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Zusammenfassung

Bei Faserverbundwerkstoffen erfolgt die Anpassung der Materialeigenschaften mit Hilfe der
gezielten Ausrichtung der Fasern in Hauptlastrichtung. Bei einachsiger Belastung wére ei-
ne ebensolche Ausrichtung zwar wiinschenswert, erhoht jedoch die Empfindlichkeit des
Laminats gegeniiber Schiaden drastisch. Besonders kritisch ist insbesondere eine Druck-
last auf einem Laminat, das vorher durch einen Stof geringer Energie geschéadigt wurde.
Aus diesem Grund werden in fast allen praktischen Anwendungen zusitzliche Faserrich-
tungen vorgesehen, die die Steifigkeit und Festigkeit in der gewiinschten Richtung jedoch
reduzieren. Diese Laminate bilden damit die eigentliche Referenz, wenn es in der Material-
entwicklung um den Vergleich von Werkstoffen geht. Félschlicherweise werden hier oftmals
die Eigenschaften von Laminaten mit unidirektionaler Faserausrichtung betrachtet.

Ziel dieser Arbeit ist es ein neues Materialsystem, sogenannte UD-CFK-Stahllaminate,
hinsichtlich ihrer Eignung fiir eben diese besonderen einachsigen Lastfélle zu priifen. Die
Laminate bestehen aus einem Schichtaufbau von CFK und Stahlfolien. In der Arbeit wird
zunéchst theoretisch erortert, dass bei Verwendung von weniger als etwa 12% Stahl, eine
héhere spezifische Steifigkeit als mit der CFK-Referenz erreicht werden kann. Voraus-
setzung hierfiir ist, dass die Restfestigkeit nach einer Schidigung durch eine bestimmte
Stoflenergie nicht geringer ist als die Restfestigkeit, welche die CFK-Referenz bei gleicher
Stoflenergie erzielt.

Da in den meisten Einsatzfallen jedoch nicht ausschlieflich die Eigenschaften in Lastrich-
tung allein ausschlaggebend sind, wird der Druckstab als ein einfaches Anwendungsbeispiel
betrachtet. Mit Hilfe einer Parameterstudie werden fiir unterschiedliche Stédbe und Lasten
die Stabquerschnitte fiir jedes Material variiert, um fiir jedes Material den idealen Quer-
schnitt festzustellen. Da bei dem Druckstab neben der Druckfestigkeit auch Knicken und
lokales Beulen als Versagensfille betrachtet werden, entsteht ein realistisches Anforde-
rungsprofil bei dem neben den Laminatsteifigkeiten in der Ebene auch die Biegesteifigkei-
ten eine Rolle spielen. Da die Ergebnisse der Parameterstudie dieser Arbeit zeigen, dass es
durchaus Szenarien gibt, in denen das UD-CFK-Stahllaminat einen Vorteil erzielen kann,
werden die Erkenntnisse aus dem Lagenaufbau auf weitere Versuche iibertragen.

Bevor hierfiir jedoch Priifkorper hergestellt werden, wird zunéchst die Oberflichenvorbe-
handlung betrachtet. Dazu werden unterschiedliche Beiz- und Strahlverfahren untersucht.
Auf Grundlage dieser Untersuchungen wird eine Vakuumsaugstrahlanlage entwickelt und
fiir die Vorbehandlung der Stahlfolie verwendet. Zusétzlich werden die thermischen Eigen-
spannungen, die durch die hohe Aushéartetemperatur und die unterschiedlichen W &rmeaus-
dehnungskoeffizienten der Materialien entstehen, abgeschétzt und Mafinahmen zu dessen
Reduktion aufgezeigt.

Die anschlieende Druckpiifung zeigt, dass die Drucksteifigkeit und Druckfestigkeit deut-
lich erh6ht werden konnen, so dass auch eine héhere spezifische Drucksteifigkeit als bei
der CFK-Referenz erzielt werden kann. Die Schéden nach Stoflenergien von 9, 12 und 16 J
sind zwar gréfler als bei Proben aus CFK, die Restfestigkeit ist jedoch vergleichbar mit
der Referenz. Bei den spezifischen Restfestigkeitskennwerten entsteht daher ein geringer
Nachteil gegeniiber CFK.

Zuséatzlich wird aufgezeigt, dass mit Hilfe der Anordnung der Stahllagen Einfluss auf die
Tiefe des Schadensabdrucks und auf das Versagensverhalten genommen werden kann.
Denn werden die Metalllagen zum Beispiel eher auflen angeordnet, so erzielt ein vor-
geschidigter Korper ein deutlich weniger abruptes Druckversagen.



Abstract

Composite laminates are adjusted to the expected scenario by aligning their reinforcing
fibers in load direction. Especially, when high specific uniaxial mechanical properties are
aspired, notch and impact sensitivity properties, however, limit the fiber fraction in load
direction drastically. Additionally, the thickness of equally orientated layers is limited to
reduce crack distribution. Compression loading of a laminate, which have previously been
impacted at a low impact energy, is particularly critical.

Therefore, the laminates suffer a loss of their lightweight potential due to residual strength
evaluation. However, these laminates generate the reference for comparison with other ma-
terial groups, although composites are often advertised with means of their unidirectional
properties.

Recognizing these limitations, a new lay-up to increase the degree of capacity utilization
of CFRP is analyzed in this thesis. The so-called UD-CFRP-steel laminates use a lay-up
of CFRP and steel layers with a thickness below 0.08 mm to reduce the aforementioned
disadvantages. At first, it is shown theoretically that when using less than 12% steel, a
higher specific stiffness than by taking the CFRP reference is achievable. However, this
only proves to be beneficial if the residual strength after an impact is comparable with the
residual strength achieved by the CFRP reference after an impact of the same energy.

In the majority of applications, the exclusive consideration of uniaxial properties is not
sufficient. Hence, struts under longitudinal compression load are regarded. When consid-
ering compression strength, local and global buckling, a strut provides a simple example
in which not only the laminate’s longitudinal strength and stiffness play an important
role, but also the laminate’s transverse stiffness and flexural bending stiffness. Therefore,
a parameter study on different struts with different loads is performed to achieve the
ideal cross section for each material system and loading scenario. For certain scenarios a
weight-saving potential is realized by the UD-CFRP-steel lay-up compared to the reference
laminate.

Before manufacturing test specimens, the surface treatment is regarded and a variety of
pickling and grit blasting procedures are tested. Finally, a vacuum blasting machine is
developed and used for the pre-treatment of the steel foils. Additionally, manufacturing
experiments are performed to estimate the thermal residual curing stresses. In addition,
methods for their reduction are presented.

The subsequent compression testing shows that the compression stiffness and strength is
increased essentially in comparison to the CFRP reference. Thereby, the specific compres-
sion modulus is also increased.

Although the specimens indicate larger damage after being impacted at 9, 12 and 16 J, the
residual compression strength is comparable to the CFRP reference. Hence, the specific
residual compression strength of UD-CFRP-steel is lower.

Additionally one can conclude from the results, that the arrangement of a ply influences
the dent depth and the load-displacement of the specimens. Damaged specimens with the
metal layers oriented more to the outside, achieve a more ductile compression failure than
CFRP or specimens with the metal layers orientated preferably more to the center of the
specimen.



Acknowledgments

First of all I would like to thank Prof. Michael Sinapius for the supervision of my thesis
and the valuable discussions over the time of preparation. My gratitude as well goes to
Prof. Axel Hermann for the co-supervision.

In particular, I want to thank Prof. Christian Hithne not only as chairman of the thesis
committee, but also for the fruitful collaboration over several years, for creating the work-
environment to write this thesis and for providing tasks to grow with and develop on
a personal level. I would also like express my gratitude to Dr. Boris Kolesnikov, who
emphatically fought for the prosecution of any fiber metal laminate topic and provided
the ’starting point’ of the specific topic analyzed in this thesis.

Special thanks goes to my colleague and friend Dr. Erik Kappel for endless discussions
regarding the topic of process-induced deformations, which fundamentally influenced this
thesis and for sharing his exceptional knowledge of mechanics. Not forgetting the evenings
in front of the white board, again trying to find the source for a certain phenomenon in
composites manufacturing and the proof-reading of this thesis.

I would also like to thank Lennart Weify for proof-reading and for being, together with
Dr. Hardy Koke, a trigger to start with the 'pythonic way’ of solving problems.

I would have not succeeded without the efforts and supports of Robert Prussak and Martin
Kolotylo, who both helped preparing many of the specimens as part of their diploma theses.
I am glad that both of you found your way to the DLR and now work hard on your own
research. Several other ’students’ also graciously supported my work, Daniel Osorio, Imke
van Lessen, Martin Janssen and Martin Seide.

Further I would like to thank Mareike Stegmaier for the pre- and post-processing of many
of the specimens and for her flexibility in terms of any special requirement.

I thank Arne Hindersmann for providing the possibility of discussions and answers in the
field of composite manufacturing right next door.

I would also like to thank my father Istvan for always being a good listener and critical
questioner. This helped me a lot to sort my mind and regain a general view of some special
topics.

In general I would like to thank my father Istvan, my mother Eva and my brother Stefan
for believing in me and for the enormous patience, which I know was required to get me
to this point.

Finally, I would like to give a very special thanks to my wife Nina for encouraging me
in academically hard times and tolerating long working days in academically good times.
Although not in direct connection to this thesis, I would like to take the chance to thank
you for your understanding concerning my unpredictable dedication to wavesailing and
for just being like you are.

Stade, 2017



"Clarity about what matters provides clarity about what does not.’
- Cal Newport -
Deep Work: Rules for Focused Success in a Distracted World



Contents

Notations ix
List of symbols - latin letters . . . . . . . .. . .. .. ... .. ... .. ix
List of symbols - greek letters . . . . . . . . . . .. .. ... xi
List of abbreviations . . . . . . . . . . ... xiii

1 Introduction 1
1.1 Background . . . . . . . .. 1
1.2 Objective . . . . . . . . e 2

2 Approach, hypotheses and outline 3
2.1 UD-CFRP-steel approach . . . . . .. .. .. ... .. ... ... ..... 3
2.2 Methodical hypotheses . . . . . . . . . . .. .. ... 4
2.3 Outline . . . . . . e 6

3 Damage tolerance as critical design parameter 7
3.1 Literature review . . . . . . . . .. e 7
3.2 Present chapter’s structure . . . . . ... ..o 10
3.3 Effect of damage tolerance on laminate design . . . . . . . .. ... ... .. 11
3.4 Consideration of unidirectional properties . . . . .. ... .. .. ... ... 15
3.5 Consideration of bidirectional properties - method . . . . ... ... .. .. 25
3.6 Consideration of bidirectional properties - parameter study . . ... .. .. 28
3.7 Discussion of hypotheses addressed . . . . .. .. .. ... ... ....... 44

4 Constituent interfaces 45
4.1 Literature review . . . . . . . . ... e 45
4.2 Present chapter’s structure . . . . . . .. .. oL oL 50
4.3 Interlaminar shear strength and its determination . . . . . . . .. ... ... 51
4.4 Development of a vacuum blasting process for foils . . . . . . ... ... .. 61
4.5 Applied surface treatments . . . . . . .. ... 63
4.6 Results and discussion . . . . . . . . ... 67
4.7 Discussion of hypothesis addressed . . . . . . . ... .. ... .. ...... 73

5 Process-induced residual stress 75
5.1 Literature review . . . . . . . . .. 75
5.2 Present chapter’s structure . . . . . . ... . oL 77
5.3 Intra- and interlaminar stress state . . . . . . .. ... ... L. 78
5.4 Ply interaction and influencing parameters . . . . . . . . .. ... ... ... 85
5.5 Evaluation of residual stress . . . . . . . . .. ... ... ... ... 88
5.6 Residual curing stress and its modification . . . . . . . .. ... ... ... 91
5.7 Discussion of hypothesis addressed . . . . . . . .. ... .. ... ...... 97



viii Contents
6 Experimental evaluation of residual strength 99
6.1 Literature review . . . . . . . . L. L e 99
6.2 Present chapter’s structure . . . . . . ... .. ... L L. 101
6.3 Sample manufacturing . . . . . .. .. L L L Lo 102
6.4 Testing compression strength and modulus . . . . . ... ... ... .... 103
6.5 Failure evaluation. . . . . . . . .. ... 105
6.6 CAI testing and modified impact test procedure . . . . . . . .. . ... ... 111
6.7 Lay-upsandresults. . . . . . . . . . . ... 114
6.8 Discussion of hypotheses addressed . . . . . . .. ... ... ... ... ... 143
7 Conclusions and outlook 145
List of Figures 152
List of Tables 154
Appendix 171
A Simplified shear solution by Bednarcyk et al. . . . . . . . . ... ... ... .. 171
B Failure geometries - CFRP-UD-steel CT plots . . . . .. ... .. ... .... 173
Bibliography 171
Own publications 189

Curriculum Vitae 193



Notations

List of symbols - latin letters

symbol unit description
a mm plate length
Ay mm? damage area
Ajj N/mm coefficient ij of A-matrix
Av(x) - mean value of parameter x, notation used in test standards
A, mm? strut cross section
b mm plate width
Clong kN/mm spring stiffness from longitudinal consideration of the lay-up
Ctrans kN/mm spring stiffness from transverse consideration of the lay-up
B;; N coefficient ij of coupling stiffness matrix
d mm displacement
D mm diameter
D;; Nm coefficient ij of bending stiffness matrix
D¢ j Nm coefficient ij of bending stiffness matrix of composite layer
Dy Nm coefficient of bending stiffness matrix of metal layer
B GPa longitudinal tensile Young‘s modulus
E. GPa compression Young‘s modulus of specimen
Ec GPa Young‘s modulus of the composite fraction
E.1 GPa longitudinal compression Young‘s modulus
E.oo GPa transverse compression Young‘s modulus
E¢ spec MNm/g specific compression Young‘s modulus
Egiass MPa Young‘s modulus in resin’s glassy state
Eimp J impact energy
Er GPa Young‘s modulus of the laminate
Elongb GPa flexural bending stiffness in the longitudinal direction
Et’/‘ans,b GPa flexural bending stiffness in the transverse direction
By GPa Young‘s modulus of the metal fraction
Enrpi GPa ideal Young‘s modulus of the metal fraction in the plastic region
Epot1 J energy threshold for realistic energy
Epot2 J energy threshold for extremely improbable occurrence
Er GPa reference Young‘s modulus
E.up GPa Young‘s modulus in resin’s rubbery state
Ly GPa Young‘s modulus of an arbitrary layer in x-direction
E, GPa average laminate stiffness in x-direction
fs - safety factor
N load

gravitational acceleration



X List of symbols - latin letters

Glass GPa shear stiffness in resin’s glassy state

Grub GPa shear stiffness in resin’s rubbery state

h mm total specimen thickness

1 mm?* moment of inertia

Io mm?* moment of inertia of the composite layer

Leire mm? moment of inertia of circular strut

Iy mm?* moment of inertia of the metal layer

Jgb - global buckling safety factor

i - local buckling safety factor

Ju - ultimate safety factor

Jy - yield safety factor

k - control variable for stress level in strut study

ky - equivalent length factor

kmaz - maximum number of loops in strut study

K - end-restraint coeflicient

l mm length of specimen

lg mm damage length

L. mm effective strut length

Ly mm strut length

Lgup mm distance between support of 3-point bending specimens
m - buckling shape parameter

my g strut with lowest weight

mg g strut weight in k-th calculation step

Mg g strut weight

My, My, My, N bending moments per unit length

MT, MyT , Mg; N thermal bending moments per unit length

n - buckling shape parameter

ng - cross section transformation factor of k-th layer
ne - cross section transformation factor of composite layer
nas - cross section transformation factor of metal layer
N - total number of layers

Ny, Ny, Nyy N/m in plane loads per unit length
NI NT NT N/m thermal in plane loads per unit length

Jz ity

Nyy, Nio N axial forces acting on beam
Niekl loc.sq N local buckling load (edges treated simply supported)
Pe N (in-plane) load in composite layer
Py N (in-plane) load in metal layer

P, N failure load

Q N transverse load

r mm striker radius

Tm mm midplane strut radius

Ts mm outer strut radius

R mm radius of material strip

Ryeam mm radius obtained by beam theory
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Ror mm radius obtained by Oel and Frechette strain energy approach
Ryjate mm radius obtained by plate theory

RS MPa residual strength for limit load capability

RSy MPa residual strength for ultimate load capability

S - step size in strut study

S mm? static moment

Sc MPa stiffness of the composite layer used in plane stress model
Sy, MPa stiffness of the k-th layer used in plane stress model
Sm MPa stiffness of the metal layer used in plane stress model
t mm thickness/depth of indentation

to mm thickness of composite layer

ty mm thickness of k-th layer

tiam min laminate thickness

tiam,mag mim maximum laminate thickness regarded in strut study
Liay mim layer thickness

ty mm thickness of metal layer

t, mm repetitive layer thickness

Teuremaz °C maximum curing temperature

Top °C operational temperature

Ty °C stress free temperature

Pouckigiob,sq N global buckling load for square cross sectioned strut
w mm inner strut/specimen width

W min deflection of beam center

Wy mm damage width

wy, mim half outer strut width

W mim outer strut width

z - coordinate axis

Z mm position of layer interface with respect to neutral axis
z* mm position of neutral axis

List of symbols - greek letters

symbol unit description

« - shell buckling shape parameter

a1 106 /K longitudinal coefficient of thermal expansion
ac 107%/K composite‘s coefficient of thermal expansion
or, 107%/K laminate‘s coefficient of thermal expansion
aril 1076 /K laminate‘s longitudinal coefficient of thermal expansion
o 1075/K metal‘s coefficient of thermal expansion

Qg O,y gy 107%/K apparent thermal expansion coefficient

Qs Oy Oy 1/mm laminate’s thermal curvature

I6] - shell buckling shape parameter

¥ - shear strain

Al mm length difference



xii List of symbols - greek letters

AP K load difference

AR mm radius difference

AT K temperature difference

Aa 1079/K difference in thermal expansion coefficient

Ae, - difference in strain

€B - strain due to bending

€C.R - residual strain in composite fraction

€faceAs €faceB - strain measured on face A or B, respectively

€Ly - laminate‘s effective strain at yield limit

€L, ult - laminate‘s effective strain at ultimate failure

€M,0.2 - effective strain at technical elastic limit

€M, A - permanent strain after failure

€M,R - residual strain in metal fraction

€M, ult - effective strain at failure of the metal fraction

€ult - effective strain at failure

€2 €y Eay - apparent thermal expansion

Kz Ky 1/mm  curvatures of reference surface

Aer - critical buckling load parameter; eigenvalue

Veij - composite’s Poisson‘s ratio in ij-plane

Vij - Poisson‘s ratio in ij-plane

Vkij - Poisson‘s ratio in ij-plane of the k-th layer

VMij - metal’s Poisson‘s ratio in ij-plane

P g/cm3  density

oL g/cm®  laminate‘s density

PR g/cm3  reference density

Oalt MPa alternative stress level in strut

Tbuckl,glob MPa global buckling strength for square cross sectioned strut

Obuckl local,circ ~ MPa local buckling strength for circular cross sectioned strut

OC,R MPa residual stress in composite fraction

Oc,spec kNm/g specific compression strength

Oc,ult MPa composites compression strength

oLy MPa laminate‘s yield strength

OLult MPa laminate‘s ultimate strength

oM,0.2 MPa technical elastic limit of metal fraction

OM,R MPa residual stress in metal fraction

O M,ult MPa metal‘s ultimate strength

oM.y MPa  metal‘s yield strength

0p,0.2 MPa technical elastic limit

Oult MPa yield strength

Oy MPa equivalent stress

Tij MPa shear stress in ij-plane

Tijres MPa shear stress in ij-plane created by residual thermal stress

Tijtest MPa shear stress in ij-plane created by test load
MPa shear stress in resins’s glassy state

Tglass
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TILSS
Tm
Trub
Tu

PM

MPa interlaminar shear strength

MPa maximum shear stress

MPa shear stress in resin’s rubbery state

MPa true shear strength

% metal volume fraction

List of abbreviations

ADL
Al
ARALL
BSP
BVID
CAl
CARALL
CFRP
CLC
CLP
CLT
CT
CTE
DNS
DSG
FBG
FEM
FEP
FML
FRP
GBS
GLARE
HCCF
HO
HTS
ILSS
M

LL

LviI
MRCC
MVF
NDI
PBS
Ql
ROM
RT

ss

allowable damage limit
aluminum

aramid fiber reinforced aluminum laminate

Boeing sol-gel Process
barely visible impact damage
compression after impact

carbon fiber reinforced aluminum laminate

carbon fiber reinforced plastic
combined loading compression

Ciba laser pretreatment

classical laminate theory

computer tomography

coefficient of thermal expansion
double-notch shear

design service goal

fiber bragg grating

finite element method

fluorinated ethylene propylene

fiber metal laminate

fiber reinforced plastic

grit-blast and silane process

glass fiber reinforced aluminum laminate
hydraulic composite compression fixture
highly-orthotropic

high tenacity and strength

interlaminar shear strength
intermediate modulus

limit load

low velocity impact

manufacturer‘s recommended cure cycle
metal volume fraction

nondestructive inspection

percent bending strain

quasi-isotropic

rule of mixture

room temperature

simply supported
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St steel

Ti titanium

ub unidirectional

UL ultimate load

us ultrasonic

voxel volume element



1 Introduction

1.1 Background

In the aerospace industry in particular, carbon fiber reinforced polymer composites are
being used more and more extensively. The high stiffness and strength to weight ratio and
fatigue resistance make them attractive for large civil aircraft. However, there are signifi-
cant differences in material behavior between carbon fiber reinforced plastic (CFRP) and
metals. Besides anisotropic mechanical and thermal properties, CFRP shows more com-
plex failure mechanisms. Additionally, mechanical impacts do not always lead to visually
detectable damage. As no compromises concerning safety when compared to conventional
metallic structures can be permitted in this field, an adapted certification process has
been introduced. The concept of continued airworthiness of aircraft primary structures
for fatigue and accidental damage is described in AMC25.571 [1] and supplemented by
(CS25.603 [2] for composite parts in particular. The general idea is to ensure that damage
will be detected before its size becomes critical and to repair the damage to regain the
part’s original strength. As damage growth and damage visibility in CFRP is different,
the certification rules lead to increased certification effort. For example, in compliance
AMC25.571, one year of safe operation must be substantiated before certification of a
metallic part. For a composite part, 1 to 1.5 times the design service goal (DSG) must be
substantiated in order to comply with CS25.603. The DSG for today’s large civil aircrafts
is about 35 years.

Another drawback in addition to the complex and elongated certification process is that
the composite’s elastic properties cannot be exploited to their full potential due to the
material’s largely brittle behavior when considering detectability of damages. As a conse-
quence, concerns about the effect of impacts on the performance of composite structures
have been a factor in limiting the use of composite materials [3].

Paragraph ¢’ of AMC25.571 prescribes a safe-life concept for undetectable damages and
for structures susceptible to damage but not being inspectable. In consequence, this
means that the structure needs to be capable of sustaining all applied (ultimate) loads
while damage sizes remain smaller than the detectability threshold.

Therefore, additional to the high stiffness to weight ratio and fatigue resistance men-
tioned above, the composite material’s suitability for a particular application additionally
depends on its residual strength at a certain detectable damage size. In particular, uni-
axially loaded parts with high stiffness needs - which preferably contain a high amount of
uniaxially oriented fibers - suffer a loss of their lightweight potential due to this residual-
strength requirement.

It seems obvious that the combination of metallic and fiber reinforced plastic in fiber metal
laminate (FML) could be one possible way to overcome the weaknesses of its individual
constituents. Research on FML to improve the material performance of the individual
constituents and to overcome the disadvantages of the single materials has been ongoing
for over 40 years. Fiber metal laminates investigated include aluminum alloys (aramid
fiber reinforced aluminum laminate (ARALL), carbon fiber reinforced aluminum laminate
(CARALL) and glass fiber reinforced aluminum laminate (GLARE)) as well as FMLs



2 1.2. Objective

incorporating metal alloys such as titanium or steel. Although each of these material
combinations has its own motivations, they can be subdivided into two major groups.
The first group utilizes the fibers to overcome the weak fatigue performance of the metallic
constituent. The most famous representative of this group is GLARE, which uses glass
fiber reinforced polymers to improve the fatigue performance of aluminum. This material
combination is used in the upper fuselage panels of the A380. The second group makes
use of titanium or steel sheets to locally reinforce composite parts in order to increase the
bolt bearing capacity [4-9].

Although GLARE was not intended to overcome the required additional certification effort
of composites, it is the only laminated and therefore composite material, which can be
covered by the damage tolerance approach under AMC25.571. This can be explained by
damage detectability, as GLARE behaves a very similar way to monolithic aluminum in
the case of accidental mechanical impact [10]. However, no approach has yet been reported
in research, which utilizes fiber metal laminates to overcome the loss of CEFRP’s lightweight
potential due to residual-strength requirements.

This work aims to evaluate whether metallic layers are suitable for overcoming this loss,
especially for uniaxially loaded parts utilizing a large amount of uniaxially orientated fibers.

1.2 Objective

Today, design is focused on undamaged laminate properties although residual strength
is the critical design parameter in many aerospace applications when using composite
materials. Therefore, residual strength should be the major design variable.

The formulation of a universally valid method of evaluating whether additional metallic
layers are suitable for overcoming the loss of composite materials with regard to residual
strength requires a suitable assessment approach in combination with experimental char-
acterization of the material properties. Unfortunately, the manufacture of such specimens
is accompanied by certain manufacturing challenges which need to be overcome, especially
with regard to layer adhesion and residual stresses. This leads to a multiplicity of solu-
tions which are more or less complex, low or high in cost and more or less effective. For
a universally valid evaluation, all these solutions and their associated parameters must be
investigated and their impact on the command variable - the residual strength - must be
described. Such an approach would require an enormous manufacturing and testing effort
which may or may not be bear fruit.

Therefore, another procedure is applied whereby the goal is to verify the advantage of
FML - with regard to residual strength - for a single application. This would justify any
further and more detailed investigation in this field.

When performing such a target-orientated investigation on this novel material there is the
risk of an unsatisfactory intermediate step, which at the end may prohibit a meaningful
conclusion. For example, high residual stresses or an unsatisfactory surface treatment may
generate a different failure mode and the real potential of the material combination could
remain undiscovered. It is therefore necessary to develop and investigate the manufac-
turing methods just sufficiently to yield meaningful test specimens, to be able to derive
further investigation requirements and to ascertain those manufacturing parameters with
the highest impact on residual strength.



2 Approach, hypotheses and outline

The present chapter describes the main advantages and drawbacks of CFRP and intro-
duces a novel approach to encountering the low damage tolerance properties of highly
orthotropic laminates. The approach leads to the definition of a principle hypothesis and
six hypotheses which affect the outline of the research performed in this work. The outline
and structure of the present thesis are summarized at the end of this chapter.

Summary: Composite laminates, and especially CFRP, have been applied in many engi-
neering fields due to their excellent strength to weight and stiffness to weight ratios. Most
of the structural components made using composite laminates are subjected to impact load-
ing during assembly and maintenance operations, or during service life [11]. For CFRP in
particular, the material’s capability of tolerating local failure is a critical property. In most
cases the compound does not collapse immediately after the onset of failure but the failure
accumulates, accompanied by permanent stress redistribution until functional break-down
occurs. Fven minor damage can cause considerable reduction in the structural integrity
of composites. Therefore, their main drawback is their susceptibility to impact damage
and manufacturing defects. Damage tolerance in metals is related to the propagation rate
of a crack, whereas damage tolerance in laminated composites is dominated by their re-
sistance to impact [12]. This impact damage includes delamination, fiber breakage and
matriz cracking, which may result in premature structural failure at loads well below the
designed strength of the structure. The damage induced by low-velocity impact is the most
important aspect inhibiting the wide-spread use of laminated composites in industry [13].

Therefore, parts with high stiffness needs, in particular struts at risk of buckling or parts
with high eigenfrequency requirements, suffer a loss of their lightweight potential due to
restdual-strength evaluation. Recognizing these limitations, a new lay-up to increase the
degree of capacity utilization of CFRP is proposed in the following.

2.1 UD-CFRP-steel approach

In order to increase the damage tolerance properties of composites, different approaches
are used on material and laminate scale, in practice and in research. The prevalent solution
is to create tougher interlayers by adding thermoplastic particles to the thermoset resin.
However, layers with deviant fiber orientation must be added to the laminate in most of
the applications, whether needed for the load case or not. These additional layers are
required in case of accidental damage or manufacturing defects. As they are not required
for the loading scenario, they reduce the material’s potential for exploitation with regard
to strength and stiffness. This relation is discussed in more detail in chapter 3.

The approach to reducing the aforementioned disadvantages uses a new laminate lay-up
with low metal layer thickness and low metal volume fraction. The literature provides
evidence for the following assumptions. The metal layers replace £45°- and 90°-plies.
Hence, stiffness and strength in the 0°-direction are not reduced in comparison to the use
of variant fiber directions, while residual-strength-after-impact is improved in comparison
with purely unidirectional (UD) laminates [14,15].
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Additionally, based on classical laminate theory (CLT), transverse stiffness and strength
are enhanced in comparison with unidirectional laminates. The longitudinal compression
strength is increased as a consequence of the material combination and the ’in-situ’-effect
due to the high number of alternating interfaces [16]. A fundamental idea is that in the
case of impact or fracture, the metal layers deflect inter-fiber-fracture into delamination
and serve as crack arrester layers, as shown in Figure 2.1. Various investigations have
indicated that the formation of delaminations absorbs energy and leads to reduced fiber
breakage [17-19].

The combination of CFRP and steel forms an FML. The approach at hand focuses in par-
ticular on parts with uniaxially loading and high stiffness needs. An extensive explanation
of the reasoning for this restriction can be found in chapter 3.

Another limitation anticipated for the following hypotheses is that steel is used exclusively
so that the stiffness of CFRP is not reduced. An explanation and comparison with other
metals can also be found in chapter 3.

2.2 Methodical hypotheses

The previous explanations are based on state-of-research in the field of laminated com-
posites. The following principle hypothesis and hypotheses are based on the previous
assumptions and thereby summarize the questions which need to be answered in order
to determine the main factors of influence in the function of the novel UD-CFRP-steel
laminates. At the same time, the hypotheses address areas where further research may be
taken up.

Principle hypothesis

Using thin steel layers in a carbon-fiber-reinforced epoxy laminates permits an increase in
weight-specific stiffness with no reduction of compression strength after impact.

m Hypothesis 1: Steel volume fractions lower than 10% are required to permit the in-
crease of the weight-specific stiffness and strength in a given direction in comparison
with a carbon-fiber-reinforced epoxy laminate.

m Hypothesis 2: Damage tolerance requirements are likely to lower the exploitation
of the CFRP material in the laminate lay-up.

impact load

steel layer —>

— fractures
CFRP layer —»

Figure 2.1: Deflection of inter-fiber-fracture into delamination at the interfaces between
CFRP and steel
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Hypothesis 3: Due to the metal’s time-dependent surface state, the overall treat-
ment process exerts essential influence on the interlaminar shear strength of the
UD-CFRP-steel laminates.

Hypothesis 4: Contrary to prevalent assumptions, residual thermal stress is not a
simple function of the difference between the cure and the operational temperature.
Processing parameters such as pressure and temperature exhibit fundamental influ-
ence on residual thermal stress and thereby offer the possibility of stress reduction.

Hypothesis 5: The insertion of steel layers in a CFRP-laminate decreases failure
depth and consequently increases residual strength after impact.

Hypothesis 6: The arrangement of the metal plies in a UD-CFRP-steel laminate
has a major influence on failure geometry and strength after impact.

The hypotheses 1-6 are shown schematically on a cross section of a cap profile in Figure 2.2.

Hypothesis 2: Damage
tolerance requirements

ply arrangement on failure _=. layer’s impact on

geometry and strength ‘failure depth

l \\ Hypothesis 6: Influence of Hypothesis 5: Steel

after impact

< corrrrnniiiii/——

Hypothesis 3:
Surface treatment and
interlaminar shear strength

Hypothesis 1:
Steel fraction

Hypothesis 4:
Possibilities for reducing
thermal residual stress

Figure 2.2: Schematic affiliation of all hypotheses shown on a profile cross section
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2.3 Outline

The present work aspires to a clear composition with regard to chapters and hypotheses,
see Figure 2.3.

The first two hypotheses are addressed in chapter 3 by an investigation of stiffness and
strength properties depending on metal volume fraction. After narrowing down possible
metal volume fractions, a more detailed consideration is performed. A parameter study is
undertaken for axially loaded struts in order to get away from the typical comparison of
uniaxial stiffness and strength.

Before meaningful specimens can be manufactured, the interface between the two con-
stituents is regarded in chapter 4. Different surface treatments are investigated and a
method for their determination is selected and adapted to the special characteristics of
FML. The third hypothesis is also discussed in this chapter.

The second obstacle to overcome in CFRP-steel laminates is the thermal residual stress.
The stress level must first to be evaluated to allow its consideration in the design process
and methods to reduce the stress are also of interest. Both questions are addressed in
chapter 5. The aim of this chapter is to identify the most promising and convenient
approaches to lowering residual thermal stresses.

The present test standard for compression after impact tests is not applicable, as it comes
with a certain specimen-size dependency. Therefore, a novel fixture for impact tests is
developed and the related findings are presented in chapter 6 before different FML lay-ups
are investigated with regard to their failure geometry and their compression strength after
impact. Hypotheses 5 and 6 relate to these topics and are discussed at the end of this
chapter. The failure geometry is assessed by ultrasonic inspection and x-ray computed
tomography.

[ Chapter 3: Damage tolerance as critical design parameter )

Hypothesis 1 Hypothesis 2
& J
Chapter 4: Constituent interfaces Chapter 5: Process-induced residual stress |
Hypothesis 3 Hypothesis 4

s
-

Chapter 6: Experimental evaluation of residual strength

Hypothesis 5 Hypothesis 6

. J

Figure 2.3: Thesis outline and affiliation of hypotheses



3 Damage tolerance as critical design
parameter

Link to hypotheses: Hypothesis 1 and hypothesis 2 are examined in this chapter by means
of regarding the weight specific stiffness and strength of UD-CFRP-steel laminates as a
function of metal volume fraction and by investigating how damage tolerance requirements
restrict the laminates considered.

Summary: This chapter first gives a résumé of design and safety philosophies in engi-
neering, in particular the damage tolerance approach in aerospace engineering. In many
applications these requirements drastically reduce the exploitation of fiber reinforced plas-
tics. Profile structures with constant cross sections are identified as applications with
the lowest possible exploitation of the composite’s mechanical properties. The potential of
Fiber Metal Laminates is then analyzed for these applications under consideration of their
thermo-mechanical characteristics. An assessment methodology for struts is thus evolved
based on an aeronautical framework application. Finally, a parameter study is executed for
certain laminate stackings of UD-CFRP-steel, UD-CFRP-titanium, UD-CFRP-aluminum
and pure CFRP with high strength and intermediate modulus fibers.

3.1 Literature review

The custom in ancient Rome that engineers had to stand under the bridge they had
constructed the first time that it was actually used, may be considered as being the first
safety philosophy in engineering. Since then, different philosophies have been refined by
certification agencies in different branches.

Damage tolerance in aerospace applications

The first evidence for a damage tolerance philosophy in aerospace can be found in Leonardo
Da Vinci’s notebook on the design of flying machines [20]:

'In constructing wings, one should make one cord to bear the strain and a lower one in
the same position so that if one breaks under strain, the other one is in position to serve
the same function.

Da Vinci is precisely describing a fail-safe concept. Before the establishment of the fail-safe
philosophy, a safe-life approach was used, which limits the permitted operational life of
a structure to ensure adequate fatigue life. Although this approach was found not to be
economical for most use cases, it is still used in structures such as high-strength landing
gear. An industrial fail-safe design philosophy for metallic structures was established in
the 1960’s. The idea was that damage introduced by fatigue loading could be detected
before the retaining strength of the structure was reduced below a safe level [20]. This
approach achieved acceptable safety levels and is more economical. The approach was then
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extended to include accidental damage and corrosion issues and, later, damage associated
with manufacture and in-service use.

The damage tolerance philosophy evolved out of the safe-life and the fail-safe approaches
[21] and has been included in the regulations since the 1970’s. Nowadays, the concept of
continued airworthiness of aircraft primary structures for large civil aircraft for fatigue
and accidental damage is described in AMC25.571 [1]. This damage tolerance approach is
easy to apply to aluminum structures, since deformation takes place in any practical case
of accidental damage [10]. When damage is noticed during walk-around or inspection, its
size is recorded and analytical methods provide the residual strength. With any possible
damage size occurring, limit load capability needs to be justified.

Damage tolerance in composites

The safe-life approach is not considered appropriate for composites due to damage sen-
sitivities and relatively flat fatigue curves. Instead, a damage tolerance approach is em-
ployed. Damage tolerance in the metallic structures traditionally used is mainly governed
by usage-induced damage as fatigue and crack propagation. As composites do not suf-
fer from fatigue to a comparable extent, the approach does not focus on usage-induced
damage. Rather, in composites the damage that occurs during usage, i.e. impact, is
more crucial [22]. In carbon fiber structures, mechanical impact does not lead to visu-
ally detectable damage in every case. Therefore, in composite aircrafts the AMC25.571 is
supplemented by CS25.603 [2] and its provision AMC20 [23].

