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ABSTRACT

ABSTRACT

This thesis deals with the characterization of the delamination behavior of endless
fiber reinforced polymer (FRP) composites and with through-the-thickness
reinforcements that suppress the evolution of such delaminations in composites.

Delamination is a common problem occurring in FRP composites because of their
layered structure. Yet, there are no standards dealing with the fatigue delamination
growth in composite materials. One part of this thesis is the characterization of the
fatigue delamination behavior of composites in mode | and mode Il. Round robin
exercises were carried out to evaluate the potential of fatigue delamination tests
for standardization.

Test campaigns were conducted within subcommittee D30.06 of the American
Society for Testing and Materials (ASTM), and committee TC4 within the
European Structural Integrity Society (ESIS). The tests were carried out on four
carbon fiber reinforced epoxy composites, on one glass fiber reinforced epoxy
composite and one carbon fiber reinforced poly-ether-ether-ketone (PEEK). They
showed the reproducibility and in- and inter-laboratory scatter and also highlighted
the limits of fatigue delamination tests.

Round robin activities within ESIS TC4 and ASTM D30.06 emphasized the need to
find new ways for data presentation in order to make the data accessible for
design purposes. The three major questions are: (1) is it possible to reduce the
scatter of the fatigue crack growth curves, (2) how can the slope of the Paris law
curve be reduced and (3) is the detection of a threshold value feasible in
composite materials? These questions are faced in this thesis by introducing a
new way of data presentation. A Hartman-Schijve based approach, where the
crack growth rate is dependent on the amount by which the strain energy release
rate exceeds the threshold value, seems to be a reliable and physically feasible
way to receive Paris like fatigue crack growth curves with slope values around 2.
This is significantly less than slope values of around 10 seen in classical Paris law
data presentations. With small slope values the errors in predicted crack growth
rate are reduced when considering certain load cases in a composite component.
This can lead to reliable lifetime predictions.

Further, based on the experiences from the international test campaigns, fatigue
delamination tests were carried out on carbon fiber reinforced epoxy composites,
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ABSTRACT

which were produced via different manufacturing routes. These tests revealed that
fatigue delamination tests can even pick up small changes in the fiber distribution,
which are caused by changes in the preforming process.

Another focus of this work was put on suppression of delaminations in composites
and composite to composite joining. A novel joining technology based on 3D
shaped metallic pins, which are produced via cold metal transfer (CMT) welding, is
presented in this thesis. An integral part of this technology is the form fit
connection between the metal and the surrounding CFRP, which is provided by
the 3D shape of the CMT pin. The CMT pins are welded onto thin metal sheets,
which act as carrier elements and ease the positioning of the pins in the joint.
Composite-composite joints were reinforced with CMT pins with the aim to
suppress/delay the initiation and growth of delaminations in the joint area by
making use of the pins’ form-fit connection and to increase the damage tolerance
of the joint by plastic deformation of the CMT pins.

In a first test campaign, tests were carried out on co-cured specimens without
CMT pin reinforcement. Numerical simulations of these tests helped to get a basic
understanding of the failure behavior of co-cured single lap shear (SLS)
specimens, to localize areas of increased interlaminar stresses and to find
optimum  positions  for  through-the-thickness reinforcements.  Detailed
investigations of quasi-static tensile tests on CMT pin reinforced SLS specimens
with different pretreatment yielded a failure model for the complex loading
behavior of CMT pin reinforced SLS specimens. In a next step, the knowledge
gained from this first test campaign was transferred to other types of pin
reinforcements. CMT titanium pin reinforced specimens were investigated as well
as titanium z-pin reinforced specimens. Finally, the fatigue behavior of
unreinforced and through-the-thickness reinforced composite-composite joints was
evaluated.

Tests under both, quasi-static and fatigue loading, showed the high potential of
CMT pin reinforcements for the suppression of delamination in the bond line of
composite-composite joints. The pin reinforcements transfer loads between two
composite adherends even after adhesive failure of the bond line in the joint. Final
failure in CMT pin reinforced specimens occurs at high levels of strain and
necessitates significantly higher amounts of energy than in unreinforced
specimens.
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KURZFASSUNG

KURZFASSUNG

Diese Dissertation beschéftigt sich mit dem Delaminationsverhalten von endlos
faserverstarkten Kunststoffverbunden (FKV) und mit der Vermeidung von
Delaminationen in FKV durch das gezielte Einbringen von Verstarkungen in die
Dickenrichtung (translaminare Verstarkungen).

Delaminationen treten in FKV aufgrund deren Schichtstruktur und der geringen
interlaminaren Festigkeiten auf. Obwohl Delamination in FKV ein bekanntes und
relativ gut erforschtes Problem ist, existieren nach wie vor keine standardisierten
Prifmethoden fir die Bestimmung des Delaminationsverhaltens von FKV unter
Ermddungslasten. Deshalb befasst sich ein Teil dieser Dissertation mit der
Durchfuhrung zyklischer Delaminationsversuche und der Organisation von
Ringversuchen, um das Potential von Delaminationsversuchen fir eine
Standardisierung zu evaluieren.

Internationale Versuchskampagnen wurden innerhalb der ,American Society for
Testing and Materials® (ASTM), Subkommitee D30.06, und der ,European
Structural Integrity Society” (ESIS), technisches Komitee 4, organisiert und
durchgefuhrt. Delaminationsversuche an vier verschiedenen kohlenstoff-
faserverstarkten Epoxidharzen, einem glasfaserverstarkten Epoxidharz und einem
kohlenstofffaserverstarkten Polyetheretherketon zeigten die bei diesen Versuchen
auftretenden Streuungen (v.a. im Vergleich mehrerer Labors). Es offenbarten sich
dabei die Grenzen der Anwendbarkeit dieser Versuche, vor allem hinsichtlich der
Bestimmung des Schwellenwertes und der Anwendbarkeit der Ergebnisse
klassischer Darstellungen des Risswachstumsverhaltens auf Basis des Gesetzes
von Paris im Design von FKV.

Die Ringversuche innerhalb ESIS TC4 und ASTM D30.06 zeigten die
Notwendigkeit, neue Auswerteroutinen fir zyklische Delaminationsversuche zu
finden, um (1) die Streuung der Delaminationswachstumskurven zu verringern, (2)
die hohen Steigungswerte der Delaminationswachstumskurven zu verringern und
(3) Schwellenwerte besser erfassen zu kénnen. Diesen Punkten wird in dieser
Dissertation mit einer neuen Art der Datendarstellung begegnet. Die Darstellung
der Energiefreisetzungsraten auf Basis eines modifizierten Hartman-Schijve
Ansatzes lieferte Delaminationswachstumskurven mit Steigungswerten von etwa
2. Solch niedrige Steigungswerte kdnnen Fehler bei der Vorhersage von
Risswachstumsraten auf Basis von Delaminationswachstumskurven verringern
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KURZFASSUNG

und kdnnten so zur Verwendung dieser Daten im Design von FKV Strukturen
fOhren.

Auf Basis der Erfahrungen, die in den internationalen Ringversuchen gemacht
wurden, wurden zyklische Delaminationsversuche angewendet, um den Einfluss
verschiedener Preformingprozesse auf das Delaminationsverhalten von
kohlenstofffaserverstarkten Epoxidharzen zu untersuchen. Das Delaminations-
wachstum wurde dabei signifikant durch die Verarbeitungsvorgeschichte
beeinflusst und es war mdglich, diese Unterschiede mit zyklischen
Delaminationsversuchen zu erfassen.

Ein weiterer Fokus dieser Arbeit lag auf der Unterdriickung von Delaminationen in
FKV-FKV Verbindungen. Zu diesem Zweck wurde im Rahmen dieser Arbeit eine
neuartige Verbindungstechnik fir FKV untersucht. Diese basiert auf kleinen
metallischen Stiften, die mit dem FKV eine formschlissige Verbindung eingehen.
Diese metallischen Stifte werden mittels ,,Cold Metal Transfer” (CMT) Schweif3en,
hergestellt. Dabei werden die ,CMT Pins“ auf dinne, metallische Bleche
aufgeschweif3t, welche als Tragerelement und Positionierungshilfe im
Flgeprozess dienen. Das Ziel bei der Verwendung der CMT Pins liegt, neben der
Unterdrickung/Verzdgerung von Delaminationen durch den Formschluss, in der
Erhéhung der Schadenstoleranz durch die plastische Deformation des Metalls.

In einem ersten Versuchsdurchlauf wurde das Versagensverhalten von co-
gehérteten einschnittigen FKV-FKV Verbindungen experimentell und numerisch
untersucht. Auf Basis der dabei gewonnenen Erkenntnisse wurden bevorzugte
Positionen fur translaminare Verstarkungen in FKV-FKV Verbindungen ermittelt.
Darauf folgende detaillierte Untersuchungen an translaminar verstarkten FKV-FKV
Verbindungen muindeten in einem Versagensmodell fur CMT-Pin verstarkte
Verbindungen. Versuche an mit CMT Pins translaminar verstarkten FKV-FKV
Verbindungen unter quasi-statischen und Ermadungslasten zeigten das Potential
dieser Verbindungstechnologie auf. Nach dem adhasiven Versagen der
Verbindung Ubernahmen die metallischen Pins die Lasten und fahrten zu einer
signifikanten Erh6hung der Schadenstoleranz.
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PART I:

Introduction and Scope






1 INTRODUCTION TO THE THESIS

1 INTRODUCTION TO THE THESIS

1.1 MOTIVATION

Fiber reinforced polymer (FRP) composites combine high strength and stiffness
with low density and therefore provide excellent specific mechanical material
properties. They typically consist of glass, carbon or aramid fibers that are
embedded in thermoset (e.g. epoxy) or thermoplastic (e.g. poly-ether-ether-
ketone) matrix resins. Typically, layers of fibers are disposed on each other to
achieve properties that match the loading situation present in a composite
structure. Ideally, these loads occur in plane with the layers of fibers. Loads
occurring perpendicular to this plane (e.g. caused by changes in geometry) can
cause interlaminar crack initiation and growth [1]. Various authors have shown that
in structural applications under fatigue loads, delaminations can initiate and grow
to a critical size, when not monitored and repaired [2—12].

In the preface of the proceedings of the first European Conference of Composite
Materials Prof. Ingnazio Crivelli-Visconti mentioned that major advances had been
made in the use of fracture mechanics for design of composite materials [13] (in
this thesis, the term “composite material” is limited to endless fiber-reinforced
polymers). This was in 1985. Yet, there is still no standard for the characterization
of fatigue delamination properties of composite materials available in 2014.
Consequently, designs of composite structures are not based on the knowledge of
delamination growth. For certification purposes current designs are such that any
delamination will not grow. Nevertheless, various authors mentioned cases, where
delaminations occurred in composite structures, despite these design philosophies
[3,14,15]. The importance of delamination in composite structures was highlighted
by Schén et al. [14], who stated:

“During certification of the AIRBUS A320 vertical fin, no delamination
growth was detected during static loading. The following fatigue loading of
the same component had to be interrupted due to large delamination
growth. The delamination grew due to out-of-plane loads.*

Also, for the estimation of inspection intervals a reliable relation between
delamination growth rates and applied loads needs to be established.



1 MOTIVATION

Jones et al. [15] stated:

“..the delamination growth seen in various full scale fatigue tests also
highlight the need to develop a methodology that can be used to
accurately and reliably predict the inspection intervals associated with
delamination growth arising from small naturally occurring defects.”

However, besides the lack of a standard for fatigue delamination measurements,
there does not exist data showing the in- and inter-laboratory scatter of
delamination fatigue measurements. This will be essential for the estimation of
safety factors, if fatigue crack growth (FCG) curves are to be used in the design of
composite structures.

Further, new methods for data presentation are needed, because in contrast to
metals, composite materials give fatigue crack growth curves with high values of
the exponent of the power law given in equation (1.1). This power law by Paris and
Erdogan [16,17] relates the range of the stress intensity factor to the crack growth
rate. It describes the linear relationship between crack growth rate, da/dN and the
stress intensity factor, K, in a double logarithmic diagram (‘Paris curve’):

da/dN = B (AK)" (1.1)

where B and n are constants of the power law. The stress intensity factor was later
replaced by the strain energy release rate, G, in order to account for the complex
stress ahead of the crack tip in composite materials [18—-20]:

da/dN = A (AG)™ (1.2)

where A and m again are constants of the power law. With large exponents, small
errors in the applied load lead to large errors in the predicted growth rate. Since
composite materials do give rather steep Paris curves, it is necessary to find data
presentations for fatigue delamination growth curves with smaller exponents [19].

Areas that are especially susceptible to delaminations are joints. Cracks can
initiate at ply drops, free edges, or holes due to interlaminar stresses [1]. Many
research groups have focused on reducing interlaminar stresses by reinforcing the
laminate with through-the-thickness reinforcements. Stitching [21-26], z-pinning
[27-32] and tufting [33,34] are the most common through-the-thickness
reinforcement techniques.
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These reinforcements are based on glass [33,34], carbon [33,35,36] or polymeric
fibers [37-39]. Recent research works investigated the potential of metallic
reinforcements [40—46]. Metallic reinforcements additionally contribute to the
damage tolerance of the joint by plastic deformation of the metal. Furthermore,
metals allow to form shapes that create a form-fit connection between the through
thickness reinforcement and the surrounding composite.

1.2 OBJECTIVES

With regard to the considerations mentioned above, the objectives of this
dissertation were defined in the following manner:

1. Development of a test procedure for fatigue delamination.
e Comprehensive investigation of test parameters, such as test
frequency, specimen geometry and type of control mode.
2. Investigation of the in- and inter-laboratory reproducibility of fatigue crack
growth curves of composite materials.
e Organization of international round robin exercises in mode | and
mode |I.
e Investigation of the applicability of common data reduction schemes to
fatigue delamination growth data.
3. Investigation of the applicability of fatigue crack growth data to design of
composite structures.
e Assessment of state of the art data reduction schemes.
e Development of alternative data presentation techniques for
delamination growth curves.
4. Suppression of delaminations in composites and composite-composite
joints.
e Investigation of the effect of pin reinforcement on damage tolerance of
composite-composite joints.
e Evaluation of the effect of pin reinforcement on the fatigue properties
of composite-composite joints.
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1.3 STRUCTURE OF THE THESIS

According to the objectives outlined above, this thesis presents a series of
subsequent publications illustrating the progress in developing optimized
experimental methods for the description of the delamination and failure behavior
of high performance composites and joints. The thesis is divided into four parts:

1. Introduction to the thesis

2.  Delamination of composite materials
3.  Delamination suppression and joining
4.  Summary and outlook

The first part gives an introduction to the topics dealt with in this thesis. Based on
the motivation, the objectives of the thesis are outlined and the structure of the
thesis is presented.

Part two is dedicated to the measurement of the delamination behavior of
composite materials and addresses points 1 to 3 of the objectives. The main focus
is the development of a standardized test procedure for the measurement of FCG
curves in endless fiber reinforced composite materials. In publication 1 parameter
studies are carried out in mode |, which is the tensile crack opening mode. These
are done in order to evaluate which testing parameters are significant in the
measurement of FCG curves of composites. Publications 2 and 3 present pre-
standardization tests in mode | fatigue that were carried out within subcommittee
D30.06 of the American Society for Testing and Materials (ASTM), and technical
committee 4 (TC4) within the European Structural Integrity Society (ESIS)..
Publication 4 shows preliminary results from round robin activities in mode I,
where shear loads are imposed on the crack tip. In publication 5 the mode |
fatigue testing procedure is applied to differently manufactured CFRP. The
sensitivity of this testing method to small changes in the fiber distribution is
illustrated.

The tests carried out in publications 1 - 4 show that some factors limit the use of
FCG data for design. Therefore, publication 6 presents a method that aims at
overcoming problems related to fracture mechanics based design in composites.

The third part of this thesis addresses point 4 of the objectives. It deals with
delamination suppression in and joining of composite materials. A novel joining
technology for composite materials based on metallic pins aims at the suppression
of delaminations in the bonding area of composite to composite joints. This novel
joining technology is introduced in publication 7. In this manuscript the main
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failure mechanisms are investigated. In publication 8 the authors evaluate the
effect of various through-the-thickness reinforcements on the strength and
damage tolerance of composite-composite joints under quasi-static loading
conditions. Publication 9 studies the effect of through-the-thickness
reinforcements on the fatigue performance of composite-composite joints.

In the fourth part, the thesis is reviewed, the key findings of the thesis are
presented and an outlook to future investigations is given. The appendix of this
thesis shows the abbreviations and symbols used in this thesis.

In the following, the publications presented in this thesis are listed:

Publication 1: Cyclic interlaminar crack growth in unidirectional and braided
composites

Publication 2: Mode | delamination fatigue crack growth in unidirectional fiber
reinforced composites: development of a standardized test
procedure

Publication 3: Mode | delamination fatigue crack growth in unidirectional fiber
reinforced composites: Results from ESIS TC4 round-robins

Publication 4: Mode |l fatigue delamination resistance of advanced fiber-
reinforced polymer-matrix laminates: Towards the development of
a standardized test procedure

Publication 5: Influence of fiber placement and architecture on fracture
mechanical properties of carbon fiber reinforced composites

Publication 6: Mode I, [l and Mixed Mode I/ll delamination growth in composites

Publication 7: Mechanical characterization of a novel composite-composite
joining technology with through-the-thickness reinforcement for
enhanced damage tolerance

Publication 8: Strength and damage tolerance of composite-composite joints with
metallic through-the-thickness reinforcements

Publication 9: Fatigue behavior of CMT pin reinforced composite-composite
joints
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2 INTRODUCTION TO DELAMINATION OF COMPOSITE
MATERIALS

2.1 GENERAL BACKGROUND TO DELAMINATION OF COMPOSITES

Part Il of the thesis deals with the characterization of the delamination behavior of
composite materials. Delamination, or interlaminar fracture, is one of the instances
where fracture mechanics formalisms are applicable to fiber-reinforced composites
on a global scale. The crack is confined to the matrix material between two plies,
the continuum theory is applicable and the crack growth is self-similar [1]. Yet, as
mentioned in Part |, the commonly used stress intensity factor cannot be applied to
composite materials, due to the complex stress state in front of the crack tip [2—4].
Thus, the calculation of the toughness of composite materials is based on the
strain energy release rate, G, which is also part of the linear elastic fracture
mechanics (LEFM) concept. The strain energy release rate describes the amount
of energy that is dissipated during rupture per unit of newly created fracture area
[5-7]:

ng(j—”) (2.1)

where U is the potential energy available for crack growth, b the specimen width
and a the crack length. This energy based LEFM method of G calculation is
commonly referred to as area method [8].

Another approach for calculating G is the compliance method based on the Irwin-
Kies equation [9,10]:

_P2dC _ & dC
"~ 2bda  2bC%da

(2.2)

where C is the specimen compliance.

Fracture testing can be carried out in various loading modes. Mode | is the
opening, or tensile mode, where the crack surfaces move directly apart. Mode 1l is
the in-plane shear mode, where the crack surfaces slide over one another in a
direction perpendicular to the leading edge of the crack. Mode Il is the anti-plane
shear mode, where the crack planes move relatively to one another and parallel to
the leading edge of the crack [11], see Figure 2.1.

For composite materials, the most common specimen configuration is the double
cantilever beam (DCB) specimen. lts geometry essentially permits to carry out
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tests in mode I, mode Il (end-notched flexure, ENF, or end-loaded split, ELS) and
mixed mode I/l (fixed ratio mixed mode, FRMM), see Figure 2.2.

Mode | Mode Il Mode Il

Figure 2.1: Basic modes of loading in fracture mechanical tests: (a) opening, or tensile
mode, (b) sliding, or in-plane shear mode, (c) tearing, or anti-plane shear

mode.

/ |
V11147174

Figure 2.2: Common configurations for evaluating interlaminar fracture toughness:
(a) double cantilever beam specimen for pure mode |, (b) end-notched
flexure specimen for pure mode I, (c) end-loaded split specimen for pure
mode I, (d) fixed ratio mixed mode for mixed mode /1l (l:1l = 4:3)
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2.1.1 Data reduction for mode | loading situations

Besides the energy based LEFM method of G calculation presented in equation
(2.1), the strain energy release rate can also be calculated via elastic beam theory,
which is also called simple beam theory (SBT). This yields equation (2.3) [7]:

G _ P;%a? _ 12P;%a? _3P18 _ 9E, 182 (2.3)
LDCB ™ vE 1 ~ b%hE,  2ba  4ba* .

with P, being the load in tensile direction, & the displacement of the point of load
application, a the crack length, b the specimen width, E; the material’s flexural
modulus and I the area moment of inertia.

Since the methods mentioned above do not include correction factors for neither
large displacements, nor for load blocks, various authors extended the above
mentioned methods to account for these effects.

Large displacements lead to changes in geometry, particularly a shortening of the
bending arms. Load blocks are needed for transferring tensile loads to the
specimen, but when rotated, they change the moment arm. Further, corrections for
the orthotropic material behavior of composites' are needed, because it leads to a
larger relative contribution of transverse shear to the deformation beyond the crack
tip [9,10].

For mode | loads these corrections are included in both the corrected beam theory
(CBT) by Williams [9,10,12] see equation (2.4), and the modified compliance
calibration (MCC) by Kageyama et al. [13], see equation (2.5):

3P5 F
G1pcB,cBT = bGaib N (2.4)
sm (P\2 (bC)\2/3
Grpcemce = 2@ (g) (F) F (2.5)

where F is the large displacement correction [14,15], N the load block correction
[10,15] and A the correction for effects of transverse shear beyond the crack tip
(see Figure 2.3 (a)) [10]. m is the slope of the plot depicted in Figure 2.3 (b).

! While for isotropic materials the ratio of axial modulus to shear modulus E/G = 2.6, this ratio can be up to
50 for composite laminates [10].
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Figure 2.3: (a) Determination of the correction factor A for CBT.
(b) Determination of the slope value m for MCC.

2.1.2 Data reduction for mode Il loading situations
Applying simple beam theory to ELS specimens yields equation (2.6) [7,16]:
P 2.2
GieLs = :bzn—hg; (2.6)
with Py being the load in shear direction, a the crack length, b the specimen width
and h the thickness of one beam of the specimen (2h = specimen thickness).

9321:’118

szL3+3a3) (2.7)

GII,3ENF =

where L is the span length in a three point bending, end loaded split test (3ENF).

CBT and MCC are compliance based methods commonly used for mode | loading
situations. For mode Il loading in an ELS test experimental compliance method
(ECM, equation (2.8)) and corrected beam theory with effective crack length
(CBTE, equation (2.9)) are the most common compliance based data reduction
methods:

3P%a’m
GII,ELS,ECM = b (2-8)

3P%a.’ _ 9P%a’
16bE;1 ~ 4b?h%E,

GII,ELS,CBTE = (2-9)

with ae the effective crack length accounting for the compliance of the test rig,
transverse shear effects and rotations at the crack tip and the clamping point. m is
the slope of a cubic relationship between the cube of the measured crack length
and the specimen compliance (for details see [7,16,17]).
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For ENF tests corrections are needed, when large displacements are applied.
These corrections account for changes in the moment arm due to deflection of the
specimen and for changes in compliance due to changes in the specimen length
during deflection of the specimen®[17,18]:

_ 9P§ 3(L) F
Gi1,3ENF,CBT = 557 Wl (N—) (2.10)
where F* is a correction for the curved shape of the crack in the loaded stage and
N’ is a correction for changes in the compliance due to changes in the specimen
length (for details see [7,17,18]).

2.1.3 Data reduction for mixed mode l/ll loading situations

Mixed mode loading situations can be realized in a FRMM set-up as depicted in
Figure 2.2 (d). This set-up allows to test with a constant mode | to mode |l ratio of
l:Il = 4:3 [12,19-25]. The total mixed-mode energy release rate can be partitioned

into mode | and mode Il components G™**® and G,™*, respectively, such that:
mixed _ 3P?(a+Ap)?
Gmixed = ) (2.12)

i 9P%(a+Ap)?
GHmlxed (a+4y) F

4b%E{h3

(2.13)

where A and A are the correction factors for mode | and mode |l respectively.

Other mode ratios can be realized using the so-called mixed mode bending set-up
by Crews and Reeder [26,27].

2.2 QUASI-STATIC DELAMINATION TESTS

An overview of standards for quasi-static delamination tests on endless fiber
reinforced polymers is given in Table 2.1. It can be seen that delamination testing
under quasi-static loading conditions in mode | and mode Il is standardized
internationally. For mode |, the data reduction methods used in these standards
are either based on the area method presented in equation (2.1), or on compliance
based methods as presented in equation (2.2). While data reduction based on
area method (AITM 1-0005, EN 6033, HB 7402, BSS 7273) cannot be easily

? The span length is fixed and the specimen is allowed to slide over the supports [18].
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applied to cyclic test methods, data reduction based on the compliance method

(ISO 15024, ASTM D5528, JIS K 7086) is applicable to cyclic delamination tests.

Mode Il tests are either based on a 3ENF test set-up (JIS K 7086, AITM 1-0006,
EN 6034) or on an ELS test set-up (ISO 15114). Basically, both test set-ups can
be used for tests in fatigue. But while the 3ENF test set-up is prone to shifting of
the specimen, there is no such problem with the ELS test set-up. Furthermore, the
ELS set-up allows for small crack opening displacements, which ease the
measurement of the crack length. By inverting the loading direction of the ELS

test, a fixed ratio mixed mode I/l test can be carried out.

Table 2.1:

Quasi-static delamination test methods for endless fiber reinforced polymers.

Mode

Standard test method

Standard test in preparation

/11

/111

/111

/117111

JIS K 7086 [28]
ASTM D 5528 [29]
ISO 15024 [30]
HB 7402 [31]
AITM 1-0005 [32]
BSS 7273 [33]

EN 6033 [34]*

JIS K 7086 [28]
AITM 1-0006 [35]
ISO 15114 [36]
EN 6034 [37]*

not available

ASTM D6671 [38]

not available
not available

not available

ASTM WK 22949

ASTM round robins 1999 ff.
(no current work item)

ESIS round robins 1994 ff.
(no current activity)

* withdrawn in 2009
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ASTM D6671 is the only standardized test method for determining the mixed
mode delamination behavior of composite materials. The tests are based on a
mixed mode bending (MMB) set up, which allows to test in various mode | to mode
Il ratios [38].

2.3 FATIGUE DELAMINATION TESTS

In contrast to quasi-static loading, there are no standards available for fatigue
delamination growth in composites, see Table 2.2. ASTM D 6115 [39] is the only
standard related to delamination fatigue. It deals with the determination of onset
values for delamination. In ASTM D 6115 the delamination onset is defined by an
increase in specimen compliance (either a 1% or 5 % increase). Testing at
various levels of strain energy release rate results in a G-N curve describing the
onset values of delamination for each level of strain energy release rate.

In contrast to the determination of the delamination onset, it is necessary to record
both the crack length and the compliance for the determination of delamination
growth curves. Crack growth curves are commonly referred to as Paris curves. In
1963 Paris and Erdogan presented equation (1.1) to describe a linear relationship
between the crack growth rate and the stress intensity factor [40,41]. In this
relationship, the stress intensity factor was later replaced by the strain energy
release rate [2].

Figure 2.4 shows schematic Paris plots for two materials. The Paris law, see
equation (1.1), describes the crack growth behavior in region 2 of the curve
[40,41]. Region 1 is characterized by very slow crack growth, where the average
delamination growth rate decreases at constant applied strain energy release rate,
and is called threshold region. In region 3, the strain energy release rate reaches a
critical value and catastrophic failure occurs within one single load cycle.

Increasing the material’s properties can be realized by increasing the threshold
value of strain energy release rate, G, or by increasing the critical strain energy
release rate value G.. Decreasing the slope of the crack growth curve of a
material, at a constant (or higher) threshold value, increases the time that is
available for inspection, because the crack takes longer to grow through the
material. Also, a decrease in slope makes it easier to calculate the crack growth
behavior in cracked structures, because a small error in the load leads to small
errors in the crack growth rate. With steep Paris curves on the other hand, small
errors in the load lead to large uncertainties in the predicted crack growth rate [3].
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Table 2.2:  Cyclic fatigue delamination test methods for endless fiber reinforced

polymers.
Mode Standard test method Standard test in preparation
| (onset) ASTM D 6115 [39]
| (propagation) not available ESIS TC4 round robins, see
publications 2 and 3 [42,43]
ASTM D30.06 round robin, see
publication 2 [42]
[l not available ESIS TC4 round robins, see
publication 4 [44]
" not available
I/ not available
I/ not available
[/ not available
1711711 not available
1 — ™~ ag} : Material 2:
g ) E E 5 E * increased threshold value (Gy;,;>Gy,1)
gL a0 o0 801« increased critical strain energy
-.g E e« o« = release rate (G,>G,4)
8 E '+ increased predictability due to
_3’ = i lower value of exponent (m2<m1)
g

L L L >

log strain energy release rate,
G [J/m?]

Figure 2.4:  Schematic Paris curves for two materials.
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In fatigue tests, the specimen can be loaded in either displacement, or load
control. Both types of test configurations lead to tests with increasing compliance.
This is due to crack growth in the specimen (see correlation between crack length
and compliance in Figure 2.3). While in load control, the compliance stays the
same until onset of delamination, in displacement control the compliance
increases significantly at the beginning and levels off in the course of the test, see
Figure 2.5. In load control, the crack growth accelerates until finally catastrophic
failure happens within one single load cycle.

4+ specimen rupture

A J

displacement control, pre-cracked specimen
-~ = = displacementcontrol, non-pre-cracked specimen

---------- load control, pre-cracked specimen

Figure 2.5: Evolution of the compliance against number of cycles in a fatigue

2.4
[1]

[2]

[3]

[4]

delamination test (adapted from [45]).
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3 DEVELOPMENT OF STANDARDIZED TEST PROCEDURES
FOR FATIGUE DELAMINATION TESTING

3.1 INTRODUCTION

From the early development of delamination tests in composite materials [1-7], via
the calculation of correction factors [8—10], it took some time to the evolution of
standards for quasi-static mode | delamination tests. This evolution is illustrated in
references [11-13] for the ISO standard [14] and in reference [15] for the ASTM
standard [16] on mode | interlaminar fracture toughness of unidirectionally
reinforced composite materials. Both standards, ASTM D5528 and ISO 15024
were preceded by extensive round robin testing, see references [12,15,17]. The
same accounts for mode Il loading. Rigorous round robin exercises [17-20] led to
the development of a test procedure [21] that was subsequently converted into
ISO standard 15114 [22].

Although there are yet no standards for fatigue delamination testing, various
authors have investigated the fatigue delamination properties of composites in the
past. Overviews are given in references [23-28]. First inter-laboratory
comparisons were carried out by Brunner et al. [29].

When developing a standardized test procedure, it is essential to ensure the
repeatability of the test results and to minimize scatter. Before carrying out round
robin activities, it is important to provide a test procedure that gives consistent
results. The impact of the main influence factors on the measurement results has
to be investigated. In the case of fatigue delamination tests at a fixed load ratio
and temperature, they are (1) testing frequency, (2) specimen thickness, (3) initial
crack length, (4) type of test machine, (5) specimen material and (6) control mode
of the test machine. The influences of these parameters are investigated in
publication 1 [30].

Based on the parameter studies carried out in publication 1, a final test protocol
was developed. Together with test materials, this protocol was distributed to the
participating laboratories. The raw data of all round robin tests was processed in
Leoben based on Matlab (MathWorks, Natick, USA) and VisualBasic (Microsoft
Corporation, Redmond, USA) codes. These codes were written by the author of
this thesis in order to provide objective and fast data evaluation.
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Results from international round robin delamination tests in mode | loading based
on the test protocol are given in publications 2 and 3 [31,32]. Publication 4
presents results from pre-standardization delamination tests in mode Il loading

[33].
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3.2.2 Abstract

Since there is still no standard test method for the investigation of the fatigue
delamination propagation behavior of fiber reinforced composites, this paper aims
at examining some of the parameters that can influence this kind of
measurements. Therefore unidirectionally reinforced composites were tested
under displacement control and double cantilever beam specimens were used to
realize mode | tensile opening loads in the material. A comparison of the effect of
different parameters on this type of measurements was carried out including
machine parameters (frequency, control mode, type of machine) and specimen
parameters (initial crack length, thickness, material). The comparison of the results
with the results from a second laboratory yielded promising results. Furthermore
the damage tolerance of braided composites with different braid architectures (i.e.
braiding angle) was studied.

3.2.3 Introduction

High performance fiber composites feature outstanding specific properties and
therefore have an indisputable potential for applications in design of lightweight
structures. Nevertheless their application is limited especially because of their
susceptibility to delamination. Delaminations can grow to a critical size under
cyclic loading conditions, even at loads below the static strength of the material
and can thus trigger the failure of the structure. To be able to avoid such a failure
key data to describe the initiation and growth of delaminations for design purposes
have to be created and approaches for the enhancement of the material
performance have to be found.

In ASTM D 6115 a standard test method for the mode | fatigue delamination
growth onset of unidirectional fiber reinforced (UD)-polymer matrix composites
was introduced [1]. But for estimating the behavior of existing delaminations under
fatigue loads or for comparing different laminates with respect to their delamination
propagation under fatigue loads and for design purposes, this is not sufficient.
Therefore it is an aim to establish a test method for the characterization of the
delamination growth under mode | fatigue loads. In order to allow its application in
an industrial environment short test durations below 24 hours are desired. To be
able to receive threshold values however, the test duration has to be increased
significantly. For this reason the determination of the threshold value should not be
the main goal, but an option of a test procedure [2].
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Due to the possibility to automatically manufacture large structures with complex
shape and high production rates, braided composites produced with liquid resin
infusion technology are increasingly considered for structural commercial aircraft
components. Furthermore by using braided structures the impact and delamination
resistance can be improved [3,4]. Biaxial braids consist of two yarns located at an
angle of = 8 to the longitudinal direction along the mandrel axis. By adding fibers in
the longitudinal direction a triaxial braid can be achieved [5]. Since the braid
geometry has an influence on the mechanical properties of a part it is imperative to
evaluate the differences in the performance of different braid geometries. In a
previous study the effect of different braid geometries on the mechanical
properties of specimens loaded in tension, without holes, and compression, with
and without holes, applying standardized test methods, were examined [6]. So far
there are no reported fundamental fracture tests for braided composites [7].

The overall objective of the present work was to create a test protocol for mode |
delamination testing of UD-laminates which is applicable in an industrial test
environment (short test duration, automated data acquisition and analysis) and to
study the damage tolerance of braids by fatigue crack growth tests and classical
CAl tests.

