. models[ "Model-1"] . ConstrainedSketch (gridSpacing=Grid,
name="__profile__",
sheetSize=sheet_Size, transform=
mdb. models[ 'Model-1"] . parts [ ’SS_Bottom’ ] . MakeSketchTransform (
sketchPlane=mdb. models[ "Model-1"] . parts[’SS_Bottom '] . faces. findAt ((

BottomPlate/6.0, BottomPlate/6.0, PlatesDepth), ),
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sketchPlaneSide=SIDE]1,
sketchUpEdge=mdb. models[ 'Model-1"].parts[’SS_Bottom’].edges.findAt ((
—BottomPlate /2.0,
—BottomPlate/4.0, PlatesDepth), ), sketchOrientation=RIGHT,
origin=(0.0, 0.0, PlatesDepth)))
mdb. models[ 'Model-1"] . parts [ ’SS_Bottom’] . projectReferencesOntoSketch (
filter=
COPLANAR_EDGES, sketch=mdb.models[ 'Model-1"].sketches[’__profile__"1)
mdb. models [ '"Model-1"] . sketches [’ __profile__"].Line(pointl=(0.0,
BottomPlate/2.0), point2=(
0.0, —BottomPlate/2.0))

mdb. models[ "Model-1"] . sketches[’__profile__’"].VerticalConstraint (
addUndoState=
False, entity=
mdb. models [ 'Model-1"] . sketches [’ __profile__’'].geometry.findAt((0.0,
0.0),
))
mdb. models[ "Model-1"] .sketches[’__profile__’].PerpendicularConstraint (
addUndoState=False, entityl=
mdb. models [ 'Model-1"] . sketches [’ __profile__’'].geometry. findAt((
—BottomPlate/2.22, BottomPlate/2.0),
), entity2=mdb. models[ 'Model-1"].sketches[’__profile__’].geometry.
findAt ((
0.0, 0.0), ))
mdb. models [ '"Model-1"] . sketches [’ __profile__’'].CoincidentConstraint (
addUndoState=False, entityl=
mdb. models[ "Model-1"] .sketches [’ __profile__’].vertices.findAt((0.0,
BottomPlate/2.0), )
, entity2=mdb.models[ 'Model-1"] .sketches[’__profile__"’].geometry.
findAt ((
—BottomPlate/2.22, BottomPlate/2.0), ))
mdb. models[ 'Model-1"] .sketches[’__profile__’].EqualDistanceConstraint (
addUndoState=False, entityl=
mdb. models [ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((
—BottomPlate /2.0, BottomPlate/2.0),
), entity2=mdb.models[ 'Model-1"] .sketches[’__profile__’].vertices.
findAt((

BottomPlate/2.0, BottomPlate/2.0), ), midpoint=
mdb. models[ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((0.0,
BottomPlate/2.0),

))
mdb. models[ "Model-1"] .sketches [’ __profile__’].CoincidentConstraint (
addUndoState=False, entityl=
mdb. models[ 'Model-1"] .sketches [’ __profile_
—BottomPlate/2.0),
), entity2=mdb.models[ 'Model-1"] .sketches[’__profile__’].geometry.
findAt ((

"].vertices.findAt((0.0,
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BottomPlate/2.22, —BottomPlate/2.0), ))
mdb. models [ 'Model-1"] .sketches[’__profile__’].EqualDistanceConstraint (
addUndoState=False, entityl=
mdb. models [ 'Model-1"] . sketches [’ __profile__"].vertices.findAt((
BottomPlate/2.0, —BottomPlate/2.0),
), entity2=mdb.models[ 'Model-1"].sketches[’__profile__’].vertices.
findAt ((
—BottomPlate/2.0, —BottomPlate/2.0), ), midpoint=
mdb. models [ 'Model-1"] . sketches [’ __profile__"'].vertices.findAt((0.0,
—BottomPlate/2.0) ,
))
mdb. models[ "Model-1"] .sketches[’__profile__’].Line(pointl=(

—BottomPlate/2.0, 0.0), point2=(
BottomPlate /2.0, 0.0))
mdb. models [ '"Model-1"] . sketches [’ __profile__’'].HorizontalConstraint (

addUndoState=False, entity=
mdb. models[ "Model-1"] . sketches [’ __profile__’].geometry.findAt((
—BottomPlate/2.22, 0.0),
))
mdb. models [ '"Model-1"] . sketches [’ __profile__"'].PerpendicularConstraint (
addUndoState=False, entityl=
mdb. models[ "Model-1"] .sketches [’ __profile__’].geometry. findAt ((
—BottomPlate /2.0,
—BottomPlate/2.22), ), entity2=
mdb. models [ 'Model-1"] . sketches [’ __profile__"].geometry. findAt((
—BottomPlate/2.22, 0.0),
))
mdb. models[ "Model-1"] . sketches[’__profile__’].CoincidentConstraint (
addUndoState=False, entityl=
mdb. models [ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((
—BottomPlate /2.0, 0.0),
), entity2=mdb.models|[ 'Model-1"].sketches[’__profile__"’].geometry.
findAt ((
—BottomPlate /2.0, —BottomPlate/2.22), ))
mdb. models [ 'Model-1"] .sketches [’ __profile__"'].EqualDistanceConstraint (
addUndoState=False, entityl=
mdb. models[ "Model-1"] .sketches [’ __profile__"’].vertices.findAt((
—BottomPlate/2.0, —BottomPlate/2.0),
), entity2=mdb.models[ 'Model-1"].sketches[’__profile__’].vertices.
findAt ((
—BottomPlate/2.0, BottomPlate/2.0), ), midpoint=
mdb. models[ 'Model-1"] .sketches [’ __profile__"’].vertices.findAt((
—BottomPlate/2.0, 0.0),
))
mdb. models [ 'Model-1"] .sketches[’__profile__"].CoincidentConstraint (
addUndoState=False, entityl=
mdb. models [ 'Model-1"] . sketches [’ __profile__"].vertices.findAt((
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859 BottomPlate/2.0, 0.0), )

860 , entity2=mdb.models[ 'Model-1"] .sketches[’__profile__"’].geometry.
861 findAt ((

862 BottomPlate/2.0, BottomPlate/2.22), ))

863 mdb.models[ 'Model-1"].sketches[’__profile__’].EqualDistanceConstraint (
864 addUndoState=False, entityl=

865 mdb. models[ 'Model-1"] .sketches[’__profile__"].vertices.findAt((
866 BottomPlate/2.0, BottomPlate/2.0), )

867 , entity2=mdb. models[ 'Model-1"] .sketches[’__profile__’].vertices.
868 findAt ((

869 BottomPlate/2.0, —BottomPlate/2.0), ), midpoint=

870 mdb. models[ 'Model-1"] .sketches [’ __profile__"].vertices.findAt((
871 BottomPlate/2.0, 0.0),

872 ))

873 mdb. models[ 'Model-1"] . parts[’SS_Bottom’] .PartitionFaceBySketch (faces=
874 mdb. models[ "Model-1"] . parts[’SS_Bottom’].faces.findAt (((

875 BottomPlate /6.0, BottomPlate/6.0,

876 PlatesDepth), )), sketch=mdb.models[ Model-1’"].sketches

877 ['__profile__"],

878 sketchUpEdge=mdb. models[ "Model-1"] . parts [ 'SS_Bottom’] . edges. findAt ( (
879 —BottomPlate /2.0,

880 —BottomPlate/4.0, PlatesDepth), ))

881 del mdb.models[ 'Model-1'"].sketches[’__profile__"]

882

883 # Stainless Steel Properties

884 mdb.models[ 'Model-1’"].Material (name="Stainless_Steel’)

885 mdb.models[ 'Model-1’"].materials[’Stainless_Steel’].Density(table=

886 ((8000.0, ),

887 ))

888 mdb.models[ 'Model-1"].materials[’Stainless_Steel’].Elastic (table=((
889 200000000000.0, 0.28), ))

890 mdb.models[ 'Model-1"].materials[’Stainless_Steel’].Conductivity(table=
891 ((16.2,

892 20.0), (16.3, 70.0), (16.4, 120.0), (16.6, 170.0), (17.0, 210.0)),
893 temperatureDependency=0N)

894 mdb.models[ 'Model-1"].materials[’Stainless_Steel’].SpecificHeat(table=
895 ((500.0,

896 )y )

897 mdb.models[ 'Model-1"].materials[’Stainless_Steel’].Expansion(table=
898 ((1.76e-05,

899 )y )

900

901 # Section for Stainless Steels

902 mdb.models[ 'Model-1’"].HomogeneousSolidSection (material="Stainless_Steel’,
903 name=

904 ’SS—Section’, thickness=None)

905 mdb.models[ 'Model-1"].parts[’SS_Top’].Set(cells=
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906 mdb. models[ 'Model-1"] . parts[’SS_Top’] . cells.findAt (((TopPlate/2.0,
907 TopPlate/6.0, PlatesDepth/1.5),

908 )) , name="TopPlate_Whole_Set’)

909 mdb.models[ 'Model-1"].parts[’SS_Top’].SectionAssignment(offset=0.0,
910 offsetField="", offsetType=MIDDLE SURFACE, region=

911 mdb. models[ 'Model-1"] . parts[’SS_Top’].sets [’ TopPlate_Whole_Set’],
912 sectionName="SS—Section’, thicknessAssignment=FROM_SECTION)

913 mdb. models[ 'Model-1"] . parts[’SS_Bottom’].Set(cells=

914 mdb. models [ 'Model-1"] . parts [ ’SS_Bottom’] . cells . findAt ( ((

915 BottomPlate /2.0, BottomPlate/6.0,

916 PlatesDepth/1.5), )), name=’"BottomPlate_Whole_Set’)

917 mdb.models[ 'Model-1"].parts[’SS_Bottom’].SectionAssignment (offset=0.0,
918 offsetField="", offsetType=MIDDLE SURFACE, region=

919 mdb. models [ '"Model-1"] . parts [ 'SS_Bottom’] . sets

920 [ ’BottomPlate_Whole_Set’],

921 sectionName="SS—Section’, thicknessAssignment=FROM_SECTION)

922

923 # Steps for Heat Transfer

924 mdb. models[ 'Model-1"].HeatTransferStep (deltmx=60.0, initiallnc=0.1,
925 maxInc=time_Heat

926 , minlnc=0.0004, name='Heatl’, previous='Initial’,

927 timePeriod=time_Heat)

928 mdb. models[ 'Model-1’"].HeatTransferStep (deltmx=60.0, initiallnc=0.1,
929 maxInc=time_Couling

930 , minlnc=0.0002, name="Coolingl’, previous='Heatl’,

931 timePeriod=time_Couling)

932 mdb.models[ 'Model-1"] .HeatTransferStep (deltmx=60.0, initiallnc=0.1,
933 maxInc=time_Heat

934 , minlnc=0.0004, name='Heat2’, previous='Coolingl’,

935 timePeriod=time_Heat)

936 mdb.models[ 'Model-1"].HeatTransferStep (deltmx=60.0, initiallnc=0.1,
937 maxInc=time_Couling

938 , minlnc=0.0002, name='Cooling2’, previous='Heat2’,

939 timePeriod=time_Couling)

940 mdb.models[ 'Model-1"].HeatTransferStep (deltmx=60.0, initiallnc=0.1,
941 maxInc=time_Heat

942 , minlnc=0.0004, name='Heat3’, previous='Cooling2’,

943 timePeriod=time_Heat)

944 mdb. models[ 'Model-1"].HeatTransferStep (deltmx=60.0, initiallnc=0.1,
945 maxInc=time_Couling

946 , minlnc=0.0002, name=’"Cooling3’, previous='Heat3’,
947 timePeriod=time_Couling)
948

949 ## Assembly

950 mdb.models[ 'Model-1"].rootAssembly.Instance (dependent=ON, name=
951 "Airborne—Composite—1’, part=

