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Abstract

There is an emerging interest in the aerospace industry to manufacture components with intricate
geometries using composites. A candidate material system is termed Randomly-Oriented Strand
(ROS) bulk moulding compound and consists of strands of unidirectional carbon/poly-ether-
ether-ketone (PEEK) prepreg. This material shows great potential for industrial applications but
requires thorough characterization before it can be certified for general aviation. The objective of

this thesis is to investigate mechanical properties of ROS composites.

Tensile, compressive and shear properties of ROS composites were measured and
recommendations regarding the test protocols were proposed. It was found that properties of
ROS composites are influenced by the strand size and that these materials are heterogeneous on
the global scale, which is understandable since the strand size is of the same order of magnitude
as the prospective part size. Interestingly, tensile, compressive and shear strength had similar
magnitudes and exhibited the same failure mechanisms (strand failure or debonding). Hence, the
aim of the subsequent modelling efforts was to estimate tensile properties and to explain the

governing load transfer and failure mechanisms that are inherent to ROS composites.

Two stochastic modelling techniques were proposed. These models are 2D simplifications of the
microstructure that aim to represent the random strand placement in the in-plane or the through-
the-thickness orientations. The in-plane model utilizes the classical laminate theory (CLT),
Hashin’s failure criteria and fracture energies to represent the strand behaviour, and to predict
damage evolution in a tensile specimen. Similarly, the through-the-thickness model relies on the
CLT and Hashin’s criteria to predict strand failure, but also considers the interlaminar strength
and fracture toughness to account for strand debonding. Both models capture the heterogeneous
nature of the material, and demonstrate that failure is matrix-dominated and follows the
“weakest-link” principle. By considering the interlaminar properties it was possible to capture
the effect of strand size and to show that thermoplastic ROS composites are superior to their
thermoset counterparts. Work performed in this thesis fulfilled its objectives in characterizing

mechanical properties and describing the failure mechanisms pertaining to the ROS composites.
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Résumé

L’industrie aérospatiale démontre un intérét grandissant pour les matériaux composites,
particulierement pour la fabrication des piéces a géométrie complexe. Un des candidats les plus
prometteur est un matériau constitué de bandes de pré-imprégné orientés aléatoirement (BOA);
celles-ci sont composées de fibres de carbones unidirectionnelles pré-imprégnés d'une matrice
Polyétherétherkétone (PEEK). Ce matériau démontre un grand potentiel pour des applications
industrielles mais nécessite une meilleure caractérisation avant de pouvoir étre certifié pour une
utilisation dans le domaine aérospatiale. L’objectif de cette thése est d’examiner les propriétés

mécaniques des composites BOA.

Les propriétés en tension, compression et cisaillement des composites BOA ont ét¢ mesurées et
des recommandations concernant les protocoles d’expérimentation ont été apportés. Il est apparu
que les composites BOA sont des matériaux hétérogenes dont les propriétés sont influencées par
la taille des bandes. Il est intéressant de noter que les propriétés en tension, compression et
cisaillement ont des ordre de grandeur similaires et présentent les mémes mécanismes de
défaillance (rupture des bandes et délamination). Ainsi, le but de la modélisation qui a suivie a
été d’estimer les propriétés en traction et d’expliquer les mécanismes régissant le transfert de

charge et la rupture intrinséques aux composites BOA.

Deux techniques de modélisation stochastique ont été proposées. Ces modeles sont des
simplifications en 2D de la microstructure et représentent le placement aléatoire des lamelles
pour des orientations dans le plan et a travers 1’épaisseur. Le modele dans le plan se base sur la
théorie classique des stratifiés (CLT: "the classical laminate theory" en anglais), le critére de
rupture de Hashin et les énergies de fracture pour représenter le comportement des bandes et
prévoir 1’évolution de 1’endommagement lors d’un essai en tension. De la méme facon, le
modele a travers 1'épaisseur repose sur la CLT et le critére de Hashin pour prédire la fracture des
lamelles, mais il prend également en considération la force inter-laminaire et la ténacité a la
rupture, soit les phénomenes régissant le délaminage des lamelles. Les deux modeles décrivent la

nature hétérogene du matériau et démontrent que la rupture est initiée dans la matrice et suit le
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principe du "maillon le plus faible". Surtout, en considérant les propriétés inter-laminaires, il a
été possible de tenir compte de I'influence de la taille des lamelles pour montrer que les
composites BOA a matrice thermoplastique sont de meilleures qualités que leurs équivalents

thermodurcissables (€poxy).

Dans I’ensemble, le travail effectué dans cette theése a rempli les objectifs fixés en caractérisant
les propriétés mécaniques des composites ROS et en décrivant leurs mécanismes fondamentaux

de rupture.
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Chapter 1

Introduction

Developments in the aerospace industry are largely driven by the demand to reduce fuel
consumption and effectively lower operational costs. From the structural point of view, fuel
consumption is directly related to the weight of the aircraft, and one way of reducing the weight
is by using composite materials that possess high strength-to-weight properties. By definition,
composite materials consist of two or more distinct materials or phases on a macroscopic level,
which when combined together offer better performance than the individual constituents would.
Their utilization in the aerospace industry has increased in recent years and is exemplified by the
development of the Boeing 787 Dreamliner which uses composites for half of its airframe, as is
shown in Figure 1-1 [1]. This design offers a 20 % weight saving in comparison to a

conventional aluminum approach.

Introduction 1



@ Other -
: -l
@ Steel {primarily landing gear) \\‘\

Titanium

Aluminum

Advanced Composites

Figure 1-1 — The use of composites in Boeing 787 Dreamliner airframe [1]

1.1 Thermosets vs. thermoplastics

Aerospace grade composite materials consist of carbon fibres which act as a strong
reinforcement phase and a thermosetting or thermoplastic resin which binds the fibres together.
The first generation composite materials were predominantly comprised of thermosetting resins.
The main distinction between the two resin systems is that the former develops permanent
covalent bonds (cross-linking) during cure, whereas the latter forms links or crystals that are
thermally reversible upon melting [2]. As a result, thermoplastic materials can be re-melted and
re-moulded numerous times, which implies that thermoplastic components can potentially be
repaired and joined by welding, and recycled at the end of their lifespan [3, 4]. Since
thermoplastics do not undergo cure, their shelf life is unlimited and processing times are short,
on the order of minutes vs. hours in comparison to thermosets [3]. This significantly reduces
manufacturing cost and time; for instance, long and expensive autoclave cure cycles are avoided.
Moreover, thermoplastic materials have higher toughness, impact strength and service
temperatures than thermosetting materials [2, 4]. Overall, thermoplastic composites offer
superior properties, production cost reduction and material recyclability. For these reasons,
interest in thermoplastic materials had significantly increased. In fact, design of a new Airbus

A350 XWB includes thousands of small thermoplastic parts, which are shown in Figure 1-2 [5].
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These parts became a cost effective replacement for their metallic counterparts due to the

evolution of highly efficient automated processes [5].

Y 1\ [ —

L-shape Cleats Auto stabilised clip Window clip
Figure 1-2 — Examples of carbon fibre/thermoplastic parts in Airbus A350 XWB [5]

1.2 Continuous vs. discontinuous fibres

Current applications of thermoplastic composites in aerospace structures are limited to simple
components with minimal curvature and thickness variations. This limitation exists because
continuous fibre (CF) composites, while exhibiting excellent mechanical performance, are
difficult to form. Yet, there is significant interest from the aerospace industry in making more
versatile and complex structural shapes. The automotive industry can produce parts with intricate
features (e.g. ribs) made from flow moulding compounds, but their mechanical properties are too
low for aerospace applications. A literature survey [6-10] showed that preforms with long
discontinuous fibres and high fibre volume fractions (V¢ > 40 %) are appealing for structural
applications as they bridge the gap between the lack of formability of continuous fibre

composites and the lack of performance of short fibre composites, as shown in Figure 1-3.

%
Processability

—_—
Strength and

stiffness

Processability
Performance

= =
iﬁj;y}: \¢

=
Short discontinuous  Long discontinuous Continuous
fibres fibres fibres

Increasing fibre volume fracture

Figure 1-3 — Processing and performance of various composite material systems (adapted from [11])
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Overall, different long discontinuous fibres material systems that were developed and studied
over the years can be categorized based on fibre orientation (aligned vs. random) and
arrangement (individual fibres vs. bundles or strands of fibres) as shown in Figure 1-4. Of
particular interest is a new material system which consist of randomly oriented strands (ROS) or
chips of aligned unidirectional fibres, which have V¢of 60 %. Various ROS net-shape parts with
thickness gradients, ribs and moulded-in holes were manufactured by compression moulding at
McGill University, as shown in Figure 1-5. ROS composites were shown to be competitive with
metals for application in complex parts due to their corrosion resistance, light weight, cost-
effective manufacturing methods and low waste, since parts are moulded net-shape and no post-

machining is required [12].

Figure 1-4 — Schematic of different long discontinuous fibre material preforms: a) aligned fibres, b) aligned
strands, ¢) randomly oriented fibres and d) randomly oriented strands or fibre bundles of UD tape

Moulded hole Ribs

Slot

Figure 1-5 — Complex net-shape ROS parts manufactured at the Structures and Composite Materials
Laboratory at McGill University [13]
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1.3 Compression moulding

Compression moulding is a frequently-used technique for forming of thermoplastic composites,
because required equipment is often already available in the industrial setting. For instance,
presses that are used for metal forming can be easily adapted for moulding of thermoplastics.
The general process involves placement of a preheated preform between two dies and closing the
mould while applying temperature and pressure. Matched-die moulding involves the use of two
shaped dies, which are usually made of steel, as shown in Figure 1-6. Figure 1-6 also shows
finished 3D shapes made using CF and ROS preforms. Defects such as wrinkles are clearly
visible in the CF part, while the ROS part is defect free. The CF part was also more time

consuming to layup, whereas strands were just dropped into the mould cavity.

: ?J#J*J*Jj
= N =
‘._» ,_—_l

% Z)
tttttrttt

Unidirectional tape Chopped strands Compression moulding Complex ROS part

a)

IR IR IR IR IR 2N 2R AN |
e e —— -
,___l
¥ Z)
ttttttttt

Wrinkles

b) Unidirectional tape Compression moulding Complex F part
Figure 1-6 — Compression moulding of a) ROS part and b) CF part with defects [14]

Strands used to make ROS composites are available commercially as a bulk moulding compound
from material suppliers, such as Hexcel (HexMC™ with thermoset matrix) and TenCate
(Cetex® MC1200 with thermoplastic matrix). The feasibility of moulding complex components
from ROS composites has been demonstrated by Greene, Tweed [15], Cross Composite AG [§],
Feraboli [7] and TenCate [16] with examples of industrial parts shown in Figure 1-7. The general
behaviour of ROS composites has been investigated and is explained in the literature, but the

available data does not entail all the mechanical properties in particular for thermoplastic-based
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composites. Moreover, no strength models exist for ROS composites, at least in the public
domain. Further research is required to fill the gaps in the available knowledge before the use of
these composites can become widespread. Research presented in this dissertation is part of multi-
disciplinary and multi-partner CRIAQ (The Consortium for Research and Innovation in
Aerospace in Québec) project [14, 17-24] being conducted to systematically evaluate,
characterize and model the moulding process and mechanical properties of composites

manufactured from carbon/polyether-ether-ketone (PEEK) ROS.

a) b) c)
Figure 1-7 — Complex net-moulded industrial ROS parts: a) hinge made by Eguemann [8], b) bracket made
by Greene, Tweed [15, 25] and c) bracket made by TenCate [26]

1.4 Research objectives and scope

The focus of this dissertation is on investigation of mechanical properties of ROS composites.
The objectives of this thesis are threefold: (i) to measure and quantify properties of ROS
composites, (i1) to explain the fundamental load transfer and sharing mechanisms that occur
between the neighbouring strands and that govern mechanical behaviour of the material and (iii)
to develop a modelling technique for calculation of strength and stiffness of these materials using
the properties of unidirectional prepreg. Finally, the goal is to make practical recommendations
regarding material selection, test methodologies and design considerations in relation to

industrial applications of ROS composites.
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1.5 Structure of the thesis

Following this introduction, a literature review on the topic of ROS composites is presented, and
connections are drawn between the current state of knowledge in the open literature and the work
done as a part of this thesis aiming to enrich it. The main body of this thesis covers two major
components of this work, which are the experimental and the modelling contributions. First, the
manufacturing process is discussed and the effect of processing conditions on part quality is
touched upon (Chapter 3). Next chapters cover experimental work that was performed to
characterize mechanical properties of ROS composites, which include tension (Chapter 4),
compression (Chapter 5) and shear (Chapter 6). Chapter 6, being the last experimental chapter,
includes a summary section that compares tensile, compressive and shear properties of ROS
composites and highlights the main trends and behaviours that are typical of this material system.
This section acts as a transition between the experimental and the modelling work as it defines
the modelling requirements based on the test data. Two modelling approaches for calculation of
strength and stiffness of ROS composites are proposed and evaluated. The development of these
techniques and results obtained through them are summarized in Chapters 7 and 8. This
dissertation ends with the summary of main results and contributions, as well as
recommendations for future work (Chapter 9). Supplementary material is included in the

Appendicies.

Introduction 7



Chapter 2

Literature review

There are a limited number of papers on the topic of mechanical properties of
randomly-oriented strand (ROS) composites, even though the more general topic of
discontinuous-fibre composites has been widely investigated. For this reason, the scope of the
literature review was set to include papers on composites that have similar reinforcement shape
(strands or platelets), fibre length (L > 5 mm) and fibre volume fraction (V¢ > 40%) as being in
the category of ROS composites. This literature review is divided into two main sections: (i)
experimental investigations and (i1) modelling efforts. Concluding remarks will be made at the
end of this chapter to summarize knowledge that is available in the literature and explain how the

work presented in this thesis will complement the existing publications.

2.1 Experimental work

2.1.1 Mechanical properties

Feraboli et al. [27-31] conducted a comprehensive study into the properties of carbon/epoxy
ROS composites. They tested specimens cut at 0°, 45° and 90° angles with respect to the panel
axis and demonstrated that ROS composites are quasi-isotropic (QI) [27]. Hence, in-plane

response of ROS composites to loading is directionally independent, and analysis of their
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properties can benefit from simplifications associated with isotropic materials (e.g. number of
elastic constants required to describe the material is reduced). They also evaluated the effect of
strand size and panel thickness on the tensile, compressive and flexural properties of the material
[27]. Failure was found to be a matrix dominated event accompanied by transverse strand
cracking, longitudinal strand splitting and strand debonding. Little or no fibre failure was
observed. Typical failure regions are shown in Figure 2-1. Failure spread through the weakest
path and was frequently redirected in the longitudinal and transverse directions. It is also
noteworthy that damage propagation seemed to be unaffected by microstructural defects, such as
voids and resin rich areas. Authors attributed this behaviour to complex interaction between

strands [27].

a) b)
Figure 2-1 — Typical morphology associated with tensile failure: a) photos of the specimen surface and edge
and b) micrographs of the edge [27]

Mechanical properties measured by Feraboli et al. [27] are summarized in Figure 2-2.
Interestingly, compressive strength of ROS composites is higher than tensile strength, while the
contrary is true with continuous-fibre (CF) laminates. The same trend was reported by other
authors [6, 32-34]. Overall, strength increased with longer strand length (12.5 vs. 75 mm) and
larger panel thickness (2 vs. 6 mm) but was significantly lower than that of QI CF composites.
Modulus showed little dependence on the aspect ratio and was essentially as high as that of QI

CF laminates.

Eguémann et al. [35] investigated the effect of strand length on tensile properties of
carbon/PEEK ROS composites and then compared their results to those published for

carbon/epoxy [27]. Based on results shown in Figure 2-3, it is evident that strand length has a
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definite influence on strength and a minor effect (if any) on modulus. The latter is difficult to
assess with certainty due to the large scatter of the data. Figure 2-3a shows that moduli of the
two material systems are similar, which is expected since matrix stiffness and fibre volume
fraction in both material systems are also similar. The degree of variability between the two data
sets is different, because different specimen sizes and gauge sections were used in these studies.
From Figure 2-3b it is evident that PEEK-based ROS composites have superior strengths than
their epoxy-based counterparts. Authors [35] noted that the most prevalent failure modes in ROS
composites are transverse matrix failure and strand debonding, which are both matrix-dominated.
Comparison of mechanical properties of PEEK and epoxy composites showed that shear strength
and fracture toughness are higher for PEEK, which explains why PEEK-based ROS composites

have superior properties [35].
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Figure 2-2 — Summary of tensile, compressive and flexural a) strength and b) modulus of ROS carbon/epoxy
composites [27]. Dashed line represents tensile properties of QI CF laminate
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Figure 2-3 — Comparison between carbon/epoxy and carbon/PEEK tensile a) modulus and b) strength [35]
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2.1.2 Material heterogeneity

A comprehensive study [28] was conducted to identify defects that are characteristic to this
material and to relate them to quality and performance. Authors [28] noted that due to the
naturally heterogeneous microstructure of ROS composites on the meso-scale, ultrasonic C-scans
and thermography detect a lot of variability in the material making it difficult to differentiate true
defects from noise. This inherent heterogeneity of the material is explained by the fact that
characteristic length scale (e.g. strand size) of ROS composites is of the same order of magnitude
as test specimens and/or the potential industrial parts. Some specimens were sectioned in the
regions were signal attenuation was the greatest (i.e. hot-spots) and examined under the
microscope. Manufacturing defects found at these hot-spots included macro-voids, swirls and
resin-rich pockets, as is shown in Figure 2-4. However, failure did not necessarily occur in the
vicinity of such hot-spots (Figure 2-5), hence making conventional non-destructive techniques
and defect classification unreliable for part inspection and quality control. Overall, it is evident
that other sources of “weak-spots” exist besides resin rich areas and voids, and failure is

governed by complex failure mechanisms [28].

b)

c — T _ —— — - T
Figure 2-4 — C-scans and micrographs that show defects, such as: a) strand swirls, b) resin rich area and c)
large voids [28]. Colour bar indicates the variation of the c-scan signal intensity measured at that cross-
section; colour blue indicates presence of a potential defect

Literature review 11



>

i
) ’é Failure occurred in an
apparently pristine spot

- . 5

> Increasing load

Figure 2-5 — Evolution of c-scans taken at different stages of an interrupted tension test. Subsequent images
correspond to a higher load level reached during the test and track the evolution of damage [28]

Moreover, Feraboli et al. [29] noted that although the tensile modulus of ROS composites is
essentially equivalent to that QI CF laminates, the variability in measurements obtained with
strain gauges is high (19 %). To investigate the cause of this variation, authors evaluated
different measurement techniques: extensometer (25.4 mm gauge length), strain gauges of
various lengths (3.2 — 50.8 mm) and the digital image correlation (DIC) technique. DIC
technique involves the use of a camera to capture images of the specimen during the test.
Specialized correlation software is then used to analyze the images and to calculate the
deformation of the specimen throughout the test. A more detailed description of this technique
can be found in Appendix A. In this study, specimens were equipped with strain gauges (Figure
2-6a) and an extensometer, and subjected to tensile testing. Data obtained with the DIC
technique revealed large strain variation on the surface of the specimen (Figure 2-6b) that makes
extensometers and strain gauges, even large ones, inadequate for global strain measurement.
Overall, the DIC technique was found to yield the most accurate and repeatable modulus
measurement, since the full-field strain data can be averaged to get the global value. Authors also
concluded that surface strands are not the only influence on the measured strain; instead it is a

result of the whole underlying “laminate” [29].
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a) b)
Figure 2-6 — a) Tensile specimen equipped with strain gauges of different sizes and b) strain contours
visualized with DIC [29]

The DIC technique was also used by Johanson et al. [36] to monitor the evolution of tensile
strain in Direct Carbon Fibre Preforming (DCFP) composites with the aim to relate material
heterogeneity to damage initiation. This material system is similar to ROS as it also consists of
long fibres (15 mm) and has a high fibre volume fraction (40 %), but the 12k fibre bundles are
narrower than strands. Authors used two cameras on each side to monitor damage initiation and
propagation more efficiently. DCFP specimens developed non-uniform surface strains similar to
ROS. There was also a noticeable difference between strain fields captured from the two
surfaces, which had different localized hot-spots, as shown in Figure 2-7. Hence, there is a
significant gradient of local strains through-the-thickness, and the use of cameras on just one side
would miss an important failure event. Nonetheless, failure did not necessarily originate at the
hot-spots detected by DIC. Authors noted that difference between the strain fields is reduced for

thicker specimens (3 vs. 6 mm).
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Figure 2-7 — Strain field on the two surfaces of a DCFT specimen visualized with DIC [36]

Furthermore, Feraboli ef al. [30] measured open-hole tensile and compressive strength of ROS
composites and evaluated their sensitivity to size effects such as hole diameter and specimen
size. Interestingly, open-hole tensile specimens were found to be insensitive to the presence of a
small hole (3 mm diameter), and most of them failed in the gross section away from the hole.
The number of net-section failures increased with larger hole diameters (6 and 9.5mm) and in the
case of a 12.5 mm hole, all the specimens failed at the hole. Analogous behaviour was also
exhibited by DCFP composites [37]. This phenomenon is not typical for conventional CF
composites, in which case stress concentrations around the hole cause failure to occur in that
region. Authors related this atypical behaviour of ROS composites to the highly heterogeneous
meso-structure of the material and the inherent presence of high stress concentrations at the
strand or bundle ends [30]. A clear difference between the strain-fields that develop in open-hole
QI CF laminates and DCFP composites is shown in Figure 2-8 [37]. Naturally occurring material
stress concentrations in ROS and DCFP composites can be larger than geometric stress
concentrations and can trigger the onset of failure in a pristine area away from the notch [37].
This is demonstrated in Figure 2-9 which shows the evolution of the strain field (with DIC) and
damage (with C-scan) at and away from the hole with increasing loading [28, 37]. Overall, ROS
and DCFP composites can be considered as relatively notch insensitive. Nonetheless, even in the
case of really small notches, specimens can fail in the net-section because its inherent weakest-

point can occur in the vicinity of the notch.
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Figure 2-8 — Strain fields that develop in a) CF and b) ROS open hole specimens visualized with DIC [37]
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a) b)
Figure 2-9 — Failure of ROS open hole specimens: evolution of a) the strain field visualized with DIC and [37]
and b) the c-scans with increasing loading [28]

Thus far, it is evident that ROS composites are heterogeneous on the meso-scale, to an extent
that the material is essentially notch insensitive and measured properties are highly variable [28,
37]. Motivated by these observations, numerous authors have also investigated the effect of
specimen width on measured properties [17, 30, 31, 37, 38]. Ideally, specimen size should be
large enough to capture the global properties of the material; however, currently there are no test
standards specifically designed for ROS composites. Overall, it is not clear what effect (if any)
specimen size has on the average measured properties, but it is evident that larger specimens lead

to lower scatter [17, 30, 31, 37, 38].
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2.1.3 Hybridization

In light of two main issues associated with ROS composites, which are low strength and high
variability, some authors explored the possibility of hybridization. For instance, Matsou et al.
[39] optimized the design of a carbon/polypropylene hollow beam such that it met the high-
stiffness and high impact-absorption characteristics of a steel beam while having only half its
weight. They relied on a hybrid design of unidirectional (UD) plies and randomly oriented
strands to achieve the optimal performance. UD plies were used to meet the stiffness

requirements and ROS were expected to give good energy absorbing capacity to the structure.

Moreover, Han et al. [32] explored the effect of hybridization on in-plane and bearing properties
of ROS-based composites. Hybrid specimens were manufactured from carbon/PEEK strands and
satin-weave fabric. Experimental results showed that tensile and compressive strength of ROS
composites is improved and shear strength is reduced by the addition of fabric layers. Overall,
in-plane properties of hybrids were in-between those of ROS-only and fabric-only specimens.
Interestingly, a significant improvement in bearing strength and stiffness was achieved through
hybridization, even though bearing strengths of ROS-only and fabric-only specimens were

lower. The repeatability of test results was also improved.

2.1.4 Design of actual ROS parts

Actual parts made of ROS-UD hybrids are already present in the automotive industry. For
instance, Forged composite® technology was used to manufacture suspension control arms for
Lamborghini Sesto Elemento [7]. Design of the control arms was driven by both strength and
stiffness requirements. Authors also note that they were able to achieve higher strength and
lower variability of material properties through localized hybridization with UD fibres. A total of
30 % weight reduction was achieved in comparison to the aluminum baseline. The metal and the

composite parts are shown in Figure 2-10.
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a)

Figure 2-10 - Suspension control arms on Lamborghini Sesto Elemento: a) metal and b) composite parts [7]

To conclude the section on the experimental work, an application of ROS composites in the
aerospace industry is discussed. Eguemann et al. [8, 12, 40] designed and manufactured a
helicopter door hinge (Figure 2-11) by compression moulding of various carbon/PEEK material
systems: UD tape, ROS (fibre length 10 and 20 mm), recycled fragments (< 10 mm) and
moulding granules (< 1 mm). A summary of the ultimate load carried by these hinges is
presented in Figure 2-11b. The best mechanical performance was achieved with UD tape hinges,
but they were difficult and time consuming to manufacture. Hinges made of 20 mm long strands
showed good load carrying abilities, but had a lot of variability, which resulted in unacceptably
low design allowables. The use of shorter strands (10 mm) led to a lower strength but also lower
scatter, which resulted in higher allowables and made this strand length a more viable design
choice. This outcome demonstrated the importance of documenting the variability when
characterizing properties of ROS composites. Hinges made of recycled fragments had 15 %
lower strength than hinges made of the virgin material, but were nonetheless stronger than those
manufactured from granules. The possibility of recycling is an attractive attribute of
thermoplastic-based composites. Overall, 10 mm long strands were found to be the best
candidate for this application because of the ease of manufacturing, satisfactory strength, good

repeatability and weight savings of 80 % over the steel counterpart.