3.2.4 Experimental

3.2.4.1 Materials and test specimens

The tests were carried out in two laboratories which will be further referred to as
laboratories A and B. For the UD-laminates used at laboratory A prepreg type
materials were used. A 180°C-cureable interleaf-type toughened epoxy resin
system, Rigidite 5276-1 (R5276), supplied by BASF AG (Ludwigshafen, Germany)
and a 380°C-processable thermoplastic poly-ether-ether-ketone (PEEK) matrix
supplied by ICI (Ostringen, Germany) were utilized. The epoxy resin was
reinforced with carbon fibers of the type Celion G30-500 from BASF Structural
Materials (Charlotte, USA) and the PEEK matrix with carbon fibers of the type AS4
from Hercules Inc. (Magna, USA). The two types of carbon fibers were similar in
terms of fiber diameter, modulus and ultimate fiber strength and strain. In order to
initiate interlaminar crack growth, a Teflon® film with a thickness of 20 pm was
placed at the laminate mid thickness at one end of the specimen. The epoxy resin
was cured in an autoclave using vacuum bag technique and the PEEK laminates
were produced using a diaphragm forming process. Double cantilever beam
(DCB) specimens, 145 mm long and 20 mm wide, were machined from the
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laminates with a diamond saw so that the fibers were oriented along the specimen
length. The specimens had a thickness (2h) of 4 mm [8].

The UD-specimens tested at laboratory B were made of a 180°C-cureable highly
toughened epoxy resin system, Cycom 5276-1 (C5276), reinforced with carbon
fibers of the type G40-800. The material was supplied by Cytec Engineered
Materials (Anaheim, USA). A polymer film with a thickness below 13 um and a
length of 50 mm, as required by ISO 15024 [9], was used to create a crack at
specimen mid-thickness. The DCB specimens had a width of 20 mm, a length of
150 mm and a thickness of 3.5 mm. The unidirectionally reinforced epoxy resins
tested at laboratories A and B had similar mechanical properties.

In laboratory A the procedure was additionally applied to braided composites. A
high-tenacity, standard modulus carbon fiber from Toho Tenax Europe GmbH
(Wuppertal, D) was used for all braided preforms which were formed over a
cylindrical mandrel. Afterwards the braids were removed from the mandrel, slit
along the 0° fiber direction, flattened and placed in a mold. To obtain the final
thickness (4 mm) of the test panels, the biaxial preforms consisted of 8 layers,
while the triaxial preforms were made of 6 layers. Laminates with 300 mm in width
and 500 mm in length were infused with the epoxy resin RTM 6 from Hexcel
Composites (Dagneux, F) using Vacuum-Assisted Resin Transfer Molding
(VARTM). All test panels were inspected ultrasonically and found to be free of
voids and micro cracks. DCB specimens in the dimension of 250 x 25 mm were
cut out from the laminate plates for the fracture tests using a cutting machine with
a diamond-coated cutting blade. To be able to examine the influence of the crack
growth direction on the delamination behavior, the specimens were cut out in 0°
(longitudinal) and 90° (transversal) direction. A Teflon® film was placed at laminate
mid-thickness as starter crack at one edge of the specimens. For the compression
after impact tests specimens with a length of 150 mm and a width of 100 mm were
cut out of the test panels. The specimens with triaxial braid geometry were cut out
in longitudinal and transversal direction like the specimens for the delamination
testing. The biaxial samples, however, were only cut out in longitudinal direction.

3.2.4.2 Test methods

At laboratory A the fatigue crack growth measurements under mode | loading
conditions were carried out on a servo-hydraulic test machine (MTS 858, MTS
Systems Corporation, Berlin, Germany) and on an electro-dynamic test machine
(ElectroForce 3200, Bose Corporation, Eden Prairie, USA) using the DCB
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specimens. The servo-hydraulic test machine had a 15 kN load cell calibrated in a
load range from 0 to 400 N. The electro-dynamic test machine had a load cell with
a load capacity of 450 N. An R-ratio of 0.1 was used in all the measurements and
the tests were carried out under displacement control. To be able to start the
measurements at high crack growth rates just below Gic a quasi-static mode | test
for pre-cracking was carried out as a Gic-test at a testing velocity of 3 mm/min.
The displacement value at which pre-cracking was stopped, was then taken as the
Omax Value for fatigue loading Figure 3.1). Furthermore potential influences of resin-
rich areas at the end of the Teflon® foil were avoided by performing this quasi-
static test. The initial crack length for the cyclic test, ap, equals the crack length
reached after the quasi-static test. The cyclic test was started at 5 or 10 Hz using
the pre-cracked specimens and continued until a crack growth rate of about 10°
mm/cycle was reached. The crack length was obtained via visual observation of
the crack through a traveling microscope (magnification 40x). The tests were
carried out in a laboratory environment of 23°C and 50% relative humidity.

The tests at laboratory B were performed on a servo-hydraulic test machine
(Instron type 1273, Instron, High Wycombe, United Kingdom) with a 1 kN load cell
calibrated in the load range from 0 to 100 N. The tests were performed under
displacement control with a frequency of 3 Hz and an R-ratio of 0.1. No quasi-
static mode | pre-cracking was done since the polymer film of the specimens used
in laboratory B was sufficiently thin. Hence the initial crack length for cyclic testing,
ao, equaled the length of the polymer film insert. The delamination lengths were
monitored with a traveling microscope and the tests were done in a climate
controlled laboratory (+23°C, 50% relative humidity).
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At both laboratories the strain energy release rates were calculated using the
modified compliance calibration (MCC) [10] and additional crack lengths were
computed from the compliance data recorded during the measurements by using
the calibration equation of the MCC method. By plotting da/dN over Gimax in a
double logarithmic scale a so called Paris plot was achieved [11, 12]. Ginax Was
used instead of AG, in order to avoid an influence of facial interference on the
results of the measurements [13]. All the calculations were made using an Excel-
VBA-Macro provided by laboratory A.

Compression after impact tests on braided composites were carried out at
laboratory A using an universal test machine (Z250, Zwick GmbH & Co. AG, Ulm,
Germany) after the specimens were subjected to impacts at defined ranges of
impact energies with a falling weight impact tester (Fractovis Plus S.p.A, CEAST,
Pianezza, ltaly). The residual compressive strengths of the specimens were
assessed [14].

3.2.5 Results and discussion

3.2.5.1 Fracture testing

In Figure 3.2 a comparison of two types of crack length determination is depicted.
On the one hand the crack lengths were measured optically by using a traveling
microscope. On the other hand the crack lengths were computed from compliance
data which was recorded by the test machine automatically. It is shown that the
two calculation methods give comparable crack growth curves. In the following
diagrams compliance calibration is applied for the calculation of the crack growth
curves.

According to the literature [2, 7, 15, 16] a scatter of the data of up to one decade of
the crack growth rate can be expected, when an interlaminar crack growth curve is
recorded. Figure 3.3 shows the amount of scatter that was received without
varying any test parameters at laboratory A.

The length of the starter crack has an influence on the crack opening
displacement, on the compliance of the specimen and on the amount of fiber
bridging occurring during the test [17]. Considering this it is very important to
examine the influence of the length of the starter crack on the results of the
measurements.

In Figure 3.4 the fatigue crack growth curves for starter cracks with 30 and 50 mm
can be found. To receive longer starter crack lengths, the quasi-static mode | test
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was carried on until the desired crack length was reached. During the
measurements it was found that an increase of the length of the starter crack
made it necessary to decrease the test frequencies, because a higher piston
stroke was required. Hence the test frequency for the specimens with a starter
crack length of 50 mm was limited to 5 Hz. Additional problems with the 50 mm
starter crack occurred at crack growth rates below 10 mm/cycle. The forces fell
below a level that made it difficult to record them at the 15 kN servo-hydraulic test
machine. This led to a big scatter in the recorded forces.
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Figure 3.2: Effect of crack length determination (optical vs. compliance calibration) on
interlaminar fatigue crack growth.
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Figure 3.3: Reproducibility of interlaminar fatigue crack growth tests.
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Figure 3.4: Effect of the length of the starter crack on interlaminar fatigue crack growth.

An increase of the test frequency can, on the one hand, have a negative influence
on the results of the measurements by leading to hysteretic heating of the
specimen. On the other hand an increase of the test frequency, such as from 5 to
10 Hz, leads to a drastic reduction in the testing time and therefore reduces testing
costs. In previous studies on CF-epoxy, 10 Hz did not result in hysteretic heating
of the sample [2].

In Figure 3.5 it is shown that there was no significant influence of the test
frequency on the results of the measurements, when the frequency was raised
from 5 to 10 Hz.

Figure 3.6 shows the influence of specimen thickness on the results of the
measurements. By doubling the thickness of the specimen the bending stiffness is
increased eight-fold. This leads to smaller crack opening displacements and
makes it difficult to read the crack lengths with the traveling microscope. It is
assumed that this leads to a bigger amount of scatter when testing the thicker
specimens. On the other hand the smaller crack opening displacements make it
possible to test at higher frequencies. Thus test frequencies of 10 Hz were used
for the thicker specimens. Nevertheless these effects need to be examined in
more detail and exclude the use of specimens with a thickness of 8 mm for the
characterization of the interlaminar fatigue crack growth behavior for now.

In Figure 3.7 the results of the measurements under displacement control are
compared to the results achieved from testing in load control. Therefore all other
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test parameters were kept constant. It can be seen that the two test control modes
yielded similar results.
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Figure 3.5: Effect of frequency on interlaminar fatigue crack growth.

Testing in displacement control has the following advantages compared to testing
in load control:

e Fast crack growth occurs at the beginning of the measurements.

e There is no need to be present all the time and the tests can be left alone
over night or even for a couple of days. Crack lengths can be computed
from the compliance data recorded continuously by the test machine.

e The detection of the threshold is a matter of testing time (given that no fiber
bridging occurs and that the plastic zones remained small).
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Figure 3.6: Effect of specimen thickness (2h) on interlaminar fatigue crack growth.
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Figure 3.7: Effect of control mode (displacement control and load control) on interlaminar
fatigue crack growth.

Because the reproducibility of the results of standardized tests is enormously
important, it is examined whether this test method can be carried out on other test
machines. The results of this intra-laboratory comparison of the tests carried out
on different types of test machines can be seen in Figure 3.8. Both machines
yielded similar results, although the electro-dynamic test machine had some
problems with the tuning. The low load capacity of the machine made it necessary
to regularly adjust the tuning of the machine due to the change of specimen
compliance during crack growth.

The results of an ongoing inter-laboratory comparison of this type of
measurements in the framework of the European Structural Integrity Society,
Technical Committee 4 (ESIS TC4) are not yet available. First results of tests on
similar materials at laboratory B (s. Figure 3.9), however, indicate, that an inter-
laboratory comparability of this type of measurements is given.

This kind of measurements works very well with other materials too, as can be
seen in Figures 7.10, 7.11 and 7.13. Figure 3.10 shows the interlaminar fatigue
crack growth behavior of UD-PEEK. In Figure 3.11 the fatigue crack growth
behavior of a biaxial braid is depicted in the log da/dN versus log Gimax-diagram.
This figure shows some scatter in the values of Gimax, Which can be ascribed to
two mechanisms. On the one hand, the crack growth is stopped at fibers not
oriented in growth direction and the crack is deflected from its nominal growth
plane (crack deflection). On the other hand a second crack plane is created (crack
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branching). In Figure 3.12 these mechanisms are shown in a picture taken during
the measurements on the biaxial braids. It has to be mentioned, that the results
shown here were calculated based on equations that require the ideal case of one
single and even crack plane. Hence, the results are not fully valid. Nevertheless
they were reproducible and can thus be used for the comparison of the two

different braid architectures.
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Figure 3.8: Effect of machine type (servo-hydraulic and electro-dynamic) on interlaminar

fatigue crack growth.
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Figure 3.9: Comparison of the results from laboratory A with results from laboratory B.
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Figure 3.10: Interlaminar fatigue crack growth behavior of UD-PEEK laminates.

0.1 - N —
1 | biaxial braids ' 23°C
0,014 | 2 NI wnauana. 2734 A
3 L — | LabA |
— 1E-3 E
2 3 3
s E
>
2 o
€ 1E-44 o
£ 3 3
£ 3 O,
= % of J
] B0 e
o 1ES 4 Lol |
1E-6 - i
1E-7 e
10 100 1000 10000
G [

|,max

Figure 3.11: Interlaminar fatigue crack growth behavior of biaxial braids.

In Figure 3.13 the fatigue crack growth behavior of triaxial braids is illustrated both
for longitudinal and transversal test direction. The triaxial braids tested in
longitudinal direction show a smaller influence of both crack deflection and crack
branching on the fatigue crack growth data (less scatter) than those tested in
transversal direction. The difference between the two different test directions is
within the scatter of the data. Compared to the biaxial braids, the triaxial braids
show no significant difference in the mode | fatigue crack growth behavior.
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crack deflection crack branching

Figure 3.12: Crack deflection and crack branching in the biaxial braid.
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Figure 3.13: Interlaminar fatigue crack growth behavior of triaxial braids.

3.2.5.2 Compression after impact testing

In Figure 3.14 the residual strength of the braided composites is plotted as a
function of the impact energy. Similar results were obtained for the triaxial braids
tested in transversal direction and the biaxial braids which were tested in
longitudinal direction. The residual strength values of the triaxial braids which were
tested in the longitudinal direction, however, are at a significantly higher level than
the triaxial ones tested in transversal direction. Hence the addition of 0° yarns
leads to an increase of the compressive strength after impact when specimens are
loaded in longitudinal direction.
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Figure 3.14: Effect of braid architecture on the residual compressive strength of braided
composites.

3.2.6 Conclusions

The presented procedure for the characterization of the interlaminar crack growth
in fiber reinforced composites proved to be an appropriate way to measure the
growth of delaminations. The fatigue crack growth behavior of unidirectionally
reinforced polymer laminates with matrices made of either poly-ether-ether-ketone
or epoxy resin could be well compared. The machine parameters frequency,
control mode and type of machine showed no significant influences on the results
of the measurements on UD-reinforced epoxy resins. When varying the specimen
parameters initial crack length and thickness, however, the results indicate the
need for guidelines concerning these parameters to be able to receive
reproducible results. An inter-laboratory comparison of the results of this kind of
measurements provided promising results. Round robin measurements have been
initialized to prove these findings and will be carried out by members of ESIS TC4.
[2, 18]. The interlaminar crack growth behavior of UD-PEEK samples could be
measured reproducibly and the PEEK samples proved to be much tougher than
the epoxy resin samples.

Furthermore an experimental investigation of the interlaminar crack growth in
braided composites under fatigue loading conditions shows that crack branching
occurs in multi-directional composites. This increases the dissipation of fracture
energy in the specimen. All the braided samples showed stick slip effects, leading
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to crack growth curves with a greater amount of scatter compared to the
unidirectional reinforced laminates. This can be ascribed to the delamination crack
interacting with the braid structure, especially with transverse fibers [19].
Nevertheless no significant difference in the fatigue delamination behavior of
biaxial and triaxial braided composites could be found. Compression after impact
measurements were made to study damage tolerance of the braided composites.
It was found that the fiber orientation has a great influence on the compression
after impact behavior.

In all cases the mode | fatigue delamination propagation measurements under
displacement control provided very reproducible results and seem to be a
promising tool to characterize the delamination behavior of polymer laminates
under mode | fatigue loading conditions.
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3.3.2 Abstract

Selected mode | fatigue data from five different types of fiber-reinforced, polymer-
matrix composites tested in two round robins organized by the American Society
for Testing and Materials subcommittee D30.06 and European Structural Integrity
Society Technical Committee 4, respectively, are analyzed and discussed. The
focus is on experimental scatter (in-laboratory and inter-laboratory) and on
schemes for quantitative data analysis. It is shown that in spite of considerable
scatter different composites can be distinguished and, under certain assumptions,
a relative ranking be established. Further, effects from limited experimental
measurement resolution are noted and implications for the test procedure and use
of the test data in design of composite structures discussed. For comparative
purposes, a rough ranking of different composites is feasible with test data
generated within 24 hours per specimen in an industrial test environment.

3.3.3 Introduction

Characterization of delamination resistance of fiber-reinforced polymer-matrix
composites (FR-PMC) under quasi-static and cyclic fatigue loads is important for
development of laminates with improved damage tolerance as well as for
designing composite structures and, therefore, has been an active area of
research for quite a while (see e.g., [1, 2] for a summary). While this has resulted
in standardized test procedures or at least in standardization activities for quasi-
static loading in different modes [3], this is not the case for cyclic fatigue yet. A
procedure for mode | tensile opening cyclic fatigue testing of FR-PMC was
evaluated in a first round robin test involving three laboratories and was shown to
yield sufficiently reproducible results [4] and additional testing showed sufficient
discrimination between selected, different types of FR-PMC [5]. Recently,
additional round robin testing on mode | cyclic fatigue was performed, both within
subcommittee D30.06 on interlaminar properties of composite materials of the
American Society for Testing and Materials (ASTM) International and committee
TC4 on fracture of polymers, composites and adhesives of the European
Structural Integrity Society (ESIS). The present contribution evaluates selected
results from these round robins and focuses on approaches for quantitative data
analysis on one hand, and on experimental scatter and measurement resolution
on the other. Implications for the test procedure under development will be
discussed.
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3.3.4 Experimental

3.3.4.1 Materials and specimens

The materials used in the two round robin programs are listed in Table 3.1 for
ASTM D30.06 and in Table 3.2 for ESIS TC4. All tests were performed using
double cantilever beam (DCB) specimens (according to ASTM D5528 or ISO
15024) with a total length of about 152 mm (ASTM) and of 145 mm (ESIS), a width
of 20 mm and thicknesses as listed in Tables 8.1 and 8.2. Starter cracks were
realized by using a PTFE film insert (about 5 um for ASTM and about 20 pm thick
for ESIS) at the laminate mid-plane. Aluminum load-blocks (about 6 mm thick,
12.8 mm long and 20 mm wide, with a pin-hole with a diameter around 3.8 mm
located towards the crack tip for ASTM, and 10 mm thick, 15 mm long and 20 mm
wide with centered pin-hole with a diameter of 4 mm for ESIS) were mounted for
load introduction.

Table 3.1: Materials used in the ASTM D30.06 round robin

C1 c2 G1
Fiber Carbon, IM7 Carbon, G40-800 12k Glass, S2
Matrix resin Epoxy, 977-3 Epoxy, 5276-1 Epoxy, 5216
Lay-up [0]26 [0]26 [Ol1s
Thickness . . .
(mm) 3.5 (nominal 3.5) 3.4 (nominal 3.7) 4.1 (nominal 4.0)

Table 3.2: Materials used in the ESIS TC4 round robin

C3 C4
Fiber Carbon, G30-500 12k Carbon, AS4
Matrix resin Epoxy, Rigidite 5276 PEEK
Lay-up [0]24 [0]24
Thickness (mm) 4.0 3.0
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3.3.4.2 Procedure

The ASTM test procedure first asked for drying the specimens according to ASTM
D5229/D5229M and then storing them in a desiccator before testing under
standard laboratory conditions of (23£3)°C and (50+10) % relative humidity. The
mode | fatigue test shall be performed without precracking at 10 Hz (if possible); at
laboratory B tests were run with 3 Hz due to large displacements and with a R-
ratio of 0.1. Testing shall be continued until a delamination rate below 10°
mm/cycle is reached in order to determine a threshold value. For determining the
maximum cyclic displacement domax, @ series of quasi-static tests shall be
performed on a separate set of nominally identical specimens up to a delamination
length of 75 mm beyond the initial crack tip. The quasi-static results shall be used
to calculate dmax from the following relation (3.1):

52max G
BT a=os (3.1)
o] av Ic

’ i'e'! 5max = ‘\IOS[&” ]zav (3.2)

where G is the critical strain energy release rate, [d.]%av is the average of the
squared critical displacement values at Gic from the quasi-static tests and Gjnax is
the maximum cyclic strain energy release rate. Effectively, at laboratory B, a factor
of 0.8 proved to be too low to get the delamination propagation started from the
initial crack within a sufficiently low number of cycles and a factor around 1.0 was
used for most tests. The quasi-static data are summarized in Table 3.3. One
laboratory also tested additional specimens for delamination growth onset
according to ASTM D6115 based on developments reported in [6].

The ESIS procedure specified that in order to start the measurements at high
crack growth rates just below Gic a quasi-static mode | test for pre-cracking was
done as a Gic -test at a cross-head speed between 1 and 5 mm/min. The
displacement value at which pre-cracking was stopped was then taken as the &max
value for fatigue loading. The cyclic test was started and continued until a crack
growth rate of about 10°® mm/cycle was reached. An R-value of 0.1 was used in all
the measurements and the tests were done under displacement control.

Fatigue loading could be stopped to perform visual observation of delamination
lengths with a travelling microscope. In order to avoid errors during the calculation
of the results a spreadsheet macro file was created which was used by all the
participants for the calculation of da/dN and Gimax.
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Table 3.3:  Quasi-static Mode | averages from the ASTM D30.06 round robin

(Laboratory B, 5 specimens each)

Ci c2 G
L”:izﬂggg'gé:?ﬁon s 120 9.7 253 +23.8 147 £11.8
L”gfa’:‘;;g'gx;)lg §°f3)/m2] 145 £ 12.1 290 +11.8 172£11.9
:‘S;%Zrzrgzsi?ii%”[ ] 174 16.5 337 £ 27.1 432 +27.7
i":‘;;”;;dpgg\‘/’iﬁz?[: ] 184 £17.2 357 +34.2 574 +26.9
Back-calculated E-modulus 122458 1424125 59 +13.3

+ standard deviation [GPa]

Data from visual observation of delamination propagation and from recorded
machine compliance can be used to evaluate Gimax and the corresponding
delamination rate da/dN. Gimax is evaluated using simple beam theory, corrected
beam theory and modified compliance calibration and the da/dN-values are
calculated in a secant (point-wise) approximation or with a seven point polynomial
fit (according to ASTM D647). The number of machine compliance data points can
be reduced by specifying a minimum delamination length increment between
subsequent data points in the data presentation graphs (typically 50 um was
used). The same spreadsheet was used to analyze the ASTM round robin data
from laboratory B. A typical set-up for mode | fatigue testing (laboratory B) is

shown in Figure 3.15.

Figure 3.15: DCB-specimen for mode | fatigue testing mounted in the fixture (laboratory
B) without applied load; the travelling microscope for visually identifying the

delamination tip is seen on the left.
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3.3.5 Results and Discussion

3.3.5.1 ASTM Round Robin

Only data from laboratory B are available for the analysis and hence, no
information on inter-laboratory scatter can be derived. On the other hand, as
shown in Figure 3.16, the in-laboratory scatter of the data from visually recorded
delamination lengths using a travelling microscope is such that it is somewhat
difficult to even distinguish trends among the three laminates. This is different from
the data presented in [5] where various carbon- and glass FR-PMC could easily be
distinguished. It has to be noted that Gmax values are determined from the
modified compliance calibration method (MCC, see [7]).

As a second step in the analysis, the same data are plotted using delamination
lengths calculated from recorded machine compliance data (machine load and
displacement, respectively) [4] instead of visually determined delamination lengths
(Figure 3.17). Since machine data have been recorded every 500 cycles, the
number of data points is reduced by requiring a minimum delamination length
increment of 50 um between individual data points in the spreadsheet used for
data analysis.A 50 um delamination length increment roughly corresponds to the
resolution of the visual delamination length measurement obtained with the
microscope at laboratory B.

0,1 -——

] ASTM C1 visual b
0,01 5 ASTM C2 visual i 3
i ASTM G1 visual | : ]
1E-3 o g e .
E. ‘|E—4; l , . ‘;
[+] E & a8 ‘& E
> 4 3
_(_e 4 4
£ 1E-5'=
£ 166+ oS 1
© 3 : 3
o 1 : 1
1E-7 o 4
] LabB | ]
1E-8 4 f=3Hz |+
] RT E
1E-9 I 1 A e 0 3 —rrr
10 100 1000

G, [Wim?

Imax

Figure 3.16: Paris plot of all visual data recorded by laboratory B for three types of
laminates used in the ASTM round robin, Gin.x has been evaluated by the
modified compliance calibration (MCC) method.
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This allows distinguishing differences in slope of the Paris plots for each group of

laminate. In a next step, the data points for each specimen are replaced by a

j—;=A'G1maxm= which yields a quantitative result, namely the

exponent m, which represents the slope of the linear regime in the double
logarithmic diagram. It has to be noted that these fits include all data points and
hence may be affected by possible deviations from linear behavior at both, high
and low delamination rates. In a further step, the power law fits for each material
are presented individually, this time including the non-linear (NL) and maximum or
5% (MAX/5%) initiation values from quasi-static testing of specimens of these
laminates (again determined by the MCC method).

power law fit,

From the four graphs in Figure 3.18, the following conclusions can be drawn: (1)
Laminates C1 and G1 show a larger scatter in slopes than laminate C2, (2)
laminate C2 clearly shows the lowest slope, while C1 and G1 seem to yield similar
slopes, (3) laminates C1 and C2 show at least one fit with a distinctly different
slope among the five data sets, and (4) for laminate C1, all linear fits except one
reach the average MAX/5% initiation value determined from quasi-static tests,
whereas for C2 and G1 only one linear fit each exceeds the average NL value
from the same tests.

0.1 i x e ) . 0 |
] * ASTM C1 machine |
0,01 o +  ASTM C2 machine | . L
E = ASTM G1 machine ah aps

1E-3
164

1E_5 '!

da/dN [mm/cycle]

1E'6'!

167 o 1
] LabB ]
1E-8 o f=3Hz |
: RT E

1E-9 — ) s s
10 100 1000
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Figure 3.17: Paris plot of the same data shown in Figure 3.16 but using delamination
lengths back-calculated from machine compliance instead of visually
determined delamination lengths. The number of data points has been
reduced by requiring a minimum delamination length of 50 micrometer
between each data point.
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It can also be noted that the highest observed delamination rates da/dN for all
three laminates are on the order of about 5x10° mm/cycle. If the values of the
slopes from the different specimens are compared in a bar-plot (Figure 3.19) it is
evident that in spite of some scatter laminate C2 yields the lowest, C1 intermediate
and G1 the highest values for the slopes. In this respect, the three laminates can
clearly be distinguished.
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Figure 3.18: Paris plots of the fatigue data represented by linear fits for each specimen,
(a) for all three laminates, (b) for laminate type C1, (c) for laminate type C2,
and (d) for laminate type G1. The average non-linear and maximum or 5%
initiation values determined from quasi-static tests are shown as thick dotted
lines with thin dotted lines indicating the lower standard deviation (averages
and standard deviations from testing 5 separate specimens per laminate).
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Specimen

Figure 3.19: Comparison of the slopes (m) obtained from linear fits of the Paris plots for
each specimen.

However, a comparison of slopes is not sufficient for ranking the laminates with
respect to their delamination resistance performance. A steep slope does indicate
that a laminate may exhibit a significant increase in delamination-rate even for a
small increment of the applied load (equivalent to Gimax) [8]-

On the other hand, it is debatable whether a low slope will really be preferable
since such a laminate may yield higher delamination-rates at relatively low applied
loads.

A linear fit that, for a given delamination-rate da/dN, corresponds to a “high” value
of applied load Gimax Mmay, in the end indicate a better delamination resistance than
one for which the applied load is much smaller (at the same rate) independent of
the slope. Taking an arbitrary delamination-rate of 10° mm/cycle and comparing
the three laminates in Figure 3.20 yields lowest applied loads Gimax of 69, 111, and
86 J/m? for C1, C2 and G, respectively. This coincides with the relative ranking
obtained from quasi-static mode | testing of the same laminates. Of course, if the
same comparison were made at 107 mm/cycle and assuming that no threshold-
like effects would come into play at this rate, the ranking may look different with C2
yielding the lowest values (from extrapolation of the linear fits). These examples
show that under certain assumptions, a relative ranking of the delamination
resistance of different laminates can be established using the type of data analysis
outlined above. A detailed statistical analysis of the results would in principle even
yield confidence intervals for the values describing the ensemble of test data.
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_at 10° mm/cycle
[J/im3

Gma

Specimen

Figure 3.20: Comparison of the Ginax values at 10° mm/cycle obtained from linear fits of
the Paris plots for each specimen.

It has, however, to be pointed out that before using any of these values for
designing a composite structure, their validity will have to be firmly established (at
least in an analysis of the full data set from the ASTM round robin) and in- and
inter-laboratory scatter will have to be assessed in detail for determining suitable
safety factors. As already noted above, steep slopes of the fatigue curves yield
large uncertainties in predicted delamination growth rates for relatively small
uncertainties in the applied load [8]. The same holds for large scatter in the slopes,
if delamination growth rates are, e.g., used in design. Threshold values [6, 9] for
mode | fatigue used in a “no-growth” design concept could be considered as an
alternative, however, determination of such values may require long test duration,
especially at low frequencies or large displacements. It might be advisable to
change recommended specimen geometries from that of the quasi-static mode |
tests (ASTM D5528 or ISO 15024) to less compliant beams for that. Further, as
noted earlier [4], it is not clear whether such threshold values do exist or whether
they appear due to limited experimental measurement resolution [10]. Evidence for
effects caused by limited measurement resolution from selected ESIS round robin
data will be presented and discussed below.

3.3.5.2 ESIS Round Robin

Analogous to the approach for data analysis of the ASTM round robin, all raw data
from all participants (laboratories A,B,C; and D) obtained on two carbon FR-PMC
(one thermoset epoxy and one thermoplast, i.e., PEEK) are compiled in Figure
3.21. In this case, the data for the thermoset and thermoplastic composites are
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readily distinguishable. At first sight, it is also clear that the thermoplastic shows a
larger scatter than the thermoset laminate (neglecting one thermoset data set on
the far left with a very steep slope). The full analysis of the data will be published
elsewhere [11], but selected aspects will be discussed in this section. Performing
the same linear fitting procedure described above and comparing the slopes of the
linear fits for the thermoplastic AS4/PEEK laminate (Figure 3.22) shows that there
is considerable in-laboratory as well as inter-laboratory scatter. Neglecting three
extreme values of about -0.9, 63.5 and 11.8 (laboratories B, C and D, not shown)
the average slope is roughly similar to that of laminate C2. Since all fits are located
at applied loads Gimax above 200 J/m? it is expected that the delamination
resistance performance of the thermoplastic composite is superior to that of the
thermoset.

A plot of machine load peak values and calculated delamination length is shown
for one specimen of carbon FR-epoxy for laboratory A and B, respectively in
Figure 3.23. The noise in the load signal clearly differs for the two laboratories due
to the different load cells used. This noise in the load signal is reflected in a
corresponding noise in the delamination lengths calculated from the machine data.
This finally results in significant scatter in the Paris plot for the specimen tested in
laboratory A at delamination-rates around 10 mm/cycle.
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Figure 3.21: Paris plot of all visual data recorded by laboratories A, B, C and D for two
types of laminates used in the ESIS round robin, Gin.x has been evaluated
by the modified compliance calibration (MCC) method.
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The same composite tested in laboratory B still yields a straight Paris plot at these
rates. However, similar scatter to that found for laboratory A at 10> mm/cycle is
observed for specimens tested at laboratory B for delamination-rates around 10
mm/cycle and lower (Figure 3.24). This constitutes strong evidence that
determination of Paris plots at low delamination-rates may be affected by
measurement resolution, in particular by the choice of the load cell or calibrated
load-cell range. At sufficiently low rates, an analogous and cumulative effect from
variation in the displacement control of the test machines is expected to come into
play as well. It is hypothesized that these effects may put limitations on the
determination of mode | fatigue threshold values for composite laminates, even
though this has not been attempted in the present round robin tests.

Close inspection of the calculated and visually determined delamination lengths as
a function of cycle numbers (Figure 3.23) also indicates that stopping the test
machines for visually reading delamination lengths may induce slight shifts in the
load signals upon restarting the cyclic loads. This will ultimately also affect the
accuracy of the determination of the Paris plot behavior.

10 T - T - T - T - T
[P

B Lab B
B Lab C

Specimen

Figure 3.22: Comparison of the slopes (m) obtained from linear fits of the Paris plots for
each specimen from the G30-500/R5276 laminate.
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Figure 3.23: Machine load and calculated delamination length versus cycle number
(laboratory A and B) for the carbon FR-PMC. Visually determined
delamination lengths (machine stopped) are also indicated (see text for

details).
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Figure 3.24: Paris plot for one specimen of carbon FR-PMC for laboratory A and B,
respectively.

Since laminate type C2 from the ASTM round robin uses an epoxy type 5276-1
and material A from the ESIS round robin is using a similar epoxy (R5276),
however with different carbon fiber types (G40-800 12k in C2 versus G30-
500 12k), the slopes of the linear fits for the two laminates can be compared
(Figure 3.25). For the same delamination-rates, the fits for laminate C2 tend to be
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shifted to slightly higher values of applied load (Gimax). The data also seem to
indicate a slightly higher slope for laminate C2 compared with laminate type A.
This could be interpreted as indication of improved performance, but the data base
for comparing averages and scatter is limited (5 specimens each tested at one
single laboratory). It has to be noted that material A has been stored for an
extended period of time and hence may be affected by ageing. Nevertheless, it will
be of interest to compare the full data set from all laboratories for each of the two
materials, once the data are available.
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Figure 3.25: Comparison of Paris plots for laminate types C2 and C3 using a similar
epoxy matrix (all test data from laboratory B).
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3.3.6 Conclusions

The round robin data presented in this paper have shown the need for establishing
structured data processing and analysis, if different laminates shall be compared
with respect to their mode | cyclic fatigue delamination resistance behavior. Due to
the inherently large scatter, both in-laboratory as inter-laboratory, it may be difficult
or virtually impossible to rank different laminates, if only raw data are used in the
Paris plot. While the analysis methodology proposed in the present paper will
provide a rough ranking, quite likely further detailed analyses will have to be
performed for obtaining statistical confidence limits before using the data for
design. Testing five specimens per laminate type may constitute a lower limit and
more specimens may have to be tested for sufficient discrimination and statistical
confidence. Testing at higher frequencies (up to 10 Hz) may require stiffer
specimens than those recommended by the quasi-static test procedures. The
analysis has also indicated limitations arising from the resolution of machine load
and displacement measurements which may affect determination of the so-called
threshold behavior of the laminates. Further research will be necessary to resolve
these issues.
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3.4.2 Abstract

Two round robins on mode | fatigue delamination propagation organized by
Technical Committee 4 of the European Structural Integrity Society compared
three unidirectional carbon fiber reinforced composites, one with thermoplastic
(poly-ether-ether-ketone) and two with thermoset (epoxy) matrix tested at five
laboratories. Different approaches for data evaluation and their effect on the in-
and inter-laboratory scatter are discussed and compared. Calculated delamination
rates da/dN and applied Gimax from displacement controlled tests are sensitive to
small scatter in the load signal, and, therefore, a new route to evaluate the crack
growth rate from pairs of load and displacement data is presented.

