Final year project, MEng, Mechanical Engineering, Imperial College London
Supervisor: Dr Bamber Blackman
5 June 2008

Design of a composite carabiner for rock climbing
Final Report

Virgil Scott

Abstract

In rock climbing and mountaineering there is a strong focus on regtlenweight of all
equipment. By reducing the weight of equipment a climber will exgesd energy
working against gravity and thus be able to climb further and fagtes.project explores
the feasibility of creating a lightweight carabiner usimamposite materials. A set of
detailed requirements for a carabiner have been defined baseteomaiional safety
standards, geometrical criteria and environmental resistanteriacr Material and
manufacturing options have been studied and related to the carappbcation.
Toughness, damage tolerance, damage detection and wear wereindeteton be
problematic aspects of composite materials for lightweighhbtaer design. Literature
research was used to find methods of improving composite toughnessde$igo options
were proposed and one of these designs was described in degaihrdpgosed design
makes use of injection moulded, short carbon fibore/PEEK composite,isaiggifVictrex
90HMF40. A CAD model and a rapid prototyped model of the proposed design were
created. A carabiner made from composite materials is likdbhe up to 40% lighter than a
conventional aluminium carabiner. Producing composite carabineilselg to be more
expensive than aluminium carabiner production — particularly if hapdigais used.
Limited testing and finite element analysis were carriedasupart of the early stages of
design optimisation. Further analysis and development is requirkiebearabiner
production can begin.
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1 Introduction

In rock climbing and mountaineering there is a strong focus on regtlenweight of all
equipment. By reducing the weight of equipment a climber will exgesd energy
working against gravity and will thus be able to climb further astefaln modern alpine
climbing this has been taken to extremes, with climbers carryimimal food and water,
inadequate sleeping equipment and a reduced amount of fall protection equipment [1].

The drive for weight reduction has led to incremental developmentsinbirng fall
protection. Carabiner manufacturers have reduced weight by removitagiahavhilst
modifying their designs to maintain strength and stiffness. €hkeltris a general design
trend moving from solid oval or circular cross sections to ‘I-bestyle cross sections,
where material has been removed in the vicinity of the neutral(Bgure 1). The lightest
carabiners in use today use high strength 7075 series aluminium alloy witerage {2].

Long arm
Longitudinal "
axis Nose
Gate
Transverse :
axis -

Short arm

Figure 1: Weight reduction has been attained by reducing material; strength anesstiff
are maintained by using an ‘I-beam’ style of design. Left: 85 g Right: 52pgo&eced
from [3].
Almost all carabiners currently used for rock climbing are enfaoim aluminium alloy. For
situations where weight is not an important factor, such as finekloas, steel carabiners
are occasionally used for their improved wear resistance and greatier s&esigth.

Aluminium alloys have successfully been replaced by compositesrospace, cycling and
marine products with wide ranging benefits [4]. In all of thesetors there is a similar
drive to reduce weight, and by moving to composites a significamgghtveeduction has
resulted in many proven applications. In part, the aim of this girggeto determine if a
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carabiner made from composite materials is likely to gaifscantly lighter than current
aluminium alloy carabiners — without sacrificing safety. In tddj the performance of
available materials and manufacturing processes will be inaéstigto determine the
feasibility of creating a composite carabiner. Finally, a nunatbelesign options will be
suggested and one will be examined in more detail. First, the cafitdra project will be
discussed in terms of what carabiners are currently avadalgldhow they are used — this
will help establish a detailed set of requirements.

2 Background
2.1 General

In rock climbing, carabiners are used to connect a climbefiésysape to anchors. In the
event of a fall the climber will be caught by the rope &®domes taught and pulls against
the anchor. Carabiners often come in pairs referred to as quickera quickdraw is two
carabiners attached together via a nylon sling. One eriet @fuickdraw is clipped into the
anchor; the other is clipped into the rope (figure 2).

Figure 2: A climber uses carabiners to protect himself in the event of a fall. Reproduced
from [5].
The requirements of a carabiner can be put into three geneegodas: loading,
environmental and geometrical. Minimum load requirements for climtngectors have
been established by international and European standards [6, 7]. For eluraimium
alloy based carabiners the static tests described iBNhend UIAA standards have proven
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to be sufficient to judge their safety. However, composites haveirgyact strength
relative to aluminium alloys and composite failure mechanisars loe highly rate
dependant [8, 9]. In this case, a static test is likely to hgficient to determine the ability
of a composite carabiner to withstand the sudden impact of a egnfeil. A more

appropriate test might involve reproducing a ‘worst case scerfatioinder controlled
conditions. This kind of test will approximate the force history tedforce distributions
(of the rope-carabiner and carabiner-anchor interfaces) of a real fall.

During normal use a carabiner is likely to be dropped onto hard ssiridceninium alloy
carabiners often sustain minor surface indentations and scrétcheshese impacts and
continue to hold falls without failure. The drop height could vary from tean 1 m to
hundreds of metres, although a carabiner is unlikely to be reussdaatirop of that
distance. A composite carabiner might incur defects or delaminfationthese kinds of
impacts. This internal damage would not necessarily be visible ¢libetnaked eye and
other forms of non-destructive testing (NDT), such as ultrasound, would be required.

Strength in main direction Strength in transverse
direction

type K, Q 25 kN
type X 18 kN
all other types | 20 kN

type Q
type B, H, K, X | 7 kN
typ D -

Marking of strength (in kN)

5 ;

type B,D | T kN strength

type H 6 kN ¥x | in main direction

type X 5 kN yy | in transverse direction
type K, Q| - 2z | gate-open

Figure 3: UIAA standards for the minimum strength of a carabiner, the relevant rows for a
standard carabiner are highlighted [7].

Environmental considerations are important because moisture adsorptitenmgpetature
variation can have significant effects on the strength of congsof8i{. Carabiners can be
exposed to harsh temperature ranges; from -40°C at the sumBntedé#st to +80°C or



higher due to frictional heating whilst abseiling. In additionsitpertinent to know the
effects of a change in environmental pH, UV light and general ichémesistance
properties of the carabiner material.

There are geometrical and other design requirements on anearalie to the existing
framework of interactions between items of rock climbing proteatiquipment. Some of
these are set out in the EU and UIAA standards (figure 4).

Gate opening Gate opening force
(for all types)

min. 5 N

all other types | min. 15 mm

Figure 4: An extract of the design requirements set out in UIAA standards [7].

The EN standard [6] defines in more detail the required clearamcesther geometrical
properties that enable carabiners to function correctly when ugkdclvwnbing ropes;
some aspects are not defined strictly and instead come as rendations. For example it
is recommended that carabiners are designed such that when loadedf thesforce is
taken by the spine (figure 5). Carabiners are inevitably weakehe gated side due to
stress concentrations where the gate connects to the bodiyigbthe load towards the
spine reduces the stress on the weaker side. In addition it rheatisetre is less bending —
that is, the spine is essentially held in pure tension, thus fakoers close to its pure
tensile strength (this discussed further inEE#&\ and testingection later).
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Shape which does not relocate the rope Shape which locates the rope in
the same position as the test pins

Figure 5: The EN standard for carabiners recommends a design that relocates the rope to
reduce bending and transmits most of the force through the spine [6].

There is also no strict standard for the shape of the suffatéhe rope slides over, this is
an important characteristic — if the radius of curvature is tal$hen there is a danger of
cutting the rope. The UIAA standard recommends the radius of cugvatat least 4.5 mm
with a contact angle of not less than 120°. Despite these recommendatioasdhedst are
not exhaustive. Carabiners must also be compatible with anchors agdieeiees [11]
and the standards do not include guidance for this. Generally mostneasalaire
compatible with belay devices and anchors, exceptions include soateness that have a
large cross sectional diameter and do not fit through the hole in @itons [12]. Another
aspect of the carabiner is that it must be easily usableamilg enanipulated by hand so
that a climber can clip his rope whilst in a demanding situatiobleTa contains a
summary of the design considerations mentioned in the text above.

