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UNIONES ADHESIVAS ENTRE METAL Y MATERIALES
COMPUESTOS EN LA SUSPENSION DE UN FORMULA STUDENT
FABRICADA CON MATERIALES COMPUESTOS

Autor: Caballero Valls, Alberto.
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Resumen

El objetivo de este proyecto es estudiar y mejorar las uniones adhesivas para su uso en
sistemas de suspension fabricados con materiales compuestos en un monoplaza de
Formula Student. El estudio implica un analisis de distintos tipos de uniones, materiales
y mejores técnicas. Ademas, el proyecto incluye la fabricacion de componentes, seguida
de ensayos en laboratorio para evaluar la correlacion entre los resultados del andlisis de
elementos finitos (FEA) y los resultados del laboratorio.

Palabras clave: longitud de pegado, espesor de pegado, andlisis de elementos finitos,
unidn a solape simple, adhesivo estructural, carga de traccion

1. Introduccion

La industria del automovilismo de competicion se basa en la busqueda de los mejores
disefios, centrandose en el desarrollo de componentes ligeros que proporcionan un
rendimiento 6ptimo. En los tltimos afos, esta industria ha vivido el desarrollo de
nuevos materiales y técnicas de fabricacion avanzadas. Este proyecto tiene como
objetivo determinar los parametros geométricos Optimos de la union adhesiva para un
sistema de suspension de un monoplaza de Formula Student, continuando el trabajo
de Antonio Herndndez-Briales en "Disefio y Fabricacion de una Suspension para
Formula Student" (ANTO23) [1], en el cual el autor disefia una suspension de un
Formula Student desde la perspectiva de la dindmica del vehiculo. Identificar estos
valores Optimos de los pardmetros contribuira a la reduccion del peso del sistema de
suspension al minimizar el volumen de metal de los insertos sin comprometer la
seguridad. Se emplea andlisis de elementos finitos para calcular los valores optimos
de los parametros del adhesivo y los resultados se comparan con la literatura existente
sobre uniones adhesivas. A continuacion, se realizan ensayos en laboratorio para
validar la precision de las simulaciones. Finalmente, se presenta una guia completa
de fabricacion para asegurar la calidad de la unidon. Los materiales utilizados en este
estudio son aluminio 7075 T6, fibra de carbono y adhesivo estructural 3M DP420 NS.

2. Definiciéon del proyecto

El proyecto sirve como guia para el disefio de los insertos metalicos y de la unioén
adhesiva de un sistema de suspension de un Formula Student y asegura la calidad del
proceso de union. El inserto de aluminio, se adhiere a un tubo de fibra de carbono con
adhesivo estructural, formando una barra de suspension. Este proyecto investiga como



las modificaciones geométricas influyen en la distribucion de las tensiones a lo largo
del adhesivo y detalla los pasos necesarios para garantizar la calidad de la union.

3. Descripcion del modelo

Este modelo esta disefiado para replicar el comportamiento real del adhesivo entre
metal y materiales compuestos.

La imagen 1, la imagen 2 y la imagen 3 muestran la metodologia utilizada, la cual se
divide en tres fases.

La fase 1 comienza con el desarrollo de un modelo de simulacion, el cual es validado
mediante ensayos de traccidon en un laboratorio. Para validar el modelo de simulacion,
se fabrica una barra de suspension, la cual se simula bajo las mismas condiciones de
contorno que en la maquina de ensayos y se somete a la carga que causa el fallo del
adhesivo en los ensayos. El resultado de la simulaciéon debe mostrar que el valor
maximo de tension zen el adhesivo coincide con el esfuerzo cortante maximo del
adhesivo.

FASE 1: VALIDAR MODELO DE SIMULACION

DISENO CAD

!

_ SIMULACION FEA

}

FABRICAR LA PIEZA A ENSAYAR:
- comprar los materiales

- mecanizar el metal

- seguir la guia de pegado

ENSAYAR:
-ensayo de traccion

!

| ;Coinciden los resultados de la simulacion con los del ensayo?

| Em

MODELO VALIDADO

Imagen 1 fase 1: Validar modelo de simulacion

La fase 2 incluye la investigacion de la influencia de los valores de los pardmetros
geométricos del adhesivo en la distribucion de tensiones del mismo.



FASE 2: VALORES OPTIMOS DEL ADHESIVO

DISENO CAD

!

SIMULAR 3 LONGITUDES DE PEGADO ;
CONOCER LA RELACION ENTRE

l ESTOS PARAMETROS Y LA

TENSION EN EL ADHESIVO
SIMULAR 3 ESPESORES DE PEGADO

Imagen 2 Fase 2: valores optimos de la geometria del adhesivo

Finalmente, el proyecto termina con el disefo de la pieza metélica y el dimensionado
de la unidon adhesiva. También se desarrolla una guia completa de union para asegurar
un rendimiento optimo del adhesivo.

FASE 3: PROPUESTA DE DISENO

CASOS DE CARGA
- proporcionados por el departamento de Suspensiény Dindmica de vehiculos COEFICIENTE DE SEGURIDAD
* 1
SELEC(I)ION DE MATERIALES: ESFUERZO CORTANTE
- adhef""’ — MAXIMO DEL ADHESIVO — TENSION MAXIMA DE DISENO
- metal

!

DISENO CAD

|
(N0 | SIMULAR EN MODELO

!

¢.CUMPLEN LOS RESULTADOS LAS CONDICIOENS DE

= |

DISENO COMPLETADO

Imagen 3 Fase 3: diseiio dptimo

Se realizan dos disefios de insertos metalicos distintos, uno usado para las fases 1 y 2,y
otro para la fase 3. A continuacion se explican los usos de ambos disefios.

Inserto usado para ensayar y simular (fase 1 y fase 2)

El disefio empleado en las fases 1 y 2 presenta una geometria disefiada para facilitar la
fijacion del la barra de suspension a la maquina de traccion. La imagen 4 muestra el
inserto utilizado para estas fases.

Imagen 4 vista CAD del inserto ensayado



La barra de suspension utilizada para simular y ensayar debe incluir las siguientes
caracteristicas:

- Debe tener dos insertos metalicos, cada uno con un agujero pasante M6 cuya eje es
perpendicular al eje axial del tubo de fibra de carbono, permitiendo fijar el inserto a la
maquina de ensayos mediante un pasador que evita el movimiento desde la mordaza de
la maquina.

- No debe tener chaflanes ni cilindrados interiores para reducir los costes de fabricacion.

- Reduccioén de la longitud del tubo de fibra de carbono a 120 mm para minimizar los
costes de fabricacion y el desperdicio de material.

Para completar la simulacion, la barra de suspension se modela como cinco cuerpos:
- Dos insertos de aluminio en los extremo.

- Dos cuerpos entre el aluminio y el carbono con un espesor mayor a 0 mm que modelan
el comportamiento del adhesivo.

- Un tubo de fibra de carbono.

La imagen 5 presenta una vista explosionada de la barra de suspension usada para los
ensayos y la imagen 6 muestra la barra de suspension antes de ser ensayada.

Imagen 5 Vista explosionada de la barra de suspension ensayada

Imagen 6 Barra de suspension ensayada



Se fabrican dos barras de suspension y se someten a ensayos de traccion en laboratorio
para validar los resultados de la simulacién. La imagen 7 muestra la barra de suspension
siendo ensayada.

Imagen 7 Ensayo de traccion realizado

Una vez validada la simulaciéon comparando los resultados del ensayo y de la simulacién
se termina la fase 1.

Para el analisis de la influencia de la variacion de los pardmetros geométricos del adhesivo
en la distribucion de tensiones en el adhesivo, se simulan tres longitudes de pegado y tres
espesores de pegado distintos, manteniendo los mismos parametros de simulacion.

Una vez desarrollado un modelo de simulacion para uniones adhesivas tubulares y
comprendidos los efectos de la variacion de los parametros geométricos del adhesivo en
la distribucion de tensiones, se desarrolla un disefio que cumpla con las restricciones de
disefio establecidas.

Propuesta de diseiio (fase 3)

El disefio propuesto del inserto 6ptimo para montar en el coche se diferencia del disefio
de las fases 1 y 2 debido a los distintos requisitos geométricos. La mayoria de las
modificaciones se concentran en la region del inserto de aluminio donde interactiia con
el pasador durante los ensayos y con las rotulas cuando estd montado en el coche. Sin
embargo, estas modificaciones no tienen un impacto significativo en los resultados de la
simulacion. Validar el modelo de simulacion a través de los ensayos en laboratorio
garantiza la precision del modelo de simulacion para este disefio, eliminando la necesidad
de realizar ensayos de nuevo.

La barra de suspension estd disenada para resistir el peor caso de carga de todas las barras,
en lugar de dimensionar cada inserto a la fuerza maxima de cada barra de suspension, con
el objetivo de reducir los costes de fabricacion. La imagen 8 presenta las cargas maximas
para diferentes casos de carga. La barra de suspension para esta carga esta trabajando a



traccion, y la simulacion replica esta condicion, haciendo que el adhesivo experimente
esfuerzos cortantes.

Fatigue (only in tension)

279" -1659°  -9371°  -7735°  -482°  -1032|N
" 62627 2916”7 5878”7 2027”7 5937”7  4003|N Buckling
" 6262”7 20167 58787 29277 5937”7  4003|N Comp
" 435”7 23437 -14377" -12776" 811" -1427|N Tens

Imagen 8 cargas maximas para distintos casos de carga

El disefio del inserto propuesto se muestra en la imagen 9. En este disefio se propone
aumentar el espesor de pegado en los extremos para aliviar los picos de tensiones.

Imagen 9 Propuesta de diserio

Las condiciones de disefio son las siguientes:
- El tubo de fibra de carbono debe tener dimensiones de g15x1.5 mm.
- El inserto debe permitir roscar la rétula M6 mostrado en la imagen 10.

- El disefio debe soportar una carga de traccion de 14,377 N con un factor de seguridad
de 3.

- Debe facilitar el apriete de la rotula roscada usando una llave inglesa.

@

Imagen 10 Rotula roscada M6

El adhesivo es el material con la menor resistencia a esfuerzo cortante en comparacion
con el aluminio y la fibra de carbono. El adhesivo seleccionado tiene una resistencia a
esfuerzo cortante de 31 MPa a temperatura ambiente. Considerando un factor de
seguridad de 3, la tension maxima en el adhesivo debe ser inferior a 10.33 MPa cuando
se somete a la carga maxima de traccion de 14,377 N. La imagen 11 presenta las
propiedades mecanicas del adhesivo seleccionado, el cual es el 3M Scotch DP 420 NS,
un adhesivo estructural bicomponente.

. tyat24°C[Pa's] ) U 245€ [mi Peel strength at24°C shear strength [Mpa]
viscositya as
ity mixture life at [min] [N/em] 55°C 24°C 82°C
DP 420 NS 180000 20 133 31 31 9

Imagen 11 Propiedades del adhesivo elegido



4. Resultados
Fase 1: Validacion del modelo de simulacion

Se realizan dos ensayos de traccion con dos barras de suspension. Los resultados del
mejor ensayo de traccion se muestra en la imagen 12. Se observa que el adhesivo falla a
una fuerza de 13012 N. Para verificar el modelo de simulacion, la misma barra de
suspension que ha sido ensayada se simula con la carga que provoca el fallo del adhesivo
con las mismas condiciones de contorno.

Imagen 12 Resultados del ensayo de traccion

La imagen 13 muestra la barra de suspension antes y despues del ensayo.

Imagen 13 Barra de suspension antes (izquierda) y después (derecha) de ser ensayada

Los resultados de la simulacion se presentan en la imagen 14. Estos resultados indican un
tension méaximo en el adhesivo de 32.315 MPa en un extremo y 27.416 MPa en el otro
inserto. Estos resultados coinciden con los resultados de los ensayos, ya que un extremo
del inserto supero el tension cortante méaximo del adhesivo de 31 MPa exactamente en la
carga que provoca el fallo, mientras que el otro extremo permaneci6 pegado.

A:EF-4-45

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

Custom Obsolete

7/3/202411:29 PM

100
44.839 Max

1.3915 Min
0.95261

Imagen 14 Correlacion entre la simulacion y los ensayos




Analisis la influencia de la geometria del adhesivo en la distribucion de tensiones

Los resultados del analisis de longitud del adhesivo se muestran en la imagen 15. Este
grafico representa la variacion de la tension en el adhesivo con la variacion de la longitud
del adhesivo. En este grafico se representan los valores minimo, promedio y méximo para
longitudes de adhesivo de 30 mm, 37.5 mm y 45 mm.

Tension equivalente de Von-Mises en funcion de la longitud de pegado

50

15
40 41.913

35
30
25

20

Tensi6n equivalente de Von-Mises (MPa)

36 38 40

Longitud de pegado(mm)
® Minimo

® Promedio

Imagen 15 Variacion de la tension con la longitud de pegado

17.601

44

® Maximo

46

La tabla 1 presenta una representacion grafica de los resultados de las simulaciones de las
longitudes de pegado. La tabla muestra una vista lateral del adhesivo, mostrando los

contornos de distribucion de tensiones en el adhesivo con una escala de colores.

Longitud del
adhesivo (mm)

Vista lateral

30

37.5

45

Tabla 1 Comparativa de la longitud de pegado

30
42.913 Max

3.3736 Min



La imagen 16 presenta la evolucion de los valores maximos, minimos y promedio de
tension para tres diferentes espesores de adhesivo, los cuales son 0.15 mm, 0.3 mm y 0.6
mm, manteniendo constante una longitud de adhesivo de 45 mm.

Tensién equivalente de Von-Mises en funcién del espesor de pegado

60
50 47.332
5 B e 49T
g 41913 -5
i
B 40
o)
=
=
S
W 30
®
o
3 20882 20.389
% 20 ®nins shereernanans I 12601
[+)
=
S
2
5 10
3.3.735 2054 Labos
B i B T S
0 L ]
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Espesor de pegado (mm)
® Minimo @ Promedio @ Maximo

Imagen 16 Variacion de la tension con el espesor de pegado

La tabla 2 muestra una representacion grafica de los resultados de las simulaciones
anteriores sobre el espesor de pegado.

Espesor de Vista lateral
pegado (mm) 50

O‘ 15 42.913 Max
35
30
25
20
15
10
5
3.3736 Min

0.30

0.60

Tabla 2 Comparativa del espesor de pegado



Propuesta de diseiio

Los resultados del disefio 6ptimo propuesto del inserto metalico y de la union adhesiva
se presentan en la tabla 3, donde se muestran los valores minimo, maximo y promedio
de la distribucién de tensiones en el adhesivo. La imagen 17 muestra la distribucion
de tensiones representada con una escala de colores.

[Tebular Data
I Time [s] “7 Minimum [MPa] “7 Maximum [MPa] “7 Average [MPa]
1. 0.14691 8.884 5.8672

Tabla 3 Resultados de la simulacion del diserio propuesto

G: EF-5-45

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

6/30/2024 10:46 AM

8.884 Max
7.9133
6.9425
59717
5.0009

0.14691 Min

0.000 10.000 20,000 {mm)
I a0

Imagen 17 Distribucion de tensiones del diseiio propuesto

El tension maximo en el adhesivo es 8.884 MPa, lo cual esta por debajo del objetivo de
carga seleccionado de 10.3 MPa.



5. Conclusiones
Las conclusiones de este proyecto son las siguientes:

- El modelo de simulacion esta validado y puede utilizarse para disefiar uniones
adhesivas entre materiales compuestos y metal.

- Los picos de tensions cerca de las caras laterales permanecen constantes al
aumentar la longitud del adhesivo.

- A medida que aumenta la longitud del adhesivo, el valor minimo de tensién
disminuye siguiendo una relacion lineal. El valor promedio de tension muestra
una distribucion cdéncava, alcanzando un valor maximo a los 40 mm. El valor
maximo de tension sigue una distribucion concava, alcanzando un maximo de 48
MPa, demostrando que aumentar la longitud del adhesivo no implica que el
adhesivo resistira mas carga.

- El valor minimo de tension muestra una relacion lineal directa con el espesor del
adhesivo. Por otro lado, el valor promedio sigue una distribucion concava,
mientras que los valores maximos de tension muestran una relacion convexa. El
valor promedio de tension alcanza su maximo a 0.3 mm y su minimo a 0.6 mm.

- Aumentar el espesor de pegado no asegura que la union adhesiva sea mas
resistente, ya que aparecen problemas de porosidad y falta de adhesion.

- Para este disefo, el espesor de adhesivo mas optimo es la combinaciéon de 0.3
mm en el centro del inserto y 0.6 mm en los bordes para reducir los picos de
tension.

El disefio propuesto del inserto metalico y de la union adhesiva:

- Reduce el tension cortante maximo en un 81.63%, de 48.354 MPa a 8.884 MPa.
- Reduce el tension cortante promedio en un 64.54%, de 16.546 MPa a 5.8672
MPa.

- Reduce el tension cortante minimo en un 76.70%, de 0.6307 MPa a 0.1469 MPa.
- Reduce el peso en un 23.87%, de 10.81 ga 8.23 g.

- Trabaja con un factor de seguridad de tres bajo la carga mas critica.
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Abstract

The objective of this project is to examine and enhance adhesive joints specifically for
use in Formula Student composite suspension systems. The investigation involves a
comprehensive analysis of various suspension joint types, materials, and best practices.
Additionally, the project involves the manufacturing of components, followed by testing
to assess the correlation between Finite Element Analysis (FEA) results and real-world
outcomes.

Keywords: adhesive length, adhesive thickness, finite element analysis, single lap joint,
structural adhesive tensile load

1. Introduction

The motorsport industry is driven by the pursuit of the best designs, emphasizing the
development of lightweight components that deliver optimal performance. In recent
years, this industry has witnessed the development of new materials and advanced
manufacturing techniques. This project aims to determine the optimal adhesive
geometric parameters for a Formula Student suspension system, continuing the work
of Antonio Hernandez-Briales in Design and Manufacture of a Formula Student
Suspension (ANTO23) [1], in which the author designs a Formula Student suspension
from a vehicle dynamics perspective. Identifying this parameters will contribute to
the reduction of the car weight by minimizing the volume of the metal end-fitting
without compromising safety standards. Finite element analysis is employed to
determine the optimal adhesive parameters values and the results are compared with
existing literature on adhesive lap joints. Subsequently, testing is conducted to
validate the accuracy of the simulations. Finally, a complete manufacturing guide is
presented to ensure the quality of the bonding. The materials used in this study are
aluminum 7075 T6, carbon fiber and 3M DP420 NS structural adhesive.

2. Project definition

The project serves as a guide for the design of the end-fittings of a Formula Student
suspension system and ensures the quality of the bonding process. The end-fitting,
made of aluminum, is adhered to a carbon fiber tube with structural adhesive, forming
a suspension arm. This project investigates how geometric modifications influence
the stress distribution along the adhesive and outlines the necessary steps to guarantee
bonding quality.



3. Description of the model

This model is designed to replicate realistic adhesive behavior at the interface between
metal and composite materials. The primary objective is to understand how
modifications in the adhesive geometric parameters influence the stress distribution,
with the aim of optimizing the design of the end-fitting. The model will then be
validated through testing. Finally, the validated model will be employed to design the
optimum end-fitting.

Figure 1, Figure 2 and Figure 3 illustrates the methodology used, which is divided
into three phases.