3.4.3 Introduction

In recent years fiber reinforced polymer composites have gained in importance,
especially due to the growing interest of the transportation industry in lightweight
structures [1-4]. But notwithstanding their many advantages, the biggest
disadvantage of using fiber-reinforced polymer-matrix (FRP) composite materials
is their susceptibility to delamination initiation and to growth of these interlaminar
delaminations (see, e.g., [5, 6] for recent reviews). To account for the need to
characterize the delamination resistance of FRPs under monotonic mode | loading
conditions a significant research effort was carried out in the last three decades
[5—13]. Several research groups have further published results of cyclic mode |
delamination measurements on FRP [12, 14-25]. There are approaches for
incorporating delamination properties into structural design [26] and quasi-static as
well as cyclic fatigue fracture mechanics data from composite laminates have
been used to predict the delamination behavior of composite structures [27-31].

Standards considering the determination of the critical value of the interlaminar
fracture toughness, Gic, for unidirectionally reinforced polymer composites under
quasi-static load were published [32-34]. Furthermore a standard for the
measurement of delamination fatigue growth onset was issued in 2008 [35].
Recently, European Structural Integrity Society Technical Committee 4 (ESIS
TC4) and American Society for Testing and Materials, International, Subcommittee
D30.06 (ASTM D30.06) carried out separate round-robin test programs on mode |
(tensile opening) fatigue delamination growth. Selected results and additional
references have been compiled in [36—38], but so far no standards considering
mode | fatigue crack propagation in unidirectionally reinforced (UD) polymer
composites have been published. The applicability of mode | fatigue test
procedures to glass fiber-reinforced polymer-matrix (GFRP) laminates was
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investigated [22, 27] and it was shown that different types of FRP laminates could
be discriminated [37]. The 2009 round robin exercise carried out by ESIS TC4
investigated the influences of control mode (load vs. displacement control), test
frequency and test duration on the overall test results [36] performed at three
laboratories. None of these test parameters was found to exert a significant
influence when testing a carbon fiber reinforced epoxy laminate (IM7/977-2).
Selected results from preliminary testing and of a first round robin of ESIS TC4
and ASTM D30.06 published in [38] focused on discrimination between different
composite laminates and, in part, on determination of threshold values. A second
ESIS TC4 round robin performed in 2010-2011 focused on material dependent
inter-laboratory scatter by testing one carbon fiber epoxy laminate (G30-500
12k/R5276) and one carbon-fiber poly-ether-ether-ketone (AS4/PEEK) laminate at
five laboratories. Possible sources of inter-laboratory scatter include different types
of test machines used at participating laboratories, different test set-ups and
frequencies, and different operators recording the visually determined
delamination lengths.

Compared with tests described in the literature so far, a round robin with several
participating laboratories for the first time allows the determination of inter-
laboratory scatter. The in-laboratory scatter can be compared to previously
published literature for the same or similar composite laminates. In order to have
comparable results, a number of test parameters were prescribed (see below for
details).

In order to facilitate testing in an industrial test environment particular emphasis
was placed on short test duration and automated data acquisition [36]. Therefore,
threshold determination was not an aim of the round robins. As discussed in [38],
threshold value determination may require higher resolution of load and
displacement than mode | fatigue delamination propagation. The present paper for
the first time compiles all data sets from the mode | fatigue delamination
propagation round robins performed within ESIS TC4.

3.4.4 Experimental

3.4.4.1 Materials and specimens

Three materials, listed in Table 3.4, were tested within the ESIS TC4 mode |
fatigue round robin exercises. DCB specimens based on prescriptions and
recommendations in [34] with a total length of about 145 mm, a width of 20 mm
and thicknesses as listed in Table 3.4 were used. For starting the crack a poly-
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tetra-fluoro-ethylene (PTFE) film (about 20 um thick), inserted at the laminate mid-
plane, was used in materials A and B, and a fluorinated ethylene propylene (FEP)
film (about 10 um thick) in material C. [34] recommends the use of film inserts with
less than 13 pm thickness in order to simulate a sharp crack. In the ESIS TC4
round robin a monotonic precrack was generated prior to fatigue testing in order to
avoid an influence of the film insert on the crack growth. Aluminum load-blocks
were mounted for load introduction.

3.4.4.2 Procedure

The round robin test procedure and the results presented here are based on the
experience from published literature [7—25] and preliminary testing at selected
laboratories [37]. The 2011 test procedure in principle allows testing at different
stress ratios, R, test frequencies and under load or displacement control. For ease
of comparison in the round robin, testing was limited to displacement control
based on a comparison between load and displacement control from the first
round robin [36]. Test frequencies shall be chosen as high as possible, but
possible heating effects would have to be investigated for frequencies of 10 Hz or
higher. Data will be presented as a function of Gimax rather than AG for eliminating
scatter due to possible facial interference and the prescribed stress ratio of R=0.1
will yield conservative results when using Gimax [14].

Table 3.4: Materials used in the ESIS TC4 round robins.

A B C
Fiber Carbon, Carbon, Carbon,
G30-500 12k AS4 IM7
Matrix resin Epoxy, Rigidite 5276 PEEK Epoxy, 977-2
Lay-up [0] [0] [0]
Thickness (mm) 4.0 3.0 4.0
Starter film type and PTFE, 20 pm PTFE, 20 pm FEP, 10 um

thickness

Facial interference comprises a combination of effects including fiber bridging
(e.g., fibers of both crack faces interfere during the crack closing step), a plasticity
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zone wake (usually called crack closure in metals), rough surface and debris [18].
The ESIS TC 4 procedure specified that in order to start the measurements at high
crack growth rates just below Gic, a quasi-static mode | test for pre-cracking was
performed as a Gic-test at a cross-head speed of between 1 and 5 mm/min, ideally
to obtain a short, i.e., a few mm long precrack. Cyclic fatigue loading was then
started with the last displacement value from the quasi-static test, since choosing
a maximum displacement from the average of all quasi-static tests, e.g., according
to equation (3.3) as required by the ASTM D30.06 procedure proved difficult
because of the scatter among specimens (mainly due to stiffness variation).

5. =[085, Fu (3.3)

where Omax is the maximum displacement in the cyclic test and & is the critical
displacement in the quasi-static test. The fatigue tests were continued until a crack
growth rate of about 10° mmi/cycle was reached. Fatigue loading could be
stopped to perform visual observation of delamination lengths with a travelling
microscope. In order to avoid errors during the calculation of the results a
spreadsheet macro file was created which was used by all the participants for the
calculation of the so-called Paris plot, i.e., da/dN as a function of Ginax. The tests
were carried out in five different laboratories (labeled A,B,C,D,E) using five
different test machines. Laboratory A used a servo-hydraulic test machine (type
MTS 858) with a 15 kN load cell calibrated to a load range between 0 and 400 N.
The tests at laboratory B were done on a servo-hydraulic test machine (type MTS
Bionix) with a 15 kN load cell. Laboratory C used a servo-hydraulic test machine
(type Instron 1273) with a 1 kN load cell, calibrated to a load range between 0 and
500 N. Laboratory D used a servo-hydraulic test machine (type Instron 8502) with
a load cell capacity of 5 kN. Laboratory E carried out the tests on a servo-hydraulic
test machine (type Instron 8872) with a 5 kN load cell. Laboratories A and B
performed the tests at a maximum frequency of 10 Hz, laboratory C at 3 Hz and
laboratories D and E at 5 Hz. Labs A, B and D had to reduce the test frequency
when testing the more compliant PEEK specimens due to the greater piston
displacement that was needed to keep the interlaminar crack growing.
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3.4.4.3 Crack length detection

The crack length, ., was determined using three different approaches. All round
robin participants used a travelling microscope with a sufficient resolution for visual
crack length detection as defined in [34] as first method. Based on these visually
observed crack lengths and the corresponding machine data, a compliance based
approach (see equation 3.4) was used as second method to calculate crack
lengths from every pair of load and displacement values recorded by the test
machine at selected intervals during the test as explained in [36].

C\nm

where C is the compliance determined from machine load and displacement and B
and m’ are constants of a power-law fit. Figure 3.26(a) shows such a power law fit
and Figure 3.26(b) the resulting crack length as a function of the number of cycles
after applying this compliance calibration to load and displacement data recorded
by the test machine.

As third method, the so-called “effective” crack length method can be applied in
order to back-calculate crack lengths from the measured compliance of the
specimen and independent measurements of the flexural modulus, E4, rather than
visually measuring crack lengths (see [39] for details of the calculations). Using
this method for the determination of crack lengths would facilitate fatigue
delamination measurements on FRP because after starting the test it would only
be necessary to stop the test when a sufficiently low crack growth rate is reached.
Simultaneously, possible shifts in machine data recording from stopping and
restarting the fatigue loading and operator dependent visual determination of
delamination length would be eliminated. Effective crack lengths, , , were

calculated via equation (3.5), which is derived from corrected beam theory:

1
h(EIijs
Ay =5
2\ N (3.5)

where h is half the thickness of the specimen, E; the flexural modulus, b the width
of the specimen and N a finite displacement correction to account for load-block
effects. The flexural moduli of materials A and B were measured on a tensile
testing machine (type Zwick Roell Z250) with a 10 kN load cell in laboratory A
according to [40] while the value for material C was obtained from [41].
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3.4.4.4 Calculation of da/dN

The crack growth rate, da/dN, was calculated using a seven point averaging
method as described in ASTM E 647 [42]. This is an incremental polynomial
method fitting a second order polynomial (parabola) to sets of (2n+1) successive
data points, where nis 1, 2 or 3. The first and last pair of data points are evaluated
using the secant or 2 point technique, where two points are connected with a
straight line and the crack growth rate is the slope of this line. In order to examine
a possible influence of the number of fitted data points on the calculation of da/dN
the authors also calculated da/dN by using this 2 point technique and a 5 point
technique, where n=2. With the aim of reducing the scatter in the compliance
based calculation of da/dN observed in the first round robin [36] and illustrated in
Fig. 3.26(b), two approaches were selected. The first is to eliminate all data points
which do not correspond to a delamination length increase of more than 0.1 mm
(see Fig. 3.26(c)). The second uses a second order power law fit of the crack
lengths calculated from compliance, which is plotted versus cycle number (see
Fig. 3.26(d)).

3.4.4.5 Calculation of the strain energy release rate

The strain energy release rate in mode I, G;, can also be calculated in various
ways. The simplest method is to calculate it using so-called “simple beam theory”
(SBT), see equation (3.6):

3PS

G, =
2ba (3.6)

where P is the load and dis the displacement. Since [34] recommends the use of
corrected beam theory (CBT, see equation 3.7) and modified compliance
calibration (MCC, see equation 3.8) for the calculation of G, these two calculation
methods are also evaluated in this paper.

3P

G =3I
2b(a+|A) N (3.7)

where A is a correction factor to account for the effects of transverse shear and for
deformation beyond the crack tip [43] and F is a correction factor to account for
large displacements and N the load-block correction [34, 44].

2 2/3
-2 )
22\ b ) UN (3.8)

78



3 DEVELOPMENT OF STANDARDIZED TEST PROCEDURES FOR FATIGUE DELAMINATION

where n is the slope of the linear fit of (bC/N)"® over (a/2h).
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Figure 3.26: Calculation of crack lengths from load and displacement data recorded by

the test machine (Lab A and material A).

(a) Correlation between specimen compliance and visually measured crack
lengths.

(b) Visually measured crack lengths and crack lengths calculated from
compliance data versus number of cycles.

(c) Visually measured crack lengths and crack lengths calculated from
compliance data versus number of cycles after data reduction
(Aa>0.1 mm).

(d) Visually measured crack lengths, crack lengths calculated from
compliance data and a fit of crack lengths calculated via compliance.
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3.4.5 Results and Discussion

Figure 3.27 shows the results of all laboratories using visually observed crack
lengths for the determination of the crack growth rate, da/dN. The strain energy
release rate was calculated via (a) SBT, (b) CBT and (c) MCC. In case of material
A, taking all data from all laboratories into account, the inter-laboratory scatter of
the data calculated via SBT is in the order of one third of a decade of the strain
energy release rate (or of two decades of the crack growth rate da/dN). The in-
laboratory scatter for the different labs is comparable and also amounts to about
one third of a decade of the strain energy release rate (or again of two decades in
da/dN). When using compliance based methods for the calculation of the strain
energy release rate, namely CBT and MCC, the scatter increases and can even
reach up to about half a decade of the strain energy release rate (or two-and-one-
half decades in da/dN). A factor that can play a role in the compliance based
analysis schemes is the development of the fracture process zone with increasing
number of fatigue cycles. Starting cyclic fatigue from a relatively short, quasi-static
mode | precrack (a few mm long) may, depending on the type of composite, not
necessarily correspond to starting from a steady-state crack tip with fully
developed fracture process zone. Increasing the fracture process zone in the wake
of the delamination tip can affect the compliance of the specimens.

The slope of the Paris plot, which is described by the exponent m (see
equation 3.9) agrees fairly well for laboratories A, B, C, D and E in the da/dN-
range between 10 and 10°® mm/cycle for data calculated from visually observed
crack lengths (see Figure 3.28(a)). The level for valid fits was arbitrarily defined by
requiring a value for the coefficient of determination R? above 0.95. The results of
laboratories D and E show significant scatter in the values of m and therefore
contribute significantly to the inter-laboratory scatter mentioned above (see
Figures 3.28(a), (b) and (c)).

d_a_ A.Glmfu‘m

dN (3.9)

For material B the in-laboratory and inter-laboratory scatter in da/dN in the Paris
plot is larger than for material A, but similar for all participating labs. One of the
causes of this increase in scatter is the partly unstable delamination behavior of
material B.
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Figure 3.27: Paris plots from visually observed crack lengths.
(a) Paris plots with G, calculated via simple beam theory.
(b) Paris plots with G, calculated via corrected beam theory.
(c) Paris plots with G, calculated via modified compliance calibration.

The crack did not grow continuously, but showed stochastic arrest effects. This
has an influence on the linearization of a compliance based term over a crack
length based term in both CBT and MCC. Again the scatter in strain energy
release rate clearly increases when compliance based methods (namely CBT and
MCC) were used to calculate Gimax, this time going up from roughly one third of a
decade in Gimax (or one-and-one-half decades in da/dN) to one decade in Gimax
(and several decades in da/dN, respectively).

81



3 PUBLICATION 3

The variation in slope for Material B in the case of visually observed crack lengths
can be seen in Figure 3.28(b). While data from laboratory D yielded results with
the highest values for m, laboratory E did not deliver data that were considered
valid at all based on the arbitrarily chosen correlation criterion (R2>0.95). The
average value from the valid round robin data of 8.63 is higher than that of 6.14
determined by [18]. However, literature data cited in [18] cover a range of slopes
between 3.0 and 10.5, i.e., an apparent inter-laboratory scatter of roughly * 3, i.e.
comparable with the +2.28 found in the present round robin. The larger scatter
observed in the position of the Paris plot on the Gimax axis for material B, on the
other hand, makes it questionable whether such data can be used in design
(unless unrealistically large safety factors are applied).

Figure 3.29 shows the course of da/dN versus Gimax values calculated with MCC
from pairs of load and displacement data via the compliance based crack length
approach. Compared to the graphs shown in Figure 3.27, and specifically
Fig. 3.27(a) with crack length from visual observation, the scatter is larger than any
of these types of Gimax Calculation.

20 T T T T T 20
Visual data | Visual data |
Matenial A Matenal 8

E SBT
CBT
N Mcc N 151

SBT
CBT
MCC I

'Tr )
Pl mm wE

A B c D E A B c* D E™
Laboratory Laboratory

(a) (b)

Figure 3.28: Slopes m of the Paris plots (visually measured crack lengths). The data were
fitted with a power law relationship as shown in equation (3.9). All fits that did
not meet an arbitrary minimum R2 of 0.95 were rejected.

(a) Values of exponent m for material A.

(b) Values of exponent m for material B.

*  Fit for one specimen. For all other specimens the value of determination
of the fits was too low.

** No valid fits could be created for data of laboratory E.
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Figure 3.29: Paris plots from crack lengths calculated via compliance calibration. Paris
plots with G, calculated via modified compliance calibration.

This indicates that the use of compliance data for the calculation of either da/dN or
Gimax is directly responsible for the scatter in the plots. Since compliance is
calculated from displacement and load which are machine parameters influenced
by test set-up, it is important to use a sufficiently stiff test machine, a load cell
within a load range just above the maximum loads appearing in the test (in this
case about 500N) and preferably local displacement measurement (e.g. clip on
extensometers). Asp et al. [23] carried out cyclic delamination tests on HTA/6376C
and used a 250 N load cell range. Still, the scatter in the da/dN versus Gmax curve
was roughly one third of a decade of Ginax (or one decade of da/dN) in the lower
crack growth rate regime. Figures 3.30(a) and 3.30(b) and Tables 3.5 and 3.6
again show values for the slopes of the Paris plots, for material A and B,
respectively, in this case for the results calculated via the compliance based crack
length approach. The values agree quite well with those calculated from visually
observed crack lengths in Figures 3.28(a) and 3.28(b). Only one valid fit (R>>0.95)
could be generated with data from laboratory D for both materials A and B. The
same holds for material B of laboratory E. Tables 3.5 and 3.6 show values of the
exponent m (see equation 3.9) for power law fits of Paris plots for materials A and
B respectively. Two types of da/dN calculation are compared. 7 point fitting as
described in [42] and fitting of crack length data with a second order power law fit
as described above. All data that was calculated via the latter route was further
refined by setting an arbitrary limit for the coefficient of determination (R2) of 0.95.
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All data that did not meet this criterion was rejected. Thereby the in- and inter-
laboratory scatter of the slope values could be greatly reduced. In both cases the
scatter of the slope value increases when using compliance based methods to
calculate the strain energy release rate.

In Figure 3.31 the Paris plots for the case of crack lengths calculated via the
effective crack length approach are shown. The flexural modulus for the
determination of the effective crack length was measured on 10 specimens for
each material. E; amounted to 11817 GPa for material A, to 120+6 GPa for
material B and to 120+2 GPa for material C [41]. In contrast to the results shown
above (Fig. 3.27(c) and Fig. 3.29, i.e., crack length determined from visual
observation and compliance measurements) the results calculated via MCC and
aeir Show less scatter. While the comparison between the different methods (i.e.,
SBT, CBT and MCC) in the Figures includes the correction factors F and N only in
the case of CBT and MCC but not for SBT, their effect is essentially negligible
(yielding Gic values that differ at most by 1-2 % if F and N are set to 1). No clear
explanation can hence be given for this phenomenon.

Machine data
1 |Material B
. oot

]
CBT
R |=M

Machine data

Laboratory Laboratory

(a) (b)

Figure 3.30: Slopes m of the Paris plots (crack lengths calculated from compliance data).
The data were fitted with a power law relationship as shown in equation
(3.9). All fits that did not meet a minimum R?2 of 0.95 were rejected.
(a) Values of exponent m for material A.
(b) Values of exponent m for material B.
* fit for only one specimen. For all other specimens the value of
determination of the fits was too low.
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Table 3.5:

Slope values obtained from fits of Paris plots of material A. All results calculated from machine data.
Values for standard deviations in brackets.

Strain energy release rate calculation

Simple Beam Theory

Corrected Beam Theory

Modified Compliance Calibration

da/dN calculation 7-point Full fit 7-point Full fit 7-point Full fit
Laboratory A 417 (0.86) 4.83(0.58) 432(0.93)  4.98(0.67) 4.30 (0.93) 5.01 (0.71)
B 0.49 (6.72)  5.77 (0.20) -6.67 (23.07) 5.82(0.11) -6.85 (23.48) 5.76 (0.03)
o] 3.69(3.16)  5.34 (1.04) 3.85(3.27)  5.55(1.15) 4.04 (2.41) 5.54 (1.14)
D 0.41(3.06) 11.95% 0.40 (3.05) 13.38° 0.15(3.27) 15.50°
E 3.08(2.13) 5.13 (1.54) 3.34 (2.34)  5.78(1.01) 3.41 (2.22) 5.88 (1.06)
Mean value of all tests 2.46(3.87) 5.65(2.01) 0.87 (11.41)  5.99 (2.27) 0.83 (11.59) 6.17 (2.81)
7-point......... Seven point averaging method for the calculation of da/dN as described in ASTM E647 [42]
Full fit.......... Fitting the full range of crack length data versus number of cycles with a second order power law fit

Only one valid specimen (R2>0.95)
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Table 3.6:  Slope values obtained from fits of Paris plots of material B. All results calculated from machine data.
Values for standard deviations in brackets.

Strain energy release rate calculation Simple Beam Theory

Corrected Beam Theory

Modified Compliance Calibration

da/dN calculation 7-point Full fit 7-point Full fit 7-point Full fit

Laboratory A 7.57(0.72)  7.46 (0.19) 7.92(1.24)  7.51(0.06) 7.92 (1.24) 7.51 (0.07)
B 7.14 (2.67)  10.00 (1.54) 752 (2.73)  10.72 (1.79) 7.48 (2.68) 10.99 (1.76)
c 9.47 (5.45) 7.17 (0.74) 10.35 (6.14)  7.51 (0.99) 10.94 (8.14) 7.63 (0.99)
D 2.01 (4.69) 7.24° 1.81 (3.95) 6.75% 1.72 (4.45) 6.78%
E 9.10(5.71)  6.80° 6.09(1.22)  7.47° 5.90 (1.42) 7.86°

Mean value of all tests 717 (4.79)  8.05(1.58) 7.09 (4.75) 8.40 (1.89) 7.38 (5.85) 8.56 (1.95)

7-point ........ Seven point averaging method for the calculation of da/dN as described in ASTM E647 [42]

Full fit.......... Fitting the full range of crack length data versus number of cycles with a second order power law fit

.................. Only one valid specimen (R2>0.95)
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Figure 3.32 directly compares the results of SBT, CBT and MCC for one
laboratory. The crack growth rates were calculated from visually observed crack
lengths, crack lengths calculated via compliance calibration and crack lengths
calculated via the effective crack length method. The different crack length
calculation methods seem to agree quite well with respect to the resulting slope in
the Paris plot, but the SBT data seem to be shifted in either da/dN or Gax relative
to those from CBT or MCC. MCC and CBT, therefore, show more conservative
values than SBT.

In the low delamination growth rate regime increasing scatter can be seen. In
order to evaluate the source of this scatter, a load trace for Material A is plotted in
Figure 3.33(a). It can be seen, that the loads rapidly decrease to below 30 N. In
Figure 3.33(b) the influence of the da/dN averaging method on Paris plots of
CFRPs with epoxy matrix is shown. Four types of da/dN calculation were
compared. For the secant method (2 point method) da/dN was calculated from the
slope of a line connecting two adjacent value pairs of crack length and number of
cycles. With the 5-point and 7-point polynomial fitting method, respectively, da/dN
was calculated by fitting a second order polynomial to sets of 5 and 7 successive
data points [42]. The fourth type of da/dN calculation included a second order
power law fit of the crack length data obtained from compliance calibration versus
number of cycles and numerical differentiation of this fit function. It can be seen
that the averaging technique has an effect on the values of da/dN and that the
power law fit results in the smoothest curves.
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Figure 3.31: Paris plots. Crack growth rates calculated from effective crack lengths and
Gimax calculated via modified compliance calibration.
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In Figure 3.34(a) crack lengths calculated from various approaches (see the
section crack length detection) and the corresponding load signal are plotted
versus number of cycles. Crack lengths calculated via compliance calibration
seem to agree quite well with visually measured crack lengths.

The effective crack length approach yields lower values. This difference can
possibly be explained by the use of the average E-modulus value rather than the
individual modulus of the specimen used.

When da/dN is calculated from the compliance data calculated from this load
signal via the 7-point method without prior data reduction, then a considerable
amount of scatter in da/dN is received, see Figure 3.34(b). This scatter can be
caused even by very little scatter in the load trace, since it is transferred to crack
length data when calculating crack lengths via compliance. One way to reduce this
scatter is deleting data that does not meet a minimum increment of 0.1 mm in
crack length, see Figure 3.34(c). However, even with this filter, every spike in the
compliance data can still lead to scatter in the da/dN data. When fitting the full
range of load data with a second-order power law the least scatter in da/dN is
received, see Figure 3.34(d).
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Figure 3.32: Influence of different Gimax calculation methods on the Paris plots of materials
A, Band C.
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Figure 3.33: (a) Load versus number of cycles.
(b) Influence of da/dN averaging method on the Paris plot.

Applying this power law fitting procedure to the calculation of the Paris plots yields
Figure 3.35. The scatter for both materials is clearly reduced when compared to
that from the other analysis methods including polynomial fitting and now amounts
to much less than half a decade in Gimax (or two decades or more in da/dN) seen in
the raw data (compare Figs. 3.27, 3.29 and 3.31).

Assuming that (1) scatter in both, da/dN and Gimax in the Paris-plots is caused by
measurement errors in the respective quantities used for the calculations, (2)
these measurements are independent, and (3) repeated measurements yield a
normal (Gaussian) distribution, an error estimate can be calculated based on
Gaussian error propagation. In the following, this error estimate is determined for
the example of the data presented in Figs. 3.26 and 3.33. The error estimates for
each measured quantity are determined at an arbitrarily selected number of
250’000 cycles and are compiled in Table 3.7.

The detailed discussion on scatter in da/dN presented in the sections above
makes it clear that the major contribution for scatter in the delamination rate
derives from the variation in load measurement, possibly with minor contributions
from delamination length and displacement measurements.
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Figure 3.34: Influence of processing of compliance data on scatter in da/dN.
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Crack length and maximum Load, Pnax, Versus number of cycles.
a.is Visually measured crack length

a.c crack length calculated via compliance calibration

aerr effective crack length

Specimen compliance, C, and crack growth rate, da/dN, versus
number of cylces. All da/dN values calculated via 7-point method.
Specimen compliance and da/dN values after eliminating all
compliance data that do not meet the Aa>0.1 mm criterion.
Course of specimen compliance fitted with a second order
polynomial and resulting da/dN curve.
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The average value of Gimax calculated from the data in Table 3.7 is 115 J/m? for
the CBT and MCC methods, and 130 J/m? for the SBT method. This difference
between SBT and the other methods (CBT and MCC) can possibly be attributed to
the neglect of corrections in SBT which, e.g., underestimates the compliance of
the specimens by assuming a perfectly built-in beam (rather than the load block
and large displacement corrections which have been shown to be minor).

For the SBT method, Gaussian error propagation (i.e. average values of partial
derivatives multiplied by the estimated error) yields an error of about 5 J/m?
0.3J/m? and 1.3J/m? for the contribution from load, displacement and
delamination length measurement, respectively. This adds up to a total error
around 6.8 J/m?, i.e., a relative error (and hence possible scatter) of around 5 %.
For the MCC method, the errors are around 6.2 J/m?, 0.2 J/m? and 2.1 J/m? for the
contribution from load, displacement and slope n, respectively.

This adds up to a total error around 8.4 J/m?, i.e., a relative error around 7.3 %.
For the CBT method, the errors are 4.6 J/m? 0.2J/m? and 1.3J/m? for the
contribution from load, displacement and delamination length measurement, but
around 18.2 J/m? for the contribution from the estimated error in the crack length
correction A. This adds up to a total error estimate around 24.3 J/m? and a relative
error around 21.2 %. The relatively large error derived for the crack length
correction A can be explained by the fact that this quantity is determined from an
extrapolation of a plot of the cube-root of compliance versus delamination length.
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Figure 3.35: Paris plots of data calculated via the path described in Fig. 3.34(d).
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Table 3.7:  Average values and estimated errors for measured quantities at 250’000 cycles for material A tested at Lab A

(from data shown in Figs. 3.26 and 3.33).

Quantity and units Average value Estimated error Remarks

Load P [N] 31.25 1.25 From data graphic ?

Displacement & [m] 0.0024 0.000005 From data graphic ?

Delamination length a [m] 0.0435 0.00045 From data graphic ?

Delamination length correction A (CBT) [m]  0.0056 0.00058° From extrapolation of linear regression ((C/N)"® vs. a)
Slope m (MCC) [(m¥N) "] 0.00085 0.000015° From linear regression ((BC/N)"® vs. a/(2h))
Specimen thickness 2h [m] 0.0036 0.0000 Error not considered

Specimen width B [m] 0.020 0.000 Error not considered

Large displacement correction F [-] 1.0 0.0 Error not considered

Load block correction N [-] 1.0 0.0 Error not considered

# Not shown, the recorded machine data for 5, P and a were plotted as a function of cycle number, resulting in a scatter of about 5 pm.

® Standard error in slope of linear regression.

© Error due to standard error in slope of linear regression (extrapolation towards (C/N)”3=0).
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This example shows that measurement errors can yield scatter on the order of
about 5 to 21 % in Gimax- These values may be higher in extreme cases, e.g., at
low values of Gmax. Looking at the contributions from the individual and
independent measurements, again, as for da/dN, load stands out as a major
source of scatter (even for the crack length correction A in the CBT-method, since
compliance is calculated from load and displacement data). It can hence be
concluded that efforts to reduce in-laboratory scatter have to look into load
measurement and to attempt to reduce scatter there.

It can be questioned whether the fitting and numerical differentiation procedure for
machine load data presented above as an alternative approach for improving Paris
plots of mode | delamination fatigue (da/dN versus Gimax) With respect to in- and
inter-laboratory scatter will not mask incipient changes towards a threshold
behavior with increasing number of fatigue cycles. In order to investigate this, a
selected set of crack length versus number of cycles data were fitted within
incremental ranges (20 %, 40 %, 60 %, 80 %) of the full data set and compared
with the “full” fit of the complete recorded data (100 %). These incremental fits,
extrapolated to the full number of tested cycles are shown in Figure 3.35(a). It can
be seen that, at least in this example, the extrapolation of the fit of the first 20 % of
the crack length data clearly over-estimates the effectively observed crack length
(starting at less than 100°000 cycles). The other fits yield roughly comparable
extrapolations. Figure 3.35(b) then shows the error in crack length for the different
extrapolations compared with the “full” power law fit of all recorded data. In this
case, the 60 %-fit does slightly over- and the 40 % and 80 %-fits do slightly under-
estimate the crack length from the “full” fit. The errors in this case are on the order
of 0.05 to 0.07 mm, i.e., about at the level of resolution required for delamination
length measurements in [34]. This empirical analysis presented here at least
supports the interpretation that it is unlikely that the “full” fit will “hide” clear trends
towards a threshold behavior. The only source for an apparent threshold behavior
in the round robin data identified so far, therefore, remains the scatter in recorded
load data (when testing under displacement control) [38].

Since materials A and B, used in ESIS TC4 round robin 2, were stored for several
years under laboratory conditions, the influence of the strain energy release rate
calculation on the course of da/dN over Ginax Was additionally investigated with
material C, which was a newly manufactured material tested in ESIS TC4 round
robin 1 in 2008 and 2009. The results are compared with those of materials A and
B in Figure 3.37. Again, the results generated by CBT and MCC show more
conservative values than SBT. Nevertheless it has to be considered that MCC and
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CBT can result in more scatter than SBT as shown in Figure 3.27. The
combination of more conservative values and larger scatter will ultimately yield
more conservative limits when using fracture mechanics based structural design.
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3.4.6 Conclusions

In this paper the results of a mode | fatigue delamination round robin with three
carbon fiber-reinforced laminates performed at five different laboratories are
compared.

The inter-laboratory scatter of the raw data is significant (amounting to more than
two decades in delamination propagation da/dN for a given value of Gimax) and up
to 21 % (possibly more in extreme cases) in Gimax. Scatter depends on the type of
laminate (less for CF-Epoxy than for CF-PEEK). It may hence be questioned
whether the latter data can be used in fracture mechanics based structural design.
Detailed investigation has shown that even small scatter in the recorded load
signal (when testing under displacement control) can yield significant in- and inter-
laboratory scatter in da/dN (via compliance based crack length evaluation), but
also yields the largest error contribution and hence scatter in Gimax (directly via
load, but also via delamination length again). Smoothing data with polynomial
fitting according to [42] and/or using a load cell range with high resolution (0-500 N
or 0-200 N) are shown to be less effective in reducing scatter than a second order
power law fit and numerical differentiation of the load versus cycle number signal.
Since fitting load data with a second order power law fit may mask load drops due
to unstable crack growth during the test, it is mandatory to check the quality of the
fit. In this paper an arbitrary limit for the coefficient of determination, R? of 20.95,
was used to quantify “valid” fits for each specimen.

Introducing this quantitative, but arbitrary, criterion, combined with power law fitting
of the load signal approach yielded in- and inter-laboratory scatter in the linear part
of the Paris plots (da/dN versus Gimax) on the order of one fifth of a decade in Gimax
for a given value of da/dN, or 1.5 decades in da/dN for a given value of Gjmax for
material A, respectively and one fifth of a decade in Gimax, Or less than one decade
in da/dN for material B, respectively. Alternatively, the scatter in average slope
amounts to less than £3 for material A and less than +2 for material B. Detailed
analysis of the slope “m” of the linear part of the Paris plot determined by linear
fitting further seems to indicate that operator experience may affect the observed
scatter as well. The range of materials, participating test laboratories and test
machines used in the round robins makes it rather unlikely that further significant
reductions in scatter will be feasible, unless other test procedures (e.g., operator-
independent delamination length approach [39]) or more sophisticated data fitting
algorithms are used.
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Comparing different data analysis schemes (simple and corrected beam theory,
modified compliance calibration) indicates that the latter two vyield more
conservative results than simple beam theory, but also somewhat higher scatter.
In particular, for corrected beam theory, the delamination length correction A yields
significant scatter (presumably due to the use of an extrapolated linear fit based on
machine compliance data). Design rules considering scatter-based safety factors
may hence result in more conservative designs, if data analysis uses corrected
beam theory or modified compliance calibration.

The results obtained in the round robins, the range of test equipment, test
parameters and composite materials explored so far as well as the elucidation of
effects that contribute to scatter and how these are affected by different averaging
procedures now provide a solid basis for drafting a standard test and analysis
procedure for mode | fatigue delamination propagation.
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3.5.2 Abstract

Delamination resistance testing of fiber-reinforced polymer—matrix laminates under
fatigue loads is important for materials development and structural design. Mode |l
in-plane shear fatigue test development using three-point bending end-notched
flexure (3-ENF) and two-point bending end-loaded split (ELS) set-ups is performed
in a round robin. Effects of specimen restraint observed earlier in ENF tests are
confirmed and preliminary data indicate differences between the two set-ups, if
simple beam theory or experimental compliance analyses are applied. Possible
reasons for the observed disagreement are discussed.