Table 1: A summary of important factors affecting carabiner design.

Loading Environmental Geometrical
Major axis Temperature range Rope contact surface
Minor axis Friction heating Rope diameter
Open gate Moisture Open gate clearance
Impact Chemical resistance Rope relocation
Residual strength Corrosion and degradation Anchor constraints
Damage detection UV light resistance Knot compatible
Defect tolerance Double rope compatible
Fatigue Rope clipping
Wear Human handling




2.2 Existing products

It is important to consider existing carabiners in order to ater a reasonable goal for
the weight of a composite carabiner. Carabiner manufacturers hapboyed a
combination of methods to reduce the weight of their products, twgeakiloying
ingredients, re-designing to remove material where it is nateteand simply reducing the
overall size. In 1995 Black Diamond popularised the wiregate carakitietheir Hotwire
[13], previously most carabiner gates were made from the sategahas the main body,
in a wiregate carabiner the aluminium gate is replaced wsthaler diameter steel ‘wire’
(figure 6). This gave a weight saving of around 6g compared to previous carabiners.

Figure 6: Comparing a solidgate to a wiregate carabiner, using a wiregate sedeigit
by around 6g. Images from [14].

The wiregate was initially met with some scepticism; howewdras since become the
norm for top-end carabiners. Furthermore, wiregates appear to beosuipertwo
unexpected ways — when climbing in icy conditions a wiregatess likely to become
frozen closed. Also, in rare circumstances during a fall it isiplesthat a solidgate
carabiner could knock itself open if the spine collides forcefudlyirest the rock surface.
This would momentarily reduce the strength to that of the open+gdéing — which is
usually less than a third of the closed-gate rating. Howeveraictice carabiner failure is
very rare and no thorough tests have been completed to determinephé&memenon has
been responsible for carabiner failures in the field.

Since the inception of the wiregate, the next major weight rieslucame from using I-
beam designs. Several companies have produced smaller carabinengeght reduction
method; but this can have a negative affect on usability. The &Nad for carabiners
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defines a minimum gate opening distance (15 mm), however thisiaritelone is not
sufficient to judge how the size of a carabiner affects igbilig/, particularly as most
carabiners comfortably exceed this value and yet still hawgngadegrees of usability.
Table 2 and figure 7 show the lightest carabiners currentlyadl@il The carabiners are
divided into two categories; ‘full size’ and ‘reduced size'isldifficult to strictly define
criteria to make this distinction — it should be noted that carabimexach category are by
no means all of identical size, for example the Black Diamonds Gignificantly smaller
than the DMM Phantom. The lightest full size carabiners make use of I-beamsdesig

Table 2: Comparing various lightweight carabiners [15, 16].

Reduced Size Weight g | Full size Weight g
DMM Phantom 26| Wild Country Helium 33
Wild Country Xenon Lite 29 Wild Country Xenorn 36
Camp Nano 23 DMM Spectre 33
Black Diamond Oz 30

Figure 7: A selection of the lightest carabiners currently available. Lefgtad:rDMM
Phantom, Wild Country Xenon Lite, Camp Nano, Black Diamond Oz, DMM Spectre [15,
16].

2.3 Manufacture

Aluminium carabiner manufacture generally makes use of cold orolgtif [17]. Hot
forging is more expensive but can be used to produce more complex tgesma
carabiner body starts out as a rod of aluminium, which is heatett, bent into a rough
carabiner shape, then drop forged — the number of forging stagesededepends on the
complexity of the geometry, but usually there is no more thandawthree. The flash
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(excess material expelled during forging) must be cut offthad finally the carabiner is
polished and anodized.

Figure 8: A few stages of carabiner manufacture; a rod of aluminium is bent into shape,
forged, then the flash is cut off [17].

3 Design criteria

As a legal requirement all carabiners intended for climbingl, isothe EU, must adhere to
EN standards, furthermore, the EN standard is generally consigen&imum and most
carabiners exceed the requirements. Detailed design cateridefined below, these are
divided into two categories — strict requirements and design quedelThe requirements
consist of quantifiable values for load ratings and dimensions (bagséé standards), and
any other quantifiable properties (such as operating temperattihesfesign guidelines
are harder to quantify, more like design advice, which is still epprtant (e.g. does the
carabiner tend to relocate the rope to transmit most of the florocegh the spine?). For
conciseness the requirements which are based on the standardBnact aldy roughly
here, these are marked with an asterisk*, for stricter defisitof these requirements
please see EN 12275 [6]. The final part of this section descrilasoaal testing carried
out by Black Diamond that goes beyond the requirements of the standards.

3.1 Requirements

For bolt, piton and belay device compatibility the cross section afatabiner at any point
must fit inside a 13 mm diameter circle.
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The gate opening clearance should be at least 15 mm when the gate is fully open*.
The gate should be spring loaded so that it closes automatiodllsequires a force of at
least 5N to open*.

The gate should not be obstructed when two 11 mm ropes are clipped lesadeabiner
and are resting on the short or long arm*.

When force of 800 N is applied in longitudinal tension, the carabinet motglastically
deform such that it can no longer be opened by hand and the gateemast operational
(able to open by hand) whilst the force is applied*.

The carabiner must not break when a force of 20 kN is applied longitudinally.*

The carabiner must not break when a force of 7 kN is applied transversely.*

The carabiner must not break when a force of 7 kN is applied longiliydivith the gate
open.*

All of the above requirements must be satisfied in operating tetypes from -40 to
+60°C.

3.2 Design guidelines

It is expected that a composite carabiner will cost mone tme made from aluminium,
nevertheless, the carabiner should be economically viable to manufacturd.and se

The carabiner material should be sufficiently tough to withstandhtpact of a climbing
fall.

The carabiner material should have sufficiently low friction agfaa sliding rope that
frictional heating does not bring the carabiner out of its operating temperatge

The carabiner material should not adsorb excessive moisture stich ddaersely affects
its operation or strength.

The carabiner should be resistant to salt water, mild acids kalisalUV radiation, and
have good resistance to chemical corrosion and degradation.

There should be sufficient space to tie a clove hitch [18], using amriiope, on the long
arm of the carabiner without restricting the gate movement.

The arms of the carabiner should be at an acute angle to the wghnaat the rope tends
to slide towards the spine, reducing bending.*

The radius of curvature of the surface that the rope slides ovecasnmended to be at
least 4.5 mm over an angle of 120°.*

The hook or other gate binding mechanism on the inside of the nose ofahimeashould
not unduly snag on the rope when it is clipped or unclipped.
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The carabiner should be easy to manipulate with one hand, have a smoethppipg
action and be easy to clip with either the left or right hand (figure 9).

Figure 9: It is important that a carabiner can be clipped easily with either hanelasleeof
clipping is largely determined by the length and angle of the long armjfthesst of the
gate spring and shape of the gate.

3.3  Additional Testing

Although standards have been developed to ensure the safety of aarathiese are
generally considered to be minimum requirements. For examplek Bliamond, a major
outdoor equipment manufacturer, carries out testing well beyond theemguis of the
standards during carabiner development as they feel that addigomdfication is
required. These tests are relevant as an example of the déligequaired when producing
safety equipment, they are particularly significant for thisgmtdpecause they include tests
that closely emulate real climbing scenarios. Composites @gndrave poor impact
resistance — this means that these ‘real life’ testgeaseappropriate because they occur at
much greater loading rates compared to the static tests stahéards. Black Diamond
carry out drop testing (figure 10) and cyclic testing in variowenagos — the specific
details of these tests are withheld at their request.
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Figure 10: An example of a drop tower used to test climbing equipment. Reproduced from
[19].