952 mdb. models [ 'Model-1"] . parts [ "Airborne—Composite’ ] )
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953 mdb.models[ 'Model-1"] .rootAssembly.Instance (dependent=ON,
954  name='Teflon-1",

955 part=mdb. models[ 'Model-1"] . parts[ 'Teflon’])

956 mdb.models[ 'Model-1"].rootAssembly. translate (instanceList=(
957 "Airborne—Composite-1’, ), vector=(0.0, 0.0, thickness))
958

959 # Assign Teflon Surf and Set
960 mdb.models[ 'Model-1’"].rootAssembly. Set (faces=

961 mdb. models[ "Model-1"] .rootAssembly.instances [’ Teflon—1"].faces.findAt (((
962 Sides /6.0, —Sides/6.0, 0.0), ), ((Sides/3.0, Sides/6.0, 0.0), ),

963 ((-Sides /3.0, —Sides/6.0, 0.0), ), (

964 (-Sides /6.0, Sides/6.0, 0.0), ), ), name=Teflon—-Set—Bottom’)

965

966 mdb. models[ 'Model-1"].rootAssembly. Surface (name="Teflon—Surf-Bottom’,
967 sidelFaces=

968 mdb. models[ "Model-1"] .rootAssembly. instances [ 'Teflon—1"] . faces.
969 findAt (((

970 Sides /6.0, —Sides/6.0, 0.0), ), ((Sides/3.0, Sides/6.0, 0.0), ),
971 ((-Sides /3.0, —Sides/6.0, 0.0), ), (

972 (-Sides /6.0, Sides/6.0, 0.0), ), ))

973

974 mdb.models[ 'Model-1"] .rootAssembly. Surface (name="Teflon—-Surf-Top’,
975 sidelFaces=

976 mdb. models [ 'Model-1"] .rootAssembly.instances [’ Teflon—-1"] . faces.
977 findAt (((

978 Sides /6.0, —Sides/3.0, thickness), ), ((—Sides/6.0, —Sides/6.0,
979 thickness), ), ((Sides/6.0, Sides/6.0,

980 thickness), ), ((-Sides/6.0, Sides/3.0, thickness), ), ))

981

982 # Create a set for the Laminate

983 p = mdb.models[ 'Model-1"].parts[’Airborne—Composite’ ]

984 p.Set(cells=lamina_Composite + lamina_Cohesive, name=’C-Set—InitialTemp’)
985

986 mdb.models[ 'Model-1’"].rootAssembly. Set(faces=

987 mdb. models [ '"Model-1"] .rootAssembly.instances [ ’Airborne—Composite—1"] .
988 faces.findAt(

989 ((Width/3.0, Length/6.0, Thickness_+thickness), ),

990 ((-Width/3.0, Length/6.0, Thickness_+thickness), ), ((Width/3.0,
991 —Length/6.0, Thickness_+thickness), ), ((-Width/6.0, —Length/6.0,

992 Thickness_+thickness), ), ), name='Comp-Set—Top’)

993

994 # Surf for convection

995 p = mdb.models[ 'Model-1"].parts [’ Airborne—Composite ’ ]
996 s = p.faces

997 surf_contact_1_A=][]

998

999 surf_contact_1_A.append(s.findAt(
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(((width_) /2.0, (Length_) /2.0, Thickness_ ),),
((=(width_) /2.0, (Length_) /2.0, Thickness_ ),),
(((Width_) /2.0, - (Length_) /2.0, Thickness_ ),),
((—=(Width_) /2.0,—- (Length_) /2.0, Thickness_ ),),))

surf_contact_1_A .append(s.findAt(
(((width_) /2.0, (Length_) /2.0, 0.0 ),),
((—(width_) /2.0, (Length_) /2.0, 0.0 ),),
(((Width_) /2.0,—-(Length_) /2.0, 0.0 ),),
((—=(Width_) /2.0,—-(Length_) /2.0, 0.0 ),),))
.Surface (sidelFaces=surf_contact_1_A, name='C-Surf-Conv—Radiation’)

he]

Top and bottom surfaces for composite

= mdb. models[ 'Model-1"] . parts [ ’Airborne—Composite ’ ]

= p.faces

.Surface (sidelFaces=surf_contact_1_A[0], name="C-Surf-Top’)

T » T #*

= mdb. models[ 'Model-1"] . parts[’Airborne—Composite ’ ]
= p.faces
p-Surface(sidelFaces=surf_contact_1_A[1], name="C-Surf-Bottom’)

«w T

# Assembly Plates

mdb. models[ "Model-1"] .rootAssembly. Instance (dependent=ON,
name="SS_Top-1",
part=mdb. models[ 'Model-1"] . parts[’SS_Top’])
mdb. models[ "Model-1"] .rootAssembly. translate (instanceList=(’SS_Top-1’, ),
vector=(TopPlate, 0.0, 0.0))
mdb. models[ "Model-1"] .rootAssembly.rotate (angle=180.0,
axisDirection=(TopPlate/2.0, 0.0,
0.0), axisPoint=(TopPlate, 0.0, PlatesDepth), instanceList=
(’SS_Top-1", ))
mdb. models[ 'Model-1"] .rootAssembly. CoincidentPoint (fixedPoint=
mdb. models[ "Model-1"] .rootAssembly. instances [ ’Airborne—Composite—-1"] .
vertices.findAt(
(0.0, 0.0, Thickness_+thickness), ), movablePoint=
mdb. models[ "Model-1"] .rootAssembly. instances [ ’SS_Top—1’].vertices.
findAt ((
TopPlate, 0.0, PlatesDepth), ))
mdb. models[ "Model-1"] .rootAssembly. Instance (dependent=ON,
name="SS_Bottom-1",
part=mdb. models[ 'Model-1"] . parts[’SS_Bottom’])
mdb. models[ "Model-1"] .rootAssembly. translate (
instanceList=(’SS_Bottom-1’, ),
vector=(1.0, 0.0, 0.0))
mdb. models [ 'Model-1"] .rootAssembly. CoincidentPoint (fixedPoint=
mdb. models [ ’"Model-1"] .rootAssembly.instances [’ Teflon—-1"] . vertices.
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1047 findAt ((

1048 0.0, 0.0, 0.0), ), movablePoint=

1049 mdb. models [ '"Model-1"] .rootAssembly.instances[’SS_Bottom-1"].
1050 vertices . findAt (

1051 (1.0, 0.0, PlatesDepth), ))

1052

1053 # Assign Sets and Surfaces for the Plates

1054

1055 mdb.models[ 'Model-1"] .rootAssembly. Set (faces=

1056 mdb. models[ "Model-1"] .rootAssembly. instances [ ’SS_Top—1’] . faces.
1057 findAt (((

1058 —TopPlate /6.0, —TopPlate/6.0, Thickness_+thickness+PlatesDepth),
1059 )), name="SS_Top_Set’)

1060 mdb.models[ 'Model-1"] .rootAssembly. Set (faces=

1061 mdb. models [ '"Model-1"] .rootAssembly.instances[’SS_Bottom—-1’] . faces.
1062 findAt (((

1063 —BottomPlate/6.0, BottomPlate/6.0, —PlatesDepth), )),

1064 name="SS_Bottom_Set’)

1065

1066 mdb.models[ ’Model-1"].rootAssembly. Surface (name="SS_Top_Surf’,
1067 sidelFaces=

1068 mdb. models[ "Model-1"] .rootAssembly. instances [ ’SS_Top—1’].faces.
1069 findAt (((

1070 TopPlate/6.0, TopPlate/3.0, thickness+Thickness_), ),

1071 ((-TopPlate/6.0, TopPlate/6.0, thickness+Thickness_), ),
1072 ((TopPlate/6.0, —TopPlate/6.0, thickness+Thickness_), ),
1073 ((-TopPlate/6.0, —TopPlate/3.0, thickness+Thickness_), ), ))

1074 mdb. models[ "Model-1"].rootAssembly. Surface (name="SS_Bottom_Surf’,
1075 sidelFaces=

1076 mdb. models [ ’"Model-1"] .rootAssembly.instances[’SS_Bottom—1’] . faces.
1077 findAt (((

1078 BottomPlate /6.0, —BottomPlate/3.0, 0.0), ), ((-BottomPlate/6.0,

1079 —BottomPlate/6.0, 0.0), ), ((BottomPlate/6.0,

1080 BottomPlate/6.0, 0.0), ), ((—BottomPlate/6.0, BottomPlate/3.0, 0.0),
1081 ), )

1082

1083

1084 ## Surface Contact

1085

1086 # Assign Contact Property

1087 mdb. models[ "Model-1"] . ContactProperty (’Comp-Teflon’)

1088 mdb. models[ 'Model-1"] .interactionProperties [ 'Comp-Teflon’].
1089 TangentialBehavior (

1090 dependencies=0, directionality=ISOTROPIC, formulation=LAGRANGE,
1091 pressureDependency=0OFF, shearStressLimit=None,
1092 slipRateDependency=0FF,

1093 table=((ContactValue, ), ), temperatureDependency=0OFF)
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mdb. models[ "Model-1"] .interactionProperties [ 'Comp-Teflon’].
NormalBehavior (
allowSeparation=ON, clearanceAtZeroContactPressure=0.0,
constraintEnforcementMethod=AUGMENTED IAGRANGE,
contactStiffness=DEFAULT,
contactStiffnessScaleFactor=1.0, pressureOverclosure=HARD)
mdb. models[ "Model-1"] .interactionProperties [ 'Comp-Teflon’].
ThermalConductance (
clearanceDepTable=( (Thermal_Conductance_Comp_Teflon, 0.0),
(0.0, 0.001)), clearanceDependency=0N,
definition=TABUILAR, dependenciesC=0, massFlowRateDependencyC=OFF,
pressureDependency=0FF, temperatureDependencyC=0FF)

mdb. models [ '"Model-1"] . ContactProperty (' Plates—Polymers’)
mdb. models[ 'Model-1"] .interactionProperties [ ’Plates—Polymers’] .
TangentialBehavior (
dependencies=0, directionality=ISOTROPIC, formulation=LAGRANGE,
pressureDependency=OFF, shearStressLimit=None,
slipRateDependency=0FF,
table=((ContactValue, ), ), temperatureDependency=0OFF)
mdb. models[ 'Model-1"] .interactionProperties [ 'Plates—Polymers’] .
NormalBehavior (
allowSeparation=ON, clearanceAtZeroContactPressure=0.0,
constraintEnforcementMethod=AUGMENTED _[AGRANGE,
contactStiffness=DEFAULT,
contactStiffnessScaleFactor=1.0, pressureOverclosure=HARD)
mdb. models[ 'Model-1"] .interactionProperties [ 'Plates—Polymers’] .
ThermalConductance (
clearanceDepTable=( (Thermal_Conductance_Plates_Polymers, 0.0),
(0.0, 0.001)), clearanceDependency=0N,
definition=TABUILAR, dependenciesC=0, massFlowRateDependencyC=OFF,
pressureDependency=0OFF, temperatureDependencyC=0FF)

# Assign interaction
mdb. models [ '"Model-1"] . SurfaceToSurfaceContactStd (adjustMethod=
OVERCLOSED,
clearanceRegion=None, createStepName="Initial’, datumAxis=None,
initialClearance=OMIT, interactionProperty="Comp-Teflon’, master=
mdb. models[ "Model-1"] .rootAssembly. surfaces [ ' Teflon—-Surf-Top’],
name=
"C-T-inter’, slave=
mdb. models [ ’"Model-1"] .rootAssembly.instances [ ’Airborne—Composite-1"] .
surfaces [ 'CG-Surf-Bottom’ ]
, sliding=FINITE, surfaceSmoothing=AUTOMATIC, thickness=ON,
tied=0FF)
mdb. models [ 'Model-1"] . SurfaceToSurfaceContactStd (adjustMethod=
OVERCLOSED,
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clearanceRegion=None, createStepName="Initial’, datumAxis=None,

initialClearance=OMIT, interactionProperty="Plates—Polymers’,
master=

mdb. models [ 'Model-1"] .rootAssembly. surfaces [’SS_Top_Surf’],
name=

"Comp-TopPlate’, slave=

mdb. models[ "Model-1"] .rootAssembly. instances [ ’Airborne—Composite—-1"] .
surfaces [ 'C-Surf-Top’]

