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summary

The aviation industry is a significant contributor to environmental challenges, accounting for around 2%
of global carbon dioxide emissions and up to 4% of global warming. To align with the European Union’s
ambitious Green Deal and achieve climate neutrality by 2050, substantial advancements in sustainable
aviation technologies are imperative. Liquid hydrogen has emerged as a promising alternative fuel,
offering high gravimetric energy density. However, its low volumetric energy density necessitates the
development of large, lightweight cryogenic fuel tanks.

Carbon-Fibre Reinforced Polymer (CFRP) is widely regarded as the state-of-the-art material for such
tanks due to its exceptional stiffness-to-weight ratio. Nonetheless, CFRP faces critical challenges,
including hydrogen leakage and permeation. The leakage of hydrogen molecules through tank walls
poses significant safety risks, particularly in linerless composite designs. Addressing these technical
challenges is crucial for the safe and effective integration of liquid hydrogen in sustainable aviation.

The German Aerospace Centre (DLR) is at the forefront of tackling these challenges, with its Institute
of Lightweight Systems developing state-of-the-art test setups to facilitate the development of hydro-
gen fuel tanks. Among these experimental facilities is the bulge test rig, that performs element-level
tests representative of the spherical end-cap structure of a hydrogen tank. The specimen is clamped
and sealed using indium, and submerged into a cryogenic bath of LN;. One side of the specimen is
pressurised using helium. On the gas analysis side, a turbo-molecular pump creates a high vacuum
to enable the quantification of helium leakage rate by mass spectrometry. Overall, the bulge element
testing is a complex procedure. The effects of various boundary conditions on test results, especially
clamping and cryogenic cooling, are not yet precisely understood. Purely experimental investigations
have blind-spots that can be overcome through insights from numerical modelling.

Therefore, the goal of this thesis is to simulate, verify and validate a digital model of the bulge element.
The digital model can then be used for parametric design studies or for the design of experiments. The
model simulates the bulge test as accurately as possible. The multi-axial thermo-mechanical stress
state is reflected through the choice of boundary conditions. In addition, the model captures the in-
teraction of the test specimen with the test setup. This sheds insights into slippage of the specimen
(if any). Furthermore, the model aids localising damage, by incorporating the intra and inter-laminar
damage initiation using the LARCO05 and Quadratic Delamination Criteria (QDC). Ideally, no damage
should occur near the clamping region, as that may lead to an undesired, premature failure of the bulge
test specimen.

A range of bulge tests are subsequently conducted at the DLR. Different specimen configurations are
tested to understand the influence of curvature, reinforcement and temperature. Concurrently, strain
data is acquired extensively for each test. Multiple sensor systems- namely digital image correlation,
fibre-optic strain sensors, and strain gauges- are used. The strain sensors show excellent agreement
with one another at room temperature. To accurately assess the strains in a cryogenic environment,
temperature compensation of sensors is required. In this thesis, the temperature compensation of strain
gauges is conducted analytically. However, the signals obtained from fibre optic sensors at cryogenic
temperature were considered too noisy for further analysis. Post-mortem damage assessment of bulge
specimen were conducted using optical microscopy and ultrasounds. In short, damage was observed
in un-reinforced specimen at room temperature.

Subsequently, the experimental measurements were compared with the predictions of the numerical
model. Displacement fields from DIC, for example, were used to tune the non-linear contact model.
The resulting strains from the tuned model were compared in detailed with the experimentally obtained
strains. Doing so quantifies the validity of the numerical model.

Finally, parametric design studies were conducted using the validated numerical model. The effect of
slippage, reinforcement design, material and laminate thickness was studied. It is envisioned that the
parametric study aids the design of more representative bulge specimen.

XVi



Introduction

The context of the research topic is introduced in this chapter. The research questions are derived
through a funnel down technique. Based on these research questions, a road-map for the remainder
of the thesis is established.
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1.1. Role of liquid hydrogen in sustainable aviation

Aviation contributes to 2% of the carbon-dioxide emissions and up to 4% of global warming [15]. Sweep-
ing developments are required in sustainable aviation to attain climate-neutrality by 2050, the heart of
the European Union’s Green Deal [54].

The development of alternative propulsion systems is crucial in reducing the carbon-footprint of air
travel. While electric batteries are gaining popularity in industries like automotive, their low energy
density hinders their use for long-haul flights. Hydrogen solves the issue of a low-gravimetric energy
density. Its low-volumetric energy density is partially improved by cryogenically storing it in liquid state,
instead of a gas at high pressure.

Key players in the aviation industry, such as Airbus, DLR, H2FLY, and ZeroAvia, have recognised
the potential of LH; and are investing heavily in its development. Airbus, for example, is working
on hydrogen-powered aircraft under its ZeroE initiative, which aims to create a hydrogen-powered
commercial airliner by 2040. Likewise, H2FLY, based in Germany, has already conducted successful
test flights using hydrogen fuel cells, demonstrating the feasibility of LH, for regional aircraft.
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(c) H2Fly’s HY4 Project [25] (d) MTU Aero Engines participates in EU-wide HEROPS program [55]

Figure 1.1: Examples of companies developing hydrogen systems to promote sustainable aviation in the EU

1.2. Large, Lightweight Cryogenic Fuel Tanks

The low-volumetric energy density of hydrogen even in its liquid state demands large, cryogenically
compatible fuel tanks.

For optimal thermal insulation, cryogenic fuel tanks encompass a 'thermos-flask’ concept (Figure 1.2.
It comprises of an inner and outer tank wall, separated by an insulating layer of vacuum. Multi-layer
insulation further reduces heat exchange.

LH2 Tank System

OUTER TANK

pressure and hydrogen sensors

INNER TANK
’—4 MULTILAYER INSULATION

optical fiber for
structural health monitoring

baffles © ROYAL NLR 2023

Figure 1.2: lllustration of the cryo-compressed, double-walled hydrogen fuel tank concept [57]

In addition, LH, fuel tanks need to be as lightweight as possible. Stainless steel, despite its high
resistance to hydrogen embrittlement [66], has to be ruled out. Aluminum is an appropriate choice for
lightweight design. With that said, the state-of-the-art tank construction comprises of CFRP without
a liner. CFRP has an excellent strength and stiffness-to-weight ratio, offering up to a third of weight
savings compared to an aluminum tank [84].
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1.3. Safety concerns with the loss of hydrogen from fuel tanks

Unfortunately, state-of-the-art linerless CFRP LH, tanks are susceptible to fuel losses. This can be
catastrophic in the context of a commercial aircraft. Firstly, only 4% GH, in an air mixture is considered
to be flammable, as it violently combusts with atmospheric oxygen [58]. Moreover, a loss of LH; in the
fuel tank may increase the boil-off rate and unexpectedly raise the tank’s pressure. This increases the
risk of a tank burst.

In fact, the catastrophic failure of the X-33 tank by Lockheed Martin in 1999 revealed the detrimental
impact of hydrogen fuel loss. A leak was detected through the inner tank wall. The forensics of this
accident prompted research interest in understanding cryo-pumping phenomena, an important safety
aspect that was not previously considered during tank design. [60]

H, permeation
through inner tank

outgassing
inner tank

leaks

outgassing
outer tank

«— air permeation
through outer tank

Figure 1.3: Schematic of permeation and leakage in double-walled 'thermos-flask’ concept of a LH3 tank [72]

Two distinct hydrogen transport phenomena are responsible for fuel loss: permeation and leakage.
Figure 1.4 visualises the differences between permeation and leakage.
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(b) Leakage: gas transport through defects, such as a microcrack
(a) Permeation: Diffusion driven transport in a solid [46] network [33]

Figure 1.4: Hydrogen transport mechanisms through a thin CFRP tank wall

1.3.1. Permeation

Permeation is defined as the diffusion driven mass transport in a solid medium. In the context of a
hydrogen tank, a concentration gradient is setup between the inner tank wall and the insulating vacuum
layer between the double layered tank wall. Adsorption, diffusion and desorption govern permeation.
[16], [72] As the focus of this thesis is on leakage, permeation shall not be discussed further. The
reader is referenced to Fahjen [16] and Schultheil? [72] for an in-depth account of permeation.
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1.3.2. Leakage

Leakage is a passage of gas molecules along a matrix crack and/or delamination network that runs
through the thickness of the laminate. Such a damage state arises due to thermo-mechanical stress. It
may initiate during autoclave manufacture, whereby the cure temperature is typically raised to 180 [°C].
Gaps, voids, and other defects may form that could be enlarged during demoulding. The cyclic thermal
loading from room temperature to cryogenic temperature (—253 [°C]), on top of pressurisation load,
leads to the growth of the micro-crack network. [90]

1.4. Building Block Approach

A building block approach (Figure 1.5) is necessary for the safe structural development of LH aircraft
fuel tanks. While it is of utmost importance to reduce permeation/leakage, these phenomena must be
thoroughly understood on increasing levels of structural complexity.

Full-scale testing () \Full-scale simulation
Sub-scale testing v 9 Sub-scale simulation
Element-level testing — N B o ““-.;k_EIement-level simulation
Coupon-leve' testing ~— —_— -_— \ COUpon‘leVel simulation

Figure 1.5: Building block approach for development of a composite LH» tank. Adapted from [46]

Coupon level tests aim to provide material characterisation; corresponding simulations help in verifying
the modelling strategy. An emphasis is placed on creating a database for cryogenic temperature. Per-
meation tests on flat, pristine specimen help obtain solubility, diffusivity and permeability coefficients at
room and cryogenic temperature [16], [67]. Leakage is expected when the laminate is damaged, say
after repeated cryo-cycling [26]. Cryogenic environment can be achieved by submersion cooling (77 [K]
using LNs, 20 [K] using LH,, 4 [K] using LHe). Alternatively, special cryostats [30], [72] may be used.
At the coupon level, mechanical (tensile) tests can be performed after thermal (cryogenic exposure)
loading. [30]

It is clear that coupon tests cannot capture the bi-axial stress state representative of the tank. Element
level testing is necessary for more representative results, without increasing the costs too much. To
overcome this, JAXA [26] has developed the cruciform element that can be pulled in two directions
simultaneously. The limitation of the cruciform element is that it is flat. Tank curvature is not accounted.
The cylindrical part of the tank can be mimicked using tubular specimen [88]. The double-curved
geometry of the spherical part of the tank is represented by bulge elements [14], [28], [61]. The ability
of the bulge rig to test curved specimen, with simultaneous thermo-mechanical loading, renders it a
highly representative element-level test (further explained in section 1.5).

Sub-scale and full-scale tank testing are required to certify tanks for aerospace applications. There are
several examples of sub-scale and full-scale testing conducted on linerless CFFRP tanks for space
applications. For instance, ESA funded Phoebus project between MT Aerospace and Ariane Group
measured leakage/permeation on a sub-scale prototype of upper stage liquid oxidiser tank [87]. Finally,
it is worth re-mentioning the (failed) test campaign of the full-scale X-33 tank [60].
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Alas, it is clear that sub/full-scale testing is prohibitive. Sub/full-scale testing require the development of
large, complicated and costly test fixtures. In addition, an entire tank may be destroyed in a single test.
This means that sub/full-scale testing is costly, and are often reversed for validating a final structural
design. However, to aid the development process itself, representative element-level testing needed.
Such element-level tests should be representative, thus mimicking not only the geometry but also the
stress state of a tank structure. Further given the stricter requirement of allowable leakage for aircraft
tanks [67], it is necessary to thoroughly charactertise leakage at element-level to obtain the necessary
scientific insights to design safe, linerless CFRP tanks.

1.5. State-of-the-art element level testing

There are several types of element level test setups, such as the cruciform, small cylinder and bulge.
Lentner [46] compares these test methods in detail. This thesis will solely focus on the bulge test, as
that is the rig available at the DLR. The working principle of the bulge test rig is illustrated in Figure 1.6a.
A representative (curved) shell of the tank’s dome is clamped. One side of the specimen is supplied
with helium. Specifically, up to 20 [bar] of helium pressure can be applied to simulate the mechanical
load experienced by the tank. Simultaneously, the thermal load is generated by immersing the entire
setup in a cryogenic dewar of LN,. As a result, a thermo-mechanical stress state can be created on
the bulge specimen.

(a) lllustration of the working principle of the test rig. "Stickstoff” is the
German word for nitrogen. (b) Photograph of the physical test rig

Figure 1.6: State-of-the-art bulge test setup at the DLR [85]

Itis possible that the thermo-mechanical stress state of the specimen leads to crack network. Leakage
is a likely consequence of an extensive crack network. The leak rate of the tracer helium gas can be
quantified precisely. This is done by connecting one side of the specimen to a leak detector, as shown
in Figure 1.7. The leak-rate or the integral chamber method is illustrated in Figure 1.7a. The specimen
is clamped, and pressurised with a tracer gas on one side (PRE). Vacuum (VAC) is applied on the other
side. The leak-detector is connected on the VAC side.
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(b) ASM 340 from Pfeiffer Vacuum [64] creates a high-vacuum
with its turbopump in order to perform mass spectrometry on
(a) lllustration of the integral chamber/leak-rate method helium gas

Figure 1.7: State-of-the-art leak-detector method used to precisely measure tracer gas leakage rate

Other methods of measuring leakage include monitoring the change in volume (volumetric) or pressure
(manometric) on the gas analysis side of the specimen. However, these measurement techniques are
not as accurate as the leak-rate method [90], [46]. This is because calibration is needed to compute
the leak-rate and one must carefully check that leakage is in fact caused by the tracer gas (eg: not due
to a leak in setup that causes ambient air to rush in). Therefore, they are not used in the bulge test
setup, and shall not be mentioned elsewhere in this thesis.

1.6. Digital model of the bulge test

At the start of this thesis, the physical bulge setup was operationally in-service. Hauser [28] had con-
ducted preliminary bulge tests as well. Concurrently, Lentner’s [46] numerical analyses shed light into
influence the key design parameters on the performance of the bulge specimen.

To continue deepening one’s understanding of this novel test bench, further numerical-experimental
analyses are required. A digital model, incorporating both numerical and experimental data, is therefore
envisioned as the primary scope of this thesis. Figure 1.8 illustrates the interaction of the existing
physical model with the planned digital model. In the context of this thesis, the digital model is a
physics-based, finite element representation of the bulge test in Abaqus. Any automated exchange of
(real-time) digital/experimental data, by means of any (cloud-based) software architecture, is beyond
the scope of the thesis.
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Figure 1.8: Digital model concept

Figure 1.8 illustrates the overall workflow adopted in this thesis. Based on an initial design of experi-
ments, a preliminary digital model is developed. Bulge tests are conducted in parallel to acquire sensor
data. The experimentally acquired data is processed and subsequently compared with the correspond-
ing predictions of the digital model. These numerical-experimental comparisons serve two principal
purposes: to calibrate and validate the digital model, and to examine the influence of the test vari-
ables within a combined modelling—experimental framework. Following validation, the digital model is
employed to conduct parametric studies, thereby enabling the investigation of variables that were not
directly tested yet. The outcomes of these studies are anticipated to inform and refine the design of
subsequent experiments.

1.7. Research questions

The central theme of this thesis is the development of a digital model. With that in mind, the main
research question is phrased as follows:

How to simulate and validate an accurate, digital representation of the
element-level bulge test?

Several sub-research questions need to be posed to realise the digital model concept. These are
categorised into three groups. The first group of sub-questions concerns the numerical methodology.
The second group outlines the experimental methodology. The third group of questions encompasses
experimental, experimental-numerical and numerical analyses.

1) How to implement a finite-element model, using existing numerical methods, to mimic the
bulge test?

a: What numerical boundary conditions accurately represent the physical bulge specimen, that
is clamped inside the test setup?

b: What loading sequence can create the thermo-mechanical stress state of the bulge speci-
men?



1.8. Report outline 8

c: What modelling choices or improvements increase the computational efficiency of the digital
model?
2) What experimental data can be acquired through bulge testing?
a: What parameters should be constrained and varied to derive a test matrix?
b: What sensor system(s) should be used to measure the strain field of the specimen?

c: What inspection technique(s) should be employed to assess damage in the specimen?

3) How should numerical-experimental results be analysed?
a: How can experimental data be processed before further analysis?
b: How can experimental measurements quantify the validity of the digital model?

c: What conclusions can numerical-experimental analyses provide on the influence of the vari-
ables of the test matrix?

d: How can simulation-driven parametric studies contribute to a more representative design of
experiments?

1.8. Report outline

The report outline is visualised in Figure 1.9, depicting the inter-dependencies of the chapters. The
research questions (RQs) addressed in each chapter are also stated.

2: Numerical Methodology

3: Experimental Methodology RQ-2

A 4

4: Experimental Results & Discussion RQ-3a

!

5: Numerical Experimental Results & Discussion

{

4

6: Numerical Design Study

LLLL

Figure 1.9: Outline of the report

The numerical methodology is outlined in chapter 2. The modelling priorities are identified. These
priorities are determined from the state-of-the-art numerical [46] and experimental [28] research carried
out on the bulge test setup at the DLR. The modelling strategy of both the CFRP test specimen and
the bulge test setup is explained in detail.

Chapter 3 presents the methodology driving the bulge test campaign. The focus of this experimental
campaign was to extensively acquire sensor data, to compare with the results of the digital model. A
preliminary understanding of the digital model is essential to determine the breadth and depth of data
collection. Therefore, the thesis follows an unconventional structure, with the experimental methodol-
ogy being presented after the numerical one. Specifically in chapter 3, the test matrix, sensor selection
& positioning, and damage inspection techniques are established.
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Subsequently, the acquired raw data of the bulge test campaign is presented in chapter 4. Due to the
volume of data being collected, it was necessary to pre-process, curate and interpret the experimental
measurements before proceeding with further analysis. By solely considering the experimental data, it
is possible to obtain an overview of the test results. A preliminary qualitative assessment can be made
on the influence of the variables of the test matrix.

Detailed numerical and experimental analyses are conducted in chapter 5. Firstly, potential measure-
ment errors in the experimental data are addressed, and to some extent, corrected. The results of room
temperature tests are then used to tune the uncertain parameters of the numerical model. Following
on, the strain fields of the experiments are compared with the ones of the numerical model to quantify
the validity of the latter. Simultaneous consideration of experimental measurements and numerical
predictions lead to the quantification of the influence of test specimen configuration.

Finally, numerical design studies are simulated with the validated digital model in chapter 6. Only
a limited number of parameters of interest are varied. The most influential parameters are selected
based on the engineering judgment built during preceding stages of this thesis. It is envisioned that
some of these numerical results may contribute to an improved, and more representative design of
element-level bulge tests.



Numerical Methodology

This chapter explains the setup of the digital model in detail. The modelling objectives are identified
based on state-of-the-art experimental and numerical observations from previous studies. Guided by
these goals, the step-by-step implementation of the model in Abaqus, using the available numerical
methods, is described.

Contents
2.1 Objectives of the numericalmodel . . . .. ... ... ... ... ... .......... 10
2.2 Overview of loading steps and boundary conditions . . . . . . ... ... ... ...... 13
2.3 Overview of software/solver settings . . . . . . . .. ... ... .o L. 17
2.4 Modelling the interaction of the test specimen with thetestsetup . . . . . .. ... ... 18
2.5 Modelling the composite bulge test specimen . . . . . .. ... .. ... ... ...... 24
2.6 Modelling damage initiation . . . . . . . ... oo 34
27 Outlook . . . . . 36

2.1. Objectives of the numerical model

The main scientific objective of the bulge setup’s numerical model is to gather a deeper understanding
of the boundary conditions imposed by the test setup on the test specimen.

In order to study the boundary conditions of the test setup, the interaction between the test specimen
and the test setup should be modelled as realistically as possible. Therefore, it is necessary to not
only accurately model the CFRP bulge specimen but also the interacting clamps (see Figure 2.1-2.2).
In other words, the boundary conditions of the test specimen are not idealised in this study. Many
modelling studies, involving coupon or element level tests, impose homogeneous kinematic boundary
conditions (eg: encaster, roller, or a pin support) on the specimen. [13], [34], [41], [49], [82] Doing so
circumvents the need to model the test fixtures. This simplification is acceptable if the effect of the test
fixture on the specimen is known, or if it can be proven that the effect of the test fixture is negligible. For
the bulge test, this remains an open question. Such a research gap shall be addressed in this chapter.

In addition, a major objective of the bulge test rig is characterising leakage in CFRP specimen. For a
representative comparison with a tank dome structure, leakage should occur within the equal biaxial
strain zone located at the centre of the bulge specimen. Unfortunately, preliminary experiments con-
ducted by Hauser [28] reveal otherwise. Cross-ply and quasi-isotropic laminates tested at cryogenic
temperature did not exhibit any leakage, even at the maximum pressure load of 20 [bar]. In principle,
an obvious solution appears to increase the pressure load. However, in practice, doing so requires

10
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replacing expensive, safety-critical components (such as valves, pipes, and pressure regulators) to
allow the test rig to operate to higher pressure loads. Given the practical difficulty in modifying the test
setup, an easier solution may be found in modifying the test specimen. Thus, the desired test specimen
exhibit leakage, without changing the current operational constraints of the bulge setup. It is known
that leakage is caused by micro-crack networks. [24], [26] Cracks propagate as stresses exceed the
material strength. In this thesis, the (temperature-dependent) strength of materials is taken on existing
databases. Stresses and strains are computed using FEM. This means that numerical predictions of
stresses and strains, even without accounting for computationally expensive progressive damage, can
potentially be used to build an engineering judgment about whether a specimen is likely to leak before
it is tested.

In bulge testing, another challenge in characterising leakage is the onset of premature clamp-induced
damage. Early studies of Estrada et al. [14] and Oliver [61] reveal that clamped boundary conditions of
the bulge setup result in a local stress concentration. This means that even if the test rig was upgraded
to safely operate at higher pressure loads or even if leakage was measured, it is likely to occur in the
clamping zone. The clamping zone, comprising of large out-of-plane compressive stresses, does not
correctly represent the biaxial strain state of a tank dome. Thus, leakage/damage in this clamping zone
renders the bulge test invalid. Drawing an analogy to the tensile testing of CFRP specimen, the ASTM
standard [5] states that test data should be excluded from analysis if the test coupon fails inside the
gripping area due to a stress concentration and not in the desired gauge section. The described clamp-
induced damage was reported by Hauser [28], who tested a cross-ply laminate at room temperature.
Hauser’s ultrasound C-scans showed delamination near the clamping zone, which likely resulted in
premature leakage. As the leakage region was localised outside the region of interest, the leakage
measurements from Hauser’s tests are not valid. [5]. Moreover, numerical studies from Lentner [46]
revealed that the clamping pressure induced large stress concentrations, leading to tensile fibre failure
outside the region of interest. Lentner further demonstrated that a reinforcement ring partially reduced
the damage induced by the clamps. In this thesis, specimen with and without reinforcement shall be
modelled. The model should also be able to provide a statement on the stress concentration due to
the clamp.

In summary, state-of-the-art numerical and experimental investigations [28, 46] indicate that improve-
ments are needed in the design of bulge test specimen, particularly to ensure that leakage can be
localised within the biaxial strain zone. With this in mind, one objective of the digital model is to support
the design process of future bulge test specimens. This central objective is further divided into smaller,
more specific objectives. Table 2.1 presents a top-level breakdown of these modelling objectives. Each
requirement, together with its rationale and the corresponding modelling choice, is stated explicitly to
form the foundation of the numerical methodology developed in the remainder of this chapter.
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Table 2.1: An overview of the requirements, rationale and modelling choices of the numerical model

Requirement

Rationale

Modelling Choice

MODEL- The model The model should be able to Computationally expensive
REQ-01 shall be com- conduct parametric design analyses- namely progressive
putationally studies and accompany test damage, transient thermal, and
efficient. campaigns. plasticity-induced sealing- are
omitted.
MODEL- The model The model should be able to The test setup’s clamps are
REQ-02 shall capture help understand how the modelled as deformable solids;
the boundary conditions of the test mechancical contact between
interaction of setup affect test results. the clamps and specimen is
the test setup modelled; force-controlled
with the test loading mimics the clamping
specimen. pressure.
MODEL- The model The model should be able to Inter and intra laminar damage
REQ-03 shall localise predict where damage may initiation of the CFRP specimen
damage. occur, in order to design is modelled; a mesoscale
specimen that fail in the region (ply-by-ply) discretisation is
of interest. The model should selected.
be able to predict the failure
load of a specimen, to a priori
estimate the maximum pressure
load during a test.
MODEL- The model The model should be able to Temperature dependent
REQ-04 shall accurately represent the material properties are used; a
incorporate pressure and temperature loads homogeneous cryogenic cooling
multi-axial on the specimen. step is incorporated;
thermo- continuum/conventional shell
mechanical mesh elements are never used
loading. as they are not appropriate

choices for loading dominated in
the out-of-plane direction.

Table 2.1 prioritises the need for accurately modelling the linear, elastic response of CFRP bulge spec-
imen under multi-axial thermo-mechanical loading. In other words, computational resources will not be
directed into predicting the damage tolerance or leakage performance of the laminate. Conventional
conductance leakage models [70], [44], [89] rely on the output from highly computationally intensive
progressive damage models (such as hybrid XFEM-SCZM [23], [30]). Such modelling methodology,
originally proposed by Grogan [24], requires a priori knowledge of a large number of parameters (eg:
crack density, leak conductance, etc) that are costly to determine experimentally.

At least at the time of writing, leakage/progressive damage modelling on the CFRP bulge specimen
is not considered a productive use of resources for three main reasons. Firstly, the size of the region
of interest is not quantified. The region of interest in element level characterisation is described as
one where both in-plane components of true strain are equal (practically speaking within an acceptable
tolerance, such as 5%). The size of this biaxial zone can vary, not only for different laminates but also
through the thickness of a given laminate. In the case of that the size of the region of interest is not
known, it is not possible to precisely determine how much of the specimen should be "enriched” numer-
ically. "Enrichment” refers to the meshed regions in FEM that undergo progressive damage. Trivially,
it is not computationally efficient (or even feasible) to perform such high fidelity damage modelling on
the entire specimen- as most of it does not represent the strain state of the tank structure. Secondly,
even if the damage/leakage model is correctly implemented, leakage paths currently only exist near the
clamping zone [28] and not inside the biaxial region of interest. This means that the leakage predicted
numerically and the leakage measured experimentally will take place at different locations in the CFRP
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specimen, and due to different load cases (experimentally due to the stiffness jump caused by the spec-
imen leaves the clamping region and numerically due to the pressure/temperature loads). As a result,
no direct leakage comparison can be meaningfully established between numerical and experimental
results. Thirdly, even the strains predicted by simulation are not validated by experiment. Errors in
the linear elastic strain response are expected to carry over (and even amplify) in non-linear material
analyses. Therefore, the validation of the strain field is considered as a pre-requisite before starting
damage modelling on the bulge specimen.

The numerical model that is conceived in this thesis aims to provide information on the three afore-
mentioned sources of epistemic uncertainty. The validity of the model’'s strain and damage initiation
prediction is quantified by comparing to experimental results in chapter 5. This will help assess the
suitability of the model, as a baseline for design studies or further modelling. chapter 4 and 5 shares
the insights needed to induce damage in the region of interest, while chapter 6 numerically quantifies
the size of this region for various test configurations.

Keeping these modelling objectives in mind, the remainder of this chapter explains the numerical model
in detail. section 2.2 introduces the thermo-mechanical loading sequence and the associated boundary
conditions. section 2.4 explains the interactions between the test setup and the specimen. section 2.5
focuses on the modelling of the composite specimen. Damage initiation is described in section 2.6.

2.2. Overview of loading steps and boundary conditions

Prior to the setup of the FEM model, a simplified CAD model was derived from the technical drawings
of the bulge setup. An isometric cut-view of the bulge compartments is shown in Figure 2.1. The
corresponding cross-section is labelled in Figure 2.2.

A
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Figure 2.1: Isometric cut-section view of the bulge compartments
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Figure 2.2: Labelled cross-section of the bulge compartments, based on a simplified CAD model

It can be seen from Figure 2.2 that a (double curved) CFRP specimen is clamped between the inner
and outer clamp. During the clamping procedure, the bolts are gradually tightened. The clamping
pressure generated by the applied bolt torque plastically deforms the indium, thus creating a hermetic
seal between the specimen and the setup.

Both compartments are evacuated after clamping. This is because leakage measurements using the
leak-detector technique rely on conducting mass spectroscopy on a tracer gas such as helium. There-
fore, a vacuum must always be maintained on the gas analysis/outer side of the specimen. At the
same time, helium gas is supplied on the inner side of the specimen. Up to 20 [bar] of gas pressure
can be applied to one side of the specimen, to mimic the mechanical loading of a hydrogen tank. The
cryogenic environment is reproduced by submerging the entire assembly in a dewar of LN, (not shown
in Figure 2.2).

The bulge test is modelled in Abaqus using three distinct Static, General loading steps. An additional
stepis initially used to simulate the cooling down of only the CFRP specimen in the autoclave. Table 2.2
summarises this thermo-mechanical loading sequence, based on the previous numerical studies of
Lentner [46].

