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Abstract 
 

RUAG Space in Linköping is the world’s biggest supplier of adapter structures and separation 

systems for satellites. The purpose of an adapter structures is to provide some means by 

which the satellite can be attached to the rocket. Some of the adapters are made from 

carbon fiber reinforced plastic and the object of this thesis is to investigate alternative 

production methods and to construct and test a prototype adapter made with chosen 

method.  

The selected method (vacuum bag only) was used to manufacture a prototype between the 

diameters 298 mm and 437mm with a height of 104 mm using VTM264 epoxy reinforced 

with 5HS (3K) 283 g/m2 carbon fiber weave supplied by CYTEC Ind. Materials. The adapter 

prototype was designed and simulated using Nastran Software and the lay-up chosen so that 

it could support a 200 kg satellite mounted 450 mm above the upper edge of the adapter.  

Several test plates were manufactured using an identical matrix but a different weave to 

establish cure characteristics and optimal design of the edge dams so that the void content 

could be kept at a minimum. The best edge-dam design was found to consist of general 

sealant, unperforated film and woven glass fiber. The finished adapter prototype was 

determined to have a fiber volume fraction of 49.7 % and a void content of roughly 1.5-2 % 

in the radii and 0.5% in the flat areas which is not far from the current material which 

tolerates voids up to 0.5%. The adapter also showed a slight thickening effect in the concave 

radius and a thinning effect in the convex; these were expected and are also present to 

some extent in current structures.  

The adapter was installed in the testing rig where it was exposed to some of the loads 

representing the design criteria used. The test loads were increased all the way to failure 

and the fatal load in a combined (compressive and lateral) load was determined to be 

roughly 87 kN which is several times above the required load limit.  

The material was also tested in respect to ILSS and 4-point bending at Exova in Linköping 

where the initial results show a 9.7 % increase in interlaminar shear strength and a 28.5% 

decrease in flexural strength compared to current material 

Overall the results are very promising, indicating a high potential in the selected method. 

However, further studies should be performed to optimize the manufacturing method and 

more extensive tests should be carried out on more material systems.  
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Sammanfattning 
 

RUAG Space i Linköping är världens största leverantör av adapterstrukturer och 

separationssystem för satelliter. Adapterstrukturens uppgift är att agera fästanordning 

mellan satellit och raket. Syftet med detta arbete är att undersöka alternativa 

tillverkningsmetoder samt att tillverka och testa en adapterprototyp med vald metod. 

Den valda metoden (vakuum härdning) användes för att tillverka en adapter mellan 

diametrarna 298 mm och 437 mm med en höjd av 104 mm från VTM 264 epoxi förstärkt 

med 5HS (3K), 283g/m2 kolfiberväv införskaffad från CYTEC Ind. Materials. Adaptern 

designades och simulerades med hjälp av Nastran och upplägget valdes så att adaptern 

skulle kunna bära en satellit med vikten 200 kg positionerad 450 mm ovanför den övre 

adapterflänsen.  

Flera testlaminat tillverkades med en identisk matris men med en annan väv för att 

undersöka härdningsbeteende samt för att kunna optimera kantdamsdesignen så att 

porositeten i materialet hölls till ett minimum, de bästa kantdammarna bestod av 

tätningstejp, operforerad plast och glasfiberväv. Den färdiga adaptern hade en fiberhalt på 

49,7 % och en porositet på ca 1,5-2 % i radierna och ca 0,5 % i de plana ytorna vilket inte är 

mycket högre än nuvarande material som tolererar en porositet på ca 0,5 %. Adaptern 

visade även en lätt förtunningseffekt i den övre radien samt en förtjockning i den nedre, 

dessa effekter var väntade och existerar även till en viss mån i nuvarande strukturer.  

Adaptern testades även i en test rig där den utsattes för några av de laster som en adapter 

av den storleken är utformad att stå emot. Dessa tester fortsatte fram till att brott uppstod i 

adaptern. Den fatala lasten visade sig vara ungefär 87 kN vilket är flera gånger över 

lastkraven. 

Materialet testades även med respekt till ILSS och 4-punktsböj vid Exova i Linköping där 

preliminära resultat visar en ökning i interlaminär styrka med 9,7 % och en sänkning i 

böjhållfasthet med 28,5 % jämfört med nuvarande material. 

I överlag så är resultaten väldigt lovande vilket indikerar en stor potential i den valda 

metoden. Dock så bör fler tester utföras för att optimera tillverkningsmetoden samt att mer 

utförliga materialtester bör utföras på fler material. 
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LVDT  Linear variable displacement transducer 

MS  Margin of safety 

PAS  Payload adapter system 

ROM  Rule of mixtures 

RT  Room temperature 

UD  Unidirectional 

VBO  Vacuum bag only 
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Notations 
 

𝜀  Strain 

𝜎  Stress 

𝜌  Density 

𝜈  Poisson’s ratio 

[𝐴𝑖𝑗]  Membrane stiffness matrix 

[𝐷𝑖𝑗]  Flexural stiffness matrix 

[�̅�𝑖𝑗]  Lamina stiffness matrix 

[𝑇]  Transformation matrix 

𝐴  Cross sectional area 

𝐸  Elastic modulus 

𝑓  Frequency 

𝐹𝑠  Spring force 

𝐺  Shear modulus 

𝐾  Shear coefficient 

𝐿  Length 

𝑚  Mass  

𝑀  Moment 

𝑀𝑓  Mass fraction 

𝑁  Force 

𝑇  Temperature 

𝑉𝑓  Volume fraction 

𝑧  Distance between center of lamina and laminate 
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1. Introduction 

1.1 Background 

Since the launch of the first Sputnik satellite in 1957 the aerospace industry has expanded 

and space missions are no longer reserved for a select few governments or countries. 

Today’s market allows more or less anyone with enough money to send something into 

orbit. That said, going into space is still an expensive endeavor and new technological 

challenges arise constantly when the industry tries to go further, cheaper or use more 

sophisticated equipment than before.  Because of the deep complexity involved, there are 

very few companies (if any) which control the whole production from concept to launch, 

instead they rely on subcontractors who have specialized in a certain domain. RUAG Space is 

no different and whilst the company as a whole are involved in a variety of space related 

equipment (from fairings to antennas and more), the specialization of the Linköping office is 

the design and manufacture of launcher adapters, satellite separation systems, satellite 

structures and sounding rocket guidance systems.  

 

The focus of this thesis is the launch 

vehicle adapter (LVA) seen in the middle 

of Figure 1. The adapter structure is a vital 

part of a satellite mission; its main task is 

to provide some means by which the 

satellite can be attached to the rocket 

structure as well as to accommodate the 

separation system which enables the 

satellite to free itself from the rocket upon 

reaching orbit.  

The LVA is usually a carbon fiber and 

epoxy structure. But it may also be made 

from aluminum or a combination of the 

two. The size of current payload adapter 

systems (PAS) can range from 360 to 2600 

millimeters in diameter and currently 

RUAG Space AB produces payload adapter 

systems for the Ariane, Atlas, Delta, Sea 

Launch, Proton as well as a variety of 

other rocket systems.  

  

Figure 1. Complete PAS, with both the LVA and the 
separation system.  

Source: http://www.RUAG.com/PLE-Brochure-Payload-

Adapter-and-Separation-Systems 
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1.2 Problem 

The carbon fiber LVAs that RUAG sell today are manufactured using autoclave technique and 

it is desirable to investigate alternative manufacturing methods that are cheaper and/or 

more efficiently.  

 

1.3 Objective 

The purpose of this study is to investigate the different available options for out-of-

autoclave manufacturing of the LVA. The additional goals of this thesis can, in short, be 

summarized by the four points below. 

- Design and analyze a numerical model of the intended product in Nastran 

- Produce a prototype LVA with the new manufacturing method. 

- Perform mechanical tests to establish new material properties. 

- Design and perform static load test to verify numerical model of the prototype. 

 

1.4 Scope 

To keep this project within its intended time frame it has been decided to only consider 

options which use the same type of material as current production method (prepreg). 

Besides narrowing down manufacturing options the other benefit of this limitation is that it 

will make the best of use of existing knowledge that RUAG already possesses regarding 

composite manufacturing. Another limitation is that no attention has been paid to mold 

manufacturing. It is widely acknowledged that mold preparing is a big cost for low series 

products and consequently cost-saving benefits could be achieved by changing the mold 

material but it has been deemed to be outside the scope of this report. Thus the work of 

constructing an appropriate mold has mainly been performed by RUAG supervisor Stefan 

Brick and colleagues.  

Additionally, the characterization and mechanical tests performed were also kept at a 

minimum to reduce the time required (and to keep the project within budget) and the 

results thereof should perhaps be more considered as indicative values rather than definite. 
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2. Literature review 

2.1 Introduction 

Whilst composites might seem like a foreign and new word to many, any material consisting 

of two or more distinct parts would fall into this category and these types of materials have 

been around for centuries. A typical example which is mentioned in many books on the 

subject is the mud houses constructed by early civilizations in Africa. This straw reinforced 

mud is technically speaking not that different from contemporary material except that we 

use (e.g.) carbon fiber, epoxy thermosetting resin and advanced manufacturing techniques 

to push material performance further. The advantages of composites are their high 

mechanical performance combined with a low weight and the possibility to tailor 

performance according to requirements. The following section will describe the current 

manufacturing technique as well as alternative manufacturing methods that have been 

considered in order to fulfill the objectives of this thesis.  

 

2.2 Prepregs 

As mentioned in the scope section (section 1.4) this report only evaluates composites 

manufactured from prepregs. Prepreg is short for pre-impregnated and the term is used to 

describe a type of composite construction material that consists of either unidirectional 

(UD)-tape or fabric impregnated with uncured resin. Prepregs are usually delivered in rolls 

which are kept below freezing temperature (typically -18°C) to prevent unintentional curing. 

These rolls are thawed before being unrolled, cut into shape, placed on a mold and cured to 

desired shape. The greatest advantages of prepregs are their ease of use and manufacture. 

The disadvantages are the limited shelf life and need for frozen storage. Figure 2 below 

shows an example of a prepreg in tape format.  

 

Figure 2. Panex 35 UD prepreg tape from Zoltek.  
Source: http://www.zoltek.com/products/panex-35/prepreg/ 
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2.3 Conventional autoclave technique 

When it comes to producing high quality composite components from prepregs, autoclave 

has been the method of choice for a very long time. The autoclave utilizes a combination of 

heat and pressure to consolidate and cure the laminate. An example of a large scale 

autoclave is shown in Figure 3 below. Whilst the quality of autoclave produced parts is great, 

the costs of purchasing, installing and operating an autoclave can be staggering. A typical 

autoclave can usually heat up to several hundred degrees Celsius whilst retaining a pressure 

of at least around 6 bars. The curing process usually consists of slow ramps up to the dwell 

and curing temperatures and a hold time of at least 1 hour at each temperature level. The 

whole process can take up to 6-8 hours or longer. A typical autoclave cure cycle is shown in 

Figure 4.  

Not only does this method require expensive machines, but since the prepregs are vacuum 

bagged during the lay-up process it also uses a lot of consumables (i.e. vacuum bag material, 

release film, bleeders, breathers etc.) These materials are used both during the lay-up for 

debulking (i.e. pre-consolidation to reduce excess air) and in the final cure. 

 

 

Figure 3. Example of autoclave from Aeroform, France.  
Source http://www.directindustry.com/prod/aeroform-france/autoclaves-37675-317866.html 

 

 

http://img.directindustry.com/images_di/photo-g/autoclaves-37675-2732267.jpg
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Figure 4. An example of a autoclave cure cycle  
Source: http://www.tech.plym.ac.uk/sme/MATS324/MATS324C8%20autoclave.htm 

 

2.4 Out-of-autoclave techniques 

There are a lot of different ways to cure thermosets outside an autoclave. Table 1 on the 

next page displays those that have been uncovered during the research of this thesis. Whilst 

many of them are not suitable or feasible for this particular project, they provide a good 

illustration of the variation and wide range of curing methods available for composite 

manufacturing. It should be mentioned that although all techniques seem to work on 

prepregs, it does not necessarily mean any given prepreg, but rather refers to the 

fundamental concept of what makes up a prepreg (i.e. an uncured resin coated fiber with no 

respect given to the type of resin or fiber) nor might they all be suitable for a laminate since 

consolidation is not considered at this stage. Whilst Table 1 does cover a wide range of 

methods, it should not be considered as definite, there is always the possibility of exotic 

methods which would have deserved a place in the list but have been missed in this study 

due to their own obscurity.    
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Table 1. Curing methods evaluated for composite manufacture. 

Cure mechanism Pros Cons 
 

Gamma and X-ray 
Enables curing at RT (1), 

suitable for thick products (2). 
Might produce radioactive by-

products (3). 

Electron beam 

Overall cheaper operating 
costs, suitable for many 

manufacturing methods (3). 

May cause poor mechanical 
properties (4). 

UV 
Fast and environmentally clean 

method (5). 

Requires transparent resin and 
fiber for best results (3). 

 
 

 

IR 
Faster processing times and a 
more direct heat transfer (6) 

Most heat is applied on the 
surface (2). 

Laser 
Coherent and consistent 

output (7). 
Might thermally degrade the 
surface of the composite (2). 

Micro 

Microwaves will cure from 
center (7), ability to switch cure 

“on and off” (3). 
 

Needs microwave transparent 
tooling and consumables (3). 

 

Hot gas (e.g. 
heat gun) 

A very simple and 
straightforward method. 

Heat is applied on surface and 
may cause uneven cure (2). 

 

Hot fluid 
Fast, a high degree of control, 

versatile (8). 

One patented method 
available, other approaches 

seem unexplored. 

Oven 

Low capital investment (9), 
simple cure, used in aerospace 

applications (10). 

Ineffective, rather slow cure at 
lower temperatures. 

Compression 
molding 

Simple mechanism, the 
concept is a well proven 

technique. 

Unsuitable for large low-
volume production. 

SQRTM2 
Allows near net shaped parts 

to be produced (11) 
Expensive tooling (11). 

 

Induction 
Suitable for welding, can 

reduce cure cycle time (12). 

Might require the addition of 
susceptors depending on 
material properties (12). 

Ultrasound Unclear. 
High, good-quality, fiber 

volume fractions are difficult to 
attain (2). 

Resistance 

Uses less energy and is faster 
than oven-based techniques 

(13). 

A “young” method (2), 
presence of air may oxidize 

fibers, reducing properties (14). 
 

Note: Numbers within parenthesis refer to the bibliography. 
1
 The two radiation sections are different in the 

sense that radiation curing (Gamma, EB, and UV) is based on ionization of radiation sensitive polymers. 

Thermal radiation curing is driven by heat converted from the radiation energy. 
2
 SQRTM = same qualified 

resin transfer method. 
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2.5  Extended literature review of promising methods 

The following three methods were decided (decision method described in section 3.2) to be 

the most promising for this project and are therefore presented in greater detail. 

2.5.1 Hot fluid curing  

Whilst curing with hot fluids can be achieved in many different ways, the technique that 

seems most developed and promising is the so-called Quickstep technique. Quickstep is 

developed and patented by Australian company Quickstep Holdings Ltd. The company and 

their production technique is rather new but has already been chosen to provide parts for 

the F-35 Joint Strike Fighter as well as the C130J super Hercules (15). The idea is to provide 

heat and consolidation pressure via a fluid, in this case it is a glycol based fluid known as 

heat transfer fluid (HTF), enclosed by a flexible membrane. The benefit of a fluid compared 

to gaseous media is greater thermal control because of the increased thermal capacity and 

thermal conductivity, and because the thermal inertia is lower, curing cycle times can be 

shortened. See Figure 5 below for cross sectional illustration and Figure 6 for an operating 

Quickstep oven.  

 

Figure 5. Cut-through illustration of the Quickstep process (8) 

The HTF, that is used to provide the heat, is kept at different temperatures in separate tanks 

(hot, medium, cold) to allow rapid blending and consequently a fast oven response to any 

exothermic reactions. The cure cycle is slightly different to that of autoclave curing, as 

Schlimbach and Ogale (16) explains, the HTF allows ramp rates of up to about 25°C/min, 

however this is only applied up to the resin reaction temperature (𝑇𝑅), where it reduces to 1-

2°C/min. Once the final cure temperature is reached, a small fluid pressure is applied 

(typically around 25 kPa). The benefits of this approach is that there is less cross-linking of 

the resin, and consequently less thermal ageing before the resin reaches its minimum 

viscosity, this leads to better wetting and better compaction (thus the small pressure 

required). Brosius and Haydn (17) quote studies that suggest that this rapid curing produces 

composites with equal or slightly improved mechanical performance and glass transition 

temperatures in comparison with autoclave cured composites.  
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Figure 6. A full-scale Quickstep oven (18). 

For Quickstep curing, similar consumables as autoclave is used during lay-up, however the 

HTF can be recycled and reused compared to the nitrogen used in autoclaves which is simply 

vented. Whilst the initial investment for this method is rather high, the reduction in 

production time should allow a higher production rate to reduce the cost per object to well 

below equivalent autoclave products, the quoted time savings in cure time range 

everywhere from 35 % (16) to 80 % (19). An increase in curing speed however is not the 

most important factor for RUAG because on the whole and for so small volumes, the curing 

time is insignificant compared to the total production time (i.e. tooling, lay-up, debulking, 

finishing etc.). An additional benefit of the Quickstep method is the reported ability to 

“meld” composites (meld = melting + molding), this refers to a technique which allows the 

joining of surfaces without the use of adhesives and reportedly without a loss in mechanical 

performance. The main drawback of this method is that oven size might limit design 

possibilities (although cylindrical shapes are possible) and that fewer objects might be able 

to be cured simultaneously.  

2.5.2 Same qualified resin transfer molding - SQRTM 

This method is patented by Salt Lake City based Radius Engineering and the advantage is that 

it promises to produce composites with near net-shape, i.e. they require very little finishing 

work after being removed from the mold. The SQRTM concept is based on prepreg that is 

inserted into a high-tolerance closed mold which then can be either self-heated or press 

heated to perform the cure whilst a small amount of resin is injected into the mold to 

provide hydrostatic pressure to consolidate the product. The resin injected is identical to the 

prepreg resin in order to eliminate any possible side-effects from resin mixing. The cure cycle 

used by SQRTM is similar, if not shorter (due to mold conductivity), compared to that used 
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by autoclaves. Time is also saved by removing the need for the final vacuum bagging. High 

finish quality requires careful work on the tools with high tolerances which will increase time 

and cost on the tooling side. This method has so far been used in the wings for UAVs and it is 

has been used to produce a prototype to a helicopter produced under the SARAP (Survivable 

Affordable Repairable Airframe Program) agreement between Sikorsky and the U.S Army 

Aviation Technology Directorate (20) (11). 

