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Abstract 
 

The aim of this study if to give a comparison between different kind of high 

composite laminates (thin ply and conventional thickness plates) for tooling 

applications. The study mainly deals with the thermal behaviour of these 

materials after certain amount of time of exposure, and how this can affect 

the mechanical properties. This approach was chosen since thermal 

properties are of the biggest challenges when creating reliable parts to make 

tools. 

 

The study also serves as a deeper insight into the thin-ply laminates, how 

they work and give further characterization, since these are still novel 

technologies which have not reach the highest potential. 

 

The project was carried out within the Polymer and Composite division at 

Luleå University of Technology and is part of ongoing work of the Eureka 

platform (TOOLS) in collaboration with Airbus Spain as well as other 

institutes such as Swerea SICOMP Ab, Corebon Ab, Loiretech Mauves, Rise 

Acreo Ab and Lund University. 
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2  Introduction / State of the Art 
 

 

2.1 Carbon fibre composites 
 

Composite materials are becoming more and more important during the last 

few decades. Not only industries like the aerospace are benefiting from 

there great capabilities and combination of properties. It is now becoming a 

widely based industry.  

Nevertheless, aerospace is the industry which is taking part on most of the 

advances of these materials, since the combination of high strength while 

reducing weight at the same time is a must in order to obtain efficient yet 

safe vehicles. As the following image [1] shows, composites have become one 

of the main components of the fuselage and wings of the aircrafts, and not 

only part of some reinforcement pieces that help support the 

aluminium/titanium alloys structure. 

 

 

 

 

 

 

 

 

 

 

 

 

On the long run, these materials are able to give better performance and 

cheaper solutions to applications such as this, but manufacturing is one of 

the main issues to address when utilizing composites. The reason behind is 

that these materials are based of two main phases/materials: a matrix and a 

reinforcement phase. The matrix or binder gives cohesiveness and ductility 

Figure 2. 1: Material distribution of the Boeing 787 Dreamliner.  
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while the reinforcement, made of harder materials, is meant to give the 

best mechanical properties in terms of strength and stiffness. In many 

cases, the  

 

selection of matrix and reinforcement depends on the combination of 

properties each material can give. For example, reinforced concrete is a 

material where steel fibres/cables work great at tensile while the concrete 

performs great at compression, giving the best of both worlds. Matrices can 

be made out of polymers (both thermosets and thermoplastics), metals or 

ceramics (such as concrete) and reinforcements can be found in different 

configurations (particles whiskers, fibres…) made from metals, ceramics 

and polymers.  

 

2.1.1 Reinforcements 
 

Reinforcements based on fibres can be arranged in different ways as the 

following images [2] show: 

 

 

Arrangements can be as simple as unidirectional laminates which give the 

material a very anisotropic nature or extremely complex, making braded, 

knitted or multiaxial weaving structures.  

In this case, the composites used where carbon fibre composites embedded 

in different matrices. Carbon fibres are based of graphite, an allotropic 

phase of carbon structured like hexagonal planes of one atom thickness,  

Figure 2. 2: Examples of multidirectional lay up (right) by stacking several unidirectional laminates 
and woven fabrics (left).  
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linked between each other by van der Waals bonds (Figure 2.3 [2]). The 

bonds inside the plain (which are covalent C-C bonds), are very strong 

compared to the interplanar ones (≈ 525 kJ/m2  /< 10 kJ/m2) [2] and give the  

 

material an anisotropic nature regarding stiffness (≈1000 GPa / ≈ 35 GPa) 

[2]. These means that the orientation of these graphite is key to obtain the 

best properties out of these materials (Figure 2.3) [2]. 

 

These fibres are produced by pyrolysis and graphitization of an organic 

material or precursor (PAN and pitch are the most common). First, the 

precursor is conformed into small diameter fibres, followed by different heat 

treatments to stabilize the organic fibres, then remove all the elements 

apart from carbon (carbonization at high temperature) and then create the 

graphitic structure (even higher temperature treatment) as shown in Figure 

2.4 [2]. Afterwards, most of the fibres receive a surface coating to help with 

handling and adhesion with the matrix. 

 

 

 

Figure 2. 3: Atomic structure of graphene (left) and configuration of graphene planes in a carbon fibre 
(right).  
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After obtaining the fibres and choosing the material for the matrix (in this 

case, polymeric matrix), different processes can be performed in order to 

obtain the final specimen.  

 

One of the most interesting is the RTM (Resin Transfer Molding) where the 

fibre bundles are stacked in the desired orientation/distribution, just like 

the following image shows [3]. Afterwards, the resin is melted and injected 

through a piston into the tool, waiting to be cured.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Example of carbon fibre processing based on PAN precursors. 