Table 2.2: Overview of the loading steps

Step Temperature [K] Pressure [bar] Clamping force [kN]
Initial 407 (HT) 0 0
Autoclave cooling 293 (RT) 0 0
Clamping 293 (RT) 0 126 (Frr)
Cryogenic cooling 77 (CT) 0 426 (Fcr)
Pressurisation 77 (CT) 20 (Pye) 426 (Fcr)

It should be clarified that the individual bolts and indium sealing, as shown in Figure 2.2, are not mod-
elled. The clamping force created by the bolt torque is analytically estimated, and corrected for thermal
effects. The detailed calculation is provided in subsection 2.4.2. In addition, no clear benefit could
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be identified by modelling the indium seal. As they are known to work well experimentally, it was
not deemed necessary to conduct any sealing/pressure over-closure analysis to improve their perfor-
mance.

Following on, subsection 2.2.1-2.2.5 will describe the boundary conditions used in each step given in
Table 2.2.

2.2.1. Initial step

There are two unconnected regions during the initial step. The first region consists of the specimen
resting on top of the inner clamp. The second region comprises only of the outer clamp, that is separated
from the surface of the specimen by a clearance of 1 [mm]. Strictly speaking, there has been no purpose
of the clamps/reinforcement ring so far. This is because the specimen is not physically interacting
with the test setup yet. However, all parts in Abaqus had to be instantiated from the beginning of the
simulation. It was not possible to ’activate’ certain parts after a given load step. The work-around for
controlling the active parts during a loading step is manipulating their boundary conditions.

The boundary conditions are shown by Figure 2.3.

P X? MHT L

Figure 2.3: Boundary conditions of the initial step

One node at the centre of the specimen is encastred (U1 = U2 = U3 = UR1 = UR2 = UR3 = (). One
surface of both clamps is also encastred (U1 = U2 = U3 = UR1 = UR2 = UR3 = 0) to ensure static
determinacy.

A predefined temperature field is applied only to the CFRP specimen (excluding the reinforcement
ring). During the initial step, the magnitude of the temperature field is equal to the maximum cure cycle
temperature of IM7/8552 [32]. The cure cycle is provided in chapter 3.

2.2.2. Autoclave cooling

During the autoclave cooling step, the temperature of the CFRP specimen is linearly decreased to
room temperature. A linear ramp down is realistic because autoclaves often exhibit controlled cooling
to avoid thermal shocks in laminates. These may cause manufacturing-induced cracks, especially in
thicker laminates where the surfaces may cool faster than the middle.

On top of that, the clearance between the specimen and outer clamp is linearly decreased such that
contact is established at the end of the step. This is achieved by prescribing an out-of-plane displace-
ment on the outer clamp, that is equal in magnitude to its initial clearance (U2 = —1). All other boundary
conditions remain the same as the previous step (see Figure 2.3). The boundary conditions at the end
of this simulation step are visualised in Figure 2.4. It can be confirmed that all parts of the model are
connected.
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Figure 2.4: Boundary conditions of the autoclave cooling step

2.2.3. Clamping

A clamping force is applied. The magnitude of the force is linearly increased, to mimic the gradual
increase in the physical bolt torque. The force is uniformly applied on the surface of the outer clamp,
as shown in Figure 2.5.

A predefined temperature field is applied to the entire assembly, to enforce that the loading step takes
place at room temperature.

Fe

Figure 2.5: Boundary conditions during the clamping step

The encastred boundary condition at the central node of the specimen is deactivated. One surface
of the inner clamp remains encastred (U1 = U2 = U3 = UR1 = UR2 = UR3 = 0). One surface of
the outer clamp is free to move vertically (U2 is free). The deformation in the vertical direction, once
contact has been established, is dependent on the clamping force. All other degrees of freedom on the
surface of the outer clamp are constrained (U1 = U3 = UR1 = UR2 = UR3 = 0).

2.2.4. Cryogenic cooling

Homogeneous cooling is applied to model the thermal effects of cryogenic immersion. This is done by
modifying the temperature of the predefined temperature field, from RT to CT. For the sake of modelling
simplicity, a linear ramp down is used.

The boundary conditions in this step remain unchanged from the previous step. Only the magnitude of
the temperature field and clamping force is changed.
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Figure 2.6: Boundary conditions of the cryogenic cooling step

2.2.5. Pressurisation

A pressure load is applied to the inner surface of the CFRP specimen, as shown in Figure 2.7. All other
boundary conditions are propagated from previous steps.

FCI' I:CT

Figure 2.7: Boundary conditions of the pressurisation step

2.3. Overview of software/solver settings

In the previous section, the boundary conditions of the loading steps have been described. This section
will focus on the numerical controls used in each step (subsection 2.3.2). In addition, a brief note on
the choice of software is provided in subsection 2.3.1.

2.3.1. Software

Abaqus/Standard 2023 is selected.

Abaqus/Standard was selected over Abaqus Explicit, because the initial research scope was discrete
damage modelling using XFEM. XFEM is not yet implement in Abaqus/Explicit. In addition, the problem
is (quasi)-static, so higher frequency terms were not expected. This means that it was not necessary to
use small time increments to capture the solution response due to the higher frequency terms. Conse-
quently, implicit Abaqus/Standard schemes- that allowed larger stable time increments than Abaqus/-
Explicit ones- were preferred.

The full-academic license for the 2023 version was available at the DLR. As the thesis did not use
legacy code, namely (V)UMATs developed in an older Abaqus version, there was no specific reason
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to not use the latest available software. Further bearing in mind that the original goal of the thesis was
using XFEM, the 2023 version was reported to demonstrate improved convergence performance (due
to improvements in the level-set method used to describe a crack) [81].

2.3.2. Solver

All loading steps are Static/General. All steps use a non-linear implicit solver (NLGEOM=0ON) - full
Newton/Raphson method. Despite the absence of damage evolution, non-linearities in the model arise
from contact boundary conditions and large displacements of the specimen.

Results from the previous iteration are linearly extrapolated onto the current one. No numerical differ-
ence was observed by turning off the extrapolation.

Based on the experience gained throughout the duration of the thesis, the default solver settings were
modified for every step. These recommendations are given in Table 2.3. Each step has a normalised
time period of 1.

Table 2.3: Recommended solver setting for each step

Loading step Initial time Min. time Max time Max number of
increment increment increment iterations
Autoclave cooling 0.01 0.001 0.1 1000
Clamping 0.001 1e-6 0.1 1000
Cryogenic cooling 0.01 1e-5 0.1 10000
Pressurisation 0.01 1e-6 0.05 10000

The initial time increments were deliberately set to a lower value, to ensure the start of the loading ramps
did not cause sudden numerical instabilities. From numerical experience, the recommended maximum
time increments in Table 2.3 do not lead to diverging results. Fairly large minimum time increments/low
number of maximum iterations were set. This was deliberately done to troubleshoot modelling mistakes
without wasting excessive computational time. From numerical experience, a model that was correctly
setup did not need more than 200 iterations/step to converge. In other words, convergence was judged
highly unlikely if the time-step started dropping below 0.005.

On top of that, automatic stabilisation was turned on for all loading steps. It was required to stabilise the
rigid body motion of the unconnected regions prior to the establishment of contact. The default adaptive
automatic stabilisation settings were used. A dissipation energy fraction of 0.0002 was specified. This
means that the artificial damping factor was adapted by the solver, to ensure that the artificial energy
did not exceed a certain proportion of the real (strain) energy. To quantify the effect of automatic
stabilisation, the ratio of the static dissipation energy (ALLSD) to elastic strain energy (ALLSE) was
compared at the end of the simulation. It was found that ALLSD/ALLSE = 0.02% << 5%, a negligible
amount [2].

2.4. Modelling the interaction of the test specimen with the test
setup

As explained earlier in section 2.1, a modelling priority is to understand the influence of the test setup’s
boundary conditions on the test specimen. With that in mind, the modelling of the clamps and their
interactions with the specimen shall be described in detail in this section.

2.4.1. Clamps

Both the inner and outer clamps are modelled as deformable 3D solids (C3D8R elements).
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Geometry

The geometry that was modelled in Abaqus is based on the CAD shown in Figure 2.2. A 'defeatured’
geometry is used. Specifically, the vacuum/pressure pipes are not modelled. The bolt holes are also
neglected. In fact, only the part of the clamp that extends till the edge of the bulge specimen is modelled.

The clamps shown in Figure 2.2 are specially designed for the curved specimen. Precisely machined
adapter plates match the local radius of curvature of the curved specimen. Matching the curvature of
the clamp with the specimen is shown to reduce the clamp-induced stress concentration [14]. These
adapter plates are not necessary for testing flat specimen. Removing these adapter plates reduces the
thickness of the clamps by 5 [mm]. This reduction in the thickness of the clamp, for flat specimen, is
taken into account.

z
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(a) Meshed isometric view of inner clamp. Mesh size = 4 [mm], number (b) Meshed isometric view of outer clamp. Mesh size = 4 [mm],
of elements = 6150 number of elements = 4165

Figure 2.8: Geometry and mesh of inner/outer clamps

Mesh

The clamps are meshed using reduced integration, linear solid elements (C3D8R) with enhanced hour-
glass control. Structured hexahedral mesh is created using the sweep method. Using the advacing
front or medial axis mesh generation algorithm did not result in any observables differences in the mesh.
No additional partitions were used. The curvature control of the mesh generated was not modified from
the default. A global mesh size of 4 [mm] is selected. It will later be seen in subsection 2.5.4 that the
average global mesh size of the clamps is double that of the specimen. The coarser mesh of the clamp
reduces unnecessary computational cost. After all, it is still of interest to predict the stress/strain accu-
rately in the specimen, and not the clamps. However, an excessively coarse mesh is also avoided to
reduce numerical issues associated with highly non-conformal meshes.

Material
The clamps are made up of Invar-36, an alloy of nickel and iron.

Temperature dependent material properties of Invar-36 are used in the FEM model. These properties
are summarised in Table 2.4.

Table 2.4: Temperature dependent elastic and thermal expansion properties of (annealed) Invar-36 [59]

Temperature [K] E [GPa] v [-] o [K1]

77 (CT) 133 0.29 2.16 x 10~
293 (RT) 141 0.29 1.26 x 10~
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2.4.2. Clamping force

The clamping force is estimated analytically. The magnitude of the bolt pre-load at room temperature
(Frr) is governed by a known applied bolt torque, and type of the bolt selected. The condition of the
bolt is translated into a torque coefficient, based on empirical relationships [10].

Considering that the test setup is cryogenically cooled, Hooke’s law is used to estimate the change in
preload due to thermal effects (For).

Estimate of the pre-load at room temperature

The total bolt pre-load (Frr) is related to the individual bolt torque (7") by Equation 2.1.

_ Nbolts * 1’
KT N dnom N (1 — l)

Frr (2.1)

where npoits is the number of bolts, d,,.,., is the nominal bolt diameter, [ is the lubrication factor and K,
the torque coefficient.

As far as the author’s practical knowledge of the bulge test setup is concerned, its bolts were not inten-
tionally lubricated. Therefore, the effect of any (unknown) lubrication is not taken into consideration, by
simply setting [ = 0.

The bolt parameters that were known beyond a reasonable doubt are given in Table 2.5.

Table 2.5: Known bolt parameters

Npoits dnom [m] T [Nm]
20 8.0 x 103 14.0

The torque coefficient K still has to be estimated. To obtain a realistic estimate, the friction gener-
ated due to the lead angle of the threads and due to the bolt collar are considered. This is shown in
Equation 2.2. [10]

(2.2)

Tt tan A + f;secd refe
Ko — ( f) ( ft ) f

d/) \1— f,tan Asecf d

where 7, is the mean thread radius, r. is the mean collar radius, )\ is the thread lead angle, 6 is the
thread half angle, f; is friction coefficient between thread surfaces and f. is friction coefficient between
collar surfaces.

ry is taken as an average of the bolt nominal (d) and minor diameter (d,,). The collar area is the
bearing face, the face of the nut, that is rotated during installation. The width across the flats of a
nut is generally 50% more than the nominal diameter. The relations of these geometric parameters is
provided by Equation 2.3. [78]

(dnom + dminor) /2 _ dnom + dminor

Ty = 9 4
d 1.5d,
o = %5””" = 0.625 dnom (2.3)
1
tan \ =

2rry 27y (TPM)

I is the lead length, and is the reciprocal of the Threads Per Meter (TPM). For a standard (coarse)
thread, Shigley [10] suggests the following thread properties.
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Table 2.6: Standard (coarse) thread properties

0 [°] dminor [M] TPM [m ]
30 6.65 x 103 800

Shigley further recommends the use of f; = f. = 0.15, as commonly used for hard steel-on-steel
contact. Substituting the parameters stated in Table 2.6 into Equation 2.3, K = 0.278 is obtained.
This results in Frr ~ 126 [kN]

Estimate of the change in pre-load due to cryogenic cooling

The cooling of the bulge test setup changes the pre-load of the bolts. This is attributed to the CTE
mismatch between the bolt and the joint. As the stainless steel bolts have a higher CTE than the invar
joints, the bolts are expected to contract more. Consequently, an increase in the pre-load is expected
due to the cooling.

Bickford [9] suggests the use of Hooke’s law (Equation 2.4) to approximate the change in bolt tension
due to the thermal differential between the bolt and the joint.

AgE
AF = "““sz (AL; — ALp) (2.4)

where AF is the change in the bolt force due to the thermal differential, £ is the Young’s modulus of
the bolt, Ag is the tensile stress area, Ly is the effective bolt length, AL is the change in the length
of the joint and AL is the change in the length of the bolt.

The tensile stress area (Ag) refers to the threaded portion of the bolt that resists tensile forces when
the bolt is tightened. For a metric bolt, As = 36.3 [mm?]. [9]

The effective length (Lg) refers to the part of the bolt that carries tensile load. The tensile load is
carried at least between the underside of the bolt head and the top surface of the nut. As the tensile
load gradually decreases to zero through the length of the bolt head and the nut, half the width of the
bolt head and nut are also considered to carry the bolt load. [9] For the bulge setup, Lg ~ 80 [mm], as
measured by the author.

The young’s modulus of the bolt is taken as the average stiffness of stainless steel at room temperature
(293 [K]) and cryogenic temperature (77 [K]).

Table 2.7: Young’s modulus of a stainless steel bolt at RT and CT

Ert [GPa] Ecr[GPa] Eag[GPa]
[48] [83]

194 200 197

Estimating ALp and AL ; requires knowledge of the CTE of the constitutive materials of the bolt and
joint respectively. The joint consists of: inner/outer Invar-36 clamps, CFRP specimen and a column of
stainless steel washers. The bolt, as mentioned earlier, is made of stainless steel. The secant CTE
(amean) Of the relevant materials is tabulated in Table 2.8. The secant CTE is estimated as the arithmetic
mean of the tangent CTE found at RT and CT. This approximation had to be made because it was not
possible to mathematically reconstruct the shape of the tangent/instantaneous CTE from the published
sources [50], [59], [71]. Thus, it was assumed that the CTE varies linearly between RT and CT. For the
CFRP (namely IM7/8552), the transverse CTE is taken to be the CTE in the out-of-plane direction.
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Table 2.8: Estimate of the CTE for the constitutive materials of the bolt/joint assembly

Material ort [K -1] act [K -1] Omean [K -1]
Stainless steel [50] 1.57 x 1075 1.00 x 105 1.29 x 105
Invar [59] 1.26 x 10— 2.26 x 1076 1.71 x 10
CFRP [71] 3.38 x 10° 1.87 x107° 2.63 x10°°

The change in bolt and joint length are then given by Equation 2.5. Calculating AL is straightforward
as only the contraction of the bolt needs to be calculated. AL, on the other hand,

ALp = OlmeanLO,BAT
ALy = Z amean,iLO,iAT (2-5)
where: AT =77TK-293K=-216 K

where L ; is the initial length, and ALy ; is the change in length.

Using Equation 2.5 and the mean CTE values given in Table 2.8, values for ALg and AL ; are com-
puted. The initial bolt length is taken as the effective bolt length (Lo 5 = Lg). The joint is comprises of
all components between the underside of the bolt head and the nut. These include washers, clamps
and the specimen. Finally, all required parameters are substituted into Equation 2.5 to compute AFr.

Table 2.9: Estimated magnitude of clamping force at room and cryogenic temperature, used as input for force-controlled
quasi-static loading in Abaqus

Frr [kN]  AF7[kN]  Fer [kN]
126 300 426

2.4.3. Contact model

The purpose of the contact model is to accurately predict specimen slippage. The interaction surfaces
and properties are described in subsection 2.4.3 and subsection 2.4.3.

Interacting surfaces
Contact interactions are used between the specimen and the clamps.

Namely, surface-to-surface interactions are defined. Finite sliding is used to allow for arbitrary sepa-
ration,sliding and rotation of the contact surfaces. Small sliding is not used. The finite sliding contact
formulation, unlike small sliding, eliminates the assumption for small relative motion between the con-
tact surfaces. There is an extra computational cost associated with using finite sliding. However, as
the model only has two contact interactions, the increase in computational time is expected to marginal.
(1]

The surface-to-surface discretisation method is selected. It predicts contact stress and pressures more
accurately than node-to-surface discretisation. This is because surface-to-surface discretisation con-
siders contact in an "averaged” sense over a finite region. This reduces interpenetration of the surfaces,
at the position of the discretised nodes. [2]

The surfaces of the clamps are selected as the master surfaces for several reasons. Firstly, the mesh
of the clamps is coarser than that of the specimen. This means that the projection of normals from the
master surface are expected to remain more orthogonal to the slave surfaces. This is especially true
for the nearest-neighbour interpolation technique. Moreover, the clamp is more stiff than the specimen.
Consequently, the surface of the clamp surface should change its shape less than that of the specimen’s
surface. This in turn should minimise the change in the direction of the contact projections, presumably
improving numerical stability. [77]
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Interaction properties

Normal and tangent contact properties have to be specified. In addition, a small amount of damping is
required for numerical stability.

Normal contact Concerning the normal behaviour, hard” contact is used. The default constraint
enforcement method in used. In Abaqus/Standard and Abaqus/Explicit, the default settings internally
select the Penalty method. [2] Technically, the model can be refined by inputting a pressure-overclosure
relationship to account for the plastic deformation of the indium seal. A detailed sub-model can be
established to obtain the relationship between contact pressure and clearance. However, as already
explained in section 2.1, modelling the sealing is not of interest in this thesis.

Tangential contact The tangential behaviour is governed by friction. The Penalty method is selected,
with a specified coefficient of static friction (us). It is important to clarify ps must be defined for the
material of the specimen and the seal (not the clamp!). Otherwise, slippage will be under-predicted.
This is because indium seal has an extremely low friction coefficient, far lower than that of the Invar
clamps. One study reports that us; ~ 0.05 for indium surfaces [63]. In fact, indium coatings have
been investigated to improve lubrication/reduce wear on metals. [73], [86] Unfortunately, the friction
coefficient of indium has only be published for coatings applied on steel surfaces. Often, the indium
in the coating wears out due to cold annealing (recall that indium has low yield stress, around 2 [MPa]
at room temperature [69]). Therefore, the accuracy of the friction coefficients has to be questioned.
Furthermore, it is not clear if the friction coefficient obtain for Indium-steel surfaces is valid for indium-
CFRP surfaces. All in all, the author could not find a satisfactory value of u from literature. Luckily,
experimental data analysis is within the scope of this work. It is proposed that displacement fields from
DIC is used to obtain 1. Such tuning of the (tangential) contact model is done in chapter 5.

Numerical damping The contact model did not converge without damping. Preliminary simulations
revealed that numerical instabilities arose during the clamping step. During this step, clamping force
is applied. This should result in the establishment of normal contact between all surfaces. No physical
gap should exist between surfaces in contact. However, (large) numerical interpenetration errors were
discovered in the log files of the simulations.

Incorporating a contact damping coefficient reduced the interpenetration errors, thus improving the
convergence. It is only necessary to use damping in the normal direction. In Abaqus, 'tangent fraction’
of the damping coefficient was set to zero. This ensures that the tangential contact remains undamped.
By extension, numerical damping should not have an influence on slippage results.

The damping coefficient is estimated by Equation 2.6. It should be noted that the damping coefficient
is not dimensionless in Abaqus/Standard.[2]

~ where: P.=—, Upgq=— 2.6
Ho ’Urel’ Ac Urel £ ( )

where P, F,. and A. is the contact pressure, force and area respectively. v,.;, and s,.; is the maximum
relative velocity and separation distance of the contact surfaces. t is the elapsed simulation time for
the surfaces to come in contact with each other.

F, is taken as the clamping force at room temperature from Table 2.9. A. is computed from Figure 2.8.
srer IS the initial clearance of the clamp from the specimen. The clamp covers a distance of s,..; within
one loading step. All loading steps have a normalised simulation time, so t = 1.

Table 2.10: Estimation of the damping coefficient

Fc [N] Ac [mm?] Srel [mMm] t[s] Mo [N s mm™]
126000 3600 1.0 1.0 35




2.5. Modelling the composite bulge test specimen 24

1o is the estimated damping coefficient.

A clearance (c() was subsequently selected. The damping coefficient is zero if the contact separation
exceeds the set clearance. The relationship between the damping coefficient and clearance is visu-
alised in Figure 2.9. Note that a linear ramp down of ny was selected. This means that » = 0. The
clearance ¢y of 0.01 was assumed.

Finally, the effect of numerical contact damping was quantified. Damping results in artificial energy. It
is only acceptable to use damping if the artificial energy is a small portion of the real energy (<< 5%).
Figure 2.10 shows the ratio of the ALL Contact Dissipation (ALLCD)/ALL Strain Energy (ALLSE) for
varying fig-.
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Figure 2.10: Ratio of the artificial energy vs. the elastic strain

Figure 2.9: Variation of the contact damping coefficient
9 ping Ko energy, for various values of the contact damping coefficient

with clearance cq [2]

Figure 2.10 substantiates that the influence of damping is negligible. The artificial dissipation is only
3% of the strain energy, for o = 35. That being said, contact model simulations converged even only
1% of the damping coefficient was used. This reduced the proportion to artificial energy below 1%.
Therefore, 19! = 0.35 shall be used as default. Whenever possible, ;%' = 0.035 was employed to
practically neglect the influence of the numerical contact dissipation (0.05% artificial energy).

2.5. Modelling the composite bulge test specimen

A mesoscale, linear elastic model of the CFRP laminate is implemented.

2.5.1. Geometry & coordinate system

The geometry of the bulge specimen is parametrically defined with: diameter (d), curvature (c) and
thickness (t). Values of geometrical parameters are explicitly stated in chapter 3, because they are
derived from experimental constraints. For validating the numerical model (chapter 5), only one thick-
ness/layup is selected. However, the effect of laminate design and specimen is numerically investigated
in chapter 6.

A typical section is visualised in Figure 2.11. Four plies are shown. The laminate/global coordinate
system is x, y, z. x,y are the in-plane axes. z is the out-of-plane direction.
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Pressure Zone

(b) Top view

(a) Cross-section view

Figure 2.11: Typical section of the bulge element (not to scale). The sketch is inspired by the work of Lentner [46].

Another local/lamina (ply) level coordinate system is used. 11, 22 represent the transverse (along fibre)
and longitudinal (perpendicular to fibre) directions. 33 is the out-of-plane direction. The local coordinate
system of the bottom/inner-most ply is used to define the global coordinate system. Namely, 11 and
22 of the inner-most ply is the global x and y direction of the laminate. The definition of the coordinate
system is crucial to the interpretation of results in chapter 4-5.

As ¢ — oo, the laminate becomes flat. To remove mathematical singularities during modelling, a sepa-
rate FEM model is set up for flat specimen altogether.

2.5.2. Material properties

The default CFRP material system is IM7/8552. A brief explanation of the material selection is pro-
vided in subsection 3.1.2. Temperature dependent material properties of IM7/8552 are summarised in
Table 2.11-2.12.

Table 2.11: Temperature dependent elastic properties of IM7/8552 [71]

Temperature Eq E; = E;3 Vi2 = V13 V23 G2 =Gq3 Ga23
[K] [GPa] [GPa] [-1 [ [GPa] [GPa]

77 (CT) 159 13.3 0.24 0.30 8.65 5.15
293 (RT) 160 9.6 0.27 0.34 5.01 3.56

Table 2.12: Temperature dependent thermal properties of IM7/8552 [71]

Temperature [ 2F K22 = (33
IK] K] K]
77 (CT) -1.9 x 1077 1.87 x 107°
293 (RT) ~5x 1078 3.38 x 1073

2.5.3. Reinforcement ring

A reinforcement ring can potentially reduce the clamp-induced damage [46]. The reinforcement ring is
bonded to the composite laminate, and is treated as part of the test specimen.

The geometry of the reinforcement ring is defined by its outer diameter (d), curvature (c), width (w),
and thickness (t). Its outer diameter and curvature match those of the composite specimen, as shown
in Figure 2.11. The width and thickness can vary. chapter 3 provides the properties of the default
reinforcement. The default reinforcement is used for quantifying the validity of the model in chapter 4.

The reinforcement ring is meshed using reduced integration, linear solid elements (C3D8R). An average
global mesh size of 2 [mm] is used. This generates 2180 elements. Only hexahedral shaped elements
are allowed. These are generated using the sweep technique, using the medial axis algorithm.
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The default material of the reinforcement ring is aluminium. Its temperature dependent properties are
given in Table 2.13.

Table 2.13: Temperature dependent elastic and thermal expansion properties of aluminium-6061 [79]

Temperature [K] E [GPa] v [-] o [K 1]
77 (CT) 77 0.30 1.85 x 1075
293 (RT) 70 0.33 2.36 x 10°

A tie constraint is used to join the surfaces of the reinforcement ring and composite laminate. Tie
constraint is selected due to its low computational cost. The limitation of the tie constraint is that
it cannot model any delamination. To analyse reinforcement/laminate debonding, it is necessary to
use cohesive interactions or elements. Even in the absence of a progressive traction-separation laws,
cohesive modelling requires tuning of the interface strength and longer computational times. Therefore,
they are not selected in this study.

2.5.4. Meshing: An evaluation of accuracy and computational cost

Mesoscale discretisation demands a large number of mesh elements. It is worthwhile to estimate
the minimum number of mesh elements that are necessary to generate sufficiently accurate results.
Bearing in mind the modelling objectives outlined in section 2.1, the FEM should be able to predict the
linear, elastic response of the CFRP specimen. Progressive damage is out-of-scope. This eliminates
the need for excessively refined meshes in the region of interest. That being said, stress peaks at the
clamps should be captured correctly.

subsection 2.5.4 clarifies the constraints and limitations of the mesh study. subsection 2.5.4 describes
a mesh convergence study to determine the global mesh size. Based on the appropriate mesh refine-
ment, Figure 2.5.4 explores various partitioning strategies to effectively mesh a double-curved mem-
brane. Various types of solid elements are considered as well (Figure 2.5.4). Finally, the number of
elements per ply are varied in Figure 2.5.4.

Constraints

Solid Elements The reader is reminded that only solid mesh elements are used in this study. (Con-
tinuum) shell elements, such as SC8R, are not used. This is because shell elements are not able to
account for out-of-plane stresses. The possibility of placing cohesive zones between plies discretised
with continuum shell/solid elements is not considered in this study. [82] To keep modelling effort and
computational cost low, solid elements of each ply are simply merged together.

Full model The compete geometry of the specimen is discretised. In other words, no symmetric
boundary conditions are applied. The author is aware of the possibility of a quarter-model, that benefits
from two radial planes of symmetry. However, symmetry was deliberately not used. It risks in the non-
linear contact boundary conditions not being correctly reflected in the solution. This could reduce the
accuracy of the slippage predictions, which would certainly not be desired.

Previous numerical studies [45], [61], [14] also model the specimen without specimen to correct capture
the complex boundary conditions associated with the test rig.

In fact, one analyses in chapter 5 will quantify the degree of axis/point symmetry of the specimen.
Therefore, a full model is required.

Mesh convergence study

Five structured hexagonal meshes were generated for the mesh convergence study. Figure 2.12 shows
the global mesh size and the number of elements.
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Figure 2.12: Various mesh sizes used for the convergence study

The simulations were run on 6 cores. The simulation with the most refined mesh (0.5 [mm]) was ter-
minated after several days of run-time. Thus, results are not available for this mesh size. This is not
considered a huge drawback, because the run-time of a model should be in hours and not days.

Figure 2.13 shows the main results of the mesh convergence study. Figure 2.13a sheds insights into the
relative difference of a maximum displacement and stress component for increasing mesh refinement.
Figure 2.13b shows the increase in CPU time associated with finer meshes.
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Figure 2.13: Summary of the results of the mesh convergence study

Consider the displacement in Figure 2.13a. The maximum out-of-plane (U2) displacement always
occurs at the centre of the specimen. The discretisation residual is sufficiently minimised for a global
mesh size of 2 [mm]. Further reducing the mesh element size to 1 [mm] makes a small difference of
0.1%.