, sliding=FINITE, surfaceSmoothing=AUTOMATIC, thickness=ON, tied=0FF)

mdb. models[ "Model-1"] . SurfaceToSurfaceContactStd (adjustMethod=OVERCLOSED,

clearanceRegion=None, createStepName="Initial’, datumAxis=None,

initialClearance=OMIT, interactionProperty='Plates—Polymers’,
master=

mdb. models [ '"Model-1"] .rootAssembly. surfaces [ ’SS_Bottom_Surf’],
name=

"Teflon_BottomPlate’, slave=

mdb. models[ "Model-1"] .rootAssembly. surfaces [’ Teflon—Surf-Bottom’],
sliding=

FINITE, surfaceSmoothing=AUTOMATIC, thickness=ON, tied=0OFF)

# Convection
mdb. models[ 'Model-1"] .rootAssembly. Surface (name="SS_Convection’,
sidelFaces=
mdb. models [ 'Model-1"] .rootAssembly.instances[’SS_Top-1'].faces.

findAt (((

—TopPlate/6.0, —TopPlate/6.0, Thickness_+thickness+PlatesDepth), ),
) +\

mdb. models[ "Model-1"] .rootAssembly. instances [ ’SS_Bottom—1"] . faces.
findAt (((

BottomPlate /6.0, —BottomPlate/6.0, —PlatesDepth), ), ))
mdb. models [ '"Model-1"] . FilmCondition (createStepName="Coolingl ’,
definition=
EMBEDDED_COEFF, filmCoeff=Convection, filmCoeffAmplitude="",
name=’Convection_1",
sinkAmplitude="", sinkDistributionType=UNIFORM, sinkFieldName="",
sinkTemperature=sink_temperature, surface=
mdb. models[ "Model-1"] .rootAssembly. surfaces [ ’SS_Convection’])
mdb. models[ '"Model-1"] . FilmCondition (createStepName="Cooling2’,
definition=
EMBEDDED_COEFF, filmCoeff=Convection, filmCoeffAmplitude="",
name="Convection_2’,
sinkAmplitude="", sinkDistributionType=UNIFORM, sinkFieldName="",
sinkTemperature=sink_temperature, surface=
mdb. models[ "Model-1"] .rootAssembly. surfaces[’SS_Convection’])
mdb. models [ '"Model-1"] . FilmCondition (createStepName="Cooling2 ",
definition=
EMBEDDED_COEFF, filmCoeff=Convection, filmCoeffAmplitude="",
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name="Convection_3’,
sinkAmplitude="", sinkDistributionType=UNIFORM, sinkFieldName="",
sinkTemperature=sink_temperature, surface=
mdb. models [ 'Model-1"] .rootAssembly. surfaces [ ’SS_Convection’])
mdb. models[ 'Model-1’] .interactions [ ’Convection_1’].deactivate ('Heat2’)
mdb. models[ 'Model-1’] .interactions [ ’Convection_2’].deactivate ('Heat3’)
mdb. models [ "Model-1"] .interactions [ 'Convection_3’] .move(’Cooling2’,
"Heat3’)
mdb. models[ "Model-1"] .interactions [ 'Convection_3’] .move( ’Heat3’,
"Cooling3"’)

# Assign Temperature Loads
# Loads
mdb. models[ "Model-1"] . TemperatureBC (amplitude=UNSET,
createStepName="Heatl’,
distributionType=UNIFORM, fieldName="", fixed=OFF,
magnitude=210.0, name=
"Heatl_Top’, region=mdb.models[ 'Model-1"].rootAssembly. sets
['SS_Top_Set’])
mdb. models [ '"Model-1"] .boundaryConditions [ "Heatl_Top’].deactivate
(’Coolingl’)
mdb. models[ "Model-1"] . TemperatureBC (amplitude=UNSET,
createStepName="Heat2’,
distributionType=UNIFORM, fieldName="", fixed=OFF,
magnitude=130.0, name=
"Heat2_Top’, region=mdb.models[ Model-1"].rootAssembly.
sets[’SS_Top_Set’])
mdb. models[ 'Model-1"] .boundaryConditions [ 'Heat2_Top’] . deactivate
(’Cooling2’)
mdb. models[ "Model-1"] . TemperatureBC (amplitude=UNSET,
createStepName="Heat3’,
distributionType=UNIFORV, fieldName=""', fixed=OFF, magnitude=80.0,
name=
"Heat3_Top’, region=mdb.models[ Model-1"].rootAssembly.
sets[’SS_Top_Set’])
mdb. models [ "Model-1"] . boundaryConditions [ "Heat3_Top’] . deactivate
(’Cooling3’)
mdb. models[ "Model-1"] . TemperatureBC (amplitude=UNSET,
createStepName="Heatl’,
distributionType=UNIFORM, fieldName="", fixed=OFF,
magnitude=210.0, name=
"Heatl_Bottom’, region=
mdb. models[ "Model-1"] .rootAssembly. sets [ 'SS_Bottom_Set’])
mdb. models[ "Model-1"] . TemperatureBC (amplitude=UNSET,
createStepName="Heat2’,
distributionType=UNIFORM, fieldName="", fixed=OFF,
magnitude=130.0, name=
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1235 "Heat2_Bottom’, region=

1236 mdb. models[ "Model-1"] .rootAssembly.sets [ ’SS_Bottom_Set’])

1237 mdb. models[ "Model-1"] .boundaryConditions [ 'Heatl_Bottom’] . deactivate
1238 (’Coolingl’)

1239 mdb. models[ "Model-1"] .boundaryConditions [ 'Heat2_Bottom’] . deactivate
1240 (’Cooling2’)

1241 mdb. models[ "Model-1"] . TemperatureBC (amplitude=UNSET, createStepName
1242 ='Heat3’,

1243 distributionType=UNIFORM, fieldName="", fixed=OFF, magnitude=80.0,
1244 name=

1245 "Heat3_Bottom’, region=

1246 mdb. models[ "Model-1"] .rootAssembly.sets [ 'SS_Bottom_Set’])

1247 mdb. models[ 'Model-1"] .boundaryConditions [ 'Heat3_Bottom’] . deactivate
1248 (’Cooling3’)

1249

1250 # Field Output (Thermal Analysis)

1251 mdb. models[ "Model-1"] . FieldOutputRequest (createStepName="Heatl’, name=

1252 "F-Output—1’, variables=(’'NT’, 'TEMP’, 'FIEMP’, 'HFL’, 'HFLA’, 'HIL’,
1253 "HTIA’, 'RFLE’, 'RFL’, 'CFL’, 'NFLUX’, 'RADFL’, 'RADFIA’, 'RADTIL’,
1254 "RADTIA’, 'VFTOT’, ’'S]JD’, ’SJDA’, ’SJDT’, ’'SJDTA’, 'WEIGHT’, ’'FLUXS’,
1255 "HBF’, 'FILMCOEF’, ’SINKTEMP’))

1256

1257 # History Output
1258 mdb.models[ "Model-1"] . HistoryOutputRequest (createStepName="Heatl’,
1259  name=

1260 "H-Output—1’, variables=(’'FTEMP’, 'HFLA’, 'HIL’, 'HITA’, 'RADFL’,
1261 "RADFIA’ ,

1262 'RADTL’, ’RADTIA’, ’'VFIOT’, 'SJD’, 'SJDA’, ’'SJDT’, ’SJDTA’,

1263 "WEIGHT ") )

1264

1265 # Mesh Generation for Laminate and Teflon

1266 p = mdb.models[ 'Model-1"].parts[ Airborne—Composite’]

1267 p.seedPart(size=0.01, deviationFactor=0.1, minSizeFactor=0.1)
1268 p = mdb.models[ 'Model-1"].parts [ Airborne—Composite’ ]

1269 p.generateMesh ()

1270

1271 t = mdb.models[ 'Model-1"].parts[’ Teflon’]

1272 t.seedPart(deviationFactor=0.1, minSizeFactor=0.1, size=0.011)
1273 mdb. models[ 'Model-1"].parts[’Teflon’].generateMesh ()

1274

1275 # Mesh Generation for Plates

1276

1277 mdb. models[ "Model-1"].parts[’SS_Top’].seedPart(deviationFactor=0.1,
1278 minSizeFactor=0.1, size=0.03)

1279 mdb. models[ 'Model-1"].parts[’SS_Top’].generateMesh ()

1280

1281 mdb.models[ '"Model-1"] . parts[’SS_Bottom’].seedPart(deviationFactor=0.1,
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minSizeFactor=0.1, size=0.05)
mdb. models[ "Model-1"].parts[’SS_Bottom’] .generateMesh ()

#Elements for Laminate and Teflon

elemTypel = mesh.ElemType (elemCode=DC3D6, elemLibrary=STANDARD,
secondOrderAccuracy=0OFF, distortionControl=DEFAULT)

elemType2 = mesh.ElemType (elemCode=DC3D4, elemLibrary=STANDARD)

p = mdb. models[ "Model-1"] . parts[’Airborne—Composite’ |

c = p.cells

cells = lamina_Composite + lamina_Cohesive

pickedRegions =(cells, )

p.setElementType (regions=pickedRegions, elemTypes=(elemTypel,

elemType2, ))

mdb. models[ "Model-1"] . parts[’Teflon’].setElementType (elemTypes=
(ElemType (
elemCode=DC3D8, elemLibrary=STANDARD) , ElemType (elemCode=DC3D6,
elemLibrary=STANDARD) , ElemType (elemCode=DC3D4, elemLibrary=
STANDARD) ) ,
regions=(mdb. models[ 'Model-1"] . parts[ ' Teflon’].cells.findAt (((
—Sides /6.0,
Sides/6.0, 0.0), )), ))
mdb. models[ "Model-1"] .rootAssembly.regenerate ()

# Elements for Plates

mdb. models[ "Model-1"] . parts[’SS_Top’] .setElementType (elemTypes=
(ElemType (
elemCode=DC3D8, elemLibrary=STANDARD) , ElemType (elemCode=DC3D6,
elemLibrary=STANDARD) , ElemType (elemCode=DC3D4, elemLibrary=
STANDARD) ) ,
regions=(mdb. models[ 'Model-1"] . parts[’SS_Top’].cells.findAt (((
TopPlate/2.0, TopPlate/6.0,
PlatesDepth/1.5), )), ))

mdb. models[ "Model-1"] . parts[’SS_Bottom’] . setElementType (elemTypes=(
ElemType (
elemCode=DC3D8, elemLibrary=STANDARD) , ElemType (elemCode=DC3D6,
elemLibrary=STANDARD) , ElemType (elemCode=DC3D4, elemLibrary=
STANDARD) ) ,
regions=(mdb. models[ 'Model-1"] . parts [ ’SS_Bottom’] . cells.findAt ( ((
BottomPlate /2.0,
BottomPlate /6.0, PlatesDepth/1.5), )), ))
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APPENDIX B

In the Appendix B, the Python code for the simulations from Chapter 4 will be provided.
The structure was given in Appendix A, so in this appendix, the rest of the code that is
needed to simulate the Cycles will be provided. Four smaller codes are typed, first is the
simulation of the Cycles, second is the warpage simulation, third is the discrete plates
scripting and fourth is the viscoelastic merging. Furthermore, the structure of the parts
will only be shown in the simulation of the Cycles, where in the warpage model, only the
most important changes will be given (such as the step).