Following these rules, non-visible defects are considered while sizing the structure. Chapter
8 ‘Proof of structure — Fatigue and Damage Tolerance’ of AMC20-29 claims an evaluation
which shows that catastrophic failure due to fatigue, environmental effects, manufacturing
defects, or accidental damage must be avoided throughout the operational life of the
aircraft. Inspection intervals should therefore be established such that the damage will
be detected between the time it initially becomes detectable and the time at which the
extent of damage reaches the limits for required residual strength capability.

Compliance must be demonstrated to the agency, and there are different methods for
doing so, as described for example in MIL-HDBK-17-3F [21]. The ‘compliance with
static strength requirements’ proposes the following means for complying with the
regulations:

‘It should be shown that impact damage that can be realistically expected from man-
ufacturing and service, but no more than the established threshold of detectability for
the selected inspection procedure, will not reduce the structural strength below ultimate
load (UL) capability. [21]

This relationship is graphically illustrated by the rectangle on the bottom left in Figure 3.1
as UL needs to be sustained in this area which is bounded by the threshold of detectability
and realistic impact energy. Damage that exceeds the bounds of this rectangle is repaired
with cosmetic or structural solutions to preserve or restore the structure’s capability to
withstand UL. The relationships for the top and right rectangles, but also for the bottom
left rectangle, are additionally described by the ‘compliance with damage tolerance
requirements’:

‘Damage tolerance has to address the situation where, due to fatigue, corrosion or acci-
dental damage occurrence, Ultimate Load strength capability may not exist and will have
to be restored before the damage becomes critical’ [21]

Two different cases are identified within this means of compliance.
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m For the top rectangle with visually detectable accidental impact, damage tolerance

as per §25.571(b) is applied, which requires that the residual strength evaluation
must show that the remaining structure is able to withstand limit load (LL) and
any damage that lowers the residual strength below UL must be repaired when
found. Additionally, the inspection interval needs to be defined in such a way that
higher levels of safety are achieved than in metal practice. This is because, as a
consequence of the non- or very slow growth of damage in composites, the residual
strength could be sustained for a very long period below UL-capability. The top
rectangle’s upper threshold is defined as obvious damage which is detectable within
a very small number of flights by walk-around.

The right rectangle, but also the bottom left rectangle, contain visually undetectable
damages and are therefore treated in accordance with §25-571(c). This paragraph
demands a fatigue (safe-life) evaluation. The right energy cut-off level corresponds
to extremely improbable events (less than 10~ per hour) and is to be assumed in a
risk analysis.

These two cases are accompanied by ‘deterministic’ and ‘probabilistic methods’, which
define allowable damage limits (ADLs) while still meeting regulatory UL requirements and
maintaining inspection intervals for the no-growth concept of composites. This includes
two major relationships:

m The more likely the damage is, the sooner it should be detected.

m Higher residual strength — when strength capability is between UL and LL — allows

longer inspection intervals.

The damage probability and energy assessment distinguishes between different sources
of damage. The composite aircraft may be damaged during manufacturing, shipping or

damage
. Adetectability
obvious
damage
detectable damage up to improbable energy levels
§25.571(b) -
detectability LL-capability
threshold UL-capability

undetectable
damage due
to very high
improbable

energy levels

§25.571(c) energy
level

undetectable damage due
to realistic energy levels
§25.571(c)

realistic energy extremely improbable
(10=°/fh probability (1079 /fh probability of

of occurrence) occurrence)

Figure 3.1: Damage detectability versus impact energy following compliance with static

strength requirements (according to [21])
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service. However, the primary focus is on low velocity impacts (LVIs) as these can cause
significant damage that may not be clearly visible. Sources of such LVI damage are
dropping tools and equipment, runway and ground debris, hail and collision with vehicles
or other airplanes on ground [23].

For the damage tolerance approach, the detectability threshold — also called barely visible
impact damage (BVID) is of primary interest. While BVID is subjective by nature,
different values are defined in the literature. BVID is often defined as damage visible
within a distance of 1 m. However, the threshold has to be defined depending on the
part’s accessibility and the inspection techniques applied.

As well as compliance with the regulations, inspection programs also need to achieve
economic goals. Therefore, they often rely on combinations of frequent, relatively simple
inspections on a large scale and less frequent, but more intense, examinations on local
areas [21].

Four different inspection programs are thus distinguished in practice:

m Walk around - long distance visual inspection

m General visual inspection - careful visual examination with adequate lighting and
appropriate access

m Detailed visual inspection - careful visual examination with inspection aids such as
lenses or grazing light

m Special detailed inspection - inspection of specific locations with non-destructive
procedures such as ultrasonics or x-ray.

3.2 Present chapter’s structure

The aim of this chapter is to assess the suitability of UD-CFRP-steel as a structural
material when damage tolerance requirements are present. The procedure thus deduced
is shown in Figure 3.2.

As the diagram shown in Figure 3.1, which is currently used to explain the compliance of
damage tolerance and is part of AMC 20-29 [23], allows an ambiguous interpretation of
the relationship between impact energy, damage size and residual strength, the following
subchapter 3.3 introduces a novel three-dimensional perspective for a clearer representa-
tion. Additionally, stacking rules are discussed, as in fact their consideration is how the
damage tolerance requirements are implemented in the present design process.

This means that any subsequent comparison of different materials is made with the stack-
ing rules for composites in mind. Firstly, the unidirectional properties of pure CFRP
lay-ups, pure metals and UD-CFRP-metals are discussed in subchapter 3.4. For the UD-
CFRP-metals, a bilinear approach is used and presented in this subchapter. As shown
in Figure 3.2, suitable metal volume fractions are discussed and then chosen for the UD-
CFRP-metal laminates based on the unidirectional properties.

These metal volume fraction definitions serve as input for the following two subchapters
3.5 and 3.6, where the suitability of the materials is discussed on a more complex level.
As especially composites in particular permit the tailoring of mechanical properties to a
certain direction, a unidirectional comparison is not meaningful in any case. Therefore,
longitudinally loaded struts serve as an application to asses the bidirectional properties of
the material as the transverse properties of the material do have a significant influence on
the buckling behavior of these structures. Firstly, the assessment method is discussed in
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subchapter 3.5 and then a parametric study is performed and discussed in the following
subchapter 3.6. Finally, the connection to the hypotheses postulated in chapter 2 is then
discussed in the last subchapter, 6.8.

3.3 Effect of damage tolerance on laminate design

The current approach utilized in the aerospace sector for laminate design is based on
undamaged laminate properties; also residual strength is the critical design parameter in
many applications. As a consequence, at present a laminate is first optimized to exhibit
pristine properties and the resulting lay-up is subsequently examined to comply with the
requirements in a damaged or defective state. A.T. Nettles demands a rethinking of this
approach, as only an optimization process based on damaged laminate properties will lead
to the desired goal [24]. A modified building block approach, based on compression after
impact (CAI) specimens tested at BVID level, was investigated in the certification process
of a helicopter tail boom and proved to be more cost efficient [25].

However, there is no information available in the literature which describes how to develop
a material target-orientated for damage tolerance requirements following the present cer-
tification process. Stacking rules are therefore used in practice. By following these rules
during the design process, it can be ensured in most cases that parts maintain the required
residual strength when damaged.

Additionally, the current way of representing the relationship between detectability, impact
energy and residual strength, as used in the Military Handbook [21] and in Figure 3.1,
is inadequate. This two dimensional model tries to distinguish between different cases
of residual strength in a diagram describing the relationship between impact energy and
detectability. The Military Handbook also applies the model to laminates of different

effect of damage tolerance (chapter 3.3)

3D damage toler-

: : tacki 1
ance relationship ST, ey

unidirectional properties (chapter 3.4) bidirectional properties

discussion of assess-

> bilinear approach > ment method: strut
define study (chapter 3.5)
volume — i

fractions parametric study and discus-

sion of results (chapter 3.6)

discussion of
properties

| I

L I

¥

discussion of hypotheses addressed (chapter 6.8)

Figure 3.2: Flowchart describing the procedure pursued in chapter 3; individual sub-
chapters marked in gray.
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thicknesses. This leads to ambiguous interpretation in the two-dimensional diagram.
Therefore, first a 3D interpretation of the relationship between impact energy, residual
strength and damage detectability is presented and then the common stacking rules are
introduced.

Three-dimensional interpretation of damage tolerance relations

This novel perspective describes the relationship between the crucial parameters of impact
energy, damage size and residual strength and allows the comparison of different materials
concerning their damage tolerance properties. This model view consists of two cuboids
generating a volume which contains unacceptable parameter combinations, see Figure 3.3.
These cuboids are limited by six different planes indicated by colored lines. The gray
lines indicate the two impact energy thresholds, the orange lines show the position of the
visibility threshold based on damage size and the blue lines describe the residual strength
properties connected with the Ultimate and Limit Load capabilities. The cuboid faces
possess the associated colors. The six required values depend on the application. The
gray-colored energy thresholds are a result of probability, in-service data and the part’s
accessibility. The orange-colored damage size for detectability is determined by tests at
different lighting and mainly depends on the part’s accessibility. The required residual
stress levels for UL and LL capability can be calculated based on the different load cases
and the part’s design.

The blue top face of the upper cuboid represents the residual strength RSy, and is limited
by four edges, whereas the two edges describing the lower limits are not of any further
interest. The cuboid’s edge at the intersection between the blue and the gray face defines
the threshold for the impact energy Ej1. As long as there is no barely visible damage
present, the strength must be above this edge. The other edge of interest is formed by the

residual strength residual strength
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RSyr
RSrL

|
I : damage size

I

—
- -
—

-

impact énelfgy
|

~

~
. <
1mpact energy

-

-

- -
—

damage size

Figure 3.3: 3D damage tolerance relationship between the three fundamental damage
tolerance parameters of impact energy, damage size and residual strength
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line between the orange and the blue faces of the upper cuboid. This line represents the
BVID and defines the threshold for those cases, where the residual strength falls below
RSy, whilst the related impact energy is below Ey1. In this case only those values which
show at least an instance of barely visible damage and are outside the upper cuboid are
valid.

The blue top face of the lower cuboid represents the residual strength RS;; and is also
limited by four edges where two are of major interest. The line between the blue and gray
faces defines the impact energy Eps2. As long as there is no visible damage, the strength
needs to be above this line. The edge between the orange and blue faces of the lower
cuboid represents the threshold for those cases where the residual strength falls below
RSy, whilst the related impact energy is below E ;2. In this case only those values which
show visible damage and are outside the lower cuboid are valid.

When performing CAl-tests at different impact energies, a graph can be generated in the
3D-domain, describing damage size and residual strength depending on impact energy.
Graphs of this kind are shown in Figure 3.4 and Figure 3.5. The graph line starts at a
point on the vertical axis depicting the undamaged strength value. The graph presents
a solid black line and its projections in all three directions in space are presented by
respective colored lines.

As soon as the graph line penetrates one of the cuboids by intersecting a blue face the
laminate is not acceptable as this means that the residual strength of the specimens being
impacted at a certain energy below that required is too low and there is no chance of
detection as the related visibility level is not achieved. For a certain material, the only
solution is to choose a thicker laminate. This would displace the residual strength which
- in simplified terms - equals an increase in the initial strength value.

As shown by the projections, an ascending relationship is perceived between impact energy
and damage size (see energy-damage size-plane projected to the bottom of the figure) and

residual strength residual strength

Figure 3.4: 3D damage tolerance relationship - acceptable material with undetectable
damage requiring fatigue evaluation
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residual strength residual strength

Epoto Epot1 70

Figure 3.5: 3D damage tolerance relationship - acceptable material with undetectable
damage requiring appropriate inspection interval definition

a declining relationship between impact energy and residual strength (see energy-residual
strength-plane).

Basically, three different cases for valid relationships can be distinguished.

In the first case, the residual strength RSy, is reached exactly by an impact energy Ejo1
and the residual strength RSz, is reached exactly by an impact with the energy E,o2. At
the same time, a BVID is achieved exactly with the energy E,.1 and a VID is achieved
with Epo2. In this particular case the graph line touches the forward upper corners of
both cuboids and its projection on the bottom plane shows a diagonal connecting the
origin with the two intercept points between the orange and the gray lines. Although such
a relationship is hard to find in practice, this case subdivides the model into two major
cases.

In the second case, shown in Figure 3.4, the graph line cuts the first residual strength
threshold before it cuts the BVID threshold. The projection on the bottom plane stays
left of the diagonal line discussed in the first case. This means that the graph line drops
below RSyy, representing the residual strength corresponding to U L, outside the cuboid
and is therefore valid, but does not show any detectable damage. In this case, §25.571(c)
must be applied, which means that a fatigue evaluation is required as damage may re-
main undetected. Economically, this means additional costs for certification, additional
development time and increased non-recurring costs.

The third case is shown in Figure 3.5. Although the graph line falls below the residual
strength threshold RSyr, at an impact energy below E,y1, the laminate or part is valid
because detectable damage is created as soon as the residual strength threshold is undercut.
The projection of the graph on the bottom plane is on the right side of the diagonal, as
discussed in case one, when it reaches the BVID threshold. In this case §25.571(b) is to
be applied and the damage must be repaired in any case. Economically, some evaluation
work must be carried out in order to define the inspection interval in such a way that
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equivalent safety is achieved to that which prevails with metallic structures is, but not
as much experimental effort is required in preparation of the approval. Instead, recurring
costs may be increased due to repair and potentially shorter inspection intervals.

Stacking rules

The definition of certain permitted lay-ups is one way to account for damage tolerance
requirements in the design of a part. However, the most common process is the definition
of so called ‘stacking rules’. The idea behind these rules is to avoid cost-intensive redesign
loops due to compliance with damage tolerance requirements or mechanical and/or ther-
momechanical incompatibility. When following these rules, the part ought to be tolerant
of damage in such a way that it fulfills the residual strength requirements defined later in
the development process.

Hence, in applications exposed to any risk of an impact or manufacturing defect, stacking
rules narrow down the possible lay-up arrangements and thereby reduce the material’s
stiffness and strength exploitation in a certain load direction. The definition of a lay-up
runs as a concurrent activity across design, stress and manufacturing engineering. Typical
stacking rules account for manufacturing, damage tolerance, buckling and stress issues.
Some common rules are given here, whereby for some applications they may be coexistent
or incomplete [16]:

m the laminate must be balanced to prevent manufacturing distortions

m the stacking should be symmetrical with reference to the median axis to prevent
deformation

m a minimum of 8% and a maximum of 67% of plies in each of the four basic directions
is recommended to counter effects induced by different Poisson’s ratios

m different orientations of layers should be uniformly distributed

m minimizing the angle between adjacent plies to minimize inter-laminar shear is rec-
ommended

m grouping 45° and -45°-plies to minimize any mechanical coupling is recommended

m grouping of layers with similar orientation should be avoided in order to reduce
micro-crack formation

m working plies should be placed away from the neutral axis to increase bending stiff-
ness and improve buckling safety

3.4 Consideration of unidirectional properties

In the following, the properties of the different material groups are compared for the
unidirectional case.

Firstly, the influence of the aforementioned stacking rules on pure CFRP laminates is
discussed. Then, a bilinear approach is introduced for the FMLs in order to be able to
compare the different material groups. Based on this approach, there follows a discussion
of the laminate strength and stiffness depending on metal volume fraction. Finally, volume
fractions are selected which are subsequently investigated in detail within this thesis.
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Pure CFRP laminates following stacking rules

Following the aforementioned stacking rules to the utmost, a maximum of 65% plies in
load direction is achievable for a given predefined laminate. Designing a 4 mm thick lami-
nate with a given prepreg system with 0.13 mm ply-thickness, the created laminate lay-up
is (62.5/25/12.5) and called highly-orthotropic (HO) laminate in the following. Quasi-
isotropic (QI) laminates (25/50/25) are also widespread in practice and UD-laminates
(100/0/0) are often referred to in theory. QI and UD-laminates are therefore also inves-
tigated. The laminate properties are calculated using the CLT [26] for moduli and the
PUCK-2D [27] first ply failure criterion for compression strength. The relationship be-
tween compression stiffness and strength for these three lay-ups utilizing high tenacity and
strength (HTS)- and intermediate modulus (IM)-fibers are presented in Figure 3.6. For
both fiber types a significant drop in both values is apparent when increasing the amount
of additional fiber directions. A QI-laminate of HT'S-fibers reaches 40% of the stiffness and
strength of its unidirectional counterpart. The loss for IM fibers is even more significant.
For both properties, stiffness and strength, 38% of the value of the UD-laminate is achieved
by a QI-laminate. The transverse laminate strength values of laminates of both fiber types
are quite similar as it is a matrix-dominated laminate property. This results in a greater
difference between longitudinal and transverse strength of IM-fiber laminates and explains
the greater decrease when compared to HT'S-fiber laminates. The transverse stiffness of
HTS-fiber laminates is even slightly higher than the stiffness of IM-fiber laminates. This
can be explained by the lower anisotropy of HT'S-fibers. Therefore, the decrease in stiff-
ness is also greater for IM-fiber than HTS-fiber when comparing QI-laminates with their
unidirectional counterparts.
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Figure 3.6: Relationship between compressive stiffness and strength of unidirectional
(UD), highly-orthotropic (HO) and quasi-isotropic (QI) laminates of HTS

and IM fiber reinforced Hexcel 8552 epoxy [28].
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Bilinear approach for FMLs

As the two constituents, CFRP and steel, offer different strength and stiffness properties,
a theory is required for the evaluation of the hybrid laminate’s properties. Additionally,
both materials show different coefficients of thermal expansion and in general the curing
temperature of the resin is above operational temperature. Therefore, the residual stresses
generated must also be considered. Suitable methods and theories are discussed and eval-
uated in chapter 5 at page 75. However, a simple approach is required to comprehensibly
consider the residual stresses in the following parameter study as, depending on the metal
volume fraction, the residual stress may essentially affect the material’s load-bearing ca-
pacity. The bilinear approach is therefore presented in the following and then employed
to examine the impact of the laminate’s metal volume fraction on its stiffness, strength
and capacity utilization.

For a narrow strip with fibers along its length and where the Poisson’s effect is free to occur,
the stress-strain relationship can be described by Hook’s law for the one-dimensional case.
This approach is applicable as the transverse stiffness of the fiber layer is very low and
thus its restraint on the Poisson’s effect is low as well. However, the approach neglects the
restraining effect of the metal layer on the CFRP, especially for high metal volume fraction.
The laminate’s longitudinal stiffness Ey, and the coefficient of thermal expansion (CTE)
in the fiber direction «, can be predicted by the rule of mixture (ROM) [16] as a function
of the metal volume fraction ¢p; (all following relationships are shown schematically and
are additionally referenced by a Property number Prop, in front of the equations which
describes each highlighted point in Figure 3.7):

Prop : Ep = Eyen + Ec(1 — o) (3.1)
E ay + Eoac(l —

In this approach the yield stress o, (Propz) of the metal is required, rather than the
typically measured technical elastic limit op702 at 0.2% remaining strain and can be
determined as follows:

0.002
Prop, : OMy = OMO02 — —1T 1 (3.3)

Enrrp Enr

The required plastic stiffness of the metal Eysp (Props) is calculated by:

OMult — OM,0.2

Props : Eyp = (3.4)
EM,ult — €M,0.2
which again requires effective elongation at the technical elastic limit epz0.2:
OM,0.2
EM0.2 = + 0.002 (35)

Based on the permanent strain after failure €js 4, the effective elongation of the metal at
failure eps e (Propa) is:

p . O M ult
ropy - EM ult =

3.6
Fr + €nm,4 ( )

In the literature it is assumed that at cure temperature there are no internal stresses
present and curing stresses are a function of curing temperature only [29]. Later investi-
gations have shown these assumption not to be accurate [30-32], therefore, an additional
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stress-free temperature Ty is defined to be lower than curing temperature Teyre masz- The
residual cure strain of the metal layer eps g (Props) and the composite layer ec g (Props)
are estimated with the help of the differential temperature AT between the stress free-
temperature Ty and the operational temperature T,,:

Props : emr = (Tsy — Top)(ar — anr) (3.7)

Propg : ec,r = (Tsf — Top)(ar, — ac) (3.8)

The required CTE of the laminate ay, can also be calculated with the help of the ROM
as given in (3.2). When the residual strains after cure are known, the yield strength o,
(Propg) and the ultimate strength oy, i+ (Propig) of the laminate can be predicted with
the corresponding elongations ez, (Propz) and €r, ¢ (Propy).

oM

Propy : €Ly = Y —emR (3.9)

M

g

Propsg : oLy =FErery = (Exom + Ec(1 — @M))( é\i’f - GM,R) (3.10)
Propyg : €Lult = J]CE’“” — €CR (3.11)

c
Propg : Orut = 0Ly + Erpi(€nur — €ny) (3.12)

Er i (Propi1) describes the plastic stiffness of the laminate after passing the yield point
of the metal:

Propy : Epp=Ec(l—om)+ Even = Ec(l—om) + oM
EMult — €M,0.2

The thicker lines and associated coordinate system represent the relationship for the lam-
inate. Therefore, two additional coordinate systems are placed on the abscissae, showing
the constituent metal and fiber reinforced plastic (FRP) parts. Their displacement to the
laminate’s coordinate system equals the residual strain of each constituent in the hybrid
laminate.

Stiffness and strength depending on metal volume fraction and curing
stress

For a specific combination of FRP and metal, the laminate’s stiffness and yield strength
are significantly influenced by the constituent’s volume fraction. In the following, this
relationship is investigated for steel (St), titanium (Ti) and aluminum (Al) in combination
with HT'S-fiber and IM-fiber reinforced epoxy. The material data for each specific material
is summarized in Table 3.1. AS4 is a widespread HTS fiber and IM7 a common IM fiber
in the aerospace industry. The strength of the steel material in particular is high as a
consequence of work hardening in the cold rolling process. All examinations follow the
narrow strip assumptions described above with fibers aligned in the considered direction
only.

Figure 3.8 and 3.9 show the relationships between volume fraction and tensile elastic mod-
ulus as well as volume fraction and weight-specific elastic modulus, respectively. At 0%
metal volume fraction all graph lines meet in two single points representing the stiffness
E11 of pure CFRP for HTS-fibers and IM-fibers. Accordingly, at 100% metal volume
fraction the graph lines meet at three points, representing the stiffness of steel, titanium
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Figure 3.7: Bilinear stress-strain behavior of Fiber-Metal-Laminates for the one-
dimensional case. Arabic numbers indicate reference properties

and aluminum. Significant stiffness differences can be observed even for low metal vol-
ume fractions, whereas the weight-specific elastic moduli are more similar. Although the
compressive stiffness of CFRP is lower than for a tensile load, as shown in Table 3.2, the
relationship is comparable with those presented in Figures 3.8 and 3.9, and hence is not
shown separately.

However, considering yield strength, a distinction between tensile and compressive loads
is essential as different phenoma are present. The tensile yield strength oy, , of laminates
composed of CFRP-HTS and different metals is shown in Figure 3.10.

As soon as there is any metal added to the laminate, the strength (as yield strength is
considered relevant) decreases in comparison with pure CFRP-HTS. The reason for this
effect is that the effective elongation at the technical elastic limit €jz,0.2 of steel, titanium
and aluminum is lower than the ultimate elongation of CFRP-HTS. By adding a low
amount of metal, the total stiffness does not change much but the elongation to the yield
point decreases significantly. As a consequence, the laminate yield strength for low metal
fractions is low, although the selected steel has similar yield strength to the ultimate
strength of CFRP-HTS.

With increasing steel fraction the laminate’s yield strength or, converges towards the
yield strength of pure steel. Titanium and aluminum show a lower strength than CFRP-
HTS. This leads to a decrease in the laminate’s yield strength oy, ,. As a consequence of
the tensile stress in the metallic layers, the laminate’s tensile yield strength is lowered since
the elastic limit of the metal component is regarded as the crucial limit. When aiming
for low metal volume fractions, the consideration of residual stress becomes even more
essential. This relationship is shown in Figure 3.10 at room temperature for a system
cured at 180°C. The graphs which do not consider the residual cure stress are marked
with an additional -NR’ With lower metal volume fraction an increased amount of the
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Table 3.1: Material data for FML constituents at room temperature (RT)

ultimate yield tensile failure

strength  strength  modulus strain
material Oult 0p0.2 Fy1 CTE a1 density p €ult
[ [MPal [MPa] [GPa]  [1079/K]  [g/cm?] (7]
CFRP 8552/AS4 1928 [33] - 132 [34]  0.28 [35]  1.59 [28] -
CFRP 8552/IM7 2212 [33] - 162 [33] -0.35[36]  1.57 [28] -
steel 1.4310 2060 [37] 1980 [37] 190 [37]  16.4 [37] 7.9 [37] 5 [37]
titanium 15-3-3-3 1370 [37] 1290 [37] 116 [37] 8.6 [37]  4.78 [37] 2.4 [37]
aluminum 7075 510 [38] 434 [38] 71 [38] 23.4 [38] 2.81 [38] [38]
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Figure 3.8: Elastic modulus dependency on metal volume fraction for St, Ti and Al
combined with HTS- and IM-fiber (tensile)

yield strength is forfeit to the residual cure stresses. The yield strength of a UD-CFRP-
aluminum laminate with 5% metal volume fraction is reduced by more than 50% mainly
as a result of the high CTE of aluminum. Titanium shows the lowest influence of cure
stresses as it has a lower CTE than steel and a lower stiffness. The impact of curing stress
on the laminate’s strength decreases with higher metal volume fractions and the graph
lines meet at the point which represents the yield strength of the particular metal.

IM-fibers have a higher ultimate tensile strength and a higher stiffness. This leads to
higher laminate strength at lower metal volume fractions as depicted in Figure 3.11. How-
ever, due to the higher stiffness and lower CTE of IM-fibers compared to HTS-fibers,
the influence of residual cure stresses on the laminate strength increases as well. Due to
load equilibrium in the laminate, the residual curing stresses in the metallic layers are
accompanied by compressive stresses in the CFRP layer. This leads to a completely dif-
ferent relationship between laminate strength and residual curing stresses. Additionally,
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Figure 3.9: Weight-specific elastic modulus dependency on metal volume fraction for St,
Ti and Al combined with HTS- and IM-fiber (tensile)
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Figure 3.10: Tensile yield strength o, dependency on metal volume fraction with and
without (NR) consideration of residual cure stresses (AT = 160K) for
HTS-fiber and ultimate tensile strength of pure HTS-fiber CFRP

the compressive properties of CFRP are significantly lower, see Table 3.2. The ultimate
compressive strength values for both fiber types can also be found in Figure 3.12. When
residual stresses are not considered, the laminate’s yield strength for low metal volume
fraction is also decreased, as the effective elongation at the technical elastic limit €ps 0.2 of
steel is lower than the ultimate elongation of CFRP-HTS and CFRP-IM. When consider-
ing the residual tensile stress of the steel layer within the laminate, part of the elongation
is compensated and failure of the CFRP determines the crucial limit. The kink

in the graph marks the transition from ultimate CFRP failure to metallic yield failure. For
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Figure 3.11: Tensile yield strength or,, dependency on metal volume fraction with and
without (NR) consideration of residual cure stresses (AT = 160K) for IM-
fiber and ultimate tensile strength of pure IM-fiber CFRP
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Figure 3.12: Compressive yield strength oy, , dependency on metal volume fraction with
and without (NR) consideration of residual cure stresses (AT = 160K) for
HTS-fiber and ultimate compressive strength of pure HTS-fiber CFRP

the IM fiber the kink is more obvious as the compensation is increased due to increased
residual stress as shown in Figure 3.13.

Metal volume fraction and the laminate’s weight specific stiffness

The next step is to evaluate the weight-specific requirements compared to pure CFRP
laminates. Stacking rules for pure CFRP laminates are discussed in chapter 3.3 in more
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Figure 3.13: Compressive yield strength o7, , dependency on metal volume fraction with
and without (NR) consideration of residual cure stresses (AT = 160K) for
IM-fiber and ultimate compressive strength of pure IM-fiber CFRP

Table 3.2: CFRP material data for compressive loading at RT

longitudinal longitudinal transverse transverse
compressive compressive compressive compressive compressive
strength modulus strength modulus Poisson’s
material Ocl1 Ecll 0c22 ECQQ ratio V12
[MPal] [GPa] [MPa] [GPa] ]
CFRP 8552/AS4 1484 [33] 116 [33] 268 [33] 10 [33] 0.335 [33]
CFRP 8552/IM7 1732 [34] 141 [34] 286 [34] 10 [34] 0.356 [34]

detail. However, two common rules are anticipated here. When creating the laminate
lay-up for uniaxially loaded parts, designed with a maximum of 0°-layers, the following
stacking rules are essential:

m Maximum number of similarly orientated plies n = 4 or maximum thickness ¢ =
1 mm.

m Minimum 8% of fibers in each of the four basic orientations.

Most of the applied experiments in this work use specimens with a thickness of tj,, =
4 mm. Applying these two rules and taking this laminate thickness as a basis, the resulting
lay-up for a common prepreg layer thickness of ¢4, = 0.13 mm is: (62.5/25/12.5). The
on-axis stiffness Er of this pure multiaxial CFRP reference can be analytically calculated
following CLT [39]. In order to ensure an advantage in the weight specific stiffness proper-
ties of the UD-CFRP-steel laminates compared to the CFRP reference, the selection of the
metal volume fraction ys must fulfill the following condition (pr, and pr are the density
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of the CFRP-UD-steel laminate and multiaxial CFRP reference stacking, respectively):

FE E
B Er
PL PR

(3.14)

For the particular reference laminate, the metal volume fraction ¢j; must be less than
12.3% to fulfill the above condition (3.14).

Consideration of steel layer’s thickness

The previous section describes the relationship between metal volume fraction and stiffness
as well as the strength of the laminate. However, the lay-up has not been considered yet.
Based on the description of the UD-CFRP-steel approach, see chapter 2, it is assumed
that the quantity of interfaces and their position within the laminate affect the residual
strength after impact. Although these relationships are investigated in chapter 6, one goal
in the design process of the specimens must be the maximization of the interface quantity.
The quantity is restricted by the prepreg and steel layer thickness. Based on the previously
selected laminate thickness of #;,,, = 4 mm and prepreg thickness of t;,, = 0.13 mm, only
certain lay-ups are possible, as depicted in Figure 3.14.

The figure shows the quantity of metal-CFRP interfaces n for nine different metal layer
thicknesses depending on the metal volume fraction ¢,s. It is obvious that for a metal foil
thickness of 0.01 mm a volume fraction above 8% is not achievable for the present material
combination. At the same time, for lower metal volume fractions the thicker metal foils
only provide a few layers and interfaces. This relationship indicates that common laminate
and prepreg thickness ratios require preferably thin metal foils in order to allow a certain
number of plies whilst maintaining the metal volume fraction below 12%.
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Figure 3.14: Influence of steel-layer thickness on quantity of interfaces depending on
metal volume fraction for 0.125 mm prepreg thickness in a 4 mm laminate
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3.5 Consideration of bidirectional properties - method

The above mentioned boundary conditions of stacking rules and prepreg to metal layer
thickness ratio hinder a closed form solution for assessing the material’s suitability irre-
spective of its application. Instead, a specific application is used to compare the suitability
of different materials in comparison to the UD-CFRP-steel laminate. As the UD-CFRP-
steel material is intended for use in parts with uniaxial loading, an iterative assessment
method is used to compare the suitability of different materials for a typical application of
a strut. A case involving separate struts is clearer than a stiffened skin for the following
analysis, therefore a single strut as part of a framework design serves as the assessment
case.

Two crucial requirements influence the design of a strut:

m load

m distance between the two end-restraints.

A strut from an alternative payload adapter design for the ARIANE 5 shall serve as use-
case [15], where a parametric study has been performed on the adapter’s geometry. The
suggested design leads approximately to the following requirements:

m 1000 kN compression load per strut

m strut length/distance between the two end-restraints: 1 m.

For reasons of comprehension, the parameter study is also conducted with 100 kN and
10.000 kN at 1 and 2 m strut length. Within the design space of a strut, the radius of a
circular 5 and accordingly the width ws of a rectangular strut as well as the wall thickness
tiam are adjustable, see Figure 3.15. Therefore, these two parameters serve as working
parameters when performing a parameter study:

m radius 75 / width wy
m wall thickness ¢,

For a compressive loading scenario, the following criteria are considered for the parameter
study:
m compressive strength

m local buckling

m global buckling.

Again, as the interaction of longitudinal and transverse material properties is of primary
interest, it is important to consider the different safety factors on the various criteria.
Retaining the aeronautical use case, the following safety factors for the given criteria are
customary within space applications [40]:

e yield safety factor: Jy = 1.10  (applicable on mechanical loads)

e ultimate safety factor: Ju = 1.25 applicable on mechanical loads)

(
(
e global buckling safety factor: jg, = 1.25 (applicable on global buckling).
e local buckling safety factor:  j; = 1.25  (applicable on local buckling).
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However, depending on the residual stress and the fiber used, a fiber fracture cannot be
ruled out for low metal volume fraction. Therefore, the ultimate safety factor needs to be
applied for FML in any case and the yield safety factor can be ignored. As the ultimate
safety factor and buckling safety factor are identical, the consideration of safety factors is
not necessary for a comparative parameter study. Finally, when different solutions fulfill
the requirements under consideration of the given criteria, a decisive parameter is required.
Maintaining the aeronautical application, two parameters are typically of major interest
and, therefore, serve as decisive parameters for the following parameter study:

m weight (primary parameter)

m axial stiffness (secondary parameter)

Estimation of global buckling loads for struts with square cross sections

Local and global buckling is considered for the compressive load case in which a pinned-
pinned end-restraint is considered as the most common joining scenario for highly loaded
struts.

The global buckling load Pyycki,giob,sg of a slender thin walled column is estimated as
follows [16]:

2
™ El I
Pbuckl,glob,sq = Lgng (315)
e

where L. is the effective length defined in terms of the length L, and the coefficient
of restraint K, Ejo,y is the longitudinal stiffness and I is the moment of inertia. For
further calculation the end-restraint coefficient is selected as K = 1, representing a simply
supported end-restraint with rotations free and all translations besides the longitudinal,
fixed [41].

Estimation of local buckling loads for struts with square cross sections

Thin-walled columns usually display buckling of the walls without the overall deflection
of Euler buckling [16]. In this case, the shape of the cross section changes while the
longitudinal axis of the column remains straight. For this local buckling, a rectangular
plate, simply supported (ss) around the boundary and subjected to one edge load, can be
assumed. This case is depicted in 3.16 and represents the minimum buckling load.

Figure 3.15: Dimensions of rectangular and circular struts
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Following the Navier solution with k; = ]@ /]V; = 0 for a uniaxial loaded N,z = 0
rectangular laminate, the critical buckling load is the smallest of No(m,n) [26]:

7T2

b\? a\?
No(m,n) = —55 <D11m4 <> + 2(D12 + 2Dgg)m*n* + Dogn? <> > (3.16)
m#b a b
where a and b describe the plate length and width and D;; the coefficients of the bending
matrix. The smallest value of Ny for any m, is found for n = 1. For this case, (3.16) is

given as [26]:

72D Dy /b\? Dy +2D 1 /a\?
No(m, 1) = b222 m2D;; (a) +212D2266+m2(> (3.17)

In the next step, the minimum for equation (3.17):
dNy
dm

D 4
m4 = D—f (Z) (3.19)

If the plate is very long (a > b) the plate buckles into more and more half-waves and by
substituting (3.18) for m? it approaches the value:

72D D D15+ 2D 272
Nlijckl,loc,sq - 2(1)222) D;; + 12D22 66 = bT (\/ D11D22+D12+2D66> (320)

As increased plate width results in lower buckling load, the widest face of the strut under
consideration is crucial. Following Kolldr [41], the width b is used for the calculation of
the rectangular plate (see Figure 3.15), which yields to a more conservative approach:

b=w+ 2iam (3.21)

=0 (3.18)

is given by:

Estimation of global buckling loads for struts with circular cross sections

The global buckling stress of a slender thin-walled strut is given by formula 3.15, where [
for the circular cross section is calculated by:

Teive = 773 tiam (3.22)

and where 7, is the mid-surface radius 7, = rs — tjqm /2 (see Figure 3.15).

NS

simply
supported

SO

S

Figure 3.16: Local buckling of an axially loaded box beam (according to Kolldr [41])
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Estimation of local buckling loads for struts with circular cross sections

The buckling of a cylinder can be calculated based on a single-curved shell. The critical
load parameter A, must be calculated for different values of a and 5. When the wall’s
lay-up is orthotropic, A.. is given by [42]:

4 A2
%(1 B Allljm )

1 A12(A12+2A66)) + B
Ags A11A22A66 A1l (3'23)

1 <(
Nza? + N, 3? %242 + a2B2(

)\cr -

+Di1a* + 2(D1g 4 2Dgs) %02 + D22ﬂ4>

where N, and N, are the buckling loads in the respective direction, A;; are the coefficients

of the stiffness matrix A and R is the radius. The lowest value of A, is of interest. For

local buckling of only axially loaded parts (N, = 0), the buckling stress is given by
)\C’I"NQT

tlam

(3.24)

Obuckl,local circ =

3.6 Consideration of bidirectional properties - parameter
study

The parameter study is performed in a Python environment, following the programming
logic depicted in the flowchart in Figure 3.17.

The material database contains the properties for the metals steel, titanium and aluminum
and the two different CFRP materials 8552/AS4 and 8552/IM7 under consideration, as
shown in Table 3.1 and 3.2.