Figure 2.5: Scheme of an RTM set-up 
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All in all, carbon fibres are one the best options in terms of the best 

properties per weight. On the other hand, since the production of these 

materials is so energy consuming, these are one of the most expensive 

fibres, as shown in Figure 2.6 [2]. 

 

 

 

Figure 2.6: Density, Cost ratio, tensile strength and elastic modulus comparison between different 
fibres. 

 

2.1.2 Matrices 
 

Nevertheless, composites made from two primary materials: reinforcement 

and matrix. Matrices can be, as told previously, metallic, ceramic or 

polymeric. In this thesis, samples will be made of polymeric matrices, which 

are one of the most widely used because of the ease of infiltration in fibre 

preforms as well as for weight and cost.  

There are two main groups, thermosets and thermoplastic matrices. 
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Thermosets are polymers with branched chains that are introduced and 

manufactured by means of an in situ chemical reaction called curing 

between the resin and a hardener or catalyst. These resins, since they are 

thermosets, won’t become liquids again after curing if heated, although 

certain properties will decrease when reaching the glass temperature Tg,  

 

when the molecular structure starts to lose rigidity. At RT, are not very 

viscous and can easily be infiltrated. They are also cheap, have overall high 

stiffness and strength and good chemical resistance. The main drawback is 

that they are brittle and may be an issue under high temperatures. These 

are the types of thermosets most commonly used and how they compare to 

each other [2]. 

 

 Advantages Drawbacks 

Polyesters -Easy to use 

 

-Lowest cost of resins 

available (£1-2/Kg) 

-Only moderate 

mechanical properties 

 

-High styrene emissions 

in open moulds 

 

-High cure shrinkage 

 

-Limited range of 

working times 

 

Vinylesters -Very high 

chemical/environmental 

resistance 

 

-Higher mechanical 

properties than 

polyesters 

-Postcure generally 

required for high 

properties 

 

-High styrene content 

 

-Higher cost than 

polyesters (£2-4/Kg) 

Epoxies -High mechanical and 

thermal properties 

 

-High water resistance 

 

-Long working times 

available 

-Temperature resistance 

can be up to 140°C wet/ 

220°C dry 

 

-Low cure shrinkage 

-More expensive than 

vinylesters (£3-15/Kg) 

 

-Critical mixing 

 

-Corrosive handling 
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Other kind of thermosets can be used depending on the applications such as 

phenolic resins (high fire resistance), bismaleimides (high temperature) or 

polyimide (higher temperatures than bismaleimides, but more expensive 

and toxic to manufacture). 

The other group of polymeric resins are the thermoplastic ones, which can 

turn liquid after heating and freeze to a glassy state after being cooled and 

can be melted and cooled as many times as needed. In comparison to 

thermosets branched chains, thermoplastics are high molecular chains 

associated by Van der Waals bonds, which as seen when taking about 

graphite, are not very strong bonds. For that, they are more ductile and 

tough than thermosets, although after Tg,, these properties decrease 

dramatically. Attaching reinforcement is what give these materials 

improved stiffness and overall mechanical properties.  

Two of the most common thermoplastics used for high performance 

engineering applications are PEEK (polyetherketone) and PPS 

(polyphenylene sulphide).  

Overall, these are the advantages and drawbacks of both types of resins [2]. 
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 Advantages Drawbacks 

Thermosets -Low viscosity, easy to 

infiltrate 

 

-High strength and 

stiffness 

 

-Low processing 

temperature 

 

-Good fibre wetting 

 

-Long, irreversible 

processing 

 

-Limited shelf life 

 

-Brittle 

 

-High strength and 

stiffness 

 

-Limited high 

temperature capabilities 

 

-Difficult to recycle 

 

-Residual stresses in 

components 

 

Thermoplastics -Rapid, reversible 

processing 

 

-Uncontrolled shelf life 

High toughness and 

delamination resistance 

 

-Reusable scrap and 

recyclability 

 

-Reparability and joining 

by welding 

 

-Elevated temperature 

mechanical properties 

 

- No residual stresses in 

components 

-Expensive 

 

-High processing 

temperature 

 

-Difficult to infiltrate 

(high viscosity/low flow) 

 

  



 

19 
 

2.2 Tooling applications 
 

During this work, the main focus will be studying materials for tooling 

applications. Tools to produce composites needs to fulfil a certain amount of 

requirements, since these materials will have to hold severe wear and tear 

throughout many series of work as well as hold different temperature 

ranges. 

 

Traditionally, composite materials have been made from metallic, 

monolithic graphite, castable graphite or ceramic tools. Precisely, these are 

the most common [4]. 

 

Glass reinforced polyester or 

vinyl ester laminate 

Very low temperature capability and used 

for room temperature moulding 

Carbon fibre reinforced 

epoxy or bismaleimide 

laminate 

Can endure severe temperatures up to 

177ºC and has very low CTE and density 

Glass fibre epoxy or 

bismaleimide laminate 

Heavier and less rigid than carbon tools. 

