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Abstract

Tests on CF tubes were carried out with the purpose of getting a good understanding
about how CF performs under load until its failure. It could be seen that in all the
samples the break was catastrophic and that no warning, nor visual or acoustic,
warned of the immediate snap. These results were used later on to simulate and then
manufacture a layup around the tube that will fail before and in a gradual mode. This
will cause a gradual failure of the whole tube and it is used as a warning of the snap
that will come immediately. Finally, the reinforced tubes with the layups were tested
and the results were compared with the ones obtained in the naked tubes.
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1. Introduction

A bicycle handlebar is the steering control for bicycles. It also often supports a portion
of the rider’s weight, depending on their position, and provides a mounting place for
brake levers and gear shifters [1]. Aluminium and carbon fibre (CF) slowly started to
be used as the principal material for high performance bicycle frames and handlebars
towards the end of the 20th century. The development of expensive mountain and
racing bicycles has led to CF and aluminium becoming the most common materials
when talking about high performance bike handlebars.

Aluminium has good mechanical properties. It is comparatively lighter than other
metals such as steel, and is cheaper than CF. Another characteristic of aluminium is
that when it is damaged, a noticeable plastic deformation before total failure warns
the cyclist that it is time to replace the part. These advantages make aluminium
handlebars an attractive option for cycling enthusiasts and leading companies. On
the other hand, CF is more expensive, but it is even lighter than aluminium due to its
lower density. Most handlebar brands show a weight saving of around 20 — 40 per
cent for CF over aluminium [2].

In handlebar applications at the same weight, CF offers 2 to 5 times more stiffness
than aluminium and steel. In the same way strength is higher in CF [3]. Another
important advantage of using this material on bicycle handlebars is that more
complex geometries can be manufactured with sleeker designs resulting in a more
aerodynamic part [2].

However, there is a negative aspect derived from the use of this material: when a CF
handlebar snaps, it does so suddenly, without warning, due to the non-ductile
behaviour of the material. This sudden catastrophic failure by un-warned snapping
of the component is highly dangerous and has resulted in life changing consequences
to the victims of such failures. As throughout engineering in the 21st century safety
is the most important characteristic in all designs, and this is where CF handlebars fall
short. The characteristics of these two materials are summed up in the following
table.

Table 1: Pros and cons of materials in handlebars

Material Pros Cons

o Cheaper, gradual failure ) o .
Aluminium ) ] Heavier, limited geometries
(plastic deformation)

o Lighter, more complex More expensive, catastrophic
geometries, stiffer, stronger snap




2. Project Scope

2.1.  Aim

The aim of this project is to increase the safety of bicycle handlebars by applying a
layup made from different composite materials that, through its failure, warns when
the catastrophic snap is about to occur.

2.2. Methodology

In this context a CF tube similar in geometry to a bicycle handlebar is used as a
simplified model for this work. The project was divided in the following four parts:

e Part 1: Initial tests.

First of all, the CF tube was tested on a bending test machine to understand how it
performs when it is under load and how much strain and stress it is able to withstand
before failure.

e Part 2: Simulation with FEA.

Using the data obtained in the previous part, an accurate representation of the tube
was modelled. Then, the hybrid layup was designed around it.

e Part 3: Manufacturing.

Once the layup is designed in terms of materials, dimensions and configuration, it is
manufactured and applied to the tube.

e Part 4: Final tests.

Finally, the upgraded tube was tested to analyse the expected gradual failure,
comparing these results with the ones obtained in the initial tests.



3. Project Management

For this project, each of the team members had to do an intense research of
information about bike handlebars, composite materials, how these are
manufactured and what their properties are.

The way in which the group decided to tackle the project influenced how the group
worked. We had specific jobs within the group in order to get the most out of the
four of us. The aim was to have all members become specialists towards a certain
aspect of the project.

All the aspects involved in the bending tests were addressed by Luis and César. César,
more specifically, designed the different parts needed for the tests and applied the
measuring systems on the CF tubes, whereas Luis, using a specific software, collected
and processed the data obtained.

The modelling and FE analysis on the bar using ANSYS software was explored by
Jaime. The design of the layups was performed by him as well. Matthew, after looking
up into possible layup materials and the available manufacturing techniques, was the
one to put the reinforced handlebar together by applying the designed layup.

In addition, Matthew was the person responsible for the external communication,
making a link between the group, the supervisor and other entities. Luis also
documents the meetings of the group with the supervisor, to have a better control
of our progress, addressing the different issues that are discussed in them.

Media creation was made by César, who took pictures, and Luis, who recorded video
clips of each stage of the project. The web page was done by both César and Jaime.
Useful papers, media and general progress of the work were posted to our Google
Drive group, so easy access to those tools is guaranteed to every member.