On the contrary, a 2 [mm] mesh cannot sufficiently capture the maximum magnitude of the in-plane
longitudinal stress (S11). This is because the value of max S11 increases by 12% as the mesh size
is reduced to 1 [mm]. It should now be noted that the maximum longitudinal stress always occurs at
near the clamping region. Precisely, there is a stress concentration point where the specimen leaves
the clamp. Since the location of the stress concentration is known a priori, the mesh only needs to be
refined locally.

Overall, a global mesh size of 2 [mm] is judged to be sufficient. It is recommended that the mesh size
is reduced to 1 [mm] at the boundary of the clamping to pressure zone.

For the reader’s reference, the components of stress for different paths are provided in Appendix A.
However, these raw results do not contribute to the discussion in this section.
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Partitioning strategy

The bulge specimen had to be partitioned prior to meshing. Paritions had to be created through the
thickness of the laminate (not simply a face)! To do so, a shell was extruded through the thickness of the
laminate. The faces of the shell were removed after the partitioning was completed. The cross-section
sketches of these shells are given in Figure 2.14.

Green and/or yellow regions are created as a result of the partitioning. Green regions refer to fully
structured hexagonal shaped elements. Yellow regions indicate fully hexagonal, hexagonal dominated
or tetrahedral elements created using the sweep algorithm. Mesh B (Structured Hex-Tet) uses medial
axis sweep for element generation. Mesh D (Unstructured Hex) is generated with the advancing front
method.

Only four hexagonal dominated meshes are simulated. Tetrahedrals are used sparingly. Only mesh
B uses tetrehedral to improve mesh element quality (higher orthogonality and reduced skewness) in
transition regions. Tetrahedrals should not be used to discretise the region of interest. Lentner [45]
explored structured meshes that placed tetrahedrals elements in a circle, at the middle of the speci-
men. The use of tetrahedrals resulted in numerical oscillations in the stress/strain results. Therefore,
tetrahedrals should not be used.

For comparable results, a global seed size of 2 [mm] was used to generate the meshes.

A: Structured Hex B: Structured Hex-Tet C: Square Hex D: Unstructured Hex

Figure 2.14: Mesh partitioning strategies

Figure 2.14 shows that Mesh A and Mesh C are fully structured. However, both meshes have draw-
backs. For mesh A, elements tend to "pinch” at the four corners. Placing unstructured tets (Mesh B) at
the corners appears to alleviate this problem. On the other hand, mesh C can result in a mesh bias at
the boundary between the square and circular regions. Lentner [46] showed that Mesh C can result in
numerical peaks in the stress/strain. These peaks occur at the transition. However, they are within an
(acceptable) 1% margin from the values of Mesh A.

An informed decision on the choice of mesh needs further analysis. Thus, the mesh element quality was
compared. Figure 2.15 shows the orthogonality and aspect ratio of all four meshes. The distribution
of the ‘quad angle’ (min, max, mean) is plotted in Figure 2.15a. The quad angle should be as close as
possible to 90°. The mean aspect ratio is given in Figure 2.15b. The aspect ratio should ideally be 1.
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Figure 2.15: Mesh element quality, for a global mesh size of 2 [mm]

Figure 2.15a clearly shows that the best orthogonality is achieved for the unstructured mesh. The
square hexahedral mesh has the poorest orthogonality. This is presumably caused by the hexahedral
elements right outside the square region.

Figure 2.15b shows large aspect ratios (>5). This is unsurprising for mesoscale models, whereby the
element thickness (take 0.125 [mm)] per ply) is an order of magnitude smaller than the in-plane element
width (2 [mm] global size). An aspect ratio of 2/0.125 = 16 implies a perfect square in the xy plane.
All meshes - except the structured hexahedral one- have acceptable average aspect ratio. The worse
(higher) aspect ratio of the structured hexahedral mesh can be explained by the skewness of the corner
elements.

The simulations with different meshes were run. Stress prediction along the XY path are shown in
Figure 2.16. For completeness, stress along X and Y paths are given in Figure A in Appendix A.
However, they are left out of discussion in this section.

The global coordinate system is referenced in Figure 2.11. The reason XY path is shown here is to
qualitatively visualise any mesh bias. Mesh bias is likely to occurs along a diagonal path, as it traverses
more irregularly shaped mesh elements (see Figure 2.14).
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Figure 2.16: Components of stress along the global XY-path, for the outer/top-most ply

The in-plane stress peak in Figure 2.16b is well captured by all meshes. The structured hex-tet mesh
has the most conservative S33 prediction. Although this is desired, the structured hex-tet suffers from
oscillations inside the clamping zone- as shown by Figure 2.16¢. Still analysing Figure 2.16b, the
unstructured mesh has the least oscillations.

Finally, the total CPU time is compared in Figure 2.17. The effect of parallelisation on the computational
time is not considered. However, the same number of cores (n = 6) are used for a fair comparison.
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Figure 2.17: CPU time for different mesh partitions

It can clearly be seen that the structured hexahedral mesh is significantly slower (x3.5-5) than the
rest. The log files indicated analysis warnings for the poorly meshed corner elements of the structured
hexahedral mesh. Presumabily, this translates to an increased number of solver iterations to achieve
convergence within an implicit time step. Hence, the structured hexahedral mesh is no longer used.

In conclusion, the unstructured hexahedral mesh is selected. It has best mesh element quality, as char-
acterised by the lowest aspect ratio and the highest orthogonality (Figure 2.15. It does not suffer from
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artificial (out-of-plane) stress oscillations, unlike the structured hex-tet or square mesh (Figure 2.16).
Albeit this mesh does not have the lowest runtime, it is at least in the same order of magnitude of other
meshes- excluding the structured hexahedral one.

Influence of mesh element type

Two additional types of solid elements are investigated: C3D8 and C3D20R.

C3D8, unlike C3D8R, utilises full-integration. Itis of interest to explore whether the use of full-integration
is worthwhile. In the following scenarios, reduced integration should be preferred. Firstly, it is possible
that the use of full-integration simply leads to shear-locking. As the mechanical loading is bending-
dominated, the risk of shear-locking is amplified.[76] In addition, C3D8 will use 2 x 2 x 2 = 8 Gauss
integration points. C3D8R uses only 1 integration pointin contrast.[1] The question remains whether the
increased number of Gauss points sufficiently improves accuracy to justify its increased computational
cost.

C3D20R is a quadratic solid element. It has 20 nodes. C3D8R only has 8 nodes. The question
arises whether a higher number of nodes results in enhanced accuracy or merely an inefficient use of
computational time.

To compare the results from different mesh elements, select components of the stress were plotted
along the XY-path. The raw results are depicted in Figure 2.18.
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Figure 2.18: Components of stress along the global XY-path, for the outer/top-most ply

C3D20R yields the most conservative S11 prediction, according to Figure 2.18b. At the same time,
C3D20R elements lead to five S33 within the clamping region (Figure 2.18c). Such a complex peak of
S33 could be attributed to stick-slip behaviour- introduced by the contact boundary condition. However,
this cannot be further verified. Only one peak in S33 would be expected, as the compressive force
of the clamp is relieved inside the unsupported zone. All in all, predictions from C3D20R should be
treated with caution.

It can be qualitatively deduced from Figure 2.18 that the behaviour of C3D8R and C3D8 are similar.
C3D8 predicts a more negative peak, by around —125 [MPa], in Figure 2.18b. C3D8 also has two S33
peaks in Figure 2.18c. No physical explanation can be found.
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The remainder of the results for different paths are given in Figure A in Appendix A. However, to aid
the selection of the most suitable solid element, the CPU time must be compared.
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Figure 2.19: CPU time for different solid mesh elements

Figure 2.19 shows that C3D20R increases computational time by a factor of about 50. This is unaccept-
ably large. Any (marginal) betterment in predictive accuracy is offset by its computational infeasibility.
As such, C3D20R shall no longer be used in any further analysis within this study.

An additional analysis was performed to quantify the effect of hour-glassing. Reduced integration ele-
ments are especially susceptible to it. Abaqus, by default, uses enhanced hour-glassing control C3D8R
and C3D20R. However, this means that some artificial energy is generated to stabilise the element
against excessive distortion. [2] To be certain that such viscous dissipation is small (<< 5% of the real
energy), the ratio of ALL Atrtificial Energy (ALLAE) to ALL Strain Energy (ALLSE) is plotted. Results at
the end of the simulation are shown in Figure 2.20.
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Figure 2.20: Ratio of the artificial energy vs the elastic strain energy, for different solid mesh element types

Figure 2.20 shows no signs of hour-glassing in all solid elements. If significant hour-glassing took place,
the fraction of artificial energy would presumably be higher. Even C3D8R, that is supposed to suffer
the most from the hour-glassing effect, has a mere 0.4% of artificial dissipation. No additional benefit
can therefore be identified from using full-integration.

Ply level discretisation

In a mesoscale model, at least one element should be used in the thickness direction of the ply. It
is useful to understand whether increasing the number of elements through the thickness of the ply
significantly affects the numerical accuracy.
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To observe the effect of mesh refinement in thickness direction, the three components of out-of-plane
stress are compared in Figure 2.21. Previous studies have shown that the maximum out-of-plane stress
is likely to occur at the transition between the clamped and unsupported zone. Hence, a path through
the thickness of the laminate at the transition point is selected. This Z-path is shown in Figure 2.21a.
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Figure 2.21: Components of out-of-plane stress along Z-path, at the clamp location

Figure 2.21 shows that using one element per ply thickness results in constant values of stress com-
ponents in the ply. This is acceptable because of two reasons. Thin plies are used by default. Conse-
quently, large variation of stress through the thickness of the ply is not expected.

Consider Figure 2.21b qualitatively. n,;,, > 1 results in a linear variation of $13 through the thickness
of the ply. n,;, = 1 seems to predict a "mean” value of this stress.

npy = 1, however, overpredicts S23 by up to 25 [MPa] (Figure 2.21c). At the same time, ny;, = 1
offsets S33 by around 10 [MPa] (Figure 2.21d). The physical or numerical explanation behind these
observations cannot be inferred. Considering that the S33 stress peak (for C3D8R) in Figure 2.18c
is —95 [MPa], a +10 [MPa] equates to a -10.5% difference. This leads to the risk that using n,;, =1
may under-predict delamination. Therefore, it may be worthwhile to increase n,,, in critical locations
for higher fidelity analyses (eg: using traction-separation laws). However, for preliminiary linear, elastic
simulations, n,;,, = 1 is decided to be sufficient. It is shown in Figure 2.22 that doubling the number
of elements in the thickness direction results in an eight four increase in computational cost. CPU
time appears to scale with O(N?-%) — O(N?). A possible reason for poor scaling of run-time could be
attributed to the increasing mean element aspect ratio with increasing mesh refinement.
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Figure 2.22: CPU time for increasing number of mesh elements in the ply thickness direction

2.6. Modelling damage initiation

Localising damage is a modelling priority. Two broad causes of damage are identified. Damage can
be induced by the boundary conditions of the test setup (Figure 2.23). [45], [61], [14] This type of
damage is undesired as it leads to the premature failure of the specimen. Alternatively, the thermo-
mechanical stress state is observed to induce extensive micro-cracking that progressively leads to
leakage (Figure 2.24). [8], [33], [18], [26], [67], [80] The latter case can lead to scientific insights into
the damage/leakage performance of composite laminates.
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(b) Optical micrograph near the clamp, showcasing various damage modes:
fibre failure, transverse matrix cracks and delamination. Courtesy of the DLR.

(a) Post-inspection ultrasound unearthing delamination near the

clamping region

Figure 2.23: Damage/leakage observed by Hauser [28] in IM7/8552 bulge specimen, due to the boundary conditions of the

test rig
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‘Matrix Cracks

Delamination

(a) Transverse matrix cracks, in adjacent plies, joined by (b) Extensive microcrack network (transverse matrix cracks and
delamination delaminations) through the laminate’s thickness

Figure 2.24: Damage/leakage observed by Grogan [24] in CF/PEEK laminates, due to its thermo-mechanical stress state

Figure 2.23 and Figure 2.24 show that multiple damage modes may occur simultaneously. This means
that both intra (within the ply) and inter (between plies) laminar damage modes should be modelled.
In order to localise damage while keeping computational cost low, only damage initiation is required.
Knowledge of damage initiation can be beneficial in the representative design of bulge specimen. For
example, specimen that fail first due to their thermo-mechanical stress state can be designed.

Damage initiation sheds light on the failure load. It is useful to know the failure load of the specimen
before testing. In that way, the loading sequence for that particular test can be tailored.

2.6.1. Inter-laminar

A stress or strain based criterion sufficiently captures inter-laminar damage initiation.

Equation 2.7 shows the quadratic stress based initiation criterion (QDC). t°, ¢ and t¢ refer to the
interface strength in the normal and two shear directions of the interface.

ta\% [t \E [t
Ope = (m) +<tz> *(w) 2.7)

@QDC >1 == intralaminar damage initiation

In Abaqus, a cohesive zone (either interaction or elements) can be placed between plies. In such
a case, the QUADS initiation variable is natively displayed in the visualisation module. However, the
implementation of cohesive zones (even in the absence of traction-separation) increases computational
time. Such increased computational cost cannot be justified if CZMs are only used for delamination
initiation and not propagation. An alternative method to compute QDC is used. A post-processing
python script is written to access the .odb file. The components of out-of-plane stress are extracted at
the integration points of all plies. The stress at the interface is then estimated by averaging the stress of
the adjacent plies. Such a technique is beneficial as it allows all solid elements to be merged together,
thus eliminating the need for a CZM.

Following on, temperature dependent interface strengths had to be found. Unfortunately, the author
could not find publicly available, reliable interface strengths for IM7/8552 at 77 [K]. On the contrary,
Koord [41] experimentally characterises interface strength for M21/T700GC and uses them for subse-
quent inter-laminar progressive damage modelling. Temperature dependent properties are available
at —55°C (218 [K]). While this is significantly higher than cryogenic temperature, the increase in inter-
face strength can already be seen in Table 2.14. In fact, reducing temperature by only 75 [K] doubles
the interface strength. Presumably, interface strength is expected to be even higher than at cryogenic
temperature. This means that delamination initiation should be more conservative than reality.
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Table 2.14: Temperature dependent interface strength properties of M21/T700GC [41]

Temperature 9 =t
K] [MPa] [MPa]
218 (LT) 40 120
293 (RT) 20 60

The use of M21/T700GC instead of IM7/8552 further increases conservatism. Volkerink [82] reports
higher interface strengths for IM7/8552 at RT, by up to 50%.

Finally, interface strengths are invariant for different ply orientations. [41], [82]

2.6.2. Intra-laminar

An intra-laminar damage initiation criterion is required to predict failure within the ply. The World Wide
Failure Exercise (WWFE) | & Il [36], [37] recommend the use of Puck, Cuntze or LARC. LARCO05 is
selected because it is implemented in Abaqus.

LARCO5 is able to consider the following damage modes: fibre tensile failure, fibre splitting, fibre kinking
and matrix failure. The initiation criteria for these modes are related to the lamina’s material strength,
according to the relations proposed by Pinho [65].

The temperature dependent material properties of IM7/8552 are given by Table 2.15. These values are
used to compute the LARCO05 damage initiation.

Table 2.15: Temperature dependent strength properties of IM7/8552 [71]

Temperature R]l/Xr R /Xc RT /Yt R®/Yc R|./S
K] [MPa] [MPa] [MPa] [MPa] [MPa]
77 (CT) 2500.4 1500 55 300 120
293 (RT) 2500 1200.1 50.8 252 91.1

In-situ strengths are accounted for internally [65]. Additionally, three other parameters are needed to
describe the failure envelope: fracture plane angle, and coefficients of longitudinal/transverse shear
friction. Although the fracture plane angle is determined numerically, 53° is assumed. The coefficients
of friction are both set to 0.1. [46]

2.7. Outlook

A mesoscale, linear elastic model of the bulge specimen has been developed, incorporating contact
interactions to represent the mechanical influence of the test setup. Preliminary results suggest that
the model is capable of capturing damage initiation and slippage. However, its predictive accuracy
remains to be established.

The subsequent step is to assess the validity of the modelling approach. To this end, numerical strain
fields will be compared against experimental measurements in chapter 5. The validation dataset, ob-
tained using multiple sensing techniques as described in chapter 3, provides a basis for a systematic
evaluation of model accuracy.



Experimental Methodology

The purpose of this chapter is to define the scope of the experimental data acquisition conducted in
this study. To this end, the rationale underlying the development of the test matrix is first outlined. The
selection and placement of sensors for the different test configurations are then described, followed by
a discussion of the available methods for post-test damage assessment. Finally, a high-level overview
of the bulge test procedure is provided. The overall aim of this chapter is to ensure that the experi-
mental campaign yields data of sufficient depth and quality to enable detailed analysis and meaningful
comparison with the numerical model.
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3.1. Test concept

The over-arching concept of the experimental campaign is to conduct a limited number of (static) bulge
tests to acquire an extensive dataset from a diverse range of sensor systems. It is envisioned that
the multi-sensor test series sheds experimental insights into element-level testing conducted. The
expected objectives of the test campaign shall be specified in subsection 3.1.1. As the present focus is
on an optimal test specimen design (as explained in chapter 2), subsection 3.1.2 describes the variables
that have to be constrained to derive the reduced test matrix presented in subsection 3.1.3.

3.1.1. Objectives

It is necessary that the CFRP bulge test specimen truly behaves in a representative manner to that
of a cryogenic tank. Namely, the region of bi-axial strain in the middle of the bulge test specimen
is considered characteristic of the strain state in the tank’s spherical end-caps. It is desired that the
bi-axial zone is as large as possible. For scientific research, it is required that the specimen fails in
this bi-axial zone as a direct consequence of the applied thermo-mechanical load, and not due to the
indirect or direct effects of the boundary conditions of the bulge test setup.

37
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This experimental campaign explore different CFRP specimen design, with varied geometry (detailed
in section 3.1). While experimental data can be acquired for different test designs of the specimen,
the costly, time-intensive nature of (cryogenic) experiments makes it impractical to conduct parametric
design studies. Only a simulation-driven-design approach can fine tune an optimal specimen. With
that said, one aim of the experimental campaign is to provide validation data for FEM simulations.

Specifically, linear-elastic (strain) data of undamaged CFRP specimen is identified as a priority. As
numerical simulation can predict strain over the entire specimen, as many strain sensors as possible
are used to maximise the spatial regions of data acquisition. This in turn maximises the number of
comparison not only between FEM-experiment but also between different sensors. Cross-referencing
various sensors sheds light into erroneous measurements. In particular, a cryogenic environment is
known to amplify temperature-induced errors and uncertainties in sensors.

Other data may help in further scientific work. For example, temperature readings may help validate a
transient thermal/thermo-mechanical model. The onset of leakage can be traced back to the formation
of through-the-thickness microcrack networks, thanks to the progression of damage in the laminate.
[24], [30], [43]

Finally, the multi-sensor campaign shall help enrich the experimental know-how in integrating different
sensors and setting up different configurations of the bulge test bench for future work.

3.1.2. Specimen constraints

The number of specimen parameters had to be constrained to isolate key variables of interest. The pre-
preg material, (some) geometric parameters and stacking sequence of the specimen and the design
of the reinforcement remain unchanged. These constrained specimen parameters are provided in
Table 3.1.

It will later be seen in subsection 3.2.4 that the positioning of the sensors was also varied as little as
possible across different test configurations to maintain comparable results. Other control variables
pertaining to the test procedure shall also be described later in section 3.5.

Material

Hexcel® IM7/8552 unidirectional pre-preg is selected for the test campaign. This pre-preg system is the
typically used for studying the behaviour of composites under a cryogenic environment. [16], [28],[46].
Pre-preg with intermediate modulus (IM) fibres, presumably due to their high tensile modulus, are widely
used in development studies of linerless cryogenic tanks. [22], [60], [24], [68] The toughened 8552
epoxy resin system resists microcracks, thus rendering it a promising design choice against leakage.
Thinner plies too are proven to resist mirco-cracking and delamination (and by extension leakage). [40]
Thus, plies with a cured thickness of 0.131 [mm] are used. [32]

Laminate

A cross-ply laminate is selected. It uses 8-plies, totalling a thickness of 1 [mm]. The same laminate
design was used in preliminary bulge tests conducted by Hauser [28], making it a practical choice for
comparing future test results.

It should be noted that a symmetric and balanced laminate is selected, to decouple bending/mem-
brane and in-plane shear/axial behaviour. This may lead to an unanticipated strain (or even initiate
unanticipated failure modes) at cryogenic temperature and/or pressure load. [39] In short, the addi-
tional influence of an unbalanced/asymmetric laminate is beyond the scope of the current experimental
investigation. However, in future studies, a validated numerical model of the bulge specimen can help
predict the performance of different laminates.

While stacks of same ply orientation are avoided to limit the propagation of transverse matrix cracks
[39], such a laminate design may induce intra-laminar crack formation and lead to the detection of
leakage at lower pressure loads. At the same time, it should be cautioned that such a laminate is only
of scientific interest rather than a sound design choice for engineering a real-world hydrogen tank.

From experience, the 1 [mm] thick laminate seems to be adequately thick to not be susceptible to
damage during processing/handling but also thin enough to result in large strain amplitudes.
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Geometry

The diameter and curvature of the test specimen were constrained. These parameters were derived
from the anticipated geometry of the tank dome section.

The diameter of all specimen are practically determined by the dimensions of the bulge setup’s test
housing. It is therefore not possible to vary the diameter of the specimen without completely re-milling
new clamps for the test bench.

Considering the curvature, it will be later seen in Figure 3.6 that the layup of the double curved specimen
takes place on a positive mould. This mould is machined with a predefined curvature, that is not possible
to modify.

Table 3.1: Overview of specimen constraints

Material [-] Laminate [-] Thickness [mm] Diameter [mm] Curvature [mm]
IM7/8552 UD [0/90/0/90], 1.0 160 1000
Pre-preg

Reinforcement design

One of the objectives of the experiment campaign is to understand the influence of a reinforcement
ring. However, it is beyond the scope of the current test series to study the effectiveness of various
reinforcement configurations. Therefore, the material and geometry of the reinforcement were kept
constant. A metal ring (over a composite one) allowed for easier processing by machining the ring
separately and then bonding it to the specimen. Aluminium was preferred (over steel) to better match
the compliance of the CFRP specimen. The ring is 20 [mm] wide and 1.5 [mm|] thick. The ring is only
bonded to the outer side of the laminate. [46]

3.1.3. Reduced test matrix

After constraining parameters beyond the scope of the test series, a reduced test matrix was derived
to focus on achieving the main objectives of the project. To re-iterate, these aims included quantifying
the effect of: specimen geometry (F-Flat, C-Curved), presence of reinforcement (R-Reinforced, U-
Unreinforced) and test temperature (RT-Room Temperature, CT-Cryogenic Temperature). CT is taken
as the boiling point of LN, (—196 [°C]). With that said, 5 tests were planned, as summarised by the test
matrix in Table 3.2.

Table 3.2: Test matrix of the multi-sensor experimental campaign

ID Reinforcement Geometry Test Temperature [°C]
U-F-RT X Flat 2045
U-C-RT X Curved 20+ 5
R-C-RT v Curved 20+ 5
U-C-CT X Curved —196
R-C-CT v Curved —196
3.2. Sensors

The multi-sensor test series makes use of a large number of instruments that are part of the standard
bulge test rig or have been integrated onto the specimen. Unless otherwise stated, a measurement
frequency of 10 [Hz] is used.
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3.2.1. Standard sensors of the bulge test setup

The bulge test stand comprises of the following measurement systems: Pfeiffer ASM 340 leak detec-
tor, Thyracont VSR vacuum transducer, and Aventics pressure sensor. It can be assumed that these
standard sensors will always acquire and record data during the test.

The Pfeiffer ASM 340 leak detector [64] measures the helium leak-rate on the gas analysis side. The
device contains a turbo-molecular pump to create high-vacuum, as well as a mass spectrometer to
measure the molecular flow of helium through it. It has a precision of 5.0 x 107'2 [mbarIs~']. A
sudden increase in the leak-rate, during testing, may imply leakage in the specimen [28].

3.2.2. Thermocouples

Thermocouples are used for temperature measurement. Type T thermocouples to ensure cryogenic
compatibility. PT-1000 sensors, with tolerance class F-01, are selected [6]. Up to 6 thermocouples can
be connected to the data acquisition system of the bulge setup. However, at least 1 thermocouple must
be mounted on the test setup itself. As a result, up to 5 thermocouples can be bonded to the bulge
specimen, at measurement points of interest.

3.2.3. Integrated strain sensors

On top of thermocouples and pressure/vacuum gauges, strain sensors need to be integrated onto the
bulge element. Strain-gauges, digital image correlation and fibre-optic strain sensors are available
options for use. An overview is provided in Table 3.3.

Table 3.3: Comparison of Strain Measurement Techniques. Note that €44, €25 refers to local strains, relative to the integrated
sensor’s co-ordinate system; exx, eyy refer to global strains, relative to the coordinate system of the specimen

Strain Gauges

Digital Image

Fibre Optic Strain

Correlation (DIC) Sensor (FOSS)
Test Temperature RT + CT RT RT + CT
Strain Components €11, €22 Exxs Eyy €11
Dimensionality of 0D (point) 2D (surface) 1D (line)

Measurement
Spatial Resolution

Feasible Sensor
Integration Location

Disruption to
Standard Sensors

Up to 8 points [28]
Free surface of

outer-most ply (gas
analysis side only)

None

Up to 20 [um)]

Free surface of
outer-most ply (gas
analysis side only)

Vacuum Transducer
and Leak Detector*
cannot be connected

0.65 mm [7], [62]

Free surface of
outer-most plies +
Multiple inner
ply-interfaces

None

*While it is not possible to connect the ASM 340 leak detector for room temperature tests, coarse
(helium) leakage measurements are taken using a hand-held sniffer. As the sniffer is as sensitive as
the leak-detector (5.0 x 10~2 [mbar | s~']), the leakage measurement is easily affected by the ambient
concentration of helium gas, that usually increases over the duration of the experiment. Therefore,
only the presence of a leak can reliably be extracted by means of a helium sniffer. The corresponding
leak-rates should be interpreted with caution.
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Strain gauges (DMS)

Strain gauges compute strain by measuring the change of resistance of a conductor wire. The change
of resistance is associated with the deformation of the wire seen by the strain gauge.

A number of different types of strain gauges are used. For example, a combination of uni-axial and
bi-axial strain gauges are to be used for any given specimen configuration. This ensures that all eight
channels of the experimental setup are always used, whilst gathering strain data for the largest number
of points of interest. Cryogenic tests use special, self-compensated strain gauges.

Another point about the location of the strain gauge measurement has to be addressed. Strictly speak-
ing, strain is measured over a grid area. uni-axial ones have a measurement grid of 3.0 x 1.6 [mm)]
while bi-axial ones cover an area of 3.0 x 3.2 [mm]. While comparing strain gauge data with numerical
results, it is important to compare the strain over the entire measurement grid.

Digital Image Correlation (DIC)

DIC tracks the movement of an applied pattern during an experiment. Highly random and high contrast,
black & white, speckle patterns are used.

The 12 MPixel ARAMIS system by GOM is used. Photographs are taken with a consumer full frame
mirrorless camera with a resolution of 42 mega pixel. This achieves an estimated resolution of 20 [um].
Two triangulating cameras must be used to conduct 3D DIC.

Moreover, a bright, blue light is used to click the DIC photographs, thus ensuring good brightness and
reducing the dependency of ambient light.

It should be further noted that DIC is only possible if there is direct access to one side of the specimen.
That means that the compartment on the side of gas analysis will be left open during DIC. Submerging
a half-open specimen into a cryogenic bath may lead to complications in the experimental procedure.
Therefore, it is assumed that DIC is only possible at room temperature.

Fibre Optic Strain Sensors (FOSS)

A polyimide coated optical fibre (with core) measures 1D strain over the length of the fibre, by using
the principle of Reyleigh back-scattering. An acrylate coated coreless fibre is used for sensor termi-
nation, that will be shown in Figure 3.4. FOSS fibres can be embedded into the specimen during the
manufacturing process, enabling the characterisation of strain along ply interfaces.

3.2.4. Positioning of temperature and strain sensors

Figure 3.1 illustrates the positioning of strain gauges and thermocouples. All 8 available strain chan-
nels in the software of the bulge setup are used by three bi-axial and two uni-axial strain gauges.The
strain gauges are placed along two orthogonal lines, that coincide with the theoretical position of the
embedded FOSS sensors. This is supposed to help make different sensor measurements spatially
comparable. The position of strain gauges in the cryogenic and room temperature specimen configu-
ration are the same, again to make different measurements easily comparable.