They require three times the thickness to 

match it 

Invar Used in very high temperature moulds and 

mandrels because it has a low CTE value 

Invar-coated CF Relatively new, lightweight and low CTE 

value 

Steel Versatile, with a fairly high CTE. Stainless 

is preferred, but very expensive 

 

These materials have high reliability and excellent performance for the 

purpose, but they have some major drawbacks when compared to tools made 

from composites.  

Composite materials are lighter, can be house-made by the company that 

makes the final parts (cost efficient) and most importantly, have thermal 

properties similar to the parts in the making, producing less issues 
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regarding thermal expansion and optimizing heat efficiency, topology and 

material structure of the parts [5]. The main drawback is that composite  

tools tend to micro-crack and have earlier deterioration due to handling and 

demoulding operations, in comparison to metallic moulds. In addition, 

composites have been pushed in front as a solution in several US Patents [6] 

[7]. 

 

Many properties must be addresses regarding materials for tooling (wear, 

wettability, adhesion, machinability, manufacturing…) but the one that will 

be addressed in the following pages is thermal degradation and how it 

affects the overall performance of the material. All in all, moulds have to be 

able to maintain their properties throughout long series of work, with 

variable ranges of temperature. 

 

2.3 Damage in composite materials 
 

Before focusing on the behaviour at high temperature, it is important to 

have an insight on what kind of damage are expected in composites and the 

reasoning behind them. Damage normally appear during the manufacturing 

process or during the service life of the specimen, downgrading the expected 

performance of the overall part. Many times, residual stresses develop 

during the curing process when cooling to room temperature, due to the 

difference in CTE (coefficient of thermal expansion). In the long run, these 

stresses can cause premature deterioration and interlaminar microcracking 

than can produce major failure in the sample. 

Firstly, it must be taken into account the fact that many parameters make 

up for the characterization of damage. The most important one would be the 

stacking sequence, the overall properties of the material, the orientation of 

fibres, the nature of loading and the laminate thickness. This last one has a 

significant effect on delaying the appearance and development of 

microcracks [1].  

Cracks are one of the most common defects in composite materials (as 

shown in Figure 2.7 [8] and Figure 2.8 [9]). These defects, as well as 

matrix/fibre debonding, appear due to severe loading or poor manufacturing 

or minor loading in harsh thermal conditions, where the difference of CTE 

becomes critical. Cracks will normally start in the weakest positions or in 

heavily stress concentrated areas, and end up growing parallel to fibres in 

the layer [10].  
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Other usual suspect is delamination (as is Figure 1.8 [9]), where the stress 

generated in the material creates separation between the fibres and the 

matrix, producing an adhesive failure between both counterparts, producing 

layers of separated fibres. 

 

 

In many cases, cracks can be divided into certain patterns. The first ones to 

occur area the ones parallel to the fibre direction, firstly in the most 

disoriented plies with respect of the loading axis [11]. Afterwards, 

longitudinal cracks appear after higher loads and finally, delamination of 

fibres as well as fibre breakage [1]. 

 

Other defects that can appear during a poor manufacturing process are 

microporosity, cavities and voids as a result of evaporation of gases during  

Figure 2.7: Schematics of a transverse crack 

Figure 2.8: Example of cracks and delamination of the matrix. 
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curing or prepreg processes (As shown in Figure 2.9 [12]). They can also 

appear due to impurities.  

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4 Composites at high temperatures 
 

Composite materials experience different changes in morphology, strength 

and stiffness during a long exposure to high temperature, even more when 

that temperature is near Tg (glass transition temperature) of the matrix (if 

this is polymeric, if not other temperatures may be taken into account). That 

makes the matrix the main point to consider regarding thermal ageing, 

since it will dictate the final behaviour of the material [3].  

When the material works at low temperatures, shrinkage of the matrix and 

cracks can appear at lower loads than the ones expected. If working at high 

temperatures, shrinkage of the matrix will not appear nor cracks. 

Nevertheless, in those ranges is when ageing appears, leading to premature 

damage and cracking of the sample. Micro cracking does not affect fibre-

dominated properties, but it really lowers matrix-dominated properties [1]. 

It has been noticed [10] that if the exposure to high temperatures is for 

short instances, post curing processes increase the mechanical properties. 

Conversely, if the exposure to the high temperature is long, the properties 

decrease due to the matrix degradation previously mentioned. 

 

Figure 2.9: Example of interlaminar porosity. 
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Moreover, moisture and hot-wet conditions are also points to take into 

account. For that reasoning, the samples are dried prior to the thermal 

ageing. Many studies suggest that material becomes unstable and starts to 

lose mass in the resin due to broken bonds that form gaseous compounds. In 

the case of cured composites, the amount of mass loss is close to  5,5 ±1,3% 

while post cured composites suffer more, reaching values of 9,5±1,1% [3]. 

