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Abstract

This thesis work focuses on the realisation process of braided preforms

using hemp fibres. The work can be subdivided into three parts:

Section I: Literature review

Section II: Comparison of different analytical processes to calcu-

late the value of Cover Factor and developing of a new approach

to obtain it.

Section III: Mechanical properties of braided hemp preforms.

The braiding technique was used to obtain 2D biaxial and triaxial

preforms, with a forecasting approach towards the production param-

eters and the development of a specific tool for it. With the analytical

approach developed in the past, it’s clear that, especially in the triax-

ial preforms, there will be some error in the final calculation of Cover

Factor, so it has been necessary to find a unique approach that is valid

for all the produced cases.

The use of the statistical approach, in this case, permits to obtain a

value of predicted Cover Factor and consequently of the volumetric

percentage of fibres that is really close to the wanted one. This thesis

project established a valid method to compare the value of the Cover

Factor obtained with the statistical approach and the one obtained in

the experimental production.

The last part of this work focuses on the study of the mechanical

properties of the hemp braided composites, the influence of the value

of braiding angle, and the comparison between biaxial and triaxial

braided preform with the same Cover Factor that corresponds to the

same fibres volume fraction.



Section I
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Chapter 1

State of Art

The necessity to produce composite materials with high performances

comes from the requirement of large industries such as aerospace or

automotive. To afford these requests, advanced textile composites were

developed. The typologies of textile composites are classified in this

way:

• Woven preform

• Non-Woven preform

• Knitted preform

• Braided preform

Braided composite materials are different compared to the classi-

cal composite materials. They have an interlaced structure, and the

realization of this kind of composites is totally automated. The produc-

tion method of braided preforms permits to obtain a tubular composite

artefact with a high production rate and mostly with continuous fibres

[1]. The braiding process is a technique used since ancient times for

making ropes [2],and in the XX century this process was automated to

obtain products in the textile industry, such as shoelaces and objects

with complex shapes (Figure 1.1)
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1. State of Art

Figure 1.1: Example of braided products

In the last fifty years, the braided reinforced preforms have been

used to create plastic-based composites to obtain a final product that

is lighter than metals but is equally strong [3].

The braiding process can be, in fact, used with different kinds of

fibres -such as glass fibres, carbon fibres and natural fibres - and with

the aim to produce air ducts, fuel lines, turbine blades and reinforced

automotive shafts [4].

Indeed, with this production technique is possible to realise holes

in the final preform without interrupting the production or without

breaking the fibres, avoiding in this way the reduction of mechanical

properties [4, 5, 6]. Another advantage is the flexibility that allows

to change the shape during the realisation, to obtain bifurcations or

section variations.

Braiding composites are made of fibres interlaced diagonally with

respect to an axis and, thanks to this structure, they will result more

resistant than traditional laminates; as consequence, they will have less

stiffness due to the crimp angle [6].

Braiding process can be subdivided in two typologies:

• 2D Braiding (with yarns interlaced only in the plane)

• 3D Braiding (the yarns are interlaced also in the thickness) [1, 7]

3



1. State of Art

The 3D Braiding process has limited use since the size of the pre-

forms is small; this is due to the size of the machines, the high costs

of production and the small production rate [8]. Differently, the 2D

Braiding process is of major interest from a scientific point of view, due

to the possibility to obtain different final manufactures with different

shapes (planar, circular, complex shape).

In Table 1.1 there is a comparison between braided 2D and braided

3D technology [9, 10]

Table 1.1: Comparison between different braiding technology

Kind of
Preform

Pro Cons

2D
Braided

• Good properties in
axial direction

• Automatized produc-
tion process

• Good for complex ge-
ometry

• Good drapability

• Small machine’s
dimension

• Bad properties
out of plane

3D
Braided

• Good properties in
and out of plane

• Good for complex ge-
ometries

• Slow production
process

• Small machine’s
dimension

4



1. State of Art

1.1 History of Braiding Production

A mechanism that permits to move coils with a circular movement

around a mobile spindle and permit to obtain an interlaced fabric is

called braiding machine.

Figure 1.2: Tubular braiding machine

The first braiding machine was developed in the 18th century and

before, this kind of production was totally manual. During the past

century there was a significant development of these machines due to

the study of the process with a cinematic point of view.

A braided preform is determined by three particular fields: the

geometry of the fabrics, the design of the final structures (mechanical

properties etc.), the development of braiding machines.

Before the existence of the automated braiding process, the axial

symmetrical components were realized with the filament winding tech-

nology (Figure 1.3)). This technology is optimal to produce straight

and short tubes, but to obtain more complex shapes there are many

issues, including the costs and the impossibility to have outstanding

mechanical properties.

5



1. State of Art

Figure 1.3: Filament winding

Below it is possible to see a list of the advantages of using braiding

rather than filament winding [11]:

• Braided preforms have a better fatigue resistance compared to

the ones realized with the filament winding process;

• It is possible to use a wide variety of angles and add filaments

parallel to the axis of the mandrel;

• It is possible to obtain a wide range of dimensions and complex

shapes, not only limited to the circular one;

• The preform obtained with a braiding process can have holes and

branches without the need of others working processes, keeping

in this way the continuity of the fibers.

• The automation of the process is better than the filament wind-

ing, resulting in a higher production rate.

Different studies demonstrated that braiding price is half of filament

winding process one because it is faster and easier [12]. Drechsler

[13] defined braiding as the best technique in each industrial sector to

produce composite fabrics in a cheap way and with high production

rates.

6



1. State of Art

Summarizing, a braiding product is composed of unidirectional fi-

bres that are joined in yarns, and each yarn is interlaced with another

one composed by fibres in another direction. The angle that the fibres

realize with the local axes of the braid is called braiding angle and is

one of the most important parameters that shows how the braiding

machine has to work [14, 15]. Sometimes is possible to put yarns in

longitudinal direction so to give an improvement to the longitudinal

properties of the preforms [16].

The ideal geometry of the braid is when yarns are equally spaced

and there is a repetition of the geometry. This geometry, called pattern,

could be of three different typologies (Figure 1.4): diamond braid (one-

over-one overlap), regular braid (one-over-two overlap) and Hercules

braid (one-over three overlap) [16].

Figure 1.4: Braiding Pattern: a) diamond, b) regular, c) Hercules

The mechanical properties of a braided preform are influenced by

the pattern and by the orientation of yarns. In Figure 1.5 is possible to

see how different the patterns and respective yarns undulation are [17].

Different braiding architectures influence the mechanical performances

of the final composites, and this linkage is a foundamental point for

different studies from different authors like Wolfahrt [18] and Ifju [19].

7



1. State of Art

Figure 1.5: Comparison between different kinds of braiding patterns

In Figure 1.6 it is possible to observe different types of braided

preforms obtained with different production processes [20].

Other kinds of preforms, like rectangular bar or bar with I,T,C

shape, can be obtained with this process [11]. Indeed, different shapes

of the mandrel permit to obtain different braided preforms [21].

8



1. State of Art

Figure 1.6: Braid Preforms and Braiding production process [20]

9



1. State of Art

1.2 Types of Braiding machines

The braiding machines are divided into two big groups: horizontal

machines and vertical machines [20]; the difference lies in the preform

production direction. A deeper analysis brings to another classifica-

tion:

• Maypole braider machines, that are used for the production of

braided rope and for the braiding production with simple and

complex mandrels [22]

• Flat braider machine, in which the carriers don’t make a complete

circular movement.

• Rotary braiding machines, in which the carriers don’t have a

sinusoidal movement [17]. In these machines, there are two sets

of coils, the inner and the outer coils, that rotate on two opposite

circular paths.

• Circular braiding machines, which reduce the variation of tension

on the yarns during the production, so to reduce the damage on

these elements [2].

The most common methods to realize braided preforms are Rotary

Mechanism Procedure [23] for 3D preforms and the Circular Braid

Machine [24, 25] specialized in 2D preforms. Other types of braiding

machines can be found in literature [5, 26].

The Rotary Mechanism Procedure has a rectangular section and the

preform is locked on the top of the coils which rotate on a plane. The

yarns are positioned with the axis parallel to the axial direction of the

mandrel (less common is a machine with the yarn’s axis in a different

position) and the movement is realized using gear wheels under the

coil plane (Figure 1.7).

10



1. State of Art

Figure 1.7: Rotary Mechanism Machine

The Circular Braiding machine is the one used in this study. This

machine is subdivided in two zones; in one there is the mandrel, around

which the fibres will be placed, in the other part of the machine there

are the rotary mechanisms for the coils and to interlace fibres. Usually,

one of the two zones is moving (frequently is the mandrel) and the other

one is fixed [27] (Figure 1.8); the mobile part could move only in the

axial direction with a designed speed (take-up speed).

Figure 1.8: Two kinds of Circular Braiding Machine. On the left the
mandrel is moving, on the right is the machine to move on a fixed mandrel.

11



1. State of Art

In Figure 1.9 it can be seen how a circular braiding machine works

with all the parts that participate in the production of the preforms.

Figure 1.9: Schematic Circular Braiding Production

Regarding fibres, half of the coils has a clockwise rotation (warp)

and generate warp yarns of braided preform, the other half (weft) has

counterclockwise rotation in the same plane, generating weft yarns [28].

The angular velocity ±ωh on a sinusoidal path, around the mandrel,

is the same for all the coils (Figure 1.10).

Figure 1.10: Movement of the coils on the sinusoidal path

12



1. State of Art

The interlaced yarns realize a biaxial fabric on the mandrel. Partic-

ular machines permit to put a third group of yarns in the longitudinal

direction so to obtain a triaxial preform and a better resistance of the

final parts in that direction [29] (Figure 1.11).

Figure 1.11: Biaxial braid on the left figure and triaxial braid on the
right one

Normally, a radial braiding machine is composed of horn gears (Fig-

ure 1.12) that permit the rotation of the coils. They have different

numbers of slots in which the coils are pushed around the path [30].

The dimension of the horn gears and the number of slots define the

dimension of the pattern of the braid and so the final properties of the

preforms.

Other components of the machine are the carriers (Figure 1.13),

on which the coils are adapted, and they will move together on the

sinusoidal path. This part is important because give the tension to the

yarn keeping it constant during all the production process [26].