Regarding the communication plan, we met weekly. Further contact was made
through WhatsApp, where meeting schedules were set, and different aspects of the
work discussed. At the end of each weekly meeting, updated work or aims for each
person were given for the following week. Fortnightly meetings with the advisor were
arranged via email. In them, we updated our advisor on what we had done,
commented about certain concerns and asked for insight related to the achieved
results of each part of the work.

A Gantt chart was initially created to base our schedule onto it, giving an idea of when
certain tasks needed to be finished. The Gantt chart was updated as progress was
done due to a more in-depth understanding of the work and its related timings. As



with most projects, some issues had to be faced, which influenced the overall
planning. Delays in the manufacturing order of the parts for the tests and the shipping
of the materials, limitations in the accessibility of the tools provided in the lab
contributed to this matter.

Acknowledging the overlapping way of assigning the different tasks of this work, a
summary of the division of the work is shown in Table 2

Table 2: Project management

Task Member
Bending tests Luis and César
Simulation Jaime
Manufacturing Matthew and Jaime
Media Luis and César
Communication and Manager of

Matthew
the group




4. Technical Progress

4.1. Initial tests

Handlebars, by the simple act of riding, are subjected to variable flexural loadings. In
this scenario, fatigue testing could be a sensible option to address but, as polymer-
based epoxy CF handlebars have in most cases a very long lifespan in fatigue [1], this
approach was discarded.

Another common testing method in the industry is the impact test, where weights
are fixed in the ends of the handlebar, and it is dropped from certain height to analyse
how it behaves. As useful as the information this method brings when talking about
impact behaviour, it could not provide an accurate representation of the failure point,
compared to the quasi-static approach in a bending test. It is this slow progress that
enables the monitoring of the different parameters of interest. The easy access to
flexural machines and rigs in the labs, and the simpler and arguable safer process
made this last method the chosen one for the project.

In a three-point bending test, the fibres on the top are under compression, and the
fibres on the bottom under tension. As a first impression, it is assumed that the CF
tube will break on the compressive side, as CF under compression performs, in
general, worse than in tensile loading because of its internal configuration. This is
explained by a process called micro-buckling [], where the fibres debond from the
matrix (due to compressive elastic or plastic deformations) and buckle.

Three forces are experienced by the handlebar: two downward applied by the rider’s
hands and the upward reaction produced by the stem (part of the bicycle that
connects the handlebar and the frame). Figure 1 describes this scenario, being F an
arbitrary force.

F/2 F/2

— =
V

Figure 1: Forces representation in a handlebar



This loading state was recreated on the test as follows in Figure 2. The two systems
are equivalent but with the forces in opposite directions. The machine applies the
force downwards in the middle of the tube, while the side supports provide the

reaction forces.

IF/Z IF/Z

Figure 2: Forces representation in a bending test

A bending test diagram is shown in Figure 3, which represents the shear forces,
bending moments and bending deflection through the length of the specimen.

}_\
-
P

Figure 3: Bending test analytical solution

In this project three tests were carried out on three CF tubes that shared the same
geometry and properties. These tests were carried out on three tubes configured
with a constant displacement of the loading nose, and force values were acquired for
each time step. The distance between supports was set to 450mm, determined by
the tube dimensions.

10



4.1.1. The CF tubes.

The tubes subject to test were roll-wrapped, made from a 2D woven fabric with a
matte surface finish. The dimensions are shown in the Table 3.

Table 3: CF tube data

Length (L) 500 mm

Outer diameter (OD) | 30 mm

Inner diameter (ID) 28 mm
Thickness (T) 1 mm
Type of fibres Woven

An important parameter taken into account in order to avoid shear failure was the
aspect ratio between the span of the supports (Lspan) and the outer diameter of the
tube. An aspect ratio greater than 10 is desirable for this purpose [2], the closer to 20
the better.

For the tube selected, the aspect ratio was:

L
r = span/OD — 450/30 —15>10

A way to increase the aspect ratio is by extending the distance between the supports,
which in this case was not possible due to the length of the tube, which was set to
500 mm due to availability issues. Reducing the diameter of the tube could also help
get a greater aspect ratio but maintaining a relatively large outer diameter was
thought to be a necessary compromise, as it would facilitate the application of the
layup in the manufacturing stage of the project. Nonetheless, the general proportions
of commercial handlebars were respected, so reasonable values could be achieved.

4.1.2. Boundary conditions.

To obtain a flexural behaviour, the tube had to be constrained in a certain manner.
Attending the configuration shown in Figure 3, rotation must be allowed on both
ends of the CF tube. While one side should be constrained for the X displacement and
the other free, the use of rubber allowed in equal parts to have a proper grip to

11



prevent the bar from slipping from the desired position and, at the same time,
allowed for some movement related to the deformation of the tube.

The design of the supports and loading nose constitute a physical representation of
the boundary conditions of the tests. Both supports and, most importantly, the
loading nose, show a half cylindrical feature to increase the surface area in contact
with the carbon tube. The inner radius of the cylindrical parts is 17 mm, to let it
accommodate a 2 mm thick rubber sheet between them and the CF tube. This could
achieve smaller stress concentrations in the tube at the loading and support regions,
preventing it from crushing.