This values where done on polyimide made matrices, which are able to 

sustain higher temperatures than epoxy. This paper also suggest that aging 

appears at high temperatures related to the Tg of the matrix while thermal 

cycling at not that high, end up producing cracks due to the difference in 

CTE between matrix and reinforcement, previously mentioned. 

Other studies [11] suggest that regarding thermal ageing, both temperature 

and time are important variables on the crack density produced in the 

sample, having a constant evolution in the crack density with temperature 

while regarding this density with time, it gets to a point where cracks 

appear faster.  

In addition, certain studies [13] suggest that in some cases, when working 

at higher curing temperatures, the value of Tg of the matrix grows. This is 

an indicator of crosslinking due to the reaction of certain compounds of the 

matrix. This was tested in very specific polyimide composites (NEXIMID® 

MHT-R), which have higher Tg and higher service temperature, but this kind 

of crosslinking (in this case with the phenylethynyl group) could appear in 

the specimens used in this project. 

Moreover, other mechanical properties can be jeopardized, such as the 

stiffness and the tensile strength, due to the weakening of the bonds within 

the matrix as explained previously, as well as for the weakening of the 

adhesion and bonding of matrix and reinforcement. This issue has been 

widely studied, after making periodical measurements as well as checking 

the crack initiation, propagation and overall density of them throughout the 

aging temperature range. This degradation in strength is due to the cross-

linked  affection as well as the damage accumulation  resulting in cracked 

plies [14].  

These amount of stresses can actually be obtained using the following 

equation, that takes into account the increment of temperature the sample 

may suffer during the test or the life during service [14]. 
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Sigma - residual thermal stress in the 90-layer 

E - Stiffness 

Alfa - coefficient of thermal expansion 

F - ratio between number of 90-layers and total number of layers in the 

laminate 

ΔT - difference between ambient temperature and stress-free temperature 

(curing temp) 

Indexes T and L refer to transfer and longitudinal directions 
 

Moreover, certain composite specimens suffer geometrical changes (Figure 

2.91), mainly deflection of samples, creating a certain curvature with the 

surface when exposed at high temperatures [10] [11]. This happens in great 

quantities at the beginning of the aging due to the matrix shrinkage and 

contraction, making more evident the difference in CTE with the fibres. 

However, only UD (unidirectional) samples suffer this phenomenon. 

Composites with symmetric arrangements of fibres compensate each other 

in every direction and prevent the deflection of the structure. 

 

 

 

 

 

 

 

 

 

Damage creation and propagation can be characterized by many ways. One 

of which is by means of statistical processes, using Weibull statistics [11]. 

These were used to measure crack density. Nevertheless, other studies [15] 

suggest that some failure stresses can be predicted theoretically, being 

different depending on having a thin or thick ply material. The difference 

between both types will be addressed in following chapters. 

 

Figure 2.91: Scheme of a deflected specimen 
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Thermal fatigue has also been characterized by using new techniques such 

as second harmonic lamb waves [16]. This technique is not going to be used 

in this report, but seems interesting to mentioned. It is based on finding a 

correlation between monotonic increase of acoustic nonlinearity with respect 

to thermal fatigue cycles. Thermal fatigue is a very important issue in 

composites in which most of the times is not easy to fully study how the 

damage appears and grows and how to prevent this from happening. This 

technique promises better sensitivity than other new experimental ones.  

Thermal degradation can also be determined by kinetic parameters of the 

degradation caused by oxygen in CF/EP (carbon fibre/epoxy) composites 

[17]. Thermal residual stresses have also been analysed  using secant 

moduli approximations [18], by FEM approximation programs [19] or even 

by electrical resistance measurements [20]. Also, IR technology can be use 

for analysing damage in long-term thermally tested composite samples [21] 

and to measure surface temperature using additional Fourier 

transformation infrared spectrometer [22]. 

Nevertheless, cracks, delamination and porosity are not the only 

consequences of damage in these materials. Surface can suffer erosion as 

well as further changes (see Figure 2.92 [21] and Figure 2.93 [23]), 

interfacial debonding or other damage patterns. 

 

 

 

 

 

Figure 2.92: Comparison of the surface of carbon fibres aged (left) and unaged (right). 
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It is obvious that the knowledge of these materials regarding thermal 

testing has a long way to go, but this information is still valuable and 

interesting to take into account. Composites is a wide family of materials 

and each iteration may have different properties. That is the reasoning 

behind this work, comparing different configurations of materials in order to 

see the common trends and the differences and the explanation behind it, in 

order to obtain the most suitable material and manufacturing technique for 

the application needed (in this case tooling).  