The difference in the cryogenic configuration is the presence of more than one thermocouple, at radially
different points. Some thermocouples are placed along the fibre while other transverse to it. It is hoped
that doing so can better help understanding the thermal anisotropic of CFRP during cryogenic cooling.
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D Biaxial strain gauge [ Uniaxial strain gauge | Thermocouple D Biaxial strain gauge [ Uniaxial strain gauge ~ [] Thermocouple
~. DIC speckle pattern FOSS fibre FOSS fibre
(a) Room temperature configuration (b) Cryogenic temperature configuration

Figure 3.1: lllustration of the specimen showing the position of the strain sensors and thermocouples

Detailed technical drawings showing the exact position of the strain gauges and thermocouples in all
5 specimen are provided in chapter 4.

A cross-section illustration showing the through-the-thickness position of the FOSS fibres embedded in
the laminate is given by Figure 3.6a. While four FOSS fibres can be connected to the data acquisition
system, only two are used (per specimen) due to practical constraints.

3.3. Damage assessment

Thus far, strain and temperature measurements were outlined. However, it is difficult to directly assess
damage in the specimen. Therefore, some damage assessments must be qualitatively performed on
the bulge specimen before (if possible) and after testing, to provide insight into the existence of damage.

Acoustic emissions and optical microscopy are commonly used methods at the DLR. A note about X-
ray Computed Tomography. The X-ray at the DLR does not offer a sufficiently high resolution to detect
microcracks.

An overview of the two structural integrity assessments are provided in Table 3.4
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Table 3.4: Summary of qualitative damage assessment techniques

Acoustic Optical Microscopy
Emissions (AE)

Type Non-Destructive Destructive
Applicability Pre-/Post-test Post-test only
Output Ultrasound C-Scans 2D Optical
Micrographs
Damage Delamination Matrix Cracking/De-
Assessment lamination/Fibre
Failure

3.3.1. Acoustic Emissions (AE)

Ultrasound examination can be performed on the specimen before and after the bulge test. Pulse-echo
is used at a frequency of 5 [MHz] or 10 [MHZz], at an interval of 0.25 [mm)] to obtain a C-scan [28].

These C-scans can be used to detect delamination. As a result, there is potential in comparing the
results of acoustic emissions with the output of the inter-laminar damage model. However, one must
be careful about interpreting results in highly curved regions. In the pulse-echo method, the ultrasonic
wave relies on being reflected back towards the transducer. Strong curvature of the specimen surface
can cause the wave to scatter or be deflected away, reducing the return signal and thereby introducing
uncertainty or false negatives in the detection of damage.

3.3.2. Optical microscopy

Optical micro-graphs can be obtained after the bulge test. Cross-section of the specimen, at the regions
of interest, need to be cut with a diamond saw. Unfortunately, that means that the specimen will be
destroyed.

These micro-graphs have the potential to help identify leakage paths, that may arise due to a combina-
tion of matrix cracking and delamination.

3.4. Specimen preparation

A number of experimental activities and quality checks were conducted in order to integrate multiple
sensors into the CFRP bulge specimen. These processes are summarised in Figure 3.2.

Y N s N
FOSS splicing »| Pre-preg fibre cutting Pre-;:;;gi:;?ngoss Autoclave curing }—} CNC milling
S — N

|

) Y e R
. Connecting sensors . . Bonding a

ApﬁlymgzlfDIC Tlpecl;lrle)z < to data acquisition Bonding strain reinforcement ring Ultrasound inspection

pattern (I applicable systems gauges (if applicable)

Figure 3.2: Overview of multi-sensor specimen preparation, prior to bulge testing.

In this section, the steps depicted in Figure 3.2 shall be described in a sufficient level of detail to ensure
reproducibility of the experimental work.
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3.4.1. FOSS Splicing

In the context of FOSS, a ’splice’ refers to a permanent joint between different lengths of fibre. At the
DLR, a fusion splicer, as shown in Figure 3.3b, is used to join two optical fibre by melting them with an
electric arc. Prior to splicing, the cross-section faces of both fibres are prepared. A precise ‘cleaver’
(Figure 3.3a) finely cuts the ends of the fibre, thus leaving behind a smooth, flat face that is ready to be
fused. A smooth end-face ensures low signal losses across a splice as well as improves mechanical
integrity of the weld. [21]

Magnetic

clamps Trashcan

Optical fibre (Measuring) optical

fibre

(a) ShinewayTech® OFC-25 optical fibre

cleaver. Two clamps fix the fibre in place. A (b) ShinewayTech® OFS-95 S optical fibre splicer. Two moving clamps bring two optical fibres

sharp roller blade cuts the rough ends of the into contact, prior to fusion. An electric arc heats the ends of the optical fibres above their

optical fibre to leave behind a flat surface for  melting point to create a seamless weld. Due to the fragile nature of the splice, it is covered with
welding. a protective shrink tubing in the heating chamber.

Figure 3.3: FOSS splicing system used at the DLR

Specifically, a splice has to be created between the measuring optical fibre and core-less fibre. As the
name suggests, coreless fibre do not have any optical fibre (only a protective coat) that do not allow for
signal transmission. This causes light to be dispersed into the core-less fibre, instead of being reflected
back into the measuring segment. This ensures that the signal terminates correctly, without interfering
with the measurement signal. Figure 3.4 shows a termination splice.

Itis to be noted that the fibres must be decoated before splicing. Wire strippers are used to remove the
coating of the coreless fibre. The measuring fibre is burned at the edges with a lighter, and the coating
dissolved in water.

DAV A VAV AW AV AV AVA

D b

BHEPH R b bt

Splice protector Termination fibre (without core) NZ LOSS: 0.02 dB

...... Splice E== Measuring optical fibre (with core)
(b) Photograph of an exemplary termination splice, between measuring
optical fibre (left) and coreless fibre (right). The coreless fibre can be
(a) (Not-to-scale) schematic of fibre termination. The measuring fibre is  visually identified by the absence of a sharp white line in the middle. In

spliced with a shorter coreless segment, to disperse the travelling light this splice, a signal loss of 0.02 [dB] is achieved. All fibres were
wave. While it is recommended to use the splice protector to fortify the  spliced with a signal loss of 0.01 — 0.03 [dB]. The splice was redone if
fragile weld, it cannot be used if the fibre terminates inside the the signal loss was higher than 0.05 [dB] or if defects at the weld were
specimen itself. This is because the 1 — 2 [mm] thick walls of the visible.

tubing would create an unevenly thick laminate and possily introduce
void defects. The diagram is adapted from Herget's work [31].

Figure 3.4: FOSS termination splice
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In Figure 3.4a, it can be seen that the fibre terminates inside the specimen. This was necessary to
preserve the structural integrity of the FOSS. Specifically, from experience, it was determined that
the delicate measuring fibre would not be able to withstand the compressive clamping force from the
housing of the bulge rig. Therefore, it was necessary to connect the measuring fibre to its core-less
counterpart prior to the start of the clamping zone of the bulge rig. Consequently, strain data from the
FOSS is not available for the entire length of the bulge specimen, but it is ensured that the measurement
range encompasses at least the radius.

Further practical details of the splicing procedure are provided by Herget [31].

3.4.2. Pre-preq fibre cutting

A CNC fibre-cutting is used to cut the pre-preg to the required dimensions. Effectively, a 400 x 400 [mm)]
template is cut. Four specimen can later be CNC milled from the cured laminate. Doing so reduces
the laminating time and ensures that the test specimen are away from the high defect edge regions.

The exact dimensions of the pre-preg template is shown in Figure 3.5a, which in turn is derived from
the positioning of the FOSS fibres and the positioning of the specimen (Figure 3.5b). The size of the
template is constrained by the area of the milling bed.
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5
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(a) Technical drawing of the pre-preg that was cut. The protruding
edges provide a pathway for one end of the embedded FOSS fibre to (b) (Not-to-scale) illustration showing the position of the four bulge

leave the specimen when it is clamped inside the bulge test setup. It specimen and dimensions of different segments of the FOSS fibre.
was not possible to make the plate bigger, due to limited clearance on

the bulge milling tool.

Figure 3.5: Pre-preg template

Consider the layout of the FOSS fibre in the specimen (Figure 3.5b). Two orthogonal optical measuring
fibres were placed at least from the edge of the specimen to its centre. This ensured that strain mea-
surement took place along two perpendicular radii of the specimen. It should be noted that two FOSS
fibres are placed at different ply interfaces, as later clarified by Figure 3.6a.

3.4.3. Pre-preg and FOSS laminating

A 1 [mm] symmetric, balance cross-ply laminate with two orthogonal FOSS fibres was selected. The
laminate stacking sequence is illustrated by Figure 3.6a. An example of the FOSS placement during
the laminate build-up is photographed in Figure 3.6b.
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fibre
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e Coreless fibre

(a) lllustration of cross-ply specimen, depicting the (b) Photograph of a FOSS fibre. The termination of the measuring fibre with
position of the FOSS fibres (90° FOSS at the the shorter coreless segment is visible inside the laminate
midplane; 0° FOSS one ply below the topmost
layer).

Figure 3.6: Laminating pre-preg and integrating FOSS fibres, for the flat plate

Figure 3.6b can revealed insightful details about the laminating procedure of the optical fibres.

In order to securely bond the protective tubing to the laminate (during the cure cycle), 10 [mm] of the
tube has to be introduced into the plate. Furthermore, a shallow chamfer is cut into the protective tubing
to allow a smooth transition in the stiffness of the tube as it is introduced to the laminate.

Unfortunately, the hand placement of the optical fibres means that they will never be perfectly straight.
This is despite the use of multiple rulers for alignment. Some distortion is caused when tapping the
fibres into the pre-preg. The position of each fibre can be captured via a T-scan, using the Hawk 2
scanner. In fact, the dotted black reference points for this system are visible in Figure 3.8. With the
use of these T-scans, it is determined that there is a deviation of 0 — 6 [mm)] of the fibre from the target
path. The path deviation of all fibres is visualised in Figure 3.7. The index of the fibres shown in
Figure 3.7a-3.7d are referenced from Figure 3.5b.
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Figure 3.7: Deviation of FOSS fibres from the target path, based on T-Scan images.

Over and above that, there is uncertainty in the exact termination location of the measurement optical
fibre. Prior to splicing, the protective sheath of both optical/coreless fibres must be removed with wire-
strippers. The splice is then created in the region of 'naked wire’ (without protective coating). It is
not possible to visually identify the exact location of the splice, but it is said to exist in this region of
‘'naked wire’ (easily identifiable where the fibre becomes thinner). This explains why ’a region of splice’
is labelled in Figure 3.6b.

Finally, snapshots of the plate buildup is shown in Figure 3.8.

Figure 3.8: Pre-preg layup of the flat plate
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3.4.4. Vacuum build-up and autoclave curing

After laminating the FOSS and prepreg, vacuum build-up takes place. Cork is applied around the
edges of the uncured laminate, to allow an even exit passage of trapped air through the side edges.
Unperforated release film is placed on the plies, to prevent excessive loss of the resin. Peel-ply is
placed on top of the release film, and breather on top of the peel-ply.

Upon ensuring leak-tightness of the vacuum build-up, both the flat and curved plates were cured inside
an autoclave. The manufacturer’s recommended cure cycle is shown in Figure 3.9
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Figure 3.9: IM7/8552 cure cycle

After curing, the thickness of each plate was measured at 10 different locations. The mean thickness
and the range (difference between thickest and thinnest point) is reported to be 1.04 + 0.05 [mm] and
1.02 £ 0.10 [mm] for the flat and curved plate respectively.

3.4.5. CNC milling

The cured laminates were CNC milled. Supporting the curved plate during milling requires a positive
aluminium mandrel. This mandrel was machined to match the inner radius of curvature of the plate.
Pockets were created along the milling route, to allow adequate clearance for the end mill-bit during
processing.
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(a) Cured flat plate before milling. (b) Curved plate after milling. Each cured plate yields four (circular)
bulge specimen, and four small (rectangular) passenger samples. The
edges of the bulge specimen provided an exit route for the embedded

FOSS fibres. These edges were subsequently removed using a
dremel.

Figure 3.10: Cured laminate: before and after milling

3.4.6. Ultrasound inspection

The hand layup of the pre-preg and milling may cause defects in the specimen. The presence of voids
and delamination especially may alter the leakage performance of the CFRP laminates [24]. Therefore,
an ultrasound emission was conducted to identify the onset of any (inter-laminar) damage. No visible
damage/delamination could be seen in the C-scans of the specimen after manufacturing.

A second ultrasound inspection shall be conducted after the bulge test- to assess any damage that
occurred during testing. Selected scans will be presented in chapter 5.

3.4.7. Bonding the reinforcement ring

The influence of a reinforcement ring was subject to investigation in this test campaign. Therefore, a
machined aluminium ring was adhesively bonded to the CFRP specimen. The surfaces were prepared
by solvent cleaning with isopropanol and hand sanding to improve roughness.

Figure 3.11: CFRP specimen with reinforcement ring and strain gauges
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3.4.8. Bonding the strain gauges

Several steps are required for the precise adhesion of the strain gauges. 3D printed alignment jigs
are used to keep the specimen (especially the curved one) in place during markings, sanding and
glueing.[28] Specifically, a stencil aids the marking of the positioning of the strain gauges, as measured
from the centre of the specimen. Figure 3.11 shows an exemplary specimen with bonded strain gauges.

3.4.9. Connecting sensors to data acquisition systems

Strain gauges and FOSS fibres have to be connected to their data acquisition systems. All strain
gauges need to be soldered while FOSS fibres need to be keyed.

FOSS keying

The FOSS fibres are connected to the LUNA Odisi 6 interrogator. Prior to doing so, the measuring
optical fibres are spliced to pigtails. Each pigtail has a sensor key, to uniquely identify the FOSS fibre
and characterise the sensor’s strain state. [47]

Connecting the sensor to the data acquisition system for the first time verifies the sensor health. For
example, the strength of the return signal is measured. The loss of the return signal must be in the
range of —75 [dB] to —55 [dB]. It is possible to make the signal loss more negative by cleaning the
sensor plugs; alternatively, the signal loss can be made more positive by making the connectors more
'dirty’ (eg: by gently rubbing against the skin). Often, a non-zero strain signal is shown. This can be
due to the spooling of the fibre or residual strains from the autoclave processing. In any case, the strain
sensor has to be tared. Following on, the gauge length inside the specimen should be indicated. This
is because one is only interested in the strain values inside the specimen, and not over the length of
the measuring fibre that is outside of it. The starting point is recognised as the ends of the specimen’s
protrusions. By pressing the fibre at this point, a sharp peak in the signal is created at that location,
thus helping identify the starting point of the measurement.

Soldering the strain gauges

Strain gauges are soldered to be connected to the bulge test stand. Three-wire technique is used to
cancel out cable/lead effects. [28], [29] What is more is that the cables of the strain gauges have a
snagging risk, that may debond the already delicate sensors from the specimen. To reduce that, the
sensors are first soldered onto the specimen, before being connected to the test bench. This is visible
in Figure 3.12.

Upon the completion of that, thermocouples are finally attached using adhesive strips. 24 [h] of room
temperature curing is needed.

3.4.10. DIC speckle pattern application

It is to be re-iterated that DIC is only applicable for room temperature tests. A black and white, dense,
random, high contrast speckle pattern is applied to the surface of the specimen. An example image
is shown in Figure 3.12. The speckle pattern is only applied to three-quadrants of the specimen. One
quadrant is left free of the DIC, to allow room for routing the soldered wires of the strain gauges and
thermocouples.



3.5. Bulge test procedure 51

Figure 3.12: Clamped specimen with DIC speckle pattern and strain gauges/thermocouples attached.

3.5. Bulge test procedure

The complexity of the bulge test procedure can be simplified to controlling two independent variables:
helium pressure and temperature. Raw test data of the input variables is visualised in Figure 3.13.

The amount of helium pressure is precisely controlled on the supply side (inner surface of the specimen)
with a PID controller, comprising of pressure sensors and valves. In the multi-sensor test series, a
pressure step of 1 [bar] is used until the maximum allowable pressure of 20 [bar] is reached. At every
pressure step, data is collected over a measurement period of at least 5 [min] - with the expectation
that the specimen has enough time to stabilise to a higher load level.

For room temperature tests, the measurement interval involves clicking a DIC photo three times during
the measurement interval (at 0, 2.5, 5 [min]) and performing two handheld sniffer tests during that time.
Concerning cryogenic tests, the valve connecting the gas analysis side (outer side of the specimen) is
connected to the leak-detector if and only if an adequately low (< 1.0~2 [mbar]) pressure is achieved
with a rough vacuum pump. Doing so avoids polluting the highly sensitive mass spectrometer of the
ASM 340.

The test temperature is coarsely controlled. Either the test is conducted at room temperature (RT),
20 £+ 5 [°C] or at cryogenic temperature —196 [°C] by submerging the setup in LN,.
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Figure 3.13: Bulge test procedure. Helium pressure and temperature are the two main independent variables of the
experiment.

It can be seen from Figure 3.13 that the majority of testing time is dedicated to the pressurisation stage,
where the pressure is ramped by 1 [bar]. A linear ramp rate of 1 [bar/min] is used. The majority of
leakage, strain and temperature measurements are acquired during pressurisation. On top of that,
a room temperature pre and post tests at 1, 2 [bar] are conducted. These tests help quantify the
difference in measurement due to a change in the condition of the specimen or the setup. For example,
a specimen that gets damaged during the test may show higher strains/significant leakage in the post-
test than the pre-test. Similarly, a polluted leak-detector may show higher apparent helium leak-rate in
the post-test.

For cryogenic tests, at least 2 [h] of warm-up is needed. During this period, sensors are turned off to
avoid excessive memory usage.

Over and above that, sensors are started 1 — 2 [h] before the pre-test to record the strain response of
the specimen during clamping.

Finally, there is one exception to the test procedure described so far. If the leak-rate exceeds 1 x
10~ [mbar | s~"], the test is stopped by de-pressurising the supply side chamber. Leakage before
complete pressurisation is visualised using real test-data in Figure 3.14.
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Figure 3.14: Exception to the bulge test procedure - leakage before 20 [bar]

Sharp peaks in the leak-rate are visible in Figure 3.14. These sharp peaks are attributed to the rapid
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pressurisation of fluid in the pipes of the gas analysis side of the specimen, due to the opening of valves
connecting the specimen to the leak-detector. Usually, this transient response tends to steady-state
within 5 — 15 [s].

3.6. Outlook

The experimental methodology of the multi-sensor experimental campaign has been described. A total
of 5 bulge tests, with different configurations are planned. Extensive data can be acquired for each
tests. This data includes strains from DIC, FOSS and strain gauges (DMS). The dataset is augmented
by the use of standard sensors from the bulge test- such as various thermocouples, pressure sensors
and the leak detector. The raw results from these tests are reported in detail in chapter 4. Some of the
experimental data is further post-processed to quantify the validity of the numerical model (chapter 5).



Experimental Results and Discussion

The objective of this chapter is to present the raw results of the multi-sensor experimental campaign.
Five specimen configurations were tested, as previously described in chapter 3.

Each section reports the experimental results of one test. The structure of each section is the same:

* A post-test photograph of the bulge specimen is shown. A side-by-side technical drawing shows
the exact position of various strain and temperature sensors.

 Test overview plots are extracted from the standard sensors of the bulge test setup. These include
pressure/vacuum gauges and leak detectors/sniffers. In addition, signals from strain gauge and
thermocouple are plotted. No corrections are made to the sensor signals in this chapter.

+ Strain measurements from FOSS, DIC and DMS are compared, at select locations of each spec-
imen.

The reader is provided with an overview of the test campaign. The failure (if any) load and mode for each
specimen configuration is reported. Faulty sensors are identified. Data from faulty sensors is excluded
from further analysis. All in all, an in-depth familiarisation of experimental results is an important pre-
requisite in interpreting the data that are subsequently compared with numerical predictions (chapter 5).
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4.1. Un-reinforced, flat specimen at room temperature (U-F-RT)

The flat specimen offers a scientifically valuable control point. It helps quantify the effect of curvature.
Differences in specimen behaviour, especially leakage, due to differences in processing (eg: less wrin-
kles created during pre-preg layup of flat specimen, in contrast to double curved ones) can potentially
be explained by the test results of the flat sample. This test also produces an additional validation
dataset for numerical simulations.

54
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(a) Photograph of specimen after the test

(b) Technical drawing showing the position of sensors

Figure 4.1: U-F-RT specimen

Figure 4.1 shows the actual location of the sensors, as measured directly from the specimen that was
manufactured and tested (Figure 4.1a). The exact position of strain gauges (DMS) and thermocouples
(PT1000) is shown. The dimensions are referenced from the centroidal axes of the circular part of the
specimen, and extend up to the midpoint of the measuring grids of the sensors. "L” and "R” refer to
uni-axial and bi-axial strain gauges. "11” and "22” are parallel and perpendicular to the fibre direction
of the outer-most ply.

4.1.1. Test overview

An overview of leakage and strain is presented for U-F-RT. The progression of strain corresponds to
the strain gauges (DMS) shown in Figure 4.1. The reader is reminded that the leak-detector cannot
be connected for room temperature tests. Therefore, an external hand-held sniffer is used. "Average”
values of the leak-rate at each pressure steps are noted down discretely.

It is known a priori that there are several caveats in the design of flat specimen for representative
element-level testing. Trivially, the geometry of the tank dome is not matched. The absence of curvature
is expected to amplify the stress concentration at the clamp. Unlike curved specimen, there is no taper
angle near the clamp to minimise the rotational strain of the specimen due to a pressure load. [61]
As a consequence, the physical boundary conditions of the test rig are anticipated to have the biggest
influence on the flat specimen. From prior testing experience, it was assumed that there can be damage
near the clamps and the specimen will leak before maximum loading. It was also assumed that leakage
will likely be present near the clamp and not at the central bi-axial strain zone.

Indeed, the test overview (Figure 4.2a verifies the leakage before maximum loading expectation). The
test was stopped at a helium pressure of 11 [bar]. Figure 4.2a shows that the leakage threshold of
1 x 10~* [mbar I/s] was exceeded. Figure 4.2b shows the strain overview corresponding to the position
of sensors in Figure 4.1b.
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(b) Strain overview

Figure 4.2: U-F-RT specimen: Progression of strain, leakage, temperature and pressure through pre-, main, and post- test

Consider Figure 4.2b. DMS-04-L22 loses signal after the pre-test; it shall be excluded from later anal-
yses. Most notably, it is seen that DMS-05-L22 reaches a higher strain value than other sensors near
the leakage pressure. A higher local strain value is plausibly caused by local stiffness degradation due
to damage. As DMS-05-L22 is the closest to the clamp, it can anticipated that the specimen failed
there. Interestingly, other strains gauges near the clamps (DMS-06-R22, DMS-07-R11, DMS-08-R22)
exhibit significantly lower strains that their DMS-05-L22 counterpart. Bulging of the specimen during
pressurisation may cause delamination of the strain gauges. However, no visible de-bonding of the
strain gauges (DMS-06-R22, DMS-07-R11, DMS-08-R22) are be identified from specimen photograph
(Figure 4.1a). Uneven adhesive thickness between the strain gauge and specimen can lead to different
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strain gauge compliance. However, this claim is difficult to verify and practically unlikely because the
strain gauges are pressed in position during mounting. All in all, the difference in the strain response
at point symmetric clamp locations cannot be explained with confidence without further analyses (eg:
comparing with other sensors).

The strain gauges at the centre of the specimen shows the presence of a bi-axial zone. DMS-02-R11
and DMS-02-R22 exhibit similar strain, offset by 100 — 200 [um]. The offset can be explained by the
grids of the strain gauges being averaged at different positions (location of the grids in a bi-axial strain
gauge differ by 3 — 4 [mm]. Finally, The strain at an intermediate location (DMS-03-L11) follows closely
with that of the centre (DMS-02-R22).

Overall, the strain response appears to be higher at 1 [bar] after the test, yet again hinting at the
hypothesis of laminate stiffness degradation.

4.1.2. Temporal strain: DMS, FOSS, & DIC

The strain measurements from DMS, FOSS & DIC are qualitatively compared in Figure 4.3. The pro-
gression of strain is shown over time, for six fixed points on the specimen. These points correspond
to the location of the strain gauges (DMS). The location of the strain gauges are referenced from Fig-
ure 4.1b. The FOSS fibres are embedded underneath the surface of the laminate. A point on the FOSS
fibre is selected such that it matches the position of the strain gauge, bonded to the surface of the spec-
imen. No DIC speckle pattern is applied in the upper right quadrant of the specimen. This is the same
quadrant that contains the DMS and FOSS sensors. Therefore, the DIC strain data is extracted from
a point that is rotated 180° from the location of the strain gauge.

Finally, it should be noted that all sensors have been time-synchronised. t = 0 [s] refers to the start
of the pre-test. Data before that point in time is truncated. The DMS and FOSS readings are initially
non-zero. This is because both sensors were switched on before clamping the specimen. In other
words, the DMS and FOSS record a tensile strain caused by the clamping force. On the contrary, the
start of the pre-test is treated as the reference point for the DIC measurement. Three DIC readings are
shown per pressure level.

In Figure 4.3d, the strain gauge (DMS) reading is not shown. In subsection 4.1.1, the strain gauge at
this location was identified to have lost its signal.
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(e) Longitudinal in-plane strain (ex) at (x,y) = (47,0) [mm]

(f) Transverse in-plane strain (eyy) at (x,y) = (0,43) [mm]

Figure 4.3: U-F-RT specimen: Progression of strain (DIC, Strain Gauges, FOSS) over time, for pre-, main and post-test, (x,y)
coordinates are taken from the centre of the specimen, as shown in Figure 4.1b. The laminate’s global coordinates (x, y) are
aligned with the local coordinates (11, 22) of the outer-most ply.

Looking at Figure 4.3, a qualitative good agreement is seen between DMS, FOSS and DIC for the
longitudinal strains (+500 [um/m]). The absolute difference of +500 [um/m] translates to a relative
difference of 10 — 15% at higher load levels (=~ 10 [bar]). The magnitude of the absolute difference
appears to remain unchanged during the loading step. This means that the relative difference between
sensor readings is higher at lower load levels. To reduce the relative differences between sensors in
further analysis, data is extracted from higher load levels.

However, for the transverse strains, the FOSS readings are significantly lower. This can be explained
by the simple fact that the transverse FOSS fibre is located at the mid-plane. That is four plies under-
neath the surface of the laminate. The lack of strain uniformity through the thickness of the laminate is
explained by the bending of the laminate, caused by the application of a pressure load. Strains on the
outer-most surface are the most tensile. The strains nearer the mid-plane are closer to the neutral axis
of bending, thus resulting in lower magnitude of tensile strain.
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In subsection 4.1.1, leakage was reported at 11 [bar] of helium pressure. Leakage implies damage in
the laminate. Figure 4.3 shows an unusual change in strain at the last pressure level, at =~ 4750 [s].
For example, Figure 4.3e shows that strain increases by 800 [um/m] from 10 to 11 [bar]. That is almost
double the increase in strain/bar as lower pressure levels. This implies that the laminate does not
exhibit linear, elastic behaviour when leakage/damage is observed.

4.2. Un-reinforced, curved specimen at room temperature (U-C-RT)

The un-reinforced, curved element has been the default bulge specimen so far. Conducting the test
at room temperature is a stepping stone isn understanding the thermo-mechanical loading. This is
because in the absence of a cryogenic environment, the loading becomes purely mechanical.

A similar test configuration (without FOSS/DIC) was previously investigated by Hauser [28]. The spec-
imen leaked before maximum loading, and delamination was identified in post-mortem C-scans. Thus,
it is expected that the U-C-RT multi-sensor specimen provides extensive strain data showcasing not
only linearly elastic behaviour but also progressive damage. Such data is crucial for validating numer-
ical simulation for the 3D bulge specimen, with a higher geometrical complexity than a flat coupon. It
should be noted that only room temperature simulation (absence of any cryogenic cooling thermal step)
can be validated using the data from U-C-RT.
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(a) Photograph of specimen after the test

(b) Technical drawing showing the position of sensors

Figure 4.4: U-C-RT specimen

Figure 4.4 shows the actual location of the sensors, as measured directly from the specimen that was
manufactured and tested (Figure 4.4a). The exact position of strain gauges (DMS) and thermocouples
(PT1000) is shown. The dimensions are referenced from the centroidal axes of the circular part of the
specimen, and extend up to the midpoint of the measuring grids of the sensors. "L” and "R” refer to
uni-axial and bi-axial strain gauges. "11” and "22” are parallel and perpendicular to the fibre direction
of the outer-most ply.

4.2.1. Test overview

An overview of leakage and strain is presented for U-F-RT. The progression of strain corresponds to
the strain gauges (DMS) shown in Figure 4.4. The reader is reminded that the leak-detector cannot
be connected for room temperature tests. Therefore, an external hand-held sniffer is used. "Average”
values of the leak-rate at each pressure steps are noted down discretely.