4 Materials

Types of composites in use today include Metal matrix compositesan@c matrix
composites, Carbon matrix composites, Polymer matrix compositeldydmil composite
materials. There may be potential for other types of compdsitbe used in a carabiner,
however, most successful aluminium to composite transitions, whegatweduction is
the aim, have made use of fibre-reinforced polymer matrix congso&tg. bicycles, sports
rackets, aerospace structures etc.). It is not feasible to eveey option in the scope of
this project; therefore the focus will be on fibre-reinforced @y matrix composites
only.

This section will explore the material options for the fibres dredmatrix, these options
will be measured against the criteria set out in the previoti®se The ideal material
combination will have the highest strength to weight ratio, a gbfidess to weight ratio
and will satisfy the requirements above. Properties of aluminium 76&elgiven below
(table 3) as a benchmark for comparison. The properties of a caenpegpiend on the
combined properties and interaction of the matrix and reinforcemiestnot possible to
predict the properties of a composite based on the material prepefitibe constituent
parts alone. This is because the final properties of the commisdedepend on the
processing conditions, the method of manufacture, the geometry and poepafathe
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fibres (this dictates the properties of the matrix/fibre fats¥) however, some aspects of
the contribution of each part to the overall properties can be separated.

Table 3: Properties of aluminium 7075 T6 [20-22].

Young's modulus 72 GPa
Tensile strength 510 MPa
Yield stress 434 MPa
Fracture toughnes&c o5 MPam?
Density 2810 kg/m
Price (approximate for 7075-T651 8 £/kg

4.1 Fibres

In a fibre reinforced polymer (FRP) the reinforcement fibresggnerally very strong, stiff
materials. Their high tensile strength comes from their médewrientation and small
cross section, typically carbon fibres have a diameter betweed 41a m [23]. Due to
their small diameter the maximum defect size in fibresnicch smaller than in their
monolithic counterparts. In very stiff materials, where failsreaused by brittle fracture,
strength is largely determined by the size of defects pre3démrefore reducing the
maximum defect size will significantly increase strengiitnvever, as they are so small and
brittle they are vulnerable to damage. During processing and handineg tan become
damaged due to abrasion. In an FRP the fibres are protected afbomsion and
environmental effects by the surrounding matrix. The matrix gihes composite its
durability, shape and appearance, whilst the fibres dictate the overa#ssifind strength.

Table 4: Properties of composite reinforcing fibres [24]. In order; tensile modulugtdail
stress, failure strain, density, specific modulus, specific strength.
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Figure 11: Comparing specific strength and specific modulus for the most common fibre
types [8].
Fibres with a large strain to failure improve impact rasis¢ for high energy impacts [27].
However, a trade-off must be met between stiffness and duckllires that have greater
strain to failure have a lower modulus and therefore impartsié@asess to the composite
structure. It is important for a carabiner that it remains fanat under load (see
requirements), in order to remain functional a carabiner mustlefotm excessively or

else the gate will no longer open.

From table 4 and figure 11; glass fibres are inexpensive, have thagh t® failure and
moderate specific strength but very poor specific stiffness. Alsaiave good specific
strength, high strain to failure but poor specific stiffness. Boroveiy expensive, has
moderate strain to failure, moderate specific strength and goodispétfness. Carbon
fibres have the broadest spectrum of properties — they can de tmdnave a very high
modulus at the expense of strength, or vice versa, however the garynbdulus fibres
also have very low strain to failure. High strength carbon fib@# hgood specific
stiffness, moderate strain to failure, good specific strength ae significantly less
expensive than high modulus types. Ultra-high molecular weight pgleete fibres are
shown in figure 11 but not in table 4, they can have a specific dtremgt stiffness
significantly superior (3.1 MJ/kg and 177 MJ/kg respectively [&mpared to high
strength carbon fibres, however they also have a low melting point (18fCThe
temperatures needed to cure epoxy resins range from 120-180°C [@6&llyy high
performance applications will use epoxies that require curitigeiriop end of that range.
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Commonly used thermoplastic matrices require even higher progdssinperatures, for
example polyimide has a melting point of around 375°C, polyamide of around 24ad°C
PEEK of 322°C [25]. Although they have remarkable properties, polyeihyibres are

not compatible with the high temperatures required for most polyrased composite
processing.

4.2 Matrix

In a composite the matrix acts to transfer the load toetinéorcing fibres, it tends to be far
less stiff than the reinforcement (usually by more thanrdaraf magnitude), therefore it
does not carry a significant part of the load. The matrix affiaterlaminar shear strength
which is crucial for applications where there will be bending I1¢a8% In discontinuous
fibre composites the ability of the matrix to transfer loagisnore critical. The matrix
determines the environmental resistance, friction/wear propestiel has a significant
effect on the toughness of a composite [27]. According to the designacthe carabiner
matrix material should be tough, low friction and resist watdt,veater, UV radiation,
mild acid, alkali and other chemical attacks. Ideally it shoulsb abe reasonably
inexpensive.

When it comes to polymer matrices there are two categurielsoose from, thermoset or
thermoplastic (rubbers are inappropriate for a carabiner). Byitt@i the difference
between the two is simply that, due to cross linking betweepaulgs, thermosets cannot
be re-melted and reprocessed once they have been cured. Therransedflyghave a low
viscosity before they are cured, whilst thermoplastic melts kiawe high viscosity. This
makes it difficult to properly impregnate the reinforcement &brausually requiring high
pressure and temperature. Broadly speaking thermosets &g sii€ more resistant to
chemical attack and can maintain their properties at highgret@tures (table 5) due to
cross-linking. However, cross-linking raises their glass tramstemperature above room
temperature — making them brittle.

The choice of matrix strongly affects the threshold energyirfggact damage [27];
furthermore the threshold energy is not affected by the typeyoutlaf the fibres. As a
result it is very important to use a tough matrix. Thermoseétieega, such as epoxy, can be
toughened with rubber particles. However epoxies are suscetiblg degradation and
also adsorb moisture — which decreases their physical properties.
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Table 5: Comparing properties of thermosets and thermoplastics. Reproduced from [28].

Thermosets | Thermoplastics
Young's Modulus (GPa) 1.3-6.0 1.0-4.8
Tensile Strength (MPa) 20-180 46190
Fracture toughness
Kic (MPa.m*?) 0.5-1.0 1.5-6.0
Gic (kJ/nf) 0.02-0.2 0.7-6.5
Maximum service temperature (°C) 50-450 25230

Thermoplastics have a longer shelf life (in prepreg form) amargdy have a shorter
processing cycle time [4], for high volume production the cycle tisnone of the major
cost factors. Thermoplastics can be amorphous or semi-crystalyseallinity affects the
strength, stiffness, toughness, and resistance to solvents and envirbrattanta The
degree of crystallinity is determined by processing conditions laaadoling time after
processing. Slow cooling imparts higher crystallinity and tloeeefjreater stiffness. It is
very difficult to cool a mould completely evenly; in amorphous polynigescooling rate
has less effect on shrinkage, whilst in crystalline polymengpage is more likely to occur
because crystallinity, and therefore shrinkage, will batgrewhere cooling is slower. The
polymer will crystallise less where it cools more quickhguléng in differential shrinkage
— which causes warping. Careful control of processing temperandesooling times can
be used to maximise damage tolerance and impact resistarjcdag@r cooling rates
make a crystalline polymer more ductile, impact resistantdamlage tolerant. However,
this comes at the expense of stiffness and other propertiesptheaecompromise must be
met.