Literature review 17



5.00

4.00
I
2.00
1.00
0.00

Load [kN]
g

Laminate 20mm 10mm Recycled Injection
chopped chopped Moulding
tapes tapes Material

a) b)
Figure 2-11 — Door hinge from Eurocopter Germany [12] and ultimate loads carried by hinges made of
different composite material systems [8]

Overall, even though ROS composites have lower strength and higher variability in comparison
to CF composites, they have better formability and hence can offer a competitive advantage over
CF preforms for applications that are stiffness-driven. ROS composites are also competitive with
metals for application in complex parts due to their corrosion resistance, light weight and cost-
effective manufacturing methods. In addition, their properties can be improved through
hybridization. Greater availability of experimental data, better understanding of their
fundamental behavior, and improved modelling techniques will help to enhance confidence in

ROS composites and increase their implementation in the field.

2.1.5 Summary of main findings

Experimental data that is currently available for ROS composites in the open literature is very
limited, which is understandable since development of this material system is still in its infancy.
The main traits of ROS composites that can be drawn from the literature are:

e modulus is comparable to that of QI CF laminates

e strength is significantly lower that of QI CF laminates

e strength is influenced by the strand size

e strength is a matrix dominated property

e material properties are highly variable on the meso-scale

e weak-spots are inherent to the material and make it essentially notch insensitive.
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These material characteristics form the objectives for a modelling technique to fulfill. It is
important for the model to predict the average properties and their variability, since it has a
detrimental effect on design allowables. The next section will review of basic analytical models
and will evaluate their applicability to ROS composites. After that a short overview of interesting
finite element (FE) approaches will be presented. Finally, the general modelling approaches that

were selected for further investigation in this thesis will be highlighted.

2.2 Basic analytical models for discontinuous reinforcement

A wide range of analytical models has been developed over the years to predict strength and
stiffness of composites with a discontinuous reinforcement phase. A thorough review and
evaluation of these models can be found in [6, 41-43]. Literature review presented in this chapter
is limited to a selection of frequently referenced fundamental models, which highlight the main
trends and assumptions that are prevalent to models that deal with discontinuous inclusions. In
general, modelling techniques aim to capture the influence of inclusion length and orientation on
the effective properties of the composite. For this reason, review of analytical models is also

segregated into two sections.

2.2.1 Size effects

Analytical models that deal with size effects can be categorized based on the idealized inclusion

geometry that they consider: (i) ellipsoid and (ii) cylinder.

2.2.1.1 Ellipsoidal inclusions

It 1s difficult to predict analytically the stress and the strain fields that develop in a composite
reinforced by an arbitrary shaped inclusion. However, Eshelby [44] acknowledged that a closed-
form solution can be derived for an ellipsoidal inclusion, because it develops uniform internal

strains. He first addressed the following problem (Figure 2-12):

e an ellipsoidal volume is removed from an infinite solid body

e it develops a stress-free strain (¢*), for instance by undergoing a phase change
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e and it is inserted back into the cavity which it had previously occupied.

He solved for the stress and the strain fields in and around that ellipsoidal inclusion and found
that strain inside the inclusion is dependent on the stiffness, Poisson’s ratio, aspect ratio and
orientation of the inclusion [43, 45]. Eshelby showed that his solution is also applicable to
problems with external loading and inhomogeneous inclusions (i.e. inclusion and matrix have
different properties). However, his model is meant for dilute composites with a volume fraction

of about 1 % or less [43].
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Figure 2-12 — Eshelby’s problem of an elliptical inclusion [45]

Eshelby’s model was later adapted to deal with multi-inclusion problems. For instance, Mori-
Tanaka [46] (and Benveniste [47]) used Eshelby’s expression to approximate behaviour of a
multi-inclusion composite by assuming that each inclusion behaves as an isolated inclusion and
“sees” a far-field strain equivalent to the average matrix strain [43]. Using the Mori-Tanaka
method, stiffness of the composite (Cc) is calculated based on Eq. 2-1, where Cy is the matrix
stiffness tensor, Cj is the inclusion stiffness tensor, I is the identity matrix, Ag is the strain-
concentration factor given by Eq. 2-2 and S is the Eshelby tensor. The Eshelby tensor represents
the shape of the inclusion and depends on the diameter (d) and the length (L) of the ellipsoid.
Components of the Eshelby tensor can be found in [6, 48]. Overall, this model is adequate for V¢
up to 20 % [45]. A summary of other models that were developed based on the Eshelby method
can be found in Tucker [43].

Cc=Cu +Vp(C — CM)AS[(1 - Vf)l + VrAs]™ Eq. 2-1

where
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Ag = [1+S(C)HEC — O] Eq. 2-2

Even though Eshelby’s solution was originally derived for ellipsoidal inclusions, it has been used

to model platelets and flakes, spherical particles, and cylindrical fibres and nanotubes [6, 45, 48].

The actual geometry of the inclusion can be approximated by an ellipsoid with the same aspect

ratio (L/d), as is demonstrated in Figure 2-13.
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Figure 2-13 — Approximation of various inclusions with an ellipsoidal geometry [45]

2.2.1.2 Cylindrical inclusions

There are two well-known models that describe the stress distribution along the length of a

cylindrical fibre embedded in resin: Kelly-Tyson [49] and Cox [50]. These models are based on

the following assumptions [41]:

fibre is straight and cylindrical
matrix and fibre are isotropic
fibre ends carry no load

fibre carries only axial stress
matrix sustains only shear stress

load transfer occurs through the fibre-matrix interface.

The load distribution along the fibre is derived by considering the equilibrium of forces acting on

a small fibre element, as shown in Figure 2-14. Stress distribution in the fibre (o) is proportional
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to the matrix shear stress at the interface (1), as shown by Eq. 2-3. To define the shear
distribution along the fibre, Kelly-Tyson and Cox made two opposing assumptions. Kelly-Tyson
assumed that matrix is perfectly-plastic, while Cox modelled it as linearly-elastic. The difference

between load distributions obtained with these two assumptions is illustrated in Figure 2-15.

o +dcrf

X
4 Eq. 2-3
oc=-| tdx
d 0
Perfectly plastic Linearly-elastic
Matrix properties Matrix properties
T T
T Gm
Shear strain, y Shear strain, y
Stress profiles in the matrix and fibre Stress profiles in the matrix and fibre
T T
X X
L
L
o «— Wl —><— KL — o
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a) b)

Figure 2-15 — Distribution of the matrix shear stress and fibre axial stress along the fibre predicted by a)
Kelly-Tyson and b) Cox [51]
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By first considering the Kelly-Tyson approximation, the maximum load sustained by the fibre in
the center (omax) is given by the Eq. 2-4. This equation can be rearranged to define a critical
length (L), as shown in Eq. 2-5, which signifies the transition between fibre failure and fibre
pull-out (i.e. matrix shear failure), by recognizing that maximum stress that can be sustained by
the fibre is limited by its strength (o) and the interlaminar shear strength is given by t;. Hence,
fibres that are longer than L. will fail due to fibre failure, while fibres shorter than L. will
eventually debond, because or will never be obtained in the center. The effect of fibre length on

stress distribution is shown in Figure 2-16.
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a) b)
Figure 2-16 — The effect of fibre length on a) stress distribution along the fibre based on the Kelly-Tyson
model and b) the composite strength [51]

From Figure 2-16 it is evident that higher fibre reinforcing efficiency is achieved with longer
fibres, since a larger portion of the fibre is loaded to its maximum capacity. In fact, Kelly-Tyson
proposed a length efficiency factor (X), which represents the average load carried by the fibre
and can be used in conjunction with the rule of mixtures (ROM) to account for fibre length, as is

shown by Eq. 2-6-Eq. 2-8, where E and o represent modulus and strength, and subscripts ¢, m
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and f strand for composite, matrix and fibre. Kelly-Tyson’s expression for critical length is
widely used in relation to cylindrical and non-cylindrical inclusions [6, 45, 52, 53]. For instance,
L. for platelet-type reinforcement can be estimated by replacing the fibre diameter by the
platelet thickness in Eq. 2-5 [52]. Alternatively, Harper used the same approach as Kelly-Tyson

and re-derived the expression for L, for a cylinder with an elliptical rather than a circular cross-

section.
E.=X.EV; + Epn(1—Vf) Eq. 2-6
0c = X,0fVe + 00 (1 — V) Eq. 2-7
where
L
/2Lcr ’ L <L Bq. 2.8
XL_ 1_LC7'/2L, LZLCT '

Expression for Cox’s length-efficiency factor is given by Eq. 2-9, where G, is the matrix shear
modulus and f is defined in Eq. 2-10. Cox’s formulation is more complicated than Kelly-
Tyson’s, because shear and axial stresses along the fibre are described by hyperbolic functions
(i.e. cosh , tanh) and are dependent on the fibre stacking arrangement though the D/d ratio, refer
to Figure 2-15b. Cox assumed a hexagonal stacking arrangement and derived Eq. 2-11 for the
D/d ratio [41]. Modifications of this model for other stacking arrangements are given in [43].

This family of models was used in [52, 54].

X, = [1 _ tanh(BL/2) Eq. 2-9
BL/2
gr o m Eq. 2-10
d2E;In(D;/d)
b_|z2m Eq. 2-11
d V3V
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2.2.2 Orientation averaging

There are numerous techniques found in the literature that can be used to approximate properties
of composites with multi-directional oriented inclusions. They can be separated into two
categories: (i) direct averaging and (ii) pseudo-grain method. The following two sections will
summarize these methods. Overall, these methods can be used in conjunction with the previously

discussed micro-models to account for inclusion size and orientation.

2.2.2.1 Direct averaging

This is a fairly broad category of models that are based on simple expressions that represent the
dependence of a particular property on the orientation and can be averaged out by direct
integration. The simplest method by far is the modified ROM equations, Eq. 2-12-Eq. 2-13. The
ROM equation for strength and/or modulus is modified to include an orientation efficiency factor
(X0) to represent the effect of orientation on the corresponding property. This method has been
used by [9, 52, 53, 55, 56]. A well-known expression for Xo was introduced by Krenchel [57],
see Eq. 2-14. In this equation, a, denotes the proportion of fibres with the off-axis angle 6,. For
a perfectly planar random distribution, this efficiency factor is 0.375. Another option for random
planar orientations is to use Xo = 1/, which simply represents equal probability of occurrence

for each angle over the range of & radians [52].

E. = X, XoEfVs + En(1—V}) Eq. 2-12
0. = X, X007V + 0 (1 — V) Eq. 2-13
X, = Z a,c0s%0, Eq. 2-14

Alternatively, the Nielsen and Chen [58] equation for modulus or the Baxter [59] expression for
strength can be integrated over the possible range of orientations to get an equivalent property, as

is shown in Eq. 2-15 - Eq. 2-18. In these equations v;, is Poisson’s ratio; Ei, E; and Gy, are the
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longitudinal, transverse and shear moduli; and o1, o1 and og are the longitudinal, transverse and

shear strengths of a unidirectional ply or fibre.

/2
E =—f° E(6)do Eq. 2-15
C /2
[ a6
E E E
E(¢19 = cos*0 + E—:sin46 + (6_122 — 21/12) cos?0sin?0 Eq. 2-16
1 (" -
op = _j 5(8)d8 Eq. 2-17
TJo
cos* sin*0 1 1 ~1/2 -
a(0) = —+— +< ——— )coszesinzel Eq. 2-18
(o) (or) (o5) (0,)

2.2.2.2 Pseudo-grain method

In this modelling technique, the representative volume element (RVE) is decomposed into a set
of aggregates or grains that represent inclusions with a particular orientation. Each pseudo-grain
is a two-phase composite with aligned inclusions and the same V¢ as the parent material. The
relative volume fraction of each grain V, in the RVE is proportional to the probability of each
orientation y(68n). These pseudo-grains can then be re-assembled to form a laminate, such that
“thickness” of each grain matches its V.. Effective composite properties can be determined by

the classical laminate theory (CLT), as shown in Figure 2-17. This modelling technique was used

in [60, 61].
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Figure 2-17 — Application of the pseudo-grain concept and CLT to randomly-oriented fibres [6, 62]

Alternatively to the CLT, the tensor averaging method can be used. Its main advantage over CLT
is that it considers in-plane and out-of-plane orientations. This technique was proposed by
Advani and Tucker [63]. Elastic properties of a multi-directional composite material are
represented by a stiffness tensor (Cc), where ( ) means that properties are averaged over all

directions. Orientation of a fibre is described by a unit directional vector p, Figure 2-18.

p1 = sin(B) cos ($)
p2 = sin(8) sin ($)
ps = cos(8)

Figure 2-18 — Directional vector p used in the tensorial approach for orientation averaging [45]

The effective stiffness tensor (C¢c) can be expressed as a linear combination of five independent
constants B (i.e. invariants) which represent properties of a pseudo-grain, and the 2" and 4™
orientation tensors A, which represent the average orientation of all the inclusions. (Cc¢) is
calculated using Eq. 2-19, where 6ij is the Kronecker delta function, y(6, ¢) is the probability
distribution function that characterizes the inclusion orientations in the composite and 1, j, k, | =
1, 2, 3 (refer to Figure 2-18). Invariants are computed from the stiffness tensor C of the pseudo-

grain using Eq. 2-20a-e, and orientation tensors are computed using Eq. 2-21a-b. This averaging
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method was successfully used by [6] and is implemented in Digimat® (e-Xstream Engineering).

A more detailed explanation of this model is given in [6, 42, 45].

(Cijir) = Bidijii + B2(Aij6i1 + 41a6ij) + B3(Au St + Aubjic + A6 + Ajic8ir)

Eq. 2-19
+B4(6:6k1) + Bs (681 + 6:16;x)
By = Ci111 + Caz22 — 2C1122 — 4Ch212 Eq. 2-20a
By = Ci122 = (2233 Eq. 2-20b
B3 = (1312 + %(C2233 — C3222) Eq. 2-20c
B, = (3233 Eq. 2-20d
Bs = %(szzz — C2233) Eq. 2-20e
2T s

. Eq. 2-21a

Aij = J j pipj Y (@, 0)sin(0)dodyp q

0 1]

Eq. 2-21b

2T Vs
Aijki = J j pip;pk1Y (@, 0)sin(8)dOde
n n

2.2.3 Evaluation of the basic models

To evaluate the applicability of the basic analytical models to ROS composites, strength and
modulus were computed using the modified ROM equations (Eq. 2-12-Eq. 2-13) and compared
with Eguemann’s experimental results [35]. In these expressions fibre strength, modulus and
diameter were replaced by strand longitudinal strength, modulus and thickness. The contribution
of matrix in the ROM equations was ignored, because the strand volume fraction in the
composite is essentially 1. The orientation efficiency factor was assumed to be 0.375 for random

strand orientation, and the length efficiency factor was calculated using Eq. 2-8.
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Results of this calculation are summarized in Figure 2-19. It is evident that basic analytical
models can predict modulus reasonably well, but significantly overestimate strength of ROS
composites. The main downfall of these models is that they do not take into account the complex
microstructure and failure mechanisms that govern damage initiation and propagation in ROS
composites. For instance, test results show that ROS specimens fail due to strand pull-out, while
analytical models predict strand failure (i.e. L > L;). Hence, the literature review is expanded to
encompass models that are more representative of actual matrix properties and of the stresses at
the fibre-matrix interface. For example, the effect of matrix fracture toughness on the failure

strength of composites is considered [42, 64].
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Figure 2-19 — Comparison between the calculated and the measured a) strength and b) modulus as a function
of strand length. Experimental data from [35]

2.2.4 Additional considerations

When fibre volume fraction is high, it is important to take into account the interaction between
the neighbouring fibres. For instance, Rexer and Anderson [65] described the effect of stacking
pattern on the level of stress concentrations that develop in the fibres. Figure 2-20 depicts two
stacking arrangements and the resultant stress distributions in the fibres. It is evident that in Case
A, stress concentrations in the fibres are really high, because at the weakest cross-section there
are only half as many fibres as there are at other locations. Thus, strength of this arrangement is
o. = 0.501, where oy is the fibre strength. Alternatively, when fibre ends are well distributed

(Case B), the stress profile in the fibres is more uniform and higher fibre efficiency is attained.
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Figure 2-20 — The effect of different fibre arrangements on the stress profile in a fibre [adapted from [65]]

Moreover, fibre pull-out strength depends on the overlap length rather than fibre length [53].
Based on the stacking arrangement, if the overlap length between the fibres is short, fibres will
be prone to debonding even if their length exceeds the L.,. For instance, as shown in Figure 2-21,
fibres of the same length will either debond or fracture depending on their location with respect
to the failure plane. The same concept was described by Wyser et al. [66] when trying to predict
whether crack growth in the vicinity of a fibre will cause it to break or to pull-out. The transition
between the two failure modes is governed by the location of the crack tip with respect to the
fibre end. Concepts described in [53, 66] help to explain why ROS composites with long strands
tend to fail by strand pull-out, even though based on the basic models for length efficiency they

are expected to fail by strand breakage.

==

Failure plane

Figure 2-21 — Failure plane intersecting fibres at a different location from their ends [53]. Distance between
the fibre end and the failure plane determines the failure mode being fibre pull-out or breakage

The recently published paper by Pimenta et al. [64] proposed a comprehensive modelling

approach for composites with discontinuous staggered inclusions (or platelets), as shown in
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Figure 2-22a. Authors acknowledged that there are two criteria for matrix failure: (i) strength-
based (Eq. 2-22) and (ii) toughness-based (Eq. 2-23). The former is a modified version of the
Kelly-Tyson expression (Eq. 2-4), where L, is the overlap length and ty is the platelet thickness.
The latter is based on the assumption that matrix fails due to the propagation of a mode-II crack
that initiates at the overlap end due to high strain concentrations. In Eq. 2-23 Ey, and t, represent
platelet modulus and thickness, and Gy is the matrix mode II interlaminar fracture toughness.
The combined effect of the two criteria on the strength of the composite, if inclusions do not
fracture, is shown in Figure 2-22b. The existence of the strength plateau caused by the toughness
criterion helps to explain why the strength of ROS composites is significantly lower than that of
QI CF laminates even though strands are sufficiently long to achieve high fibre length efficiency.
Moreover, the strength of thermoplastic ROS composites is known to be higher than that of
thermoset ones (Figure 2-3), and the toughness-based criterion can potentially capture this

difference, since thermoplastic resins are more ductile and tougher than the thermoset ones.

LoTi

Oc =~ Eq. 2-22
b
_ 2EbGIIc,IL Eq 203
O¢c = —t .
b
. B Strength of the
composite Strength criterion
Toughness
criterion
platelet A Actual strength
matrix “inter aﬁ ) of the composite
b
PlﬁtEIEt- = ? Overlap length
a) b)

Figure 2-22 — a) Unit cell used by Pimenta to represent discontinuous staggered inclusions and b) the effect of
overlap length on the composite’s strength, as determined by the strength and toughness-based criteria [64]

In fact, theories developed for single-lap joints (Figure 2-23a) also predict the existence of a
strength plateau for joints with long overlaps, as shown in Figure 2-23b. For a given joint

geometry and mechanical properties of the adhesive and adherends, there is an upper limit on the
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load that can be sustained by the joint regardless of its length, because delamination will
inevitably originate at the ends of the overlaps due to stress and strain concentrations. The ability
of the joint to withstand crack initiation is dependent on the strain-energy (SE) of the adhesive,
as is given Eq. 2-24, where t, is the adhesives thickness. This equation is derived in the
Composite Materials Handbook [67] and is based on the works of Volkersen [68] and Hart-
Smith [69]. This equation has a similar form to that proposed by Pimenta, since fracture

toughness and strain-energy represent the same material property (i.e. ductility).

Single-lap joint o, /

X

Adhesive Ol max |====
\ I > O,

o, < I '\
\ Adherends

v

L |'Iim L

a) b)
Figure 2-23 — a) Geometry of a single-lap joint and b) the concept of strength plateau for joint strength [70]

o, = Zt% 2(SE)t, Eq. 2-24
The modelling technique proposed by Pimenta was validated experimentally by Czel ef al. [71].
In this work, the authors manufactured UD panels with slits staggered in such a way that
overlaps of different lengths, for simplicity referred to as short and long, were achieved, as
shown in Figure 2-24. They showed that strength of specimens with short overlaps can be
predicted by the strength-based failure criterion, whereas strength of specimens with long
overlaps is well predicted by the toughness-based criterion. Moreover, stress-strain curves of
specimens with long overlaps were non-linear before the ultimate failure, which is indicative of

slow and progressive delamination.
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Figure 2-24 — Microstructure of UD laminates with slits a) virgin state and b) broken state [71]

Similar results were obtained by Tateka et al. [72], who tested slit-UD laminates with long
overlaps and different slit depths (i.e. adherends or platelet thickness). They relied on the fracture
mechanics formulation for the laminate of columns to predict strength of their specimens, Eq.
2-25. The schematic representation of this model is shown in Figure 2-25. This equation can be
simplified by noting that modulus in the UD laminate is constant (i.e. Ey, = Ey), so that Eq. 2-25
simplifies to Eq. 2-26. This equation is similar to the one proposed by Pimenta, and for thin
adherends or platelets (i.e. t,; << ty; and ty; = tpotty;) the two models become identical. Overall,
Taketa demonstrated good correlation between the test results and the toughness-based strength
model. Additional information on the properties of UD and QI slit-ply laminates can be found in

[10, 73, 74].

Delamination f
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Figure 2-25 — Propagation of delamination in a laminate of columns [72]
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Overall, papers reviewed in this section suggest that it is the strand stacking arrangement rather
than length, and matrix fracture toughness rather than shear strength that determine the

maximum strength achievable by ROS composites with high V.

2.2.5 Summary of analytical models

Analysis of the literature review suggest that models that are typically used for discontinuous-
fibre composites are not representative of the micromechanics of load transfer and sharing that
are intrinsic to ROS composites. Nonetheless, modelling approaches and concepts that were
developed for other applications, such as bonded joints, can form the backbone of the model
developed for ROS composites. In total there are six main parameters that need to be accounted

for in an ROS strength model:

e strand orientation

e strand length

e strand strength

e matrix shear strength
e matrix toughness

e strand overlap length

The first four were address in the basic models, while the latter two were identified through the
extended review. One aspect that is yet to be touched upon is the heterogeneity of material
properties. There are some interesting FE based approaches that quite elegantly capture the effect
of random strand or platelet placement on the effective properties of composites. Such models

will be described in the next section on FE analysis.

2.3 Finite element models

The final section of this literature review will briefly summarize the main finite element (FE)
models that were developed for composites with microstructures similar to that of ROS

composites. Finite element models undoubtedly have the potential of capturing the mechanics of
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load transfer between the matrix and the reinforcement more accurately than analytical models,

but they are usually more difficult to implement.

2.3.1 2D models

FE models that were developed specifically for ROS composites capture the in-plane stiffness as
well as its variability. Sato et al. [38] and Feraboli et al. [31] proposed modelling schemes, in
which a specimen is discretized into regions (or elements) with different ply layups, and hence
different properties. Localized modulus is calculated by applying the CLT to each element.
Global modulus of the entire specimen is calculated by either analytically superimposing the
effect of local moduli in the widthwise and lengthwise directions [38] or by modelling the entire
specimen in an FE software [31]. The latter method is shown in Figure 2-26. These approaches
were able to capture the average modulus and its variability from one specimen to another.
Feraboli’s model also demonstrated the heterogeneous strain fields that develop in ROS
composites when loaded. However, since there are no actual repeating units, it is difficult to
choose an appropriate size for a representative element. The use of large elements, whose layups
are completely random and not dependent on the neighbouring elements, leads to large variation
of properties across the element boundaries and large strain discontinues, as shown in Figure
2-26b. In fact, the size of features that have high and low strains is directly related to the size of
the representative element. Nonetheless, it would be interesting to incorporate failure criteria into
this model and to evaluate the ability of this stochastic CLT-based approach to estimate strength
of ROS composites.

a) Representative elements
and features on the strain-
field have equivalent size
b)

Low strain High strain

Figure 2-26 — a) Model of an ROS composites proposed by [31] in which a specimen is subdivided into regions
with different properties (shown with different colours) and b) the resultant strain-field under loading (colour
map corresponds to strain variability)
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Moreover, a set of papers by Qian et al. [75-77] outlined an FE modelling scheme for estimation
of elastic properties of DCFP, which in comparison to ROS composites have narrower fibre
bundles and lower Vi Fibre bundles were modeled as 1D beam elements and matrix was
modeled using regular 2D plane stress elements, Figure 2-27a. An RVE was constructed by
randomly generating fibre locations and orientations. Fibres were allowed to intersect to simplify

the model and to generate high V.

Area of interest

Homogeneous
material

a) b) c)
Figure 2-27 — 2D FE model for in-plane properties of DCFP: a) mesh of the matrix with embedded 1D beam
elements that represent fibres, b) application of the boundary conditions using a homogeneous material and

¢) Von-Mises stress contour plots for an RVE [75, 77]

Authors noted that the means of applying boundary conditions to an RVE can affect the stress-
strain response of the material [75]. Since this material does not have repeating units, it is
inappropriate to apply periodic boundary conditions. Instead authors made use of the Saint-
Venant’s principal which postulates that an approximation to the solution can be found if a sub-
domain (i.e. region of interest) is embedded in a homogeneous material, which is used to
transmit the applied load (see Figure 2-27b). The homogenous region was assigned average
properties of DCFP. Finally, as shown in Figure 2-27c the edges of the deformed RVE (under
tensile loading) are not straight, therefore conventional boundary conditions for this RVE model
would be inappropriate [77]. Moreover, authors provide an interesting discussion in relation to
the appropriate RVE size, which can be found in [40]. It was shown that in order to achieve the
same statistical confidence, it is more efficient to run fewer large models. Overall, their model
was able to accurately predict elastic properties of the material and their variability, but failure of

the material was not simulated.
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The aforementioned models predicted elastic properties of ROS composites by creating 2D
models that were representative of the in-plane meso-structure of the material. Alternatively, the
through-the-thickness microstructure can be modelled in order to capture the interlaminar
interactions between the strands and the matrix. One such model was developed by Bekah et al.

[78] for nacre (sea shells), which is made of strong and stiff platelets and tough matrix, as is

shown in Figure 2-28a.