B.1. CYCLE'S SIMULATION

# Teflon Properties for Composite Material (change if not isotropic)

mdb. models[ "Model-1"] . Material (name="Teflon—Composite ")
mdb. models[ 'Model-1"] . materials [ 'Teflon—Composite’ ] . Density (
table=((2275.0, ),
))
mdb. models [ 'Model-1"] . materials [ 'Teflon—-Composite '] . Elastic (table=((
20375000000.0, 6650000000.0, 6650000000.0, 0.35, 0.35, 0.4,
4400000000.0,
4400000000.0, 3000000000.0, 20.0), (20000000000.0, 6500000000.0,
6500000000.0, 0.35, 0.35, 0.4, 4300000000.0, 4300000000.0,
2800000000.0,
70.0), (20000000000.0, 6200000000.0, 6200000000.0, 0.35, 0.35, 0.4,
4000000000.0, 4000000000.0, 2600000000.0, 120.0), (20000000000.0,
6000000000.0, 6000000000.0, 0.35, 0.35, 0.4, 3500000000.0,
3500000000.0,
2500000000.0, 170.0), (19000000000.0, 5900000000.0, 5900000000.0,
0.35,
0.35, 0.4, 3400000000.0, 3400000000.0, 2400000000.0, 210.0)),
temperatureDependency=ON, type=ENGINEERING CONSTANTS)
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mdb. models[ "Model-1"] . materials [ ' Teflon—Composite’ ] . Expansion (
table=((2.7e-06,

0.000126, 0.000126, 20.0), (2.8e—06, 0.000127, 0.000127, 70.0),

(3e-06,
0.0002, 0.0002, 120.0), (3.1e-06, 0.0002, 0.0002, 160.0),
(3e—-06, 0.00025,

0.00025, 210.0)), temperatureDependency=ON, type=ORTHOTROPIC)
mdb. models [ 'Model-1"] . materials [ ' Teflon—-Composite '] . Conductivity (
table=((

0.4875, 0.3115, 0.3115, 20.0), (0.5, 0.32, 0.32, 70.0),

(0.52, 0.33, 0.33,

120.0), (0.55, 0.35, 0.35, 170.0), (0.6, 0.4, 0.4, 210.0)),

temperatureDependency=0N, type=ORTHOTROPIC)
mdb. models [ 'Model-1"] . materials [ 'Teflon—-Composite '] . SpecificHeat (
table=((

1000.0, 20.0), (1050.0, 70.0), (1100.0, 120.0), (1150.0, 170.0),

(1200.0,
210.0)), temperatureDependency=0ON)

# Section assigned for Teflon Composite and material orientation

mdb. models[ '"Model-1"] . HomogeneousSolidSection (material="Teflon-Composite ',

name="Teflon—Composite—Section’, thickness=None)
mdb. models[ 'Model-1"] . parts['Teflon’].Set(cells=
mdb. models[ "Model-1"] . parts[’Teflon’]. cells.findAt(((Sides/2.0,
Sides /3.0, thickness/6.02),
), ((Sides/6.0, Sides/6.0, thickness), ), ), name='Teflon_Set’)
mdb. models[ 'Model-1"] . parts[ ' Teflon’].SectionAssignment (offset=0.0,

offsetField="", offsetType=MIDDLE SURFACE, region=
mdb. models[ 'Model-1"] . parts [ 'Teflon’].sets[ ' Teflon_Set’],
sectionName=

"Teflon—Composite—Section’, thicknessAssignment=FROM_SECTION)
mdb. models[ "Model-1"] . parts [ 'Teflon’].MaterialOrientation (

additionalRotationField="", additionalRotationType=ROTATION_ANGLE,
angle=
0.0, axis=AXIS_3, fieldName="", localCsys=None,

orientationType=SYSTEM,
region=Region (cells=mdb. models[ 'Model-1"] . parts[ 'Teflon’] . cells.
findAt (((
Sides /6.0, Sides/6.0, thickness), ), )), stackDirection=STACK_3)
mdb. models[ '"Model-1"] . parts [ ’Teflon’] . MaterialOrientation (

additionalRotationField="", additionalRotationType=ROTATION_ANGLE,
angle=
90.0, axis=AXIS_3, fieldName="', localCsys=None,

orientationType=SYSTEM,
region=Region (cells=mdb. models[ 'Model-1"] . parts[ 'Teflon’] . cells.
findAt (((
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68 Sides /2.0, Sides/3.0, thickness/6.02), ), )),
69 stackDirection=STACK_3)

70 mdb.models[ 'Model-1"] .rootAssembly.regenerate ()
71

72 # Top Plate

73

74 # Sketch and Part
75 mdb.models[ 'Model-1"] . ConstrainedSketch (name="__profile__",
76  sheetSize=sheet_Size)

77 mdb.models[ 'Model-1"] .sketches [’ __profile__"’].Line(

78 pointl=(-TopPlate, 0.0), point2=

79 (0.0, 0.0))

80 mdb.models[ 'Model-1"].sketches[’__profile__’].HorizontalConstraint (
81 addUndoState=False, entity=

82 mdb. models [ 'Model-1"] . sketches[’__profile__’].geometry. findAt(
83 (-TopPlate, 0.0),

84 ))

85 mdb.models[ 'Model-1"].sketches[’__profile__"].

86 ObliqueDimension (textPoint=(

87 —TopPlate, —TopPlate), value=TopPlate, vertexl=

88 mdb. models[ "Model-1"] . sketches[’__profile__"].vertices.findAt(
89 (-TopPlate, 0.0),

90 ), vertex2=mdb.models[ 'Model-1"].sketches[’__profile__"].

91 vertices . findAt ((

92 0.0, 0.0), ))

93 mdb.models[ 'Model-1’] . Part(dimensionality=THREE_D,

94  name='Top_Plate’, type=

95 ANALYTIC_RIGID_SURFACE)

96 mdb.models[ 'Model-1’].parts[ 'Top_Plate’].AnalyticRigidSurfExtrude (
97 depth=TopPlate,

98 sketch=mdb. models[ 'Model-1"] . sketches [’ __profile__"])
99 del mdb.models[ 'Model-1"] .sketches|[’__profile__"]
100

101 # Partition Cross Section
102 mdb. models[ ’"Model-1"] . ConstrainedSketch (gridSpacing=Grid,

103 name='__profile__"’,

104 sheetSize=sheet_Size, transform=

105 mdb. models[ 'Model-1"] . parts [ 'Top_Plate ’] . MakeSketchTransform (

106 sketchPlane=mdb. models[ 'Model-1"] . parts [ 'Top_Plate '] . faces.findAt(
107 (-TopPlate/3.0,

108 0.0, —TopPlate/6.0), (0.0, 1.0, 0.0)), sketchPlaneSide=SIDEI1,

109 sketchUpEdge=mdb. models[ "Model-1"] . parts [ 'Top_Plate '] .edges. findAt (
110 (—-TopPlate,

111 0.0, TopPlate/4.0), ), sketchOrientation=RIGHT,

112 origin=(-TopPlate/2.0, 0.0, 0.0)))

113 mdb. models[ 'Model-1"] . parts [ 'Top_Plate '] .projectReferencesOntoSketch (
114 filter=
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mdb.

COPLANAR_EDGES, sketch=mdb.models[ 'Model-1"].sketches[’__profile_

models [ 'Model-1"] .sketches [’ __profile__’].Line(

pointl=(0.0, TopPlate/2.0), point2=(

0.0, —TopPlate/2.0))
mdb. models[ "Model-1"] .sketches[’__profile__"’].VerticalConstraint (
addUndoState=
False, entity=
mdb. models [ 'Model-1"] . sketches[’__profile__’].geometry.findAt(
(0.0, 0.0),
))
mdb. models[ "Model-1"] . sketches [’ __profile__’].PerpendicularConstraint (
addUndoState=False, entityl=
mdb. models[ "Model-1"] . sketches[’__profile__"’].geometry. findAt(
(TopPlate/2.0, TopPlate/2.0),
), entity2=mdb.models[ 'Model-1"] .sketches[’__profile__’].geometry.
findAt ((
0.0, 0.0), ))
mdb. models[ "Model-1"] . sketches[’__profile__’].CoincidentConstraint (
addUndoState=False, entityl=
mdb. models [ 'Model-1"] .sketches[’__profile__’].vertices.findAt(
(0.0, TopPlate/2.0), )
, entity2=mdb. models[ 'Model-1"] .sketches[’__profile__"’].geometry.
findAt ((
TopPlate/2.0, TopPlate/2.0), ))
mdb. models [ '"Model-1"] . sketches [’ __profile__’'].EqualDistanceConstraint (
addUndoState=False, entityl=
mdb. models[ "Model-1"] .sketches[’__profile__"].vertices.findAt(
(TopPlate/2.0, TopPlate/2.0), )
, entity2=mdb.models[ 'Model-1"] .sketches[’__profile__"].vertices.
findAt ((
—TopPlate/2.0, TopPlate/2.0), ), midpoint=
mdb. models[ "Model-1"] .sketches[’__profile__"].vertices.findAt(
(0.0, TopPlate/2.0),
))
mdb. models [ 'Model-1"] . sketches [’ __profile__"'].CoincidentConstraint (
addUndoState=False, entityl=
mdb. models[ "Model-1"] .sketches[’__profile__"].vertices.findAt(
(0.0, —TopPlate/2.0),
), entity2=mdb.models[ 'Model-1"].sketches[’__profile__"’].geometry.
findAt ((
—TopPlate/2.0, —TopPlate/2.0), ))
mdb. models[ "Model-1"] .sketches [’ __profile__’].EqualDistanceConstraint (
addUndoState=False, entityl=
mdb. models[ 'Model-1"] .sketches[’__profile__’"].vertices.findAt(
(-TopPlate/2.0, —TopPlate/2.0),
), entity2=mdb.models|[ 'Model-1"].sketches[’__profile__"’].vertices.
findAt ((

1)
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mdb.

TopPlate/2.0, —TopPlate/2.0), ), midpoint=

mdb. models[ 'Model-1"] .sketches[’__profile__"].vertices.findAt(
(0.0, —TopPlate/2.0),

))

models[ 'Model-1"] .sketches[’__profile__"’].Line(pointl=

(—TopPlate/2.0, 0.0), point2=(

mdb.

mdb.

mdb.

mdb.

mdb.

mdb.

TopPlate/2.0, 0.0))

models [ 'Model-1"] .sketches [’ __profile__’].HorizontalConstraint (
addUndoState=False, entity=
mdb. models[ "Model-1"] . sketches[’__profile__"].geometry. findAt (

(-TopPlate/2.0, 0.0),
))

models[ 'Model-1"] .sketches[’__profile__’].PerpendicularConstraint(

addUndoState=False, entityl=

mdb. models [ 'Model-1"] . sketches[’__profile__’].geometry.findAt(
(—-TopPlate/2.0, TopPlate/2.0),

), entity2=mdb.models[ 'Model-1"].sketches[’__profile__’].geometry.
findAt ((

—-TopPlate/2.0, 0.0), ))
models|[ 'Model-1"] .sketches[’__profile_
addUndoState=False, entityl=

"] .CoincidentConstraint (

mdb. models[ 'Model-1"] .sketches[’__profile__’].vertices.findAt(
(-TopPlate/2.0, 0.0),

), entity2=mdb.models|[ 'Model-1"].sketches[’__profile__"’].geometry.
findAt ((

—TopPlate/2.0, TopPlate/2.0), ))

models[ 'Model-1"] .sketches[’__profile__’].EqualDistanceConstraint (

addUndoState=False, entityl=

mdb. models[ 'Model-1"] .sketches[’__profile__’].vertices.findAt(
(-TopPlate/2.0, TopPlate/2.0),

), entity2=mdb.models[ 'Model-1"] .sketches [’ __profile__’].vertices.
findAt ((

—TopPlate/2.0, —TopPlate/2.0), ), midpoint=

mdb. models[ 'Model-1"] .sketches[’__profile__’"].vertices.findAt(

(~TopPlate /2.0, 0.0),
))

models[ 'Model-1"] .sketches[’__profile__"’].CoincidentConstraint (

addUndoState=False, entityl=

mdb. models[ 'Model-1"] .sketches[’__profile__’"].vertices.findAt(
(TopPlate/2.0, 0.0), )