Starting with the development of a simulation model in phase 1, which is validated
through testing. During this phase, a suspension arm is manufactured and subjected
to testing.

PHASE 1: VALIDATE SIMULATION MODEL

_ | FEASIMULATION
MANUFACTURE THE TESTING SPECIMENT:
- buy the materials chosen

- have the metal machined
- follow the bonding procedure

TESTING:
-tensile test the testing speciment

}

L Do the testing results correlates with the simulation results?

|

MODEL VALIDATED

Figure 1 Phase 1: Validate simulation model

Continuing, phase 2 includes the research into the influence of adhesive geometric
parameters on the adhesive stress distribution.




PHASE 2: ADHESIVE OPTIMAL GEOMETRIC VALUES

CAD DESIGN

!

SIMULATE 3 ADHESIVE LENGTHS
KNOW HOW DOES THE ADHESIVE
l GEOMETRY MODIFIES THE STRESS

DISTRIBUTION
SIMULATE 3 ADHESIVE THICKNESSES

Figure 2 Phase 2: Adhesive optimal geometric values

Finally, the project involves the design of the optimum end-fitting and the elaboration of
a complete bonding guide to ensure optimal adhesive performance.

PHASE 3: OPTIMAL DESIGN

LOADING CASES:

- provided by the Suspension and Dynamics department SAFETY FACTOR
* l
MATERIAL SELECTION: MAXIMUM SHEAR
-adhesive ——» STRESS OF THE —— MAXIMUM DESIGN STRESS
- metal ADHESIVE
» CAD DESIGN

(NO | FEA IN SIMULATION MODEL

!

DOES THE RESULTS SATISFY THE DESIGN CONDITIONS?

=

DESIGN COMPLETED

Figure 3 Phase 3: optimal design
End-fitting model for testing and validating the simulation model

Phase 1 and 2 use a suspension arm model with a geometry designed to facilitate the
attachment of the end fitting to the testing machine, as it will be fabricated for testing
purposes to validate the simulation. Figure 4 illustrates the end-fitting used in phase 1 and
2.

Figure 4 CAD view of the testing end-fitting model



The suspension arm model used for simulation and testing must include the following
features:

- Two metal end-fittings, each one with a M6 hole which centerline is perpendicular
to the axial axis of the carbon fiber tube, allowing fixing the end fitting to the
testing machine using a pin that prevents movement from the machine's clamp.

- The omission of fillets and internal cylindrical features to reduce manufacturing
costs.

- Areduction of the carbon fiber tube length to 120 mm to minimize manufacturing
costs and material waste.

In order to complete the simulation the assembly is modeled as five bodies, which are:

- Two aluminum end-fittings.

- Two bodies between the aluminum and the carbon fiber with a thickness greater
than Omm that model the adhesive behavior.

- One carbon fiber tube.

Figure 5 illustrates an exploded view of the suspension arm used for testing and Figure
6 shows the suspension arm manufactured before being tested.

Figure 5 Exploded view of the suspension arm used for testing

Figure 6 Suspension arm used for testing manufactured



Two suspension arms are manufactured and subjected to testing to validate the
simulation results. Figure 7 exhibits the suspension arm being tested.

Figure 7 Suspension arm testing

To validate the simulation model, the suspension arm is simulated under the same
boundary conditions as in the testing machine and subjected to the load that causes the
adhesive to fail in the testing. The simulation result must show that the maximum stress
in the adhesive is the adhesive maximum shear stress.

Once the simulation is validated and the effects of adhesive geometric parameters on the
stress distribution are understood, a design that meets the load requirements and
constraints is developed.

End-fitting design proposed

The proposed end-fitting design intended for installation in the car differs from the testing
design due to distinct geometric requirements. The majority of modifications are
concentrated in the aluminum end fitting region where it interfaces with the pin during
testing and with the rod end when it is installed in the car. However, these modifications
do not have a significant impact on the simulation results. Validating the testing design
through simulation ensures the accuracy of the simulation model for this design, negating
the need for manufacturing and physical testing again.

The suspension arm is designed to withstand the highest load case for all the arms instead
of having each end-fitting tailored to the maximum force of each suspension arm, aiming
to reduce manufacturing costs. Figure 8 presents the maximum loads for different load
scenarios. The suspension arm works under tensile stress, and the simulation replicates
this condition, forcing the adhesive to experience shear stress.

279" -1659°  -9371°  -7735°  -492°  -1032|N Fatigue (only in tension)
6262" 2916” s878” 2927”7 5937”7  4003|N Buckling

6262" 2916” 5878”7 29277 5937”7  4003|N Comp

-435" 23437 -143777 -127767 -8117 -1427|n Tens

Figure 8§ Maximum loads for different load cases



The end-fitting design proposed is illustrated in Figure 9.

Figure 9 End-fitting design proposed

The design specifications are as follows:

- The carbon fiber tube must have dimensions of g15x1.5x120 mm.

- The end-fitting must accommodate the M6 male rod end shown in Figure 10.

- The design must support a tensile load of 14,377 N with a safety factor of 3.

- It must facilitate the tightening of the rod end using a wrench.

The adhesive is the material with the lowest shear strength compared to aluminum and
carbon fiber. The adhesive selected has a shear strength of 31Mpa at ambient temperature.
Considering a safety factor of 3, the maximum stress in the adhesive must be below 10
MPa when subjected to the maximum tensile load of 14377 N. Figure 11 presents the

()

Figure 10 M6 male rod end

mechanical properties of the adhesive selected.

viscosityat 24°C [Pa s]

mixture life at 24°C [min]

Peel strength at24°C
[N/em]

shear strength [Mpa]

-55°C

24°C

82°C

DP 420 NS 180000

20

133

31

31

9

Figure 11 Properties of the adhesive chosen




4. Results
End-fitting design proposed

The results for the optimum design of the end-fitting that will be installed in the car
are presented in Table 1, where the minimum, maximum and average values of the
stress distribution in the adhesive are shown. Figure 12 illustrates the stress
distribution plotted with a color scale.

[ Tebular Data
| [Timels] [[v Minimum [MPa] [[v Maximum [MPa] [[v Average [MPa]
1. 0.14691 8.384 5.8672

Table 1 Simulation results for the design proposed

G: EF-5-45

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

7/15/2024 5:18 PM

8.884 Max
7.9133

0.14691 Min

Figure 12 Stress distribution for the design proposed

The maximum stress in the adhesive measures 8.884 MPa, which is below the targeted
design load goal of 10 MPa.



End-fitting model for the adhesive geometric parameters investigation

The results for the adhesive length analysis are shown in Figure 13. This chart depicts the
variation of the stress with the variation of the adhesive length. Minimum, average and

maximum values are plotted in this chart for adhesive lengths of 30mm, 37.5mm and
45mm.

Equivalent Von-Mises Stess variation with the adhesive length
1 B

4152

-
= 40 41913
E
: 882 20385
'.__ L4 L] 174501
: -
“
1 ITIE
Y T . 1A=
L gth {mm
aMnimem  shverage @ MHasmum

Figure 13 Equivalent Von-Mises stress variation with the adhesive length

Table 2 reveals a graphical representation of the results of the previous adhesive lengths
simulations. The table below shows a lateral view of the adhesive, plotting the stress
distribution contours in the adhesive with a color scale.

Adhesive length Lateral view ,
(mm) 42.913 Max
30
£
30
25
20
15
10
5
3.3736 Min
37.5
45

Table 2 Adhesive length comparison



Figure 14 presents the evolution of the maximum, minimum and average stress values for
three different adhesive thickness, which are 0.15mm, 0.3mm and 0.60mm maintaining
an adhesive length constant of 45mm.

Equivalent Von-Mises Stess variation with the adhesive width

60
354
50 48,354
e, 44.871 44,599
= B T NS N o
0 40
b
= 30
g e 16.548 17.601
= - L 3 14,37
 J
10
0.6307 1.3204 1.9628
" e L TP PRI PR RS L LIRS LI LR LIPS LT ER L LR -
0 e ety -
0 0.1 0.2 0.3 0.4 0.5 0.6 0
Adhesive width {mm)
& Mmnimurr @ fverage @ Makmum

Figure 14 Equivalent Von-Mises stress variation with the adhesive thickness

Table 3 illustrates a graphical representation of the results of the adhesive thickness
configurations mentioned before.

Adhesive Lateral view
thickness (mm) 50

0' 1 5 42,913 Max
15
30
25
0
15
10
3
3.3736 Min

0.30

0.60

Table 3 Adhesive thickness comparison



Simulation model validation

The testing suspension arm is assembled for testing to validate the simulation model. The
results of the tensile test are shown in Figure 15. It can be observed that the adhesive bond
fails at a force of 13012N. To verify the simulation model, the same suspension arm that
has been tested is simulated with the same boundary conditions.

0 | Fowsn

" 13012

Figure 15 Tensile test results

Figure 16 illustrates the testing end-fitting assembly before and after testing.

Figure 16 Testing end-fitting before (left) and after (vight) testing

The results of the simulation are presented in Figure 17. This results indicate a maximum
stress in the adhesive of 32.315 MPa at one end fitting and 27.416 MPa in the other one.
These results correlate with the testing outcomes, as one end fitting exceeded the
adhesive's maximum shear stress of 31 MPa exactly at the failure load, while the other
end fitting remained adhered.

A:EF-4-45

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

Custom Obsolete

7/3/202411:29 PM

1.3915 Min
0.95261

Figure 17 Correlation between testing and simulating



5. Conclusions

The conclusions of this study are as follows:

The simulation model is validated and can be used for designing adhesives joints
in the composite-metal interface.

Peak stresses near the lateral faces remain largely unchanged with the
increasement of the adhesive length.

As the adhesive length increases, the minimum stress value decreases, following
a linear relationship. In contrast, the average stress value shows a concave
distribution, with a maximum value at 40 mm. The peak stress value follows a
concave distribution, reaching a maximum of 48 MPa, demonstrating that
increasing the adhesive length does not imply that the adhesive will resist more
load.

The minimum stress value shows a direct linear relationship with adhesive
thickness. Conversely, the average value follows a concave distribution, whereas
the maximum stress values exhibit a convex relationship. The average stress peaks
at 0.3 mm and reaches its minimum at the 0.6 mm.

Increasing the adhesive thickness does not result in lower stress values. The

adhesive thickness does not have a linear relation with the stress values.

For this design the most optimum adhesive thickness is the combination of 0.3
mm at the center of the end-fitting and 0.6 mm at the edges to reduce peak stresses.

The end-fitting design proposed:

Reduces the maximum shear stress 81.63%, from 48.354 MPa to 8.884MPa
Reduces the average shear stress 64.54%, from 16.546 MPa to 5.8672 MPa
Reduces the minimum shear stress 76.70%, from 0.6307 MPa to 0.14691 MPa
Reduces the weight 23.87%, from 10.81g to 8.23g

Works in the worst case load with a safety factor of three.

6. References

(ANTO23) [1] Briales, A. H.-R. (2023). Design and manufacture of a Formula Student

Suspension. Madrid: Universidad Pontificia Comillas.






UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
C O M | |_ |_ A S GRADO EN INGENIERIA EN TECNOLOG{AS INDUSTRIALES

UNIVERSIDAD PONTIFICIA

—— LIST OF TABLES

TABLE OF CONTENTS

LIST OF TABLES ............cccoviiiiiiiiiiiiiii it 4
LIST OF FIGURES ...........ccccooviiiiiiiiiiiiiiiet s 5
LIST OF SYMBOLS AND ABBREVIATIONS .............cccccoviiiiiiiiiiiiiiiieise s 8
INTRODUCTION ...........ccoooviiiiiiiiiiiiiiiii i 9

1.1 Formula StUA@NT .......cviiiiiiiiiiiee s 9
1.2 ISC RACING TEAM ..ottt 9
1.3 ATM Of thiS PIOJECT....viiiiiiiiiiiieii e 10
1.4 ODJECLIVE. ...ttt ettt 10
1.5 MOTIVALION ...t 10
1.5 MEthOAOLOZY ...t 11
1.6 RESOUTCES £0 USE ..ovvviiiiiiiiiiii i 13
1.7 History of composites in formula 1 .........ccoccooiiiiiiiinieee 14
1.8 LItEIature TEVIEW ...c..viiieeiirieiee et 17
BONDED JOINTS ..ottt 19

2.1 Bonded joints INtrodUCtioN ...........cccviiieiiiiiienii e 19
2.2 Bonded joints GEOMELIIES .......cciveeiieirrieiieiieesee e 19
2.2.1 Single 1ap JOINt (SLJ)..cueiiiiiiiiiese e 21

23 Methods to predict Properties .......ccviveiieiiiiieiiei e 21
24 Types 0f adNeSIVES ......cccoiiiiiiiiiic 22
2.4.1  Structural epoxy adheSIVES .......ccccvviiiiiiiiiiiii 22
2.4.2  Anaerobic adheSIVES .........cccoiiiiiiiiiiiiiiii 23
2.43 Cyanoacrylates adheSIVES ........cccoviiiiiiiiiieiie e 23

2.5 Bonding preparation ...........occeoieiiiieirieneese e 24
2.6 Effects of geometry modifications ..........ccoccveiverriiiieniiiiec e 25
2.6.1  Adhesive thiCKNESS ........ccocoviiiiiiiiii e 25
2.6.2  Tapering the adheSIVe ........ccovviiiiiiiiiiiiii i 26
2.6.3  Bond OVETIAP ....ooiiiiiiicii 26
2.6.4  Overlap stress diStribUtioN ..........covviiiiiiiiiiiii 28




UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
C O M | |_ |_ A S GRADO EN INGENIERIA EN TECNOLOG{AS INDUSTRIALES

UNIVERSIDAD PONTIFICIA

—_ LIST OF TABLES
2.7 Effect of environmental conditions ...........ccoccoviviiiiniiiiiiic 29
2.7.1  Temperature €fECtS .....ccoivuiiiiiiiiiiiie i 29
2.6.2 HUMIAIty €fFECtS ..uviiiiiiiiiiiiiiie e 30

2.8 FEA QNALYSIS ..uvviiiiiie ittt 30
2.9 LOAdING TEZIMES ...vveuviiiiiieii et 31
2.9.1 Fatigue 10ading analysis ........cccccerueriiiiiiiiieieiesece e 33
2,10 Types Of fAIlUIC .....ocvveieiiiiieieee s 34
2.10.1  Adhesive failure........ccooieiiiiiiiiiicce e 34
2.10.2  Cohesive faillure........ccoiieiiieiiiiie e 34
2.10.3  Substrate failure.........ccoooeeiiiiiiii 35

3. MATERIAL SELECTION ...........ccccccooooiiiiiiiiiiiiieiii e 37
3.1 SOTTING STAZES...viivviivieiiiii i s 37
3.1.1 Stage 1: material family.........ccccovviiiiiiiii 38
3.1.2  Stage 2: material PrOPEItICS. .....cuerrerrririeriieiririeesieesre e 40
3.1.3  Stage 3. First graphical representation ...........occeeeeerveeieeieesieeseesiee e 41
3.1.4 Stage 4: Second graphical representation............ccceevcvveriiieiiiiennieesiieeen 42

3.2 SElECtION TESUILS ..ot 43

4. ADHESIVE SELECTION ............ccccccooiiiiiiiiiiiiiiiiii e 45
5. GUIDE FOR MANUFACTURING............cccccoviiiiiiiiiiiiiiiiiiieiiee s 47
5.1 ReqUITEd TEEMIS ....c.viiiriiiiiiiicc i 47
5.2 CFRP tube preparation proCedure ...........ccvveviieiiiieeiiciiniesee e 47
53 Aluminum end-fittings ProCedure ...........cccooveriiiiiierienieere e 48
54 Bonding procedure .........cocviiiiiiieiii e 48

6. CAD DESIGNS ..........ocoiiiiiiiieeiee ettt 51
7o SIMULATIONS ...........ocooiiiiiiiiiii ettt 53
7.1 SIMULALION CRAFACLETISTICS ......ccviiviiiiiiiiii e 53
7.1.1  EngINeering data..........cccoviiiiiiiiiiiiiiie e 54
7.1.2  SIMUlation Parameters .........ccuvieeiieiiiiieiieiri s 57

7.2 STMUIALION FESULLS ... 60
7.2.1  Adhesive length SIMulation ...........cccocoeiiiiiiiri i 60
7.2.2  Adhesive thickness SIMUlations..........cccocvviiieriiiiicrec e 64
7.2.3  Testing boundary conditions sSImulation...........ccccceevvvieriiienniienniee e 66




UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
C O M | |_ |_ A S GRADO EN INGENIERIA EN TECNOLOG{AS INDUSTRIALES

UNIVERSIDAD PONTIFICIA

e LIST OF TABLES
7.2.4 OptimUM ST ..vveivvieiiiie ittt ae e nrn e ees 68

7.3 Simulations CONCIUSTONS ............ccovviiiieiiiiiieie e 69

8. TESTING. ...ttt 73
8.1 TESTING TESUILS .vveiiiiie ittt an 74
8.2 Simulation validation reSults ...........cccooviiiieiiiiiier e 76
8.3 Testing CONCIUSIONS. .......oiviiiiiiiiiieii e 78

9. FUTURE PROJECTS ............ccoooiiiiiieiii ittt 79
0. RefErenCes..............cccoueieiiiiiiiiiiiieeee et 81
ANNEX I SUSTAINABLE DEVELOPMENT GOALS .............cccoooovoviiiiiiiinann, 87
ANNEX IIT DRAWINGS .......cccooiiiiiieie ettt 91




UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
C O M | |_ |_ A S GRADO EN INGENIERIA EN TECNOLOG{AS INDUSTRIALES

UNIVERSIDAD PONTIFICIA

—— LIST OF TABLES

LIST OF TABLES

Table 1 Database chosen in the material selection ProCess ..........ccoovvvvriireenenieeieneseere e 37
Table 2 ATUMINUIT SETICS . ..ecveeiureriteiiieteesteestee sttt eteesbe e sbeesheesaeessbe e be e beesbeesbeeebbeanbeebeesbeesseesnneanee 39
Table 3 Material Selection ProCess SUMIMATY .........verrereereirrereerresessresresreesresreseesreseessesresseesnes 43
Table 4 Optimal materials for this apPliCAION .......cveiririieieiiiiee s 43
Table 5 Comparison between different adhesiVes........occvviiiiiiiiiiiii e 45
Table 6 Adhesive length sSIMUlations TESULLS ........ccveiiiiieiiiii e 60
Table 7 Adhesive thickness sSimulations reSUILS ..........ccceviiriiiiiiiiene e 64
Table 8 Differences between EF-1-45 and EF-4-45. Values in MPa.........c.cccoooiiiiniiiiiinien, 67
Table 9 EF-5-45 Simulation TESUILS........ccivuiiiiiiiiiieie ettt 68
Table 10 Adhesive length comparison. Visual representation.........ccocceeveereeriesieeneeseesessnennne 70
Table 11 Adhesive thickness comparison. Visual 1epresentation ...........ccccevereereeneseenenienneennes 71
Table 12 Differences between EF-1-45 and EF-4-45.........ccoooiiiiiiiiiiince e 72




UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
C O M | |_ |_ A S GRADO EN INGENIERIA EN TECNOLOG{AS INDUSTRIALES

UNIVERSIDAD PONTIFICIA

—_ LIST OF FIGURES
LIST OF FIGURES
figure 1 Formula Student COMPEtItioN..........cceciiiiiieiiiiiiicic e 9
figure 2 IFS 02 (left) and IFS 05 (TIZht) ..ovviviiiiiiiieiieicee e 10
figure 3 MethOdOLOZY .......eoiviiiiiieie e 11
figure 4 Schedule of the design ProCess .........oveiiiiiiiiiiii e 13
FIGUIE 5 LOLUS 25 .o 14
figure 6 materials used in @ BOGING 787 .......cocveiiiiiiiieiice e 15
FIGUIE 7 ICOM AS ..ottt 16
figure 8 Reduction of the stress concentration at the joint (Savage, 2010) [6] .............. 16
figure 9 Increasement of the stiffness of a structure using adhesive bonds (SAVA10) [5]
........................................................................................................................................ 16
figure 10 figure 10 Lightweight battery enclosures...........cccoviiiiiiiiiienieiie e, 17
figure 11 Most frequently used joints (XIAOTL) [25]..ceciiieiiiiiieiieieeee e 20
figure 12 Comparison between the joint strength and the laminate thickness for different
JOINES (XTAOTT)[25] it 20
figure 13 Sketch of a SLJ with (upper) and without (lower) a preformed angle of 10
degrees (ZHANOT) [28]. ueeieeeieeiie ettt sb e sre e nne e nneeneas 21
figure 14 Epoxy adhesive eXample.......c.ovoiiiiiiiiiiiiieic e 22
figure 15 Anaerobic adhesive eXample.........ccoovvviiiiiiiiiiiiic e 23
figure 16 Cyanoacrylate adhesive eXample.........cccoceiiiiiiiiiiciiiec 24
figure 17 Peel stress relief achieved by tapering the bonded joint (SAV10a) [6] .......... 26
figure 18 Load distribution curve for different joint lengths (HOSS07 )[36] ................ 27
figure 19 Comparison of the stress distribution for different overlap lengths (HOSS07)
1) TSR URTUSOUPORPTPTPPRPRPRON 27
figure 20 Distribution of shear stress as a function of the normalized overlap length
(RAMITB)[37] eeueeeeteete ettt bbbttt bbb 28
figure 21 Shear and normal stress distributions in tubular lap joints subjected to tensile
108 (ADAM7TA) [25] ettt bbbt bbb 29
figure 22 Stress-strain curves for sheet steel at -40,+20 and +90°C along with the
adhesive strain to failure at the corresponding temperatures (GRANO09) [38]............... 30
figure 23 Possible loading regimes for bonded joints (SAV10) [6] ..cccvevvviiviiiiiiiienn. 31
figure 24 Response of a bond to mechanical load (SAVA10a) [6].......ccccovviverieiireennnn. 32
figure 25 Forces acting within a bonded joint (SAVA10a) [6] .....ccoovviiiiiiriiieiiciieee. 32
figure 26 Adhesive failure (SAVAIOD) [10] ..ccviiiiiiiiiiieiieeie e 34
figure 27 Cohesive failure (SAVALIOD) [10] ..coviiiiiiiieiieiieeee e 34
figure 28 Substrate failure (SAVATLO) [10] ...eeieiiiieiiieiieiieeee e 35
figure 29 Common defects in bonded joints ((SAVAT10) [10] ..cccveeiieiiieniiiieiiceieee, 35
figure 30 Ansys Granta interface ...........coviiiiiieiiiii i 37
figure 31 Tools used for sanding the interior of the CFRP tube.............cccceiiiiinnnne 47
figure 32 Grit blasting machine used............ccovvvviiiiiiiiiiii 48




UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
C O M | |_ |_ A S GRADO EN INGENIERIA EN TECNOLOG{AS INDUSTRIALES

UNIVERSIDAD PONTIFICIA

—_ LIST OF FIGURES
figure 33 End-fitting before (left) and after (right) blasting..........cccccceevviiiiniiiieennnnen, 48
figure 34 BONAING PrOCESS . .uciuviiiiiiiiiiieiiiie sttt e st e e ssbe e ssbe e snreessnes 49
figure 35 Component bONded ............ceiiiiiiiiiieii 49
figure 36 Exploded view of EF-4 ........cccooiiiiiiii e 51
figure 37 Aluminum 7075 T6O PrOPEITIES .....cuverveeiriiriiiieiieie e 54
figure 38 Aluminum 7075 uniaxial test data ...........ccoovveiiiiiiieii 54
figure 39 3M Scotch Weld DP420 NS Properties........ccoveeireeniiieeieenisieeseesre e 55
figure 40 3M Scotch Weld DP420 NS multilinear isotropic hardening data ................. 55
figure 41 CFRP tub@ PrOPETLIES .. cc.viiuviiieiiiiieiteeie sttt 56
figure 42 uniaxial teSt data..........cceciiiiiiiiiie e 56
figure 43 Meshing view of the assembly..........ccccoiiiiiiiiiiiii e 57
figure 44 Adhesive meshing detail ..........cccooveiieiiiieiice e 57
figure 45 Force applied in the end-fitting...........ccocoviiiiiiiiiiiiii e 58
figure 46 Carbon fiber fixed face ..........ccoviiiiiiii 58
figure 47 Suspension case loads for each suspension bar ............ccccceveeeiiiiiieniniieenen. 59
figure 48 Maximum loads for each suspension bar.............ccccevvieieiiienic e 59
figure 49 Stress distribution for EF-1-30. Lateral VIew..........cccoovviiiiiiniiiiciiice, 61
figure 50 Stress distribution for EF-1-30.ISOMEtric VIEW. ........ccecvviiiiiniiiiieiiicieee, 61
figure 51 Stress distribution for EF-1-45. 1SOMetric VIEW ........cccoceviieiiniiiiiciincneen, 62
figure 52 Stress distribution for EF-1-45. lateral view..........cccoovviiiiiiiiiii, 62
figure 53 Stress distribution for EF-1-37.5. 1SOMEtric VIEW .........cccooeviniiiiieiinicnnene, 63
figure 54 Stress distribution for EF-1-37.5. Lateral view.........c.ccocciviviiniiiiciiiciee, 63
figure 55 EF-2-45-0.15 Stress distribution. Lateral View.........c.ccoccvviiiiiiiiiiiiicnnen, 64
figure 56 EF-2-45-0.15 Stress distribution. ISOmetric VIeW ..........c.cccooveviiiiieniniieennnn. 65
figure 57 EF-3-45-0.6. Lateral VIEW ..........cccooiiiiiiiiiee e 65
figure 58 EF-3-45-0.6. Lateral VIEW ..........cccoiiiiiiiiiieic e 66
figure 59 Testing assembly modeled in CAD ..o 66
figure 60 Stress distribution for EF-4-45. [SOMEtric VIEW ..........ccevvviiiiniiiiicniesecee 67
figure 61 Stress distribution for EF-4-45. Lateral VIEW..........cccocoviiiiininicnc e 67
figure 62 Stress distribution for EF-5-45. [SOMEtric VIEW ..........cccovvviiiiiiiiiicnie e 68
figure 63 Stress distribution for EF-5-45. Lateral VIEeW.........ccccocoviiiiieniiiic e, 68
figure 64 Equivalent Von-Mises Stress variation with the adhesive length ................... 69
figure 65 Equivalent Von-Mises Stress variation with the adhesive thickness .............. 71
figure 66 Boundary conditions simplification stress distribution.............cccocovervvrireennn. 72
figure 67 Testing MAChine USEd .........c.oiviiiiiiiiiiii s 73
figure 68 Testing PATAMELETS .......cccviiiiiiiiiiiiiii e 74
figure 69 Testing Machine Preparation ............cecvveeiienieieiiiesee s 74
figure 70 First teSt TESULLS .....ooviiiiiiiiciie s 75
figure 71 First testing assembly after testing...........ccovvvviiiiiiiiii 75
figure 72 Second test TESUILS .......ueiviiiiiiiiice e 76
figure 73 Second testing assembly after testing ..........ccoovvviiiiiiiiiiiiiicin 76
figure 74 FIXed SUPPOTT ....oeviiiiiiiiiiiie e 77




UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
C O M | |_ |_ A S GRADO EN INGENIERIA EN TECNOLOG{AS INDUSTRIALES

UNIVERSIDAD PONTIFICIA

[icAl . icADE | LIST OF FIGURES
figure 75 FOTCe applid......ceiiiiiiiiiiiiiie et 77
figure 76 Simulation correlation With teStINgG .......c.ccccvveiiiiiiiiiiiiiiee e 77
figure 77 Suspension arm before teStING ..........cveviiiveiieiiiiiiie s 78
figure 78 Sustainable Development GOals ...........ccoceiieiiiiiiieii e 87
figure 79 Alignment with the Sustainable Development Goals ...........cccccovieiiiicinenne. 87




UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
C O M | |_ |_ A S GRADO EN INGENIERIA EN TECNOLOG{AS INDUSTRIALES

UNIVERSIDAD PONTIFICIA

R ——— LIST OF SYMBOLS AND ABBREVIATIONS

LIST OF SYMBOLS AND ABBREVIATIONS

F1: Formula 1

FS: Formula Student

IFSO5: ISC Racing Team prototype of the year 2023
IFS06: ISC Racing Team prototype of the year 2024
CAD: computer assisted design

FEA: finite element analysis

CFD: computational fluid design

CZM: cohesive zone method

SLJs: single lap joint




UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
C O M | |_ |_ A S GRADO EN INGENIERIA EN TECNOLOGIAS INDUSTRIALES

UNIVERSIDAD PONTIFICIA

— INTRODUCTION

1. INTRODUCTION

1.1 Formula student

Formula Student is an international motorsport competition that was founded in 1980s.
In this competition, team members must be university students, who are in charge of
designing and manufacturing a single-seated formula style car which competes in
different circuits around the world against other universities. The biggest difference
between Formula Student and other motorsport competition is that performance is not the
only factor that decides who wins. Race results are decided on a thousand-point scale,
where engineer design, performance, business plan and cost reliability of the project are
evaluated.

figure 1 Formula Student competition

1.2 ISC Racing Team

ISC Racing Team is the Formula Student team of Universidad Pontificia Comillas
(Madrid, Spain), established in 2017. The first ever prototype of the team’s history, the
IFS01, was manufactured in 2018, marking the beginning of a series of developments that
led to the creation of four additional cars ever since. In 2023, the team unveiled the IFS05,
which is shown in figure 2.

I joined the team in 2022, and during the season of 2023-2024 I have been in charge of
the chassis and composites departments.

The car’s suspension system includes carbon fiber tubes bonded with metal end-fittings.
The team has strategic plans to incorporate more composite materials into the next cars.
This initiative aims to reduce the car’s weight and enhance its overall performance.
Further research needs to be done in adhesive joints to ensure weight reduction without
compromising safety standards.
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figure 2 IFS 02 (left) and IFS 05 (right)

1.3 Aim of this project

The aim of this project is to improve the composite-metal interfaces of the suspension
of the IFS06, reducing its weight without compromising safety.

1.4 Objective

- Produce a complete manual that can be used in the future to design and
manufacture adhesive joints between composite and metal.

- Reduce the mass of the current design without compromising safety standards.

- Study the different materials that can be used.

- Ensure the structural reliability of the joining through structural analysis and
testing.

- Develop a simulation model that correlates with realistic adhesive behavior

1.5 Motivation

My main motivation is to enhance the performance of the ISC car. Ensuring the continuity
of the team over the following years is crucial for this team success. The most effective
approach over the years has been transferring knowledge from one generation to the next.
Additionally, the study of composites will play a key role in elevating the overall
performance of the car.

I truly want to learn and have an impact in the motorsport industry. This project will help
me to introduce me into the world of adhesives, finite element analysis, and computer
assisted design. Furthermore, being able to have a Formula 1 engineer as my director will
allow me to learn a lot.

10
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1.5 Methodology

The methodology used in the motorsport industry today relies heavily on simulation due
to the high cost and long time periods required to physically testing. FEA primarily helps
to achieve faster the optimization of the design (mechanical properties, weight etc.) and
reduce manufacturing and testing costs.

The methodology that will be followed is presented in figure 3. The project is divided
into three phases.

PHASE 1: VALIDATE SIMULATION MODEL

CAD DESIGN

|

FEASIMULATION

|

MAMUFACTURE THE TESTING SPECIMENT:
- bury the materials chosen

- have the metal machined

- follow the bonding procedure

TESTING:
-tensile test the testing speciment

|

L Pothe testing results comelates with the simulation results?

l

MODEL VALIDATED

PHASE 2: ADHESIVE OPTIMAL GEOMETRIC VALUES

CAD DESIGN
SIMULATE 3 ADHESIVE LENGTHS
KNOW HOW DOES THE ADHESIVE
l GEOMETRY MODIFIES THE STRESS
DIETRIELTION
SIMULATE 3 ADHESIVE THICKNESSES

PHASE 3 OPTIMAL DESIGH

LOADING CASES:
- provided by the Suspension and Dynamics department SAFETY FACTOR

! l
MATERIAL SELECTION: MAXIMUM SHEAR

- adhesive s STRESS OF THE e MAXIMUM DESIGN STRESS
- matal ADHESIVE

|

!
m FEA IN SIMULATION MODEL
}

DOES THE RESULTS SATISFY THE DESIGN COMDITIONS?
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figure 3 Methodology
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Phase 1

Firstly, a simulation model will be developed. This model will be validated through
testing. This phase includes the CAD design of the suspension arm, followed by the
development of the FEA simulation model. In parallel, the designed suspension arm will
be manufactured and tested using a tensile testing machine. If the testing results correlate
with the simulation results with an accuracy superior to 90% the model can be considered
accurate and validated.

Phase 2

Secondly, the project involves the investigation of the influence of variations in adhesive
geometric parameters on stress distribution within adhesive. The study will analyze the
influence of two parameters, each with three simulations. The aim is to determine how
much does the variation of these parameters influence the stress distribution, enabling the
selection of optimal values for the adhesive.

Finally, with the simulation model validated and the optimal values of the adhesive
geometric parameters, an optimal end fitting design is presented.

Phase 3

Firstly, the Suspension and Dynamics department of ISC Racing Team will provide the
loading cases for each suspension arm. The maximum value of all the cases for all the
suspension arms will be selected as the maximum tensile force for the design.

Secondly, the materials for the adherents and the adhesive selection will be chosen based
on the mechanical properties considered for this design. Ansys Granta Edupack will be
used to select the adherents. This software contains a database with thousands of materials
that can be filtered and compared. A safety factor will be applied to the maximum shear
stress of the adhesive, achieving the maximum shear stress of the design.

Following, the end-fitting will be designed using the CAD software Solidworks 2023.
The end-fitting design used for testing requires a M6 hole for the pin required to adapt
the end-fitting to the testing machine. Even though the testing end-fitting does not have
the same design as the end-fitting that is installed in the car, the difference in the design
do not change the simulation results and the conclusions from the simulations done can
be used for further projects.

The scheduled proposed for this design is presented in figure 4. The project is divided
into four different stages. Firstly, bibliography about the use of adhesive joints in
Motorsport will be searched during the first month of the project. Stage two corresponds
to the research about bibliography on suspension joint geometries, suspension joints
materials, common practices in the adhesion of this components and what type of testing
should be done to validate the simulations. This research will be done during the month
of November.
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Stage three will be done in December, in which CAD and FEA training will be done in
order to be able to simulate. This stage will start with theoretical FEA knowledge,
continuing with basic FEA exercises. This phase will continue with advanced FEA
exercises.

The design stage will be done from January to July, starting with the decision on the
prototype characteristics, such as the adherents and adhesive that will be used. Continuing
with the CAD design and the FEA analysis. At last, the testing pieces will be
manufactured and tested. Once the simulation model is validated with the tests results a
final design for the end-fitting is presented.

TIMELINE october november ‘december january february march april may june july
Stage 1: state of the art | adhesive joints in Motorsport

suspension joints geometries
suspension joints materials
SiEE et P J
best practices
testing procedure and results
theoretical FEA knowledge
Basic FEA exercises
Stage 3: CAE t
B erEREED E advanced FEA exercises
Compoiste FEA analysis

decision on the prototype characterisics
CAD design

Stage 4: design FEA analysis

manufacturing test pieces

testing

figure 4 Schedule of the design process

1.6 Resources to use

For developing this project, the following resources will be required.

- SolidWorks will be chosen as CAD software and Ansys 19 as FEA software.
- Materials such as carbon fiber or adhesives bought by ISC Racing Team.
- Tensile testing machine provided by ICAL

The licenses required for using SolidWorks and Ansys 19 will be provided by ISC Racing
Team.
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1.7 History of composites in formula 1

"Adding power makes you faster on the straights, subtracting weight makes you faster
everywhere.” - Colin Chapman

The secret to achieving the fastest car lies in these words of the Team Lotus founder, Colin
Chapman. The motorsport industry revolves around the endless pursuit of minimizing a
racecar's weight. Throughout motorsport's history, cutting-edge technologies have played
a critical role in crafting lighter racecars. One such technology is topology optimization,
employed in motorsport to improve race car performance, in which weight is reduced
while ensuring structural integrity. However, the most influential developments have
emerged from the domain of materials research.

Adhesive joints have been used in motorsport for several decades. The motorsport
industry has evolved over time, and adhesive technology has advanced alongside it.

When F1 was founded in 1950, cars had an aluminum space frame with aluminum body
panels. The use of composites in F1 is traced to a decade later, with the creation if the
Lotus 25 F1 car, designed by Colin Chapman and introduced in 1962. The Lotus 25,
shown in figure 5, featured a monocoque chassis made of aluminum and fiberglass body
panels, representing a departure from the traditional space frame construction. This design
contributed to weight reduction and improved performance (PARK?24) [1].

figure 5 Lotus 25

Adhesive bonding and composite materials started to gain traction in motorsport in the
latter half of the 1970s. F1 has been pioneer in the adoption of advanced materials and
construction techniques. It is in the late 20th century and into the 21st century that
adhesive bonding has become more popular in various motorsport applications, including
bonding carbon fiber composite panels and chassis components.
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Today, adhesive joints are commonly used in motorsport for various applications, and
they continue to play a significant role in enhancing the performance and safety of racing
vehicles. 80% of a F1 car is made from composites structures, such as the carbon fiber
monocoque chassis or the suspension members. The assembly of many of the multi-
material structures which make up a Formula 1 racing car is dominated by adhesives
(SKUS23) [2].

New material joining techniques have been developed in recent years for joining
lightweight materials that are hard to weld or dissimilar. Adhesive joining has been the
most common joining method in the recent years and the adhesive bonding science has
progressed significantly. To give numbers outside the motorsport industry, the Boeing
787, shown in figure 6, and the airbus A350 contain more than 50% of bonded structure
(MEMO23) [3].