Model of nacre microstructure

b)
Figure 2-28 — a) Micrograph of nacre that depicts the staggered arrangement of reinforcing platelets and b)
microstructure captured by the FE model proposed by [78]

In the proposed model, an RVE representative of the microstructure is generated (Figure 2-28b)
and interfaces between the platelets and matrix are modelled by cohesive elements. This model
captures the non-uniform contour of the axial displacement and a stair-like failure path (Figure
2-29), which is similar to that observed with ROS composites. Modelling results also

demonstrate that failure develops along the weakest-path.

Stair-like failure

0 0.7
X-displacement (um)

Figure 2-29 — Displacement contour plot obtained with the nacre model [78]. The black line shows the
location of final failure
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2.3.2 3D models

The most accurate way of modelling elastic properties and failure mechanisms in ROS
composites would be to create a 3D model. However, it is rather difficult to generate an RVE
containing a high volume fraction of inclusions with large aspect ratios and random orientations.
For instance, models with straight fibres are limited to V¢ of about 20 % [42], as shown in Figure
2-30a. To address this issue, Pan [42] developed an algorithm which allowed fibres to curve
around other fibres at intersection points and was able to achieve Vy up to 40 %, Figure 2-30b.
He used a cohesive zone model and a strain-based failure criterion for the fibre-matrix interface,
and was able to successfully predict proprieties of his material. Overall, Pan concluded that
fracture toughness and strength of the interface have a strong effect on strength of the composite.
This is a very powerful and comprehensive model, but it would be difficult to implement for
ROS, because volume fraction of strands in the material is close to 100 %. Such high volume
fraction is obtained because extra resin is not added to the strands, and only a minimal amount of

resin flows out of the strands during moulding.

a) b)
Figure 2-30 — RVEs generated using a) straight fibres (V;=13.5 %) and b) curved fibres (Vi =35 %) [42]

Finally, Kilic [25, 79] from Green, Tweed & Co developed a homogenization approach and a 3D
element, which can be used to predict the stress-strain response of an actual ROS component.
Outline of the model is given in Figure 2-31. The micromechanical model on itself is not fully
representative of the ROS material and requires some calibration against the stress-strain curves
of test-coupons. Nonetheless, this modelling technique has great industrial potential, since it can

predict the response of an ROS part under loading.
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Figure 2-31 - Combined micromechanical and structural framework [25, 79]

2.3.3 Summary of the FE models

From the literature review it is evident that generation of a detailed 3D model representative of
an ROS microstructure would be really labor and power intensive. At this stage it seems more
appropriate to focus on 2D models to study the fundamental properties of ROS composites. A
simplified 2D model can be created by focusing on: (i) in-plane (Feraboli) or (ii) through-the-
thickness (Bekah) strand placement. It would be interesting to adapt these techniques for strength

modelling of ROS composites.

2.4 Concluding remarks and thesis outline

Experimental work on ROS composites that has been accomplished to date describes the main
properties of this material system and highlights some of its unique traits, such as notch-
insensitivity. However, the amount of experimental data available, at least in the public domain,
is rather limited and warrants additional testing. Hence, the main portion of this thesis is

dedicated to the characterization of ROS composites:

e Chapter 3 will describe how ROS panels were fabricated, discuss the effect of
processing parameters on part quality and identify defects that can develop during

manufacturing.

e Chapters 4-6 will describe the experimental procedures for tensile, compressive and

shear (in- and out-of-plane) properties, present the main findings regarding the effect of
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strand size and panel thickness on these properties and give practical recommendations in

relation to testing.

ROS composites have already found industrial applications, but their widespread use is hindered
due to limited modelling capabilities. There are analytical and FE models that can predict
modulus of an ROS composite from the properties its constituents, but models for strength are
yet to be developed. The modelling objectives defined in this thesis are to predict and explain the
strength difference between QI CF and ROS composites and to capture the effect of strand size

on material heterogeneity and strength. Two modelling strategies are considered:

e Chapter 7 will describe the workings of a 2D in-plane FE model for strength, which is

essentially an extension of Feraboli’s model, and will discuss its applicability and
limitations.

e Chapters 8 will describe the development of a 2D through-the-thickness analytical

model for strength, which is a simplified adaptation of the FE model for nacre. The
model will be evaluated against experimental data for carbon/PEEK and carbon/epoxy

ROS composites and subsequently, areas for future modelling work will be identified.

Finally, main conclusions and recommendations for future work will be outlined in Chapter 9.
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Chapter 3

Manufacturing process

This chapter will present an overview of the manufacturing process used for making ROS

composite test samples and discuss the influence of processing parameters on part quality.

3.1 Overview of the manufacturing process

The bulk moulding carbon/PEEK compound, which was used in this work, is currently available
from the manufacturer and can be ordered in different strand sizes [33]. However, in the
beginning of the project it was not available commercially and had to be produced onsite from a
precursor prepreg. Unidirectional slit tape, which came in different widths, was cut into strands
of desired length using an automated tape cutter (Kingsing Machinery Co. Limited, model KS-
915) at NRC-Montreal. The following strand sizes (length x width) were cut: 6 x 3, 12 x 3, 12 x
6,25x6,50x6,25x 12 and 50 x 12 mm, as summarized in Table 3-1. Strands were then placed
in small batches into a steel mould and shuffled back-and-forth each time to minimize their out-
of-plane orientation. The mould was placed into a press (Wabash MPI V150-36-CX) and
minimal pressure was applied to close it. Once the processing temperature of 380°C was reached,
full pressure of 34 bar (500 psi) was applied. Following a 15 min dwell, the mould was cooled
down at an average rate of 10°C/min. The panel was then demoulded and trimmed by 10 mm on
each side. The final panel dimensions were 280 x 330 mm with thicknesses of 2.5 or 6 mm. An

overview of the manufacturing process of ROS panels can be seen in Figure 3-1. CF
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unidirectional and quasi-isotropic panels with [0/£60];s layup were manufactured to allow for
benchmarking of the results. For consistency, the same moulding cycle was used for all CF
panels. The following sections will describe how and why these processing conditions were

chosen.

Table 3-1 — Summary of all test cases

. trand width
Panel thickness Strand length 3 mm 6 mm 12 mm
6 mm
12 mm
25 mm
50 mm
6 mm
12 mm
25 mm

50 mm

2.5 mm

6 mm

| ¥ ¥ 4 v 4V 4 4
b o — »
ttrtttttt

Carbon/PEEK strands Compression moulding Flat ROS panel
(34 bar and 380°)

Figure 3-1 - Manufacturing process of flat ROS panels

3.2 Selection of the processing parameters

The first stage of the experimental work encompassed the selection of the processing parameters
that would ensure good quality of the moulded panels. For compression moulding, pressure,
temperature, dwell time and cooling rate had to be defined, and the following ranges were

recommended by the manufacturer:

e Pressure: 34 - 70 bar (for ROS) and 7 — 20 bar (for CF).
e Temperature : 370 - 400°C

e Dwell time: 15 -30 min

e (Cooling rate: 5 -20°C/min
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Since the focus of the thesis is on mechanical properties rather than optimization of the
manufacturing process, it was necessary to investigate the effect of these parameters on panel
quality without conducting a full-scale sensitivity study. To reduce the number of variables, it
was decided to consider only the influence of pressure and cooling rate. This simplification was
made based on the assumption that temperature and dwell time do not affect the mechanical
properties, and any combination of them would be adequate as long as complete filling of the

mould cavity by ROS is achieved. Temperature of 380°C and dwell time of 15 min were chosen.

On the contrary, pressure and cooling rate govern void content and matrix crystallization, both of
which are expected to have a direct impact on mechanical properties. The recommended pressure
range was large, so three different pressures were considered corresponding to low (10 bar),
intermediate (20 bar) and high (60 bar) values. It was difficult to control the cooling rate due to
the large thermal mass of the press platens, so two cooling rates were considered corresponding
to the fastest (16°C/min) vs. the slowest (0.5°C/min) options. Rapid cooling was achieved by
using a mixture of air and water to cool the press platens (more details are given in section
3.2.2). The slow cooling was attained by letting the mould cool under the ambient conditions (i.e.
cooling system was not turned on). For this study 2.5 mm thick panels were manufactured using

25 x 6 mm strands.

3.2.1 Panel defects

Surface defects were observed with panels moulded using a fast cooling rate, as can be seen in
Table 3-2. Some regions of these panels looked white due to the presence of a thin layer of
PEEK resin on the surface, which is identified by red lines in the pictures in Table 3-2. These
white regions were larger in panels moulded at lower pressures. On the other hand, panels
moulded with slow cooling rates did not develop this defect. These observations imply that fast
cooling rates can have an effect on surface quality, while high pressures can help to alleviate it.
Also in the case of the panel moulded at the lowest pressure (10 bar), surface voids were visible
in the resin deprived areas between the strand ends. In order to evaluate the significance of these

surface defects, panels were c-scanned and mechanically tested.

Manufacturing process 43



Table 3-2 — Effect of pressure and cooling rate on surface quality of ROS panels (with 25 x 12 mm strands)

Fast cooling (16°C/min) Slow cooling (0.5°C/min)

Low pressure (10 bar)

Intermediate pressure (20 bar)

High pressure (60 bar)
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The ultrasonic c-scans were performed at NRC-Ottawa and had a resolution of 1 x 1 mm,
meaning that they could detect large voids and delaminations. Comparisons between the c-scans
of panels with and without surface defects are shown in Figure 3-2. The c-scan image of a
pristine panel did not reveal any defects, whereas the c-scan image of a low pressure panel
showed that areas with potential internal defects had the same shape as the white regions on the
surface. Since c-scans are sensitive to both surface quality and voids, the low pressure panel was
sanded down to remove the resin layer and rescanned. Same results were obtained meaning that
defects that were detected by the ultrasound were in fact internal rather than purely external. This

result signifies that surface discoloration is a sign of potential internal defects, such as voids.

Low pressure Intermediate pressure
Slow cooling

Fast cooling

B3

Thermocouple
(TC)

Voids

TC

R

Figure 3-2 — Correlation between surface defects and ultrasonic c-scans of ROS panels with 25 x 6 mm
strands

The next step was aimed at evaluation of mechanical properties. Panels were cut into tensile
specimens (275 x 25 mm) which had an active gauge section of 200 x 25 mm. A total of 8

specimens per panel were tested. An Instron machine with hydraulic grips and 100 kN load cell
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was used at NRC-Boucherville. A loading rate of 1.5 mm/min was used. A summary of tensile
results is shown in Figure 3-3. These results show that the average strength values are unaffected
by these defects, but the scatter is larger with low pressure panels. The fact that voids have a
minimal effect on tensile strength can be explained by the fact that this material is considered to
be notch-insensitive [30]. Nonetheless, it was interesting to determine the real cause of these
defects and to find a way to mitigate them in order to avoid any problems or uncertainties that

could arise with future tests (i.e. compression and shear).

Effect of processing on tensile strength
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Figure 3-3 — Effect of processing conditions on tensile strength of ROS panels with 25 x 12 mm strands

3.2.2 Cause of the problem

The main clue for understanding the origins of the surface defects came from the thermocouple
(TC) data. Figure 3-4 shows temperature profiles measured at different locations in the panel
during the moulding cycling with a fast cooling rate. It is evident that there is a large in-plane
temperature gradient during cooling, with the difference in temperature (AT) between the cold
and the hot side being as large as 120°C. This gradient is caused by the design of the cooling
system, which is shown in Figure 3-5. As the coolant flows through the press platens, it warms
up and loses its cooling efficiency, hence creating a temperature gradient between the inlet and

the outlet.

Manufacturing process 46



Temperature profile (fast cooling)
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Figure 3-4 — a) Temperature profile measured at different locations in a panel and b) schematic indicating
TC locations
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Figure 3-5 — Temperature gradient that develops in the cooling system and in the panel during fast cooling

This temperature gradient causes the colder portion of the panel to crystallize and/or shrink at a
faster rate than the hotter portion. This non-uniform shrinkage might lead to formation of a gap
between the colder thinner side and the mould, while the hotter thicker side would carry all the
pressure, as shown in Figure 3-6. Such loss of pressure on the cold side causes the resin on the
panel surface to pull away from the mould, hence creating a rough surface finish on the panel

and leaving a layer of resin residue on the mould. Also, if this pressure loss occurs during the
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early stages of the cool down before the material is fully crystallised, voids might form in the

panel.
Gap due to faster
shrinkage
Hot side of Cold side of
the panel the panel

Figure 3-6 — Gap between the mould and the cold side of the panel due to non-uniform shrinkage

Whether or not the colder side of the panel will actually experience a pressure loss depends on
the amount of mould pressure. The use of higher pressure will either prevent the localized
pressure loss all together or at least off-set it to a lower temperature at which the material is fully
crystallized and void formation is avoided. Hence, if presence of a temperature gradient cannot
be avoided, higher moulding pressures should be used to mitigate these problems. Table 3-2
clearly shows the improvement in surface quality of panels that were moulded at higher

pressurces.

When no coolant was used, temperature was uniform throughout the panel, and hence there were
no problems with surface discoloration. Overall, it was not per say the cooling rate that caused

the problem, but rather the temperature gradient that was induced by the coolant flow.

3.2.3 Reduction of the temperature gradient

It was advantageous to reduce the temperature gradient, which is the primary cause of the surface
defects, in lieu of trying to use high pressures or refraining from using the cooling system all
together, which would lead to unacceptably long cooling time (8 hours). A solution was
proposed by S. Roy from NRC-Montreal. The press was modified to include passive devices to
improve the temperature uniformity. The resultant temperature profile can be seen in Figure 3-7,
and the maximum temperature difference was 18°C. Due to this modification, the cooling rate

was reduced to 10°C/min. The moulding pressure was set to 34 bar which is the lowest
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recommended pressure for ROS. Panels moulded using these settings had minimal if any surface

discoloration.
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Figure 3-7 - Temperature profile in a panel manufactured with the use of passive devices to improve
temperature uniformity

3.3 Warpage

The main manufacturing defect which was observed with all ROS panels, regardless of the
strand size or manufacturing conditions, was out-of-plane warpage. In order to document
warpage, all panels were scanned by a coordinate measurement machine (CMM) at 5 mm
intervals. The shapes of ROS panels were “unique” and irregular, and could not be described by
a commonly used constant curvature value. Since it was desired to compare the degree-of-
warpage among the different types of ROS panels (i.e. different strand lengths), a D-value was

proposed as the means of quantifying warpage. The definition of the D-value is shown in Figure
3-8.

Figure 3-8 — Schematic definition of the D-value used to quantify warpage
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Warpage can be caused by the material microstructure (i.e. ply layup) and/or the processing
conditions (i.e. thermal gradient, part-tool interaction). Microstructure of ROS composites is
heterogeneous, and hence the local properties, such as modulus and coefficient of thermal
expansion (CTE), are also variable. Thus, some degree-of-warpage could be expected. The
processing conditions could affect warpage, but their effect would be consistent for each panel.
Since each panel had a different warped geometry (Figure 3-9), microstructure was a more likely
cause of warpage, because it was also unique to each part, rather than the processing conditions,
which were the same. Also, with the aim to eliminate thermal gradients during cooling, some
panels were cooled overnight at a slow rate of 0.5°C/min. No improvement in geometrical

integrity was observed.
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Figure 3-9 — Warped shapes of ROS panels with 25 x 6 mm strands. Panels have D-values of a) 9 and b) 4

The effects of stand size and panel thickness on warpage are summarized in Figure 3-10. Two
panels per category were manufactured and measured, with the exception of 2.5 mm thick panels
with 25 x 6 mm strands, in which case 6 panels were measured. Foremost, it is evident that in
the case of thin panels, warpage decreases with decreasing strand size. This trend can be

explained by the fact that homogeneity of the composite improves with shorter strand lengths.
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Interestingly, thick panels are only slightly warped. Panel thickness has a twofold effect:
homogeneity is improved and flexural stiffness is higher due to the larger moment of inertia. It is
noteworthy that even though warpage of thick panels is minimal, they are still at a state of
complex residual thermal stress, which is caused by the mismatch of the CTEs in the through-
the-thickness as well as the in-plane directions. Figure 3-10 also shows that quasi-isotropic CF
laminates (QI CF) were slightly warped. This type of warpage can be attributed to the slight
misalignment of the plies and/or the processing conditions. Overall, since minimal warpage was
obtained with CF panels and thick ROS panels, it can be concluded that large warpage of thin
ROS panels and its variability were caused by the material heterogeneity and not adverse

processing conditions.

Effect of strand size and panel thickness on warpage
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Figure 3-10 — The effect of strand size and panel thickness on warpage

3.4 Variability of CTE

As discussed in the previous section, warpage of ROS panels is believed to be caused by large
variability of CTE. To demonstrate this variability, in-plane CTE was measured at different
locations in a panel. While variability of in-plane CTE would not cause warpage in balanced and
symmetric laminates, it would lead to irregular warpage of unbalanced and unsymmetrical ones,

as is the case with strand layup in ROS composites. CTE measurements were done using a
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Thermal Mechanical Analyzer (TMA). A total of six samples were cut from a 2.5 mm thick ROS

panel with 25 x 6 mm long strands. Samples were 8 x 8 mm, which is the biggest size that could

fully fit between the base plate and the probe of the TMA fixture, which have a diameter of 9

mm. Figure 3-11 shows a sample installed in the fixture. The TMA works by slowly heating up

the specimen in a closed-off chamber and measuring the expansion of the sample between the

base and the probe. Data recorded during the second heating cycle was used in the analysis, since

it is considered to be more reliable. The first thermal cycle is used to “erase” the thermal history

of the resin. For each sample, CTE was measured in two in-plane directions. The following

procedure was used:

1.

At

Force of 0.1 N was applied onto the specimen

Temperature was allowed to stabilize at 25°C

Temperature was increased from 25°C to 140°C at a rate of 1°C/min
Temperature was kept constant at 140°C for 10 min

Temperature was reduced to 25°C at a rate of 1°C/min

Steps 2-5 were repeated.

Macro-expansion probe

Figure 3-11 — Sample in the TMA apparatus
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Thermal expansion curves for the two in-plane directions of each ROS specimen are presented in
Figure 3-12. It is evident that the variability of data is rather large. For comparison,
approximated curves of UD carbon/PEEK specimens in the longitudinal (fibre) and transverse
(matrix) directions are also given (based on the data from [80]). Thus far, TMA results
demonstrate the large variability of in-plane CTE, which seems to be the principal cause of
warpage. These results will be revisited in Chapter 7 which deals with modelling of in-plane

properties of ROS composites and their variability.

Thermal response of UD and ROS specimens
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Figure 3-12 — Thermal expansion curves of UD and different ROS samples with 25 x 6 mm strands. Sp stands
for specimen number and dir stands for directions

3.5 Concluding remarks

This chapter presented an overview of the manufacturing process and gave an explanation
behind the choice of different processing parameters. The main manufacturing defects that might
occur in ROS panels are: (i) the white discoloration of the surface caused by the loss of pressure
during cooling due to temperature gradients and (ii) warpage of the panels caused by in-plane
heterogeneity of the material. The former problem can be mitigated with a better mould or press

design. The latter is inherent to the material and is improved for panels or parts that contain
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smaller strands and have higher design stiffness. In general, the influence that strand size and
intrinsic material heterogeneity have on the properties of ROS composites will be an ongoing
theme in this thesis. The following chapters will discuss the experimental work done to
investigate the effect of aforementioned parameters on mechanical properties of ROS

composites.
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Chapter 4

Tensile properties

This chapter will cover the experimental work that was done to characterize and explain tensile
properties of ROS composites. Initially preliminary tests were conducted to evaluate the
significance of size effects associated with material microstructure (i.e. strand size) and test
parameters (i.e. specimen width). For these tests carbon/PEEK prepreg from a different
manufacturer than that selected by the industrial partners was used. While the properties
corresponding to the two carbon/PEEK systems were different, the overall trends were the same.
Next, full scale tests were designed and performed based on the preliminary results. Finally,
supplementary tests were ran with the aim to explain the size effects in ROS composites by
illustrating the load transfer mechanisms in a simple laminate with discontinuous fibres. All data

pertaining to ROS composites had to be normalized. This was required by our industrial partners.

4.1 Preliminary tests

It is a common practice to follow standardized test procedure when measuring mechanical
properties. For tensile properties, ASTM 3039 can be used for discontinuous and continuous-
fibre composites. However, it does not fully account for the size effects associated with ROS
composites. For instance, a gauge section has to be at least one characteristic repeating unit (or
unit cell) in size in order to represent average properties of a heterogeneous material, but

definition of a unit cell size for an ROS material has yet to be established. Hence, the first set of
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preliminary tests was performed to evaluate the sensitivity of tensile properties to the specimen
width, as will be presented in section 4.1.1. At the start of the project, only papers by Feraboli et
al. [27-31], which dealt with thermoset-based ROS composites, were available in the public
domain, and it was interesting to see how sensitive thermoplastic-based ROS composites would

be to the strand size. Results of these tests will be discussed in section 4.1.2.

4.1.1 Effect of specimen width

To evaluate the effect of specimen width on tensile properties, panels with a common strand size
of 25 x 6 mm and thickness of 3 mm were manufactured. From the panels, specimens were cut to
a length of 250 mm and had different widths: 12, 25, 38 and 50 mm. Six specimens per width
were tested. Two pieces of retro-reflective tape (i.e. markers) were placed on the coupon surface
75 mm apart to allow for strain measurement with a laser extensometer (MTS LX500). A piece
of silicon carbide mesh (McMaster Carr #30715) was placed between the specimen and the grips
to prevent slippage. Specimens were tested using a hydraulic MTS 100kN machine and were

loaded at a rate of 1 mm/min.

The summary of strength and modulus data is presented in Figure 4-1a. No major differences
were found between the results pertaining to different coupon widths, since the average modulus
and strength were within the variability bounds for each width category. These results suggest
that there is no need to use excessively wide coupons (i.e. twice the strand length) for tensile
testing of ROS materials. These results were later repeated using the carbon/PEEK material,
which was meant for the full-scale investigation. Same strand size and loading conditions were
used, and two specimen widths (12 and 45 mm) were considered. Similar results were obtained
as shown in Figure 4-1b. However, even though the average measured strength was the same for
both specimen widths, the variability was significantly higher for narrow specimens. Hence, it
should be noted that the use of specimens that are narrower than the strand length can lead to
large variability in the measured data and would require a large number of test coupons in order

to achieve viable statistical significance.

Tensile properties 56



Effect of specimen width Effect of specimen width Effect of specimen width

5 on tensile modulus L on tensile strength 1 on tensile strength

w 1} = 1f = 1

= = o]

3 2 | L %

B o v

08 £08f 208

w ) K

@ @ 2

§ 0.6 306 06

o =] =]

[«F] <5} Q

N N N

S04} T04} wm 04T

£ £ :

@] =] =]

Z02 <02 <02

1 L 1 L 0 1 L 1 L 0 1 1
12 25 37 50 12 25 37 50 12 45
Specimen width [mm] Specimen width [mm] Specimen width [mm]
a) b)

Figure 4-1- Effect of specimen width on tensile properties of ROS composites made of carbon/PEEK material
a) used only for preliminary studies and b) used predominantly for full scale tests

4.1.2 Effect of strand length and panel thickness

In order to evaluate the effect of strand length and panel thickness on tensile properties, six
panels were fabricated with strand lengths of 12, 25 or 50 mm and panel thickness of 3 or 6 mm.
Strand width was kept constant at 6 mm and specimen width was 25 mm. The same test method
as described in section 4.1.1 was used. Test results were normalized using approximate

properties of QI CF laminates and are summarized in Figure 4-2.

From Figure 4-2a, it appears that average modulus increases slightly with increasing strand
length. However, statistical analysis using ANOVA showed that due to large variability of the
data, strand length does not affect modulus. Similarly, Feraboli e al. [27] showed that in the case
of thermoset-based ROS composites strength increases with increasing strand length, while
modulus is unaffected by it. The fact that modulus is unaffected by strand length (in the range of
12-50 mm) is in line with the assumption of fibre continuity, as was discussed in Chapter 2. Also

from Figure 4-2a, it seems that panel thickness does not have a significant effect on modulus.
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Figure 4-2 - The effect of strand length and panel thickness on a) modulus and b) strength

Results presented in Figure 4-2b indicate that higher tensile strength is achieved with ROS
panels that consist of longer strands. In the case of 3 mm thick panels, strength increases from
0.25 to 0.5 as strand length increases from 12 to 50 mm. Nonetheless, even the highest strength
obtained with 50 mm long strands is still significantly lower than that of QI CF laminates. Since
the strength of ROS composites is low despite the fact that the continuity assumption is met,
there must be other factors besides fibre length efficiency that influence strength. This
relationship will be explored in more detail in the subsequent sections. It is also noteworthy that
the high strength of the 3 mm panel with 50 mm long strands is also accompanied by high
variability. This variability is related to the heterogeneous microstructure of these specimens.
Overall, lower variability is observed in the case of 6 mm thick panels. ROS panels are expected
to become more statistically homogeneous when they consist of smaller strands and are thicker.
It was of particular interest to find a strand size which would provide good compromise between

mechanical properties and repeatability, thus within the scope of the full scale tests were:

e characterization of the strand length effect, and

e cxplanation of the mechanisms behind it
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4.2 Full scale tests

4.2.1 Procedure

The following strand sizes (length x width) were studied: 6 x 3, 12 x 3, 12 x 6, 25x 6, 50 X 6, 25
x 12 and 50 x 12 mm (Table 3-1). Two panel thicknesses were considered: 2.5 or 6 mm. CF UD
[90]:5 and QI panels with [0/+60]ss layup were manufactured to allow for benchmarking. These
panels had a thickness of 2.5 mm. For each strand size, eight specimens were tested in tension as
per the ASTM D3039. Specimens were 250 x 25 mm in size and had a gauge section of 150 x 25

mm. QI CF panels were cut such that specimens had [0/+60]ss or [90/+30];s fibre orientations.