, entity2=mdb. models[ 'Model-1"] .sketches[’__profile__"].geometry.
findAt((

TopPlate/2.0, —TopPlate/2.0), ))

models[ 'Model-1"] .sketches [’ __profile__’].EqualDistanceConstraint (

addUndoState=False, entityl=

mdb. models [ 'Model-1"] . sketches[’__profile__"].vertices.findAt(

(TopPlate/2.0, —TopPlate/2.0),



209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255

116 B. APPENDIX B

), entity2=mdb.models[ 'Model-1"].sketches[’__profile__"’].vertices.
findAt ((

TopPlate/2.0, TopPlate/2.0), ), midpoint=

mdb. models [ 'Model-1"] . sketches[’__profile__’].vertices.findAt(

(TopPlate/2.0, 0.0),
))
mdb. models[ 'Model-1"] . parts [ 'Top_Plate’] . PartitionFaceBySketch (faces=
mdb. models [ 'Model-1"] . parts [ 'Top_Plate’].faces.findAt((
(-TopPlate/3.0, 0.0, —TopPlate/6.0),
)), sketch=mdb.models[ 'Model-1’].sketches[’__profile__"],
sketchUpEdge=
mdb. models[ "Model-1"] . parts[ 'Top_Plate '] .edges.findAt(
(-TopPlate, 0.0, TopPlate/4.0), ))
del mdb.models[ 'Model-1"].sketches[’__profile__"]

# Reference Point
mdb. models[ "Model-1"] . parts [ 'Top_Plate’].ReferencePoint (point=
mdb. models[ 'Model-1"] . parts [ 'Top_Plate’].vertices. findAt(
(-TopPlate/2.0, 0.0, 0.0),
))

# Bottom Plate

# Sketch and Part

mdb. models [ 'Model-1"] . ConstrainedSketch (name="__profile__",
sheetSize=sheet_Size)
mdb. models[ 'Model-1"] .sketches[’__profile__"’].Line(pointl=(—BottomPlate, 0.0),
point2=
(0.0, 0.0))
mdb. models [ 'Model-1"] . sketches [’ __profile__"'].HorizontalConstraint (
addUndoState=False, entity=
mdb. models[ "Model-1"] .sketches[’__profile__"’].geometry. findAt (

(-BottomPlate, 0.0),
))
mdb. models [ '"Model-1"] .sketches [’ __profile__"].
ObliqueDimension (textPoint=(
—BottomPlate, —BottomPlate), value=BottomPlate, vertexl=
mdb. models[ 'Model-1"] .sketches[’__profile__’].vertices.findAt(
(—-BottomPlate, 0.0),
), vertex2=mdb.models[ 'Model-1"].sketches[’__profile__’].vertices.
findAt ((
0.0, 0.0), ))
mdb. models[ 'Model-1"] . Part (dimensionality=THREE D, name=’Bottom_Plate’,
type=
ANALYTIC_RIGID_SURFACE)
mdb. models [ '"Model-1"] . parts [ 'Bottom_,Plate’].
AnalyticRigidSurfExtrude (depth=BottomPlate,
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sketch=mdb. models[ 'Model-1"] .sketches [’ __profile__"1)
del mdb.models[ 'Model-1"].sketches[’__profile__"]

# Partition Cross Section

mdb.

models[ 'Model-1"] . ConstrainedSketch (gridSpacing=Grid,

name="__profile__",

mdb.

sheetSize=sheet_Size, transform=

mdb. models [ '"Model-1"] . parts [ 'Bottom_,Plate '] . MakeSketchTransform (
sketchPlane=mdb. models| "Model-1"] . parts [ 'Bottom_Plate '] .faces.

findAt ((—BottomPlate /3.0,

0.0, —BottomPlate/6.0), (0.0, 1.0, 0.0)), sketchPlaneSide=SIDE1,
sketchUpEdge=mdb. models[ "Model-1"] . parts [ 'Bottom_Plate '] .edges.

findAt ( (—BottomPlate,

0.0, BottomPlate/4.0), ), sketchOrientation=RIGHT,
origin=(—BottomPlate/2.0, 0.0, 0.0)))

models[ 'Model-1"] . parts [ 'Bottom_Plate’].

projectReferencesOntoSketch (filter=

mdb.

COPLANAR EDGES, sketch=mdb.models[ ’Model-1"].sketches[’__profile__

models[ 'Model-1"] .sketches[’__profile__"].

Line (pointl=(0.0, BottomPlate/2.0), point2=(

mdb.

0.0, —BottomPlate/2.0))
models [ 'Model-1"] .sketches [’ __profile__"].

VerticalConstraint (addUndoState=

mdb.

mdb.

mdb.

False, entity=

mdb. models [ 'Model-1"] . sketches[’__profile__’].geometry.

findAt((0.0, 0.0),
))

models[ 'Model-1"] .sketches [’ __profile__’].PerpendicularConstraint(

addUndoState=False, entityl=

mdb. models [ 'Model-1"] . sketches[’__profile__’].geometry. findAt(
(BottomPlate/2.0, BottomPlate/2.0),

), entity2=mdb.models|[ 'Model-1"].sketches[’__profile__"’].geometry.
findAt ((

0.0, 0.0), ))

models[ 'Model-1"] .sketches[’__profile__’].CoincidentConstraint (

addUndoState=False, entityl=

mdb. models[ "Model-1"] .sketches[’__profile__"].vertices.findAt(
(0.0, BottomPlate/2.0), )

, entity2=mdb. models[ 'Model-1"] .sketches[’__profile__"].geometry.
findAt ((

BottomPlate/2.0, BottomPlate/2.0), ))

models[ 'Model-1"] .sketches[’__profile__’].EqualDistanceConstraint (

addUndoState=False, entityl=
mdb. models[ 'Model-1"] .sketches [’ __profile_
(BottomPlate /2.0, BottomPlate/2.0), )

, entity2=mdb. models[ 'Model-1"] .sketches[’__profile__

findAt ((

"].vertices . findAt(

"].vertices.

1)



118 B. APPENDIX B

303 —BottomPlate/2.0, BottomPlate/2.0), ), midpoint=

304 mdb. models[ 'Model-1"] .sketches[’__profile__"].vertices.findAt(

305 (0.0, BottomPlate/2.0),

306 ))

307 mdb.models[ 'Model-1"] .sketches[’__profile__’].CoincidentConstraint (
308 addUndoState=False, entityl=

309 mdb. models[ 'Model-1"] .sketches[’__profile__’"].vertices.findAt(

310 (0.0, —BottomPlate/2.0),

311 ), entity2=mdb.models[ 'Model-1"] .sketches [’ __profile__’].geometry.
312 findAt ((

313 —BottomPlate /2.0, —BottomPlate/2.0), ))

314 mdb.models[ 'Model-1"] .sketches [’ __profile__’].EqualDistanceConstraint (
315 addUndoState=False, entityl=

316 mdb. models [ 'Model-1"] .sketches[’__profile__’].vertices.findAt(

317 (-BottomPlate/2.0, —BottomPlate/2.0),

318 ), entity2=mdb.models|[ 'Model-1"].sketches[’__profile__"’].vertices.
319 findAt ((

320 BottomPlate/2.0, —BottomPlate/2.0), ), midpoint=

321 mdb. models [ 'Model-1"] . sketches[’__profile__"].vertices.findAt(

322 (0.0, —BottomPlate/2.0),

323 ))

324 mdb.models[ 'Model-1"] .sketches [’ __profile__"].
325 Line(pointl=(—BottomPlate/2.0, 0.0), point2=(

326 BottomPlate /2.0, 0.0))

327 mdb.models[ 'Model-1"].sketches[’__profile__’].HorizontalConstraint (
328 addUndoState=False, entity=

329 mdb. models[ "Model-1"] .sketches[’__profile__"’].geometry.

330 findAt((—-BottomPlate/2.0, 0.0),

331 ))

332 mdb.models[ 'Model-1"] .sketches [’ __profile__’].PerpendicularConstraint (
333 addUndoState=False, entityl=

334 mdb. models[ "Model-1"] .sketches[’__profile__"’].geometry. findAt (

335 (—BottomPlate/2.0, BottomPlate/2.0),

336 ), entity2=mdb.models|[ 'Model-1"].sketches[’ __profile__’].geometry.
337 findAt ((

338 —BottomPlate/2.0, 0.0), ))

339 mdb.models[ 'Model-1"] .sketches[’__profile__’].CoincidentConstraint (
340 addUndoState=False, entityl=

341 mdb. models[ 'Model-1"] .sketches[’__profile__’"].vertices.findAt(

342 (-BottomPlate /2.0, 0.0),

343 ), entity2=mdb.models[ 'Model-1"] .sketches[’__profile__’].geometry.
344 findAt ((

345 —BottomPlate /2.0, BottomPlate/2.0), ))

346 mdb.models[ 'Model-1"] .sketches [’ __profile__’].EqualDistanceConstraint (
347 addUndoState=False, entityl=

348 mdb. models [ 'Model-1"] . sketches[’__profile__"].vertices.findAt(

349 (-BottomPlate/2.0, BottomPlate/2.0),
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), entity2=mdb.models[ 'Model-1"].sketches[’__profile__"’].vertices.
findAt ((
—BottomPlate/2.0, —BottomPlate/2.0), ), midpoint=
mdb. models [ 'Model-1"] . sketches[’__profile__’].vertices.findAt(
(-BottomPlate/2.0, 0.0),
))
mdb. models[ "Model-1"] .sketches[’__profile__’].CoincidentConstraint (
addUndoState=False, entityl=
mdb. models [ 'Model-1"] .sketches[’__profile__’].vertices.findAt(
(BottomPlate/2.0, 0.0), )
, entity2=mdb. models[ 'Model-1"] .sketches[’__profile__"’].geometry.
findAt ((
BottomPlate/2.0, —BottomPlate/2.0), ))
mdb. models [ '"Model-1"] . sketches [’ __profile__"'].EqualDistanceConstraint (

addUndoState=False, entityl=

mdb. models[ "Model-1"] . sketches[’__profile__"’].vertices.findAt(
(BottomPlate /2.0, —BottomPlate/2.0),

), entity2=mdb.models[ 'Model-1"].sketches[’__profile__"’].vertices.
findAt ((

BottomPlate/2.0, BottomPlate/2.0), ), midpoint=

mdb. models[ "Model-1"] . sketches[’__profile__"].vertices.findAt(

(BottomPlate/2.0, 0.0),
))
mdb. models [ '"Model-1"] . parts [ 'Bottom_,Plate '] . PartitionFaceBySketch (faces=
mdb. models [ 'Model-1"] . parts [ 'Bottom_,Plate’].faces.findAt((
(-BottomPlate/3.0, 0.0, —BottomPlate/6.0),
)), sketch=mdb.models[ 'Model-1’].sketches[’__profile__"],
sketchUpEdge=
mdb. models[ "Model-1"] . parts [ 'Bottom_Plate '] .edges.findAt(
(—BottomPlate, 0.0, BottomPlate/4.0), ))
del mdb.models[ 'Model-1"].sketches[’__profile__ "]

# Reference Point
mdb. models[ "Model-1"] . parts [ 'Bottom_Plate '] . ReferencePoint (point=
mdb. models [ 'Model-1"] . parts [ 'Bottom_,Plate '] .vertices.findAt(
(-BottomPlate/2.0, 0.0, 0.0),
))

## Assembly

# Connect Comp with Teflon

mdb. models [ '"Model-1"] .rootAssembly . Instance (dependent=0ON, name=
"Airborne—Composite—1’, part=
mdb. models[ 'Model-1"] . parts [ "Airborne—Composite '] )

mdb. models[ "Model-1"] .rootAssembly. Instance (dependent=0ON,

name=’Teflon-1",

part=mdb. models[ 'Model-1"] . parts [’ Teflon’])
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mdb. models[ "Model-1"] .rootAssembly. translate (instanceList=(
"Airborne—Composite-1’, ), vector=(0.0, 0.0, thickness))