2.5.3 Oven curing  

Oven curing almost always refers to the technique called “vacuum bag only”, hereafter 

referred to as VBO, which is the type of curing approach that will be used in this project. VBO 

means that vacuum is employed for consolidation and heat for curing. The main benefit is 

that it does away with the autoclave which reduces capital costs; it also removes 

expenditures such as nitrogen and might reduce size constraints due to greater flexibility in 

oven design. VBO shares some similarities with autoclave processing in the sense that it also 

requires a similar range of consumables during debulk and the final bagging stage to ensure 

sufficient consolidation of the laminate.  

Oven curing has been successfully used in a number of aerospace applications; Figure 7 

shows the fuselage of Advanced Composite Cargo Aircraft being assembled, it is made from 

oven cured MTM-45 prepreg from CYTEC. Other applications have been in Space Ship One, 

the Boeing X45A (10) and in the Learjet 85 (21).  

 

Figure 7. Assembly of the fuselage of the Advanced Composite Cargo Aircraft.  
Source. http://www.compositesworld.com/articles/2011-high-performance-resins-highlights 
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2.6 Summation table of manufacturing methods 
Table 2. Summation of selected out-of-autoclave methods. 

Method Pros Cons 

Out-of-autoclave, 
vacuum bag only 

- Used in aerospace 
applications. 

- Lower capital and running 
costs. 

- Performance on par with 
autoclave products. 

- Thick parts can be subjected 
to pressure intensifiers to 
improve consolidation. 

- Slightly higher void 
content (but still less 
than 1 %). 

- More labor intensive (i.e. 
more debulking 
required). 

- Requires tailored 
prepregs which might 
have lower out-life and 
less tackiness. 

- Might cause an increase 
in consumables. 

- Might require post-cure 
to reach desired Tg. 
 

Hot fluid curing, 
Quickstep 
Quickstep 
Holdings Ltd 
(Bankstown, NSW, 
AU) 

- High thermal ramp rates (8-
22°C/min). 

- High thermal control, both 
overall and locally. 

- Slightly lower capital costs 
and lower running costs. 

- Good void content (<1 %). 
- Used in aerospace industry. 
- Compatible with existing 

autoclave prepreg. 
 

- Few objects may be 
cured simultaneously. 

- Oven size might limit 
design possibilities. 

Same qualified 
resin transfer 
Radius 
Engineering Inc 
(Salt Lake City, 
Utah) 

- Allows the production of 
near net-shaped parts. 

- Tight tolerances. 

- Higher tooling costs. 
- Less flexibility to design 

changes. 

  

The method selected for this thesis is oven curing (VBO), as described in section 3.2. This 

method is therefore explored in further detail in the following section. 

2.7 VBO Prepreg systems and manufacture 

VBO manufacturing requires a special type of prepreg for best results. Most major suppliers 

of prepregs have at least one resin system specifically tailored for VBO processing. Autoclave 

and VBO share many similarities but the reduced consolidation pressure results in a different 

set of desired prepreg properties in order to achieve similar final composite properties. For 

instance it has been determined that resin rheology is a very important consideration and 
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that a VBO prepreg should not be to viscous (22) due to the risk of cutting of volatile escape 

paths and/or clogging of vacuum ports and similar. Excess resin flow during lay-up and cure 

is known as resin bleed and thermosets can rather bluntly be divided into bleed and no-

bleed systems and as stated by Repecka et al. (23); no-bleed systems are often preferred to 

bleed systems since they require less lay-up skill and expertise and are generally more 

controllable. Also resins which bleed are less viscous and display shorter out-lives (the 

allowable time between when it is taken out from the freezer and final cure). 

Prepregs destined for vacuum bag processing are often termed semi-impregnated which 

means that they consist of resin rich areas and dry areas (24) (Figure 8). 

 

Figure 8. Illustration of two semi-impregnated prepregs stacked upon each other. 

The dry area is usually referred to as the fiber bed; the purpose is to serve as an evacuation 

channel for gases and volatiles.  

2.7.1 Manufacturing parameters for VBO-composites 

Voids are a nuisance when producing composites, their presence will reduce properties such 

as stiffness moduli, ultimate strengths and interlaminar shear strength just to name a few 

(25). As stated above, VBO prepregs are designed to produce as few voids as possible, 

however they are not immune to them. Whilst the exact cause of voids is subject of debate, 

an undisputable factor is that the lower consolidation pressure (1 atm.) in VBO just is not 

enough to collapse the voids as is the case in autoclave manufacturing (~6 atm.). In order to 

reduce voids a common procedure is to debulk (i.e. to vacuum bag the lay-up and draw 

vacuum for a specified time) regularly during lay-up to remove as much gases as possible 

before final cure. Cytec for example recommends debulking to be performed at regular 

intervals and for 30 minutes each time (26). Debulking is also often performed for autoclave 

curing and the current RUAG manufacturing specification for the LVA specifies debulking to 

be performed after every second ply. 

Fibers 

Matrix 

Fiber bed 
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The source of voids is generally attributed to moisture dissolved in the resin, entrapped air 

and/or other volatiles. The question is whether it is one of these that dominate or if it is a 

combination of all three as pointed out by Grunenfelder and Nutt (27). 

The effect of moisture was studied by above mentioned authors (27) who showed that the 

void volume fraction increased exponentially as a function of relative humidity experienced 

by the prepregs during lay-up. Using MTM44-1 resin reinforced with 2x2 (6K) twill fabric they 

concluded that in order to have a void fraction less than 1 %(±0.29) the initial relative 

humidity should not be greater than 80 %. Agius et al. (28) studied the effect of heating rate 

on the void formation for IM7 reinforced Hexply 8552, and their conclusion was that the 

higher heating rate (10°C/min vs 1.5°C/min) did not influence the degree of cure or the final 

void content. However, it should be mentioned that the higher curing rate was achieved 

using Quickstep technique, an attempt to achieve similar heating rates in a convection oven 

would most likely have resulted in thermal degradation. 

Centea and Hubert (29) studied the effect of reduced ambient pressure, reduced vacuum 

and restricted air evacuation on 8 harness satin (8HS) and UD laminates (CYTEC 5320 resin). 

It was discovered that UD laminate are less sensitive to pressure differences than the 8HS 

weave and that reduced vacuum had slightly higher negative effect on void content than 

reduced ambient pressure. However, reduced air evacuation (achieved by replacing edge 

dams with sealant tapes) was found to be the most detrimental factor which caused void 

contents of around 5 % regardless of reinforcement-type. Kay and Fernlund (30) performed 

a similar study on 5 harness satin (5HS) MTM45-1 prepregs where they confirmed the results 

of Centea and Hubert (29) as well as those of Grunenfelder and Nutt (27). Additionally they 

also investigated the effect of debulking time and distance to vacuum source and their 

conclusion was that a 24 hr. debulk will lower porosity by several factors compared to 0.5 hr. 

bulk. (Figure 9 and Figure 10) and that the distance to vacuum source has a more significant 

effect on laminates which experienced shorter debulk times and was exposed to higher 

humidity levels.  

Another study by Farhang and Fernlund (31) concluded that the majority of voids in VBO 

composites are within fiber tows; resin only voids contributed roughly 0.3 % to the total void 

content. More importantly they also showed that an increase in in-plane permeability plays 

a crucial role in reducing interlaminar and fiber voids and that a good approach to increase 

this permeability is to ensure tow porosity by inserting so-called Engineered Vacuum 

Channels (EVaCs, Figure 11) into the fibers. These serve the same purpose as the porous 

fiber bed illustrated in Figure 8 but on a smaller scale.  
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Figure 9. Debulking times vs final porosity for a 64 x 300 mm laminate (30). 

 

 

Figure 10. Debulking times vs final porosity for a 64 x 1000 mm laminate (30). 
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Figure 11. Closed and open EVaCs in a fiber tow (31). 

 

2.7.2 Geometrical considerations for VBO manufacturing 

The geometry of the intended product will have an effect regarding manufacturability and 

final properties. A study performed by Hubert and Poursartip (32) on this particular issue for 

autoclave cured laminates concluded that concave tools had a tendency to thicken the 

laminate and to produce lay-up and bagging difficulties due to wrinkling and bridging 

respectively. Convex tools on the other hand can lead to thinning. A master thesis by 

Mélanie Brillant at McGill University in Montreal (33) on this particular subject adapted to 

VBO processing obtained similar results for concave tools, more precisely she showed that a 

higher tool radius to laminate thickness ratio (i.e. a gentler curvature) produced laminates 

with a lower thickness variations, the obtained thickness variation was consistently positive 

which corresponded to an increase in thickness. She also showed that the weave type will 

have an influence; whilst satin harness weaves often are preferred for their improved 

drapability, this type of weave was also more prone to thickness variations than a plain 

weave fabric (twice the thickness variation). Interestingly and contrary to literature, her 

results also showed laminate thickening for convex tools, the explanation given was that this 

was due to longitudinal stresses in the fibers caused by the edge breathing system 

preventing end shearing.  

An approach to counteract this thickening (especially in concave tools) is to employ pressure 

intensifiers such as caul plates, bladders, closed mold tooling, hydrostatic pressure etc. 

Studies have been performed that show the benefits of using caul sheets as a counteracting 

measure for both thinning in convex tooling by Fernlund et al. (34) (albeit in autoclave 

curing) and thickening in concave VBO manufacturing in aforementioned thesis by Mélanie 

Brillant  (33). 

It should however be mentioned that these pressure intensifiers will bring additional 

complexity and cost into the manufacturing process and this should be weighed against the 

drawbacks of possible corner thickening. Depending on the intended application it could well 

be that minor thickening (or thinning) is acceptable. 
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2.7.3 VBO vs. autoclave; mechanics, general behavior and economical aspects  

Since the basic constituents of VBO and non-VBO prepregs are rather similar (epoxy and 

carbon fiber) similar mechanics should be expected. This was examined in a technical report 

by NASA (35) where they compared short beam shear strength, compression, open hole 

compression, fracture toughness and more between autoclave manufactured laminates and 

VBO laminates. The overall conclusion was that VBO showed similar properties as their 

autoclave counterparts. This was especially true for “fresh” laminates, i.e. laminates 

manufactured right after thawing. As an additional test they also examined the out-life of 

the material by allowing the prepregs to remain in RT for 50% longer time than vendor 

specified out-life before producing the laminate. The results showed a distinctive drop in 

performance for the VBO prepregs whereas the autoclave designated material handled the 

extended out-life much better, with one prepreg (IM7/977-3) maintaining good tack and 

some drape for 2 months at room temperature (RT).  

Witik et al. (9) performed a comprehensive study on the environmental and economic 

impacts of VBO curing in comparison with traditional autoclave curing (among several other 

methods). Their scenario consisted of an annual production volume of 1032 units of a 

400x400x4 mm carbon fiber reinforced plastic (CFRP) panel. Without going too far into the 

details of their calculations, they showed a 14 % reduction in CO2 equivalent emissions and 6 

% reduction in production costs in favor of VBO production. The biggest CO2 contributing 

factor was shown to be the manufacture of material, especially the carbon fibers. 

Correspondingly the largest cost driving factor was determined to be materials followed by 

labor; together they made up more than 90 % of the total production cost per unit. 

Additionally VBO was determined to be about 15 % less damaging than autoclave in terms of 

resources, ecosystem quality and human health. It should be added however that these 

calculations rely on estimations, redoing these evaluations based on local conditions and 

procedures etc. may well give different results. 
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3. Method 

3.1 Literature review 

The literature review has been based on information found through key-word search of 

various databases and search engines, mostly Scopus, SAMPE and Google but also on the 

websites of manufacturers and topic related magazines such as Composites World and High 

Performance Composites.  

 

3.2 Selection of method for prototype manufacture 

In order to determine which methods validated further study, Table 1 was presented and 

discussed together with RUAG personnel to decide upon which course to follow. A common 

method to reach a conclusion on issues like this is via a decision matrix, however for this 

project it was deemed simpler and faster to do without. Whilst many of the methods were 

interesting from a general perspective, those that were considered most promising were. 

- Hot fluid curing 

- Oven curing (VBO) 

- SQRTM (Same qualified resin transfer) 

All three methods above are interesting alternatives, yet the only method deemed possible 

within the timeframe of this project was oven curing. However the other methods were 

interesting enough to validate further literature study within the scope of this report.  

It should perhaps be clarified a bit how and why some methods were discarded from further 

examination. For instance, consolidation was not considered when compiling the methods in 

Table 1. Aerospace composites are very void sensitive and usually require a void content of 1 

% or less (36). To ensure void free (or at least very low void content) composites some sort 

of consolidation is required, and almost every technique involves some sort of pressure to 

achieve this whether it be extra external pressure (consolidation roller, compression 

molding) or the reduction of internal pressure (vacuum bagging) or perhaps a combination 

of the two. 

The feasibility of applying this pressure difference reduces the list in Table 1 significantly 

since some of them require an autoclave similar device or they require specialized 

tooling/materials/equipment that are not readily available (e.g. all radiation methods) and 

thus prevents the purpose stated in section 1.3 from being fulfilled or simply by the fact that 

some techniques are just not suitable for manufacturing this type of product and for this 

particular application (e.g. NIR).  
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3.2.1 Selection of prepreg material 

When considering which prepreg system to evaluate, the following list of desirable 

properties was compiled. 

- Preferably reinforced with a similar weave as current composite, i.e. 5HS satin weave 

with 3K tows and a weight of roughly 280 g/m2. 

- Able to withstand a temperature range of -40 to +100°C. 

- Relatively low cure temperature, i.e. it should be possible to cure on epoxy tools. 

- Result in a fiber volume fraction of about 55-60 %. 

- Suitable for thicker components, >15 mm. 

- Low porosity, <1 %. 

- Low out-gassing properties. 

- Suitable for both monolithic and sandwich structures. 

- Preferably EU-manufacture. 

- Rather long out-life, at least 2 weeks. 

It was acknowledged that it would probably not be possible to acquire a material fulfilling all 

the qualities listed above within the allocated time of this project and the small quantities of 

material concerned. The most governing factor when choosing a material therefore became 

availability which was deemed acceptable since the main purpose was not material selection 

but process evaluation as a basis for future studies. 

The following companies/suppliers were contacted as possible sources of material. 

- ABIC, Norrköping (Distributor for Hexcel) 

- Svenska Tanso, Jönköping. (Distributor for Delta preg) 

- Cathay composites, Gothenburg (Distributor for CYTEC) 

- Tencate, Netherlands 

- Guerit, Austria 

All companies but Guerit responded to this request. The materials that they suggested are 

presented in Table 3.  

To decide which material to use a similar meeting as for the decision to choose 

manufacturing method was held. Whilst all of these materials looked promising based on 

their associated datasheets, the only offers that came with reasonable delivery times and 

the desired reinforcement were those from Svenska Tanso and Cathay Composites. Of these 

two options, the most interesting was determined to be the VTM264 system due to its 

versatile curing temperature range and also that it has already attracted attention from the 

space industry as a potential material for aerospace applications (37). 
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Table 3. Suggested materials from contacted distributors and manufacturers. 

Manufacturer/supplier Matrix Reinforcement 

ABIC (Hexcel) Hexply M49 2x2 Twill 3K 
   
Svenska Tanso (Delta Preg) DT806W GG280, 5HS 280g/m2 
   
Cathay Composites (CYTEC) VTM 264-1 5HS CF5640 283 g/m2 
 MTM57  4x4 TW CF0100 283 g/m2 
 MTM57 5HS CF0600 283 g/m2 
   
Tencate TC250 T300 5HS 280g/m2 
 TC275-1 T300 5HS 280g/m2 

 

3.3 Simulations 

The LVA-prototype was digitally constructed and post processed in FEMAP v11.01 and 

solution was provided by MSC NASTRAN 2012.2. The objective of these simulations was to 

determine more precisely which dimensions the LVA required to have in order to perform as 

required and to predict material behavior under stress. The simulations and the models are 

explained in further detail in the dedicated section (section 4). 

3.4 Basic dimensioning and load requirements 

The basic shape of the prototype LVA was mainly restricted by the sizes available in test 

equipment but also the size limit of the oven available. After consulting with RUAG engineer 

Magnus Persson and thesis supervisor Stefan Brick it was decided that the prototype should 

be an adapter between the two smallest diameters on the testing equipment (between 437 

and 298 mm) and about 100 mm high. This height gave the sides an angle of 66° which was 

determined to be fairly representative of the range of LVAs normally produced (the wall 

inclination is usually between 45° and 76°).  

In order to emulate a real-life satellite load the following load requirements were 

formulated by RUAG. 

- Satellite with mass of 200 kg situated 450 mm above the top of the LVA. 

- Longitudinal loads of +11 g/-15 g. 

- Lateral loads +/- 3 g. 

- Above loads were subjected to a safety factor of 1.25.  

- Any combination of simultaneously acting longitudinal and lateral loads. 

- First longitudinal frequency ≥100 Hz.   

- First lateral frequency ≥45 Hz.  
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3.5 Manufacturing 

3.5.1 Tool manufacture 

Whilst not included in the topic of this thesis, the tooling for this project was decided to be 

manufactured using a, for RUAG, novel method to save time and reduce costs. Normally the 

tools are made from DOMEX 355 steel that is welded together and milled to desired shape. 

For this project it was decided to manufacture the tool from Huntsman Renshape BM5055 

epoxy board. The board itself was delivered as a rectangular slab which was cut into small 

cone shaped parts which were glued together to produce the rough shape of the tool, after 

which it was milled to its final shape and sealed  (Marbocote HP2002 tool sealer) and treated 

with release agent (Marbocote 227 CE). Detailed notes about sealing and release agent 

application may be found in appendix 1. Figure 12 and Figure 13 show the tool during two 

different processing stages.  

 

Figure 12. The tool being glued together 
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Figure 13. The tool after surface treatment, prior to vacuum test. 