Figure 1.12: Horn Gears

13



1. State of Art

Figure 1.13: Carriers

In some braiding machines, there is a take-up mechanism that per-

mits to move the mandrel, but the advanced ones work with a robotic

arm that can move the spindle on six axes so to product preforms with

particular shapes [22].
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1. State of Art

1.3 Defects of Braided PreForm

Usually, in reality, preforms cannot be realized without the presence

of defects inside. The most common are:

• irregular yarns space caused by a low tensile tension on the yarn

during the production process

• yarn crimping (curvature of the yarn)

• yarn pushing (non-uniform dimension of yarns due to the pres-

sure caused by the other yarns)

1.3.1 Crimping

Yarns that should be straight, but during the process they will assume

an undulate shape. This kind of defect known as crimping is generated

by the wrong kind of tension of the yarns, and the final product results

to have local different thicknesses.

Figure 1.14: Yarn Crimping [31]

1.3.2 Pinching

This kind of defect is common when yarns are not evenly pressed,

showing ruffles and variable cross-sections. The defect is called pinch-

ing and is due to different reasons: friction between close yarns, wrong

tension of wires, jamming of the machine [32].

15



1. State of Art

Modelling the deformed yarns to predict the influence of defects on

mechanical properties is a really hard task.

Figure 1.15: Modelling of yarn pinching [32]

1.3.3 Non-Uniform yarn spacing

Due to the low tension of yarns or to the friction between them, it

is really hard to obtain an uniform yarns spacing, consequently it is

not easy to obtain perfect unitary cells from a geometrical point of

view. As a consequence of this defect, the result will be wires that are

not straight or parallel and braiding angles different from the designed

ones. After the interlacing process, when the preform will be impreg-

nated with an infusion process, the defect will be magnified due to the

injection of flux that will move the yarn from the starting position.

Figure 1.16: Movement of the yarn from the designed position:A biaxial
braided preform, B triaxial braided preform

16



1. State of Art

1.4 Application of braided composites

Braiding results to be a competitive technology to realize composites

materials. It’s useful to obtain tubes and ropes but also for application

where high performances are needed. Biomedical and automotive sec-

tors are increasing their production with this process, but the aerospace

industry is the one that uses braiding more than the others. The pos-

sibility to obtain different shapes with an easy process permits this

industry to produce parts of the plane like fuselage or mobile compo-

nents [33].

Figure 1.17: Example of products realized with Braiding reinforce. On
the left there are aircraft windows [7], on the right engine blades
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1.5 Analitycal study of 2D Braided pre-

form

1.5.1 Yarn Geometry

The braided geometry is defined by the mandrel geometry, but there

is more than one parameter that must be taken in consideration. An

important element to describe a braided preform is the yarn, a group

of fibres that will be interlaced with another one during the production

process. When the yarn is placed on the mandrel it will be deformed,

consequently, the yarn cross-section could be an ellipse, a circle or a

segment, depending on the tension applied on it and from the kind of

material that is used. The number of the fibres inside a yarn is called

”filament count” (nk)

Figure 1.18: Deformed yarn

In Figure 1.18 it is possible to see the semi-major axis of the ellipse

”b” and the minor one ”a”. Doubling the first one the width of the

yarn ”Wy” is obtained, doubling the second one the height of the yarn

”2a”.

The area of the ellipse is

SB = πab (1.1)
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The equation 1.1 keeps in consideration the sum of the surface

with fibers and with resin. Indeed the fibers could be compressed

considerably, but there will be an empty space that will be occupied

by the resin. The packing factor Fp describes the space occupied by

the fibers (Sf ) in relation with the total one.

Fp =
Sf

SB

(1.2)

Considering the hypothesis that the packing factor is constant and

not depending from cross section of the yarns, it is possible to imagine

that the fibers are placed side by side so to have a rectangular cross

section

Figure 1.19: Theoretical cross section

with this configuration the rectangular cross section will be:

SB = nkΦΦ = nkΦ2 (1.3)

with Φ diameter of fiber.

The area occupied by the fibers will be

Sf = nkπ

(
Φ

2

)2

= nkπ
Φ2

4
=

π

4
(nk)Φ2 (1.4)

Knowing SB and Sf it is easy to obtain the packing factor Fp:

Fp =
Sf

SB

=
π(nk)Φ2

4(nk)Φ2
=

π

4
= 0.785 (1.5)
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It can be noticed that the packing factor is independent by the

single fiber, by the number of fibers into a yarn and by the disposition

of the fibers in a yarn.

It is also possible to obtain a relation between the height and the

width of the yarn:

a =
SB

πb
(1.6)

Doubling both the members of the equation and substituting equa-

tion 1.5 in the equation, it will be possible to obtain:

2a =
2SB

πb
=

2Sf

πbFp

=
2nkπΦ2

4πb

1

Fp

=
nkΦ2

2b

1

Fp

=
nkΦ2

Wy

1

Fp

(1.7)

Giving nk and Φ and knowing Fp that has a constant value of 0.785

it is possible to calculate the dimension of the cross section of yarns.

Usually, Wy could be measured with a microscope and consequently

the value of the height 2a will be known. The thickness of the braided

preform is due to two yarns overlapped; so, considering that all the

yarns have the same deformation, the thickness will be:

t = 22a = 4a =
2nkϕ2

Wy

1

Fp

(1.8)

1.5.2 Geometry of unit cell

The braided preforms are characterized by a repetition of a defined

rhomboidal geometry called unit cell. In Figure 1.20 it is possible

to see the unit cell with two basic parameters for the production of

braided preforms.

The first one is the braiding angle θs, defined as the angle between

the yarn and the mandrel axis; the second one (h), is the dimension of

the unit cell [36].
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Figure 1.20: Unit cell of braided preform [34] [35]

Brunshweiller [2] was one of the first to describe the braiding geom-

etry considering the unit cell as the smallest repeating unit of the braid.

It is necessary to pay attention to the possible changes of shape of the

mandrel that could influence the unit cell. In addition, a change of

mandrel’s axial velocity causes a change in the braiding angle [13]. The

2D preforms are composed of superficial unit cells and these elements

are controlled only by the braiding angle and by the production step,

that is the length of the preform realized in each coil cycle. Chang-

ing the braiding angle θ, the value of the step h changes so that the

quantity LB (the distance between two parallel yarns) is held constant

(Figure 1.21).
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Figure 1.21: Geometry of 2D braiding

From Figure 1.21 it is easy to calculate from a geometrical point of

view the following equations:

LB =
h

2

1

cos(θ)
(1.9)

St

2 sin(θ)
=

h

2
(1.10)

with LB corresponding to the distance between two overlapped fi-

bres.

Replacing h
2
, calculated in the equation 1.9, in 1.10:

St

2 sin(θ)
=  LB cos θ

St = 2LB sin(θ) cos(θ) = LBsin(2θ) (1.11)

with St the distance between two parallel yarns.

Considering the equation 1.11 it is possible to find the minimum

value of braiding angle called ”locking angle” (θL). When the braiding

angle reaches this value, all the yarns will have the same direction of

the mandrel axis and they will touch each other, so the dimension of

the unit cell St will be equal to the yarn width Wy.
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In this case, the 1.11 will become:

Wy = LB sin 2θL (1.12)

and it will be easy to calculate the locking angle

θL =
1

2
sin−1

(
Wy

LB

)
(1.13)

When the value of braiding angle is lower of this one the yarns

start to overlap each others and the machine will be locked. This

could happen also for the values of braiding angle that are too big; in

this case, the yarn will be overlapped in a circumferential direction.

So, the braiding angle θ has to be in the range:

θL ≤ θ ≤ 90 − θL

Du and Popper [27] defined another analytical way to calculate the

locking angle:

cos(θL) =
Wy sin(γ)

2Rm sin(2π sin γ
Nc

)
(1.14)

were Wy indicates the yarn thickness, Nc indicates the number of

yarn support, Rm is the mandrel radius and γ the half of the cone

angle of the mandrel.

1.5.3 Cover Factor

The Cover Factor is an important parameter in the production of

braided preforms. It represents the mandrel area covered by the pre-

form linked with the total mandrel area, and it is also an information

of the preform density. At first analysis, it is easier to calculate the

cover factor referring to the single unit cell [11], but it is important to

highlight that this parameter is referred to the entire preform.
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1.5.3.1 Influence of different parameters on the cover factor

The major influence on the value of the cover factor comes from the

value of braiding angle θ: generally keeping constant other variables,

the cover factor will increase with the increasing of the braiding angle.

A different thing happens when the value of mandrel Radius is con-

sidered: indeed, increasing the Radius, the Cover Factor will decrease.

A third influence is the number of coils; it is clear that with in-

creasing Nc there are more filaments and consequently a bigger cover

factor. The same can be said considering the width of the yarn.

In a real situation it is not easy to predict the cover factor, because

all the parameters are not fixed and so they interact each other influ-

encing the final covering of the mandrel. Melenka [20] tried to graph

the relationship between different variables during the production pro-

cess. (Figure 1.22, Figure 1.23 and Figure 1.24)

Figure 1.22: Braiding angle and the ration between angular velocity of
horn gear and take off velocity of the mandrel changing the dimension of
this last one
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Figure 1.23: Braiding angle linked to a non-dimensional value of
diameter for different value of cover factor.

Figure 1.24: Braiding angle linked with fiber volume fraction for
different value of the angle between the guide and deposition plane.
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1.6 Application to a Radial Braiding Ma-

chine

1.6.1 Process Parameters

There are some parameters that describe the way a radial braiding

machine works:

• Nc: total number of coils applied on the horn gears, an half is

clockwise and the other one is counterclockwise.

• R [mm]: mandrel radius; sometimes it is possible to use the

mandrel diameter Dm.

• ω [rad/s]: angular velocity of coils around the mandrel axis

• v [mm/s]: translation velocity of mandrel, indicated also as

”take up speed”.

Other important parameters are the ”Ley Length” [LL] and the

”Horn Gear Speed” [HGS], which are the only two values to control

the machine used in this study.