Figure 2 shows the loading nose, which has a rectangular-based prism welded to the
cylindrical part, to let the fixture of the test machine clamp to it securely. The length
of it is 100 mm as it presses onto the region of the bar that withstands more loading
force (See Appendix | for detailed drawings).

Figure 4: Nose support designed and manufactured

The lateral supports have a variable-section rod, threaded on both ends, that helps
centre the tube easily on the rig. Around this rod the part rotates to accompany the
movement of the ends of the CF tube when it bends.

§

Figure 5: Support designed and manufactured

12



The design of the previously mentioned parts were subject to the dimensions of the
rest, shown in the Figure 4, as they were already manufactured. The dimensions of
the tube played a role in the design of the supports.

Figure 6: Designed rig

Figure 7: Manufactured rig

13



4.1.3. Measurement

The appropriate strain gauges were selected and carefully applied in those points
where the strain data was required. Following the bending theory, the maximum
bending moment and, consequently, stress and strain, will be obtained in the middle
section of the tube. Then it decreases until zero at the ends, as it is seen in Figure 3.
Test 1 was carried out as a first attempt to see how the tube, machine and fixtures
were going to perform, only one gauge was applied, in the middle bottom of the tube
(tensile side).

After this test, and knowing where the snap was produced, more gauges were applied
in the section where the tube broke in the test 1, having strain data in both
compressive and tensile sides. This allowed us to have a good understanding about
the strain distribution in the tube. The data acquisition was carried out using the
LabVIEW software. For all the tests, distance between gauges 2, 3 and 4 and the
centre of the tube was 68 mm.

Test 1

Strain Gauge 1

Test 2 Strain Gauge 2 Strain Gauge 3

Strain Gauge 1

Test 3 Strain Gauge 2 Strain Gauge 3

Strain Gauge 1 Strain Gauge 4

Figure 8: Strain gages positions on each test

With the objective of having visual information to analyse later, all the tests were
video recorded, using both high speed and reflex camera. With the same purpose, all
the broken tubes were photographed.

14



4.1.4. Results and conclusions

The outputs of the machine are the displacement of the nose and the force applied,
both over time. The Figure 9 shows an almost linear evolution of the force over time.
It has to be emphasised that at the beginning of the tests there is a non-linear
behaviour due to the compression of the rubber on the supports. Another factor to
take into account is the displacement that the rig experiences, being apparent in the
first stage of test 2.

Force Displacement

4,5

Force (KN)

3,5

2,5

15

0,5

0 2 4 6 8 10 12 14 16 18 20 22

Test 1 Test 2 Test 3 Displacement (mm)

Figure 9: Force - displacement for each initial test

The Figure 9, also shows the expected behaviour of the carbon fibre tube. The force
increases proportionality over time and then, suddenly, the tube snaps. No plastic
behaviour is noticed.

Also, it can be noticed some little peaks along the curve. These peaks could be
produced by the machine sensibility or by some other reasons.

In Table 4, the maximum force and the displacement of the nose at the moment just
before the failure of the tube are shown for each test.

15



Table 4: Maximum force and displacement for each initial test

Max. Force (KN) | Max. Displacement (mm)

Test 1 4.3 18.5
Test 2 4.2 17.8
Test 3 4.1 18

The strain gauges measured the strain over time. The Figure 10 is an illustration of
the maximum strain values in each test. This data will be used when simulating the
tube and layup with FE software.

The red line represents the section where the tube broke in each test. It can be
appreciated that the three tubes broke more or less at the same distance of the edge
of the nose (18 mm). The fracture was initially expected to occur in the middle of the
tube as the bending moment in a 3-point bending test reaches its maximum in that
point. Nonetheless, after the tube was tested, the failure point was located near the
ends of the loading nose. With this in mind, it can be concluded that our test was
effectively a 4-point bending test because, as the tube was bending, the contact with
the surface of the nose gradually decreased until all the load was concentrated on its
two edges.

Test 1

0.69%

0.73%

Figure 10: Maximum strain measured in the initial tests

From the examination of the broken tubes and the maximum strains, the failure
mode can be deduced. All of the tubes failed in a similar way, with a sudden snap and

16



a big noise. After this catastrophic failure, the tube was divided in two parts, only
slightly connected with each other on the tensile side. This confirms our prediction
that the failure started on the compressive side, and then propagated through the
entire section. Looking at the Figure 10, it can be understood why the tube did not
break completely on the tensile side: the strain on this region was not high enough
to complete the break. The Figure 11 shows this scenario.

These results and conclusions were used for the next part of the project, the
simulation.