3.5.2 Test plate manufacturing 

In order to gather some hands-on experience working with this new material and its 

characteristics, some simpler manufacturing and testing was performed using a prepreg with 

identical matrix, but different weave (2x2 twill, 200g/m2) supplied by Carbix AB, Nol. Plies for 

the following lay-ups (Table 4) were prepared in order to test the design of the edge dams, 

the resulting thickness, bleed characteristics, peel-ply performance and exothermic reaction. 

Tabulated are also the lay-ups, sizes etc. for test plates destined for mechanical testing at 

Exova (see section 3.6.3), they are labelled after the type of test to be performed. 

Table 4. The lay-ups of the plates manufactured for cure and mechanical testing 

Plate ID Lay-up Weave type Dimensions (mm) 

A [04]𝑠 2x2 Twill 150x150 
B [0, 45, 0, 45]𝑠 2x2 Twill 150x150 
C [08]𝑠 2x2 Twill 150x150 
D [02, 452, 02, 452]𝑠 2x2 Twill 150x150 
E [06]𝑠  2x2 Twill 150x150 

F 
D2344 
D6272 

[06]𝑠 
[012]𝑇   
[08]𝑇 

2x2 Twill 
5HS 
5HS 

150x150 
150x150 
200x150 

Note: In a woven composite each ply has a 0° and a 90° orientation, however, for simplicity only the former 

is used when referring to fiber direction.  
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The lay-up notation for the satin weave plates are different because in reality, due to the 

geometry of a satin weave (see Figure 14), the laminate will be a slightly unbalanced due to 

more fibers in the 0°-direction being located on one side of the ply. The effect of this is most 

often negligible, it is however most correct to write the lay-up on this form. 

Considering the manufacturing process, it is a bit difficult to flip the prepreg to create a truly 

symmetric lay-up (especially for the LVA prototype) since the face with blue cover is  easiest 

to remove last in order to retain drapability during lay-up. Therefore this very small 

unbalancing effect has been ignored in this report.  

 

Figure 14. Illustration of 2x2 twill (left) and 5 harness satin (right) 

The lay-ups in Table 4 were chosen because they were deemed to give a good idea of how 

the prepreg would perform within the thickness range desired and also whether 45° plies 

would affect cure or bleed in any way. No set test plan was formulated beforehand because 

the direction of each lay-up and cure would very much depend on the outcome of the 

previous. These lay-ups provided adequate reserve material (of the 2x2 twill reinforced 

matrix), which were used to test the design of the intended plies for the prototype LVA. 

From the scrap material produced, enough prepreg was salvaged to perform rudimentary 

tack and drape tests; these are further explained in the section 3.6.1. 

The tool used for these sample lay-ups was a simple steel plate that was pretreated with 

Marbocote 227C (application procedure presented in appendix 1). The lay-ups were 

debulked for roughly 20-30 minutes for the first layer and for every third consequent layer. 

Figure 15 below shows a cross-section of the set-up used during debulk.  

The edge dams are a special feature of OOA prepreg manufacturing, their purpose is to 

provide an escape path for the air between the plies and to allow the laminate to bleed. The 

optimization of these dams is the major goal of these tests and their individual designs and 

results are presented in section 5.2. The vacuum drawn typically reached around 6 mbar at 

the end of each debulk and for the cure (corresponding to a vacuum level of roughly 99.4 %). 
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Figure 16 shows the test plate during actual debulk. This image also shows the shape of the 

thermocouples that are placed in laminate to measure the temperature during cure. There is 

one in the middle of the laminate and one along the center of one edge; this was done for 

most of the test plate plies to get a thorough understanding of any exothermic reaction. 

 

Figure 15. Cross section of the debulk lay-up illustrating the different layers. 

 

 

Figure 16. The test plate during debulk. 
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Before the test plates were cured they all had to pass a vacuum drop test which meant that 

the vacuum in the bag was not allowed to drop more than 5”Hg (68 mbar) in 10 minutes (as 

recommended by Cytec) when the vacuum source was disconnected. 

3.5.3 Prototype manufacture 

The general prototype design is based on results obtained from the simulations (Section 4) 

as well as experience gathered during the manufacture of the test plates and test lay-up 

(Section 5.2). 

It was decided that each layer should be divided into 12 segments with each segment 

overlapping each other 2.5° and that the stagger angle should also be 2.5°. This overlap is 

necessary and should result in a total thickness more similar to a 13 ply lay-up (the total 

number of overlaps equates to one full layer). As an aid during lay-up the outer rim of the 

tool was marked with a felt tip marker every 2.5°. This meant that the LVA would consist of a 

total of 144 sheets. The individual segments where adjusted along the upper edge and cut 

along a cork dam on the lower edge to ensure a reasonable straight edge to fit the edge 

dams against. 

Each prepreg sheet was individually weighed prior to lay-up to establish the resulting fiber 

volume fraction. The edge dams used during both consolidation and cure were those that 

showed the best result from the test plate manufacture. The cure cycle was also identical to 

that used previously due to the good results obtained. Vacuum was drawn from two ports 

during cure and consolidation (Figure 17). Both flanges were extended by two centimeters to 

allow for possible edge defects, this extra material was removed by milling before the 

adapter was tested.  
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Figure 17. The LVA bagged up and prepared to be cured in the oven. 

3.5.4 Curing 

The advantage of the VTM264 resin is the possibility of curing at very low temperatures 

(between 65 and 120°C). Whilst cure cycles are usually a result of experience and 

equipment, the following cycles (Table 5) were recommended by Cytec for this particular 

resin and therefore have been used as a basis for establishing cure cycles. 

Table 5. Cure cycles as recommended by Cytec. Source (38). Total time calculated using ramp rate (1°C/min) 
and max cool down rate.  

Ramp rate Hold/Dwell Cool down Total time (min. /hrs.) 

1 to 2°C /minute. 

65°C for 16 hrs. 
Maximum of 

3°C/min. 

214/3.56 
80°C for 5 hrs. 248/4.13 

100°C for 2 hrs. 400/6.66 
120°C for 1 hr. 1041/17.35 

 

All products have been cured in-house using a TC 400 oven from SalvisLab, Switzerland. The 

oven provided a programmable heating gradient but no cooling function. It was therefore 

decided that standard cool down practice would be to just turn the oven off once the cure 

cycle was finished and let it self-cool overnight. The temperatures were recorded during 

cool-down to ensure that the maximum cool-down rate was not exceeded.  
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3.6 Testing 

Several different tests were performed to determine the behavior and properties of the 

prepreg. 

3.6.1 Tack and drape testing 

Tack testing was performed according to a self-developed method based on the Cessna 

Aircraft Company specification CPTI003 method as described by Sutter et al. (35).  In this 

adopted and modified method, prepreg was cut into strips measuring 70x30mm which were 

exposed to the indoor RT climate of a RUAG cleanroom (grade 8.5). 2 strips of prepreg were 

adhered on top of each other to an isopropanol cleaned steel plate with the aid of a small 

roller (4 cm wide, ø =2.5 cm), after which the plate was placed vertically for 30 minutes. (For 

further details and images regarding the procedure, please see appendix 2). The tack was 

thereafter graded according to the following criteria presented in Table 6 (adopted from 

CPTI003). After the test was finished, the steel surface was anew cleaned with isopropanol 

until there was no visual epoxy residue. 

Table 6. Tackiness criteria used for tack test. 

Grade Criteria 

1 Low tack, prepreg stiff and dry. 
2 Dry, but slight drape. 
3 Slight tack, sticks to itself but no to vertical surface. Unable to adhere to vertical 

tool surface for 30 minutes. 
4 Good tack, prepreg sticks to itself and vertical tool. Adhered to the vertical tool 

surface for more than 30 minutes. 
5 Sticks to the hands or gloves but no resin transfer. 
6 High tack, wet and sloppy with resin transfer. 

 
The drape measurements were performed in a similar manner (adopted and modified 

method from Israeli Aircraft Industries Process Equivalency Test Plan for Hexcel 8552 (39)), 

squares of the prepreg (dimensions 60x60mm) were wrapped around a steel rod with a 

diameter of 20 mm. The rod underwent the same cleaning procedure before and after as the 

steel plate. Drape was judged according to the following criteria (Table 7). 

 
Table 7. Drapability criteria used for drape tests. 

Grade Criteria 

1 Unable to drape, breaks. 
2 Certain drapability, first signs of fracture (cracks). 
3 With difficulty, cracks in matrix/fiber. 
4 Ok drapability, distinctive large kinks, folds or similar. 
5 Drapes easily, small folds and wrinkles. 
6 Drapes very easy. No signs of folds or wrinkles. 
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3.6.2 Bleed and cure testing 

These tests were performed on the plates manufactured as described in section 3.5.2. The 

method of assessment was mostly through visual inspection and thickness measurements. 

The following applied to all test plates unless otherwise stated in the results (section 5.2). 

- Each debulk was performed for about 20-30 minutes. 

- The cure cycle was ramp 1°C/min up to 80°C and hold for 5 hrs. from the time the 

center of the laminate reached cure temperature (cure cycle results are presented in 

section 5.4). 

- Two thermocouples fitted (one in center and one at the edge). 

Prior to testing contact was established with the manufacturer (Cytec) regarding the design 

of the edge dams and bleed characteristics. Figure 18 below, shows an example of cured 

VTM264 sample, the image shows rather localized bleeding across the bottom edge as well 

as through the upper side of the laminate. It can also be seen that the vertical bleeding is 

due to a perforated release film being used, for these test an unperforated film will be used, 

thus there will be no reason to expect this type of bleed.   

 

Figure 18. Picture provided by Cytec of the bleed from a VTM264 plate.  
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3.6.3 Mechanical testing and porosity measurements 

Different mechanical tests were performed to assess the final quality and performance of 

the prepreg. As mentioned previously, budget and time constraints limited the amount of 

tests that could be performed, thus the only mechanical characterization tests performed 

where ILSS and 4-point bending. These tests were carried out at Exova in Linköping 

according to ASTM 2344 (ILSS) and ASTM 6272 (4-point bending tests), the lay-ups for these 

tests are presented in section 3.5.2 and based on ASTM and internal standard 

recommendations. Standard tensile testing (according to ASTM D3039) was considered but 

not performed since this is not a critical parameter and this value can be reasonably well 

assessed using rule-of-mixtures (ROM).  

The porosity was another topic of interest and for simplicity is was decided to use the 

principle of Archimedes to give a rough indication of the porosity (theory explained in 

appendix 3). Whilst it is acknowledged that this method does have some severe drawbacks 

(such as being rater imprecise and even allowing the possibility of giving a negative porosity), 

it is cheap and fast and it was decided that an indication of the porosity level at this stage 

was just as valuable as more precise measure. The set-up used for this measurement is 

shown below (Figure 19). To prevent air bubbles during the test, the samples were 

thoroughly wet prior to submersion.  

 

Figure 19. Porosity measurements in process. 
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3.6.4 Testing in the test rig 

The final tests of the LVA were performed using the RUAG test rig (Figure 20). This rig allows 

the application of pure longitudinal, lateral, shear and torque loads as well as different 

combinations to simulate real life loads that the LVA will encounter during its service life. 

Since there was no standard procedure to follow here, the objective was to verify the results 

obtained by the finite element method (FEM) models by measuring the strains in the LVA for 

a set of smaller loads in different directions. After these were obtained the LVA was 

subjected to a fatal load to verify the ultimate loads obtained by FEM. How the magnitude 

and directions of these loads and were obtained is further explained in section 4.5.  

 

Figure 20. The test rig set-up with the adapter in position. 
  

Strain was measured at 4 locations with rosette type strain gauges (with angles 0°, 45°, 90°) 

and displacement at 8 locations (6 radially and 2 axially) using linear variable differential 

transducers. For further explanation regarding the test rig set-up, please see appendix 7 

where selected pages of the static test plan is presented. 

The limit of the load cylinders used were 400 kN longitudinally and 30 kN laterally. 
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4. Simulations 
The purposes of the simulations were to determine the required laminate thickness and ply 

directions and to predict the failure loads for the LVA. In essence, two different models were 

used; one surface-based model for strength ratio and stiffness calculations and one volume-

based for interlaminar shear simulations. Each model is presented in further detail in 

subsections 4.1.2 and 4.1.3. 

Additionally, to make the simulations more realistic, an aluminum ring with flanges was 

placed directly above the LVA to simulate the separation system. The dimensions of the 

aluminum ring were 3 mm thick, 50 mm high and with 18 mm wide flanges. 

4.1 Models 

4.1.1 Material properties used 

In lieu of the actual properties of the material system used which were not available at the 

time, it was agreed that the material properties from current composite were most likely 

close enough to perform simulations with reasonable accuracy (it should perhaps be 

mentioned that this material probably will over predict since even though it’s a rather similar 

material, the manufacturing process is most likely superior). The material currently used is 

an epoxy matrix reinforced with a carbon fiber 5HS 3K, 280g/m2 weave; its properties are 

presented in Table 8. 

4.1.2 Surface-based plate model  

Figure 21 below shows the model used for the FEM-analysis. The model consists of a 

monolithic composite structure and an aluminum ring. The mesh was refined in the vicinity 

of the upper and lower bolt holes and the diameter was increased from the 9mm holes, 

required by the bolt itself to 12 mm to simulate the effect of bolt-head and nut. This is 

shown in Figure 23.  The aluminum ring and the LVA were connected by RBE2 elements 

along the vertically corresponding nodes to simulate bolts. The nodes on the aluminum ring 

were independent and on those on the LVA dependent. Elements used were CQUAD4 and 

CTRIA3 with the latter used solely because of the conical shape. The satellite was simulated 

as a mass element, located on the z-axis at a distance of 450 mm above the upper flange of 

the LVA.  It was connected by fully constrained RBE2 elements to the top corner nodes of the 

aluminum ring (not shown in images). The material direction was defined so that the X-

direction (0°-direction) was aligned radially. The total number of elements used was 57040, 

the number of nodes 66204 (The LVA itself consisted of 18216 elements and 20664 nodes). 

The element size varied depending on location, but for reference, the typical size was 

roughly a square with sides of 3±0.3mm. 
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Table 8. Material properties of current composite material. 

Property Value Unit 

E11,E22  69 GPa 
G12  3.4 GPa 
G13/G23 2.5 GPa 
Ultimate stress 1,t, Ultimate stress 2,t 635 MPa 
Ultimate stress 1,c, Ultimate stress 2,c 586 MPa 
Ultimate shear stress 23, Ultimate shear stress 13 62 MPa 
Ultimate shear stress 12  70 MPa 
Tsai-Wu interaction coefficient -1.3E-18 - 

 

 

Figure 21. A dimetric projection of the surface based model. 

 

The surface model was first and foremost used to evaluate the stiffness requirements by 

solving for the natural frequencies of the system. As mentioned previously it was however 

also used to determine the strength ratio, the Tsai-Wu failure index and max ply failure index 

of the LVA. For the frequency simulations, the model was constrained only by the nodes 

along the edge of the bolt holes (they were constrained by translation in all directions only). 

The solution sequence used was SEMODES (SOL number 103). 

To determine the strength ratio and the failure indices, five different loads were evaluated 

based on the load requirements stated in section 3.4, these were: 
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1. -15G longitudinally. 

2. -15G longitudinally + 3G laterally. 

3. 11G longitudinally. 

4. 11G longitudinally + 3G laterally. 

5. 3G laterally. 

Each load was applied as a body load with the gravity constant 9.82 m/s2. The safety factor 

of 1.25 was included in the applied load. Each load also required its specific constraint set to 

be as realistic as possible. Three different constraint sets were used. 

A. All nodes along the bolt hole (see Figure 22) were constrained in all translation 

directions (but free to rotate). Nodes along the bottom flange constrained for 

translation in the z-direction. 

B. All nodes along bolt holes were constrained in translation only. 

C. All nodes along bolt holes were constrained in translation only. Half of the nodes on 

the bottom flange (the half located on the same side as the lateral force acts 

compressing) were constrained for translation in z-direction.  

The combination of loads and constraints were as according to Table 9 below.   

Table 9. Combination of the loads and constraints used for the simulation set-ups. 

Simulation # I II III IV V 

Load 1 2 3 4 5 
Constraints A A B B C 

 

The solution sequence used was SESTATIC (SOL number 101). 

 

Figure 22. Close up of the mesh and constraints along the lower flange of the LVA 
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Figure 23. Close-up of the elements connecting the upper flange and the  
aluminum ring.  

4.1.3 Volume based model 

This model was constructed in a very similar manner as the surface based described in the 

previous section. For simplicity and reduced model size and time required for solution, the 

model was constructed with symmetry in the XZ-plane as can be seen in Figure 24 below. 

The nodes along the plane of symmetry (as well as the mass element representing the 

satellite) were constrained for translation in the y-direction and rotation along the z and x-

axis. The symmetry condition also meant that the mass element representing the satellite 

was given a mass of 100 kg. The composite properties assigned to the solid elements were 

determined by classic laminate theory (CLT).  

In this model the RBE2 nodes connecting the satellite with the aluminum ring were 

connected to all of the nodes on the upper flange of the aluminum ring. Due to an 

abandoned attempt to use solid laminate elements to represent the CFRP, the LVA was 

strictly modelled by CHEXA solid elements. The aluminum ring was modelled by a 

combination of CHEXA and CPENTA elements with a strong preference to the former. The 

total number of elements was 179858 and the number of nodes 235718. The bolts were 

again simulated by rigid RBE2 elements, due to a difference in mesh in the aluminum ring 

and the LVA; these elements were straight when possible and in a fan-shape when not 

(Figure 25). Both bolt holes on upper and lower flanges were 12 mm in diameter to account 

for bolt and nut diameter. 

The loads and constraints used were the same as those described in section 4.1.2 with the 

exception that the loads were reduced by a factor of 0.5 (for symmetry). The solution used 

for the volume model was SESTATIC (SOL number 101) 
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Figure 24. Dimetric view of the symmetric model used for volume simulations. 

 

Figure 25. Close up of bolt holes and the RBE2 elements for the solid model.  
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Table 10 below sums up the two models and their respective components. The masses for 

the two differ somewhat, this is most likely due to the difference in mesh coarseness but the 

difference is too small to be judged to have any effect on the final results.  

Table 10. Summary of the two models used. 

Model Elements Nodes Element types Mass LVA (kg) Mass Al ring (kg) 

Surface 57040 66204 CQUAD4/CTRIA3/RBE2 1.745968 0.789755 
Volume 179858 235718 CHEXA/CPENTA/RBE2 1.752791 0.7568641 
1
 The mass for the solid model is increased by a factor of 2 for easier comparison. 