Ley Length

The quantity of textile that is wrapped around the mandrel axis

during one turn of the coil around the center of the machine is called

lay length [mm]. It can be seen in Figure 1.25

The base of triangle is the circumference of mandrel, consequently:

LL = 2πR cot(θ) (1.15)
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Figure 1.25: Lay Length scheme

With equation 1.15 it is possible to obtain a relationship between

a process parameter (LL) and a geometrical one (θ). So, fixing the

desired value of braiding angle and the desired mandrel radius, there

is only one value of lay length.

Horngear speed

The velocity of horngear around their axis is called horn gear speed

(HGS) [round/min] and it influences the velocity of the coil around the

axis of the mandrel, and therefore production rate of textile (”linear

production rate [mm/s]”). This parameter doesn’t affect the geometric

characteristics of the preform.
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1.6.2 Braiding cinematic

During the production of braided preforms on a circular braiding ma-

chine, the yarns follow an helical trajectory with a winding angle equal

to the braiding angle. In Figure 1.26 it is possible to see the influence

of the mandrel velocity (v) and of the yarn circumferential velocity (ω

R) on the trajectory of itself [29].

Figure 1.26: (a) yarn winding on the mandrel; (b) velocity vector [11]

From the geometrical figure it is possible to calculate:

θ = tan−1

(
ωR

v

)
(1.16)

The angular velocity of the horngear (ωh) can be linked to the

angular velocity of the coils around the center of the machine (ω).

Indeed, for each horngear rotation, the coil is changed going on another

horngear, walking at an angle equal to α (Figure 1.27)
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Figure 1.27: Horn gear in the plane

So the angular velocity of the coils will be:

ω =
α

t
(1.17)

with t[s] the time taken by the horngear to rotate

t =
2π

ωh

(1.18)

and α [rad] the angle made by two horngears:

α =
2π
Nh

2

=
4π

Nh

(1.19)

where Nh is the number of horngears.

Substituting the equations 1.19 and 1.18 in 1.17:

ω =
2ωh

Nh

(1.20)

going back to the 1.16, it is possible to obtain the braiding angle

in function of the angular velocity of the horngear (ωh)

θ = tan−1

(
2ωhR

Nhv

)
(1.21)

Looking to Figure 1.28, the braiding angle could also be linked to

the length of the winding helix L [37]:
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Figure 1.28: Different variables that influence the braided preforms

L =
πDm

sin( θ
2
)

(1.22)

This parameter, if the mandrel diameter is known, could give an

indication of the density of the braid.

In Figure 1.28 it is also indicated the position of the deposition plan

of the machine relative to the mandrel and it is called convergent zone

(H) [27]. This value could be changed with fixtures such as guide rings

or using a different technique called reverse braiding [38].

30



1. State of Art

1.7 Aims and Scope

As highlighted in the previous paragraphs, taking into account the im-

portance of the cover factor for the production of braided preforms, it

is possible to assess that it is necessary to go deeper into the study of

this parameter and it will be crucial to understand what are the factors

influencing it. In the next chapter, different ways to calculate this vari-

able will be introduced and a lack of research about the realization of

braided preforms using fibres with a particular elastoplastic behaviour

will be underlined, especially in the case of triaxial preforms. Different

approaches will be shown for the evaluation of the cover factor, each

validated on carbon fibres preforms. The final aim of this work is to

underline a new analytical/statistical process that permits to obtain

good value in terms of Cover Factor and consequently in terms of fibres

volume percentage of the final products. The methods presented in the

literature to calculate the CF have not shown good matching between

the predicted value and the real value of this factor on the produced

preforms. This is, on one hand, related to the particular behaviour

of the fibres but it is also linked to the lack of knowledge about the

full process. It will be clear the difference that will result using the

literature approaches on our kind of fibres and the error on the esti-

mation of Cover Factor, indeed the reported classical approach that

uses the developed analytical form during the years shows an absence

of precision and a considerable mistakes in the calculations, but the

new way to consider the unit cells and the disposition of the fibres will

permit to forecast in a better way the Cover Factor in the case of fibres

with a more plastic behaviour and will cover the lack of knowledge in

this field, improving the precision in the manufacturing process of the

braided preforms.
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Chapter 2

Evaluation of Cover Factor

2.1 2D Biaxial Braided Preforms

Considering a real braided preform, it is possible to notice that the

number of unit cells on the mandrel is equal to the half of the number

of coils (Nc

2
).

In Figure 2.1 it is possible to notice that the sides of the rhombus

are equal to the half of the yarn width Wy

2
. Considering that on the

mandrel there are Nc

2
unit cells, each one will have a width equal to:

AB =
2πR
Nc

2

(2.1)

It is possible from the geometry to calculate the height of the tri-

angle ABC in Figure 2.1, so its area will be:

AABC =
1

2

(
4πR

Nc

)(
4πR

2Nc tan θ

)
=

4π2R2

N2
c tan θ

(2.2)

ABC is the half of elementary cell.

Consequently it is clear that the value of BB’ A’B’ are:

BB′ =
Wy

2 cos θ
(2.3)
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Figure 2.1: Arrangement of unit cells on the mandrel and unit cell used
for the calculation of cover factor
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A′B′ = AB − AA′ −BB′ = AB − 2BB′ =
4πR

Nc

− 2
Wy

2 cos θ
(2.4)

From the geometry it is possible to obtain the height of A’B’C’ and

consequently the area of that triangle:

AA′B′C′ =
1

2

(
4πR

Nc

− 2
Wy

2 cos θ

)(
4πR

Nc

− 2
Wy

2 cos θ

)
1

2 tan θ
(2.5)

A’B’C’ results to be the half of the area of the unit cell without

fibers. Since the unit cell is symmetric to the segment AB, the value

of cover factor can be considered equal to the one of the full cell.

At this point it is possible to calculate the cover factor considering the

following equation [11]:

CF = 1 − AA′B′C′

AABC

= 1 −
(

1 − WyNc

4πR cos θ

)2

(2.6)

Talking about mechanical resistance of the final product, it is im-

portant to know another variable: the fiber volume fraction [39]; this

parameter is dependent by the unit cell geometry and by the shape

of the yarn that could be obtained making some microscope analysis

[40]. Starting from the knowledge of the cover factor, it is possible to

use the following equation to link the fibres volume fraction with the

other production parameters.

Vf =
WfNc

4πR0 cos θ
(2.7)

As seen before, this analytical approach is valid for circular man-

drels, or asymmetric mandrels, replacing in the equations the terms of

the radius of the mandrel with something linked to the perimeter of

the new one. The important thing is to consider a constant braiding

angle during all the production process [24].
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2.1.1 Percentage of Overlap

The cover factor equation doesn’t consider the possibility of overlapped

yarns. As said, this could happen if the braiding angle is too big or

too small. For this reason, it is necessary to define a way to calculate

the maximum admissible value of overlapping.

To calculate the percentage of overlap, the elementary cell is used as

reference, considering the red part as the yarn overlapping (Figure 2.2).

Figure 2.2: Overlapping of yarn [11]

Using the symmetry, the percentage of overlap can be defined as:

%S = 100
4AAHA′

AABC

(2.8)

Now, geometrically, it is possible to calculate the base (b) and the

height (h) of the triangle AHA’:

b = AA′ =
Wy

2 cos θ
(2.9)

h =
1

2
CC ′ =

1

2

AA′

tan θ
=

1

2

Wy

2 cos θ tan θ
=

Wy

4 sin θ
(2.10)
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The overlapped area will result:

4AAHA′ = 4
1

2
bh = 4

1

2
AA′CC ′

2
=

W 2
y

4 cos θ sin θ
(2.11)

Consequently, the overlap percentage of the fibers will be

%S = 100
W 2

y

4 cos θ sin θ

N2
c tan θ

4π2R2
= 100

W 2
yN

2
c

16π2R2(cos θ)2
(2.12)

The maximum value of overlap percentage depends on the kind of

braiding machine. Usually, it is common to avoid value over 200% so

to elude the presence of too much material in axial or circumferential

position that could bring the machine to lock.

2.1.2 Difference between theoretical and real cover

Factor evaluation

According with the equation 2.6, the calculated cover factor could be

different compared to the experimental results. Fixing the value of Wy

Nc and R the graph of cover factor as a function of the braiding angle

will be the one in Figure 2.3.

The curve shows an increase of the cover factor value with the

braiding angle as expected, and following the equation 2.6, after the

maximum value it will have a decrease. This can be explained by

looking the equation of the empty space on the mandrel:

AA′B′C′ =
1

4

(
4πR

Nc

− 2
Wy

2 cos θ

)2
1

tan θ
(2.13)

Once the braiding angle θ will reach the value corresponding to

CF=1, the empty space on the mandrel will be zero. Increasing the

braiding angle, the term in brackets will be negative, and squaring it

the value of cover factor will be smaller.
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Figure 2.3: CF function of Braiding Angle obtained using equation 2.6
for biaxial braiding. It is consider a constant value for Wy = 2mm,
Nc = 50, R=50mm

In reality this doesn’t have any meaning since, after reaching a

value equal to one, the cover factor will be constant on it. So, the

Figure 2.3 will be changed (Figure 2.4 a).

The same thing can be said fixing the yarn width (Wy), the mandrel

radius (R), the braiding angle (θ) and changing the cover factor as

function of coils number (Nc). Using the equation 2.6 to obtain the

value of the cover factor there will be a maximum value of CF and

after that value, a decrease will start (Figure 2.4 b). This will not be

possible considering the real physics of the problem.
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(a)

(b)

Figure 2.4: Comparison between Cover Factor of a biaxial braided
preform: a) function of number of coils (Wy = 2mm, θ=70°, R=50mm); b)
function of braiding angle (Wy = 2mm, Nc = 50, R=50mm)

.
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The equation 2.6 gives good results, close to experimental value

if the cover factor is less than one. It is possible to validate these

equations producing a braided biaxial preform with hemp fibres and

using the following value:

• Mandrel radius R=50mm

• Braiding Angle θ=30°

• Yarn width Wy=2mm

• Number of used coils Nc=144

Using the equation 2.6 the value of the cover factor will be CF=0.778,

value not close to 1.

To evaluate the real value of CF was used the software ImageJ

comparing the images turned into black and white.