Figure 2.93: Example of matrix erosion in sample 
exposed to UV radiation 
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3 Material used 
 

3.1 Thin-ply composites (TeXtreme®): 
 

The first material being used in this investigation was a series of different 

thin-ply composite materials from the division TeXtreme®, part of Oxeon 

AB, a Swedish manufacturer which makes material for high performance 

applications such as aerospace, automotive and sports. This company 

founded in 2003 is the pioneer for developing the Tape Weaving technology, 

done by Dr. Nandan Khokar at Chalmers University of Technology. This 

technology was then introduced in 2004 under the TeXtreme® division[24]. 

TeXtreme® is based upon three different patented technologies to produce 

the thin-ply materials. This can be use to make CF/EP composites as well as 

with other fibres such as aramid, glass, UHMWPE and others. 

One of those is the spread-tow technology [24], produced by spreading the 

material into unidirectional tapes. 

 

 

 

 

 

 

 

 

 

 

 

This technique allows to pack more material in the same area, giving a 

better overall mechanical performance. It also lightens the structure and 

more reinforcement can be packed, and in a more homogeneous way[24]. 

 

 

 

Figure 3.1: Scheme of a spread tow layup process. 
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The second technique is the tape weaving of spread tows, which allow 

interlacing of tapes in different patterns, obtaining the properties of a cross 

ply but with the ease of use of a fabric (Figure 3.3 [24]). In can also have a 

different approach by using Oblique fabric technology (Figure 3.4[24]), 

which allow weaving in different angles. This can be useful depending on 

the application, which might need a certain weave pattern for a certain 

stress condition. 

 

 

 

 

 

 

 

 

 

  

Figure 3.2: Benefits of spread tow ultrathin-ply laminates versus conventional ones. 

Figure 3.3: Scheme of a tape weaving layup process. 
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Thin-ply laminates have been tested and compared to thick ply traditional 

composites and it has been seen that reducing the ply thickness makes it 

possible to have a high number of grouped layers which increases the 

delamination threshold and contains statistically less defects [1]. Moreover, 

it has been tested that cracks in the direction of the fibre controls the 

strength (thin plies) while perpendicular cracks control the strength in thick 

plies [15]  as well stating that there is an increase in strength with 

decreasing ply thickness in constrained thin plies [15]. 

Samples used from TeXtreme® in this thesis are all spread tow CF/EP 

materials with different configurations and lay ups.  

 

3.1.1 DS18-10213 
 

This is one of the initial materials used in the research. This material was 

initially meant for mechanical testing for a previous project regarding 

cryogenic materials for fuel tanks. It is manufactured by TeXtreme® and it 

is one of both thin ply materials that were tested and compared. It was 

given in a 270 x 270mm plank with a thickness of 1.08mm, that was 

afterwards cut under ASTM Standards for the mechanical tests (70mm 

x10mm x1.08mm).  

It is a 10 ply fabric lay up [(0/90)/+-45/(0/90)/+-45/(0/90)]s with an actual 

FVF of 51.6. The plies are approximately 50-100 ɥm thick with a certain 

variation of this thickness across the length of the samples. The weight of  

Figure 3.4: Scheme of an Oblique fabric layup process. 
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the samples after cutting and polishing (before any thermal treatment or 

drying) was (1,144 ±0,062)g on average. 

Twelve samples (plus an extra dummy one) were initially cut and polished, 

divided into four batches depending on the amount of exposure to the ageing 

(0h, 150h, 300h, 500h). Thus, the samples tested are the following (See 

appendix Table 1): 

Afterwards, six extra samples were made to expose them at a different 

ageing level (higher temperature for 200h and 500h). These samples are the 

following (See appendix Table 2): 

 

Figure 3.5: Cross section of a DS18-10213 sample. 

Figure 3.6: Initial plate (270mmx270mm) before cutting. 
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3.1.2 DS18-10214 
 

The 10214 is the second thin ply material used in the first stage of the 

experimental procedure. It is also a thin ply CF/EP material from 

TeXtreme®.  

It was given in a 270 x 270mm plank with a thickness of 1.65mm, that was 

afterwards cut under ASTM Standards for the mechanical tests (80mm 

x10mm x1.65mm).  

It is made by 32 unidirectional plies with the following layup 32 plies UD 

[04/903/02/90/02/902/02]s with an actual FVF of 53,5. 

 The plies are approximately 50-100 ɥm thick with a certain variation of this 

thickness across the length of the samples. The weight of the samples after 

cutting and polishing (before any thermal treatment or drying) was (2,014 

±0,089)g on average. 

Twelve samples (plus an extra dummy one) were cut and polished, divided 

into four batches depending on the amount of exposure to the ageing (0h, 

150h, 300h, 500h). Thus, the samples tested are the following (See appendix 

Table 3) 

Afterwards, six extra samples were made to expose them at a different 

ageing level (higher temperature for 200h and 500h). These samples are the 

following (See appendix Table 4): 

Figure 3.7: Cross section of a DS18-10214 sample. 
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It must be taken into account that the DS18-10214 laminate is highly 

anisotropic due to its lay-up configuration. For that reason, these ‘X’ 

samples were cut in the opposite direction to also check the difference in 

properties. 