3.5.3 Introduction

Research on delamination resistance testing under fatigue mode Il (in-plane
shear) loading of fiber-reinforced polymer—matrix (FRP) composites started in the
late 1980s and continues today; see e.g., [1-14]. Most of these references deal
with carbon-fiber reinforced polymers (CFRP), specifically different types of epoxy
resins [1,3,5-9,12,13], two with thermoplastic poly-ether-ether-ketone (PEEK)
[3,4] and a few with glass—fiber rein-forced polymers (GFRP), again using epoxy
resins as matrix [2,11, 13]. With respect to test set-up or configuration, the three-
point bending, so-called end-notched flexure test (ENF) is most widely used [1-
5,9,11,12]. Other test configurations have been used as well, such as the four-
point bending end-notched flexure (4-ENF) [13], the end-loaded split (ELS) [7],
the similar end-notched canti-lever beam (ENCB) [6], or the central cut ply (CCP)
specimen [14]. With the exception of [2,8] that investigate the formation and
propagation of mode Il fatigue delaminations by acoustic emission damage
monitoring [2] and fractography on impact-damaged laminates after cyclic
compression—compression loading [8], all others evaluate the delamination rate
versus applied load (Gimax or AGy) and present the corresponding Paris plots.
Beside experimental investigations, some groups have also tried to develop
models for describing mode Il fatigue delamination propagation and comparing
previously published data, e.g., [10,14].

This research provides a basis for understanding the intricacies and problems of
mode |l fatigue delamination crack propagation that will be applied for the
development of a standardized test procedure. Delamination resistance test
method development (recently reviewed by, e.g., [15]) so far has yielded one
standard on quasi-static mode Il testing [16], two draft standards for quasi-static
mode Il [17,18] and plans for a joint international round robin on mode Il fatigue
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which, however, was never performed (see [15] for details). Drafting a
standardized test method requires defining scope and aims, establishing a
procedure and data analysis that is applicable in an industrial test environment.
The draft procedure is then explored in round robin tests with a range of FRP
laminates and modified or refined, if necessary. Aims for round robin tests are
defining applicability and limitations, determining inter-laboratory reproducibility
and scatter as well as validating the data analysis. Since the published mode Il
fatigue test data [1—14] were obtained from different types of laminates and under
various test conditions, they do not provide information on inter-laboratory scatter
and reproducibility. The present contribution reports first attempts at developing a
standardized procedure for mode |l fatigue delamination resistance. It mainly
highlights the problems encountered so far and in concluding outlines further steps
that are deemed necessary for achieving a test procedure that can be submitted
for standardization. The main reasons for the long development times for a quasi-
static procedure for mode Il testing of FRP that started in the 1980s [15] are
concerns about the interpretation of the data and potential friction effects (see,
e.g., [19,20]), the large variety of pro-posed test set-ups and intrinsic difficulties in
defining and measuring delamination lengths (see, e.g., [15,21] for details).

3.5.4 Experimental

Based on the analogous development of fatigue testing under mode | (tensile
opening) delamination resistance [22,29] it is expected that the quasi-static test
set-ups are a useful starting point for the development of the mode Il fatigue
loading procedure. Therefore, the so-called end-notched flexure (ENF) test based
on a three-point bending set-up (sometimes labelled 3-ENF in order to distinguish
it from the corresponding four-point bending ENF test, i.e., the 4-ENF), and the
clamp-calibrated end-loaded split test based on a two point bending set-up of a
beam specimen clamped on one side (C-ELS) have been selected [21]; Figs. 3.38
and 3.39 show photographs of each type of set-up. The C-ELS set-up can also be
used for a fixed-ratio mixed mode /Il test with a mode | to mode | ratio of 4:3 by
simply inverting the load application on the specimen [15].

Two CFRP epoxy laminates are used in the round robin tests. The first material is
Celion G30-500 12k/Rigidite 5276 (courtesy of BASF Structural Materials,
Charlotte, USA). Beam type specimens were prepared with a length of 145 mm, a
width of 20 mm and a thickness of 3.1 mm. A poly-tetra-fluor-ethylene (PTFE) film
(about 20 um thick) at the laminate mid-plane provided the starter crack. This is
larger than recommended for quasi-static testing [17,18]. Since in the round robin
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tests, the fatigue delamination onset [4] is not investigated and quasi-static
precracking in mode | or mode |l is recommended the effect of the starter crack
thickness is considered negligible. Also, if the delamination is propagated over suf-
ficiently long increments, the starter crack thickness will affect only the initial part,
even if no precracking is applied. Specimens had been stored under laboratory
conditions (nominally +23 °C and 50 % relative humidity) for a long period before
testing under the same conditions. The second is IM7/977-2 (courtesy of Cytec
Inc., USA). Again, beam type specimens were prepared with a nominal length
around 150 mm, a width of 20 mm and a thickness of 4.4 mm. A fluorinated
ethylene—polyethylene (FEP) film with a thickness around 10 um provides the
starter crack. Mechanical properties of IM7/977-2 are summarized and reported
by, e.g., [23,24]. The delamination resistance of this laminate has been extensively
investigated already, quasi-static values under mode I, mode Il and fixed-ratio
mixed mode I/ll loadings have been determined by [6,25-28] and fatigue behavior
under mode | loading by [6,22,29].

The 3-ENF fatigue tests on Celion G30-500 12k/Rigidite 5276 have been
performed at Laboratory A on an electro-dynamic test machine (type Bose 3450)
at 5 Hz under displacement control with an R value of 0.1. The radius of the
specimen support and loading rollers was 7.5 mm. When loading the specimens
for the first time, the delamination became unstable and propagated to the area
near or under the loading fin.

Figure 3.38: 3-ENF set-up without restraint used at Laboratory A, the CFRP specimen is
140 mm long, 20 mm wide and 3.1 mm thick, the diameter of the center
loading fin is 15 mm and the free span between the outer supports is 100
mm, in the set-up shown, the deflection of the beam is applied by the center
loading fin which is pushed downward by the action of the test machine.
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Figure 3.39 C-ELS set-up used at Laboratory B, the CFRP specimen is 150 mm long,
20 mm wide and 4.4 mm thick, in the set-up shown, the load is applied
through a load-block in top of the beam which is deflected downward by the
action of the test machine.

Effectively, this corresponds to mode Il precracking which is expected to eliminate
any possibly negative effect from the insert starter film which was thicker than the
13 um recommended for quasi-static delamination initiation.

The C-ELS and 3-ENF tests on IM7/977-2 were performed servo-hydraulic test
machines (MTS type 831 in Laboratory A) or on a servo-hydraulic test machine
(Instron type 1273 in Laboratory B) at 3 Hz and 5 Hz, respectively, under
displacement control with a R-ratio of 0.1. The beam type specimens for the C-
ELS test require one load-block which was adhesively bonded. Specimens were
tested without precracking. Using the C-ELS set-up for mode Il fatigue
delamination resistance has the inherent disadvantage that a ratio of precrack or
delamination length of 55 % or more of the free length is needed for obtaining
stable delamination propagation in the quasi-static test [18]. In order to avoid
possible unstable delamination growth, the same delamination length to free
length ratio has been used for the cyclic mode Il fatigue tests. Nevertheless, there
were some tests that showed stick—slip behavior, i.e., occasional arrest of
delamination propagation after brief unstable delamination growth. Considering
that delamination resistance may also be affected once the tip reaches the area
near the clamp (analogous to the potential effect discussed above for the clamped
3-ENF), there is a limited delamination length available for testing. Of course, the
free length L can be increased after a first test and the same specimen tested
again from the mode Il fatigue precrack. If the initial applied displacement is
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chosen too large, the test may have to be stopped before sufficiently low
delamination rates are obtained.

Further, Double Cantilever Beam (DCB) mode | fatigue tests on Celion G30-500
12k/Rigidite 5276 have been performed at Laboratory A for a comparison with the
mode |l fatigue data. A servo-hydraulic test machine (MTS type 858) has been
used and the test was performed as detailed in [22] for the mode | fatigue on
IM7/977-2 laminates.

Earlier tests of mode |l fatigue delamination resistance had al-ready pointed out a
need for modifying the three-point flexure set-up used for the quasi-static three-
point bending ENF test [30] with a specimen restraint, also discussed and shown
in detail in [11]. Cyclic mode Il fatigue loading without restraint typically resulted in
a shifting of the beam specimen in the set-up during the test. Visual observation
indicated that this shift can amount to as much as 20 mm.

The guidelines for the round robin initiated within Technical Committee 4 on
Fracture of Polymers, Composites and Adhesives of the European Structural
Integrity Society (ESIS) hence recommended using either the three-point bending
ENF set-up with some type of specimen restraint (choice left to the participants) or
the clamp-calibrated ELS set-up, or both. The R value was set at 0.1, the test
frequency as high as possible, but not higher than 10 Hz (in order to limit
hysteretic heating effects) and testing required under displacement (not load)
control. Hence, the effects of shear reversal versus no shear reversal, as
discussed by Dahlen and Springer [6] will not be investigated in this round robin.
Whether specimens shall be tested from the insert or from a mode | or mode |l
precrack was again left to the participants, since for the ENF-test, quite likely, a
mode Il precrack seemed unavoidable. Peak machine loads and displacements
shall be recorded every 500 or 1000 cycles and the delamination Ilength
periodically be checked by visual observation with the aid of a travelling
microscope. The cyclic fatigue loading may be stopped for visual observation if
necessary, but the specimen shall not be removed from the test rig. The test shall
be run for at least 24 h or 400,000 cycles, and, if possible, longer. For the C-ELS
set-up clamping conditions are crucial. It is recommended to use a defined,
reproducible torque to tighten the screws and to check on that when the cyclic load
is stopped for visual observation of the delamination length.

The data analysis is typically based on either beam theory for establishing the
relation between delamination length and measured loads and displacements or
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on an experimental compliance calibration scheme. Simple beam theory (SBT)
uses the following equation (3.10) for calculating Gic:

9Pa?s

Grie = 2b(1L3+3a3)

(for 3-ENF) and

Gue = =28 (for C-ELS) (3.10)

4b?h3E,

with P the maximum load during the cycle, a the corresponding delamination
length, d the corresponding flexural displacement (in the 3-ENF test), b the
specimen width, h the specimen thickness, L the free length and E; the flexural
modulus of the specimen. E1 can be determined from the slope of a plot of the
cube-root of the compliance versus free length L from a so-called clamp calibration
test [21] by equation (3.11) or from an independent measurement of the flexural
modulus of the laminate.

1

again with b the specimen width, h the specimen thickness and n the slope of the
cube-root compliance plot versus free length L. The experimental compliance
method (ECM) for calculating Gic is based on the following equation (3.12):

3mP?%a?
Gy =
IIc 2b

(for 3-ENF and C-ELS) (3.12)

with m the slope of the linear regression of a plot of compliance C versus the cube
of the delamination length a, P the maximum load during the cycle, a the
corresponding delamination length and b the width of the specimen.

Finally, delamination rates (average delamination length increment per cycle) shall
be plotted versus applied maximum load Gj.max in @ Paris plot representation for
comparison of data. There is a further approach for data analysis that is based on
compliance which allows to calculate so-called effective delamination lengths and
the corresponding Gjc values, eliminating the need for visual observation of
delamination length which is difficult in mode |l tests and hence a possible source
of error [21]. This analysis will be applied to the round robin data, but has not been
used in the preliminary analysis presented here.
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3.5.5 Results and discussion

The data from the 3-ENF mode Il fatigue tests on Celion G30-
500 12k/Rigidite 5276 were analyzed using simple beam theory which neglects
certain corrections. For comparative purposes, this does not matter, but when
using the data for design of composite structures, a detailed analysis including
corrections and appropriate safety factors may have to be used. Testing yields
mode Il delamination resistance data that can be evaluated in the form of Paris
plots, i.e., delamination rate per cycle da/dN versus applied load Gimax-

First, the effect of specimen restraint in the three-point bending 3-ENF test will be
discussed. As shown in Fig. 3.40, the 3-ENF tests without specimen restraint on
Celion G30-500 12k/Rigidite 5276 yield reproducible results with sufficiently small
scatter, in spite of specimen shifting. However, as shown in the same Figure,
specimen shifting will yield significantly lower values of delamination resistance
than specimens that are restrained during the test. If the specimen is restrained,
the Paris plot for mode Il delamination resistance yields again consistent values
with reasonable scatter.
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Figure 3.40: 3-ENF data on Celion R5276 with and without specimen restraint, each
reproducible in spite of specimen shifting without restraint, specimen restraint
C uses clamping at center loading fin (see [11,31]) and specimen restraint S
uses a string between center fin and end support (see Fig. 3.41).
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In the 3-ENF experiments, two different types of specimen restraint have been
used for the beam specimens. A first, developed in the mid-1990s [30] uses a
compression clamping device (data labelled “C”) integrated into the loading fin at
the center of the specimen as shown in [11]. This design has the disadvantage
that it applies an additional compressive stress at the center of the specimen. This
could potentially affect the delamination behavior, e.g., the delamination rate,
since the delamination starts in that area after unstable quasi-static precracking.
As an alternative, avoiding this problem, a second type used a string fixation (data
la-belled “S”) between loading fin and specimen end (Fig. 3.41). The string is
attached to the intact end of the beam (without delamination), since observation
had shown that the specimen shifted al-ways towards that side. The data in
Fig. 3.40 shows no evidence for a dependence of the values on the type of
specimen restraint (“C” or “S”).

Fig. 3.42 compares cyclic mode | fatigue delamination resistance for Celion G30-
500 12k/Rigidite 5276 (tested according to the procedure described in [22]) with
the values obtained from the 3-ENF mode |l fatigue test with the string-type
specimen restraint (S). For comparable delamination-rates da/dN, e.g., between
10* and 10° mm/cycle, mode Il requires about a 5- to 10-fold higher applied load
(Giimax) than mode 1 (90150 J/m? versus about 900—1050 J/m?).

The slope for the mode | fatigue data does seem to be somewhat lower than for
the mode Il fatigue. However, considering the typical scatter for mode | data
determined from round robin testing, see, e.g., [22,29], this difference in slope may
be accidental. It can be noted that the mode |l values determined for fatigue on the
3-ENF setup without specimen restraint are also higher than those found for
mode | fatigue testing (comparing Figs. 3.40 and 3.42).

Figure 3.41: 3-ENF set-up with a string specimen restraint (type S) used at Laboratory A.
The dimensions are as in Fig. 3.38.
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Figure 3.42: Data for DCB mode | and 3-ENF mode Il with string type (S) specimen
restraint on Celion R5276. Please note that 3-ENF data without restraint
(Fig. 3.40) are higher than the mode | data).

Hence, a comparison with mode | fatigue data on the same laminate would not
have revealed the effect of specimen shifting in 3-ENF mode Il fatigue testing. It
can be seen from Fig. 3.40 that the slopes of the two Paris plots for Celion G30-
500 12k/Rigidite 5276 (without and with specimen restraint, respectively) do not
differ much. In its central part, between about 10 and 10 mm/cycle, the slopes
are very steep, i.e., showing a large increase in delamination-rate for a small
increase in applied load (Gimax). In addition it can be noted that quasi-static testing
had yielded average values of G;c and Gyc (using the so-called direct beam theory
analysis) of about 391 and 1375 J/m? for this material [30], i.e., an increase by a
factor of about 3.5 for going from mode | to mode Il.

In the following sections, first results from the round robin on IM7/977-2 laminates
will be presented and discussed. Tests at Lab-oratory A have been performed with
both, 3-ENF with string-type (S) specimen restraint and C-ELS, while Laboratory B
has only used the C-ELS test. These results are preliminary, since only part of the
test program has been completed yet.

Fig. 3.43 shows 3-ENF data with string (“S”) type specimen restraint for IM7/977-2
obtained at Laboratory A and C-ELS data for the same material obtained at
Laboratories A and B. All data have been analyzed using simple beam theory.
Fig. 3.43 shows that two tests each yield relatively low scatter, similar to that
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observed for the Celion G30-500 12k/Rigidite 5276 laminate. As for the Celion
G30-500 12k/Rigidite 5276 the 3-ENF test with string-type (S) restraint yields a
rather steep slope of the linear part of the Paris plot. For higher delamination rates
(above about 102 mm/cycle) the values are very close to the quasi-static value of
about 1040 J/m? which is in good agreement with the quasi-static mode |l value of

994 J/m? determined by [6].

The data shown in Fig. 3.43 from C-ELS tests at two laboratories (A and B) are
fairly consistent and also indicate sufficiently low scat-ter. Testing two specimens
in the 3-ENF test at different frequencies (3 Hz and 5 Hz) at Laboratory A also
yielded consistent results with no indication of frequency dependence. The
exponents of a power law fit of the Paris law curves are summarized on Table 3.8.

The location of the linear parts of the Paris curve in this case differ significantly
from that obtained by the 3-ENF test (Fig. 3.43), and also the slopes are clearly
less steep (as shown by the exponents in Table 3.8). This disagreement between
the two test set-ups is, at first sight, rather surprising, e.g., when considering that a
round robin on quasi-static mode Il delamination testing had yielded some scatter
between different test set-ups but not comparable disagreement for several CFRP

laminates [31].
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Figure 3.43: First round robin data from 3-ENF with string-type (S) specimen restraint and
C-ELS for IM7/977-2 obtained at Laboratories A and B and a comparison
with literature data for the same laminate from Dahlen and Springer [6].
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The preliminary data from the robin test exercise hence indicate that the two types
of test rig (3-ENF and C-ELS) do yield mode Il fatigue delamination resistance
data for identical laminates that clearly differ in position and slope of the Paris
curve. However, both data sets (C-ELS and 3-ENF) yield Paris plots that are
below the quasi-static mode |l delamination resistance values and also above
mode | fatigue test data for the same laminate [22,29]. The reasons for the
discrepancy are currently not clear. For possible explanations, it can be
speculated that the 3-ENF test rig may yield adverse compressive stresses in the
region under and near the center loading pin that adversely affect delamination
propagation, even if no compressive specimen restraint is used. Displacement
control of mode Il fatigue delamination propagation might thus yield lower effective
loads for producing the observed delamination length increments and the recorded
loads would shift the corresponding Gimax to apparently higher values in the
analysis. In order to further analyze this, observation of the position of the tip of the
delamination with respect to the center loading fin of the ENF set-up will be
necessary in the remaining round robin tests still to be performed. Presumably, a
variation in counter-acting compressive loads as a function of delamination length
would be required to yield the observed steep slope in the Paris lot for the ENF
test. A detailed Finite Element Simulation of the 3-ENF set-up and its behavior
under applied displacements might provide further information on the compressive
load along the beam specimen due to the center loading pin.

In quasi-static mode |l tests, it had been noted by some authors that the 3-ENF
test would only yield initiation values but not allow for a determination of the so-
called resistance curve, i.e., Gc versus delamination length, mainly because of the
typical unstable crack growth following initiation [19,21]. Upon initiation, the crack
tip was frequently observed to grow rapidly in an unstable manner and arrest at or
near the center loading fin. In quasi-static mode | tests, unstable crack arrest and
re-initiation of the delamination propagation are known to require higher loads than
for continuous propagation [32]. Therefore, stick—slip phenomena producing arrest
of the delamination tip may also contribute to apparent higher loads.

Another area that requires further investigation is data analysis. Simple beam
theory neglects certain corrections (e.g., load block correction, large displacement
correction), however, usually, these effects are considered to be small (on the
order of a few percent). It will also be of interest to compare beam theory based
analysis with the experimental compliance method.
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The different C-ELS test rigs used at two laboratories yield roughly comparable
results, i.e., similar slope and position of the Paris curves. The only literature data
for IM7/977-2 using an ENCB test rig similar to the C-ELS but somewhat different
test parameters [6] are also in rough agreement with the preliminary C-ELS data
from the recent round robin. However, also in that case, more detailed data
analysis will have to be performed, e.g., using the so-called effective crack length
approach [21] which eliminates uncertainties of visual observation of delamination
length.

As noted in the experimental part, reproducible and constant clamping is crucial
for the C-ELS test. In preparation for the round robin, the reproducibility of
clamping and the effect of different torques applied to the screws have been
investigated at selected laboratories. These results will be analyzed in detail with
the effective crack length approach which incorporates a correction for the
clamping effect in the C-ELS test [21].

Clearly, at this stage it is too early to draft a standard procedure or to initiate the
standardization process at this stage. Further re-search and comparative round
robin testing will be required to re-solve the observed differences between the two
test set-ups (3-ENF and C-ELS) and to establish test procedures and data
analyses that yield reproducible values with sufficiently low scatter.
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Table 3.8:  Exponents of the Paris curves for the different test set-ups and materials, all data analyzed by simple beam theory.

Test Laboratory

Specimen label and material

Exponent of Paris curve from power law fit (-)

Remarks

A

A

ENF_01 Celion R 5276
ENF_02 Celion R5276
ENF_C Celion R 5276
ENF_S_01 Celion R 5276
ENF_S_02 Celion R5276
ENF_S IM7/977-2
ENF_S IM7/977-2

C-ELS IM7/977-2

C-ELS IM7/977-2

C-ELS IM7/977-2

15.4

12.5

23.5

18.2

16.8

39.4

38.1

5.5

5.1

7.3

No restraint

No restraint

Compressive restraint (C)
String restraint (S)

String restraint (S)

String restraint (S) 3 Hz
String restraint (S) 5 Hz
Black square symbols 5 Hz
Gray square symbols 5 Hz

3 Hz
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3.5.6 Summary and conclusions

The data from preliminary mode Il fatigue delamination resistance testing on two
types of CFRP epoxy laminates show the significant effect of specimen restraint
that had previously been noted by others [11,30], when the three-point bending
ENF test rig is being used. Even though the slopes of the Paris plot are hardly
affected by specimen shifting in the test rig (at least within the typical scatter for
this type of experiment), specimens that are prevented from shifting yield clearly
higher delamination resistance. This effect would have implications for fracture
mechanics based design of composite structures. With or without specimen
restraint, the mode Il fatigue delamination resistance is higher than that
determined from mode | loading (for identical laminates). Hence, mode | fatigue
data could still be used as a lower limit for design.

First data from a current round robin test exercise indicate that the two types of
test rig (3-ENF and C-ELS) do yield mode Il fatigue delamination resistance data
for identical laminates that clearly differ in position and slope of the Paris curve.
The data obtained with different designs of C-ELS test rigs at two laboratories
yield roughly comparable results, i.e., similar slope and position of the Paris
curves. Both data sets (3-ENF and C-ELS) are below the respective quasi-static
mode |l delamination resistance values. The reasons for this discrepancy are
currently not clear. It can be speculated that the 3-ENF test rig may yield adverse
compressive stresses in the region under and near the center loading pin that
affect delamination propagation resulting in apparently higher loads. For the
C-ELS test, the effects of variation in clamping will have to be investigated which
may produce some error. Another area that requires further investigation is the
correlation between different types of data analysis and the effects of the different
test parameters.

Once all data from the current round robin have been collected, detailed data
analysis and evaluation will be undertaken in order to investigate the relation
between C-ELS and 3-ENF test rig. Only if all the problems are resolved will it be
time to draft a standard test procedure for mode Il fatigue delamination testing.
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4 APPLICATION OF THE TEST PROCEDURE

4.1 INTRODUCTION

In publications 2 and 3 it was shown that the mode | fatigue delamination test
procedure developed within this thesis can be applied to various unidirectionally
fiber reinforced polymer composites [1,2]. Publication 1 [3] showed that it can
also be applied to multiaxial, braided composites.

Several authors have investigated the effect of matrix properties on the
delamination behavior of composite materials both under quasi-static and fatigue
loads (e.g. [4—19]). Sela and Ishai [20] give a review of early works on interlaminar
fracture toughness and toughening of laminated composite materials. Other
research groups focused on studying the influence of fiber surface treatments and
coatings (e.g. [21-30]) and of fiber volume content (e.g. [31]) on the quasi-static
mode | delamination properties.

Cooper investigated the effect of flaws in fibers on the fracture mechanical
properties of composite materials. He found decreasing fracture properties when
the fibers were weakened. For these tests, however, the fibers were orientated
perpendicular to the crack plane [32].

Jang et al. [33] addressed the influence of the prepreg manufacturing method on
the interlaminar mode Il fracture toughness of CFRP. For prepreg production, they
used three different production methods to disperse thermoplastic particles as
toughness modifier in an epoxy matrix resin. Mode |l testing proved to be sensitive
to changes in the production process. Other authors investigated the influence of
multi-directional stacking sequences on the interlaminar fracture properties of
composites [34,35].

This chapter aims at quantifying the influence of textile preforming on the fracture
mechanical properties of composite materials. Standardized quasi-static
delamination tests are carried out in mode | and mode Il, as well as fatigue mode |
delamination tests based on the test procedure introduced in chapter 3.
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4.2.2 Abstract

Within this work an experimental investigation of the influence of different fiber
placement techniques and fiber architecture on the interlaminar crack growth of
carbon fiber reinforced composites under monotonic and fatigue loading conditions
was carried out. Unidirectional laminate plates were manufactured based on
braiding, filament winding and filament winding with additional bobbins to account
for any damage induced by bobbins in the braiding process. Under mode | loading
conditions a significant difference in delamination behavior of the investigated
laminates could be found for both monotonically and cyclically loaded specimens.
The same trends could be observed under mode Il loading conditions.
Furthermore the use of biaxial and triaxial braids led to increased interlaminar
fracture toughnesses in both mode | and mode Il when compared to the
unidirectionally reinforced specimens. An investigation of the fracture surfaces of
the specimens showed distinct differences in the micromechanical fracture
behavior.

4.2.3 Introduction

Due to the possibility of an automated fabrication of large structures with complex
shape and high production rates, braided textile composites produced via liquid
resin infusion are increasingly considered for structural commercial aircraft
components. Furthermore through their use the impact and delamination
resistance can be improved [1,2]. Biaxial braids consist of two yarns located at an
angle of 0 to the longitudinal direction along the mandrel axis. Through adding
fibers in the longitudinal (0°) direction a triaxial braid can be achieved [3]. Since
the braid geometry has an influence on the mechanical properties of a part it is
imperative to evaluate the differences in the performance of different braid
geometries [4]. This report will focus only on fracture mechanical properties, other
properties will be reported elsewhere [4]. Fiber reinforced polymer composites
(FRP) are susceptible to delaminations and delaminations in FRP can grow to a
critical size when subjected to cyclic loads, even below the static strength of the
material and can thus trigger the failure of a structure. Therefore it is essential to
create key figures to describe the growth and the initiation of delaminations in
FRPs. These figures can be used in the design phase of structures in order to
prohibit failure by delamination [5,6,7,8]. The most critical loading cases for the
growth of delaminations are mode | and mode |l loading. The mode | load is a
tensile crack opening load and the mode Il load a shear load in the crack plane.
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The out of plane mode Il load is of less practical importance. All three loading
cases are depicted schematically in Figure 4.1 [8,9,10].

4.2.4 Experimental

The textile composites examined in this report were produced via braiding and
filament winding and were made of epoxy resin reinforced with carbon fibers from
Toho Tenax Europe GmbH (Wuppertal, D). The carbon fibers were processed to
braided preforms at the Institute of Aircraft Design, University of Stuttgart
(Stuttgart, D). Therefore the carbon fibers were braided onto a rectangular core
with a length of 1000 mm, a width of 200 mm and a thickness of 15 mm.
Unidirectional (UD) preforms, biaxial preforms and triaxial preforms were braided.
To be able to braid the UD-samples thermoplastic auxiliary yarns were used in one
braiding direction instead of carbon fibers in order to stabilize the UD preform.
These thermoplastic yarns had a low melting temperature so that they did not
affect the infiltration process. After braiding the yarns over a cylindrical mandrel
the braids were removed from the mandrel, slit along the 0° direction, flattened
and placed in a mold. At the Technical University in Munich (Munich, D), Institute
of Carbon Composites, all preforms were infiltrated with resin using a resin
infusion technique. Additional UD preforms were produced via circumferential
filament winding at Carbon GroBteile GmbH (Wallerstein, D). Therefore the dry
yarns were wound onto rectangular plates with a length of 450 mm, a width of
400 mm and a thickness of 4.5 mm.

After the winding process the dry preforms were infiltrated with resin and cured.
The UD-specimens were cut out of the cured plates. To be able to further assess
the influence of bobbins, which are mainly used in the braiding process, on the
fracture mechanical performance of fiber composites, another set of preforms was
produced in filament winding after rewinding the yarns from the original spool onto
a bobbin.

Mode | Mode Il Mode Il

Figure 4.1: Relevant fracture mechanical loading cases.
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For the examination of the delamination behavior under mode | loading conditions,
double cantilever beam specimens according to AITM 1-0005 and for mode Il end
notched flexure specimens according to AITM 1-0006 were manufactured [11,12].
All tests under mode | loading conditions were carried out on a servo hydraulic test
machine from MTS Systems Corporation (Eden Prairie, USA). The mode Il tests
were done on a testing machine from Zwick Roell (Ulm, D) using a three point
bending setup. While the monotonic mode | and mode |l tests were analyzed using
AITM 1-0005 and AITM 1-0006 respectively, the mode | fatigue tests were
interpreted using modified compliance calibration (MCC) by Kageyama [13,14]. In
order to avoid an influence of facial interference on the results of the
measurements Gimax Was used instead of AG [15].

4.2.5 Results

4.2.5.1 Fracture mechanical measurements

The monotonic and cyclic mode | strain energy release rate values, Gic and Gimax,
of the UD laminates show that the thermoplastic yarns, which were necessary for
manufacturing the braided UD samples, greatly increased the mode | delamination
resistance when compared to the filament wound UD specimens. The same trend
could be found for the monotonic mode Il values. The use of an additional bobbin
in filament winding led to a moderate increase of both the Gic and Gy values. The
results of the monotonic mode | and mode Il tests on UD laminates can be seen in
Figure 4.2.

RT
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Figure 4.2: (a) Influence of the manufacturing process on Gc values.
(b) Influence of the manufacturing process on G¢c values.
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The cause for the influence of the bobbin in the filament winding process on the
delamination properties can be seen in Figure 4.3.This figure shows a detail of the
preforms after the filament winding process. The preforms that are produced via a
filament winding process have well aligned fibers. When the carbon fiber rovings
are rewound onto a bobbin before they are deposited on the mandrel a non-
uniform fiber distribution, which is reflected in higher Gic and Gyc values, is
achieved.

The results of the cyclic mode | delamination measurements are shown in Figure

4.4. Again the braided UD composites show the highest G, values for all crack
growth rates due to the thermoplastic yarns used for the stabilization of the textile

preform.

(a)

Figure 4.3: (a) Detail of uniform fiber distribution in UD preform produced via filament
winding. (b) Detail of non-uniform fiber distribution in UD preform produced
via filament winding using additional bobbin.
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Figure 4.4: Crack growth curves of UD reinforced composites after braiding, filament
winding and filament winding over additional bobbin.
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Also the positive influence of the use of a bobbin in the filament winding process
on the mode | strain energy release rate values could be reproduced in fatigue
delamination measurements.

The bi- and triaxial (multidirectional) braids showed increased Gic and Gy values
compared to the UD laminates, see Figure 4.5. This is because fibers which are
not aligned in the 0° direction deflect the growing crack and thereby lead to higher
strain energy release rate values. In mode |l this effect was even more
pronounced than in mode |, especially in the case of the triaxial braid tested in
transversal direction. There the G ¢ values showed a big amount of scatter due to
the interaction of the crack tip with the yarns located perpendicular to the crack
growth direction. In Figure 4.6 the fatigue crack growth behavior of the
multidirectional braids is depicted as log da/dN versus log Gimax diagram.
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Figure 4.5: (a) Gc values of the biaxially and triaxially braided composites.
(b) Gic values of the biaxially and triaxially braided composites.
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Figure 4.6: Crack growth curves of biaxially and triaxially braided composites.
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The triaxial braids which were tested in longitudinal direction showed less scatter
than the biaxial braids and the triaxial braids that were tested in transversal
direction. The scatter can be ascribed to two mechanisms.

On the one hand, the crack growth is stopped at fibers that are not aligned in the
0° direction and the crack is deflected from its nominal growth plane (‘crack
deflection’). On the other hand, a second crack plane is created in some cases
(‘crack branching’). In Figure 4.7 these mechanisms are shown in a picture taken
during the measurements on a biaxial braid. It has to be mentioned that the results
shown here were calculated based on equations that require the ideal case of one
single and even crack plane [16]. Hence the results are not fully valid. Yet, Morais
et al. analyzed the fracture behavior of cross ply laminates. They concluded that
compliance based data reduction schemes are insensitive to the type of crack
propagation and remain applicable, even when the crack is periodically deflected
to a neighboring layer [17].

4.2.5.2 Microscopy

Figure 4.8 and Figure 4.9 show scanning electron microscopy pictures of the
fracture surfaces of one UD laminate and one multidirectionally braided textile
composite respectively, after mode | and mode Il loading. In both cases ‘hackle
pattern’ morphologies were observed on the fracture surfaces after mode |l
loading [18,19]. For the mode | loading situation a significantly smoother fracture
surface was found and a faint ‘river pattern’ morphology could be observed.

crack deflection crack branching
Figure 4.7: Crack deflection and crack branching in the biaxial braid.
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In contrast to the mode | interlaminar fracture surfaces of the UD laminates, the
fracture surfaces of the multidirectional braids showed a combination of ‘river
patterns’, which are known to occur after mode | loading, and ‘hackle patterns’, the
predominant fracture surface morphology after mode Il loading. According to Liu et
al. delaminations grow faster alongside fibers than perpendicular to them [20]. This
may be the cause for the inhomogeneous fracture surface of the multidirectionally
braided textile composites after global mode | loading.

river pattern hackle pattern

(@) (b)

Figure 4.8: SEM pictures of a UD reinforced braided composite.
(a) Fracture surface after mode | loading. 500 x magnification.
(b) Fracture surface after mode |l loading. 500 x magnification.

Figure 4.9: SEM picture of a triaxially braided composite.
(a) Fracture surface after mode | loading. 500 x magnification.
(b) Fracture surface after mode Il loading. 500 x magnification.
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4.2.6 Conclusions

The results of monotonic and cyclic delamination tests on specimens produced via
a braiding and filament winding process show that both the thermoplastic thread,
which is needed for braiding unidirectional textiles, and an additional bobbin have
a positive impact on the delamination resistance. The biggest increase in G, and
Gy could be achieved by using bi- and triaxially (multidirectionally) braided textile
composites. The monotonic and cyclic fracture mechanical tests on multi-
directionally braided textile composites show that no significant improvement can
be achieved by using triaxial instead of biaxial braids. Both mode | and mode |l
tests on these multidirectional composites yielded similar strain energy release
rate values.

Compared to the unidirectionally reinforced laminates however, the bi- and triaxial
laminates showed significantly higher Gic values. The big scatter of the mode Il
values of the triaxially braided composites that were loaded in transversal direction
can be ascribed to the deviation of the crack when it reaches a yarn that is
oriented perpendicular to the crack growth direction. The crack grows through the
low strength thermoset matrix instead of growing through the carbon fiber. Fatigue
crack growth measurements on multidirectionally braided composites under mode
| loading conditions yielded reproducible results. While the crack in the biaxially
braided composites and the triaxially braided composites loaded in transversal
direction showed ‘Stop and Go’ behavior (discontinuous crack growth), the
triaxially braided composites that were loaded in longitudinal direction yielded
continuous crack growth.