The considered area is 100x100 [mm2] and is represented by the

yellow square in the Figure 2.5. At this point, it is possible to obtain

the number of pixels for each kind of grey and, making a subdivision

between the pixels for the black colour, it will be possible to calculate

the cover factor. The number of black pixels will be 612979, the number

of white pixels will be 2249885, so:

CFreal =
WhiteP ixels

TotalP ixels
=

2249885

2249885 + 612979
= 0.786 (2.14)

So, the difference between the real value and the calculated one will

be:

% =
CFtheoretical − CFreal

CFreal

= 1 (2.15)

Such small error means that the theoretical formulation of cover

factor gives a good prevision of the value if it will be less than one,

otherwise it is possible to consider directly CF=1.
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Figure 2.5: Elaboration of preform’s image using ImageJ
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2.2 2D Triaxial Braided preforms

Meanwhile for variables such as lay length and percentage of overlap

the equations are the same for biaxial and triaxial braided preforms,

for the calculation of the cover factor it is necessary to do some clari-

fication.

In addition to the coils that are placed in the rotating part of the

machine, other coils will be placed in a fixed part of the machine and

they allow to add longitudinal yarns to the preform. Considering that

Nc rotating coils on the machine allows to have Nc/2 unit cells on the

mandrel, and considering that in one unit cell there will be only one

axial yarn, the final number of fixed coils (NcL) will be

NcL =
Nc

2
(2.16)

At this point, it is possible to say that the cover factor of a triaxial

braided preform will be a function of:

• Width of the yarn Wy[mm];

• Number of rotating coils Nc;

• Mandrel Radius R[mm];

• Braiding Angle θ[rad].

To calculate the cover factor it will be used a ”classical” approach

with formulation of some hypothesis, but it will be possible to notice

the limitation of this approach.
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2.3 Calculation of Cover Factor with a

Classical Approach

This kind of analytical process is based on two fundamental hypothesis:

1. All the yarns are geometrically equal, in particular Wy is the

same for everyone.

2. Longitudinal yarns are in the centre of the unit cell

In Figure 2.6 it is possible to see the new configuration of the unit

cell

Figure 2.6: Triaxial Braided unit cell in agreement with hypothesis

As in the previous case, also here it is considered that the value of

the cover factor for a single unit cell is the same as the total Braided

preform. Using the symmetry of the cell, it is possible consider only

the superior half of the unit cell and calculate the area of that triangle.

AABC =
1

2

(
4πR

Nc

)(
4πR

2Nc tan θ

)
=

4π2R2

N2
c tan θ

(2.17)
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The space without yarn in the unit cell is 2AEB′F

So the base of the triangle EB’F will be:

EB′ =
AB

2
−BB′ − Wy

2
=

1

2

4πR

Nc

− Wy

2 cos θ
− Wy

2
=

=
1

2

(
4πR

Nc

− Wy

cos θ
−Wy

) (2.18)

where the value of AB was calculated in equation 2.1.

Now it is possible to obtain the height EF of the same triangle

EF = EB′ cot θ =
EB′

tan θ
=

1

2

(
4πR

Nc

− Wy

cos θ
−Wy

)
1

tan θ
(2.19)

It is clear that the area of the half of the unit cell without yarns

will be

2AEB′F = 2
1

2
(EB′ · EF ) =

EB′2

tan θ
=

1

4

(
4πR

Nc

− Wy

cos θ
−Wy

)2
1

tan θ
=

=
1

4 tan θ

(
16π2R2(cos θ)2 + W 2

yN
2
c (1 + (cos θ)2)

N2
c (cos θ)2

−

−
8WyNcπR cos θ(1 + cos θ) + 2W 2

yN
2
c cos θ

N2
c (cos θ)2

)
(2.20)
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The cover factor will be the complementary of not covered area

CF = 1 − 2AEB′F

AABC

=

= 1 −
(

1 − WyNc[8πR cos θ(1 + cos θ)

16π2R2(cos θ)2
−

− WyNc(1 + (cos θ)2 + 2 cos θ)]

16π2R2(cos θ)2

) (2.21)

As done for the biaxial braided preform, also in this case it is possi-

ble to calculate the cover factor using fixed parameters. Same param-

eters of the biaxial example will be used:

• Mandrel radius R=50mm

• Braiding Angle θ=30°

• Yarn width Wy=2mm

• Number of rotating coils Nc=144,

• Number of fixed coils NcL=72

Using the equation 2.21 the cover factor will result 0.999, obviously

more than the value of the biaxial preform (CF=0.778) due to the

presence of longitudinal yarns. As the biaxial preform, also the for-

mulation for the triaxial case presents a cover factor that, in function

of the braiding angle or number of coils, reaches the maximum value

equal to 1 and after that it starts to decrease; also in this case, the real

value of the cover factor after the maximum value is different from the

analytical one (Figure 2.7).

45



2. Evaluation of Cover Factor

(a)

(b)

Figure 2.7: Comparison between Cover Factor of a triaxial braided
preform, obtained using equation 2.21 and the real one: a) function of
number of coils (Wy = 2mm, θ=70°, R=50mm); b) function of braiding
angle (Wy = 2mm, Nc = 50, R=50mm)
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2. Evaluation of Cover Factor

It is possible to obtain the limit condition of CF=1 considering the

empty area equal to 0, so EB’=0 and A’B’=Wy, but A’B’ will be also:

A′B′ = AB − AA′ −BB′ =
4πR

Nc

− Wy

2 cos θ
− Wy

2 cos θ
=

4πR

Nc

− Wy

cos θ
(2.22)

Knowing the braiding angle θ and the yarn width, it is possible

to know the value Rmin, which is the minimum value of the radius to

obtain a value of CF equal to 1. For a radius of the mandrel smaller

than the value Rmin there will be an overlap of yarns.

Wy =
4πR

Nc

− Wy

cos θ

Wy =
4πR cos θ −WyNc

Nc cos θ

WyNc(1 + cos θ) = 4πR cos θ

Rmin =
WyNc(1 + cos θ)

4π cos θ

(2.23)

In 2017 a software that permits to design braided preforms using a

circular mandrel was developed, considering all the equation that have

been described previously[17]. Melenka and Carey described in detail

the mathematical model used in different software for the calculation

of the braiding parameters [41] [42]. Using these kinds of software it is

possible to compare the mechanical properties with the braiding geom-

etry. In fact, due to the high number of parameters and the different

combinations, a trial and error approach would be really expensive.
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2. Evaluation of Cover Factor

The problem is that only for simple geometry it is possible to use an

analytical approach, while for something more complex the mathemat-

ical model evolves in a problematic way [43]. To solve this problem,

in recent years many Finite Element software were developed with the

aim to simulate the process with an high accuracy, although they have

an elevated computational time even using a work station [13]. In or-

der to save time in the design, it is better to use software based on

the solution of cinematic equations, but it is necessary not to limit the

study only to the axisymmetric preform. Michaeli et al.[44] studied non

circular mandrels using the rotation velocity of the horn gears ω as an

input parameter and the feed speed of the mandrel as an output. Gao

et al.[45] theorized a software with the possibility of modelling axisym-

metric preform using as inputs the typology of braid, the number of

coils and the parameters of the yarn (density, engineering constant, and

width-thickness ratio). In the last years, two software for the braiding

simulation were developed: ”TexMind Braider Standard” and ”Tex-

Mind Braiding Configurator” [46]. The last software is a cinematic

one and was developed by van Ravenhorst in the university of Twente;

its name is ”Braidsim” and it simulates the movement of biaxial and

triaxial braiding providing as output also a Finite Element Model for

the interface with other software and the mechanical analysis [47].

2.3.1 Tool for designing braided preform

Using a programming software, it was developed an indoor tool with all

the equations presented in this chapter to calculate the unit cells and

to predict the process parameters of preforms obtained with a Circular

Braiding Machine.

In the Figure 2.8 it is possible to notice the graphical user interface

of the tool, where there are also all the variables and the geometrical

data of the fibres.
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2. Evaluation of Cover Factor

Figure 2.8: Developed Tool

In the following Figure (Figure 2.9) there is an example where is im-

plemented the calculation of the cover factor in the ”Block Diagram”

of the software.

Figure 2.9: Partial back-panel of Developed Tool
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2. Evaluation of Cover Factor

In Figure 2.10 there is a block diagram that describes how the tool

works:

Figure 2.10: Block Diagram to explain how the tool works

1. Insert the known variables in the tool

2. The software will recognize which kind of equation to use to

calculate the unknown variables and will light a button for the

calculation

3. Starting from a variable that is calculated, it will be possible to

obtain the others in consequence

4. When there will be a variable out of range there will be an error

message

It is important to observe the technological ranges of validity of the

parameters in the case of the used machine (Herzog RF 1/144-100)

10°< θ <85°
50[rpm] < HGS < 170[rpm]

16 < Nc ≤ 144
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2. Evaluation of Cover Factor

In the event that the braiding angle is less than 10° it would not

be possible to cover the surface of the spindle and you would have

a blockage by longitudinal overlap of the fibers. If the value of the

braiding angle is greater than 85° there will be an overlap of the fibers

in the transverse direction to the spindle and, again, it will cause the

braiding to lock. HGS speed limits are physical limits of the machine.

This tool permit also to use different kinds of fibres to obtain hybrid

preforms and balance the mechanical properties of the final product.

The developed model for the calculation of geometrical parameters in

the tool uses two cards to describe the two different used materials. In

this case, the width of the yarn will be calculated using an average of

the value of the single yarns:

Wy = Nc1

Nc
·Wy1 + Nc2

Nc
·Wy2

There is a library where common materials are listed and it is possi-

ble to use one of these in the equation with all its geometrical properties

(Figure 2.11).