During testing, strain was measured using the DIC technique. The validity of this technique will
be demonstrated in the next section. The speckle pattern was created by using white spray paint
(Rust-Oleum) and black air-brushing paint (Badger, air-opaque). A single 5 megapixel camera
(Point Grey, model Flea2 FL2G-50S5M) with AF75-300 mm Tamron lens was used. Specimens
were loaded at 2 mm/min, and LVDT data and DIC images were captured at 5 Hz. Image
analysis was performed using VIC-2D software from Correlated Solutions. Stress-strain curves
were created by using the average strain from each DIC image. Modulus was computed by
finding the slope of the stress-strain curve in the strain interval of 2000 — 4000 pe. Also, DIC
data was used to compute the Poisson’s ratio of the material. It was calculated by finding the
ratio between the slopes of the longitudinal and the transverse stress-strain curves in the range
between 2000 — 4000 pe. This strain range was chosen for the calculation of modulus and
Poisson’s ratio, because it was close to the range recommended by the ASTM D3039 test

standard (1000 — 3000 pe) and was not as affected by the noise from the DIC strain data.

To analyze the state of damage of ROS composites after failure, post-mortem microscopy was
performed on short (6 x 3 mm), mid (25 x 6 mm) and large (50 x 12 mm) strand ROS specimens.
In preparation for microscopy, specimens were mounted into EpoThin2 epoxy system (Buehler),
then polished using Forcipol 1V (Metkon automatic polisher) and finally examined under an
automatic microscope (Nikon L150 and Clemex Tango/Captiva). The exact grinding and

polishing sequence was as follows:
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e Diamond disks with 220 grit until plane — 600 grit for 4 min — 1200 grit for 4 min
e Polishing cloth (MetLab) and 12.5 pm AlyOj; particles for 5 min — 0.3 pm part. for 5 min

4.2.2 Validation

The overall applicability of DIC was checked by testing an aluminum specimen in tension and
comparing stress-strain curves generated with full-field DIC and 25 mm long extensometer
(634.11F-25, MTS), as shown in Figure 4-3. The gauge section used for DIC measurements was

100 x 25 mm. From Figure 4-4, it is evident that correlation between the two stress-strain curves

o

Figure 4-3 — Painted tensile specimen istrumented with an extensometer

is good.
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Figure 4-4 — Comparison between stress-strain curves measured using DIC and an extensometer
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Variability in the strain-field obtained with DIC can be caused by actual material variability or
simply by the noise in the data, hence it was important to distinguish between the two. DIC is
sensitive to test conditions such as lighting and vibrations caused by the MTS machines, as well
as analysis parameters like subset and step size, to name a few. While noise could not be
completely eliminated, it could be minimized and quantified. Prior to running the actual tests,
sample photos of a gripped but stationary specimen were recorded and analysed. While the strain
was expected to be constant since the load was constant, non-zero strain values were always
obtained and the pattern of the strain-field would appear to flicker from one image to the next.
Such strain variability is indicative of the noise. The test conditions were adjusted to keep the
strain variability within each image to at most £300 pe. This ensured that areas of actual high and
low strains would be easily identifiable as the load increased, since the strain difference between
them is greater than +£300 pe, as shown in Figure 4-5b. Also, the scatter of the average strains
was checked and was kept below 50 pe, since the average strains were used to construct the
stress-strain curves. From Figure 4-4 is evident that despite this level of noise in the measured
data, the stress-strain curve is smooth. For DIC analysis, the following settings were used and

they yielded good results:

e Subset size of 35 pixels, which correlated to about 3 mm

e Step size of 15 pixels, which correlated to about 1 mm.

A relatively large subset and step size were used to minimize the amount of noise observed on
the strain-fields especially at low loads. The use of a large subset and step size resulted in a
coarser averaged out strain-field, which may be inappropriate for monitoring of local strain
inhomogeneities. ROS composites are heterogeneous on the meso-scale, and despite the use of
large subset and step size, the presence of high and low-strain regions was clearly visible, as
shown Figure 4-5. Overall, the chosen settings were deemed to be reasonable, because they do
not have an effect on the average strains (i.e. measurement of global modulus) and because,
accurate measurement of local strains was not required. The same settings were used for the

analysis of compression and shear test data.
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4.2.3 Modulus

The strain maps obtained with DIC show that strain-fields of ROS composites are significantly
more variable than those of CF laminates. This difference is shown in Figure 4-5, where both
specimens exhibit an average strain of 4000 pe, but the standard deviation corresponding to an
ROS composite is 1350 pe while that of a CF laminate is 250 pe. The large variability of the
strain-field signifies that modulus of ROS materials is also highly variable. It would be difficult
to measure global modulus of the specimen with a strain gauge since it would capture localized
strain, which would not be representative of the entire specimen. Whereas, strain-fields captured
with DIC can be averaged out to get mean strain and modulus.

ROS
7000 7000
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4000 4000
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o

CF

Longitudinal strain [ue]
Longitudinal strain [ue]

1000 1000

a) b)
Figure 4-5 — Comparison between the DIC full-field strain maps of a) QI CF and b) ROS (6 x 3 mm strand)
composite

An alternative way of demonstrating strain variability is to plot histograms that represent the
strain evolution with increasing loading, as is shown in Figure 4-6. The shape of the CF
histogram curves remains the same as the load increases meaning that scatter in the strain values
is caused by the noise associated with the DIC technique rather than the actual material
variability. On the contrary, the shape of ROS histograms becomes more spread out, since strain
increases at different rates at different locations of the specimens. Thus, evolution of ROS

histograms demonstrates variably of modulus.
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The effect of strand size on modulus is summarized in Figure 4-7. The presence of scatter in the
results makes it difficult to identify a particular trend. Nonetheless, if only the moduli of the
composites with the shortest (6 mm) and the longest (50 mm) strands are compared, it is clear

that longer strands yield higher modulus (70 vs. 80 %).
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Figure 4-6 - Evolution of the strain histograms with increasing loading, which correspond to a) ROS and b)
CF specimens
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Figure 4-7 — Effect of strand size on tensile modulus
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Dependency of modulus on the strand size can be explained by examining the micrographs of
ROS composites, as depicted in the Figure 4-8. There is a striking difference between the
microstructure of short and long-strand ROS specimens. In the case of the former, numerous
strands are curving out-of-plane, while in the latter strands are neatly stacked resembling a CF
laminate. This observation explains why the modulus of short-strand ROS is lower than that of
QI CF laminates, but for long-strand ROS it is more comparable to that of QI CF. While short-
strand ROS composites have lower in-plane modulus, they also offer improved repeatability of
the results. The effect of strand size on the homogeneity of the material, as was shown previously
in the case of warpage, is once again demonstrated. Panel thickness does not seem to have a

significant effect on modulus.

a)
Numerous large
resin-rich areas
2.5 mm
b) A R

Figure 4-8 — Microstructure of ROS composites with a) long and b) short strands
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Results of the Poisson’s ratio measurements are presented in Figure 4-9. It is evident that
Poisson’s ratio is in the same range as that of QI laminates. However, it is accompanied by large
variability, which can be explained by the fact that transverse strain is small and is of the same
order of magnitude as the DIC noise. Hence, given the accuracy of the current test set up,

variability of Poisson’s ratio should be attributed to noise rather than actual material variability.

Effect of strand size on Poisson's ratio
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Figure 4-9 — Effect of strand size on Poisson’s ratio (normalized to QI CF value)

4.2.4 Strength

Measured strength of ROS composites is summarized in Figure 4-10. Overall, strength obtained
with ROS panels is less than 60 % of the strength of QI CF laminates. Performance of ROS
composites is significantly lower than that of QI CF laminates even though fibres are fairly long
and have high length efficiency. The reasons behind strength reduction are believed to be
material heterogeneity and matrix-dominated properties, both of which will be explored in more

detail in the next section where failure mechanisms will be investigated.
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Effect of strand size on tensile strength
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Figure 4-10 - Effect of strand size on tensile strength

Another important aspect to examine (in addition to the average strength) is the variability in the
measurements, because it has to be taken into account when calculating design allowables. The
common practice in aerospace industry it to use the b-basis (or the a-basis) design allowables,
which take into account the average strength value (o¢) and the standard deviation (s) associated
with the property of interest. A similar approach is used in this thesis to capture the influence of
scatter by computing the 95 % confidence level for strength, which will be termed as an

allowable for simplicity, using the following equation:

allowable strength = o, — 2s Eq. 4-1
Results are summarized in Figure 4-11. For the case of thinner panels, it is evident that while
longer strands offer higher average strength, the design allowables for different strand lengths are
essentially the same due to the increased variability in the data. The only exception is the
strength of 50 x 12 mm strand ROS specimens, but it is difficult to say whether this result
represents an actual improvement of properties or is just an artifact caused by a small gauge
section. Nonetheless, the computed design allowables demonstrate once again that heterogeneity

associated with ROS composites has a detrimental effect on material properties and has to be
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carefully considered at the design stages. A similar result was also reported in a paper by
Eguemann et al. [8]. Improvement in homogeneity is achieved with thicker panels which exhibit

lower variability and consequentially offer higher strength allowables.
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Figure 4-11 — Effect of strand size on design strength (allowables)

An alternative way of presenting the strength and modulus data is to compare stress-strain curves
of CF and ROS composites with different strand lengths, as is shown in Figure 4-12. It is evident
that stress-strain curves of ROS composites with short strands overlap and fall in-between the
curves of continuous-fibre QI and UD [90] laminates. On the other hand, curves corresponding
to long-strand ROS composite band the QI CF curves, at least with respect to the slope of these
curves. This difference highlights that modulus of short-strand ROS composites is more matrix

dependent than that of long-strand ROS.

It is also noteworthy, that while the range of failure strengths of ROS composites falls
somewhere between that of UD [90] and QI laminates and little correlation can be made between
them, the failure strain of ROS composites is actually close to the failure strain of CF [90].

Hence, failure strength of ROS is more matrix-dominated than fibre-dominated. This point will
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be further explored in the chapters on modelling. Subsequent sections in this chapter will rely on

post-mortem analysis and additional tests in order to explain the origin of the strand-size effect.
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Figure 4-12 - Comparison between the stress-strain curves of CF and ROS specimens

4.2.5 Failure

The two possible explanations for the large reduction in strength of ROS composites in

comparison to QI laminates are matrix-dominated failure modes and material heterogeneity.

Continuous-fibre quasi-isotropic laminates fail due to fibre failure; while ROS composites
experience a matrix-dominated failure in a form of step-wise disband between the strands (i.e.
interlaminar shear between the strands). This type of failure is shown in Figure 4-13. This failure
mode is typical for discontinuous reinforcement, whether it is short fibres, ceramic platelets or
nacre (shells [78, 82]). The longer are the strands and the overlap among them the higher is the
ability of the material to withstanding crack propagation, which occurs in the direction of the
least resistance, as shown in Figure 4-13. Hence, composites with longer strands are expected to
be stronger, because statistically they have longer overlaps. This is actually evident from the

failure regions taken from long and short strand ROS, as is shown in Figure 4-14. Strand
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overlaps and the crack path are noticeably longer in the case of long-strand ROS, and the failure
strength is higher. Also, by referring back to Figure 4-8, it is evident that short-strand ROS
composites have large resin-rich areas around the strand ends, which is understandable
considering the chaotic strand placement. These resin-rich areas would act as crack initiation
sites and the ability of that cross-section to withstand crack propagation will depend on the
overlap efficiency of the strands. Hence, it is not surprising that short-strand specimens have
lower strength than their long-strand counterparts, since they are more prone to crack initiation

and are less capable of hindering crack growth.

. >
Strand size: 50 x 6 mm 1 mm
Failure follows the /‘ >
path with the shortest —

overlaps ﬁ

Figure 4-13 — Crack propagation mechanism in ROS composites
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a) Strand size: 50 mm x 6 mm

Strand size: 6 mm x 3 mm

6 mm

Figure 4-14 - Failure region of ROS composites with a) long and b) short strands

Moreover, due to material heterogeneity, ROS specimens fail at a weak-spot while little damage
develops away from the failure region. This localization of damage could be observed from the

evolution of the strain-field (Figure 4-15) and the post-mortem microscopy (Figure 4-8).

From Figure 4-15 it is evident that the strain-field is non-uniform and that failure occurs in the
vicinity of a high-strain region presence of which is noticeable even at low loads. Since regions
with high strain are more compliant than the rest of the specimen, it can be postulated that
material properties in that region are more matrix-dominated (i.e. have fewer fibres oriented in
the loading direction) than in the other areas, and hence high-strain regions serve as weak-spots
for failure. Interestingly, these weak-spot usually occur close to the edge. The length of the
strands along the edge is reduced due to cutting of the specimens, hence making that region
weaker than the mid-section which is composed of strands of nominal length. It can be
hypothesized that net-moulded specimens and parts would have higher properties than the cut-to-
shape specimens. Specimens with large strands have at most two regions of high strain while
specimens with small strands have multiple high-strain regions, demonstrating the effect of

homogeneity.
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Figure 4-15 — Evolution of the full-field strain with loading, corresponding to ROS composites with a) short
and b) long strands
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After failure, specimens were sectioned in the regions that were identified as weak-spots by DIC
to check for the presence of any defects or cracks, as is shown in Figure 4-8. Overall very little
damage was observed, which implies that specimens failed at the weakest-spot while the rest of
the material was still intact. It is also possible that damage propagated quickly once it initiated,
and hence only a few small cracks were detected. It was difficult to identify any major defects in
these sections. Figure 4-8a shows one defect (curling of strands), which could potentially cause a

high-strain region. Similar defects were also reported by Feraboli et al. [28].

4.2.6 Summary

The foremost conclusion of tensile tests is that mechanical properties, especially strength, are
dependent on strand length. In general, while average strength and modulus increase with
increasing strand size, so does the variability. Variability is an important property to consider on
its own, because it is involved in the calculation of the design allowables. Also, even in the case
of long-strand ROS composites, their strength is significantly lower than that of QI laminates.
This strength reduction is attributed to matrix-dominated failure modes and material

heterogeneity.

The principle failure mode associated with ROS composites is delamination among the strands,
in which case longer strands are expected to be more resistant to this type of failure. This

hypothesis will be further explored in the next section.
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4.3 Additional experiments

To further study the effect of strand length on strength, specimens with a simplified and
controllable microstructure were used. That being said, UD slit laminates with different overlap
lengths and stacking configurations were manufactured and tested. These experiments were an
extension to work done by Czel [71] and Taketa [72] but for a thermoplastic instead of a
thermoset resin. The objective of this study was to compare how matrix strength and toughness
influence failure characteristics of such laminates and to generate experimental results that would
facilitate the development of a strength model for ROS composites, which will be described in

Chapter 8.

4.3.1 Experimental procedure

Laminates with slit plies were prepared by first cutting each ply the right size to fit into the
mould, and then slitting it in the direction perpendicular to the fibres. In order to facilitate
handling of the cut plies, a few millimeters along one of the edges were left uncut and the cut
line was welded together using a hot gun. Plies were stacked with alternating slit locations to
create overlaps. A summary of different overlap configuration that were manufactured and tested
is shown in Table 4-1. It is noteworthy that layups A and B are not entirely symmetric in terms

of the slit location with respect to the centerline.

Panels were manufactured using the same cure cycle as that used for the ROS panels, which was
described in Chapter 3. The effect of the overlap length was studied through tensile testing of
UD specimens in the fibre direction. Overall, the test set-up was the same as for the ROS
specimens (section 4.2.1) including the specimen size, the loading conditions and the use of DIC

for monitoring of the strain field.
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Table 4-1 — Summary of different overlap configurations that were tested

Type Number of Number of Overlap length Stacking diagram
plies overlaps (n) (L,) [mm]
Slits
15,3.5,9.5, = — [ w
A 18 17 20 — — [ plies
T

Overlap length (L)

Laminate

B 16 3 9.5 thickness
(t)

C 16 4 9 Ply-block

thickness

(t,)

It was anticipated that failure of these specimens would occur due to one of these criteria: (i)
matrix shear strength (Eq. 2-22), (ii) matrix toughness (Eq. 2-23) and (iii) fibre strength (Eq.
4-4). The first two criteria represent interlaminar ply failures, whereas the last criterion

represents longitudinal normal ply failure. More detailed explanation can be found in Chapter 2.

nLoT; Eq. 4-2
t

_ 2ELGre Eq. 4-3
.

oL Eq. 4-4

O-C:
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In these equations:

e n is the number of overlaps

e L, is the overlap length

e 1 is interlaminar shear strength (64 MPa see Chapter 5)

e E, is the longitudinal modulus of UD plies (130 GPa [83])
e Gy is the mode II fracture toughness (1930 J/m? [84])
ety is the ply or the ply-block thickness

e o/ is the longitudinal strength of UD plies (2280 MPa [83])

4.3.2 Results and discussion

The DIC results clearly capture the effect of slits on the strain-field in the specimen, as is shown
in Figure 4-16. The strain at the slit location is twice as high as the global strain, since there are
only half as many fibres carrying the load. Also, comparison between the stress-strain curves of
Type A slit-ply laminates with short (1.5 mm) and long (20 mm) overlaps is shown in Figure
4-17. Strain values that were used to construct these curves were taken from a section that
enclosed the overlap and the slits, as shown in Figure 4-16. Overall, it is evident that laminates
with short overlaps have a non-linear stress-strain response, whereas the response of specimens
with long overlaps is linear. Similar trends were observed with ROS composites, where
specimens with short strands also exhibited non-linear behaviour, as shown in Figure 4-12. The
non-linearity of the stress-strain curves can be attributed to matrix-dominated material response,
meaning that the fibres are not long enough to achieve a high fibre length efficiency (i.e. are not
fully loaded) and the matrix in the overlap region undergoes large plastic deformation. In the
case of long overlaps, the fibres are fully loaded, while the resin deforms elastically over the

major portion of the overlap.
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Figure 4-16 — Strain-field in a UD specimen with 20 mm overlap
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Figure 4-17 — Strain-field in a UD specimen with 20 mm overlap

Table 4-2 summarizes results pertaining to each specimen type (A, B, C) including the measured
and the calculated strength values and micrographs depicting the failure morphology. Also for
each overlap configuration, cells that correspond to the failure criterion/criteria that is/are

representative of specimen strength and failure characteristics are highlighted in the table.

In the case of Type A, only specimens with the shortest overlap length (1.5 mm) failed through
stable delamination or pull-out, and their strength could be reasonably estimated using the matrix
shear strength criterion. The rest of the specimens failed due to fibre tension at the slits, and

based on the three strength criteria, fibre strength was the lowest.
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Type B specimens failed due to stable delamination. However, their measured strength was only
60 % of the calculated one. This difference can be explained by the premature delamination of
the outer ply-blocks (i.e. four outer plies forming the outmost overlap) due to peel stresses.
During the test, it was evident that failure initiated at the surface, and it was possible to hear the
progressive cracking of each overlap. This problem was addressed in the paper by Czel et al.

[71], and they recommended using thinner surface ply-blocks.

To mitigate the problem of peel-stresses, outmost ply-blocks in the Type C specimens were
thinner than the inner ones (2 vs. 4 plies). As a result, the measured strength was as high as the
predicted strength. Interestingly, matrix shear strength and toughness criteria predicted very
similar strength values, and both failure modes were observed. Some specimens showed stable
pull-out or delamination of the overlaps, which was the same failure mode as that observed with
the Type A and B configurations. The other specimens underwent unstable or explosive failure
where they essentially disintegrated into small pieces. It was evident that the ply blocks were
fully delaminated, hence signifying that overlap or specimen strength was independent of the

length of the delaminated region and was governed by the fracture toughness of the material.

It is also noteworthy that failure modes observed with slit UD laminates resemble those of ROS
composites (Figure 4-13 - Figure 4-14). Hence suggesting that slit laminates, which can be
designed and manufactured in a controlled way, can be used to study the fundamentals of failure

mechanics of ROS composites.

Tensile properties 77



Table 4-2— Summary of measured and calculated strength data and failure morphologies of the slit panels

Type Overlap Measured Matrix Matrix Fibre strength
length strength [MPa] strength toughness criterion
[mml] criterion criterion [MPa] [MPa]
[MPa]

1.5 744 774 1907 1140

A
35 1050 1535 1907 1140
9.5 1080 4170 1907 1140
20 931 8775 1907 1140
9.5 520 880 950 1140

B
9 1100 1050 950 1140

Stable pull-out Overlap
Explosive failure
C

Overlap
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4.3.3 Summary

Overall, the results of this short additional study highlight the important role that the three failure
criteria have on the strength and failure mechanics of slit UD laminates. It can be anticipated that
the same failure criteria dictate the strength of ROS composites. The adaptation of the
aforementioned failure criteria to strength modelling of ROS composites seems to be rather
promising, since these criteria can capture the effect of strand length and the correct failure

modes.

4.4 Concluding remarks

Thus far, investigation of the mechanical properties of ROS composites has shown that strength
and modulus increase with increasing strand length. One reason for this effect is that longer
strands increase the chance of having larger overlaps and improving the load transfer mechanism
among the strands. Nonetheless, with respect to industrial design, better properties can be
attained with long-strand ROS only if adequate level of homogeneity can be achieved. Thus, for
relatively small and thin parts it is recommended to use short strands in order to achieve better
geometrical stability, mechanical properties and repeatability. For larger and thicker parts, longer
strands can potentially offer higher mechanical properties without compromising repeatability
and are worth a consideration. Subsequent chapters with further explore the effect of strand size
on compressive (chapter 5) and shear (chapter 6) properties, and finally will propose in-plane
(chapter 7) and through-the-thickness (chapter 8) methods that could be used to predict

properties of ROS composites from the properties of the constituents.
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Chapter 5

Compressive properties

This chapter will discuss the effect of strand size on compressive properties of ROS composites

and more notably will give recommendations for achieving an effective test set up.

5.1 Experimental procedure

Compressive strength and modulus were measured for 2.5 mm and 6 mm thick ROS specimens
with the following strand sizes (length x width): 6 x 3, 12x 3, 12x 6,25 x 6, 50 x 6, 25 x 12 and
50 x 12 mm (Table 3-1), as well as for 2.5 mm thick QI [0/+60]3s and [90/+30]3s laminates.
Specimens were 140 x 25 mm in size, which allowed for a 12 mm long gauge section. Longer
gauge sections were tested, but they resulted in unacceptable failure modes due to buckling.
These results will be discussed in more detail in Section 5.2.2. Specimens were cut with a high
precision diamond saw (Discotom 60, Struers) to ensure that all angles were at 90°. This is a
requirement of the combined loading compression fixture (ASTM D6641), as will be discussed

in the next paragraph.

There are two commonly used test fixtures, shear loading (ASTM D3410) and combined loading
(ASTM D6641). The main difference between these fixtures is the way compressive load is
introduced into the specimen, as shown in Figure 5-1. In the case of the former fixture,

compressive load is applied through shear between the grips and the specimen surfaces. And in
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the latter, compressive load is introduced by two means: directly at the ends of the specimen and
through surface shear. Since the ends of the specimen are loaded, it is essential for the specimens
to have 90° between the edges to ensure uniform stress distribution. There was no particular
advantage of choosing one fixture over the other to test ROS composites, so the combined
loading fixture was initially selected because of its availability in the lab. However, certain
problems arose due to the selection of this method, and the shear loading fixture had to be used

for certain specimens. These issues will be discussed in the next section.

Combined loading Shear loading
Compression Compression

AV e o0 0
L 1 L 1

Specimen

|_— (side view) ~— l

<— <—
<— <—

— Load transfer L L
between the grips
/ and the specimen _ __
through shear

$\ /7

Grips

T
T
1
1)

I
sty
a) b)

Figure 5-1 — Comparison between a) combined loading and b) shear loading methods for compression testing

L 1
i int iy

One of the main issues associated with compression tests is buckling of the specimens. Usually
back-to-back strain gauges (SG) are used to check for this problem, such that a difference of
more than 10 % between the SG readings would indicate buckling. However, since
instrumentation of all the specimens with SG is time consuming and expensive, it is customary to
test five specimens of the same type (layup, thickness, gauge length) with SG, and if acceptable
behaviour is obtained, to continue testing without the SG. In this study, testing of 5 specimens
per category was considered to be too extensive, since seven different types (i.e. strand lengths)

of ROS composites were tested, which would require 70 SG. Moreover, SG were proven to be
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ineffective for measurement of tensile properties [29], and hence their applicability for

monitoring of ROS specimens for buckling was also considered to be questionable.

In this study, strain was measured using the DIC technique by monitoring the speckle pattern on
the edge of the specimen, because the test fixture blocked the view of the specimen faces. DIC
results were also compared with the SG data. Back-to-back SG (C2A-06-250LW-350, Vishay)
were bonded onto QI, short strand (6 x 3 mm), mid strand (25 x 6 mm) and long strand (50 x 12
mm) ROS composites using M-Bond adhesive (Vishay). Two specimens per category were
tested. Comparison between these strain measurement techniques and their ability to detect

buckling will be discussed in Section 5.2.2.

During testing, specimens were loaded at a rate of | mm/min and data was recorded at 4 Hz.
Strain was monitored using a DIC system with a SMP camera, Schneider CM120 BK15 lens and
a 25 mm extension tube. VIC-2D software was used for the analysis. Modulus was calculated by
finding the slope of the stress-strain curve between 1000 - 3000 pe. The max strength was taken

as the failure strength.

5.2 Experimental results

5.2.1 Effect of test fixture

Figure 5-2a shows a specimen instrumented with SGs clamped in the combined loading fixture.
In order to properly grip the specimens, bolts had to be tightened to a torque between 5 and 9
Nem depending on the specimen type. In general, specimens with shorter strands failed at lower
loads and required lower torque, while specimens with long strands or continuous fibres failed at
higher loads and required higher torque. Even though gauge section failure was obtained in most
specimens, some damage was observed in the gripped sections. Figure 5-2b shows that
specimens underwent localized crushing inside the grip. Sometimes in-grip failure was so
pronounced that the specimen slipped and gauge section failure could not be achieved. The
presence of damage was more drastic in specimens with longer strands (25 and 50 mm), and it

was difficult to obtain gauge section failure, regardless of the bolt torque. This problem occurred
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with thin and thick specimens. Interestingly, this problem was not observed with QI specimens.
It can be hypothesised that since a fraction of the load is applied directly at the specimen ends, a
large enough compression stress might develop in the gripped portion of the specimen to cause
failure if there is a weak spot. Since 127 mm out of 140 mm are in the grips, the probability of a
weak-spot being in the gripped section rather than in the gauge section is quite high. On the other
hand, QI CF laminates are homogeneous throughout the entire length of the specimen and are

more likely to fail in the gauge section since it is the area of the highest stress.