 

4.2 Design philosophy and theoretical approach 

It was agreed that the LVA-prototype should have a minimum thickness of around 3 mm in 

order not to be too flimsy. To make the manufacturing process easier, only four ply 

directions were considered, 0, ±45 and 90° which in reality, due to the nature of woven 

fibers, translates to only two directions, 0° and 45°. For simplicity these are the only fiber 

directions that will be referred to hereon after, additionally it should perhaps be clarified 

that 0° refer to a direction radially from the center of the LVA.  

To determine which laminate stacking sequence (LSS) to use, a simplified approach was 

employed were selected resulting properties were plotted against the ply ratio of 0° to 45° 

laminates for different total ply thicknesses. As an additional guideline, the LSS design 

recommendations provided by the U.S department of defense issued military handbook 17 

(40) were used. These can be summed up as follows; (strong recommendations in bold text): 

1. Use homogeneous LSS (i.e thoroughly intersperse ply orientations throughout the 

LSS). 

2. A LSS should have at least four distinct ply angles. 

3. Minimize groupings of plies with the same orientation. 

4. LSS should be balanced and symmetric around the midplane. 

5. Alternate +𝜃 and –𝜃 plies through the LSS (except for across the midplane). 

6. Shield primary load carrying plies from exposed surfaces. 

7. Avoid LSS that creates high interlaminar tension stresses (𝜎𝑧) at free edges. 

8. Minimize Poisson’s ratio mismatch between adjacent plies. 

The following general approach was employed to determine which LSS to use. The individual 

steps are further explained in following subsections. 

1. Determine which thicknesses and 0/45 ply ratios fulfill stiffness requirements 

stipulated. 

2. Determine which of these fulfill the load requirements. 

3. Select the LSS which best fulfills lay-up recommendations and/or gives the best 

performance.  
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4.3 Structural analysis 

The structural analysis was performed using above mentioned approach, to make the 

stiffness calculations simpler, the following theoretical approach was used as a basis for the 

simulations. 

4.3.1 Theoretical approach and hypothesis 

By considering one of the simplest cases of harmonic oscillation, a weighted spring, the 

governing equation for the first natural frequency (or Eigen-frequency) would occur 

according to eq. 1. 

𝑓1 =
1

2𝜋
√(

𝐹𝑠

𝑚
)          (1) 

For a spring loaded with the constant mass, 𝑚, it can be seen that increasing the spring force 

𝐹𝑠, which in essence is the stiffness of the system, will cause the Eigen-frequency to increase. 

This implies that, for a given mass, the natural frequency can be altered by changing the 

stiffness. So for a laminate this means that the options are to change either the layer 

orientation and/or its position in the laminate. Since there are two kinds of stiffnesses in a 

laminate, membrane and flexural, it seems reasonable to expect that both will have an 

effect on the overall stiffness. According to laminate theory (fully explained in appendix 4), 

these stiffnesses depend on the [�̅�𝑖𝑗] according to equations 2 and 3. 

[𝐴𝑖𝑗] = ∑[�̅�𝑖𝑗]𝑘(𝑧𝑘 − 𝑧𝑘−1)     (2)

𝑁𝐿

𝑘=1

                 [𝐷𝑖𝑗] = ∑[�̅�𝑖𝑗]𝑘(𝑧𝑘
3 − 𝑧𝑘−1

3 )     (3)

𝑁𝐿

𝑘=1

 

𝑁𝐿 represents the total number of layers in the laminate, and as can be seen from the 

equations above, the membrane stiffness matrix [𝐴𝑖𝑗] does not depend on the location of 

the plies in the laminate, but for the flexural stiffness matrix [𝐷𝑖𝑗] location does matter. The 

flexural stiffness increases as the distance between the midplane and the load-bearing plies 

(i.e. those with fibers in the principal direction) increases. Since the only considered 

directions are 0° and 45°, the highest stiffness, in X and Y-directions, should therefore occur 

when most of the fibers are aligned in the 0/90°-direction with the inverse being true for the 

in-plane shear stiffness.  

Unfortunately the spring model is far from sufficient for this application, and as CLT shows, 

the stiffness values will always be in the same range regardless of number of layers, which 

would mean that for a given material there is maximum Eigen-frequency. However the 

shape of the adapter will also have an effect on the natural frequency. By considering the 

adapter as a fixed beam with a mass attached at one end it should be possible to model the 

general behavior at least.  

Because of the short and stubby nature of the adapter it is more correct to model it as a 

shear beam (fixed with a mass attached at one end) rather than a slender beam. The natural 
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frequencies of longitudinal and transverse vibration of this set-up are provided by Robert D. 

Blevins (41) and shown in eqs. (4) and (5) respectively. 

𝑓𝑖 =
𝜆𝑖

2𝜋𝐿
(

𝐸

𝜌
)

½

 ; 𝑖 = 1,2,3 …      (4) 

𝑓𝑖 =
𝜆𝑖

2𝜋𝐿
(

𝐾𝐺

𝜌
)

½

 ; 𝑖 = 1,2,3 …      (5) 

In eq.4 and 5, 𝜆 is a transcendental function and expressed according to eq.6 for both 

longitudinal and transverse vibration. In eq.5 𝐾 represents the shear coefficient and 𝐺 the 

shear modulus. The first solution to eq.6 is shown in Figure 26 on the next page.  

cot(𝜆) = (
𝑚𝑒𝑛𝑑

𝜌𝐴𝐿
) 𝜆      (6) 

𝑚𝑒𝑛𝑑 represents the mass attached to the end of the bar. Considering longitudinal vibration 

(eq.4) it can be seen that in order to increase 𝑓𝑖, either  𝜆𝑖 or 𝐸 needs to be increased, 

alternatively a decrease of 𝐿 or 𝜌. For this problem E has a maximum value, regardless of 

thickness, whilst 𝐿 and 𝜌 are constant, so this leaves 𝜆𝑖. From Figure 26, it can be concluded 

that 𝜆𝑖 is increased by increasing 𝛽. Replacing cot(𝜆) with 𝜆/𝛽 in eq. 6 it is concluded that 

β =
ρAL

𝑀
      (7)   

   

Figure 26. First solution to transcendental equation nr 6 (41) 
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From eq.7 it can be shown that to increase the natural frequency of the system the cross 

sectional area needs to be increased (i.e. an increase in wall thickness). Due to the similarity 

in eq. 4 and eq. 5 the same argument can be applied to transverse vibration. Additionally in 

eq. 5 there is also the shear coefficient (𝐾), which can be described as either eq. 8 for a thick 

hollow circle or eq. 9 for a thin circle. 

𝐾𝑡ℎ𝑖𝑐𝑘 =
6(1 + 𝜈)(1 + ℎ2)2

(7 + 6𝜈)(1 + ℎ2)2 + (20 + 12𝜈)ℎ2
    (8) 

Where h is the ratio between the inner and outer radius. 

𝐾𝑡ℎ𝑖𝑛 =
2(1 + 𝜈)

4 + 3𝜈
     (9) 

Comparing the plots of eq.8 and eq.9 (not shown) for the given Poisson’s ratio concerned, it 

can be seen that for values of m greater than 0.9 they are almost equal. This means that for 

our adapter, the flanges will most likely have a positive impact (i.e. a higher m which gives 

high 𝐾 and hence a higher Eigen-frequency). For the walls the effect is negligible as long as 

the wall thickness is less than roughly 15mm (0.9 x 166mm, the smallest outer wall radius). 

So to conclude; to increase the natural frequency of the adapter prototype the alternatives 

are: 

- Increase the number of plies aligned to the direction of vibration. 

- Places 0°- plies further away from laminate center to increase flexural stiffness.   

- Increase either ply thickness or number of plies to increase the thickness. 

4.3.2 Stiffness requirements – results 

The Eigen-frequencies for each mode of vibration (longitudinal and lateral) were obtained 

using NASTRAN solver. In order to efficiently determine the minimum laminate thickness 

required, calculations were performed on laminates which could be written in the following 

form [00,25𝑋, 450,25𝑥]𝑠 with the total number of plies (X) increasing from 12 to 26 by 

increments of 2 for each calculation (in order to retain balanced laminates). In those 

instances that an even ratio between the plies in the laminate could not be constructed, 

preference was given to the 0° layer (e.g. the 14-ply laminate [03,5, 453,5]𝑠 

became [04, 453]𝑠). 

The results confirmed the hypothesis that as the thickness increases, the Eigen-frequencies 

also increase (Figure 27). Whilst it might appear as the longitudinal frequencies are more 

sensitive to the thickness, the increase in percent are very similar between the two (lateral 

56% and longitudinal 59%), as is expected from section 4.3. From this graph it can also be 

determined that the criterion for longitudinal frequency is fulfilled for all laminate 

thicknesses. The lateral frequency will therefore be the deciding factor.  
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Appendix 5 presents the frequencies obtained in more detail and as can be seen there, the 

24 ply laminate falls just short of the limit of 45 Hz. There was however reason to believe 

that an increment in the number of 0°-plies and/or reshuffling of the LSS would push the 

frequency above this limit. Additional calculations were performed to investigate the effect 

of the relationship between the number of 0° and 45° plies. The lay-up used was similar to 

that above, i.e. [0𝑥, 9012−𝑥]𝑠. The results show that a certain amount of the lay-ups do fulfill 

the 45 Hz criterion (Figure 28). An interesting observation is the decline in stiffness as the 

number of 0°-plies reaches its maximum.  

 

Figure 27. Lateral and longitudinal freq. of the first natural modes of oscillation 
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Figure 28. The lateral freq. vs the number of plies aligned in the 0°-direction. 

The ply ratios that showed a lateral frequency above 45 Hz were: 

- [07, 455]𝑠 

- [08, 454]𝑠 

- [09, 453]𝑠 

There was however indications that results were negatively influenced by the stiffness of the 

aluminum ring. Subsequent investigation by increasing the thickness of the ring to 3.5 mm 

confirmed this suspicion (Figure 29). All of the laminates showed a natural frequency higher 

than 45 Hz as the ring increases in thickness.  

Since the integrity of the CFRP shell is more interesting than that of the aluminum ring, it 

was decided that the thicker aluminum ring (3.5mm) should be used for the remaining 

simulations (the final mechanical test in the test rig was performed without a ring).  
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Figure 29. The lateral Eigen-freq. vs the number of plies in the 0°-direction. 

4.3.3 Loading requirements – results 

For these requirements the solid model was used and examined in terms of the interlaminar 

shear stresses because this strength is one of the lowest and is a known weak spot in the 

structure. However, the properties used are derived from CLT theory, it will be impossible to 

tell whether the stacking sequence will have an effect on the stresses experienced. 

Therefore the focus will be on how the ratio of 0°/45° plies affects the stresses and whether 

the LVA will be able to survive the applied loads. 

Initial results quickly confirm suspicions that the most affected areas, regardless of the load 

direction, will be along the upper bolt holes along the transition between flanges and walls. 

To investigate how the ply-ratio affects the stress, the stress in the elements located across 

the holes is plotted versus their position along the rectangular coordinate system. Three 

different 0°/45° ply ratios are investigated, 1/2, 1/1 and 2/1. Figure 30 and Figure 31 shows 

the XZ shear for the two combined load conditions (i.e. II and IV respectively).  

It should be noted that this stress is the averaged value of the stress experienced by the 

elements located across an oblique cross-section covering the holes closest to the symmetry 

line. It might be difficult to discern from the graphs but the three graphs more or less 

overlap each other, thus the conclusion that the ply ratio does not really matter can be 

drawn, however because from the stiffness requirements the two lower ply ratios can be 

ruled out.  
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4.3.4 Recommended lay-up 

As mentioned, the ply ratio does very little to affect the interlaminar stresses experienced by 

the material, and the trend that Figure 30 and Figure 31 show is found in all stress directions 

for all load cases.  Additionally, load conditions II and IV are the most severe and they are 

still far from the ultimate strengths of the material. It can therefore be concluded that the 

ply ratio does not really matter from a load case perspective. The LVA is strong enough 

thanks to the stiffness requirements and as stated in previous section the ply ratio of 67% 

([08, 454]𝑠) gives the best stiffness, therefore the lay-up will be decided purely upon the lay-

up guidelines stated in section 4.2 with the criterion that it still passes the stiffness 

requirements. 

Due to high degree of 0° layers in respect to 45° layers, there are not a lot of options to 

choose from if a good dispersion between the different directions is to be achieved. The final 

lay-up was therefore recommended to be [02, 45, 02, 45, 02, 45,02, 45]𝑠 and whilst this lay-

up perhaps does not fulfill the criteria that load-bearing layers (i.e. 0°) should be placed in 

the center and not on the surface. The reverse of this lay-up would cause a thick section of 

continuous 0°-layers in the middle and this would consequently cause the natural frequency 

to drop below its required value. The Eigen frequencies of the recommended lay-up are 

presented below (Table 11). 

 

Table 11. Calculated Eigen-freq. of the selected lay-up  

Lateral Longitudinal 

45.01693 Hz 179.734 Hz 
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Figure 30. XZ shear in the elements across the holes for three different ratios of 0°-plies for negative and 
lateral load. 
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Figure 31. XZ shear in the elements across the holes for three different ratios of 0°-plies for positive and 
lateral load. 
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4.4 Margins of safety 

4.4.1 Surface model 

For these safety margins the strength ratio and the max-ply strength ratios were used 

(Figure 32).  

 

Figure 32. Contour plot of the max failure index for load case II.  

Table 12 below shows the results from these simulations.  The strength ratio is based on the 

max failure index (they are the inverse of each other), which in turn only considers is a 

combination of max Tsai-Wu and bonding failure index. The associated margin of safety (MS) 

is based on the strength ratio. 

Table 12. Table of the Tsai-Wu failure indices, the strength ratio and the associated margins of 
safety. 

Load case Max failure index  Strength ratio MS (%) 

I (negative) 0.366  2.732 173 
II (negative +lateral) 0.785  1.273 27 

III (positive) 0.304  3.289 229 
IV (positive +lateral) 0.724  1.381 38 
V (lateral) 0.42  2.378 138 

 

The model was also investigated with respect to the max ply Tsai-Wu failure strength ratios. 

For these simulations the bond shear allowance (normally 62 MPa) was increased to 

6.2𝑥1017 MPa. Table 13 shows the results from this simulation. 
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Table 13. Max ply strength ratio, according to Tsai-Wu, with associated margin of safety. 

Load case Strength ratios Margin of safety (%) 

I (negative) 8.871 >>100 
II (negative +lateral) 4.131 313 
III (positive) 10.75 >>100 

IV (positive +lateral) 4.52 352 
V (lateral) 7.398 >>100 

 

It should be mentioned that the strength ratio is often a better estimate of the real margin 

of safety than margin of safety derived from the Tsai-Wu criteria. Additionally there are 

several other failure theories (max strain, Hill etc.) which would give different results, 

however time did not permit further exploration of this topic nor was it the main goal of this 

thesis. 

4.4.2 Volume model 

As mentioned previously, the most severe stresses occur at the upper bolt hole closest to 

wall of the LVA. For pure longitudinal loads the stress concentrations are evenly distributed 

across all bolt holes on the upper flange (Figure 33). For the loads containing a lateral load 

(either pure or a combination) there would be stress maxima, of opposite signs, on either 

side of the LVA at the holes closest to the axis parallel to the lateral load direction (i.e. along 

the X-axis) (Figure 34). 

 

Figure 33. Solid XZ shear stresses for load case I. 
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Figure 34. Solid XZ shear stresses for load case V. 

RUAG has from previous experience determined that the parameter of most interest is the 

out-of-plane shear stresses, therefore this parameter will be the focus of this report. 

The margin of safety for out-of-plane shear stresses, XZ and YZ, can be calculated by the 

equations 10 -13. 

𝐹𝐼 =
𝜏𝑧

𝜏𝑧,𝑢𝑙𝑡
      (10) 

Where both the numerator and the denominator above may be rewritten in the following 

form eq.11 (42) 

𝜏𝑧 = √𝜏𝑥𝑧
2 + 𝜏𝑦𝑧

2         (11) 

This gives 

𝐹𝐼 = √(
𝜏𝑋𝑍

𝜏𝑋𝑍,𝑢𝑙𝑡
)

2

+ (
𝜏𝑌𝑍

𝜏𝑌𝑍,𝑢𝑙𝑡
)

2

        (12) 

The margin of safety can then be determined by the result in eq. 12 as described by eq. 13. 

𝑀𝑆 =
1

𝑒𝑞. 13
− 1   (13) 

By observing where the maximum XZ shear stresses are and using the corresponding YZ 

shear stresses at that location in eq. 10 (or vice versa depending on the which combination 

would give the highest combined shear stress), the margin of safety with respect to shear 

loading can be determined. Table 14 below presents the results for the different load cases.  
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Table 14. XZ and YZ stresses and the corresponding margin of safety.  

Load case XZ shear stress (MPa) YZ shear stress (MPa) MS (%) 

I (negative) 10.77 0.07 375 
II (negative + lateral) 25.43 0.54 84 
III (positive) 7.88 -0.05 586 

IV (positive + lateral) -19.02 -0.77 125 
V (lateral) 11.71 1.73 324 

 

It should be mentioned that whilst the in-plane stresses are also equally important in a 

structural analysis, the strengths are so much higher in these directions that the resulting 

safety margins would not be very useful. 

4.4.3 Summary of results 

Table 15 attempts to summarize the results from the surface and the volume models and in 

general they agree rather well with each other, they all imply that the worst case scenario is 

the combination of lateral and negative longitudinal loads. They all also agree on where the 

weakest point of the model is located, on the upper bolt holes close to the curvature 

between flange and wall.  

Table 15. MS (in %) according to different ultimate stresses, strains and failure criteria. 

 Surface models Volume model 
Load case Strength ratio1  Max ply Shear strength 

I (negative) 173  >>100 375 
II (negative + lateral) 27  313 84 

III (positive) 229  >>100 586 
IV (positive + lateral) 38  352 125 

V (lateral) 138  >>100 324 
1 Strength ratio based on max failure index 

The results obtained show that the lay-up should survive all of the loads applied with good 

margin. The fact that a combined load case is more detrimental to the LVA is consistent with 

results from similar calculations performed by RUAG and actually is the load combination 

that best corresponds to the type loads experienced by the LVA in an actual launch. 