4.2. Un-reinforced, curved specimen at room temperature (U-C-RT) 60

Figure 4.5a shows that the test was stopped at a helium pressure of 12 [bar], due to leakage. Cracking
of the laminate was also heard at this pressure level. Taking 1 [bar] as ambient pressure on the outer
side of the specimen, the applied pressure at failure is considered to be 11 [bar]. This is consistent with
the previous test conducted by Hauser [28], who reported a helium pressure of 11 [bar] as the failure
load. It should be noted that the setup used previously by Hauser had vacuum (< 1 x 10~2 [mbar])
on the outer side of the specimen. This means that the applied pressure was treated as equal to the
helium pressure.
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(b) Strain overview

Figure 4.5: U-C-RT specimen: Progression of strain, leakage, temperature and pressure through pre-, main, and post- test

In Figure 4.5, it should be noted that the start time is around 6000 [s]. This is because data from the
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preparation phase (such as clamping of the specimen) before the pre-test is not shown. However, the
effect of clamping is seen in Figure 4.5b, as a small non-zero strain response from all strain gauges at
the start of the pre-test (at 6000 [s]).

No obvious erroneous signal is observed from any strain gauge. At the same time, it should be noted
that the in-plane components of strain at the centre of the specimen are significantly different. This can
be seen with a significantly lower value from DMS-02-R11 as compared to DMS-01-R22. Generally,
the centre of the specimen is well inside the bi-axial strain zone. Thus, a similar strain response would
have been expected from DMS-01-R22 and DMS-02-R11. A careful post-test inspection of the speci-
men revealed that the measuring grid of DMS-02-R11 was partially de-bonded. It is difficult to assess
whether DMS-02-R11 was improperly bonded during specimen manufacturing or the adhesive bond
was damaged during the test. Therefore, the results from DMS-02-R11 should not be used for further
analysis.

Consider DMS-03-L22 and DMS-04-L11. Both these uni-axial strain gauges are positioned at the same
distance away from the centre of the specimen. No visible difference is observed in their strain response
until 8 [bar]. At higher helium pressure, the strain from DMS-03-L22 is higher than DMS-04-L11 by up
to 200 [um]- a small relative difference compared to the maximum strain. Consequently, a preliminary
comment can be made about the size of the bi-axial strain zone, for the U-C-RT configuration. It
appears to extend to at least 23 [mm] (coincident to the location of DMS-03-L22 and DMS-04-L11) from
the centre. In any case, more detailed analysis of the bi-axial zone will follow in later sections.

Clearly, DMS-05-R22 exhibits the highest strain. Its longitudinal counterpart, DMS-08-R11, has a lower
strain offset by 500 — 750 [um]. DMS-06-R11 and DMS-07-R22 show similar strains. It is interesting
to note that during the last pressure step (12 [bar]), the strain from DMS-06-R11 increases while that
from DMS-07-R22 decreases. All in all, during failure, the outer-most ply has increasing strain along
the fibre direction nearer the clamping area.

The post-test shows a larger distribution of strain than the pre-test. As the magnitude of strain is also
higher after the main test, the specimen is likely to be damaged due to a reduction in laminate stiffness.

4.2.2. Temporal strain: DMS, FOSS, & DIC

The strain measurements from DMS, FOSS & DIC are qualitatively compared in Figure 4.6. The pro-
gression of strain is shown over time, for six fixed points on the specimen. These points correspond
to the location of the strain gauges (DMS). The location of the strain gauges are referenced from Fig-
ure 4.4b. The FOSS fibres are embedded underneath the surface of the laminate. A point on the FOSS
fibre is selected such that it matches the position of the strain gauge, bonded to the surface of the spec-
imen. No DIC speckle pattern is applied in the upper right quadrant of the specimen. This is the same
quadrant that contains the DMS and FOSS sensors. Therefore, the DIC strain data is extracted from
a point that is rotated 180° from the location of the strain gauge.

The strain gauge measurement is omitted from Figure 4.6a. In subsection 4.2.1, this strain gauge (DMS-
02-R22) was confirmed to be debonded. The longitudinal strain signals of the FOSS (Figure 4.6a, 4.6¢
and 4.6e) are incomplete. The signal is lost after 2500 — 3500 [s]. A conclusive reason for the sensor
failure cannot be established. Nevertheless, possible explanations include kinking of the optical fibre,
and/or failure at the welded joints along the wire. In the absence of information explaining the sensor
failure, it was decided to exclude the longitudinal strain data from the FOSS sensor in further analysis.
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Figure 4.6: U-C-RT specimen: Progression of strain (DIC, Strain Gauges, FOSS) over time, for pre-, main and post-test. (x,y)
coordinates are taken from the centre of the specimen, as shown in Figure 4.4b. The laminate’s global coordinates (x, y) are
aligned with the local coordinates (11, 22) of the outer-most ply.

Interestingly, the strain gauges do not return to their initial strain value after deloading. Figure 4.6
shows that the post-test strains are higher than the pre-test ones by up to 500 [um/m] at the centre
(Figure 4.6b), 1500 [um/m] in the transition zone (Figure 4.6¢c-4.6d) and 3000 [wm/m] near the clamping
zone (Figure 4.6e-4.6f). These differences may be explained by the considering the material behaviour
of strain gauge and the specimen. A scenario could be the plastic yielding of the metal wires of the strain
gauges. This may explain why a tensile strain remains in the strain gauges even after de-pressurisation.
Another possibility is the permanent deformation of the specimen itself. Plastic deformation of a tough-
ened thermoset (epoxy) resin is limited, and has to be ruled out as an unlikely possibility. Delamination,
especially buckled delamination, could mean that the individual plies remained strained even after the
load is removed. However, if there was significant permanent deformation in the specimen, it would
have been reflected in the strain measured by the FOSS fibres. This was not the case. The pre- and
post-test strain from the FOSS system are in agreement (within a tolerance of 250 [um/m]. With that
being said, two possible causes of non-zero strains in the strain gauge after unloading are identified:
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permanent deformation of the specimen and/or permanent deformation of the strain gauge. Additional
investigation is needed to establish causality.

4.3. Reinforced, curved specimen at room temperature (R-C-RT)

Thus far, the bulge specimen were not reinforced. Both the specimen (U-F-RT and U-C-RT) leaked
before the maximum loading of 20 [bar]. Pre-mature leakage is likely to be caused by damage at
the clamps.[46], [28] To reduce the effects of the clamping boundary conditions of the bulge rig, it
is desired to locally increase the stiffness of the specimen near the clamps by adding an aluminum
reinforcement ring. This test aims to quantify the effect of the reinforcement on the strain field, purely
due to a mechanical bi-axial load at room temperature. By extension, this test aims to validate numerical
models of the reinforced bulge specimen. After sufficient validation, it may be possible to optimise the
reinforcement design, by parametric numerical studies.
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(a) Photograph of specimen after the test

(b) Technical drawing showing the position of sensors

Figure 4.7: R-C-RT specimen

Figure 4.7 shows the actual location of the sensors, as measured directly from the specimen that was
manufactured and tested (Figure 4.7a). The exact position of strain gauges (DMS) and thermocouples
(PT1000) is shown. The dimensions are referenced from the centroidal axes of the circular part of the
specimen, and extend up to the midpoint of the measuring grids of the sensors. "L” and "R’ refer to
uni-axial and bi-axial strain gauges. "11” and "22” are parallel and perpendicular to the fibre direction
of the outer-most ply.

4.3.1. Test overview

An overview of leakage and strain is presented for R-C-RT. The progression of strain corresponds to
the strain gauges (DMS) shown in Figure 4.7. The reader is reminded that the leak-detector cannot
be connected for room temperature tests. Therefore, an external hand-held sniffer is used. "Average”
values of the leak-rate at each pressure steps are noted down discretely.

In short, the specimen was loaded to 20 [bar] without leakage, as substantiated by the helium leak rate
remaining below the 1 x 10~ [mbar I/s] in Figure 4.8a.
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(b) Strain overview

Figure 4.8: R-C-RT specimen: Progression of strain, leakage, temperature and pressure through pre-, main, and post- test

Unfortunately, no data is available for DMS-01-R11.

It can be seen in Figure 4.8b that the distribution of the strain magnitude is lower than that of the tests
without a reinforcement ring. Nevertheless, the highest strain still occurs near the clamping region, as
shown by DMS-08-R22. lIts longitudinal counterpart, DMS-05-R11, has an offset of —1000 [um]. The
reason for this offset is not clear yet, but it may be attributed to (a combination of) DMS-05-R11 being
5 [mm] closer to the reinforcement ring and/or the outer-most lamina straining more transverse to the
fibre direction. The former claim demands further analysis, using DIC. The latter hypothesis seems
to apply to DMS-06-R22 and DMS-07-R11 as well. Namely, the strain measured by DMS-07-R11 is
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offset by up to —750 [um], from that of DMS-06-R22. A (slightly) lower strain, by an offset of around
—300 [um], is also recorded by DMS-03-L11 as compared to DMS-04-L22.

In summary, the addition of the reinforcement ring appears to create a more uniform strain distribution.
However, a marginally anisotropic strain response is observed. Specifically, strain gauges show less
deformation in the longitudinal direction (at least of the outer-most ply). The cause of the anisotropic
is not clear, but it can be attributed to the reinforcement ring reducing the cross-section area of the
un-reinforced part of the specimen. Quantifying any such anisotropy will be treated in upcoming dis-
cussions.

4.3.2. Temporal strain: DMS, FOSS, & DIC

The strain measurements from DMS, FOSS & DIC are qualitatively compared in Figure 4.9. The pro-
gression of strain is shown over time, for six fixed points on the specimen. These points correspond
to the location of the strain gauges (DMS). The location of the strain gauges are referenced from Fig-
ure 4.7b. The FOSS fibres are embedded underneath the surface of the laminate. A point on the FOSS
fibre is selected such that it matches the position of the strain gauge, bonded to the surface of the spec-
imen. No DIC speckle pattern is applied in the upper right quadrant of the specimen. This is the same
quadrant that contains the DMS and FOSS sensors. Therefore, the DIC strain data is extracted from
a point that is rotated 180° from the location of the strain gauge.

The strain gauge (DMS) is omitted from Figure 4.9a.
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Figure 4.9: R-C-RT specimen: Progression of strain (DIC, Strain Gauges, FOSS) over time, for pre-, main and post-test. (x,y)
coordinates are taken from the centre of the specimen, as shown in Figure 4.7b. The laminate’s global coordinates (x, y) are
aligned with the local coordinates (11, 22) of the outer-most ply.

Figure 4.9c and 4.9e shows excellent (< 5%) qualitative agreement between DIC, DMS, and FOSS
until ~ 6000 [s]. The strain measured by DIC is higher than the one from the strain gauge by =~
500[um/m] (~ +10%) at 8000 [s] (Figure 4.9e, 4.9d, 4.9f). This behaviour has not been observed in
previous tests (Figure 4.3-4.6). Therefore, out-of-plane displacement of the specimen resulting in ap-
parent tensile strain is an unlikely explanation (especially in the case of 3D/stereo DIC). No alternative
reason can be suggested with confidence. With that being said, a difference of up to 10 — 15% between
strain measurements from multiple sensors is still useful as preliminary validation data.

The transverse FOSS fibre (Figure 4.15b, 4.15d and 4.15f) measures a lower strain than other sen-
sors. The lack of strain uniformity is attributed to the bending of the laminate, as described previously
in subsection 4.2.2. Unfortunately, the transverse FOSS signal appears to be more noisy than the
longitudinal one. Fibre optic noise has not been observed in other room temperature tests. Thus, a
systematic error seems unlikely. A more random error, such as a manufacturing defect in the sensor,
may explain why noise is only observed for one fibre.
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4.4. Un-reinforced, curved specimen at cryogenic temperature (U-
C-CT)

Thus far, experimental results from room temperature tests is presented. Room temperature test con-
figurations are subjected to a purely mechanical load. This helps gain not only a valuable dataset for
validating numerical models but also verify the behaviour of the test setup. However, room temperature
testing alone does not mimic the thermo-mechanical stress state of a cryogenic tank element. In the
U-C-CT test, a a thermo-mechanical stress state is created. Namely, the specimen is clamped at room
temperature, cryogenically cooled and pressurised.
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(b) Technical drawing showing the position of sensors

Figure 4.10: U-C-CT specimen

Figure 4.10 shows the actual location of the sensors, as measured directly from the specimen that was
manufactured and tested (Figure 4.10a). The exact position of strain gauges (DMS) and thermocouples
(PT1000) is shown. The dimensions are referenced from the centroidal axes of the circular part of the
specimen, and extend up to the midpoint of the measuring grids of the sensors. "L” and "R” refer to
uni-axial and bi-axial strain gauges. "11” and "22” are parallel and perpendicular to the fibre direction
of the outer-most ply.

4.4.1. Test overview

An overview of leakage and strain is presented for U-C-CT. The progression of strain corresponds to
the strain gauges (DMS) shown in Figure 4.10. The leak-detector is connected for cryogenic tests.
Therefore, leak-rate can be measured continuously over time.

Figure 4.11a shows that the specimen was loaded to the maximum helium pressure of 20 [bar] without
(significant) leakage. Itis important to note that the specimen was exposed to vacuum on one side, and
not ambient air like the previously presented room temperature tests. Figure 4.11a shows the vacuum
pressure, ie the pressure on the gas analysis side of the specimen. The vacuum pressure always
remained below 1 x 10~ [mbar], the maximum acceptable threshold to connect the specimen to the
leak-detector. Exposing the sensitive leak-detector of the leak-detector to higher gas pressure and/or
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higher helium concentration may cause damage and/or pollution. To monitor the gas pressure inside
the detector, its inlet pressure is also plotted in Figure 4.11a. It is seen that the inlet pressure maintains
an order of magnitude of 10~2 [mbar] until 13 [bar], before increasing to around 10~ [mbar] during the
remainder of the main-test. A similar shape is followed by the helium leak-rate, which confirms that the
gas pressure was purely due to (trace amounts of helium). In other words, it is verified that the gas
analysis side is hermetically tight. The steady state leak rate is in the range of 1071° — 10~ [mbar I/s]
from 1 — 13 [bar]. The leak-rate then increases to about 10~% — 10~7 [mbar I/s]. Diffusion-driven
permeation can be ruled out, as experiments have shown that a lot more time (in days, not hours)
is needed to detect it at cryogenic temperature [16], [51]. While the increase in helium flow rate is
noticeable, it is still 3-5 orders of magnitude lower to confidently conclude on the existence of extensive
leak-paths in the laminate [24], [26]. Thus, the increase in helium leak-rate can neither be conclusively
attributed to leakage nor permeation. However, the possibility of (some) leak-paths must still not be
ruled out. These leak-paths may only be observed during post-test analysis, using microscopy and/or
computed tomography scans.
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(b) Strain overview

Figure 4.11: U-C-CT specimen: Progression of strain, leakage, temperature and pressure through pre-, and main test

Cryogenic immersion takes place at 6000 [s]. All thermocouples (red) show a sharp decrease in tem-
perature from = 20 [°C] to = —196 [°C]. One would expect that the thermocouple at the centre of the
specimen (Pt1000-4) cools down the last. However, the time-lag 60 — 90 [s] between all thermocou-
ples is negligible compared to the total duration of the test. From an experimental point of view, the
specimen can be considered to cool down homogeneously.

The response from the strain gauges during cryogenic cooling can also be observed from Figure 4.11b.
Interestingly, the strain signal in all strain gauges increases immediately after the cryogenic immersion.
The measured strains increase by ~ 200 — 300 [um/m]. A definite reason for such behaviour cannot
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be established. Nevertheless, all strain gauges reach a steady-state measurement. At cryogenic tem-
perature, the strains are ~ 1000 um/m lower than at room temperature. It is tempting to attribute the
decrease in strain to the thermal contraction of the laminate. However, the specimen remains mechan-
ically clamped. In the case of a perfect clamp and in the absence of thermal residual stresses, the
total strain of the laminate should be zero. In other words, the thermal contraction should be equal
to an opposing mechanical elongation. Further analysis is required to understand to verify whether
the total strain of the laminate during cryogenic cooling is equal to zero. A completing explanation for
the negative strain after cryogenic immersion could be the mismatch of thermal expansion between
the strain gauge and specimen. Specifically, the strain gauge may contract more than the specimen.
Subsequently in chapter 5, a correction shall be proposed to account for the mismatch in the thermal
expansion coefficient of the strain gauge and specimen. However, the reader is reminded that only the
raw sensor data is presented in this chapter.

No strain gauge signal was lost during the cooling phase. However, DMS-02-R22, DMS-07-R11 and
DMS-08-R22 shows erroneous measurements after 9, 14,, and 19 [bar] respectively.

4.4.2. Temporal strain: DMS, & FOSS

The strain measurements from DMS, & FOSS are presented in Figure 4.12. No temperature compen-
sation is applied to the signal. The progression of strain is shown over time, for six fixed points on
the specimen. These points correspond to the location of the strain gauges (DMS). The location of
the strain gauges are referenced from Figure 4.10b. The FOSS fibres are embedded underneath the
surface of the laminate. A point on the FOSS fibre is selected such that it matches the position of the
strain gauge, bonded to the surface of the specimen.

Erroneous strain gauge signals are identified in subsection 4.4.1. These are excluded from Figure 4.12f.
However, the complete FOSS measurement is presented. Doing so helps understand the behaviour
of the fibre optic system at cryogenic temperature.
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Figure 4.12: U-C-CT specimen: Progression of strain (DIC, Strain Gauges, FOSS) over time, for pre-, main and post-test.
(x,y) coordinates are taken from the centre of the specimen, as shown in Figure 4.10b. The laminate’s global coordinates (x, y)
are aligned with the local coordinates (11, 22) of the outer-most ply.

The longitudinal FOSS fibre (Figure 4.12a, 4.15c, 4.12e) malfunction prior to cryogenic immersion. The
transverse FOSS fibre (Figure 4.12b, 4.12d, 4.12f) transmitted a signal throughout the test. However,
Figure 4.12b, 4.12f shows significant noise (500 — 1000 [um/m]). The low signal-to-noise ratio of the
back-scattered signal may be explained by reduced phonon activity at cryogenic temperature [17]. The
electronic noise may remain unchanged, because the data acquisition system is maintained at room
temperature. Yet, such a hypothesis cannot be verified. Further investigations are needed to deeply
understand the cause of signal noise in the FOSS. An independent study of the FOSS system in a
cryogenic environment is well beyond the scope of this thesis.
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4.5. Reinforced, curved specimen at cryogenic temperature (R-C-
CT)

The U-C-RT configuration should represent the thermo-mechanical stress state of a cryogenic pressure
vessel. Nevertheless, in element-level bulge testing, the absence of a reinforcement increases the risk
of damage induced by the boundary conditions of the setup. The benefit of a reinforcement is already
mentioned in chapter 2. From the room temperature tests, one learned that the reinforced specimen did
not prematurely leak near the clamping region. Itis hypothesised that the R-C-CT configuration reduces
the damage due to the setup’s clamps, while creating representative multi-axial, thermo-mechanical
loading conditions as U-C-CT.
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Figure 4.13: R-C-CT specimen

Figure 4.13 shows the actual location of the sensors, as measured directly from the specimen that was
manufactured and tested (Figure 4.13a). The exact position of strain gauges (DMS) and thermocouples
(PT1000) is shown. The dimensions are referenced from the centroidal axes of the circular part of the
specimen, and extend up to the midpoint of the measuring grids of the sensors. "L” and "R” refer to
uni-axial and bi-axial strain gauges. "11” and "22” are parallel and perpendicular to the fibre direction
of the outer-most ply.

45.1. Test overview

An overview of leakage and strain is presented for R-C-CT. The progression of strain corresponds to
the strain gauges (DMS) shown in Figure 4.13. The leak-detector is connected for cryogenic tests.
Therefore, leak-rate can be measured continuously over time.

The specimen was loaded to the maximum helium pressure of 20 [bar]. No leakage was detected.
Figure 4.14a shows that the leak-rate remained at ~ 10~ [mbar I/s]. In fact, a small decrease in leak-
rate can be observed. This is likely due to the leak-detector removing traces of helium from previous
tests.
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(b) Strain overview

Figure 4.14: R-C-CT specimen: Progression of strain, leakage, temperature and pressure through pre-, and main test

Cryogenic immersion took place at 5500 [s]. Similar observations as U-C-CT can be made about the
behaviour of thermocouples and strain gauges.

DMS-01-R11 has a faulty signal. DMS-02-R22 sees a sharp increase in strain signal at 17 [bar]. The
magnitude of the increase in strain is larger than expected for a 1 [bar] increase in the pressure load. A
physical explanation cannot be found. However, the measurement from DMS-02-R22 shall be excluded
after 17 [bar]. On the other hand, DMS-08-R22 sees a decrease in the strain at 12 [bar]. A likely
explanation is the partial debonding of the strain gauge. In any case, the measurement from DMS-08-
R22 should be excluded after 12 [bar].
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4.5.2. Temporal strain: DMS, & FOSS

The strain measurements from DMS, & FOSS are presented in Figure 4.15. No temperature compen-
sation is applied to the signal. The progression of strain is shown over time, for six fixed points on
the specimen. These points correspond to the location of the strain gauges (DMS). The location of
the strain gauges are referenced from Figure 4.13b. The FOSS fibres are embedded underneath the
surface of the laminate. A point on the FOSS fibre is selected such that it matches the position of the
strain gauge, bonded to the surface of the specimen.
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Figure 4.15: R-C-CT specimen: Progression of strain (DIC, Strain Gauges, FOSS) over time, for pre-, main and post-test.
(x,y) coordinates are taken from the centre of the specimen, as shown in Figure 4.13b. The laminate’s global coordinates (x, y)
are aligned with the local coordinates (11, 22) of the outer-most ply.

The behaviour of the FOSS is similar to that observed in subsection 4.4.2. Once again, the longitudinal
fibre fails prior to cryogenic immersion. The transverse fibre records data. However, the data is incom-
plete and noisy. A mitigation strategy for the noise (such as low-pass filtering) is beyond the scope of
the thesis.
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4.6. Outlook

Experimental results from five bulge tests have been presented. Two room temperature tests were
terminated prior to maximum loading, due to significant leakage. The leakage was localised near the
clamping zone. This means that leakage cannot be attributed to the thermo-mechanical stress state at
the centre of the specimen.

Reinforcement was also used in some tests. No leakage could be observed in tests involving reinforced
specimen. The reinforcement ring led to a more uniform distribution of strain throughout the specimen.
It further appears to reduce the damage induced by the boundary conditions of the test setup. Post-test
damage assessment will be discussed in more detail in chapter 5.

There appears to be good qualitative agreement between different strain sensors at room tempera-
ture (< 10 — 15%). Such an agreement is considered sufficient for preliminary numerical validation.
It should, however, be noted that strain uniformity through the thickness of the specimen is absent.
The transverse FOSS fibres integrated at the mid-plane of the laminate exhibit lower strains than other
sensors. Through-the-thickness bending of the laminate explains the lack of strain uniformity. Hence,
strains must always be referenced on a ply-by-ply basis. The concept of a global "laminate strain” is
not valid for the bulge specimen.

Sensors that malfunctioned should be excluded from further analysis. Detailed sensor failure has been
reported in this chapter. Several strain gauges and fibre optic cables lost signal during testing. At
cryogenic temperature, fibre optic signals have significant noise and missing data points. Thus, FOSS
data at CT cannot be used to compare with numerical models. This means that only strain gauge (DMS)
data is available at CT. To improve the accuracy of strain gauge data, temperature compensation will
be used in chapter 5.

All in all, majority of the experimentally obtained strain results can be used to quantify the validity of
numerical models in chapter 5.



Numerical-Experimental Results and
Discussion

Until now, a numerical model has been set up and experimental bulge test data has been presented.
In this chapter, numerical results shall be presented in-tandem with the experimental measurements.
Firstly, experimentally obtained displacement fields shall be used to tune the parameters of the non-
linear contact model. Following on, the validity of the numerical strains shall be evaluated using exper-
imental data, acquired through three different sensor systems: strain gauges, fibre optics and digital
image correlation. In addition, qualitative damage assessment is conducted. Optical micro-graphs and
ultrasound C-scans are analysed. At the same time, damage initiation results from the numerical model
help localise areas prone to damage.
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5.1. Tuning the contact model using DIC

A contact model has been established to study the interaction between the test specimen and test
setup. It has been explained in section 2.4 that the tangential contact behaviour is governed by the
clamping force (F') and the coefficient of static friction (u5). The clamping force at room temperature
(Frr) and cryogenic temperature (Fr) can be estimated analytically. The friction coefficient between
the specimen and indium seal is not well known.

The use of experimental data can help infer ;5. Specifically, displacements from DIC are compared with
the ones from FEM. A simple post-hoc method is proposed. The maximum components of displace-
ments are extracted from DIC. The contact model is simulated for a range of 1; all other parameters
(such as Fgrr) are kept constant. A range of maximum components of displacements, corresponding
to the different values of p,, are extracted from FEM. Comparing the maximum values from DIC and
FEM is justified because they always take place at the same location. In particular, the maximum
out-of-plane displacement occurs at the centre of the specimen. The absolute maximum in-plane dis-
placement occurs near the clamping region. The p; that minimises the difference between DIC and

76
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FEM is selected. Once a suitable ., is selected, the displacement fields over the entire specimen are
compared. The error between the results of the DIC and the tuned FEM model is quantified.

One limitation of such model tuning is that it cannot be mathematically proven that the selected p; is
truly the optimal parameter. Implementing more advanced optimisation algorithms (such as kriging [11]
or iFEM [19]) is beyond the scope of this thesis. However, as only 1-2 parameters need to be tuned,
this approach is considered to be sufficient for a preliminary engineering assessment.

A second limitation of the selected method is that only one load level is considered. It could be possible
that us that minimises the difference between experimental and numerical result varies with the load
level. Although, such a scenario is physically unlikely because 1, is a material parameter. It is assumed
that 1, remains invariant for quasi-static loading. Furthermore, a high load level is selected. This
ensures large strain/displacement amplitudes, thus reducing the relative error between FEM/DIC. At the
same time, one must ensure that the specimen remains linearly elastic. Summarising from chapter 4,
10 [bar] of helium pressure is the lowest load level that led to leakage (Figure 4.2a). This translates
to an applied pressure of 10 — 1 = 9 [bar]. The 1 [bar] offset must be accounted for as the ambient
pressure present in room temperature tests. To keep results comparable, a load level of 9 [bar] is used
throughout this chapter. Any exceptions are stated explicitly.

With that being said, data from two different room temperature tests is used for contact tuning. The
interface conditions in these tests are different. The difference arises from the fact that one of the tests
employed a metal reinforcement ring. This means that the p, has to be determined for aluminium and
indium, which may differ from that of CFRP and indium. Finally, a sensitivity study on the clamping
force is conducted.

5.1.1. Friction coefficient between CFRP and indium

s between CFRP and indium can be deduced from the DIC data of the un-reinforced, curved specimen
at room temperature (U-C-RT, as described in section 4.2). For the U-C-RT configuration, both sides
of the CFRP laminate are in direct contact with the indium seal.

Figure 5.1 visualises the maximum/minimum components of displacement, from DIC and FEM. The
FEM model is simulated for a range of static frictional coefficients (u;) between the CFRP specimen
and indium seal. The stick/slip region is determined by analysing the "Contact STATUS” (CSTATUS)
output variable in Abaqus. The specimen is assumed to transition from stick to slip, when the area
of "slipping” elements appears to match the area of "sticking” elements. As this assessment is made
visually, the minimum static friction coefficient to prevent slippage is also an estimate. It should be
noted that Figure 5.1 is only valid at a load level of 9 [bar], and for a clamping force of 126 [kN].

FEM*/DIC* and FEM"/DIC" refer to the maximum (most positive) and minimum (most negative) values
of displacement in Figure 5.1a-5.1b. The superscript is dropped in Figure 5.1¢ because the out-of-plane
displacement is always positive.
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Figure 5.1: Contact model tuning: CFRP-Indium interface

Figure 5.1 demonstrates that displacement depends on u, used in the contact model. For sticking
specimen (us > 0.3), the FEM model under-predicts all three components of displacement. This is
because the stick behaviour in the contact model fully constraints the specimen. For example, u, is
2.7 [mm] for ps = 0.4, which is only 43% of the experimental value of 6.3 [mm] (Figure 5.1c). This is an
acceptably large difference between numerical and experimental results.

However, the agreement is improved for lower values of 1. For s = 0.01, the difference in u, between
experiment and simulation is 13%. The simulation still under-predicts the out-of-plane, but by a smaller
amount. A possible source of modelling error could lie in the force-controlled clamping. As described
in section 2.2, the line of action of the clamping force is moved inwards. In the model, the clamping
force acts directly on the specimen. In reality, the underside of each bolt results in a pre-load that
is offset from the edges of the specimen. The effect of such a modelling assumption could result in
reduced compliance of the test specimen, thus explaining the consistent under-prediction of out-of-
plane displacement. In subsequent iterations of the numerical model, an investigation into sensitivity
of the line of action of the clamping force is recommended. For this thesis, it is sufficient to know the
contact model best mimics the experiment at low values of the static friction coefficient. In other words,
the CFRP-indium interface appears to be nearly-frictionless.