The parameter study is based on different scenarios, as illustrated in Figure 3.17. These
scenarios are identified by a certain combination of load, material, stress state and thick-
ness steps.

As depicted in Table 3.3, three different material groups are distinguished: metal, CFRP
and FML. These groups are defined by their repetitive stacks, the three metal types,
three different pure CFRP lay-ups and six different values for the metal volume fraction
(MVF) of the FML. IM and HTS fibers are considered within the CFRP and the FML
material groups. Additionally, within the FML group, the metal type is varied and two
different thickness values are used, as explained later. As residual curing stresses need
to be considered in the FML group, two cases are distinguished: no curing stress (0 K
differential temperature) and cured at 180°C' with a considered cooling to RT of 23°C
(-157K differential temperature). For all material groups, three different loads F', two
different strut lengths Ly and two different cross section geometries are analyzed.
Following the approaches described, laminate stackings are created for each material group
and listed in Table 3.4. These lay-ups describe a repetitive stacking with the thickness
t.. For the three metals, the repetitive thickness is defined as 0.05 mm. Three repetitive
stacks are also created for the pure CFRP group. The QI-stack represents the standard
whereas the orthotropic lay-up is created with the highest possible strength and stiffness
properties in one main direction following the described stacking rules. Note that the
created laminate itself is not symmetrical but the resulting strut creates symmetry along
its midplane. As prepreg is available with a certain minimum thickness, the repetitive
thickness of theses stacks is 0.524 and 1.048 mm, respectively. For the hybrid laminates,
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scenarios
material load case: load F', length Lg; material:
database repetitive stacking, fiber type; stress state:
AT thickness steps: as available/0.05 mm
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Figure 3.17: Parameter study’s programming flowchart for circular and rectangular
struts
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Table 3.3: Table of parameters

material

group metal CFRP FML
repetitive

stack St Al QI HO UD 13% 10% ™% 5% 4% 3%
fiber type | - | M HTS | IM  HTS
metal type | St TiAl | - | St Ti Al
thickness ‘ - ‘ given  normalized ‘ given  normalized
differential

temperature - - 0K 157K
strut length ‘ 1m

load | 100 kN 1000 kN 10.000 kN

Cross section‘ circular  square

number of

cases 36 144 1728

six stacks using different MVF between 3 and 13% are considered. Their repetitive thick-
ness is between 0.131 and 0.231 mm.

To overcome the restriction that the CFRP prepregs are only available with certain layer
thicknesses, an additional approach is pursued, whereby each material is reduced in thick-
ness so that the thickness of the repetitive laminate equals 0.05 mm. This approach means
that thicker repetitive stackings are not disadvantageous compared to the thinner ones in
scenarios with low wall thickness. These two cases are marked as 'given’ and 'normalized’
in Table 3.3.

When running the algorithm, these stacks are assembled on top of each other up to a
maximum laminate thickness ¢4, maz- Based on this database, the flowchart in Figure
3.17 is launched 954 times for the circular and 954 times for the square cross section.
The in-plane laminate properties as Q-matrix, longitudinal compressive stiffness Fyi, den-
sity pr and longitudinal compressive strength o1 are calculated based on the given repet-
itive stack. The rest of the program flow consists of two loops.

The outer loop runs the number of stacks up to a predefined maximum laminate thick-
ness tjgm,maz and is controlled by the variable n. Based on the new lay-up, the A- and
D-matrices are calculated using subroutines following CLT.

The inner loop controls an alternative stress level o, which is reduced in each loop cycle
k depending on a step size s. The step size s is defined here in such a way that the
compression stress is lowered up to a safety factor fs = 15 in k;q. = 1000 steps:

[s

kmaz

s=k

(3.25)

The values are chosen based on a previously undertaken less detailed parameter study.
Starting with k£ = 0, the alternative stress level o4 equals the compression strength and
the required cross section area is calculated. As tyq,, is defined by the outer loop, the radius
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Table 3.4: Regarded repetitive laminate stackings

material repetitive metal layer
group description stacking  thickness MVF thickness
[ [ [+ [mm] [72)] [mm]
metal steel St 0.05 100 0.05
metal titanium Ti 0.05 100 0.05
metal aluminum Al 0.05 100 0.05
CFRP quasi-isotropic (4+45/-45/0/90) 0.524 0 -
CFRP orthotropic (+45/-45/04/90/0) 1.048 0 -
CFRP unidirectional (0) 0.131 0 -
FML UD-metal (0/M) 0.151 13 0.02
FML UD-metal (0/0/M) 0.161 10 0.03
FML UD-metal (0/0/M) 0.171 7 0.02
FML UD-metal (0/0/0/M) 0.191 5 0.02
FML UD-metal (0/0/0/0/M) 0.211 4 0.02
FML UD-metal (0/0/0/0/0/M) 0.231 3 0.02

rs of the circular strut - or the width of the square strut, as appropriate - is adjusted.
Following this procedure, the compression strength requirement is fulfilled in all cases and
and the safety factor for compression strength increases with increasing k.

In the following, global buckling and local buckling are calculated for the given geometry
following the approaches as described in the previous subchapter. If both requirements
are fulfilled, the strut weight is calculated and compared with the previous solution [ of
lowest weight. If the solution k is of less weight, than the solution is stored. The best
solution for each repetitive stack type is stored in a database which covers all scenarios
considered. A database of certain stored solutions is provided by the parameter study
performed. One way to analyze the results is to compare the performance of the materials
in different scenarios described by load case, strut length, cross section and differential
temperature.

Examination method

Nine different materials are then compared one against another for each single scenario.
These nine materials are shown in bold type in Table 3.3.

Following Table 3.3, one example scenario is defined by the following characteristics (where
the additional number at the end marks the total number of possibilities):

m fiber type: HTS fibers are considered for CFRP and FML material (2)
m thickness steps: not normalized (as available on the market) (2)

m differential temperature: 0 K (2)

strut length: 1 m (2)

load: 1000 kN (3)

m cross section considered: circular (2).
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This leads to 96 different scenarios.

The analyzed results for this example scenario consist of one solution for each of the nine
materials with the lowest weight satisfying all the given requirements. The solution is
clearly described by the wall thickness and the radius of the strut (or width in the case
of a square cross section) for the three metals and the three pure CFRP stackings. In
the case of the FML materials, the best solution additionally depends on MVF, therefore,
this information is added to the results table. The resulting output including diagram
and table for this solution is given in Figure 3.20. The table in each result shows the
solution’s label number, its individual lay-up, its weight, MVF, radius, wall thickness and
cross section area.

When regarding circular struts, the geometry of each material is represented within a
sector of the circular diagram, where an excerpt of the struts cross section is shown.
Therefore, the inner and outer radii - as well as the wall thickness t;,,, - are specified, as
depicted in Figure 3.18.

Figure 3.18: Dimensions of circular struts as depicted in diagrams

In the case of square cross sections, the results table is identical but the diagram shows
the half width of the strut and its wall thickness t;,,, instead. This relation is shown in
Figure 3.19.

Liam
half
width *
wp,

Figure 3.19: Dimensions of rectangular struts as depicted in diagrams

Examination of the results for circular cross sections

The results for the 96 different scenarios have been observed in detail and the most inter-
esting relationships are presented in the following based on seven example scenarios with
circular cross section.

The first example with HTS fiber, not normalized thickness (as available on the market)
and without consideration of residual stresses is based on a 1 m long strut under 1000 kN
axial loading and serves as a pivot example, to which all the following results are com-
pared, see Figure 3.20.

The solutions with the lowest weight are achieved by a UD-CFRP-titanium laminate and
the pure UD-CFRP laminate followed by the CFRP-HO and UD-CFRP-steel laminate.
The pure steel strut fulfilling the requirements is nearly five times heavier. The CFRP-
UD solution shows the lowest radius as it has the highest ratio between longitudinal and
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label layup weight MVF radius thickness area
] % [mmn] [mm]  [mm?]

1 0/0/Ti 1819.5 7.1 48.8  3.38 1001.8
2 0 1826.8 0.0 45.7  4.19 1148.9
3 45/-45/0/0/0/0/90/0 1919.8 0.0 62.7 3.14 1207.4
4 0/0/0/St 1920.6 4.8 50.5  3.30 1013.2
5 0/0/0/0/0/Al 2921.3 3.0 72.6  4.05 1796.5
6 45/-45/0/90 3313.4 0.0 107.1 3.14 2083.9
7 Ti 4099.1 100.0 81.1 1.70 857.5
8 Al 7174.5 100.0 190.1 2.15 2553.2
9 St 9031.6 100.0 1424 1.30 1157.9

Figure 3.20: Results chart for HTS fiber, not normalized thickness of 1 m long circular
strut under 1000 kNN load without residual stress consideration

transverse stiffness of all the materials considered. Due to the low transverse stiffness, a
relatively small radius is required to fulfill the local buckling requirement. With regard
to global buckling, the high longitudinal stiffness enables the relatively small radius. The
aluminum strut represents the solution with the largest radius. It has the lowest longi-
tudinal stiffness in comparison and, therefore, requires a large radius. Local buckling is
prevented by a comparatively large wall thickness. Comparing CFRP-QI and CFRP-HO,
the QI-laminate shows a larger radius than the HO-laminate at identical wall thickness.
This is a consequence of the lower ratio between longitudinal and transverse stiffness. The
thickness of UD-CFRP-steel and CFRP-HO is in the same range but, due to the higher
longitudinal stiffness and strength of the UD-CFRP-steel, a smaller radius and cross sec-
tion area is achievable. However, its higher density compensates this relationship and the
weight of both solutions is nearly equal.

The second figure shows the results for 100 kN loading instead of the 1000 kNN, as depicted
in Figure 3.21. First of all, it is noticeable that the weight of the aluminum and the steel
strut is exactly one tenth the weight of the pivot example. The reason for this linear
relationship is that the compression strength is the crucial parameter in both load cases.
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label layup weight MVF radius thickness area
[¢] (%] [mm] [mm]  [mm?
1 45/-45/0/0/0/0/90/0 380.3 0.0 36.8 1.05 239.2
2 0/0/0/0/St 394.4 3.7 32.2  1.09 216.5
3 0/0/0/Al 394.7 4.8 314 1.24 239.3
4 0/0/Ti 405.2 7.1 320 1.13 223.1
5 0 417.2 0.0 29.7 1.44 262.4
6 45/-45/0/90 461.4 0.0 446  1.05 290.2
7 Ti 662.7 100.0 40.4 0.55 138.6
8 Al 7174 100.0 58.4  0.70 255.3
9 St 903.2 100.0 41.2 045 115.8

Figure 3.21: Results chart for HTS fiber, not normalized thickness of 1 m long circular
strut under 100 kN load without residual stress consideration. Please note
the scale change compared to Figure 3.20

Buckling is at least one crucial parameter for all the other materials in the 100 kN example
and, therefore, the weight saving is not as high for these materials compared to the pivot
example.

Considering the suitability of the different materials for this load case it can be seen
that the CFRP-HO solution reaches the lowest weight followed by the UD-CFRP metal
solutions. Again the CFRP-UD material shows the lowest radius due to its stiffness ratio.
However, it does not show any weight advantage when compared to CFRP-HO. Although
the CFRP-HO lay-up is restricted by a comparatively large minimum lay-up thickness, it
achieves the lowest weight, showing a slight advantage over UD-CFRP-steel and a 17%
weight advantage over the quasi-isotropic CFRP laminate.

Figure 3.22 shows the results chart for a 2 m long strut under 1000 kN load. When
comparing to the pivot example (Figure 3.20), the first conspicuous result is that the
pure aluminum solution, the pure steel solution, the CFRP-QI and the UD-CFRP-Al
solution all show exactly twice the weight for the longer strut. Again, the reason is that
compression strength is at least one crucial parameter for both materials in both load
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label layup weight MVF radius thickness area
] % [mmn] [mm]  [mm?]

1 45/-45/0/0/0/0/90/0 5400.1 0.0 87.5 3.14 1698.1
2 0/0/Ti 5772.1 7.1 76.4  3.38 1589.0
3 0 5830.2 0.0 717 4.19 1833.4
4 0/0/0/0/0/Al 5842.7 3.0 72.6  4.05 1796.5
5 0/0/0/St 5886.8 4.8 76.5  3.30 1552.8
6 45/-45/0/90 6626.8 0.0 107.1 3.14 2083.9
7 Ti 9576.8 100.0 94.6 1.70 1001.8
8 Al 14348.9 100.0 190.1 2.15 2553.2
9 St 18063.2 100.0 142.4 1.30 1157.9

Figure 3.22: Results chart for HTS fiber, not normalized thickness of 2 m long circular
strut under 1000 kNN load without residual stress consideration

cases. This means that the strut length is doubled whereas the area of the cross section is
identical. The weight for all other material is more than doubled as the buckling load is one
crucial parameter and it does not show a linear relationship. Again, the UD solution shows
the smallest radius and the pure steel solution the smallest wall thickness. Compared to
the shorter strut length, the advantage of CFRP-HO over CFRP-UD is smaller as global
buckling is more crucial for the more slender struts. In this case the higher ratio of
longitudinal to transverse stiffness is beneficial for the unidirectional material.

The next chart, Figure 3.23, shows the different solutions for a 1 m long strut under
1000 kN load when the layer thickness is normalized. This means that the materials with
a higher repetitive thickness are not disadvantaged compared to the ones with a lower
thickness. This comparison is based on a very ideal assumption as the repetitive thickness
of a layered material will always be more restricted in reality. However, when comparing
with the pivot example (Figure 3.20), it can be seen that the cross sections and the
geometry of the pure metal solutions do not change as their thickness was not restricted
before. The solutions based on pure CFRP and UD-CFRP-AI show the same weight as
in the pivot example as the cross section area is identical. However, as other thickness
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label layup weight MVF radius thickness area
] % [vn] [mm]  [mm?]

1 0/0/0/Ti 1819.1 48  47.7 3.62 1042.8
2 0 1826.8 0.0 45.8  4.18 1148.9
3 0/0/0/0/0/St 1847.2 3.0 47.8  3.60 1039.5
4 45/-45/0/0/0/0/90/0 1919.8 0.0 61.9 3.19 1207.4
5 0/0/0/0/0/Al 2921.3 3.0 744 3.95 1796.5
6 45/-45/0/90 3313.4 0.0 120.4  2.79 2083.9
7 Ti 4099.1 100.0 81.1 1.70 857.5
8 Al 7174.5 100.0 190.1 2.15 2553.2
9 St 9031.6 100.0 1424 1.30 1157.9

Figure 3.23: Results chart for HTS fiber, normalized thickness of 1 m long circular strut
under 1000 kN load without residual stress consideration

values are possible, the radius and thickness values do change. For UD-CFRP-Ti and
UD-CFRP-St, the lay-ups change as solutions with lower MVFs become more attractive.
Their repetitive thickness is higher when not normalized, but in the normalized case their
lower density compensates their lower strength and solutions with larger cross sections are
preferred. The UD-CFRP-Ti solution shows a slight weight benefit compared to CFRP-
UD and UD-CFRP-St. The latter still shows a weight benefit of around 4% against the
CFRP-HO material.

The changed parameter for the chart in Figure 3.24 compared to the pivot chart in Figure
3.20 is the fiber type. IM fibers with higher stiffness and strength compared to the HTS
fibers are investigated. A comparison of these properties can be found in Table 3.2. As a
consequence, the pure metal solutions are not affected. When comparing the pure CFRP
lay-ups, a weight saving of 7% and 9% can be achieved for QI and UD lay-ups respectively
when utilizing IM fibers. The reduction of the cross section area is achieved by lower radii.
Additionally, the CFRP-HO solution achieves a lower weight than its UD counterpart. By
changing the fiber type, their order changes. The stiffer fiber leads to a weight benefit of
15% for the CFRP-HO laminate and even 10% for the UD-CFRP-St laminate.
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label layup weight MVF radius thickness area
] % [mmn] [mm]  [mm?]

1 45/-45/0/0/0/0/90/0 1638.7 0.0 544  3.14 1043.8
2 0/0/Ti 1685.4 7.1 45.8  3.38 937.6
3 0 1704.2 0.0 43.3  4.19 1085.5
4 0/0/0/St 1720.0 4.8 45.8  3.30 916.6
5 0/0/0/0/0/Al 2383.7 3.0 60.3 4.05 1483.6
6 45/-45/0/90 3082.3 0.0 120.6 2.62 1963.2
7 Ti 4099.1 100.0 81.1 1.70 857.5
8 Al 7174.5 100.0 190.1 2.15 2553.2
9 St 9031.6 100.0 1424 1.30 1157.9

Figure 3.24: Results chart for IM fiber, not normalized thickness of 1 m long circular
strut under 1000 kNN load without residual stress consideration

In the next example the load is increased to 10.000 kN for the solutions in the chart
in Figure 3.25 compared to 1000 kN in the pivot example. The cross section area and
the weight, respectively, are linearly increased along with the load for the five heaviest
solutions: pure steel, aluminum, titanium, CFRP-QI and UD-CFRP-Al. Again, the reason
is that compression strength is one of the crucial parameters for both load cases for these
materials. For the other materials, the wall thickness has increased by a higher factor than
the radius of the strut. In the case of these more thicker-walled struts, the CFRP-UD
material shows a comparatively large weight benefit of 18% compared to the UD-CFRP-
titanium solution. The weight benefit of UD-CFRP-steel material compared to CFRP-HO
is comparatively small with 5%. And again, UD-CFRP shows the smallest radius but - in
this case - with a comparatively high wall thickness. The high ratio between longitudinal
and transverse stiffness of the UD-material suits this load case the best.

The last example for the circular struts in Figure 3.26 additionally considers the residual
stresses between the laminate’s constituents acting in the longitudinal direction and influ-
encing the compressive strength. Accordingly, pure CFRP and pure metal solutions are
not affected. As the residual stresses induce a higher compression strength in the FML,
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label layup weight MVF radius thickness area
] % [vn] [mm]  [mm?]

1 0 13389.3 0.0 107.9 13.23 8421.0
2 0/0/0/0/0/Ti 16415.4 3.0 133.7 12.15 9744.9
3 0/0/0/0/0/St 18216.6 3.0 147.9 11.47 10251.5
4 45/-45/0/0/0/0/90/0 19198.1 0.0 208.5 9.43 12074.3
5 0/0/0/0/0/Al 292134 3.0 2294 12.82 17964.8
6 45/-45/0/90 33133.8 0.0 376.8 8.91 20838.9
7 Ti 40990.8 100.0 260.2 5.30 8575.5
8 Al 71744.7 100.0 601.0 6.80 25531.9
9 St 90315.8 100.0 451.5 4.10 11578.9

Figure 3.25: Results chart for HTS fiber, not normalized thickness of 1 m long circular
strut under 10.000 kN load without residual stress consideration. Please
note the scale change compared to Figure 3.20

see section 3.4, a weight benefit can be achieved for the compressive load case considered.
The weight benefit increases with increasing residual stress: UD-CFRP-Ti (0.2% weight
benefit), UD-CFRP-St (4% weight benefit), UD-CFRP-AI (37% weight benefit). However,
it must be considered that this relationship leads to a weight penalty for any tension load
case. The benefit of UD-CFRP-St against UD-CFRP-AI is negligible in this case. Accord-
ingly, there is a weight benefit of UD-CFRP-St over CFRP-HO of 4% when considering
the residual stresses acting in the FML.

Examination of the results for square cross sections

The results of 96 different scenarios have also been observed for the square struts. As the
findings for variation of fiber type and residual stress are comparable to the findings de-
scribed for the circular struts, they are not discussed again. Hence, four different scenarios
are discussed in the following.

In accord with the examination carried out on the circular struts, the pivot example for
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label layup weight MVF radius thickness area

] % [mmn] [mm]  [mm?]
1 0/0/Ti 1815.3 7.1 48.7  3.38 999.5
2 0 1826.8 0.0 45.7  4.19 1148.9
3 0/0/0/St 1845.5 4.8 48.5  3.30 973.6
4 0/0/0/0/0/Al 1853.5 3.0 46.8  4.05 1139.8
5 45/-45/0/0/0/0/90/0 1919.8 0.0 62.7 3.14 1207.4
6 45/-45/0/90 3313.4 0.0 107.1 3.14 2083.9
7 Ti 4099.1 100.0 81.1  1.70 857.5
8 Al 7174.5 100.0 190.1 2.15 2553.2
9 St 9031.6 100.0 1424 1.30 1157.9

Figure 3.26: Results chart for HTS fiber, not normalized thickness of 1 m long circular
strut under 1000 kNN load with residual stress consideration

the square struts is a 1 m long strut with HTS fiber as reinforcement under a load of
1000 kN, see Figure 3.27. First of all, when compared to the circular strut (Figure 3.20),
it is obvious that the weight of the UD-CFRP-AI, the CFRP-QI, pure aluminum and
pure steel solutions are identical for square and circular cross sections. Again, the reason
is compression strength being one crucial parameter. All other materials show a weight
increase of 29 to 34%. The increase is lowest for CFRP-UD material (29%), the material
with the highest ratio between longitudinal and transverse stiffness and highest for the
pure titanium (34%), the material with the lowest ratio. Regardless, the fundamental
relationships are comparable. The CFRP-HO solution shows a crucial weight benefit
compared to CFRP-QI and the UD-CFRP-St and UD-CFRP-Ti solutions show a benefit
against CFRP-HO. The lowest weight is achieved by the CFRP-UD solution although its
width is comparable to the FML solutions. Again, aluminum shows the largest width
and steel the smallest wall thickness. The weight benefit of UD-CFRP-St against the
CFRP-HO solution is 4%.
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label layup weight MVF width thickness area
] % [mm] [mm]  [mm?]
1 0 2596.1 0.0 70.0 6.42 1632.8
2 0/0/0/0/0/Ti 2653.7 3.0 70.9  6.08 1575.4
3 0/0/0/0/0/St 2766.2 3.0 70.1  6.08 1556.7
4 45/-45/0/0/0/0/90/0 2888.4 0.0 785  6.29 1816.6
5 0/0/0/0/0/Al 2921.3 3.0 73.3  6.75 1796.5
6 45/-45/0/90 3313.4 0.0 96.1 5.76 2083.9
7 Ti 5477.7 100.0 80.1  3.75 1146.0
8 Al 7174.5 100.0 1279 5.20 2553.2
9 St 9031.6 100.0 91.0 3.30 1157.9

Figure 3.27: Results chart for HTS fiber, not normalized thickness of 1 m long square
strut under 1000 kN load

The results of the second example, representing a 2 m long strut, are depicted in the
results chart in Figure 3.28. As buckling is crucial for all materials, the weight increase is
more than doubled for all materials. It is the first example where pure aluminum achieves
a weight benefit against titanium. In a departure from the previous examples, CFRP-HO
shows a weight benefit compared to CFRP-St (3%) and CFRP-Ti (0.5%). CFRP-UD
represents the solution with the lowest weight and the lowest width. The thickness values
of the materials with the high ratios between longitudinal and transverse stiffness are
comparatively high, as local buckling prohibits thinner walls when transverse stiffness is
low.
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label layup weight MVF width thickness area
] % [mm] [mm]  [mm?
1 0 8869.9 0.0 104.0 7.21 2789.3
2 0/0/0/0/Al 9109.8 3.7 105.6 7.07 2786.1
3 45/-45/0/0/0/0/90/0 9166.6 0.0 120.9 6.29 2882.6
4 0/0/0/Ti 9212.8 4.8 106.5 6.61 2640.6
5 0/0/0/0/St 9452.0 3.7 105.9 6.53 2593.9
6 45/-45/0/90 11084.4 0.0 1449 6.29 3485.7
7 Al 15153.3 100.0 133.6 5.25 2696.3
8 Ti 18997.7  100.0 119.8 4.30 1987.2
9 St 22619.6 100.0 107.1 3.50 1450.0

Figure 3.28: Results chart for HTS fiber, not normalized thickness of 2 m long square
strut under 1000 kN load. Please note the scale change compared to Fig-
ure 3.27

The third chart shows the results for a lower load of 100 kN, as shown in Figure 3.29.
When comparing with the pivot example, Figure 3.27, it can be seen that the weight is not
reduced to a tenth for any of the materials. For this load case, local buckling is one crucial
parameter for all the materials. Again, pure aluminum shows a weight benefit compared
to titanium and CFRP-UD represents the solution with the lowest weight. The lowest
width is achieved for UD-CFRP-St, which also achieves a benefit against CFRP-HO of
11%.
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label layup weight MVF width thickness area
] % [mm] [mm]  [mm?]
1 0 638.6 0.0 42.8  2.49 401.7
2 0/0/0/Al 666.5 4.8 433 248 404.2
3 0/0/Ti 685.5 7.1 44.1  2.26 3774
4 0/0/0/0/0/St 748.9 3.0 417 2.70 421.5
5 45/-45/0/0/0/0/90/0 843.1 0.0 453 3.14 530.2
6 45/-45/0/90 902.5 0.0 56.8  2.62 567.6
7 Al 1099.5 100.0 54.7 1.85 391.3
8 Ti 1375.0 100.0 49.4 1.50 287.7
9 St 1611.9 100.0 44.3 1.20 206.7

Figure 3.29: Results chart for HTS fiber, not normalized thickness of 1 m long square
strut under 100 kN load. Please note the scale change compared to Fig-
ure 3.27

In the last example, Figure 3.30, the load is increased to 10,000 kN compared to the pivot
example. In this case, compression strength is one crucial parameter for steel, aluminum,
titanium, CFRP-QI and UD-CFRP-Al. And again, CFRP-UD shows the lowest weight
with the lowest width. The lowest wall thickness is achieved by the CFRP-HO and UD-
CFRP-St material where the latter shows a weight benefit of 5% due to the lower width.

Discussion of results

Basically, the results show that the relative weight difference is low for longer struts and low
loads whereas the factor between the results increases with higher loads. When comparing
the suitability of the different materials for a certain scenario, this relationship must be
kept in mind.

The results clearly demonstrate the weight benefit of all CFRP lay-ups over the three
regarded metallic materials considered: titanium, aluminum and steel. For the circular
struts, titanium shows an advantage over aluminum which again shows an advantage over
steel. As expected, steel leads to slimmer solutions than aluminum. Due to the higher
ratio between strength and stiffness of titanium compared to steel, the titanium solutions
are even slimmer. The relationship is not that clear for the struts with square cross section.
When the load is increased above a certain level, or the strut length is increased above a
certain length, then the width of the titanium strut is larger than that of the steel strut.
The results also clearly demonstrate the theoretical weight benefit of CFRP-UD over
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label layup weight MVF width thickness area
[¢] (%] [mm] [mm]  [mm?

1 0 13389.3 0.0 138.3 17.42 8421.0
2 0/0/0/0/0/Ti 16415.4 3.0 156.4 17.55 9744.9
3 0/0/0/0/0/St 18216.6 3.0 168.7 16.88 10251.5
4 45/-45/0/0/0/0/90/0 19198.1 0.0 196.8 16.77 12074.3
5 0/0/0/0/0/Al 292134 3.0 242.0 20.25 17964.8
6 45/-45/0/90 33133.8 0.0 310.2 17.82 20838.9
7 Ti 40990.8 100.0 204.2 11.10 8575.5
8 Al 71744.7 100.0 405.6 16.40 25531.9
9 St 90315.8 100.0 287.5 10.45 11578.9

Figure 3.30: Results chart for HTS fiber, not normalized thickness of 1 m long square
strut under 10.000 kN load. Please note the scale change compared to Fig-
ure 3.27

CFRP-HO, which again shows a benefit over CFRP-QI for circular struts as well as for
struts with square cross sections. As expected, the solutions utilizing IM fibers achieve a
weight benefit over the solutions based on HTS. However, these benefits are small com-
pared to the benefit of fiber orientation.

The influence of the layer thickness restrictions is considered by comparing a solution with
a repetitive layer-thickness based on material available on the market and a solution with
a repetitive thickness normalized to 0.05 mm. This relationship does not prove that part
of the weight benefit of FML against pure CFRP is a consequence of the more restricted
lay-up when using pure CFRP. For the case considered, the thickness restriction of pure
CFRP was compensated by a different geometry leading to identical weight. Due to the
assumptions in the previous chapter, the UD-CFRP-steel laminate is of primary interest.
In comparison with the most important reference, the CFRP-HO laminate, the results for
FMLs differ from 8% weight increase to 4% weight decrease for the circular strut scenarios
considered. The relationship for square struts is also not very clear, as the UD-CFRP-St
solutions are up to 5% lighter than CFRP-HO in some scenarios and up to 4% heavier in
other scenarios.

The advantages of FML compared to CFRP-UD would diminish for a tensile load case.
However, when transverse stiffness is not relevant, the advantages of FML compared to
CFRP-HO would also increase. The bending load case of a strut could also be an inter-
esting case for the comparison of the materials.
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3.7 Discussion of hypotheses addressed

As discussed at the beginning, this chapter aims to refer to the first two hypotheses.

Hypothesis 1:

The relationship between metal volume fraction and weight-specific elastic modulus and
strength has been illustrated for different material combinations based on a bilinear one-
dimensional model. It was then analytically substantiated that the MVF ), needs to be
lower than 12.3% to achieve a higher weight-specific modulus than a reference CFRP lam-
inate (62.5/25/12.5) in a single predominant direction. Additionally, a parameter study
on strut geometry has been performed, where longitudinal and transverse stiffness of the
laminate are relevant, as local buckling is considered. The favourable MVFs for the UD-
CFRP-steel material are between 3.0 and 4.8% for the scenarios considered. Hence, it
could be proved that low steel fractions are required to increase weight-specific stiffness
and strength.

Hypothesis 2:

The consideration of damage tolerance in today’s aircraft composites has been discussed
and presented on a novel 3-D perspective based on a three-dimensional representation of
crucial parameters. However, as damage tolerance is mainly assessed by experiment, an
alternative approach was chosen to consider the material’s exploitation under damage tol-
erance requirements. Common stacking rules are applied to generate a reference laminate
which represents a reasonable compromise between mechanical performance and damage
tolerance requirements and is often utilized in aerospace applications. The exploitation
of this reference called CFRP-HO and the unidirectional, as well as the quasi-isotropic
alternatives, are then discussed. Additionally, a more realistic application on a circular
and a square strut under uniaxial loading in different scenarios is then regarded in a pa-
rameter study. The results underline that the material’s exploitation is lowered, which
means that the weight of a strut made from CFRP-HO, fulfilling the mechanical require-
ments, is increased in comparison with a solution made of CFRP-UD material in most
cases. CFRP-HO shows a weight benefit compared to the quasi-isotropic laminate in all
the cases considered.

However, to clearly prove a weight benefit, the damage tolerance of both materials must be
compared. Therefore, it is advisable to prove that the CAl-strength of UD-CFRP-steel is
relatively, or at least absolutely, higher than the CAl-strength of the CFRP-HO reference.
Further discussion on this hypothesis can be found in chapter 6.
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Link to hypothesis: Hypothesis 3 is addressed in this chapter by measuring the interlam-
inar shear stress for different surface treatments applied to the metal foil.

Summary: A Fiber-Metal-Laminate consists of multiple alternating layers of metal and
fiber reinforced plastic. This results in multiple interfaces between the inorganic and or-
ganic materials. Fxisting studies reveal that debonding of the CFRP from the steel sub-
strate is one of the main failure modes in CFRP-strengthened steel structures [43], which
underlines the importance of the bonding between the different constituents. Although
very little attention has been paid in the past to the bond and durability behavior between
fiber-reinforced composites and steel structures [44], the number of adhesive bonding appli-
cations in various industries is steadily growing [45], providing promising improvements
for all relevant fields of this technology.

This chapter summarizes the findings in research with regard to surface treatment of steel
and the characterization of the surface. Then test methods to evaluate the interphase
between both constituents are presented, the most suitable method is selected and discussed
in detail. In so doing the method is adapted to the specifics of FMLs. The most convenient
geometry and lay-up s then deduced in order to reduce to a minimum any undesired
influence of the method itself on the results.

Based on the literature findings, the most promising surface treatment methods are selected,
their essential parameters are systematically varied and specimens are manufactured to
determine the interlaminar shear strength (ILSS) of the respective interface. Based on
results and practicability, one method is selected and its essential parameters are regarded
in more detail. Finally, the suitability of the selected test method and treatment method are
discussed, as the latter defines the method applied in the manufacturing of the specimens
considered in the following chapters.

4.1 Literature review

As defined in the objectives at the beginning of the present work, the main aims are to
increase weight-specific stiffness and strength, suspending any additional materials which
do not contribute to the overall stiffness and strength of the laminate. Basically, nonlinear
elastic adhesives with low elastic modulus and larger strain capacity lead to much higher
interfacial fracture energy than linear elastic adhesives with similar or even higher strength
[43]. Therefore, the use of an additional adhesive at the interface between composite and
metal layer with a lower elastic modulus and larger failure strain than the reinforced
epoxy of the composite would be promising. Curing an additional adhesive at a lower
temperature, as enabled by the use of a film adhesive, would also lower the residual
thermal stresses if the laminate consisted of previously cured plies.

Although epoxies also show relatively low peel strength and their bond strength is sensitive
to moisture and surface contamination [45], the composite layer itself is used for adhesive
bonding between composite and metal layer resulting in a co-cure fabrication. This con-
straint is based on the aforementioned objectives as an adhesive on each side would result
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in a significant increase in weight per metal layer and manufacturing complexity.

As no additional adhesive is used to bond the laminate’s constituents, the effective ad-
herents are the fibers and metal layers bonded by the epoxy resin. However, regarding a
homogeneous composite layer and the metal sheet, the bond can also be recognized as a
bonding between a composite and metal sheet (see Figure 4.1). The resulting bond is a
glassy polymer/non-polymer adhesion and therefore, interdigitation of the polymer chains
is not possible. As a consequence, the surface of the solid material determines the topology
of the interface. The interaction between the interface and the bulk material also affects
the bulk material properties. For example, when reactive groups of a polymer bond to
the oxides of a metal surface, these groups cannot contribute to the polymer generation
and a weak boundary layer is created within the polymer layer [46]. As a consequence,
the mechanical performance of the laminated material is essentially influenced not only
by this interface but also by the composition of the entire transition zone. Therefore, a
wider definition of the interface is used in this work: the interphase.

The interphase is characterized by the near-surface region of both constituents influenced
by interaction between bulk material and interface or by determined surface and heat
treatments to increase bonding strength, see Figure 4.1. This interphase is not only
responsible for the mechanical properties of the laminate, it also accounts for the chemical
or galvanic compatibility of the laminate constituents.

Bonding types and bonding strength

When investigating an adhesive and an adherent which have neither chemical nor spe-
cific interactions, the necessary energy to break the acting van der Waals bonds can be
predicted by thermodynamic equations. It is well known that the measured adhesion en-
ergy in tests is usually several orders of magnitude higher. Therefore, additionally to this
adhesion theory, there must be other mechanisms present in an adhesively bonded joint.
Phenomena associated with adhesive bonding can be divided into the following bonding
types. Physical bonding describes weak forces like secondary or van der Waals forces,
dipolar interactions and hydrogen bonding. It can be further subdivided in the absorp-
tion theory and the electrostatic attraction theory. The absorption theory explains that
an adhesive must wet the adherent surface to achieve a successful bond. The electrostatic
attraction theory covers acid-base interactions and ionic bonds as a result of electrostatic
interaction between a surface carrying net positive and a surface carrying net negative
charges. A chemical bond is formed between compatible chemical groups of adhesive and
adherent surfaces. Solid solutions and compound formation result in a reaction zone at
the adherent surface created by atomic or molecular diffusional transport [47]. This en-
compasses all types of covalent, ionic and metallic bonding. Transferring these bonding
energies to adhesion strength, it can be concluded that a chemical bond must be present
in a fair adhesive bonding. However, their limited range may induce weak layers in the

composite layer

interface ===mm= - jnterphase

Figure 4.1: Definition of the steel-composite interface and interphase
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adhesive and therefore the bonding energy of a chemical bond is not characteristic for the
overall bonding strength [48]. Mechanical bonding or mechanical interlocking depends on
the ability of the liquid adhesive to penetrate between crevices and pores before it solidifies
and the topology of the crevices and pores, meaning the surface roughness. However, for
metallic bonds with smooth or only slightly roughened surfaces the contribution of me-
chanical interlocking to the overall bonding strength is low [48]. Considering the interface
between the composite and the metal sheet, only the metal surface is existent as a solid
before curing.

Therefore, a surface treatment to increase adhesion between the two constituents is only
possible on the metal side of the interphase. As the efficiency of a treatment depends on
the original substrate and the depth of the surface treatment, there is often a compromise
between the functionalization of the surface and the degradation of the bulk material.

Steel surface characterization

A metal surface is generally characterized by three main properties [49-51]: surface energy,
surface chemical composition and surface roughness or topography. All these three prop-
erties significantly affect the adhesion strength [52]. Surface energy and adhesion are a
complex interaction between surface roughness and chemical composition. However, for a
selective adjustment of these properties by a surface pre-treatment, it is essential to know
the original surface state of the raw part. The condition of the raw part’s surface and
the condition of the pre-treated surface vary over time (mainly by oxidation) influenced
by the environment. Both mechanisms are dependent on the steel type. The chemical
composition of the selected material 1.4310 is given in Table 4.1.

The surface state of the raw part is mainly influenced by its last manufacturing step. The
outermost layer (>1 um) may be contaminated by foreign substances, the next layer (1 nm
<t<10 nm) is formed by sorption of carbon and oxygen which influence surface energy.
The reaction layer underneath is characterized by the forming of oxides and exhibits a
thickness of 1 — 7 nm [54, 55], altering slowly [56].