Scanning electron microscopy of the interlaminar fracture surfaces showed that
the predominant fractographic features of UD laminates are ‘river patterns’ after
mode | loading and ‘hackle patterns’ after mode Il loading. Multidirectional
laminates however seem to locally fail in a mixed mode, which is indicated by a
mix of ‘river’ and ‘hackle pattern’ morphologies on the fracture surface.
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5 DESIGN BASED ON FATIGUE DELAMINATION GROWTH IN
COMPOSITES

5.1 INTRODUCTION TO DESIGN BASED ON FATIGUE DELAMINATION
GROWTH IN COMPOSITES

Publication 2 [1] and publication 3 [2] as well as research work carried out in
literature [3-5] show that the measurement of the delamination growth in
composite materials yields high values of the exponent in the Paris law. These
large exponents mean that a small change in the applied load will cause a large
change in the predicted delamination growth rates. Thus, it is difficult to design
composite structures for finite life against delamination failure. A much shorter life
than the design value can be caused by minor design alterations or small analysis
errors [4,5].

A viable alternative would be design for infinite life. For this purpose, the
delamination threshold would be an important material property [5]. But as shown
in publication 3 [2], the determination of the delamination threshold is limited by
measurement resolution and testing time. Also, publications [6,7] have shown that
thresholds for sub-millimeter defects in metallic structural elements under
operational load become very low and that crack growth can be assumed to
commence on day one. It has yet to be investigated whether this also applies to
composite materials.

The so-called ‘small crack effect’ for metals is included in ASTM E647 [8]. It is
addressed in chapter X3 of [8] and crack sizes are classified in Table X3.1.
Implementing similar short cracks of a few micrometers at a defined location in the
CFRP composite fatigue test specimens is difficult. Starter cracks for CFRP
composites are usually manufactured by inserting thin, polymer films (thickness
less than 13 micrometer is recommended [9—-11]) extending over the full width of
the specimen and 40 to 60 millimeters from the load line along the beam at the
mid-thickness of the laminates. Frequently, composite laminates, and specifically
CFRP epoxy composites, already contain micro-pores or micro-cracks from
manufacturing, e.g., caused by relaxation of residual stresses. These, as well as
specifically manufactured micro-cracks for investigating short crack growth in
CFRP composites are further quite likely subject to a complex, multi-axial stress
field on the micro-scale even if the globally applied fatigue load is mode | or mode
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Il. Fatigue loading a CFRP composite specimen without defined macroscopic
starter crack (e.g., from laminated thin polymer films) may, therefore, initiate crack
growth from several short cracks already present after manufacturing at different
locations simultaneously.

Small or short cracks in composites could, e.g., be defined as below or
comparable to the fracture process zone size, i.e., up to a few millimeter at most
[12], if the criterion of plastic zone size for small cracks in metals from Appendix
X3 of [8] is adapted analogously for composites. Therefore, the only information on
the behavior of small and short cracks in composites could currently be drawn
from testing structural elements or components and comparing the observed
fatigue crack growth behavior with models based on a Paris type law and the
associated threshold. Instances in which failure in a high-performance CFRP
composite component may have been due to short cracks developing to critical
size under fatigue loading are presented and discussed in references [13—18].

Martin [19] and Attia et al. [20] have shown that designs can be based on
delamination growth data, despite the above mentioned limitations. A global/local
modelling approach is necessary to incorporate fracture mechanics into design.
Stiffness and strength requirements are checked in a global analysis based on 2D
shell elements. In a next step, areas of concern have to be identified® and
analyzed in a local FE model that represents the through-thickness properties
properly [19,20]. The local models can be accompanied by local tests of these
areas. In the subsequent damage tolerance design phase, fracture analyses are
carried out. If a delamination is predicted to initiate, then it must be determined
how far it will grow and if this amount of growth is critical, leading to component
failure [19].

Yet, the aforementioned uncertainties from large exponents of a Paris law data
representation remain. In order to overcome the problems arising from large
exponents, it is essential to provide designers with data presentations for fatigue
crack growth, which give low values of exponent.

In 1970 Hartman and Schijve [21] suggested that da/dN should be dependent on
the amount by which AK exceeds the fatigue threshold AKy, (i.e. on AK - AKy). In

? This is done by engineering judgment, because global FE models invariably use 2D shell models that do not
identify areas of high interlaminar stress [19].
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2004 Andersons et al. [22] derived an equation, similar to the Hartman-Schijve
approach, that could represent delamination growth in composites:

da _ g (k) 5.1)

dN Kce-Km

where C’ and o are constants, K, is the mean applied stress intensity factor and
AKy, ist the threshold stress intensity factor range. This equation was later adapted
by Jones et al. [7]:

do _p| 2o (5.2)
1-y Gmax/\/G_cy

Where D and B are again constants of the power law and A,/Gy, and /G, are a
threshold like parameter and a toughness like parameter, respectively.

In a first paper, Jones et al. showed that by using equation (5.2), the exponent is
approximately 2 for a big variety of materials, including composites, and is thus
considerably lower than the exponent in Paris law representations [7]. Further, the
results become independent of the stress ratio (R value) and thus reveal that R
value effects can be accounted for by merely accounting for a change in threshold.

This chapter addresses the use of a modified Hartman-Schijve equation for the
prediction of composite delamination under fatigue load and discusses its impact
on the design of composites.
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5.2.2 Abstract

This paper presents an approach for computing the growth of Mode |, Il and Mixed
Mode I/l delaminations in carbon fiber reinforced polymer composites (CFRP)
using a modified Hartman—Schijve equation. Unlike other equations it does not
involve splitting the energy release rate into its various components. One
advantage of this formulation is that the exponent of the associated power law
appears to be independent of the mode as is the constant of proportionality. This
formulation is shown to accurately compute the delamination growth rates
associated with a range of Mode |, Il and Mixed Mode I/ll data available in the
open literature. The potential for this approach to be used to overcome the no
growth philosophy associated with current composite designs is also discussed.

5.2.3 Introduction

Composite materials are now widely used in aircraft structural components. For
example the Boeing 787 passenger aircraft has approximately 50 % (by weight)
composite parts on its major components whilst the F/A-18 has approximately
39 % (by weight) of its external wetted surface fabricated from advanced
composites. In the Joint Strike Fighter (JSF), a “next generation” aircraft,
advanced composites make up approximately 35 % of the aircraft’s weight.

However, the primary structural members in these aircraft are still metallic. A
similar situation arises in the civilian sphere where skins, stabilizers, fins, control
surfaces, etc., where the strain levels in these components are low, now make
extensive use of CFRP composites. For certification purposes current designs are
such that any delamination will not grow. This approach places an artificial limit on
the use of composite materials and the components that can be lightened through
their use. However, reference [1] presented a number of examples, viz: in F-111,
A-320, F/A-18 and Canadian CF-5 aircraft, which illustrated that, despite this limit,
fleet data and data obtained from full scale fatigue tests reveal that small sub mm
initial delaminations can grow when subjected to operational flight loads. The
delamination seen in the F/A-18 fatigue test [2,3] is perhaps the first known
example of this phenomenon, see Figure 5.1.

In this instance small sub mm initial defects, typically less than 0.1 mm arose at
the last step in titanium joint in the AS4 3501-6 graphite epoxy composite to the
Ti—6Al-4V titanium end fitting, see Figure 5.2. The geometry and details of the ply
configuration of the step lap joint are given in Figure 5.2 and [2]. This delamination
grew during the (room temperature) fatigue test to a size of approximately 150 by
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300 mm, see Figure 5.1.The test was performed at room temperature and prior to
the test the wing was not subjected to environmental conditioning.

If we are to move away from the current strain level restrictions imposed by this no
growth design philosophy we need to allow for a limited amount of growth. As such
the challenge is to develop a methodology capable of predicting the growth of
delaminations and in particular small naturally occurring initial delaminations
growing in operational airframes.

The problem of delamination growth in aircraft structures generally involves
complex stress states, the delamination in the F/A-18 step lap joint is a good
example of this, with the potential for a delamination to grow in Modes |, II, llI
and/or any combination of these Modes. Unfortunately, there is no generally
accepted equation to cover Mixed Mode delamination growth. Consequently the
present paper will address the potential for a single equation to represent Modes |,
I and Mixed Mode I/ll delamination growth. The importance of using a crack
growth curve that is an amalgam of the short and long crack growth curves was
stressed in [4,5].

tatlta im

st fep lap joint t8
h the skin
is. bdhded

Figure 5.1: A large delamination seen in an early F/A-18 fatigue test at 1633 simulated
flight hours, from [3]. The location of section A—A, shown in Figure 5.2 is also
given.
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Figure 5.2: (a) Crossection A—A’of the step lap joint showing the location of the initial

flaw and (b) details of the ply configuration.

In this context the USAF and Boeing evaluation of crack growth in F-15 aircraft [4]
stated for Equivalent Initial Flaw Size (EIFS) that:

“Fig. 3 shows the short-crack correction to the long-crack data for both
aluminum and titanium that McDonnell used for this study. The inclusion of
the short-crack effect was key to the success of the program. The
inclusion of the short-crack effect enabled McDonnell to pool the coupon
test EIFSs derived from constant amplitude tests with the random flight-by-
flight loaded test aircraft EIFSs. This is a significant finding in that earlier
use of the long-crack threshold for crack growth made it appear that the
equivalent initial flaws in the structure were spectrum dependent.”
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Thus any analysis of the fatigue behavior of naturally occurring cracks in metal
structures in operational aircraft requires an assessment of short crack behavior.
Given that, as outlined above, small delaminations arise and grow in composites in
operational aircraft this suggests that a means for assessing/computing the growth
of delaminations from small naturally occurring material discontinuities in
composite airframes is also important. In metals, as shown in [1,5-7], this
behaviour can, as a first approximation, be determined from long crack data via
Eq. (5.1) with the variability in the crack length versus cycles history being
controlled by the parameter AKy,.

da _ D( AK-AKgpr )6 (5.1)

dN 1-Kmax/Kcy

where D and K., are constants and the exponent B is approximately 2*. The
question thus arises can this formulation be extended so as to apply to the Mixed
Mode growth of delamination damage in composites?

The review paper [9] noted that there are several possible formulae in the
literature, see [10—16], that have been used to relate da/dN to the energy release
rates® some of which can be expressed in the form, viz:

da Gmax™
& _ ¢ Smax_, (5.2)
dN 1-Gmax/Gc
da G m G n G p
=< Cl Imax ) IImax 3 IIImax ’ (53)
dN 1-Gimax/Gic 1-Girmax/Giic 1-Girimax/Giic
da q
aN Cl(\/ GImax'\/ GImin) ’ (5.4)
etc.

as well as variants that include various mode interaction terms [14].

* As such this formulation represents a variant of the Nasgro’s Forman-Mettu crack growth
equation [8], see Appendix A.

> With the exception of a standard test method for fatigue delamination growth onset under Mode I
(tensile opening) load issued by the American Society for Testing and Materials (ASTM) [17],
there are no standardized test methods for fatigue delamination growth in CFRP composites
available yet. Both, Technical Committee 4 on Polymers, Composites and Adhesives of the
European Structural Integrity Society (ESIS) and Subcommittee D30.06 on interlaminar properties
of composites of ASTM have started round robin testing towards development of a Mode I fatigue
delamination growth standard. These are essentially based on the existing quasi-static test
procedures which are then adapted for fatigue loading. Preliminary results for Mode I fatigue [1,
18] and for Mode II fatigue [19] have been published.

150



5 DESIGN BASED ON FATIGUE DELAMINATION GROWTH IN COMPOSITES

Here the terms Gimax, Gimax, Giimax and Gmax are the maximum values of the Mode
l, I, and 1ll components and the maximum value of the total energy release rate G
in a given cycle respectively, Gimin is the minimum values of the Mode | energy
release rate, Gic, G and Gy are the apparent toughness, and C, C4, C,, C3, m, n,
p and q are constants. Other variants of this equation have the term (Gmax)™
replaced with (AG)™ etc. Unfortunately the exponents m, n, p and q in these
various relationships tend to be large, see [1,10-16], and as a result [11]
concluded:

“For composites, the exponents for relating propagation rate to strain
energy release rate have been shown to be high especially in Mode I. With
large exponents, small uncertainties in the applied loads will lead to large
uncertainties (at least one order of magnitude) in the predicted
delamination growth rate. This makes the derived power law relationships
unsuitable for design purposes.”

In this context [1,20,21] have shown that there are a number of cases where as an
extension to the Hartman and Schijve [22] hypothesis that the crack growth rate
(da/dN) in metals is a function of AK—AKi., where AKy, is related to the fatigue
threshold for the material, and the work presented in [15,16] the delamination
growth rate (da/dN) can be expressed as a function of (VGmax— VGin)P, viz:

B
E =D 1/ Gmax‘\/ Gthr (55)

dN ll-m

and/or variants based on AVG rather than VG. Here

MG = v Gmax~v Gmin (5.6)

and Gmax and Gmin are the maximum and minimum values respectively of the total
energy release rate G in a given cycle, A and Gy, can be thought of as a
toughness like parameter and a threshold like respectively, which are chosen such
that Eq. (5.5) best represents the experimental data, and the exponent B3 is
approximately 2 both for Mode | and Mode Il delamination, see [1,20]. A similar
formulation is presented in [23].

This begs the question: Is it possible to express delamination growth as a single
function of Gmax or AG with the same constant of proportionality and exponent
regardless of the level of mode mixity?
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This question needs to be answered before we attempt to address the earlier
question as to the ability of this approach to use long delamination data to
generate data that can approximate the behavior of small naturally occurring
delaminations. To this end the present paper examines a number of cases that
suggest that Eqg. (5.5), with a value of b of approximately 2, is a reasonable first
approximation for both Modes | and Il as well as for Mixed Mode I/ll delamination
growth.

We have previously noted that researchers at NASA [11] have concluded that,
because of the large exponents, Paris like power law relationships are unsuitable
for design purposes. Furthermore, the exponents generally vary depending on the
level of mode mixity. One advantage of this particular variant of the Nasgro
equation, i.e. Eq. (5.5), is that it would appear that, for the examples studied, the
value of the exponent is not large and is independent of the level of mode mixity. If
it could be shown that this formulation also held for the growth of delaminations
from small naturally occurring defects then this would raise the possibility that the
time for a delamination to grow from a small naturally occurring defect to an
observable size could be conservatively estimated using a simple Paris growth law
with an exponent of approximately two. As such this would remove the design
limitation suggested in [11] and, repeated above, that results when using more
traditional Paris type representations.

5.2.4 Mode | and Mode Il delamination growth

To examine this hypothesis we first examined the Mode | and Mode I
delamination data given in [11,21] for a unidirectional AS4/PEEK laminate®, see
Figure 5.3. In each case we used equation (5.5) to compute the delamination
growth rate. Here D was fixed at 7.0 x 107 and B = 2 and we merely changed the
threshold and the value of A, see Table 5.1. As can be seen this “unified”
formulation (reasonably) accurately reproduces both of the measured Mode | and
Mode Il responses.

To further examine this hypothesis we analyzed the Mode | and Mode I
delamination data given in [24] for T800/3631. In this case [24] expressed da/dN in
terms of the stress intensity factor K, and not G. We therefore computed the

% Unless otherwise stated all of the examples studied are unidirectional laminates and the initial
delamination lengths are large, i.e. greater than 20 mm.
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growth rate using equation (5.1) where the terms AK, AKiy, Knax and K, are the
associated Mode | or Mode Il values depending on the problem set being
analyzed.

When computing the crack growth rates we used the values of B =2 and
D=7.0x10® for both modes. The values of AKy, were varied and were
dependent on whether it was Mode | or Mode |l growth and also on R, the ratio
between minimum and maximum load, see Table 5.2.

For a given Mode the value of K, was kept fixed (independent of R). However,
different K. values were used for Modes | and |l. The complete list of values used
in the analysis is given in Table 5.2.
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3| Mode |, Mode 1
4| 5Hz, RT . E
10 | AsvPeEK i 3
4| = Model DCB[11] T 3
g Mode I, DCB [21] Y = ]
& Mode | Prediction .?/
107 4| o Mode i, ENF [11] o tr 2 3
3| = Moden, ENF[21] S| 4% 3
4| —=— Mode Il Prediction 5?&#\ g 1
§ 1[)"-! Ty = e T
2 3 e ;;?;;-' 3
%) 1 . 4 ¢
E 71 i & 1
= : =g
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10" — — e ————r—rr
10 100 1000 10000
G__ [J/m7
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Figure 5.3: Computed and measured Modes | and Il delamination in AS4/Peek [11,21].

Table 5.1:  Values used in computing da/dN in Figure 5.3.

D 7.0107°
B 2.0

Mode | Threshold
Ginr (J/m®) 570
A (J/m?) 1700

Mode Il Threshold
Gy (J/m?) 105
A (J/m?) 1200
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The resultant measured and computed da/dN versus AK curves are shown in
Figure 5.5 where it can be seen that this approach gave computed delamination
growth curves that were (again) in quite good agreement with the measured data.
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Figure 5.4: Measured and computed delamination rates for Mode | and Mode |l
delamination growth data, from [24].

Table 5.2:  Values used in computing da/dN in Figure 5.4.

7.0x10°®
B 2.0
Mode Il K, (MPa Vm) 6.2
Mode | K., (MPa vm) 1.4
Mode Il Thresholds
AKir, R = 0.2, (MPa Vm) 1.01
AKir, R = 0.5, (MPa Vm) 1.175
Mode | Thresholds
AKipr, R = 0.2, (MPa Ym) 0.716
AKyy, R = 0.5, (MPa Ym) 0.525
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To continue this study we examined the Mode | and Mode Il data presented in [25]
for T300/#3100 and the measured and computed delamination data are presented
in Figure 5.5 where we again see reasonably good agreement. In each case D
was fixed at 2.0 x 10° and B = 2. The values of the thresholds and the values of A
used are given in Table 5.3.

We next examined the Mode | and Mode Il data presented in [25] for 3 mm thick
unidirectional (CFRP) Toho UT500/111 laminates. The measured and computed
delamination data for Modes | and Il at R=0.1 and R=0.5 are presented in
Figure 5.6 where we again see reasonably good agreement. In each case D was
fixed at 4.0 x 10®° and B = 2. The values of the thresholds and the values of A used
are given in Table 5.4.
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Figure 5.5: Measured and computed growth rates for the various test data given in [25].

Table 5.3:  Values used in computing da/dN in Figure 5.5.

D 2.0x10°
B 2.0
Mode |

Ginr (J/m?) 235

A (J/m?) 600
Mode 2

Gine (J/M?) 22

A (J/m?) 120
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Figure 5.6: Measured and computed delamination rates for Mode | and Mode Il
delamination growth data, from [26].

Table 5.4:  Values used in computing da/dN in Figure 5.6.

D 4x10°
B 2.0
Mode |

G (J/M?) R=0.5 57.3
G (J/M?) R =0.1 31.5

A (J/m?) 300
Mode |

G (J/M?) R =0.5 168
Ginr (J/M?) R =0.1 66

A (J/m?) 450

5.2.5 Mixed mode l/ll delamination growth

To continue this study we next examined the Mode | and Mixed Mode /Il
delamination growth data presented in [27] for T300/5208. The Mode |
delamination data was generated via DCB tests on [(02/£45)3/0]s laminates whilst
the Mixed Mode I/ll data was obtained via cracked lap shear tests (CLS) on
[(0o/145,/0-)s laminates where the ends of the specimens were not constrained
against lateral movement. The CLS was such that the ratio Gy/Gro was
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approximately 80 %. The resultant computed and measured delamination data are
shown in Figure 5.7.

In each case D was fixed at 4.0 x 10® and B = 2. The corresponding values of the
thresholds and the values of A used are given in Table 5.5. Given the scatter in
the experimental data it again appears that this “unified” formulation reasonably
accurately reproduces both the measured Mode | and Mode Il response.
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Figure 5.7: Measured and computed growth rates for the various test data given in [27].

Table 5.5:  Values used in computing da/dN in Figure 5.7.

40x10%
B 2.0
Mode |
Gine (J/m?) 30
A (J/m?) 90
CLS
G (J/M?) 139
A (J/m?) 600
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We next evaluated the room temperature (RT) Mixed Mode I/l da/dN versus
Gmax/Gy curves for various values of the ratio G\/Grota, Viz: 0 (Mode I), 0.5, a
mixed mode failure (MMF), and 1 (Mode Il), presented in [28] for HTA/6376C
carbon fibre/epoxy laminates. The resultant computed and measured curves are
presented in Figure 5.8 where we again see a reasonable agreement. The values
of A, which was taken from [28], and D used are given in Table 5.6.

Ref. [28] also presented the da/dN versus Gmax curve for the case G/Gmax = 0.5
tested at +100 °C. In this instance the da/dN versus Gmax Curve can be reasonably
well computed using the room temperature value of D, together with the value of A
given in [28] for this temperature and merely lowering the value of Gy, see
Table 5.6 and Figure 5.9.
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Figure 5.8: Measured and computed growth rates for the various test data given in [28].

The analysis was then repeated on the data sets presented in [29] where the
measured growth rates, da/dN, were correlated with AGroy (the total energy
release rate) for various percentages of the ratio G\/Grota, Viz: 82 %, 50 % and
28 % in a 52 % (vol) of E-glass fibre, 5 % of which were woven perpendicularly to
hold the parallel fibers together with a MIO epoxy resin (VICOTEX) tested at
R =0.1. The measured and computed da/dN-versus-AGro relationships are
shown in Figure 5.10 where we again see reasonably good agreement. The
values of the constants used in this analysis are given in Table 5.7. Note that as
previously D and 3 (=2) are fixed for each Mode.
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Table 5.6:

Values used in computing da/dN in Figure 5.8 and Figure 5.9.

D 6.7102
B 2.0
Mode |
G (J/m?) 50
A (J/m?) 260
MMF
Gy (J/m?) 60
A (Jim?) 447
MMF (100°C)
Gthr (J/mz) 37
A (J/m?) 535
Mode I
Gy (J/m?) 93
A (/) 1002
10 —
1 Mixed Mode 101
10°* 3 z;ia;;mc E :: =
3| Mixed Mode G /G, =50%, MMB 73 o
19-5 E ':" Eg:: 1:::::':[: Pradiction 1 b“. /ﬁ’
# (—o—) 100°C (Prediction) f.;“?':/
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Figure 5.9: Measured and computed growth rates for the MMF test at room temperature

and +100 °C [28].
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We then evaluated the Mixed Mode /Il (fixed ratio 4:3) data for IM7/977-2
presented in [30]. The measured and computed results, using the constants
presented in Table 5.8, are shown in Figure 5.11. The fixed-ratio Mixed Mode I/II
prediction (finely dotted line) calculated from the pure Mode | and Mode Il data
(represented in Figure 5.11 by the coarser and finer dashed lines, respectively) is
the weighted average in a ratio of 4:3 (Mode | to Mode Il) of the highest and lowest
Gmax value of each pure Mode | and Il, respectively.

The examples presented suggest that, as previously postulated, it is possible to
express Mode I, Mode Il and Mixed Mode I/ll delamination growth as a single
function of Gmax or AG with the same constant of proportionality and exponent
regardless of the level of mode mixity.

However, it should be stressed that the present formulation is empirical and that,
due to lack of data, Mode Ill delamination growth has not been studied. Indeed,
further work is also required to establish if this approach can be used to represent
the variability seen in Mode | and Mode Il delamination tests. The implications of
this finding for the growth of delaminations from small naturally occurring material
discontinuities will be discussed in the next section.
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Figure 5.10: Measured and computed growth rates for the various test data given in [29].
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Figure 5.11: Mode |, Mode Il and Mixed Mode I/ll (fixed ratio 4:3) data for IM7/977-2 [30].

Table 5.7:  Values used in computing da/dN in Figure 5.10.

D 1.8x10°
B 2.0
28 %

AGiy (J/M?) 44

A (J/m?) 555
50 %

AGiy (J/m?) 70

A (J/m?) 1754
82 %

AGiy (J/m?) 622
A (J/m?) 8888

Table 5.8:  Values used in computing da/dN in Figure 5.11.

1.0x10°
B 2.0
Gine (J/m®) 105
A (J/m?) 217
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5.2.6 Naturally occurring delaminations

At the moment the strain limits imposed on composite structures are to a large
extent the result of the requirement that there should be no delamination growth.
To remove these somewhat artificial limits and allow for limited growth we need to
be able to predict the Region | delamination growth, i.e. slow growth, associated
with small naturally occurring defects in composites under arbitrary Mixed Mode
conditions. As previously noted [1,3] have presented instances where there has
been delamination growth associated with small naturally occurring material
discontinuities in either operational aircraft or in full scale fatigue tests. Since the
magnitude of the energy release rate is (in general) a function of the size/length of
the delamination this suggests that for small naturally occurring defects in
composites it would be reasonable to hypothesize that, as for metals (discussed in
[4,5,31-34]), the Mode |, Il and Il thresholds for such small delaminations are very
small. If true and if Eq. (5.5) could be shown to also hold for the growth of
delaminations from small naturally occurring defects then conservative estimates
for the initial delamination growth rates could be obtained by simplifying Eq. (5.5)
and then ignoring threshold effects. Furthermore, since we are predominantly
interested in the Region | growth of small naturally occurring delaminations it is
reasonable to expect that, in this region, as a first approximation the term Gpax
should be small in comparison to the toughness A so that the term (1—\(Gmax/A)) in
Eq. (5.5) can also be neglected. With these assumptions Eq. (5.5) simplifies to:

da/dN = D (VGimax)® (5.7)

or an equivalent equation based upon AVG so that a single equation could be
used to compute delamination growth regardless of the delamination mode. In this
approach the constant D and B could be obtained from large delamination DCB
tests with the values derived using Eq. (5.5) to represent the measured da/dN
versus VGmax (or (AVG) curve. This would then provide a simple tool for
determining a conservative estimate for the time for a small naturally occurring
delamination to grow to a size where it would become detectable’. As such it is
clear that, to validate this hypothesis, there is a need for experimental data
associated with the growth of delaminations from small naturally occurring defects
in composite structures.

" In the case of composite repairs to metallic structures [35] it is possible to routinely detect
6—10 mm long delaminations using either infra-red thermography or C-scans.

162



5 DESIGN BASED ON FATIGUE DELAMINATION GROWTH IN COMPOSITES

5.2.7 Conclusions

In the examples presented in this paper we see that the proposed variant of the
Hartman-Schijve formulation appears to hold reasonably well for Mode |, Mode I
and Mixed Mode I/ll delamination growth. It also removes the large values of the
exponent seen in Paris like formulation.

As such the examples presented in this paper reveal a potential for this approach,
and therefore for the Nasgro equation, to be used to:

(a) Unify and simplify the description and analysis of Mixed Mode
delamination growth;

(b) Allow the current no growth requirement associated with delamination
damage in composite airframe designs to be relaxed.

This raises the following questions:

i. Does this mean that, if we know the threshold and toughness for Modes
Il and Ill, we can, as a first approximation, use the growth equation
determined from Mode | DCB tests to describe Modes Il and Il
delamination growth?

ii. Will this formulation also hold for the growth of delaminations that arise
from small naturally occurring defects in composite airframes?

Whilst there is, as yet, insufficient data to answer these questions the various
examples considered in this paper suggest that this approach is worthy of further
investigation.

5.2.8 Appendix A. A generalisation of the Nasgro equation

The Nasgro crack growth equation [8], which is used in both Nasgro and
AFGROW, can be written in the form:

da/dN = D AKe™P (AKett - AKet the)/(1-Kinax/A)? (5.A1)

where D is a constant, and AKe is the effective stress intensity factor®, which as
first explained by Elber [32], can be expressed in terms of a function U(R), viz:

AKet = U(R) AK (5.A2)

¥ The purpose of introducing the term AK.¢ was to collapse the various R ratio da/dN
versus AK curves onto a single da/dN versus AKs curve.
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We can generalize this equation so as to apply to delamination growth in
composites by replacing the term AK by AVG so that equation (5.A1) can be
expressed as:

da/dN = D ANGie™® (AVGiett - ANGithr e)®/(1-VGimax/A)° (5.A3)

or an equivalent version based on \Gmay, Viz:
da/dN = D VGaxet™® (VGmaxeft - VGmaxeftth)™/(1-VGimax/A)° (5.A4)
where as before we assume that there exists a function U(R) such that by defining
AGei = UR) ANG (5.A5)

the various R ratio dependent da/dN versus AVG (or VGmax) curves reduce to a
single da/dN versus A\Gerr (or YGmaxeff) curve which is (essentially) coincident with
the high R ratio da/dN versus AVG (or \Gax) curve(s) for the material, see [1].

This equation contains the Hartman-Schijve-McEvily crack growth equation(s), viz:
da/dN = D (ANGefr - ANGipreff) */(1-VGimax/A)P (5.A6)
or an equivalent version based on VGax, Viz:
da/dN = D (VGimax.eft - NGimax,ofttnr) ”/(1-VGimax/A)P2 (5.A7)
as a special case, i.e. m = p and q = p/2.

If, as for metals [5,33,34], there is little crack tip shielding associated with
delaminations that grow from small naturally occurring material discontinuities then
for such small defects AVGesr and Gmaxeif can be approximated by AVG and Gmax
respectively so that equations (5.A6) and (5.A7) become

da/dN = D (AVG - AVGin)P/(1-NGma/A)P? (5.A8)
and
da/dN = D (VGimax - VGmax.thr)*/(1-VGimax/A)*? (5.A9)

respectively. However, this hypothesis, i.e. the vanishing of crack (delamination)
tip shielding effects associated with small naturally occurring material
discontinuities in composites, has yet to be substantiated.
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Composite materials are increasingly used for structural applications in lightweight
design due to their outstanding specific mechanical properties (e.g. ratio between
stiffness and density). Yet, their application is limited because of their susceptibility
to delamination. Under cyclic loading conditions delaminations can grow to a
critical size at loads far below the static strength of the material. This will
subsequently lead to failure of the composite structure, when damage is not
monitored and repaired.

To date, there are no standardized test methods available for the determination of
fatigue delamination growth in fiber reinforced polymer (FRP) composites. This is
despite various reports on fatigue crack growth in composite structures [1—6]. In
this thesis, fatigue delamination growth was examined in detail and pre-
standardization tests were carried out with the aim to subsequently create a test
procedure that allows to reproducibly measure and evaluate delamination growth
in composite materials. Pre-standardization parameter studies on carbon FRP
(CFRP) composites indicate that parameters which are governed by the test
machine, such as test frequency (when kept below 10 Hz), control mode and type
of test machine, show no significant influence on the test results. When specimen
parameters (initial crack length and thickness) are varied, however, the results
show the need for guidelines concerning these parameters.

Based on these preliminary findings, round robin testing towards the development
of a mode | fatigue delamination growth standard was carried out within both,
Technical Committee 4 on Polymers, Composites and Adhesives of the European
Structural Integrity Society (ESIS) and Subcommittee D30.06 on interlaminar
properties of composites of the American Society for Testing and Materials
(ASTM). Two types of CFRP composites have been studied in the ESIS round
robin tests, one thermoplastic poly-ether-ether-ketone (PEEK) matrix polymer
reinforced with AS4 fibers and one thermoset epoxy polymer (R5276) reinforced
with G30-600 fibers. The ASTM round robin covered two types of carbon fiber
(IM7/977-3 and G40-800/5276-1) and one glass fiber (S2/5216) reinforced epoxy
polymer. In spite of some scatter (in- and inter-laboratory), the slopes (exponents
of the Paris law) of these materials could be clearly distinguished. Comparing
materials based on slope values seems feasible and slope values could, in
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principle, be used for design of composite structures. However, beside the scatter
noted above, the slopes of fatigue delamination growth curves for composites turn
out to be rather steep and show a large change in da/dN (sometimes more than
one decade) even for a small change in applied load (Gmax). Also, a comparison of
composites solely based on slope values is not sufficient for describing the fatigue
delamination growth behavior. Publication 2 additionally gives a comparison of
strain energy release rates at a fixed value of crack growth rate. Although, in this
case, this comparison of strain energy release rates coincides with the relative
ranking from quasi-static tests, it does not give information on the behavior at
other crack growth rates. Therefore, the determination of the threshold value
would be beneficial. It is a material property that is influenced only by the applied
load ratio, environmental effects (e.g. humidity), test temperature and intrinsic
material properties (e.g. chemical structure, physical microstructure).

Detailed analysis of selected mode | fatigue crack propagation data from ESIS
TC4 round robin tests and from literature indicate that an apparent, threshold-like
behavior can be mimicked by limited resolution of the load measurements in
displacement-controlled fatigue tests at da/dN values as high as 10 to 10°
mm/cycle. Polynomial smoothing applied to the data analogous to the procedure
for metals fatigue (ASTM E 647) does not seem to reduce the scatter sufficiently
for eliminating this apparent threshold in all cases. Further, performing
delamination growth tests at low delamination rates da/dN, e.g., 107 to 10®
mm/cycle, will require high numbers of cycles to achieve measurable delamination
growth (e.g., 5 milion cycles at 10® mmj/cycle for 50 micrometer growth).
Therefore, verification of the existence of a threshold with virtually no delamination
growth will require correspondingly longer test durations.

Data from preliminary mode |l fatigue delamination resistance testing on two types
of CFRP epoxy laminates show a significant effect of specimen restraint, when the
three-point bending end-notched flexure test rig is being used. Without specimen
restraint, the measured crack growth rate can deviate from the crack growth rate
present in the specimen, when the specimen moves in the test set-up. With or
without specimen restraint, the mode Il fatigue delamination resistance for the
composite material tested in this part of the thesis is higher than that determined
from mode | loading for identical laminates. Hence, mode | fatigue data could still
be used as a lower limit for design.

The applicability of the mode | fatigue delamination test to complex fracture
problems, despite the problems encountered in round robin testing, is shown in
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publication 5. Delamination tests on specimens produced via braiding and filament
winding show that both monotonic and cyclic delamination testing is sensitive to
changes in the fiber architecture of these materials. Both the thermoplastic
stabilizer thread used for braiding unidirectional textiles and small changes in fiber
alignment lead to increases in the fatigue delamination resistance. Even bigger
increases in G, and Gy can be achieved by the use of multi-directionally braided
textiles in the CFRP laminate. This is caused by local changes in the loading
mode. When the delamination is deflected from its original crack plane, mode Il
loading is locally imposed on the CFRP. This increases the fatigue delamination
resistance and is indicated by hackle patterns on the fracture surface.