=y
=

I Carbon laminate ‘ Wi

Carbon sandwich 10%

M Fiberglass Titankim

B Aluminum 15% CW;?TM
[C] Aluminunvsteeltitanium pylons Aluminum

20%
figure 6 materials used in a Boeing 787

More examples can be found in this industry. figure 7 illustrates the Icon AS, an
amphibious aircraft with wave-cutter fuselage made of carbon fiber with components
adhesively bonded (ICON23) [4].
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figure 7 Icon A5

The increase of the use of adhesive bonding compared to more traditional methods such
as bolting is due to its advantages, such as high fatigue resistance, lower stress
concentration effects and good damping characteristics As it can be seen in figure 8, the
stress concentration at the joint when bonding is reduced compared to other techniques,
such as using bolts, avoiding local stress concentrations.

figure 8 Reduction of the stress concentration at the joint (Savage, 2010) [6]

The bond formed is continuous, and the unstiffened area is reduced when comparing with
bolting joints, creating stronger and stiffer structures, as it is shown in figure 9.

unstiffened
area

i

figure 9 Increasement of the stiffness of a structure using adhesive bonds (SAVA10) [5]
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1.8 Literature review

Even though composite materials have been used in motorsport for decades, there is not
much information about it. This is because sharing the team’s knowledge can end in the
competitors hands. However, composite materials have been used in aerospace since the
first world war and there is much information about composites in this industry.
Composite materials are not often used in the automotive industry due to its expensive
cost and its difficulty to produce in mass. Some examples can be found in the automotive
industry, major industry leaders, such as BMW, are starting to use composite materials in
their battery modules to improve structural performance while reducing weight. Another
great example is the British company TRB lightweight structures, that achieved a
reduction of their battery modules weight of 87.5% using composites (FAB23) [6]. figure
10 presents a battery enclosure made from continuous fiber-reinforcement thermoplastics
(FARI21) [7].

figure 10 figure 10 Lightweight battery enclosures

Most of the knowledge of adhesive bonding in formula-type cars comes from the work
of Gary Savage. In “Formula 1 Composites Engineering” (SAVA10a) [5], the historical
evolution of composite structures and their development in Formula 1 is reviewed,
providing insights into the design and manufacturing processes. In “Failure prevention in
bonded joints on primary load bearing structures” (SAVAO07) [8], Savage does a complete
research on adhesive bonding and failures prevention on joints. The importance of
bonding components with adhesives is reviewed in “dealing with crisis-solving
engineering failures in Formula 1 motor racing” (SAVA10b) [9], where the author
arguments that adhesive joints show superior performance than other bonding methods.
It is also reviewed the importance of the quality of the production process to ensure the
long term durability of the bonding.

In the paper “A review of failure theories and simulation models for adhesive joints”
(TSER22) [10], the authors review failures theories and models for adhesive joints.
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Albiez et al. (ALBI19) [11] experimentally studied the influence of varying geometrical
factors on the tensile strength of tubular joints. It was concluded that the joint strength
increase with the increase of the overlap length nonlinearly. The results indicated that an
increase in the adhesive layer thickness affects negatively the joint strength.

Nguyen and Kedward (KEDWO1) [12] developed an analytical model to asses the txy
stress in a tubular adhesive joint under tension. The results showed that the joints with a
10° chamfer in the adherent had a more uniform stress distribution and a lower stress
value compared to without chamfer.

Some research has been done with experimental investigations. In “Evaluation of
Bonding Gap Control Methods for an Epoxy Adhesive Joint of Carbon Fiber Tubes and
Aluminum Alloy Inserts” (RAZD21) [13], the authors compare two methods for
controlling epoxy adhesive bond in carbon fiber composite tubes and aluminum alloy
inserts used in a motorsport vehicle’s suspension system. The study contrast a geometrical
solution with a method that involves glass beads mixed with epoxy adhesive. More can
be found in the work of de Queiroz et al. (QUEI21) [14], where single-lap adhesively
bonded joints are experimentally explored using different fiber-reinforced polymer
composites.

Information about adhesive joints in Formula Student cars can be found. Papers such as
“analisis comparativo de configuraciones de suspension para un monoplaza tipo FSAE”,
(MEL19) [15] and “composite whishbone for FS” (GRANI17) [16], are of great
importance for this project and for FS future generations. In these papers, authors design
a complete suspension for a FS car. More about adhesive joints in FS can be found in the
work of Saman Fanni and Fadi Jweda in “design of carbon fiber composite driveshaft end
fittings and adhesive joints for motorsport applications”, (FANN16) [17] and in the work
of Antonio Herndndez-Ros in “Desing and manufacture of a Formula Student suspension
(ANTO22) [18].

More information can be found for CAD and FEA, papers such as “a review of finite
element analysis of adhesively bonded joints”, (HE21) [19] and “numerical analysis of
geometrical modification combinations of the tensile strength of tubular adhesive joints”
(ROSA21) [20] are of great relevance. In Rosas et al. work, different geometric changes,
such as outer chamfers, inner chamfers and adhesive fillets at overlap ends are
numerically analyzed, along with the combined effect of inner chamfers and adhesive
fillets.
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2. BONDED JOINTS

2.1 Bonded joints introduction

Since 1930, extensive research have been performed to improve the understanding of
bonded joints and explore ways to optimize the adhesive-adherent interface. In
Volkersen’s shear-lag analysis (VOLK38) [21] it was demonstrated that the adhesive
deforms in shear while the adherent deforms in tension. Goland and Reissner (GOLA44)
[22] were the first to take into account the consequences of the rotation of the adherents,
they evaluated the shearing and normal stresses in the bond layer taking into account that
the peel and shear stresses were constants across the adhesive thickness.

Hart-smith’s method (HART73) [23] is an evolution of Volkersen’s shear lag analysis and
Goland’s and Reissner’s theories. The conclusion of his work is that the adhesive should
not be the weak link and if peel stresses are likely to occur they should be alleviated by
scarfing the adherends or by locally thickening the adhesive layer.

The major factors determining the integrity of an adhesive bond are shown in this section.

2.2 Bonded joints geometries

Throughout the years, new bonded joint geometries have been put into practice. The most
common configuration is the single lap joint. The main advantage of this geometry is that
it is simple to manufacture and convenient for testing. This geometry loads the adhesive
mainly in shear stress. Moreover, the bending moment caused by the non-collinear
adherents generates peel stresses (cy) at the overlap edges. Also, the shear-lag effect
generates Txy peak stresses (ADAMO96) [24].

Many other types of joints, such as doble strap joint, double lap joint or tapered lap joint
are often used to decrease the peel stresses, as shown in figure 11.
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figure 11 Most frequently used joints (XIAO11) [25]

The joint strength depends of the type on joint used. In figure 12 it is shown how the joint
strength changes with the laminate thickness and the type of joint used.
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figure 12 Comparison between the joint strength and the laminate thickness for different joints (XIAO11)[25]

20



UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
C O M | |_ |_ A S GRADO EN INGENIERIA EN TECNOLOG{AS INDUSTRIALES

UNIVERSIDAD PONTIFICIA

e BONDED JOINTS

2.2.1 Single lap joint (SLJ)

Even though it is a simple geometry, the lap joint problem is three dimensional. The stress
behavior of the SLJs is complex due to the bending induced during deformation. A general
two dimensional theoretical approach was developed by Zhao and Lu (ZHAOQ9) [26],
proving and explicit closed form solution for calculating elastic stresses in SLJs. The
elasticity theory used includes the complete strain-displacement relationship for the
adhesive and adherent. The investigation considered various parameters such as the
overlap length, the bond line thickness and the spew fillet. One significant finding was
that three point bending and tension loading exhibit similar effects on the adhesive , while
the four point bending test does not lead to failure because the steel yields before the
joints fails.

You et al. (YOUOQ7) [27] investigated the impact of a preformed angle on stress distribution
in the mid bond line and the ultimate load of adhesively bonded steel SLJs. Numerical
simulations revealed that all the peak stresses in the mid bond line of the adhesively
bonded SLJ were reduced as the performed deflection angle increased from 0 to 15
degrees. figure 13 illustrates the sketches for the SLJ designs with and without a
preformed angle of ten degrees.

f 100 :
—315— ,3 Y4 —125— Fillet

S e . —

figure 13 Sketch of a SLJ with (upper) and without (lower) a preformed angle of 10 degrees (ZHANO7) [28]

2.3 Methods to predict properties

The initial methods used to predict the adhesive bonding properties began with analytical
methods, such as Volkersen’s method (VOLK38) [21], which wused closed form
expressions, overlooking material and geometry details. These methods were unrealistic
when more complicated geometries were analyzed.

Finite element methods were introduced in 1974 by Adams and Peppiatt (ADAM74) [29]
with a method used for predicting the behavior of adhesive joints requiring only the
knowledge of the stress distribution and the use of an adequate failure criterion.

Nowadays, the most popular method is the cohesive zone model (CZM) (CAMP12) [30].
This method relies on fracture properties and allows to model bonded joints that
experience high stress variations. The precision of this method depends on the accuracy
of the values of cohesive strength in tension and shear.
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2.4 Types of adhesives

Choosing the right adhesive depends on the specific requirements of the applications.
Properties such as strength, flexibility, chemical resistance and temperature stability must
be considered. In this section, the most prevalent adhesives are explained.

2.4.1 Structural epoxy adhesives

This adhesive is known for forming very strong bonds across a wide range of materials,
making them suitable for applications where high bond strength is crucial for structural
integrity. Structural epoxy adhesives are widely used for joining metal-to-metal and
metal-to-polymer structures due to their notable characteristics. They are available in
different forms, including one and two-part thixotropic pastes and films. This versatility
allows for their use in various applications, accommodating different bonding
requirements.

One part adhesives are useful in assembly lines. The main advantage of this adhesive is
that it is easier to work with because there is no mixing involved. However, the main
drawback is that this adhesive requires a heat treatment for curing properly.

In contrast, some two-part epoxy adhesives can be cured at room temperature, offering
convenience in certain applications. The durability of epoxy adhesives at elevated
temperatures is generally better when cured at higher temperatures. This adhesive
requires the user to mix a resin with a hardener that triggers the polymerization required
for curing. When both components are mixed, an exothermic reaction occurs as the
molecules begin to cross-link. It's essential to note that increased curing temperatures may
potentially lead to low-temperature brittleness, highlighting a trade-off between elevated
temperature performance and low-temperature characteristics.

While epoxies offer high shear strength, they have low peel strengths, which can be up to
two orders of magnitude lower than their shear strength. This means that they may not
perform as well under tensile or peeling stresses compared to shear stresses.

ey

e

figure 14 Epoxy adhesive example
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2.4.2 Anaerobic adhesives

Anaerobic adhesives are single-component materials which cure at room temperature
when they are isolated from contact with oxygen.

The low viscosity of the liquid adhesive facilitates capillary action, enabling it to fill gaps
in the joint effectively. Anaerobic adhesives are commonly known as "locking
compounds" because they are frequently employed to secure and seal fitting parts. These
adhesives are formulated based on synthetic acrylic resins, characterized by their high
shear strength, as well as good solvent resistance. The ability to cure in the absence of
oxygen makes anaerobic adhesives particularly useful in applications where a secure and
fast bond is needed, especially in threaded assemblies.

figure 15 Anaerobic adhesive example

2.4.3 Cyanoacrylates adhesives

Cyanoacrylate adhesives, commonly known as "super glues," have a unique curing
process by reacting with the alkalinity present in moisture on the bonding surfaces. These
adhesives are characterized by limited gap-filling ability, requiring close-fitting joints for
optimal performance. The curing time typically takes only a few seconds. This quick
action is particularly valuable for bonding parts without the need for complex jigs and
fixtures.

While the bonds formed by cyanoacrylate adhesives may not be as strong as those created
by epoxies, they are particularly suited to small polymeric components and elastomers.
The versatility of these adhesives is reflected in the wide range of products offered by
various manufacturers, each tailored with subtle variations for specific needs. This
includes adjustments in viscosity to aid in processability and formulations containing
rubbers and/or polyurethanes to enhance toughness.
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figure 16 Cyanoacrylate adhesive example

2.5 Bonding preparation

The surfaces to be bonded must be prepared to ensure proper adhesion. Surface
preparation in adhesive bonding serves the primary objective of removing weak boundary
layers that can compromise the quality of the bond. For metal substrates, a common
challenge is the presence of a weak and contaminated oxide "scale," needing its removal
before bonding. Similarly, polymeric materials may contain plasticizers that can migrate
to the surface, while the processing of composite structures introduces issues related to
mold release agents. Other contaminants such as dust, dirt, grease, and oils further
emphasize the importance of surface cleaning. Additionally, surface pre-treatment aims
to optimize the contact between the adhesive and substrates.

This optimization can be achieved through mechanical means, increasing the effective
bonding area by enhancing the roughness of the substrate surfaces. Mechanical abrasion
methods such as grit blasting eliminate weak surface layers and enhance the bond area by
improving substrate texture.

Chemical treatments, like etching and anodizing, promote bonding mechanisms. The use
of primers and activators enhances these mechanisms and can modify the adhesive's cure
kinetics. Chemical modification of the substrate's surface layers can also be employed to
improve the interaction between the adhesive and the substrate.

Pereira et al. (PERE10) [31] studied the impact of manufacturing parameters on the
strength of adhesively bonded SLJs with the objective of optimizing surface treatment
processes, specifically using sodium dichromate sulphuric acid etch (CSA) and abrasive
polishing (AP), showing the improvement of the joint shear strength when compared to
acetone cleaning (SW), caustic etch (CE) and Tuckers reagent etch (TR).
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2.6 Effects of geometry modifications

The design of the joint influences the distribution of stress within the bond. You et al.
(YOU19) [32] investigated the influence of the adhesive gap on the stress distribution in
both the mid bond line and the adherent near the interface along the lap zone of adhesively
bonded double lap joints. The FEA simulation results indicated that the influence of the
gap length on the ultimate load of the joint was minimal, even as the gap length was
increased.

In the experimental study conducted by Ki Soo Kim et al. (KIM92) [33], the fatigue and
static strength of various joint configurations, including single lap joints, single lap joints
with scarf, double lap joints, and double lap joints with scarf, were tested. Additionally,
the stresses in these joints were simulated to gain insights into their performance. The
study's conclusion indicated that the double lap joint had a significantly higher load-
bearing capacity compared to the single lap joint. The researchers found that tapering the
composite adherend, a common practice to enhance joints, did not provide benefits in this
particular context. This suggests that the double lap joint configuration without tapering,
was more effective in terms of load-bearing capacity than the SLJ with tapering.

Won Tae Kim and Dai Gil Lee (WONT17) [34] studied the strengths of various shapes,
including hexagonal and elliptical, and compared them to the conventional circular form.
The comparison involved single lap and double lap joints. The researchers found that the
double lap joint had higher strength than the single lap joint, due to its larger bonding
area. Notably, the outer adherend of the double lap joint was identified as effective in
preventing bulging of the tube caused by hoop stresses. Furthermore, the study concluded
that among all the single lap joints, the hexagonal shape demonstrated the highest
strength.

2.6.1 Adhesive thickness

The thickness of the adhesive layer plays a critical role in the effectiveness of a bonded
joint. If the adhesive layer is too thin, it can result in poor adhesion due to non-uniform
wetting, creating stress concentrations in the joint. This stress can induce a bending
moment, causing the joint to rotate and increasing the peel component, which can
compromise the integrity of the bond. On the other hand, an excessively thick adhesive
layer is impractical as it is challenging to execute without introducing intolerable levels
of flaws and porosity.

Stress gradients occur through the adhesive thickness. In the work of Philip J. and in the
work of Sancaktar et al. this gradient is analyzed (HIPO84) [34] (SANCO3) [35].
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2.6.2 Tapering the adhesive

The taper refers to the gradual reduction of thickness or thickness along the surface of the
adhesive. The purpose of tapering is to relieve stress concentration, especially in adhesive
joints where uneven stress distribution can lead to issues like peeling or joint rotation. In
figure 17 it is shown the peel stress relief achieved by tapering the bonded joint.

Most critical loaction

Equally critical locations

*4 Adhesive
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shear
stress
distributions
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Double strap splice

Adhesive peel stress
distnbutions

figure 17 Peel stress relief achieved by tapering the bonded joint (SAV10a) [6]

To calculate the optimum taper for a bonded component, the equation shown in equation
1 is applied.

2+l>

t le=t ‘1<
aper angle = tan L1

equation 1 Taper angle formula

Where t1 is the laminate thickness and [ is the bonding length (all dimensions in mm)

2.6.3 Bond overlap

Short bond overlaps are more efficient than longer ones. In the work of Hosseinzadeh et
al. (HOSSO07) [36] the stress distribution for different overlap lengths was studied. The
results of this work are present in and in figure 18 and in figure 19.
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figure 18 Load distribution curve for different joint lengths (HOSS07 )[36]
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figure 19 Comparison of the stress distribution for different overlap lengths (HOSS07) [36]

In the work of the National Physical Laboratory (MANUO7) [37] it was shown that
increasing the thickness of the joint will increase the joint strength proportionally, but
increasing the joint length will not always increase the joint strength.

The effective length is the distance that maximizes the joint strength per unit of distance.
Increasing the joint length will result in increasing the joint strength if the joint length is
lower than the effective length. If the joint length is higher, the joint strength remains
constant. This is the consequence of the stress concentration at the overlap length. In the
work of Ramin et al. (RAMI18) [37] it was shown that increasing the overlap length
created a stress free area in the middle of the overlap and the stressed area remained
constant. In figure 20 the distribution of shear stress as a function of the normalized
overlap length is shown.
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Figure 6 - Distribution of shear stress as a function of normalized overlap length. [13]

figure 20 Distribution of shear stress as a _function of the normalized overlap length (RAMI18)[37]

2.6.4 Overlap stress distribution

The overlap stress distribution refers to the pattern of shear stresses along the length of
the overlap region. Numerous analytical and experimental studies have revealed that this
distribution exhibits peaks at the ends of the overlap. The stress peaks and the stress
distribution are similar for tension and torsion load cases. Despite the differences in stress
types, the stress distribution remain comparable between tension and torsion loading
scenarios, indicating similar behavior in terms of shear stress distribution along the
overlap length.

Maximizing the area over which the load is distributed is essential for optimizing the
joint's strength. A larger bonding surface helps distribute the load more uniformly,
reducing the risk of localized stress concentrations.

In Adams and Peppiat’s work (ADAM74) [25], stress distribution for tensional and
torsional load cases were studied. The results of this work are shown in figure 21. The
same stress distribution curve is found for both loading cases, except that the torsional
case have higher stresses at the ends of the lap joint.
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figure 21 Shear and normal stress distributions in tubular lap joints subjected to tensile load (ADAM74) [25]

2.7 Effect of environmental conditions

Structural adhesives are usually thermoset materials, which will be affected by
environmental conditions and exhibit time dependent characteristics. Environmental
parameters, such as temperature, humidity and exposure to various substances can
contribute to changes in the adhesive properties over time.

2.7.1 Temperature effects

Grand et al. (GRANO09) [38] developed some experiments and FEA analysis to evaluate
the impact of temperature variations in joints. Test were conducted at -40°C, 20°C and
90°C. Figure 22 shows the stress-strain curves for sheet steel along with the adhesive
strain to failure at the corresponding temperatures. It was demonstrated that the failure
criterion proposed at room temperature remains valid at both low and high temperatures.
It was also observed that the failure envelope shifts upwards and downwards as the
temperature increases or decreases, respectively.
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figure 22 Stress-strain curves for sheet steel at -40,+20 and +90°C along with the adhesive strain to failure at the
corresponding temperatures (GRAN09) [38]

2.6.2 Humidity effects

It has been observed that the strength of adhesive joints decreases over time when exposed
to a humid environment. The presence of water impacts both the chemical and physical
characteristics of adhesives, as well as the nature of the interfaces between the adhesive
and adherends.