4.3 Material selection

To aid the material selection process a material selectitabate such as Cambridge
Engineering Selector (CES Edupack 2007) is helpful. The CES databhsies extensive
information on most commercially available materials and provadegsss to CAMPUS
data for specific brands and grades of polymer. However, the databdy no means
comprehensive; some grades are not included and some property idatanplete or is
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provided as an estimate only. Nonetheless, CES is useful as atguade the selection
process.

CES allows limits to be applied to a large range of materigberties. In addition it can
compare materials by graphical means such as Ashby chap&r§y limits can be used to
systematically reduce the polymer database to a suitabldishairimaterials. By varying
the values of important criteria a general idea of what isigh” or ‘low’ value can be
obtained. This process involves raising the requirement of a propertygt Velaving all
other properties without any requirements, to the point where theemwhimaterials that
pass the limit become small (one or two materials). In thig the highest possible
expectation of each desired property can be found. Once the highebtgoespectations
are found, they can be entered into CES and gradually relaxed saoithhle number of
materials passed the limits. An appropriate material canlibechosen from this shortlist.
Specific details of the selection criteria and process are descrilmd bel

First, the CES database was set to use polymeric matenisthis includes both pure
polymers and polymer based composites (in both continuous fibre lanasindtehort
random fibre forms). Initially, no limit was set on toughnesshia tvay the maximum
feasible value can be ascertained when all other crigggaset to minimum acceptable
values. CES uses five descriptive classes to judge the environmesistance and
durability of polymers; the classes are: very poor, poor, averagd, gnd very good. In
agreement with the design guidelines set out in the design argection a ‘very good’
requirement was set on the following durability criteria: fresiew salt water, weak acid,
weak alkali, organic solvents and UV radiation. In addition, the maxinsemice
temperature was set to be at least 60°C and the minimum sewiperature was set to be
at most -40°C. Table 6 summarises these selection criteriae Tequirements cut down
the number of passable materials in the CES database from 637 to 25.
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Table 6: Selection criteria used in CES to make a shortlist of passable materials.

Criteria Requirement
Fresh water resistance Very good
Salt water resistance Very good
Weak acid resistance Very good
Weak alkali resistance Very good
Organic solvent resistance Very good
UV radiation resistance Very good
Maximum service temperature 60 °C
Minimum service temperature -40 °C

The next step was to optimise the toughness by setting flirthes. In CES both fracture
toughnessK . and notched impact energy (Izod) are used to define room temperatur

toughness. 1zod energy gives a way of approximately rankingrialatby critical strain

energy release ra@,. , but the ratio ofK,. andG,. depends on stiffness (eq. 1) [30].

K2 =EG./(1- V?) (Equation 1)

Where E is Young’'s modulus ands Poisson’s ratio. Polymers in general have a relatively
low stiffness, therefore usinG,. (based on Izod) alone may not be a good indication of

toughness. For this reasdfy. was also included in the selection criteria. This will ensure

that polymers with a high Izod toughness but disproportionately lostufiea toughness
(due to low modulus) will not be able to pass the limits.

First, by trial and error, the limit was found for fractioeighness that allowed through
only the top 50% (i.e. 12 results) of the 25 previously passable aiaterihe value found
was 5.5MPa.nt’2 This limit was then removed and, by the same means, the corraspondi
value for Izod impact strength was found to be 25 kJRimally, both of these limits were
applied simultaneously. The final seven passing results (talslengisted of various forms
of PEEK based composite, two ETFE based materials, unfilled ECAr€ random
oriented glass fibre filled polyester liquid crystal.
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Table 7: The final 7 results that passed the CES selection criteria set out in table 6, plus
these additional; a K of at least 5.5 MPa.fff and a notched Izod of at least 25 KJ/m

Further increases in the toughness requirements led to all alsteeing excluded apart
from the carbon fibre PEEK composite laminates. However, it isnaogssarily fair to
exclude the other materials from consideration because thep #ne unfilled form or
filled with random short fibres, whilst the PEEK is filled Witinidirectional continuous
fibres. It is not obvious whether the excluded materials would lierb®tworse as there
are no laminate forms of ETFE, ECTFE or PLC available inddtebase. The fact that
they don’t exist in that form may suggest that either, duedonpatibility with fibres, it is
difficult to produce, or the resulting properties are not veryraela. Otherwise it is
possible that it has simply been overlooked.

The list of materials in table 7 has been produced using critarihe matrix only, it is

also important to consider the strength and stiffness requirenidmdse materials in the
list that are unfiled and those with short random oriented fibres dvbalve to be

combined with continuous reinforcements to attain the necessargthtrand stiffness.

However, using any of the listed matrix materials in combinatwith a high volume

fraction (50-60%) of intermediate modulus carbon fibres will produceatemal that

exceeds the specific strength and stiffness of currenbioaramaterial by a large margin.
The challenge comes in finding the optimum combination of matemalmaximise

toughness. This section has studied the available materials wiglvdo finding materials

that satisfy the toughness, strength, durability and other requirementsigeineusly.

Material combinations in relation to the available manufacturingcgeses will be
considered in the design section later. The next section desthbaange of available
composite manufacturing methods and relates them to the design criteria ananeugsire
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5 Manufacturing processes

A major pitfall, when moving from metal to composite designeglecting manufacturing
considerations at the outset. Metals are largely isotropic airdptioperties are generally
easier to predict, therefore it is less important to think aboaufaeturing considerations
whilst in the material selection and design stages. Howevtr,composites this can lead
to major problems because material selection, design and manefalttgo hand in hand.
Choosing one material over another could have a massive impacms ¢erpossible

design geometries and manufacturing options.

The basic requirement of all composite manufacturing processsnaintain the desired
pressure and temperature throughout the component over the required pérnos[88].

If the temperature and pressure are controlled effectively, anddtrex and fibres are held
in position until the composite becomes cool enough (or has setenifftan the case of
thermosets) to be ejected, then manufacture will be successfuufadéuring processes
can be split into two categories; open mould and closed mould. In the opdoh category
there are wet lay-up processes, bag moulding and curing prgcessksautoclave
moulding processes. In the closed mould category there is tramstgding, compression
moulding and injection moulding. Another manufacturing process, whichrae# into
either category, is filament winding. Several of these processes areredrmpfgure 12.

Figure 12: Comparing the performance of composite manufacturing processes.
Reproduced from [4].
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5.1  Open mould processes

Wet lay-up processes involve either hand lay-up or spray-up;harestse impregnation
occurs during the moulding process. Hand lay-up is a skilled proodsherefore labour
is expensive, however the cost of the mould and other capital investarentsually fairly
low. This makes it suited to short-run components, where a fag tiyge is not

imperative, such as boat hulls. Spray-up cannot achieve high a valactierf — therefore
it is not suitable for high performance lightweight applications. Bmifay-up and hand
lay-up are most suited to large sheet-like components suchaashbits and furniture.
Unlike other processes they require little or no pressure.

Bag moulding is essentially an extension to the lay-up prodkesiay-up mixture is
covered in a flexible airtight bag and either an external pressagplied or a vacuum is
created inside the bag-mould enclosure. This improves the propertitbe oésultant
composite by driving out volatile substances and increasing the gofumetion of

reinforcement.

Autoclave moulding uses a combination of a vacuum bag and a pressure rchambe
produce components with high geometrical complexity and very good meghani
properties. Almost invariably it is prepregs that are usealinclave moulding (although
dry filament windings can also be cured in an autoclave), the mgutdicle can take
many hours.