Further, it is shown in this part of the thesis that design based on the delamination
fatigue properties is complex and erroneous when based on Paris type data
representations. Applying data analysis schemes based on a modified Hartman-
Schijve equation to the presentation of fatigue crack propagation data for FRP
composites under mode |, mode Il and mixed mode I/l loads yields suitable
predictions for fatigue crack growth. The exponent value 3 in this type of data
representation amounts to around 2 within a margin of about 10 %. Further, the
results become independent of the stress ratio (R value) and hence indicate that
the R value affects only the threshold. Neither fiber bridging, nor closure need to
be considered to obtain one single master curve. These results were later proved
by Khan et al. [7], who related their research to publication 6 [8] and investigated
the effects of crack closure and fiber bridging on delamination growth in
composites. Detailed investigations will have to be carried out on other types of
composite materials to prove these findings.

Experimentally, at present, a safe approach for fracture mechanics based FRP
composite structural design would have to be based on laboratory fatigue tests on
structural elements considering the load spectra from the intended application and
implementing a sufficient safety factor in the number of cycles tested, while
simultaneously monitoring delamination crack propagation or damage
accumulation. Use of a ‘no growth’ approach with respect to cracks in CFRP
composites design requires the existence of a threshold and/or the absence of
anomalous short crack behavior. Even if a threshold can be shown to exist at
some value of Gnax, defining a safe value taking the inherent scatter in the
experimental data into account could then result in very low values (possibly a few
tens of J/m? or even lower) which effectively may exclude structural designs using
that approach.
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7 INTRODUCTION TO DELAMINATION SUPPRESSION AND
JOINING

As shown in publication 6 [1] delaminations can occur in structures under
operational load, despite current no growth design philosophies. In the example
given there, a delamination initiated at the last step of a titanium step lap joint in
the AS4/3501-6 CFRP and grew during fatigue loading. Additional information can
be found in [2]. Various other publications show that either interlaminar stresses,
or manufacturing defects, or a combination of both can lead to the initiation of
delaminations in composite structures during service [3-9].

Figure 7.1 gives examples for locations, where delaminations tend to initiate.
Interlaminar stresses (caused e.g. by the geometry of the structure) exhibit the
interlaminar strength of the composite (or the adhesive in adhesively bonded
joints) and thus lead to the formation of cracks in this area [7,9-11]. With the
exception of manufacturing defects (blisters, voids) [6] at least one of the sources
for interlaminar stresses shown in Figure 7.1 is commonly present in composite
joints and may lead to the initiation of delamination. Cairns et al. [6] even stated:

“..suppressing damage and delamination in-service emanating from ply
drops is not possible, though in most cases there is a threshold loading
under which little growth after initiation was noted...*

free notch ply bonded boltet blister,
edge (hole) drop joint joint void

(;z o BP.= C o

Interlaminar
stresses

Figure 7.1: Interlaminar stresses in composites (adapted from [7,10—-12]).
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Although composite technology offers the advantage of reducing the need of
structural coupling as a result of integral design and special manufacturing
techniques, composite structures still show joined areas due to size, design,
technological and logistic limitations. Other reasons are repair, maintenance and
handling requirements [13].

7.1 CONVENTIONAL JOINING TECHNOLOGIES FOR COMPOSITES

Currently, composite structures are either joined by adhesive bonding or
mechanical fastening. Adhesive bonding gives low weight joints and it is not
necessary to cut fibers (e.g. by drilling holes). But bolt-free connections are
sensitive to through-the-thickness or peel stresses, which can initiate
delaminations in the bond line. Growth of these delaminations can lead to the
subsequent failure of the composite structure [14]. Additionally they are sensitive
to initial surface preparation and hot/wet environment. Together with the possibility
of sudden catastrophic failure, these factors tend to lead to a conservative design
approach (e.g. high safety factors, “chicken” rivets) [13,15].

In bolted joints cracks can initiate in fatigue loading due to stress concentrations
and free edge effects at fastener holes (see Figure 7.1) [7,16]. Crack growth
subsequently occurs in the joined laminates [14,17]. However, due to certification
issues, bolts and rivets are commonly used in composite-composite joints in order
to provide alternative load paths (multi load path design; load path redundancy) in
case of failure of the adhesive bond [13].

But then again bolting and riveting have the mandatory need of drilling the
composite and therefore cutting continuous fibers in the composite which are
essential for the load transfer [18,19]. Moreover, the cross-section gets reduced,
stress concentrations can appear around the holes and there is an imminent
danger of delamination with drilling of composite materials [19-22].

It is thus an imperative goal in the design of composite structures to avoid
interlaminar stresses and minimize the amount of joints in order to avoid the
problems mentioned above. In cases, where this is not possible, it would be
beneficial for designers to be provided with low weight, fiber-friendly alternatives to
bolts and rivets.
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7.2 THROUGH-THE-THICKNESS REINFORCEMENTS FOR CFRP

There are various approaches to reduce delamination by increasing the local
shear strength and reducing interlaminar normal stresses in 2D composite
materials. In recent years, research groups focused on incorporating fibers, fabrics
and metallic rods in the through-the-thickness direction of laminates [14,23-26].

Such through-the-thickness reinforcement methods can be used to either establish
a mechanical link between different plies of a laminate (structural reinforcement),
or between two adhesively bonded laminates (joining reinforcement) [27]. Various
authors have shown that z-pinning [28,29], tufting [26,30], as well as stitching
[23,24,29,31-33] can increase the delamination resistance of FRPs. While tufting
and stitching are textile techniques, where needles carry a thread through-the-
thickness of a preform [23,26,31], z-pinning involves the insertion of pre-cured
CFRP pins [14,26,34-39] or metallic rods [13,15,25,40—42] into the composite
prior to curing.

Cox and Sridar [43] investigated the failure mechanisms of through-the-thickness
reinforcements in CFRP-CFRP joints. In detailed microscopic observations they
found that during failure (1) these reinforcements debond from the laminate and
their pull out is resisted by friction, (2) axial tension develops in the rods during pull
out, (3) the through thickness reinforcements shear through large strains and (4)
the reinforcements plough through the laminate.

Based on this work, Cartié et al. [25] tested CFRP-CFRP joints which were
reinforced with titanium and composite rods. When subjected to tensile loading
(pull out from the matrix), the CFRP and titanium rods yielded similar load-
displacement behavior. But when loaded in shear, the CFRP rods showed brittle
failure, while the titanium rods deformed plastically. Consequently CFRP
reinforced with titanium rods showed higher peak failure loads and higher ultimate
displacement values than CFRP reinforced with CFRP rods.

Additionally, Cartié et al. [25] found a correlation between the insertion angle of the
rods and the measured peak load in shear tests. Angles that favored rod failure
gave higher loads than angles resulting in rod pull out. When rod failure was the
dominant mechanism and opening of the specimen was constrained, titanium rod
reinforced composites gave the highest peak loads.

Two conclusions can be drawn from these literature results: (1) Titanium (metallic)
reinforcements allow for plastic deformation and can therefore add to the damage
tolerance of a composite-composite joint. (2) Constraining opening displacements
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in joints reinforced with titanium (metallic) rods gives the highest peak loads and
ultimate displacement values.

While Cartié et al. [25] used constraining guides in their test rig to constrain
opening displacements, these opening displacements may also be constrained
locally, by introducing a form fit into the connection.

Different authors have investigated the effect of 3D shaped metallic
reinforcements on the failure behavior of metal-composite joints [40,44—47].

Most of these authors based the formation of 3D shaped metal reinforcements on
additive layer manufacturing (ALM) techniques [40,44,48]. This technology shows
a low technology readiness level, but yields promising results regarding strength
and damage tolerance [40,48]. Graham et al. [40] stated:

“For research purposes these techniques® are in many respects ideal, but
they remain a costly option for industry. Cold metal transfer (CMT) is a
relatively modern technique that allows droplets of molten metal wire to be
deposited onto a substrate in progressive layers... This adapted additive
layer technique effectively deposits the full length of the pin in a single
action, and subsequently forms the head geometry as part of the breakoff
process. It is generally possible to perform each of these processes on a
range of metals including steel, aluminium and titanium.”

Ucsnik et al. [45] presented the CMT technique in 2008 with the aim to reinforce
metal-composite joints in the through-the-thickness direction. This technology was
later adapted by Stelzer et al. [49] to allow for joining composites to composites.

7.2.1 Cold metal transfer welded reinforcements for CFRP

The modified cold metal transfer welding process (CMT pin) is based on the CMT
process by FRONIUS International [50]. The CMT process is a low-energy arc-
welding process which allows the energy efficient welding of thin metal sheets in a
material gentle manner. The adjustment of the welding control, welding current,
voltage, and the wire movement are key issues for the modified CMT-pin process.

° Author’s remark: Additive layer manufacturing

178



7 INTRODUCTION TO DELAMINATION SUPPRESSION AND JOINING

It consists of the following steps:

1. Warm up and filler wire deposit phase

The filler wire is moved towards the weld-pool until a short cut ignites an
electric arc between filler wire and metal sheet. The electric arc melts the
metal surface and the filler wire. The end of the molten wire is moved
towards the metal and is dipped into the weld-pool on the surface.

2. Cooling phase

Energy input is stopped. The molten weld-pool and attached filler-wire cool
down.

3. Pin sculpturing phase

Shaping of the welding agent is carried out through introduction of a
combination of electric current and tensile force. This leads to tearing off the
wire at a certain height with a specific pin geometry.

Possible pin shapes are cylinder pins with a flat ending, spike pins with a tipped
ending, and ballhead pins with a spherical ending [46]. The combination of a
ballhead pin with a small spike pin on top results in a ballhead spike pin. The
ballhead with its spherical undercut supports the load transfer. The tipped ending
on top enhances the draping of dry or pre-impregnated fibers onto arrays of such
pins.

When fiber-textiles are placed onto arrays of pins, the pins penetrate the single
layers. They push aside the fibers and build up a loose form with only little
influences on the fibers. After the curing process the pins form a through-the-
thickness reinforcement with the composite [46].

In order to be able to join composites to composites, arrays of pins are disposed
on thin metal sheets, see Figure 7.2. These thin sheets are then inserted into the
bond area of a CFRP-CFRP joint. The metal sheets are fixed in the mold to
provide reproducible pin alignment and positioning, see publication 7 [51].
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Figure 7.2:  Welding of CMT pins onto thin metal sheets including a detail of the welding

7.3
[1]

[2]

[3]

[4]

[5]

180

head during the welding process.
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8 COMPOSITE-COMPOSITE JOINTS UNDER QUASI-STATIC LOADS

8 QUASI-STATIC TESTING OF COMPOSITE-COMPOSITE
JOINTS

8.1 INTRODUCTION TO QUASI-STATIC TESTING OF THROUGH-THE-
THICKNESS REINFORCED COMPOSITE-COMPOSITE JOINTS

Quasi-static tensile tests on composite-composite joints are commonly carried out
on single lap shear (SLS) [1-3] or double lap shear (DLS) [4,5] specimens.
Various authors analyzed the stress distributions in adhesively bonded lap joints
under tensile loads. Early works by Adams and Peppiatt and by Hart-Smith
showed that shear stress concentrations occur at the ends of the overlap region of
SLS specimens [3,6-8].

The distribution of shear stresses in the bond line of adhesively bonded joints is
governed by several factors such as (1) mechanical properties (stiffness, strength
and plasticity) of the adhesive and the adherend [3], (2) thickness of the adhesive
layer [7] and (3) length and width of the bond line [3].

While DLS specimens are loaded in a symmetrical manner with no bending
moment in the loading arms, there is an eccentricity in the load path in SLS
specimens. This eccentricity induces peel stresses at the ends of the overlap
region [3,8]. Peel stresses act on the adhesive and, in the case of composite
materials, can even lead to the interlaminar failure of the adherend, see
Figure 7.1.

In structural applications it is thus essential to avoid load path eccentricity and
resulting peel stresses in composite-composite joints. This can be achieved by
using scarfed [9-13] or stepped joints [10,13]. Further, if load path eccentricity
cannot be avoided, tapering the ends of the adherend will reduce the peel stresses
in the joint. Scarfed and step-lap joints, when correctly designed, develop
negligible peel stresses. As shown in Figure 7.2, this markedly increases the
strength of the joint [13—-17].

Grassi et al. showed in numerical simulations that z-pinning is another way to
significantly reduce the interlaminar stresses at free edges. Z-Pins placed in the
immediate vicinity of the free edge pick up the free edge stresses and hence
reduce the maximum interlaminar peel stresses [18].
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(c) (d)

Figure 7.1: Schematic illustrations of interlaminar stresses in adhesive joints and
subsequent failure of the composite adherend (adapted from [3,8]):
(a) stress distribution in the bond line of the adherend, (b) delamination of the
composite laminate, (c) interlaminar failure and breakage of the top ply
(plies) of the composite laminate and (d) failure of the composite adherend.

Several authors have studied the effect of z-pinning on the fracture mechanical
properties of composites (structural reinforcement) and composite-composite
joints (joining reinforcement). Tests in mode | opening load were carried out on z-
pin reinforced [19-28] and stitched [29-34] composites using DCB specimens.
Tests in mode Il shear loading were mainly done using 3ENF specimens.
Examples are given for z-pinned [35-37] and stitched [20,32,33,38-40]
composites. In all cases, energy absorption during failure was governed by pull-
out of the through-the-thickness reinforcements.

Since CMT pins establish a form fit connection between the composite and the
metal reinforcement, pull-out of the pins is prevented and instead of delamination
growth in a defined plane within the specimen, there are numerous complex failure
mechanisms that increase energy absorption during failure. Thus, fracture
mechanical approaches towards the evaluation of the fracture behavior of CMT pin
reinforced joints are not feasible.

In literature either SLS/DLS specimens [41-49] or T-joint specimens [50] are used
to test the mechanical properties of joints with 3D reinforcements. Both test
configurations have in common that they cause elevated peel stresses at the ends
of the bond line [13]. Figure 7.2 shows the influence of adherend thickness and
adherend geometry on the joint strength. Un-tapered SLS joints with thick
adherends give the lowest joint strength, due to elevated peel stresses caused by
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the geometry of the joint and by bending of the adherends due to the eccentric
load path.

In order to investigate the worst case (lowest joint strength due to joint design, see
Figure 7.2), un-tapered SLS specimens with thick adherends are used in this
chapter to investigate the mechanical properties of CMT pin reinforced joints under
quasi-static loading.

stepped-lap joint é’ &
Loy 0
.,§' I 8?\
SRS XS
'b(s- 5&;
scarfed-lap joint o

FAILURES SHOWN
REPRESENT THE BEST
POSSIBLE FROM EFFICIENT
DESIGN FOR
EACH GEOMETRY

tapered-lap joint

JOINT STRENGTH

—— ' peel failures

single-lap joint bending of adherends
due to eccentric load path

ADHEREND THICKNESS

Figure 7.2: Schematic illustrations of load carrying capacity of adhesive joints (adapted
from [13]).
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8.2.2 Abstract

A novel composite-composite joining technology based on metal pins oriented in
through thickness direction of the composites is presented. A defined pin
geometry, which is capable of establishing a through-thickness form-fit connection
between composites and the metal reinforcement, is created on thin metal sheets
in an automated pin production process. Based on numerical simulations of the
fracture of unreinforced single lap shear (SLS) composite specimens, optimum
locations for the pin reinforcement were found. Tests on reinforced SLS
specimens proved that an enhanced damage tolerance can be achieved by the
use of cold metal transfer welded pins (CMT pins) as through-the-thickness
reinforcement for the joint area. This paper investigates the mechanisms
responsible for the load transfer and failure of such through-the-thickness
reinforced composite-composite joints during monotonic loading.

8.2.3 Introduction

Along with the growing use of carbon fiber reinforced polymers (CFRP) for
structural applications comes the demand for advanced joining technologies which
rise up to the potential such a material possesses. Special care has to be taken of
fiber alignment and out-of-plane stresses because of the anisotropic behavior of
single CFRP sheets and the laminar structure of composites. There are areas in
the CFRP that are especially prone to out-of-plane loads. These are e.g. free
edges, notches (holes) and ply drops [1].

Conventional bonding technologies like adhesive bonding, bolting and riveting only
partly meet the challenges imposed on the joint by the properties of the CFRP.
Bolting and riveting for example have a mandatory need for drilling the CFRP and
therefore cutting the continuous fibers in the CFRP, which are essential for the
load transfer [2-5]. Moreover, the laminate’s cross-section gets reduced, stress
concentrations appear around the holes and there is an imminent danger of
delamination with drilling of fiber reinforced polymers [5-7]. Adhesive bonding on
the other hand can transfer out-of-plane or peel stresses only to a limited extent, it
possesses low bonding strength and requires wide joining areas [8].

Various 3D reinforcement methods have been studied over the recent years with
the goal to establish either a mechanical link between the different plies of the
laminate (structural reinforcement), or between two adhesively bonded laminates
(joining reinforcement). Tufting [9,10], stitching [11-15] and z-pinning [9,16-20]
are examples of structural reinforcement methods. These methods typically use
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dry polymeric yarns, or pre-cured carbon fiber rods as through-the-thickness
reinforcement. Another approach is the use of metallic reinforcements, which
combine high strength with the ability for plastic deformation and therefore
increase energy absorption and damage tolerance of the joints [21-27].

Cartié et al. [25] showed that for composite-composite joining titanium z-pins can
be superior to composite z-pins due to plastic deformation, especially when pull-
out of the z-pins is suppressed. Recently, research groups made use of 3D
shaped metallic through-the-thickness reinforcements for composite-composite
joining [22,28-30].

The herein presented novel joining technology for CFRP to CFRP joints aims at
combining the joining mechanisms form-fit and adhesive-bonding, with an
integrative, metallic joint approach [31-33]. Arrays of vertical elevations (pins) are
disposed on thin metal sheets through the modified cold metal transfer welding
process (CMT pin) [34]. These metal sheets are later placed in the stacking
sequence of the composite.

The underlying CMT process is a low-energy arc-welding process which allows the
energy efficient welding of thin metal sheets in a material gentle manner. The
adjustment of the welding control, welding current, voltage, and the wire
movement are key parameters, when welding pins on metal sheets through CMT
pinning [31,34].

Possible pin shapes are cylinder pins with a flat ending, spike pins with a tipped
ending, and ballhead pins with a spherical ending [32]. The combination of a
ballhead pin with a small spike pin on top results in a ballhead spike pin. The
spherical undercut of the ballhead ending supports the form-fit and the load
transfer. A tipped ending on top of the pin facilitates the draping of dry or pre-
impregnated fibers onto arrays of such pins. When fiber-textiles are placed onto
arrays of CMT pins, the CMT pins penetrate the single layers. They push aside the
fibers and build up a loose form fit with the fibers. After the curing process the
CMT pins form a through-the-thickness reinforcement with the composite [32,35].

Ucsnik et al. [36] investigated the capability of CMT pins for joining metal to CFRP
on sub-component level. Tests on Double Lap Shear (DLS) specimens and parts
for serial production (Figure 8.3) showed that CMT pins can compete with Hi-Lok®
joints at significantly lower weight. DLS specimens reinforced with CMT pins
reached 50.6 % higher failure loads than Hi-Lok® riveted specimens at the same
level of applied mass.
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Hi-Lok® joint

Figure 8.3: Subcomponent-tests with a 2D load on a representative support ring fixation
assembly of a flap trade fairing (Ucsnik et al. 2013 [36]): (a) test set-up,
(b) metal to CFRP ring connection, one with CMT pins, one with Hi-Lok®
rivets. Reprinted with permission from [36].

Subcomponents reinforced with CMT pins could carry about 80% of the loads of
subcomponents that were riveted with 8 Hi-Lok® joints. Thereby, the mass of the
CMT pins was 93 % lower than the mass of the Hi-Lok® joints, without any
secondary mass savings being taken into account. Various other authors have
investigated the applicability of different pin shaping technologies to metal-
composite joining [37-39].

For this paper, the CMT joining technology used by Ucsnik et al. is adapted, so
that it allows to join composites to composites. It focuses on the investigation of
mechanisms, which are actively involved in the load transfer and failure behavior
of CFRP to CFRP joints, which are reinforced with CMT pins in the out-of-plane
direction.

8.2.4 Experimental

8.2.4.1 Composite material and specimen geometries

The CFRP used in this work consisted of epoxy resin from Hexcel Composites
(Hexflow® RTMS) reinforced with high tenacity, standard modulus carbon fibers
from Toho Tenax (Tenax® HTS, Saertex® biaxial non-crimp fabric (NCF), 540 g/m?
areal weight).

SLS specimens were used for the characterization of the joints’ mechanical
properties. They had overall dimensions of 190 x 25 x 10 mm (Figure 8.5) based
on ASTM D5868 [40] and a joining area of 25 x 30 mm2. An increased lap
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thicknesses of 5 mm was chosen so that the through thickness reinforcements
were completely covered with CFRP.

A Detail A
. 30 10 110 . -

5

Q
.
w
o
S
2]
[=]
11

Figure 8.4: SLS specimen: (a) sectional view of the specimen, (b) final SLS joint
specimen.

The two ends of the SLS specimens’ overlap regoin were not tapered in order to
maximize out-of-plane stresses.

For the determination of the CFRP’s basic mechanical properties (e.g. Young’s
Moduli E+4y, Ez, Ess., shear modulus G, and Poisson’s ratio vi2), specimens
based on ISO 527-4 [41] were produced. The specimens had overall dimensions
of 280 x 25 x 5 mm and were cut out of a representative CFRP panel with quasi-
isotropic stacking in 0°, 45° and 90° direction.

8.2.4.2 Manufacturing of SLS specimens and CMT pins

CFRP panels, comprising 12 SLS specimens each, were produced via a liquid
resin infusion process. GFRP tabs were bonded onto the ends of the CFRP
specimen-panels to ensure both a symmetric clamping of the specimens within the
test system and an axially aligned joining interface. The final SLS specimens were
cut out of the panel by waterjet cutting.

CMT pin material

The metallic reinforcement inserts used in this study were made of stainless steel
type AISI 316L. They consisted of ballhead spike pins, which were welded onto
stainless steel sheets, type AlSI 304, with a thickness of t = 0.6 mm.
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Positioning of CMT pins

Numerical simulations of tensile tests on co-cured SLS specimens were carried
out in order to get a basic understanding of the fracture behavior of unreinforced
SLS specimens and to find optimum locations for through-the-thickness
reinforcements in SLS specimens with the above mentioned geometry. The model
was analyzed using the FE-solver Abaqus 6.13-2 (Dassault Systémes Simulia
Corp., Providence, RI, USA). Using a mesh size of 0.5 mm in the overlap region,
the model contained a total number of 83464 elements (Abaqus types C3D20).
The specimen geometry (see Figure 8.4) and boundary conditions were specified
according to the experimental set-up. A defined displacement was applied to the
outer surfaces of the specimens tabs. Figure 8.5 gives a detail of the model in the
overlap region. The material properties used for the numerical simulations are
listed in Table 8.1.

Figures 8.6 (a) and (b) show that elevated peel and shear stresses, respectively,
are present at the very ends of the bond line during loading of the SLS specimen.
This is in good agreement with results from literature [8] and shows the size of the
highly stressed region for SLS specimens with the above mentioned geometry.
The elevated stresses occur in the joined area up to approximately 5 mm from
both ends of the bond line (see Figure 8.6 (c) for a 2D plot of the stress distribution
at mid-width). Thus, through-the-thickness reinforcements are most effective within
5 mm from both ends of the bond line. Accordingly, 2 x 6 pins were positioned at
each end of the overlap region to counteract the elevated stresses.

The CMT pin arrays were manufactured with an automated, computer controlled
welding machine [31]. The CMT welding head was attached to a three axes
moving portal. Blank metal inserts were fixed in mounting plates.

Figure 8.5: Detail of the numerical simulation at 14 MPa average shear stress (load per
joining area). The mesh size was set to 0.5 mm in the overlap region.
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Table 8.1:  Material properties used in the finite element model.

Laminate properties

E11 =529 +1.4* GPa

Gi» =21.3+0.3* GPa

viz = 0.26 + 0.02*

E22=51.911.1*GPa

G13 = 42" GPa

Vi3 = 0.25**

E33 =10.6" GPa

Gosz = 4.2** GPa

Vo3 = 0.25**

*

*%

peelstress, o, [MPa]
8

8o

20

0o
length of joined area, | [mm)]
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\

shear stress, 1, [MPa]

s

“10

120

100

80

3

width of joined area, w [mm]

peel stress, o, [MPa]

measured via the test procedure given in chapter 8.2.4.3.

from 3D periodic unit cells based on homogenization of single layers [43]
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Figure 8.6: Distribution of (a) peel stresses and (b) shear stresses across the joint area
of co-cured SLS specimens at 14 MPa average shear stress (load per joining
area). (c) shows the distributions of peel and shear stresses along the bond

line at 12.5 mm in width direction of the overlap.
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These mounting plates were attached to the machine frame and were responsible
for suppressing waviness of the metal sheets due to thermally induced distortions
and for accurate and reproducible positioning of the blank metal inserts during
CMT pin welding. One metal insert carried six 4 x 6 CMT pin arrays for six SLS
specimens (Figure 8.7 (a)). The pin step in lateral direction was 4.2 mm. The outer
two rows of 6 pins were 1.5 mm away from the free edges of the metal insert and
the inner two rows 3.0 mm away from the outer two rows of pins.

Prior to the draping process the metal sheets and CMT pins were surface treated
by cleaning and sandblasting in order to remove contaminations such as grease
and welding tinder. At the same time sandblasting increased the roughness of the
metallic surface and therefore increased the adhesion between the metal and the
epoxy resin. In a final step the inserts were cleaned with an organic solvent. Figure
8.7 (b) shows a CAD drawing of CMT pins on top and bottom of a metal sheet.
Figure 8.7 (c) shows a metal sheet carrying six arrays of 4 x 6 CMT pins. It was
accurately and reproducibly fixed in a mold prior to draping the NCF textiles on top
of them. Each of the SLS specimens’ laps had a quasi-isotropic stacking.

Co-cured SLS specimens

Co-cured specimens were produced for the characterization of the failure behavior
of unreinforced SLS specimens. They were manufactured by simultaneously
infusing two separate quasi-isotropic stacks of NCFs with resin. The resin
infiltrated the joint region and acted as an adhesive between the two SLS
specimen’s laps.

SLS specimens carrying metal sheet without CMT pins

In this study, a thin metal sheet carrying CMT pins was placed in the SLS joint’s
overlap region. The metal sheet was left within the joining area for manufacturing
reasons and unused parts were, yet, not removed. In order to investigate the effect
of the metal sheet on the joint's mechanical properties, a metal sheet carrying no
pin reinforcements was placed in the stacking sequence.

SLS specimens carrying CMT pins treated with mold release agent

For a better understanding of the load transfer and reinforcement effect of the
CMT pin reinforced joints during loading and failure, the outer surface of one CMT
pin carrying metal sheet was treated with mold release agent prior to draping the
carbon fibers. This was done to avoid adhesion between the CFRP and the metal
reinforcement insert.
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(b) ()

Figure 8.7: Metal sheet carrying arrays of CMT pins: (a) top view of insert carrying
reinforcements for six SLS specimens with 4 x 6 CMT pins after the welding
process, (b) CAD schematic of 25 x 30 mm overlap section and (c) metal
sheet positioned in mold carrying double-side CMT pins, with single-side
integration in dry CFRP stack.

8.2.4.3 Test procedure

Tensile tests on CFRP coupons and SLS specimens were carried out on a servo-
hydraulic test system, MTS 322 (MTS Systems Corp., Minneapolis, USA), with a
load range of 250 kN (£0.1%). In both cases the specimens were loaded in a
displacement controlled manner at a crosshead velocity of 2 mm/min [34,35]. The
digital image correlation system GOM ‘Aramis’ (GOM GmbH, Braunschweig,
Germany) was used in order to get full field strain (FFS) information of the tested
specimens (front of the tensile and side of the SLS specimens).

In case of the tensile coupon tests this allowed to compute the mean values of
strains (g4, €2 with 1 being the loading direction and 2 being the lateral direction)
and Poisson’s ratio (vi2) based on the strains of the specimens’ faces. In the case
of SLS specimens, FFS-measurements gave information about highly strained
areas in the overlap region of the joint. Additionally, joint expansions were
measured by evaluating the distance of two defined points. These were positioned
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10 mm outside of the 30 mm long joint area (see Figure 8.4 (a), I-1I). The relation
of the axial joint expansion to the original distance of the two points (Lo=|I-
[1I=50 mm) gave the joint strain .

The values of the shear modulus Giz, which were needed for the numerical
simulations, were calculated using the following equation [42]:

G\ = E4s0E11E2; (8 1)
12 4E11E22‘E45°[E22'2V12E22‘E11] '

with E4s- being the Young’s modulus from specimens cut out of the CFRP panel in
45° direction. The missing values (e.g. Gis, Ggs, Vi3, V23) Were chosen based on
numerical work carried out by Ucsnik [43]. In his thesis, the out-of-plane material
properties were determined via a stiffness homogenization approach of single 0°-
CFRP layers and by means of a 3D periodic unit cell model.

All tests were carried out at a laboratory atmosphere of 23 +1 °C and 50 £ 10 %
relative humidity. Specimens were preconditioned at laboratory conditions for at
least 24 hours. Micrographs were taken with an optical stereo microscope type
Olympus SZX12.

8.2.5 Results

The CMT pin reinforced SLS specimens show a load transfer behavior (Figure
8.8), that consists of two phases. First, the load rises linearly until a first distinct
peak is reached. This first load peak in the stress-strain curve is called first failure
stress (trr) by the authors and is indicated in Figure 8.8. trr values amounted to
14.1 £ 1.3 N/mm? at local joint strains of 1.1 + 0.3 %. After a small load drop and
another distinct peak the second phase begins. The stress-strain curve shows a
nonlinear behavior until ultimate failure is reached at high joint strains. The highest
stresses in this second phase are referred to as tyr by the authors. tyr values
amounted to 14.7 £ 0.7 N/mm?2 at joint strains of 3.0 £+ 0.5 % for the CMT pin
reinforced samples.

Figure 8.9 shows micrographs of pins after tensile testing. The pins were
predominantly sheared off (Figure 8.9 (a)) leaving metal residua behind (Figure
8.9 (b)). Some of the CMT pins were pulled out of the CFRP (Figure 8.9 (c)). The
pins which remained in the CFRP were bent (Figure 8.9 (d)) until the pins failed on
the opposite side of the metal insert.

Figure 8.10 (a) shows the distribution of major strains on the lateral surface of the
specimen at the first distinct shear stress peak (tgg).
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Figure 8.8: Shear stress versus local joint strain for SLS specimens reinforced with
stainless steel inserts with CMT pins.

Figure 8.9: Micrographs of pins after final failure: (a) metal residua of sheared off pins
(b) pulled out pins (c) sheared off pins (d) bent pins.
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The highest local strains appear in the area of the joint interface leading to
delamination of the bond line before reaching trr. When phase two in the stress-
strain curve is reached, the joint interface has already failed, see Figure 8.10 (b).

High local strains, evident in the area of the CMT pin reinforcement indicate cracks
that form around the pins and grow towards the surface of the specimen. Before
ultimate failure, the cracks reach the surface and extensive damage forms in the
area of the pin reinforcement. Despite this extensive damage, the joint is able to
carry 60 % of tyr (see Figure 8.10 (c)).

Additional tests were carried out to get a better understanding of the failure
mechanisms in CMT pin reinforced specimens. Figure 8.11 shows stress-strain
curves of co-cured SLS specimens and SLS specimens carrying steel sheets with
and without CMT pins in the overlap region of SLS joints.

The co-cured SLS specimens reached shear strengths (tss) of 14.6 £ 1.1 N/mm?
at joint strains of 0.51 + 0.03 %. Thus, co-cured specimens reached a similar level
of stress as the steel CMT pin reinforced SLS joints, but at half and one sixth of
the strain compared to strains at trr and tyr, respectively. SLS specimens carrying
metal sheets with no CMT pins reached shear strengths of 9.4 + 0.6 N/mm? at joint
strains of 0.42 + 0.05 %. This corresponds to a loss of 35.6 % of shear strength
compared to co-cured samples.

Figure 8.10: Distribution of major (axial/total) strains on the lateral SLS specimen’s
surface: (a) at first failure stress (ter). (b) at ultimate failure stress (tye), () at
60% of tye after ultimate failure.
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The failure behavior of SLS specimens that were reinforced with CMT pins
covered with mold release agent (Figure 8.11) differed significantly from the
untreated CMT pin reinforced specimens (Figure 8.8). No distinct load peaks are
evident before reaching the nonlinear stress-strain behavior at high local joint
strains. These load peaks can therefore be ascribed to adhesive failure of the
interface between the metal reinforcement and the CFRP. The following nonlinear
stress-strain behavior is assumed to be caused by plastic deformation of the CMT
pins (see Figure 8.9) and by the formation of cracks in the matrix resin surrounding
the metal reinforcements. Both mechanisms contribute to the damage tolerance of
the joint by increasing the energy dissipation during loading.

The comparison of stress-strain curves (Figure 8.12) shows that CMT pin
reinforced specimens combine the strength and stiffness of the co-cured,
unreinforced specimens with the high deformation capability of the metal
reinforcement. The failure mechanism evolution for CMT pin reinforced SLS
specimens (Figure 8.13) is derived based on microscopy (Figure 8.9), digital
image correlation measurements (Figure 8.10) and measurements on SLS
specimens reinforced with mold release agent treated CMT pins (Figure 8.11). The
first two distinct stress peaks in the stress-strain curves of the SLS tensile tests
are caused by interfacial failure of the adhesive connection between the CFRP
and the steel reinforcements. The following non-linear stress-strain behavior is
assumed to be caused by bending of the CMT pin and initiation of cracks in the
vicinity of the CMT pins. Final failure of the joint is caused by extensive crack
growth in the CFRP (Figure 8.10(c)) accompanied by shear failure or rather pull-
out of the CMT pins (Figure 8.9).

20
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Figure 8.11: Shear stress versus local joint strain for co-cured SLS specimens, SLS
specimens carrying steel sheets without CMT pins and SLS specimens
reinforced with mold release agent treated steel CMT pins.
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Figure 8.12: Mean shear stress and standard deviation versus local joint strain for all
tested SLS specimens.
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Figure 8.13: Schematic of failure development and progress for CMT pin reinforced SLS
samples.

8.2.6 Conclusions and Outlook

In this paper, tensile tests are carried out on CFRP to CFRP joints. Numerical
simulations of tests on co-cured, unreinforced SLS specimens helped to
understand the stress distribution in composite-composite joint specimens and to
find suitable reinforcement locations. The locations facing increased peel and
shear stresses were reinforced with CMT pins.
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CMT pin reinforced specimens gave significantly higher strains and hence damage
tolerance than co-cured specimens at similar levels of stress. Detailed
investigations of the failure behavior of CMT pin reinforced specimens show that
after initial failure of the bond line at 1rF, the pins carry loads up to high values of
strain until ultimate failure is reached at tyr. Extensive damage of the CFRP in the
vicinity of the CMT pins and shear failure of the CMT pins themselves leads to
final failure of the specimen.