So to conclude section 4.3 and 4.4 it can be shown that a LVA with the LSS of 

[02, 45, 02, 45, 02, 45,02, 45]𝑠 should be able to withstand the loads applied with good 

margin as well as give a high enough natural frequency (unfortunately this is not something 

that can be physically tested). However the estimated thickness (6.504 mm) of the prototype 

LVA is rather thick for such a small adapter which has raised questions regarding the 

consolidation in the curvatures as well as concerns regarding the time required for 

manufacture. With these issues in mind it was unanimously decided to reduce the thickness 

by half to ensure that enough resources would be available for manufacturing, and whilst it 

was acknowledged that this revised prototype would not fulfill the stipulated criteria, it 
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would be enough to evaluate the performance of the material. Thus the final lay-up was 

decided to be [02, 45,02, 45]𝑠. FEM results for this lay-up can be found in appendix 6. 

However since the goal is to manufacture something that can survive the intended loads, the 

mass of the satellite for the reduced lay-up has been halved to 100 kg.  

4.5 Test-rig FEM models 

As a means of designing an appropriate final test procedure of the LVA prototype, the whole 

test (test rig and LVA) was simulated using Nastran.  Two different FEM models were used, 

the first was used to design the test using unaltered material properties and the second to 

improve the first results using updated material properties according fiber volume fraction 

and void content volume fraction.  

For both simulations, the FEM model of the rig was obtained from RUAG and for the LVA the 

model used in the section 4.1.2 above was used after slight improvements were made to the 

mesh. These improvements consisted of a mesh refinement around the lower bolt holes and 

an increase in elements along the upper curvature. The new mesh consisted of 18120 

elements and 20664 nodes. 

Figure 35 below shows the model of the rig, the model is constrained at the bottom by rigid 

RBE2 elements. The rig is made of steel and is exclusively modelled using CQUAD4 and 

CTRIA3 plate elements. The bolts holding the different parts together are modelled as 

spring/damping elements (CBUSH in Nastran). The material properties that were used in the 

simulation of the rig and the bolts are presented in appendix 7. The loads in the FEM model 

were applied as nodal loads on the load tower. 

 

Figure 35. Dimetric view of the FEM-model of the rig.  
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For simplicity in mounting/unmounting and executing the actual test the number of 

cylinders was reduced to two (one lateral and one longitudinal). This set-up meant that the 

lateral load would not be a pure lateral load but rather a combination of shear and lateral 

loads. But since these tests were exclusively for model verification purposes, this did not 

really matter. The lateral load was decided to be a pulling force applied to uppermost 

location of the load tower so that the torque would be the equivalent of a 100 kg satellite 

with a center of gravity (COG) 450 mm above the upper flange. Additionally to reduce the 

number of tests, load case IV was not considered for testing. The loads applied in the model 

can be found in Table 16. 

Table 16. Forces applied to the load tower for the different load cases. 

Load case Longitudinal (N) Lateral (N) 

I (compression) -18412 0 
II (compression + lateral) -18412 1384 
III (tension) 13503 0 
V (lateral) 0 1384 
VI (Predicted destructive load) -31116 2842 

 

It should also be mentioned that the thickness of the modelled LVA was chosen to 

correspond with that measured on the actual prototype (see Figure 57 in section 5.3), in 

Nastran this corresponded to giving each ply a thickness of 0.35417 mm (nominal thickness 

divided by 12 to include the overlap).  

4.5.1 First test rig model 

For this model, as mentioned previously, the properties of the CFRP was the same as for the 

structural analysis (as per Table 8).  The LVA was attached to the test rig by using the same 

type of bolts as those holding the test rig together. These simulated bolts were attached to 

the LVA by RBE2 elements as is shown in Figure 36. The lower nodes on the steel plate were 

laterally adjusted so that the bolts were aligned vertically.  

Conforming to RUAG practice, gravity has been not been considered when constructing this 

model. During the actual test, the hydraulic cylinders which apply the load, use back 

pressure to counteract the downward force caused by the mass of the upper part of the load 

tower.   
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Figure 36. The lower flange attached to the interface plate. 

 

Table 17 presents the Tsai-Wu failure indices and the strength ratios obtained from the 

different simulated loads. The areas of concern (i.e. highest failure index and lowest strength 

ratios) are the same as previously. 

 

Table 17. Failure index, strength ratios and the MS obtained from the test rig simulations. 

Load case  Max failure index  Strength ratio MS (%) 

I (compression) 0.274  3.684 268.4 
II (compression + lateral) 0.588  1.69 69 
III (tension) 0.201  5.024 402.4 

V (lateral) 0.318  3.123 212.3 
VI (Predicted destructive load) 1  1 0 

  

A final interesting topic is the prediction where it will break. Unfortunately, for the load case 

VI, there is no single place where the strength ratio/failure index is 1 (Figure 37). However, it 

seems reasonable to assume that it is the side facing the pulling cylinder which will give way 

first. 
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Figure 37. Strength ratio of the laminate for load case VI. 

 

4.5.2 Second test rig model 

The model used for the test rig predictions were updated using refined material properties 

from the material testing and bleed measurements. The boundary conditions used in the 

model were also updated to better reflect the observed behavior of the adapter in the test 

rig. 

For the boundary conditions, the model was updated so that in addition to the bolt interface 

(Figure 36), the interface plates were connected to their respective flange using rigid RBE2 

elements (not for the tensile test) which are only constrained in the z-direction (Figure 38). 

Similarly to the previous model, full connections between the flanges and the interface 

plates were only considered for the compressive and combined load cases, for the tensile 

load no additional connections were made and for the bending load case only the flanges 

and interfaces on the half circles facing the test rig were connected.  



 
 

75 
 

 

Figure 38. Close-up of the upper flange for the updated model.  

The material properties used were changed to better reflect the lower fiber volume fraction 

as well as the void volume fraction of the material. The updated values are presented below 

(Table 18).  

Table 18. Correction factors for the material properties required by the test rig model. 

Property Initial 
value 

Correction 
factor, fiber 

volume fraction 

Correction 
factor, void 

volume fraction 

New value 
(walls and 

flanges) 

New value 
(radii) 

𝐸11, 𝐸22 69 GPa 0.931 14 64.17 GPa 64.17 GPa 
𝐺12 3,4 GPa 12 0.85,6 3.4 GPa 2.72 GPa 
𝐺13, 𝐺23 2,5 GPa 12 0.85,6 2.5 GPa 2.0 GPa 
𝜎1

+, 𝜎2
+ 635 MPa 0.881 14 558.8 MPa 558.8 MPa 

𝜎1
−, 𝜎2

− 586 MPa 0.921 0.85,6 539.1 MPa 431.3MPa 
𝜎12 70 MPa 12 0.85,6 70 MPa 56 MPa 
𝜎13, 𝜎23 68,8 MPa N/A3 0.967 68.8 MPa 66.0MPa 

 
1
Determined by interpolation, assuming linear behavior between modulus/strength at 𝐕𝐟,𝐟=58 % and that of 

pure matrix (E=3.6 GPa, 𝛔+=105 MPa, 𝛔−=260 MPa (43), (44), (45)). 
2
Since shear properties are matrix dominated and in general show less tendency to vary with fiber volume 

fraction they were not altered. 
3
Measured value from ASTM D2344, see section 5.5.1. 

4
In general the effect of voids in the fiber direction is very small (43). 

5
This type of data is very hard to come by, but as guidance one can expect up to a 10 % reduction in matrix 

dominated properties for every 1 % increase in void content (46). 
6
These correction factors where only applied for the material in the radii where the void content is 

significantly higher than in the flatter areas. 
7
ILSS is reduced by voids; however the factor seems less than for the shear moduli, compressive strength and 

shear strength according to research performed by Zhu et al. (47).  
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The updated model provided the following Tsai-Wu ply failure indices for the different load 

cases (Table 19). 

Table 19. Max Tsai-Wu ply failure indices for the updated model and their location. 

Load case Max failure index Location 

I (compression) 0.176 Upper and lower bolt edge close to radius 

II (compression + 
lateral) 

0.211 Upper radius closest to bolt holes 

III (tension) 0.0975 Upper flange, radius close to bolt holes 
V (lateral) 0.239 Upper outer bolt rim on side facing away from rig 
VI (Predicted 
destructive load) 

1 Upper radius facing the test rig. 

 

 

Using this model it is predicted that the model will fail at a load of 475 % (87.7 kN) at the 

upper radius (Figure 39). 

 

Figure 39. Tsai-Wu failure index for the updated test rig model.  
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5. Results  

5.1 Results tack and drape measurement 

The results from the tack and drape measurements (Figure 40 and Figure 41 respectively) 

are somewhat similar, with both showing a rather slow and steady descent in properties 

until the last few measurements where the grade rapidly decreased to the lowest level and it 

was decided to halt the experiment. The dashed lines in both graphs represent the 

manufacturer stated out-life of 30 days. 

 

Figure 40. Results from tack measurements. 

Both experiments indicate that the prepreg is processable beyond the manufacturer stated 

out-life of 30 days, however it should be stressed that these results says nothing about the 

final properties of the composite. As Sutter et al. (35) noted, laminates manufactured after 

have been left out for periods of time longer than manufacturer recommended (50% longer) 

showed a higher void content, lower shear strength and open hole compression properties. 

Assessment notes and climate data measured from these tests are presented in appendix 8. 
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Figure 41. Results from drape measurements. 

 

5.2 Results manufacturing with VTM264, 2x2 twill carbon fiber 

These tests became a bit more difficult to perform and assess due to the limited number of 

samples, limited time available to perform them and last but not least because visual 

inspection was the major tool for evaluating the results. These tests were more rewarding in 

terms of experience and test of hardware than in data, nevertheless the observations made 

from each plate are presented below in chronological order with accompanying pictures 

where applicable. The thickness of each plate was also measured and is presented in section 

5.2.6. 

5.2.1 Test plate C, [𝟎𝟖]𝒔 

This plate was debulked for the first ply and every third ply thereafter. The edge dams were 

constructed by wrapping glass fiber tows in general sealant (a.k.a. “dog meat”) (Figure 42). 

No edge dams were used for the first ply for any of the laminates, as the laminate started to 

acquire height, the edge dam thickness was adjusted so that it was always at least a few mm 

thicker than the laminate. The edge dam design used for this test plate was suggested by 

Cytec for a similar prepreg and judged to be a good starting point for these experiments.  
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Figure 42. The edge dams used for plate C. 

 

Results 

Post-cure inspection revealed that the general sealant had penetrated the glass fiber tows 

(Figure 43) and the laminate did not bleed as much as expected. There were almost no cured 

resin present in the edge dams (only the peel ply contained cured resin) which indicates that 

the edge dam might have blocked resin (and possibly air) from escaping the laminate and 

that the final porosity might be higher than desired.  

 

Figure 43. The edge dam from plate C after cure. 
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5.2.2 Test plate A, [𝟎𝟒]𝒔 

In order to achieve a higher resin bleed, a more porous edge dam was constructed by 

wrapping two layer of breather cloth in glass fiber (Figure 44). 

 

Figure 44. Glass fiber/breather cloth edge dams. 

During lay-up it was discovered that these edge dams were flimsy, difficult to keep in place 

and did not provide any edge support (there were indications of bag-pinch during 

consolidation). Despite the apparent poor performance of the edge dams it was decided to 

continue with the lay-up in order to see the consequences of poorly designed edge dams. 

Results 

The more porous edge dams did have an effect on the bleed experienced by the laminate, 

the amount was fairly constant around the perimeter of the laminate with a small increase 

noted where the thermocouple exits the laminate (Figure 45). The peel ply also contained a 

large amount of cured resin. 
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Figure 45. Close up of plate A after cure. 

 

The poor support provided by these bags was also evident (reduction of thickness along the 

outermost edge, can also be seen in Figure 45).  

5.2.3 Test plate B, [𝟎, 𝟒𝟓, 𝟎, 𝟒𝟓]𝒔 

Both previous experiments showed that the resin was rather prone to bleed through the 

peel ply. So in this test, the top peel ply was extended to extend well beyond the top of the 

edge dams and the design of the edge dams was changed to a combination of general 

sealant, peel ply and glass fiber tows as shown in Figure 46. The idea was that the more 

tightly knit peel ply should provide greater resistance against the general sealant and 

facilitate resin transport in the edge dams. 

 

Figure 46. Cut-through view of the edge-dams used for plate C. 

Results 

These edge dams provided much better support; the laminate presented rather straight 

edges and a more uniform thickness. The amount of resin bleed was greater than for plate C, 

and similarly to plate A, there was evidence for a preference of additional bleed where the 

Peel ply 
Glass fiber 
Peel ply 
General sealant 
Laminate  
Tool 
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thermocouple wiring exits the edge dams. The added peel ply did not however prevent the 

general sealant from penetrating the glass fiber. The uniform bleed however suggests that 

the porosity probably is at least equal to or lower than that of plate C.  

5.2.4 Test plate D, [𝟎𝟐, 𝟒𝟓𝟐, 𝟎𝟐, 𝟒𝟓𝟐]𝒔 

This plate was manufactured with two intents; the first was a fourth design of the edge 

dams. The dams used in this experiment were similar to those used for plate B, but instead 

of a layer of peel ply between the sealant and the glass fiber, a layer of unperforated film 

was used that stretched across the whole upper surface, half the bottom surface and the 

side facing the laminate. The idea was that this film should prevent any sealant from 

blocking the air paths provided by the glass fiber.  

The second intent was to test the performance of an untreated peel ply (A100PS by CYTEC) 

which was provided as a sample from Cathay Composites. To make this test as fair as 

possible, half of the laminate was covered with treated peel ply (that which was used for the 

other plates) and half with the untreated. The plies overlapped by about 10 mm along the 

middle of the plate. Separation of the two was managed by noting the alignment of the 

pinstripes with respect to the thermocouple wiring (Figure 47).  

 

Figure 47. The two different peel plies during lay-up. 
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Results 

During this cure, a thermocouple malfunction caused the thermocouples located in the 

laminate and on the tool to level off at a temperature of roughly 57°C. The total time to cure 

was therefore based upon the results of plate C, the cause of these measurements is 

unknown and the attempts to locate the source of the error were inconclusive. However, the 

laminate turned out good, the bleed experienced was more than in previous attempts and 

uniform around the laminate, there were also dark spots (resin and carbon fiber pools) 

which had not been observed before (Figure 48). Overall these edge dams appeared most 

promising since the degree of bleed suggests that most of the air has been evacuated. As an 

additional bonus, the untreated peel ply used for half of the plate showed much better 

performance than the treated one. Whilst this is not the focus of this thesis, this result is 

interesting since it might allow for a reduction in surface treatment prior to the adhesion of 

fasteners etc. Therefore further research into this topic is suggested. 

 

Figure 48. Close up of laminate D after cure  

5.2.5 Test plate E, [𝟎𝟏𝟑]𝑻 and F, [𝟎𝟏𝟑]𝑻 

These plates were co-cured on the same base and tool plate with the purpose of evaluating 

the performance of a different type of general sealant and to get more precise data for 

bleed measurements. The reason this was not explored earlier is because a precise enough 

scale was not available before. The two plates were assembled using identical edge dams in 

previous plates C (manufacturer recommended edge dam, general sealant + glass fiber) and 

D (best dam according to results, general sealant + glass fiber + blue unperforated film) for 

plate E and F respectively. For final cure these dams were constructed using the same 

technique but with the new type of sealant. The reason for the change in sealant type is due 

to recommendations given by production floor personnel.  
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All the ingoing components (prepreg, dams, peel ply etc.) were carefully weighed before to 

get a measurement of the bleed. Also, an additional ply was added to the lay-up to make it 

more representative of the prototype lay-up (due to overlap, the 12-ply lay-up will become 

as thick as a 13-ply lay-up).   

During the cure another thermocouple failure occurred (despite the fact that they were 

tested and appeared to be working beforehand). The type of failure was identical to that 

before (levelling off at 57°C), and the cure was again determined by the time to 80° 

measured previously on plates A, B and C. 

Results 

The first impression was that the new general sealant did not outperform the previous 

brand. The amount of adhesion was unnecessary much, making the whole dismantling 

process much more laborious. The bleed was measured by weighing the plies, edge dams 

and peel plies before and after cure (Table 20). 

Table 20. Bleed results for plates E and F. 

Plate Mass before Mass after Matrix (𝑴𝒇) after Matrix (𝒗𝒇) after 

E 99.866 98.251 41.051 50.321 
F 99.965 97.077 40.271 49.521 
1 

The resin weight and volume fractions were calculated using manufacturer specified properties  

(Initial 𝐖𝐟,𝐦= 42 %, 𝛒𝐟 = 𝟏. 𝟕𝟔 𝐠/𝐜𝐦𝟑, 𝛒𝐦 = 𝟏. 𝟐𝟏 𝐠/𝐜𝐦𝟑). 

5.2.6 Summary of thickness measurements 

Whilst it is acknowledged that a different weave might have an impact on the final thickness, 

it is thought that the twill weave should give a rough indication of the thickness. Each of the 

plates above was measured in 8 locations as per Figure 49. The results from each plate are 

presented in Figure 50 and Figure 51. 

 

Figure 49. Measuring locations for plates A-F. 
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Figure 50. Box and whiskers plot of the total thickness. 

 

Figure 51. Box and whiskers plot for the thickness per ply. 

Figure 51 suggests that the best consolidation is achieved with the method used for plates D 

and F (and hence lower porosity). Therefore is has been decided that this edge dams 

technique should be used for the construction of the final LVA. Although it is acknowledged 

that the improvement is very slight (only about 4% comparing the means between plate D 

and E). The prepreg thickness before cure was about 0.27-0.28 mm. The actual values 

measured are presented in appendix 9. 
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5.2.7 Result test lay-up 

Before the final lay-up was performed the tool was once tested with several thermocouples 

attached to it to give a rough indication of the heat up time of the tool. Additionally, 8 trial 

plies were cut from the excess material to study the shape and how the final lay-up 

procedure was to be performed. The stagger and overlap used was as described in section 

3.5.3. Because of the thin nature of this lay-up, no edge dams were used. 

Three thermocouples were placed each of tools upper and lower surfaces as further 

explained in section 5.4.2. The 8 segments were laid up as to represent a quarter of the 

prototype and co-cured with the thermal test of the tool. This presented the additional 

benefit of giving an idea of how the thermal expansion of the tool would affect the final 

shape of the LVA prototype. 