Subsequent simulations with the contact model will use i, = 0.01, unless otherwise stated. A friction-
less interface is not used to avoid asymmetric displacement predictions, as observed in Figure 5.1a-
5.1b for us = 0.00.

It should now be acknowledged that model tuning was based on a small number of points in space.
Therefore, the entire surface displacement field is shown in Figure 5.2. The results for DIC, FEM
and absolute error (DIC-FEM) are visualised for all three components of displacement. Tuned contact
model parameters are used to generate Figure 5.2.

The DIC speckle pattern is applied to only three quadrants (Figure 3.12). The upper right quadrant
is kept free to route the wires from other sensors. Hence, one quarter of the circle is omitted from
Figure 5.2.
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Figure 5.2: Comparison of surface displacement field for the entire specimen.

Figure 5.6 verifies that the tuned contact model qualitatively agrees with the DIC results.

5.1.2. Friction coefficient between aluminium and indium

Strictly speaking, the results of the previous section are only valid for CFRP-indium interfaces. Rein-
forced specimen have at least one aluminium-indium interface. It is possible that . varies for CFRP-
indium and aluminium-indium surfaces. As there is DIC data available for a reinforced room tempera-
ture test (R-C-RT, section 4.3), it is possible to derive p.

A similar procedure to subsection 5.1.1 is employed. One key difference is that u, only needs to be
varied on one side of the specimen. This is because only a one-sided reinforcement ring is used in
the R-C-RT experiment. The other contact interface remains CFRP-indium. The coefficient of static
friction between CFRP-indium has already been derived in subsection 5.1.1.
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With that in mind, Figure 5.3 visualises the maximum/minimum components of displacement, from DIC
and FEM. The FEM model is simulated for a range of static frictional coefficients (us) between the
aluminium reinforcement ring and indium seal. The stick/slip region is determined by analysing the
"Contact STATUS” (CSTATUS) output variable in Abaqus. The specimen is assumed to transition from
stick to slip, when the area of "slipping” elements appears to match the area of "sticking” elements. The
values in Figure 5.3 are only valid at a load level of 9 [bar], and for a clamping force of 126 [kN].

FEM*/DIC* and FEM-/DIC" refer to the maximum (most positive) and minimum (most negative) values
of displacement in Figure 5.3a-5.3b. The superscriptis dropped in Figure 5.3¢ because the out-of-plane
displacement is always positive.
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Figure 5.3: Contact model tuning: aluminium-Indium interface

Figure 5.3c shows that the difference in out-of-plane displacement is minimised for a near-zero static
friction coefficient. A near-frictionless interface also leads to excellent agreement of the in-plane dis-
placements (Figure 5.3a-5.3b). This implies that the aluminium-indium interface is smooth, similar to
the CFRP-indium one. As a result, i1, = 0.01 shall be used for all contact surfaces from now on. No dis-
tinction between CFRP-indium and aluminium-indium needs to be made when specifying the tangential
contact behaviour in FEM.

The surface displacement field is visualised in Figure 5.4. This helps verify that the tuned contact model
parameters are valid for the entire specimen, and not just a small number of selected points.
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Figure 5.4: R-C-RT specimen: Comparison of surface displacement field obtained from DIC and FEM, at an applied pressure
of 9 [bar], for p = 0.01 (between both CFRP-indium and aluminium-indium surfaces) and Fgamp = 126 [kN]

Figure 5.4 verifies that the tuned contact model agrees with the DIC results.

5.1.3. Sensitivity of the clamping force

1s was determined in subsection 5.1.1-5.1.2, for a constant magnitude of the clamping force at room
temperature (Frr). Nevertheless, the Frr was based on an a priori analytical estimate (subsec-
tion 2.4.2). Quantifying the error in the analytical calculation may involve precise numerical submod-
elling of the bolt assembly or separate experiments to measure the bolt pre-load. An alternative, prag-
matic approach is to numerically understand the sensitivity of the contact model to a change in Fgr.
This helps determine if more accurate modelling of the bolt is necessary, or if the analytical estimate is
sufficient.

Similar to subsection 5.1.1-5.1.2, the maximum/minimum components of displacement, from DIC and
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FEM, are extracted. The results are comparatively visualised in Figure 5.5. Multiple simulations are
executed with varying values of Frr. The results are valid at a load level of 9 [bar], and for a static
friction coefficient of 0.01.

—— FEM*  ---- DIC* %~ FEM~ DIC™ —»— FEM*  ---- DIC* %~ FEM~ DIC™
1.00 1.00
0.75 4 0.75 4
0.50 4 0.50 4
— 025 — 0254
3 €
£ 0.00 £ 0.00
< -
> —0.251 > —0.25
-0.504 - - < -0.50 A
—0.75 1 -0.75 A
-1.00 T T . . . : . : -1.00 . : T r T . . .
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Feiame [kN] Feramp [kN]
OSlip Ostick Oslip Ostick
(a) Maximum/minimum longitudinal in-plane displacement (b) Maximum/minimum transverse in-plane displacement
—%— FEM  ---- DIC
8
7
64
— 51
€
£ 4
=] 34
5
14
0 T . T . T T T T
0 25 50 75 100 125 150 175 200
FCLAMP [kN]
Oslip Cstick

(c) Maximum out-of-plane displacement

Figure 5.5: Clamping force sensitivity study

Figure 5.5 indicates that the clamping force is less sensitive than the friction coefficient (Figure 5.1).
The displacement values vary by less than 5% over a range of 10 — 200 [kN]. The specimen keeps
slipping despite an increase in clamping force. On a practical note, it is not recommended to keep
increasing the clamping force either. This may increase the out-of-plane compressive stresses in the
laminate, and potentially amplify the damage induced by the clamps.

5.2. Further processing of strain sensor data

Thus far, the contact model has been experimentally tuned. Only DIC displacement fields, acquired
at room temperature, were used. No correction to the raw sensor signal was conducted. Moving
forward, the strain data has to be interpreted cautiously. To improve accuracy, several considerations
and corrections to the strain data are suggested in this section.

5.2.1. DIC

Room temperature

The DIC software internally computes the strains using displacement fields. True strains, as compared
to engineering strains, are extracted. True strains from DIC make for a fair comparison with the loga-
rithmic strains derived from FEM.

In addition, a note is required on filtering. No temporal or spatial filtering is used in this study. It is
desired to preserve the exact strain data. Possible risks of signal filtering are over-smoothing and cut-
off.[42] These risks are considered unacceptable for the bulge specimen. Significant strain gradients
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are expected from the centre of the specimen to the clamping region. It is possible that over-smoothing
may under-predict the magnitude of the sharp strain gradients. Any cut-offs may falsely reduce the
magnitude of the strain peaks as well. The drawback of using unfiltered data is noise. Noise in the DIC
strain data will become apparent in section 5.3. The presence of noise is considered acceptable, if the
risks of over-smoothing/cut-off are mitigated. As noise is inherently random, it does not forbid us from
identifying major trends in the strain field (eg: regions of high strain, strain gradients, etc). Furthermore,
in this chapter, the DIC results are always plotted in tandem with those from FEM. Strains from FEM
are smoother.

Other settings are not modified. The manufacturer’s default values of subset size and step size were
used. [75] No user-defined interpolation was specified either.

Cryogenic temperature

It was not possible to set up the DIC for cryogenic tests, as explained in chapter 3.

5.2.2. FOSS

Room temperature

No corrections were made to the FOSS data obtained at room temperature. Room temperature FOSS
data, as previously shown in chapter 4, is used for further analysis. Low signal noise was observed at
room temperature too.

Cryogenic temperature

A sound interpretation of the cryogenic FOSS data requires temperature compensation [17]. FOSS
temperature compensation is recommended for future studies for several reasons. To begin with, raw
strain data acquired from the FOSS at cryogenic temperature is of low quality. section 4.4-4.5 mentions
that FOSS signals are incomplete and highly noisy at cryogenic temperature. Simply reconstructing
the signal may require significant filtering and interpolation. Such numerical techniques risk generating
data that may not even be physically accurate. Even if the strain signal could be regenerated, further
experiments are needed to derive the temperature compensation curve of the FOSS. These experi-
ments are only planned to take place at the DLR after the completion of thesis. As a result, the data
from these tests cannot be used for thesis. With that being said, the data from FOSS sensors at cryo-
genic temperature are not used for further analysis. In fact, this is not considered a major loss of data
because only 4 out of 10 FOSS fibres were embedded in specimen that were tested cryogenically. 2
out of those 4 optical fibres malfunctioned even before the main part of the test. That means that data
from only 2 out of 10 fibres is lost.

5.2.3. Strain gauges (DMS)

Room temperature

Only the gauge factor correction is applied at room temperature. The gauge factor of a strain gauge
correlates the change in resistance of the measuring grid to the strain applied to it. A normalised gauge
factor value of 2 (knorm = 2.00) is used for all bulge tests. This is practically convenient because it elim-
inates the need to manually set the gauge factor for different types of strain gauges. However, the
gauge factor must be corrected for the actual strain gauge during post-processing. This gauge factor
is stated on the manufacturer’s datasheet (kqatasheet). The gauge or k-factor correction at room temper-
ature is given by Equation 5.1. kqatasheet Of (room-temperature) uni-axial and bi-axial strain gauges are
2.07 and 2.06 respectively.

EC =€ - M (5_1)
Kdatasheet
e is the measured strain signal, and ¢ is the strain corrected for the k-factor. ¢ is used for all compar-
isons in this chapter.
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Cryogenic temperature

Temperature compensation can be applied to correct for the low temperature environment. Several
thermal effects must be taken into account and corrected for. [29]

To start with, the gauge factor has a temperature dependence. The manufacturer proposes a linear
relationship, using a temperature coefficient («), to correct for the gauge factor at the test temperature:
Kdatasheet(T'). This relationship is given in Equation 5.2. kgatasheet is defined for the reference temperature

(Tref) .

Hdatasheet(T) = Kdatasheet * (1 + ok - AT); AT =T — Tret (5-2)

In addition, the resistivity of the measuring grid changes with temperature. This leads to a change
of the measured resistance, even without the presence of any physical strain on the specimen. [52]
Such apparent thermal strain es (Equation 5.3) is typically measured by the manufacturer of the strain
gauge over a range of operating temperatures. The manufacturer then curve-fits a polynomial, with
coefficients a;.

es=ag+ar-T+ay-T?>+az-T%+aq T (5.3)

To avoid repeating these tests for different types of strain gauges, the manufacturer usually only mea-
sures ¢ for one value of the gauge factor. Precisely, xpoynomial is the gauge factor used to derive the
polynomial. This term appears in Equation 5.5.

Over and above that, the substrate and strain gauges contract by different amounts during cryogenic
cooling. This is because they have a different coefficient of thermal expansion (CTE). In other words,
(Qesubstrate 7 Oistrain—gauge)- ONe important point must be noted. Even though “self-compensating” strain
gauges are used, they are designed to match the expansion coefficient of steel. This means that if steel
was used as the substrate, there will be no CTE mismatch. Unfortunately, the CTE of CFRP is lower
than that of steel. This means that the strain gauge experiences more contraction than the substrate.
The strain caused by the mismatch of CTE (¢) is given by Equation 5.4.

€ = (Oésubstrate - Oéstrain—gauge) - AT (5-4)

Combining the effect of the temperature dependent gauge factor, changing electrical resistivity of the
measuring grid and CTE mismatch yields Equation 5.5.

Kdatasheet Knorm Kpolynomial
€c=¢€- . — € — €f (5.5)
’idatasheet(T) Kdatasheet ﬂdatasheet(T)

€c is the temperature compensated strain, that should represent the true physical thermo-mechanical
strain. From now on, ¢, shall be computed from the raw measurement signal . The parameters
required in Equation 5.2-5.5 are tabulated in Table C.1.

*An alternative method, and corresponding raw data for correcting the cryogenic strain gauge data is
presented in section C.2. However, this method is not used in this thesis. An explanation of this choice
is detailed in section C.2, but it is not relevant to the remainder of this chapter.

5.3. Experimental-numerical comparison of the strain field

The simulated strain fields are extensively compared with the experimental ones. Two main objectives
can be achieved by doing this. Firstly, the error between numerical and experimental results can be
quantified. Secondly, analysing strains helps understand the influence of design/test configuration
variables.

Table 5.1 proposes a "funnel” analysis. Three-stages of strain comparison, with increasing spatial
resolution but decreasing field of view, are used in this section. In other words, strain is first visualised
over the entire surface of the specimen before zooming into lines or points of interest.
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Experimental strain data has been acquired using multiple sensors, as tabulated in Table 3.3 and as
initially plotted in chapter 4. Sensor data is available at different locations (as conceptualised in Fig-
ure 3.1). Numerical results are extracted for the corresponding sensor locations.

In this section, strains are compared for a selection of bulge tests. The remainder of the results can
be found in Appendix D. The test IDs for each stage of comparison are mentioned in Table 5.1. Test
IDs follow the notation tabulated in Table 3.2. The overarching motivation behind the selection of tests
is the availability of (high-quality) sensor data. chapter 4 concludes that not all test data should be
used for numerical validation because some sensors return erroneous signals. Over and above that,
comparing data from different test configurations sheds light on the effect of the varied parameter.

Finally, to reduce visual clutter, 2D and 1D strains are shown at one load level only. 9 [bar] of applied
pressure is selected, as all bulge specimen remain in the linear, elastic regime. For the 0D strain, the
full load history of the pressurisation test step is used. A description of the steps of the bulge test has
been included in Figure 3.13.

Table 5.1: Proposed numerical-experimental strain comparison

2D surface strain 1D path strain 0D point strain
Spatial field of view High Medium Low
Spatial resolution Low Medium High
Sources of data DIC, FEM FOSS, DMS, DIC, FOSS, DMS, DIC,
FEM FEM
Test ID U-C-RT, R-C-RT U-F-RT, U-C-RT, R-C-RT, R-C-CT
R-C-RT
Variables Reinforcement Reinforcement, Temperature
curvature

5.3.1. 2D surface strain

DIC displacements have been used to tune the contact model. The true DIC strains are compared with
the numerical strain predictions. This helps gain an oversight into the accuracy of the tuned numerical
model. The strains from DIC and FEM are plotted side by side in Figure 5.6-5.7. The absolute error
is taken as the difference between the DIC and FEM values, ie, Abs. Error = DIC — FEM. In other
words, a negative absolute error implies that the FEM over-predicts the strain while a positive absolute
error implies that the FEM under-predicts the strain. For ease of comparison, the absolute error is
plotted on the same scale. Finally, only three quarters of the specimen is shown no speckle pattern
was applied to the top right quadrant (see Figure 3.12).

Only the axial strains (e,,, €,,) are plotted. The in-plane shear strain, ~,, is left out because it is nearly
zero.

Results from two room temperature bulge tests, with and without the reinforcement, are compared.
Despite repeated attempts, it was unfortunately not possible to extract the 2D strain data from the
native DIC software for the flat specimen tested at room temperature (U-F-RT). The reader is also
reminded that it is not possible to take DIC measurements for cryogenic bulge tests.

Un-reinforced specimen

The 2D strain comparison for the un-reinforced specimen is visualised in Figure 5.6.
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(b) Transverse strain

Figure 5.6: U-C-RT specimen: Comparison of surface strains obtained from DIC and FEM, at an applied pressure of 9 [bar]

Figure 5.6 indicates a qualitative agreement in the strain field between DIC and FEM. Both the exper-
imental and numerical results show a “circular band” of large compressive strain (blue) towards the
edges of the specimen. This compressive strain arises at the boundary of the clamping zone. Fol-
lowing on, the maximum tensile strains are localised between the circumference and the centre of the
specimen. It should particularly be noted that the maximum tensile strains are not located at the centre
of the (unreinforced) specimen.

However, the FEM appears to under-predict the size and magnitude of the maximum tensile strain.
Looking at the absolute error in Figure 5.6a, the relative error can be approximated to be —(15 — 20)%.

The absolute error plot in Figure 5.6b must be addressed. The blue and orange regions refer to a
large absolute error (up to =~ 50% relative error). It appears unphysical that the numerical model both
under-predicts and over-predicts the strain. A possible explanation for such sharp oscillations can be
given by the noise of the DIC strain field.

Reinforced specimen

The 2D strain comparison for the reinforced specimen is visualised in Figure 5.7.
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(b) Transverse strain

Figure 5.7: R-C-RT specimen: Comparison of surface strains obtained from DIC and FEM, at an applied pressure of 9 [bar]

Figure 5.7 shows that the addition of a reinforcement results in a more uniform distribution of the sur-
face strain. The relative difference between the strain at the centre and at the transition region of the
specimen is lower, compared to the un-reinforced case.

There is a good qualitative agreement between the DIC and FEM, as shown by the absolute error
plots in Figure 5.7. The relative error appears to be within £10% at the centre of the specimen. The
difference between DIC and FEM is larger towards the edges of the specimen. This may be explained
by the poor application of the DIC speckle pattern near the edges (eg: some paint was sprayed on the
clamp) can explain this.

One final observation is the "misalignment” of the DIC strain. For example, the maximum ¢,,. in Fig-
ure 5.7a is not perfectly aligned with the x-axis. This is not the case for the FEM, nor was it observed
previously in Figure 5.6. A plausible, but unconfirmed, reason could be the metal reinforcement reduc-
ing the anisotropy of the cross-ply specimen.

5.3.2. 1D path strain

The experimental and numerical strain along various 1D paths are compared. Several paths are se-
lected to assess if the bulge specimen preserves its radial symmetry despite of the non-linear contact
boundary condition. In addition, comparing several paths maximally utilises the available multi-sensor
strain data.

Figure 5.8 shows the four paths that are compared for the outer-most ply. It should be clarified that
the DIC data is only available at the surface. The FEM strains are extracted at the integration points of
the outer-most ply, which coincides with the ply’s mid-point in the thickness direction. The FOSS fibre
is underneath the outer-most ply. Previous optical micro-graphs show that the FOSS sensor tends to
embed into the ply whose fibres are parallel to it [12]. In this case, the FOSS sensor is aligned with
the outer-most ply. Therefore, the FOSS is likely to measure the strain of the outer-most ply- than the
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sub-surface ply or the ply interface. This means that, all sensors/model measure strains that are within
one ply thickness of one another: an acceptable comparison.

On another note, the paths shown in Figure 5.8-5.9 extend into the clamping zone. Strain data within
this region is available from the FEM, and to a lesser extent, from the FOSS.

X-path

XY-path

)y

YX-path
D % ‘7 g

FOSS

(y=0) (x=0) (x=y) (x=-y)
FOSS, DIC, DMS, FEM DIC, DMS, FEM DIC, FEM DIC, FEM

Figure 5.8: Radial paths drawn on the surface of the outer-most ply

Figure 5.9 shows the selected paths to compare the laminate’s mid-plane strain. The mid-plane is cho-
sen because one FOSS sensor is integrated there. As the laminate is symmetric, the plies adjacent
to the mid-plane are both aligned with the direction of the FOSS fibre. This means that is it not pos-
sible to know a prior if the sensor will mimic the behaviour of the inner-adjacent or outer-adjacent ply.
Therefore, the FEM results from both the mid-plane adjacent plies are visualised.

X-path Y-path
y y
L. L.,
z
T—»Y

(y=0) (x=0)
FEM FOSS, FEM

FOSS

Figure 5.9: Radial paths drawn at the laminate’s mid-plane

On top of quantifying the validity of the FEM, 1D experimental-numerical 1D strains help understand
the influence of geometry: curvature and reinforcement. To that end, sensor-rich results from all room
temperature tests are displayed. Plots for the cryogenic tests are moved to Appendix D.

Flat specimen

The flat specimen serves as the control configuration, as it has no curvature and no reinforcement.

Outer-most ply Figure 5.10 shows the numerical/experimental strains for the outer-most ply. Four
different 1D paths as specified in Figure 5.8, are selected for the comparison.
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Figure 5.10: U-F-RT specimen: 1D strain paths, at an applied pressure of 9 [bar]

Overall, the results in Figure 5.10 demonstrate good agreement between the measurement techniques
and the numerical model. For example, consider the X-path results in Figure 5.10a. Experimental and
computational longitudinal strains are within 10-15% within the central region of interest (|z| < 20 [mm]).
Such a relative comparison excludes the random error present in the DIC measurements. The noise
in the DIC strains is a consequence of using the raw unfiltered data, as explained previously in sub-
section 5.2.1. Unfortunately, the magnitude of the strain peak cannot be experimentally verified for
this case. This is because the FOSS data in Figure 5.10a is missing at the location of the clamp edge.
Near the clamping zone, it is possible that the optical sensor experienced excessive fibre kinking due to

the adverse strain gradient. In any case, the strain gradients predicted by FEM appear to qualitatively
agree with the ones from FOSS in Figure 5.10a.
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Mid-plane Figure 5.11 shows the numerical/experimental strains for the plies adjacent to the mid-
plane. Two different 1D paths as specified in Figure 5.9, are selected for the comparison.
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Figure 5.11: U-F-RT specimen: 1D strain paths, at an applied pressure of 9 [bar]

Figure 5.11b shows that the FOSS strain matches closely with the one of the inner mid-plane ply (FEM").
Both the numerical and experimental data show a strain peak of 3000 [um/m] at the end of the clamp.

There are also several differences between the strain paths observed at mid-plane, compared to the
outer-most ply. Figure 5.11a shows that the magnitude of strain in the plies adjacent to the mid-plane is
considerably lower, only half as much as the ones predicted in the outer-most ply. This is because of the
fact there the mid-plane is closer to the laminate’s neutral axis of bending. This in turns demonstrates
that the use of the classical laminate theory is not sufficient in predicting the strains within a laminate,
as it assumes a uniform strain distribution through all plies.

Curved specimen

Outermost ply Figure 5.12 shows the numerical/experimental strains for the outer-most ply. Four
different 1D paths as specified in Figure 5.8, are selected for the comparison.

Unfortunately, no FOSS data is available due to a malfunctioned sensor.
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Figure 5.12: U-C-RT specimen: 1D strain paths, at an applied pressure of 9 [bar]

Figure 5.12 helps assess the agreement between the experimental and numerical data. Firstly, there
appears to be qualitative agreement between the DIC and FEM (= +10%). This relative error cannot
be quantified accurately, due to the inherent noise present in DIC measurements. However, it appears
that the FEM path is a (smoothened) curve-fit of the DIC data. Concerning the strain gauges (DMS), the
FEM under-predicts the strain. The difference between the DMS and FEM increases for points nearer
the clamping zone. For example, the DMS transverse strain in Figure 5.12b is 35% higher than that of
the FEM. At the same time, there only appears to be a small difference in strain (absolute: ~ 200 [um/m],
relative: ~ 6%) for the DMS point located at the centre (y = 0). As the bi-axial strain zone is located at
the centre of the specimen, it is more important that the strain there is predicted accurately than near
the edges. Therefore, the relative differences between DMS and FEM are considered to be acceptable

for preliminary numerical analysis.

One other observation should be addressed. The DIC data exhibits strain peaks near the centre of
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the specimen along the YX-path (Figure 5.12d). These peaks are not associated with a physical phe-
nomenon. As shown in Figure 5.8, the YX-path passes through the specimen’s centre, which coincides
with the edges of the DIC speckle pattern. The poor quality of the speckle pattern in this region accounts
for the spurious peaks and discontinuities observed in the DIC measurements in Figure 5.12d.

A statement can also be made about the influence of curvature. To do so, the results of the curved
specimen (Figure 5.12) are compared with the ones from the flat specimen (Figure 5.10). The most
observable difference is in the magnitude of the strain peaks at the clamp location. The curved speci-
men marginally reduces the magnitude of this strain peak, by approximately 20% for Figure 5.12a, 12%
for Figure 5.12b, and 14% for Figure 5.12c-5.12d. The reduced magnitude of the strain peak can be
explained by considering the interaction between the specimen and the clamp. Special adapter plates,
that match the curvature of the specimen, are used to clamp the curved specimen. These plates could
marginally reduce the rotation of the curved specimen, thus leading to a marginally reduced strain peak.

Mid-plane Figure 5.13 shows the numerical/experimental strains for the plies adjacent to the mid-
plane. Two different 1D paths as specified in Figure 5.9, are selected for the comparison.
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Figure 5.13: U-C-RT specimen: 1D strain paths, at an applied pressure of 9 [bar]

Figure 5.13b shows that the FOSS strain matches closely with the one of the inner mid-plane ply (FEM").
Both the numerical and experimental data show a strain peak of 2000 [um/m] at the end of the clamp.

Similar to the observations made for the flat specimen, there is no strain uniformity through the thickness
of the specimen. The strains for the outer-most ply are generally double that of the ones near the mid-
plane.

Curved, reinforced specimen

Outer-most ply Figure 5.14 shows the numerical/experimental strains for the outer-most ply. Four
different 1D paths as specified in Figure 5.8, are selected for the comparison.
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Figure 5.14: R-C-RT specimen: 1D strain paths, at an applied pressure of 9 [bar]

The strain sensor and the model yield similar results. Some DIC measurements in Figure 5.14 are able
to capture the strain gradient near the region of reinforcement. As explained previously in Figure 5.3.2,
the DMS measurements are higher than the FEM predictions, especially for points away from the centre
of the specimen. Moreover, FOSS data is available for the entire strain path in Figure 5.14a. This means
that a comparison can be made for the strain gradients and peaks. Both the FEM and FOSS show a
compressive strain peak of —3000 [um/m] at x = 60 in Figure 5.14a. However, a notable discrepancy
is observed in the second peak at x = 68 in Figure 5.14a, where the FOSS records a near-zero strain
while the FEM predicts +3000 [um/m]. It is not completely clear whether the true strain peak of the
specimen is represented more accurately by the FEM or the FOSS. For example, kinking of the optical
fibre can induce compressive strains within the sensor, potentially (and erroneously) offsetting any
tensile strains present in the specimen. Consequently, the FOSS measurements should be interpreted
with caution, as they may not reliably represent the actual specimen behaviour. From a pragmatic
standpoint, it would be reasonable to adopt the (conservative) FEM-predicted strain for further analysis,



5.3. Experimental-numerical comparison of the strain field 94

thereby minimising the risk of underestimating strain—particularly within the clamping zone.

A statement can also be made about the influence of reinforcement. To do so, the results of the curved
specimen (Figure 5.14) are compared with the ones from the flat specimen (Figure 5.12). Firstly, there
are two stiffness jumps in the reinforced configuration. This results in an additional strain peak. Fur-
thermore, the reinforcement reduces the magnitude of these strain peaks by a factor of 2. This is a
promising outcome, as it suggests an increased tolerance of the specimen to damage induced by the
clamping process.

Mid-plane Figure 5.15 shows the numerical/experimental strains for the plies adjacent to the mid-
plane. Two different 1D paths as specified in Figure 5.9, are selected for the comparison.
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Figure 5.15: R-C-RT specimen: 1D strain paths, at an applied pressure of 9 [bar]

Figure 5.15b shows that the strain measured by the FOSS matches well with that of the plies adjacent
to the mid-plane. Unlike the model, the FOSS is not able to capture the +3000 [um/m] strain peak at
the boundary of the ring and clamp.

To avoid repeated discussion, the difference in the strains at the mid-plane vs surface plies shall not
be covered here. A more interesting question is the influence of the reinforcement on the strains at the
mid-plane. An observable difference arises in the magnitude of the strain peak. Specifically, the FEM
shows that the tensile strain peak at the clamp-ring boundary is approximately 30% higher than the
corresponding peak at the clamp—specimen boundary in the un-reinforced specimen. This increase is
not considered critical, as the absolute strain of this peak is 3000 [um/m], which is significantly lower
than the strain peak observed in the outer-most ply.

5.3.3. 0D point strain

Thus far, 2D and 1D strains were compared. A limitation of these comparisons is that the strain data
could only be plotted at one load level. It is possible to plot the entire load history by selecting specific
points on the specimen. In order to include as much sensor data as possible, the points of comparison
were taken to be the locations of the strain gauges (DMS). A point was selected on the FOSS fibre to
best match the position of the strain gauge. Note that the FOSS fibre embedded at the mid-plane of
the laminate is excluded from this analysis, because it has been established in chapter 4 and subsec-
tion 5.3.2 that there is a non-uniform strain distribution through the laminate’s thickness. Thus, for a
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fair comparison, only surface strains or strains of the outer-most ply are compared. With that in mind,
the DIC data is picked for a point corresponding to that of the strain gauge. An axially symmetric point,
strictly speaking, had to be used as the DIC speckle pattern is not sprayed on top of the strain gauges.
Finally, the strains from the FEM are extracted from the outer-most ply. The true/logarithmic strains are
selected at the integration points of four, neighbouring mesh elements. The total area of these mesh
elements approximately matches the area of the measuring grids of the strain gauges. These strains
are averaged to yield a mean value that coincides with the location of the physical strain gauge.