In Figure 2.12 it is possible to notice what happens to the tool

using a value of mandrel radius equal to 80mm and a braiding angle

of 45°. As said before it is possible to see that the values are correct

to realize the preform and so the light will become green.
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2. Evaluation of Cover Factor

Figure 2.11: Library with materials geometrical properties

Figure 2.12: Screen of the tool using R=80mm and θ=45° with the
presence of longitudinal yarn
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2. Evaluation of Cover Factor

All these models (mathematical or cinematic modelling) and the

developed tool keep in consideration the value of cover factor calcu-

lated with the previous equations, but during the production of triax-

ial braided preform, ImageJ software was used to make a comparison

between the analytical value of cover factor and the real one (as for

the biaxial preform case). From the results, it was clear that the differ-

ence between the two values was high, and making an accurate visual

inspection, results clear that the two hypothesis are not respected. In-

deed, it is possible that the longitudinal yarns are not passing for the

centre of the unit cell how confirmed by experimental process. It is

necessary to find another mathematical model to describe the value of

the cover factor for a triaxial braided preform.
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2. Evaluation of Cover Factor

2.4 Different configurations of

longitudinal yarns in the unit cell

As said previously, the hypothesis that the longitudinal yarns pass in

the centre of unit cell is a big approximation that brings to an error

when the cover factor is analytically calculated. Heieck et al. [29]

described a way to find a cover factor that is better matched with an

experimental value.

Below it is possible to check the variable used for this calculation:

• Braiding angle θ

• Width of warp and weft yarns Wy

• Width of longitudinal yarn WyL

• Number of rotating coils Nc

• Mandrel radius R.

There is another parameter that can be seen in Figure 2.13

Figure 2.13: Different configuration of longitudinal yarn in unit cell [29]
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2. Evaluation of Cover Factor

”a” represents the distance between the centre of the unit cell and

the axis of the longitudinal yarn. Changing a there will be three dif-

ferent cases. Also in this situation, the unit cell will be a rhombus, so

its total area will be

A =
1

2
e · f (2.24)

with f equal to the value of AB for the biaxial unit cell

f = 4πR
Nc

and e equal to

e = f cot θ

Now, it will be easy to calculate PQ from geometrical value:

PQ =
f

2 sin θ
− Wy

sin 2θ
=

πD

Nc sin θ
− Wy

sin 2θ
(2.25)

Knowing PQ it is possible to calculate the internal diagonal of the

rhombus (fs, hs)

fs = 2PQ sin θ = 2

(
πD

Nc sin θ
− Wy

sin 2θ

)
sin θ

hs = 2PQ cos θ = 2

(
πD

Nc sin θ
− Wy

sin 2θ

)
cos θ

At this point the area of the internal cell is

As =
1

2
hs · fs =

1

2
4

(
πD

Nc sin θ
− Wy

sin 2θ

)2

sin θ cos θ =

=

(
πD

Nc sin θ
− Wy

sin 2θ

)2

sin 2θ

(2.26)

Now it is necessary to obtain the area occupied by the longitudinal

yarn Aa. For this purpose, there are three different cases (Figure 2.13).
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2. Evaluation of Cover Factor

Case A

In this case, the longitudinal yarn passes from both the symmetric

side of unit cell (Figure 2.14)

Figure 2.14: Unit cell typology A

The value of a will be

0 ≤ a ≤ WyL

2

Now it will be necessary to calculate the rectangular area of the

yarn with base WyL and height hs

WyL · hs = WyL2

(
πD

n sin θ
− Wy

sin 2θ

)
cos θ =

= WyL2

(
πD

Nc

cos θ

sin θ
− Wy

2 sin θ cos θ
cos θ

)
=

= WyL

(
2πD

Nc

cot θ − Wy

sin θ

)
From this value, subtracting the value of the blue area Al(two

times) and the green area Ar (two times), we get the value of the

area occupied by the longitudinal yarn
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2. Evaluation of Cover Factor

2Al = 2

[
1
2

(
WyL

2
+ a

)(
WyL

2
+ a

)
cot θ

]
= 2

(
1
2
WyL+a

)2

2
cot θ

2Ar = 2

[
1
2

(
WyL

2
− a

)(
WyL

2
− a

)
cot θ

]
= 2

(
1
2
WyL−a

)2

2
cot θ

Aa = cot θ

(
2πD

Nc

WyL − 1

2
W 2

yL − 2a2
)
− WyWyL

sin θ
(2.27)

Case B

This is the condition in which the yarn is only on one side of the

unit cell without passing through the value of fs (Figure 2.15). The

condition for ”a” is:

WyL

2
≤ a ≤ fs

2
− WyL

2

Figure 2.15: Unit cell typology B
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2. Evaluation of Cover Factor

Obviously, this case exists only if WyL ≤ fs
2

is respected. This

means that the number of rotating coils Nc has to be not high, conse-

quently, the number of the unit cell will be small enough to allow the

existence of case B. Otherwise, the typology A will be extended in a

wide range.

It is possible to calculate the limit value of Nc:

fs
2

= WyL(
πD

Nc sin θ
− Wy

sin 2θ

)
sin θ = WyL

Nc1 =
2πD cos θ

2WyL cos θ + Wy

(2.28)

Hypothesizing the validity of the condition Nc ≤ NcL it is possible

to calculate the value of Aa for this case.

The rectangular with the dimension WyL and ha will have an area equal

to:

haWcL = [hs + (WcL − 2a) cot θ]WcL

From this area it is necessary to subtract the blue triangle area Al

2Al = 2

[
1
2
WyLWyL cot θ

]
= W 2

yL cot θ

Aa = [hs+(WcL−2a) cot θ]WcL−W 2
yL cot θ = WyL(hs−2a cot θ) (2.29)

Case C

In this case, the longitudinal yarn overlaps the braided yarn on the

symmetric axis fs (Figure 2.16)

The condition for the existence of this case is:

fs
2
− WyL

2
≤ a ≤ amax

where amax = f
2
− WyL

2
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2. Evaluation of Cover Factor

Figure 2.16: Unit cell typology C

The area occupied by the longitudinal yarn will be equal to the

triangle with heigh ST.

ST = fs
2
− a +

WyL

2

Consequently, the base of the triangle is 2 · ST cot θ. From this it

will be possible to calculate the area

Aa =
1

2

(
fs
2
−a+

WyL

2

)
2

(
fs
2
−a+

WyL

2

)
cot θ =

(
fs
2
−a+

WyL

2

)2

cot θ

(2.30)

Cover Factor

Following the literature [29] it is possible to evaluate the cover fac-

tor using the equations in Tables 2.1 and 2.2 to calculate the occupied

area by the longitudinal yarn in different configurations.
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2. Evaluation of Cover Factor

Table 2.1: Summarizing of calculation of longitudinal yarn area including
the existence of Case B (fs2 > WyL)

Value of a Aa

A 0 ≤ a <
WyL

2
cot θ

(
2πD
Nc

WyL− 1
2
W 2

yL− 2a2
)
− WyWyL

sin θ

B
WyL

2
≤ a < fs

2
− WyL

2
WyL(hs − 2a cot θ)

C fs
2
− WyL

2
≤ a ≤ f

2
− WyL

2

(
fs
2
− a +

WyL

2

)2

cot θ

Table 2.2: Summarizing of calculation of longitudinal yarn area without
Case B (fs2 < WyL)

Value of a Aa

A 0 ≤ a < fs
2
− WyL

2
cot θ

(
2πD
Nc

WyL− 1
2
W 2

yL− 2a2
)
− WyWyL

sin θ

C fs
2
− WyL

2
≤ a ≤ f

2
− WyL

2

(
fs
2
− a +

WyL

2

)2

cot θ

The final cover factor will be defined as:

CF =
A + Aa − As

A
(2.31)

Knowing the cover factor of triaxial unit cell, it is possible to calcu-

late the cover factor of the entire preform. Considering the hypothesis

that all the longitudinal yarns are placed in an equal way in all the

unit cells (a has the same value for all the cells), the CF of the entire

preform will be the same as the cover factor of the unit cell.
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2. Evaluation of Cover Factor

Making a comparison between the value calculated with the equa-

tion 2.31 and the experimental value of cover factor, it is clear that

there is a not negligible error. In the following Chapter it will be

discussed about the error and a possible solution.
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Chapter 3

New approach for Cover

Factor Calculation

During the experimental part of this work, it was produced with a

Radial Braiding Machine a Triaxial braided preform with the following

parameters:

• Braiding angle θ=30°

• Mandrel Radius R=50mm

• Number of rotating coils Ny=72

• Number of longitudinal coils NyL = Ny/2=36

In Figure 3.1 it is possible to see the final product:

Figure 3.1: Triaxial braided product with R=50mm, θ=30°, Ny=72,
NyL=36

62



3. New approach for Cover Factor Calculation

From optical measurements it will result that the rotating yarns

will have a width in the range 1.8mm and 2.2mm, meanwhile the lon-

gitudinal yarns will have a width between 1.8mm and 2mm. It was

decided to fix a value of Wy=2mm and WyL=2mm.

As done for the biaxial preform, also in this case the real value of cover

factor was found with a software used for the elaboration of the images

called ImageJ. Painting the preform in black and using a white back-

ground the image in the software was converted in greyscale (Figure

3.2)

Figure 3.2: Triaxial braided preform with R=50mm, θ=30°, Ny=72,
NyL=36 analyzed in the ImageJ software
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3. New approach for Cover Factor Calculation

The analysed area is equal to 10000 mm2 for a total number of

518400 pixels. The black pixels, representing the yarn, resulted to be

323116, consequently the real value of cover factor was:

CFreal = BlackP ixels
TotalP ixels

= 323116
518400

= 0.623

Analysing the production parameters (θ, R, Wy, WyL), it is possible

to obtain the maximum value of Nc to understand in which of the case

studie we are (A,B,C or A,C).

Nc=99.6

This value is higher than the number of rotating coils used for the

production of braided preforms (Nc = 76). From Figure 3.1 it is pos-

sible to notice that the longitudinal yarns are not placed in the same

way for each cell, so the value of a parameters will not be the same,

and there will be 3 kinds of unit cells (typology A, typology B, typol-

ogy C). The problem is the impossibility to know from the beginning

the number of each typology of unit cell, and at the same way triax-

ial preforms realized with same process parameters can give as results

different percentage of unit cells typologies.

To solve this problem, it is used as a way to simulate a high number

of produced preforms with the same process parameters, but with dif-

ferent percentages of cells typologies generated in a random way.

In Table 3.1 it is possible to see the first 10 random simulations.