# Connect Bottom Plate and assign Set(RP) and Surf
mdb. models[ '"Model-1"] . rootAssembly . DatumCsysByDefault (CARTESIAN)
mdb. models[ 'Model-1"] .rootAssembly. Instance (dependent=ON,
name="Bottom_,Plate—1’
, part=mdb. models[ 'Model-1"] . parts [ ’Bottom_Plate’])
mdb. models[ "Model-1"] .rootAssembly.rotate (angle=90.0,
axisDirection=(—-BottomPlate/2.0, 0.0,
0.0), axisPoint=(-BottomPlate/2.0, 0.0, 0.0),
instanceList=('Bottom_Plate—-1", ))

mdb. models [ '"Model-1"] .rootAssembly. CoincidentPoint (fixedPoint=
mdb. models[ "Model-1"] .rootAssembly. instances [ 'Teflon—1"].vertices.
findAt ((
0.0, 0.0, 0.0), ), movablePoint=
mdb. models [ '"Model-1"] .rootAssembly.instances [ 'Bottom_Plate—-1"].
referencePoints[3])

# Assign RP and surf for contact
mdb. models [ 'Model—-1"] .rootAssembly. Set (name="BottomPlate_RP’,
referencePoints=(
mdb. models[ "Model-1"] .rootAssembly. instances [ 'Bottom, Plate—1"].
referencePoints[3],
))
mdb. models[ "Model-1"] .rootAssembly. Surface (name="BottomPlate_Surf’,
side2Faces=
mdb. models [ 'Model-1"] .rootAssembly.instances [ 'Bottom_Plate—-1"].
faces.findAt(
((0.,0.,0),)) )

# Connect Top Plate and assign Set(RP) and Surf
mdb. models [ '"Model-1"] .rootAssembly . Instance (dependent=0ON,
name="Top_Plate—-1",
part=mdb. models[ 'Model-1"] . parts [ 'Top_Plate’])
mdb. models[ 'Model-1"] .rootAssembly.rotate (angle=90.0,
axisDirection=(-TopPlate/2.0, 0.0,
0.0), axisPoint=(-TopPlate/1.5, 0.0, 0.0),
instancelList=('Top_Plate-1", ))
mdb. models[ '"Model-1"] .rootAssembly. CoincidentPoint (fixedPoint=
mdb. models[ "Model-1"] .rootAssembly. instances [ ’Airborne—Composite—1"] .
vertices.findAt(
(0.0, 0.0, thickness+Thickness_), ), movablePoint=
mdb. models [ 'Model-1"] .rootAssembly.instances[ 'Top_Plate—1"].
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referencePoints[3])

# Assign RP and surf for contact
mdb. models [ '"Model-1"] .rootAssembly. Set (name="TopPlate_RP’,
referencePoints=(
mdb. models[ "Model-1"] .rootAssembly. instances [ 'Top_Plate—1’].
referencePoints [3],
))
mdb. models [ '"Model-1"] .rootAssembly. Surface (name="TopPlate_Surf’,
sidelFaces=
mdb. models[ "Model-1"] .rootAssembly. instances [ 'Top_Plate—1"] . faces.
findAt (
((0.,0.,thickness+Thickness_),)) )

# Assign Teflon Surf and Set
mdb. models[ "Model-1"] .rootAssembly. Set (cells=
mdb. models[ "Model-1"] .rootAssembly. instances [’ Teflon-1"]. cells.
findAt (((
—Sides /6.0, Sides/6.0, 0.0), )), name="Teflon_Set’)

mdb. models[ 'Model-1"] .rootAssembly. Set (faces=
mdb. models[ "Model-1"] .rootAssembly. instances [’ Teflon—1"].faces.
findAt (((
Sides /6.0, —Sides/6.0, 0.0), ), ((Sides/3.0, Sides/6.0, 0.0), ),
((-Sides /3.0, —Sides/6.0, 0.0), ), (
(-Sides /6.0, Sides/6.0, 0.0), ), ), name='Teflon—-Set—Bottom’)

mdb. models[ "Model-1"] .rootAssembly. Surface (name="Teflon-Surf-Bottom’,

sidelFaces=
mdb. models [ 'Model-1"] .rootAssembly.instances [’ Teflon—-1"] . faces.
findAt (((

Sides /6.0, —Sides/6.0, 0.0), ), ((Sides/3.0, Sides/6.0, 0.0), ),
((-Sides /3.0, —Sides/6.0, 0.0), ), (
(-Sides /6.0, Sides/6.0, 0.0), ), ))

mdb. models[ "Model-1"] .rootAssembly. Surface (name="Teflon-Surf-Top’,
sidelFaces=
mdb. models[ "Model-1"] .rootAssembly. instances [’ Teflon—1"].faces.
findAt (((
Sides /6.0, —Sides/3.0, thickness), ), ((—Sides/6.0, —Sides/6.0,
thickness), ), ((Sides/6.0, Sides/6.0,
thickness), ), ((-Sides/6.0, Sides/3.0, thickness), ), ))

# Set for the whole laminate
p = mdb.models[ "Model-1"] . parts[’Airborne—Composite ’ ]
p-Set(cells=lamina_Composite + lamina_Cohesive,
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491 name='C-Set-InitialTemp’)

492

493 mdb. models[ 'Model-1"] .rootAssembly. Set (faces=

494 mdb. models [ 'Model-1"] .rootAssembly.

495 instances[’Airborne—Composite—1"].faces.findAt(

496 ((Width/3.0, Length/6.0, Thickness_+thickness), ),

497 ((-Width/3.0, Length/6.0, Thickness_+thickness), ), ((Width/3.0,
498 —Length/6.0, Thickness_+thickness), ),

499 ((-Width/6.0, —Length/6.0, Thickness_+thickness), ), ),

500 name="Comp-Set—Top )

501

502 # Surf for convection

503 p = mdb.models[ 'Model-1"].parts[’Airborne—Composite’]
504 s = p.faces

505 surf contact_1_A=[]

506

507 surf_contact_1_A.append(s.findAt(

508 (((width_) /2.0, (Length_) /2.0, Thickness_ ),),
509 ((—(Width_) /2.0, (Length_) /2.0, Thickness_ ),),
510 (((Width_) /2.0, - (Length_) /2.0, Thickness_ ),),
511 ((=(Width_) /2.0, - (Length_) /2.0, Thickness_ ),),))
512

513 surf_contact_1_A.append(s.findAt(

514 (((Width_) /2.0, (Length_)/2.0, 0.0 ),),

515 ((—(Wwidth_) /2.0, (Length_) /2.0, 0.0 ),),

516 (((wWidth_) /2.0,—-(Length_) /2.0, 0.0 ),),

517 ((=(Width_) /2.0,- (Length_) /2.0, 0.0 ),),))

518 p.Surface(sidelFaces=surf_contact_1_A, name='C-Surf-Conv-Radiation’)
519

520 # Top and bottom surfaces for composite

521 p = mdb.models[ 'Model-1"].parts[’Airborne—Composite’ ]

522 s = p.faces

523 p.Surface(sidelFaces=surf_contact_1_A[0], name="C-Surf-Top’)

524

525 p = mdb.models[ 'Model-1"].parts[’Airborne—Composite’ ]

526 s = p.faces

527 p.Surface(sidelFaces=surf_contact_1_A[1], name='C-Surf-Bottom’)
528

529 # Creation of Step with Damping

530

531 mdb. models[ 'Model-1"] . CoupledTempDisplacementStep

532 (adaptiveDampingRatio=DampingFactor,

533 continueDampingFactors=True, deltmx=100.0,

534 initialInc=1e-08, maxInc=time,

535 minlnc=1e—015, name="Heat_1’, nlgeom=ON, previous='Initial’,
536 stabilizationMethod=DAMPING_FACTOR, timePeriod=time)

537
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## Surface Contact

# Contact Control
mdb. models [ '"Model-1"] . StdContactControl (dampFactor=ContactControl_Damp,
name=’ContCtrl-1",
stabilize Choice=AUTOMATIC)

# Assign Contact Properties
# Between Composite and Teflon
mdb. models[ "Model-1"] . ContactProperty (’Comp-Teflon ’)
mdb. models[ "Model-1"] .interactionProperties [ 'Comp-Teflon’].
TangentialBehavior (
dependencies=0, directionality=ISOTROPIC,
elasticSlipStiffness=None,
formulation=PENALTY, fraction=0.005, maximumElasticSlip=FRACTION,
pressureDependency=0OFF, shearStressLimit=None,
slipRateDependency=0FF,
table=((0.4, ), ), temperatureDependency=0FF)
mdb. models[ 'Model-1"] .interactionProperties [ 'Comp-Teflon’] .
NormalBehavior (
allowSeparation=ON, constraintEnforcementMethod=DEFAULT,
pressureOverclosure=HARD)
mdb. models[ "Model-1"] .interactionProperties [ 'Comp-Teflon’].
ThermalConductance (
clearanceDepTable=( (Thermal_Conductance_Comp_Teflon, 0.0),
(0.0, 0.001)),
clearanceDependency=0N,
definition=TABUILAR, dependenciesC=0, massFlowRateDependencyC=OFF,
pressureDependency=0FF, temperatureDependencyC=0OFF)

# Between Composite and Top Plate
mdb. models[ "Model-1"] . ContactProperty (’Comp-TP’)
mdb. models[ "Model-1"] .interactionProperties [ 'Comp-TP’] .
TangentialBehavior (
formulation=FRICTIONLESS)
mdb. models[ 'Model-1"] .interactionProperties [ 'Comp-TP’] .
NormalBehavior (
allowSeparation=0ON, constraintEnforcementMethod=DEFAULT,
pressureOverclosure=HARD)
mdb. models[ 'Model-1"] .interactionProperties [ ’Comp-TP’] .
ThermalConductance (
clearanceDepTable=((Thermal_Conductance_Plates, 0.0),
(0.0, 0.001)),
clearanceDependency=0N,
definition=TABULAR, dependenciesC=0, massFlowRateDependencyC=OFF,
pressureDependency=0OFF, temperatureDependencyC=0FF)
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# Between Teflon and Bottom Plate
mdb. models[ "Model-1"] . ContactProperty ('’ Teflon-BP’)
mdb. models[ 'Model-1"] .interactionProperties [ 'Teflon-BP’].
TangentialBehavior (
dependencies=0, directionality=ISOTROPIC,
elasticSlipStiffness=None,
formulation=PENALTY, fraction=0.005, maximumElasticSlip=FRACTION,
pressureDependency=OFF, shearStressLimit=None,
slipRateDependency=0FF,
table=((0.04, ), ), temperatureDependency=0OFF)
mdb. models[ "Model-1"] .interactionProperties [ ' Teflon-BP’] .
NormalBehavior (
allowSeparation=0ON, constraintEnforcementMethod=DEFAULT,
pressureOverclosure=HARD)
mdb. models[ 'Model-1"] .interactionProperties [ 'Teflon-BP’] .
ThermalConductance (
clearanceDepTable=((Thermal_Conductance_Plates, 0.0),
(0.0, 0.001)),
clearanceDependency=0N,
definition=TABUILAR, dependenciesC=0, massFlowRateDependencyC=OFF,
pressureDependency=0FF, temperatureDependencyC=0FF)