 

3.2 Conventional composite 
 

The second material chosen in this study is a non thin-ply composite 

laminate (referred as conventional throughout this report). This material is 

a carbon fibre and epoxy composite, just like the thin-ply, but baring in 

mind that the epoxy is not exactly the same, so they cannot be completely 

comparable.  

Since this is not a thin-ply, the laminate presents a much thicker plate and 

overall to work with, making it much tougher to cut, polish and overall 

maneuver. For that reason, when applying the same ASTM rulebook to 

make the samples, since they were going to be tested in the same conditions 

as the thin plies, the new samples are very long. That made the polishing 

and overall optical characterization and weight measurements extremely 

difficult and unprecise with the equipment available. 

 

To solve that issue, it was decided to cut two types of samples from the same 

panel. One specific batch only used for ageing and then mechanical testing, 

and other batch with no geometry restriction from any rulebook that could 

be easily cut, polished (in many sides), weight and overall handled, to 

Figure 3.8: Initial plate (270x270mm) before cutting. 
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measure the weight loss and to the check the microstructure after certain 

amount of hours in the oven. 

 

 

 

 

 

 

 

 

 

 Figure 3.9: Initial plate (40x40cm) before cutting. 

Figure 3.10: Large image of the entire section of the material. Thickness= 7,12mm 

Figure 3.11: Multi picture lay up of the sample, showing the lay up configuration. Thickness/Height of  
the picture= 7,12mm. 
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3.2.1 Samples for mechanical characterization (TM-XXXX) 
 

These samples, as previously mentioned, are meant exclusively for 

mechanical testing. For that reason, the geometry is very specific. Three 

samples of each batch were made, each batch being exposed to 0h 

(reference), 150h, 300h, 500h and 1000h respectively (See appendix Table 

5): 

 

 

 

 

 

 

 

 

 

 

 

3.2.2 Samples for optical characterization (TC-XXXX) 
 

These samples, as previously mentioned, are meant exclusively for weight 

loss measurements and further optical characterization. For that reason, 

the geometry is simple, smaller and easy to handle for polishing. Three 

samples of each batch were made, each batch being exposed to 150h, 300h, 

500h and 1000h respectively (no need for a reference batch since checking 

all the samples before exposure gives the same purpose). (See appendix 

Table 6). 

 

Figure 3.12: TM-XXXX samples at the oven 
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Figure 3.13: TC-XXX samples in the oven. 
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4 Methodology 
 

4.1 Sample preparation 
 

Prior to making any further test, samples will have to be perfectly prepared. 

It is the first step of the process and it requires a high level of accuracy, 

since most of the results will depend on how good the samples have been 

made. 

 

4.1.1 Cutting 
 

All samples came in big plates and had to be cut according to the test that 

were going to be performed.  

 

All samples meant for mechanical testing through three-point bending were 

cut according to ASTM rulebook (Notebook 790-17 point 7.4). These 

rulebook gives certain tolerances between the dimensions of the samples in 

order to assure that the tensions generated during the test were primarily 

due to bending and not shear. Samples meant for only optical 

characterization (TC-XXXX) were cut under arbitrary dimensions. 

 

The machine use was a Discotom 100 semi-automatic cutting machine using 

a metallic wheel with diamond particles to ensure that the clean was as 

clean and precise as possible. Needless to say, the wheel took some extra 

material (2mm grooves) due to its thickness and was taken into 

consideration. 
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4.1.2 Grinding & Polishing 
 

After cutting the simples up to the required dimensions, some grinding and 

polishing is needed in order to be able to have smooth surfaces for 

appropriate testing and clearly polished surfaces to check under the 

microscope the different microstructures. The surface of the specimen is 

rough and heterogeneous, not ideal for testing and further characterization. 

Because of that reason, some material must be removed, as well as for 

levelling up and normalizing the width of all the samples in case some 

irregularities appear. 

All samples were first grinded (600 SiC paper for 1 min, 1200 for 2 min, 

2500 for 4 min and finally 4000 for 6 min) and then checked into the 

microscope. Afterwards, the samples were polished (6 µm diamond flurry 

solution for 7 min, 3 µm solution for 8 min, 1 µm for 9 min and finally 0.25 

µm for 10 min). 

The thick-ply material required less polishing steps (only up to 6 µm 

diamond flurry solution for 7 min). 

 

 

 

 

Figure 4.1: Discotom 1000 cutting machine. 



 

38 
 

 

4.2 Optical characterization 
 

Before using the microscope, samples were cleaned with ethanol to remove 

any dirt caused by the previous steps. In addition, the specimens get 

inspected to check if there are any signs of damage before any microscopic 

analysis.  