The total number of simulations is 5000, since it was checked that this

number is enough to reach a stability of cover factor value (Figure 3.3)
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Table 3.1: Example of first 10 simulation of produced preform with
random distribution of cells typology

A B C Sum
66 16 18 100
71 5 24 100
50 40 10 100
3 91 6 100
12 53 35 100
15 51 34 100
53 44 3 100
45 3 52 100
57 12 31 100
66 7 27 100

Figure 3.3: Evolution of value of cover factor in function with the
number of simulations for the preform realize with following parameters:
R=50mm, θ=30°, Ny=72, NyL=36

65



3. New approach for Cover Factor Calculation

In Table 3.2 are reported the geometrical parameters of the cells

that are not depending on the typology of the cells, but only from the

production parameters and from the typology of fibres.

Table 3.2: Geometrical parameters obtained with a process using
R=30mm, θ=30°, Ny=72, NyL=36 and hemp fibres

f 8.72664626
e 15.1149947
A 65.95160599
fs 6.417245183
hs 11.1149947
As 35.66382311

In Table 3.3 and 3.4 it is possible to see the different ranges of

parameter a for different typologies of cell and the value of cover factor

calculated for each case:

Table 3.3: Value of a for different typologies of cells, obtained with a
process using R=30mm, θ=30°, Ny=72, NyL=36 and hemp fibres

a
Min Max Typology
0 1 A
1 2.208622592 B
2.2086226 3.36332313 C
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Table 3.4: Value of CF for different typologies of cells, obtained with a
process using R=30mm, θ=30°, Ny=72, NyL=36 and hemp fibres

Condition Value of a Typology Aa CF
a=0 0 A 18.766 0.744

a=fs
4

1.604 B 11.115 0.628

a=amax 3.363 C 1.238 0.478

From Table 3.4 it is clear that:

• The condition for typology A considers the longitudinal yarn

perfectly centred

• The condition for typology B considers the longitudinal yarn in

the centre of one part of the cell

• The condition for typology C considers the longitudinal yarn in

the extreme location of the cell

In the end the value of Cover Factor will be a weighted average of

different factors of different typologies

CFpreform = %A·CFA+%B ·CFB+%C ·CFC

100

For example the first row of Table 3.1 (%A=0.66,%B=0.16,%A=0.18)

will give a value of CF=0.67. Making this procedure for all the 5000

simulation it will be possible to consider the value of cover factor equal

to the average value of the simulations. In this case the final value will

be CF=0.646

As seen, the classical approach using the equation 2.21 to calculate

the cover factor will give a value of CF=0.744 with a percentage devi-

ation of 19.4% respect the real value of CF=0.623; instead using this

new approach and considering all the listed variables the percentage

deviation will be only of 3.7%.
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3.0.1 Other considerations about the number of

coils

At this point it will be necessary to evaluate the influence of the num-

ber of coils, used for the production, on the value of the cover factor

calculated with this new approach. As expected, increasing the num-

ber of coils there will be more materials and therefore the cover factor

will increase.

In Table 3.5 it is possible to see all the possible configurations to set

the used machine; the last row represents the full equipped machine.

Table 3.5: Possible configuration of the RF 1/144-100 machine

Rotating
Coils

Warp
Coils

Weft
Coils

Fixed Coils

4 2 2 2
6 3 3 3
12 6 6 6
16 8 8 8
18 9 9 9
24 12 12 12
36 18 18 18
48 24 24 24
72 36 36 36
96 48 48 48
108 54 54 54
120 60 60 60
126 63 63 63
128 64 64 64
132 66 66 66
136 68 68 68
138 69 69 69
140 70 70 70
144 72 72 72
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As previously analysed, the influence of number of coils on the

typology of cells could change the way to calculate the cover factor;

especially in the case in which Nc > Nc1. In this event, the typology

B will not exist, so the value of CF cannot be calculated statistically

considering the average on three typologies of cells, but only using cell

A and cell C.

CFpreform =
%A · CFA + %C · CFC

100
(3.1)

In the case in which the number of coils and the braiding angle

are really high, the yarns will result close and they will cover all the

mandrel, so the cover factor will be one. Also in this case, we can

obtain the maximum value of Nc beyond which the cover factor will

be 1.

fs
2

=
WyL

2

This means that if the yarn is in the center of the unit cell (a=0)

it will cover the whole mandrel occupying the empty space of the cell.

Substituting fs
2 (

πD
Nc sin θ

− Wy

sin 2θ

)
sin θ =

WyL

2

isolating Nc we will obtain the value of Nc2 that is the limit value

Nc2 =
2πD cos θ

WyL cos θ + Wy

(3.2)

For the analysed case (R=50mm , θ = 30 , Wy = 2mm , WyL =

2mm) the value of N2 is 145.8. The maximum configuration of the

machine is 144 coils, less of the maximum number of coils to obtain

CF=1 with a braiding angle of 30°, so the mandrel will not be totally

covered. In the following table it will be possible to notice the two

limits N1 and N2 for the braiding angle equal to 30°, 45° and 60° using

a fixed mandrel radius (R=50mm) and the fixed value of Wyl and WyL

(2mm)
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Table 3.6: Limitation of Nc for different braiding angle with R, Wy and
WyL fixed (50mm,2mm,2mm)

θ Nc1 Nc2

30 99.58 145.8
45 92.01 130.13
60 78.5 104.72

Summarizing

• With Nc < Nc1 the value of cover factor is calculated considering

the average of the three typologies of unit cells (A, B and C)

• With Nc1 < Nc < Nc2 the value of cover factor is calculated

considering the average of only two typologies of unit cells (A

and C)

• With Nc > Nc2 the value of cover factor is unitary

Considering the two Tables 3.5 and 3.6, it is possible to know how

to calculate the cover factor depending on the configuration of the

machine (Table 3.7)

Table 3.7: How to calculate the cover factor depending on the machine
configuration

θ Number of Coils
30 4 to 96 108 to 144 /
45 4 to 72 96 to 128 132 to 144
60 4 to 72 96 108 to 144

Nc < Nc1 Nc1 < Nc < Nc2 Nc > Nc1

CF=A+B+C CF=A+C CF=1

If the value of CF equal to 1 will be reached without reaching the

complete number of coils on the machine, it is suggested to stop the

number of coils to that value to not have overlapping fibres.
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3. New approach for Cover Factor Calculation

At this point it will be easy, keeping a constant value of mandrel

radius, to build a graph that gives the value of cover factor as a function

of the configuration of the machine (in terms of coils) for each value of

braiding angle (Figure 3.4, 3.5, 3.6).

Figure 3.4: Evolution of value of cover factor in function with the
number of coils used for the production with following parameters:
R=50mm, θ=30°
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Figure 3.5: Evolution of value of Cover Factor in function with the
number of coils used for the production with following parameters:
R=50mm, θ=40°

Figure 3.6: Evolution of value of cover factor in function with the
number of coils used for the production with following parameters:
R=50mm, θ=60°

72



Section III

73



Chapter 4

Production of Braided

Preforms and Mechanical

Tests

In this chapter it will be shown the production process of Braided hemp

preform, the realization of the composite panels and the mechanical

tests used to compare the different typologies of preforms and braiding

angle used.

The main phases of the work can be summarised in:

1. Using of Radial Braiding Machine to obtain interlaced preforms

2. Infusion process with RIFT technique (Resin Infusion under Flex-

ible Tooling)

3. Cutting of specimens and mechanical tests
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4.0.1 Use of Radial Braiding Machine to interlace

the preform

The Machine used to obtain the preforms is an RF 1/144-100 by Her-

zog. The machine was loaded with 144 rotating coils and 72 coils for

the longitudinal yarns (not all the coils were used during the production

process). The first step was the realization of the coils using a bobbin

winding machine called SP 280-PN by Herzog. The bobbin winding

machine permits to wind the coils starting from bigger spools. With

this machine it is possible to wind 4 coils simultaneously (2 clockwise

and 2 counterclockwise). Each coil has 100 mt of yarn winded on. In

4.1 it is possible to see the two different machines.

Figure 4.1: Herzog RF 1/144-100 and Herzog SP 280-PN

In the following figure (Figure 4.2) it is possible to see the details

of the bobbin winding machine.

After the realization of the coils, they are placed on the machine

and the mandrel is placed in the centre. Consequently, it is decided

the configuration to use for the production and the machine is set.
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Figure 4.2: Winding process of the yarns on the coils

4.0.1.1 Used Production Parameters and their control

During the set-up of the machine, some of process parameters are de-

fined. The radius of the preform is equal to the value of the radius

mandrel and in this case is fixed to 50mm. Another parameter is the

one linked with the number of coils used. For the biaxial one, different

configurations are used, depending from the desired braiding angle; to

obtain a preform with a braiding angle of 30°, 144 rotating coils are

used, while the realization of composites with an angle of 45° was per-

formed with 120 rotating coils.

The triaxial braided preform has two configurations of the machine:

the first one includes a fully loaded machine (144 rotating coils and 72

fixed coils); the second configuration provides a machine loaded with

half of the total of the coils (96 rotating coils and 48 fixed coils). Ob-

viously, the first configuration will have elevated CF. For the braiding

angle the realized preforms will have θ equal to 30° and 45°. Fixing

R and θ, it will be possible to calculate the value of Lay Length (LL)

using equation 1.15, and, putting this value in the machine, the desired

preform will be obtained. In the following Table (Table 4.1) it is pos-

sible to see all the production parameters for all the realized preforms,

including the calculated Cover Factor.
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4. Production of Braided Preforms and Mechanical Tests

Table 4.1: Parameters of produced biaxial and triaxial preforms

Preform R[mm] θ[°]+ LL[mm] Nc −NcL CF
1 50 30 544.14 144 - 0 0.82
2 50 45 314.159 120 - 0 0.83
3 50 30 544.14 144 - 72 0.93
4 50 30 544.14 96 - 48 0.78
5 50 45 314.16 144 - 72 1
6 50 45 314.16 96 - 48 0.81

It is also possible to control the speed of the horn gear putting the

value in the PLC of the machine, but this parameter will influence only

the production speed without affecting the cover factor or other geo-

metrical parameters. The Herzog RF 1/144-100 has a range of values

for the horn gear speed between 50 and 170 [rpm], but for the produc-

tion of this preform a value of 50 [rpm] has been used, indeed, as seen

before, this value will not affect the geometry of the preform, but it will

be only a parameters that controls the production rate, and the choice

to set it to the minimum value is linked with the facility of controlling

the machine. In Figure 4.3 it is possible to see this production phase.