Gripped
region
(65 mm)

Figure 5-2 — a) Specimen with SG placed in the combined loading fixture and b) signs of damage in a gripped
section after testing

To check this hypothesis and to potentially mitigate this problem, half of the specimens with 50
mm long strands were tested with the shear loading method. Theoretically the easiest way of
inducing compressive stresses through shear loading is to use hydraulic grips, which are
commonly used for tensile testing. This set up is shown in Figure 5-3a. Unfortunately, this
method was found to be impractical for compression tests. In this set up, the lower grip is free to
rotate, hence making these grips self-aligning during tensile loading. However, during
compressive loading grips would actually rotate increasing the misalignment further, resulting in

twisting of the specimen, as shown in Figure 5-3b. Also, any axial misalignment of the grips
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would cause a more drastic effect when used for compression than tension tests due to a smaller
gauge section. Nonetheless, minimal damage was observed in the gripped section of the

specimens, suggesting that the shear loading method should be used in lieu of the combined

loading method for testing of ROS composites.

]

High load Failure mode

Rotation of the grips

. i )

Figure 5-3 - a) Specimen placed in the hydraulic grips and b) twisting of the specimen during loading

Finally, ROS specimens were tested with a proper shear loading fixture, with the set up shown in
Figure 5-4a. Glass/epoxy end-tabs were bonded onto the specimens using superglue, because 2.5
mm thick specimens were too thin for the fixture (Figure 5-4b). Nonetheless, 6 mm thick
specimens were successfully tested without the use of end tabs. No problems with specimen
misalignment or excessive damage in the grip section were observed. This fixture was later
extensively used for other studies of ROS composites and no problems with misalignment,

slippage or excessive grip section damage were observed.
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Figure 5-4 — a) Specimen placed in the shear loading fixture and b) specimen with bonded end tabs

Overall the use of shear loading fixture to test ROS composites in compression is recommended.
Moreover, specimen preparation is easier since they do not have to be perfectly perpendicular,

and gripping procedure is easier since the wedge grips are self-tightening based on their design.

5.2.2 Checking for buckling

The strain readings obtained with DIC and SG for QI specimens were in close agreement, as
shown in Figure 5-5, hence signifying that DIC measurements taken from the edge of a sample
can provide accurate strain data. In this figure, red lines represent the location of the strain
gauges, which had to be bonded off-centre to accommodate for the wire terminals. Also, the fact
that two SG curves overlap verifies that there is no buckling of the specimen. It is also
noteworthy that the strain field is fairly uniform, and the slight variability can be attributed to

noise.
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Figure 5-5 — a) Stress-strain curves measured by SG and DIC and b) strain-field captured with DIC
corresponding to a QI CF specimen

Next, stress-strain curves for a sample with small strands show that SG curves are still close
enough to say that there is no buckling (percent bending < 10%), but there is a significant
discrepancy between the SG and the DIC data, as shown in Figure 5-6. The strain-field shows
that there is an area of high strain that is outside of the SG zone. As a result, DIC measures
higher strains than SG for a given load. Alternatively, DIC strains can be extracted from a
smaller region that coincides with the SG region. From Figure 5-7 it is evident that while the
overall strain is 5000 pe, strain in the smaller section, which is highlighted by a red rectangle, is
3500 pe. Also, the updated stress-strain curve correlates better with SG data. Comparison
between the strain-fields of QI and ROS specimens shows significantly higher strain variability

observed with the latter.
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Figure 5-6 - a) Stress-strain curves measured by SG and DIC and b) strain-field captured with DIC
corresponding to a short-strand ROS specimen
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Figure 5-7 - a) Stress-strain curves measured by SG and DIC while using a smaller gauge section and b)
strain-field captured with DIC corresponding to a short-strand ROS specimen

Finally, in the case of mid and long-strand ROS composites, there was a large difference
between the SG curves, and the DIC curve was somewhere in the middle, as shown in Figure
5-8. This result suggests of buckling, but the strain-field did not show the typical strain pattern
associated with flexural strains. Hence, it is possible that the discrepancy in SG readings is
associated with heterogeneity of properties and (surface) strains in long-strand ROS composites

rather than with bending or buckling. In general, problems with buckling are expected when the
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gauge section is too long, or the specimen is too compliant. In this study, it was shown that QI
and short-strand ROS composites are not susceptible to buckling given the 12 mm gauge section.
Since all the thin specimens had the same thickness, and since QI and short-strand ROS
composites mark the high and the low range of possible ROS stiffness, it can be hypothesised

than long-strand ROS composites would not be prone to buckling problems for a 12 mm gauge

section.
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Figure 5-8 - a) Stress-strain curves measured by SG and DIC and b) strain-field captured with DIC
corresponding to a long-strand ROS specimen

Thus far, it can be concluded that when testing a new ROS composite in compression, SG can be
used to check for buckling only in the case of short-strand composites. However, in the case of
long strands composites, SG give questionable or inconclusive results. An alternative way to
check for buckling is to use DIC. To test this option, an extra set of tests was conducted with
ROS composites with 25 mm long strands and 25 mm gauge section, which was too long and led
to visible bending. DIC was used to capture the out-of-plane displacement, which clearly
depicted bending in the case of 25 mm long gauge section. Comparison between the out-of-plane
displacements observed with 12 and 25 mm gauge sections is shown in Figure 5-9. Failure due to
buckling resulted in strength being 18 % lower than when specimens failed properly due to
compression. Hence, for long-strand ROS composites, DIC is the preferred method over SG for

monitoring of buckling during compression loading.
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Figure 5-9 — Out-of-plane displacement of an ROS specimen with a a) 12 mm and b) 25 mm gauge section
captured with DIC

5.2.3 Failure modes

ROS specimens failed mainly due to strand debonding with minimal fibre breakage. Overall, the
failure region had a combination of different failure features namely transverse shear, brooming
and through-the-thickness failure, which are typically observed with CF composites. Typical
failure modes that were observed with thin and thick specimens regardless of the strand size are
shown in Figure 5-10. The main difference was that delamination cracks often extended beyond
the gauge section of long-strand composites, which is understandable since individual strands
were longer than the gauge section. No connection between the failure modes and strengths was

found.
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Figure 5-10 — Failure modes of thin and thick ROS composites. Gauge section is identified with a red
rectangle
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5.2.4 Strength and modulus

The summary of compressive strength and modulus results is shown in Figure 5-11. Values are
normalized based on the properties of QI CF laminate. It is evident that variability in the
measured data is higher than what was observed with tensile properties in Chapter 4 probably
due to the smaller gauge section. Similarly to tensile properties, compressive modulus and
strength increased with strand length. Interestingly, ROS composites have a similar, if not
higher, compressive than tensile strength; whereas, CF composites are significantly stronger in
tension. This can be explained by the fact that strength of ROS composites depends on the resin-
dominated interlaminar properties, but strength of CF composites is fibre-dominated and is

sensitive to the loading direction (i.e. (+) tension and (-) compression).

The same trends were observed in the case of carbon/epoxy ROS composites [27, 33, 85, 86].
However, the fact that compressive strength of the carbon/epoxy ROS composites is lower than
that of the PEEK-based ones is probably due to PEEK being a tougher resin than epoxy, hence
offering better interlaminar properties. Overall, compressive properties of ROS composites
compare better with the strength of QI CF laminates than tensile properties. Hence, it can be
concluded that ROS composites are more suitable for applications where components will
experience compressive rather than tensile loading, since strength reduction in the latter case is

too high.

5.3 Concluding remarks

This chapter presented experimental results pertaining to compressive properties of ROS
composites. Strength and modulus increased with increasing strand length. The same trend was
observed with tensile properties, but the knockdown of compressive strength from CF to ROS
was not as drastic as that of tensile strength. Thus, ROS composites are more suitable for
applications where components have to withstand compressive rather than tensile loads. The next

chapter will discuss shear properties of ROS composites.
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Effect of strand size on compression modulus
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Figure 5-11 - Effect of strand size on compressive a) modulus and b) strength of ROS panels
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Chapter 6

Shear properties

This chapter will discuss the effect of strand size on in-plane and out-of-plane shear properties of
ROS composites. The opening section will describe the available test methods and the reasoning

used for selection of the most suitable ones for this study.

6.1 Selection of test methods

The material coordinate plane and the definition of shear stresses with respect to ROS and single
strand microstructure are shown in Figure 6-1. For ROS composites, shear stresses (1) in the 1-2
plane are referred to as the in-plane, and those in the 1-3 and 2-3 planes (note that 1-2 is the
plane of isotropy) represent the out-of-plane stresses. In the case of a UD lamina or a single
strand, Y-Z is the plane of isotropy, and ty, and t,, represent the out-of-plane shear stresses. The
in-plane (X-Y) and the interlaminar (X-Z) properties are assumed to be the same. This difference
in the planes of isotropy between the ROS and the UD composites is noteworthy when

comparing experimental results and using approximations to calculate shear modulus.
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Figure 6-1 — a) Material coordinate plane and definition of shear stresses, and b) in-plane stresses and c) out-
of-plane stresses in ROS composites

There are two types of ASTM test methods available for measurement of in-plane shear strength
and modulus: rail shear (ASTM D4255) and v-notch shear (ASTM D5379 and ASTM D7078),
which are schematically shown in Figure 6-2. The rail shear method requires the use of large
specimens (at least 150 x 75 mm) and thus was considered to be too material consuming for this
study. Nonetheless, due to a large gauge section, the use of this method is advisable for studies
where consistency and low scatter of data are of great importance, such as when determining the
design allowables. There are two variations of the v-notch method available, as shown in Figure
6-2b. The v-notch rail test was chosen because it allows for a larger gauge section (30 vs. 10
mm). Even though this gauge length is too small given the scale of material heterogeneity it is
thought to produce acceptable results for comparing the properties and for capturing the general

trends.
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Figure 6-2 — Test methods for in-plane shear properties: a) 2-rail and 3-rail, and b) v-notch and v-notch rail

There are three ASTM test methods for measuring the out-of-plane shear strength (S,3): v-notch
shear (ASTM D5379), short beam shear (SBS) (ASTM D2344) and double-notch shear (DNS)
(ASTM D3846). Figure 6-3 shows these three methods and in turn illustrates the different ways

of inducing out-of-plane shear stresses in the material. The dashed lines in these figures indicate

the centerlines along which the state of pure shear exists.
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Figure 6-3 — Test methods for out-of-plane shear properties: a) v-notch, b) short beam and c) double-notch

While the v-notch shear test is conventionally used to measure in-plane properties, its use is
troublesome for out-of-plane measurements, because it requires manufacturing of really thick

specimens (20 mm). It is noteworthy that the v-notch shear method is the only method that
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allows for direct measurement of out-of-plane shear modulus (Ga3). Alternatively, for UD
laminas shear modulus can be approximated based on the assumption of transverse isotropy in
the X-Z plane, as shown in Eq. 6-1. Since, in the case of ROS composites, the 1-2 plane is the

plane of isotropy, this assumption cannot be used for calculation of the Gy;.

E; Eq. 6-1

Gpy = ——=——
B 721+ vy)

In the case of SBS and DNS, typical specimen thicknesses used are in the range of 2.5 - 6.5 mm.
The fundamental problem with the DNS test is that significant stress concentrations occur at the
notches, potentially leading to premature failure. It is also difficult to machine the notches
accurately, hence potentially resulting in overcuts or undercuts, which would further complicate
the stress state and induce failure. SBS is commonly used to test laminated composites due to the
simplicity of specimen preparation, in particular since cutting of the notches is avoided. The
main disadvantage of this test is that the specimen is always under the state of complex stress.
The state of pure-shear exists along the centerline, but away from the center there are non-zero
tensile and compressive stresses caused by bending, as well as stress concentration under the
loading nose. Overall, out-of-plane properties are difficult to measure and accuracy of the results
obtained with these methods is always subject to scrutiny. Nonetheless, as an accepted practice,
any one of these methods can be used to compare properties of different materials, as long as the
same method is used for all tests. A more in-depth discussion of these methods can be found in

[87, 88].

The v-notch method was rejected on the basis of practicality, since it is difficult to manufacture
thick samples, which actually may or may not be representative of thin ROS samples. As the
consequence Gz3 could not be measured and was excluded from the study. Overall, it appears
that strand size has a more pronounced effect on strength than on modulus, and hence more
emphasis was placed on strength measurements. In the future it would be advisable to

manufacture thick specimens and use the v-notch method to measure Ga;s.
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For this study the DNS method was chosen because clear failure between the notches could be
achieved. Specimens subjected to SBS loading showed signs of a mix-mode failure (i.e. tension,
compression and shear), and it was difficult to judge which failure mode caused the onset of
damage, as shown in Figure 6-4. Due to the concern that DNS measurements would
underestimate strength due to stress concentrations, UD specimens were tested using the DNS
method and were used as a benchmark. Also, the DNS test results were compared against the

SBS results found in other publications [13].

Compressive failure

Interlaminar
failure

Tensile failure

Figure 6-4 — Failure mode of SBS ROS specimens

6.2 In-plane shear

6.2.1 Experimental procedure

In-plane shear strength and modulus was measured for 2.5 mm and 6 mm thick ROS specimens
with the following strand sizes (length x width): 6 x 3, 12x 3, 12x 6,25x 6,50 x 6, 25 x 12 and
50 x 12 mm (Table 3-1), as well as UD [90];5, and QI [0/£60]ss and [90/£30]ss laminates.
Specimens were cut at NRC-Ottawa and were painted with a black-and-white speckle pattern to
allow for strain measurement with DIC, as shown in Figure 6-5a. A torque wrench was used to
clamp the specimens in the fixture (Figure 6-5b), and the amount of required torque varied

depending on the specimen type.
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Gauge section Test section

a)

Figure 6-5 — V-notch rail: a) painted specimen and b) clamped specimen in the fixture

Generally, torque has to be chosen so that it is high enough to prevent the specimen from
slipping in the grips, and yet low enough to avoid premature failure. Thin specimens with small
strands (6 x 3 mm) were weaker and required lower torque (27 Nem) while stronger QI
specimens required higher torque (76 Nem), it can be noted that torque recommended by the
ASTM standard is 45-55 Nem (30-40 lbeft). In the case of thicker specimens, torque loads higher
than 76 Nem were required, since force-to-failure was also higher in comparison to thin
specimens. However, it was not recommended by the manufacturer (Wyoming Fixtures) to
exceed torque of 83 Nem, since the fixture was simply not designed for it. As a result, only thick
specimens with 3 mm wide strands were tested, because in other cases slippage became a
problem and it was decided to abort testing so as not to damage the fixture (i.e. cause permanent
deformation). It is possible to test thicker samples but a custom made fixture that can sustain
higher torques would be required. For example, Wyoming Fixtures offers a combined loading
fixture, which is a merge between the v-notch and the v-notch rail setup such that combined edge
and face loading is achieved. This fixture can be used with specimens that require higher force-

to-failure.
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During testing, specimens were loaded at a rate of 1.5 mm/min and data was recorded at 4 Hz.
Strain was monitored using a DIC system with a 5 megapixel camera (Point Grey, model Flea2
FL2G-50S5M) and a Tamron lens (23FM75L), and VIC-2D software was used for the analysis.
For strain measurement, ASTM recommends strain gauges with an active gauge length of 1.5
mm or longer for textile reinforcement, such that gauge length would be at least as great as the
characteristic repeating unit of the fabric. For this study, in order to calculate modulus, shear
strain was averaged over a 3 mm wide region as shown in Figure 6-5a. Even though the choice
for an appropriate gauge length for ROS is subject to discussion, CF and ROS data can be
adequately compared if the same gauge section is used. Modulus was calculated by finding the
slope of the stress vs. engineering strain (y;, = 2-g1,) curve between 1500 - 5500pe. For strength

results, the ultimate strength is presented.

6.2.2 Experimental results

The main difference between the response of ROS and CF specimens to shear loading is the
variability of the strain field. Comparison between the shear strain fields of ROS, and CF UD
and QI can be seen in Figure 6-6. These images were obtained with DIC analysis and illustrate
strain field in the specimen when gauge section strain is 5000 pe (0.5 % €). The gauge section
area is highlighted with a red rectangle in Figure 6-5a. It is clear that while CF composites
develop a classical strain pattern with the highest strain observed in the gauge section, ROS
specimens show an unsymmetrical shear pattern with regions of high strain present at different
locations in the specimen. Similarly, failures obtained with CF specimens were repeatable and
developed clearly along the fibres, but failure paths with ROS specimens were random, as shown

in Figure 6-6. Failure paths are marked with a red line.
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Fiber
orientation

Y Figure 6-6 — Shear strain field]zl)nd failure region of a) UD CF, b) QIC)CF and c) ROS specimens

The summary of in-plane strength and modulus results is shown in Figure 6-7. Values are
normalized based on the properties of QI CF laminate. There is a clear trend that shear modulus
and strength increase with strand length. In fact, properties of some ROS specimens with long
strands are actually higher than those of QI CF laminates. The same trend was observed with
tensile and compressive properties. The main difference is that in-plane shear strength of ROS

composites compares better with the strength of CF laminates. Thus far, it seems that composites
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are more suitable for applications where components will experience shear rather than tensile

loading, since strength reduction in the latter is too high.
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Figure 6-7 — Effect of strand size on in-plane shear a) modulus and b) strength of ROS panels

Another way of comparing the results is shown in Figure 6-8. It is evident that the stress-strain

response of ROS composites is between the response of CF UD and QI laminates. Strength and
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modulus of ROS composites increases with strand length and in the case of the longest 50 mm
strands sometimes surpass the stiffness of CF composites. Also, response of short strand ROS
specimens is more non-linear, whereas stress-strain curves of ROS composites with 50 mm long
strands are essentially straight. Overall it can be said that properties of short strand ROS
composites are more matrix-dominated, and properties become more fibre-dominated as strand

length increases.

Stress - strain curves for in-plane shear
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Figure 6-8 — Comparison between the stress-strain curves of CF and ROS specimens

Final comparison of the in-plane properties is presented in Figure 6-9, where tensile,
compression and shear strength and modulus are plotted as normalized values based on tensile
properties. Interestingly, strengths corresponding to different loading conditions are very close to
each other in magnitude, especially tensile and shear strengths. Hence, tensile strength can be
used as an approximation of shear strength and as a conservative approximation of compression
strength. Figure 6-9 also provides a comparison between the measured and the estimated shear
modulus, which was calculated based on the assumption of transverse isotropy of the 1-2 plane
(Eq. 6-1). Error between the measured and the approximated values was on average 5 %, hence
tensile modulus can be used to approximate shear modulus of ROS composites. These

observations help to reduce the number of preliminary tests that need to be conducted when
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trying to evaluate the performance of a new ROS material, at least when it has carbon fibres and

thermoplastic matrix as its constituents.

Effect of strand size and panel thickness on modulus
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Figure 6-9 — Effect of strand size on tensile, compression and shear properties of ROS composites
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6.3 Out-of-plane shear

6.3.1 Preliminary tests

Preliminary tests were performed to find the largest distance between the notches that would
result in the desired failure mode (i.e. between the notches) and to compare whether or not the
loading direction made a difference (i.e. tension or compression). Three distances between the
notches (L,) were considered: 6, 12 and 25 mm. Eight samples per length were tested: four in
tension and four in compression. A 2.5 mm thick ROS panel with 25 x 12 mm strands was used
for testing. Specimens, as shown in Figure 6-10, were cut to 150 x 25 mm and had parallel
notches machined at NRC-Montreal using a 1.6 mm ('/16 in) end mill. A support jig was used to
minimize the out-of-plane deformation caused by the eccentricity in loading, as shown in Figure
6-10. Based on the ASTM standard, the bolts must be tightened to a torque of 0.113 N-m.
However, an appropriate torque wrench was not available, and the bolts were finger-tight.
Specimens were subjected to tensile or compressive loading at a rate of 0.5 mm/min using a 100

kN MTS machine.

150 mm

2.5 mm
L Gage section

Support jig

Figure 6-10 — DNS specimen with a support jig
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Only the shortest distance of 6 mm led to adequate failure because longer distances led to tensile
or compressive failure at the notch, as shown in Figure 6-11. From the specimens with 6 mm
distance, all four tension specimens but only two compression specimens failed properly. Hence

for the subsequent full scale tests, 6 mm notch distance and tensile loading were used.

12 mm

6 mm

A

Tension

Compression

Figure 6-11 — Comparison between failure modes of DNS specimens with 6 mm and 12 mm distances between
the notches

6.3.2 Full scale tests

Out-of-plane shear strength was measured for 2.5 mm thick ROS specimens with the following
strand sizes (length x width): 6 x 3,12x 3, 12x 6,25x 6, 50x 6,25 x 12 and 50 x 12 mm (Table
3-1). It was also desired to measure the interlaminar (X-Z) and out-of-plane (Y-Z) properties of
UD laminates, which would require specimens to be tested in the 0° and 90° directions. The 0°
fibre direction signifies that fibres are oriented lengthwise in the specimen. Test conditions were

the same as those used for the preliminary tests.

Unfortunately, 90° UD specimens could not be failed in shear with a 6 mm gauge length,
because matrix normal strength was too low and the specimens failed in either compression or
tension; both types of loading were tried. In order to ensure proper failure of 90° UD specimens,
the distance between the notches would have to be reduced or the thickness of the panel would

have to be increased. Both of these options were undesirable since they would affect the stress-

Shear properties 105



concentration at the notches and would make the comparison between UD and ROS specimens
inaccurate. As a result, only the data for 0° UD specimens was used for benchmarking. The
summary of ROS results, which were normalized by strength of UD specimens, can be seen in

Figure 6-12.

Effect of strand size on out-of-plane shear strength
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Figure 6-12 — Effect of strand size on out-of-plane strength of ROS panels

The main observation is that out-of-plane strength and variability increase with strand length,
which is consistent with the results for other loading conditions (i.e. tension, compression and in-
plane shear). Interestingly, the strength of ROS specimens with strands longer than 25 mm
sometimes surpasses the strength of UD specimens. This result is not surprising, since 25 mm
long strands are a lot longer than the 6 mm gauge section of the specimen and could easily bridge
the notches, hence alleviating the strength reduction associated with discontinuous fibres. Also,
the out-of-plane orientation of fibres would help to impede growth of a delamination crack
between the notches. The failures associated with different strand sizes are shown in Figure 6-13.
From these images it is evident that failure surface of ROS specimens is in fact curvilinear due to
the out-plane strand orientation, whereas failure surface of UD specimens is straight. Also,
failure paths corresponding to specimens with longer strands are smoother in comparison to

those related to shorter strands, which show a lot of jaggedness due to strand discontinuity.
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Delamination propagates along the length of the strand, and in the case of longer strands it might

actually progress beyond the two notches, as shown in the last image in Figure 6-13.

6 mm

Figure 6-13 — Failure modes of DNS UD and ROS specimens with 6, 25 and 50 mm long strands

The DNS results were further compared against the SBS data [13]. In that test specimens were
25 x 7 mm and had a thickness of 3.5 mm. These results are shown in Figure 6-14, and all the
data is normalized against the SBS strength of UD specimens. By comparing the strength of UD
specimens measured with SBS and DNS, it is apparent that the DNS method significantly
underestimates the results. Hence, it can be concluded that notches create stress concentrations
which induce premature failure. Interestingly, both tests yield similar comparison between the
properties of ROS and UD specimens. For example, based on Figure 6-12 and Figure 6-14, ROS
composites with the shorter strands have shear strength that is 60 % of the UD strength.
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Effect of strand size on out-of-plane shear strength
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Figure 6-14 — Comparison between out-of-plane strength measured with SBS and DNS methods

6.4 Concluding remarks

This chapter presented experimental results pertaining to in-plane and out-of-plane shear
properties of ROS composites. Shear strength and modulus both increased with increasing strand
length. The same trend was observed in both tension and compression (Chapters 4 and 5). The
knockdown of shear strength from CF to ROS was not as drastic as in the case of tensile or
compressive loading. Thus, the use of ROS is recommended for application where shear is the
dominant load. It is noteworthy that tensile, compressive and shear strengths had similar
magnitudes. Hence, tensile strength, which is an easier property to measure, can be used as an
approximation for other two strengths. Analogously, tensile and compression modulus are
similar, and shear modulus can be computed (approximated) based on the assumption of

transverse isotropy.

It is also noteworthy that accurate interpretation of test data is complicated by the fact that the
size of the microstructural features of ROS composites is similar to some dimensions of the test
specimens. For instance, the gauge section of the DNS and SBS specimens is actually smaller
than most of the strand sizes that were considered. It is possible to test large specimens in order

to measure the global properties; however, such specimens would be significantly larger than the
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typical ROS parts. Hence, properties measured using large specimens may or may not be
representative of the stress-strain response of the actual parts. For instance, the rib feature shown
in Figure 6-15 would experience out-of-plane stresses at the root during loading, and the size of
that region is actually similar in size to the DNS and SBS specimens. Hence, even though small
specimens are not representative of the global material properties, they seem to be representative
of the part properties. Also, in order to obtain a large gauge section with DNS and SBS test,
really thick specimens must be manufactured, and they might develop defects and
microstructural features that are absent from the thin part. For example, a through-the-thickness
temperature gradient during cooling might have an adverse effect on part quality. Overall, the
use of specimen sizes prescribed by the ASTM standards allows to compare properties between
ROS composites and typical laminates and illustrates the negative effects of material

heterogeneity, which will inevitable be present in industrial parts.