The oxidation of metal surfaces is usually broken down into different steps: oxygen adsorp-
tion on the surface, initial fast oxidation with oxide nucleation and growth, and finally:
oxide film formation and growth [57]. In the presence of oxygen the native protective oxide
layer of a few nm on stainless steel forms spontaneously within minutes [56,58-63]. After
storage at room temperature, its thickness typically reaches the aforementioned 1 - 7 nm.
The thickness of the layer is independent of temperature for temperatures below 200°C.
Mobility of ions and atoms is insignificant at these temperatures and thus, the growth of
the oxide film stops [64]. At higher temperatures, thermal diffusion and therefore oxide
layer thickness increase [55]. The oxide layer on the surface of stainless steel exhibits
a complex multi-layer structure of hematite Fe,O5, magnetite Fe;O,, wustite FeO and
chromium oxide Cr,05 [65]. All of these oxide layers are able to bind water [59]. Oxide
layers formed on stainless steel surfaces at room temperature are chromium-rich on the

Table 4.1: Chemical composition of 1.4310 (X10CrNil18-10 or AISI 301) [53]

C Cr Ni Si Mn P S Mo N

0.05 16 6.0 < < < < < <
015  -19 9.5 2.0 2.0 0.045  0.015 0.8 0.11




48 4.1. Literature review

bulk material/oxide interface and are usually iron-rich in the outermost surface [66]. At
temperatures above 700°C, this relationship switches and a chromium-depleted layer is
present on the bulk material/oxide interface [54,60,67,68]. The thickness of this layer
formed at higher temperatures may also increase to 100 — 1000 nm.

The surface oxides may also be modified by water adsorption as it is always present in
an atmospheric environment. This results in hydroxyl species (OH ) [69,70]. Regarding
the silane post-treatment which is applied in the following experiments, these hydroxyl
species are favourable as they ensure good bonding to the metal surface.

The adjacent area is not influenced by any chemical transaction with the environment and
may also differ from the bulk material as a consequence of deformation [71,72]. Forces
acting on the surface during manufacturing alter the microstructure of a layer with a
thickness exceeding 1 pm. Bonding forces between these layers increase in strength from
the surface in the direction of the bulk material and demand higher energy for removal [56].
The aim of the pre-treatment is to allow the adherent to be in contact with the entire
surface. This requires a thorough wetting of the surface, for which high surface energy
is required for preference [73]. Generally, the surface energy is influenced by its chemical
composition and its surface roughness or topography [74,75]. The wetting test, whereby
the contact angle of a given liquid on the surface is measured or where is determined
whether it 'wets out’, provides a serviceable quality control but does not give any infor-
mation about the bonding strength. This illustrates that a low contact angle is a necessary
but not a sufficient condition for a good bond. The measurement of the surface rough-
ness is another parameter, providing information about the quality or homogeneity of any
treatment but not guaranteeing good bonding strength.

In general, an increase in roughness leads to stronger mechanical bonding while an increase
in surface energy enhances the wettability and enables a good bond. However, Hitchcock et
al. showed that an increase in roughness above a certain value may restrict the spreading
of adhesive and decrease bonding capability [74].

Treatments

The surface treatment process consists of a surface pre- and post-treatment. There are
two common surface treatments for stainless steel in the aerospace industry, the grit-blast
and silane process (GBS) and the Boeing sol-gel Process (BSP). The GBS involves surface
degreasing, abrasive removal of weakly adhered layers, grit-blasting and application of an
epoxy-silane coupling agent [76]. Following the BSP, the material is degreased and then
deoxidized using a wet or dry grit-blasting method. Finally, an aqueous sol-gel system,
a dilute solution of a stabilized alkoxyzirconium organometallic salt and an organosilane
coupling agent, is applied. Typically, an adhesive coating is then applied to the treated
surface to generate a durable bond [77].

Both treatment processes utilize a mechanical pre-treatment. However, there are other pre-
treatment processes providing deoxidization. The pre-treatments are basically classified
into [48]:

m mechanical

m chemical

physical

photochemical

m clectrochemical
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m thermal

m and plasma treatments

The most common methods for steel surface pre-treatment include solvent cleaning and
mechanical cleaning using grit blasting or other abrasive tools such as sand paper, wire
brushes or abrasive pads [49,51,73,78,79]. Solvent cleaning does not change the surface
properties but removes any contaminants. The mechanical abrasion aims to roughen the
surface and remove weak and chemically inactive layers [51,73]. Among the methods
enumerated, grit blasting appears to be the most effective [80] and has a clearly visible
measure of effectiveness [81].

Pickling has produced similar results to abrasion and grit blasting for thermoset composites
[45]. A number of acid mixtures have been investigated including nitric-hydrofluoric acid
and sulphuric acid [47,82,83]. These treatments give adequate dry strength but durability
is reported to by quite poor [73,84].

Plasma treatment uses an electrically conductive low-pressure plasma gas consisting of
excited atoms, ions and free radicals. The plasma particles react with each other and
with the surface leading to cleaning, removal of material or formation of radicals on the
latter [85]. Bond strength equivalent to the best chemical treatments was obtained by
plasma treatment on titanium [86].

Laser treatment is mainly used for the treatment of polymer surfaces. However, it has
also been utilized successfully on aluminum and titanium surfaces. Durable bonds were
achieved with the patented Ciba laser pretreatment (CLP) for aluminum but also for
stainless steel [87]. Laser treatment stands out for being environmentally friendly as in
the pre-treatment of titanium it replaces chemical and electrochemical processes containing
hazardous chemicals such as chromates.

The substitution of chemicals containing chromate was also a major driver in the devel-
opment of sol-gel coatings, mainly based on silane or zirconium, as well [76, 77, 88-95].
There are two major objectives for the sol-gel treatment of metal surfaces: to provide
good adhesion to organic coatings or adhesives and to increase corrosion resistance. The
majority of the processes include hydrolysis and condensation reactions of metal alkoxides
of zirconium, cerium, tin or aluminum [93]. These metal alkoxides are in solution with
water, alcohol or another solvent. The process starts with the mixing of the components
and the evolution of a colloidal system through the formation of a sol. The next step is
its gelation to form a continuous polymer network the progress of which is affected by the
solvent as it evaporates. Therefore, spraying and dipping are used for application of the
liquid. In the latter, the solvent evaporates after dipping while the sol is draining off.
Finally, a primer may be applied to the substrate surface to protect the surface until
bonding is carried out, to increase surface wettability, as a coupling agent or to prevent
corrosion [73]. Epoxy based primers are mainly used to protect the surface prior to bonding
and silane coupling agents are utilized to improve durability of adhesive bonds in the
presence of water. However, some primers such as BR127 [96] still contain hazardous
chromates [73].

Test methods for evaluation of adhesion performance

Mechanical properties of FMLs are governed by the adhesion between composite layer and
metal layer. The adhesion can basically be evaluated by determining the interlaminar shear
strength or by conducting interfacial fracture tests. Although these methods are suitable
for comparison or quality control, they are not appropriate for design specifications [97].
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Experiments on interlaminar shear strength can be done by compression loading, three
and five-point bending as well as short beam shear loading. By applying a compression
load on a double-notch shear (DNS) specimen as set out in ASTM D3846 a shear stress is
induced in the bridging area in the center of the specimens [98]. The applied interlaminar
shear stress is calculated based on the effective area of the shear plane [99]. Lawcock et
al. calculated the ILSS of FML based on three and five-point bending tests using the
following formula respectively [100-102]:

ILSS = (3Ppan/AWt) (4.1)

ILSS = (33Ppan/64Wt) (4.2)

where P, is the initial load for interlaminar failure and W and ¢ are the width and
thickness of the specimens. The third type of testing ILSS is the short beam test method
as per ASTM D2344 [103] and DIN EN ISO 14130 [104] which is described in more detail
in chapter 4.3.

The second approach for the determining adhesion performance is the interfacial fracture.
Using single cantilever beam geometry, mixed-mode I/II loading (tension/shear) is intro-
duced at the crack tip [105-107]. The interfacial fracture energy G, is calculated in the
studies using the following formula:

Ge = (3P%ka®) /2w (4.3)

where P is the applied load, k£ a constant experimentally determined with the compliance
calibration method, a is the crack length and w is the specimen width [108].

When the materials permit the setting up of a specimen of a relatively flexible adherent
and a rigid adherent then the climbing drum peel test is an alternative to determine the
peel resistance of an adhesive bond. The test consists of a thin strip being peeled from the
thicker strip by winding it around a drum and is defined in ASTM D1781 [109]. Torque
is applied to the drum by pulling down additional straps which are wrapped around the
drum on a larger radius.

4.2 Present chapter’s structure

The flowchart in Figure 4.2 shows the steps applied in this chapter and their relation-
ship to each other. A suitable test method for determining interlaminar shear strength
is selected based on the Literature review in subchapter 4.3. The test method and its
stress calculation are then adapted to the special requirements of FML. In the following,
the residual stresses induced during manufacturing are regarded concerning their impact
on the resulting shear strength of the specimens. Finally, the examination and analysis
methods are defined as the basis for the subsequent subchapters. In subchapter 4.7 the
different surface treatments are first examined in preliminary investigations whereby pa-
rameter combinations for the different treatment methods are selected based on available
literature. The selection of vacuum blasting is justified here and the concept of the blast-
ing process developed is introduced. The subchapter ends with a study of the vacuum
blasting parameters.

The ILSS results of the different surface treatment methods are then examined and ana-
lyzed following the definitions in chapter 4.3. The results are presented and discussed in
subchapter 4.6 and finally the relevance to the hypotheses is discussed in subchapter 4.7.
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interlaminar shear strength and its determination (chapter 4.3)
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Figure 4.2: Flowchart describing the procedure pursued in chapter 4; individual sub-
chapters marked in gray

4.3 Interlaminar shear strength and its determination

As summarized in chapter 4.1, there are different methods to determine the adhesion
between the metal and the composite layer. The short beam test method is selected for
the following discussion and mechanical tests, as it seems to be a suitable approach for
the FMLs for the following reasons:

m small specimen size
m cut out of a flat laminate

m compared to the specimens to determine the interfacial fracture energy and the peel
drum test, the area where the stresses generated by the test load itself and the area
where residual stresses induce shear, are separated.

The last of these reasons is discussed in the following in more detail.

Firstly, the standard of the short beam test method is introduced. Then the specific
characteristics and requirements which need to be considered when applying the test to
non-transversely isotropic laminates are discussed. The specific characteristics which occur
when applying this test to non-transversely isotropic laminates with interlaminar curing
stresses acting are then also discussed.

Finally, an examination method is developed which considerers the previously discussed
specifics. Confirmation of a successful bond is often achieved by a cohesive failure mode.
However, as discussed in the ‘Literature review’ section, the informative value of this result
is quite low as a weak layer may be induced in the bulk material.

Short beam test method

The short-beam test method uses very small specimens with an applied three point bend-
ing load where the shear strength at the neutral plane - where the shear stress reaches
its maximum - is evaluated. This test method is described in ASTM D2344 [103] and
DIN EN ISO 14130 [104]. The five-point bending test was first proposed by Bateman et
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al. for wood composites and is similar to the short-beam test method [110]. Both tests
have been compared by means of the finite element method and experiments by Wang et
al. [111,112]. They showed that the three point bending test gives lower strength results
due to larger deflection. Additionally, in five point bending tests the ’von Mises’ stresses
along the midplane have the same order of magnitude as those along interfaces out of
midplane. Therefore, the five point bending tests is more suitable for evaluating shear
strength out of midplane when accurate values are desired. However, due to its simplic-
ity, the three point bending test is more widespread in quality testing and comparison of
different materials and allows better comparison with values in the literature. For these
applications the value itself is of less interest then the comparability between the values.
Nishimura showed that the geometry of the loading nose and supports have a major influ-
ence on the results [113], which have carefully to be taken into account when comparing
test values.

According to the beam theory, the shear stress can be calculated by:

) @)

Ib(z)

Q) defines the transverse load, S the static moment, / the moment of inertia and b the

width of the specimen. According to ASTM D2344, the maximum shear stress 7,,q: of a

symmetrical laminate with the neutral plane in the center for a rectangular cross section
with the laminate thickness t;,,, under the load F' is calculated as follows:

3F

T, = —
max 4btlam

whereas the maximum stress at the outer surface 0,4, caused by bending, with the dis-
tance Lg,, between the supports (see Figure 4.3), is:

3F Ly,
Omazx = 2
2tlam

(4.4)

(4.5)

(4.6)

according to the beam theory. The ratio ¢, between shear stress 7,4, and normal stress
Omaz 18 given by:

T, t T

Dro = maz lam _ ILSS (47)
Omaz  2Lsup 0cC,11

where the right term describes the ILS-strength 777,55 and the compressive strength o¢ 11

of the laminate. This relationship leads to the following expression:

tiam0C 11
TILss < 7(12”2 (4.8)
sup
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Figure 4.3: Geometries of short beam test setup with multi-material lay-up
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Hence, a shear failure can only be achieved if the expression in formula 4.8 is valid. As a
pure state of shear can not be achieved and the stress field in the specimen is quite complex,
failure occurs due to multiple failure mechanisms [114]. This is the reason why the term
"apparent interlaminar shear strength’ - used in both standards [103,104] - indicates that
the value is different from the true shear strength, which is a material property.
Chatterjee reports that for graphite/epoxy laminates with the geometrical ratio Lgy,/L =
4.7,5.7,6.7, the following relationship to achieve the true shear strength 7, fits the test
data well [114]:

277188

3 _ (2TILSS Lsup)

00,11 tiam

Ty =

(4.9)

Short-beam test method on non-transversely isotropic laminates

When applying the short-beam test method on FML, there are three specific characteris-
tics:

1. The shear stress distribution is not parabolic as the laminate consists of single layers
with different stiffnesses.

2. The failure does not occur in the midplane, as it is not possible to build a symmetrical
laminate out of two different materials with an interface between the two in the
midplane. As residual stresses are present as a consequence of the thermo-mechanical
mismatch between the constituents, a symmetrical lay-up is required to achieve a
flat specimen.

3. The residual stresses induce interlaminar shear stresses which act on the same surface
where the shear stress is applied up to failure and induce a multiple stress state.

Consideration of stress distribution along thickness

To fulfill the first requirement, Kolesnikov uses the following formula to calculate the shear
stress 7 of a laminate with the geometry shown in Figure 4.3 [9]:

2 42
TILSS = SE tlam t =
b (tiam — )3 + 3(tiam — t) (tram + t)2 + 483 2L

Ec11

(4.10)

where F' is the applied load, b is the specimen width, and E¢11 and Ej are the stiffness of
the composite and the metal layer, respectively. The formula, determined by the methods
described by Darkov [115], takes into account the different stiffnesses of the constituents
and calculates the shear stress for the interface between composite and metal layer, where
the failure occurs. As the methods described by Darkov [115] are in Russian and are
currently unavailable, another simple approach was needed which allows the calculation
of the shear stress at an arbitrary position on a laminated beam. Bednarcyk et al. of
NASA propose a simplified shear solution which satisfies these requirements [116]. They
show that their approach is in satisfactory agreement with the exact solution of Williams’
’Composite Plate Theory with Delamination’ [117]. The entire formulation by Bednarcyk
et al. [116] can be found in appendix 7. The internal shear force can be deduced by:

Q'(k, 2) (4.11)
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where @ is the applied transverse load, I is the transformed beam-cross section and @’
depends on the layer and the z-position of interest with respect to the neutral axis:

, L 20 R A 20 R R 2c R R 2N—1 R R
Q'(k,2) = bng 2d2 = bng 2d2 + bngy 2d2+ ...+ bny 2d2
AN 2k Zt1 EN
b
= 20k 2 g2 +f Z bng, (32, ,—22)

2 m=k+1
(4.12)

In formula 4.12, b describes the width, k£ the ply number, ¢ the distance from the neutral
plane to the bottom surface of a ply and N the total number of plies. As indicated by the
subscript k, n is defined for each ply and describes the ratio of the ply’s stiffness and the
average laminate’s stiffness:

ng = — (4.13)
The original width b of each layer is thereby transformed to bny, as shown in Figure 4.4.
The distance of a point from the neutral plane is denoted by 2z = z — z* where:

actual cross section transformed cross section
z z

T T

;J—Py w—»y

< b > TZ* < by, > TZ*
Figure 4.4: Actual and transformed laminate cross sections, based on Bednarcyk et al.
[116]

N
o _ Zi= 5 (st 2n-1) A _ 2ily g (o + 26-1) t (4.14)

Y1 Ak Yot tk
A and t; represent the area and the thickness of the layer, respectively. The positions z
are denoted in Figure 4.5. Finally, the moment of inertia of the transformed beam cross
section is described by:

I ol EX Gt A ) 415

When applying this approach to a three layer laminate - as used for the short beam test
method - with the thickness t;,,, and a metal layer in the center with a thickness ¢, as
shown in Figure 4.3, the stiffness ratios for the three plies N = 3 are:

E E
ALy =y = =2 (4.16)

x x

ny =ng =nc =

where n¢ is the transformation factor for the composite layer and n,; the transformation
factor for the metal layer. As the neutral axis corresponds to the midplane, z* = 0 and
the positions 2, see Figure 4.5 are depicted as:

tiam t t o, Liam
. :7; :_7; = — 4.17
5 =g A 5 3 5 (4.17)

20 =
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[S38

Figure 4.5: Positions z of the layers with reference to the midplane, based on Bednarcyk
et al. [116]

With the thickness of each layer:

t -1
t =t3 = l“mT; th=t (4.18)
the shear stress at the lower interface between CFRP and metal with the distance z. from
the neutral axis is given by:
t F 2 —t?

T(2-3) =33 Z 03 4 3(tiam — ) (tram + )2 +1ps 4 13
lam lam lam

(4.19)

For very low MVFs, when E, is similar to Ecq1, this formula provides similar results to
the one provided by Kolesnikov et al. [9] and describes the shear stress at the interface
between CFRP and metal layer at any arbitrary position between the supports under the
load F'.

When the shear stress distribution along the thickness of the specimen is required, the
following formula for each of the three plies can be depicted:

2

F 12 (32 — lam)
1,3)=—=— 4 4.20
T( Z) b (tlam - t)3 + 3(tlam - t)(tlam + t)2 +np 4 t3 ( )

N 2
(2.3) = F 3, — %) — 12 np2% — &) (4.21)
’ b (tram — )3 + 3(tiam — t) (trgm + )2 +npp 4 83 '

L F 12 (82 — ligm)

7(3,2) = —— (4.22)

b (tiam — )3 + 3(tiam — t)(tiam + )2 +npp 4 83

Applying these formulae to the short beam test method, the thickness of the total specimen
is about 2 mm and consists of two composite layers and one metal layer in the center as
shown in Figure 4.5. Three different metal layer thicknesses are considered, t = 0.05 mm,
t = 0.25 mm and t = 1.0 mm. The remaining thickness consists of composite plies
of tjqy = 0.13 mm which corresponds to the common prepreg thickness chosen for the
previous analyses. Figure 4.6 shows the shear stress along the thickness z where the stress
values at the corresponding interface are marked with a dot. The stress distribution in a
single layer composite beam is represented by a black line as reference and is normalized
to one. The increase of the midplane stress value of the multi-layered solutions is thus
easily recognized in the diagram.

However, the relationship between maximum shear stress in the midplane and the corre-
sponding stress value at the interface is more crucial as the aim is to achieve a failure at
the interface. There are two possible consequences of a high ratio between these values.
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Figure 4.6: Shear stress distribution along the depth of single layered and triple layered
specimens with different geometrical fractions

Firstly, the yield under shear load of the metal may be achieved before a failure at the
interface is induced. Secondly - and obviously more crucially - with increasing ratio be-
tween midplane shear stress and interface shear stress, higher loads are required to provoke
failure. As a consequence, bending is increased and the calculated shear stress value is
falsified. Based on Figure 4.6 it is obvious that the ratio decreases with smaller metal layer
thickness ¢. Therefore, it seems appropriate to choose a metal layer thickness of 0.05 mm,
which represents a lower boundary for the manual handling of the foil.

Consideration of residual curing stresses

A second distinctive feature of the determination of FML’s interlaminar shear strength
are the residual stresses arising as a consequence of the mismatch in thermal expansion
coefficients. These interfacial stresses are also present in the loaded area and hence have an
effect on the results. However, these interfacial shear stresses reach their maximum value
at the free edges of the specimen. The short beam test method has the advantage that it
induces shear stresses only between the supports. Regarding the longitudinal direction of
the specimens, the maximum of the thermal interfacial stresses in the fiber direction and
the shear stresses induced by the test load are not superimposed. However, the shear stress
distribution in the longitudinal as well as the transverse directions must be determined in
order to assess its influence on the experimental results of the short beam test method.

Timoshenko introduced an analytical model in 1925 to calculate the maximum values
of these interfacial stresses at the freed edges [118]. Suhir developed an extension which
allows the calculation of their distribution [119]. Investigations by Eischen et al. compared
this solution to another by Hess [120,121] and to an FEM-solution and proved it to be
useful for preliminary designs and estimations [122]. The aforementioned publications are
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recommended for the full discussion on the formula and its derivation. In the following,
the formula utilized for the longitudinal residual stresses is presented and adapted to the
variable declaration used in the present work:

The shear stress at an arbitrary position x along the specimen length is calculated with

T(l‘) = Tmaxe_k(l_x) (4.23)
where AWAT
«
maxr — 4.24
T . (4.24)

The values for A« represent the difference between the two constituents CTE, and AT
represents the difference between curing temperature and test temperature. The missing
variables xk and k are calculated by:

A
k2 == 4.25
: (4:25)
and ) ) )
1,2 83, h
_ = o 4.26
12" D¢ 11 + Dy + D) ( )
as well as ( ) ( )
2(1 4+ vore 2(1 4+ vy
= t t 4.27
N T SEen ¢ T 3m, ™ (4.27)

The variables ¢~ and t); describe the thickness of each constituent and h the sum of both.
The missing variables Dc11, D11 and D are given by

Ecnits,
Den =175 (4.28)
12(1 — v24,)
Ents,
Dy =-— M 4.29
M7 11— 02) (4:29)
D = D¢y + Dy (4.30)

where vo19 and vys are the Poisson’s ratios vio of composite and metal, respectively.
Applying these formulae to the short beam test method based on a three layer specimen
with a metal layer in the midplane, a length Lgye. of 20 mm, a width b of 10 mm and
AT = —157K, generates diagrams in Figure 4.7 and Figure 4.8. They show the shear
stress 7., generated by the residual stress acting in the longitudinal direction in black
and the shear stress 7, generated by the residual stress acting in the transverse direction
in gray. For the longitudinal case the values on the abscissa represent the longitudinal
position whereas for the transverse case the transverse position is represented. The orange
lines mark the area in which the shear stress generated by the test itself is acting.

Figure 4.7 shows the stress distribution when the metal layer is 0.05 mm and Figure 4.8
shows the same for a metal layer thickness of 1 mm. Even when using the thicker layer,
the longitudinal stress drops to zero within less than two millimeters.

The maximum shear stress Ty,q: at RT for the specimen with the thicker metal layer is
119.75 MPa. For a test temperature of -55°C the stress increases to 179.2 MPa. The shear
strength of the pure CFRP specimen is 127.6 MPa for RT and 164.1 MPa at -55°C, which
means that this lay-up is not suitable for the short beam test as it is possible that failure
occurs due to the residual stress in the longitudinal direction and not as a consequence of
the test load.
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Figure 4.7: Interfacial residual shear stress distribution for AT=-157 K and metal layer
thickness ¢3,=0.05 mm

It is obvious that the shear stress drops exponentially and there is no shear stress 7.,
present in the loaded area. The shear stress 7,. is smaller, as the composites stiffness is
much lower, but it is present in the mechanically stressed area. For the specimen with
metal thickness £ = 0.05 mm the maximum shear stress generated by transverse residual
stresses is 5.29 MPa. However, the thermally generated stresses act in a different plane
than the stresses introduced by the mechanical test. Regarding the ’equivalent stress’ oy,
the following relationship is given for the general case:

oy = \/0'% + 02+ 02— 0,0y~ 0.0, —0yo, +3(7E, + 72, +T2,) (4.31)

which can, for the interface considered, be reduced to:

Oyl = \/3((Tzz,test + Ta:z,res)Q + Ty2z,res) (432)

where the subscripts 'test’ and ’res’ mark the stresses generated by the test load and the
residual thermal stresses, respectively. Superposition of the stresses only takes place in
the loaded area where 7., s = 0. As a consequence equation 4.32 reduces to:

Oul = \/3(T§z,test + ng,res) (433)

Short beam tests on pure CFRP specimens fail at a shear stress 7, test of around 128 MPa
which corresponds to an ’equivalent stress’ of 221.7 MPa. It is assumed that there are
no other interlaminar shear stresses present in this specimen. Considering a maximum
transverse residual stress 7y, res of 5.29 MPa, the specimen would fail at a shear stress
of Tyz test of 127.89 MPa. This deviation is negligible as it is below 1%. The transverse
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Figure 4.8: Interfacial residual shear stress distribution for AT=-157 K and metal layer
thickness t);=1 mm

residual stress 7, res for the specimen with the thicker metal layer, has a maximum value
of 30.03 MPa which leads to a deviation of around 3%. Again, the thinner metal sheet is
more suitable for the short beam test method.

Applied examination method

The examination method utilized is based on DIN EN ISO 14130 [104] which is comparable
with ASTM D2344 [103]. Testing speed is 1 mm/min, the radius of the two support
cylinders Ry, is 2 mm and the radius of the loading fin Ry, is 5 mm. The specimen length
Lgpec is 20 mm. However, due to the hybrid properties of the specimens, some modification
is performed. The thickness of the steel foil is t=0.05 mm. The number of prepreg plies is
chosen in such a way that the laminate thickness L is close to 2 mm. However, these values
vary as a consequence of manufacturing and, therefore, are measured for each specimen
separately. The specimen width b is 10 mm but is also measured individually. The support
length L, is intended to be 10 mm but varies within the range of +0.1 mm when setting
up the machine. Therefore, this value is also measured individually. All individually
measured values are determined with the help of a micrometer screw.

The validity of the test is assessed for each specimen by investigating the specimen itself
after testing. Only pure shear failure in one or multiple layers is valid for this test, as
shown in Figure 4.9. Specimens showing shear failure interfering with compression or
tension failure, or specimens showing residual bending as a consequence of matrix shear
failure, are not valid.

Four different test conditions are chosen. Three of the test conditions are described as
dry, as the relative humidity is 50%. The temperature is 23°C for the condition 'RT/dry’,
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-55°C for the condition ’cold/dry’ and 120°C for the condition marked ’hot/dry’. The
fourth test condition is generated by saturated specimens which have been stored in water
for 1000 hours and are tested at RT. This test condition is defined as '"RT/wet’. These
test conditions are summarized in Table 4.2.

Analysis method

Following the test conditions, only those specimens which show a shear failure as depicted
in Figure 4.9 are considered for the results. The measured values for load and deflec-
tion of four different example specimens, one under each test condition, are depicted in
Figure 4.10. The specimens tested under RT/dry, cold/dry and RT/wet conditions show
valid failure modes. The first load drop indicates the first delamination or shear failure
and coincides with the maximum load value. Therefore, each measured load value F), is
subtracted from a subsequent load value Fj,;, to calculate the relative load drop Fi.e:

Fn—l—m_Fn

Frel = Fn

(4.34)

Table 4.2: Definition of test conditions concerning temperature and humidity.

test humidity/ abbreviation
temperature  specimen state

°C] (%] -

23 50 RT/dry

-55 50 cold/dry

120 50 hot /dry

23 100 (saturated) RT/wet

shear failure in
multiple planes

— 1 = ]

shear failure
valid failure types

shear and tension shear and compression
failure failure

tension failure compression failure

[ A A ] invalid failure types

matrix shear failure

Ny

Figure 4.9: Valid and invalid failure modes in ILSS testing [104]
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Figure 4.10: Exemplary load-deflection curves at different test conditions.

The results show that a the failure load can be approximated satisfactorily when the
threshold value F;..; reaches 0.005. As a consequence the shear strength 777,9¢ is calculated
with this associated load value Fj g5 following equation 4.10.

The specimens tested under hot/dry conditions show a bending failure and their load-
deflection curve shows a smooth decrease in stiffness as shown in Figure 4.10. As the
following tests are only used for the relative comparison of different surface treatments,
the maximum load values are utilized for the shear strength calculation under hot/dry
conditions, although the values must be considered with care. In this case the maximum
load Fj,qz is used in equation 4.10 to calculate shear strength 77795.

For the thin metal foils with a thickness of t=0.05 mm, the influence of residual stresses
is neglected as discussed in the previous chapter.

Ten specimens have been tested for each combination of surface treatment and test con-
dition. However, the amount of valid results varies for each of the cases. Therefore, the
box-and-whisker plot is selected for the presentation of the results as it allows the display
of different representatives. Following the definitions of John W. Tukey [123], the box-and-
whisker plot shows the median value, the first and third quartiles (Q1, @3), the outliers
and the interquartile range IQR. As depicted in Figure 4.11, the median is marked with
a red band. The box may vary in color to characterize different parameters (marked in
gray in the example) and the bottom and top of the box are the first and third quartiles.
This means that 50% of the data is in the box which also describes the interquartile range.
The caps at the end of the whiskers mark the lowest and highest value which is still in the
range of Q1 —1.5IQR or Q3+ 1.5IQ R respectively. Values outside 1.5I/Q R are considered
as outliers and marked with a black cross.
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Figure 4.11: Definition of box-and-whisker plot (Tukey boxplot [123])

4.4 Development of a vacuum blasting process for foils

The thin metal foils with a thickness of 0.05 mm were mechanically grit blasted with
different grit sizes in previous studies and a homogeneous surface topology could not be
achieved without damaging the metal foils with folds and wrinkles on a larger area. The
energy input of the particles seems to be too high and the plastically deformed fraction
too large. There are two ways to lower the kinetic energy of the individual particles: lower
its velocity or lower its mass. The pressure difference in the system, which is related to the
velocity of the particles, can not be reduced below a certain value. The lowest particle size
of silicon carbide is around 75 pum. Smaller particles require an immense effort in sealing
to prohibit contamination and to meet health and safety regulations. Although using fine
particles and low pressure, no satisfactory result was achievable.

Figure 4.12 shows part of a foil treated by means of the BSP, as described in the following
chapter in more detail. Despite blasting from both sides simultaneously on a special
machinery, the foil shows folds and wrinkles. As a consequence, neither the sol-gel nor the
primer show a homogeneous dispersal.

200 mm

Figure 4.12: 'Boeing sol-gel’-processed 0.05 mm thick steel foil with clearly visible folds
and wrinkles

Hence, in collaboration with a company specializing in the vacuum blasting of bulk mate-
rial, a novel machine was developed. Vacuum blasting of bulk material is characterized by
a nozzle, a tube in the simplest setup, entering a chamber where the pressure is lowered
with the help of an exhauster. The chamber is open on its bottom and placed on the
workpiece. The nozzle is movable and guided above the workpiece. Due to the pressure
difference, the grit enters the chamber through the nozzle and strikes the workpiece as a
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consequence of its inertia, before leaving the chamber in the direction of the exhauster.
Normally, the chamber is relatively small and the particles strike the workpiece at a steep
angle.

The vacuum blasting unit for foils is designed in such a way that the chamber, or rather
the nozzle, is relatively long. It spans the whole width of the foil to be treated. The
particles enter this area parallel to the foil surface and pass it in a turbulent flow. As a
consequence they strike the surface multiple times at a flat angle. This generates a more
gentle abrasion and the foil does not develop any wrinkles.

Figure 4.13 shows the vacuum blasting unit with peripherals. The two nozzles are in the
center of the picture. The grit passes through one nozzle from left to right and through
the other from right to left. The chamber is divided by the foil into an upper and lower
half where the grit is evenly spread. A driving roll feeds the foil, unrolling it from its coil.
A brake regulates the tension on the foil and two additional spreader rolls, rubber-covered
rolls which can be wrapped into a curve, guarantee continuous tension along its width;
also it may have the tendency to wrinkle when laid on a flat surface. There are two clamps
to hold the foil down for easy cutting.

Between nozzles and exhauster unit there is a separator to separate the grit from the air.
On the bottom there is an automatic abrasive adding system, dosing the required amount
of grit into the airstream with the help of an oscillating channel.

exhauster
unit

separator

automatic
abrasive adding
system

r r
spreade _|

rolls nozzle lines

clamps
driving
roll

Figure 4.13: Vacuum blasting unit with peripherals

4.5 Applied surface treatments

As indicated in the ’Literature review’ subchapter at the beginning of this chapter, the
surface treatments of the metal are subdivided in pre- and post-treatment. It is not
clearly defined where intermediate cleaning processes relate to, but Figure 4.14 shows the
definition applied in the following. As the primary metal surface is contaminated with
oleaginous residues as a consequence of the cold-rolling process, the pre-treatment starts
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with a swipe cleaning with acetone or heptane. Subsequently to the actual surface modifi-
cation process, a second cleaning process is intended. Heptane, acetone and 'none’ define
the variation parameters considered in the second cleaning step. Grit-blasting, different
pickling processes and vacuum-blasting are investigated as actual surface modification
process.

Physical pre-treatment by plasma is not considered in the following due to their economic
inefficiency for large surfaces. Additionally, electrochemical treatments are not considered
because the possibility of pitting is increased for austenitic chromium-nickel steels [124].
Abrading alternatives like the nylon pad process are also not regarded, as investigations by
Blohowiak et al. [77] and Mazza [91] showed the poorest crack test performance for these
surfaces. As a consequence, only mechanical and chemical pre-treatments are considered
in the present investigations.

Additionally, tests are performed without any post-treatment, with the application of
sol-gel only and with the combination of sol-gel and an additional epoxy primer.

pre-treatment post-treatment
cleanin surface cleanin
. & modification . = .. application
primary . . modified application of .
[grit-blasting, . of protective
surface > . > surface coupling agent | .
pickling, primer
[acetone, [none, acetone, [none, sol-gel]
heptane] vacuum- heptane] [none, epoxy]
blasting]

Figure 4.14: Surface treatment process and investigated methods

Specimens manufacturing, materials and lay-ups

All specimens consist of a 1.4310 steel layer with 0.05 mm thickness in the center and
two UD-stacks of prepreg on both sides of the center layer. Hexcel 8552/AS4 prepreg and
Cytec 977-2/IM7 prepreg are used. The properties of the first can be found in Table 3.1.
The second material comes with stiffer fibers and a toughened resin, see [125]. Double
the amount of layers is used for Hexcel prepreg as its layer thickness is half of the Cytec
prepreg as the first is used as 134 g¢/m? and the second as 268 g/m? grade. The lay-up of
the specimens are (0g/St/0g) and (04/S5t/04) for 8552/AS4 and 977-2/IM7, respectively.
Both materials are cured following the manufacturer’s recommended cure cycle [28,125]
without using peel-ply directly on the specimens surface. The specimens are cut to size
with a diamond saw and then measured with a micrometer gauge.

Sol-gel post treatment

The two-part aqueous sol-gel AC-130 by 3M is the only coupling agent in the tests [126].
It is applied by dipping the foil in a shallow bath of the solution. Dipping time is varied as
specified in the results, 100 and 150 seconds dipping time are used and the foil is regularly
moved in the bath during this period. The foils are then drained and dried under ambient
conditions for a minimum of 60 minutes. Any contamination to the foils before adding
them to the lay-up is avoided by transportation between clean paper towels.
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Boeing-sol-gel reference process

Following Boeing specifications, the pre-treatment of the steel foil was made at Triumph
Group Inc., where the grit-blasting was performed from both sides simultaneously in a
continuous process. The AC-130 sol-gel was sprayed on the two surfaces in the simultane-
ous process as well. Finally, BR6747-1 water-based adhesive bonding primer was applied
by spraying as well and oven cured following the manufacturer’s instructions [127]. The
regarded tests encompass 10 ILSS specimens, which are all tested at RT/dry.

Grit-blasting pre-treatment

The grit-blasting parameters are chosen based on previous tests and experience. A grit-
size of 180 pum of glass-grit is selected. The foil blanks with a size of 150 x 100 mm are
blasted for 1 min per side in one setup and 3 min per side in another setup at 1.5 bar
pressure. The tests considered encompass 70 ILSS specimens.

Pickling pre-treatment

Investigation with 304 stainless steel bulk material showed that the dissolution rate of hy-
drochloric acid HCI is comparable with nitric acid HNO 5 whereas it is lower for sulphuric
acid HySO,. The same comparison for oxide covered 304 stainless steel illustrates that sul-
phuric and nitric acids lead to comparable intermediate dissolution rates and hydrochloric
acid to a high rate [124].

However, HCI is not considered for the tests because the FeCl; formed promotes pitting
[124]. Mixing the remaining two acids with hydrofluoric acid HF significantly increases the
dissolution rate [128,129]. Two different pickling systems are investigated for the surface
modification process step. The first solution is based on nitric acid and the second is based
on sulfuric acid and hydrofluoric acid.