Liljedahl et al. (LILJO6) [39] explored the use of CZM to predict long term durability of
adhesively bonded joints exposed to humid environments. Joints were subjected to high
relative humidity conditions and immersed in both tap and deionized water for a year
before being tested until failure. The cohesive zone parameters determined the residual
strength of the joint. In the model, the degradation of these parameters was directly linked
to the concentration of moisture, highlighting the influence of environmental exposure on
the long term performance of adhesively bonded joints.

2.8 FEA analysis

The FEA analysis offers a significant benefit allowing the determination of mechanical
properties in an adhesively bonded joint with nearly any geometrical shape under
different load conditions. When applying FEA to adhesively bonded joints is important
to accommodate the meshing to both the small dimension of the adhesive layer and the
larger dimension of the adherent. Furthermore, failures of adhesively bonded joints
typically occur within the adhesive layer. Therefore, it becomes essential to model the
adhesive layer by a finite element mesh several orders of magnitude more refined in a
very small region that in the rest of the joint.

In order to save computer time, it is important to build the finite element model with a
limited number of elements and nodes, simplifying the model.
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The work by Adams (ADAM?74) [25] is considered as seminal work in the area of FEA,
leading to the development of FEA in adhesive bonding. In his work, the FEA for different
adhesively bonded joints, such as lap joints, tubular lap joints, butt joints, bevel and scarf
joints, were analyzed. The author also introduced non-linear FEA into adhesive bonding.

2.9 Loading regimes

The properties of adhesives dictate that their mechanical response to compression and
shear loading regimes is typically much better than their response to tensile loading. The
adhesives tend to exhibit superior performance in compression and shear compared to
tensile strength. The peel and cleavage strengths of an adhesive can be notably lower,
sometimes up to two orders of magnitude than its shear strength. Therefore, it is important
to avoid subjecting adhesives to tensile loading whenever possible. Figure 23 illustrates
the most common loading regimes.

- - | »
| | Ll
- - 4
Tension Compression Shear
‘| L L J
P r— ‘
f ‘ |
Cleavage Peel

figure 23 Possible loading regimes for bonded joints (SAV10) [6]

The strength and durability of a joint is a complex function of the stress concentrations
set up by the applied loads and operating conditions. In a SLJ the shear stress varies along
the length of the joint with peak concentrations at the ends. In contrast, the peel stress acts
at right angles to the lap joint and is also maximized at the ends. The peel stress tends to
distort the joint and weaken it. Similarly, any deflections of the structure under load
increase the peel component and may lead to premature failure. Unsupported lap joints
are one of the weakest configurations and are rarely used. Figure 24 shows the response
of a bond to mechanical loads.
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figure 24 Response of a bond to mechanical load (SAVA10a) [6]

The adhesive strength refers to the force required to cleanly separate the adhesive from
the surface of the adherend. It is a measure of the bond's resistance to tensile stress without
failure. Adhesive strength is a critical parameter in determining the effectiveness of an
adhesive in creating a durable and reliable bond between materials. High adhesive
strength is desirable in applications where the bonded components experience tensile

loading or forces pulling them apart. Figure 25 shows the forces that act within a bonded
joint.

Substrate ‘ C

A Re——t A
» Adhesive ‘ C!
A . —~ VU AT W

Substrate ‘ G

A: adhesion
C: cohesive strength of substrate
C': cohesive strength of adhesive

figure 25 Forces acting within a bonded joint (SAVA10a) [6]
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2.9.1 Fatigue loading analysis

Fatigue loading is a frequent cause of failure in adhesively bonded joints. Under the
presence of fatigue loading, the adhesives exhibits a lower resistance to crack growth
compared to under monotonic loading conditions. Most studies neglect initiation and
focus upon growth of cracks of microscopic proportions, which determines the life of the
component. Experimental evidence suggests that applying a design safety factor of 3 (or
more) to a joint will eliminate purely mechanical fatigue problems and the bond will be
“inherently safe” (SAVA10a) [6].

Jen and Ko studied the effect of bonding dimensions on fatigue strength (JEN10) [40].
FEA was used to determine the local stress states at the interface between the adhesive
and the adherend to gain insights into how the bonding dimensions influenced the fatigue
performance of adhesively bonded joints. The study focused on three parameters, the
maximum interfacial peeling, the maximum interfacial shear stress and a linear
combination of interfacial peeling stress and shear stress. The study showed the
correlation between these parameters and the fatigue life data, providing valuable
information for optimizing the design of such bonding.
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210 Types of failure
2.10.1 Adhesive failure

In the worst case scenario the adhesive is observed to be completely separated from the
face of one substrate, which means that the weakest aspect of the joint is the boundary
layer between the bonded parts and the adhesive. The joint is prone to sudden failure,
occurring at a load much lower than predicted. The causes of such failure can typically
be attributed to either the unsuitability of the adhesive material for bonding or incorrect
surface preparation due to contamination (SAVA10b) [10]. An example of adhesive
failure is presented in figure 26.

figure 26 Adhesive failure (SAVA10b) [10]

2.10.2 Cohesive failure

It this type of failure the adhesive itself breaks. The failure is characterized by remains of
the adhesive being found on both substrates. This type of failure occurs when the adhesive
is subjected to excessive stress from external actions such as temperature, ageing or off
axis loading due to misalignment or deflection. An example of cohesive failure is
presented in figure 27.

figure 27 Cohesive failure (SAVA10b) [10]
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2.10.3 Substrate failure

The preferred failure mode in adhesive joints is substrate failure. The bond is not the life-
limiting factor of the joint, and it should not significantly influence its long-term
durability. It is recommended to design all stressed joints in a way that ensures ultimate
failure occurs in the substrate rather than the adhesive bond. This approach allows for a
more predictable and controllable failure mechanism, facilitating easier maintenance or
repair and ensuring that the overall structural integrity is maintained over the long term.
By designing for substrate failure, the joint can be engineered to maximize its service life
and reliability. Figure 28 shows an example of substrate failure and figure 29 illustrates
the most common defects in bonded joints, such as void and porosity.

figure 28 Substrate failure (SAVAI10) [10]
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figure 29 Common defects in bonded joints ((SAVA10) [10]

35



UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
C O M | |_ |_ A S GRADO EN INGENIERIA EN TECNOLOGIAS INDUSTRIALES

UNIVERSIDAD PONTIFICIA

SR BONDED JOINTS

36



UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
C O M | |_ |_ A S GRADO EN INGENIERIA EN TECNOLOGIAS INDUSTRIALES

UNIVERSIDAD PONTIFICIA

MATERIAL SELECTION

3. MATERIAL SELECTION

This chapter illustrates the process followed for the material selection using the software
Ansys Granta EduPack, which is a set of teaching resources to support materials
education. This software incorporates thousands of materials datasheets and facilitates the
generation of graphical representations based on material properties. The data and tools
are divided into three levels, being level three the one with the most information. Figure
30 illustrates the different industries in which Ansys Granta Edupack can be used.

figure 30 Ansys Granta interface

3.1 Sorting stages

The database chosen for this selection process is known as level 3 aerospace. The
motorsport and the aerospace industry share significant similarities due to their common
requirements for high performance and lightweight materials. This database contains
more than four thousand different materials.

Database: Level 3 Aerospace
Table MaterialUniverse
Subset Personalizado

Table 1 Database chosen in the material selection process

The different stages implemented to select potential materials are outlined in this chapter.
Four stages have been applied, involving material families and mechanical properties.
The number of potential materials have been reduced from 4249 to 3.
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3.1.1 Stage 1: material family

The first stage correspond to the selection of the material family. Steel and aluminum
are chosen due to its great ratio of mechanical properties to weight. More advanced
materials, such as titanium or magnesium are disregarded due to their high cost and
their complexities associated with machining them.

Steel

Steel stands as one of the most frequently used materials in engineering. It constitutes
an alloy of iron and carbon, containing less than 2% carbon and 1% manganese,
alongside trace amounts of other elements. The most common steel grade are carbon
steels, alloy steels, stainless steels and tool steels.

Given that this design will constantly encounter exposure to air and occasional
rainfall, the material chosen must withstand corrosion. Consequently, stainless steels
are chosen in stage 1. Duplex, martensitic and age-hardened stainless steels are
chosen based on its excellent mechanical properties. Ferritic steels are dismissed due
to its fragility and austenitic steels are also excluded due their inferior mechanical
properties compared to duplex stainless steel.

Stainless steels are known for their remarkable corrosion resistance and mechanical
properties. It contains at least 10.5% of chromium, which forms a thin protective
oxide layer on the surface of the steel. Stainless steels are available in different
grades offering different properties based on their alloy composition and heat
treatment. The most common grades are austenitic, ferritic, martensitic, duplex and
age-hardened.

Duplex stainless steel:
This steel combines features from both austenitic and ferritic grades, offering benefits
from both families. It has two-phase microstructure, its structure has roughly 50%
austenite and 50% ferrite. This stainless steel is known for its great strength
- Martensitic stainless Steel
It is a high-strength stainless steel known for its hardness. This steel contains higher
carbon content, improving its robust mechanical properties. Despite its susceptibility
to corrosion, proper heat treatment enhances its performance.

- Age-hardened stainless steel:

Age-hardened stainless steel offers excellent corrosion resistance and durability It is
commonly used in aerospace components like aircraft structures. It's also used in
high-stress applications such as fasteners.

Aluminum

Aluminum alloys consist primarily of aluminum, with other additional elements such
as copper, manganese, silicon, magnesium and zinc. These alloys are categorized into
seven distinct families, shown in table 2.
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R ————— MATERIAL SELECTION
series Corrosion Mechanical applications
resistance properties
1 XXX good poor decoration
2XXX poor good Aerospace
3XXX Good normal Automotive
components
4XXX good normal Automotive
components
SXXX good good Naval industry
6XXX good great Construction
aerospace
TXXX great great Aerospace
Motorsport

Table 2 Aluminum series

Considering corrosion resistance and mechanical properties, series 6XXX and 7XXX
have been chosen for this design.

The image below displays the materials selected for this analysis, which include

duplex, martensitic, and precipitation-hardened stainless steels, as well as the 6000
series and 7000 series for aluminum.

Etapa 1: Arbol

B [MaterialUniverse:\Metals and alloys\Ferrous\Stainless steels\Duplex (semi- 11

austenitic)\Wrought]
Ea [MaterialUniverse:\Metals and  alloys\Ferrous\Stainless
steels\Martensitic\Wrought] 27
i3] [MaterialUniverse:\Metals and alloys\Ferrous\Stainless steels\Precipitation
hardened 39
\Wrought]
3] [MaterialUniverse:\Metals and alloys\Non-ferrous\Aluminum\Wrought\6000
series 56

(Mg and Si-alloyed)]

& [MaterialUniverse:\Metals and alloys\Non-ferrous\Aluminum\Wrought\7000
series 60

(Zn-alloyed)]

Paso de registros: 193 de 4249
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3.1.2 Stage 2: material properties.

This stage filters materials based on their properties, focusing on two main characteristics,

its yield strength and its cost.

Considering the limited budget of the ISC Racing Team, a maximum cost of 10 EUR/kg

of material is set.

Yield strength is crucial as it signifies the stress at which a material begins to deform
plastically. In the current design of the IFS05, a maximum yield strength of 30 MPa is
set, with a safety coefficient of three. Hence, a minimum yield strength requirement of 30
MPa is established. Additionally, to avoid over-dimensioning the design, a high limit

constraint of 500 MPa is implemented.

Resumen

Etapa 2: Limite
Attribute: Constants
Price (EUR/kQ) 2a10
Yield strength (elastic limit) (MPa) 30a500

Paso de registros:

1401 de 4249

40



UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
C O M | |_ |_ A S GRADO EN INGENIERIA EN TECNOLOGIAS INDUSTRIALES

UNIVERSIDAD PONTIFICIA

———_— MATERIAL SELECTION

3.1.3 Stage 3. First graphical representation

This stage involves filtering through a graphical representation, where two mechanical
properties are compared and optimized to find a balance between them. The goal is to
maximize the values of these properties ensuring equilibrium among them. The two
mechanical properties selected are specific strength, yield strength and fracture
toughness. The straight line chosen to maximize both properties has a slope that values 1.

Specific strength refers to a mechanical characteristic that evaluates the material strength
relative to its density, indicating the strength-to-weight ratio. Materials with notable
specific strength, such as titanium, aluminum, magnesium, and steel, are frequently use
in aerospace applications, where prioritizing weight reduction is crucial. In these contexts,
elevated specific strength empowers designs to withstand various loads while
simultaneously minimizing overall weight, thus bolstering performance and efficiency.

Yield strength (elastic limit) (MPa), Specific

SlElE) & strength (kN.m/kg)

gznn

g

g

£

“ Yield st:;anglh (elastic IImIt)s S(Dwman) ~ ~

pendien |Valor de Index
te indice eguation
-1 >- -
Paso de registros: 805 de 4249
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3.1.4 Stage 4: Second graphical representation

This section reiterates the processes conducted in the previous stage but focuses on other
mechanical properties, which are specific strength and fracture toughness.

Fracture toughness is the ability of the material to withstand cyclic loading without
premature failure over time. This design will be used for two consecutive years in a
racecar, with an average of more than one hundred kilometers per year. It is crucial to
ensure that the design can withstand for years without early failure due to fatigue.

A o
Etapa 4: Fracture toughness (MPa.m”0.5), Specific strength

(kN.m/kg)
g y!
5
£ ]
J “ ® Fracture toughnemss (MPa.m”0.5) * *
Paso de registros: 3760 de 4249

42



UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
C O M | |_ |_ A S GRADO EN INGENIERIA EN TECNOLOG{AS INDUSTRIALES

UNIVERSIDAD PONTIFICIA

3.2 Selection results

With these four stages, the number of possible materials has been reduced from 4269 to
3, all of which are aluminum alloys. Table 3 provides a summary of the stages utilized:

1 MaterialUniverse Metals and
B alloys\Ferrous\Stainless steels
\Duplex (semi-austenitic)\Wrought

Metals and
alloys\Ferrous\Stainless steels
\Martensitic\Wrought

Metals and
alloys\Ferrous\Stainless steels
\Precipitation hardened\Wrought

Metals and alloys\Non-
ferrous\Aluminum
\Wrought\6000 series (Mg and Si-
alloyed)

Metals and alloys\Non-
ferrous\Aluminum
\Wrought\7000 series (Zn-alloyed)

2 Price (EUR/kQ) 2a10
Y Yield strength (elastic limit) (MPa) 30 a 500
3 Specific strength (KN.m/kg)
Yield strength (elastic limit) (MPa)
4 Specific strength (kN.m/kg)

Fracture toughness (MPa.m”0.5)

Table 3 Material selection process summary
Orden de rango: 3 de 4269

Table 4 contains the optimal material for this application. The three of them are aluminum
alloys of the 7XXX series. Based on the analysis, aluminum 7075 T6 is chosen for its
widespread availability, cost-effectiveness, and ease of machining.

Rang Material
0

B Aluminum, 7075, T6

1
2 B Aluminum, 7150, T61511
3 B Aluminum, 7150, T7751

Table 4 Optimal materials for this application
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Aluminum 7075 T6

This alloy is a high-strength, heat treatable wrought alloy. It contains zinc, magnesium,
chromium and copper, all of which harden the alloy. It also includes small amounts of
silicon, manganese and titanium.

The T6 temper designation means that it has undergone solution heat treatment and
artificial aging to attain optimal mechanical properties. Even though this alloy exhibits
impressive strength it also has its disadvantages, such as being difficult to weld.

Despite this, it is a perfect choice for structural parts that undergo high stresses and is

widely used in industries such as aerospace, naval, automotive and military (META23)
[40].
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4. ADHESIVE SELECTION

The process for selecting the appropriate adhesive for this design is outlined in this
section. Following what was explained previously about the different types of adhesives,
it is becomes evident that the ideal adhesive for this design is a two-part thixotropic
structural adhesive. This choice is driven by the demanding performance requirements of
the bonding operation and the materials involved.

Using the Bonding Product Selector provided by 3M, and specifying the following
characteristics, the product selector recommends three adhesives, which are compared in
table 5.

Characteristics:
- First substrate: aluminum
- Second substrate: carbon fiber

- Joint primarily subjected to: shear stress

viscosity at 24°C [Pa s]

mixture life at 24°C [min]

Peel strength at 24°C
[N/cm]

shear strength [Mpa]

-55°C

24°C

82°C

DP 420 NS

180000

20

133

31

31

ADHESIVE DP480

90000

g0

60

25

31

14

7240

120000

45

92

18

27

12

Table 5 Comparison between different adhesives

Although there may not be significant differences in terms of shear strengths at different
temperatures, there is a significant variation in peel strength. Given its superior peel
strength, the adhesive 3M Scotch Weld DP420NS is chosen for this design. This adhesive
1s known for its great resistance to both peel and shear stresses across a wide range of
temperatures. Additionally it provides great fatigue resistance an its mixture life of 20
minutes allows to work properly on the design.
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5. GUIDE FOR MANUFACTURING

This guide follows the procedure shown in Composite Wishbones for FS (GRAN17)

[17].

5.1 Required items

To ensure optimal bonding for this design, the following items are essential:

3 spatulas

grit blasting machine
sandpaper (120/240)
dremmel machine
masking tape
isopropyl alcohol
water

paper towels

scales

nitrile gloves

mixing pots

mixing sticks

3M Scotch-Weld Structural Epoxy adhesive DP420NS
Vacuum cleaner
Fine dust mask

5.2 CFRP tube preparation procedure

1.

While sanding the interior of the tube with sandpaper (120/240) and a
Dremel tool, use a vacuum simultaneously to eliminate the grit from the
tube. In case the Dremel tool can not be introduced easily inside the tube,
it is recommended to wrap flexible sandpaper around a screwdriver, both
tools are shown in figure 31. Use a fine dust mask to protect the respiratory
system at all times.

figure 31 Tools used for sanding the interior of the CFRP tube
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2. Remove any residue from the component with a 50:50 mixture of
isopropyl alcohol and water, using a lint-free cloth. It is recommended to
wrap the lint-free cloth around a screwdriver to ensure that all the residues
are removed. Repeat this process until the lint-free cloth remains clean.

3. Dry the parts in a recirculating air oven for 30 minutes at 50-60°C.

4. Ensure bonding is completed within 2 hours of preparation.

5.3 Aluminum end-fittings procedure

1. Use tape to mask off non-bonding surfaces.
2. Roughen the bonding surfaces using a grit blasting machine.

figure 32 Grit blasting machine used

figure 33 End-fitting before (left) and after (right) blasting

3. Clean the bonding surface with a 50:50 mixture of isopropyl alcohol and
water, using lint-free cloth.

5.4 Bonding procedure

1. Clean the cap of the adhesive to remove any residue.
2. Thoroughly mix the paste according to the manufacturer’s instructions
(2:1 by volume base to hardener or 2:0.97 by weight).
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3. Apply the adhesive to the bonding surfaces using a clean, degreased
spatula.