The equipment used was a Nikon Eclipse MA200 optical microscope using 

x25, x100, x200, x500 and x1000 magnifications.  

Most of the pictures are a collage of up to 50 separate images merged 

together with 15% overlapping to give a wider range of view of the samples 

at high magnifications (x500 for the most part). This method gives the 

chance to seek and follow defects throughout different stages of the ageing 

tests as well as give a sense of perspective when analysing pictures of 

broken samples after mechanical testing. 

 

 

 

 

 

 

Figure 4.2: Nikon Eclipse MA200 optical microscope 
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4.3 Thermo-Oxidative ageing 
 

4.3.1 Weight Loss  
 

One of the two types of tests performed during the project was to expose the 

samples to extensive times at high temperatures, close or above there Tg to 

observe how ageing takes place. This ageing can have several consequences 

and one of the most technologically challenging one is the weight loss that 

comes with ageing. 

Due to the samples reaching Tg, the matrix (which is the weakest 

component regarding thermal stability in CF/EP composites) starts to 

chemically interact and loose its stability and property, causing erosion and 

evaporation of material, inducing a loss in overall weight.  

All samples were aged, both for performing mechanical test after or just for 

inspection purposes under the Nikon microscope.  

First, all batches were weighed and left in the oven for 48h (two days) at 

50°C to dry and prevent moisture and hot-wet conditions which do not have 

anything to do with the ageing phenomenon that is desired to be analysed. 

After that, the samples were weighed to confirm the real weight after 

drying. Knowing that, samples can now be exposed to the extreme thermal 

conditions desired. 

First batch of samples that were tested were the thin-ply materials (DS18-

10213 & DS18-10214).  

The first batch of each material was composed of the twelve samples 

mentioned in the previous chapter, three samples per each exposure time 

(0h, 150h, 300h, 500h). These samples were tested at 120°C, reaching the Tg 

value of the matrix. This was a first close up to check the behaviour of the 

materials.  

After each interval, samples were checked and after reaching a certain 

amount of hour (0h, 150h, 300h or 500h), samples meant to stay until those 

times were removed to perform the pertinent mechanical tests. 

The inspection sequence in which the specimens were weighed and checked 

in the microscope were as follows: 
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 Day 

1 

    Day 

2 

Day 

3 

Day 

4 

Day 

5 

Day 6 

 2h 4h 6h 8h 10h 24h 48h 72h 96h 120h 

Weight& 

Microsp. 

          

Mech 

test 

          

 

 Day 7 Day 8 Day 

10 

Day 

12 

Day 

13 

Day 

14 

Day 

16 

Day 

18 

Day 

22 

 150h 168h 216h 264h 300h 312h 360h 408h 500h 

Weight& 

Microsp 

         

Mech 

test 

         

 

After testing both materials (DS18-10213 & DS18-10214) up to 500h and 

not finding big differences at 120°C (more on that in Chapter 5: Results), 

new batched of thin-ply materials were made for a more severe ageing 

scenario. This new scenario was to rise the temperature up to 180°C to be 

able to see and analyse the evolution of damage. 

In this case and due to less stock of material available, only six samples in 

two batches (200h and 500h) were made. There was no necessity to make 

another reference (0h) batch since that was independent to the ageing 

temperature. These samples were named as DS18-10213X & DS18-10214X. 

The inspection sequence in which the specimens were weighed, checked in 

the microscope and removed from the oven were as follows: 

 

 Day 1     Day 2 Day 3 Day 4 Day 5 

 2h 4h 6h 8h 10h 24h 48h 72h 96h 

Weight& 

Microsp. 

         

Remove 

& Mech 

test 
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 Day 6 Day 8 Day 9 Day 

10 

Day 

12 

Day 

14 

Day 

16 

Day 

18 

Day 

22 

 120h 168h 200h 216h 264h 312h 360h 408h 500h 

Weight& 

Microsp 

         

Remove 

& Mech 

test 

         

 

After testing (both mechanic and thermal tests) all thin-ply samples, the 

new thick-ply material came to stage. In order to compare in a fair manner 

both materials (since both matrices are not exactly of the same nature), this 

new material was preliminary tested at 160°C. 

Conversely, since the material was so thick and that required the samples to 

be much bigger (especially in length), certain processes (like polishing) could 

not be performed in the same way as with the TeXtreme® thin-ply samples. 

For that reason, two kind of samples with different geometries were made.  

One batch (TM-XXXX) for mechanical testing purposes, which were not as 

fined polished and a second batch (TC-XXXX) only meant for 

microstructural characterization, with good polishing in two perpendicular 

sides of the sample. The TM-XXXX samples have a geometry according to 

the ASTM 790-17 rulebook while the TC-XXXX have a square shape 

geometry.  