Figure 4.3: Production Process
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4. Production of Braided Preforms and Mechanical Tests

After this production, the preform is removed from the mandrel

and the process is checked. In particular there is a control on:

1. Width of the rotating yarn Wy and width of longitudinal yarn

WyL

2. Measure of real value of Cover Factor and comparison with the

calculated one

3. Value of Braiding angle

For the first two points, the methodology was explained in the

previous chapters, while the braiding angles were checked with a visual

inspection, obtaining good results

4.0.1.2 Used Fibres

Nowadays, considering the environmental pushing that the political

governments are acting and the increasing interest in the reduction

of waste using more eco-friendly materials, it seems necessary to use

natural fibres in this kind of work. There are many studies with the

aim of finding the best recyclable reinforcement materials [48], and a

particular focus is on hemp fibres that result to have some properties

similar to the glass fibres [49]. More than this, the production of hemp

fibres is one of the greenest under the point of view of the environmental

impact and the influence on the territory. Indeed, the values in terms of

energy for the production, emissions of harmful agents and more others

substances with an influence on the environment are lower with respect

to glass fibres ones [50]. Hemp fibres are used in the field of automotive,

but because of its hygroscopicity, for now it is impossible to substitute

structural parts, so they are used for the interiors. Another field where

the hemp is really used is in thermal insulation, and thanks the porosity

of this kind of fibres also in soundproofing. For this reason, also in the

construction sector the use of hemp is being implemented combined

with cement and gypsum [51].
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4. Production of Braided Preforms and Mechanical Tests

4.0.2 Infusion process of braided preform using

RIFT technique

The obtained braided preforms are infused with the RIFT (Resin Infu-

sion under Flexible Tooling) technique to realize composite laminates

with hemp fibres. The fibres used are supplied by Fidia s.r.l. which

performed also the production of the single yarns. First of all, the pre-

forms were cut in a dimension that can fit in the infusion ”chamber”

and weighted so to know the percentage of fibres at the end of real-

ization of the specimens. It is necessary to be sure that the braiding

angles keep the designed value (4.4)

Figure 4.4: Preparation of hemp braided fibers

The used mold is composed by a glass sheet with the same dimen-

sion of the fibres. Around the mold was placed a tape to seal the

infusion part and a releasing agent was applied so to make easy the

removal of the ended laminate. On the fibres was placed the peel-ply

that has the function to help the demolding process and to remove the

excess resin. A nylon bag was used to close the infusion chamber. The

matrix used for the infusion is an epoxy thermoset resin SX10 supplied

by Mates. This kind of resin has low viscosity, low toxicity and good

mechanical properties [52]. In Table 4.2 can be seen the mechanical

properties of the used materials.
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4. Production of Braided Preforms and Mechanical Tests

Material E(Mpa) σ(Mpa)
Epoxy Resin SX10 2700 60
Hemp Yarn 4587 225
Impregnated Hemp Yarn 7823 217

Table 4.2: Mechanical characteristics of used materials

During the infusion process, a difference of pressure (∆p) applied by

a pump permits the resin to go through the fibres. In the beginning,

the value of ∆p is high (0.8 bar), but after a while (when the resin

reaches the 3/4 of the length of the preform) the value is decreased

(0.6 bar) to obtain small flows of resin inside the single yarn. In 4.5 it

is possible to see the infusion process.

Figure 4.5: Infusion process, with particular attention to the flow front

The infusion process is long 30-40 minutes, after which the pump

is used to remove the air from the inside, and the laminate is kept for

24 hours to wait the set time of the resin.

Due to the high number of variables during the process, it is easy

to find some defects in the final laminate. The common ones are:

• Presence of air bubbles;

• Defects in terms of impregnation of the fibres

• More resin on the edge of the laminate
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In 4.6 it is possible to see the final laminate

Figure 4.6: Final obtained laminate
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4. Production of Braided Preforms and Mechanical Tests

4.0.3 Cutting of specimens and mechanical tests

The realized laminates are of 4 typologies and are summarized in the

following table (Table 4.3).

Table 4.3: Properties of infused laminate. The CF for the biaxial panel is
calculated with the equation 2.6, meanwhile for the triaxial laminates the
statistical approach was used

Panel Reinforce R[mm] θ[°] Nc - NcL CF
1 Biaxial 50 30 144 - 0 0.78
2 Biaxial 50 45 120 - 0 0.79
3 Triaxial 50 30 96 - 48 0.78
4 Triaxial 50 45 96 - 48 0.81

The results in fibres percentage were calculated obtaining the value

of density with an hydrostatics balance measurements. The used in-

strumentation can be seen in the following Figure (Figure 4.7).

Figure 4.7: Hydrostatic balance to measure the density of the specimens
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4. Production of Braided Preforms and Mechanical Tests

In Table 4.4 are reported the value of the volume fraction of fibres.

Table 4.4: Value of Density and Fiber Volume Fraction of the laminates

Kind of Specimen
Density
[gr/cm3]

Fibres Volume
Fraction

50/30 1.1950 30%
50/45 1.1897 31%
TX50/30 1.1522 38%
TX50/45 1.1205 39%

From each one of these laminates, three specimens have been cut by

using a diamond circular saw to perform tensile tests, three for flexural

tests and four for short beam strength tests. The referred regulations

for the dimension of specimens and to perform the tests are:

• ASTM D3039 for tensile tests

• ASTM D790 for flexural tests

• ASTM D2344 for short beam strength tests
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4. Production of Braided Preforms and Mechanical Tests

A schematic representation of the cut specimens can be seen in

Figure 4.8

Figure 4.8: A schematic view of the method to cut the specimens
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4. Production of Braided Preforms and Mechanical Tests

All the mechanical tests were carried out on the MTS Alliance

RT/50 (Figure 4.9) using a load cell of 1KN and different types of

equipment. The speed of each test is 5[mm/min]

Figure 4.9: Universal testing machine MTS Alliance RT/50
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4. Production of Braided Preforms and Mechanical Tests

Tensile Tests

For each laminate, three specimens were obtained with a dimension

of 200x25x2.5mm, named TR R/θ-N° for the biaxial and TX TR/θ-N°
for the triaxial (obviously, R is the dimension of the mandrel, θ is the

braiding angle and N° is the number of the specimen) (Figure 4.10).

Figure 4.10: Tensile Specimens before and after the test

On the MTS machine jaws were used to grip the specimens and a

strain gauge to measure the deformation (Figure 4.11)

Figure 4.11: Equipment for Tensile Tests
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4. Production of Braided Preforms and Mechanical Tests

The specimens were loaded until the rupture; the acquisition of the

load cell and the strain gauge will give the value of the elastic modulus.

Etr =
∆σ

∆ϵ
(4.1)

This equation means that is possible to calculate the Young Mod-

ulus as slope of the linear part of the Sigma-Epsilon graph.

Flexural Tests

Also for the flexural tests three specimens were obtained (Figure

4.12).

Figure 4.12: Flexural Specimens before and after the test.

They are named F R/θ-N° for biaxial specimens and TX F R/θ-N°
for the triaxial ones, and their dimensions will respect the normative

(120x12.5x2.5mm).

The equipment used is the one for the 3 points flexural test, with

the specimen supported on two points and loaded in the centre, on

another point; this is shown in Figure 4.13.
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4. Production of Braided Preforms and Mechanical Tests

Figure 4.13: Equipment for three points flexural tests

With the following relations it will be possible to calculate the value

of maximum tension σf and the value of Young Modulus Ef

σf =
3

2

P · L
bd2

(4.2)

Ef =
L3m

4bd3
∗ 10−3 (4.3)

where

• P[N]: maximum value of load, measured with the load cell

• L[mm]: distance between the support (span). In our case it will

be 80mm

• b[mm]: width of the specimen

• d[mm]: the thickness of the specimen

• m: slope of the linear part of the graph Load-Displacement
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4. Production of Braided Preforms and Mechanical Tests

Short Beam Strength Tests

In this case the number of specimens from each laminate will be

four. The biaxial specimens will be named T R/θ-N° and the triaxial

ones will be named TX T R/θ-N°. The dimension of the specimens

according with the normative results 25x9x3mm.

Figure 4.14: Short Beam Strength Specimens before and after the test

The equipment used is similar to the one used in the flexural tests

(Figure 4.15), as well as the process.

Figure 4.15: Equipment for Short Beam Strength tests

The thickness and the span of the specimen has to respect the

relation

1 < L
d
< 5

89



4. Production of Braided Preforms and Mechanical Tests

In this case, the τ will be higher than σ so to be sure that the

rupture is due to the shear stress. Knowing the value of F using the

load cell it will be possible to know the value of the τ

τmax = 0.75
Fmax

A
(4.4)
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Chapter 5

Results and discussion of

Mechanical Tests:

comparison between different

preforms

To analyse the influence of braiding angle and of the type of the pre-

form it is necessary to analyse the results of mechanical tests on the

laminate. As illustrated above the tested specimens are:

• Laminate obtained from biaxial preform with R=50mm, θ=30°
and CF=0.78 (50/30)

• Laminate obtained from biaxial preform with R=50mm, θ=45°
and CF=0.79 (50/45)

• Laminate obtained from triaxial preform with R=50mm, θ=30°
and CF=0.78 (TX 50/30)

• Laminate obtained from triaxial preform with R=50mm, θ=45°
and CF=0.81 (TX 50/45)
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5. Results and discussion of Mechanical Tests: comparison between
different preforms

In Figure 5.1 it is possible to observe the σ-ϵ curves, obtained from

the tensile tests on the laminate.