Stainless steel was used as reinforcement in this first phase to get an insight into
the failure mechanisms and the mechanical behavior of CMT pin reinforced SLS
specimens. In further investigations, this knowledge will be extended towards
inserts and pins made of titanium.
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8.3.2 Abstract

Today’s aeronautic, automotive and marine industry is in demand of fiber-friendly,
low weight alternatives for composite-composite joints which combine the
advantages of low weight input of adhesively bonded joints and high damage
tolerance of through-the-thickness bolted joints. In the present work, composite-
composite joints are reinforced through-the-thickness by thin metal inserts carrying
cold metal transfer welded pins (CMT pins). The influence of pin alignment and
type of pin on the damage tolerance of single lap shear (SLS) composite-
composite joints is investigated. The use of titanium reinforcements is evaluated
and compared to stainless steel reinforced, adhesively bonded and co-cured
specimens. A detailed analysis of the stress-strain behavior is given and the
stiffness and energy absorption of the SLS joints during tensile loading is
assessed. The results show that joints reinforced with CMT pins absorb
significantly higher amounts of energy, when compared to adhesively bonded and
co-cured joints.

8.3.3 Introduction

Joining and through-the-thickness reinforcement of carbon fiber reinforced
composites (CFRP) have been topics of increasing interest in recent years. This
increasing interest originates from disadvantages of state-of-the-art joining
technologies. Such disadvantages can be the reduction of substrate cross-section
due to boreholes, stress concentrations around boreholes, cutting of continuous
fibers due to drilling, or additional weight input due to joining elements and
additional safety elements. This leads to a reduced degree of material utilization in
state-of-the-art composite joints [1-3].

Adhesive bonding, a bolt-free alternative for composite joints, provides joints at a
very low weight input without the requirement to cut fibers. However, adhesively
bonded joints are sensitive to out-of-plane and peel stresses. At present,
adhesively bonded joints are not considered for use in primary composite aircraft
structures due to difficult quality control and certification issues. Rivets and bolts
are commonly used to provide a load path redundancy in adhesively bonded
joints. On the one hand, this increases the joint weight. On the other hand this
weakens the composite material [4].

Fiber-friendly, low weight alternatives for composite joints, which combine the
advantages of low weight of adhesively bonded joints and high damage tolerance
of through-the-thickness bolted joints are thus in demand. Many researchers have
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investigated the capability of carbon fibers [5—-12], polymeric yarns [13-16], and
glass fibers [9,17] for the through thickness reinforcement for CFRP laminates.
They concluded that polymeric yarns, carbon fibers and glass fibers add to the
damage tolerance of the laminate predominantly by crack bridging and energy
absorption during pullout of the fibers from the matrix resin [5-13]. Investigations
on metal reinforcements [4,12,18-24] have shown that such elements can
additionally add to the damage tolerance by plastic deformation of the metal
reinforcement [22—-24].

The applicability of metal reinforcements to composite-composite joining was
investigated by various research groups. Rugg et al. carried out SLS tests on
composite-composite joints, which were reinforced with metallic rods. These rods
were angled nominally at 45° to the plane of the laminate. In tensile loading, all of
the rods were pulled out, regardless of rod orientation (+45° or -45°). This pull out
happened at relatively low loads and had little effect on the damage tolerance of
the SLS joint [25].

Cartié et al. studied the influence of the insertion angle of both carbon and titanium
rods on the fracture mechanical behavior of through-the-thickness reinforced
CFRP. They concluded that failure mechanisms are dominated by the following
effects: (1) debonding and subsequent pull-out (2) rod/substrate friction, (3)
deformation of the rods, and (4) ploughing of the rod through the matrix material.
In shear loading, these mechanisms depend on the insertion angle of the rods,
giving a transition from pull-out dominated failure mechanisms to rod dominated
failure. Rod failure led to the highest failure loads. In shear loading, titanium rod
reinforced samples gave higher peak loads and ultimate deformation values than
carbon rod reinforced samples. In tensile (pull out) loading, titanium and composite
rods yielded a similar load displacement behavior [26].

Metallic through thickness reinforcements can add to the damage tolerance of
composite-composite joints. Due to higher shear strength properties compared to
carbon composites they can even surpass the reinforcement effect of carbon rod
reinforced composite-composite joints. To further increase the joint strength and
the damage tolerance of through thickness reinforced composite joints, pull out of
through thickness reinforcements needs to be suppressed.

Research groups at Airbus Groups Innovation [22,23,27-29] use the so-called
RHEA (redundant high efficiency assembly) technology to reinforce composite-
composite joints in the through thickness direction. RHEA is based on the use of
thin metallic sheets, where the pin geometry is laser-cut and bent to obtain
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reinforcement sheets with staggered pins and hooks on top and bottom surfaces.
The pins provide a form fit connection between the metal reinforcement inserts
and the surrounding CFRP.

Tests on T-joints led to increased residual forces after delamination initiation at the
spar-skin interface [22]. This resulted from a crack bridging zone formed by the
metallic pins at the debonded interface.

The metal inserts technology, used in the RHEA technology [22,23,27-29], does
not provide the possibility for coaxially aligned pins on the top and bottom side of
the insert surface. The pins are not co-axially aligned and thus do not provide a
straight load path from top to bottom side in the joined composites. Furthermore,
the staggered arrangement leads to a reduced material utilization of the metal
reinforcement sheet.

Graham et al. as well as Parkes et al. produced metallic pins with a 3D geometry
on solid metal parts by additive layer manufacturing (ALM) [19,30,31]. They then
joined the metal part to a CFRP part and observed significant increases in strength
and damage tolerance. In a more recent work, Graham et al. replaced ALM by
stud welding due to manufacturing cost and time reasons. Again significant
increases in strength (+80 %) and energy absorption (+1000 %) were achieved
[30].

Ucsnik et al. [32—-35] carried out thorough investigations in the fields of metal to
CFRP joining by using the cold metal transfer (CMT) welding process by Fronius
for surface shaping. This knowledge was transferred to the “surface treatment” of
thin metal sheets with 3-dimensional pins on the top and bottom surface. Similar to
RHEA, such metal inserts can be used to join and reinforce CFRP to CFRP joints
(Stelzer et al. [18,36]). In contrast to RHEA inserts, CMT shaped inserts do
provide the possibility for coaxially aligned pins. These in turn allow for a direct,
non-staggered load transfer from top to bottom composite part through the metal
pins.

The present work deals with the determination of the mechanical properties of
CMT pin insert reinforced CFRP to CFRP joints. The focus is put onto SLS joints
which are reinforced with steel or titanium inserts that carry arrays of 3D shaped,
co-axially aligned pins on top and bottom side.
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8.3.4 Experimental

8.3.4.1 Materials and specimens

All composite joint specimens were made of high tenacity, standard modulus
carbon fibers from Toho Tenax (Tenax® HTS, Saertex® non-crimp fabric, 540 g/m?2
areal weight) and epoxy resin from Hexcel Composites (Hexflow® RTM®6). The
metal reinforcements were made of either stainless steel or titanium. In the case of
stainless steel, inserts type AlISI 304 with a sheet thickness of t = 0.6 mm were
used. These carried arrays of ballhead spike pins, a combination of a ballhead pin
with a small spike pin on top of it. They were made by cold metal transfer (CMT)
welding a filler wire type AISI 316L with a diameter of 0.8 mm (see [21] for details).
The titanium inserts and pins were made of Ti6Al4V. The titanium sheets had a
thickness of 0.4 mm and the filler wire a diameter of 0.8 mm.

SLS specimens of a first test campaign were reinforced with steel inserts which
had three different arrangements of 4 x 6 ballhead spike CMT pins co-axially
aligned on top and bottom surface (Figure 8.14). Array 1 had an equal distance
arrangement (Figure 8.14 (a)). Four rows, each with six CMT pins, were equally
distributed with a pitch of px = 7.0 mm, starting 3.0 mm away from the free edges
of the metal insert (x being the axial loading direction). The CMT pins had a lateral
pitch of py = 4.2 mm (with y indicating the lateral direction).

For array 2, the CMT pins were primarily arranged at the end positions of the
inserts. The outer two rows of 6 CMT pins were positioned each 1.5 mm away
from the free edges of the metal insert with a pitch of px = 3.0 mm to the second
rows (Figure 8.14 (b)). For array 3 the CMT pins were clustered at the four corners
of the insert in a triangular shape (Figure 8.14 (c)). The pins had an equal pitch of
Px = py = 3.0 mm.

Figure 8.15 shows a stainless steel insert with pin array type 1 after the CMT pin
welding process. The CMT pins had an overall height of about 3.3 mm and a
tapered shaft with a diameter of about 1.2 mm at the bottom and 0.8 mm below
the ballhead.

(a) (b) (c)
Figure 8.14: CAD schematics of the three types of pin arrays on metal inserts:
(a) pin array 1, (b) pin array 2, (c) pin array 3.
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Titanium inserts had the same arrangement of pins as the steel inserts of pin array
type 2 (Figure 8.14 (b)). For comparison reasons, two types of titanium inserts
were produced with pieces of titanium rods as vertical reinforcement elements (Ti
z-pin) in addition to CMT welded titanium pin inserts (Ti CMT pin). The rods had
diameters of 0.76 mm and 1.14 mm. These pins were press fitted into predrilled
titanium sheets.

Prior to the draping process all inserts were surface treated by cleaning and
sandblasting. This helped to remove contaminations such as grease and welding
tinder and to increase the roughness of the metallic surface. This led to an
increase in adhesion between the metal and the epoxy resin. In a final step the
inserts were cleaned with an organic solvent.

For the preforming process, the metal sheets were reproducibly fixed in a metal
mold. A set of dry CFRP textile layers was draped onto the top and bottom pin
arrays in a symmetrical manner (Figure 8.16), so that quasi-isotropic laminate
properties were achieved. CFRP specimen-panels were produced via a liquid
resin infusion process.

Stepped CFRP panels were manufactured in a mold. Out of these panels, batches
of six single SLS joint specimens were cut by waterjet cutting (see Figure 8.17).
The final joint specimens had a width of 25 mm and a joining area of 750 mm?
(see Figure 8.18 (a)). Before waterjet cutting, GFRP tabs were bonded onto both
ends of the CFRP specimen-panels. This ensured both symmetric clamping of the
SLS joint specimens in the test system and an axially aligned joining interface (see
Figure 8.18 (b)).

Figure 8.15: Detail of a pinned interface (pin array 1) prior to sandblasting and cleaning.
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Figure 8.17: CFRP specimen-panel.

Adhesive-bonded and co-cured specimens with equal geometry, but without metal
inserts, were chosen as reference. For the adhesive-bonded specimens, two
separate CFRP panels with a quasi-isotropic stacking were adhesive-bonded with
3M Scotch-Weld adhesive film type AF 163-2L.

For the co-cured specimens, the textiles of the two CFRP panels were put in the
metal mold, infused with resin and cured. The bonding between the two panels
was realized through the cured resin.
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Figure 8.18: SLS specimen geometry: (a) sectional view of the specimen, (b) final SLS
joint specimen.

8.3.4.2 Test methods and data reduction

Tensile tests of SLS specimens were executed on a servo-hydraulic test system,
MTS 322 (MTS Systems Corp., Minneapolis, USA), with a load range of 250 kN
(x0.1 %). The specimens were loaded in a displacement controlled manner at a
crosshead velocity of 2 mm/min. Axial local joint strains were measured via full
field strain analysis GOM ‘Aramis’ (GOM GmbH, Braunschweig, Germany) at + 10
mm from the overlap region (see points | and Il in Figure 8.18 (a), Lo=50 mm
gage length).

The SLS joint’s stiffness was calculated by relating the applied load to the

deformation in the strain range between 0.05 % and 0.25 % (8.2):

P o,-P 0
kSLS — 0.25%°0.05% (82)
Lo.25%"Lo.05%

where P is the axial load (N) and L the axial deformation (mm).

The amount of energy dissipated during deformation of the SLS joints in quasi-
static loading, W, was calculated by equation (8.3):

W, = [*PdL (8.3)

where x indicates the different stages of the test, with FF being first failure, UF
ultimate failure and SS shear strength. Integrating the entire load-displacement
curve gives the total deformation energy, Wiqal.
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All tests were carried out at a laboratory atmosphere of 23 +1°C room
temperature and 50 £ 10 % relative humidity. Specimens were preconditioned at
laboratory conditions for at least 24 hours.

8.3.5 Results and Discussion

8.3.5.1 Steel CMT pin reinforced SLS joints

Figure 8.19 shows the load transfer behavior of the SLS specimens reinforced with
the three types of steel inserts. The mean values and deviation bands of the shear
stresses are plotted versus local joint strains. Regardless of the pin array in use
the graphs follow similar load paths. At start, the curves rise until a first distinct
load peak sets in, the so called “first failure stress” (trg). This is followed by a load
drop and by a second load peak-load drop combination. This is then followed by a
non-linear loading behavior until the maximum, the “ultimate failure stress” (tur), is
reached. Depending on the metal insert version, tyr occurs at high local joint
strains between 2.5 - 4.0 %. After tyr the stresses drop and the specimens fail.

Values of ter of SLS specimens reinforced with pin array type 1 (equal distance
distribution) reached 13.4 + 0.5 MPa. This is within the standard deviation range of
pin array type 2. Pin array type 2 (ending edge distribution) reached the highest
tFF values of 14.1 £ 1.3 MPa.

20

Saertex NCF, RTM 6

Single Lap Shear test { |

v=2mm/min

23°C

50% r.h. 1
I ————————

steel reinforcement | |
CMT pin array 1
— mean
stand. dev. | o
CMT pin array 2
- - - mean
stand. dev. |
CMT pin array 3
------ mean
stand. dev.

nominal shear stress, ¢ [N/mm?

axial strain, £[%)]

Figure 8.19: Mean shear stresses versus local joint strains and respective deviation
bands for tensile tested SLS specimens reinforced by steel CMT pins.
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SLS joints with insert type 3 (triangular pin distribution) reached trr values of
12.3 £ 0.5 MPa. This is - 8.2 % and - 12.8 %, respectively, less than the first two
versions.

Pin array type 1 reached tyr values of 15.5 + 0.3 MPa. This shows an increase of
+ 5.5 % and + 16.7 % compared to pin array type 2 (14.7 £ 0.7 MPa) and pin array
type 3 (13.3 £ 0.2 MPa), respectively. In contrast to trr, Tyr for pin array 1 is
slightly higher than for pin array 2.

The amount of sheared off pins was counted and related to the overall number (24
— one side) of applied CMT pins for each batch of pin-reinforced SLS joints (see
Figure 8.20 (a-c)). This allowed for the correlation between the pin arrangements,
the resulting modes of failure and strength values. In the case of joints with pin
array type 1, 77 £ 13 % of the pins were sheared off, whereas 51 + 19 % of pins
were sheared off in the case of pin array 2. In the case of pin array 3 most of the
pins were pulled out of the CFRP. Only 17 £ 19 % of the pins were sheared off.

Figure 8.20 (a) shows the failed joint section of a SLS joint which was reinforced
with pin array type 1. The first row of pins (left) was pulled out of the CFRP. Three
rows of pins (right) were sheared off with small metal residua left on top of the
metal insert. The metal insert still upholds the connection to the bottom CFRP. But
the extent of deformation of the bottom pins is unknown.

Figure 8.20 (b) and Figure 8.20 (c) show pictures of failed joint sections that were
reinforced with CMT pin arrays type 2 and 3, respectively. In case of pin array
type 2 the majority of pins was sheared off. Pin array type 3 mainly showed pins
that were pulled out from the CFRP.

pins pulled out pins sheared off

(@) (b) (c)

Figure 8.20: Failed joint sections SLS specimens with (a) CMT pin array 1, (b) CMT pin
array 2, (c) CMT pin array 3.
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8.3.5.2 Titanium pin reinforced joints
Ti CMT pins

Stress-strain curves of titanium CMT pin reinforced specimens are depicted in
Figure 8.21. These specimens reached values of 1 of 10.2 + 0.03 MPa at local
joint strains of 0.4 + 0.1 % and values of tyr of 9.5 + 1.3 MPa at local joint strains
of 0.9 + 0.1 %. The relatively high standard deviation in tyr compared to the steel
pin reinforced joints can be attributed to a not yet fully optimized welding process
and to a suboptimum shape of the Ti CMT pins. This led to difficulties in draping
the carbon fibers around the Ti CMT pins. The pins did not possess a distinct
undercut towards the titanium sheet. Thus, there was an increased amount of
resin present around the pins. In many cases the parent titanium sheets broke
during loading due to the inhomogeneous microstructure of the heat affected zone
of the welded material (Figure 8.22 (a)).

Ti z-pins (d = 0.76 mm)

The titanium z-pins had cylindrical shape and a diameter of 0.76 mm. Stress-strain
curves for this kind of reinforcement are shown in Figure 8.21. Only one of these
specimens showed a distinct drop in shear stress before reaching tUF. The first
failure stress amounted to 5 MPa at local joint strains of 0.4 %.

The SLS specimens reached tyr values of 8.0 £ 0.4 MPa at local joint strains of
1.8 £ 0.1 %. Compared to Ti CMT pins the local joint strains at tyr could be
significantly increased at a similar level of stress.

Additionally the scatter in tyr could be reduced. Most of the z-pins, 83.3 + 27.6 %,
were sheared off, due to the small diameter of these pins. In Figure 8.22 (b) a
failed joint section of a specimen reinforced with 0.76 mm thick titanium z-pins is
shown.

Ti z-pins (d= 1.14 mm)

Figure 8.21 shows the stress-strain behavior of SLS specimens reinforced with Ti
z-pins with a diameter of 1.14 mm. By increasing the diameter of the titanium rods
trr values of 5.7 + 1.0 MPa at local joint strains of 0.35 £ 0.03 % and tyr values of
15.2 £ 0.7 MPa at local joint strains of 2.4 + 0.1 % could be reached. The majority
of these titanium pins was pulled out of the CFRP laps, 45.8 £ 42.5 % of pins were
sheared off, see Figure 8.22 (c).
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Figure 8.21: Mean shear stresses versus local joint strains and respective deviation
bands for tensile tested SLS specimens reinforced with titanium pins.

(@) (b) (c)

Figure 8.22: Failed joint sections of specimen reinforced with (a) titanium CMT pins, (b)
titanium z-pins (d=0.76 mm), (c) titanium z-pins (d=1.14 mm).

8.3.5.3 Co-cured reference joints

The loading behavior of co-cured SLS specimens is shown in Figure 8.23. They
reached tss values of 14.6 + 1.1 MPa at local joint strains of 0.51 + 0.03 %. After

1ss the specimens failed in a spontaneous manner. Figure 8.24 (a) shows the
fracture surface of a co-cured specimen after testing.

8.3.5.4 Adhesive-bonded reference joints

The loading behavior of adhesive-bonded reference specimens can be seen in
Figure 8.23. The mean value of shear strength, tss, amounts to 7.9 + 1.6 MPa at
local joint strains of 0.32 £ 0.06 %. Spontaneous failure sets in after maximum joint
strains of around 0.75 % are reached. These strains are much lower than strains
at tyr of > 4 % in the case of SLS specimens with steel inserts. Figure 8.24 (b)
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shows the fracture surface of the joint section of an adhesive-bonded SLS
specimen.

8.3.6 Comparison

Figure 8.25 shows a comparison of 1t values (Figure 8.25 (a)) and tyr values
(Figure 8.25 (b)), reached by through-the-thickness reinforced SLS specimens in
comparison to unreinforced SLS specimens (Figure 8.25 (c)). Pin array 2, the
alignment of pins close to the outer ends of the overlap region of the SLS
specimen, yields the highest trr values. The outer ends of the overlap region are
the areas with the highest peel stresses [21]. These areas are reinforced by the
2 X 6 pins in the out-of-plane direction at each end of the overlap region.

20

p. —
Saertex NCF, RTM 6
Single Lap Shear test

v=2mm/min
23°C
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adhesively bonded | |
mean
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o
T

nominal shear stress, r[N/mm?]
w
1

0.0 . . A 08 1.0
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Figure 8.23: Mean shear stresses versus local joint strains and respective deviation
bands for tensile tested co-cured and adhesively bonded SLS specimens.

Figure 8.24: Pictures of the failed joint sections of unreinforced SLS specimens: (a) co-
cured specimen, (b) adhesive-bonded specimen.
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Figure 8.25: (a) First failure stresses, 1, and (b) ultimate failure stresses, Ty compared
to (c) shear strength, 1., of adhesive-bonded and co-cured specimens.

tre values of through-the-thickness reinforced SLS joints are related to adhesive
failure of the interface between the metal reinforcement and the CFRP [21].
Therefore, they are compared to tss values of co-cured SLS joints. Steel CMT pin
reinforced specimens of type 1, 2 and 3 reached - 8.5 %, - 3.8 % and - 16.2 %
lower values respectively. Compared to adhesively bonded reference joints,
stainless steel pin reinforced SLS joints type 1, 2 and 3 show + 70.2 %, + 79.0 %
and + 56.0 % increased failure stresses respectively. The improvements are
related to the reinforcing pins and their positions.

trr values of the Ti z-pin reinforced samples are significantly lower than those of
the steel CMT pin reinforced SLS specimens. Compared to tss values of co-cured
SLS specimens the trr values of samples reinforced with Ti z-pins are —66.2 %
(d=0.76 mm) and — 60.8 % (d = 1.14 mm) lower.

This may be attributed to the absence of a form fit connection between the z-pins
and the CFRP. An increase in the values of trr can be reached by realizing a form
fit in the connection between the CFRP and the titanium z-pins. Ti CMT pin
reinforced SLS specimens show increased trr values compared to the Tiz-pin
reinforced samples. Compared to co-cured SLS specimens the values are
— 30.2 % lower. For a further increase in trr an improvement of the CMT welding
process for thin titanium sheets is required.

Figure 8.25 (b) shows the comparison of tyr values of through-the-thickness
reinforced SLS joints. Ultimate failure occurs at high local joint strains, see
Figure 8.26 (b). Compared to tss values of co-cured SLS specimens tyr values of
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specimens reinforced with steel CMT pin array type 1 and type 2 were + 6.0 % and
+ 0.4 % higher, respectively. Thus, the joints are able to maintain the level of
stress reached at ter up to values of strain above 2.5 % present at tyr. Specimens
reinforced with pin array type 3 showed — 9.2 % lower values.

The local joint strains at tyr of the SLS specimens reinforced with steel CMT pin
arrays 1, 2 and 3 were + 567.9 %, + 498.9 % and + 402.1 % higher, respectively,
than the local joints strains at 15 of the co-cured SLS specimens (Figure 8.26 (b)
and (c)).

This underlines the envisaged enhancement of the damage tolerance by such
reinforcement inserts. In the case of the titanium pin reinforced samples only z-
pins with a diameter of 1.14 mm were able to reach similar strain values. The local
joint strains at tyr were + 369.7 % higher than the local joints strains of the co-
cured SLS specimens. Ti z-pins with d=0.76 mm and Ti CMT pins yielded
increases in strain of + 254.9 % and + 82.6 %, but at significantly lower values of
stress (see Figure 8.25 and Figure 8.26).

Deformation energies for different stages of the test are depicted in Figure 8.27.
Deformation energies of through-the-thickness reinforced samples at ultimate
failure (Figure 8.27 (a)) are significantly higher than both, deformation energies of
through-the-thickness reinforced samples at first failure (Figure 8.27 (b)) and
unreinforced samples at shear strength (Figure 8.27 (c)).
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Figure 8.26: Local joint strains reached at (a) first failure stresses and (b) ultimate failure
stresses compared to (c) local joint strains at shear strength reached by the
adhesive-bonded and co-cured specimens.
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Figure 8.27: Deformation energies up to (a) first failure stress and (b) ultimate failure
stress compared to (c) deformation energies up to shear strength of
adhesive-bonded and co-cured specimens.

In Figure 8.28 the total deformation energies sustained by the through-the-
thickness reinforced and unreinforced reference SLS specimens are compared.
The three steel CMT pin reinforced SLS joint versions could bear total deformation
energies of 22.3+1.7kJ, 23.0+2.5kJ and 22.1 £1.3 kJ, respectively. These
values are approximately 14 times higher compared to the co-cured reference
joints, which reached 1.6 + 0.3 kd. Thus, deformation energies can be significantly
increased by the use of metal pins as through-the-thickness reinforcement.

The SLS specimens reinforced with thick Ti z-pins (d = 1.14 mm), thin Ti z-pins
(d=0.76 mm) and TiCMT pins reached total deformation energies of
23.9+3.5kJ,9.9+1.2kd and 4.7 + 1.0 kJ, respectively.

Figure 8.29 shows a comparison between the SLS specimens’ relative stiffness
values. All values are related to the adhesively bonded specimens. These yield the
highest stiffness values. The use of metal pins as through-the-thickness
reinforcement leads to a stiffness reduction of 18.3 % for Ti CMT pin reinforced
samples, going up to 57.8 % in the case of samples reinforced with thin Ti z-pins.

The comparison of 1, tur and total deformation energies of the tested SLS joints
shows, that the damage tolerance can be increased significantly by the use of
CMT pins as through-the-thickness reinforcement compared to unreinforced
specimens.

231



8 PUBLICATION 8

o K]

total deformation energy, I,

Figure 8.28: Total deformation energies of SLS specimens with pin reinforced interfaces
compared to adhesive-bonded and co-cured reference joints.
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Figure 8.29: Relative stiffnesses (stiffnesses related to stiffness of adhesively bonded
joint) of SLS specimens reinforced with different through-the-thickness
reinforcements compared to adhesive-bonded and co-cured specimens.

8.3.7 Conclusions and outlook

The present work shows that 3D shaped stainless steel pins with small dimensions
can be produced on thin stainless steel sheets via a modified cold metal transfer
process. The use of ballhead pins with a spike on top improves both the drapability
and the reinforcement of joining areas in CFRP to CFRP SLS joints. The use of
pins in the joining area leads to a form-fit connection within the joint. This improves
the load transfer performance and hence joint properties.

The use of reinforcing pins increases failure stresses and changes damage
tolerance distinctively compared to adhesively bonded or co-cured specimens.
This is reached without the need to cut fibers or drill holes and without a significant
increase of structural weight.
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The arrangement of steel CMT pins near the outer edges of the metal inserts
leads to higher first failure stresses. The alignment of pins close to the center
leads to higher ultimate failure stresses. The arrangement of pins has no distinct
influence on the level of total deformation energy.

The reinforcement concept does work for titanium in principle. But for further
enhancement of the mechanical properties of titanium pin reinforced joints, it is
necessary to improve the CMT welding process. One approach is the utilization of
a laser beam for stabilizing the welding arc.

In the present study, the metal sheets acted as carriage elements for coaxially
aligned pins. The carriage elements were left within the joining area for
manufacturing reasons. Future work will focus on the enhancement of the thin
reinforcement inserts and on a further enhancement of such through-the-thickness
reinforced CFRP to CFRP joints. Removing the sheet, or unused parts of the
sheet, will give additional cutouts for resin bonding which will increase the
mechanical properties of the joints.
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9 FATIGUE TESTING OF COMPOSITE-COMPOSITE JOINTS

9.1 INTRODUCTION COMPOSITE-COMPOSITE JOINTS UNDER FATIGUE
LOADS

Fatigue verification of joints is usually carried out on critical joints to demonstrate
that the joint can carry the ultimate load through its design life. Therefore,
representative service conditions of stress, temperature and humidity are applied.
Principally, the same limitations as for quasi-static testing of joints apply to fatigue
testing of joints. To date the influence of aspects such as scale, spectrum loading
and service environment on joint performance cannot be inferred from test data on
coupons. Fatigue tests on simple specimen and model joints, such as the SLS
joint, are often undertaken at an early stage to screen candidate adhesives and
provide preliminary design data [1].

So far, ASTM D3166 [2] is the only standard dealing with fatigue properties of
bonded joints. Although it specifies fatigue testing of metal-metal joints, it can be
assumed that this procedure also applies to composite-composite joints. It
basically specifies positioning of SLS specimens in a fatigue test rig and the range
of anticipated load cycles. The number of cycles to failure and the location of
failure shall be recorded and the applied load shall be calculated in megapascals
(load per overlap area). Since test geometries in ASTM D3166 refer to metal-metal
joints, ASTM D5868 needs to be considered for geometries of composite-
composite SLS specimens [3].

ASTM D3479 [4] deals with the determination of tension-tension fatigue properties
of polymer matrix composite materials. It states that for preliminary fatigue testing
of polymer matrix composite materials, a minimum number of six specimens
should be tested to obtain preliminary and exploratory S-N curves. For research
and development purposes, 12 specimens are recommended.

Fatigue testing on adhesively bonded joints was carried out extensively in
literature [5—16]. Several authors presented classical S-N curves for adhesively
bonded SLS and DLS joints [5—16] and some illustrated the stress-strain behavior
[6] and the stiffness evolution [15] of adhesively bonded SLS joints under fatigue
loading. It was also shown in literature that fracture mechanics can be applied to
analyze and predict the fracture behavior of adhesively bonded joints [5,8,12,17—
19]. Campilho and da Silva [19] correlated results from publication 2 [20] with S-N
curves and concluded that based on the fracture mechanical data from [20] it is
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possible to predict the fatigue strength of joints of the same material. Yet, as
shown by Bernasconi et al. [18], delamination initiation plays an important role in
joint fatigue and can cause scatter in the predicted results. Thus, Bernasconi et al.
correlated S-N curves on joints with fracture mechanics solely after the initiation of
a delamination in the joint.

The initiation of cracks is significantly influenced by the geometry of the joint, as
shown in chapter 6 of this thesis, and by the presence of through-the-thickness
reinforcements. Fatigue testing of through-the-thickness reinforced joints was
carried out by various authors. The majority used SLS specimens for the
characterization of the fatigue properties of through-the-thickness reinforced joints
[21-23], but in some cases tests on composite hat joints [24] and fracture
mechanics tests [25] were also utilized. Fracture mechanics tests showed that
through-the-thickness reinforcements rapidly decrease the crack growth leading to
an apparent threshold behavior. This decrease in crack growth rate appears
independent of applied load. Since the crack length does not increase significantly,
the strain energy release rate is mainly controlled by the applied load [25]. Thus,
fracture mechanical approaches towards the determination of the fatigue behavior
of through-the-thickness reinforced joints are not feasible.

In this chapter, fatigue tests on SLS joints that are reinforced in the through-the-
thickness direction, with either CMT or z-pins, are carried out and compared to the
fatigue behavior of co-cured SLS specimens. A detailed investigation of the failure
behavior is carried out by applying high resolution digital image correlation
techniques to fatigue tests on composite-composite joints.
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9.2.2 Abstract

In this paper the fatigue properties of through-the-thickness reinforced joints are
studied in detail. Unreinforced specimens, specimens reinforced with cold metal
transfer welded titanium and steel pins and specimens reinforced with titanium z-
pins are investigated. Besides classical S-N diagrams, hysteresis curves and
stiffness based approaches are applied to improve the understanding of the
mechanical behavior of the joints in the progress of their fatigue life. Furthermore
full field strain analysis gives information about damage initiation and growth in the
joint section.

9.2.3 Introduction

Joining and through-the-thickness reinforcement of carbon fiber reinforced
composites (CFRP) have been topics of increasing interest in recent years. The
application of joints is important in areas, where integral design cannot be applied.
These are areas, where limitations (coming from e.g. design, logistics or size) and
requirements concerning e.g. repair, maintenance or handling are given [1,2].
Adhesive bonding provides low weight joints that do not require the cutting of
fibers. However, bolt-free bonded joints are sensitive to peel and through
thickness stresses. Thus, their use of for primary composite aircraft structures is
still a certification issue. Rivets and bolts are commonly used to provide load path
redundancy but increase the weight and weaken the composite material due to cut
fibers [2].

Fiber-friendly, low weight alternatives for rivets and bolts may give additional
options for designers to counteract peel stresses in composite-composite joints.
Many researchers have investigated the capability of carbon fibers [3—10],
polymeric yarns [11-14], glass fibers [7,15] and metal pins [2,10,16-22] as
through-the-thickness reinforcement for CFRP laminates. They concluded that
polymeric yarns, carbon fibers and glass fibers add to the damage tolerance of the
laminate predominantly by crack bridging and energy absorption due to pullout of
the fibers from the matrix resin [3—11]. Metal reinforcements can additionally add
to the damage tolerance by plastic deformation of the metal reinforcement [20-22].

The applicability of metal reinforcements for composite-composite joining was
investigated by various research groups in the past. Cartié et al. for example
studied the influence of metallic rods on the fracture mechanical behavior of
through-the-thickness reinforced CFRP. They concluded that failure mechanisms
are dominated by debonding, rod/substrate friction and deformation of the rods.
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These mechanisms depend on the insertion angle of the rods, giving a transition
from pull-out dominated failure mechanisms to rod dominated failure. With rod
failure giving the highest failure loads [23].

Rugg et al. carried out SLS tests on composite-composite joints which were
reinforced with angled metallic rods. In tensile loading, all of the rods were pulled
out, regardless of rod orientation. This pull out happened at relatively low loads
and had thus little effect on the damage tolerance of the SLS joint [24]. Hence, in
order to increase the damage tolerance of through thickness reinforced joints, the
pull out of the through thickness reinforcements needs to be suppressed.

Research groups at EADS Innovation works [20,21,25-27] used sheet metal
forming to reinforce composite-composite joints in the through thickness direction.
The so-called RHEA (redundant high efficiency assembly) technology is based on
the use of thin metallic sheets, where the pin geometry is laser-cut and bent to
obtain reinforcement sheets with pins on both sides. Tests on T-joints gave
increased residual forces after delamination initiation at the spar-skin interface.
This is due to a crack bridging zone formed by the metallic pins at the debond
interface [20]. However, pins based on the RHEA technology are not co-axially
aligned and thus do not provide a straight load path between the joined
composites.

Graham et al. produced metallic pins with a 3D geometry on laboratory scale by
additive layer manufacturing (ALM). They joined metal to CFRP and observed
significant increases in strength and damage tolerance [17,28]. In a more recent
work, they replaced ALM by CMT welded pinning due to manufacturing cost and
time reasons. Again significant increases in strength (+80 %) and energy
absorption (+1000 %) were achieved [28].

The production of CMT pins on metal substrates was introduced by Ucsnik et al.
and was used for the joining of meetal to CFRP [29-32]. The knowledge gained in
the joining of metal to CFRP was later transferred to joining CFRP to CFRP
(Stelzer et al. [16,33]). Reference [22] investigates the main failure mechanisms in
CMT pin reinforced CFRP to CFRP joints.