The nitric acid mixture is the most widely used solution for stainless steel but also in-
volves problems such as emission of NO,-fumes [130]. These gases create an air pollution
problem requiring scrubbing towers and a great deal of effort to ensure operational safety.
The procedure is depicted in Figure 4.15 and starts with a cleaning step in a bath of
Turco6849 (an aqueous alkaline degreaser manufactured by Henkel [131,132]) at tempera-
tures of 50-70°C. After thoroughly rinsing under demineralized water, the pickling process
is conducted with a sulfuric acid. Turco4104, an acidic activator to enhance descaling
and pickling, is added to the sulfuric acid. Three different solutions (A, B and E) are
created by diluting with water following the manufacturer’s recommendations as given in
Table 4.3 [133,134]. Phosphoric acid is given additionally to solution E. Table 4.3 also
shows the pickling duration and bath temperature for each solution. A special device is
manufactured out of polyethylene for the dipping of the thin metal foils to ensure that
up to 10 foils (150x100 mm) can be dipped simultaneously without touching and masking
each other. After a second rinsing step, the foils are oven dried at 50°C for 30 minutes.

degreasing (Turco pickling Turco oven drvin
6849) at 50- rinsing (A/B/E) for 20-45 rinsing 5 yihe
. . (50°C/30 min)
70°C for 15 min min (see table 4.3)

Figure 4.15: Flowchart describing the procedure pursued when pickling with nitric solu-
tion
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Table 4.3: Content, temperature and duration for nitric pickling solutions

A B E

. HNO; 70% [vol%] 34 40 15

% H,PO, 85% [vol%] - - 10

©  Turco4104  [vol%] 14 7 5

duration [min] 15 15 25
temperature [°C] 21-31  22-32 43-49

The second pickling system is characterized by its nitrate-free nature as NO, emission is
not present. The main disadvantage of this nitrate-free H,SO,—HF—-H,0, bath are dark
and adhesive deposits which can appear on the steel’s surface [130]. Essential constituents
of these nitrate-free alternatives are hydrofluoric acid and an oxidizing agent. When
hydrogen peroxide is used, it is common to utilize a secondary acid to account for the
low stability of hydrogen peroxide in the presence of iron (ferric) ions [130,135]. Usually,
the initial ferrous ions are added to the idle bath as Iron-(III)-sulphate. The ferric ion
Fe3*t participates in the pickling process and is converted to ferrous ion Fe?t. This
reaction takes place at a specific potential that is obtained by the presence of hydrogen
peroxide [135]:

2Fe’t 4 1Fe = 3Fe?" (4.35)

Another function of the hydrogen peroxide is the conversion of the ferrous iron to ferric
iron [135]:
4Fe®T + 2H,0, = 4Fe®" + HyO + O, (4.36)

This second acid utilized in the tests, containing sulfuric acid H,SO,, hydrofluoric acid
HF and hydrogen peroxide H,O, is referred to in the following as sulfuric solution and
more detailed information can be found in the manufacturer’s specifications [136, 137].
When referring to the sulfuric solution, the entire process shown in Figure 4.16 is meant,
which starts with degreasing in a solution consisting of SurTec089 and SurTecl138 for
15 minutes [138-141]. Both process steps end with thoroughly rinsing in demineralized
water. Before applying sol-gel, the metal foils are dried in an oven. Pickling time as well
as drying time and temperature are varied as indicated in Figure 4.16.

degreasing pickling oven drying
(SurTec089-+ o (SurTec433) . o ‘
rinsing rinsing [(50°C/30 min),
SurTec138) at 50- at RT [30, 60 (350°C/100 min)]
60°C for 15 min 90, 120 min]

Figure 4.16: Flowchart describing the procedure pursued when pickling with sulfuric
solution

All pickling processes are combined with sol-gel and are also tested without the addition
of sol-gel. This results in 20 different processes and 230 ILSS specimens.
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Vacuum blasting pre-treatment and primer post-treatment

Basically, the vacuum blasting machine permits the variation of the foil’s feeding speed and
the grit size, as indicated in the previous section. An appropriate feeding speed has already
been selected in the development phase of the machine based on rapid electrochemical
passivity test desicribed by Drdschel et al. [58].

Three different sizes of corundum grit are considered: 75, 105 and 300 pm. After surface
pre-treatment the metal foil is cleaned and transported to the post-treatment. The impact
of storage conditions on the shear strength is, therefore, of fundamental interest. The
different conditions and the related abbreviations used here are specified in Table 4.4.
Acetone or no cleaning agent is used in the first testing series concerning storage and
cleaning conditions. Sol-gel is applied immediately after treatment or immediately after
cleaning. For comparison, specimens are also considered where sol-gel is only applied after
a period of 20 hours. The foils are put in aluminum bagging or vacuum bagging for this
period.

Acetone is replaced by heptane as the cleaning agent for the second series, see Table 4.5,
due to health and safety regulations. As the long time period before sol-gel application
is not suitable for the manufacturing process at hand, shorter periods of between 5 and
120 minutes are compared. Additionally, two dipping durations, 100 and 150 seconds, are
considered. Finally, two foils are stored in an aluminum bag and evacuated for 133 days
before laminating. These different variations and their related abbreviations are specified
in Table 4.5.

For a flexible and efficient manufacturing process it is of huge benefit when the individual
process steps can be separated from each other in place and time. This means that
the metal foil has to be treated and ready-to-use for a certain storage life. Therefore,
an additional primer is investigated. The corrosion-inhibiting primer BR127 [96] from
Cytec Engineering Materials is a modified epoxy primer which is used in the production
of GLARE and is suitable for the temperature range under consideration. The primer
is applied by spraying and is tested for 8552/AS4 specimens as well as for 977-2/IM7
specimens. The coat thickness applied is around 5 pm and it is air dried for 30 minutes
before being oven cured for 30 minutes at 120°C.

The variations applied result in 380 ILSS specimens.

Table 4.4: Storage and cleaning conditions - series 1

cleaning  time before storage type abbreviation
agent sol-gel application
[ (] [ [

(-/0h/-)
(a/Oh/-)

- 20 aluminum (-/20h/Al)

acetone 20 aluminum (a/20h/Al)
(
(

acetone 0 -

_/20h/PA)
a/20h/PA)

- 20 polyamide bagging
acetone 20 polyamide bagging
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Table 4.5: Storage and cleaning conditions - series 2

cleaning  time before time in time before abbreviation

agent sol-gel application sol-gel bath  curing laminate

[- [min] [sec] [days] [

heptane 5 100 - (h/5min/100)
heptane 30 100 - (h/30min/100)
heptane 60 100 - (h/60min/100)
heptane 90 100 - (h/90min/100)
heptane 120 100 - (h/120min/100)
heptane 5 150 - (h/5min/150)
heptane 30 150 - (h/30min/150)
heptane 60 150 - (h/60min/150)
heptane 90 150 - (h/90min/150)
heptane 120 150 - (h/120min/150)
heptane 60 150 133 (h/60min/150/133)
heptane 120 150 133 (h/120min/150/133)

4.6 Results and discussion

Basically, a miscellaneous (adhesive—cohesive) failure mode is present at the interface and
none of the specimens shows pure adhesive failure. As very different strength values are
measured, this proves the achievement of a cohesive failure does not on its own guarantee
a good bond.

The specimens manufactured with 8552/AS4 material predominantly show acceptable
failure concerning the test standard DIN EN ISO 14130 [104] when testing at RT or
-55°C. When using 977-2/IM7 material, only the pure CFRP specimens show acceptable
failure modes. At 120°C the predominant failure mode is matrix shear failure as indicated
in Figure 4.9. Therefore, an exception is made for the tests at elevated temperatures.
Results are included in the analysis at 120°C test temperature when the failure mode is
valid or a matrix shear failure is present. The same exception is applied to the 977-2/IM7
hybrid specimens.

In the following, only the results of specimens where the manufacturing includes the appli-
cation of sol-gel are presented. The specimens without sol-gel are not tested as they show
comprehensive delamination as a consequence of the cutting process. As the specimen size
is comparatively small, delamination introduced at the edges has a great impact on the
remaining undamaged area. When comparing different pre-treatment methods, only the
best parameter combination for each method is presented in order to improve clarity.

Pre-treatment methods

The box-and-whisker plot in Figure 4.17 shows a comparison of the different pre-treatment
methods under different test conditions in comparison to a pure CFRP laminate. A clear
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Figure 4.17: Box-and-whisker plot for ILSS comparing different treatment methods un-
der different test conditions

comparison of the pre-treatment is possible as all processes include the application of the
same sol-gel. The only exception is the BSP which includes the application of an additional
primer as a final process step. Apart from this process, all methods show comparable ILSS
at RT. Comparing median, boxes and whiskers, the three other methods show very similar
results comparable with the pure CFRP reference. The median ILSS value for the BSP is
around 55% lower than for the other three methods.

The ILSS is basically lower for the wet condition. All methods and the pure CFRP
reference show a wider variation of the results except pickling. Pickling and vacuum
blasting show higher ILSS then the reference pure CFRP and grit blasting. The strength is
evenly reduced for all methods when tested at 120°C. Again pickling and vacuum blasting
show higher strength than grit blasting and pure CFRP. There is fundamentally little
variation of the results at elevated temperatures.

When compared to RT, ILSS is increased under the cold/dry test condition. For grit
blasting results, only the strength is decreased and the variation of the results is increased
drastically. Vacuum blasting results also show a comparably large variation. The median
values of vacuum blasting and pickling are comparable, whereas the median of pure CFRP
is slightly higher. Pickling shows the smallest deviations and comparably good results. The
results under wet and cold conditions are particularly prominent. This is a contradiction
to the findings of Park et al. which were mentioned earlier [84]. The reason could be the
additional sol-gel which compensates the probable underlying poor durability. However,
in a laboratory environment with recurrent small amounts of treatment being required at
once, the effort in safety, preparation and cleaning is incomparably high. The grit blasting
results under wet and cold conditions prove it to be less suitable than the vacuum blasting
process. Additionally, it is not possible to grit blast larger surfaces without damaging
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the foil. Based on the results presented, vacuum blasting is selected for the following
investigations.

Grit size for vacuum blasting
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Figure 4.18: Box-and-whisker plot for ILSS comparing different grit size

The diagram in Figure 4.18 shows the ILSS under different test conditions for three grit
sizes: 75, 105 and 300 pm. Regarding box size, whiskers and outliers, the variation in
results is quite similar for all three processes. In contrast, the results for KB105 show very
low variation at RT. Additionally, the KB105 grit results show the highest mean value
under each test condition. The impact of the test conditions on the results is comparable
with the previous investigations into the different methods. The related surface texture
values R, and R, are specified in Table 4.6. When looking at the R, results, the roughness
increases with increasing grit size. The roughness is higher in the longitudinal than in the
transverse directions for KB105 whereas the relationship is reversed for the other two
grit sizes. Based on the R, results, KB105 shows the highest values in the longitudinal
and transverse directions compared to KB75 and KB300 but the relationship between the
longitudinal and transverse directions is reversed in comparison to the R, values. DIN EN
ISO 4288:1998-04 [142] provides a relationship between the values R, and R, in terms of a
scatter band. Most of the relationships measured are within the scatter band but some are
slightly outside the range which is based upon chipping processes. However, the surface
texture values do not provide a clear indication for the ILSS. Therefore, the selection is
based on the ILSS results only and a grit size of 105 pum is selected for all subsequent
experiments.
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Table 4.6: Steel surface roughness depending on grit size

grlt Ra Ra Rz RZ
size long. trans. long. trans.
[1im] [um]  [pm]  fpm] [pm)]
75 0.7 0.33 1.5 1.6
105 1.28 1.55 3.7 2.11
300 1.01 0.86 3.91 5.7

Cleaning and storage conditions

Test series 1 aims to investigate the impact of storing time and bagging material before the
application of sol-gel. ILSS is compared with the reference group values where sol-gel is
applied immediately. ILSS results are depicted in the box-and-whisker plot in Figure 4.19.
The group consists of two results, the first without any cleaning after vacuum blasting
and the second with acetone swiping. The next two groups consider a storage duration of
20 hours in an aluminum bag and a polyamide vacuum bag, respectively. This corresponds
to storing the specimens over night and applying sol-gel the next day. Both groups consist
of values without cleaning and with acetone swiping. It emerged from these tests that
the cleaning process is required to prevent contamination of the sol-gel bath. Therefore,
considering the cleaned groups only storage in an aluminum bag increases ILSS whereas
polyamide decreases it.

The second option to increase flexibility in the manufacturing process is to apply sol-gel
immediately after pre-treatment and then store the sol-gel coated foil. Tests showed no
considerable influence on ILSS when laminating the specimens within 24 hours. This con-
firms the specifications provided by the manufacturer [126]. Therefore, test series 2 also
aims to investigate the impact of storage time before sol-gel application, but with storage
durations of 5, 30, 60, 90 and 120 minutes. Additionally, two dipping durations are consid-
ered: 100 and 150 seconds. The ILSS results are shown in Figure 4.19. Comparing mean
values as well as box size and whiskers, there is no clear indication of any benefit resulting
from increasing storage time or dipping time within the range considered All results show
relatively low variation and comparable median values. An additional comparison with
specimens being stored for 133 days after sol-gel treatment before lay-up and curing, how-
ever, shows a considerable decrease in ILSS and increase in variation. This result clearly
shows that for the aim of separating the process steps from each other in place and time,
a protective layer is required in addition to the sol-gel.

Following the specifications of BR127 ’primed assemblies which have been cured and
wrapped with a protective covering such as Kraft paper may be stored at 24°C for six
months or longer without fear of degradation of the final bond’ [96]. Test series 3 does
not consider the storage time after application of the primer. Instead, a comparison is
performed to specimens without primer. Therefore, 977-2/IM7 prepreg is used in addition
to 8552/AS4, see ILSS results in Figure 4.20. As discussed at the beginning of this
chapter, these results must be regarded warily as the hybrid specimens with 977-2/IM7
show matrix shear failure. Therefore, the following comparisons are performed within
one material group. Comparison of the 8552/AS4 (orange) with its primered counterpart
(blue) shows clearly that ILSS is increased by 5% (RT/wet) to 22% (RT/dry) and only
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Figure 4.19: Box-and-whisker plot for ILSS comparing different storage conditions
(cleaner h: heptane/time spent before sol-gel application [minutes]/time
in sol-gel bath [seconds]/time before curing laminate [days])

slightly decreased (3%) under the hot/dry condition. Comparing box size and whiskers,
variations are considerably reduced by the primer.

Regarding 977-2/IM7 (cyan) and its primered counterpart (green), strength is only in-
creased for the primered version at RT whereas the values are comparable under the other
test conditions. For this material group variations of the results are slightly increased
when the primer is used.

However, the results also indicate that the use of a primer is an option without considerable
penalty on ILSS. This requires further investigations into ILSS depending on the storage
time of the primered metal foil. When undertaking further investigations into the ILSS of
toughened prepreg systems such as 977-2 it is advisable to include previous tests on the
testing geometry, especially on the distance L, between the supports and the laminate
thickness L to achieve a shear failure in one or multiple planes.

4.7 Discussion of hypothesis addressed

As different treatments for the steel surface were considered and other parameters were
kept constant, the differing results can be attributed to the surface treatment itself.
However, the interlaminar shear strength is not measured directly, but the relationship
between the results of the ILSS-test and the interlaminar shear strength is linear, as shown
by Chatterjee [114].

The proof of hypothesis 3 is therefore obvious when considering the results and their
variation. Based on the variations, a clear advantage of certain treatments over others
is shown, which at the same time proves that the surface treatment exerts an essential
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Figure 4.20: Box-and-whisker plot for ILSS comparing primered and non-primered spec-

imens under different test conditions

influence on interlaminar shear strength.

Based on the information available in the literature, it is assumed that the chemical
composition of the surface is very time sensitive and changes quickly after each treatment.
Therefore, the chemical composition of the surface is not determined to assess its impact on
shear strength as many tests would be required. An empirical approach is selected instead,
and the time passing after treatment and before the application of sol-gel is varied. In
addition, the material in which the treated foils are stored is varied. It is assumed that
the material and the time both have an impact on the chemical composition of the surface
but do not influence any other relevant parameter. As both variations have a significant
influence on the shear strength, it may be deduced that only the change in the chemical
composition accounts for this shear strength change.






5 Process-induced residual stress

Link to hypothesis: The assumption that the residual thermal stresses directly depend on
the difference between cure temperature and operational temperature is investigated in
this chapter and thereby addressing hypothesis 4.

Summary: The discussions in chapter 3 showed that the thermal residual stresses reduce the
materials exploitation drastically, in particular for low metal volume fractions. However,
these calculations are based on the assumption that the stress level depends on the difference
between cure and operational temperature.

Investigations with respect to process-induced deformations, which are presented here in
excerpt, indicate that a shear interaction between the plies may be present. This inter-
action may reduce the residual stresses and lead to a stress-free temperature below cure
temperature.

Residual thermal stresses for the material combination at hand are regarded with respect
to the steel volume fraction and the restriction of different models is considered.
Different methods for the evaluation of the residual stresses are discussed and three ap-
proaches are selected. Finally, specimens are manufactured and the pressure is modified to
consider the influence of the ply interaction discussed. Additionally, the temperature pro-
cess is modified and an expansion clamp is applied in order also to evaluate other methods
for stress reduction.

5.1 Literature review

The residual stress state within an FML does not depend only on the material constituents.
It is true that the materials define stiffness and CTE, but the volume fraction, curing tem-
perature and operational temperature are also major parameters. Therefore, concerning
residual stresses, a classification with regard to the application seems to be more construc-
tive.

The most prominent FML is the glass fiber reinforced laminate GLARE as it is used in
the upper panels of the A380 to extend fatigue life. The aluminum used has a Coefficient
of Thermal Expansion (CTE) 3.8 times higher than the GFRP which shows a slightly
lower stiffness [143]. In the transverse direction the CTE of both constituents is nearly
equal. Thermal residual curing stresses are therefore comparatively low in contrast to any
combination with CFRP [97,144,145].

However, some combinations with CFRP are quite promising, hence the increasing inter-
est in research to counter this difficulty in recent years. For example, TiGr (Titanium
Graphite) and HTCL (Hybrid Titanium Composite Laminate) have been investigated by
Boeing and NASA to provide high specific stiffness and strength at environments with
high temperatures [146].

In another application, local steel or titanium reinforcements increase the bearing strength
[4-6]. Fundamentally, the thermal compatibility of titanium and CFRP is advantageous
when compared to steel and CFRP. Metallic sheets replace single CFRP layers in the join-
ing area allowing an increased joining capacity when compared to pure CFRP laminates.
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The stress state at the free edges is different to the stress state on the global part. There-
fore, the load introduction at open edges, or bolts in particular, is of particular interest as
bearing loads and thermal shear and peel stresses superimpose in these areas.

However, thermal residual stresses are also of interest in pure composite parts, particularly
at very low operational temperature [36,147,148].

Effects of residual stresses

Depending on the application under consideration, the residual stresses demonstrate dif-
ferent effects. In most material combinations the composite shows lower CTE in fiber,
and therefore in the main load direction, than the metallic constituent. As operational
temperature is generally lower than cure temperature, a tensile stress state is present in
the metallic part which may increase fatigue.

The thermal edge effect basically lowers strength and enhances delamination or crack
growth in pure composite, as well as in FML. Over the last thirty years, many investiga-
tions have been carried out on predicting stresses and ply delamination in the region of
free edges of laminated plates subjected to axial strain [149]. For instance, Herkovich used
the finite element method (FEM) to investigate the thermal edge effect of boron/epoxy in
combination with aluminum and titanium [150].

However, most of the investigations focus on pure composite parts as matrix failure [151],
delamination [152] and fatigue crack propagation [153] are enhanced as a consequence of
thermal residual stresses. A further FEM based investigation on 0°/90° laminates showed
that the theoretical uniaxial tensile strain to failure is reduced by 45% as a consequence
of thermal stresses.

Another field of major interest is the distortion of parts as a consequence of induced
stresses [154-165]. Some of the distortion phenomena depend on temperature and some
are irreversible. However, they are all driven by a stress gradient within the part.

Measuring residual thermal stresses

A relatively simple method to evaluate the stress in a laminate is by manufacturing an
asymmetrical specimen and measuring its curvature at a reference temperature. This
method is applied for FML [166-168] as well as for pure composite laminates [35, 158,
169]. Another method is the incremental hole drilling technique [170], which uses the
deformations accompanying the stress relief induced by the hole to conclude the original
residual stress.

However, these methods offer the possibility of drawing conclusions from the stress state
after cure, but do not give the opportunity to observe the stress formation itself.
Alternatively, fiber bragg gratings (FBGs) sensors are embedded in the composite to
measure the strain at one or multiple points along the fiber [171,172] or discrete spots
of the prepreg are pre-cured and strain gauges are bonded [173], allowing strains to be
measured throughout the cure cycle.

With the help of the Cure Reference method [174], the residual strain in composites can
be determined. A laser-based optical method of Moiré Interferometry captures strains on
the laminate’s surface. The method requires a high frequency diffraction grating on the
specimen while in the autoclave. The grating cures with the composite and carries the
same thermal strain and chemical shrinkage as the specimen. On a metal surface, x-ray
diffraction and neutron diffraction provide similar possibilities [175].
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Reducing residual stresses

Different investigations have been performed in order to reduce residual stresses in pure
composite as well as in fiber metal laminates. Some approaches utilize modifications of the
temperature process known as ’smart cure cycles’ [163,168,176-178] for which a detailed
investigation into the curing kinetics of the resin system is required [179,180]. Another
approach pursued by J. Xue et al. [181] is clamping the laminate to compensate the lower
thermal strain of the composite layer by elastic strain that is induced by a massive steel
tool which has a higher CTE or a similar tool to induce compression during co-curing of
aluminum hybrid shafts [182]. A further approach is called 'post-stretching’ and was inves-
tigated for GLARE-laminates [29]. The cured laminate is stretched above its yield point
to lower residual stresses and fatigue progression of the metallic constituent. However,
this approach was never used industrially due to the obvious difficulties in load introduc-
tion and necking of the metallic sheets. As reported earlier, residual stress reduction is of
interest in pure composite as well, where cure cycles are modified with the same aim [178].

5.2 Present chapter’s structure

The further procedure pursued in the present chapter is subdivided into five following
subchapters, as shown in Figure 5.1.

Different models to describe the intra- and interlaminar stress state and related assump-
tions are considered in the first of the subsequent subchapters. The plane stress assumption
is applied to the FMLs and compared with the simple ROM considered in chapter 3.4.

description of intra- . . . .
di i ply interaction and influencing parameters
and Interlaminar stress (chapter 5.4)

state (chapter 5.3)

|

residual curing stress and its modification

evaluation of (chapter 5.6)
residual stress 1
(chapter 5.5) manufacturing’ ‘ processes ’ ‘ results

|

discussion of hypothesis addressed (chapter 5.7)

Figure 5.1: Flowchart describing the procedure pursued in chapter 5; single subchapters
marked in gray

Ply-interaction, a topic known from investigations on process-induced deformations, is
subsequently discussed. Some former findings of the author are presented and their im-
pact on FMLs is considered. The interaction process provides the fundamentals for some
modifications tested later.

Firstly, different approaches for the evaluation of residual stresses are discussed and the
required equations are derived. Some analytical models are compared with respect to
their applicability and a procedure for the evaluation is selected for the assessment of the
modifications performed in the subsequent subchapter.
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Different procedures are tested there to clarify whether any enable reduction of the stress
level. Pressure and temperature processes are varied and steel clamping is considered.
The results are compared and the potential for further investigations is identified. Finally,
the impact of the findings on hypothesis 4 addressed earlier is discussed.

5.3 Intra- and interlaminar stress state

An estimation of the fiber metal laminate’s yield strength under consideration of residual
curing stresses was performed in chapter 3.4 using an approach without consideration of
restrained transverse contraction. This former method is based on the ROM. However,
for a more detailed investigation, the constraining effect of the adjacent layers on the
transverse strain of the individual layer is required. Therefore, the plane stress state is
considered in the following by using the CLT to investigate the metal volumes impact on
the intralaminar stress.

The required formulae are introduced first and then the relationship between fiber type
and metal volume fraction is discussed for the longitudinal and transverse directions.
Thereafter, these relationships are investigated for the interlaminar stresses which induce
shear and peel stresses at the laminate edges.

Thermal stress formulation in plane stress state

In chapter 3.4 it was sufficient to determine the two different constituents, whereas a layer-
wise determination is required for the plane stress state due to the coupling between the
single layers. The CLT is based on the assumptions that the strains vary linearly through
the thickness of the laminate. According to the CLT, the loads N and moments M are
obtained by [16]:

N, € N:;

Ny € N%

ny — ‘[A] [B]‘ 7;3; _ NLL' (5 1)
M, [B] [D]|] ke M, '
M, Ky MT

Mz Kay Mi

where the first part describing the plate stiffness and compliance with the 3 x 3 matrices
[A], [B] and [D] is extended by the thermal loads and thermal moments indicated by the
superscript *T”. The thermal loads N7 and thermal moments M’ per unit length are

Ng N Qg
N; = AT Y [QIFS ay ¢ty (5.2)
ny k=1 Qgy
Mg N Oy
M; = AT [Q1F S ay ¢ tii (5.3)
Mxy k=1 Qgy

where t;, and Zj are the thickness and middle surface coordinate of the k-th ply in the
laminate respectively. The different « variables describe the CTE in the laminate’s global
coordinate system. The midsurface strains and curvatures of the laminate are evaluated
by adding N7 and M7 to their mechanical counterparts N and M in formula 5.1.
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The strains at the midsurface of a laminate free to expand can also be described by the

apparent laminate thermal expansion coefficients a3, oy, ag, as given in:
ag
{e} =ATS oy (5.4)
[¢]
Qg
and for the non-symmetric case with the thermal curvatures:
%
{k} =AT ¢ ay (5.5)
a:’;y

Substituting formula 5.4 and 5.5 in 5.1 with no mechanical loads and moments present
({N}={M}=0), the apparent thermal laminate expansion coefficients are given by:

oy, N,
o NT
aoy -1 17/"
a; AT |[B] [D] M, '
a, MT
* r
Qpy M 2y

For the simple case of a symmetric FML with one fiber direction, the residual stress
components in the metal layer are obtained by:

OM,Rjiong = [Q11,m (g — anr) + Qa1 m(ay — an)|AT (5.7)

OM Ritrans = [Q21,0m (g — anr) + Qa2 m (v, — ang)|AT (5.8)

for the longitudinal and transverse direction respectively. The residual stresses in longi-
tudinal and transverse direction in the composite layer are given by:

00, Rlong = [Q11,0(ag — a11,0) + Q21,0(ay — a o)]AT (5.9)

00 R trans = [Q21,0(0g — c11,0) + Q22,c(ay — a2 0)]AT (5.10)

For further information see Cowley and Beaumont [169], where a similar approach based
on apparent thermal expansion coefficients is discussed.
The interlaminar shear stress at an arbitrary position is calculated by equation 4.23. With
the equations 4.24-4.30, the thickness of the metal and composite layer t,s, tc and the
Poisson’s ratio v12 of metal vy, and composite layer v, the maximum shear stress is given
by:
AT A«
-
e i n t +(tc+tM)2
4| 12Dy TT2Dg 12D (2tM vy +1) + 2 (pe + 1 )
32]’;1]\@ (VM+1)+32;37CC(V0+1) 3Eum ( M ) 3Ec ( C )

(5.11)

Investigation of intralaminar stress

The residual normal stress in the laminate layer - the intralaminar stress - depends on
the metal volume fraction s and in the case of the UD-CFRP-steel laminate, differs
in longitudinal and transverse direction, as indicated in Figures 5.2 and 5.5. The first
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Figure 5.2: Residual stress dependency on metal volume fraction of a UD-CFRP-steel
laminate with HT'S-fibers for one dimensional ROM and plane stress calcula-
tion in longitudinal direction for AT=157 K

diagram shows the dependency on ;s in longitudinal direction at AT=157 K which
corresponds with a stress free temperature T5;=180°C (the curing temperature of the
prepreg systems under consideration) and an operational temperature Tp,=23°C. The
residual stress characteristics are also shown for the ROM-model discussed earlier, without
consideration of transverse contraction constraint. The stress in the steel layer converges to
zero at high volume fractions and maximum tensile stress is reached at low metal volume
fractions. According to this, compressive stress in the composite reaches its maximum
value when composite content is low.

The maximum tensile stress in the steel part is higher than the absolute value of the stress
in the composite as the stiffness of steel is higher.

The characteristics are identical but the values are increased for an increased absolute value
of AT. Comparing Figure 5.2 (AT=157 K) and Figure 5.3 (AT=235 K) the absolute values
for tensile and compressive stress are increased proportionally. Comparing the maximum
tensile stress in steel, the maximum stress value obtained by the plane stress calculation
is increased from 440 MPa to 658 MPa when decreasing operational temperature 7T,, to
-55°C.

However, particularly at the low metal volume fractions preferred for UD-CFRP-steel
laminates, a deviation between the two models is present. The plane stress model takes
into consideration that the compressive transverse strain in the steel part is high at low
metal volume fractions and the associated contraction in longitudinal direction reduces
the effective thermal elongation. This deviation between the two models can be seen in
Figure 5.2 and 5.3.

This is not the case for a UD-CFRP-steel laminate with IM-fibers as shown in Figure 5.4.
The transverse CTE of the IM composite layer is much lower and only 15% higher than the
steel CTE. There is no contraction in longitudinal direction with its source in transverse
strain. Hence, plane stress results are not lower than those calculated by the ROM-
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Figure 5.3: Residual stress dependency on metal volume fraction of a UD-CFRP-steel
laminate with HT'S-fibers for one dimensional ROM and plane stress calcula-
tion in longitudinal direction for AT=235 K
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Figure 5.4: Residual stress dependency on metal volume fraction of a UD-CFRP-steel
laminate with IM-fibers for one dimensional ROM and plane stress calcula-
tion in longitudinal direction for AT=157 K

approach. Instead, the stress calculated at low metal volume fractions are even higher
compared to the one-dimensional ROM model.
Regarding the transverse direction, the relationships of the thermal expansion coefficients
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reverse. The CTE of the composite is higher than the CTE of steel. The results of the
unidirectional models for HT'S-fiber reinforcement in Figure 5.5 and for IM-fiber reinforce-
ment in Figure 5.6 show identical relationships. Although inverted in comparison to the
longitudinal direction, again, the stresses in the steel layer reach their maximum for low
metal content and stresses in the composite layer achieve their maximum values for low
composite content. However, the absolute values of compression stress in steel reach values
many times higher than the tensile stress of the composite as the stiffness of the composite
in transverse direction is many times lower.

Comparing the two models, the plane stress assumptions leads to lower absolute stress
values for the HTS-fiber reinforcement, but shows a similar relationship as the ROM-
approach, see Figure 5.5. The metal layers are under tension in longitudinal direction and
their transverse contraction reduces the effective elongation, resulting in lower absolute
compression stress values when contraction restraining is considered. For IM-fiber rein-
forcement, the contraction of the metal in transverse direction is larger than the difference
of thermal strains between steel (16.4 x 107%/K) and composite (19 x 107%/K). This leads
to tensile stress in the metal part and compression stress in the composite, see Figure 5.6.
This is contrary to the stresses obtained by the ROM-model. In this case the error is
considerable for low metal volume fractions, as for steel a compression stress of 63 MPa is
determined by the ROM-approach at p3;=1% and a tensile stress of 61 MPa is calculated
with the CLT for the identical metal volume fraction.

Investigation of interlaminar stress

The shear stress distributions as well as their maximum values depending on the metal
volume fraction ¢, are calculated. For the stress distribution, the metal volume fractions
of 10 and 20% are regarded exemplary. In addition 1 and 4 mm laminate thickness are
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Figure 5.5: Residual stress dependency on metal volume fraction of a UD-CFRP-steel
laminate with HTS-fibers for one dimensional ROM and plane stress calcula-
tion in transverse direction for AT=157 K
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Figure 5.6: Residual stress dependency on metal volume fraction of a UD-CFRP-steel
laminate with IM-fibers for one dimensional ROM and plane stress calcula-
tion in transverse direction for AT=157 K

considered. The regarded laminate consists of two layers only and the curvature is not per-
mitted. This correlates with the consideration of one half of a symmetrical laminate. The
values are shown for a stress-free temperature T ;=180°C and an operational temperature
Top=23°C.

The shear stress distribution depending on the edge distance x is presented in Figure 5.7
for HTS-fibers and in Figure 5.8 for IM-fibers. The relationship between the two fiber
types is identical to the normal stress as the longitudinal shear stresses are higher for
IM-fibers than for HTS-fibers, but transverse shear stresses are very small for IM-fibers
due to the lower CTE. The maximum shear stress value depends on the metal volume
fraction and is higher for ¢;=20%. However, the stress distribution depends on the layer
thickness and the shear stress, as expected, drops much more quickly for lower laminate
thickness. This means that any shear failure may grow faster as the total shear load at
the part’s end is larger.

The maximum shear stress values depending on the metal volume fraction are shown in
Figure 5.9 for both IM and HTS fiber types, in the longitudinal direction and for two
different temperature differences. With increasing content of any of the two constituents,
the shear stress in the longitudinal direction increases and it converges to zero for very
low content of any of the two. The maximum shear stress values reach their maximum at
around 20% and 80% metal volume fraction.

When metal content is low, the metal layer is very thin and the laminate CTE is dominated
by the composite. This leads to very high tensile stresses in the metal. However, the shear
stress to be transferred between the two constituents is very low as the load in the metal
layer is low. Increasing metal volume fraction to around 20%, the CTE is still dominated
by the composite but the metal layer is thicker and the loads are higher. This leads to
one of the two maximum shear stress values. Increasing the metal volume fraction to
around 50%, the difference between the metal’s and the laminate’s CTE is smaller and
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Figure 5.7: Shear stress distribution at the free edge of UD-CFRP-steel laminates with
HTS-fibers in longitudinal and transverse direction for AT=157 K
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Figure 5.8: Shear stress distribution at the free edge of UD-CFRP-steel laminates with
IM-fibers in longitudinal and transverse direction for AT=157 K

although the metal layer is thicker, the shear stress is reduced again. The next maximum
at around 80% is due to the high difference in CTE between laminate and composite, as
the laminates CTE is dominated by the metal.

Due to the higher stiffness of steel, the second local maximum is higher. The position of
the two peaks depends on the stiffness relationship of the two materials. When regarding
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Figure 5.9: Maximum shear stress dependence on metal volume fraction ¢a; of UD-
CFRP-steel laminates with HTS- and IM-fibers in longitudinal and trans-
verse direction for AT=157 K and AT=235 K

aluminum with CFRP, the first peak is reached at higher metal volume fraction and is
much higher than the second peak.

The calculated shear stress is very high. At 20% metal volume fraction the maximum shear
stress in longitudinal direction reaches around 140 MPa for HT'S and around 165 MPa for
IM fibers at RT. For the cold operational temperatures the values are even higher.

The maximum shear stress is higher than the measured shear strength. As this peak is
reached at the very end of the specimen or part, different phenomena may reduce the peak
stress. Any inter-fiber fraction reduces the maximum value and very local relaxation may
also be present.

However, the results clearly indicate that the shear strength of the laminate is locally
exceeded although no stresses other than the residual thermal stresses are present. The
shear stress distribution of thinner laminates with a smaller area of the part where it
is actually present, represents a more favourable stress state, as this distribution is more
beneficial for the local reduction of the stress peak by local inter-fiber fracture or relaxation.

5.4 Ply interaction and influencing parameters

As discussed in the ’Literature revue’ chapter, different mechanisms to reduce residual
stresses in fiber metal laminates have been investigated and published in the literature.
However, one mechanism has not been considered before: the mechanical interaction be-
tween the metallic and composite layers on the inter-ply level during the curing process,
particularly during heating.

Investigations performed by Twigg et al. [31,183] showed that there is even a stress transfer
between tool and part, despite the use of release agents, which induces a stress gradient
in a flat laminate resulting in curved parts when laminate thickness is low. Kappel et
al. and Stefaniak et al. identified that these curvatures and, therefore, the induced shear
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stress depends on the surface roughness and the prepreg type, in particular the prepreg
architecture [30,32].

The metal surface in an FML is prepared in a manner intended to increase adhesion.
Hence, a comparably high interaction can be expected. Two models for tool-part interac-
tion which can be applied to the interaction within an FML are discussed in the literature.
In an open mould process the autoclave pressure is applied to the flexible membrane,
compensating the change in laminate thickness and continuously generating a normal force
[184]. Even at low degrees of cure, prior to resin gelation, considerable stress interaction
between tool and part is observed [31,180,185-187]. This interaction is believed to be a
consequence of fiber friction at the interfaces due to the normal force being shared by the
fibers and the resin [188].

A common model, used to describe this mechanism [173,183,186] is based on inter-ply
slippage. Tows close to the metallic tool surface are in tension and a gradient of tensile
stress, due to inter-ply slippage is locked in during vitrification. For FML this is shown in
Figure 5.10 on the left, where the adjacent metal layers in gray introduce tensile stress to
the black colored CFRP layers. Due to equilibrium of forces, this induces a compression
stress in the metal layers. The original length of the plies at RT is identical for both
constituents. The white areas show the free thermal elongation and the blue areas mark
the mechanical elongation of both materials. The free thermal strain of CFRP is very low
or even negative for some laminates depending on the fiber type which is indicated by a
negative elongation. This is marked by a white area reducing the length of the CFRP
layers compared to RT. The higher CTE of the metal layer is indicated by a positive
elongation at curing temperature. Any interaction between the single plies induces a
tensile mechanical strain in the CFRP plies and a compressive mechanical strain in the
metals layers, both indicated by a blue coloring. In the compression case it is subtracted
from the thermal elongation and in the tension case it is added.