3.17 mm

25.4 mm

2) b) 9)
Figure 6-15 — a) Part with a rib feature, b) T-shape component test fixture and ¢) microstructure of the rib
root [13]

There are two consistent trends that interweave through all the experimental results, which are
the dependency of mechanical properties and even warpage on strand length, and the high
variability of data caused by material heterogeneity. The main goal of the subsequent chapters on
modelling is to predict mechanical properties of ROS composites from the properties of UD

carbon/PEEK, while accounting for strand length and heterogeneity of strand placement.
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Chapter 7

In-plane model

This chapter will describe the stochastic finite element (FE) technique that was developed for
modelling of the effective properties and behaviours of ROS composites from the basic
properties of unidirectional prepreg. The main objective of this model is to predict strength and
modulus of ROS composites, while also capturing the variability of properties and demonstrating
the “weakest-link” principle that dictates failure. Modelling results will be compared to the

experimental results and in particular to the DIC strain-field data.

7.1 Modelling overview

The modelling scheme proposed in this chapter is a modification and an extension of the earlier
model created by Feraboli [31] for calculation of elastic properties of ROS composites. He
proposed a 2D modelling scheme, which is illustrated by Figure 7-1, in which a specimen was
discretized into partitions (or regions) and different ply layups were assigned to each partition.
Global modulus of the entire specimen is calculated by evaluating the stress-displacement
response of such specimen using a finite element software [31]. This approach was able to
capture the average modulus and its variability. However, as there is complete discontinuity
between neighbouring partition layups, the strain-field is highly dependent on the partition size
and large strain discontinuities occur between partitions, as shown in Figure 7-1. Moreover, this

model was not used to calculate strength.
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Partitions with —|
different layups —_|

'~~~ Partitions and features
on the strain-field have
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a)

b) Low strain High strain

Figure 7-1 - Model of an ROS composite proposed by Feraboli in which a specimen is subdivided into regions
with different properties (shown with different colours) and the resultant strain-field under loading (colour
map corresponds to strain variability). These images were adapted from [31]

The modelling technique proposed in this thesis employs a different discretization technique,
which is inspired by the models developed for Oriented Strandboard (OSB) wood-based
composites. OSB and ROS composites have certain geometric similarities. Strand shape, aspect
ratio and volume fraction are comparable between the two material systems. Analytical models
developed for OSB panels capture the in-plane density variability in the material; density is
related to strength and stiffness of OSB composites [89-91]. This modelling concept and the
discretization technique are depicted in Figure 7-2, which shows the in-plane view of a panel
populated with randomly oriented and positioned strands. The overall thickness of the panel is
assumed to be uniform, and hence overlap regions constitute areas of high density, whereas voids
lead to low density. It can be noted that partitions in Figure 7-2 are smaller than the individual
strands. This methodology can be summarized as follows: (1) create a network of strands by
randomly generating their in-plane orientation and position within a panel, (2) calculate the total
number of strands at every partition, (3) convert the number of strands in each partition into
localized panel density by assuming constant strand and panel thicknesses, and (4) finally, use
density to estimate the strength and the stiffness of that OSB panel [89-91]. With some
justification and changes, it is believed that this method of strand generation can be applied to
ROS composites to generate a layup which captures the variability of ROS while taking into

account strand size.
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Figure 7-2 — Method for determining spatial density variability in an OSB panel (adapted from [89])

While no papers were found that deal specifically with strength modelling of ROS composites,
Naderi and Khonsari [92] considered the variability of properties of CF laminates to capture
arbitrary crack growth in an open-hole tensile specimen. Random stochastic properties were
assigned to elements based on the Gaussian distribution function with 1 % variation. Failure
initiation and propagation were modelled with Hashin’s failure criteria and fracture energy
evolution law. In this thesis, the strength modelling of ROS is developed using failure initiation

and propagation methods [92] coupling with the Hashin’s failure criteria.

To this day, no model can predict the strength of ROS composites from the properties of the
constituents. Although the variability of modulus could be captured [31], a number of important
factors such as the discontinuities in the strain-field, the undesired coupling between partition
size and strain-field was not reported. This chapter presents a new modelling technique that
includes strength modelling and provides an improvement over the existing stiffness model by
ensuring that results are independent of the partition size, while capturing the variability inherent

to the random strand orientation.

The outline of the proposed modelling scheme is shown in Figure 7-3. The geometry and the
resultant properties of a typical tensile specimen are modelled and evaluated. The modelled
specimen is populated with randomly oriented and positioned strands in order to account for the
variability in the ROS microstructure, as shown in Figure 7-3 (step 1). This network of strands is

then discretized using partitions and each partition contains information about the local layup, as
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shown in Figure 7-3 (step 2). Since layups that are assigned to each partition result from the
random strand placement, some partitions will have more layers of strands than others. Next, a
2D model is created in ABAQUS software and the layup information associated with each
partition is transferred to this FE model, as shown in Figure 7-3 (step 3). Overall, the adopted
modelling approach is typical to that used to model regular laminates (e.g. shell elements are
used), with the main difference being that instead of assigning a single layup to the geometry,
different layups are assigned to different partitions (i.e. areas) in order to represent the in-plane
variability of the ROS microstructure. Finally, strength of the material is determined by applying
Hashin’s failure criteria and fracture energy evolution law. The entire procedure is repeated to
capture the variability in modulus and strength among the different FE simulations. In this paper
modelling results are compared against experimental work, which encompasses testing of CF

laminates and ROS composites with different strand sizes.

Properties of unidirectional carbon/PEEK
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Figure 7-3 - Overview of the modelling structure
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7.1.1 Steps 1 and 2 Generate random strand layup and partition the specimen

7.1.1.1 Assumptions

A 2D model is generated to represent the in-plane properties of a tensile specimen. The model
takes into account the specimen length, width and thickness, and the strand size (12 - 50 mm)

and off-axis orientation, but it ignores the following micro- and macro-structural features:

e strand out-of-plane orientation,

e defects (i.e. voids and resin rich areas),
e interlaminar shear between strands,

e residual thermal stresses.

Microstructure of ROS composites resembles that of a CF laminate, at least when it is discretized
into smaller sections. Figure 7-4 shows a cross-sectional image of an ROS composite. The image
shows the randomness of the strand layup and its 3D features such as strand out-of-plane
orientation. Despite the randomness of the layup, when observed locally on a smaller scale (e.g.
in 1 mm intervals) it resembles a laminate (refer to the red rectangles in Figure 7-4). The
assumptions of planar strand orientation and defect-free microstructure is appropriate for large-
strand ROS specimens, because strand placement is fairly orderly and planar as is shown in
Figure 7-4b. On the other hand, small-strands have a more chaotic placement which results in
large out-of-plane angles and numerous resin-rich areas, as shown in Figure 7-4a. Thus, the
proposed model is expected to over-predict strength and modulus of short-strand ROS

composites.

The effect of interlaminar shear properties and failure mechanisms are without a doubt non-
negligible, since strand delamination was shown to be one of the primary failure modes. Overall,
the model is expected to over predict strength, since only one failure mode is permitted but

nonetheless, to capture the effect of variability on mechanical properties.
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Out-of-plane orientation

Strand size : 12 mm x 6 mm 2.5mm
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b)

Figure 7-4 — Microstructure of a) short and b) long strand ROS specimens

Carbon/PEEK composites are expected to develop large residual thermal stresses, since during
manufacturing they are cooled down from 340°C (melting temperature of PEEK). The proposed
model can be extended to account for residual stresses by incorporating the COMPRO module
(Convergent Manufacturing Technologies Inc) into the ABAQUS script. COMPRO is a
commercially available program for calculation of cure or crystallinity and thermal residual
stresses in polymer based composites. Unfortunately, at this stage it does not have a proper
model for PEEK, but ongoing work is being done by our research partners at the University of
British Columbia and Convergent Manufacturing Technologies Inc. Hence, calculation of

residual stresses is part of the recommended future work.

7.1.1.2 Procedure

As opposed to continuous fibre composites with a uniform layup, ROS materials exhibit an
almost infinite amount of different layups. In order to capture this variability in a model, an
algorithm was written in MATLAB software to generate randomized strand layups and assign
them to the geometry or component being simulated. In this case, the simulated geometry
corresponds to the gauge section of an actual tensile specimen, which is 150 x 25 x 2.5 mm (6 x
I x 0.1 in.). Three strand sizes are considered: 12 x 6 mm, 25 x 6 mm and 50 x 6 mm. The

simulated specimen is discretized into partitions that store information about strand layups. As
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more and more strands with random orientation are generated (or laid up) in the model, the layup
properties stored in the partitions are automatically getting updated. For example, Figure 7-5
shows the placement of three strands within the modelled geometry. In this example, some
partitions have only one strand associated with them, while others contain information about the
overlap regions of two strands ([45 0] and [0 -60]). Since partitions are smaller than the
individual strands and each strand spans across multiple partitions, there is a gradual transition of
layups from one partition to the next. If a portion of the strand protrudes outside of the simulated
geometry, it is cut off and is not reinserted from the other side (i.e. “torus conversion” is not

used).

Partition layup:

[45] Partition layup:
Strand \D/ vap:

Partition layup: [450]

Strand width
length \ [0]
» Partition layup:

6 [0 -60]

\ Simulated

Partition layup: geometry of an
[-60] ROS composite
(in plane view)

0° direction =—m>

Generate a strand with Place the strand at a random location in the simulated geometry
random orientation (8) (different colours signify different layups, which are shown in square brackets)

Figure 7-5 - Strand generation algorithm

Strand generation is continued until the average number of plies over all the partitions reaches
the number of plies that a CF laminate of the same thickness would have. For instance, a 2.5 mm
CF laminate would have 18 plies. Thus, on average a 2.5 mm thick ROS composite is also
expected to have 18 strands through-the-thickness, but locally this number will vary, as shown in
Figure 7-6. Once strand generation is complete, thickness of each ply in a given partition is
adjusted such that the total partition thickness (t) is 2.5 mm, as shown in Figure 7-6. This step is
implemented in order to achieve constant thickness everywhere in the simulated geometry. It is
also noteworthy that symmetry and balance of the layups are not enforced during strand

generation.
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Figure 7-6 - Variability in the number of layers among partitions in 2.5 mm thick simulated ROS composite

7.1.1.3 Equivalent elastic properties

Global properties of the specimen are estimated by evaluating the equivalent properties of each
partition and averaging them out. This calculation is based on the layup of the individual
partitions and does not consider the load sharing between them, which is accounted for by the FE
model (next section). For every partition the CLT is used to calculate the equivalent engineering
properties (Eq. 7-1-Eq. 7-3). The laminate ABD stiffness matrix defines a relationship between

stress and moment resultants (N, M), and laminate strains and curvatures (g, k) (Eq. 7-1).

{1\1\/,1}: [731 g {i} Eq. 7-1

And ABD matrices are computed from the ply off-axis stiffness matrix (Q;2¢):

t/2
Aij = Qide l,] = 1,2,6
—t/2
t/2
Bij = Ql'jZdZ l,] = 1,2,6 Eq 7-2
—t/2
h/2
Dij = QUZZdZ l,] = 1,2,6
—-h/2
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Engineering constants are then computed from the laminate abd compliance matrix using the

following formulations:

-1

5 al=lz ]

1
Eq. 7-3
1
£, = ayyt
1
612 - a12t

where E|, E, and G, are the longitudinal, transverse and shear moduli.

Additionally, the CLT can be used to find the equivalent CTE of a laminate (Eq. 7-4 — Eq. 7-11).
The general approach is to first compute the stress-free thermal strains ({sxys}T) that a UD ply
would experience due to a change in temperature (AT), Eq. 7-4. For this calculation a dummy AT
= 1 can be used, because this term will get factored out during the last calculation (Eq. 7-11).
The next step is to compute the thermal force and moment results ({N'} and {M"})) that would
develop in a laminate by recognizing that plies are bonded together and cannot expand freely
when a AT is applied, Eq. 7-5 - Eq. 7-9. Finally, the equivalent thermal laminate strains ({€126}0),
Eq. 7-10, and the effective laminate CTE (a.126), Eq. 7-11 are calculated.

Eq. 7-4 defines the relationship between applied AT and the on-axis ply strains, where (oiys)
represents the longitudinal (ay), transverse (ay) and shear (o, = 0) CTE of a UD ply.

T Ux 4
{gxys} = la, AT Eq. 7-
U

Expressions for laminate thermal force and moment resultants are given by Eq. 7-5 and Eq. 7-6

in terms of the off-axis (i.e. subscripts 1, 2, 6) ply strains and stiffness.
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t/2
{N}' = f [Q126] {e126}dz Eq. 7-5

—t/2

t/2

{M}" = f [Q126] {e126}" 2dz Eq. 7-6
—t/2

Alternatively, the force resultant can be expressed in terms of the on-axis ply properties (Eq. 7-7)

and more conveniently in terms of the on-axis ply CTE (Eq. 7-9) by combining Eq. 7-4 and Eq.

7-7. The moment resultant can be expressed in the same form.

t/2 .
{N}T = f /Z[T]_l[Qxys] {gxys} dz Eq, 7-7
-t
cos?0 sin%0 —2sinfcosO
where [T]™' = | sin%0 cos?0 2sinfcosO 3
] . ) Eq. 7-8
sinfcosf® —sinfcosd cos?O — sin?6
t/2 A Eq. 7-9
WY = a7 [ 117 [yl oy d
—t/)2 0

Finally, the equivalent laminate thermal strains and CTE are calculated using Eq. 7-10 - Eq.

7-11. By comparing Eq. 7-9 - Eq. 7-11, it is evident that AT gets factored out.

T
erzelo = [a bI{} 7} Eq. 7-10
{e126}0 Eqg. 7-11

{a126} AT

7.1.2 Step 3 — Build a finite element model

Finite element model was created in ABAQUS to evaluate the stress-strain response of the
material. A Python script, which is a programming language used to interface with ABAQUS, is

used to generate the FE model (geometry, mesh, boundary conditions, etc.) and to assign layups
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to each partition. Partition refers to an area of the specimen with distinct layup assigned to it.
For this reason, the mesh size has to be the same as the partition size or finer, and each mesh
element has to be fully within a partition (i.e. it cannot be split between two partitions with
different layups). The same mesh and partition size are used, such that each element is 1 x 1 mm
and has its own layup. The effect of mesh and partition size will be discussed in the next section.
The model is meshed using 4-node quad shell elements (S4). The stress-strain curve is captured
by incrementally applying a displacement and measuring the force resultants. For the boundary
conditions, a constant displacement is applied along one edge, and the opposite edge is restrained
in the longitudinal direction. Two nodes, one along each restraint edge, are fully restrained, and

the rest of the specimen is free to deform in any direction, as shown in Figure 7-7.

u, = constant
u, +#0
—>

X u, of @ issetto 0

Figure 7-7 - Boundary conditions imposed on the simulated tensile specimen. X and Y refer to longitudinal
and transverse directions, and u represents displacement

7.1.2.1 Mesh and partition size

Sensitivity of the model to mesh and partition sizes was evaluated in the range of 0.5 — 3 mm.
All the models showed the same features on the stress, strain and damage plots, and predicted the
same modulus. For example, the effect of partition size on the damage state of a simulated tensile
specimen is shown in Figure 7-8. The only difference among these images is that larger partition

size results in a coarser pattern.

In-plane model 120



Partition size [mm]
1 2 3

Hashin’s Matrix Failure Criterion
(1 signifies failure)

Figure 7-8 — Damage state of simulated tensile specimens at the time of failure

Since the mesh size had no effect on the results, for the sake of consistency, it was kept the same
size as the partition size during modelling. Effect of the partition size on the average strength,
which was normalized by the strength of CF laminates, is summarized in Figure 7-9. Overall,
partition size (and corresponding mesh size) of 0.5 mm provided the most accurate results (with
respect to convergence). However, partition size of 1 mm was used for the rest of the study, as it
required shorter run times and provided results within 6%. For the purpose of this study, given

the random nature of the strength, this accuracy was considered good enough.

Effect of partition size
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3 042 - 3 < Partition size
-
m |-
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0 2000 4000 6000 8000

Number of partitions

Figure 7-9 — Effect of partition size on predicted strength

In-plane model 121



7.1.2.2 Failure criteria and damage propagation

Damage initiation is determined by the Hashin’s failure criteria [93] and is combined with the
fracture energy dissipation [94] methods to model damage propagation. This is done on ply-by-
ply bases. Once any of the plies in a particular partition reach one of the Hashin’s failure criteria
(i.e. fail), their individual properties are degraded at a rate which is defined by the fracture
energy dissipation formulation. The rate at which ply properties are degraded depends on the
failure criterion that was triggered. For instance, matrix failure is accompanied by gradual
decrease in transverse stiffness (E);), whereas fibre failure results in an abrupt drop in

longitudinal stiffness (E;;). These formulations will be discussed in more detail in this section.

Hashin’s failure criteria (Eq. 7-12 -Eq. 7-15) criteria were chosen because they consider the
combined effect of different stress components on each failure mode, can differentiate between

fibre and matrix failure modes and are available in ABAQUS.

Fibre tension (o> 0):

2 2
Of T
FF==) +|=
) +() Eq. 7-12

Fibre compression (o7 < 0):

2
FE = <ﬁ> Eq. 7-13
of
Matrix tension (oy, > 0):
o)’ )’
ET = <—‘}1> + (—L> Eq. 7-14
or Os

2
Om T
e + <_L> Eq. 7-15
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In the above equations, g, om and T represent the components of the effective stress tensor; o
and oF denote longitudinal and transverse tensile strength; of and of denote longitudinal and
transverse compressive strength; & and ol denote longitudinal (in-plane) and transverse (out-

of-plane) shear strength.

Damage propagation is modelled by linearly softening the material (i.e. ply) based on the
concept of fracture energy (G) dissipation. In this method, stress-displacement behaviour for
each failure mode is represented by a bi-linear relation shown in Figure 7-10. The slope O-A
represents linear elastic behaviour prior to damage initiation (or peak stress). After the onset of
damage, material stiffness decreases, which is represented by the line O-B. The area under OAC
represents the total fracture energy. The equivalent displacement (Jeq) 1s used to calculate the
damage variable (d) corresponding to the particular failure mode, which is then used to compute

the damaged stiffness matrix (Cy) of the particular ply [94]:

— 5Zq(6eq B 5361
5eq(5efq - gq

Eq. 7-16

Where 8,4 is the current displacement; &g is the displacement at which the damage initiation

criterion for that mode is met, and Sefq is the displacement at which the material is completely

damaged.
(1-dy)E, (1—dr)(1 —dp)vpEs 0
Ca = D (1—df)(A = dp)vizE, (1-dnE; 0 Eq.7-17
0 0 (1 —ds)Gy,D
Where D = (1—d;)(1 — dp)vizvas Eq. 7-18

In this expression, dy, dy, and dg are the damage variables that denote the current state of fibre,

matrix and shear damage.
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Figure 7-10 — Stress-displacement relationship for each damage mode.

Mechanical properties of carbon/PEEK are readily available from the manufacturer and are
summarized in Table 7-1. No experimentally measured values for fracture energies of
carbon/PEEK were found in the open literature. In this thesis, fracture energies were chosen so
that stress-strain curves of [0/£60];s and [90/+£30]5s laminates obtained from FE analysis would
match the experimental results. The benchmark energy values were taken from the literature [92,
95], which relied on approximate values to model progressive crack growth in open-hole
GLARE [95] and CF carbon/PEEK laminates [16]. The effect of fracture energies on stress-
strain response was the most evident in the case of [0/+60]3s laminates, as shown in Figure 7-11.
With benchmark values, there is a dip in the stress-strain curve when the £60° plies fail; whereas,
the experimental curve is straight. If all fracture energies are increased by a factor of 10, then the
stress-strain curve becomes straight but properties degrade too slowly after the failure of 0° plies.
Overall, values that gave best results for [0/£60]3s and [90/£30];3s layups are summarized in
Table 7-2.

As noted in ABAQUS [94], materials that are experiencing stiffness degradation often lead to
convergence difficulties in implicit analysis. These difficulties can be mitigated with a viscous
regularization scheme, which ensures that the tangent stiffness matrix is positive definite for a
sufficiently small time increment. In general, viscous coefficient has a similar effect on results as
fracture energy. The higher are the values, the higher is the failure load. Hence, for simplicity

viscosity coefficient was set to zero and only the effect of fracture energies was considered.
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Table 7-1 - Mechanical and material properties of carbon/PEEK plies. Mechanical properties were taken
from the datasheet provided by the manufacturer [83] and thermal properties were taken from the literature
[80]; * Out-of-plane shear modulus was calculated based on the transverse isotropic assumption; and **

Transverse tensile and compressive strengths were assumed to be the same

Material properties of Carbon/PEEK
Longitudinal 130
Transverse 10
Modulus [GPa] In-plane shear 5.2
Out-of-plane shear 3.759%*
Poisson’s ratio In-plane 0.33
Longitudinal tension 2280
Longitudinal compression 1300
Strength [MPa] Transverse tension and compression 86**
In-plane shear 152
Out-of-plane shear 94
Longitudinal tension 1
Longitudinal compression 1
Fracture energy [N/mm] Transverse tension 10
Transverse compression 10
Coefficient of thermal Longitudinal -0.3
expansion [pe/°C] Transverse 343

Stress strain curve of CF [0/+60], laminate

850
—aexperimental
- - benchmark [92, 95] IR
680 . - \
—increase by 10 e \
© ~+—best combination Lo K
S 510 '
a
o
S 340
v
170
0
0 0.5 1 1.5
Strain [%]

Figure 7-11 — Effect of fracture energy on the stress-strain curve of [0/£60];5 laminate. Stress values are

normalized with respect to the failure load obtained experimentally.

Table 7-2 — Fracture energies used to model failure of carbon/PEEK.

Fracture energy [N/'mm] From [92,95] This thesis
Longitudinal tension 12.5 1
Longitudinal compression ~ 12.5 1
Transverse tension 1 10
Transverse compression 1 10
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In the case of ROS composites, ten simulations with different randomized layups were run for
each strand size, and failure was assumed to occur when the model failed to converge. Loading
was applied incrementally with a constant step size, but as the element properties began to
degrade, the step size was reduced automatically with the aim to achieve convergence. Overall, a
sample set of stress-strain data obtained from an FE model, shown in Figure 7-12, demonstrates

that the analysis converged to a failure load.

Convergence of failure stress
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S 100 3 data points —@
8 *
= 80
u .
2
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=
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Zz
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0.0 0.2 0.4 0.6 0.8

Strain [%]

Figure 7-12 — Convergence of the stress values to failure strength. Stress values are normalized with respect
to the failure load

7.2 Results and discussion

7.2.1 Analytical model (elastic properties)

Firstly, results of the analytical module of the model are discussed. Figure 7-13 shows typical
equivalent stiffness plots that were generated using the CLT algorithm for a 250 x 250 mm
panel; red rectangle in this figure represents a tensile specimen. It is evident that local properties
are highly variable (e.g. E; = 15-90 GPa). It is noteworthy, that features of low and high
modulus patterns on these plots are larger than the partition size, which is 1 mm, hence

highlighting that these results are independent of the partition size.
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Figure 7-13 — Variability of the local a) tensile and b) shear modulus in 2.5 mm thick discretized specimen
with 25 x 6 mm strands. Rectangle in (a) represents size of a tensile specimen

Next, the effect of coupling matrices B and D on the calculation of equivalent properties is
examined. Two methods of calculating equivalent stiffness were considered: (i) only A matrix
was used, thus implying symmetric and balanced layup, and (ii) the A, B and D matrices were
used to account for coupling between the normal and flexural strains and loads. Fifty simulations
were run using each option. Figure 7-14 gives a comparison between modelling and
experimental results, which were normalized based on the properties of a QI CF laminate.
Overall, it is evident that ROS composites have lower stiffness than CF laminates. Modelling
results obtained by using the coupling matrices (i.e. Model-ABD matrix) are more representative
of actual ROS specimens, while those that were calculated using only the A matrix (i.e. Model-A
matrix) over predict the results and are closer to the properties of QI CF laminates. Hence, it can
be postulated that ROS composites exhibit a lower modulus that QI CF laminates during testing

because of their unsymmetrical and unbalanced strand layups.
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Figure 7-14 — Comparison between experimental and modelling results for tensile modulus of a 2.5 mm thick
ROS panel with 25 x 6 mm strands. Results are normalized based on the strength of QI CF laminates

It is also possible to demonstrate the variability of CTE in ROS specimens. Sample image is
shown in Figure 7-15. Experimental results obtained with the TMA showed that CTE of 8 x 8
mm samples varied between 1 - 13 pe/°C, and analogous range was observed with the modelling
results. These modelling results further support the hypothesis that panel warpage is caused by

heterogeneity of in-plane properties.

Variability of CTE

Panel width [mm)]
CTE [ &/ °C]

100 150 200
Panel length [mm]

O Represents the size of a TMA specimen

Figure 7-15 — Variability of the coefficient of thermal expansion (CTE) in an ROS panel
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7.2.2 FE model (elastic properties)

A one-to-one comparison between the model and the experiments cannot be obtained since the
exact strand orientation and placement in an ROS specimen are unknown and hence cannot be
simulated. However, general trends can still be compared. Figure 7-16 shows evolution of the
strain-field during loading of a) an actual and b) a randomly simulated ROS specimen. Both
show that there are regions of high strain which are noticeable even at low loads, while the rest
of the specimen experiences significantly lower strains. The earlier model developed by Feraboli
et al. [31] was also able to capture regions of high and low strain, but their size and shape
depended on the partition size, which is a modelling and not a physical parameter, as shown in
Figure 7-1. The current model captures the shape and size of these regions independently of the
partition size, since strands span across multiple partitions and the change in layups from one

partition to the next is gradual.