A universal disadvantage of open mould processes for the producticractkaner is that
the component is only in contact with one side of the mould. This iddinesymmetric
sheet-like objects such as panels, hulls, and covers as they geoehalhequire a good
surface finish on one side. However, a carabiner is symmetric Higolangitudinal plane
(figure 13) — this means that you could effectively only producH’ ‘aacarabiner using
open mould techniques.
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Figure 13: Open mould processes only allow the component to contact the mould on one
side — which means the other side will be flat and have a relatively poor sumfalke f

In all processes that use laminates there are a number of dptiomssider in terms of the
form of the reinforcement fibres. There are both unidirectional amdemfabric options.
Unidirectional options include: tape, single tows, strips and ucithreal fabrics (defined
as having greater than 80% warp). Woven fabrics include: balanced fabricsiidadiats.
Figure 14 describes the effects of using different fibre forms.
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Figure 14: Comparison chart for laminate fibre reinforcement forms [4].

5.2  Closed mould processes

In transfer moulding a closed mould contains pre-placed fibre lamedsis filled with
liquid resin at low pressure. Transfer moulding makes use of thetsnosly, the low
viscosity of the uncured thermoset resin means that pressurgersgnis are low;
consequently tooling costs can be kept low. Transfer moulding isajignaesed for high
strength and high stiffness components with production in the tens of thousasdsich it
is a definite candidate for carabiner manufacture. A threerdiioieal fibre preform, with
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fibres oriented optimally for the tensile and bending loads exgacte carabiner, could be
infused with a suitably tough resin.

Another liquid moulding method is reaction injection moulding (RIM), is hiocess the
resin is injected at high pressure into a mould. The mould may cenfdire preform, or
the resin may contain short fibres/filler already. RIM t& used for more complicated 3D
components and has a high initial capital investment; however tyus are generally
very short so it is economical for large production series. Wdterely, injection moulding
can make use of thermoplastics; this further reduces the toyeeas the product does not
have to cure in the mould. However, as thermoplastic melts ayevigeous, this process
requires very high pressures and thus has considerable tooling ngstsoh moulding
makes use of short fibre reinforcement only and can be highly automated.

If it is possible to formulate a short fibre reinforced polyntieat has the necessary
mechanical properties, then injection moulding (or RIM) would be aellext candidate
for carabiner manufacture. Although the initial capital investmenhigh — injection
moulding would enable the complex geometry of a carabiner body tatle i a single
process. In addition, once manufacture begins there will be midabalr costs and
production capacity will be very high thanks to fast cycle timés. Mechanical properties
of injection moulded composites rarely compete with laminated corepdséicause their
fibres are relatively short and their alignment is hard to coasat depends on the flow
path during injection. However, the strength of most high performancendtes
considerably exceeds the requirements — therefore an injection mpolgeter does not
need to match laminate strength, it must only be of comparablgggirto the aluminium
alloy currently in use.
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Figure 15: A schematic diagram of the thermoset injection moulding process [1].

Compression moulding involves using a compression press to apply heaessur@rto a
sheet or bulk moulding compound. The heated moulding compound flow into the shape of
the mould and usually produces sheet-like components. Cycle timgsraelly low and
the process is often used in the automotive industry to produce covetsoasidgs.
Prepregs and laminates can also be used in a compression moutiagsp- generally
giving the resulting product better mechanical properties. Ritdbek and hydro forming
techniqgues enables more complex geometries and reduce the risknklesvin the
component. Compression moulding is certainly a possible candidate afabirger
production. A roughly carabiner shaped charge pattern would be cut frioeetansoulding
compound such that it would cover near to 90% of the mould surface. A chatde
normally cover somewhere between 20 and 90% of the surface — covéainggraportion
of the surface is beneficial for structural applications becauseeps flow induced
orientation to a minimum.

Filament winding is the process of wrapping a tow or band of fiareand a rotating
mandrel. Either prepreg fibres are used or fibres are dipped iresietas they are wound.
The winding angle and pattern can be tailored to the loading reaariterand a high fibre
volume fraction is possible which means parts generally have goduanieal properties.
However, shapes with reverse curves cannot be wound, in addition, windifigctsvely
limited to parts with rotational symmetry. This makes itidifit to use in carabiner
manufacture as the carabiner shape precludes the use of noramaéntil winding
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apparatus. A radical redesign of the carabiner shape may enablesehef filament
winding.

Another composite manufacturing process that may be worth cangidethat used for
tennis racket production. A carbon fibre prepreg is wrapped around aabidlaube; the
tube and prepreg are then inserted into a closed mould. The tubessrisesk and the
mould is heated until the racket consolidates [31]. This produces strmhgjghtweight
rackets that can not only withstand the impact of a tennis bedlllireg at 140 mph — but
can also send the ball hurtling in the opposite direction at aasispleed. This process
could be adapted for carabiner manufacture. It would require thbicar to be hollow
which could potentially increase the cross section beyond the maxaoceptable value —
this depends on what the minimum possible size is for an inflatabke capable of
applying the required pressure.

The variety of composite manufacturing processes reflectgatety and complexity of
composite materials. The composite field is continuously changmegv-combinations of
materials are frequently created whilst new variations amdlifroations to existing
manufacturing methods are introduced.

6 Literature Research

Design limits for composites tend to be much lower than their capability due to gasmtim
strength [8]. Improving toughness will reduce the need for excesHety $actors and thus
enable a great reduction in weight for high performance coneppsdducts. For this
reason there is a large body of literature focusing on metlodsigrove composite
toughness. The aim of this literature research is to find thevee effectiveness of all the
available toughening methods and to determine which methods are ppospréate for
each manufacturing process. Further aims include finding qmeduction processes and
fibre/matrix combinations that yield good strength, stiffness amaghness. This
knowledge will inform later design decisions. 108 papers wergaased, of which 95
have been summarised. Figure 16 shows a diagram of the categakgdwe with the
number of papers in each area. The literature review is summarised below.
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Rock climbing (4) Impact related:
Impact related (50) Nanoparticles (1)
Hybrids 4)
Other (5) Resin toughness (3)
Stitching/weaving (7
Nano-composites (1) Temperature (5)
Threshold velocity  (2)
Misc. (less useful)  (31) Other (28)
PEEK matrix (8) Total 50
Self healing matrix (2)

Shape memory alloy (7)

Total 10¢

Figure 15: A summary of research categories relevant for composite matals in rock
climbing.

6.1  Toughening methods

The main toughening methods are based on using different forms andnabors of
fibores. The methods are: stitching, weaving, knitting, z-pinning, ithgomg, outer
protective layers and interlayers. Z-pinning, knitting and 3D-wepappear to offer the
very promising benefits — with z-pinning showing improvements in moded Il
toughness of up to an order of magnitude [32]. In addition, damage awduced and
compression after impact strength is increased [33]. Z-pinnindgnéseanarrow composite
pin-reinforcements are inserted perpendicular to the compositecesuHagiving the
structure greater out-of-plane strength (figure 17).
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Figure 17: Z-pins visible after pullout [34].

3D woven laminates are more compliant than unidirectional tape basedates; this

means that more of the impact energy is absorbed by the resgaisestructure rather
than through delamination [35]. In addition, the weave pattern helps to redace
propagation of shear and delamination cracking. Knitted reinforcement (figunad.8gen

compared with woven reinforcement — it was found that, after itngrecknitted laminates

adsorbed more energy (and sustained more damage) but their residilgl properties

remained higher [36].

Figure 18: Various knitting patterns. Knitted composites maintain greater tensile pespert
after impact compared to their woven counterparts [36].