The goal of this analysis is both quantifying the validity of the model for various load levels and under-
standing the influence of temperature. To keep the discussion focused on temperature, the effect of
geometry is not analysed again here. For ease of comparison, data for the same specimen design, but
tested at different temperatures, is visualised. Specifically, the data from the reinforced specimen is se-
lected, because it did not fail even at the maximum pressure level (as shown by the test overview plots
in chapter 4). This means that the strain data is available for more load levels than other un-reinforced
specimen, allowing for a more extensive comparison. Strain vs pressure data for all other tests are
provided in Appendix D.

Room temperature

Figure 5.16 shows the numerical and experimental strains extracted at selected points on the speci-

men. The location of each point is provided. The coordinates of these points can be referenced from
Figure 4.7b.
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Figure 5.16: R-C-RT specimen: Strain vs pressure at selected points

The availability of strain data from multiple sensors allows Figure 5.16 to be used for comparison with the
numerical model. The experimental strain dataset is nearly complete, with the exception of a missing
strain gauge in Figure 5.16a and a missing FOSS point in Figure 5.16e. Several observations can be
made. For example, excellent agreement between FEM and DMS is observed at the centre of the
specimen (Figure 5.16a—5.17b), particularly at higher load levels. However, the agreement worsens
in the intermediate region (Figure 5.17¢c-5.17d). In Figure 5.17c, the sensors record noticeably higher
strains beyond 10 [bar], resulting in a difference of up to 20% between the experiment (specifically, DIC)
and the model at the highest load level of 19 [bar]. The largest discrepancy is observed in Figure 5.17d,
where the experimental strains are offset by approximately +15% relative to the numerical predictions.

Cryogenic temperature

Figure 5.17 shows the numerical and experimental strains extracted at selected points on the speci-
men. The location of each point is provided. The coordinates of these points can be referenced from
Figure 4.13b.
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Figure 5.17: R-C-CT specimen: Strain vs pressure at selected points

The cryogenic FEM strains are very similar to the room-temperature results shown in Figure 5.16. The
key differences in the cryogenic numerical model are the inclusion of a cooling step prior to pressurisa-
tion and the temperature dependence of the material properties. As the specimen is restrained during
cooling, the total thermal and mechanical strains remain close to zero during this stage. However, be-
cause a contact boundary condition is applied, there is some unrestrained movement at the clamps.
This may result in a small amount of thermal contraction, which could explain why the numerical strains
in Figure 5.17 are 200-300 [pm/m] lower than those in Figure 5.16.

The agreement between FEM and DMS is noticeably worse at cryogenic temperature. For example,
Figure 5.17b shows that the experimental strains at the centre of the specimen exceed the numerical
predictions by up to 1300 [um/m)]. This is unexpected, given the near-perfect agreement between nu-
merical and experimental strains at room temperature. Furthermore, offsets of up to 1000 [um/m] are
observed at other locations (Figure 5.17¢-5.17d), corresponding to a relative difference of almost 20%
between FEM and DMS. Such discrepancies could plausibly be attributed to temperature-induced er-
rors in the strain gauges. Although the strain gauges were temperature-compensated, as described in
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subsection 5.2.3, there is no guarantee that the inputs to the compensation equation are fully accurate.
This is particularly relevant for the apparent strain caused by the mismatch in thermal contraction be-
tween the strain gauge and the substrate. Specifically, there is uncertainty in the coefficients of thermal
expansion listed in Table C.1 used to correct for this CTE mismatch. These uncertainties may explain
why the experimental strains deviate from the numerical predictions at cryogenic temperature.

5.4. Damage Assessment

The inter and intra-laminar damage, as observed in post-mortem test specimen and as predicted by
the numerical model, is assessed in subsection 5.4.1 and subsection 5.4.2 respectively.

5.4.1. Inter-laminar: Comparing QDC damage initiation with ultrasound C-scans

This sub-section compares the extent of inter-laminar damage predicted by the numerical model with
that detected experimentally. The Quadratic Damage Criterion (QDC), described in subsection 2.6.1,
is evaluated at each interface in the model. To provide a conservative assessment, only the interface
exhibiting the largest area of predicted delamination (defined as QDC > 1) is presented. The experi-
mental measurements are obtained from ultrasonic C-scan imaging, as described in section 3.3.

The un-reinforced specimen tested at room temperature (RT) exhibited leakage, as reported in chap-
ter 4, with the leakage localised near the clamping region. These RT specimens are therefore se-
lected for analysis, as they maximise the likelihood of identifying damage. Additionally, results for the
un-reinforced specimen tested at cryogenic temperature (CT) are included to assess the influence of
temperature on delamination behaviour. Results for the reinforced specimen are provided separately
in subsection D.3.1.

Damaged un-reinforced specimen at room temperature

Damage is observed in both the flat and curved un-reinforced specimen that were tested at room
temperature. For a fair comparison, the results from the numerical model are extracted at the experi-
mentally determined failure load.

Flat

Figure 5.18 reports the inter-laminar results for the flat specimen.

x [mm]
-80 -60 -40 -20 0 20 40 60 80 QDCI[-]
\ . . . . ) \ \ . 1.0

0.8

0.6

2]
0 oo oo

r0.4

r0.2

N # 1 l 0.0

- s -80

(b) Estimation of delamination onset using the QDC at the applied
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interface that exhibits the largest area of delamination initiation.

(a) Post-test pulse-echo ultrasound C-Scan at 10 [MHz]

Figure 5.18: U-R-RT specimen inter-laminar damage
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The ultrasound inspection (Figure 5.18a) clearly reveals two delamination zones, visualised as pink
regions that correspond to areas with a low signal-to-noise ratio in the reflected ultrasound signal. The
attenuation of the signal is caused by trapped pockets of air, indicating the presence of buckled delam-
inations within the specimen. These delamination zones are located near the clamping region of the
specimen, coinciding with the leakage location.

In the numerical results (Figure 5.18b), delamination is also initiated towards the specimen edges.
However, unlike the C-scan, the predicted damage onset extends along the entire circular path. This
difference arises because the model reports the area of delamination initiation at a single interface,
whereas the ultrasound captures the propagation of delamination through the specimen thickness.
Achieving closer agreement between model and experiment would require modelling inter-laminar dam-
age progression—using, for example, VCCT, XFEM, or CZM—which was beyond the scope of this
work, as explained in chapter 2. Nevertheless, the QDC results from the model can be useful in a
preliminary localisation of inter-laminar damage.

Curved

Figure 5.19 reports the inter-laminar results for the curved specimen.
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Figure 5.19: U-C-RT specimen inter-laminar damage

Figure 5.19a indicates one delamination zone. This is seen by the pink area on the right side of the
specimen. Comparing the size of the delamination zone with Figure 5.18a, it qualitatively appears that
curvature reduces the total area of delamination.

Undamaged, un-reinforced specimen at cryogenic temperature

Figure 5.20 reports the results for the curved, un-reinforced specimen tested at cryogenic temperature.
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Figure 5.20: U-C-CT specimen inter-laminar damage

Figure 5.20a does not show any signs of delamination. Some small pink areas remain at the location
of the strain gauges, and partly on the circumference where the specimen was milled from the plate.
However, these cannot be attributed to the delamination of the specimen during the test.

The model does show delamination initiation in a thin circular band, that coincides with the edge of the
clamp. However, it is visually seen that delamination is initiated in a smaller area, despite the results
being taken at a higher load level. This means that even the numerical model predicts a delayed onset
of delamination at cryogenic temperature. This is explained by the fact that interface strength increases
with decreasing temperature, thus increasing the laminate’s tolerance to inter-laminar damage at CT.

5.4.2. Intra-laminar: Comparing LARCO5 damage initiation with optical micro-
graphs

In chapter 2, it was identified that damage in the specimen can occur in two distinct regions due to two
different reasons. Firstly, damage that is observed in the central bi-axial strain zone is likely to be a
result of thermo-mechanical stress state. However, a second, undesired location of damage is near the
clamp that is introduced because of the test setup’s boundary condition. The aim here is to distinguish
between these two categories of damage. To do so, the LARC05 damage initiation criterion is first used
to localise the damage. As the model is not able to capture progressive damage, optical microscopy
is needed to analyse the damage state in more detail. Micro-graphs of sections cut at the centre and
near the clamping region of the specimen are provided.

The scope of intra-laminar damage assessment is limited to one specimen only. Specifically, the flat
specimen at room temperature is selected. This is because the ultrasound C-scan in Figure 5.18a
shows distinct damaged and undamaged regions at the clamping region and centre region respectively.
Such a sharp distinction was not observed in other specimen. Therefore, the flat specimen can best
illustrate the difference in damage states seen in different parts of the specimen.

Localisation of damage initiation using LARCO05

Figure 5.21 shows the damage initiation variables at the end of the simulation. It should be noted
that these variables are only valid in the range of 0 (no damage) and 1 (damage initiation). Four
damage modes are shown: fibre splitting (LARCFSCRT), matrix cracking (LARCMCCRT), fibre kinking
(LARCFKCRT) and tensile fibre failure (LARCFTCRT)
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Figure 5.21: U-F-RT specimen: LARC05 damage initiation

Figure 5.21 clearly shows that all intra-laminar damage modes are localised towards the edges of the
specimen, coinciding with the location of the stiffness jump caused by the end of the clamp. Significantly
less damage occurs at the centre of the specimen.

Optical micro-graphs near the clamping region

Selected optical micro-graphs of the damaged region are shown in Figure 5.22. The sections were cut
near the clamping region of the flat specimen. The global coordinates of the section cuts are captioned
for each micrograph, and referenced from the technical drawing shown in Figure 4.1b.
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(a) Crack network: Section cut at (x,y) = (0, 60) [mm] (b) Delamination: Section cut at
(x,y) = (—60,0) [mm]

(c) Crack network: Section cut at (x,y) = (—60, 0) [mm]

Figure 5.22: U-F-RT specimen: Optical micro-graphs of damaged sections in the clamping region

Multiple damage modes are visible in Figure 5.22. Observing Figure 5.22a, matrix cracks can be seen
in top two 90° plies. Fibre failure is also visible. Similarly, an extensive crack network is present in
Figure 5.22c. This crack network results from both intra (tensile fibre failure and matrix cracks in ply)
and inter (delamination between plies) laminar damage modes. Leakage detected experimentally in
subsection 4.1.1 is a likely result of these crack paths. Furthermore, two distinct delaminations are
evident in Figure 5.22b. The location of these delaminations are in agreement with the specimen’s
C-scan (Figure 5.18a).

Optical micro-graphs at the centre of the specimen

Some cut-sections at the centre of the specimen are shown in Figure 5.23. The global coordinates of
the section cuts are captioned for each micrograph, and referenced from the technical drawing shown
in Figure 4.1b.
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(a) Two isolated transverse matrix cracks: Section cut at (b) Undamaged laminate: Section cut at (x,y) = (0, 10) [mm]
(x,y) = (0,10) [mm]

Figure 5.23: U-F-RT specimen: Optical micro-graphs at the centre of the specimen

Compared to the clamping zone, the centre region remains largely undamaged. In Figure 5.22b, no
damage can be recognised. Two separate matrix cracks can be detected in Figure 5.23a. These
occurs only in the 90° plies. No fibre damage or delamination is observed in Figure 5.23b. Therefore,
the existence of through-the-thickness leak paths, at the centre of the specimen, cannot be confirmed.

5.5. Outlook

Numerical-experimental results were compared in this chapter. The contact model was tuned based on
the DIC displacement field at room temperature, resulting in a static friction coefficient of 0.01 between
the specimen and indium seal. It was shown that once the specimen started slipping, the magnitude of
the clamping force of the contact model was insensitive to the displacement results. The validity of the
tuned model was subsequently quantified. The numerically predicted strains were evaluated against
the experimentally measured ones. The agreement between the simulation and the experiment varies,
depending on the load level, position on the specimen, temperature and sensor. The results may differ
by up to 20%. Such an upper limit is considered to be adequate for a preliminary numerical design
study that will be conducted in (chapter 6). Finally, the model’s intra and inter laminar damage initiation
criteria can coarsely localise damage. Both optical microscopy and ultrasound reveal that damage is
present in the clamping region of some specimen.



Numerical Design Study

The validated numerical model can be used to aid the preliminary design of bulge test specimen. In
order to do so, parametric studies are conducted using the numerical model. The objective of these
parametric simulations is to identify the design variables that may improve the representativeness of
the bulge test.

The setup of the design study is described, including an explanation of the post-processing of the sim-
ulation results. A default configuration is simulated, which serves as a basis for further comparisons.
Subsequent simulations explore the effect of other design variables. The motivation, results and dis-
cussion of each design variable is provided (locally) in its respective section.
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6.1. Setup of the parametric design study

The parametric design study utilises the numerical model that was validated in chapter 5, as per the
methodology outlined in chapter 2. For the design study, a post-processing workflow was augmented
to the numerical model. Several python scripts were written to directly access the .odb files of the
simulation, thus bypassing the need for the Abaqus GUI. This meant that it was necessary to decide
on how the simulation data should be universally processed and visualised in the design study. Thus,
multiple analyses were derived based on the objectives of the parametric study.

6.1.1. Coordinate system

First and foremost, the coordinate system that is referenced in the remainder of the chapter is given by
Figure 6.1.
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Figure 6.1: Coordinate system used in the parametric design study

It must be explicitly noted that the coordinate system of the ply is not always aligned with that of the
laminate (Figure 6.1a). In Figure 6.1b, plies highlighted in yellow are given names. Generally, results
are provided for only these plies. Strictly speaking, the stress-strain values are extracted from the
integration points of these plies, which coincide with the mid-plane of the ply. As there is no integration
point on the mid-plane of the laminate, stress-strain results are not directly available at the mid-plane
of the laminate. Consequently, results are provided for the ply adjacent to the mid-plane. The inner-ply
in Figure 6.1b corresponds to the side of the laminate to which the pressure load was applied.

6.1.2. Strain bi-axiality

The strain bi-axiality in the specimen’s region of interest is analysed. The region of interest of the bulge
specimen is assumed to be a central, circular area. The in-plane components of strain should be equal
to each other to correctly represent the equal bi-axial strain state of a tank dome. Therefore, to quantify
bi-axiality, the ratio of in-plane strains' 5, /£, are plotted only inside a (small) circular region of radius
30 [mm]. Preliminary visualisations showed that the bi-axiality ratio significantly deviated from the ideal
value of 1 (e22/211 > 1.2, Or ea2/e11 < 0.8) outside of the 30 [mm] zone. Hence, for a standard 160 [mm]
specimen, it can already be said that the upper limit of the equal bi-axial zone is 30 [mm], for a 20%
tolerance on bi-axiality. In this study, it is of interest to determine the size of the equal bi-axial zone for a
lower tolerance. This means thatitis unnecessary to plot €55 /€11 outside the 30 [mm] zone. Additionally,
the magnitude of in-plane strain? (\/afl + 532) is computed in tandem with the bi-axiality ratio. It is of
interest to maximise the strain magnitude in the central region of interest of the specimen, to observe
potential leakage/damage in the equal bi-axial zone. As strain uniformity through the thickness of the
bulge specimen does not exist (discussed in chapter 4-5), it is useful to analyse the bi-axiality state for
multiple plies of the laminate. Three plies are selected, as shown in Figure 6.1b.

6.1.3. Stress-strain path

The longitudinal stress-strain (o171 — £441) along the fibre path (r11) is extracted. ¢4 along r11 is compa-
rable in magnitude to 5, along ry;. However, it was marginally beneficial to plot 41 to allow for the
visualisation of o4 in the same plot.

ri1 is drawn from the centre to the edge of the specimen, as shown in Figure 6.1a. This visualises not
only the region of (nearly) constant strain in the middle of the specimen, but also identify any peaks

"The out-of-plane axial strain, 33, is non-zero due to the large out-of-plane displacement of the laminate. It is of a similar
order of magnitude to the in-plane strains. However, the scope of this study will be similar to the analysis of bi-axiality only.
2Shear strains are neglected, because they are zero at the centre of the specimen.
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inside the clamping zone. For design purposes, it is considered sufficient to only show one half-path,
due to the near-perfect radial symmetry demonstrated by the bulge specimen in Figure 5.3.2-5.3.2.

6.1.4. Fibre tensile (FT) failure

The fibre tensile initiation helps quickly assess the existence and location of first-ply failure (if any). This
is a useful piece of information to a designer, as one should ensure that that tensile fibre failure does
not occur prematurely at an undesired location. To do so, the LARC05 damage initiation variable for
fibre tensile failure is shown, for one quarter of a ply. Figure 5.21 and results from Lentner [46] reveal a
near-perfect four-way radial symmetry. Results for the ply with the highest value of the damage initiation
variable is shown.

6.1.5. Quadratic delamination criterion (QDC)

The QDC helps assess the existence and location of delamination (if any). A designer should try to
reduce the onset of delamination due to clamping. Simultaneously, the presence of delamination in
the bi-axial area may indicate leak-paths in the desired region of interest. The QDC is computed for
all interfaces of the laminate. Only results for the interface with the highest value of the QDC variable
is shown. One quarter specimen is displayed, due to the nearly symmetric radial distribution of QDC
observed in subsection 5.4.1.

6.2. Default design

Motivation

The R-C-CT configuration was selected as the default design configuration, where:

* R - (Reinforcement) tests indicated a reduction in the peak stress/strain magnitude.
* C - (Curvature) accounts for the geometric effects of the tank wall.
» CT - (Cryogenic Temperature) is representative of the operational environment of an LH, tank.

Numerical and experimental results for this configuration have showed good agreement (see chapter 5).
The same numerical model as the validated R-C-CT case will be employed in the present study, with
one modification concerning the tangential boundary condition between the specimen and the clamp.
Instead of prescribing a static friction coefficient, a rough friction formulation will be applied. This en-
forces a full stick condition throughout the simulation, eliminating the effect of slippage on the measured
response and enabling a more direct investigation of the parameter of interest.

It is acknowledged that enforcing a stick condition does not fully represent the current experimental
reality, in which measurable slippage occurs. Nevertheless, this assumption is considered justifiable
given the expectation that slippage will be mitigated in the near future through practical measures,
such as increasing the surface roughness of the specimen-ring interface via processing techniques
like sand-blasting.

Results

The quantification of strain bi-axiality at the specimen centre is shown in Figure 6.2a, while Figure 6.2b
illustrates the onset of maximum delamination (QDC) between plies 7 and 8. The local longitudinal
stress—strain response along the fibre path is presented in Figure 6.2c, and Figure 6.2d highlights the
maximum fibre tensile (FT) damage initiation for the inner ply.
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Figure 6.2: Strain biaxiality and damage initiation for the default specimen at 20 bar (CT).
Discussion

Several observations can be made from Figure 6.2. According to Figure 6.2a, the shape of the bi-
axialzone appears to be hyperbolic. The magnitude of the bi-axial (tensile) strain also decreases, from
the outer ply to the inner ply of the laminate. This can be explained by the fact that the contribution of
the bending strain is compressive below its neutral axis. As a result, the magnitude of tensile strain
of the inner ply is lower. Interestingly, this theory does not hold true for ryy > 50 [mm] (Figure 6.2c).
As one reaches closer to the clamping region of the laminate, the highest tensile strain occurs on the
inner-most ply. A possible reason could be the larger local radius of bending as the laminate leaves
the reinforcement ring. In addition, there are two strain peaks corresponding to the two stiffness jumps.
This is visible in the strain path of the inner ply in Figure 6.2c, as well as the two red "bands” of fibre
tensile failure in Figure 6.2d. Finally, Figure 6.2b shows that a radial strip of delamination may initiate
at the location of the stiffness jump.

6.3. Influence of slippage

Motivation

chapter 4 demonstrated the occurrence of slippage under the current experimental conditions. Given
that this reflects the present operational reality, it is important to quantify the influence of slippage on
the measured response. From a practical standpoint, such quantification enables an assessment of
the severity of the slippage. This, in turn, informs whether the associated decrease in strain justifies
the allocation of additional experimental effort toward its mitigation.
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Results

The effect of specimen slippage on strain distribution and damage initiation is illustrated in Figure 6.3.
The strain biaxiality at the specimen centre is quantified in Figure 6.3a, while Figure 6.3b shows the
predicted maximum delamination (QDC) initiation at the ply 7/8 interface. The local longitudinal stress—
strain response along the fibre path is given in Figure 6.3c, and Figure 6.3d presents the maximum
fibre tensile (FT) damage initiation in the inner ply.
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Figure 6.3: Strain biaxiality and damage initiation for a slipping specimen at 20 bar (CT).

To understand the influence of slippage, key results of the slipping specimen are compared with the
default configuration in Table 6.1. Specifically, the average magnitude of the in-plane strain within
the 30 [mm] radius is tabulated, for multiple plies. Then, the maximum fibre-tensile failure initiation is
reported. Finally, the delaminated area, where QDC > 1, as a percentage of the total specimen area
is reported.

Table 6.1: Strain metrics and damage indicators for each slippage configuration, at 20 [bar] (CT)

Configuration (\/6%1 + 532) (RS TT ) FTmax [-] QDC > 1 [%]
Outer Mid.-Ad;. Inner
Stick (Default) 6556 5517 4121 0.621 1.24

Slip 5924 4483 2545 0.630 3.38
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Discussion

In the event of slippage, Figure 6.3a shows that the strain distribution through the laminate thickness is
non-uniform. In particular, the inner ply exhibits a square-like biaxiality distribution, reflecting a hetero-
geneous strain state. This is in contrast to the highly regular bi-axialstrain zone observed in Figure 6.2a.

Quantitatively, the strain magnitude within the region of interest is reduced compared to the baseline,
as summarised in Table 6.1. The relative difference in strain is -10 to -39%, for the outer and inner ply
respectively.

Additionally, during slippage, a compressive strain peak is observed in the outermost ply at r1; = 60 mm
(Figure 6.3c). This compressive peak may contribute to undesired, localised fibre kinking.

6.4. Influence of laminate thickness

Motivation

In the current experimental configuration, no leakage or damage is observed within the region of interest.
While this outcome is favorable from an engineering perspective, it limits the ability to investigate the
leakage phenomenon from a scientific standpoint. It is therefore hypothesised that a thinner specimen,
which would experience higher strains, could induce damage in the centre of the specimen. At the
same time, it is recognised that increased stress and strain can still be tolerated at the clamping region
without causing fibre failure, due to the presence of the reinforcement ring. Consequently, the design
objective can be simplified to determining the maximum allowable specimen thickness that ensures a
positive, yet minimal, safety margin against fibre failure at the clamp.

The simulation results presented here correspond to a symmetric, balanced 4-ply cross-ply laminate.
Specimens thicker than the default 8-ply configuration (i.e., > 1 mm) are not simulated, as the current
assembly is already sufficiently stiff and does not exhibit failure under the applied loading.

Results

Figure 6.4 presents the strain biaxiality and damage initiation results for a thin laminate at 20 bar (CT).
The strain biaxiality at the specimen centre is quantified in Figure 6.4a, while Figure 6.4b shows the
maximum delamination (QDC) initiation at the ply 2/3 interface. The local longitudinal stress—strain
response along the fibre path is given in Figure 6.4c, and Figure 6.4d presents the maximum fibre
tensile (FT) damage initiation in the inner ply.
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Figure 6.4: Strain biaxiality and damage initiation for a thin laminate at 20 bar (CT).

To understand the influence of laminate, key results of the thinner specimen are compared with the
default, thicker one in Table 6.2. Specifically, the average magnitude of the in-plane strain within the
30 [mm] radius is tabulated, for multiple plies. Then, the maximum fibre-tensile failure initiation is

reported. Finally, the delaminated area, where QDC > 1, as a percentage of the total specimen area
is reported.

Table 6.2: Strain metrics and damage indicators for different laminate thicknesses, at 20 [bar] (CT)

Laminate Thickness (VT 25 [0 [hm] FTmac 1 QDC > 1[%]
Outer Mid.-Ad;. Inner
1.0 [mm] (Default) 6556 5517 4121 0.621 1.24
0.5 [mm] - Thin 8754 8348 7535 0.885 2.04
Discussion

Reducing the thickness of the (cross-ply) laminate leads to a significant increase in strain at the centre
of the specimen, with magnitudes rising by approximately 30-70% for the outer and inner plies respec-
tively (Table 6.2). Concurrently, the strain peaks at the clamping region also increase, by 25-35%
(Figure 6.4c). Despite these elevated strain levels, the laminate remains below the fibre failure thresh-
old, with a safety margin of 0.885/1.00 (Table 6.2). Despite the reduced safety margin to fibre failure,
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Figure 6.4d shows that the relative difference between the stress at the centre and at the clamps is
lower. This means that the thinner specimen is more equally loaded than the thicker one.

6.5. Influence of material

Motivation

The default material, IM7/8552, is excessively strong for the current study. IM7 fibres exhibit high elastic
and strength moduli, while the toughened 8552 epoxy resin provides high shear resistance. As a result,
matrix cracking and delamination are not observed within the region of interest, limiting the ability to
investigate the relevant damage and leakage phenomena.

A less stiff pre-preg system is selected, namely M21/T700GC. This choice is motivated by the avail-
ability of experimental data at both room temperature (RT) and low temperature (LT, —55°C) [41]. In
this analysis, the LT properties are assumed to be representative of cryogenic temperature (CT), as
data at CT are not available due to the experimental challenges of material characterisation at such
low temperatures. This assumption is conservative, since the LT strength properties are likely lower
than the actual CT values, yet it allows capturing the most significant changes in material response,
particularly the increase in strength with decreasing temperature.

Table 6.3: Temperature dependent elastic properties of M21/700GC [41]

Temperature E1 Ez = E3 V42 = V13 V23 G12 = G13 G23
[K] [GPa] [GPa] [ [-] [GPa] [GPa]

77 (CT) 102.4 10 0.287 0.622 5.8 3.1

293 (RT) 103.4 8.3 0.291 0.609 4.6 26

Table 6.4: Temperature dependent thermal properties of M21/700GC [41]

Temperature oq K22 = X33
[K] K] K]
77 (CT) —1.94 x 107° 2.97 x 1073
293 (RT) —3.74 x 10°° 3.85x 10°°

Table 6.5: Temperature dependent strength properties of M21/700GC [41]

Temperature R/ Xt R /Xc RT /Yt RS /Yc R ./S
[K] [MPa] [MPa] [MPa] [MPa] [MPa]
77 (CT) 2230 1593 93 344 106
293 (RT) 2214 1521 86 207 80
Results

Figure 6.5 presents the strain biaxiality and damage initiation results for the M21/T700GC laminate at
20 bar (CT). The strain biaxiality at the specimen centre is quantified in Figure 6.5a, while Figure 6.5b
shows the maximum delamination (QDC) initiation at the ply 2/3 interface. The local longitudinal stress—
strain response along the fibre path is given in Figure 6.5¢, and Figure 6.5d presents the maximum fibre
tensile (FT) damage initiation in the inner ply.
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Figure 6.5: Strain biaxiality and damage initiation for M21/T700GC at 20 bar (CT).

To understand the influence of the material, key results of the M21/T700GC pre-preg system are com-
pared with the default IM7/8552 one in Table 6.6. Specifically, the average magnitude of the in-plane
strain within the 30 [mm] radius is tabulated, for multiple plies. Then, the maximum fibre-tensile fail-
ure initiation is reported. Finally, the delaminated area, where QDC > 1, as a percentage of the total
specimen area is reported.

Table 6.6: Strain metrics and damage indicators for different UD-prepreg CFRP material system, at 20 [bar] (CT)

Material (Vi +25) [0 [0 FTmax[1 ~ QDC > 1 [%]
Outer Mid.-Adj. Inner
IM7/8552 (Default) 6556 5517 4121 0.621 1.24
M21/T700GC 8626 7406 5765 0.606 1.57
Discussion

The M21/T700GC laminate exhibits higher strains throughout the specimen, as quantified by Figure 6.5c¢.
Table-6.6 shows that the central outer and inner regions of M21/T700GC are strain by 32-39% more,
compared to the default IM7/8552 pre-preg. Despite these higher strains, no fibre tensile (FT) failure

is observed, with a maximum FT indicator of 0.606 (relative to 1.0 for failure). Delamination initiation

remains low and comparable between the two materials, confirming the suitability of M21/T700GC for

achieving larger central strains without compromising structural integrity.
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6.6. Influence of reinforcement design

Motivation

Chapter 4-5 demonstrate the clear benefits of reinforcing the specimen. In brief, stress concentrations
arising from the stiffness discontinuity at the clamp are substantially reduced. The question is therefore
not whether a reinforcement should be used, but whether its design can be optimised. Indeed, for the
thin specimen, the maximum fibre tensile (FT) indicator was already 0.9/1.0. From a design perspective,
a greater margin of safety against fibre tensile failure is desirable.

6.6.1. Double-sided reinforcement

Motivation

Thus far, only single-sided reinforcement has been considered. Lentner [46] demonstrated that double-
sided reinforcement can delay the onset of tensile fibre failure. Experimental observations, including
optical micrography and damage initiation analysis, have shown that fibre failure does not occur for the
R-C-CT configuration. Nevertheless, delaying the onset of fibre failure improves the margin of safety
against damage induced by clamping.