Comparison between the measured and the calculated global modulus is shown in Figure 7-17.
Both sets of data indicate that global modulus is variable among the specimens (eight
specimens/strand length were tested and ten specimens/strand length were simulated), as shown
by the error bars in Figure 7-17. Also, modulus of CF laminates is higher than that of ROS
composites due to the unsymmetrical and unbalanced strand layups in the latter. Same results

were noted in Section 7.2.1.
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Figure 7-16 - Evolution of the strain-field captured with a) DIC and b) FE model. Stress values are
normalized with respect to the failure load
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Figure 7-17 - The effect of strand length on modulus. Error bars show the standard deviation

In-plane model 130



Overall, the model predicts well the modulus of ROS composites with longer strands and over-
predicts for composites with shorter strands. Some of this discrepancy can be explained by the
fact that smaller strands are more prone to be oriented out-of-plane, as depicted in Figure 7-4a,
and hence have lower in-plane modulus. The most accurate way of accounting for the out-of-
plane orientation is to create a 3D model, which would be very complex considering
heterogeneity. Simplified methods which can be used with a 2D model entail: (i) the use of the
orientation efficiency factor, such as that proposed by Krenchel (Eq. 2-14), which would be
applied to the computed global properties or (i1) the modification of the elastic properties of each
strand by using something analogous to the Nielsen and Chen formulation for off-axis laminates
(Eq. 2-15 -Eq. 2-16). Both of these methods require knowledge of the probability distribution for
off-axis angle. Additionally, elastic properties can be scaled by the Kelly-Tyson length
efficiently factor to account for the effect of strand length. Overall, the proposed model provides
a good estimation of the elastic properties and can be slightly fine-tuned to improve the accuracy

of results pertaining to short-strand ROS composites.

7.2.3 FE model (failure properties)

Measured and predicted strengths of ROS composites are summarized in Figure 7-18. Overall,
strength obtained with ROS panels is less than 40 % of the strength of CF quasi-isotropic
laminates. Performance of discontinuous-fibre composites is expected to be lower than that of
CF composites in part due the reduced ability of short fibres to carry load. As the fibre length
increases, mechanical properties are expected to increase eventually approaching those of CF
composites. As was shown in section 2.2.3 of the literature review, based on the simple
analytical models (e.g. Kelly-Tyson) even the 12 mm long fibres should attain high properties
similar to those of CF laminates. Hence, there must be other factors besides fibre length that

affect strength.
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Figure 7-18 - The effect of strand length on strength. Error bars show the standard deviation

Two possible explanations for the large reduction in strength are material heterogeneity and
matrix-dominated failure mode. The matrix-dominated failure mode pertains to transverse strand
failure and strand delamination, but the current model considers only the former. Examination of
the cross-sectional micrographs of failed specimens showed that little damage developed away
from the main failure region, signifying that specimens failed at the weakest point while the rest
of the specimen was still intact. Similar results were obtained through simulation. For instance,
Figure 7-19 shows progressive failure of a simulated tensile specimen in terms of the evolution
of Hashin’s a) matrix tension and b) fibre tension criteria. Only the first ply is shown, but it is
representative of the general state of the entire specimen. There are a few regions with extensive
matrix damage, but little fibre damage can be detected. It is evident that failure is localized,
while a large portion of the specimen remains undamaged, which explains why strength of ROS
composites is significantly lower than that of CF laminates. Strength of ROS composites is
highly variable and even FE simulations predicted a wide range of failure loads, as shown by the
error bars in Figure 7-18. Material heterogeneity makes it difficult to predict the exact failure

strength of ROS composites, and a statistical method is required to predict the range of possible
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outcomes. The modelling technique proposed in this paper captures the non-uniform damage

development within a specimen as well as a difference in load bearing capacity among them.

Normalized stress state [%]
100

COoLLLooorooo—
CoRNWRLLOROD
SR AN WO ThWDS

Hashin’s Failure Criterion
(1 signifies failure)

Matrix tension Fibre tension

a) b)
Figure 7-19 - Progressive failure depicted by Hashin’s a) matrix tension and b) fibre tension failure criteria,
where the value of “1” signifies failure. Stress values are normalized with respect to the failure load

Experiments show that this material undergoes extensive delamination of the strands during
failure; however, the current model is a simple 2D case, which does not capture delamination.
Test results also show that strength increases with strand length Figure 7-18. This trend is not
captured with the FE model, because the model does not include delamination, which is
governed by the strand overlap length. Nonetheless, the proposed model predicts a significant
drop in strength when going from CF to ROS layups and shows that failure is a matrix-
dominated event. Hence, it can be concluded that while strand size has an effect on strength, the
biggest knockdown of strength comes from material heterogeneity which leads to the presence of
“weak-spots”. As stated in the introductory paragraph the main goal of the proposed modelling
technique was to demonstrate the effect of heterogeneity of ROS composites on their properties,

since variability of experimental data was high.

In-plane model 133



7.3 Concluding remarks and future work

This chapter described a modelling technique for estimation of strength and modulus of ROS
composites. This is the first strength model found in the open literature that was developed for
ROS composites. The earlier stiffness model that was proposed by Feraboli [31] predicted
strain-fields that are partition size dependent, and the current model alleviates this problem. The
main concept of the model is to discretize the simulated geometry into small regions or
partitions, which can have different layup, in order to account for the material heterogeneity. To
achieve this, strands with random orientation and position are generated and placed within the
geometry being simulated. As a result, each partition has a different layup assigned to it. Strength
and modulus are estimated by building an FE model in ABAQUS, applying a displacement to

obtain modulus and using Hashin’s failure criteria and fracture energies to predict failure.

Experimental and modelling results showed that strength and modulus of ROS composites are
variable from one specimen to another due to the heterogeneity of the material. From an
industrial standpoint, variability is an important parameter since it is involved in the calculation
of design allowables. Also, ROS composites fail at relatively low loads in comparison to CF
laminates, mainly because failure occurs based on the “weakest-link” principle and is matrix-
dominated. The main downfall of the model is that it does not capture interlaminar shear and
delamination, dominant factors influencing strength of the shorter strands. Hence, the effect of
these factors will be studied in the next chapter. Overall, the stochastic approach presented in this
paper can successfully capture the heterogeneity of strength and stiffness of ROS materials, and
it can be implemented into more complex strength models or adapted for other purposes, such as

modelling of thermal residual stresses.

An interesting future application of the model would be the calculation of warpage caused by the
residual thermal stresses. This can be done by using COMPRO once the proper material model
for carbon/PEEK is implemented. Overall, it would be interesting to reproduce different warped

shapes through modelling and to investigate the ways of minimizing distortion.
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Chapter 8

Through-the-thickness model

This chapter will describe the analytical model that was developed to predict strength of ROS
composites from the basic properties of unidirectional prepreg. The previously developed model
(refer to Chapter 7 — In-plane model) showed that strength of ROS composites is significantly
lower than that of QI CF laminates due to the presence of localized weak-spots. Unfortunately,
that model could not predict the effect of strand size, because it did not take into account
interlaminar failure (i.e. debonding of the strands). As was previously discussed in the
experimental chapters (4-6), strand delamination is one of the principal failure modes and hence
must be considered in the strength calculations. The main objective of the model presented in
this chapter is to predict strength of ROS composites, while also capturing the strand size effects

and the correct failure mechanisms.

8.1 Modelling overview

The modelling methodology proposed herein is based on the modelling technique used to predict
strength of nacre, which is a bio-composite made of stiff staggered platelets held together by a
ductile matrix. The microstructure of nacre can be seen in Figure 8-la. Rabiei et al. [96]
predicted the strength of nacre by creating an FE model of the microstructure, which captured the
inherent variability in the material (i.e. platelet size and arrangement varied from one layer to the

next), as shown in Figure 8-1b. It was found that failure was triggered by local shear stress-
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concentrations and propagated due to platelet debonding forming a stair-like failure path. Since
the microstructure and the stair-like (or zig-zagging) failure path characteristic to nacre resemble

those of ROS composites, this modelling approach provided the basis for developing an ROS

model.

b)

Figure 8-1 — a) Microstructure and b) failure mechanism of nacre [96].

In comparison to the nacre model, the ROS strength model is purely analytical, which makes it
simpler to implement. It is possible in the future to extend the modelling analysis to FE to
improve accuracy, and capture crack initiation and propagation in more detail. The outline of the
technique is shown in Figure 8-2. The first step is to create a microstructure that is representative
of the size of the specimen and the strands, and of the general strand placement. The generated
microstructure would be unique to each run of the model, and hence multiple simulations can be
run to capture variability of material properties from one specimen to another. In the next step,
multiple possible failure paths are generated by considering all the possible combinations of
strand delamination and failure. Finally, the weakest path is found and the strength is calculated
by summing up the strength components of all the elements in that path. This type of failure
analysis is a simplification over a more accurate progressive failure analysis, which would be
quite complex to incorporate into the given analytical model. Hence, the model is expected to
over-estimate and set the upper-bound on strength of ROS composites, but it is considered to be

a good starting point in developing a strength model for this type of material.
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3. Find the shortest/
weakest path

Output [ Tensile strength of carbon/PEEK ROS ]

Figure 8-2 — Overview of the modelling structure

8.2 Step 1 - Generate microstructure

8.2.1 Assumptions

A 2D microstructural model is generated to represent the length-wise cross-section of a tensile
specimen. The modelled cross-section includes the specimen length and thickness, the strand size
and off-axis orientation, but it ignores the following micro- and macro-structural features (Figure

8-3a vs. b):

e Specimen width
e Variability in the number of strands
e Strand out-of-plane orientation

e Defects (i.e. voids and resin rich areas)

Through-the-thickness model 137



Resin-rich areas 7 v

b)

[
Figure 8-3 — Comparison between a) actual and b) modelled microstructure

Based on experimental results, the effect of specimen width on strength is not clear. Some
studies showed that there is an effect [30], while others concluded that there is none [17, 37]. A
better understanding of the effect of specimen width on strength supported by experimental
results is needed before an accurate 3D model can be developed. While the current model is a 2D
simplification of the actual microstructure, it was developed to demonstrate the general
modelling methodology and can be extended to 3D when a better understanding of the specimen

width effects is available.

It is assumed that the number of strands through-the-thickness is constant throughout the
specimen. In reality it varies and is expected to have an effect on the average strength and
variability. It was excluded from this analysis because it was considered to be a secondary rather

than a primary factor (i.e. strand length) responsible for tensile properties of ROS coupons.

The two simplifications (2D modelling and constant number of strands through-the-thickness)
are appropriate for large-strand ROS specimens, because strand placement is fairly orderly and
planar as is shown in the micrographs (Figure 4-8). On the other hand, small-strands have a more
chaotic placement, which results in large out-of-plane angles and resin-rich areas. This model is

expected to over-predict strength of short-strand ROS composites.
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8.2.2 Procedure

First an empty cross-section is created with dimensions of specimen length and the number of
plies. The number of plies represents the average number of strands through-the-thickness. This
cross-section is then populated with strands that have different in-plane orientations. Strand
orientation affects the effective length (L) of the strand when it is observed from the edge. This
notion of the effective length and the calculations involved are summarized in Figure 8-4. The
location of the first strand in each ply is randomly off-set in the length-wise direction so that the

plies do not all start in the same spot.
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Figure 8-4 — Definition of the effective length

Sample cross-sections of small and large-strand ROS specimens are shown in Figure 8-5, and the
difference in overlap lengths is apparent. The colour map corresponds to different strand off-axis

angles and the resultant effective lengths.
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Figure 8-5 — Comparison between the modelled microstructure of a) short (6 x 3 mm) and b) long (50 x 12
mm) strand ROS specimens. These specimens are 150 mm long and 2.5 mm thick

8.3 Step 2 - Generate paths

Two failure modes are observed in ROS specimens tested experimentally: strand failure and
strand pull-out. Consequently, possible failure paths are generated by considering all
combinations of strand failure and strand pull-out. For this purpose the failure strength of each

strand and the bond strength of each overlap are calculated.

8.3.1 Strand failure

In general, strength of each strand is calculated based on its orientation angle (0). Initially, to
approximate the off-axis strand strength (os) of each strand, without going into progressive
failure analysis, the Tsai-Hill model was considered. It was an easy-to-implement formulation
(Eq. 8-1) that has been used in the literature to represent strength of off-axis laminates [97] and
discontinuous fibres [45]. However, it led to significantly under-estimated results (as will be
shown in Section 8.6 - Results). The reason for under-estimation is that Tsai-Hill does not
consider the interaction and the load sharing with the neighbouring strands. Other models, such

as Chen’s and Baxter’s lamina analogies were reviewed (Chapter 2 and [41]), but were dismissed
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because they also did not take into account the presence of neighbouring strands. Finally,
classical laminate theory (CLT) with simplified failure analysis was implemented, as will be

discussed next.

1 )2 <c0529>2 ( 1 1 >2 sin20\°
—) = +|——=——=] (cos?6sin?0) + |—= Eq. 8-1
<Us ol (0)?  (g/)? (07)?

The CLT-based approach is explained by first considering a single layup. CLT is used to

compute laminate stiffness and compliance matrices (see previous chapter). Then a dummy load
such as N =[1 1 1] (force per unit width) is applied to calculate the laminate strains (g2¢), as
shown in Eq. 8-2. These laminate strains can be transformed into on-axis ply strains (&y,) for

each ply through a transformation matrix (T), Eq. 8-3 - Eq. 8-4.

_[a b
{126} = [b d] {N} Eq. 8-2
{gxys} = [T1{&126} Eq. 8-3
cos?6 sin?6 sinfcosé
where [T] = sin?0 cos?6 —sinfcosH Eq. 8-4

—2sinfcosO 2sinfcosf cos?*O — sin?0

Next, on-axis strains are used to compute the on-axis stresses (0yy,) for each ply, Eq. 8-5.

{O'xys} = [Qxys]{gxys} Eq. 8-5

At this stage Hashin’s failure criteria (see Eq. 7-12 - Eq. 7-15) are used to determine the strength
ratio (R) between the on-axis stresses, which were created by the load N, and the material
strength (R=1 means that ultimate stress is reached). An example of the calculation is shown for

the fibre compression criterion below (Eq. 8-6 - Eq. 8-7).
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<R_‘Zf> -1 Eq. 8-6

o

A common practice to calculate laminate strength of continuous fibre composites is either to use
strength at which the weakest ply fails or to use progressive failure analysis. However, in this
work, only the strength of the current strand (ply) is of interest as it will be combined at a later
stage with other strand strengths and overlap strengths to enable mixed failure modes. The
maximum off-axis stress in the loading direction (i.e. 0 = g5) is computed for each strand while
assuming that the other strands maintain the same stiffness characteristics even though they
might fail at a lower load, as shown in Eq. 8-8. The same assumption was made by Halpin and
Kardos when developing a strength model for discontinuous-fibre composites [61]. This
assumptions was permitted, because stress-strain curves of ROS and QI carbon/PEEK specimens
were smooth until final failure (i.e. there were no kinks or abrupt stiffness changes that would
mark the ply-by-ply failure sequence). Nonetheless, this is a significant assumption, and it is

expected to lead to over-prediction of the overall strength associated with strand failure.

{0126} = Rmin[Q126]{€126} Eq. 8-8

where Rpin corresponds to the smallest safety factor calculated for a particular strand or ply.

As the fibre architecture varies along the specimen length, strand strength is calculated in 1 mm
intervals and the evolution of strand strength along its length is captured. This step is illustrated
in Figure 8-6, where the black dashed areas correspond to localized layups and the red section
shows a single strand that is affected by these layups. For simplicity, the average strength value

is assigned to each strand; in this example it is 640 MPa.
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Figure 8-6 — Effect of layup variability on strength of a particular strand

The effect of strand orientation on strength is summarized in Figure 8-7. It is evident that the
Tsai-Hill criterion significantly under-predicts strand strength, and that the scatter in the CLT-
based strength is large. The latter observation signifies that strand or ply strength depends not
only on the off-axis angle but also on ply stacking sequence. Overall, the interaction and the

load-sharing that occur among the strands lead to a non-trivial stress-state in each strand.
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Figure 8-7 — Effect of orientation on strand strength

Interestingly, from the different equations for discontinuous fibre composites that were reviewed,
one equation was found to provide a reasonable approximation of strength based on the off-axis

angle, Eq. 8-9. This equation is used to compute the Krenchel’s orientation efficiency factor (see
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Eq. 2-14). Hence, it is possible to use Eq. 8-9 instead of the previously described CLT-method to
simplify and speed up the model.

o, = cos*@ Eq. 8-9

8.3.2 Strand debonding

In this model, approximation of bond strength between the adjacent strands is based on the
theories and concepts that were derived and have been extensively used over the years to
calculate the strength of joints [67-69]. Figure 8-8 highlights the similarity in the load transfers
mechanisms that occur between the adherends in a joint and between strands in an ROS
composite. Overall, two failure criteria for the calculation of the overlap strength were
considered: (i) strength-based and (ii) toughness-based [64]. The former equation is based on the
assumption of a ductile matrix that will yield plastically but never fails, and the strength of the
joint depends solely on the strength of the adhesive (or the interface). The latter formulation was
developed for brittle matrices and takes into account the possibility of a mode-II crack
originating in the matrix due to the stress concentration at the ends of the overlap and
propagating inwards. In this case, strength of the overlap is governed by the material’s ability to
withstand delamination (i.e. fracture toughness). Figure 2-22 shows the combined effect of the
two criteria on the overlap strength. Next two sections will explain how these failure criteria

were incorporated into the model.

ROS microstructure Single-lap joint

Adhesive
\ I > o,
N\

> ™~ Adherends
Overlap between the strands ty L,

o, €=

Figure 8-8 — Comparison between strand overlap and joint overlap
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Figure 8-9 — Effect of the overlap length on the composite’s strength, as determined by the strength-based
and toughness-based criteria [64]

Recently, Pimenta et al. [64] have successfully applied these criteria for modelling of the stress-
strain response of discontinuous-fibre composites. Moreover, these criteria were used to predict

strength of slit-ply UD laminates, for more information see Chapter 2 and [71, 72].

8.3.2.1 Criterion 1: strength-based

In this method, the maximum load that can be handled by the overlap is calculated by simply
multiplying its length by shear strength, as shown in Eq. 8-10. This method is based on the
assumption that shear stress is uniform between the adherends, hence ignoring the presence of
stress concentrations at the ends of the overlap. This assumption is fairly inaccurate for a generic

joint, but is justifiable for joints with ductile adhesives, as will be explained next.

LoTi
tp

o = Eq. 8-10

where oc 1is the strength of the joint/composite, L, is the overlap length, t, is thickness of the
adherend or strand, and 7; is the interface shear strength.

The evolution of shear stress and strains with respect to the applied load in the case of ductile
adhesives is illustrated in Figure 8-10. For simplicity, the adhesive is assumed to exhibit elasto-

plastic behaviour. At low loads, while the adhesive is in the elastic regime of its properties, the
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distribution of shear stress is non-uniform (Figure 8-10a). As the load is increased, shear stresses
at the ends surpass the plasticity limit and begin to plateau while the rest of the adhesive is still in
the elastic regime and exhibits non-uniform stresses. Finally, the entire length of the adhesive is
in the plastic regime, stress-distribution is uniform, and the maximum load that this joint can
sustain is expressed by Eq. 8-10. PEEK, being a thermoplastic matrix, is expected to exhibit an
elasto-plastic shear behaviour, which was observed with in-plane shear of UD carbon/PEEK
specimens (see Chapter 6). This criterion alone cannot be used to approximate the overlap
strength, because it assumes that the adhesive can be stretched to an infinite plastic strain, which

in reality is not true. This issue is addressed by criterion 2.

]
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Shear stress in the adhesive Shear stress-strain curve of the adhesive
T T
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Figure 8-10 — Evolution of shear stress in a joint with increasing loading a) — c), assuming elasto-plastic
behaviour of the adhesive (adapted from [70])
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8.3.2.2 Criterion 2: toughness-based

The loading scenario described in the previous section can be further improved by considering a
finite failure strain associated with the adhesive. The effect that failure strain (ymax) has on the
stress evolution in the joint is shown in Figure 8-11. In the case of long joints it is possible that
failure strain at the ends of the overlap is reached before the plastic regime (i.e. uniform stress)
develops along its full length. As a result debonding will initiate as soon as failure strain is
reached. Hence, there is an upper limit on the load that can be sustained by an overlap regardless

of its length. This limit depends on the fracture toughness of the adhesive/interface [67-69].

Debonded regions

<

vmax

Figure 8-11 — Effect of debonding on shear stress distribution in a long joint (adapted from [70])

Based on the fracture toughness criterion, strength plateau (o.|mq) 0f a joint can be calculated
using Eq. 8-11 [72]. This form of the criterion considers the possibility of having two adherends
with different thickness and modulus. If the two adherends are the same, the expression for the
strength plateau takes on a simpler form, Eq. 8-12 [64]. This latter form was used to calculate
strength of slit-ply UD laminates [71]. It would be cumbersome to implement Eq. 8-11 into the
ROS model. A single strand can overlap with multiple strands, which have different orientations,
along its length, and it would be difficult to select an appropriate combination of (Ey; and Ey;).
Also, no experimental data is yet available to validate the applicability of this expression for
general slit-ply laminates (i.e. not just UD). For these reasons, Eq. 8-12 instead of Eq. 8-11 is
implemented into the model and a single E, was chosen to represent the average modulus of all
the strands. Hence, E;, was approximated as modulus of a QI CF laminate (Eqp) by using CLT.

The results are shown in Table §-1.
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Eq. 8-11

o 1 \/ZEbztbz (Ep1tpr + Epatp2)Gric
fo

tp1 + th2 Epitpy

’ZE G
op = % Eq. 8-12

where Gpie 1 1s the critical mode-II fracture toughness of the adhesive/interface and Ejy, is the

modulus of the adherends or strands or inclusions.

To implement this concept into the model, the notion of limit length (Ljy) is introduced, as
described by Eq. 8-13. The shortest failure path is found by looking at the effective “lengths”
rather than strengths of each component (i.e. strand or overlap). Hence, the strength plateau is
represented by a length value (Ljy). In relation to Figure 2-22, Ly, occurs at the intersection
point of the two criteria. Overall, for short overlaps (i.e. L, < Ljim) strength-based criterion is

used, and for long overlaps (i.e. L, > Lj,) toughness-based criterion is used.

L = acnty Eq. 8-13

where n is the number of plies and n-1 is the number of overlaps.

It is noteworthy that peel stresses are not considered by these criteria. Peel stresses are not
negligible as was evident from tensile tests of slit-ply UD laminates (Chapter 4). Calculation of
the peel stresses is excluded from this model because of the complex interaction among the
strands. A more elaborate model (e.g. FE-based) is required to adequately capture the effect of

peel stresses. Overall, the model is expected to over-predict the results due to this simplification.
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8.4 Step 3 - Find the shortest path

Failure strength of the modelled microstructure is determined by finding the path of least-
resistance for the crack to grow. The actual sequence of crack initiation and propagation is not
modelled, and only the overall load required to break the cross-section is estimated. The path of
least-resistance is found by using the shortest path algorithms (function shortest distance() in
MALTAB), which are commonly used to solve network problems. A network is a representation
of physical connections (e.g. roads between cities) or abstract connections (e.g. relationships
between people). It can be visually depicted through a graph diagram, which shows all the nodes

(objects) and the links (connections) between them.

In order to apply the network analogy to the current strength model, a graph detailing all the
possible failure paths has to be assembled, as shown in Figure 8-12 and Figure 8-13. The
microstructure is represented by a set of nodes (i.e. strand ends: 1, 2, 3...5) and the links between
them (Li,... Lss). These links represent either the overlap strength or the strand strength that
connect the nodes. It is assumed that in order for the ultimate failure to occur a crack must merge

the two opposite sides (A and B) of the specimen and pass through at least one strand end (i.e.

node) even though in reality the crack may never pass through a strand end.

First, all the possible delamination paths are assembled into a network. Figure 8-12 shows a

simple microstructure and a graph diagram that represents different delamination paths (for

clarity only a few links are labelled). In this example, the shortest path for delamination is A —

1 = 3 = 5 = B, and the resultant failure strength is omax = (Li3 + Lss) Ti/nty.

Side A

Side B

a) b)
Figure 8-12 — a) Modelled microstructure and b) graph schematic that shows links related to strand
delamination
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It is noteworthy that load transfer between the strand ends is assumed to be negligible and that
load carrying capacity of the matrix is excluded from the calculation of the total strength. The
same assumption has been made in other papers that dealt with strength of discontinuous-fibre,

slit-ply and nacre based composites [64, 71, 72, 82] and good results were obtained.

Next, all the links associated with strand failure are added to the graph. Figure 8-13 shows two
examples of strand failures that link nodes 1 = 5 and 2 = B. In the former, two failure scenarios
can occur: (i) the strand between nodes 1 and 5 can be pulled-out (L3 + Ljs), or (i) it can break
(015) and debond along the distance L;s. To define all the links, the same units had to be used and
for this model the unit of length was selected. Hence, the bond strength was expressed as the

overlap length and the strand strength was scaled using Eq. 8-14.

Side A

L15_> *<5_ ‘, L1stot

Side B

015ty

Lyp =— Lisitor = L1s +——
L L

Figure 8-13 — a) Modelled microstructure and b) graph schematic that shows links related to strand failure

ot
L=-S"b Eq. 8-14
Ti

Once the full graphical representation is generated, the shortest path algorithm is run to find the
shortest path (Lgnort) between nodes A and B. This length value is then converted into laminate

strength using Eq. 8-15.

LshortTi
ntb

ORros = Eq. 8-15
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8.5 Material properties

To wvalidate the model, strength properties of ROS carbon/PEEK (thermoplastic) and
carbon/epoxy (thermoset) composites were calculated and compared against experimentally
measured data [27, 35]. The model uses standard material properties of UD CF carbon/PEEK
and carbon/epoxy from the literature [13, 22, 83, 98, 99], as shown in Table 8-1. By comparing
mechanical properties of these materials, the only significant difference is fracture toughness,
which is three times higher for carbon/PEEK. Based on the experimental data that was published
so far, strength of thermoplastic-based ROS composites is superior to that of thermoset-based
ones. Hence, it will be interesting to see if the proposed ROS strength model can capture that
difference in performance. The next two sections will show how plateau strength and limit length

were calculated for these materials.