Since no thermocouples were installed in the laminate, the 5 hours cure was measured from 

the point where the upper tool surface on the top surface reached 80°C.  

 

Results 

This experiment was very valuable since it identified some areas of improvement regarding 

lay-up, bagging and curing procedures. Figure 52 and Figure 53 show the resulting quarter 

circle that was produced. 

 

Figure 52. Close up of the radius for test lay-up. 
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Figure 53. The quarter LVA after cure. 

The lessons learned can be summarized as follows. 

- Improved compaction techniques are required in the lower radius. 

- Attention should be paid on getting the edges aligned so that edge-dams can be 

fitted properly. 

- Peel-ply should overlap only by a small amount (about 5mm) and care should be 

taken to minimize any holes resulting from peel ply overlap. 

- Peel ply should also be consolidated properly to prevent it from bridging the lower 

radius (the cause of the very dry fibers that can be seen in Figure 52). 

- Segment cut-out dimensions should be made based on a fixed angle overlap instead 

of a distance.  
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5.3 Results manufacturing with VTM264 5HS carbon fiber 

5.3.1 Prototype manufacture 

The resulting LVA before (Figure 54) and after milling (Figure 55) are shown below. 

 

Figure 54. The prototype LVA before milling. 

The prepreg, the edge dams and the peel ply was weighed prior to and post-cure to 

determine the 𝑉𝑓. (See table 16 below). The densities used were the same as for test plates E 

and F (section 5.2.5). 

Table 21. Mass, matrix mass fraction and matrix volume fraction of the LVA. 

Mass before 
cure 

Mass after 
cure 

Mass after 
milling 

Matrix (𝑴𝒇) 

after 

Matrix (𝒗𝒇) 

after 

1377.563 g 1354 g1 1081 g1 41.0 % 50.3 % 
1
No decimals on these values because the resolution of the scale was 1 g (different scale because mass was 

too high for the high precision scale). 
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Figure 55. Prototype LVA after milling.   

Measurements during lay-up and after cure showed that the 5HS prepreg was much thicker 

than the 2x2 twill, each prepreg layer was about 33 % (or 0.1 mm thicker) which resulted in a 

much thicker adapter than expected. The thickness was measured at 12 locations (at 30° 

intervals) around the upper flange, lower flange and two locations on the wall (3 and 8 cm 

along the inner wall from the start of the top curvature) for a total of 48 measurements. The 

results are presented in Figure 56, Figure 57 and Figure 58. The thicknesses were measured 

using an analogue outside caliper with a resolution of 0.1 mm and the measured values are 

tabulated in appendix 9. 
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Figure 56. Box and whiskers plot of the thickness along each measuring line of the LVA 

 

 

Figure 57. Box and whiskers plot of the thickness along different sections of the LVA. 
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Figure 58. Box and whiskers plot of the overall thickness of the LVA. 

 

The above results show a rather wide difference in the thickness across the prototype. 

However as can be seen in Figure 58, 50 % of the measurements are between 4.2 and 4.3 

mm, this can be considered as a rather narrow range and the mean (4.25 mm) has therefore 

been decided to be the nominal thickness of the adapter.  

After the adapter was tested and cut into pieces it became possible to measure the radii on 

the undamaged half of the adapter more exactly with a digital caliper.  Two cross-sections 

were measured, with two measurements on each flange, four along the wall and three in 

each radius.  The measurements are presented in Table 22 and show slight thinning effect on 

the convex upper radius and a bigger thickening effect on the concave lower radius. 

 

5.3.2 Test plates for ASTM D2344 and ASTM D6272 

The laminates destined for testing were made using the same method as for test plates D 

and F and also the prototype LVA. The cure cycle was also similar, however due to another 

thermocouple failure; the cure time was again determined by the time required for earlier 

plates. Cure cycle data is presented in appendix 10 with the other cure data. 

The thickness was measured with a digital caliper as previously (8 measuring points as 

shown in Figure 49 for the D2344 plate) with the exception that the D6272 plate was 

measured at 10 points according to Figure 59. The fiber volume fraction, 𝑉𝑓, was estimated 

by similar method as previously, for the D2344 plate it was 50.3 % and for the D6272 it was 

50.2 %.  
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Table 22. Measured thickness values over two cross-sections of the adapter. 

Measuring 
point 

X-section 1 
(mm) 

X-section 2 
(mm) 

Average 
over section 

Flange    

1 4.18 4.41 
4.283 

2 4.23 4.31 
Upper radius    
1 4.02 4.14 

4.062 2 3.97 4.12 

3 4.03 4.09 
 Wall    
1 4.18 4.21 

4.203 
2 4.24 4.20 
3 4.25 4.23 

4 4.15 4.16 
Lower radius    
1 4.70 4.73 

4.792 2 4.91 4.86 
3 4.79 4.76 

Lower flange    
1 4.37 4.25 

4.258 
2 4.29 4.12 

 

 

Figure 59. Measuring points for the D6272 plate. 
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The resulting thicknesses (Figure 60) of all the products made with the 5HS weave 

reinforcement is much higher (about 0.1 mm per ply) than those measured for the 2x2 twill 

reinforced prepreg.  

 

Figure 60. Box and whiskers plot for the thickness of 5HS reinforced composites. 

The increase in thickness can be explained by the increased surface weight of the satin 

weave prepreg compared to its twill counterpart (283 g/m2 vs 200 g/m2). For a given ply size, 

lay-up, resin content and density of constituting materials, an increase in thickness should be 

expected as the surface weight increases. The increase in surface weight is caused by the 

different weave architecture, satin weave has less crimp than twill weave and hence the 

fibers can be woven tighter. The tighter weave will prevent fiber flattening and consequently 

the fibers will be more circular than elliptical and build more height. This fiber flattening 

effect can be seen with the naked eye (Figure 61). 

The greater difference in thickness for the LVA is most likely due to the geometry of the 

product which made it more difficult to apply an even pressure during lay-up and cure. 
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Figure 61. 5HS weave to the left and 2x2 twill on the right.  

 

5.4 Results cure cycles  

Whilst the cure cycle data from these tests were not of primary concern, they did provide 

interesting data which aided in the establishment of adequate, albeit non-optimized, cure 

schemes.  

5.4.1 Cure cycles test plates A-F 

As mentioned in section 3.4.2 the laminate plates were fitted with 2 thermocouples. In 

addition to this there were two fitted in the oven each located in the center (about 3-4 cm 

from the ceiling and floor of the oven respectively) and a fifth thermocouple placed on the 

base (taped in place at roughly the center of the base bottom surface). From the data 

obtained the following observations were made. (All temperature measurement diagrams 

may be found in appendix 10.) 

- Rather even temperature distribution throughout oven (at least during ramp and 

hold). 

- Thermal lag is observed in tool with roughly an additional 1½ hour required to reach 

80°. 

- No significant exothermic reactions observed in the studied thicknesses.   

- Roughly the same time required for the laminate to reach cure temperature 

regardless of laminate thickness (see table 17 below). 

- The practice of self-cool overnight is safe since the temperatures experienced are far 

from the 3°C/minute limit set forth by the manufacturer.  
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Table 23. Time required for the thermocouples in the laminate to reach 80°C. 

Test plate Time (hrs, min) center Time (hrs, min) edge 

A, [04]𝑠 2.37 3.05 
B, [0,45,0,45]𝑠 2.43 3.05 
C, [08]𝑠 2.42 2.57 

D, [02, 452, 02, 452]𝑠 N/A1 N/A1 
E, [013]𝑇 N/A1 N/A1 

F, [013]𝑇  N/A1 N/A1 
1 

Mid-cure failure of thermocouples in laminate and on tool 

The thermocouples show a slightly longer time for the laminate to reach 80°C at the edges 

than in the laminate. This is probably due to the extra heat created by the polymerization 

reaction which is greatest in the middle. 

5.4.2 Cure cycle results tool 

Six thermocouples were fitted on the tool. The logged temperatures indicated some 

interesting results. Figure 63 shows how the temperatures recorded by each thermocouple 

during ramp and the first hour of the hold. Figure 62 shows how the nomenclature is based 

to make it easier for the reader. The cure used was again ramp 1°C/min to 80°C and hold for 

5 hours.  

 

Figure 62. Positions and nomenclature of the thermocouples on the tool. 

From Figure 63 on the next page it can be seen that the difference between the top and 

bottom surface is not that big, at least not for the thermocouples placed in the lower and 

middle positions. The thermocouples placed on the upper positions differ however, and 

during ramp the difference between the two thermocouples are occasionally larger than 4°C 

which is much higher than the differences experienced by the others.  
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Figure 63. The recorded temperatures during ramp and beginning of hold. 

A different perspective of the situation can be obtained by observing the temperature 

gradient across the top and bottom surface respectively. This is shown in Figure 64 and 

Figure 65.  

The first results (Figure 64), imply that the tool is heated from the top and bottom surface, 

with more heat coming from the bottom surface (probably due to the slightly insulating 

properties of the bagging material). As the cure comes to an end, the flow of the heat 

reverses and the temperature flows from the center and outwards in both directions. 
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Figure 64. Temperature gradient across the top surface. 

 

Figure 65. Temperature gradient across the bottom surface 

The second plot (Figure 65) show a different result, here it appears that the tool is only 

heated from one side, the bottom side, and as the tool cools the heat reverses direction and 

goes out through the bottom. Physically speaking, this does not make a lot of sense and 

therefore the preliminary conclusion is that the bottom upper thermocouple is not 
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responding properly during temperature change. However this issue was not examined 

further since for the final cure the dwell time would be decided regarding to the 

temperature in the laminate and not on the tool. 

Another interesting observation is that it appears that this tool heats faster than the 

aluminum base that was used for the test plates. Whether this will have any effect on the 

final cure of the LVA is unclear since the cure will be controlled with respect to laminate 

temperature and not the tool temperature. 

5.4.3 Cure cycle prototype 

The cure cycle for the prototype was rather similar to the pervious, with the exception that 

here the first signs of an exothermic reaction became visible (Figure 66). However the 

temperatures were only 10 degrees higher which doesn’t suggest any thermal degradation. 

Though it should be mentioned that these temperatures were measured on the edge of the 

laminate and the temperatures in the middle could well have been higher. 

 

Figure 66. Temperature and pressure measurements from the curing of the prototype. 

It can be also be seen that the pressure drops rather quickly as the pump is turned off and 

the laminate cools. In this particular case it is beneficial since it means that there will be very 

little external pressure acting on the prototype as the tool cools and possibly (yet unlikely 

due to the low temperatures) leaves a small gap between tool and laminate due to thermal 

expansion of the tool during cure. 
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5.5 Results from material testing 

5.5.1 Results from ILSS tests (ASTM D2344) 

The ILSS test performed by Exova showed a mean short beam shear strength of 68.8 ±0.7 

MPa, the mode of failure in all of the cases was reported to be by interlaminar shear mode 

(Figure 67). A total of 6 specimens were tested, the displacement rate used was 1 mm/min 

with the diameter of the loading and support noses of 6 and 3 mm, respectively.  

 

Figure 67. Illustration of interlaminar shear fracture. 

The corresponding guideline value for the existing material is 62 MPa which indicates a 9.7 % 

increase. However it should be stressed that this is just a guideline value and values have 

been obtained that are much larger. Selected pages of the test report and the dimensions of 

each specimen is presented in appendix 11. 

5.5.2 Results from 4-point bend tests (ASTM D6272) 

The secant modulus of elasticity was determined to be 54.2±2.1GPa and the failure mode 

was tensile for all specimens but one which failed by plastic deformation (Figure 68). The 

measured flexural strength was 949±35 MPa. was Similarly to the previous test, 6 tests were 

performed with a displacement rate of 1.2 mm/min, the diameter of the support and loading 

noses were 10 mm and the support and loading spans were 40.4 and 13.5 mm, respectively.  

 

Figure 68. Tensile failure of 4-point bend specimen. 

For comparison, measured flexural strength of the current material (according to internal 

standard) is 1327.6±66.1 MPa (note, this is for one set of 10 samples only), which 

corresponds to a decrease of 28.5 %. No data on the secant modulus of elasticity has been 

found. This modulus was however not the objective of the test but could rather be 

considered a by-product of the test were the strength was the most interesting 

measurement. 

5.5.3 Results from void fraction measurements 

The results from the void testing (Figure 69) show relatively good porosity data. The negative 

values for the lower flange can be interpreted in two ways. Either they are due to 

measurement errors or they indicate a difference of fiber volume fraction across the 
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adapter. Since the vacuum ports were placed on the lower edge of the tool, it is not 

unreasonable to assume that the proximity between the two caused a slightly higher fiber 

content and lower void content on this section.   

 

Figure 69. Void fraction measurement results. 

The most evident result is that the desired aerospace grade porosity levels of less than 1 % 

are not fulfilled in the radii. This is not an unexpected result; there were concerns from the 

very start of the manufacturing process about the potential risk of poor consolidation and 

voids in the radii, and the results show that these concerns were validated. However, for the 

flatter parts of the adapter (flanges, walls) the void content is well below 1 %. Looking at the 

adapter as a whole (Figure 70), a majority of the void fraction results are below 1.5 % which, 

considering the circumstances, should be considered good. 
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Figure 70. The total void volume fraction for the adapter. 

These results thus indicate that it is very possible to achieve low void content composites 

without using an autoclave; it should however be stressed that these results should be 

confirmed by a second measuring method (e.g. microscope) because of the inherent 

impreciseness of the method. The recorded masses and the input data used to obtain the 

results above may be found in their entirety in appendix 12. 

5.6 Results from the test rig testing 

The results from the test rig correlated more or less with the predicted values. The general 

observations were that the predictions for the strain correlated better to the measured 

values than those made on the displacements (Figure 71 and Figure 72). All the recorded 

strains and displacements are presented in appendix 13, where they are plotted against the 

predictions made using Nastran. 
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Figure 71. Strain measured from strain gauge 3, located at 180° on the inside of the adapter for load case I 
(tension) 

 

 

Figure 72. LVDT measurements taken on the adapter for load case I (tension). 
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Additional observations were that the strain gauges placed on the inside more often showed 

a better correlation to predicted values than the strain gauges placed on the outside. The 

predicted strain values were most often under predicted whereas the predicted 

displacements were most often over predicted. All of the resulting graphs for all of the test 

data can be found in appendix 11. The objective of predicting the strains within +/-10 % was 

not fulfilled for all of the load cases and strain/displacement directions (as stated in the 

static load test plan, appendix 7). This was somewhat expected since the model was 

constructed using a similar material only and even with accurate material properties, a 

discrepancy would have been expected since it is rather difficult to make accurate 

predictions for even rather simple designs and loads. 

The predictions made for the failure load case were the least accurate; the static test plan 

(appendix 7) predicts failure at a load of 169 % in the combined load case direction based on 

the strength ratio of the model. The test results however showed that the adapter survived a 

much higher load (Figure 73), with a minor failure occurring at roughly 550 %. This 

unexpected high load prompted the test to pause and unload at 1000 % load to verify the 

capacity of the load cells before continuing. Additionally the large deformations caused 

some LVDT’s to reach their limit and put them in risk of being damaged so they had to be 

removed before the test could continue. As the test resumed, a second failure was observed 

at just below 1000 % (Figure 74). At roughly 2200 % load the load cells reached their 

maximum limit and the test had to be aborted. 

 

Figure 73. Strains recorded from S/G 2, located on the inside at 0° for the first failure run. 
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Figure 74. Strains recorded from S/G 2 on second failure run. 

As the adapter was removed from the testing rig there was visible damage around the upper 

and lower radii (Figure 75 and Figure 76). The damage on both curvatures stretches almost 

180° but appears less severe for the lower radius. 

 

Figure 75. View from inside the test set-up.  
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Figure 76. View from the outside.  

Cut-through observation of the adapter cross section close to the 0° loading direction 

revealed delamination, matrix failure and even some fractured fibers along both radii, with 

more severe damage on the upper radius, indicated with arrows in Figure 77. 

 

Figure 77. Close –up of upper radius. 

From the LVDT data it can be determined in which order the fractures took place, both 

LVDT’s placed on the lower flange (LVDT 4 and 5) show very small movements for the first 

run (Figure 78). On the second run there is a large positive displacement (towards the test 

rig) on the lower LVDT at 0° (Figure 79). This indicates that something probably happened in 



106 
 

the vicinity of the measuring device. The most probable cause is failure of the lower radius, 

which means that that the first failure to occur was upper radius failure. However an 

inspection between the two runs did not reveal any visible damage to the upper radius. This 

leads to the suspicion that the visible damage on the upper radius probably occurred 

simultaneously as the lower radius failed. This fits well with the data measured from LVDT 6 

(Figure 79). With these results in mind, a more detailed failure sequence can be constructed. 

The most likely failure sequence is: 

1. The upper radius fails at 550 % load and the cone loses some of the stability from the 

upper flange, i.e. LVDT 3 and 6 start to record larger and less linear displacements.  

2. The lower radius fails at 1000 % load and the upper flange slips from wall. 

3. As the upper flange slips, pressure is momentarily release from the wall and the 

adapter rectifies itself for a brief period of time (LVDT no 6 goes back to zero). 

4. The upper interface plate is now pressing on the wall which has failed at the lower 

radius.  

5. The adapter wall is acting as a lever at 0° causing the lower flange to rotate around 

an axis in roughly the 90°-270° which is interpreted as a movement in the 0° direction 

by LVDT number 4. 

 

Figure 78. Displacement measurements from LVDT’s placed on the adapter recorded from the first failure 
run. 
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Figure 79. Displacement measurements from LVDT’s placed on the adapter recorded from the second failure 
run.  

 

5.6.1 Test rig results vs updated model. 

The strains and displacements for the updated model were both more and less accurate 

depending on the load case. There is thus reason to believe that there still is room for 

improvement regarding the boundary conditions of the model and/or the altered material 

properties. Unfortunately time did not permit further work on the topic. 

For the tensile load case slight improvements were seen for the strain gauges in the y-

direction (e.g. Figure 80, updated predictions denoted pred 2), whereas there was little room 

for improvement on the remaining strain directions. 
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Figure 80. Strains measured from S7G 3, located on the inside at 180°.  