29



6.2 Matrix

The toughness of the matrix material has been shown to have areeryisfluence on the
toughness of the composite [37, 38]. Using a tougher matrix increases the damadga initia
load by increasing fg.

Using a toughening agent, for example rubber particle toughening,dwoarimally
improve toughness at the expense of stiffness. Adding alumina naol@sait an epoxy
resin can improve both toughness and stiffness [39]. Adding 1-2% alumiingesawas
shown to introduce new energy dissipating mechanisms — shear giellitne matrix,
particle pullout and crack pinning. Adding calcium silicate microglas into the
nanoparticle composite improved wear resistance by a facttwesd,tthe impact energy
stayed above that for the neat matrix but the strain to break decreasedasgyifi

6.3 Fibre

Combining different types of fibre in a composite is called iolybation. The aim of
hybridization is generally to combine two types of fiboreshwigry different properties, to
attain the benefits of both. For example, a high modulus fibre might be used in combination
with tougher fibres to give a composite both stiffness and impaidtaace. It has been
shown that, in laminated composite, alternating layers of gladscarbon fibre reduces
notch sensitivity compared to pure glass or pure carbon fibre lasifsh]. The effect is
amplified if the layers are ordered such that carbon fibre is on the outside riforthethis
layering improves the compressive strength after impacheslamage area and crack
lengths are reduced.

For woven hybrid composites it has been shown that interply are totlgrenntraply
hybrids in low velocity impact [40]. In an interply hybrid eachdagontaining only one
fibre type — but fibre types alternate in successive layeranlintraply hybrid each layer
contains a mixture of both fibre types. The interply hybrid show@db &% higher specific
energy adsorption, a 5-45% lower peak load and an 8-220% higher ductile index.

Hybridization in random oriented short fibre reinforced composites dgen shown to
significantly improve tensile strength and modulus, flexural sthermgnd modulus and
marginally improve toughness [41]. Thermotropic liquid crystallingmelr (TLCP) fibres
were added to a carbon fibre reinforced PEEK matrix (figure th®),TLCP fibres were
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around an order of magnitude smaller than the carbon fibres (0.3-1¢ompared to 7
pum). The TLCP fibres also reduced the melt viscosity — enabling easieispitag.

Figure 19: Adding smaller TLCP fibres to a short fibre reinforced matrix improves
mechanical and processing properties [41].

Short shaped copper fibres have been shown to improve toughness [42]. Shafiomgshe
affects the fibre/matrix interface and, when combined with ghauatrix, shaped fibres
perform better than their straight equivalents. Another toughenirigoohewhich makes
use of interlaminar fibres, has been shown to reduce damagendrea\erity [43, 44].
Short fibres are sprinkled in between layers before curing;irtbreases the out of plane
strength.

The volume fraction of fibres is a major determining factor domposite mechanical
properties. For injection moulded polypropylene, with long discontinuous dibee
reinforcement, there is an optimum percentage of reinforcemembdgimising strength
and toughness [45]. Stiffness was found to increase linearly with ¢ilmtent up to the
maximum possible of 73% weight; whilst the maximum content fength and toughness
was found to be 40-50% weight.

6.4  Processing

Consolidation temperature and cooling rates have been shown totaffgbhess [46-48,
49]. Rapid cooling increases matrix toughness but reduces temsilgtbtdue to reduced
crystallinity — a compromise must be met to achieve sufficéérength whilst optimising
toughness. Similarly, a lower consolidation temperature increasgsx nductility —
improving composite toughness.
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The properties of the interphase (the region of resin close t@itifercement fibres) can
be very different to those of the bulk resin [50]. The interphase @laysicial role in
determining the overall strength and toughness of a compositprdperties can be
tailored to optimise strength and toughness by using appropriaigss(surface treatment
on the glass fibres) to affect the fibre/matrix bond.

7 Design

Design using composite materials is a complicated processhimg up the requirements
of a design brief with the offerings of materials and the tétiuns of a compatible

manufacturing process is like threading a moving needle. Mhtedmbinations are

endless, research is wide-ranging, rapid and continuous and mtamnuig options are

numerous and ever-changing. The flexibility of composite manufactusech that new

production methods are often invented, or existing ones modified, to s@iteeia specific

application. Before the design process could begin a substantial aciawsearch into

composite materials, design and manufacture was necessarye3dasch was intended to
help determine the optimal method of creating a carabiner from composites.

7.1 Initial exploration

The feasibility of the project was tested with a number efipinary calculations. Several
calculators were created, using Microsoft Excel, to expeld@eekploratory calculations.
The first set of calculators used simple stress analysstimate the ultimate tensile stress,
diameter or strength rating of a carabiner (any one of i{wegeerties can be found if the
other two are defined). To simplify the calculations it wasiased that the carabiner cross
section was circular and that carabiners fail in pure tensien ignoring the bending
contribution due to the applied load being offset from the longitudinal @ixihe spine).
The error in the latter assumption is described further iT#séing and FEAection later.
By measuring the diameter of a carabiner (or approximatngréa by other means), then
inputting its strength rating — the design stress can be estimttis is useful when
considering new designs.

Further calculators were created to estimate: the bendirgs strehe spine when loaded
transversely, the weight of a carabiner based on its steaigthtlength, diameter and
density, the number of fibre tows needed to achieve a certain thtreattng and the
volume fraction based on the number of fibre tows used. The assumptiooubdr cross
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section means that these calculators are only very rough tetimsseful for quick
comparisons and ‘ball-park’ figures. Using these calculators,bowd with data on
material properties, enables an estimate of how much weighbe&asaved with various
material combinations. An estimate of the maximum weight sapoigntial can be
determined by comparing the specific strengths of a typicdl sigength laminate and
7075 T6 aluminium:

(Equation 2)

(Equation 3)

Where m is the mass of the carabiner body, L is its straigtiteength, is the stress due
to an applied longitudinal load F, A is the cross-section area (thbicar body is assumed
to have constant cross-section) ang the density of the carabiner material. Combining
equation 2 and 3:

(Equation 4)

Equation 4 describes how the minimum mass required to make aneardlnidy of
sufficient strength depends only on the specific strength of #terial, the load that it will
have to carry and its straightened length. As mentioned previdhsdyassumes that the
carabiner material fails in pure tension. Using CF/cyandés gaasi-isotropic laminate as
typical example: composite laminate densitys 1670 kg/m and the tensile strength is
607 MPa [51]. A guasi-isotropic laminate was chosen because ity reatarabiner will
need to take tensile, compressive and bending loads in both the tsansne longitudinal
directions — therefore using the tensile strength of unidmeakilaminate would give
overly optimistic predictions. From table 3; the densifyand strength , for 7075 T6
aluminium are 2810 kg/m3 and 510 MPa respectively. Based on a tppdallength of
19.5 cm and an applied load of 24 kN the mass of the carabiner bodye W g and 26 g
for composite and aluminium respectively (table 8). Based on aatéregass of 6 g, this
comes to a maximum percentage weight saving of 40%. This is eelgyaough guide to
the maximum weight saving possible, realistically it is fk#lat a composite carabiner
must be over-designed somewhat to improve impact resistance.

33



Table 8: Comparing the carabiner body mass for a composite and aluminium body. See
preceding paragraph for material details and assumptions.

Material | Density kg/m® | Tensile strength MPa | Carabiner Mass g
Aluminium 2810 510 26
Composite 167 60 13

7.2 Brainstorming

When attempting to design a product it is important to know who willtusew it will be
used and be aware of what similar products already existalsasvital to have detailed
knowledge of the relevant materials, manufacturing processes aigth deguirements.
However, once this is attained to a reasonable degree, it can heseérlyto come up with
ideas without worrying about satisfying the material and praogdisnitations and design
requirements [52]. There are so many restrictions and requirethahiswould be easy to
critigue and discard most ideas — potentially missing out on usefwimafion. Even if an
idea is not feasible, it may contain elements that could dreafigtimprove the end
product. Figures 20 to 22 show a selection of ideas and sketches created on this basis.
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Figure 20: Brainstorming ideas.