Beyond this, double-sided reinforcement may also help mitigate specimen slippage. In many cases,
surface treatment is required to overcome slippage. However, certain surface treatments cannot be
directly applied to the specimen—for example, knurling, which requires a machining step that could
damage the specimen. In such situations, it is practically advantageous to modify the contact surfaces
of the reinforcement rings before they are bonded to the CFRP specimen. Assuming the same surface
texturing is desired on both contact surfaces, using a double reinforcement ring allows precise a priori
control of the anti-slip surface treatment.

Results

Figure 6.6 presents the strain biaxiality and damage initiation results for a specimen with a double-sided
reinforcement ring at 20 bar (CT). The strain biaxiality at the specimen centre is quantified in Figure 6.6a,
while Figure 6.6b shows the maximum delamination (QDC) initiation at the ply 1/2 interface. The local
longitudinal stress—strain response along the fibre path is given in Figure 6.6c, and Figure 6.6d presents
the maximum fibre tensile (FT) damage initiation in the inner ply.
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Figure 6.6: Strain biaxiality and damage initiation for a double-sided reinforcement ring at 20 bar (CT).
Discussion

The introduction of the modified reinforcement configuration did not yield the expected improvement
in first-ply failure (FPF) resistance. On the contrary, FPF onset occurred slightly earlier (as seen by
a sharp peak in Figure 6.6d). This is because of a more pronounced stiffness jump at the end of the
doubly-reinforced ring. The location of the highest stress peak no longer occurs at the boundary of the
reinforcement and clamp, as seen in Figure 6.6c. According to Figure 6.6b, the delamination initiation
shifted from the outer-most interface (7/8) to the inner-most interface (1/2), with an overall increase in
the delaminated area. The biaxiality and size of the equal-bi-axialstrain zone (Figure 6.6a) remained
essentially unaffected, suggesting that the observed damage evolution is primarily governed by local
stiffness gradients rather than changes in global deformation patterns.

6.6.2. Chamfered reinforcement

Motivation

Introducing a chamfer leads to a gradual transition in the stiffness of the laminate. As a consequence,
it is hypothesised that the stresses will be distributed more evenly, over a larger area.

Results

Figure 6.7 presents the strain biaxiality and damage initiation results for a specimen with a chamfered
reinforcement ring at 20 bar (CT). The strain biaxiality at the specimen centre is quantified in Figure 6.7a,
while Figure 6.7b shows the maximum delamination (QDC) initiation at the ply 4/5 interface. The local
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longitudinal stress—strain response along the fibre path is given in Figure 6.7c, and Figure 6.7d presents
the maximum fibre tensile (FT) damage initiation in the inner ply.
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Figure 6.7: Strain biaxiality and damage initiation for a chamfered reinforcement ring at 20 bar (CT).
Discussion

The introduction of the chamfer produced a modest but positive effect. Most notably, no delamina-
tion initiation was observed in Figure 6.7b, representing an improvement in the inter-laminar damage
tolerance. Although the first-ply failure (FPF) load decreased slightly, the biaxiality and size of the equal-
bi-axialstrain zone remained unchanged. Overall, the chamfer can be considered a small improvement,
primarily in mitigating inter-laminar damage, without compromising the bi-axialstrain distribution.

6.6.3. Wider reinforcement

Motivation

The use of a wider reinforcement is considered to potentially reduce the magnitude of stress concentra-
tion at the point where the ring leaves the specimen, as observed in Figure 6.2c, which shows the two
distinct stress jumps. Moreover, a wider reinforcement redistributes the clamping stress over a larger
area and increases the overall stiffness of the specimen. It is therefore of interest to assess whether
this modification can lower the strain in the central region of the specimen, which is critical for improving
the margin of safety.



6.6. Influence of reinforcement design 116

Results

Figure 6.8 presents the strain biaxiality and damage initiation results for a specimen with a wider rein-
forcement ring at 20 bar (CT). The strain biaxiality at the specimen centre is quantified in Figure 6.8a,
while Figure 6.8b shows the maximum delamination (QDC) initiation at the ply 4/5 interface. The local
longitudinal stress—strain response along the fibre path is given in Figure 6.8c, and Figure 6.8d presents
the maximum fibre tensile (FT) damage initiation in the inner ply.
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Figure 6.8: Strain biaxiality and damage initiation for a wider reinforcement ring at 20 bar (CT).
Discussion

A wider reinforcement effectively reduced clamp-induced damage by lowering the strain peaks at the
edges of the ring. This translated into a delay in fibre tensile failure initiation and an increased margin of
safety. However, the increased stiffness of the specimen also led to a slight reduction in the magnitude
of in-plane strains in the bi-axialzone, while its size remained largely unaffected. Overall, the wider
reinforcement offers a beneficial trade-off when clamp-induced failure is the primary concern.

6.6.4. GFRP reinforcement

Motivation

A GFRP tab was selected, based on the recommendations for tensile testing of composites [3]. CFRP
was not chosen because it is more expensive and less compliant, which would again lead to high stress
concentrations in the clamping region.
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The tab is made from G-10 CR, a plain weave material, oriented in a £45° layup according to the design
guidelines [3]. A quasi-isotropic configuration is selected as a starting point because the reinforcement
is subjected to pressure loading from multiple directions; the laminate can be tailored in the future if
this configuration proves promising.

The material properties were obtained as follows:

» Thermal expansion: estimated from NIST [56].

» Mechanical properties (F,, F,, Poisson’s ratio): obtained from Kasan [38].

 Out-of-plane modulus (E3) at room temperature: obtained from Adams [3], with an assumed 20%
increase at cryogenic temperature.

» Shear modulus at room temperature: from Shindo [74], assuming a 20% increase at cryogenic
temperature. Poisson’s ratio is considered invariant.

Results

Figure 6.9 presents the strain biaxiality and damage initiation results for a specimen reinforced with a
+45° GFRP ring at 20 bar (CT). The strain biaxiality at the specimen centre is shown in Figure 6.9a,
while Figure 6.9b shows the maximum delamination (QDC) initiation at the ply 4/5 interface. The local
longitudinal stress—strain along the fibre path is given in Figure 6.9¢c, and Figure 6.9d presents the
maximum fibre tensile (FT) damage initiation in the inner ply.
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Figure 6.9: Strain biaxiality and damage initiation for a +-45° GFRP reinforcement ring at 20 bar (CT).
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Discussion

Replacing the metal reinforcement with GFRP provided slightly better resistance to delamination. How-
ever, the resistance to the fibre tensile failure is marginally worse. The size and quality of the bi-
axialstrain zone remained essentially unchanged. Overall, the behaviour was comparable to the default
configuration.

Summary of reinforcement design results

Key simulation results for various reinforcement design condigurations are tabulated in Table 6.7. Specif-
ically, the average magnitude of the in-plane strain within the 30 [mm)] radius is tabulated, for multiple
plies. Then, the maximum fibre-tensile failure initiation is reported. Finally, the delaminated area, where
QDC > 1, as a percentage of the total specimen area is reported.

Table 6.7: Strain metrics and damage indicators for each reinforcement configuration, at 20 [bar] (CT)

Configuration (\/sfl + 6%2) |ar‘;g30 o (] FTmax [-] QDC > 1 [%]
Outer Mid.-Adj. Inner
Default 6556 5517 4121 0.621 1.24
Double 6569 5538 4152 0.721 244
Chamfer 6568 5534 4147 0.607 0.00
Wide 6266 5087 3503 0.661 0.00
GFRP 6613 5599 4237 0.642 0.16
6.7. Outlook

Overall, several design parameters were varied in this chapter. The primary objective was to identify the
factors most worth adjusting in future experiments, with the aim of increasing the likelihood of observing
leakage in the central bi-axialzone before damage is induced by the boundary conditions of the test
set-up. Based on the findings, the following improvements are suggested:

» Mitigate slippage: A practical anti-slip solution is required to maintain a uniform bi-axialstrain
zone through the thickness of the laminate. Slippage can reduce strain in the bi-axialzone by
approximately 1500—2000 um. This should be addressed first, as it does not require modifications
to the laminate design. For the bulge test to serve as a reliable element test standard, slippage
should be minimised as far as possible.

+ Use thinner specimens: Consider 0.5 [mm] instead of 1.0 [mm]. With reinforcement, fibre failure
should still be avoided, although the margin of safety is reduced. Limiting the thickness to 4
plies (assuming 0.125 mm each) restricts the possibility of testing thinner, balanced, symmetric
QI specimens using UD plies. A potential compromise is an antisymmetric 6-ply UD laminate
incorporating +45 plies: [0/90/45/-45/90/0], with the antisymmetric plies placed near the midplane
to minimise bending—membrane coupling.

» Use lower-grade CFRP material systems: Replace IM7 with SM carbon fibre and the tough-
ened 8552 epoxy with a more standard resin system. For example, simulations for the M21/T700GC
system indicate significantly higher strain in the region of interest (= 2000 [um]) while maintaining
a positive margin of safety with respect to fibre failure at the clamp.

+ Optimise reinforcement ring design: To compensate for the increased compliance of the lam-
inate, the reinforcement ring geometry can be optimised. For instance, a chamfer can delay the
onset of delamination by distributing stresses over a larger transition area.

One limitation of this study is that only one parameter was varied at a time. Before implementing any
practical changes to the specimen design, further simulations should be performed to assess potential
interactions between variables (for example, a thinner specimen combined with a wider, chamfered
reinforcement).



Conclusion

The purpose of this work was to develop a validated numerical model of the bulge test, thus simulating
CFRP specimen under multi-directional thermo-mechanical loading.

A detailed numerical model was built to mimic the bulge test as accurately as possible. This involved
multi-stepped thermo-mechanical simulations, modelling both inter- and intra-laminar damage initiation,
and accounting for the interaction between the specimen and the test setup. Notably, a non-linear
contact model was implemented to capture specimen slippage. Through a comprehensive mesh study
and selective use of numerical damping, computational efficiency was improved without compromising
predictive accuracy.

In addition, experimental data were obtained from five bulge tests conducted at DLR. Various configu-
rations were tested to study the influence of curvature, reinforcement and temperature. To summarise
the main results of the test campaign, bulge experiments at cryogenic temperature mitigated prema-
ture leakage. The of reinforcement effectively reduced damage induced by the clamping. Post-test
examination of the reinforced specimens showed no visible delamination, fibre failure, or matrix cracks
in the clamping region.

An extensive validation dataset was collected using strain gauges, digital image correlation (DIC), and
fibre optic strain sensors. The DIC displacement fields were used to calibrate the contact model, result-
ing in a low static friction coefficient of 0.01, between the CFRP specimen and the indium seal. This
indicates that the specimen may slip by up to 1 mm during testing. Comparison of simulated and ex-
perimental strains showed the best agreement (<5%) at the centre of the reinforced specimen at room
temperature. The model also correctly predicts the location of intra- and inter-laminar damage using
the LARCO05 and QDC criteria, consistent with ultrasound C-scan and optical micrograph observations.

The validated numerical model can be used to aid the design of more representative bulge specimen.
For example, mitigating slippage is critical to achieving a uniform bi-axial strain zone at the specimen’s
centre; under no-slip conditions, in-plane strains may increase by 32—39% across different plies. Higher
strain regions promote desired leak paths within the biaxial zone. Additionally, increasing laminate
compliance, eg, using thinner 0.5 mm symmetric, balanced cross-ply laminates, can further enhance
strains in the region of interest without inducing first-ply failure. The margin of safety against clamp-
induced damage can potentially be improved through reinforcement design; for example, chamfered
edges help distribute out-of-plane stresses more evenly, delaying delamination onset.

In summary, the combined experimental and numerical approach provides a robust framework to guide
the design and testing of bulge specimens, ensuring reliable bi-axial strain fields while minimising
boundary-induced damage.

119



Recommendations

A range of recommendations can be identified based on the numerical and experimental work con-
ducted during this thesis. These recommendations are grouped into three main topics: sensor temper-
ature compensation, design optimisation of the bulge test specimen, and further numerical modelling.

The topic of sensor temperature compensation must be addressed to ensure the validity of strain mea-
surements acquired in a cryogenic environment. In this study, strain gauge measurements were cor-
rected using an analytical equation provided by the manufacturer. However, accurately correcting for
the thermal contraction mismatch between the specimen and the strain gauge requires precise knowl-
edge of the temperature dependence of the respective coefficients of thermal expansion (CTE). The
exact material composition of the strain gauges is not publicly disclosed, introducing uncertainty into the
correction. It is therefore recommended to obtain a comprehensive in-house calibration dataset using
passenger samples. In such tests, a thermocouple and strain gauge are bonded to the specimen, which
is then submerged (without a restraint) into a cryogenic bath. These calibration tests should initially be
conducted on isotropic reference materials, such as metals or standard resins, before validating the
methodology on anisotropic CFRP laminates. Additionally, temperature compensation for fibre-optic
sensors remains an open task. A thorough understanding of thermo-optical effects is likely required to
correct measurements obtained at cryogenic temperatures. Furthermore, the increased noise in the
optical fibre signals under these conditions should be addressed through appropriate signal processing
techniques.

Several improvements can also be made to optimise the design of the bulge test specimen. The objec-
tive of this optimisation is to ensure that leakage occurs within the central bi-axial strain zone prior to
the onset of clamp-induced damage, thereby allowing reliable characterisation of leakage. This can be
translated as maximising the strain in the centre of the specimen whilst minimising stress-concentration
peaks in the clamping zone. A multi-parameter study is recommended, extending the single-parameter
investigations presented in chapter 6. For instance, the influence of specimen thickness and material
was studied individually, but not in combination. Multi-parameter optimisation may require efficient
sampling algorithms, such as Latin Hypercube sampling, to explore the design space effectively. The
workflow can be further streamlined by scripting an Abaqus model generator to automate the creation
of parametric models. It should be noted that the results presented in chapter 6 assume a no-slip con-
dition, which relies on mitigation of specimen slippage. While reducing slippage has been shown to
increase strain in the region of interest, complete elimination may not be achievable. In such cases,
the parametric study could be repeated using the static friction coefficients determined in this thesis.

The scope of the current work was limited to a linearly elastic material model, allowing only the initiation
of damage to be captured. Accurate numerical prediction of leakage, however, requires information
such as crack-opening displacements, which can be obtained from a progressive damage model. If
it can be demonstrated experimentally that leakage is driven solely by the thermo-mechanical stress
state within the bi-axial strain zone, the predictions of a leakage model could be directly compared with
experimental measurements. An appropriate progressive damage modelling strategy, that accounts
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for both intra-laminar (matrix cracking) and inter-laminar (delamination) damage modes, should be
selected. The blended XFEM-SCZM discrete damage framework, for example, is considered to be the
state-of-the-art for leakage modelling in CFRP

In this study, only undamaged, un-notched CFRP specimens have been modelled deterministically.
The effects of manufacturing defects, such as voids or wrinkles, have not been considered, nor has
the statistical distribution of material strength, particularly at cryogenic temperatures. Stochastic finite
element modelling could be employed to account for these uncertainties. In practical tank structures,
cut-outs are necessary to integrate feed-lines or other components, which may be welded or bonded
to the tank walls. The influence of such joint components on strain, damage, and leakage remains
an important research question and is a necessary consideration for the structural development of
cryogenic CFRP hydrogen tanks.



Mesh Study

The complete raw results of the mesh study are provided in this section. The results follows from the

discussion in subsection 2.5.4.

Mesh convergence study
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Influence of mesh element type
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B.1. Cryogenic post-tests

Post-tests

This section shows the raw-data for the post-tests. It follows the results from chapter 4.

B.1.1. U-C-CT post-test
The post-test of U-C-CT specimen (raw data
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(a) Leakage overview

in section 4.4) is given by Figure B.1.
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(b) Strain overview

Figure B.1: U-C-CT specimen: Progression of strain, leakage, temperature and pressure through the post-test

B.1.2. R-C-CT post-test

The post-test of R-C-CT specimen (raw data

in section 4.5) is given by Figure B.2.
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Temperature compensation

C.1. Strain gauge temperature compensation using correction curve

The manufacturer of strain-gauges provides a correction to apparent strains caused by a measure-
ment temperature significantly different to ambient reference table. The corrective relationship was
introduced in subsection 5.2.3. The empirical constants are tabulated in Table C.1. [28], [29]

Table C.1: Parameters needed for temperature compensation of strain gauges, at cryogenic temperature

ao —44.12 [-]
ai 2.89 [-]
as —3.86 x 1072 [-]
as 5.85 x 107° [-]
ay —5.16 x 107° ]
Trey 293 K]
T 7 K]
AT —-216 K]
Olstrain—gauge 10.8 x 1076 [K=]
Qsubstrate—CP, 11 = 2.03 x107° K]
Q'substrate-CP, 22
Kpolynomial 2.00 [-]
Kdatasheet 2.34 [
ok 2.85 x 1074 [K=]
Kdatasheet (1) 2.484 ]

C.11. Thermal expansion coefficients

A note must be made on the coefficient of thermal expansion (CTE) used in Table C.1. The secant «
must be used for both the substrate and the strain gauge. Secant, or the mean CTE, must be valid
for the temperature range between T and T;..;. A brief description of the derivation of asypstrate—cp and

(lstrain—gauge -
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CFRP substrate

Qsubstrate—CP—11 and asupstrate—cp—22 represent the laminate (macroscopic) level coefficients of thermal
expansion of a symmetric, balanced cross-ply laminate [(0/90)2]s. The classical laminate theory is
used to obtain the laminate level CTE. The CLT uses the lamina level stiffness (E11, Fa2, G12, V12) @s
well as the CTE for a unidirectional laminate. The secant CTE for IM7/8552 is —1 x 107 [K~'] in the
fibre direction and 3 x 10~ [K~"] in the matrix direction. These secant CTEs are obtained from internal
sources. An open-source CTE calculator based on CLT, such as elamX2 [27], can be used.

Strain gauge

The strain gauges used for the cryogenic experiments have a Self-Temperature Compensation (STC)
number of 11. This refers to the CTE of the strain gauge at reference temperature. To be precise,
the manufacturer states that the strain gauges are compensated for a ferritic steel with a CTE of
10.8 x 1076 [K=']. This does not necessarily mean that the material used in the measuring grids of
the strain gauges is made up of steel. In fact, the manufacturer states that a "special nickel-chromium”
alloy is used. By considering the shape of the thermal output curves from other manufacturers [53], it
can be inferred that the measuring grid is likely made of the (modified) Karma alloy. The exact alloy
composition, of course, remains proprietary.

This means that extracting the secant CTE of the strain gauge between 77 K and 293 K is equivalent
to obtaining the secant CTE of the (modified) Karma material. It is assumed that the effect of the
plastic backing foil is negligible. Unfortunately, the author could not find the secant CTE of the required
alloy in literature. It was also not possible to directly find the variation of the instantaneous CTE with
temperature. The use of published thermal output curves to derive the instantaneous CTE of the strain
gauge grid to subsequently estimate the secant CTE [53], [35] is riddled with assumptions and may
lead to inaccuracies. The next best alternative is to simply use the room temperature value of CTE that
is provided by the manufacturer. Observing the behaviour of other metals, the room temperature CTE
is likely to be 20-30% larger than the mean CTE between room and cryogenic temperature.

C.2. Strain gauge temperature compensation using passenger sam-
ples

An alternative method of temperature compensation is using passenger samples. Passenger samples
are milled out from the same plate as the bulge specimen. These are seen as the small rectangular
cut-outs at the centre of the plate shown in Figure 3.10b.

The passenger samples are cryogenically cooled to 77 Kinside the bulge compartment. No mechanical
load is applied. This means that the deformation of the specimen is caused due to the thermal load only.
In other words, the mechanical strain should be zero. If the true, physical (thermal) strain is accurately
known a priori, it is possible to quantify the difference with the measurement signal.

Raw data of the passenger sample tests is available. Data from the thermocouples and bi-axial strain
gauges of the passenger samples are shown in Figure C.1-C.4. All passenger samples are 8-ply
symmetric, balanced 1 [mm)] thick cross-ply IM7/8552 laminates. There are four flat and four curved
specimen.

An important note: no correction is applied on the strain values in Figure C.1-C.4. The measurement
strain signal, as it was recorded in the log file, is plotted. This signal was acquired for a k-factor of 2.
The k-factor of the used strain gauge, or the temperature corrected k-factor is not applied here. No
corrections have been made either for the CTE mismatch of the strain gauge/CFRP sample or for the
apparent thermal strain in the strain gauge.



Strain gauge temperature compensation using passenger samples 129

Temperature [°C]

Temperature [°C]

= Helium Pressure - TC-2 (F3) TC-5 (F3) <=++ DMS-01 (F2) DMS-05 (C1) DMS-07 (C2)
— TC-4 (C2) —-— TC-6 (C2) = DMS-03 (F1)
Time [h]
0 5 10 15 20
4 L 1 1 1 L 1000
50
3 -0
04 %
2 —_
0 2 - —1000 %
- 3
-50 @ 3
g =
o N £
_ _ 1 1  —2000 5
100 § 2
©
y
~150 7 0 - —3000
—200
-1 T T T T T —4000
0 20000 40000 60000 80000
Time [s]
Figure C.1: Batch 01: Longitudinal (11) strain
== Helium Pressure - TC-2 (F3) TC-5 (F3) ==== DMS-01 (F2) DMS-05 (C1) DMS-07 (C2)
— TC-4 (C2) TC-6 (C2) — DMS-03 (F1)
Time [h]
0 5 10 15 20
4 L L 1 L L 1000
50
3 7 e —— [ 0
04 %
£ —
0 24 - ~1000 g
- =}
-501 2 £
g =
o N £
_ _ 1 1 - —2000 5
100 § 2
©
T
—150 7 0 - L —3000
—200 -
-1 T T T T T —4000
0 20000 40000 60000 80000

Time [s]

Figure C.2: Batch 01: Transverse (22) strain
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Figure C.4: Batch 02: Transverse (22) strain

Results from Figure C.1-C.4 are further processed. The results are grouped based on the principal
direction: longitudinal/along fibre (11) and transverse/across fibre (22).

The mean, min, and max values are shown in Figure C.5. The strain gauges already read a non-zero
value at room temperature. This room temperature value is subtracted from the cryognic reading to

compute the temperature offset.
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Figure C.5: Mean and distribution of the strains from passenger sample tests

The average values of strain can be considered as the measurement strain signals ¢ in Equation 5.5.
It should still be noted that the passenger sample test is still like any other cryogenic test, in the sense
that the measured strains need to be correct for thermal effects (CTE mismatch, k-factor, etc). By
correcting for all these thermal effects, the temperature compensated strain ¢, should converge to the
true physical strain experienced by the specimen. For the passenger sample, the physical strain can
be computed analytically. As the passenger sample experiences no mechanical loads, no mechanical
stress is developed in the laminate. This means that there is zero mechanical strain. Only thermal
strain remains, that is: e = asupstrate—_cp - AT. However, it was observed that —440 [um/m] = ey #
€c = —2400 [um/m] (longitudinal direction - 11). Such a massive disagreement between the analytical
correction and the passenger sample method is deemed unacceptable. The cause of this disagreement
is not well known. However, there may be thermal residual stresses due to cryogenic cooling in a
composite laminate. [33] This would mean that the mechanical stresses are non-zero, even in the
absence of an obvious mechanical load. Therefore, the author has low confidence in using passenger
sample data to temperature compensate the thermal effect of strain gauges.

*Further passenger sample tests, using an isotropic material with a well known temperature dependent
CTE, can be potentially conducted to assess the suitable of passenger sample data for temperature
compensation.



Numerical-experimental results

This appendix follows from chapter 5. Only a selected number of numerical-experimental comparisons
are provided in the main text. For completeness, the remainder of data visualisation is provided in this
appendix. The nomenclature of the tests follow from the test matrix stated in Table 3.2.

D.1. 1D path strain

D.1.1. Curved specimen at cryogenic temperature
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Figure D.1: U-C-CT specimen: Experimental-numerical comparison of the biaxial strain zone, for the outer-most ply, at an
applied pressure of 9 [bar]
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Figure D.2: U-C-CT specimen: Experimental-numerical comparison of the biaxial strain zone, for plys adjacent to the
laminate’s mid-plane, at an applied pressure of 9 [bar]

D.1.2. Reinforced specimen at cryogenic temperature
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Figure D.3: R-C-CT specimen: Experimental-numerical comparison of the biaxial strain zone, for the outer-most ply, at an

applied pressure of 9 [bar]
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Figure D.4: R-C-CT specimen: Experimental-numerical comparison of the biaxial strain zone, for plys adjacent to the
laminate’s mid-plane, at an applied pressure of 9 [bar]
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Figure D.5: U-F-RT specimen: Progression of strain (DIC, Strain Gauges, FOSS) over pressure, (X, y) coordinates are taken
from the centre of the specimen, as shown in Figure 4.1b. The laminate’s global coordinates (x, y) are aligned with the local
coordinates (11, 22) of the outer-most ply.
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Figure D.6: U-C-RT specimen: Progression of strain (DIC, Strain Gauges, FOSS) over pressure. (X, y) coordinates are taken
from the centre of the specimen, as shown in Figure 4.4b. The laminate’s global coordinates (x, y) are aligned with the local
coordinates (11, 22) of the outer-most ply.
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Figure D.7: U-C-CT specimen: Progression of strain (DIC, Strain Gauges, FOSS) over time, for pre-, main and post-test. (x,y)
coordinates are taken from the centre of the specimen, as shown in Figure 4.10b. The laminate’s global coordinates (x,y) are
aligned with the local coordinates (11, 22) of the outer-most ply.
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D.3. Damage assessment
D.3.1. Inter-laminar damage: Ultrasound and QDC
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Figure D.8: R-C-RT specimen inter-laminar damage
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Figure D.9: R-C-CT specimen inter-laminar damage
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D.3.2. Optical micrograph

Figure D.10: U-C-RT specimen: optical micro-graphs in the clamping region. Crack propagation is visible. This damage is
likely to have led to the leakage observed in section 4.1. Fibre kinking on top most ply at the clamp location. Fibre failure and
transverse matrix cracks visible too.
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E.1. Influence of laminate design

In future bulge test campaigns, it may be desirable to test different laminate designs, not just cross-ply
laminates. The validated numerical model can provide valuable insights before any physical testing
is performed. Specifically, the model can quantify the size of the biaxial zone, which is expected to
vary with different laminate designs. This information will help define the region of interest and can
guide practical aspects such as sensor placement (e.g., placing strain gauges only where high-quality
biaxiality is maintained).

In future test programs, leakage measurements are likely to be conducted on the region of interest,
meaning that the remainder of the specimen (outside a 10-20 [mm]| radius) may be covered with an
impermeabile foil. It is also important to verify whether different laminates might suffer damage induced
by the clamping.

For ease of comparison, 1 [mm] thick, 8-ply laminates shall be used.

E.1.1. Quasi-isotropic laminate

Motivation

Real-world composite structures should follow the "10%” rule, to ensure stiffness in the four principle
axes (0, +45,90) to protect against secondary load cases [39]. Therefore, it is likely that future bulge
test programs may use QI laminates, that better reflect the laminate designs used in practice. As a
starting point, a balanced symmetric QI laminate is simulated.
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Results
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Figure E.1: Strain biaxiality and damage initiation results for a symmetric, balanced quasi-isotropic laminate , at 20 [bar] (CT)

E.12. Asymmetric cross-ply laminate
Motivation

The asymmetric cross-ply laminate [0/0/90/90/0/0/90/90] is considered to investigate the effect of membrane-
bending coupling under pressure loading. Unlike symmetric laminates, asymmetry can induce bending
moments when the specimen is subjected to in-plane loads, potentially affecting the strain distribution
and the size of the biaxial zone. Studying this configuration allows assessment of whether such cou-

pling significantly influences the region of interest or damage initiation under the clamping and pressure
conditions.
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Figure E.2: Strain biaxiality and damage initiation results for an asymmetric cross-ply laminate , at 20 [bar] (CT)

E.1.3. Highly directional cross-ply laminate
Motivation

The highly directional cross-ply laminate [0/0/0/90/90/0/0/0] is considered to investigate the influence of
a predominantly longitudinal fibre direction, with only the mid-plane plies oriented at 90°. This configura-
tion accentuates directional stiffness effects and may lead to localised differences in strain distribution
under pressure loading. Studying this laminate helps evaluate the impact of fibre orientation on the
biaxial zone and potential damage initiation, particularly in the centre region of interest.
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Figure E.3: Strain biaxiality and damage initiation results for a highly directional (non-transversely isotropic), symmetric
cross-ply laminate , at 20 [bar] (CT)

Summary of laminate design results

Table E.1: Strain metrics and damage indicators for each laminate design, at 20 [bar] (CT)

Laminate (\/6% + E%z) <30 mm (0] FTmax []  QDC > 1[%]
Outer Mid.-Adj. Inner
[(0/90),], (Default) 6556 5517 4121 0.621 1.24
[0/90/45/ — 45| 6572 5538 4146 0.620 1.71
[(0),/(90),], 6583 5552 4170 0.566 0.93
[(0)5/90] 6547 5544 4205 0.572 0.75
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