However, by direct measurement of the interfacial shear stress transfer, Martin and Seferis
[189] as well as Larberg and Akermo [190] showed that the inter-ply friction depends on the
prepreg generation and Ersoy et al. [186] showed that prepreg/prepreg interfaces have a
better stress transfer compared to prepreg/tool interfaces for the material system at hand.
Due to this conclusion, inter-ply slippage caused by tool-part interaction is unfeasible.
Hence, another model was proposed by Stefaniak et al. based on frozen deformations in
the matrix [30]. Svanberg and Holmberg [191] discussed frozen deformations in connection
with the ’spring-in’-phenomenon. The extended relaxation times in the transition state
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Figure 5.10: Inter-ply slippage left and frozen shear strain right for a symmetrical lami-
nate with metal (gray) and CFRP (black)



Chapter 5. Process-induced residual stress 87

from glassy to rubbery, explain the ability of polymers to freeze deformations obtained in
the rubbery state [159]. When vitrification takes place during heat-up and a tensile stress
Oyit 18 present, the resin transforms at point 3 in Figure 5.11 at the current strain €,,;. At
glassy state the molecular mobility is limited and large molecular elements, aligned under
external load in rubbery state, cannot return to their equilibrium position [159]. After
unloading in glassy state with a higher stiffness, a frozen strain ey, results at point 2,
due to the difference between rubbery and glassy strain €y, = €rup — €glass- A similar
relationship is assumed for shear v when a shear stress 7 is present. This relationship is
shown in Figure 5.11 on the right. Regarding the FML, only the CFRP layers are sheared
or a combination of shear and tensile loading is applied by the adjacent metal layers, as
indicated in Figure 5.10 on the right. A stress gradient is locked in after curing which
reduces the stress level when the part is cooled down.

The mechanism described in 5.10, is significant on the macro and micro levels as long as
there are layers with approximately constant moduli and layers with cure dependent mod-
uli. Therefore, the cure-dependent layers may represent the matrix in-between individual
fibers or neat resin areas in-between prepreg layers, whereas the latter exhibit a higher
Young’s modulus on average compared to the neat resin areas. This mechanism leads to
the assumption that the effect of tool-part interaction on distortion is higher for laminates
with thicker interleaved resin layers but the effect on residual stress reduction is higher for
laminates with thinner or no interleaved resin layers.

Regardless of which model may be more appropriate or which combination of both reflects
the process best, any mechanical interaction must reduce the stress level at RT. Hence,
it can be assumed that as a consequence of the interaction generated by the autoclave
pressure, the stress-free temperature 7T is lower than curing temperature T.yre maz, al-
though no further modifications are performed. Besides prepreg architecture and surface
roughness other influential parameters on the stress interaction can be deduced.

Intrinsic parameters are stiffness ratio of composite and metal as shown in the previous
chapter, composite lay-up, the resin’s gel temperature and glass transition temperature
as well as the resin’s CTE in glassy and rubbery state. Extrinsic parameters may be
further classified in process and tooling related parameters. Process-related parameters
are temperature and pressure characteristics. The tooling-related parameters describe
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Figure 5.11: Frozen tensile and shear strain in resin layer or inter-fiber area at cure tem-
perature
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each influence on the interaction between the laminate and its environment, also increasing
and decreasing the influence of process-related parameters: tool CTE and stiffness, tool
surface roughness, geometrical locking between tool and laminate as well as any operating
consumable such as fluorinated ethylene propylene (FEP)-release foil, bleeder sheets or
release agents. However, not all of the mentioned parameters can be modified selectively
on purpose.

5.5 Evaluation of residual stress

The required time and effort for measurements with FBG sensors discussed above are
very high. Therefore, three other methods for the evaluation of the residual stress level
are discussed in the following, being more suitable for a first investigation on influential
parameters.

The basic aim of the measurements is to calculate the effective residual stress in the
metallic part oy, g and the composite part ¢ g in order to enable the assessment of each
approach applied in this work. However, as these stress levels depend on the ambient
temperature during measurement or the operating temperature of the part, it seems to be
more appropriate to compare the stress free temperature Ty. As operation temperature
is much lower than cure temperature and T is expected to be slightly below the cure
temperature, the stress level at any operational temperature is lowered proportional with
Tsr. Three different approaches are used, two for asymmetrical specimens and one for
symmetrical specimens.

Asymmetrical specimens

With the help of the deformed asymmetrical specimens, two approaches are employed:
the curvature measurement of the specimens at room temperature and the measurement
of the specimens during reheating in an oven.

For the first approach, the geometrical values a and S (see Figure 5.12) are measured
by placing the specimens on scale paper at room temperature Trr=23°C allowing the
calculation of the radius R of the curved specimens.

For the second approach, six specimens at a time are clamped at one end and placed in
an oven. The oven door is replaced by a heat resistant glass panel to allow the taking of
pictures during heat-up. The specimens are then reheated with a heat rate of 2 K/min and
a picture is taken every 30 sec. Regression analysis of the variable provides the stress-free
temperature Tgy.

The dependent value of interest is thereby directly obtained by the regression analysis in
the second approach, whereas the relationship between curvature and Ty is required for
the first approach.

Simple beam theory can be applied to calculate this relationship. The width of the strip
is taken to be one and it is assumed that the cross sections originally being plane and
perpendicular to the longitudinal axis remain plane and become perpendicular to the
curved longitudinal axis. The forces acting on the composite layer are a longitudinal
compressive load Pgo and bending moment Mg, as depicted in Figure 5.12. The load
represents the mechanical load being necessary to achieve the thermal elongation difference
between the two layers when lying flat. The forces in the metal are a tensile load Pj; and
a bending moment Mj);. There are no external forces acting on the strip which means
that the forces over the cross sections need to be in equilibrium:

Po=Py=P (5.12)
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Figure 5.12: Deflection of bi-material strip cured at elevated temperature

h
P§ = M + Mo (5.13)
From beam theory
E;I;
M; = —=* 5.14
= (514

with the flexural rigidity of each material F;I;. Substitution leads to:

h Eclo+ EylIy
P—= 5.15
5 7 (5.15)

According to Figure 5.12, the strain due to bending can be written as:
Al I+Al—-1 2r(R+AR)—-2rR AR
0 l B 27R "~ R 2R
with the thickness tj, of the respective layer. This equation simply proves that e can equally
be written as AR/R. The elongation on the interface between the two constituents must
be identical and consists of thermal strain, strain due to mechanical loads and strain due
to bending (width unified to 1):

(5.16)

€p —

Pc Z¢] Py Y]

AT — = AT — — — — 5.17
et poo Tag =M Enta 2R (5.17)

Together with 5.12 and 5.15, the last expression can be written as:

h Q(chc—f—EM[M) 1 1
— = AT — 5.18
2R hR Ectc  Eatn (e = ac) (5.18)
which leads to ( )
h, 2EcIc+EyIn 1 1
- by fe. Ch M v (Ectc + EMtM) (5 19)
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Timoshenko simplifies formulas of this type with the help of the thickness ratio m =t /ty
and stiffness ratio n = E¢/E)y -

h|3(1+m)* + (1+mn) (m? + mln)]

Ryeam = (5.20)

6AT (s — ac) (1 +m)?

Considering transverse contractions 15 of composite and metal in a plate geometry, the
equation extends to [192]:

h
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Rpate = (5.21)
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A third approach to determine stress in strips with planar interfaces which includes Pois-
son’s ratio effects was introduced by Oel and Frechette [193]. According to their work,
the thermal strain at a point with the distance y from the interface between the two
constituents is given by [166,167]:

€ = ng—Yy

Ror

where nj describes the distance between the neutral axis in layer k£ from the materials
interface. Thereby the equation 5.22 is equal to 5.16. The terms ny, for the composite and
the metal layer are derived by consideration of strain energy, see Oel and Frechette [193]:

(5.22)

Syt +4Sct? 4 3Sctoty

= 5.23
ne —6Sc(tc + tar) ( )
Sct? + 4Syt3, + 3Sutute
= 5.24
M —6Sc(te + tar) ( )
with the stiffnesses S¢ and Sy; determined by:
Ejty
Sy = — 5.25
S (5.25)

where Fj is the Young’s modulus of the k-th layer, ¢ the thickness of the k-th layer and
k12 the Poison’s ratio of the k-the layer. At the interface between the two materials:

nc —ny

= (e — ap)AT (5.26)
Ror

€C — €M =
All three theories are applied to specimens with three different thicknesses, t=0.25, t=1.0
and t=2.0 mm consisting of equal number of 0.13 mm prepreg layers 8552-AS4 and 0.12 mm
steel where the curvature measurement is expected at RT. The stress-free temperature T
is varied between 40 and 180°C and the results of all three theories show less then 1%
deviation, as depicted in Figure 5.13.
However, the assumptions with planar and rectangular cross sections are more accurate
for thinner specimens. For this reason, 0.25 mm specimens are manufactured. The plate
formula is selected for the calculation of Ty; in the following. With AT = T, — T,,, the
required equation can be written as:

2(@0,1110+QM,111M) < 1 1 )

h
2 T h Qc,11tc + Qn11tm

Ty = + T, (5.27)

Rplate(aM - aC)

Symmetrical specimens

The symmetrical specimens are tested on a Zwick 1476 testing machine. or, and Ey, -
when adding strain gauges - can be calculated as a result of tensile testing. According to
equation 3.10 in chapter 3.4 and with the residual strain in the metal layer

carp = LA (5.28)

the residual stress in the metal layer is also given by

orLyEm

v (5.29)

OM,R = OMy —
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Figure 5.13: Calculation of the radius R of the curvature of bi-material strips cooled to
RT depending on the stress-free temperature T ¢, where beam theory is
based on ROM and plate theory on plane stress assumptions

Substituting the residual stress o/ r with the equation 5.7, the following relation is given:

orLyEn

e (5.30)

[Qu1,m (g — anr) + Qa1 m (o — an)|AT = opry —

where o7 is the laminates plate CTE in the respective direction. With AT = Ty — T,
the stress-free temperature Ty is given by:

En
O-ny - O—Lvy Er

C Quim(eg —an) + Qum(eg — anr)

Tsy + Top (5.31)

5.6 Residual curing stress and its modification

Manufacturing

As manufacturing is part of the investigation, specimens are not cut out of a plate but
directly manufactured individually to the final geometry. As discussed earlier, the spec-
imen thickness is selected to be as thin as possible and so that the curvature due to the
specimen’s net weight can be neglected in comparison to the curvature investigated.
Three specimens are manufactured for each configuration and two basic specimen geome-
tries are used; symmetrical and asymmetrical specimens allow two different measurement
methods.

All specimens are 20 mm in width and, except for the clamped specimens, have a length of
200 mm with all fibers oriented in the longitudinal direction. The clamped specimens are
extended by the clamping area and cut to 200 mm length after cure. Two different lay-ups
are used, one symmetric and one asymmetric, as shown in Figure 5.14. The symmetrical
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specimens consist of two stainless steel 1.4310 outer sheets with a thickness of 0.12 mm
and a HexPly-8552/134/AS4 center layer, in order to eliminate any interaction between
tool surface and specimens.

However, as there is interaction expected between the outer and center layers, this may
also result in interaction between the metallic outer layer and the tool. For the same
reason, the asymmetric specimens are manufactured in a double configuration as shown in
Figure 5.14 and the two specimens are separated by an FEP-sheet Nowofol-NowoflonET.
All metallic sheet surfaces were treated with an AC-130 sol-gel post-treatment after
corundum-blasting with 105 pum particles and then added to the laminate stacking within
one hour. Manufacturer’s recommended cure cycle (MRCC) is used if not indicated oth-
erwise.

Processes

In the following, the manufacturing or rather testing is described in which three variations
are considered:

m Variation of effective pressure
m Variation of temperature process
m Application of thermal expansion clamp

The effective process pressure was varied in two ways. As the normal force acting on the
laminate is varied, the size of the cover plate is changed. By choosing a larger cover plate,
whose bending stiffness is sufficient to prevent unwanted bending between the specimens,
the effective pressure on a specimen can be increased. In combination with two different
autoclave pressures, five effective pressure levels are reached: 6, 8, 12, 16 and 24 bar.

A modification of the temperature process influences the resin’s behavior as well as the
inter-ply interaction. Utilizing ’smart cure cycles’ with cooling and re-heating, influences
the resin’s gel and glass transition temperatures as well as its exothermic reaction [176,177].
MRCC for the HexPly-8552 prepreg recommends two heat-up ramps and two dwell stages.
The autoclave is heated up to 110°C at 1-3 K/min. After the 60 minute dwell it is heated
up again at 1-3 K/min to 180°C. After a hold of 120 minutes the autoclave is cooled down
at 2-5 K/min. This MRCC cycle is used as reference with heat-up ramps at 2-3 K/min
and cool down at 3 K/min and marked as M0. All the other three cycles are interrupted

L L L L L L L L L L L cover plate

sy mmetrico
OO O NN ool plte

(L L L L L L L L L LL L L L L L cover Dlate

sheet

N NS ol plate

Figure 5.14: Lay-up of symmetrical and asymmetrical lay-up
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after the first holding phase. Modification M1 is reheated after reaching RT at 2-3 K/min
and the cure cycle is finalized as the MRCC. Modifications M2 and M3 do not use pressure
at reheating and therefore an oven is used. Heating rates are identical to M1, but before
reheating M3 a period of five days at RT is introduced.

« length at RT >
/] [ thermal elongation
/I steel | g

[ mechanical elongation

(a)

steel clamp

Al < length at RT >
/] steel 1/ Steel [ p—
(1) —— L —]
steel clamp — steel clamp

Figure 5.15: Force equilibrium for different clamping scenarios

Constructive modifications are conceivable for a predominant direction only. However,
for profiles of unidirectional fiber metal laminates with constant cross section, clamping
similar to that proposed by Xue et al. [181] may be serviceable. The idea is to connect the
two constituents at RT or operational temperature. When heating to cure temperature,
the difference in thermal elongation is compensated by mechanical strain. The resulting
laminate is stress-free at the temperature at which the constituents have been connected
to each other when any relative movement is prohibited.

The principle of the thermal expansion clamp is shown in Figure 5.15. Bending moments
are neglected in the schematic illustration. Firstly, it seems to be obvious to only clamp
the composite or CFRP layers, case (a) in the figure, and thereby evoke a mechanical strain
identical to the thermal strain of the steel. However, a steel clamping with infinite stiffness
is required for this, case (b), otherwise a mismatch between the strain or elongation of the
composite and the steel constituent will remain, as indicated in Figure 5.15 (a).

In contrast, thermo-mechanical equilibrium is achieved when both constituents are clamped
only to each other. However, as the thin steel layers would wrinkle under the compression
load due to their low bending stiffness, an additional clamp is used to fix both constituents,
Figure 5.15 (c). This leads to a decreased compressive strain in the steel constituent and
an increased tensile strain in the CFRP layer compared to the constituents clamped only
to each other and reduces the stress-free temperature T’y of the laminate.

Tensile force is applied to the laminate during the cure process by using the thermal
expansion clamp, shown in 5.16. In the clamping area, the laminate is wrapped around
a wedge and the cover plate is then fixed by seven M16 steel bolts. Additionally, conical
spring washers are used to maintain the applied clamping force.

Results

Two different methods are applied for the estimation of the residual stresses, in particular of
the stress free temperature. When comparing the two methods on asymmetrical specimens
by looking at the two diagrams in Figure 5.17 and Figure 5.18 it is obvious that the
temperature measurement results indicate higher stress-free temperatures Ty than the
curvature measurement at RT. One possible source for the difference could be the burrs
which formed at the specimens edges increasing their bending stiffness. Smaller curvatures
at RT correspond to lower T,y. The difference between the two measurement methods
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Figure 5.16: Thermal expansion clamp without specimens

decreases with higher effective pressure where no burr is detected at the edges. However,
both methods show similar relationships between the single results and their variation is
also comparable.

The stress-strain curves for the tensile tests are shown in Figure 5.19. It is obvious that
the 7 pure steel specimens show a higher elastic stiffness compared to the 9 CFRP-UD-
steel specimens. When increasing the stress above the laminates yield strength, the curve
flattens for both materials and steel shows a typical yield behavior. Unfortunately, the
determination of the yield strength or yield point is not distinct and variation is large.
Table 5.1 shows the single results for 0.2%, 0.1% and 0.01% yield strength for pure steel.
The resulting variations in these result may generate a variation in the T calculation of
around 200 K when using equation 5.31. As the material stiffness after passing steel’s yield
point is higher for CFRP-UD-steel than for pure steel, the 2%-yield strength of CFRP-
UD-steel is higher while the 0.01%-yield strength of CFRP-UD-steel and pure steel are
comparable, see Table 5.1 and 5.2.

However, due to the inaccurate determination of the yield point, this method is not feasible

Table 5.1: Yield strength thresholds for pure 1.4310 steel specimens

yield unit 1 2 3 4 5 6 7
criterion

0.2% [MPa] 1267 1295 1241 1261 1217 1309 1251
0.1% [MPa] 1166 1194 1123 1140 1081 1227 1124
0.01% [MPa] 1020 1062 939 932 880 1039 913

Table 5.2: Yield strength thresholds for 9 variations of CFRP-UD-steel specimens

yield unit 6 8 12 16 24 M1 M2 M3 clamping

criterion bar bar bar bar Dbar
0.2% [MPa] 1343 1513 1519 1435 1509 1441 1309 1281 1359
0.1% [MPa] 1159 1353 1364 1270 1345 1272 1126 1109 1175

0.01% [MPa] 838 985 1013 915 969 905 808 809 853
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for the calculation of Ti;. Applying equation 5.31 leads to the results in Table 5.3 which
do not correlate with the results of the other methods or with any expectations.
Therefore, only the asymmetrical specimens are utilized for the further discussion. These
results show a clear dependency on the effective pressure during cure as depicted in Figure
5.17. This correlates with the assumptions that interaction during heat-up is increased
by increasing the normal load. By increasing the effective pressure from 6 to 24 bar, the
residual stresses at RT are reduced by 50%. The second diagram, Figure 5.18, shows the
measured and calculated stress-free temperatures for the different temperature processes
used and for the clamping scenario. The processes M1 and M2 do not show any benefits
compared to the MRCC process M0. However, the results of the M3 process indicate
a stress-free temperature below 70°C, what correlates with a stress reduction at RT of
nearly 60%. Comparable results are achieved by the clamping. This means that slippage
is not fully prevented in the clamping. However, the clamping can only be utilized when
the part is not curved along the direction the clamp is applied.

160
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40

6 8 12 16 24
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Figure 5.17: Stress-free temperature Ty depending on effective pressure determined by
temperature and curvature measurement

Altogether, the results clearly indicate that there are different promising approaches to re-
duce the residual stresses in the laminate which are worth further investigations. Although
exploratory, the results also indicate that an interaction between the two constituents is
present even at MRCC which has not been considered before. This interaction lowers the

Table 5.3: Unsatisfactory calculation of stress-free temperature Ty based on tensile test-
ing

unit 6 8 12 16 24 M1 M2 M3 clamping
bar bar bar bar bar

Ty rCl 62 2656 304 167 243 154 21 23 83
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Figure 5.19: Stress-strain curves for tensile testing of pure steel and CFRP-UD-steel
specimens

residual stress in a way that thermo-mechanical calculation assuming that the laminate is
stress-free at cure temperature, provide incorrect results. Although a measuring technique
based on fiber-Bragg or spot curing would be beneficial as they provide the opportunity to
measure during the curing process, the asymmetrical specimens provide a simple and con-
venient method to estimate the stress level in a comparable symmetrical part. In contrast,
the tensile tests do not provide any exploitable results for this goal.
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5.7 Discussion of hypothesis addressed

As formulated in hypothesis 4, it is a current approach that the difference between cure
and operational temperature is used to calculate the residual thermal stress.

It has already been shown in literature that a reduction of this stress level can be achieved
by a modification of the temperature cycle. However, this finding implies a 'worst case’
temperature cycle which is than improved. Assuming that the temperature cycle modi-
fication is the only way to reduce the stresses, there must be a cycle which leads to the
'worst case’ scenario where the stress-free temperature equals the cure temperature.

In contrast, the present findings show that the stresses can be lowered without changing
the temperature cycle but by increasing effective pressure. This means that a mechanism
must be present depending on the pressure level. Although it is not a final proof, the
results meet the assumptions concerning the interaction between the plies.

All composite manufacturing processes using prepreg include a normal force generated by
a pressure difference. Therefore, the stress-free temperature must always be lower than
the cure temperature as a consequence of the interaction.






6 Experimental evaluation of residual
strength

Link to hypotheses: Hypothesis 5 and hypothesis 6 are analyzed in this chapter to obtain
clarity of the relationship between the arrangement of steel layers, failure geometry and
compression strength after impact.

Summary: This chapter first provides an overview of the different experimental procedures
to determine damage resistance and residual strength with respect to impact damage.

The manufacturing of samples and the test procedure used for the determination of com-
pression strength and stiffness are then discussed in more detail. Before conducting impact
testing on the specimens, two specific requirements are regarded in more detail. First: the
failure evaluation on UD-CFRP-steel specimens is different to CFRP as no depth infor-
mation is achievable by ultrasonic (US) inspection. Alternatively, some of the specimens
are analyzed by computer tomography (CT).

Second: the test procedure is adapted to the needs of the UD-CFRP-steel specimens to
obtain meaningful results. Then specimens with different lay-ups are subjected to impact
damage for the evaluation of the generated damage and for the determination of their
restdual compression strength. Finally, theses results are compared with the pristine com-
pression strength of the different lay-ups.

6.1 Literature review

The term ’residual strength’ is traditionally used to define the strength of a metal structure
after the formation of cracks caused by fatigue or corrosion.

As composites show reasonable good fatigue properties, the term residual strength repre-
sents static strength when damage due to low-energy-level impact is present [194]. There
can be mentioned for it. First: composites are very brittle and sensitive to even slight
damage. Second: low energy impact causes damage in form of fiber fracture, delamination,
disbonding or matrix cracking whereas high energy may lead to penetration with little or
no local delamination of the laminate [12,194].

Experimental determination of residual strength

Hence, impact damage appears to be the most critical of all defects. Consequently, most
residual strength testing is carried out on coupons or structures containing impact damage.
In addition, it is assumed that this encompasses the effect of the other defects [194].
The CAl-test is the most widespread test for its evaluation and is described in DIN EN
6038 [195], AITM1-0010 [196] and D7137/D7137M [197]. Especially for pure composites,
the influence of a variety of parameters on the materials residual compression strength after
impact have been studied. For example, different resin and fibre properties are regarded
by Cartié and Irvin [198].
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Sanchez, Saez et al. [199] as well as Tanaka and Kageyama [200] show that the variation
of the test results is mainly induced by the impact procedure and not by the compression
test itself, as buckling is prevented by the test fixture [201]. Therefore, most of the
investigations focus on the impact process.

Generally, the strength reduction or the residual strength is determined empirically. Thus,
many CAl-tests are performed to describe the relationship between strength, damage size
and damage type.

Impact on composites

The low-energy or low-velocity impact primarily creates a 'pine-tree’ distribution of dam-
age, which can also be found in FML [39]. This means that the detectable damage on the
impacted surface is small, but the damage size expands to the backside of the laminate.
These delaminations are often not detectable with the bare eyes, but reduce the strength
of the laminate by up to 60% [199]. Most of the studies in literature focus on impact on
pure CFRP [202-204], GFRP [205] or GLARE [206-208].

Besides material modification, research also focusses on the arrangement of the layers to
achieve the best results for the materials used.

Hitchen and Kemp [209] illustrate a direct dependence of the residual strength on the
delamination in the laminate, which again depends on the dispersion of the differently
orientated layers in a pure CFRP laminate [210-212], the ply thickness of the single
layers [203] and the laminate thickness [213]. In a similar way, it is also shown for FMLs
that the stacking sequence, constituents [214,215] and the temperature [216] have a large
influence on the damage geometry.

However, there are still many investigations performed on the testing methodology itself,
as the influence of the clamping is substantial. For example, different clamping situations
and specimens geometries are investigated by Ghelli and Minak [217,218] for pure CFRP
laminates.

Non destructive inspection

The inspection is also an essential part of residual strength testing, as it allows the assess-
ment of the damage after impacting and before residual strength testing without affecting
the specimens functionality. This enables a better understanding of the relationship be-
tween damage geometry and residual strength and allows a more goal-oriented research
on the materials and lay-ups to alter the obtained damage geometry on purpose.

Certainly, visual inspection is the simplest and most economical inspection method. As it
is used routinely for final inspection and during service life of a part, it is also an important
indicator in testing. In determination of the damage in a specimen, accurate thickness
measurement is also an important non destructive inspection method.

However, for a more detailed detection of internal flaws, US inspection has become the most
widely used method. The involved restrictions when FMLs are inspected, are discussed in
further detail in chapter 6.5.

Therefore, CT is regarded as an alternative method and allows to retrieve data by X-ray
imaging and producing a 3D-image of the part. The benefits as well as the limitations of
CT are discussed in chapter 6.5.
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6.2 Present chapter’s structure

The structure of this chapter is presented in Figure 6.1. All of the required specimens are
cut out of flat plates. Hence, the manufacturing process can be regarded irrespective of
the testing and analysis. Surface treatment of the metal layers, the lay-up process, curing
and cutting of the specimens are discussed in this section.

In the subsequent subchapter 6.4, a test approach to determine compression strength and
modulus, is selected. As high moduli and strength values are expected for the UD-CFRP-
St laminates, different available test standards are discussed with regard to their suitability
and a test procedure is derived afterwards.

The evaluation of the generated impact failure before compression testing is an essential
part of CAI testing and is mainly undertaken by means of dent depth measurement and
US inspection. The use of the latter is restricted for the UD-CFRP-St specimens con-
sidered as described later. Thus, CT inspection is discussed in addition. The essential
information about these three applied methods for failure evaluation, are provided in sub-
chapter 6.5 and the approach to generate the results in form of damage images and values
is discussed. CAI testing consists of two mechanical test steps, the impacting procedure
and the compression testing. Specifications for both operations are provided by different
test standards and are discussed in subchapter 6.6. Although compression testing of a
previously impacted specimen deviates from testing of pristine specimens, the application

Testing CAT testing
Sample compression Failure and modified
manufacturing strength and evaluation impact test
(chapter 6.3) modulus (chapter 6.5) procedure
(chapter 6.4) (chapter 6.6)
Commpressiton Modified impact
Lay-up selection stiffness and Impact response
test procedure
strength F
|
Failure in
specimens
Pristine and |
residual strength’ o .
ompression

response and
L>  strength of |«
damaged
specimens

Lay-ups and results (chapter 6.7)
¥

Discussion of hypotheses addressed
(chapter 6.8)

Figure 6.1: Flowchart describing the procedure pursued in chapter 6; individual sub-
chapters marked in gray
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of the provided specifications lead to meaningful results. This is not a matter of course
since the laminate properties, especially the stiffness ratio between the longitudinal and
the transverse direction, are deviant from most CFRP test specimens. As discussed in
this subchapter in more detail, some of the test standards are explicitly intended for QI
laminates only. A modified impact test fixture is discussed and developed in this section
to overcome these restrictions.

Chapter 6.7 contains all the testing and analysis conducted in accordance with the method-
ologies discussed in subchapter 6.3 to 6.6. Firstly, the relevant parameters of the lay-ups
selected for the tests are provided. Then the validation of the modified impact test fixture
is performed using pure CFRP laminates with QI and HO lay-ups. The outcome of this
is the selection of the cut-out window dimensions for further testing. Compression testing
of pristine specimens to evaluate stiffness and strength is undertaken with a variety of
lay-ups to investigate the influence of ply arrangement, MVF and metal ply thickness.
The impact response of some of the lay-ups, tested on the modified test fixture, is then
regarded in more detail. The generated failure is considered by means of dent depth and
damage area obtained by US inspection. Some of the specimens are additionally analyzed
by CT and allow the comparison of the two methods. The compression strength results
achieved by the different lay-ups are than discussed with regard to their lay-up and impact
failure. Finally, the pristine compression strength and residual compression strength after
impact results are discussed by comparison.

The subsequent chapter 6.8 induced the link to the hypotheses addressed in chapter 6.

6.3 Sample manufacturing

The required specimens are 32x162, 100x150 and 150x150 mm at a thickness around 4 mm.
There is a minimum of one plate manufactured per lay-up. The lay-ups are introduced
in section 6.7. All specimens consist of Hexcel 8552/AS4 with the properties provided in
Table 3.1. All UD-CFRP-steel specimens additionally consist of 1.4310 steel layers with
a thickness of 0.03, 0.05 or 0.08 mm.

Two different approaches are utilized for the surface treatment of the metal. Although
vacuum blasting was selected - based on the results in chapter 4 - some preliminary tests
concerning compression strength have been performed in parallel. Therefore, pickling was
utilized.

Both surface treatments follow a similar procedure (as presented in Figure 6.2) and only
the pre-treatment process of the two is different. After solvent swiping with acetone or
heptane, the pickling process (a) is applied onto the steel foils used for the preliminary
compression tests. After degreasing with SurTec089+SurTec138 at 50-60°C for 15 minutes
and rinsing with demineralized water, the foils are pickled in SurTec433 for 120 minutes.
After a second rinsing process the foils are dried in an oven at 50°C for 30 minutes as shown
in Figure 4.16 and described in chapter 4. The alternative (b) in Figure 6.2 represents
a vacuum blasting step with 105 um sized corundum grit and is applied to all remaining
specimens.

Subsequent to a second solvent swiping, the sol-gel AC-130 is applied for 150 seconds.
After drying for 1 hour, the foils are immediately placed in the laminate lay-up.

The lay-up is done manually and the laminates are cured following the manufacturer’s
recommended cure cycle [28]. The specimens are cut to size and then measured with a
micrometer gauge.

Pure CFRP specimens are successfully and effectively cut by a diamond saw. The geo-
metrical precision meets the test standards and the cut itself does not show any damage.
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(a) HySO,
solvent pickling process solvent

swiping

immediate use
sol-gel in lay-up after
1 hour drying

swiping (b) vacuum

blasting process

Figure 6.2: Flowchart describing the surface treatment procedures applied

However, when cutting UD-CFRP-steel with a blade saw, one has to agree a compro-
mise. Whereas the diamond blade is ideal to cut the CFRP, a hardened steel specimens
provides better results for steel. Basically, the diamond saw generates better results for
the UD-CFRP-steel material. Although detailed parameter studies have been performed
on cutting speed and feed rate to identify the ideal settings, there is still some damage
present that can only be identified by ultrasonic inspection. Therefore, the diamond saw is
used for the cutting of the preliminary tests on compression specimens only and waterjet
cutting is used for the remaining specimens.

An automatic tilting head that tilts the nozzle during machining is required to achieve
straight edges and meet the demands of the test standards with regard to the geometry. For
waterjet cutting, the edge delamination is not detectable whereas the edges of a diamond
cut specimen clearly show delaminations, as indicated in Figure 6.3. A comparison between
compression strength values obtained by the preliminary tests and the additional tests with
waterjet cut specimens is hence reduced in explanatory power.

6.4 Testing compression strength and modulus

The determination of in plane compression strength of fiber reinforced plastics is described
in AITM1-0008 [219], ASTM DG6641/D6641M [220], ASTM D3410/D3410M [221], DIN
EN 15014126 [222], DIN EN 2850 [223] and DIN 65380 [224], where the last two are
withdrawn. AITM1-0008 differentiates between specimens for shear loading and speci-
mens for combined loading, which is a combination of shear and end loading. The pure end
loading is explicitly prohibited. ASTM D3410/D3410M describes the shear loading case
and is extended by ASTM D6641/D6641M for the combined loading compression (CLC)
case. DIN EN 15014126 is in accordance with the shear load case only.

(diamond saw cutting) (waterjet cutting)

Figure 6.3: Comparison of edge delamination obtained by ultrasonic inspection on speci-
mens cut by diamond saw and cut by waterjet
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The geometries required in the standards vary in length, width and thickness of the spec-
imen. AITM1-0008 distinguishes between thick lay-up with approximately 4.0 mm thick-
ness and thin lay-up with approximately 2.0 mm thickness. The width of the specimens is
3240.2 and 2240.2 mm respectively with an associated gauge length (free length between
tabs) of 32+0.5 and 224+0.5 mm. The length of the specimens depends on the tab length
which is derived from the requirement that the allowed tab shear is less than 35 MPa.
Recommended tab length is 80 mm for shear loading and 65 mm for combined loading.
The specimen geometries specified in ASTM D3410/D3410M, ASTM D6641/D6641M and
DIN EN IS014126 vary between 110 to 155 mm in length, 6 to 25 mm in width and 2 to
10 mm in thickness. ASTM D3410/D3410M provides a scheme to determine the minimum
required stiffness depending on specimen modulus and expected strength. The variation of
the thickness for any laminate shall be within +2% of the measured mean thickness [219].
No constrictions concerning lay-up are mentioned in ASTM D3410/D3410M, ASTM D664 1
/D6641M and DIN EN ISO14126 but AITM1-0008 says that the laminate shall be QI.
The determination of the stiffness is also performed differently in the standards. Following
AITM1-0008, the stiffness is determined between 10 and 50% of the average failure load,
whereas it is identified between 25 and 50% of failure strain in ASTM D6641/D6641M
and DIN EN 1S0O14126. In ASTM D3410/D3410M stiffness is calculated between 1000
and 3000 pe.

As high compression loads are expected for the UD-CFRP-steel specimens, a combined
loading is more suitable. The selection of a preferably wide specimen reduces the relative
influence of delaminations induced by the cutting process on the results. Therefore, the
compression tests are performed following the AITM1-0008 test standard although the
lay-up is not QI.

The plain compression strength is calculated with the failure load P,, the laminate thick-
ness tjam and the specimen width w as follows:

P,

= 6.1
Teu LigmW ( )
According to AITM1-0008 the compressive stiffness E, is given by [219]:
AP
Eo=—-—-— 6.2
¢ tlamWAE, ( )
where the load increase AP is given by:
Av(P, Av(P,
Ap = A0l Av(P) (6.3)

2 10

and Ae, is the difference between the related strains at 10 and 50% of the average failure
load Av(P,).

Failure is considered as valid when it occurs in the gauge length [221]. However, an
Euler buckling failure cannot be determined by visual inspection of the specimen after
testing, hence it is inspected through comparison of the strain on the front and back
face of the specimen. Therefore, AITM1-0008 introduces the percent bending strain
(PBS) parameter. The failure is only considered as valid if the difference between strains
measured on each face of the test specimen in the load range 0.1P,, to 0.9P,, remains such
that PBS is less than 10%:

€faceA — €faceB
€faceA t €faceB

PBS = <0.10 (6.4)
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where €f4cca is the measured strain on specimen face A and €yqc.p is the measured strain
on specimen face B.

Figure 6.4 (a) shows a fully equipped compression specimen with tabbing at the ends
and strain gauges glued to both faces. For installation in the test rig (see 6.4 (b)), the
specimen is placed between the lower clamping jaws and is fixed. The strain recording
is reset and the upper jaws are fixed. Neither information is provided about a pre-load
which is necessary to clamp the specimens free of clearance in longitudinal direction, nor
information is given in the standards concerning required or recommended clamping force.
The pre-load is therefore adjusted manually to 50 N and the necessary clamping force is
determined by preliminary test.

6.5 Failure evaluation

The evaluation of failure is an important intermediate step in the determination of the
residual strength after impact. The assessment of the damage size, geometry and de-
tectability is part of the damage tolerance approach and their influence on the residual
strength is of major interest in the present work. Therefore, the applied inspection methods
US, CT and dent measurement are discussed in detail and their presentation procedures
in form of diagrams and images are introduced.

Ultrasonic inspection

The US inspection is based on the measurement of the propagation of a sound pulse
through the laminate. The pulse is emitted from a transducer on top of the specimen and
recorded by a receiver located with the transducer and/or on the opposite surface. The US
wave is reflected or scattered by any defect or foreign material which acoustic impedance
differs from that of the composite. Planar defects like delaminations, voids and cracks
that are normal to the propagated pulse, cause a loss or attenuation in the transmitted
sound and display a defect by means of comparison. The ’pulse-echo’ or reflection mode,
where the transducers work in a ’pitch-catch’-configuration, is used for examining the pure
CFRP specimens. Due to the high number of layers with different acoustic impedance

Figure 6.4: Compression specimen with tabs and strain gauge (a) and hydraulic compos-
ite compression fixture (HCCF) test fixture (b)
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properties, this method is not applicable for the UD-CFRP-steel specimens. The through
transmission technique with a separate receiver is used for the inspection of the hybrid
material specimens. All inspections are performed in water and a C-scan presentation is
obtained. The C-scan is an image slice showing the plan view of the tested area.

Figure 6.5 (a) shows an exemplary C-scan obtained by the 'pulse-echo’ technique where
each color represents the amplitude of a certain indication. With the help of the traveling
time, the back wall echo of the specimens and its thickness this information can be con-
verted into chart (b) where each color represents a certain depths. The bottom echo of
the water tank is used for the third C-scan result depicted in Figure 6.5 (c). Each color in
the C-scan image represents a certain reduction of the signals amplitude. This method is
suitable to obtain the damage size and represents the projected damage area. Therefore,
the result is comparable with C-scan representation (d) obtained in 'through transmission’
mode with a separate receiver. This approach is used for the UD-CFRP-steel and is hence,
illustrated on a different specimen.