Top — a double axis gate that
enables the gate to open in the
clockwise and anticlockwise
directions. The gate could be split
in two; each side rotate
independently.  Alternatively a
mechanism could be used that sets
the rotation axis depending on
whether the user applies an opening
force on the top or bottom of the
gate.

Bottom — a carabiner could be cut
from a panel. The panel could be
made using thermoplastic prepreg
compression moulding. The prepreg
could be made by automatic lay-up
to orient the fibre strips optimally.

Figure 21: Brainstorming ideas.

Top — some existing carabiners

make use of a fixed sling, where the
sling, used to attach two carabiners
together to make a quickdraw,

cannot be removed. This s

potentially useful for a composite

carabiner as, in accordance with the
EN standard, it circumvents the

need to pass the transverse loading
requirements. This means that
loading  directions are more

predictable which makes it easier to
take advantage of the excellent
tensile properties of reinforcement

fibres.

Bottom- a sliding gate would lessen

the chances of accidental gate
opening.
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Figure 22: Brainstorming idead.eft— various alternatives for a single part design. If the
carabiner used a single part design it could be injection moulded in a single process
greatly simplifying manufacturing and reducing labour cdRight— exploring different
arm angles and spines lengths to encourage rope relocation and ease clipping.

7.3 Proposed designs

Two proposed design options are described below. These combine the masingrom
materials with the most effective toughening methods fronratitee and employ
compatible manufacturing methods that are suited to the productiontgu@hg designs
are: a CF/PEEK prepreg based design using a tennis rdagletos production and an
injection moulded short fibore CF/PEEK design. The injection moulded omierpglored

in more detail with a 3D model representation.
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7.3.1 Prepreg/racket

The manufacturing process used to create composite tennis nagiatscularly suited to
carabiner production. Like tennis rackets, carabiners need hiftest, strength and
resistance to impact. In both cases, the applied load isenyaspecific in direction and is
repetitive. In racket manufacture a prepreg is wrapped by tranddhan inflatable tube —
by using hand lay-up it is possible to highly customise the otientaf the prepreg strips
to give strength and stiffness in specific directions. The tabepeepreg are inserted into a
closed mould. The tube is pressurised and the mould is heated untkckat has fully
conformed to the mould. The use of a CF/PEEK prepreg reduces tbedioyelcompared
to a thermosets because it is not necessary to cure the mEIEK — it can be removed as
soon as it is cool enough to maintain its geometry outside the mould.probess will
require the carabiner to be hollow which could potentially inergh® cross section
beyond the maximum acceptable value — this depends on what the mipiossible size
is for an inflatable tube capable of applying the required pressure.

Figure 23: Composite tennis racket manufacture could be adapted to make carabiners. 1:
Prepreg is wrapped around an inflatable tube. 2: The tube is heat and pressurised in a
mould. 3: The frame is coated in polymer [53].

A tough prepreg could be prepared by using 3D woven laminates. Thesaosage
compliant in the out of plane direction compared to unidirectional tapedbaminates;
this means that more of the impact energy is absorbed by thensesof the structure
rather than through delamination [34]. In addition, the weave pattern toehesluce the
propagation of shear and delamination cracking. This would reducek#éiédod of
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damage if the carabiner was dropped onto a hard surface and imigroesponse to the
impact of stopping a falling climber. In addition, PEEK is a verygh matrix and as
discussed previously — using a tough matrix brings a significantoiraprent in the
toughness of a composite structure. PEEK also passes all afvinenenental resistance
requirements.

The detalil in the nose and gate attachment point of the carabaydvarhard to produce in
the same operation as the creation of the main body as thernomplesiregs do not
conform well to complex mould geometries. This is due to their pad éad drape
characteristics. However, it may be possible to include ingbds are joined to the
carabiner during the heating process.

Although this manufacture method could be used to produce high quality neasalt
would require a large number of separate processes; hand lay+ugfactare of inserts,
gate manufacture, moulding and final assembly of the gate and body. Hand $askilied
and time consuming work that would add great expense to the pastaunlikely to be
economically feasible to compete against current carabiners liand lay-up of prepregs;
both the labour and materials costs would be significantly highes. rdbgh cost of
CF/PEEK laminate is £60/kg [54] compared to £8/kg for 7075 T6 aluminiaiphe(B). It
may be possible to replace the expensive CF/PEEK matertalandss expensive epoxy
based prepreg — however, this is not enough to mitigate the cost of extensive diolled la

7.3.2 Injection moulded

Although the tooling costs are high, injection moulding would enable the egmpl
geometry of a carabiner body to be made in a single procesddilion, once manufacture
begins there will be minimal labour costs and production capaditie very high thanks
to fast cycle times. The mechanical properties of injection mdutsenposites rarely
compete with laminated composites because their fibres &tvely short and their
alignment is hard to control. However, the strength of most high rpeafce laminates
considerably exceeds the requirements — that is to say, andnjeabulded polymer does
not need to match laminate strength, it must only have a supgeaifis strength
compared to the aluminium alloy currently in use. A promising carelidadterial is
Victrex 90HMF40 PEEK. This is a PEEK resin filled with 40% sloantbon fibres and has
a tensile strength of 350 MPa and a density of 1440 kgjiving it specific strength of
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243 kJ/kg comparing favourably to the 181 kJ/kg specific strength of 7@ &uminium.
Properties of 90HMF40 and 7075 T6 aluminium are compared in table 9.

Table 9: Comparing properties of 7075 T6 aluminium with 90HMF40 CF/PEEK [20-22,
55]. *estimate from the CES database [56].

7075 T6 90HMF40

Tensile modulus (GPa) 72 45
Tensile strength (MPa) 510 350
Density (kg/m) 2810 1440
Specific tensile strength (kJ/kg) 181 243
Fracture toughness& (MPam®? 25 7*
Notched Izod energy (kJ/m”2) 59 10

The PEEK composite has superior specific strength, but relafpogly toughness. There
are no defined requirements for fracture toughness and Izod enestiyg teould be
necessary to determine if the composite has sufficient toughmessd as a carabiner —
ideally a prototype should be tested using a drop tower.

Mechanical properties could be improved using hybridization. Adding $haH1.5 pum)
thermotropic liquid crystalline polymer (TLCP) fibres to a CGHAK composite can
significantly improve tensile strength and modulus, flexural sthermgnd modulus and
marginally improve toughness [41]. The TLCP fibres also redusemlt viscosity; this
reduces the clamping force required of the injection machineichvwean reduce costs. It is
also worth noting that it is possible to improve the toughness #frtess of an epoxy
resin by adding alumina particles [38]. This may not work for B Eatrix, but is worth
further exploration. Further optimisation of toughness can be attaynedréful control of
the cooling rate after moulding. Rapid cooling increases matrixntess but reduces
tensile strength due to reduced crystallinity — a compromigst he met to achieve
sufficient strength whilst optimising toughness.

7.4 3D modelling and rapid prototyping

Two 3D concept models were created in SolidWorks. One model is baghd ‘gateless’
concept (where the gate and the body are a single integratgebent) mentioned in the
Brainstormingsection and the other is a more conventional gated carabiner ecoddhbe
manufactured by injection moulding. The gateless model was creatpbvide a 3D
visualisation of the concept (figure 24, 25). However, it was detechthat the force
required to open an integrated gate sufficiently to allow a rope $otipasigh would cause
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stresses very close to flexural strength of the materiath&umnore, carabiner strength is

dramatically reduced in the open gate configuration. Normally thevgauél restrict the

arms of the carabiner from bending — reducing stresses due to bendihg spine.