Figure 5.1: Sigma-Epsilon of Tensile Tests for the 4 different types of
specimens
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5. Results and discussion of Mechanical Tests: comparison between
different preforms

The values of σtr,max and Etr for all the specimens analysed, are

summarized in Table 5.1

Table 5.1: Results of Tensile tests

Specimen σtr,max[MPa] Etr[GPa]
TR 50/30-1 55.47 5.45
TR 50/30-2 64.07 5.98
TR 50/30-3 63.59 5.87

Mean: 61.04
St.Dev: 4.83

Mean: 5.77
St.Dev: 0.28

TR 50/45-1 45.82 4.76
TR 50/45-2 41.75 5.21
TR 50/45-3 49.83 4.52

Mean: 45.8
St.Dev: 4.04

Mean: 4.83
St.Dev: 0.35

TX TR 50/30-1 43.27 6.75
TX TR 50/30-2 42.1 7.3
TX TR 50/30-3 50.07 6.7

Mean: 45.15
St.Dev: 4.30

Mean: 6.91
St.Dev: 0.33

TX TR 50/45-1 28.18 4.62
TX TR 50/45-2 33.71 5.2
TX TR 50/45-3 33.72 5.5

Mean: 31.87
St.Dev: 3.19

Mean: 5.11
St.Dev: 0.45

From a macromechanical point of view, the preforms with a braid-

ing angle of 30°, respect to loading directions, performs better when

subjected to tensile tests compared to the preforms with a 45° braiding

angle, as the orientation of the fibres guarantees better properties in

the tensile direction.

Indeed, considering separately the biaxial and the triaxial preforms,

the theory is confirmed: the preform with θ of 30° has better tensile

properties compared to the 45° one (Figure 5.2).
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5. Results and discussion of Mechanical Tests: comparison between
different preforms

(a)

(b)

Figure 5.2: Comparison between Ultimate Sigma and Young Modulus
for tensile tests at different braiding angles. Mean value and standard
deviation. a) is a comparison of biaxial specimens, b) are the triaxial ones.
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5. Results and discussion of Mechanical Tests: comparison between
different preforms

Considering the comparison between biaxial and triaxial preforms

with the same braiding angle, it is expected that the preforms with

longitudinal fibres will have better characteristics. In Figure 5.3 it is

clear that this is true as concerns the value of the Young Modulus;

however, as evident from the graphs, the value of the ultimate tensile

strength is lower for the triaxial preforms.

(a)

(b)

Figure 5.3: Comparison between Ultimate Sigma and Young Modulus
subjected to tensile tests for biaxial and triaxial specimens. Mean value
and standard deviation. a) is a comparison of 30° specimens, b) is referred
to 45° specimens.
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different preforms

The reason could be ascribed to the difficulties in the tensioning of

hemp yarns during the production phase, as crimping effects take place

with consequent presence of voids during the impregnation [53, 54, 55].

Moreover, it is possible to obtain an esteem of the percentage of voids

inside the specimen analyzing the cross-section images (obtained by

means of a Confocal Lext Olympus OLS 5000 microscope) converted

in binary through MATLAB software (Figure 5.4, Figure 5.5). For

each typology of braided preform 2 specimens were analyzed and as

result, the Biaxial specimens will have a percentage of voids of 6.16%

and 7.91%, respectively for braiding angle of 30 degrees and 45 degrees;

the Triaxial one will have a percentage of voids of 11.47% and 16.26%

with a braiding angle respectively of 30 and 45 degrees. This confirms

the lower value of the ultimate stress of the triaxial specimens.
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5. Results and discussion of Mechanical Tests: comparison between
different preforms

Figure 5.4: Presence of voids for the specimens R50/30 biaxial and
triaxial: a) and b) correspond to Biaxial, c) and d) correspond to Triaxial

Figure 5.5: Presence of voids for the specimens R50/45 biaxial and
triaxial: a) and b) correspond to Biaxial, c) and d) correspond to Triaxial
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5. Results and discussion of Mechanical Tests: comparison between
different preforms

The three points flexural test results are shown in Figure 5.6, where

it is possible to see the Load-Displacement curves for each typology of

specimens and the corresponding Stress-Strain curves (Figure 5.7).

Figure 5.6: Load-Displacement of three points flexural Tests for the 4
different types of specimens
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5. Results and discussion of Mechanical Tests: comparison between
different preforms

Figure 5.7: Stress-Strain of three points flexural Tests for the 4 different
types of specimens
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5. Results and discussion of Mechanical Tests: comparison between
different preforms

The values of the Young Modulus and Tension of Rupture of the

above mentioned specimens are summarized in Table 5.2

Table 5.2: Results of three points flexural tests

Specimen σf,max[MPa] Ef [GPa]
F 50/30-1 79.2 3.52
F 50/30-2 78.45 4.6
F 50/30-3 88.47 5.32

Mean: 82.04
St.Dev: 5.58

Mean: 4.48
St.Dev: 0.90

F 50/45-1 66.7 3.67
F 50/45-2 70 4.17
F 50/45-3 72.95 4.02

Mean: 69.88
St.Dev: 3.13

Mean: 3.95
St.Dev: 0.26

TX F 50/30-1 69.73 3.54
TX F 50/30-2 64.65 3.30
TX F 50/30-3 75.5 4.42

Mean: 69.96
St.Dev: 5.42

Mean: 3.75
St.Dev: 0.59

TX F 50/45-1 51.36 3.27
TX F 50/45-2 48.63 2.88
TX F 50/45-3 57.52 3.36

Mean: 52.50
St.Dev: 4.55

Mean: 3.17
St.Dev: 0.25
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5. Results and discussion of Mechanical Tests: comparison between
different preforms

In this case the situation is different. Indeed, the trend of the

results is unexpected, and this can be seen in Figure 5.8 and in Figure

5.9. Besides the presence of the voids that influence all the mechanical

properties of the specimens, it has to be considered that the samples

are composed by two laminates and, as said, the cover factor is different

from the unit value. Consequently, the width of the tested specimens

could not be enough to consider the fibres inside; this means that other

tests are to be performed, out of normative, to find the best width of

the specimens that allows to study the flexural and the short beam

behaviour of this kind of laminates.
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5. Results and discussion of Mechanical Tests: comparison between
different preforms

(a)

(b)

Figure 5.8: Comparison between Ultimate Sigma and Young Modulus
for 3 Points Flexural Tests at different braiding angles. Mean Value and
Standard Deviation. a) is a comparison of biaxial specimens, b) are the
triaxial ones.
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different preforms

(a)

(b)

Figure 5.9: Comparison between Ultimate Sigma and Young Modulus
subjected to 3 Points Flexural Tests for biaxial and triaxial specimens.
Mean Value and Standard Deviation. a) is a comparison of 30° specimens,
b) is referred to 45° specimens.
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different preforms

In addition to this, for the short beam tests, the crimp effect of

longitudinal fibres could be predominant so to influence the value of

ultimate stress resistance τ for the TX TR specimens. Indeed, im-

plementing the equation 4.4 it is possible to assess the values of τmax

reported in Table 5.3 and in Figure 5.10.

Figure 5.10: Rupture and Young Modulus for short beam tests for each
typology of specimens. Mean value and standard deviation
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different preforms

Table 5.3: Results of short beam strength test

Biaxial
Specimen

τmax[MPa]
Triaxial
Specimen

τmax[MPa]

T 50/30-1 12 TX T 50/30-1 5.28
T 50/30-2 14.2 TX T 50/30-2 7.08
T 50/30-3 13.66 TX T 50/30-3 8.96
T 50/30-4 10.55 TX T 50/30-4 8.30

Mean: 12.56
St. Dev: 1.60

Mean: 7.40
St. Dev: 1.62

T 50/45-1 8.85 TX T 50/45-1 8.95
T 50/45-2 10.35 TX T 50/45-2 7.84
T 50/45-3 7.64 TX T 50/45-3 5.09
T 50/45-4 9.49 TX T 50/45-4 7.30

Mean: 9.07
St. Dev: 1.14

Mean: 7.29
St. Dev: 1.62

As said, the tensioning of fibres during the production could be

an explanation of this kind of behaviour. Indeed, the value of Cover

Factor for all the preforms is approximately 0.78; this means that the

fibres are really close to each others and therefore, after the removal of

the preform from the mandrel, they should remain stuck in the chosen

position. However, the tensioning of the fibres, due to the small rigidity

of the spring, is not enough to avoid the crimping problem when the

hemp fibres are used, as they require a considerable tensioning during

the braiding production phase due to their high elasticity.
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Conclusions

This work permits to describe an analytical process to forecast the

exact value of cover factor obtained by realizing biaxial and triaxial

preforms. In this way, it will be possible to handle in a better way the

production parameters on the braiding machine, obtaining an error in

the estimation of cover factor that will be less than 5%.

This allowed to obtain biaxial and triaxial preforms, made of hemp

fibres, with the same value of cover factor and consequently a com-

parable value of volumetric fiber fraction. With this methodology, it

will be possible to compare the two different types of reinforcements

by performing mechanical tests to describe the mechanical behaviour

of the laminates obtained with the braiding process.

In terms of Elastic Modulus, it will be clear that the presence of lon-

gitudinal fibres will increase the value of the modulus giving to the

triaxial braided preform a higher rigidity. On the contrary, it turned

out that for the triaxial preforms there is an effect due to the overlap

of the fibres that brings to a lower value of ultimate strength. This

effect, called crimping, affects the value of tensile strength of 26% for

the 30° laminates and of 30% for 45° laminates. In terms of flexural

strength, the reduction of ultimate values will be respectively of 15%

and 24%. For the short beam tests, instead, the variation will be 30%.

A comparison of this data with the fiber volume fraction (the triax-

ial specimens have 10% more fibres, in volume, than the biaxial ones)

shows that the crimping effect will be really consistent and it will be

necessary to increase the tensioning of the fibres during the production

to avoid the reduction of these values.

Actually, in the description of the braiding machine, it has been un-

derlined that to realize preforms without defects it is necessary to use

carriers with springs capable of guaranteeing the right tensioning and

alignment of the yarns on the mandrel.

However, the used machine was developed for materials with high elas-
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tic modulus such as glass and carbon fibres; for this reason, to optimize

the braiding process with natural fibres, it is necessary to change the

springs and to design them with higher rigidity, in order to give the

right tensioning to fibres with a lower elasticity.

In addition, the higher percentage of voids (almost twice) contributes

to the decreasing of the ultimate strength properties in the laminate

with longitudinal fibers, but also this effect could be linked with the

crimping phenomenon that doesn’t allow the resin to flow homoge-

neously.

Further deeper investigations will be necessary to design new springs

and to solve the crimping problem, so that it will be possible to use a

braiding process with natural fibres to obtain laminates without voids

and with an higher ultimate resistance.
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