Figure 11: Initial test result in one tube

17



4.2. Simulation

For the simulation, ANSYS was used. While the initial tests on the naked bar were
prepared, the member of the group responsible for the simulation started gaining
knowledge of the composite extension of this software and preliminary work was
done.

The main objective of these simulation analysis was to obtain the ultimate strain of
each model. With this data, an appropriate material selection is conducted as well as
their different configurations, to come up with some layup designs that behave as
intended.

All the simulations had several points in common:

e First of them was the applied force, which should be similar to the original
force where the tube was broken.

e Second one was the naked tube model preparation. In order to achieve the
same failure behaviour, with similar strain and stress values, the properties of
the default material had to be changed. The ultimate tensile stress was set up
from 350 MPa to 4900 MPa, and Young Modulus from 61000 MPa to 39500
MPa.

e Third one was the boundary conditions, introduced in the initial tests section.
On one side of the bar there is a pinned support (only Z rotation is allowed)
and, in the other side, a roller support is placed (Z rotation and X displacement
are allowed).

4.2.1. Original set up

Initially, the geometry of the naked tube, Figure 12, was designed on SolidWorks and
then imported to ANSYS. This was done to prevent a possible interference between
the supports and the tube.

18



0,00 100,00 200,00 (mm)
— —
50,00 150,00

Figure 12: Geometry used for bending test

Then, the geometry was sent through ACP (pre) tool where the layups were added,
as can be seen in Figure 13.

Figure 13: Fibres directions

The nose was not taken into account because it generated an error in the tensile
region (possibly due to the loss of contact explained in 4.1.4), so it was necessary to
be replaced by two pressures in the position where the nose made contact with the
tube in the real experiment, Figure 14. Those regions of contact were simplified as
two 5 mm wide strips that spanned across half of the cross-section perimeter.

Once this is done, the model of the naked tube was ready to be solved.

19



000 10000 200,00 (mm)
I 4 -
50,00 150,00

Figure 14: Test set-up

Results

In the following images, results are shown and discussed.

0,00 50,00 100,00 (mm)
— — ]
25,00 75,00

0,00 50,00 100,00 (mm)

2500 75,00

Figure 15: Strain in the naked tube
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In Figure 15, strain on top and bottom of the tube can be seen, respectively. Thanks
to the modifications applied to the material properties in the FEA simulation, the
same ultimate strain was reached in both the simulation and the bending tests.

As it could be observed in the bending tests and later on confirmed by ANSYS, the
strain in the compressive zone is larger than in the tensile one. Note that, in posterior
simulation analysis, the negative values relate to compressive strain, whether
positive ones refer to the tensile.

All the following layup designs were planned with the intent of achieving a failure
initiated by tensile processes. The reasoning behind this decision is that this is the
most predictable failure mechanism in composite materials, as is mostly dependent
on the strength of the fibres, which is a known parameter depending of the type of
composite used. Another important argument is that visual warnings of failure on the
handlebar’s layup had to be necessarily placed on top of it for the rider to notice.
There, tensile mechanism occurs.

Shear failure was already addressed with the selected aspect ratio of support span
vs. diameter of the tube. So, to promote the tensile failure, the compressive one had
to be delayed.

In the next step a layup is created to come up with a solution.

4.2.2. Compressive layup

Two materials were tested for this layup, IM7 and T1000, both with similar results.
This layup (represented on top) was 1mm thick in both cases.

T
50,00 150,00

Figure 16: Compressive layer geometry
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IM7

Using IM7, the following results were obtained.

000 10000 200,00 (mm)
-

000 50,00 100,00 (mm)
— —
2500 7500

Figure 17: IM7 compressive layer. Strain in the tube
In Figure 17 strain distribution can be observed. The maximum strain on the tensile

region is now greater than the minimum in the compressive zone, which relates to
maximum compressive strain.

>
000 10000 200,00 (mm)

50,00 150,00

Figure 18: IM7 compressive layer. Strain in the compressive layer

In Figure 18 strain in the compressive layup can be seen.
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T-1000

With T1000, the following results were obtained.

000 100,00 200,00 (mm)

0,00 100,00 200,00 (mm)
— =

50,00 15000

Figure 19: T1000 compressive layer. Strain in the tube

In Figure 20 the strain is shown. Maximum strain on the tensile part is now greater
than the minimum in the compressive zone.

100,00 (mm)
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Figure 20: T1000 compressive layer. Strain in the compressive layer.

In the end, IM7 was chosen because it was available in the labs.

4.2.3. Final layups

Once the compressive failure issue was addressed, two different complete layups
were created.

The geometry was built by adding another layup to the previous model, this time on
the tensile side. There are only a few changes between the only compressive
configuration and the complete one. In this geometry, both top and bottom layers
had different thicknesses according to the layup that would be tested.