The compressive load case showed very similar results as compared to the tensile, with only 

slight improvements in the measured strain in the Y-direction. For the bending load case 

however there were significant improvements in the prediction of the displacements, both 

in those one the upper interface plate (Figure 81) and the adapter (Figure 82). 

 

Figure 81. Displacements measured on the upper interface plate. 
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Figure 82. Displacements measured on the adapter. 

For the combined load case, both to 100% load and to failure the new results concerning 

strain and displacements showed both slightly better and worse predictions compared to 

previous. However, the new model provides a better prediction of the load at failure (Figure 

83). 

 

Figure 83. Strains measured from S/G located on the inside at 0°.  
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6. Discussion and conclusion 

6.1 Method 

Writing the method chapter was arguably the most difficult part of this report, working with 

process development for a new material and a new manufacturing process simultaneously 

whilst under rather strict time limitations is not optimal. A lot of the work performed during 

manufacturing (especially true for the test plates) was the result of trial and error. Ideas that 

seemed good on paper where not always good in practice, and vice versa, some of the 

methods and techniques that were developed on the floor are hard to put in print.  

As mentioned in the method chapter it is acknowledged that the selection process by which 

the manufacturing method was chosen perhaps was more or less predetermined from start 

if the goal of actually producing a prototype was to be fulfilled. Likewise with the selection of 

prepreg, outer factors (e.g. costs, delivery times etc.) reduced the choices to the point where 

there was not much to choose from. However this often the way things are, you have to 

make do with what is available and in that case I must say that things went very well indeed. 

6.2 Simulations 

During the development of the models used a lot of time was spent trying to achieve a solid 

model using laminate elements, this would have provided a more accurate model of the 

interlaminar stresses and also have given an indication of the effect of the LSS on 

aforementioned stress. To do this in Nastran is possible, although it is much simpler to just 

use solid elements. To have chosen this latter approach at the very beginning would have 

saved a lot of time, but there was also a lot of experience gained in attempting to get the 

more complicated model to work.  

Both of the models used are rather element heavy and it would perhaps been more efficient 

to use a coarser mesh on the walls and refine it at the known stress concentration locations. 

However due to aforementioned reason time did not permit too much tinkering with the 

mesh and time required for each solution (usually around 1-5 minutes) was never long 

enough to motivate a simpler mesh.  

In hindsight, the changes made to the second testrig FEM model where the interface plate 

and the upper flange were constrained so that the plate pushed against the whole flange 

and not only against the edge of the bolt holes would have been more correct to use in the 

structural analysis simulations. Unfortunately, time did not permit these simulations to be 

redone in this fashion.  

As mentioned in the simulation section, only a select few failure criteria were considered in 

terms of predicting failure.  For a more thorough examination more failure criteria should 

perhaps have been considered and compared to the actual behavior shown by the material. 

Unfortunately, it would not have been possible fit such a study within the scope of this 

thesis.  
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6.3 Results 

The tack and drape measurements where one of those things that were not intended from 

the very start, instead they were the result of suddenly having a lot scrap material available, 

consequently the measurement procedure and criteria employed were perhaps not 

thoroughly considered before commencing. There are other methods (e.g. by measuring the 

force required to separate two adhered prepregs) that are available but they are a bit more 

complex and the tools required for these were not available at the time. The results 

obtained in this report are very subjective to the opinion of the test performer and run a 

higher risk of bias as well as difficulties of placing it in the right tackiness/drape level; 

however they are also probably more useful for production floor staff since they are more 

easily interpreted than e.g. a measured force. Occasionally it was very difficult to grade the 

tackiness and drapability e.g.at the end of the tackiness tests the prepreg was very stiff and 

dry, but somehow it still managed to stay up for 30 minutes prompting a somewhat 

undeserved grade 4. 

Regarding the composite manufacturing, it is acknowledged that the method of evaluation 

(mostly visual inspection) is not the most scientifically accurate and is very prone to different 

biases. It is however believed that the tendency presented by the void measurement results 

is correct and that when setting down guidelines for the manufacture of this product, care 

should be taken to get good consolidation in both the upper and lower radius. Another 

interesting measurement would have been a void content analysis to see how the porosity 

varied in the test plates. The thickness measurements indicate that the edge dams do have 

an effect, but it would have been preferable to confirm this with a separate measurement 

method. From a construction point of view it could well be that the structure can handle a 

certain level of porosity, but since their presence and effect is more difficult to control than 

e.g. fiber volume fraction it would be wise to try and keep them at a minimum.  

It is also acknowledged that the measurements obtained from the test plates are based on a 

very limited number of samples and the ILSS for instance is very prone to very depending on 

manufacturing conditions etc. For better guideline values, more tests should be performed. 

It may also appear that the 4-point bend test was a bit unnecessary since it is not used in any 

of the calculations. However, it does give a good reference value that could prove useful in 

future studies. Another weakness of these tests are that they have not been performed 

using the same method. Whilst it would have been possible to use internal standards, it was 

also undesirable because RUAG has expressed a desire to use more internationally approved 

standards. 

Overall the test results (test rig, ASTM, etc) all show very promising results, as a matter of 

fact, these results suggest that in respect to load limits, this adapter can support a satellite 

with a mass close to 550 kg (disregarding stiffness requirements). However it should be 

stressed that these are initial results and that they should be confirmed by additional 

measuring methods and/or greater number of tested specimens.  
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6.4 Suggestions for future work 

Manufacturing LVA’s using VBO technique is clearly very possible, even with rather crude 

manufacturing methods, at least for small systems. To continue the development of this 

product, the following steps are recommended. 

- Further investigation of void prevention (i.e. optimization of edge dam design, lay-up 

procedure and debulking). 

- Extended material testing, preferably an outgassing test if this particular material is 

to be considered for space applications. Also tests to obtain standard material data 

(moduli, strength etc.) would be of great importance. 

- Optimization of cure and debulking cycles to achieve desired fiber volume fraction 

with a certain degree of repeatability, (i.e. minimize manufacturing uncertainties).   

- In general more materials should be tested in terms of properties and behavior.   

- Cost analysis of the possible economic benefits/drawbacks of this manufacturing 

method, due a very possible increase in man-hours and consumables, this method 

might initially prove to be very expensive. Additional long-term cost-saving 

manufacturing methods (e.g. vacuum benches, cutting machines etc.) should be 

considered if these adapters are to be made in-house. 

6.5 Conclusion 

The results presented in this thesis show that it is very possible to change the manufacturing 

method of LVA’s, and quite possibly even other CFRP structures that RUAG Space produce 

(e.g. the central cylinders for satellites). However there is a lot of work to do in respect of 

optimizing and qualifying a new manufacturing method and a new manufacturing material. 

But even though the time until the first OOA manufactured LVA is launched might be very 

long, it is hoped that advantages will outweigh the disadvantages and that there will be 

enough incentive to continue researching this topic.
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Appendices  

Appendix 1 – Tool sealant and release agent procedures 

 

Tool – sealing agent procedure 

The tool was cleaned with acetone before the tool sealer (HP 2002) was applied. The sealing 

procedure was according to manufacturer recommended procedure, with a coat applied 

every 2-3 minutes till the surface acquired a glossy finish (a total of 10 coats) and then 2 

more coats at an interval 0f 20-25 minutes. 

Tool – release agent procedure 

Before being treated with release agent the outer edge was taped so that general sealant 

would easily stick to the tool. A total of 4 layers of release agent were applied at intervals of 

about 15 minutes before the whole tool was left to dry overnight.  

Steel plate tool – release agent procedure 

The plates where cleaned with acetone between uses, 3 coats of Marbocote 227 CEE was 

applied at 15 minute intervals, then the plates were placed in an oven at 65°C for 30 

minutes. 
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Appendix 2 – Tack and drape measurement procedures 

 

Tack Measurement 

1. Clean surface with isopropanol 
2. Remove back cover (white), test tackiness for resin transfer with fingertips before 

adhering to middle of the metal surface.  
3. Give it a roll with light pressure before removing the top cover (light blue) 
4. Use same procedure to fasten another strip of prepreg on top of the first layer. 
5. Clamp surface in vertical position to metal block. Strip should be aligned vertically. 
6. Remain in this position for 30 minutes or until the strip falls of. 
7. Clean surface with isopropanol until no visual epoxy residue remains. 

 

Drape measurement 

1. Clean mandrel with isopropanol 
2. Remove back cover (white), wrap prepreg around the cylinder in a smooth and easy 

fashion. Keep either warp or weft parallel to cylinder centerline.  
3. Remove the top cover (light blue) 
4. Inspect for damage according to criteria levels below. 
5. Remove prepreg and clean surface with isopropanol until no visual epoxy residue 

remains.  
 

  

Figure 84. Tack measurement in process. 
Figure 85. Ongoing drape assessment. 
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Appendix 3 – Void fraction determination 

 

Void fraction (𝑉𝑓,𝑣𝑜𝑖𝑑) determination based on the Archimedes principle is based on the 

assumption that the difference between the theoretical and measured density is due to 

voids in the material. 

The actual is density is measured by weighing a sample whilst submerged in a bath of 

distilled water. The density is then given by eq. A 4.1 and A 4.2. 

𝑉𝑠𝑎𝑚𝑝𝑙𝑒 =
𝑀𝑠𝑎𝑚𝑝𝑙𝑒,𝑎𝑖𝑟 − 𝑀𝑠𝑎𝑚𝑝𝑙𝑒,𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑

𝜌𝑤𝑎𝑡𝑒𝑟
        𝐴 4.1 

𝜌𝑠𝑎𝑚𝑝𝑙𝑒 =
𝑀𝑠𝑎𝑚𝑝𝑙𝑒

𝑉𝑠𝑎𝑚𝑝𝑙𝑒
         𝐴 4.2 

By knowing the mass fractions (in %) of the composites constituents as well as their 

respective densities, the void fraction can be determined with eq. A 4.3. 

𝑉𝑓,𝑣𝑜𝑖𝑑 = 100 − 𝜌𝑠𝑎𝑚𝑝𝑙𝑒  × (
𝑀𝑓,𝑚𝑎𝑡𝑟𝑖𝑥

𝜌𝑚𝑎𝑡𝑟𝑖𝑥
+

𝑀𝑓,𝑓𝑖𝑏𝑟𝑒

𝜌𝑓𝑖𝑏𝑟𝑒
)       𝐴 4.3 
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Appendix 4 – Classic laminate theory 

 

When making calculations based on CLT, it is necessary to know the elastic and thermal 

material parameters (E11, E22, G12, ν12, ν21, α11, α22)  and the strength 

parameters(σ11
+ , σ11

− , σ22
+ , σ22

− , σ12
± ). 

LAP uses these values to create the following stress-strain relations. 

 

[

𝜎1

𝜎2

𝜎12

] =  [

𝑄11 𝑄12 0
𝑄12 𝑄22 0

0 0 𝑄33

] [
𝜀1 − 𝛼1𝛥𝑇 − 𝛽1𝑚
𝜀2 − 𝛼2𝛥𝑇 − 𝛽2𝑚

𝜀12

]    (𝐴 5.1) 

Because moisture effects are not considered, in these calculations, the moisture content m is 

zero and the two terms containing m are not considered. ΔT is the applied temperature 

difference from stress free to the operational temperature (i.e. 267 to -65°C). The other 

values in the matrix above are defined by the input variables as below. 

𝑄11 =
𝐸11

1 − 𝜈12𝜈21
 (𝐴 5.2)      𝑄12 =

𝜈12𝐸22

1 − 𝜈12𝜈21
  (𝐴 5.3)                

𝑄22 =
𝐸22

1 − 𝜈12𝜈21
 (𝐴 5.4)      𝑄33 = 𝐺12  (𝐴 5.5) 

Minor Poisson’s ratio ν21 is not given but calculated by using the following equation 

𝜈21 = 𝑣12

 𝐸22

𝐸11
     (𝐴 5.6)   

Note that this Q matrix is only for one ply with axis systems defined by the principal laminate 

directions. For a ply with the fibers in a different direction a transformation matrix ([𝑇]) 

needs to be applied. 

[𝑇] = [
𝑚2 𝑛2 +2𝑚𝑛
𝑛2 𝑚2 −2𝑚𝑛

−𝑚𝑛 +𝑚𝑛 𝑚2 − 𝑛2

]       (𝐴 5.7) 

Of which m = cos 𝜃 and n=sin 𝜃 where 𝜃 is the angle of the fibers in respect to the x-axis. The 

transformation matrix (A 5.7) applied to our original relationship (A 5.1) will yield. 

 

[

𝜎𝑥

𝜎𝑦

𝜎𝑥𝑦

] =  [

�̅�11 �̅�12 �̅�13

�̅�12 �̅�22 �̅�23

�̅�13 �̅�23 �̅�33

] [

𝜀𝑥 − 𝛼𝑥𝛥𝑇
𝜀𝑦 − 𝛼𝑦𝛥𝑇

𝜀𝑥𝑦 − 𝛼𝑥𝑦𝛥𝑇
]      (𝐴 5.8) 
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The middle matrix, the lamina stiffness matrix (or Q-bar) is defined as; 

[�̅�] = [𝑇]−1[𝑄]([𝑇]−1)𝑇       (𝐴 5.9) 

Also  

𝛼𝑥 =  𝛼1 cos2 𝜃 +  𝛼2 sin2 𝜃   (𝐴 5.10) 

𝛼𝑦 =  𝛼1 sin2 𝜃  + 𝛼2 cos2 𝜃    (𝐴 5.11) 

𝛼𝑥𝑦 = 2(𝛼1 − 𝛼2) sin 𝜃 cos 𝜃   (𝐴 5.12) 

But this is still for just one plate, to compute for the whole composite the usual way is to 

calculate the [Q̅] matrix for each ply and sum them up. Three matrices (A, B and D) are 

calculated and together they form the much bigger ABD matrix which brings together the 

strains and curvatures (𝑘) that a composite display to the forces (𝑁) and moments (𝑀) 

experienced. 

[𝐴] =  ∑[�̅�]𝑖

𝑛

𝑖=1

𝑡𝑖         (𝐴 5.13) 

Where 𝑡 is the thickness of the ith ply. 

[𝐵] =  ∑[�̅�]𝑖

𝑛

𝑖=1

𝑧𝑖
2 − 𝑧𝑖−1

2

2
     (𝐴 5.14)                   [𝐷] =  ∑[�̅�]𝑖

𝑛

𝑖=1

𝑧𝑖
3 − 𝑧𝑖−1

3

3
    (𝐴 5.15)       

zi
2−zi−1

2

2
 is the thickness distance from the geometric midplane to the center of the ith ply. 

And 
zi

3−zi−1
3

3
 is the second moment of the ith ply with respect to the midplane.  

{
𝑁

𝑀
} = [

𝐴 𝐵
𝐵 𝐷

] {
𝜀0

𝑘
} − [

𝑁𝑡ℎ

𝑀𝑡ℎ
]     (𝐴 5.16) 

Because all the composites considered in this work are symmetric, B≡0 and equation A 5.16 

above can be rewritten as 

 

{𝑁} = [𝐴]{𝜀0} − [𝑁𝑡ℎ]     (𝐴 5.17)           {𝑀} = [𝐷]{𝑘} − [𝑀𝑡ℎ]    (𝐴 5.18) 

The thermal forces are defined as follows. 

[

𝑁𝑥
𝑇

𝑁𝑦
𝑇

𝑁𝑥𝑦
𝑇

] =  ∫ [

�̅�11 �̅�12 �̅�13

�̅�12 �̅�22 �̅�23

�̅�13 �̅�23 �̅�33

]

𝑘

𝛥𝑇 𝑑𝑧  (𝐴 5.19) 
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[

𝑀𝑥
𝑇

𝑀𝑦
𝑇

𝑀𝑥𝑦
𝑇

] =   ∫ [

�̅�11 �̅�12 �̅�13

�̅�12 �̅�22 �̅�23

�̅�13 �̅�23 �̅�33

]

𝑘

𝛥𝑇 𝑑𝑧   (𝐴 5.20) 

  

The effective stiffness can be calculated by the ABD matrix. 

𝐸𝑥𝑥 =
1

[𝐴𝐵𝐷11]−1

𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

     (𝐴 5.21) 

 

The same principal applies for calculating 𝐸𝑦𝑦 and 𝐺𝑥𝑦. Not specified in the program, it is our 

assumption that the composites Poisson’s ratios are derived from the strains given by eq. A 

5.11 and the elastic properties of the composite. 
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Appendix 5 – Eigen frequencies 

 

Table 24. Frequencies for 3 mm Al ring, with 50-50 ratio between 0° and 45° plies. 

Plies Lateral Longitudinal 

12 29.90611 116.9015 
14 33.25646 130.655 

16 36.11795 142.3376 
18 38.73957 153.3076 

20 40.99438 162.6457 

22 43.10946 171.6274 

24 44.93523 179.2682 
26 46.68292 186.7735 

 

Table 25. Frequencies in detail for 24 ply lay-up with 3 mm ring 

Lay-up Lateral Longitudinal 

[4512]𝑠 40.29417 158.4181 
[0, 4511]𝑠 41.93284 165.6627 

[02, 4510]𝑠 42.80506 169.5756 

[03, 459]𝑠 43.38233 172.2004 
[04, 458]𝑠 43.8218 174.2246 
[05, 457]𝑠 44.18269 175.9098 
[06, 456]𝑠 44.93523 179.2682 
[𝟎𝟕, 𝟒𝟓𝟓]𝒔 45.01306 179.7609 
[𝟎𝟖, 𝟒𝟓𝟒]𝒔 45.04393 180.0722 
[𝟎𝟗, 𝟒𝟓𝟑]𝒔 45.03276 180.2474 
[010, 452]𝑠 44.96655 180.2827 
[011, 45]𝑠 44.79731 180.1058 

[012]𝑠 44.35893 179.4865 

 

Table 26. Frequencies for 3.5 mm Al ring with 50-50 ratio between 0° and 45° plies. 