4. Assemble the components.

5. Remove any excess adhesive using a paper towel, either dry or lightly
soaked in isopropanol.

6. Cure at 65° for two hours.

7. Cure at room temperature (25°C) for 24 hours.

Figure 34 illustrates the preparation of the bonding process and figure 35 shows the
components bonded.

figure 34 Bonding process

figure 35 Component bonded
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6. CAD DESIGNS

The tested design is shown in annex A. This design differs notably from the non-testing
end-fitting design. However, these differences do not noticeably impact the stress
distribution throughout the adhesive. The testing end-fitting design features a pin hole to
facilitate secure handling by the testing equipment. It lacks threading., aiming to
minimize manufacturing costs without modifying the results.

The size of the carbon fiber tube can not be changed as the suspension and dynamics
department design that size for the bar loads. Therefore, in order to simulate how does the
adhesive with, the size of the diameter of the end-fitting which is in contact with the
adhesive is changed.

Four designs are presented

- EF-1: is the one chosen for the testing machine. It has the less milling operations
to do the testing. It is the easiest and cheapest to manufacture.

- EF-2: its design is very similar to EF-1 but changing the adhesive diameter to
11.7 mm to have an adhesive thickness of 0.15 mm

- EF-3: follows the same design philosophy than EF-2 but changing the adhesive
diameter to 10.80 mm to have an adhesive thickness of 0.6mm

- EF-4: is the design of the testing end-fitting, shown in figure 36.

- EF-5: the most optimum design without taking manufacturing cost as a variable.

figure 36 Exploded view of EF-4
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7. SIMULATIONS

7.1 simulation characteristics

Ansys Mechanical has been selected for this analysis. Seven distinct static structural
simulations are conducted, each with different adhesives geometries. The variables
chosen are the adhesive length and the adhesive thickness. The simulation parameters
remain consistent across all the simulations.

The stress through the adhesive follows a “u” shape with peak stresses at the edges. The
optimal design will have peak stresses values of 10.33 MPa at the edges.

The simulations analyzed in this chapter are the following:

To achieve the optimal adhesive length knowing how does the stress vary
modifying the end-fitting length:
o EF-1-30 design 1 with end-fitting length of 30 mm an adhesive thickness
of 0.30mm.
o EF-1-37.5 design 1 with end-fitting length of 37.5 mm an adhesive
thickness of 0.30mm.
o EF-1-45 design 1 with end-fitting length of 45 mm an adhesive thickness
of 0.30mm.

To know how much the stress varies with the adhesive thickness:
o EF-2-45-0.15 design 1 with end-fitting length of 45mm an adhesive
thickness of 0.15mm
o EF-3-45-0.6 design 1 with end-fitting length of 45mm an adhesive
thickness of 0.60mm

To know how much does the previous simulations vary with the testing boundary
conditions.
EF-4-45 design 4 with end-fitting length of 45mm an adhesive thickness of
0.3mm.

To achieve the optimal design:
o EF-5-45 design 5 with end-fitting length of 45mm with variable adhesive
thickness.
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7.1.1 Engineering data

This chapter displays the mechanical properties of the materials utilized.

Aluminum 7075 T6
Figure 37 and figure 38 show the properties of the aluminum 7075 Té6.

Properties of Outline Row 4: aluminum 7075 T6

figure 37 Aluminum 7075 T6 properties

Chart of Properties Row 10: Uniaxial Test Data * oox

Temperature ; 23 [C] g

Stress [MPa]

o 001 0.02 0.03 0.04 0.05 0.08 0.07 0.08 0.09 0.1
Strain [m m~™-1]

figure 38 Aluminum 7075 uniaxial test data
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3M Scotch Weld DP420NS
The parameters have been supplied by 3M. Figure 39 and figure 40 display the
characteristics of the structural adhesive used in the simulation.

Properties of Outline Row 3: Adhesive 3M DP420NS *ax

A B Cc D |E
1 Property Value Unit vl (G
2 %] Material Field Variables [ Table
3 % Density 1086 kgmA3 =HE|E
2 |E % Isotropic Elasticty ]
5 Derive from Young's Modulus and Po... |
3 Young's Modulus 1.9543E+09 Pa - ]
7 Poisson's Ratio 0.3957 [}
8 Bulk Modulus 3123409 Pa [a]
5 Shear Modulus 7.00136-+08 Pa [a]
0 |2 $F Multinear Isotropic Hardening | 5 Tabular &
1 Scale 1 =]
12 Offset 0 Pa [ ]

figure 39 3M Scotch Weld DP420 NS properties

Chart of Properties Row 10: Multiinear Isotropic > o ox
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figure 40 3M Scotch Weld DP420 NS multilinear isotropic hardening data
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Properties of Qutline Row 5: carbon fiber

Carbon fiber
Figure 41 and figure 42 present the Carbon fiber tube parameters provided by
ClipCarbono, the carbon fiber tube provider.

l

=
x

0 0.0010.0020.003).0040.0050.0060.0070.0020.0090.010.0110.0120.012.0140.0150.0160.017
Strain [mm mm™-1]

figure 42 uniaxial test data
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figure 41 CFRP tube properties
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7.1.2 Simulation parameters

In each simulation, the adhesive is specified as the contact material, while either the
carbon fiber tube or the aluminum end fitting is chosen as the target.

Meshing

Achieving a quality mesh is essential for obtaining accurate results and achieving rapid
convergence in simulations. In meshing contacts, it is critical to ensure nodes are shared
between the contacting surfaces to accurately capture interaction and behavior. Figure 43
illustrates the meshing of the assembly.

The structural adhesive provider advised meshing the adhesive thickness with a minimum
of two elements, as shown in figure 44.

7500 2500

Sa AR S0
HERpr

f«ﬂk,:@,‘hvﬁ
£

T

|

R

0.000 3.000 10.000 (mrm)
I |

2.500 7.500

figure 44 Adhesive meshing detail

57



«x? 6
%‘} 9 UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
C 0 M | |_ |_ A S GRADO EN INGENIERIA EN TECNOLOGIAS INDUSTRIALES

UNIVERSIDAD PONTIFICIA

— SIMULATIONS

Static elements

To simplify the simulation and reduce the simulation times, it is assumed that the furthest
face from the pin hole is fixed and the force is applied in the pin hole, where the machine’s
retaining pin operates. This simplification will be verified with simulations. Figure 45
shows where the force is applied and figure 46 the fixed face.

7.500 22.500

figure 45 Force applied in the end-fitting

y
0.000 15.000 30.000 (mm) Z* X
I I ]

7.500 22,500

figure 46 Carbon fiber fixed face

The force is applied in the pin-hole, it has -x direction and has a value of 14377 N. This
force is the maximum load for the case with maximum load for any suspension bar. It
corresponds to the low-forward rear suspension arm. Figure 47 shows the operating force
under fatigue (only in tension), buckling, compression and tension for each suspension
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bar for 22 different loading scenarios. Figure 48 shows the maximum operating load for
each suspension bar for the previous working regimes previously mentioned.

Up-Fore Up-Aft Low-Fore Low-Aft  Push/Pull Tie/Toe

2197 1658 -85 1580 2455 2105

1 o o o o o' 0
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gl s " 4687 93717 3986 " 3741”7 2708

-r r r r r r
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anr r r r r r

10 438 1,142 7 2473 2215 7 Lo01 831

1 w0 " 91" 281" 132" 1187 " 9

12 w0 " 91" 281" 13827 1187 " 9

13 215 7 2407 95 704’ 129" 277

.- r r r r r

14 2,790 2,916 517 " 12,776 7 3418 276

- r r r r r

5 160 91 281 7 13827 1187 9

sf 29667 23837 9731 " 287" 2811”7 2869

17 ea262 " 783 " 14377 " as06 " 4632”7 4003

18 a4z’ 2603 " s5878°7 B8535 " 1382 " 1427

15 802" 455" 14047 908" 59377 4w

2of 488" 13787 3002”7 29277 942" 970

21 1750 " 438" 52077 11367 BT 1132

22 11107 811" 339" 616" 1366° 1056 Highest Operating Force
-278" -1g58°  -3371"  -7735'  -482'  -1032|m Fatigue (only in tension)
g262" 29167  se7e” 29277 5837 aoos|w Buckling
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figure 47 Suspension case loads for each suspension bar

279" -1659°  -9371°  -7735°  -492°  -1032|N Fatigue (only in tension)
6262" 20916" 5878”7 2927 5937  4003|N Buckling
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-435" 23437 -14377" -12776" 811" -1427|N Tens

figure 48 Maximum loads for each suspension bar
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7.2 Simulation results

This section presents the results of various simulations that explore how changes in the
adhesive geometry affects the stress values. For each simulation, the minimum, maximum
and average stress of the adhesive values are presented, as well as an isometric an lateral
view of the stress distribution.

Two adhesive parameters will be investigated, namely adhesive length and adhesive
thickness.

7.2.1 Adhesive length simulation

The following simulations examine the stress distribution along the adhesive length, each
conducted with a different adhesive length setting. The first simulation focuses on an
adhesive length of 30mm, followed by the second simulation with a length of 45mm. The
third simulation explores the adhesive length set to 37.5mm.

The maximum, minimum and average results of the adhesive stress distribution for each
simulation are shown in table 6.

Equivalent Von-Mises Stress (Mpa)
Minimum Maximum Average
ADHESIVE 30 3.3736 41.913 20.882
LENGTH S 2.0554 47.332 20.389
{mm) 45 1.3294 44971 17.601

Table 6 Adhesive length simulations results

60




UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
C O M | |_ |_ A S GRADO EN INGENIERIA EN TECNOLOGIAS INDUSTRIALES

UNIVERSIDAD PONTIFICIA

— SIMULATIONS

EF-1-30
This simulation illustrates the stress distribution along the adhesive. This design has an
adhesive length of 30mm and an adhesive thickness of 0.3mm.

The results of this simulations are presented in figure 49 and figure 50.

B:EF-1-30

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

6/26/2024 7:54 PM

| 42.913 Max

3.3736 Min

0,000 5.000 10,000 (mrm)
B .

2,500 7.500

figure 49 Stress distribution for EF-1-30. Lateral view.

B:EF-1-30

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

6/26/2024 7:53 PM

3.3736 Min

0000 5.000 10.000 () - z/L X
I .

2,500 7.500

figure 50 Stress distribution for EF-1-30.Isometric view.
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EF-1-45
This simulation corresponds to an adhesive length of 45 mm and an adhesive thickness
of 0.3mm.

The results of this simulation are presented in figure 51 and figure 52.

C:EF-1-45

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1
6/26/2024 7:54 PM

50
44971 Max

10.665
1.3294 Min

0.000 10.000 20000 (mm) . 2 Z/L X
— —

5.000 15.000
figure 51 Stress distribution for EF-1-45. isometric view

CEF-1-45
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

6/29/2024 7:38 PM

1.3294 Min

0,000 5.000 10,000 (mrm)
I

2.500 7.500

figure 52 Stress distribution for EF-1-45. lateral view

62



UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
C O M | |_ |_ A S GRADO EN INGENIERIA EN TECNOLOGIAS INDUSTRIALES

UNIVERSIDAD PONTIFICIA

— SIMULATIONS

EF-1-37.5

This simulation corresponds to an adhesive length of 37.5 mm and an adhesive thickness
of 0.3mm.

Figure 53 and figure 54 presents the stress distribution for the previous design with
adhesive length equal to 37.5 mm and adhesive thickness equal to 0.3 mm.

D:EF-1-37.5

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1
6/26/2024 7:52 PM

47.332 Max

2.0554 Min

0.000 5.000 10.000 (mm) ZJ\ X
[ m—]

2500 7.500

figure 53 Stress distribution for EF-1-37.5. isometric view

D:EF-1-31.5

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Tirne: 1
6/26/2024 7:52 PM

47.332 Max

40
35
30
25
20
15
10

5
2.0554 Min

0.000 5.000 10.000 {mm)
I

2.500 7500

figure 54 Stress distribution for EF-1-37.5. Lateral view
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7.2.2 Adhesive thickness simulations

In this section, three different adhesive thicknesses—0.15 mm, 0.30 mm, and 0.60 mm—
are simulated to analyze their influence on the stress distribution along the adhesive. The

simulations presented in this section are the following:

- EF-2-45-0.15
- EF-3-45-0.6

The maximum, minimum and average results of the adhesive stress distribution for each

simulation are shown in table 7.

EF-2-45-0.

This simulation corresponds to the design number two, which has an end-fitting external
diameter of 11.70 mm and an adhesive thickness of 0.15 mm. The results of this

Equivalent Von-Mises Stress (Mpa)
Minimum Maximum Average
ADHESIVE 0.15 0.6307 48.354 16.546
THICKNESS 0.3 1.3294 44.971 17.601
(mm) 0.6 1.8628 44,699 14.37
Table 7 Adhesive thickness simulations results
15

simulation are shown in figure 55 and figure 56.

E: EF-2-45-0.15
Equivalent Stress
Type: Eq
Unit: MPa

6/26/2024 7:50 PM

0.6307 Min

uivalent (von-Mises) Stress

0.000

figure 55 EF-2-45-0.15 Stress distribution. Lateral view

10.000

20,000 (mm)
]
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-
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E:EF-2-45-0.15
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

6/26/2024 7:50 PM

50
S 48.354Max

20

. 35
1 30
{ 25
o
10
5

0.6307 Min

5.000 15.000
figure 56 EF-2-45-0.15 Stress distribution. Isometric view
EF-3-45-0.6

This simulation corresponds to the design number two, which has an end-fitting external
diameter of 10.40 mm and an adhesive thickness of 0.15. Figure 57 and figure 58 presents
the results for this simulation.

F:EF-2-45-0.6

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1
6/26/2024 7:37 PM

1.9628 Min

0,000 10.000 20,000 (rmrm)
I I 1

5.000 15.000

figure 57 EF-3-45-0.6. Lateral view
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F:EF-2-45-0.6

Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1
6/26/2024 7:38 PM

50

5
1.9628 Min

0.000 10.000 20.000 (mm) ZA X
— —

5.000 15.000

figure 58 EF-3-45-0.6. Lateral view

7.2.3 Testing boundary conditions simulation

In this simulation, the testing assembly, shown in figure 59 is modeled to achieve a
realistic correlation between simulation and actual testing. The goal is to know if there is
significant difference between considering the section wall of the carbon fiber as fixed
and simulate half of the assembly, simplifying the simulation and reducing the simulation
time.

figure 59 Testing assembly modeled in CAD

66



UNIVERSIDAD PONTIFICIA COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
C O M | |_ |_ A S GRADO EN INGENIERIA EN TECNOLOGIAS INDUSTRIALES

UNIVERSIDAD PONTIFICIA

— SIMULATIONS

EF-4-45

This simulation presents the Von-Mises stress distribution for the same design as
presented in EF-1-45, but with other boundary conditions. This simulation aims to
replicate the way the testing machine works. Table 8 shows the differences between the
values for the simplified model and the non-simplified one. Figure 60 and figure 61
illustrates a graphical representation of the stress distribution along the adhesive.

Minimum [Maximum |Average
EF-1-45 1.3294 44.971 17.601
EF-4-45 4.3596 41.721 18.291
Difference 3.0302 -3.25 0.69

Table 8 Differences between EF-1-45 and EF-4-45. Values in MPa

0.00 25.00 50.00(mm) I ZA X
— I i

1250

A: EF-4-45

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

Custom Obsolete

6/26/2024 800 PM

100

41.721 Max

4.3596 Min
0.95261

figure 60 Stress distribution for EF-4-45. Isometric view

A EF-4-45

Equivalent Stress

Type: Equivalent fvon-Mises) Stress
Unit: MPa

Time: 1

Custorn Obsolete

6/26/2024 8:00 FM

100

41.721 Max

30
25
20
15 1
10

4.3506 Mi

N _

v

.

0.00
L
1250

25.00

5000 (mm)
]
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figure 61 Stress distribution for EF-4-45. Lateral view
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7.2.4 Optimum design

EF-5-45

This

design is the non-testing end-fitting with adhesive length equal to 45mm and variable

adhesive length, which is increased at the edges to reduce peak stresses.

Table 9 presents the results for this simulation, showing the maximum, minimum and

average stress values within the adhesive. Figure 62 and figure 63 illustrate the stress
distribution view.

[ Tebular Data
| Time[s] [[¥ Minimum [MPa] [[v Maximum [MPa] [[v" Average [MPa]
1] 0.14691 8.884 5.8672

Table 9 EF-5-45 Simulation results

G:EF-5-45
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1
6/29/2024 6:01 PM

G: EF-5-45

8.884 Max
7.9133

0.14691 Min

0.000 10.000 20.000 (mm) Z/k X

figure 62 Stress distribution for EF-5-45. Isometric view

Equivalent Stress
Type: Equivalent (von-Mises) Stress

Unit: MPa
Time: 1

6/29/2024 6:01 PM

7.9133

11177

0.14691 Min

8.884 Max

figure 63 Stress distribution for EF-5-45. Lateral view
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7.3 Simulations conclusions

This section presents the conclusions of the simulation.
Influence of the adhesive length

Figure 64 and table 10 presents the results for the adhesive length simulation. offers a
visual representation of the stress distribution within the adhesive. It illustrates how the
stress distribution in the middle part significantly decreases as the adhesive length
increases. Additionally, the table shows that the peak stresses near the lateral faces remain
largely unchanged, indicating that increasing the adhesive length does not substantially
alleviate the peak stresses at the edges.

Equivalent Von-Mises Stess variation with the adhesive length

47.332

LTS R PRSIV NS 44,971
4 g
e
e 40 41913
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. .
5 15
10
3.3736
i 2.0554 13094
R T S *
i 2 4 5 B 40 42 44 46

Adhesive length (mm)

eMinimum ®Average @ Maxmum
figure 64 Equivalent Von-Mises Stress variation with the adhesive length

There is no significant difference between the stresses for adhesive lengths of 30 mm and
37.5 mm. However, a substantial difference is observed between the lengths of 37.5 mm
and 45 mm. As the adhesive length increases, the minimum stress value decreases,
following a linear relationship. In contrast, the average stress value shows a polynomial
distribution, with a notable reduction at 40 mm. The peak stress value follows a parabolic
distribution, reaching a maximum of 48 MPa.
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Simulation Adhesive Lateral view
name length (mm)
EF-1-30 30

EF-1-37.5 37.5

EF-1-45 45

Table 10 Adhesive length comparison. Visual representation

Adhesive thickness:

The adhesive thickness does have an influence on the stress distribution. Figure 65 depicts
how the minimum, maximum and average stress values evolve with the adhesive
thickness. Table 11 provides a visual representation of stress values for different adhesive
thickness.

For this design the most optimum adhesive thickness is combining 0.3 mm at the center
of the end-fitting and 0.6 mm at the edges to reduce peak stresses.

The minimum stress value shows a direct linear relationship with adhesive thickness.
Conversely, both the average and maximum stress values exhibit a parabolic relationship.
The average stress peaks at 0.3 mm and reaches its minimum at the 0.6 mm.

For this design the most optimum adhesive thickness is the combination of 0.3 mm at the
center of the end-fitting and 0.6 mm at the edges to reduce peak stresses.

The results obtained from this simulations do correlate with the work of Hipol in “analysis
and optimization of a tubular lap joint subjected to torsion” (HIPO84)[32], in which the
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author analyzes the stress gradient that occurs through the adhesive. The author concludes
that an excessively thick adhesive layer may introduce intolerable levels of flaws and

porosity.