# Assign interaction between surfaces, Teflon-BP and Comp-TP
mdb. models[ "Model-1"] . SurfaceToSurfaceContactStd (
adjustMethod=0OVERCLOSED,
clearanceRegion=None, createStepName="Initial’, datumAxis=None,
initialClearance=OMIT, interactionProperty="Comp-TP’, master=
mdb. models[ "Model-1"] .rootAssembly. surfaces [’ TopPlate_Surf’],
name=
"Comp-TP’, slave=
mdb. models [ ’"Model-1"] .rootAssembly.instances [ ’Airborne—Composite—1"] .
surfaces [ ’'C-Surf-Top’ ]
, sliding=FINITE, surfaceSmoothing=AUTOMATIC, thickness=ON,
tied=0FF)
mdb. models[ 'Model-1"] .interactions [ 'Comp-TP’] .setValuesInStep (
contactControls=
"ContCtrl-1’, stepName="Heat_1")

mdb. models[ ’Model-1"] . SurfaceToSurfaceContactStd (
adjustMethod=0OVERCLOSED,
clearanceRegion=None, createStepName='Initial’, datumAxis=None,
initialClearance=OMIT, interactionProperty='Teflon-BP’, master=
mdb. models[ "Model-1"] .rootAssembly. surfaces [ 'BottomPlate_Surf’],
name=
"Teflon-BP’, slave=
mdb. models [ 'Model-1"] .rootAssembly . surfaces [’ Teflon-Surf-Bottom’],
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632 sliding=

633 FINITE, surfaceSmoothing=AUTOMATIC, thickness=ON, tied=0FF)
634 mdb.models[ 'Model-1"].interactions [’ Teflon—BP’].setValuesInStep (
635 contactControls="ContCtrl-1’, stepName='Heat_ 1)

636

637 # Tie Composite with Teflon
638 mdb.models[ 'Model-1"].Tie (adjust=ON, master=

639 mdb. models [ 'Model-1"] .rootAssembly. surfaces [’ Teflon—-Surf-Top’],

640 name="Tie’,

641 positionToleranceMethod=COMPUTED, slave=

642 mdb. models[ "Model-1"] .rootAssembly. instances [ ’Airborne—Composite—1"] .
643 surfaces [ 'C-Surf—Bottom’ ]

644 , thickness=ON, tieRotations=0N)

645

646 # Loads and Boundaries, Predifinied and Amplitude for Temperature Loads
647

648 mdb. models[ 'Model-1"] .SmoothStepAmplitude (data=((0.0, 0.0), (1.0, 0.2),
649 (2.0,

650 0.4), (5.0, 0.6), (10.0, 0.9), (12.0, 1.0)), name='Amp-1’,
651 timeSpan=STEP)
652

653 mdb. models[ 'Model-1’] . EncastreBC (createStepName="1Initial ’,
654 localCsys=None,

655 name="Bottom,Encastre’, region=
656 mdb. models [ 'Model-1"] .rootAssembly. sets [ 'BottomPlate_RP'])
657

658 mdb.models[ 'Model-1’] .TemperatureBC (amplitude="Amp-1’,
659 createStepName="Heat_1’,

660 distributionType=UNIFORM, fieldName="", fixed=OFF,

661 magnitude=Cyclel_Heat, name=

662 "Bottom_Temp’, region=

663 mdb. models[ "Model-1"] .rootAssembly. sets [ 'Teflon—Set—Bottom’])
664

665 mdb.models[ 'Model-1’].TemperatureBC (amplitude="Amp-1’,
666  createStepName=Heat_1’,

667 distributionType=UNIFORM, fieldName="", fixed=OFF,

668 magnitude=Cyclel_Heat, name=

669 "Top_Temp’, region=

670 mdb. models[ "Model-1"] .rootAssembly. sets [ 'Comp-Set—Top’])
671

672 mdb.models[ 'Model-1"] . Temperature (createStepName="1Initial ’,
673 crossSectionDistribution=CONSTANT THROUGH. THICKNESS,
674 distributionType=

675 UNIFORM, magnitudes=(Predifinied_Heat, ),

676 name="Temp_Uniform,_Composite’,

677 region=

678 mdb. models [ ’"Model-1"] .rootAssembly.
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instances [ Airborne—Composite—1’].sets [ 'C-Set—InitialTemp ’])

mdb. models [ '"Model—-1"] . Temperature (createStepName="Initial ’,
crossSectionDistribution=CONSTANT THROUGH THICKNESS,
distributionType=

UNIFORM, magnitudes=(Predifinied_Heat, ), name='Temp_Uniform_Teflon’,

region=
mdb. models [ 'Model-1"] .rootAssembly. sets [’ Teflon_Set’])

mdb. models[ "Model-1"] . ConcentratedForce (cf3=Top_Force,
createStepName="Heat_1’
, distributionType=UNIFORM, field="", localCsys=None,
name="Top_Force’,
region=mdb. models [ 'Model-1"] .rootAssembly. sets [ 'TopPlate_RP’])

# Mesh Generation

p = mdb.models[ "Model-1"] . parts[’Airborne—Composite ’ ]
p.seedPart(size=0.01, deviationFactor=0.1, minSizeFactor=0.1)
p = mdb.models[ "Model-1"] . parts[’Airborne—Composite ’ ]
p-generateMesh ()

t = mdb. models[ 'Model-1"] . parts[’Teflon’]
t.seedPart(deviationFactor=0.1, minSizeFactor=0.1, size=0.011)
mdb. models[ 'Model-1"] . parts [’ Teflon’] .generateMesh ()

# Elements Assign
# Composite
elemTypel = mesh.ElemType (elemCode=C3D8T, elemLibrary=STANDARD,
secondOrderAccuracy=OFF, distortionControl=DEFAULT)
elemType2 = mesh.ElemType (elemCode=C3D6T, elemLibrary=STANDARD)
elemType3 = mesh.ElemType (elemCode=C3D4T, elemLibrary=STANDARD)
p = mdb.models[ "Model-1"] . parts[’Airborne—Composite ’ ]
c = p.cells
cells = lamina_Composite + lamina_Cohesive
pickedRegions =(cells, )
p-setElementType (regions=pickedRegions, elemTypes=(elemTypel,
elemType2,
elemType3))

# Teflon
mdb. models[ "Model-1"] . parts [’ Teflon’].setElementType (elemTypes=
(ElemType (
elemCode=C3D8T, elemLibrary=STANDARD, secondOrderAccuracy=OFF,
distortionControl=DEFAULT) , ElemType (elemCode=C3D6T, elemLibrary=
STANDARD) ,
ElemType (elemCode=C3D4T, elemLibrary=STANDARD) ), regions=(
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mdb. models[ 'Model-1"] . parts[ ' Teflon’]. cells.findAt (((-Sides /6.0,
Sides /6.0, 0.0),
)), )

B.2. WARPAGE SIMULATION

## Python script for the warpage. Here, only the step, Predifined
#Stress Field and Boundary conditions are provided. The structure
#can be simulated from the code of the Cycles removing the Plates.

# Assign Static Step
mdb. models [ 'Model-1"] . StaticStep (adaptiveDampingRatio=0.05,
continueDampingFactors=False, initiallnc=1e—10, maxInc=40.0,
minlnc=1e-15,
name="Springback’, nlgeom=ON, previous='Initial’,
stabilizationMagnitude=
0.0002, stabilizationMethod=DISSIPATED_ENERGY_FRACTION,
timePeriod=40.0)

# Predifined Stress Field — — In the "filename, the name of the

# file that produces the desirable profile must be used (here is one

# my own files)

#

mdb. models [ '"Model-1"] . Stress (distributionType=FROM_FILE, fileName=
’/home/ harris/temp/14June/Heatl_Test2_NP.odb’, increment=45,
name= ’Stress_Field’, step=1)

# Boundary Conditions, Fix Composite and Teflon Nodes
mdb. models [ '"Model-1"] . EncastreBC (createStepName="1Initial ’,
localCsys=None,
name="Comp_Encastre’, region=
mdb. models[ "Model-1"] .rootAssembly. sets [ 'Comp_Set_Enc’])

mdb. models[ "Model-1"] . EncastreBC (createStepName="Initial ’,
localCsys=None,
name="Teflon_Encastre’, region=
mdb. models[ "Model-1"] .rootAssembly.sets [ 'Teflon_Set_Encastre’])

B.3. DISCRETE RIGID PLATES

Another type of rigid plates is the Discrete rigid plates. The difference between those two
is that discrete plates can be meshed as a real deformable part, but they have properties
of a rigid plate. The user can try with both plates in order to compare the outcome, as
discrete plates manipulate the contact regions better.

# Discrete Plate

mdb. models [ 'Model-1"] . ConstrainedSketch (name="__profile__"’,
sheetSize=1.0)

mdb. models[ "Model-1"] .sketches[’__profile__’].rectangle (pointl=
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(Plate /2.0, Plate/2.0),
point2=(—Plate /2.0, —Plate/2.0))
mdb. models [ 'Model-1"] . sketches [’ __profile__"].0ObliqueDimension (textPoint=
(
—Plate /6.0, Plate/75.0), value=Plate, vertexl=
mdb. models[ 'Model-1"] .sketches[’__profile__’"].vertices.findAt(
(-Plate /2.0, Plate/2.0),
), vertex2=mdb.models[ 'Model-1"].sketches[’__profile__’].vertices.
findAt ((
—Plate /2.0, —Plate/2.0), ))
mdb. models[ "Model-1"] . sketches [’ __profile__’].0ObliqueDimension (textPoint=
(
—Plate/15.0, —Plate/6.0), value=0.6, vertexl=
mdb. models [ 'Model-1"] . sketches[’__profile__’].vertices.findAt(
(-Plate /2.0,
—Plate/2.0), ), vertex2=
mdb. models[ 'Model-1"] .sketches[’__profile__’"].vertices.findAt(
(Plate /2.0,
—Plate/2.0), ))
mdb. models [ 'Model-1"] . Part (dimensionality=THREE_D, name='Top_Plate’,

type=
DISCRETE_RIGID_SURFACE)
mdb. models[ "Model-1"] . parts [ 'Top_Plate’] . BaseSolidExtrude (depth=
PlatesDepth, sketch=
mdb. models [ 'Model-1"] . sketches [’ __profile__"])
del mdb.models[ 'Model-1"] .sketches[’__profile__"]

# Partition
mdb. models[ "Model-1"] . ConstrainedSketch (gridSpacing=Grid,
name="__profile__~,
sheetSize=sheet_Size, transform=
mdb. models[ "Model-1"] . parts [ 'Top_Plate '] . MakeSketchTransform (
sketchPlane=mdb. models[ 'Model-1"] . parts [ 'Top_Plate '] .faces.findAt(
(Plate /6.0,
Plate /6.0, PlatesDepth), ), sketchPlaneSide=SIDEl,
sketchUpEdge=mdb. models[ "Model-1"] . parts [ 'Top_Plate '] .edges. findAt(
(-Plate /2.0,
—Plate /4.0, PlatesDepth), ), sketchOrientation=RIGHT, origin=(0.0,
0.0, PlatesDepth)))
mdb. models [ 'Model-1"] . parts [ 'Top_Plate '] . projectReferencesOntoSketch (
filter=
COPLANAR_EDGES, sketch=mdb.models[ 'Model-1"].sketches[’__profile__"])
mdb. models[ 'Model-1"] . sketches[’__profile__"’].Line(pointl=(0.0,
Plate/2.0), point2=(
0.0, —Plate/2.0))
mdb. models [ '"Model-1"] . sketches [’ __profile__"].VerticalConstraint (
addUndoState=
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mdb.

mdb.

mdb.

mdb.

mdb

mdb.