Plies Lateral Longitudinal 

12 30.56091 119.0854 

14 34.11576 133.5415 

16 37.19709 145.9921 

18 40.00512 157.6213 

20 42.457 167.6678 

22 44.73245 177.2349 

24 46.729 185.5075 
Table 27. Frequencies in detail for 24 ply lay-up with 3.5 mm ring. 
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Lay-up Lateral Longitudinal 

[4512]𝑠 41.95707 164.2732 
[0, 4511]𝑠 43.67623 171.7643 

[02, 4510]𝑠 44.5627 175.7024 
[03, 459]𝑠 45.13685 178.3003 
[04, 458]𝑠 45.57028 180.2942 
[05, 457]𝑠 45.92646 181.9589 
[06, 456]𝑠 46.729 185.5075 
[𝟎𝟕, 𝟒𝟓𝟓]𝒔 46.78557 185.9235 
[𝟎𝟖, 𝟒𝟓𝟒]𝒔 46.79727 186.1692 
[𝟎𝟗, 𝟒𝟓𝟑]𝒔 46.76925 186.2911 
[010, 452]𝑠 46.68696 186.2826 
[011, 45]𝑠 46.49807 186.061 

[012]𝑠 46,02392 185.3727 

 

Table 28. Frequencies in detail for some specifically-ups with 3 mm aluminum ring. 

Ply ratio 
Lay-up 

Lateral Longitudinal 

[𝟎𝟕, 𝟒𝟓𝟓]𝒔   
[45, 02, 45, 02, 45, 0, 45, 0, 45, 0]𝑠 44.59945 177.6741 

   
[𝟎𝟖, 𝟒𝟓𝟒]𝒔   

[45, 02, 45, 02, 45, 02, 45, 02]𝑠 44.66689 178.1086 
[02, 45, 02, 45, 02, 45, 02, 45]𝑠 44.75017 178.7339 

[𝟎𝟑, 𝟒𝟓, 𝟎𝟑, 𝟒𝟓, 𝟎𝟐, 𝟒𝟓𝟐]𝒔 45.0615 180.0046 
[𝟎𝟑, 𝟒𝟓, 𝟎𝟐, 𝟒𝟓, 𝟎𝟐, 𝟒𝟓, 𝟎, 𝟒𝟓]𝒔 45.07699 180.0475 

[𝟎𝟐, 𝟒𝟓, 𝟎𝟐, 𝟒𝟓, 𝟎𝟐, 𝟒𝟓, 𝟎𝟐, 𝟒𝟓]𝒔 45.01693 179.734 
[0, 45, 02, 45, 02, 45, 02, 45, 0]𝑠 44.89272 179.14 

   
[𝟎𝟗, 𝟒𝟓𝟑]𝒔   

[45, 04, 45, 03, 45, 02]𝑆 44.75017 178.7339 
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Appendix 6 – FEM for reduced thickness models. 

 

FEM results for [02, 45,02, 45]𝑠 lay-up with current CFRP material, the mass of the satellite is 

reduced to 100 kg and the load combinations are the same as before. FEM-model is identical 

to the one used for similar calculations in the report.  

 

- Lateral frequency 39.7724 Hz 
- Longitudinal frequency 152.5285 Hz 

 

 

Table 29. Safety margins for 12-ply lay-up. 

 Surface models Volume models 
Load case Strength ratio Tsai-Wu Max ply Shear strength 

I (negative) 150 58.3 >>100 286 
II (negative + lateral) 16.9 8.1 134 32.7 

III (positive) 208 75.6 >>100 463 
IV (positive + lateral) 29.4 13.7 147 58.5 

V (lateral) 102 42.3 >>100 231 
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Appendix 7 – Static test plan and FEM properties used. 
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Table 30. Properties used to model steel in the test rig model 

Property Value (unit) 

𝐸 200 GPa 

𝐺 76.9 GPa 
𝜈 0.3 
𝜌 7800 kg/m3 

 

Table 31. Properties used to model CBUSH elements in the test rig model. 

DOF Stiffness 

1 402 MPa 
2 10 GPa 
3 10 GPa 
4 600 KPa 
5 600 KPa 
6 600 KPa 

 

  



138 
 

Appendix 8 – Tack and drape assessment notes 
 

Table 32. Notes from the tack measurements. 

Tack 

Date Test nr Days OL Level Notes 

14 - May 1 2 6 Resin transfer to gloves, tacks easily 

16 - May 2 4 6 Less transfer, tacks good at first 

19 - May 3 7 5 Sticky but no transfer 

21 - May 4 9 5 Blue tape comes off easily 

23 - May 5 11 5 Sticky but no transfer, good samples 

26 - May 6 14 5 Sticks on one side (white) blue side dry 

28 - May 7 16 5 Covers come easily, blue side dry, white side sticky.  

02 - June 8 21 5 White side sticks to gloves but no transfer, feels dry 

04 - June 9 23 5 Sticks little to gloves, feels rather dry but flexible 

09 - June 10 28 4 Hardly sticks to gloves, but sticks to itself and tool 

11 - June 11 30 4 Hardly any tack on samples, sticks to tool and self 

13 - June 12 32 4 Same as above 

16 - June 13 35 4 White side bit sticky, not the rest. Does however adhere to self 

18 - June 14 37 4 Not really tacky, but sticks to self 

23 - June 15 42 4 White side barely sticks to glove 

27 - June 16 46 4 Not very tacky, but stays up 

30 - June 17 49 4 Not very tacky, but stays up 

04 - July 18 53 4 Not much tack left, stays up 

09 - July 19 60 4 Slight tack, but sticks for 30min+ 

16 - July 20 67 4 Does not tack to gloves, only half of stripes adhered to each 
other and tool 

21 - July 21 72 4 Hard to get it to stick to tool, but somehow it manages to stay 
up for more than 30 minutes. 

24 - July 22 75 4 Does not stick very easily but still manages 30 min for some 
reason 

30 - July 23 81 1 Unable to stick to surface or self, tests halted. 
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Table 33. Notes from the drape measurement 

Drape 

Date Test nr Days OL Level Notes 

14 - May 1 2 6 Drapes easily, no folds 

16 - May 2 4 6 Drapes easy, little more resistance 

19 - May 3 7 6 No transfer, appears rather dry 

21 - May 4 9 6 Resin visible on spots only 

23 - May 5 11 6 Feels stiffer but drapes easy. Lots of resin left 

26 - May 6 14 6 Dry, but drapes easily 

28 - May 7 16 6 Dry, bit stiffer, but no folds or wrinkles 

02 - June 8 21 6 Initially very stiff, but drapes rather well. 

04 - June 9 23 5 Slightly stiff to drape, however no cracks or similar 

09 - June 10 28 5 Stiff to drape, no defects 

11 - June 11 30 5 Drapes, first inclinations of possible folds 

13 - June 12 32 5 Drapes, folds if not careful. 

16 - June 13 35 5 Drapes, no sign of folds 

18 - June 14 37 5 Drapes, edges need work 

23 - June 15 42 5 Drapes, but need to be careful on edges 

27 - June 16 46 4 Not easy to drape, corners don't stick, no folds though 

30 - June 17 49 4 Getting stiff, but no folds yet 

04 - July 18 53 4 Stiff, edges are difficult to adhere, no visual defects 

09 - July 19 60 4 Stiff, edges will hardly stick. No defects 

16 - July 20 67 2 Hard to conform, edges do not stick, comes off easily 

21 - July 21 72 1 Will not conform nor stick to tool 

24 - July 22 75 1 Stiff, undrapable, tests halted 

  

 

Figure 86. Temperature and relative humidity data collected during the course of the tack and drape 
measurements.  
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Appendix 9 – Thickness measured. 
Table 34. Thickness values measured in plates A-F. 

 Thickness (mm) 

Measuring point Plate A Plate B Plate C Plate D Plate E Plate F 

1 1.85 1.84 3.68 3.58 2.98 2.96 

2 1.87 1.78 3.72 3.65 3.09 2.95 

3 1.82 1.85 3.76 3.59 3.15 2.93 

4 1.87 1.83 3.81 3.6 3.15 2.93 

5 1.88 1.85 3.73 3.6 3.012 2.93 

6 1.82 1.82 3.69 3.67 3.05 2.96 

7 1.87 1.85 3.7 3.65 3.02 2.98 

8 1.82 1.84 3.7 3.64 3.03 2.94 

 

Table 35. Thickness values measured in the test plates destined for mechanical testing 

 Thickness (mm) 
Measuring point ASTM D2344 ASTM D6272 

1 3.7 2.53 
2 3.8 2.57 

3 3.7 2.61 
4 3.82 2.46 
5 3.73 2.51 
6 3.82 2.47 
7 3.75 2.54 
8 3.99 2.52 
9  2.47 

10  2.59 

 

Table 36. Thickness values measured on the adapter prototype 

 Thickness (mm) 
Position (°) Lower flange Wall (80 mm) Walls (30mm) Upper flange 

0 3.9 4 4.2 4.1 
30 4.1 4.2 4.4 4.5 
60 4.2 4.2 4.3 4.3 
90 3.9 4 4.2 4.5 

120 4.2 4.2 4.2 4.6 
150 4.5 4.2 4.1 4.4 
180 4.5 4.3 4.3 4.2 
210 4.2 4.2 4.3 4.3 
240 4.4 4.2 4.3 4.1 
270 4.6 4.3 4.3 4 
300 4.3 4.2 4.2 4.2 
330 4.3 4.2 4.2 4.5 
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Appendix 10 – Cure cycles 

 

Figure 87 Cure cycle data obtained from the cure of plate C  

 

 

Figure 88 Cure cycle data from the cure of plate A 
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Figure 89 Cure cycle data obtained from the cure of plate B  

 

 

Figure 90 Cure cycle data obtained from the cure of plate D  
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Figure 91 Cure cycle data obtained from the co-cure of plates E  and F  

 

 

Figure 92 Cure cycle data obtained from the cure of the plates destined for mechanical testing 
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Figure 93 Cure cycle data obtained from the cure of the quarter LVA test lay-up. 

 

 

Figure 94 Cure cycle data obtained from the cure of the full LVA adapter. 
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Appendix 11 – Results from ASTM D2344 and D6272



146 
 

  



 
 

147 
 

  



148 
 

  



 
 

149 
 

Appendix 12 – Porosity measurement data 
Table 37. Raw data from porosity measurement test.  

 Dry mass 
(g) 

Wet mass 
(g) w basket 

Wet mass (g) 
w/o basket 

Volume 
sample (cm3) 

Actual density 
(g/cm3) 

Void volume 
fraction 

Sample # Lower flange     

1 4.053 4.973 1.328 2.729894 1.484673 -0.07379 

2 3.882 4.925 1.28 2.606674 1.489254 -0.38261 

3 3.966 4.944 1.299 2.67179 1.484398 -0.05527 

4 4.127 4.987 1.342 2.790002 1.47921 0.294405 

5 3.908 4.937 1.292 2.620699 1.491205 -0.51412 

6 3.84 4.907 1.262 2.58263 1.486856 -0.22096 

       Sample # Lower radius     

1 7.527 6.034 2.389 5.147228 1.46234 1.431516 

2 7.758 6.072 2.427 5.340575 1.452653 2.084521 

3 8.144 6.192 2.547 5.607053 1.452456 2.097739 

4 7.99 6.135 2.49 5.509879 1.450123 2.255045 

5 7.155 5.911 2.266 4.897781 1.460866 1.530924 

6 7.304 5.959 2.314 4.998963 1.461103 1.514911 

       Sample # Center wall     

1 13.072 7.873 4.228 8.859885 1.475414 0.550279 

2 12.273 7.634 3.989 8.298879 1.478874 0.317044 

3 11.41 7.347 3.702 7.721844 1.477626 0.401178 

4 10.313 6.996 3.351 6.974505 1.478671 0.330734 

5 12.785 7.809 4.164 8.636484 1.480348 0.217737 

6 12.328 7.65 4.005 8.337949 1.478541 0.339516 

       Sample # Upper radius     

1 3.935 4.92 1.275 2.664778 1.476671 0.465563 

2 4.101 4.969 1.324 2.781988 1.474126 0.637124 

3 3.855 4.799 1.154 2.705851 1.42469 3.969308 

4 4.585 5.052 1.407 3.183708 1.440145 2.927613 

5 4.109 4.968 1.323 2.791004 1.47223 0.764905 

6 4.501 5.103 1.458 3.048466 1.47648 0.478406 

       Sample # Upper flange     

1 2.63 4.496 0.851 1.782195 1.475708 0.530471 

2 2.421 4.435 0.79 1.633929 1.481704 0.126311 

3 2.691 4.517 0.872 1.822267 1.476732 0.461461 

4 2.657 4.506 0.861 1.799226 1.476746 0.460493 

5 2.558 4.471 0.826 1.735111 1.474257 0.628255 

6 2.229 4.365 0.72 1.51171 1.474489 0.612655 

 
 
 
 



150 
 

Table 38. Input data for the porosity measurements. 

Inputs  Value Unit 

Fiber volume fraction  0.497415 N/A 

Matrix volume fraction  0.502585 N/A 

Fiber mass fraction  59.00935 N/A 

Matrix mass fraction  40.99065 N/A 

Fiber density  1.76 g/cm3 

Matrix density  1.21 g/cm3 

Water density  0.998207 g/cm3 

Theoretical density  1.483578 g/cm3 

    

Mass basket dry  3.961 g 

Mass basket wet  3.645 g 
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Appendix 13 – Results from test rig testing with both predictions. 

- Tensile load 

 

Figure 95. Strain data from S/G 1 (outside, 0°) from the tensile test. 

 

 

Figure 96. Strain data recorded from S/G 2 (inside 0°) from the tensile test. 
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Figure 97. Strain data recorded from S/G 3 (inside, 180°) from the tensile test. 

 

 

Figure 98. Strain data recorded from S/G 4 (outside, 180°) from the tensile test. 
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Figure 99. Displacements measured from the LVDT’s placed on the upper interface plate from the tensile 
test. 

 

 

Figure 100. Displacements measured from the LVDT’s placed on the adapter from the tensile test. 
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- Compressive load 

 

Figure 101. Strain data from S/G 1 (Outside, 0°) from the compressive test. 

 

 

Figure 102. Strain data from S/G 2 (Inside, 0°) from the compressive test. 

-100

-80

-60

-40

-20

0

20

40

60

0 20 40 60 80 100

St
ra

in
 (

μ
m

/m
) 

% Load 

S/G 1 - Y

S/G 1 - Y Pred 1

S/G 1 - Y Pred 2

S/G 1 - X

S/G 1 - X  Pred 1

S/G 1 - X Pred 2

S/G 1 - XY

S/G 1 - XY Pred 1

S/G 1 - XY Pred 2

-140

-120

-100

-80

-60

-40

-20

0

20

40

0 20 40 60 80 100

St
ra

in
 (

μ
m

/m
) 

% Load 

S/G 2 - Y

S/G 2 - Y Pred 1

S/G 2 - Y Pred 2

S/G 2 - X

S/G 2 - X Pred 1

S/G 2 - X Pred 2

S/G 2 - XY

S/G 2 - XY Pred 1

S/G 2 - XY Pred 2



 
 

155 
 

 

Figure 103. Strain data from S/G 3 (Inside, 180°) from the compressive test. 

 

 

Figure 104. Strain data from S/G 4 (Outside, 180°) from the compressive test. 
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Figure 105. Displacements measured from the LVDT’s placed on the upper interface plate from the 
compressive test. 

 

 

Figure 106. Displacements measured from the LVDT’s placed on the adapter plate from the compressive test.  
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- Bending load 

 

Figure 107. Strain data from S/G 1 (outside, 0°) from the bending test. 

 

 

Figure 108. Strain data recorded from S/G 2 (inside 0°) from the bending test. 
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Figure 109. Strain data recorded from S/G 3 (inside, 180°) from the bending test. 

 

 

Figure 110. Strain data recorded from S/G 4 (outside, 180°) from the bending test. 
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Figure 111. Displacements measured from the LVDT’s placed on the upper interface plate from the bending 
test. 

 

 

Figure 112. Displacements measured from the LVDT’s placed on the adapter from the bending test. 
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Figure 113. Strain data from S/G 1 (outside, 0°) from the combined test. 

 

 

Figure 114. Strain data recorded from S/G 2 (inside 0°) from the combined test. 
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Figure 115. Strain data recorded from S/G 3 (inside, 180°) from the combined test. 

 

 

Figure 116. Strain data recorded from S/G 4 (outside, 180°) from the combined test. 
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Figure 117. Displacements measured from the LVDT’s placed on the upper interface plate from the combined 
test. 

 

 

Figure 118. Displacements measured from the LVDT’s placed on the adapter from the combined test. 
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- Failure load, run 1 

 

Figure 119. Strain data from S/G 1 (outside, 0°) from the first failure test. 

 

 

Figure 120. Strain data recorded from S/G 2 (inside 0°) from the first failure test. 

 

-2000

-1500

-1000

-500

0

500

1000

0 200 400 600 800 1000

St
ra

in
 (

μ
m

/m
) 

% Load 

S/G 1 - Y

S/G 1 - Y -Pred

S/G 1 - Y Pred 2

S/G 1 - X

S/G 1 - X - Pred

S/G 1 - X Pred 2

S/G 1 - XY

S/G 1 - XY - Pred

S/G 1 - XY Pred 2

Failure pred 2

-2000

-1500

-1000

-500

0

500

1000

0 200 400 600 800 1000

St
ra

in
 (

μ
m

/m
) 

% Load 

S/G 2 - Y

S/G 2 - Y -Pred

S/G 2 - Y Pred 2

S/G 2 - X

S/G 2 - X - Pred

S/G 2 - XY Pred
2
S/G 2 - XY

S/G 2- XY - Pred

S/G 2 - X Pred 2

Failure pred 2



164 
 

 

 

Figure 121. Strain data recorded from S/G 3 (inside, 180°) from the first failure test. 

 

 

Figure 122. Strain data recorded from S/G 4 (outside, 180°) from the first failure test. 
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Figure 123. Displacements measured from the LVDT’s placed on the upper interface plate from the first 
failure test. 

 

 

Figure 124. Displacements measured from the LVDT’s placed on the adapter from the first failure test. 
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- Failure load, run 2. 

 

Figure 125. Strain data from S/G 1 (outside, 0°) from the second failure test. 

 

 

Figure 126. Strain data recorded from S/G 2 (inside 0°) from the second failure test. 
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Figure 127. Strain data recorded from S/G 3 (inside, 180°) from the second failure test. 

 

 

Figure 128. Strain data recorded from S/G 4 (outside, 180°) from the second failure test. 
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Figure 129. Displacements measured from the LVDT’s placed on the upper interface plate from the second 
failure test. 

 

 

Figure 130. Displacements measured from the LVDT’s placed on the adapter from the second failure test. 
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