Equivalent Von-Mises Stess variation with the adhesive thickness
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figure 65 Equivalent Von-Mises Stress variation with the adhesive thickness
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Table 11 Adhesive thickness comparison. Visual representation
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Boundary conditions simplification

The model can be simplified by assuming that the carbon fiber tube wall remains fixed,
allowing simulation of the adhesive behavior in just one end-fitting.

Table 12 illustrates that the minimum stress value does drastically increase when
simulating EF-4-45. However, the minimum stress value does not constrain this design
as long as it is under 10 MPa. The maximum stress value does get reduced, which is
beneficial for our design. Finally, the average value do slightly increase, however the
increase is in the lower values.

Figure 66 provides a graphical representation illustrating the differences in stress
distribution between EF-1-45 and EF-4-45. Table 12 presents the minimum, maximum,
and average stress values for these simulations, along with the differences between these
values.

figure 66 Boundary conditions simplification stress distribution

Minimum [Maximum [Average
EF-1-43 1.32594 44.971 17.601
EF-4-45 4.3596 41.721 18.291
Difference 3.0302 -3.23 0.69

Table 12 Differences between EF-1-45 and EF-4-45
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8. TESTING

Testing will be done to check the simulation accuracy. If the test correlates with the
simulation, the simulation can be verified and use the same parameters for further
projects.

The testing machine that will be used is the Ibertest Elib 20, shown in figure 67. This
electromechanical testing machine is specifically designed for tensile testing according
to ISO 6892, IS 1608, and EN 10002-1 standards.

L .
[

ibertest .o

figure 67 Testing machine used

Figure 68 illustrates the parameters selected for the test. A speed of 1 mm/min was chosen
to ensure a static test. The maximum load capacity of the load cell is 20,500 N.
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figure 68 Testing parameters

8.1 Testing results

Two test are done on EF-1-45. The testing specimen is connected to the machine by two
M6 steel pins. Figure 69 shows the machine preparation before testing.

figure 69 Testing machine preparation
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Figure 70 presents the results for the first test. It can be seen that the force and the stroke
of the test have a linear relation. The test ended when the machine reached 10705 N,
however the end-fitting remains adhered to the carbon fiber when reaching this force.

Figure 73 plots the results for the second test. The test finalized when 13012 N was
reached. The end-fitting remains again adhered to the carbon fiber when the test ended.

The testing assemblies after testing can be seen in figure 71 for the first test and in figure
72 for the second test.

WinTest32 (Céluls 20kN) - X
ccion Diagrama Opciones Ayuda  Salir

& IO 10 gl B~ 6B B Bl 3 15,7 7 B
Fuerza - Carrera a

® 023 Y SEE57

N
12086.0-w

60440

figure 71 First testing assembly after testing
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figure 73 Second testing assembly after testing

8.2 Simulation validation results

The tested suspension arm undergoes simulation with identical contour conditions, which
are fixed in one pin hole as shown in figure 74 and tensile load in the other pin hole,
represented in figure 75. The suspension arm is subjected to the load that caused the
carbon fiber tube to detach from the end-fitting, 13,012 N. The goal is to determine if the
simulation predicts adhesive failure at this load, validating the model.

The results of this simulation are presented in figure 76, in which the stress distribution
in the adhesive is plotted.
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figure 74 Fixed support
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figure 75 Force applied
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figure 76 Simulation correlation with testing
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8.3 Testing conclusions

The simulation results plotted in figure 76 indicates a maximum stress value of 44.839
MPa. However, this value is disregarded as it is considered an anomaly due to meshing
issues and does not correlate with the rest of the simulation results. The actual maximum
stress is found at the edge of the adhesive. As it can be observed in the plot, the maximum
stress is 32.315 MPa at one end-fitting and 27.416 MPa at the other end-fitting.

The maximum stress is very close to the maximum shear stress of 31MPa, meaning that
the model predicted the load at which the adhesive was going to fail.

When the suspension arm was tested one end-fitting failed at this load, while the other
remained adhered, as presented in figure 77. These results correlate with the experimental
testing, validating the accuracy of the simulation model.

figure 77 Suspension arm before testing
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9. FUTURE PROJECTS

This chapter outlines proposals for future projects to pursue:

1. Develop a computational code to calculate the maximum, minimum, and average
values of the Von-Mises stress distribution for this design with adhesive length and
adhesive thickness as variables.

2. Develop methodology to improve the bonding process ensuring concentricity between
the aluminum end-fitting and the carbon fiber tube and control the glue gap by using glue
rails and shim dots.

3. Use the information of this project to design the end-fitting of a carbon fiber rowing
paddle

4. Use the information of this project to design the end-fitting of a bicycle seat post with
a carbon fiber spaceframe.

5. Simulate the adhesive performance under fatigue loads and do testing to validate the
simulations.
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ANNEX | SUSTAINABLE DEVELOPMENT GOALS

The sustainable development goals are a calls for action by all countries to tackle climate
change and to improve education, health, reduce inequality.

This agenda was adopted by all United Nation Member States in 2015 and contains 17
Sustainable Development Goals (SDGs), which are shown in figure 78.
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figure 78 Sustainable Development Goals

Sustainable Development Goals aligned with this project

This project aligns with the objectives outlined in this section, which are shown in figure
79.

GOOD HEALTH QUALITY INI)USTRY INNI]VATIDN RESPONSIBI.E 13 CLIMATE
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figure 79 Alignment with the Sustainable Development Goals
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The manufacturing guide presented in this project takes the health and safety of the
manufacturer seriously, aligning with Objective Number 3, "Good Health and Well-
Being." Manufacturing a suspension arm as described in this work involves machining
carbon fiber and using structural adhesive. Machining carbon fiber generates dust
particles that pose serious health risks if they come into contact with the skin or are
inhaled, potentially causing long-term health problems, skin irritation, and respiratory
issues. It is crucial to take the necessary safety precautions when machining carbon fiber
(ikabon, 2023).

Structural adhesives also pose significant health risks when used inappropriately,
potentially causing skin and eye irritation, respiratory problems, and reproductive effects.
The adhesive manufacturer warns users with the CLP hazard symbols mentioned in figure
80 that using this adhesive can be hazardous to the ozone layer and can cause serious

health problems.

figure 80 CLP hazard symbols

=

Secondly, it aligns with goal number 4 “Quality education”. This project will serve as
a complete guide for future Formula Student team members, and contribute to their
education as engineers. To achieve quality education for all reaffirms the belief that
education is the most powerful vehicle for sustainable development.

This project clearly contributes to goal number 9 “ industry, innovation and
infrastructure”. This work focuses on creating a guide for designing and manufacturing
a suspension system, which have a direct implication in the motorsport industry, but the
results from this project can be used in a wide range of products where metal and
composites materials need to be joined. A clear example is the development of aircrafts
made of aluminum and composites. This work can also be used for the manufacturing of
carbon fiber rowing paddles.

Objective number 12, “Responsible Consumption and Production,” has a clear
influence on this project. Following the guide developed in this project will result in
reduced material consumption of metal and adhesives. Achieving economic growth and
sustainable development requires changing the way products are manufactured and
resources are consumed. Developing a simulation model that correlates with empirical
testing eliminates the need to test the suspension arm for every design iteration, drastically
reducing the consumption and production of the materials used and reduce waste.

Finally, it aligns with the objective number 13 “ climate action”, which follows the same
principle as the previous objective explained. Reducing adhesive usage and waste have
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an impact on our environment. Spain is experiencing drastic effects of climate change,
and Greenhouse emissions are more than 15% higher than in 1990. Global warming is
causing irreversible consequences in our country (demografico, 2024). figure illustrates
the Greenhouse emissions evolution in Spain through out the years measured in Mt of
CO2.

1990 2005 2008 2010 2013 2014 2015 @ 2016 2017 2018
2894 4434  413,0 3589 3247 3268 338,3 3269 3403 3343
MtCO2eq

figure 81 Greenhouse emissions in Spain per years in Mt CO2
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ANNEX Il DRAWINGS

This annex presents the drawings for the following designs:
- EF-1-30

- EF-1-37.5

- EF-1-45

- EF-2-45-0.15

-EF-3-45-0.60

-EF-5-45
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ANNEX Ill DATASHEETS

This annex presents the datasheet of:

- 3M DP420NS structural adhesive
- Carbon fiber tube provide by Clipcarbono
- Aluminum 7075 T6
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Atributos de puntos
Color B 234
Color G 234
ColorR 234
Shape factor 15
SIN List indicator (0-1, 1 = high risk) 0
Tangent modulus 1,19e3 MPa
Atributos de rango
Acoustic velocity 4,96e3 521e3 m/s
Al (aluminum) * 87,2 91,4 %
Bulk modulus 67 74 GPa
CO2 footprint, primary production (typical grade) * 7,89 9,21 kakg
CO2 footprint, primary production (virgin grade) * 12,7 14 kagkg

Sources

Estimated from sources including Voet van derand Cers, van, 2003, Hammond and Janes, 2008; Ecoinventv3.7.1; Norgat, Jahanshahi, Rankin,

2007; Tharumarajah and Koltun, 2007
CO2 footprint, recycling
Coarse machining CO2 (per unit wt removed)
Coarse machining energy (per unit wt removed)
Compressive strength
Cr (chromium)
Cu (copper)
Density
Elastic stored energy (springs)
Electrical conductivity
Electrical resistivity

Elongation

Embodied energy, primary production (typical grade)

Embodied energy, primary production (virgin grade)
Sources

* 2,44

* 0,152

* 2,02

* 460
0,18
1,2
2,77e3
1,46e3
32,5
5,1
2

* 110

* 180

2,69
0,168
2,24
530
0,28

2
2,83e3
1,94e3
338
5k

10

128
198

kagkg
kakg
MJ/kg
MPa

%

%
kg/m”3
kJ/m"3
%IACS
pjohm.cm
% strain
MJ/kg
MJ/kg

Estimated from sources including Institute for Prospective Technological Studies, 2005; Hekkert, 2000; Norgate, Jahanshahi, Rankin, 2007;
Hammond and Jones, 2008; Ecoinvent v3.7.1; Sullivan and Gaines, 2010; Dhingra, Overly, Davis, 1999; Fthenakis, Wang, Kim, 2009

Embodied energy, recycling

Extrusion, foil roling CO2

Extrusion, foil rolling energy

Extrusion, foil rolling water

Fatigue strength at 1077 cycles

Fe (iron)

Fine machining CO2 (per unit wt removed)
Fine machining energy (per unit wt removed)
Flexural modulus

Flexural strength (modulus of rupture)
Fracture toughness

Galvanic potential

* 31
* 1,57
* 20,9
* 10,5
152
0
*1,2
* 16
* 69
* 460
26,6
*-0,78

343
1,74
231
15,8
168
0,5

1,32
17,6
76

530
26,8
-0,7

MJ/kg
kag/kg
MJ/kg
I’kg
MPa
%
kag/kg
MJ/kg
GPa
MPa
MPa.m”"0.5
Vv

Los valores marcados con * son aproximaciones
ANSYS, Inc. provides no warranty for this data.
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Grinding CO2 (per unit wt removed)
Grinding energy (per unit wt removed)
Hardness - Brinell

Hardness - Vickers

Latent heat of fusion

Machining speed

Maximum service temperature
Mechanical loss coefficient (tan delta)
Melting point

Metal powder forming CO2

Metal powder forming energy

Metal powder forming water

Mg (magnesium)

Minimum service temperature

Mn (manganese)

Non-conventional machining CO2 (per unit wt removed)
Non-conventional machining energy (per unit wt removed)
Other

Poisson's ratio

Price

Price per unit volume

Recycle fraction in current supply
Roll forming, forging CO2

Roll forming, forging energy

Roll forming, forging water

Shear modulus

Si (silicon)

Specific heat capacity

Specific stiffness

Specific strength

Tensile strength

Thermal conductivity

Thermal distortion resistance
Thermal expansion coefficient
Thermal shock resistance

Ti (ttanium)

Toughness (G)

Vaporization CO2

Vaporization energy

Vaporization water

Water usage

Wire drawing CO2

Wire drawing energy

* 2,36
* 314
145
152
384
76,2
80
* 1e4
475
* 1,66
* 20,7
* 22,6
2,1
-273
0
* 11,6
* 155
0
0,325
* 5,94
* 1,65e4
42,8
* 0,796
* 10,6
* 6,09
26
0
913
24,6
164
530
131
5,51
229
266

9,38
* 1,16e3
* 1,55e4
* 6,46e3
* 1,08e3
* 5,83

2,61
34,8
165
168
393

100
0,002
635
1,83
229
339
29

0,3
12,8
171
0,15
0,335
8,02
2,27e4
473
0,879
11,7
9,13
28

0,4
979
27,2
189
580
137
59
241
317
0,2
10,3
1,28e3
1,71e4
9,69e3
1,19e3
6,44

kakg
MJ/kg
HB
HV
kJ/kg
m/min
°C

°C
kag/kg
MJ/kg
I’kg

%

°C

%
kakg
MJ/kg
%

EUR/kg
EUR/m"3
%

kag/kg
MJ/kg
I’kg

GPa

%
Jkg.°C
MN.m/kg
kN.m/kg
MPa
W/m.°C
MW/m
pstrain/°C
°C

%
kd/m”2
kag/kg
MJ/kg
I’kg

I’kg
kag/kg

Los valores marcados con * son aproximaciones
ANSYS, Inc. provides no warranty for this data.
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GRANTA EDUPACK

* 77,7 - 859 MJ/kg
Wire drawing water * 29,3 - 439 I’kg
Yield strength (elastic limit) 460 - 530 MPa
Young's modulus 69 - 76 GPa
Zn (zinc) 5,1 - 6,1 %

Datos de rangos funcionales

Comp. Young's modulus with temperature 73 - 803 GPa
Parametros: Temperature =23°C

) ] ' | : : i
of 7 T—— oo oo R
s 3 : : :
o v a : = i
> 3 1 | |
- — 60————I ——————————————————————————————— | e L i S S T
s3 ] a a i i i
£o a a a i i i
(&) E 1 | | : :
40 - ommmmmmn e ommmmmmn e bommmmmmomooee e N
-200 -100 0 100 200 300
Temperature (°C)
Compression strength with temperature Fuera de rango MPa
Parametros: Temperature =23°C
—~0B00F === T T T T T ]
SO | | | i i i
> | | | i i i
[ E 1 1 1 1 1
T i i i i
= O 0o N R L b e
w5 | | i i i
c = i ! i i i i
S a a = i i i
w I I 1 1 1
Q 1 1 1 1 1
7] i IS D mmmmem R NS N b mmeem | [
Q E 200 1 1 1 1
=0 i i | |
Q& ] : : : |
Ec ] : : : :
ox | i i i :
OF% of — — A — R — E— —
50 10 150 200 250 300
Temperature (°C)
Fatigue strength model (stress amplitude) 143 - 179 MPa

Parametros: Stress Ratio =-1, Number of Cycles = 1e7cycles

Los valores marcados con * son aproximaciones
ANSYS, Inc. provides no warranty for this data.
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10000 100000

1000

4004 ---

(edN) (epnyiidwe ssaus)
[opow yjbuais anbye4

Number of Cycles

1

Stress Ratio

MPa

Fuera de rango

Shear strength with temperature

=23°C

Temperature

Parémetros:

I
| shki iy e

T
1
I
I
I
1
I
I
1

L e LTS

r————————————

400 -~

00 ----------
00 ----------
0

Amn__ws m..:wm..mg&ﬁ
yipm yjbuauls teays

Temperature (°C)

MPa

557

557

Tensile strength with temperature

=23°C

Temperature

Parametros:

Los valores marcados con * son aproximaciones

ANSYS, Inc. provides no warranty for this data.



Aluminum, 7075, T6 Pagina 5 de 11

\nsys

GRANTA EDUPACK

400

0

2004 --

Amms_v muBEngﬁ
yyum yjbuauys ajisuaj

Temperature (°C)

Wim.°C

146

146

Thermal conductivity with temperature

=23°C

Temperature

Parémetros:

B el R e T e
1
1
]
I

100+ ---------

ainjesadwal yjm
AjIA13ONpUOD JewIBYy |

Temperature (°C)

MPa

Fuera de rango

Ult bearing strength with temperature

=23°C

Temperature

Parametros:

Los valores marcados con * son aproximaciones

ANSYS, Inc. provides no warranty for this data.
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04--=--==——=--

Amn_s_vw._:am._wa_:ﬁ yim
yjbuauys Burieaq }n

Temperature (°C)

MPa

Fuera de rango

Yield bearing strength with temperature

=23°C

Temperature

Parémetros:

——— e e e
T

| 2 e e R

1
1
1
1
1
1
1
1
1
1
1
1
T
1
1
1
1
1
1
1
1
1
1
1
1
1
-

150

Temperature (°C)

1 1

1 1

1 1

1 1

1 1

1 1

1 1

1 1

1 1

1 1

! !

T T T T T T
o o
o
7o)

Am.ﬂ_s_v ainjesadwal yjm
yjbuaiys Bulieaq plaip

000 ----------

100

50

MPa

499

499

Yield strength with temperature

=23°C

Temperature

Parametros:

Los valores marcados con * son aproximaciones

ANSYS, Inc. provides no warranty for this data.
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GRANTA EDUPACK

IIIIIIIIIIIIIIIIIIIIIIIIIIII [ —

e e S R
400

|
i
30

i
0

I N~ = = T T I T T T T ] [ o [ ]
e L e e e e ittt BT

I e e LT R e e L S et T
|
i
100

004 --
ooé———
00 --

od--

Nomn_s_v M._BEMQEE
ysm yibuans pjaiA

Temperature (°C)

GPa

76,6

69,6

Young's modulus with temperature

=23°C

Temperature

Parémetros:

B T B L |

———mm e, e e e

1
1
1
1
1
1
1
-4

SR S P

Amom_wv m..:mEmQEma
Y}IM snjnpow s,6uno )

Temperature (°C)

Datos de puntos funcionales

Fatigue S-N curve

MPa

160

=-1

=1eT7cycles, Stress Ratio

Number of Cycles

Parémetros:

Los valores marcados con * son aproximaciones

ANSYS, Inc. provides no warranty for this data.



\nsys Aluminum, 7075, T6 Pagina 8 de 11

GRANTA EDUPACK

T‘; i i i i i i Stress Ratio
o ' : : : : A B
b : | | | | : -0
Dt 1 r *: i ] aos
g : : : : : :
5 a i = i i a
O oot ; : : : :
z* : | : | a
» ! l ! l i
() | | . | '
S5 ] : : | . |
O)100- ] ] ] } 1 i
= : | | | : '
© : | | | | :
L : | : : : :
1 OIOO 1 O(I)OO 1OOIOOO 1<|36 1 (Ie7 1<|38
Number of Cycles (cycles)
True phstc stress-strain Fuera de rango MPa

Parametros:  Strain =0,1% strain, Temperature =23°C

Temperature (°C)
-&- 19,9°C
-#- -78,2°C
-d- -196 °C

0 e S -- -253°C

True plastic
stress-strain (MPa)

600~~~

Y Y N R B S

O e

1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1

LI L B L N L B L B N
6 8

Strain (% strain)

12

-
o

Atributo logico
Biodegrade

Combust for energy recovery
Downcycle

Included in Materials Data for Simulation
Landfill

Recycle

LSS S XX

Atributos discretos
Base material Al (Aluminum)
Contains >5wt% critical elements? Yes

Flammability Non-flammable

Los valores marcados con * son aproximaciones
ANSYS, Inc. provides no warranty for this data.
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Galling resistance (adhesive wear)

Notes

Limited use

Aluminum alloys perform poorly when self-mated but can be processed without galling when mated with steels.