Additionally, a small portion of the tensile load is normally traitted through the gate. In

the gateless design the arms of the carabiner are free te-biesdlting in greater stresses

in the spine. This effect is demonstrated by the fact that narabiners are capable of

holding a longitudinal load of 24 kN with the gate latched closed, \ahewen the gate is

open the failure load decreases to around 8kN. Nonetheless, the gatalesst might be

an interesting idea to pursue for further development; a majdema will be achieving

the transverse loading requirements.

Figure 24: A CAD model

of the gateless concept,
where the gate is integrated
into the body of the
carabiner — enabling gate
and body to be
manufactured in a single
operation.

Figure 25 A rapid

prototyped model of the
gateless concept. The CAD
model in figure 24 was
converted to STL format
and this was used to create a
rapid prototyped model by
stereo-lithography.
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Figure 26: A CAD
model of the proposed
carabiner design.

Figure 27: A rapid
prototyped model of
the proposed carabiner
design.

The proposed design makes use of a curved I-beam cross-section to make tligcrenst e
use of material whilst making sure that there are not suddsrgek in cross section that
could cause stress concentrations. The gate in figure 26 is adéddtputemonstrate the
gate position — it is a separate component and would not be injectiodedouith the
carabiner body. The gate would be manufactured separately fgimstnength steel wire.
The geometry conforms to all geometrical requirements definethaé design criteria

section; however, it has not been optimised for strength and stiffiesoptimise the
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strength and stiffness, and thus minimize weight, it is negessa&arry out finite element
analysis (FEA) on the model. Some exploratory FEA was caoti¢cdn a model of an
existing carabiner to check the validity of constraints and loadindittons (se¢-EA and
testingsection). The CAD model was prepared in such a way that treejey and cross-
section can be modified easily, this enables iterative improveofighe design based on
feedback from FEA results. Figure 28 shows which dimensions camdiéed to control

the path of the carabiner body.

Figure 29: The CAD model was prepared so that the geometry can be easily modified in
response to feedback from FEA results.

7.5  Costing

A quote for the production of the proposed design was obtained from Hilton Engme

[57]. The quoted cost for tooling was £9620. On top of this, the cost pemiterd be

£3.52 for an order of 25 000 to 50 000 items in the first year. In the second year the cost per
item would be £3.34. If the cost of tooling is spread over 50 000 carabirties first year,

this brings the production cost per item to £3.71. Further costs wouldtineed from the
additional cost of producing and attaching the wiregates — howeves tiisly to be small
compared to the injection moulding costs. A typical cost of an egidightweight
carabiner is £8 [15]. This means that gate manufacture coststisidgecosts, distribution

costs and a profit margin must sum to less than £4.29 per item intordetch current
top-end carabiner prices. However, previous precedents have suggeséeprématum can
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be charged for lighter carabiners — therefore there may be jpbtenincrease the target
selling price without much detriment to sales.

8 FEA and testing

Tensile tests were carried out on four carabiners. The ailmediesting was to determine
the failure locations and failure loads. This information could then é@ wsverify FEA
stress testing. In addition, the location of failure and the falhad can be used to judge

the accuracy of the assumption that a carabiner fails in pure tension.

Longitudinal, closed gate tensile tests were carried out @ogcpEN12275 on two Black
Diamond Light D and two Black Diamond Hotwire carabiners. Failaoatlons can be
seen in figure 30 — failure occurs consistently where the carabimes connect to the

spine.

Figure 30: Two Black Diamond Light D (left) and two Black Diamond Hotwire (right)
carabiners were tested to failure.

The failure loads of the Light D carabiners were 28.0 kN and 29.1 kNfailbee loads of
the Hotwire carabiners were 28.8 kN and 29.1 kN. The cross-sectiomfaaehight D
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carabiner is 7.17 x10m? [58]. Taking an average failure load of 28.55kN, if it is assumed
that the load is taken entirely by the spine, this would resualtstrtess of 398 MPa in the
spine. The tensile strength of the carabiner material is af@ldd1Pa, so the stress in the
spine is 112 MPa higher than if the spine was in pure tension. liggests that the
bending of the carabiner arm plays a significant role the carabinertbtreng

A CAD model of a Black Diamond Light D carabiner was create8alidWorks and FEA

stress analysis was carried out using CosmosWorks. The LigebDetry was recreated
using data from Black Diamond and overlaying an image of a LigharBbmer onto a

sketch in Solidworks.

Figure 31: Stress analysis was carried out on a model of a Black diamond Light D
carabiner using CosmosWorks.

The CAD model was meshed, material property data for aluminium 7@%%as entered
and forces and constraints were applied. On one end, the carabineonsasined for

translation in three orthogonal axes to represent a fixed pin ¢dséscfigure 31). On the
other end it was constrained in two orthogonal directions perpeadiuthe spine — to
represent a moving tensile test pin. The model represented tléneara its open gate
configuration. A force of 7 kKN was applied, in the direction of the spamethe less
constrained of the two surfaces. A simulation was run and this edsut maximum
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stresses at the constraint points and stresses of a sinaiggnitode on the inner surface
where the arms connect to the spine. This shows some agreerttertheviensile tests
performed as initial yielding occurred at the test pin contact pa@nt then breakage
occurred at the arm/spine connecting point. However, the siréisis point was estimated
as 630 MPa. The black diamond Light D carabiner has an operstgatgth rating of 7
kN, and the carabiner material has a strength of 510 MPa —uipess that the FEA
analysis is overestimating the stress in the carabiner. ©ockgured correctly this
analysis could be used to optimise the carabiner design proposed insitpe skection.
However, this is beyond the scope of this report.

9 Future work

The next step is to comprehensively validate the finite elemmetysas method so that it
can be used to optimise the suggested design. Open and closed gate dbadidgbe
analysed, in addition to transverse loading. This would require a oonglex FEA model
— it would be necessary to model the gate/body assembly, takingcicaant the differing
material properties and the constraints at the joints. Optimisati the geometry could
also take into account processing considerations by using injectiaidimg simulation
software such as Moldflow Plastic Insight (MPI). MPI could beduse optimise
processing conditions and mould design. Further study should be carriedtauhe
friction and wear characteristics of 90HMF40 in relation to climbing ropes.

10 Conclusions

The main aims of the project were to explore the feasibilityaod propose a design for, a
composite carabiner. The possibility of reducing the weight otaboser was defined as
the major motivation. A set of detailed requirements for a cagalfiave been defined
based on international safety standards, geometrical criteriaram@nmental resistance
criteria. Material and manufacturing options have been studiedetatdd to the carabiner
application. Low toughness was determined to be the major problesoroposite
materials for lightweight carabiner design. Literature netewas used to find methods of
improving composite toughness. Two design options were proposed and tmesef
designs was described in detail — this made use of an injection mogluert carbon
fiore/PEEK composite, specifically, Victrex 90HMF40. This matekas noted for its
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high specific strength, other excellent mechanical properdies, its compatibility with
injection moulding — which enables economical production. A CAD model arqgbid r
prototyped model of the proposed design were created.

A carabiner made from composite materials likely to be upi@&6 lighter than a
conventional aluminium carabiner. Producing a composite carabing&elg to be more
expensive than aluminium carabiner production — particularly if hand lay-up is used.

Limited testing and finite element analysis were carriedasupart of the early stages of
design optimisation. Further analysis and development is requirkiebearabiner
production can begin.
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