.models[ 'Model-1"] .sketches [’ __profile

False, entity=

mdb. models[ "Model-1"] .sketches[’__profile__’].geometry.findAt((0.0,
0.0),

))

models[ 'Model-1"] .sketches[’__profile__’].PerpendicularConstraint (

addUndoState=False, entityl=

mdb. models[ "Model-1"] .sketches[’__profile__"’].geometry. findAt(
(—Plate/2.22, Plate/2.0),

), entity2=mdb.models[ 'Model-1"] .sketches [’ __profile__’].geometry.
findAt((

0.0, 0.0), ))

models[ 'Model-1"] .sketches [’ __profile__’].CoincidentConstraint (

addUndoState=False, entityl=

mdb. models [ 'Model-1"] . sketches [’ __profile__"].vertices.findAt((0.0,
Plate/2.0), )

, entity2=mdb. models[ 'Model-1"] .sketches[’__profile__"’].geometry.
findAt ((

—Plate/2.22, Plate/2.0), ))

models[ 'Model-1"] .sketches[’__profile__’].EqualDistanceConstraint (

addUndoState=False, entityl=

mdb. models[ "Model-1"] . sketches[’__profile__"].vertices.findAt(
(-Plate /2.0, Plate/2.0),

), entity2=mdb.models[ 'Model-1"].sketches[’__profile__’].vertices.
findAt ((

Plate /2.0, Plate/2.0), ), midpoint=

mdb. models[ "Model-1"] . sketches[’__profile__"].vertices.findAt(

(0.0, Plate/2.0),
))
models [ 'Model-1"1] .sketches [’ __profile_
addUndoState=False, entityl=

"] .CoincidentConstraint (

mdb. models [ 'Model-1"] . sketches[’__profile__’"].vertices.findAt(
(0.0, —Plate/2.0),

), entity2=mdb.models[ 'Model-1"].sketches[’__profile__’].geometry.
findAt ((

Plate/2.22, —Plate/2.0), ))
"] .EqualDistanceConstraint (

addUndoState=False, entityl=

mdb. models[ 'Model-1"] .sketches[’__profile__’].vertices.findAt(
(Plate /2.0, —Plate/2.0),

), entity2=mdb.models|[ 'Model-1"] .sketches[’__profile__"’].vertices.
findAt ((

—Plate/2.0, —Plate/2.0), ), midpoint=

mdb. models[ "Model-1"] .sketches[’__profile__"].vertices.findAt(

(0.0, —Plate/2.0),

))
models|[ "Model-1"] .sketches[’__profile__’].Line(pointl=(-Plate /2.0,

0.0), point2=(
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Plate/2.0, 0.0))
mdb. models [ 'Model-1"] .sketches[’__profile__’].HorizontalConstraint (
addUndoState=False, entity=
mdb. models [ 'Model-1"] . sketches[’__profile__’].geometry.findAt(
(-Plate/2.22, 0.0),
))
mdb. models[ "Model-1"] . sketches[’__profile__’].PerpendicularConstraint (
addUndoState=False, entityl=
mdb. models [ 'Model-1"] . sketches [’ __profile__’'].geometry. findAt((
—Plate /2.0,
—Plate/2.22), ), entity2=
mdb. models[ "Model-1"] .sketches[’__profile__’].geometry. findAt/(
(—Plate/2.22, 0.0),
))
mdb. models [ '"Model-1"] . sketches [’ __profile__"'].CoincidentConstraint (

addUndoState=False, entityl=

mdb. models[ 'Model-1"] .sketches[’__profile__’"].vertices.findAt(
(-Plate /2.0, 0.0),

), entity2=mdb.models[ 'Model-1"] .sketches[’__profile__’].geometry.
findAt ((

—Plate /2.0, —Plate/2.22), ))

mdb. models[ "Model-1"] . sketches[’__profile__’].EqualDistanceConstraint (

addUndoState=False, entityl=

mdb. models [ 'Model-1"] . sketches[’__profile__"].vertices.findAt(
(—Plate /2.0, —Plate/2.0),

), entity2=mdb. models[ 'Model-1’"].sketches[’__profile__"’].vertices.
findAt ((

—Plate/2.0, Plate/2.0), ), midpoint=

mdb. models[ 'Model-1"] .sketches[’__profile__’].vertices.findAt(
(—Plate/2.0, 0.0),

))

mdb. models[ "Model-1"] . sketches[’__profile__"’].CoincidentConstraint (

addUndoState=False, entityl=

mdb. models[ 'Model-1"] .sketches[’__profile__’"].vertices.findAt(
(Plate/2.0, 0.0), )

, entity2=mdb. models[ 'Model-1"].sketches[’__profile__’].geometry.
findAt ((

Plate/2.0, Plate/2.22), ))

mdb. models[ "Model-1"] . sketches[’__profile__’].EqualDistanceConstraint (

addUndoState=False, entityl=

mdb. models [ 'Model-1"] . sketches[’__profile__"].vertices.findAt(
(Plate/2.0, Plate/2.0), )

, entity2=mdb. models[ 'Model-1"] .sketches[’__profile__"].vertices.
findAt ((

Plate /2.0, —Plate/2.0), ), midpoint=

mdb. models [ 'Model-1"] . sketches[’__profile__"].vertices.findAt(
(Plate/2.0, 0.0),
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))
mdb. models[ "Model-1"].parts[ 'Top_Plate’].PartitionFaceBySketch (faces=
mdb. models [ 'Model-1"] . parts [ 'Top_Plate’].faces.findAt(((Plate/6.0,
Plate /6.0, PlatesDepth),
)), sketch=mdb.models[ Model-1’].sketches[’__profile__"],
sketchUpEdge=
mdb. models[ "Model-1"] . parts[ 'Top_Plate '] .edges.findAt(
(—Plate /2.0, —Plate/4.0,
PlatesDepth), ))
del mdb.models[ 'Model-1"] .sketches[’__profile__"]

B.4. VISCOELASTIC SCRIPTS

In this section, the basic extra script for merging the isotropic viscoelastic and the or-
thotropic elastic parts will be provided. These scripts are for Chapter 5. The rest of the
scripts are the same from Chapter 4.

# Viscoelastic Isotropic
# Sketch and Part
mdb. models[ "Model-1"] . ConstrainedSketch (name="__profile__",
sheetSize= sheet_Size)
mdb. models[ 'Model-1"] .sketches[’__profile__"’].rectangle (pointl=
( Width_, Length_),
point2=( —Width_,—Length_))
mdb. models [ 'Model-1"] . Part (dimensionality=THREE_D,
name="Airborne—Composite—Viscoelastic’, type=
DEFORMABLE BODY)
mdb. models[ "Model-1"] . parts [ "Airborne—Composite—Viscoelastic '] .
BaseSolidExtrude (depth=Thickness_, sketch=
mdb. models [ 'Model-1"] . sketches [’ __profile__"])
del mdb.models[ 'Model-1"] .sketches[’__profile__"]

# Merging
mdb. models[ "Model-1"] .rootAssembly._previewMergeMeshes (instances=(
mdb. models[ "Model-1"] .rootAssembly. instances [ ’Airborne—Composite-1’1,
mdb. models [ ’"Model-1"] .rootAssembly.instances
[ ’Airborne—Composite—Viscoelastic—1"])
, mergeBoundaryOnly=False, nodeMergingTolerance=1e—06)
mdb. models [ "Model-1"] .rootAssembly . InstanceFromBooleanMerge (domain=MESH,
instances=(
mdb. models [ 'Model-1"] .rootAssembly.instances[’Airborne—Composite-1"],
mdb. models[ "Model-1"] .rootAssembly.
instances [ Airborne—Composite—Viscoelastic—1"])
, mergeNodes=ALL, name=’Part—1’, nodeMergingTolerance=1e—-06,
originallnstances=DELETE)

# Viscoelastic Properties
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mdb

) )

mdb.

mdb.

mdb

.models|[ 'Model-1"] . Material (name="Viscoelastic’)
mdb.

models[ 'Model-1"] . materials [’ Viscoelastic '] . Density(table=((1200.0,

))

models | 'Model-1"] . materials [’ Viscoelastic’].Elastic (

type=ISOTROPIC, table=((

2250000000.0, 0.3, 20.0), (2200000000.0, 0.3, 70.0), (2000000000.0,
0.3,

120.0), (1700000000.0, 0.3, 170.0)), temperatureDependency=0N)

models[ 'Model-1’] . materials [’ Viscoelastic’].Viscoelastic (domain=TIME,

table=(), time=RELAXATION_TEST DATA)

.models[ 'Model-1’] . materials [ ' Viscoelastic’].viscoelastic.

ShearTestData (

shrinf=0.45, table=((1, 0.001), (0.9, 50.0), (0.72, 100.0), (0.55,
200.0), (0.45,
300.0)))



APPENDIX C

In this Appendix, the basic knowledge concerning the first steps of obtaining data and also
how to do a sensitivity analysis will be illustrated. No solutions or results are given, but
only the basic steps for future work, as due to limited time frame, the author couldn’t re-
trieve any result. Also, due to the big amount of coding (many Matlab and Python scripts),
here, only the main concept and some basic coding will be given.

For Data retrieveing, a Matlab code was created. The work is about changing important
input parameters in the model in order to observe how it behaves in terms of output re-
sults. In our case, how the parameters of the system affect the warpage is the main topic.

There are several parameters from material properties to system parameters. To mention
a few:

1. Laminate’s thermal and mechanical properties (such as thermal expansion and Young'’s
Modulus).

2. Laminate’s imperfections and fiber misalignment.

3. Teflon’s thermal and mechanical properties.

4. Friction coefficients between the plates, Teflon and Laminate.
5. Pressure and Temperature configurations of the system.

Also, a combination of these properties may have different outcome. So, in order to have a
full observation, a Design of Experiments must be implemented. What this does is to cre-
ate a dimensional space of combination of parameters that the user chooses to analyze.
The user must provide the Upper and the Lower bound which is the range of values for
analysis. After the DOE (Design Of Experiments) is created, simulations using each pair
of parameters must take place. Every pair will correspond to a specific output, which will
be extracted using post-processing techniques concerning the software that the user uses.

After the data is extracted, many data-analysis methods can be implemented such as sen-
sitivity analysis which show how sensitive the output is concerning a specific parameter
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or a pair of those. Another method of analysis is the well-known machine learning, which
will show how the warpage is affected by the change of the most important parameters,
mapping the inputs with the output.

To give an example, let us assume that the desirable parameters to be analyzed are the
applied force from the top plate and the fiber misalignment of the first layer of the com-
posite. Two ways can be used.

Through the Matlab code:

UserSettings.DoE_file_name = 'DOE’; % Name of the file
UserSettings . DoE_size = 1000; % Number of DoE points

% Input design variables names

UserSettings . DoE_vars = {’Force’ , ’FiberMisal layer’};

UserSettings . DoE_LowerBounds = [100e3, 0];
UserSettings .DoE_UpperBounds = [500e3, 90];

The 2"¢ way is by using a Python library called Salib which can be used either through
Python compiler or from a terminal/command line [72] (the example here is through
Python):

# Input Parameters
parameter_dict = {’num_vars’:2  # Number of Input variables

'names’: [ 'Force’, FiberMisal_layer’] # The parameters
"bounds’ : [[100e3,500e3], # Upper and Lower bounds
[0,90]1}

# Design of Experiments using Morris Method
model_input = SALib.sample. morris.sample (parameter_dict,10)

The next step is to run the simulations. Using the Matlab code, 6 smaller codes (except of
the main one which run all the smaller codes).
1. Structure design and mesh of the Cycles 1 and 2 models (Python into Matlab)

2. Two input file codes which are the loads and boundary conditions for the two Cycles
(Input file into Matlab)

3. Structure design and mesh of the Warpage model (Python into Matlab)
4. Input file that runs the Warpage model (Input file into Matlab)
5. Post-processing for extracting the node displacement U3

The input files (.inp) mentioned is a different way that Abaqus uses to run it’s simulations.
In this case, Matlab provides ways to script different languages such as Python and also
Input files.

After the output displacements are obtained, sensitivity analysis can be done using the
input and the outputs:

# This step is just for illustration that to get the output,
# important is to run the simulations
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model_output = run_simulation (model_input)

# The Python code below analyze the model using the input parameters
# and the output warpage to calculate how sensitive each parameter is.
Si = morris. analyze (problem, model_input, model_output)

Concerning sensitivity analysis, documentation is provided through articles, through Python
developers and also online video seminars for better understanding [73].
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