In the last case only the projected area is available in form of a C-scan image which is then
analyzed with the help of a Python script and an associated intensity threshold of the gray
scale image. In this way, the area of the damage projection in the xy-plane, the maximum
length and maximum width of the damage are analyzed within the image - similar to the
approach shown in Figure 6.7.

The analysis by the 'pulse-echo’ technique case starts with a C-scan image as depicted in
Figure 6.5 (b). Each color represents a certain depths of the damage. This approach is
based on the assumption that the damage propagation through the thickness is conical.
By placing the transducer and receiver on the impacted top-surface of the specimen, the
geometry of the damage can be captured, but the height of the damage below the first
inspected flaw remains ambiguous. However, the comparison of the C-scan image with the

() (d)

Figure 6.5: Example C-scans: Flaw echo (a), flaw depths (b), water tank bottom echo
(c) on pure CFRP specimen and through transmission (d) on UD-CFRP-
steel specimen
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no maximum
damage damage
(intensity plot xy-plane) (applied colormap)

Figure 6.6: Example intensity plot and applied colormap created of a C-scan image

specimens shows that the visible damage on the back surface equals the size of the projected
damage area. Therefore, it can be assumed for the present impact energies that the damage
top equals the depth obtained by the ’pulse-echo’ technique and the bottom equals the
back surface of the specimen. Additionally, it can be suspected that this assumption is
not valid below a certain energy threshold. Based on the C-scan image and the colored
depth information, the two dimensional image is transformed into a three dimensional
information with volume elements (voxels). By means of the discussed assumptions, each
voxel below the damage top is defined as damage. In this way, the C-scan image is
translated into an intensity plot as depicted in Figure 6.6. The aim of the intensity plot
is to typify the geometry of the damage. Therefore, the maximum damage height in z-
direction is normalized to the maximum damage color in the applied colormap in Figure
6.6. This means that the brighter colors represent a larger damage height or damage
intensity in z-direction.

Applying this approach in all three dimensions leads to the images in Figure 6.7. The
corresponding maximum length, maximum width and maximum height of the damage are
depicted in additional diagrams. The intensity plot of each plane represents the failure
expansion perpendicular to each plane. In addition to the intensity plot and the failure
geometry diagrams, such a plot also includes information about the damaged volume
fraction of the specimen, the total damaged area in the xy-plane and the maximum failure
height, width and length. This information is calculated with the damaged voxels, their
position and volume. The image of the xz-plane is oriented in the plot in a such a way
that the impacted surface is located at the upper end of the image. The image of the
yz-plane is orientated with the impacted surface facing to the right.

Computer Tomography

To overcome the restrictions of the US through transmission technique, where no informa-
tion about the damage depth is available, CT is applied to some of the UD-CFRP-steel
specimens. The level of absorption of the ionizing radiation depends on the physical den-
sity of the material. Defects, which include foreign objects or cracks that lead to different
physical densities of certain areas, can be detected by radiography when oriented in the
same plane as the transmitted beam. Planar cracks and planar delaminations are difficult
to detect by using radiography [194].

Combining many different radiographs taken from different angles, overcomes this restric-
tion and allows the production of cross-sectional (tomographic) images from the scanned
object.
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Figure 6.7: Example damage size and damage intensity plot calculated on basis of an
ultrasonic C-scan

2430 radiographs are taken per UD-CFRP-steel specimen, which corresponds to an image
every (0.148°, as the specimens is turned along its longitudinal axis. The general arrange-
ment is depicted in Figure 6.8. The X-ray tube is operated with 160 kV and 0.4 mA.
A flat panel X-ray detector XRD 1620 xN CS from PerkinElmer Techologies GmbH &
Co. KG with a pixel matrix of 2048 x 2048 and 200 pum pixel pitch is used, which allows
the recording of 65.536 gray levels [225]. The pixel size is 0.05851 mm x 0.05851 mm
with a magnification of 3.42 in the center of the specimen. The magnification is a conse-
quence of the distances between the x-ray tube focus and the rotation axis of the specimen
(234.09 mm) as well as the distance between the rotation axis of the specimen and the
detector (800.13 mm).
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Figure 6.8: CT arrangement with specimen coordinates

The image reconstruction is performed by using discrete filtered back-projection. For
further details see 'Digital Image Processing’ by Jéihne [226]. The result of the back-
projection are 2048 square images of single cross sections. Figure 6.9 shows one cut-out of
such a reconstructed image in the yz-plane. The fractures in the centre of the specimen
are darker than the rest of the specimens and can be detected with the help of a gray scale
threshold. However, the surrounding of the specimens is dark as well. As the fracture
and the surrounding of the specimen may be connected, the combination of a gray scale
threshold and an object size threshold does not lead to a robust process. Edge detection
does also not work as the right and left edge of the surface are not recognized also different
approaches have been tested.

Instead, the mainly intact specimen is identified with the help of a gray scale threshold
and a morphological closing algorithm [227] is applied to this single large object. With the
help of the closing algorithm, the connection between any fracture and the surrounding is
eliminated. Applying this new object as a mask to the original image allows the isolation
of the specimen. When the sample is isolated, the damage can be identified with the help
of a gray scale threshold.

The gray scale threshold is determined as follows. The left 1/5-th and the right 1/5-th
of the specimen are assumed to be undamaged. Therefore, the gray scale of the darkest
pixel within these two areas serves as damage threshold value for every single image. The
position of each damaged pixel is stored in a damage matrix. As the pitch of the single
reconstructed images is known, a three dimensional damage matrix with the position of
each damage voxel can be created.

The very different density of the materials in the specimens may lead to severe streaking
artifacts, that occur due to the fact that the high density of the metal results in incomplete
attenuation profiles [228]. This overranging can be reduced by means of special software
corrections, but there remains a loss of detail around the metal interface. Therefore, a

Figure 6.9: Cut-out of reconstructed image of yz-plane (100 mm specimen width)
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physical filter is used instead. There is a standard filter of 1 mm aluminum built in, which
is extended by an additional copper filter of 0.5 mm thickness. The use of an additional
filter enhances the achieved contrast. Different filter materials such as aluminum, copper,
zinc and lead have been tested with different material thickness where the best results
were achieved with 0.5 mm copper. However, despite the filters, there are still some
artifacts present as illustrated in Figure 6.10. The diagonal lines on the left of the image
are artifacts with unknown source. The artifacts near the right edge are a consequence of
incomplete projections. The intensity plot is created with the same approach as described
for the US images. The damage size and damage intensity plots are also drawn in a similar
way as the damaged voxels, and their positions are known.

Figure 6.10: CT damage intensity plot in xy-plane with artifacts

The main difference between the plots created based on the US C-scan images and the
plots created based on the yz-cross sections is in the damage progression in the thickness
direction. Basically, the damage in the US-plots is extended up to the bottom of the
specimens, whereas the CT reconstruction allows the identification of a lower end or
bottom of the damage. Therefore, comparing the damage volume obtained by the US-
scans with the volume obtained by the CT-scans is not valid.

Dent measurement

In AITM D7136/D7136M the dent depth is described as the residual depth of the de-
pression formed by an impact after the impact. It is defined as the maximum distance
normal to the face of the specimen from the lowest point in the dent area to the plane of
the undisturbed surface [229]. As the dent depth may decrease over time due to relax-
ation of the composite material, in accordance with AITM D7136/D7136M, it is desired
to record its depth and duration after impacting as well as the environmental conditions
prior to measurement. There is no information about relaxation and time provided in
DIN EN 6038 [195], but AITM1-0010 [196] requests the measurement within 30 minutes
after impacting. Therefore, the dent depth is measured within this time.

Although the dent depth is defined precisely in AITM D7136/D7136M, the necessary
positions for the reference measurement of the undisturbed surface are not defined clearly
[229]. In contrast, DIN EN 6038 [195] and AITM1-0010 [196] define four measurement
coordinates to measure the indentation 20 mm from the main indentation, as depicted in
Figure 6.11. The depth ¢ is measured with a flush pin gauge at the deepest point and the
depths 1 to t4 at the four surrounding coordinates are measured as set out in the given
pattern. The depth of indentation e is defined as [195,196]:

_thitilatitz3tiy

—¢
€ 1

(6.5)
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Figure 6.11: Measurement coordinates for t; - t4 with the maximum dent depth ¢ in the
indented area at the impact location in the center of the specimen

6.6 CALI testing and modified impact test procedure

CALI testing consists of impacting the specimen at a certain energy level and then testing
the residual compressive strength properties, as described in DIN EN 6038 [195] and
AITM1-0010 [196]. In addition, the American Society for Testing and Materials (ASTM)
provides the D7137/D7137M [197] test method for compressive residual strength testing
of specimens which have previously been subjected to drop-weight impact test per method
D7136/D7136M [229]. As described in more detail in the following subchapter, the test
methods are developed for balanced and symmetrical specimens with three fiber directions.
Other lay-ups lead to specimens with substantially divergent longitudinal and transverse
bending stiffness. Based on the given geometry of the impact test fixture, it is assumed
that testing these specimens by means of the standards leads to an anomalous influence of
the fixture on the damage. This would prohibit a clear conclusion. Therefore, a modified
test fixture is presented in the following after the current test standards are introduced.

Impact testing

All three mentioned test standards utilize a specimen with 150 x 100 mm size and a clear
window of 125+0.2 x 75+0.2 mm, see Figure 6.12 (a) [195,196,229]. The specimen is
clamped down to the steel base and its position is ensured by guide pins.
The specimen is then impacted with the desired energy F, which is calculated by the
impactor mass m, the drop height h and the gravitational acceleration g:

AITM1-0010 [196] additionally defines a minimum drop height of h;,;,=0.5 m and a
maximum impact velocity of ve,=15 m/s. ASTM D7137/D7137M [197] requires an
impactor mass of 5.5+0.25 kg. In terms of mass and velocity, AITM1-0010 is applied
for the present investigations. The demanded impactor geometry is identical for all three
standards with a diameter D=16+0.1 mm and a smooth hemispherical striker top with a
radius r=840.25 mm, as shown in Figure 6.12 (b).

An additional mechanism is required to ensure that the striker hits the specimen only
once, which is provided by the used CEAST drop tower impact system by default. The
contact force at the striker is measured by a piezo-electric load cell and is recorded. The
velocity right before the impact is measured with the help of a photoelectric cell. After
impacting each dent depth is measured as described in chapter 6.5 page 105. Before
the compression strength is measured, impact damage is monitored and details - such as



112 6.6. CAI testing and modified impact test procedure

Figure 6.12: Illustrative example of impact test equipment with fixture (a) and impactor
geometry (b) with specimen (1), rubber cup (2), guide pin (3), clear win-
dow (4), clamping system (5) and steel base (6); based on AITMI1-0010
[196]

the extent of visible fiber breakage, delamination and indentation on both faces of the
specimen - are recorded. A full scale nondestructive inspection (NDI), illustrating the
extent of delamination, is prepared as described in chapter 6.5.

All three standards restrict valid lay-ups in a certain way. AITMI1-0010 [196] requires
a QI-laminate approximately 4.0 mm thick. The variation of the thickness for any of
the manufactured laminates shall be within +2% of mean thickness. DIN EN 6038 [195]
prescribes the following lay-up:

((45/0/ — 45/90)5)s (6.7)

where the number n of QI-sublaminates is to be determined in order to obtain a thickness
as close as possible to 4 mm. This leads to identical requirements regarding the lay-up in
both standards. Divergent from this, ASTM D7136/D7136M [229] demands for a 5 mm
laminate consisting of the same sublaminates. A 4 mm laminate is selected for the present
work.

Residual compression strength testing

The damaged and inspected specimen is loaded with a compressive load along its longi-
tudinal axis while positioned in a fixture. It is designed to support the specimen and to
prevent buckling as shown in Figure 6.13. The side supports are snug fit and allow the
specimen to slide vertically. Some clearance prohibits any additional transverse load due
to Poisson’s effect. Crosshead speed defined to 0.5 mm/min and the load versus time
curve is recorded. A typical and valid failure mode is obtained when the failure occurs
through the impact damage whereas failure within 10 mm from the loaded top or bottom
is invalid [196]. Strain measurement is only required for test fixture validation concerning
AITM1-0010, but recommended in ASTM D7137/D7187M [197].

The compression strength after impact ocar at a specific impact energy Fj,), is calculated
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with the break failure load P, , the specimen thickness t;,,, and the specimen width w:

P

'LUtlam

or(Eimp) = (6.8)

Modified test fixture

The residual compression strength shall serve as essential parameter for comparison of UD-
CFRP-steel and CFRP-HO. The change to a Ql-laminate for the FML and the pure CFRP
to enable a comparison in compliance with the current test standards is not convenient as
the residual strength of orthotropic laminates may show a different behavior.

It is assumed that a comparison of CFRP-HO with UD-CFRP-steel or the consideration
of different lay-ups of UD-CFRP-steel is currently influenced by test fixture’s clear window
with a predominant direction. This geometry interacts with the flexural bending stiffness
ratio between longitudinal and transverse direction. The aim is to eliminate this influence
by using a circular cut-out window in the impact test fixture. Figure 6.14 shows the novel
test fixture with a circular window.

Due to the limited size of the specimen, the damaged area could reach or extend past the
edges of the window in the supporting frame and be influenced by the supporting structure.

Figure 6.13: Compression test tool for damaged specimen with installed specimen

Figure 6.14: Modified impact test fixture without specimen
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Therefore, it is convenient to create similar damage size on both test fixtures when using
QI-laminates. In this way, the damage sizes are in the same order of magnitude.

In order to investigate different window sizes or window diameters, an interchangeable
concept is chosen. The orange ring in Figure 6.14 is demountable and in this way ex-
changeable to different sizes. Four different steel rings are manufactured for the steel
fixture with the following window diameters: 60, 80, 100 and 120 mm. The adapter rings
and the fixture are designed in a way to create a H7/h6 clearance fit. They are inserted
in a cool state and fastened with radially oriented set screws.

Figure 6.14 also shows the holding-down clamp, which takes adapter rings with identical
diameter. The clamp is mounted to the drop tower impact system and is moved up and
down automatically. The specimens are placed in the corner, created in the fixture.

6.7 Lay-ups and results

The present subchapter gives the results, which are introduced with means of the methods
described above.

Firstly, the lay-ups selected for the different test methods are introduced. After that
the modified test fixture is discussed and the diameter of the adapter ring is selected for
the following investigations. The compression testing results of pristine pure CFRP and
pristine UD-CFRP steel specimens are described before impacting is regarded. Initially,
the difference in impact response between the CFRP reference and the FML lay-ups is
considered and then the damage geometry and size is compared. Finally, the residual
compression test is analyzed with regard to the load-displacement behavior and to the
obtained compression strength values.

In the last subsection the residual compression strength properties are discussed in relation
to the pristine strength properties.

Lay-up selection

The selected lay-ups can be described by the number of layers, steel thickness, theoretical
and measured laminate thickness as well as metal volume fraction. This information
is provided in Table 6.1 based on the laminate’s notation. Three different steel layer
thicknesses are used: 0.03, 0.05 and 0.08 mm. The metal volume fraction varies from 2.87
to 12%.

Besides the variation of the metal layer thickness and the volume fraction, the distribution
of the metal layers may have an influence on compression strength, impact response, failure
geometry and residual compression strength. Therefore, the distribution is varied as well.
The lay-up notations indicate whether the metal layers are spread more to the outer or
inner of the laminate or are distributed more equaly. In addition, the metal volume
fraction in percentage is provided at the end of the notation.

Although the lay-up codification is given in the table, the relative distribution and fraction
of the metal layer is not comprehensible. Hence, the lay-ups are additionally depicted in
Figure 6.15, 6.16 and 6.17, where a true-to-scale representation of the thickness ratios is
provided to enhance traceability.

Modified impact test procedure

The following tests are based on the test methods discussed in the previous subchapter.
After impacting with different energy levels, the failure evaluation is performed by dent
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Table 6.1: Specimen lay-ups with notation, number of layers, steel thickness, theoretical
and measured laminate thickness as well as metal volume fraction

notation lay-up no. no. steel  theor. meas. MVF
C- St- thick- laminate laminate
layers layers ness  thick- thick-
ness ness
[ [ o F [mm] [mm] [mm] %]
CFRP-QI/0  ((45/0/-45/90)4)s 32 0 - 4.19 4.02 -
CFRP-HO- (45/90/-45/03/45 32 0 - 4.19 4.02 -
1/0 /03/-45/03/90/0)s
CFRP-HO- ((03/45/-45)2/05/90 32 0 - 4.19 4.02 -
2/0 /0/90/
CFRP-HO- (0/45/0/90/0/-45/04 32 0 - 4.19 4.01 -
3/0 /45/02/90/02/-45/0)
CFRP-UD/0 03 32 0 - 4.19 4.00 -
UD-St-P- ((05/5t)2/05/0)s 31 4 0.03 4.18 4.00 2.87
0.03-low/3
UD-St-P- ((05/5t)2/05/0)s 31 4 0.05 4.26 4.08 4.69
0.05-low /5
UD-St-P- ((03/5t)4/03)s 30 8 0.03 4.17 3.99 5.76
0.03-equal/6
UD-St-P- (06/St/04/St/05/St), 30 5 0.05 4.18 4.00 5.98
0.05/6.25
UD-St-P- ((04/St)2/05/5t/02)s 30 6 0.05 4.23 4.05 7.09
0.05/7.5
UD-St-0.05-  ((0/St)2/02/(St/04)2 28 10 0.06 4.17 3.97 12.00
outer/12 /St/02)s
UD-St-0.05-  ((04/St)2/(02/5t)2 28 10 0.06 4.17 4.02 12.00
inner/12 /0/5t/0)s
UD-St-0.08-  ((04/St)3/02)s 28 6 0.08 4.15 3.05 11.57
equal/12
UD-St-0.03-  ((04/5%)3/03/0)s 31 6 0.03 4.24 4.11 4.24
low/4
UD-St-0.05-  ((04/St)3/03)s 30 6 0.05 4.23 4.11 7.09
low/7
UD-St-0.03-  ((02/St)g/0/St/0/St)s 28 15 0.03 4.12 4.0 10.93
inner/11
UD-St-0.05-  ((03/St)4/02/St)s 28 9 0.05 4.12 3.98 10.93

equal/11
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CFRP-QI/0  CFRP-HO-1/0 CFRP-HO-2/0 CFRP-HO-3/0  CFRP-UD/0

Figure 6.15: Pure CFRP reference laminate lay-ups with true-to-scale representation of
the thickness ratios

UD-St-P- UD-St-P- UD-St-P- UD-St-P- UD-St-P-
0.03-low/3 0.05-low /5 0.03-equal/6 0.05/6.25 0.05/7.5

Figure 6.16: Lay-ups selected for compression testing with true-to-scale representation of
the thickness ratios; steel layers in white

depth, damage area and damage geometry.
At first, QI laminates are tested on the standard impact test fixture with a cut-out of
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UD-St- UD-St- UD-St- UD-St- UD-St- UD-St- UD-St-
0.05-outer/12 0.05-inner/12 0.08-equal/12  0.03-low/4 0.05-low/7  0.03-inner/11 0.05-equal/11

Figure 6.17: Lay-ups selected for CAI and compression testing with true-to-scale rep-
resentation of the thickness ratios; first three lay-ups used for impact re-
sponse comparison and last four lay-ups used for CT inspection; steel layers
in white

75x100 mm and on the modified test fixture with circular cut-out of 60, 80, 100 and
120 mm in diameter. The induced damage is evaluated and an adapter size for the further
tests is selected.

The further testing is performed with the CFRP-HO-1/0 lay-up and the CFRP-QI/0 lay-
up. By rotating the specimens by 90°, the stiffness ratios change. Rotated specimens as
well as the non-rotated specimens are tested on the standard tool and the modified tool
to compare the tools’ influence on the damage geometry.

Thereby, the relationship between the laminate stiffness and the cut-out geometry can
be represented by the deflection of a plate under a point load. The bending of a simply
supported rectangular plate under point loading is discussed by Reddy [26]. Unfortunately,
as shown in Figure 6.12, the bearing conditions are not distinct. The plate is partly
clamped and the remaining part of the edges is simply supported.

However, it is assumed that the damage is guided in the direction of the higher structural
stiffness and a determination of the accountable parameter is required for the analysis of
the damage results.

Thus, the spring stiffness in longitudinal and transverse direction of each specimens for
the simply supported case is calculated. The longitudinal direction is identical to the 0°-
direction in the lay-up’s coordinate system of each specimen if not stated otherwise. In the
determination of the spring stiffness of a beam, the width of the beam is required. As the
relevant width depends on the cut-out dimension rectangular to the beam’s longitudinal
direction, it is normalized to one. Although this alternative spring stiffness does not
represent the actual plate under point loading, it represents the influence of cut-out size
and flexural stiffness.
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Firstly, the longitudinal and transverse flexural stiffness of each considered lay-up is re-
quired. As explained by Schiirmann, the flexural bending stiffness under consideration of
the transverse contraction can be determined as follows [230]:

. 12 A 12
Eiongb = DllT; Etransp = D22tT (6.9)
lam lam

where D11 and Do are the respective values of the laminate’s bending stiffness matrix,
tiem the laminate’s stiffness and EAlongvb as well as EAtmnS’b are the flexural stiffness moduli
in longitudinal and transverse direction respectively. The particular values for the two
regarded laminates are provided in Table 6.2.
In the second step, spring stiffness is separately calculated in the longitudinal and the
transverse direction. The specimen is therefore represented by a beam, which length L,
is equal to the cut-out dimension in this direction, as shown in Figure 4.3. The deflection
of the center of the beam w, subject to a point loading P in its center with both ends
simply supported, is given by [231]:
3
= FLf“p (6.10)
48yl

We

where I is the moment of inertia and Ej represents the flexural stiffness in the given
direction.
The spring stiffness ¢ represents the constant relationship between load and deflection:

F =cw (6.11)

With the laminate’s moment of inertia [ = bt?am, where b is the beam width, inserting

equation 6.10 in equation 6.11 and solving for ¢ leads to:
4B

c= "7 (6.12)

sup
Inserting the two equations under 6.9 in 6.12, leads to the following two relationships
between laminate bending stiffness matrix values D11, D9s and spring stiffness c:

48D11b 48 Da2b
— . = = 1

Clong Lgup 3 Ctrans Lgup (6 3)
The results for both considered laminates and their rotated counterparts for each of the
cut-out geometries are given in Table 6.2. As discussed above, the width b is normalized
to one. The maximum factor between the obtained flexural stiffness values is 1.9, whereas
the maximum factor for the obtained spring stiffness is 2.9.
The energy levels for this test need to be selected high enough to induce delamination
but not that high that too many fibre breaks occur as they absorb energy and distort
the results [217]. However, at a cut-out diameter with 120 mm, delamination needs to be
obtained. According to Caprino, this threshold is 4.37 J [213]. Though, at 60 mm, the
damage must not reach the supported area of the specimens. Based on literature results
and for comparison reasons, two levels are chosen for these tests: 9 and 16 J.
The first damage evaluation parameter observed is the dent depth. The dent depth e is
determined as defined in the previous subchapter and depicted in Figure 6.18. It can be
observed that the dent depth created by the 16 J impact is around 43 to 51% higher with
decreasing trend. It is also clearly influenced by the cut-out size and is decreased by 30%
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Table 6.2: Flexural stiffness of the lay-ups considered and their alternative spring stiff-
ness ¢ on the different fixture cut-out geometries

notation direction Elow’b E’tmns’b cut-out length Ly,

60 75 80 100 120

min mim min mim mim

c ¢ c c c
[ S T S T - I o o e
CFRP-QI/0 long 68.76 56.43 297.8 2382 223.3 178.7 148.9
CFRP-QI/0 trans 56.43 68.76 2444 1955 183.3 146.6 122.2
CFRP-HO-1/0 long 87.91 47.14 380.7 304.6 285.5 228.4 190.4
CFRP-HO-1/0 trans 47.14 87.91 204.2 163.3 153.1 1225 102.1
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Figure 6.18: Dent depth e dependence on cut-out distance Ly, for 9 and 16 J impact;
rectangular cut-out 75x100 mm and circular cut-outs

when increasing Ly, from 60 to 120 mm. It is also obvious that the dent depth obtained
on the 100 mm diameter cut-out matches the dent depth of the standard fixture with
75x100 mm cut-out best.

In contrast, the damage area Ay observed by US is more sensitive to the cut-out geometry,
as demonstrated in Figure 6.19. The relative difference between the largest and smallest
mean damage area for 16 J impact is 137%. The difference in damage size between the
two impact energies reduces with increasing cut-out size. This relationship is comparable
with the dent depth. It is clearly visible that the damage size varies, although the relation
is regressive.

Again, the damage obtained on the 100 mm diameter fixture is most similar in size to the
damage created by the standard fixture.

Observing the damage geometries given in Figure 6.20, it shows that the projection in the
xy-plane (larger figures) are all circular when using a QI-laminate. Even on the standard
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Figure 6.19: Damage area Ay obtained by US related to cut-out distance L), for 9 and
16 J impact; rectangular cut-out 75x100 mm and circular cut-out windows
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Figure 6.20: US reflection C-scan intensity plot of QI-specimens impacted with 9 and
16 J on different fixture cut-out geometries and mean damaged area
plus/minus one standard deviation (uto)

fixture with rectangular cut-out, the damages are quite circular. Comparing the two
remaining projections of each specimen with each other shows that the failure geometry in
both planes is equal. Therefore, the length to width ratio of the damages is not considered
in more detail for the QI-laminates.

The alternative spring stiffness on the standard fixture for the QI lay-up is 178.7 kN/mm
in longitudinal direction and 195.5 kN/mm in transverse direction, which is a relative
difference of 10%. The relative difference for the circular cut-outs for QI lay-up is 22%. It
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seems that this difference is too low to generate a distinct deviation from circular shape.

For the utilized energy levels, the distance between damage and edge is sufficient to fulfill
the requirements, defined in the standard and to ensure that the failure does not reach
the cut-out edge.

Based on these results, the 100 mm cut-out is selected for further examinations with the
CFRP-HO-laminates in order to validate the novel fixture.

Figure 6.21 shows the US C-scans obtained by reflection of specimens impacted with 16 J
as an intensity plot. The larger images show the xy-plane and the smaller images the
xz- and yz-planes. The figure also shows the calculated damage area and the damage
length [; to damage width wy ratio lg/wg or respectively the ratio wg/ly. The pictograms
on top indicate that the specimens presented in the first two columns are tested on the
standard fixture with a cut-out of 75x100 mm. The specimens depicted in the third and
fourth column are tested on the modified fixture geometry with a cut-out diameter of
100 mm. The pictograms indicate that the lay-up in the second and fourth row is rotated
by 90°. In these cases, the ratio wg/ly is provided to allow an easier comparison of the
lay-ups. The first row shows specimens with CFRP-QI/0 lay-up and the second column
specimens with CFRP-HO-1/ lay-up. The ratio in longitudinal to transverse flexural

75x100 mm 75x100 mm 100 mm & 100 mm &

e | fw]

I T e
== = =N = |
oy
o
DL - ‘- I-
o
&
: I
8444109 mm? 833437 mm? 800+39 mm? 762415 mm?
lg/wg =1 wg/lg = 1.12 lg/wqg = 0.96 wq/lg =1

e

9594124 mm? 1033461 mm? 985+78 mm? 945+91 mm?
ld/wd = 1.02 wd/ld =1.32 ld/wd =1.2 wd/ld =1.12

CFRP-HO/0

Figure 6.21: US reflection C-scan intensity plot of QI and HO-specimens impacted
with 16 J on different fixture cut-out geometries, mean damaged area
plus/minus one standard deviation (p+o0) and damage length to damage
width ratio l4/wy and its reciprocal value respectively
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stiffness Elong,b/Etrans,b is 1.22 for the QI laminate and 1.87 for the CFRP-HO-1/0 lay-
up.

On the circular cut-out, the ratio between the flexural stiffness in longitudinal and trans-
verse stiffness is identical to the flexural stiffness ratio. As a consequence, it is assumed
that the obtained damage ratios given in Figure 6.21 are equal for both QI laminates
irrespective of their rotational angle and that they are equal for both HO laminates irre-
spective of their rotational angle. Although not identical, deviation obtained between the
QI laminates is 4% and the deviation between the HO-laminates is 7%.

Regarding the damage results obtained by impacting on the standard fixture, different
cases need to be distinguished. The flexural stiffness ratio of the QI laminate interacts
with the two different cut-out dimensions. For the non-rotated case, the spring stiffness
ratio between longitudinal and transverse direction is 0.91. In this case, the spring stiffness
ratio is closer to one than the flexural stiffness ratio and the obtained damage ratio is
lg/wq = 1. The alternative spring stiffness values are given in Table 6.2.

When the QI-laminate is rotated by 90°, the spring stiffness ratio is 1.62 and, therefore,
larger than the flexural stiffness ratio. In this case, the damage ratio is wq/lg = 1.12.
For the HO laminate, the flexural stiffness ratio is already higher. For the non-rotated
case, this leads to a spring stiffness ratio of 1.39 and the generated ratio of the damage
geometry is 1.02. When rotating the HO laminate on the fixture by 90°, the spring stiffness
ratio increases to 2.49 and the obtained ratio in damage is 1.32.

Result plots for two example specimens representing the cases with a CFRP-HO/0 lami-
nate impacted with 16 J on the standard test fixture are depicted in Figure 6.22 for the
non-rotated case and in Figure 6.23 for 90°rotation. The difference in damage ratio be-
tween the two cases is obvious when comparing the damage in xy-plane. However, these
two figures show that besides the change of the projected area, the shape changes as well.
In case one, the damage shows a conical cross section in the yz-plane and a more cylindrical
form when the xz-plane is regarded. In contrast to that, the damage shows a cylindrical
cross section in the yz-plane and a conical cross section in the xz-plane for case two. This
means that on a face perpendicular to the main fiber direction (in case one: yz-plane;
in case two: xz-plane), the projection of the damage shows a triangular shape whereas
on a face parallel to the main fibre direction it shows a rectangular shape. One possible
explanation for the damage being transferred differently is the shear stiffness in these two
planes. The low shear stiffness in the plane perpendicular to the main fiber direction may
prohibit that larger delaminations are transferred up to the bottom of the specimen.

In addition, the damage volume in case two is increased as the spring stiffness of the plate
is also increased as a consequence of the alignment of the higher flexural stiffness in the
direction of the shorter cut-out distance.

A similar behavior with varied damage cross-section geometry can be observed for the HO
laminates on the circular cut-out as well, although the damage volume does not change
as the overall spring stiffness does not change.

The results clearly show a relationship between the spring stiffness ratio and the obtained
damage ratio l;/wgy. In order to achieve a simplification when regarding the ratio, the
spring stiffness ratio and the damage ratio are transferred to the lay-ups coordinate system.
Hence, the ratio for spring stiffness is ¢jong/ctrans describing the stiffness in 0°and 90°-
direction of the laminate’s lay-up. Likewise, the damage dimension ratio djong/dtrans is
consisting of the damage dimension in 0°and 90°-direction, respectively.

This relation is depicted in Figure 6.24, where an increasing trend between damage ratio
and alternative spring stiffness can be noticed. This means that the damage is conducted
in the direction of higher spring stiffness, which leads to an increased damage ratio.
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Figure 6.22: Damage intensity plot of a CFRP-HO/0 lay-up impacted with 16 J on the
standard test fixture with 0°-direction aligned with longitudinal direction of

cut-out

However, more data are required to describe this relationship in more detail.

As shown by the results in Figure 6.21, this effect is a combination of test fixture geometry
and flexural stiffness. Though, in material development in general, the interaction of both
effects may be cumbersome. By using the circular cut-out geometry, the interaction can
be prevented. Hence, the modified test fixture geometry is used for subsequent testing of

the orthotropic UD-CFRP-St lay-ups.
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Figure 6.23: Damage intensity plot of a CFRP-HO/0 lay-up impacted with 16 J on the
standard test fixture with 0°-direction aligned with transverse direction of
cut-out

Compression stiffness and strength of UD-CFRP-steel and pure CFRP

The testing for the determination of the compression stiffness and strength is conducted
along AITM1-0008 [219], as presented in subchapter 6.4 with a specimen width of 25 and
32 mm.

All lay-ups introduced in the previous chapter, are tested in compression aside from the
CFRP-QI/0 lay-up. Three specimens are used per lay-up for the majority except the lay-
ups UD-St-0.03-low/4, UD-St-0.05-low/7, UD-St-0.03-inner/11 and UD-St-.05-equal/11,
where four specimens are tested. The stress-strain curve of all specimens is linear up to
their abrupt failure and there is no evidence for any yield behavior. Therefore, stiffness and
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mension depending on alternative spring stiffness ratio Clong /Ctrans

strength are regarded only in the following and the stress-strain behavior is not discussed
any further.

The PBS threshold of 10% is exceeded by some specimens at the beginning of the test,
indicating unacceptable bending. However, above 40% of their failure load, all specimens
achieve a PBS value below 10%. The comparison of stiffness and strength between these
basically invalid specimens with valid the specimens of the same lay-up does not show
any trend. Therefore, contrast to the definition in the test standard, all specimens are
included for the following evaluation.

The compression moduli E. of the different lay-ups are depicted in Figure 6.25. As ex-
pected, the stiffness of all three CFRP-HO lay-ups is considerably lower than the stiffness
of all other lay-ups. The sensitivity with regard to the lay-up is quite small as the total
deviation is less than 5%.

In comparison to HO, the CFRP-UD/0 lay-up shows an increase in stiffness of nearly
50%. The moduli of the lay-ups with 0.03 mm steel layers do not show any significant
increase. The median of the UD-St-0.03-inner/11 is slightly increased compared to the
UD laminate by 2% even though 11% steel is used. In contrast, the specimens with metal
volume fraction p); above 12% and steel layer thickness above 5 mm, show a clear stiffness
gain of 8 to 12% compared to the UD lay-up.

Regarding the compression strength of the different lay-ups investigated, as shown in
Figure 6.26, the advantage of the UD-laminate over the HO lay-ups is smaller than with
regard to stiffness. Basically, the relative variation of the compression strength is larger
than the variation of the stiffness results. All UD-CFRP lay-ups, except UD-St-0.05-
outer/12, show a benefit in strength over the UD-lay-up. The highest increase of strength
is achieved by the UD-St-0.03-low/4 and the UD-St-0.03-inner/11 laminates.
Conspicuously, the highest strength is obtained in particular by the lay-ups containing
0.03 mm steel layers albeit the use of low metal fraction. Exactly these lay-ups exhibit
the lowest stiffness. In contrast, the two lay-ups with the highest stiffness UD-St-0.05-
outer/12 and UD-St-0.05-inner/12 reveal the lowest compression strength. However, this
rule is not applicable on the UD-St-0.08-equal/12 laminate, which shows comparably high
stiffness and strength.
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Figure 6.25: Compression stiffness modulus of different lay-ups with increasing metal
ply thickness from left to right

There is no clear indication, neither in stiffness nor in strength results that the arrangement
of the metal layers with cumulation to the inner or outer layer is of any influence. The
more equally distributed arrangement of the metal layers does also not show any advantage
or disadvantage for the pure compression loading scenario.

As the density of the lay-up increases with metal volume fraction, the consideration of
the weight-specific stiffness and strength results is essential as well. Figure 6.27 shows the
specific compression moduli of the different lay-ups. The lay-up itself is not indicated for
sake of clarity but the results are arranged with regard to ¢,s. The calculated relationship
based on ROM, as discussed in chapter 3, is also indicated by a black line in the diagram.
The HO results in blue are given for comparison only as they do not meet the assumptions
for the ROM calculation. The measured stiffness of the UD lay-up is slightly higher than
the calculation, which is based on the manufacturer information [33]. The majority of
the compression moduli meet the calculation quite well. Therefore, any deviation from
the calculation indicates an advantaged or disadvantaged lay-up. UD-St-P-0.05/6.25, UD-
St-0.08-equal/12, UD-St-0.05-inner/12 and UD-St-0.05-outer/12 are lay-ups, that show a
certain advantage whereas UD-St-P-0.03-equal/6, UD-St-0.03-inner/11 and UD-St-0.05-
equal/11 show a certain disadvantage.

Again, no clear trend for any of the lay-ups can be derived, except that some of the lay-ups
containing 0.03 mm metal foil are disadvantageous.

Recalling formula 3.14 on page 24, which describes the relationship between stiffness and
density to achieve a weight-specific stiffness benefit over the HO-reference laminate, leads
to the assumption that metal volume fraction must be less than 12.3% for the CFRP-HTS
and steel material used. As the stiffness, achieved by the HO-laminates, is lower than
estimated and the stiffness of the lay-ups with 12% are higher than expected, there is a
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Figure 6.26: Compression strength of different lay-ups with increasing metal ply thick-
ness, from left to right

clear advantage of the FML even though an equal weight-specific stiffness is estimated.
The weight-specific stiffness of UD-St-0.05-outer/12 is 10% higher than the weight-specific
stiffness of the HO laminates.