200,00 (mm)

I
50,00 150,00

Figure 21: Complete layup geometry

Just before starting with the first layup, a brief explanation of the failure mode
occurring in these layups is needed. The middle and the outer layers in the tensile
side are set up to brake with enough energy that the entire layup peels off, as can be
seen in the following image. The discontinued lines represent broken layers. In the
first stage, YSH 70 is fragmented due its lower ultimate strain. Then, the reduction of
fibres holding the stresses lead to the final failure of the IM7 layer. [3] [4] [5]
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First rupture

SGlass

M7
YSH70

Final rupture

S-Gass

M7
YSH70

IV *

Figure 22: Rupture mode

In the moment the peel off effect happened, the bar would still carry load and the
cyclist would have enough time to stop and get off the bicycle.

IM7 —YSH70 — IM7

This layup was composed by S-Glass and IM7 on the compressive side and IM7 and
YSH 70 on the tensile region.

S-Glass

IM7

IM7
YSH 70

IM7

Figure 23: First layup design
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In Figure 24, the strain in the top outer layer is shown. Here, S — Glass strain was
0.23% and the strain in IM7 was 0.21%, both in compression.

Figure 24: Top layer strain IM7 - YSH 70 - IM7
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000 5000 100,00 (mem)
2500 7500

000 5000 100,00 (mm)
— —

2500 7500

Figure 25: Tube strain IM7 - YSH 70 - IM7

In Figure 25, the strain of the tube is represented. The compressive strain was 0.227%
and the tensile strain was 0.21%.

The length of the layers in the tensile part of the tube had to be reduced as, if they
spanned across the whole tube, it caused interference with the supports.

As it can be seen in the tensile strain picture (Figure 25, bottom), high strain was
apparent where the bottom layup ends. While manufacturing the layups and applying
them onto the tube, this aspect should be considered. Each layer would need to be
cut in decreasing lengths and applied to the tube as Figure 26 shows.

5 5 5 5
mm |, mm mm mm

Figure 26: Gap between layers

In Figure 27, strains in the bottom layup for each one of the three layers are shown.
The inner IM7 strain was 0.262%, the strain in the YSH 70 was 0.264% and the strain
in the outer IM7 was 0.266%.
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Figure 27: Bottom layer strain IM7 - YSH 70 - IM7
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IM7 —YSH70 —YSH 70 - IM7

For the second layup, a second YSH 70 was added on the tensile zone and four IM7
in the compressive one. The final result was the layup that is sown below.

S-Glass

M7

M7
YSH 70
YSH 70
IM7

Figure 28: Second layup design

In Figure 29, the strain in the top layer can be seen. The S — Glass strain was 0.17%
and the strain in the IM7 layer was 0.13%.
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Figure 29: Top layer strain IM7 — YSH70 - YSH 70 - IM7
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In Figure 30, the strain in the tube. The compressive strain was 0.165% and the strain
in tension was 0.01%. As in the top layer strain, compression strain was represented

by the negative sign.

0,00 50,00 100,00 (mm)

ANSYS
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Figure 30: Tube strain IM7 — YSH70 - YSH 70 - IM7

In Figure 30, strains in the bottom layup for each one of the four layers are shown.
The first IM7 strain was 0.193%, the strain in the first YSH 70 was 0.192%, 0.191% in
the second YSH 70 and the strain in the last IM7 was 0.189% all in tension.
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Figure 31: Bottom layer strain IM7 - YSH 70 - YSH 70 - IM7
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We have chosen these two options for the following reasons:

e Two different approaches: a conservative option, which is the first layup
where the difference in tensile strain between the bottom layers was bigger;
and a riskier one, the second, where the difference in tensile strain between
the bottom layers was lower.

e Both layups needed less material, so it was cheaper and quicker to
manufacture.

From now on, the first layup (IM7 — YSH70 — IM7) and the second (IM7 — YSH70 — YSH
70 - IM7) will be referred in this report as layup 1 and layup 2, respectively.
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4.3. Manufacturing

Once the two layups had been chosen from ANSYS, the manufacturing of these could
begin. The two layups to be manufactured are:

Layup 1
- Compressive/top side of bar — 3 S-Glass Layers
— 10 IM7 Layers
-Tensile/bottom side of bar —> 2 IM7 Layers
—> 1 YSH70 Layer
Layup 2

- Compressive/top side of bar —> 3 S-Glass Layers
— 14 IM7 Layers
-Tensile/bottom side of bar —> 2 IM7 Layers

— 2 YSH70 Layers

The justification not to have the entire tube covered with the layup can be split into
three main reasons.

o |IM7 stripes that were available at the manufacturing lab only were 400 mm
long, which is shorter than the tube.

e |t saved time manufacturing because as shorter the layer, easier to place in
the right position.

o ANSYS did not show great amounts of stresses and strains in these areas.