Generic material class
Magnetic type
Material family

Metal casting

Metal cold forming
Metal deep drawing
Metal hot forming
Metal press forming
Organic solvents
Oxidation at 500C

Stress corrosion cracking
Notes

Strong acids

Strong alkalis
Transparency

UV radiation (sunlight)
Water (fresh)

Water (salt)

Weak acids

Weak alkalis
Weldability

Notes

Atributos de texto corto

Condition

EN name

EN number

Materials Data for Simulation name

Record History GUID
UNS number

Metal (non-ferrous)
Non-magnetic
Metal (non-ferrous)
Unsuitable
Acceptable
Acceptable
Excellent
Acceptable
Excellent
Unacceptable

Highly susceptible

Rated in chloride; Other susceptible
environments: Halide, water

Excellent
Unacceptable
Opaque
Excellent
Excellent
Acceptable
Excellent
Acceptable

Poor

Due toits susceptibility to stress corrosion cracking,
welding should be extremely limited.

T6 (Solution heat-treated and artificially
aged)

ENAW-7075 (EN AW-Al Zn5,5MgCu)

3.4365

Aluminum alloy, wrought, 7075, T6
C0692C05-6DC1-4E58-8271-DC5D9815018B
A97075

Atributos de texto largo

Compositional summary

AI87-91 /Zn5.1-6.1 / Mg2.1-2.9 / Cu1.2-2 / Cr0.18-0.28 (impurities: Fe<0.5, Si<0.4, Mn<0.3, Ti<0.2,
Other<0.15)

Designation

Aluminum, 7075, T6, wrought

Keywords

Los valores marcados con * son aproximaciones
ANSYS, Inc. provides no warranty for this data.
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0.7075 to CSAHA.4;0.7075 to CSA HA.5; 0.7075 to CSAHA.7; 0.7075 to CSAHA.8; 17411 to NS 17411; 1950;
2L..88 to BS 2L..88; 3.4365; 3.4365/AlZnMgCu1.5 to DIN 1725-1; 3.7552.00/AIZnMgCu0.5;
3.7553.00/AIZn5MgCu1.5 to JUS C.C2.100; 424222; 7075; 7075 to AS 1865; 7075 to AS 2848.1; 7075 to ASTM
B209M; 7075 to ASTM B210M; 7075 to ASTM B211M; 7075 to ASTM B221M; 7075 to ASTMB241M;7075 to
ASTM B247M; 7075 to ASTM B316/B316M; 7075 to COPANT 862; 7075 to NF A50-411; 7075 to NF A50-451;
7075AIclad to CSAHA4; 7175; 76528 to IS; A-Z5GU(7075); A7075BD to JIS H4040; A7075BE to JS H4040;
A7075FD to JIS H4140; A7075FH to JIS H4140; A7075P to JIS H4000; A7075S to JIS H4100; A7075TD to JIS
H4080; A7075TE to JIS H4080; AlZn5.5MgCu to ISO 209-1; AlZn6Mg2Cu; AZn6Mg Cu; AlZn6MgCuMn;
AlZnMgCu1.5 to ONORM M3430; Alcan 75S; Alcan 75S Alclad; Acoa 7075; Baw 7075; EN AW-7075 (EN AW-Al
Zn5.5MgCu); EN AW-7075 to CEN EN 573-3; Noral M75 S; Perunal-215; UNS A97075; V95

Other notes

Prices of Aluminum alloys fluctuate greatly and are dependent on batch size, unit size, forming methods, etc.

Standards with similar compositions

- Australia:

7075 to AS 1865, 7075 to AS 2848.1

- Austria:

AlZnMgCu1.5 to ONORM M3430

- Canada:

0.7075 to CSAHA4,0.7075 to CSA HA.5, 0.7075 to CSAHA.7,0.7075 to CSAHA.8,7075Aldad to CSA HA 4
- Europe:

ENAW-7075 to CEN EN 573-3

- France:

7075 to NFA50-411, 7075 to NF A50-451

- Germany:

3.4365/AIZnMgCu1.5 to DIN 1725-1

- India:

76528 to IS

- International:

AlZn5.5MgCu to ISO 209-1

- Japan:

A7075BD to JIS H4040, A7075BE to JIS H4040, A7075FD to JIS H4140, A7075FH to JIS H4140, A707 5P to JIS
H4000,A7075S to JIS H4100, A7075TD to JIS H4080, A7075TE to JIS H4080
- Norway:

17411 to NS 17411

- UK:

21..88 to BS 2L..88

- USA:

7075, 7075 to ASTM B209M, 7075 to ASTM B210M, 7075 to ASTM B211M, 7075 to ASTM B22 1M, 7075to ASTM

B241M, 7075 to ASTM B247M, 7075 to ASTM B316/B316M, UNS A97075
- Venezuela:

7075 to COPANT 862

- Yugoslavia:

3.7553.00/AlZn5MgCu1.5 to JUS C.C2.100

Tradenames

Alcoa; Perunal

Typical uses

Aircraft structures & other components, weapons, bolts, sporting goods, mobile/cell phones, smart phones,
laptops, tablets, computers, smart watches, fitness trackers, VR headsets, gaming consoles, electric cars, hybrid
cars

Los valores marcados con * son aproximaciones
ANSYS, Inc. provides no warranty for this data.
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Enlaces

MMPDS equivalent alloys
MMPDS similar alloys
ProcessUniverse
Producers

Reference

Shape

Los valores marcados con * son aproximaciones
ANSYS, Inc. provides no warranty for this data.
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Descripcién

Tubos huecos realizados con fibra de carbono y resina epoxy.

Aplicaciones

Las tubos estan realizados para aplicarlos en diferentes sectores y a diferentes productos,

tanto en trabajos estructurales como estéticos.

Tabla de agentes quimicos

Aceite caliente, diesel Acido sulfuarico < 5% 0 | Glicol 0
Aceite crudo Acido tanico diluido < 7% + | Grasas. aceites y ceras +
Aceite de creosota (Ac. alquitran) - | Agua clorada + | Hidrocarburos alfaticos (derivados de aceite crudo) +
Aceites crudos y derivados + | Alcalis (materiales basicos) + | Hidrocarburos aromaticos (benceno, tolueno, xileno) | -
Aceites impregnados + | Alcohol amilico + | Hidréxido calcico +
Aceites minerales + | Alcohol butilico + | Hidréxido de bario +
Aceites, vegetales y animales| + | Amil acetato + [ Hidréxido de magnesio +
Acetona 0 | Amoniaco + | Hidroxido potasico 0-20% +
Acido ftalico, anhidrico ftadlicd + | Anhidrido sulfuroso + | Hidroxido sédico <20% (sosa caustica) 0
Acido acético diluido < 5% + | Bafos de cromo + | Lechada de cal +
Acido bronhidrico <10% + | Benzol etilo (Etilbenceno) - | Metanol (Alcohol metilico) <85% 0
Acido carbdlico (fenol) - | Alcohol etilico 0 | Naftaleno -
Acido clorhidrico < 10% + | Bicarbonato sédico (sodio hidrogenocarbo) | + | Nafteno -
Acido clorhidrico 10-20% + | Butil acetato + | Parafina +
Acido cloroacético - | Carbonato sédico (soda) + | Percloroetileno 0
Acido clorosulfénico - | Cloroformo (triclorometano) 0 | Peréxido de hidrégeno < 30% +
Acido creosdlico - | Cloruro sédico (sal cocina) + | Petroleo (92-100 octanos) +
Acido crénico Etanol < 85% (alcohol etilico) 0 | Potasio carbonato +
Acido fluarhidrico diluido Etil eter + | Solucién potasa caustica +
Acido foérmico > 10% - | Gases de combustién + | Tolueno -
Acido fosférico <5% + | Gasoil + [ Trementina +
Acido humico + | Glicerina + | Tricloroetileno 0
Acido maleico + | Sulfuro de carbono + [ Xileno -
Acido nitrico < 5% 0 | Tetracloruro de carbono (tetraclorometano) | + | + = Resitente //0 = Resistencia limitada

Acido oxcilico < 25% + | Tetralin (tetrahidronaftaleno) 0 | - =No Resistente

Oficina: Calle Rego do Campo N° 15, 15320 As Pontes A Corufa Spain. contacto@clipcarbono.com
www.clipcarbono.com




Caracteristicas generales

Estas tablas se refieren a sélo dos de las muchas posibles orientaciones de las fibras. La mayoria de los
componentes estan hechos usando combinaciones de los materiales anteriores y las orientaciones de
las fibras esta dictadas por los requisitos de rendimiento del producto. ClipCarbono puede ayudar en
el diseno de los componentes cuando sea requerido.

Oficina: Avenida de Lugo N°20, 15320 As Pontes A Corufia Spain. contacto@clipcarbono.com
www.clipcarbono.com



Caracteristicas generales

Exencién de responsabilidad:

Estas tablas son para referencia / informacion, en ningun caso son una garantia de rendimiento. Se
pretende exclusivamente facilitar informacién genérica a efectos comparativos ya que cada pieza
fabricada van a sufrir variaciones. El usuario debe de evaluar la idoneidad de cada producto para su
aplicacion en concreto.

Angulos de las fibras: "Las fibras se pueden colocar en cualquier angulo dentro del tubo, con diferentes
capas en diferentes angulos para resistir las diversas cargas internas y externas aplicadas. Los tubos rara
vez se hacen con todas las fibras a 0 ° 0 a 90 ° ya que de hacerlo asi se dividirian facilmente. este proble-
ma de division es el que presentan los tubos fabricados por pultrusién.

Las aplicaciones principales segun los angulos serian:

0 Grados (Axial)
Son tubos resistentes a la flexién longitudinal y axial de traccién / compresion

90 Grados (Arco)
Resisten la presion interna / externa y ayudan a los tubos a mantenerse redondos, consolidando los
tubos fabricados por arrollamiento.

+ 45 grados
Es el angulo de la fibra ideal para resistir la torsién pura.”

Tipos de fibras:

"Un tubo estd compuesto de varias capas, el tipo de fibra y el angulo para cada capa estd dispuesta
para dar las propiedades mecdanicas globales requeridas por la aplicacién.

(Las propiedades que figuran a continuacién son para materiales compuestos hechos de fibras unidi-
reccionales y resina epoxy)

Fibra de vidrio,
Una fibra de bajo coste con buena resistencia, pero relativamente baja rigidez y alta densidad.
Resistencia a la rotura 1.0 GPa, Modulo (Ex) 40 GPa, Densidad 1,99/ cc

Fibra de aramida,

Comercialmente nombrado 'Kevlar' o 'Twaron;, las fibras de aramida tienen una excelente resistencia a
la traccidn, casi dos veces mas rigida que la fibra de vidrio y mas ligera, pero a menudo tiene que ser
combinada con otras fibras para lograr resistencias a la compresidn aceptables.

Mecanizarla es un gran problema debido a su tenacidad y resistencia al corte.

Resistencia a la rotura 1.3 GPa, Modulo (Ex) 75 GPa, Densidad 1,4 g/ cc

Fibra de carbono,

Tiene una muy buena combinacion de fuerza con rigidez. Con un médulo especifico de 92, més de tres
veces superior al del metal (acero, titanio y aluminio tienen practicamente el mismo en torno a 25)
Resistencia a la rotura 1,5 Gpa, Médulo (Ex) 130 GPa, Densidad 1,6 g / cc"

Oficina: Avenida de Lugo N°20, 15320 As Pontes A Coruna Spain. contacto@clipcarbono.com
www.clipcarbono.com



Caracteristicas generales

Ensayo tipo sobre tubo 100% fibra de carbono (0°/ 90°) 20x18 mm.
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Caracteristicas generales

Ensayo tipo sobre tubo 100% fibra de carbono (0°/ 90°) 20x18 mm.
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3M
Adhesivo Epdxico Scotch-WeldMR

DP-420 Negro

Ficha Técnica

Descripcion Caracteristicas

Es un adhesivo de alto desempefio, compuesto
de dos partes, que ofrece una resistencia
superior al cizalle y al descascarado, y altos
niveles de duracion.

« Alta resistencia al cizalle

« Alta resistencia al descascarado

« Desempefio ambiental sobresaliente
 F4cil de mezclar

* Flujo controlado

» Tiempo de trabajo 15-30 minutos

» Negro para calce de color y visibilidad

Caracteristicas Fisicas antes Caracteristicas Térmicas Tipicas de
del Curado Curado

foelerador
140,000 cps 19,500 cps
EpoIca Am e 3
Mego ambar RRY ; i Sobre Tg
1425 1.02
Woalimen FH]
Pegn 2:0.87

Eajo Tg 0.0000%

o.ooo1a4

Tiarnpo 'da Traba
15 miivtos
20 mle vtz
A0 miv oz

288 ualtzim |1

257 1.6 % A0ME ohm -cm




Scotch-WeldMR DP-420 Negro

Instrucciones de Uso

DP-420 negro en cartuchos Duo-Pack con
jeringas plasticas duales para ser usadas con el
sistema aplicador 3MMR EPXMR_ |os cartuchos
Duo-Pack estan disponibles en 37 ml, 200 ml y
400 ml. Para usar el cartucho de 37 ml
simplemente inserte el cartucho Duo-Pack en el
aplicador EPX y encienda el desatascador dentro
de los cilindros haciendo presion ligera sobre el
gatillo. Luego, remueva la punta protectora del
cartucho Duo-Pack y expela una pequefa
cantidad de adhesivo para asegurarse que
ambos lados del cartucho estan fluyendo pareja y
libremente. Si se desea mezclado simultdneo de
la parte A y B, coloque la jeringa de mezclado
EPX al cartucho Duo-Pack y comience a
dispensar el adhesivo.

Con cartuchos neumaticamente aplicados de 200
ml, 400 mly 37 ml, la jeringa debe estar colocada
antes de dispensar cualquier material para
prevenir que el adhesivo no mezclado se
introduzca en el sujetador del aplicador de
cartuchos. Una pequefia cantidad de material
deberia desecharse hasta que se logre
consistencia, color uniforme y flujo parejo.
Cuando mezcle la parte A y la parte B
manualmente, los componentes deben ser
mezclados en la relacion indicada en la seccién
“Caracteristicas Fisicas antes de Curado” de esta
ficha técnica (pg 1). Una mezcla completa de los
dos componentes es requerida para obtener
propiedades Optimas.

Equipos de mezclado/dispensado/proporcionado
de dos partes estan disponibles para uso
intermitente o para produccién en linea. Estos
sistemas son ideales para produccion en linea
debido a su tamafio de disparo y flujo variable.
Son adaptables a la mayoria de las aplicaciones.

Preparacion de la Superficie

MEK/Abrasién/MEK

Limpie la superficie con un estropajo empapado en
metil etil ketona (MEK), gaste con Discos de Pulido
3M Scotch-Brite y limpie con un estropajo
empapado en MEK. Permita que el solvente se
evapore antes de aplicar el adhesivo.

Nota: Cuando use solventes, extinga todas las
fuentes de ignicién y siga las instrucciones y
precauciones de uso de los fabricantes.

Caracteristicas Tipicas de
Desempefio del Adhesivo

Sustratos y Pruebas
A. Cizalle de Traslapes (ASTDM 1002-72)

Las fuerzas de cizalle de traslapes (FCT) fueron
medidas sobre muestras de 2.54 cm de ancho, con
un traslape de 1.25 cm. Estas uniones fueron
hechas individualmente usando piezas del sustrato
(2.54 cm x 10.16 cm) excepto para el aluminio. Dos
paneles (1.6 mm de espesor, 10.16 cm x 17.8 cm)
de aluminio revestido 2024 T-3 fueron unidos y
cortados en muestras de 2.54 cm de ancho después
de 24 horas. El espesor de la linea de unién fue
entre 1.3 mmy 1.63 mm. Todas las fuerzas fueron
medidas a 23°C excepto cuando se mencione lo
contrario.

La tasa de separacion de las mandibulas de prueba
fue 2.54 mm por minuto para los metales, 50.8 mm
por minuto para plasticos y 508 mm por minuto para
gomas. El espesor de los sustratos fue: acero - 1.5
mm; otros metales - 1.27 mm a 1.63 mm; gomas -
3.2 mm; plasticos- 3.2 mm.

B. T-peel (ASTM D 1002-72)

Las fuerzas de descascarado fueron medidas sobre
uniones de 2.54 cm de ancho a 23°C. La tasa de
separacion de las mandibulas de prueba fue 508
mm por minuto. Los sustratos tenian un espesor de
0.8 mm.

C. Ciclo de Curado

Con excepcién de la tasa de pruebas de fuerza de
levantamiento, todas las uniones fueron curadas
durante 7 dias a 23°C y 50% de humedad relativa
antes de la prueba o sometidas a aquellas
condiciones o envejecimiento ambiental.



Scotch-WeldMR DP-420 Negro

Aluminio, Cizallede Tradape, a
Temperatura (PSl)

Temperatura

-55°C

23°C

82°C (15 min) (1)

(30 min) (2)

(60 min) (1)

(4 hr) (1)

121°C (15 min)

(1) Representa el tiempo en la cdmara del horno
de prueba antes de la prueba que se describe.

Metales, Cizallede Trasape @ 23°C (PSl)

Grabado al Agua Fuerte

Aluminio
Oakite Degrease

MEK/Abrasion/MEK
Acero MEK/Abrasién/MEK
Enrollado

Cobre
Laton
Acero

Inoxidable
Acero

Galvanizado

MEK/Abrasion/MEK
MEK/Abrasion/MEK

MEK/Abrasion/MEK

Hot Dipped
Electrodepositado

Otros Sustratos, Cizallede Traslape, @
23°C (PSl)

Sustrato

Prep. Superficie 1 Prep. Superficie 2

ABS 450 600
PVvC 525 500
Policarbonato 510 500
Poliacrilico 210 350
Poliestireno 450 450
FRP 700 1750
Phenolic 1400 (3) 1500 (3)
Acero/SBR 110 100
Acero/Neopreno 75 100 (3)

1 Limpieza con alcohol isopropilico.

2 Alcohol isopropillico/Abrasién/Alcohol Isopropilico

3 Falla del sustrato

Resistencia Ambiental

Ambiente Condiciéon

23°C /50% HR 30 dias

Agua Destilada

Vapor de Agua

Anticongelante/H2
O (50/50)

Alcohol
Isopropilico

MEK

Sal en Spray (5%)

Skydrol LD-4

30 dias 4200
49°C/100% HR, 30 dias 4000
93°C/100% HR, 14 dias 3000

82°C, 30 dias inmerso 3000
23°C, 30 dias inmerso 4500
23°C, 30 dias inmerso 3500

35°C, 30 dias 2800
66°C, 30 dias inmerso 4000

Para mayor informacion:

Centro de Atencion al Consumidor

600-300-3636_ =

E-mail: atencionconsumidor@3m.com
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