On the other hand, the compression strength results do not meet the estimations, neither
by the pure CFRP specimens, nor by the UD-CFRP-steel laminates (as shown in Fig-
ure 6.28). As emphasized in chapter 3, the residual stress induced by the manufacturing
is advantageous for the compression load case. Based on the investigations in chapter 5,
a stress free temperature Ty of 150°C can be assumed when applying the manufacturer’s
recommended cure cycle. The graphs indicate the calculated compression strength for
180°C, when no interaction is present as well as for 140°C and 160°C. The results are
therefore expected in the range between the latter two. However, none of the results
achieves this range. Although UD-St-0.03-low/4 lay-up is close to meet this range, there
is one lower outlier present, which derogates the explanatory power of this result.

As discussed earlier, the lay-ups containing 0.03 mm steel layers show comparatively high
compression strength values. However, there is only one 0.03 mm steel layer lay-up tested
with ¢ar above 6%, what impedes the identification of a trend. Instead, the orange trend
line obtained by simple linear regression analysis, shows a slightly decreasing trend.

The different densities of the lay-ups are considered in Figure 6.29, where the weight-
specific compression strength o spec is shown. The decrease of specific compression strength
is clearly recognizable. The UD-St-0.03-inner/11 lay-up exhibits a comparable strength
to HO lay-ups. All remaining UD-CFRP-St lay-ups with ¢ > 11% show a lower spe-
cific strength whereas the lay-ups with ¢ < 7-5% show higher specific values. The
CFRP-UD/0 lay-up clearly exhibits the highest weight-specific compression strength.
Although all specimens fail abruptly and the load drop is similar, the test specimens exhibit
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Figure 6.27: Weight-specific compression stiffness modulus of different lay-ups related
to metal volume fraction ¢j; in comparison to HT'S-St modulus calculated

with ROM

a different appearance. Figure 6.30 shows a pure CFRP specimen and a UD-CFRP-steel
specimen tested for compression. It is clearly visible that the pure CFRP specimen exhibits
a splintered and spiky geometry. Contrary, the failure in the UD-CFRP-steel specimen
seems more even with only a few open fibers. When dangling the CFRP specimens and
moving the two ends relative to each other manually, the two pieces fall apart. The UD-
CFRP steel specimens can not be separated by hand and are still able to transfer shear
and tensile loads.

Impact response of UD-CFRP-steel and pure CFRP

In this subchapter, the impact response is inspected with focus on the material and lay-up
specific characteristics. Four different lay-ups are used for the subsequent analysis: CFRP-
HO2/0 as reference, UD-St-0.05-outer/12 and UD-St-0.05-inner/12 to consider stacking
sequence influences and UD-St-0.08-equal/12 to include another metal layer thickness.
All specimens are impacted with 9, 12 and 16 J on the 80 mm{ modified test fixture.
However, for the analysis of the impact response, only the 9 J impact is regarded. Different
parameters are considered thereby: the threshold force F}, the maximum contact force
Fq: and the contact time ¢.. The threshold force F; is defined as the force peak at
which first damage occurs in the laminate. The failure leads to a decrease of the measured
contact force and creates a characteristic first peak [213,232] in the time-force curve.
The maximum contact force Fj,,, is the maximum force measured, irrespective of F}. In
general, the force increases after reduction is generated by the failure while bending of the
specimen is obtained. The contact time ¢, aims to describe the duration whereas impactor
and specimens are in contact. However, as this is not measured directly, the measurement
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pure CFRP UD-CFRP steel

Figure 6.30: Material dependent compression failure of test specimens

of the contact time . equals the time span in which a contact force is observed.

Based on the impactor velocity, measured with the help of the photoelectric cell, the
deformation or displacement over time is obtained and allows the calculation of the kinetic
impactor energy over time. In Figure 6.31 one representative time-force curve is given
whereas Figure 6.32 shows one representative time-kinetic energy curve per specimen.
All the force-time curves show a pronounced threshold force, enabling the identification of
the threshold, the maximum force and the contact time in the diagram. All energy-time
curves show comparable characteristics. The reduction of the impactor’s kinetic energy
starts with its contact to the specimen surface and reaches zero when its movement is
stopped completely. Then, the strain energy stored in the specimens starts to accelerate
the striker in the opposite direction and its kinetic energy increases again. As the process
is not reversible, the residual energy is not equal to the starting value. Instead, a 'plateau’
is reached, which corresponds with kinetic energy reclaimed by the striker. The difference
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Figure 6.31: Force-time diagram representing the impact response of four example speci-
mens with different lay-ups at 9 J
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Figure 6.32: Energy-time diagram showing the kinetic energy of the impactor during 9 J
impact on four example specimens with different lay-ups

between the initial kinetic energy of the striker and the ’plateau’ contains the energy
absorbed due to failure, delamination, heat and vibration.

Basically, a higher bending stiffness leads to a shorter contact time and higher forces.
Table 6.3 points out the flexural stiffness values of the four lay-ups considered. The CFRP-
HO-2/0 lay-up shows the lowest flexural stiffness values and UD-St-0.05-outer/12 lay-up
shows the highest flexural stiffness values. The lay-ups UD-St-0.05-inner/12 and UD-St-
0.08-equal/12 are quite similar with respect to their flexural stiffness. The graph lines in
Figure 6.31 do not describe the expected relationship as the highest value of maximum
contact force Fj,q; is achieved by the laminate with the least flexural stiffness, the HO
laminate, which also shows the shortest contact time. Comparing only the UD-CFRP-St
lay-ups to each other also demonstrates that it is not the stiffest laminate, which achieves
the highest contact force and the shortest contact time. Rather, it is the laminate with
the higher metal layer thickness of 0.08 mm, that reaches these parameters. Regarding
the maximum contact force and the contact duration leads to the assumption that more
energy must be absorbed in damage by the UD-CFRP-St lay-ups than by the CFRP-
HO lay-up. Within the UD-CFRP-St lay-ups, the UD-St-0.08-equal/12 seems to exceed
less damage as it shows the shortest contact time despite its comparatively lower flexural
stiffness.

All laminates show a threshold force F; comparable to their maximum contact force Fiqz
apart from the UD-St-0.05-outer/12. With more metal layers positioned to the outside, the
damage initiates at a higher force. However, based on the force-time curve the maximum
contact force and the contact time are comparable to the UD-St-0.05-inner/12 lay-up
although the pristine flexural stiffness is higher. One possible explanation could be the
larger drop in force right after the initial threshold force peak, which could be an indication
for a more distinct damage initiation.
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Table 6.3: Flexural stiffnesses of the lay-ups utilized for impact response consideration

unit CFRP-HO-  UD-St-0.05-  UD-St-0.05-  UD-St-0.08-

2/0 outer/12 inner/12 equal/12
Elongs [GPa] 106.6 144.9 137.8 138.8
Etransy [GPal 19.17 41.00 21.91 24.54

Regarding the kinetic energy of the impactor in Figure 6.32, it can be observed that
contact time differences between the lay-ups are mostly generated during the downwards
movement of the impactor. The UD-St-0.05-outer/12 lay-up in particular, shows a large
decrease in steepness at around 0.4 ms after damage initiation leading to a longer contact
time. The HO lay-up achieves the highest plateau value at the end of the impact process,
which proves that less energy is absorbed by damage in these specimens than by the other
laminates. Despite their difference in stiffness, the two lay-ups with 0.05 mm steel-layer
thickness show equal kinetic energy values after impact.

Failure in UD-CFRP-steel and pure CFRP specimens

The failure evaluation in the following is undertaken by dent depth measurement, regarding
the damage area achieved by US inspection and consideration of the results obtained by
CT. Dent measurement and US inspection are applied to all specimens but only a few
specimens are scanned by CT. Three specimens per each of the following lay-ups are
impacted at 9, 12 and 16 J and inspected by US and the dent depth is determined:

a CFRP-HO-2/0

m UD-St-0.05-outer/12
m UD-St-0.05-inner/12
m UD-St-0.08-equal/12

As CT analysis is very time-consuming and cost-intensive, only the following laminates
are scanned by CT. Four specimens per lay-up are manufactured and impacted at 9 J.
These specimens are compared with the aforementioned group in terms of damage size
inspected by US inspection:

m UD-St-0.03-low /4
» UD-St-0.05-low/7
m UD-St-0.03-inner/11
m UD-St-0.05-equal /11

The first group includes some essential lay-up variations and its impact response has been
discussed before. Therefore, this group is regarded first to analyze the lay-ups influence
on dent depth and damage area at three different impact energy levels. Then, the damage
area of all lay-ups at 16 J is compared and finally the findings by CT analysis are observed.
Firstly, the dent depth e, measured and calculated by the aforementioned methodology is
regarded for the first group, as depicted in Figure 6.33 for 9, 12 and 16 J impact levels.
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The dent depth as well as its difference in results obtained by the different lay-up increases
with increasing impact energy. However, lay-up UD-St-0.05-inner /12 is one exception from
this rule as the dent depth obtained on the surface of these specimens is not increasing
with higher impact energy for the energy levels considered.

Basically, the largest dent depth is generated in the CFRP-HO lay-up. At 16 J impact the
median dent depth in CFRP-HO is 0.26 mm which is more than 2.5 times the median dent
depth generated in the UD-St.0.05-inner/12 laminate. The UD-CFRP-St laminate with
0.08 mm metal layer thickness obtains the largest dent depth for impact energy above 12 J
within the CFRP-St specimens. The comparison of the two lay-ups with 0.05 mm metal
layer thickness shows that the one with the metal layers positioned more to the outside
generates a larger dent depth, although MVF and metal layer thickness are identical.
This may be an indication for less fiber breakage being created in the UD-CFRP-St lay-
ups than in the CFRP-HO lay-up and a larger delamination being generated instead. In
this case, the dent formed in the UD-CFRP-St laminates is rather obtained by plastic
deformation of the metal than by fiber breakage. Hence, a laminate with its metal layers
further away from the surface shows less dent depth.

Figure 6.34 pictures a dent on a UD-CFRP-St specimen impacted with 30 J. Despite the
fracture, which forms in longitudinal direction, the dent itself does not show any fiber
breakage. The geometry of the mark makes it relatively easy to detect, although its dent
depth is lower than the one of a pure CFRP specimen impacted with the same energy.
The subsequent Figure 6.35 shows the damage area obtained by US inspection in through
transmission for the same specimens as considered for the dent depth measurement. The
damage area increases with higher impact energies Ej,,, for all lay-ups considered. The
relationship between the single lay-ups is contrary to the dent depth. The damage area
obtained in the CFRP-HO lay-up is in average around 50% smaller than in the CFRP-
steel laminates. The relationship between the single UD-CFRP-St lay-ups is also contrary
to dent depth as a smaller damage area is generated in the UD-St-0.08-equal/12 lay-up,
which showed the highest dent depth. The UD-St.0.05-inner/12 lay-up obtains a damage
area comparable to the area generated in the other CFRP-steel lay-ups, although its dent
depth is much smaller. This leads to the question of energy absorption. With regard to
the kinetic energy of the impactor, energy absorption is also comparable to the others. As
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Figure 6.33: Dent depth e of different lay-ups impacted at 9, 12 and 16 J
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Figure 6.34: Dent on impacted UD-CFRP-St specimen

dent depth is the only parameter substantially deviating from the others, another failure
may have remained undetected.

The damage area after an impact with Ej,,,=16 J is present in Figure 6.36 for all lay-ups
considered. Each CFRP-steel lay-ups show 50% to 220% larger damage areas than the
CFRP-HO lay-up. However, the results do not show any clear indication for the influence
of the metal-layer positioning, MVF or metal layer thickness.

As the maximum load of an elastic impact occurrence depends on the laminate’s flexural
stiffness, the damage results are referred to their flexural stiffness. Figure 6.37 indicates the
results of the division of the damage area Ay by the flexural stiffness EA'lon%b of the respective
specimen. Compared to the results without consideration of the flexural stiffness, the
results show less dependency on the lay-up as relative differences are smaller. In this
consideration, the UD-St-0.05/11-equal lay-up is nearly equal to the CFRP-HO lay-up in
damage size. However, there is also no indication for one of the varied parameters being
of crucial influence on the damage area.
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Figure 6.35: Damaged area Ay obtained by US inspection of different lay-ups impacted
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Figure 6.36: Damage area Ay obtained by US inspection of all lay-ups considered at

16 J
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Figure 6.37: Damage area obtained by US inspection at 16 J of all lay-ups considered

divided by their flexural stiffness

Unfortunately, by means of through transmission ultrasonic inspection, only the projected
area of the damage is obtained. The depth and the total volume of the damage remains
undefined. However, another failure form or the total damaged volume could explain
the aforementioned relationship of the lay-ups with very similar damage size and energy

absorption, but large difference in dent depth.

Therefore, some of the specimens have been analyzed by CT. By mischance, the two lay-
ups mentioned are not included. The approach taken for the CT and its analysis are

presented in the preceding subchapter.
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Figure 6.38 gives images of cross sections in the yz-plane obtained by CT image recon-
struction with the fiber direction perpendicular to the image plane. Hence, these cross
sections show the center of the specimen right below the impact centre, despite one spec-
imen that has not been positioned properly in the fixture. The images of this specimen
are also presented as it shows a similar failure, but its results are not considered in any
further analysis.

The figure depicts four specimens per row of four lay-ups analyzed. The first row shows
the images of the UD-St-0.03-low/4 lay-up. The typical pine tree pattern of fractures
can be observed in each of the specimens, and the specimens also show different numbers
of diagonal fractures. However, the fractures vary over the length of the specimen and
depend also on the position of the cross section. The main vertical fractures span the whole
height of the specimens whereas the smaller ones are detectable up to around half of the
laminate thickness. A delamination can clearly be observed right below the top-surface in
specimen 2 and 4.

The width of the pine tree pattern is smaller in the second row, that shows specimens of
the lay-up UD-St-0.05-low/7. The extent of the diagonal fractures is also less. The main
fracture in the centre again spans the whole specimen thickness. The increased metal layer
thickness prohibits the formation of smaller cracks.

The rows C and D in Figure 6.38 give the cross section images of lay-up UD-St-0.03-
inner/11 and lay-up UD-St-0.05-equal/11. With 11%, both have a higher MVF in com-
parison to the other two lay-ups. There is no typical pine tree pattern observable as the
diagonal fractures are missing. Instead, the main fracture obtains a staggered geometry
in most of the specimens.

The images presented are adjusted in contrast to allow a better detectability of the flaws
in a printed version. As a consequence, the images receive different brightness.

A-2 A-3 A-4

A-1

B-1 B-2 B-3 B-4
-1 C-2 Cc-3 C-4

C

D-1 D-2 D-3 D-4

Figure 6.38: CT cross sections in the center of the failure in yz-plane with A: UD-St-
0.03- low/4; B: UD-St-0.05-low/7; C: UD-St-0.03-inner/11 and D: UD-St-
0.05- equal/11
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A-1 A-2 A-3
B-1 B-2 B-3
C-1 C-2 C-3
D-1 D-2 D-3

Figure 6.39: CT intensity plots in xy-plane with A: UD-St-0.03- low/4; B: UD-St-0.05-
low/7; C: UD-St-0.03-inner/11 and D: UD-St-0.05- equal/11

Despite the fact that the original images do not vary in brightness, the approach presented
in the previous subchapter does not allow a robust analysis of the delaminations. The
obtained damage intensity plots are depicted in Figure 6.39. In some cases larger areas are
detected as a damage, whereas only the longitudinal fractures are detected in other cases.
In this way it is not possible to use the CT results for determination of delaminations, but
for the analysis of the thin longitudinal fractures. Hence, the planar geometries and the
artifacts must be ignored.

The damage intensity plots in three planes with the accompanying information as intro-
duced before, are given in Figure 7.1 - Figure 7.16 (in the appendix) to allow a more
detailed consideration of the results.

When regarding the plots of the xy-plane in Figure 6.39, the pine tree pattern in the first
row for lay-up UD-St-0.03-low/4 can be observed as different fractures in the specimen’s
longitudinal direction. The length of the fracture, however, is shorter compared to the
lay-up UD-St-0.05-low/7 shown in the second row. The fractures of the laminates UD-St-
0.03-inner/11 and UD-St-0.05-equal/11 presented in the third and fourth column show a
larger width due to their staggered geometry.

For comparison reasons, Figure 6.40 gives the US transmission results of the same spec-
imens in the same plane. The delaminated area, detected by US inspection, is shown
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A-3 A-4

B-3 B-4

C-3 C-4
D-3 D-4

Figure 6.40: US transmission C-scan in xy-plane with A: UD-St-0.03-low/4; B: UD-St-
0.05-low/7; C: UD-St-0.03-inner/11 and D: UD-St-0.05-equal /11

D-1 D-2

as white area in the center of the specimens. The length to width ratio correlates with
flexural stiffness in longitudinal and transverse direction of the lay-ups. However, the
presentation aims on the comparison of CT and US results. Whereas delamination is not
reliably detectable by CT analysis, the fractures clearly visible in the CT results are not
detected by US inspection. The detailed comparison of single cross section areas prove
that the cracks in z-direction are not observed by US inspection.

These fractures are a possible explanation for the preceding discussion on the two lay-
ups with identical damage area and energy absorption, but differing dent depth. In this
way, a more extensive formation of a crack or fracture in the laminate with the metal-
layers positioned more to its center, which showed a lower dent depth, could serve as an
explanation and balance the energy consideration.

Compression strength and response of damaged specimens

The compression strength results of the previously impacted specimens are discussed sim-
ilarly to the damage area. At first, the results for the first group of lay-ups are regarded,
which haven been impacted by 9, 12 and 16 J. The residual compression strength ocoar
results are shown in Figure 6.41. As expected, the compression strength is reduced with
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increasing impact energy. For impacts at 9 J, the median compression strength value of
the CFRP-HO lay-up is comparable to the UD-St-0.05-inner/12 lay-up, which is charac-
terized by its low dent depth. The other two UD-CFRP-St lay-ups achieve 8% to 13%
higher compression strength values. At 12 J, the UD-St-0.08-equal/12 laminate has a
7% higher median strength value than CFRP-HO. The other two lay-ups have median
strength values, in the range of the CFRP-HO results.

At 16 J, the strength of UD-St-0.08-equal/12 lay-up is 6% to 7% increased compared to
the other lay-ups. The strength results for the second lay-up group, also impacted at
16 J, are provided in Figure 6.42. The additional last four lay-ups produce mean strength
values that are 2% to 11% lower than the mean value of the CFRP-HO-2/0 laminate.

m  CFRP-HO-2/0

B UD-St-0.05-outer/12
®  UD-St-0.05-inner/12
B UD-St-0.08-equal/12
200 . . '
9 12 16

impact energy Ejpp [J]

residual compression
strength ocar [MPa

Figure 6.41: Residual compression strength oo 4y of different lay-ups after 9, 12 and 16 J
impact
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Figure 6.42: Residual compression strength oo 45 after 16 J impact of all lay-ups consid-
ered
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Comparing the specimens with each other, it is conspicuous that the lay-up UD-St-0.03-
low /4 reaches a higher residual compression strength than the UD-St-0.03-inner /11 lay-up,
despite its lower metal fraction and larger damage area. The CT inspection of the first
shows a relatively intense but very compact damage, whereas the latter is characterized
by a comparatively long and thin fracture.

As the specimens have different MEFV, the laminate density is also different. Therefore,
the weight-specific residual compression results are also considered and provided in Fig-
ure 6.43. The relative advantage of the HO-laminate over the UD-CFRP-St lay-up in
terms of median specific residual compression strength ocas spec is 26% to 60%. The
lay-ups with comparatively low MVF, UD-St-0.03-low/4 and UD-St-0.05-low/7, reach the
highest specific strength values within the group of UD-CFRP-St lay-ups.

As the absolute strength values do not show a clear dependency on MVF it can be derived
for the lay-ups considered that the specific reinforcement effect of metal layers decreases
with increasing MVF.

However, it is conspicuous that the damage area generated in UD-CFRP-St lay-ups at
16 J is in average 80% larger than the area generated in CFRP-HO, whereas the absolute
compression strength lies in the same range. Therefore, an additional consideration is
undertaken by dividing the damage area A, of each specimen by its residual compression
strength ocar values. The results for the fraction area A;/ocar are given in Figure 6.44.
As a matter of fact, some of the UD-CFRP-St lay-ups show twice the damage size than
the CFRP-HO, when related to the same compression strength.

This means that the UD-CFRP-St material is more tolerant to damage but at the same
time less resistant against it. It might be reasonable to assume that the damage tolerance is
increased for manufacturing defects also, but this is has not been investigated yet. Again,
there is no clear trend for any lay-up or MVF.

Besides the pure residual compression strength value, the load-displacement behavior is
also of major interest. For clarification, one representative load-displacement curve is
shown per lay-up in Figure 6.45. The four lay-ups of the first group are selected as they
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lay-ups considered
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Figure 6.45: Compression load-displacement curves of impacted specimens with different

lay-ups

have a similar MVF and have been impacted by 9 J. The CFRP-HO-2/0 laminate, shown
as a black line, is characterized by a lower stiffness. The maximum load is 138 kN and
identical to the UD-St-0.05-outer/12 lay-up. At the maximum load, the specimen fails
abruptly and no further load can be beard by the remaining fragments.

The UD-CFRP-0.05-outer/12 specimen, marked in orange, reaches a higher maximum load
and has the highest stiffness. Right after the first failure, there is a second peak present in
the load-displacement curve but the displacement between first and second peak is small
as the specimen also fails comparatively abrupt.

In contrast, the other two lay-ups with their metal layers dispersed equally (UD-St-0.08-
equal/12 - gray line) or more to the outside (UD-St-0.05-outer/12 - blue line) exhibit
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a large displacement with a staggered load-displacement curve. The load level of the
staggered pattern is lowered by around 20% in comparison to the maximum load for
the UD-St-0.08-equal/12. The load level during the staggered pattern exhibited by the
UD-St-0.05-outer/12 is nearly equal to the maximum load achieved.

This means that a pseudo-plastic behaviour for compression failure is achievable for a
damaged specimen by positioning the layers more to the outside, which at the same time
lowers the compression modulus and compression strength of the pristine specimen, as

observed before.

Pristine strength and residual strength after impact

As the design process of the applications is based on pristine laminate properties and
damage or defects are considered by markdown factors, it is not clear whether the aim is
to achieve a high residual strength as absolute value or to achieve a high ratio with respect
to the pristine properties. As shown in chapter 3, this depends on the approach selected
and is a complex procedure under consideration of a variety of mechanical and economical

parameters.
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Figure 6.46: Relationship between residual compression strength oo a5 after 16 J impact
and compression strength o, of all lay-ups considered

However, for a better understanding, the relationship between residual compression strength
ocar and compression strength o, is provided in Figure 6.46 for the 16 J impact case. In
accordance with the figure, the CFRP-HO laminate maintains around 35% of its residual
strength after being impacted at 16 J.

This conclusion must be regarded with caution, as the residual compression strength
oc A7 is not a scalable and inherent material value. To put it more precisely: the residual
compression strength oo 4y is a strength value obtained by a certain specimens size, which
was damaged by an impactor with a certain energy. In this way the ratio between damage
size and specimens cross section has a substantial influence on the residual compression
strength oo a5 obtained.

Therefore, also both parameters use the description ’strength’, the ratio is only regarded
here as the ratio between two test results.
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However, when comparing the results achieved by the UD-CFRP-St specimens with the
CFRP-HO lay-up, it can be seen that they forfeit more of their pristine strength. The
results are in the range between 21% to 27%, which correlates with a loss in strength
between 73% to 79%.

6.8 Discussion of hypotheses addressed

This chapter aims to refer to the last two hypotheses.

Hypothesis 5:

For the discussion on this hypothesis it is important to distinguish between dent depth and
failure depth, where latter is recognized as a failure inside the laminate. It is observed that
the dent depth strongly depends on the arrangement of the plies. With the metal layers
arranged more to the center, a comparably low dent depth is achieved whereas dent depth
is increased when metal layers are closer to the outer surface. Basically, the CFRP-HO
laminates showed larger dent depth than the UD-CFRP-steel lay-ups.

The damage area is measured by means of US inspection, which does not provide infor-
mation about the damage depth when applied on FML. However, after 16 J impact for
example, the damage area in the UD-CFRP-St lay-ups is in average 80% larger than the
damage obtained in a CFRP-HO lay-up. At the same time, residual strength is compara-
ble. This means that the damage is not reduced by adding metal layers, rather the residual
strength per damage area is increased. At the measured impact energy, all failures span
over the total specimen thickness in CFRP-HO as well as in UD-CFRP-St lay-ups.

It could be shown by CT inspection that there are longitudinal fractures present in the
laminate which are not detected by US inspection. There is also some indication that
theses longitudinal fractures lower residual compression strength.

Hypothesis 6:

The failure geometry in terms of the projected damage area is not influenced crucially
by the arrangement of the plies, although the length to width ratio is influenced slightly
by the lay-up’s flexural bending stiffness ratio. On the other hand, the failure pattern
can be observed in more detail by CT-inspection. The detected pine tree pattern of the
damage is typical for brittle materials such as composites, especially CFRP. The cross
section images obtained by CT show that the failure geometry changes when adding more
than 7% MVF from the more compact pine tree pattern to a single thin staggered crack.
However, the more compact geometry obtained in the lay-ups with less MVF seems to be
more beneficial, when tested for residual compression strength.

The arrangement of the plies, however, also has an influence on pristine compression
behavior and on the load-displacement behavior of damaged specimens. With the metal
layers arranged more to the center, the compression strength and stiffness is increased.
However, the arrangement more to the outside prohibits an abrupt compression failure
and introduces a pseudo-plastic behavior.






7 Conclusions and outlook

In this thesis a novel material called "UD-CFRP-steel’ is examined. It consists of unidirec-
tionally orientated CFRP-layers, that are combined with steel layers of a thickness below
0.08 mm. This laminate is taken to test the following principle hypothesis step-by-step:

"Using thin steel layers in carbon-fiber-reinforced epoxy laminates permits an increase in
weight-specific stiffness with no reduction of compression strength after impact.’

Conclusions

It is obvious that the reference is not defined clearly by this hypothesis as it may depend
on the application. In general, stiffness and strength properties of composite laminates are
adjusted by the alignment of the fibers. However, increasing the portion of fibers, that are
oriented in a certain direction, is basically accompanied by a reduction of the laminate’s
resistance to impact.

Therefore, a compromise between the laminate‘s performance - with regard to the in-
tended load case - and the laminate‘s behavior under unexpected loading or impact has
to be found. This agreement depends on the laminate‘s service environment and risk of
unexpected impact or loads and is often regarded by applying so-called ’stacking rules’.
For most of the applications, the consideration of such rules ensures that unexpected im-
pact or loading requirements are inherently fulfilled. But at the same time, the degree of
capacity utilization of the CFRP material is essentially limited.

Recognizing these limitations, a new lay-up to increase the degree of capacity utilization of
CFRP is analyzed in this thesis. The technology of UD-CFRP-steel laminates uses a lay-
up of CFRP and steel layers with a thickness below 0.08 mm to reduce the aforementioned
disadvantages. At first, it is shown theoretically that a higher specific stiffness is achievable
when using less than 12% steel in the laminate than by taking the CFRP reference.
However, this only proves to be beneficial if the residual strength after an impact is
comparable to the residual strength achieved by the CFRP reference after an impact of
the same energy.

In the majority of applications, the exclusive consideration of uniaxial properties is not
sufficient. Hence, circular and rectangular struts under longitudinal compression are re-
garded. When considering compression strength, local and global buckling, a strut pro-
vides a simple example in which not only the laminate’s longitudinal strength and stiffness
play an important role, but also the laminate’s transverse and flexural bending stiffness.
Therefore, a parameter study on struts with different lengths and loads is conducted which
considers a variety of different arrangements of the metal layers, different metal layer thick-
nesses and thereby metal volume fractions. In addition, it respects the CFRP reference
material. The ideal cross section described by wall thickness and diameter (or width re-
spectively), is calculated for each material system and loading scenario. The results obtain
certain scenarios, where UD-CFRP-steel laminates show a beneficial relationship between
the aforementioned parameters and offer a weight saving potential compared to the ref-
erence laminate. With the help of these findings and with a simple mechanical model -
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deduced for the estimation of the laminate properties - the metal volume fraction and
different lay-ups are selected for the further investigations.

However, before manufacturing meaningful specimens for compression and compression
after impact testing, the interface between the two constituents CFRP and steel must be
regarded as well as the thermal stress in the laminate.

Different surface pre- and post-treatment processes are investigated for the treatment of
the steel layer in order to enhance adhesion. Pickling in different solutions and grit-blasting
under different parameters in combination with a sol-gel post-treatment are examined. In
addition, a vacuum-blasting machine is developed to allow a more gentle pre-treatment of
the comparatively thin steel foil. The different treatments are assessed by determination
of interlaminar shear strength. The results illustrate that the vacuum blasting process
combined with the sol-gel treatment provides a reliable method, which achieves a fairly
good bonding between the laminate constituents. At the same time, this process proves
to be more flexible and economical, especially for manufacturing in a research laboratory
environment.

Residual thermal stresses are tested to assess their influence on the mechanical results that
are obtained, and to get an estimation of the additional potential when reducing these
stress factors. The findings show that the stresses can be lowered without changing the
cure cycle, but by increasing the effective pressure during cure, as a consequence of an
interaction between the plies. Due to this effect, residual thermal stresses in fiber metal
laminates are generally overestimated, when prepreg is used. Although the results are
promising and it seems that residual stress may be reduced by an essential portion, it is
only beneficial for a certain operation temperature. If this component gets suspended to
large temperature changes, the efficacy of adjustments with respect to thermal stresses is
limited.

Specimens with different lay-ups for pristine compression testing and residual compression
after impact testing, are manufactured based on the methodologies achieved within the
scope of the aforementioned investigations. The compression strength of pristine specimens
is improved by 25 to 45% compared to the pure CFRP reference. In this way, the specific
elastic modulus is also increased by up to 25%. Lay-ups with a metal volume fraction of
approximately 12% show a weight-specific compression stiffness comparable to the pure
CFRP reference and prove the first estimation, viz. that a consideration of higher metal
volume fractions is not reasonable.

Compression after impact testing is conducted to determine residual compression after im-
pact strength. This examination includes impacting and subsequent compression testing.
Based on the given geometry of the standard impact test fixture, it was assumed that the
testing of these specimens by means of the standards leads to an anomalous influence of
the fixture on the damage and hence prohibits a clear conclusion. Therefore, a modified
test fixture is developed and analyzed with the help of pure CFRP specimens. These
preliminary tests showed that the predominant direction of the standard fixture influences
the damage geometry in particular. The results also point out that this directionality is
prevented by the use of the modified circular fixture geometry.

All of the UD-CFRP-steel specimens are then tested on the modified fixture and the
damage is inspected by dent depth measurement, ultrasonic inspection and some specimens
by computer tomography.

A clear dependency of dent depth on the metal layer arrangement is shown, whereas
basically, the dent depth obtained on UD-CFRP-steel specimens’ surface is lower than on
CFRP specimens. The damage area is measured by means of ultrasonic inspection, which
does not provide information about the damage depth when applied on FML. However,
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after for example 16 J impact, the damage area in the UD-CFRP-steel lay-ups is in average
80% larger than the damage obtained in CFRP.

The failure geometry in terms of the projected damage area is not influenced by the
arrangement of the plies essentially, although the length to width ratio is influenced slightly
by the lay-up’s flexural bending stiffness ratio. Although the specimens indicate larger
damage after being impacted at 9, 12 and 16 J, the residual compression strength is
comparable to the CFRP reference. Hence, the specific residual compression strength
of UD-CFRP-steel is lower. Additionally to dent depth, the compression failure of the
previously damaged laminate is also influenced by the arrangement of the metal layers.
Specimens with the metal layers positioned more to the outside achieve a more ductile
compression failure than CFRP or specimens with the metal layers orientated preferably
more to the center of the specimen.

Regarding the aforementioned principle hypothesis, the findings can be summarized as
follows:

It can be shown that a metal volume fraction of below 12% is required to achieve a weight-
specific benefit in stiffness, whereas residual compression strength of the reference is reached
by certain UD-CFRP-steel lay-ups. Thin steel-layers are required to generate a certain
amount of layers when - at the same time - using low metal volume fractions. However,
it is not yet verified by test results that a certain amount of layers is required, as the
minimum number of layers and metal volume fraction, to realize a reinforcing effect is not
achieved by the lay-ups tested in this thesis.

Outlook

As the 'novel material’ was proven to be beneficial in pristine specific compression strength
and load-deflection relation against the CFRP reference, it is worth to continue with re-
search in this field even though the specific residual compression strength after impact
values achieved by UD-CFRP-steel are lower than those gained by the reference samples.
The maturity of both materials is very different and hence a larger potential in develop-
ment is conceivable for the UD-CFRP-steel laminates. Lower metal fractions should be
considered for the compression load case as the lower limit of the reinforcement effect - in
terms of metal volume fraction - is not found with the lay-ups used. Longitudinal fractures
in the metal layers are very distinct. This leads to the question whether a more ductile
steel alloy could be more advantageous. As an increase in ductility is accompanied by a
reduction of tensile strength, the tensile strength properties of the hybrid laminate must
be determined to answer this question. Basically, the tensile properties must be regarded
as the thermal tensile stresses in the metal layer are critical in this load case.

The achieved bond between the two constituents is exceptionally promising as the inter-
laminar shear strength values are high compared to values available in literature. This
could also be shown by single-lap shear results, which are not part of this thesis. Addi-
tionally, most of the obtained failure is cohesive in nature. Hence, a large potential for
further improvements in bonding strength is not expected. However, a change in focus
from metal surface treatment to a more general development of the interphase between
the two constituents may be beneficial. A functionally gradient stiffness could improve
the laminate’s impact response.

Any further investigations need to be accompanied by experiments on corrosion and de-
velopment of nondestructive inspection methods to make sure that they do not form a
final obstacle.
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Appendix

A Simplified shear solution by Bednarcyk et al.

This shear solution is provided by Bednarcyk et al. [116] and reproduced in the following
for the sake of completeness.
The original width of each layer b is transformed to b n; with:

Ek

ng = == (7.1)

Ey
where ny is defined for each ply and describes the ratio of the ply’s stiffness and the
average laminates stiffness. The neutral axis of the laminate is located at the center of
the transformed laminate’s cross section and - with respect to the laminate midplane
coordinate system - given by:

. Zl]gvzl% (Zk—f-zk—l) Ay _ Zszlé (zk+zk—1) tr ng
Yl A PONRETN

Ay and t; represent the area and the thickness of the layer, respectively. The distance of
a point from the neutral axis is denoted by 2 = z — z*.

The normal stress distribution at an arbitrary vertical cross section is - according to the
beam theory - given by:

(7.2)

Mz
=—— 7.3
where [ is the transformed cross section and M is the moment applied to the vertical cross
section. Equilibrium dictates M = —Px, hence:
P2
Oy = — f & (7.4)

The shear force H acting on an arbitrary cross section located at 2 = Z., with the ply
number k results in:

—H—i—/amdA:O (7.5)

with dA defining a differential area of the cross section. With ¢ = 2y denoting the distance

form the neutral axis to the laminate’s bottom surface and dA = b ny d2, the following

can be obtained: P X P X
Zec Zc

=1t sz:i/ by 2d2 (7.6)
I 2]\] I 2N

The right integral is denoted as Q’'(k, 2) and can be formulated as follows:
Zc 2c Ze 21\771
Q'(k, 2) :/ b 2d2 :/ b g 2d2+/ b ngsy 2d2 + +/ by £dz
ZN ék 2k+1 N

bng, o o 1 & X X
= T(Zg - 5)+ 5 S b (80— 4)
m=k—+1
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In formula 7.7, b describes the width, k& the ply number, ¢ the distance from the neutral
plane to the bottom surface and N the total number of plies. The shear stress 7 at an
arbitrary position Z within an arbitrary layer k is given by:

Q

T(k, 2) = —7

Q'(k, 2) (7.8)

where the moment of inertia of the transformed beam cross section is described by:

N1 5 B+ 212
k=1
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B Failure geometries - CFRP-UD-steel CT plots
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Figure 7.1: CT damage intensity plot UD-St-0.03-low/4 specimen 1



174 B Failure geometries - CFRP-UD-steel CT plots

[wr] uoryrsod-4

100
5
0
5

x-position [mm]
75
|
75
x-position [mm]

: S SRS ST
& ‘ A
9 - ‘ <
=i
Ea 22 I S S S 1%
= gr :
g} °
&g ° g b e 43 5§
e} 0 g =
<3 & = I =
R | <
s \
oE © K AN\A o %
Q o
3 B
=TT it
i B ‘i7 —_—
: I i o o
\ 1 = =)
i < <
g — —_—
\ joF joN)
1 U
ol N > Lo e
o | -
S R — 3
= =
. /
: {
‘ \

o
o b Lo e
[l [l
I I
~ ™ (3] — [=] (=] 0 (=] n [=}
[=} I~ n o
=

[wrw] ySrey xew
[tur] qIpim xew

Figure 7.2: CT damage intensity plot UD-St-0.03-low/4 specimen 2
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Figure 7.3: CT damage intensity plot UD-St-0.03-low/4 specimen 3
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Figure 7.4: CT damage intensity plot UD-St-0.03-low/4 specimen 4
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Figure 7.7: CT damage intensity plot UD-St-0.05-low/7 specimen 3
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Figure 7.10: CT damage intensity plot UD-St-0.03-inner/11 specimen 2
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Figure 7.11: CT damage intensity plot UD-St-0.03-inner/11 specimen 3
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Figure 7.12: CT damage intensity plot UD-St-0.03-inner/11 specimen 4
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Figure 7.14: CT damage intensity plot UD-St-0.05-equal/11 specimen 3
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