The method of manufacturing used to bond these layups together and to the CF bar
was through Vacuum bagging. This method works by layering the Prepreg layup
sheets over the mould or in this case the CF tube. Prepreg material is a composite
material where the fibres have the polymer matrix pre-impregnated into the
material. The vacuum bag then covers the layered composite and seals around the
component with a vacuum pulling onto the material. This compresses the layers onto
the tube. It is then heated within an autoclave under a specific heat cycle relative to
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the pre-impregnated matrix conditions. The autoclave will be pressurised to further
increase the pressure on the layered material to improve the bonding during curing.

With the layer material chosen the dimensions were drawn up and cut out of the
prepreg sheets using a sharp Stanley knife with a safety ruler, it is important adequate
pressure is applied during cutting to ensure a clean cut of the carbon fibres.

Layers were cut in order from tube surface out, meaning the layers were reducing in
10mm in length for each cut to ensure the desired 5mm step decrease in length
between either side of the layers to induce a load spread throughout the layup when
being tested. For example, Layup 1, the layer on the top of the tube was cut at 380mm
length x 45mm wide; through 13 compressive layers the top layup layer of S-Glass
came to 260mm length x 45 mm wide to ensure the required layer step decrease to
the outer surface. This isillustrated in the figure 27b where the reduced layer lengths
can be seen from the finished product.

Furthermore, during dimension drawing and cutting, it is considered that the material
should be unsealed and out of the freezer for relatively short times as this can cause
the prepreg sheets to dry out and age faster as they are uncured.

With the layers cut the CF bar must be prepared for application of the layers. This
surface of the bar is sanded to create a relatively rough surface. Care must be taken
to ensure the bar is not over sanded which would result in the outer matrix layer
being sanded off and sanding the actual carbon fibres away. This can be gauged on
the colour of the residue on the sand paper. White being degradation of the matrix,
however black residue would mean the CF layers have been reached.

With the surface roughened- to increase quality of adhesion of prepreg layers to the
CF bar- the surface must be cleaned. Acetone was impinged over the entire outer
surface of the bar and then wiped over to remove the sanding residue and any other
oils from human hand contact which could reduce the bonding strength. This was
carried out often 2 to 3 times until the cloth was clean after wiping to ensure all
residue is removed. From this point on it is vital to wear rubber gloves when handling
the bar to avoid any oil on the surface from human contact before curing.

After cleaning the layers can be added to the CF tube. This ideally requires two
people; one person to line up the bar and to use a steel rule to show wear the centre
and end of the applied layer should be applied to the tube as well as to show
placement for the stepped layup. The other person will apply the layer. This is a
difficult task and a method was required created due to only having a practical
tutorial on flat surface applications. For application to a tube, the applier will place
the middle of the end of a layer onto the correct part on the tube, they will then run
their finger along the top of the tube pressing the middle line of the layer onto the
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tube, whilst keeping elevated tension on the unapplied part to ensure a tight fit
without creases or air bubbles. Once the middle of the entire length of the prepreg
has been pressed by the finger; the finger will run across the centre of the added
layer down the sides of the layup to attach the entire surface of the layup. After this
some time should be taken to press every part of the prepreg into the surface pushing
with relative force along the length to remove any trapped air between the surfaces.
This is then repeated for all the layers.

With this a method for vacuum bagging the tube had to be made. One considered
way is to completely cover the entire tube in the vacuum bag and would make sizing
the bag much easier. However, this would induce a lot of pressure on the original CF
tube, with vacuum pressure and autoclave outer pressure pressing around the tube.

The other method which is created for the implementation of the project was to seal
the vacuum bag around the perimeter of the layup and not the entire tube. This
means the pressure exerted on tube during curing is less with the vacuum pressure
only being exerted as the autoclave pressure can run throughout the tube.

The first step of vacuum bagging is to cut the release film material to cover the
surface area of the layup. This prevents the materials within the vacuum bag sticking
to the layer and ruining the surface of the prepreg as well as making the release of
the bag from the tube easier. With this, cotton cloth was cut and wrapped around
the prepreg area with the release film around it.More cloth is placed running off the
circular tube and flat out to the side of the tube. The vacuum bag is then cut and
fitted with sealant tape, as can be observed in Figure 32

Figure 32: Detailed view of the sealing tape around the tube
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This is then wrapped around the cotton covering the layup and then out to the side
where the cotton extends. This then gives space to fit the vacuum plug to the bag, as
is shown in Figure 33. Once this is fitted the sealant tape is pressed around the
perimeter to create an isolated, sealed environment around the applied layers as
shown below.

Figure 33: Vacuum bag sealed

This is the result of the vacuum bag technique implemented by the team to ensure
successful curing and adhesion on the tube surface. The cotton plays two roles in the
process. One is it allows efficient spreading of the vacuum and provides a medium
for the vacuum to run from the plug to the Layers around the tube. The second role
is that is absorbs any excess resin released from the prepregs to avoid uneven resin
distribution during curing.