Table 8-1 - Properties of carbon/PEEK and carbon/epoxy laminates [13, 22, 83, 98, 99]. Abbreviations SBS
and DNS stand for short-beam shear and double-notch shear

Property carbon/PEEK  T700/2510 Property carbon/PEEK  T700/2510

of [MPa] 2280 2200 E, [GPa] 130 127

of [MPa] 1300 1470 E, [GPa] 10 8.42

o+ [MPa] 86 48.9 G, [GPa] 5.2 421

ot [MPa] 86 199 Vi 0.33 0.309

o+ [MPa] 152 154 t, [mm] 0.139 0.127
SBS [MPa] 100 86 Guer [J/m?] 1930 633
DNS [MPa] 64 . Eqr [GPa] 51.9 48.6

8.5.1 Strength plateau - carbon/PEEK

Based on Eq. 8-12 and Eq. 8-13 sample calculations of the strength plateau and of the limit
length for carbon/PEEK ROS specimens are shown in equations Eq. 8-16 - Eq. 8-18. Two values
for interlaminar shear strength (100 and 64 MPa) were available from two different tests (short-
beam shear and double-notch shear). Since it was uncertain which one is more appropriate for
this problem, both values were used, and two limit lengths were calculated, Eq. 8-17a vs. Eq.
8-17b. Also, two specimen thicknesses were considered (2.5 and 6 mm) and the calculations for

Liim had to be adjusted to account for the different number of overlaps. A UD specimen that is
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2.5 mm thick would have 18 plies and 17 overlaps, while a 6 mm thick specimen would have 43

plies and 42 overlaps, Eq. 8-17 and Eq. 8-18.

’2EQ,G,,C,,L 2(51.9)1930
op = = Si3g = 1200 MPa

ocnty,  1200-2.5

L= — =177
lim| 7=100 (n—1rt; (18-1)100 m
, _genty, 1200-2.5 P
lim|t=64 = (n— Dr; - (18 —1)64 - asrmm
, _ocnty, 1200-6 — 168
lim | =100 — (n — 1)1 - (43 —1)100 - hemm
ocnty, 1200-6
— = 2.63mm

Lt en = =
iml7=64 =y — 1), (43 — 1)64

8.5.2 Strength plateau - carbon/epoxy

Eq. 8-16

Eq. 8-17a

Eq. 8-17b

Eq. 8-18a

Eq. 8-18b

Calculations of the strength plateau and of the limit length for carbon/epoxy ROS specimens are

shown in equations Eq. 8-19 and Eq. 8-20. Specimens tested by Feraboli et al. [27] were 2 mm

thick and had 16 plies.

,ZE G /2(48.6)633

Q1G11cIL

= = = 696 MP
o t, 0.127 ¢

L _oenty, 6962
im[T=86 © n _1)r; (16 — 1)86

= 1.08 mm
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8.6 Results and discussion

Prior to reviewing the modelling results, it is worthwhile to revisit the test results. Figure 8-14
summarizes the strength data for carbon/PEEK ROS composites with different strand lengths.
The two curves were obtained from different studies: test data from this thesis (Chapter 4) and
Eguemann [86]. The curve that represents results from Chapter 4 has two average data points
associated with some length values, because strands of different widths were tested. It is evident
that there is noticeable discrepancy between the two sets of experimental data. This difference
can be caused by any difference in the manufacturing process, such as strand placement. Also,
the scatter associated with each (average) data point is quite large, as is indicated by the error

bars (vertical lines), which represent the maximum and minimum measured values.

Effect of strand length on strength
Variability of test data
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Strand length [mm]
Figure 8-14 — Variability of the strength data. Error bars are plotted as vertical lines without caps

Figure 8-15 compares experimental and modelling results for carbon/PEEK. The modelling data
was generated using two values for interlaminar shear strength: 64 MPa (double-notch shear) vs.
100 MPa (short-beam shear), and two methods for modelling strand failure: Tsai-Hill vs. CLT
and Hashin. During the initial stages of the model development, Tsai-Hill failure criterion was

considered as a criterion for strand failure (Section 8.3.1). However, it significantly
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underestimated the off-axis strand strength and inevitably predicted really low strength for ROS
composites, as is shown in Figure 8-15. In these simulations, specimens failed predominantly
due to strand failure rather than debonding. Subsequently, the model was modified to include

CLT analysis to account for load sharing among the strands.

Effect of strand length on strength
Model vs. test
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0.2 @ Test data from this thesis
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Figure 8-15 - Comparison between experimental and modelled (CLT vs. Tsai-Hill) strength data.
Abbreviations SBS and DNS stand for short-beam shear and double-notch shear test methods and represent
matrix shear strength that was used in the model (100 or 64 MPa)

The modelling results obtained with the CLT approach capture the effect of strand length but
over-predict strength of ROS composites (Figure 8-15). It was anticipated that the model would
over-predict the results, because all the assumptions that were made were non-conservative.

These results represent the upper-limit of strength achievable with carbon/PEEK ROS.

Interestingly, interlaminar shear strength only seems to have an influence on the strength of
short-strand (< 25 mm) ROS composites, while strength of long-strand composites is more
dependent on fracture toughness. This trend could be expected since the limit length for
carbon/PEEK is at most 2.8 mm, and the probability of having overlaps longer than 2.8 mm
increases with strand length. Overall, based on these results and the results of slit-ply UD

laminates (Chapter 4), interlaminar shear strength that was measured by the double-notch shear
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test is more representative of the interlaminar properties of these materials. Even though the
accuracy of that test is debatable [87, 88], it appears to be more representative of the general

stress-state and the load transfer mechanism which are present in ROS composites.

Another way of comparing measured and predicted strength is to consider its variability, as is
shown by the max/min error bars in Figure 8-16. Both simulation and experimental results show
significant variability in strength. Although, the model is over-predicting the average strength, it
captures the variability and its relationship with strand size quite well. As was discussed in the
opening section, variability plays an important role in the calculation of design allowables and is

an important parameter for the model to capture.

Effect of strand length on strength Effect of strand length on strength
Experiments - thin panel Modelling - thin panel
1.2 12
1.0 1.0
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Figure 8-16 - Variability of strength observed in a) experimental and b) modelled data of thin (2.5 mm) ROS
composites. Abbreviations SBS and DNS stand for short-beam shear and double-notch shear test methods
and represent matrix shear strength that was used in the model (100 or 64 MPa). Error bars are plotted as

vertical lines without caps

Both the model and the experiments show that strength increases with panel thickness, as shown
in Figure 8-17. One possible explanation for this trend is an improvement in material
homogeneity with increased thickness. Also, by comparing Figure 8-16 and Figure 8-18 it is

evident that variability is lower for thicker panels.
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Figure 8-17 - Comparison between strength of thin (2.5 mm) and thick (6 mm) ROS composites.
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Figure 8-18 — Variability of strength observed in a) experimental and b) modelled data of thick (6 mm) ROS
composites. Abbreviation DNS stands for double-notch shear test methods and represent matrix shear

strength that was used in the model (64 MPa). Error bars are plotted as vertical lines without caps
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Finally, results between carbon/epoxy and carbon/PEEK are compared, as shown in Figure 8-19.
Unfortunately, only the short-beam shear strength of carbon/2510-epoxy was found in the
literature [98, 99], so both sets of results were generated using SBS strength values. Overall, the
model is capable of picking up the large difference between the strength of PEEK and epoxy-
based ROS composites. This difference can be attributed to the difference in toughness,
especially since it is the only property that is significantly different. Thus, thermoplastic-based

ROS composites have more potential in this niche of composite materials.

Effect of strand length on strength
PEEK vs. Epoxy
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1.0
£ °
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g
a
E 0.6
©
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ZB : @ CF/PEEK - model (SBS)
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0.0
0 20 40 60 80

Strand length [mm]

Figure 8-19 — Comparison between strength of thermoset and thermoplastic-based ROS composites.
Abbreviation SBS stands for short-beam shear test method and represent matrix shear strength that was
used in the model (100 MPa)

Finally, the simulated failure paths are compared to those observed in actual test specimens, and
there is a clear resemblance between them, as shown in Figure 8-20. Lengths of the debonded
sections are longer than the 2.8 mm length limit, hence proving the importance of incorporating
the toughness-based failure criteria into the model. The simulated failure paths depict strand and
interface failure modes, hence highlighting the importance of accurately modelling both of them.
The fact that strand failure has a prominent presence in the overall failure path explains why the
modelling technique proposed in Chapter 7 was able to predict strength of ROS composites fairly

accurately even though it did not consider strand delamination.
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Figure 8-20 — Examples of different failure morphologies obtained with modelling and testing of ROS
composites with 6 x 3 mm strands
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8.7 Concluding remarks and future work

This chapter presented a modelling technique that can predict strength of ROS composites from
basic properties of unidirectional laminates of the same material by employing simple analytical
formulations. The proposed model is a 2D representation of the microstructure and takes into
account the possibility of strand failure and delamination when subjected to tensile loading.
Strand failure strength is estimated using the CLT and Hashin’s failure criteria, and overlap
strength is calculated using the shear strength and fracture toughness criteria. With respect to
interlaminar shear strength, it is recommended to use the data measured by the double-notch

shear test. An example of how this model is used can be found in Appendix B.

Overall, this model successfully captures the effect of strand size and panel thickness on the
strength and its variability in ROS composites, hence signifying that the proposed modelling
approach is appropriate for this type of material architecture. The main downfall of this model is
that it over-predicts strength, which was expected since all of the assumptions are non-
conservative. Nonetheless, it predicts the upper bound for strength of ROS composites which is
more realistic than the one produced by the basic analytical models, as is shown in Figure 2-19

and was previously discussed in the Chapter 2.

Normalized strength

— Analytical-old
Analytical-current
B Experimental

0 20 40 60 80 100
Strand length [mm]

Figure 8-21 — Comparison between the older (basic) analytical models, the currently proposed model and the
experimental strength data for ROS composites. Explanation of the analytical models used to generate this
graph can be found in Chapter 2
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As a part of the future work, it is recommended to reconsider the validity of all the assumption
through more detailed experiments and FE modelling. In particular, it is necessary to implement
the physics of progressive failure into the model and to determine the effect of peel stresses on
strand delamination. Another important parameter to implement into the model would be the
residual thermal stresses, which develop during manufacturing, and as was discussed in Chapter

3, are substantial.

Also, it is advisable to consider the 3D nature of the material, since currently only one slice of
the 3D microstructure is considered, as shown in Figure 8-22. It is unclear at this stage how
failure propagates through the entire specimen and more experimental work is required to
characterize this mechanism. It would be interesting to extend the current model to a 3D network

of cracks and study their propagation.

b)

Figure 8-22 — 3D representation of the microstructure and failure path: a) actual and b) modelled
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Chapter 9

Conclusions, recommendations and
future work

The objectives of this thesis were to characterize, explain and model the mechanical properties of
ROS composites. Extensive experimental work was performed to measure tensile, compressive
and shear strength and modulus of ROS panels and to determine the sensitivity of these
properties to strand sizes. Subsequently, two modelling schemes were proposed and evaluated.
These techniques were based on 2D representation of either in-plane or through-the-thickness
microstructure and took into account random strand distribution in the material. The following
sections will highlight the main conclusions of this work, outline practical recommendations and

propose topics for future work.

9.1 Conclusions: Investigation of mechanical properties

The different mechanical properties that were investigated can be summarized by the same

conclusions as they all exhibited similar interrelated trends:

Strand length and heterogeneity. Mechanical properties and variability increase with
increasing strand length. Strand length (or overlap length) plays a key role in the efficiency of

the load transfer between the strands. Ideally, the maximum load that can be sustained by the
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interface increases proportionally to the overlap length, eventually approaching properties of QI
CF composites. However, due to the presence of stress concentration at strand ends, this ultimate
strength is never attained. The use of longer strands augments spatial heterogeneity of the
component leading to localized weak-spots that trigger premature damage initiation. Thus, the
conclusions are twofold. One, strength of ROS composites is significantly lower than that of QI
CF laminates because of the early onset of damaged caused by the presence of weak-spots in the
material and stress concentrations at the strand ends. Two, a compromise between the average
properties and the repeatability has to be reached when choosing the optimal strand size for a

particular application.

Average properties. Interestingly, tensile, compressive and shear strength have a similar
magnitude, which is not typically expected of composites. Additionally, tensile and compressive
stiffness are also comparable, and in-plane shear stiffness can be calculated using the assumption
of transverse isotropy and tensile properties. This observation enables preliminary designs to be
done using only the tensile data, which is easier to obtain, before the complete set of design
allowables becomes available. These results are explained by the fact that regardless of the
direction of the applied in-plane load, load transfer mechanisms in the material are the same (i.e.

interlaminar matrix shear and complex stress-state in the strands).

9.2 Conclusions: Modelling efforts

The following conclusions can be drawn regarding the overall model evaluation and the

additional insights that models provided on ROS composites:

Model assessment. The two proposed models are simplified 2D representations of the
significantly more complex 3D microstructure of ROS composites. Nonetheless, these models
captured the heterogeneous nature of ROS composites, predicted the range of their tensile

properties and demonstrated how their properties compare against those of QI CF laminates.

In order to account for strand size effects and to predict proper failure modes it is necessary to
consider interlaminar (inter-strand) properties, as was done in the through-the-thickness model.

Nonetheless, even the in-plane model, which completely ignored the effects of delamination, was
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able to demonstrate the drastic reduction of properties from QI CF to ROS composites that was
caused by the presence of localized weak-spots (i.e. matrix-dominated layups). Overall, the
through-the-thickness model is more representative of the failure mechanics characteristic to

ROS composites and is more propitious of the two.

Failure mechanics of ROS composites. Modelling results also showed that inherent material
variability has a pronounced effect on the global properties. They also demonstrated that strength
of ROS composites is strongly dependent on matrix shear strength and toughness, which
effectively defines the transition point between strand failure (high global strength) and strand
pull-out (low global strength). It can be concluded that better properties can be attained with
ROS composites by improving their homogeneity (i.e. designing thicker parts or controlling
strand placement) or increasing resin strength and toughness (i.e. choosing thermoplastic or other

toughened resins over thermosets).

9.3 Practical recommendations

Two major practical recommendations can be made based on this thesis:

Size effects must be carefully considered. The discussion of size effects has been at the core of
this thesis and has touched upon inherent material properties and experimental protocols.
Experimental results indicate a clear increase of average properties with increasing strand length.
The adverse outcome of using longer strands is high material heterogeneity which leads to lower
design allowables and worse warpage. Material homogeneity improves with panel thickness and
results in better mechanical properties and geometric tolerances. Hence, when selecting the
optimal strand size for the application, average properties and standard deviation that are
characteristic to a particular part thickness have to be examined. Manufacturing of thin
components (< 2 mm) should be avoided. Furthermore, existing ASTM standards are not
specifically designed for testing of ROS composites. Hence when characterizing ROS
composites, the investigator needs to consider the feasibility of designing new test methods and
fixtures to accommodate for larger gauge sections and/or to test more specimens than

recommended by the standards to attain statistically viable results.
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High interlaminar properties are critical for mechanical performance. Failure mechanisms
that are prevalent to ROS composites are strand failure and strand pull-out. The latter is directly
related to the interlaminar (i.e. matrix shear) strength and toughness. Experimental and
modelling results indicated that tougher and stronger thermoplastic-based ROS composites
perform better than their more brittle thermoset-based counterparts. Hence, the use of tough

thermoplastics is more advisable over the use of thermosets.

9.4 Future work

Although notable contributions were made in this study, further work needs to be performed to
advance the understanding of ROS composites and to develop modelling techniques that would

simplify certification. The recommended areas for future work are summarized below:

Characterization of progressive failure. Thus far it is known that failure initiates at the
weakest location and propagates in a stair-like or zig-zag manner. However, it is not clear what
type of microstructural features serve as sites of crack initiation and how fast the crack actually
propagates in the through-the-thickness and transverse directions. In-depth knowledge of damage
development is required to further fine-tune the model and to classify certain microstructural
features as defects. This experimental work can be done by running interrupted tensile tests and

using a micro-CT scanner to detect and to monitor damage evolution with increasing load levels.

Quantifying edge effects. Strand size has a notable effect on properties, and cutting of the
specimens reduces strand size along the edges, which potentially leads to premature damage
initiation. On the other hand, actual ROS components are net-moulded and are not subject to
cutting. At this stage it is difficult to comment on the improvement of properties between the net-

shape and cut coupons, but this topic warrants further study.

Out-of-plane stresses. The models that were developed in the thesis dealt solely with in-plane
loading. However, industrial ROS parts have 3D features, such as ribs, that would experience
out-of-plane stresses and strains. It would be interesting to incorporate the effect of these stresses

into the model and to visualize the corresponding nuances of damage propagation. An FE
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microstructural model with proper contact definition between the strands would be required for

this task.

Heterogeneity. Additional work needs to be done to address the issue of material heterogeneity
both with respect to experimental work and modelling approaches. Supplementary
recommendations regarding the number and size of test coupons (or model realizations) that are
required for materials that are heterogeneous on the component level can potentially be drawn
from other engineering fields. For instance, rigid foams and concrete also have a characteristic
length scale of the microstructure (or heterogeneity) that is similar to the size of the component.
Finally, the connection between the behaviour and variability of test specimens and the actual
components needs to be made. This comparison will help to understand what specimen size and

geometry are the most representative of the component properties.

Warpage. It is essentially impossible to mould a thin flat ROS panel, due to the development of
non-uniform residual thermal stresses. While this issue would not be as drastic for small complex
industrial components, it might still pose a problem with achieving good geometric quality,
precision and repeatability among moulded parts. Hence, it would be interesting to extend the in-
plane model that was developed for stiffness to modelling of thermal stresses and potentially
finding ways of mitigating them. This can be achieved by incorporating the COMPRO®
subroutines into the ABAQUS script.

Conclusions, recommendations and future work 165



Appendix A

Digital image correlation

Digital image correlation (DIC) is an optical non-contact technique that is used to measure full-
field displacement and strain of a deforming object. A short overview of this technique is
presented in this section. For a more detailed explanation, the reader is referred to the book [100]
and technical material [101] available from Correlated Solutions (the provider of VIC 2D). DIC
is based on the concept of pattern recognition and works in the following way: 1) a random and
unique greyscale pattern is applied on the surface of the specimen, 2) images of the speckle
pattern are recorded during the tests with a digital camera, then 3) a correlation algorithm is used
to compute the displacement vector of the pattern with respect to the reference image (unloaded
state), finally 4) formulations similar to finite-difference methods is used to obtain a strain field

from the displacement data.

To explain the workings of the DIC software, a simple example will be discussed. Figure A-1
shows a reference image (prior to loading) as it would appear on the screen and as it would be
saved in the memory. The greyscale pattern is expressed by a matrix with values between 0 and

100, which represent the pixel light intensity.

Digital image correlation 166



100100100 0 0 0O 100 100 100

(Xo,Yo) = (5,5)

100 1008100 0 0 0 100100 100
00 100 100
100100100 0 0 0 100 100 100

Subset

a) b)

Figure A-1 — Reference image used for DIC as it appears a) on the screen and b) in the memory [101, 102]

Next, a deformed image shown in Figure A-2 is analysed to determine its displacement. It is
impossible to track the motion of a single pixel since there are multiple pixels with the same
intensity value (i.e. there are many black pixels). For this reason, a subset (or group) of pixels
that represent a unique pattern (highlighted by a blue square in Figure A-1b and Figure A-2b) is
considered. By locating the position of a particular subset in the deformed image, it is possible to
calculate its displacement (u, v) by subtracting the before (X, yo) and after (x;, y;) coordinates of

its centroid (highlighted by a red circle in Figure A-1b and Figure A-2b).

100 100 100
100 100 100
0 00
0 00
0 00
Y100 100 100
100 100 100
100 100 100 100 0 0 0100 100
100 100 100 100 0 0 0100 100

—> X

a) b)
Figure A-2 - Deformed image used for DIC as it appears a) on the screen and b) in the memory [101, 102]

(x1,y1) = (6,6)
~ (u,v) = (1,1)

~ Subset

The excellent accuracy of this technique is attributed to its ability to deal with sub-pixel
displacements by interpolating the image between the non-integer locations. In Figure A-3 the
image is shifted to the right by 0.5 pixel. This technique is also robust enough to deal with subset
deformation, since initially square subsets will typically become non-square during testing, refer

to Figure A-4.
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Figure A-3 - Deformed image used for DIC as it appears a) on the screen and b) in the memory. Sub-pixel
displacement creates grey (50) areas in the image that was originally black (0) and white (100) [101, 102]

Time ty — Specimen deformation — Time t,
Figure A-4 — Reference and deformed image with non-square subset [101]

The reference image of an actual test specimen is discretized into numerous subsets as shown in
Figure A-5, and the centroids of these subsets serve as grid points. Distance between the
centroids is defined by the step size. Displacement values that correspond to each grid point are

used to calculate the strain field by using finite-difference methods and low pass filtering.

Step size

Grid

Centroids or
grid points

Subsets

- , | 5 B R it
S | SC MR A ."-’-. E Cerca”

Figure A-5 - S_f)eckle pattern discretized into subsets
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DIC is a powerful technique for strain measurement, but it requires proper test setup (e.g. speckle
pattern, good camera and lens) and choice of parameters for the analysis (e.g. subset and step
size) to ensure accurate results. The speckle pattern must be non-repetitive and high-contrasting,
and the recommended speckle size is 3-6 pixels in diameter. Speckles that are smaller than one
pixel should be avoided, since their motion is difficult to track. Three speckle patterns are shown
in Figure A-6, where the grid lines represent pixels and the red rectangles define subsets. Figure
A-6a shows the optimal speckle pattern. In Figure A-6b, speckles are slightly larger than the
optimal size, but would not cause a problem for the analysis. They should be reduced in size,
however, if higher special resolution is required (i.e. detecting stress concentrations). On the
other hand, when speckles are too small (Figure A-6¢), their displacements cannot be accurately
tracked, hence causing “noisy” data. To improve accuracy, the image must be zoomed in or a

camera with higher resolution (i.e. more pixels) should be used.

—

Figure A-6 — Different speckle patterns with speckles being a) the optimal size, b) slightly bigger and c) too
small [100].

An optimal subset size would contain at least 3 x 3 speckles to ensure reasonable accuracy of the
results. Overall, the larger the subset is, the more information it will contain and the more
“unique” it will be, hence resulting in higher confidence associated with subset matching. On the
other hand, smaller subsets are recommended for monitoring of regions with strain
heterogeneities. For most applications, a step size that is % of the subset size would give good

results.
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Overall, the settings discussed in this section serve as “rules of thumb” and should be adjusted to

better suit a particular application.
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Appendix B

Example of the through-the-thickness
strength model

This section will demonstrate how the through-the-thickness model, which was detailed in
Chapter 8, is applied to a small cross-section. This example is based on material properties for
carbon/PEEK (Table 8-1). The first step is to generate a microstructure. For simplicity a small
specimen that has 3 plies and is 18 mm long is modelled, Figure B-1a. In this figure, Latin letters

(a, b...) define individual strands, and their orientations are summarized in Figure B-1b.

Strand Orientation [°]
a -42

Number of plies

5 10 15
Specimen length [mm]

Q@ - 0 o 6o o
\®]
(o)}

[ F ; F i 3
0 10 20 30 40 50 60 70 80 90
Absolute orientation [deg]

a) b)

Figure B-1 — a) Modelled microstructure and b) summary of strand orientations
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The next step is to assign a strength value to every strand and overlap, which will be used to
create a network of all the possible failure paths. Strand strengths are calculated using the CLT
and Hashin’s failure criteria in 1 mm intervals. As a result of this discretization, each strand has
multiple strength values associated with it. For instance, strand “f” is associated with two
different layups (Figure B-2a), and hence will have a lengthwise strength variability associated
with it (Figure B-2b). To simplify the subsequent calculations, an average strength value is

assigned to each strand, as summarized in Figure B-2b.

[-42/7‘26/-26] [-4?‘/26/-26] mean(745, 950, 950, 950, 950) = 909

61.5
128
a) b)
Figure B-2 — a) Lengthwise variability of laminates formed by strands and b) average strength of each strand
in [MPa]

In order to combine strand and overlap strengths into the same network, consistent units must be
used. In this model, the unit of length was chosen, and strand strength values are converted to the
corresponding length values (L, Ly...) using Eq. B-1. This step is summarized in Figure B-3a,

where A and B denote the two sides of the laminate, which will be connected by the crack.

_osty  05(0.139)
B T; B 64

L = 0.002170, Eq. B-1

Next step is to determine all the overlap lengths, which are shown in Figure B-3b, where nodes
are defined by numerals (1, 2...). In order to account for the presence of the strength plateau,
which is governed by the fracture toughness criteria, limit length (Lj;,) is introduced. Based on
Eq. B-2 - Eq. B-3, Lj is 2.77 mm (for laminate thickness of 2.5 mm and interlaminar shear
strength of 64 MPa). It is evident that in Figure B-3b, only L3 is shorter than Lj;,, and hence, the

other overlap lengths will be set to Ljin,.

Example of the through-the-thickness strength model
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L,=0.279

L, =0.386 A
a) b)

Figure B-3 — a) Strand lengths (which are representative of their strengths) and b) overlap lengths in [mm]

2EqGric L 2(51.9)1930
= o= = 1200 MP Eq. B-2
% / t, 0.139 @ a

. _ omnt, _ 1200-25
iml7=64 =y — 1), (18 — 1)64

= 2.77 mm Eq. B-3

Once the length values of all components are calculated, they can be assembled into a network of
all the possible failure paths. Figure B-4a shows all the delamination paths, and Figure B-4b
shows the superposition of the strand delamination and failure paths. A couple of connections are

ignored in this example for the sake of clarity. The shortest or the weakest failure path is shown

in by a red dashed line in Figure B-4b and is illustrated in Figure B-5 (A - 4 — B).

a) b)

Example of the through-the-thickness strength model
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Figure B-4 — Graphical representation of the failure network: a) delamination paths and b) delamination and
strand failure paths

Number of plies

5 10 15
Fracture path Specimen length [mm]

Figure B-5 — Failure path of the modelled microstructure

The final step is to calculate the specimen strength from the shortest failure path using Eq. B-4.

LShOT‘tTi 2187 (64)
= = = 336 MP Eq. B-4
or0S = 3(0.139) ¢ 4

Visualization of different failure paths and their corresponding lengths (or strengths) are shown

in Figure B-6.

A>5254 B Ly=Ly,+L;=6mm A—>52-5324> Bl =L+, =524mm

a) b)

Figure B-6 — Visualization of different possible failure paths and their relative lengths (or strengths)
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