This work deals with the determination of the mechanical properties of CFRP to
CFRP joints that are reinforced with CMT pins. The focus is put on single lap
shear (SLS) CFRP to CFRP specimens which are reinforced with thin steel or
titanium sheets. These sheets carry arrays of 3D shaped pins co-axially aligned on
top and bottom side.
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9.2.4 Experimental

9.2.4.1 Materials and specimens

All SLS specimens tested in this study were made of epoxy resin from Hexcel
Composites (Hexflow® RTMS6) reinforced with high tenacity, standard modulus
carbon fibers from Toho Tenax (Tenax® HTS, Saertex® non-crimp fabric, 540 g/m?
areal weight). All laminates possessed a quasi-isotropic stacking sequence.

Metal reinforcements were made of stainless steel on the one hand and titanium
on the other hand. Stainless steel inserts, see Figure 9.1, were of type AlSI 304
with a sheet thickness of t = 0.6 mm. Ballhead spike pins, a combination of a
ballhead pin with a small spike pin on top of it, were welded onto the steel sheets
in a fully automated cold metal transfer welding process (steel CMT pin, see [22]
for details). Steel CMT pins were made of filler wire type AlSI 316L with a diameter
of 0.8 mm. Titanium inserts were made of Ti6AI4V (Ti CMT pin). The titanium
sheets had a thickness of 0.4 mm and the filler wire a diameter of 0.8 mm.

All metal inserts, both steel and titanium, carried coaxially aligned arrays of 4 x 6
pins on top and bottom side. The pins were arranged at the end positions of the
inserts (see [22,34] for details).

Steel CMT pins had an overall height of about 3.3 mm and a tapered shaft with a
diameter of about 1.2 mm at the bottom and 0.8 mm below the ballhead. Prior to
the draping process the thin metal sheets and CMT pins were surface treated by
cleaning and sandblasting in order to remove contaminations such as grease and
welding tinder. At the same time sandblasting increased the roughness of the
metallic surface and therefore increased the adhesion between the metal and the
epoxy resin. In a final step the inserts were cleaned with an organic solvent.

Two types of titanium z-pin (Ti z-pin) reinforced specimens were additionally
produced for comparison reasons. Type one carried with rods with a diameter of
0.76 mm and type two with rods with a diameter of 1.14 mm. In contrast to the
Ti CMT pins, these pins were press fitted into predrilled titanium sheets (see [34]
for details).

For the preforming process, the metal inserts were fixed in a metal mold
(Figure 9.1). A set of dry CFRP textile layers was draped onto the pin arrays in a
symmetrical manner on the top and bottom side of the insert, so that a stacking
sequence for quasi-isotropic material properties was achieved. CFRP specimen
panels were produced via a liquid resin infusion process.
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Figure 9.1: Metal insert carrying CMT pins fixed in a mold.

The final SLS specimens were cut out of the CFRP specimen-panels by waterjet
cutting. Before waterjet cutting GFRP tabs were bonded onto both ends of the
CFRP specimen-panels. This ensured both a symmetric clamping of the SLS joint
specimens within the test system and an axially aligned joining interface. The final
joint specimens had a width of 25 mm and a joining area of 750 mm? (Figure 9.2).

Co-cured specimens with equal geometry, but without metal inserts, were chosen
as reference. To produce these specimens, the textiles for the two CFRP panels
were put in the metal mold, infused with resin and cured simultaneously. The two
CFRP panels were thus bonded by the cured resin.

9.2.4.2 Test methods

Fatigue tests were carried out on a servo-hydraulic test machine, type MTS 322
(MTS Systems Corp., Minneapolis, USA), with a 250 kN (x0.1%) load range. The
frequency of the fatigue tests was fixed to 10 Hz in order to prevent hysteretic
heating in the CFRP laps. The stress ratio, amounted to R = 0.1 for all tests. The
tests were run until failure of the SLS specimens occurred or until a maximum
number of cycles N =10° was reached. S-N curves were analyzed based on
ASTM E 739-98 [35].

) 110 . A Detail A
30 | 18 11 i

Figure 9.2: SLS specimen geometry.
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All tests were carried out at a laboratory atmosphere of 23 +1°C room
temperature and 50 £ 10 % relative humidity. Specimens were preconditioned at
laboratory conditions for at least 24 hours.

The digital image correlation (DIC) system Aramis (GOM GmbH, Braunschweig,
Germany) was used to get information about local strains and displacements on
the specimen’s lateral surface. It was used to get information about damage
initiation and growth in the joint section of the SLS specimens. Shear strains were
measured using DIC. It was not feasible to calculate average shear strains from
DIC, as strains showed a pronounced gradient in the bonding line. Therefore, two
points were tracked at £ 3 mm from the joint interface in thickness direction (see
points I, IT in Figure 9.2). During fatigue tests, the distances in loading direction, L,
and thickness direction, h, between these points was evaluated. Nominal shear
strains, tan(y), were calculated according to equation (9.1):

tan(y) = AL/h (9.1)

Local shear stresses were calculated by relating the load P to the initial joining
area Ao:

T =P/A, (9.2)

Local hysteresis data were gathered at every n™ cycle. Since DIC allowed for
saving only a limited number of pictures to its memory, n had to be adapted for
every load case. The change in hysteresis curves of polymer composites in fatigue
tests can be ascribed to creep effects and material damage. While creep, caused
e.g. by visco-eastic effects, leads to a horizontal shift of the hysteresis curve to
higher strains at equal slope, material damage leads to a decrease in slope of the
hysteresis. The dynamic shear modulus, Ggy,, describes the slope of the stress-
strain hysteresis and can therefore be related to material damage [36]:

Gdyn — Tmax-Tmin (93)

tan(Y)max-tan(y)min
9.2.5 Results and Discussion

9.2.5.1 Co-cured reference joints

Co-cured specimens, carrying no reinforcements, were investigated under fatigue
loading to get reference fatigue properties of unreinforced CFRP-CFRP SLS joints.
An S-N diagram of co-cured specimens is shown in Figure 9.3. The nominal
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maximum shear stress at N = 10° cycles (fcm 6) amounts to 3.5 N/mm?2. The

ax, 10
diagram shows limited scatter, 1/Ty = 4.2, and a slope value of k = 11.0.

For the assessment of the failure behavior of these joints, hysteresis curves at
various numbers of cycles (Figure 9.4) and the corresponding DIC pictures
(Figure 9.5) were recorded. The co-cured SLS specimens show hysteresis curves
with a progressively declining slope and a rightwards shift. This is an indication of
damage development in the specimen from cycle to cycle and visco-elastic effects
in the polymer, respectively. Figure 9.5 (a-d) show DIC images at maximum
stresses during these cycles. After N = 500 cycles (~50 % of the joint’s lifetime) a
crack has initiated at one end of the SLS specimens’ joint area (Figure 9.5 (b)).
With the progressing fatigue test, this crack grows (Figure 9.5 a and Figure 9.5 d)
and leads to final failure of the specimen after N = 1180 cycles.
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Figure 9.3:  S-N curve for co-cured SLS specimens.
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Figure 9.4: Stress-strain curves for a co-cured SLS specimen. Failure occurred
after 1180 cycles.

(@) (b) (c) (d)

Figure 9.5: Distribution of major (axial/total) strains of a co-cured specimen at maximum
load in fatigue after (a) 250 cycles, (b) 500 cycles, (c) 700 cycles and
(d) 1000 cycles (failure occurred after 1180 cycles).

9.2.5.2 CMT pin reinforced SLS joints

Figure 9.6 shows S-N curves for both steel CMT pin reinforced SLS specimens
(red lines) and Ti CMT pin reinforced SLS specimens (black lines). Steel CMT pin
reinforced SLS joints reach higher shear stress levels of UNCE 4.6 N/mm? than

Ti CMT pin reinforced samples with T 106=3.4 N/mm2. An increase in the

amount of scatter, is quantified by 1/Tn. For steel CMT pin reinforced SLS
specimens 1/Ty = 5.8 compared to Ti CMT pin reinforced samples 1/Ty = 78.5 for
Ti CMT pin reinforced samples.

Hysteresis curves at different numbers of cycles are shown in Figure 9.7. At equal
level of applied shear stress, steel CMT pin reinforced SLS specimens sustain a
significantly larger number of cycles (N =62747 cycles) than the Ti CMT pin
reinforced samples (N =907 cycles). Steel CMT pin reinforced SLS specimens
gave hysteresis curves with small decreases in slope and pronounced creep (see
Figure 9.7 left).

For the Ti CMT pin reinforced samples on the other hand, a significant decrease in
slope of the hysteresis curves and a horizontal shift of the curves is visible. The
drop in dynamic stiffness is caused by damage initiation and propagation. A
possible cause for the horizontal shifts of the hysteresis curves of both types of
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CMT pin reinforced specimens is plastic deformation of the pin in combination with
visco-elastic creep of the CFRP.
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Figure 9.6: S-N curve for SLS specimens reinforced with CMT welded stainless steel
(steel CMT pin, red lines) and titanium pins (Ti CMT pins, black lines).
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Figure 9.7: Left: Stress-strain curves for a SLS specimen reinforced with steel CMT pins.
Failure occurred after 62747 cycles. Right: Stress-strain curves for a SLS
specimen reinforced with Ti CMT pins (failure after 907 cycles).

DIC pictures of the steel CMT pin reinforced SLS specimens (Figure 9.8 (a-d))
show a highly strained interface region at the beginning of the test. Strain
concentrations occur at the start and end of the connecting interface. In a
progressed stage of the fatigue tests, in this case after about one third of the
fatigue life of the specimen (N = 9500 cycles), cracks occur in the interface region
(Figure 9.8 (b)) and steadily grow through the interface. Subsequently the
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adhesive bonding fails. In contrast to unreinforced specimens, these specimens
are still able to carry loads until a maximum of ~ 63000 cycles is reached. This is
due to the reinforcing pins and their load carrying capability.

In the case of the Ti CMT pin reinforced samples, cracks initiate during the first
cycle of fatigue testing (see Figure 9.9 (a)). In the progress of the test, the
adhesive bond line fails and cracks grow within the CFRP laps (Figure 9.9 (b) and

(c))-

(@) (b) (c) (d)
Figure 9.8: Distribution of major (axial/total) strains of steel CMT pin reinforced specimen

at maximum load in fatigue after (a) 500 cycles, (b) 9500 cycles, (c) 54000
cycles and (d) 62000 cycles (failure occurred after 62747 cycles).

(c)
Figure 9.9: Distribution of major (axial/total) strains of Ti CMT pin reinforced specimens

at maximum load in fatigue after (a) 1st cycle, (b) 250 cycles and (c) 750
cycles (failure occurred after 907 cycles).
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A premature failure of the CFRP rather than progressive failure of the bond line
and the pins indicates that Ti CMT pins act as an imperfection in the CFRP. The
CMT welding process for titanium has yet to be improved.

9.2.5.3 z-pin reinforced joints

Figure 9.10 shows S-N curves of Tiz-pin reinforced SLS joints. There is a
significant difference between the fatigue properties of SLS joints reinforced with
thin (d = 0.76 mm) and thick (d = 1.14 mm) Ti z-pins. Samples reinforced with thin
Ti z-pins sustain less cycles when fatigued at a certain level of stress.

T o8 amounts to 4.3 N/mm? for SLS specimens reinforced with thin Ti z-pins

max, 1

and 5.4 N/mm2 for SLS specimens reinforced with thick Tiz-pins. This is
reasonable due to the fact that an increased cross sectional area of the metal
reinforcements leads to an enhanced load carrying capability of the same.

The slopes of the two S-N curves differ significantly with k = 13.9 for the thin Ti z-
pins and k = 8.4 for the ones with 1.14 mm diameter. These results show that Ti z-
pins are able to effectively contribute to the fatigue properties of the joint, but only
above a certain pin diameter.

Figure 9.11 shows the stress-strain behavior of both types of Ti z-pin reinforced
SLS specimens. SLS specimens reinforced with thin Ti z-pins (pink lines) show a
pronounced creep behavior (shift of hysteresis) with significantly increasing strains
at higher cycle numbers. This effect can be primarily ascribed to the subsequent
loosening and pull out of the thin Ti z-pins from the CFRP.

1oL s S m=a - J 4
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Figure 9.10: S-N curve for SLS specimens reinforced with Ti z-pins with 0.76 mm
diameter (pink lines) and 1.14 mm diameter (green lines).
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Figure 9.12 shows DIC images for both types of Tiz-pin reinforced SLS
specimens. In both cases strains are predominantly occurring in the interface of
the CFRP-CFRP joint.

Figure 9.11: Left: Stress-strain curves for SLS specimens reinforced with Ti z-pins

Figure 9.12:
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(d=0.76 mm). Failure occurred after 5025 cycles. Right: Stress-strain curves
for a SLS specimen reinforced with Ti z-pins (d=1.14 mm). Failure occurred

after 75963 cycles.

0.4

0.0

(b)

Distribution of major (axial/total) strains of Ti z-pin reinforced specimens at

maximum load in fatigue: (a) d,.,i» = 0.76 mm after 500 cycles,
(b) d,pin = 0.76 mm after 5000 cycles (failure occurred after 5025 cycles),

(€) dzpin = 1.14 mm after 500 cycles and
(d) dzpin = 1.14 mm after 75000 cycles (failure occurred after 75963 cycles).
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9.2.6 Comparison
Figure 9.13 gives a comparison of the 50 % probability of failure curves, PSO, of all

tested SLS joints. SLS joints reinforced with either steel CMT pins or thick Ti z-
pins (d = 1.14 mm) show superior fatigue behavior to co-cured SLS joints, SLS
joints reinforced with Ti CMT Pins and SLS joints reinforced with thin Ti z-pins
(d =0.76 mm). The fatigue behavior of SLS specimens reinforced with thin Ti z-pin
is very similar to co-cured SLS specimens. But increasing the z-pins’ diameter to
1.14 mm leads to a fatigue behavior that is similar to SLS specimens reinforced
with steel CMT pins.

Figure 9.14 shows post failure micrographs of the joint areas of SLS specimens
reinforced with the four different types of metallic pins: (a) steel CMT pins,
(b) Ti CMT pins, (c) thin Tiz-pins and (d) thick Tiz-pins. Steel CMT pins
(Figure 9.14 (a)) and thick Tiz-pins (Figure 9.14 (d)) remain in the CFRP until
failure of the joint. Cracks grew around the Ti CMT pins in the surrounding CFRP
(Figure 9.14 (b)) because of suboptimum quality of those pins. The carbon fibers
show areas of increased undulation, which indicates problems with draping. Thin
Ti z-pins on the other hand were pulled out of the CFRP (Figure 9.14 (c)).
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Figure 9.13: S-N curves of reinforced and unreinforced specimens versus number of
cycles.
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Figure 9.14: Micrographs of failed joint sections of SLS specimens reinforced with (a)
steel CMT pins, (b) Ti CMT pins, (c) Ti z-pins (d = 0.76 mm) and (d) Ti z-pins
(d=1.14 mm).

The comparison of the failure behavior of the steel CMT pin reinforced SLS
specimens (Figure 9.7 left) and Ti CMT pin reinforced specimens (Figure 9.7 right)
shows that Ti CMT pin reinforced joints undergo significant losses in joint stiffness
in their fatigue life. After failure of the adhesive bond line between the metal insert
and the CFRP, the Ti CMT pin reinforced SLS joints are not able to maintain their
stiffness. Cracks grow into the CFRP and deteriorate the joint and its properties
(Figure 9.9).

The courses of relative dynamic shear moduli, G/Gy, with Gy being the initial shear
modulus, of SLS joints tested at T = 5 N/mmz and TS 7 N/mmz are shown in

Figure 9.15 (for quasi-static strength values please see [34]). This allows the
comparison of stiffness evolution of all tested SLS joints in fatigue. At start of
fatigue tests, the relative dynamic shear modulus results to 1.0. With increasing
cycle number, the relative stiffness decreases as damage grows. At failure, G/Gy
drops towards 0. All SLS joint specimens face losses in relative dynamic modulus
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with increasing numbers of cycles. SLS specimens reinforced with either
steel CMT pins (green line) or thick Tiz-pins (red dashed line) maintain the
dynamic stiffness for a larger number of cycles. SLS specimens reinforced with
Ti CMT pins, or thin Ti z-pins and co-cured SLS specimens face a much earlier
drop of G/Gp.

One method to account for this loss in stiffness in the S-N curves is to define
failure by a specific decrease in dynamic modulus [37]. Thus, in this study an
arbitrary value of - 10 % loss in dynamic stiffness, as indicated in Figure 9.15, was
chosen as failure criterion. Figure 9.16 shows the resulting S-N curves. The slope
values k decrease by -55%, -20% and -46 % for the co-cured and both
CMT pin (steel and Ti) reinforced SLS specimens, respectively. In all three cases k
amounts to around 5, when considering a - 10 % loss in stiffness as failure. Hence
the curves are steeper than the fatigue strength based S-N curves.

T 6 values decrease by -53%, -28% and -47 % for the co-cured,

max, 10
steel CMT pin and Ti CMT pin reinforced SLS specimens, respectively. Thus, the
steel CMT pin reinforcements are able to maintain most of the SLS joint’s stiffness
during fatigue. The Ti CMT pin reinforced and co-cured SLS specimens on the
other hand undergo significant decreases in dynamic modulus.
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Figure 9.15: Dynamic stiffnesses of reinforced and unreinforced specimens versus
number of cycles. The specimens were fatigued in load control at a
maximum shear stress of (a) 5 N/mm? and (b) 7 N/mm2.
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Figure 9.16: S-N curves of reinforced and unreinforced specimens versus number of
cycles. 10% loss of dynamic stiffness was considered as failure of the SLS
joint connection.

The T 1o values of SLS specimens reinforced with thin and thick Ti z-pins

decrease by - 51 % and - 11 %, respectively.

While the value of k decreases by - 45 % for SLS specimens reinforced with thin
Ti z-pins, they increase by + 11 % for SLS specimens reinforced with thick Ti z-
pins. Thus, SLS specimens reinforced with thick Ti z-pins face higher losses in
stiffness at high stress amplitudes than in the high cycle fatigue regime.

9.2.7 Conclusions and Outlook

Cold metal transfer welded steel pins proved to be an effective means for
reinforcing CFRP-CFRP SLS joints in the through thickness direction. After failure
of the bond line between the two CFRP laps, pins carry the loads and maintain the
joint’s stiffness until final failure.

CMT welded titanium pins on the other hand turned out to be less effective for
reinforcing CFRP-CFRP joints. This can be partly ascribed to the lack of a
pronounced ballhead-spike geometry for Ti CMT pins. Welding process
improvements for thin titanium sheets are necessary for an increased fatigue
performance.

Tests on reference titanium z-pin reinforced specimens show that titanium pins
can be effective for reinforcing SLS joints. Nevertheless, thin Ti z-pins are pulled
out of the CFRP and the capability of reinforcing the joint is lost. A form fit
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connection between the CFRP and the Ti z-pins would prevent pull out of the z-
pins from the CFRP.

The herein presented test routine gives comprehensive information on the fatigue
behavior of SLS joints. Measurements of the strain distributions on the surface of
the specimens via DIC turned out to be a powerful tool for assessing crack
initiation, crack growth and the failure behavior. It gives information about damage
initiation, interface failure and subsequent damage mechanisms related to the pin
reinforcement. Hysteresis curves and derived dynamic modulus allow for
information about the creep behavior of the joint and about damage evolution in
the joint.
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Results from laboratory fatigue tests on structural elements presented in literature
[1-5] and in publication 6 of this thesis show that delaminations can initiate in
composite structures, despite current design philosophies for composites. This is
mainly due to stress gradients acting out-of-plane at geometric flaws (e.g. ply
drops, bonded joints) and boundaries (e.g. free edges, holes) in the composite
structure. Locally increasing the interlaminar strength of the composite at these
critical locations will delay the initiation of delaminations. In this thesis, a novel
composite-composite joining technology is evaluated in quasi-static and fatigue
loading. This technology is based on cold metal transfer (CMT) welded pins that
are placed out-of-plane in the joint area of the composite. The CMT pins provide a
three dimensional shape that offers a form fit, non-detachable connection between
the pin and the surrounding composite. A thin metal sheet acted as a carrier
element for the CMT pins in this thesis. It eased the positioning of the pins in the
joined area, but on the other hand acted as imperfection avoiding cohesive resin
bonding in the joint.

Nevertheless, this approach proved to be effective towards improving the damage
tolerance of composite-composite joints without significantly increasing the
structural weight. In a first step, optimum pin reinforcement locations in single lap
shear (SLS) specimens were investigated using numerical simulations and tests
on unreinforced specimens. Subsequent tests on CMT pin reinforced SLS
specimens under quasi-static loading indicated that strains at failure and damage
tolerance can be increased substantially compared to unreinforced (co-cured or
adhesively bonded) SLS specimens.

Detailed investigations of the failure mechanisms of steel CMT pin reinforced SLS
specimens were carried out. Micrographs of failed specimens, digital image
correlation and quasi-static tests on pretreated SLS specimens led to a schematic
that describes the different stages of failure in the CMT pin reinforced SLS joint.

A first attempt to use CMT welded titanium pins instead of steel CMT pins as
through-the-thickness reinforcement for composite joints illustrated the need for
process improvements in the CMT pin sculpturing stage for titanium. Sub optimum
titanium CMT pin shapes yield mechanical properties that are below the properties
of titanium z-pin and steel CMT pin reinforced samples. This affects both, the
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quasi-static and fatigue properties of the joint. When subjected to fatigue loads,
unreinforced, co-cured specimens show a common failure behavior consisting of
crack initiation and crack growth resulting in catastrophic failure of the joint.
Through-the-thickness reinforced specimens on the other hand are able to carry
loads even after the adhesive failure of the bond line. This is due to the reinforcing
pins and their load carrying capability.
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11 SUMMARY AND OUTLOOK

In this thesis, delamination fatigue tests were carried out on various endless fiber
reinforced polymer (FRP) composites. It was shown that different materials yield
distinguishable slope values (Paris law’s exponents of the delamination growth
curve) and that these values can, in principle, be used for design of composite
structures. However, up to now, composites show a delamination growth behavior
with large slope values. This fact makes it hard to correctly predict the
delamination growth in composite structures based on the Paris law relationship.

The large scatter seen in round robins on delamination fatigue testing of
composite materials limits the applicability of this kind of test for design. The
sources of this scatter have to be investigated in detail and solutions have to be
found to reduce the scatter, before fatigue delamination tests can be applied in the
design of composite structures. One option might be the calculation of expected
numbers of cycles to failure from crack growth kinetics and comparing this data
with the results from fatigue tests. Correct Paris law representations will yield
similar numbers of cycle to failure as the experiment and will provide reliable data
for fatigue life predictions (see e.g. Frank [1] for lifetime prediction of polyolefin
pipes).

Additionally, the effect of slope value on the fatigue life will have to be studied
extensively. It is debatable whether a composite with a low slope value will be
preferable since such a laminate may yield higher delamination rates at relatively
low applied loads. Composite structures are designed in a way that the composite
has to carry low loads and faster crack growth at these low loads may be
detrimental for service life.

Delamination fatigue measurements on braided and filament wound carbon FRPs
carried out in this thesis show that delamination fatigue tests can be sensitive to
small changes in the structure of the material, despite the problems encountered
in the round robin tests. Both monotonic and cyclic delamination tests picked up
changes in the delamination resistance due to differences in the fiber architecture
or the use of a thermoplastic stabilizer thread in the braiding process.

Preliminary fatigue delamination testing in mode Il loading gave differences
between two types of test rig (end notched flexure and end loaded split). Adverse
compressive stresses under and near the center loading pin may affect the
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delamination propagation in the end-notched flexure set-up and thus yield
apparently higher loads. Ongoing round robin testing for mode Il fatigue
delamination will investigate this topic and additionally address the influence of
test parameters and data reduction on the results of mode Il fatigue delamination
tests. Only if all the problems are resolved, will it be time to draft a standard test
procedure for mode Il fatigue delamination testing.

The testing routines presented in this thesis, in principle, allow to measure
threshold values. However, the measurement of the threshold is a very complex
and sensitive topic due to (1) large in- and inter-laboratory scatter, (2) the
sensitivity of delamination tests to load range resolution and (3) possible
influences of fiber-bridging on the threshold value. Further, testing at very low
delamination growth rates requires high numbers of cycle for small increments in
delamination length. Together with the need to test at low frequencies to avoid
hysteretic heating in composites, this leads to very long test durations.

Data analysis schemes that address some of the problems encountered during
round robin testing are presented in chapter 5 of this thesis. A modified Hartman-
Schijve approach yields power law representations of delamination fatigue growth
curves with exponents that amount to around 2. Further, the results become
independent of stress ratio and resemble the crack growth behavior of metals. The
analogy or similarity in the power law describing the fatigue crack growth for
different classes of materials (metals and composites) with the Hartman-Schijve
equation may, in principle, imply possible analogies in the fatigue crack growth
behavior, specifically at low values of strain energy release rate [2]. Since fracture
mechanics was first developed for metals, it is worthwhile to investigate whether
effects observed for that class of materials also apply to FRP composites.

Foremost, there remains the question whether the fatigue threshold for small or
short cracks (e.g., millimeter or sub-millimeter size) in composite materials or
structural elements becomes ‘very small’. This would constitute a composite
analogy to the so-called ‘short crack’ problem for metals, where anomalous
behavior under fatigue loading was observed for cracks extending for, e.g.,
10 micrometer, compared to ‘longer’ cracks of several millimeter length and more.
At present, evidence for investigating this question quite likely will have to come
from structural fatigue tests or from composite structural applications under real
fatigue load spectra. A direct experimental verification on laboratory scale
specimens does seem difficult, due to, among others, e.g., cracks and other
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defects already present in the material after manufacturing and the difficulty of
implementing suitable, well defined starter cracks for testing.

In part lll of this thesis, it was shown that the use of cold metal transfer (CMT)
welded pins as through-the-thickness reinforcement can significantly increase the
damage tolerance of composite-composite joints compared to co-cured and
adhesively bonded joints. In both, quasi-static and fatigue loading steel CMT pins
were able to carry loads even after adhesive failure of the joint’s bond line. In
quasi-static loading, the level of load stayed at a high level up to high values of
strain. In fatigue tests steel CMT pin reinforced joints failed at significantly higher
numbers of cycle than unreinforced joints. The joint’s stiffness remained at a high
level up to high numbers of cycles, when steel CMT pins were used as through-
the-thickness reinforcement.

Titanium CMT pin reinforced samples on the other hand did not reach the level of
mechanical properties that was reached when using steel CMT pins as through-
the-thickness reinforcement. This can be ascribed to the lack of a pronounced
ballhead-spike geometry, which would improve the form-fit connection between
the titanium and the CFRP.

Based on these preliminary results, the CMT pin joining technology is currently
being improved. Welding process improvements for thin titanium sheets are
necessary for an increase in the mechanical properties of titanium CMT pin
reinforced composite-composite joints. One approach is the use of a laser beam to
stabilize the welding arc. Another area of possible improvement is the metal sheet
that carried the CMT pins in the preliminary tests in this thesis. The metal sheet, or
unused parts of the metal sheet, which were so far left within the joining area
between the two composite adherends, will be removed to allow for additional
resin bonding. This will increase the mechanical properties of the joint, but on the
other hand complicate the positioning of the pins in the CFRP.

Further, there are several open questions concerning CMT pin reinforced joints
that will have to be investigated in the future, despite the very positive results in
this thesis. In order to receive CMT pin reinforced joints with optimum properties it
will be necessary to investigate pin size effects. Thick (large diameter) pins cause
detrimental effects such as fiber undulations and large resin pockets in the vicinity
of the pin reinforcement. Thin (small diameter) pins will reduce these effects and
transfer loads more homogeneously. Given that they do not pull out from the
CFRP, because of a properly working form-fit thin pins would be hence ideal for
joining composites. But below a critical diameter, they may not be feasible for
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automated manufacturing techniques. During draping, thin pins will be bent more
easily than thick pins. Additional points that will have to be investigated are the
effects of the CMT pins on the in-plane mechanical properties of the CFRP.
Significant knockdowns in compressive strength can be expected due to fiber
misalignment and undulations [3,4].

In addition, differences in the coefficient of thermal expansion between metal and
CFRP (consisting of fiber and matrix resin) cause residual stresses in the metal-
polymer interface [5]. These residual stresses may have a negative effect on the
joint’s mechanical properties and will have to be investigated at different testing
temperatures.

Concerning the application of the CMT pin joining technology there are two main
areas of interest. On the one hand it may be used to support bolts/rivets in a joint
and thereby reduce their amount. This can lead to a significant reduction in weight.
On the other hand, CMT pins may even completely replace bolts/rivets in the
composite structure. Yet, the above mentioned topics of interest have to be
addressed first, before CMT pins can be applied in service.
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ABBREVIATIONS

ABBREVIATIONS

Abbreviation
3ENF
AITM
ALM
ASTM
BSS
CAl
CBT
CFRP
CLS
CMT

CoJEC

da/dN
DCB
DIC
DLS
ECM
ENF

ELS

Meaning

end-notched flexure in 3 point bending
Airbus Industrie test method

additive layer manufacturing
American Society of Testing and Materials
Boeing specification support standard
compression after impact

corrected beam theory

carbon fiber reinforced polymer
cracked lap shear

cold metal transfer

composite-composite joints with enhanced damage

tolerance

crack growth rate

double cantilever beam

digital image correlation

double lap shear

experimental compliance method
end-notched flexure

end-loaded split
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ABBREVIATIONS

Abbreviation

ESIS TC4

FCG

FEP

FKV

FRMM

FRP

FR-PMC

GFRP

FF

HB

1ISO

JIS

MCC

MMB

MMF

NCF

PEEK

PTFE

RT

RTM

SBT
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Meaning

European Structural Integrity, Technical Committee 4
fatigue crack growth
poly-tetra-fluoro-ethylene-hexa-fluoro-propylene
Faserkunststoffverrbund

fixed ratio mixed mode

Fibre reinforced polymer

fiber reinforced polymer matrix composite
glass fiber reinforced polymer

first failure

China aviation industry standard
International Standardization Organization
Japanese industrial standard

modified compliance calibration

mixed mode bending

mixed mode fracture

non-crimp fabric

poly-ether-ether-ketone
poly-tetra-fluor-ethylene

room temperature

resin transfer molding

simple beam theory



ABBREVIATIONS

Abbreviation

SLS

SS

Ti

ub

UF

VARTM

Meaning

single lap shear
shear strength
titanium
unidirectional
ultimate failure

vacuum assisted resin transfer molding
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SYMBOLS

SYMBOLS

Symbol

2h

Ao
de

Aeff

Bcr

8m ax

Unit

[mm]

[mm]

[J/m?]

[mm/N]
[]
[mm]
[mm]
[mm]

[mm]

Meaning

specimen thickness (double cantilever beam
specimen)
crack (delamination) length

toughness like parameter of the Hartman-

Schijve equation

or

constant of the Paris law

exponent of the Anderson equation

Initial bonding area of the SLS specimen
effective crack length in mode Il loading
effective crack length in mode | loading
specimen width

exponent of the Hartman-Schijve equation
specimen compliance

constant of the Anderson equation
diameter

axial displacement

critical displacement in the quasi-static test

maximum displacement in cyclic test
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Symbol
D

A

da/dN
AG

AK

Gc
Gic

Giic
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Unit

[mm]

[mm/cycle]
[J/m2]
[MPa m"?]
[MPa m'?]
[GPa]
[GPa]

[GPa]

[MPal
[-]
[-]

[J/m2]
[J/m2]
[J/m?]

[J/m?]

Meaning
constant of the Hartman-Schijve equation
correction factor to account for the effects of

transverse shear and for deformation beyond

the crack tip

crack growth rate

strain energy release rate range

stress intensity factor range

threshold stress intensity factor range
Young’s modulus in fiber direction

Young’s modulus transverse to fiber direction

Young’s modulus in thickness direction of the

laminate
Young’s modulus in 45° to the fiber direction
correction factor for large displacements

correction factor fpr curved shape of the
crack in the three point bending, end-notched

flexure test

strain energy release rate

critical strain energy release rate

critical strain energy release rate in mode |

critical strain energy release rate in mode |l
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Symbol

Gii=a:3

Gz
Gis
Gis
Gayn

Gi

G|m|xed

G”mixed

G
Gmax
Gmin

Gltotal

G‘thr

Unit

[J/m?]

[GPa]
[GPa]
[GPa]
[MPa]
[J/m?]
[J/m?]

[J/m2]

[J/m?]

[J/m2]
[J/m2]
[J/m2]

[J/m?]

[J/m2]

[J/m?]

Meaning

critical strain energy release rate in mixed

mode I/l with a load ratio of I:11=4:3
shear modulus in 12 direction

shear modulus in 23 direction

shear modulus in 13 direction
dynamic shear modulus

strain energy release rate in mode |
strain energy release rate in mode Il

mode | partition of the strain energy release

rate in a mixed mode test

mode Il partition of the strain energy release

rate in a mixed mode test

mixed mode strain energy release rate
maximum strain energy release rate
minimum strain energy release rate

total strain energy release rate (sum of all

modes)
threshold of strain energy release rate

threshold like parameter of the Hartman-

Schijve equation
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Symbol

h

280

Unit

[mm]

[-]

[MPa m"?]
[MPa m'"?]
[MPa m"?]

[N/mm3]
[N/mm3]

[-]

[N/mm]

[-]

Meaning

half thickness of double cantilever beam,
end-notched flexure, end-loaded split
specimen and fixed ratio mixed mode

specimen

exponent of the Benzeggagh and Kenane
criterion for mixed mode loading

stress intensity factor

critical stress intensity factor

mean stress intensity factor

cohesive stiffness in 11 direction
cohesive stiffness in 22 direction

slope of S-N curve in the double logarithmic
diagram (exponent of the power law)

SLS joint stiffness

span of end notch flexure specimen
exponent of the Paris law

number of cycles, or

or

load-block correction factor



SYMBOLS

Symbol

12

23

13

Px

Py

Olmax
Olmax
TFF

Tmax

max, 10

Unit

[-]

[-]

[N]
[N]
[N]

[mm]

[mm]

[MPa]
[MPa]
[MPa]
[MPa]

[MPal

Meaning

correction factor for changes of the specimen
compliance in a three point bending, end-

notched flexure test

lateral contraction in 12 direction
lateral contraction in 23direction
lateral contraction in 13 direction

number of data points used for calculating

da/dN rates according to ASTM E647
axial load
load in tensile direction

load in shear direction

pitch between two rows of pins in loading

direction

pitch between two rows of pins in lateral

direction

cohesive strength in 1 direction
cohesive strength in 2 direction
first failure stress

maximum of the shear modulus

nominal maximum shear stress at 10° cycles
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Symbol
Tss

Tur

tany

Wiy

282

Unit
[MPa]
[MPa]
[mm/mm]

[Nm]

Meaning

shear strength
ultimate failure stress
shear strain

dissipated energy during deformation of SLS

joints