With this, the bag is tested for sufficient vacuum performance. The plug is linked to
the autoclave vacuum pumps, at first it is common to hear a hissing which means
there are gaps in the sealant. The sealant is pressed and worked until the hissing stops
and is continued whilst checking the vacuum gauge to watch for improvements. Once
the vacuum is sufficient at around 0.6 bar the seal is good enough for the autoclave.

The cure cycle for these layups was implemented due to the cure cycle for the epoxy
resin within the IM7 prepregs. The epoxy is the Hexcel 8552 product and means the
heat cycle for the implementation of our layup is as follows.
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Temperature vs Time curing cycle
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Figure 34: Cure cycle graph

When the autoclave is closed the vacuum is remained on the material. The pressure
begins to increase in the autoclave to 3 bar when the heaters are turned on. The cure
cycle rises at just below 2 °C per minute to 110°C within the first hour and sits at this
110 °Cfor an hour, it then rises at closer to 1 °Crise per minute to 180 °C where it will
sit at for 2 hours. After this the temperature slowly reduces to room temperature
between 2-5 °C per minute to prevent cracking due to thermal shock. Once it has
been cooled, and the sealant has cooled the vacuum bagging with the cotton and
release film may be removed resulting in the end product. The cure graph can be seen
in Figure 34.

Figure 35: Tube finished

Figure 35 shows the different stepped layers reducing in length towards the outer
surface of the layup. The dark material is the IM7 and the orange coloured layers are
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the Glass fibre prepreg layers. Looking onto ways to improve the method would be
to carry out further work into improving the finish of the end product. This may be
achieved by introducing another layer within the vacuum bag to reduce the
patterned finish on the prepreg. This is due to the cotton fabric being pressed against
the prepregs during curing imprinting the cotton roughness on it. However, since the
main aim was on the performance of the layup in the bending test, perfection in the
surface finish was not a main aim.

Table 5: Tube properties before and after the manufacturing

Naked bar Layup 1 Layup 2
Weight 68 grams 116 grams 132 grams
Increase in weight - 70% 90%

38



4.4. Final tests

The two manufactured layups were tested in a bending test, at least at the beginning
with the same setup as the initial tests done on the naked tube. Same displacement
velocity and same span. The objective of this test was to confirm that the predicted
gradual failure had been achieved, in opposition with the sudden snap obtained in
the initial tests. Video recording was carried out.

A total of three reinforced tubes were tested. Test 1 and test 2 were done on tubes
with the Layup 1, and test 3 on the tube with the Layup 2.

441, Llayupl

Test 1

The setup of this test is shown in Figure 36.

Figure 36: Test 1 set up

At first sight, during the test, the tube was showing a very stiff behaviour. The force
was increasing as shows the Figure 37, exceeding the 4300 N of maximum force
obtained in the initial tests. When it reached 7500 N, the tube crashed exactly in one
of the edges of the layup. The most reasonable explanation of this failure is that, since
the edge of the layup was not over the supports’ surface and being consequently
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under high shear stresses, the stress concentration generated in this area promoted
the failure of the tube.

Test 1
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Figure 37. Force — displacement Test 1

It is important to say that, in contrast with the result of the initial tests, the tube
achieved a certain pseudo-ductile behaviour before the final and sudden snap. One
evidence is that the curve shows now less linear progression. Also, the breaking
noises from the internal fibres of the layup, and the fact that the tube was not
completely separated in two pieces after the final failure, were sign and evidence,
respectively, of this behaviour. Figure 38.

Figure 38: Test 1 tube snap
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Although some gradual failure was apparent, the objective was not entirely reached.
After examining the broken tube, the external part of the layup did not show any sign
of fracture.

Test 2

Taking into account the result of the previous test, one challenge now appeared. On
the one hand, the span had to be reduced to avoid having tube with no layup under
load, obtaining again the same failure. On the other hand, if the new span was
reduced too much, the aspect ratio would decrease, having now a higher probability
of achieving shear prematurely, even on the part of the tube with layup.

Finally, after thinking thoroughly about this, the testing team took the decision of
reducing the span from 450 mm to 350 mm, having now this region over the
supports” surface. The decrease of the aspect ratio was taken into account, being in
any case higher than 10. This new setup is shown in Figure 39 and Figure 40.

Figure 39: Test 2 set up, detail on the support

Figure 40: Test 2 set up
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Comparing the Force — Displacement curve on the Figure 41 with the one of the
previous tests, it is noticeable that more ductile behaviour was obtained in this
reinforced tube compared to the previous one. In any case, it was not the wanted
result. No visual warnings were observed.

However, noises during the test could be heard from 3000 N of load to the end of the
test as a result of this certain gradual failure. Regarding to the maximum load, after
the tube reached almost 10000 N of force, it crashed in one side due to, apparently,
shear stress.

Test 2
12
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[e)}

0 5 10 15 20 25 30 35

Displacement (mm)

Figure 41. Force — time Test 2

After the break, the tube remained in one piece. Figure 42.

Figure 42: Test 2 result on the tube
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4.42. Llayup 2

Test 3

The second layup designed was tested in the same conditions as in the previous test,
maintaining the span of 350 mm. In the same way as in the two previous tests, some
noises were heard from 3000 N of force until the end. As it can be seen in the Figure
43, the tube withstood 11000 N before the final break. While the nose was
descending, the force was linearly increasing until reaching around 8000 N. After that
point, it described a curve, showing the wanted gradual failure before the snap.

Test 3
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Figure 43. Force — Displacement Test 3

During the test, visual warnings that the gradual failure was happening were
noticeable. Some parts of the external layer peeled off from the tensile zone as the
load was increasing. Figure 44 shows this.
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Figure 44: Test 3 gradual failure

It also has to be mentioned the high stiffness of this layup, noticeable in both Figure
43 and Figure 44. It is so stiff that does not allow the tube to bend.

In order to sum up the results of the three tests, the Table 6 is created.

Table 6: Final tests results

Test1 | No gradual failure - -

Test 2 Gradual failure No visual warning Audible warning

Test 3 Gradual failure Visual warning Audible warning

Looking at these results it can be said that the Layup 2 shows the best result.
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5. Discussion

Initial and final tests results will be discussed and compared. On the one hand, in the
first set of tests, carried up on tubes without layup, these broke in a catastrophic
manner and no warnings were perceived. On the other hand, the set of tubes with
layup showed a different behaviour where broken in the final tests.

As in the initial tests all the Force — Displacement graphs are similar, the curve of the
test 2 is chosen to represent them. At the same time, the three of the final tests
showed certain level of gradual failure, being the last, the most representative one.
These both graphs are shown in Figure 45.
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Figure 45: Comparison between initial and final tests
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It can be seen in the initial set of tests the expected force displacement graphs for CF
composites, a straight-line, occurring then the sudden failure. However, the second
set of tests achieved a pseudo-ductile behaviour. Between force values of 0 and 7 KN
the bar experiences elastic deformation. Beyond this point, the bar layup begins to
fail before the tube. This curvature in the graph beyond 7 KN represents fibres within
the YSH70 layers failing which results in loud cracking noises from the tube. This
continues with fibre pull out and failure throughout the prepreg layers. This provides
both visual warning with broken fibres fanning from the tube; sound of the fibres
snapping and pulling out; as well as promoting greater deflection mirroring the
behaviour of a yielding steel handlebar. This effect is shown in Figure 46.

Figure 46: Peel off effect

Also, if the tensile failure is wanted to happen first, the compression layer should
prevent a sudden compressive failure as the occurred in the first set of tests. In
addition, the compressive layup also helped to delay shear, compression and
crushing failure due to the stiffness brought around by the layers of IM7 and the force
distribution characteristics of S-glass, both proving to be effective in compression
applications.

The reason why achieving a failure initiated by tensile processes is that this is the
most predictable failure mechanism in composite materials. Another important
argument is that visual warnings of failure on the handlebar’s layup had to be
necessarily placed on top of it for the rider to notice.

Efforts were made with the loading nose and support designs to prevent the collapse
and crushing of the tube. By increasing the surface area of them in contact with the
bar, there is a greater spread in the load.
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As the Figure 46 shows, when the graph of the Test 3 of the final tests reaches around
11.5 KN, the final failure occurs through shear. This happens towards the supports, a
region where the layup also ends, as opposed to where the failure was occurring in
the initial tests, which happened around the edge of the loading nose. The difference
in material of these two regions, leads to a change in the curvature, shown in Figure
47. Shear failure might be promoted because of this reason.

Figure 47 and Figure 48 also show the reduction of the length of the span that had to
be done. It also illustrates the fanning of the tensile side during the bending test,
which is hugely important as it visually shows early damage to the material. In Figure
44 this is shown.

Figure 48: Failure in Test 3 of final tests

The results achieved met our aims and gave the desired pseudo-ductile behaviour set
out for the project. However, there are areas that can be improved upon for future
works. For future tests it would be advised that the layup is designed to extend along
the tube, so that the supports within the bending test contact the layup. In the same
way, the span needs to be increased. Also, as mentioned in the manufacturing
section, efforts can be made to increase the surface quality by implementing an extra

47



film between the cotton layer and release film to prevent the cotton pattern being
imprinted onto the layups surface. Besides, shear failure needs to be studied in detail
in the simulation.
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6. Conclusion

To conclude, a reinforced carbon fibre tube by means of a composite layup was made.
Several layups were designed on FEA software using data from tests carried out on
tubes without layups and then two best options were chosen, manufactured and
applied to the tubes. These layups were later tested, and the results showed a
pseudo-ductile behaviour. Consequently, a gradual failure of the composite layups
was achieved, reaching in this way the aim of the project. What we have learnt on
this project can be applied in future work to bicycle handlebars, making them safer.
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