Both kinds of samples were subjected to thermal ageing up to 500h with 

steps of 0h, 150h, 300h and 500h for the TM-XXXX and 150h, 300h and 

500h for the TC-XXXX (no need to make reference samples since all samples 

can be checked in the microscope before ageing and that would make up for 

reference data).  

TC-XXXX samples were more heavily checked, since those are the ones 

whose data is most valuable for the thermal ageing tests. TM-XXXX 

samples were also weight since they had to be aged before being 

mechanically tested anyways, but only after drying and after removing 

them from the oven (one batch up to 1000h). 

The inspection sequence in which the TC-XXXX specimens were weighed, 

checked in the microscope and removed from the oven were as follows: 
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 Day 

1 

    Day 

2 

Day 

3 

Day 

4 

Day 

5 

Day 6 

 2h 4h 6h 8h 10h 24h 48h 72h 96h 120h 

Weight& 

Microsp. 

          

Remove 

from 

oven 

          

 

 Day 7 Day 8 Day 

10 

Day 

12 

Day 

13 

Day 

14 

Day 

16 

Day 

18 

Day 

22 

 150h 168h 216h 264h 300h 312h 360h 408h 500h 

Weight& 

Microsp 

         

Remove 

from 

oven 

         

 

The inspection sequence in which the TM-XXXX specimens were weighed 

and mechanically tested after being removed from the oven were as follows: 

 

 Day 7 Day 

13 

Day 

22 

 150h 300h 500h 

Weight    

Remove 

from 

oven & 

Mech 

testing 
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4.4 Mechanical testing: Three Point Flexural Test 
 

The other way to characterize the amount of damage caused by the thermal 

ageing is to measure the hypothetical change in mechanical properties. It is 

obvious that there is going to be a weight loss and that at some point, come 

visible change in the microstructure can occur if the ageing if severe enough. 

Conversely, mechanisms that change mechanical properties in materials 

can differ in a huge amount depending on the chemical nature of the 

specimen and how temperature affects them.  

In some cases, moderate ageing can rise the temperature due to post-curing 

processes. This process expedites the cross-linking process and also give 

more time to align the molecules of the matrix, enhancing certain 

properties. 

For that reasoning, it is interesting to check the difference in mechanical 

properties such as the tensile strength and the Young Modulus (E) and 

check if there is a relationship with the results reflected in the optical 

characterization. 

During this project and due to the complexity of certain samples, three-point 

bending tests were chosen instead of traditional tensile tests. This gives 

information about the elastic regime (E) as well as the flexural strength, 

relatable to the tensile strength. 

 

4.4.1 ASTM 790-17 & Geometry 
 

In order to perform the tests in a consistent way, test had to be normalised 

under a certain standard.  

The one in use was the ASTM 790-17, which states that the support span 

must be sixteen times the value of the thickness. Following up this 

statement, 10% of the support span must be added to it to have the final 

length of the sample, while the width is a given and fixed value due to the 

nature of the material. This gives the following dimensions of all the 

samples tested: (See at appendix Table 7, Table 8, Table 9 for the first, 

second and third batch respectively). 
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4.4.2 Procedure 
 

The machine in use was an Instron 4411 electromechanical universal test 

frame meant for tensile or compressive tests, but with special clamps for 

three-point bending test purposes. These clamps have some support span 

handles of 4mm and the upper clamp a penetration head with a diameter of 

10mm. 

The load cell used was 5kN, since a lower value may not be strong enough to 

reach a failure point in the specimen. The machine was programmed to 

work in a certain interval and endpoint value of load (that differs depending 

on the stiffness of the samples) under a certain crosshead motion rate, 

calculated through the rulebook ASTM 790-17 with the following equation: 

 

𝑅 =
𝑍𝐿2

6𝑑
 

 

R is the rate, Z is the strain rate, L is the support span and d is the 

thickness. 

To obtain the equivalent value of the Young modulus under this test setup, 

the following equation was used: 

 

𝐸 =
𝑚𝐿3

4𝑏𝑑3
 

 

E is the Young modulus or in this case, Flexural Stiffness, m is the slope of 

the elastic regime of the curve obtained during the test (between 0,2-0,5%, L 

is the support span, b is the width and d is the thickness. 

To obtain the equivalent to the tensile strength, in this case the flexural 

strength (also known as bend strength, transvers rupture strength or 

modulus of rupture), the following equation was used: 
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𝜎 =
3𝐹𝐿

2𝑏𝑑2
 

 

σ is the flexural strength, F is the load in the moment of failure, L is the 

support span, b is the width and d is the thickness. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Instron 4411 during a three point bending test 
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5  Results 
 

5.1 Thermal ageing: 
 

As previously stated in the methodology section, samples were tested at 

different temperatures and measured after certain time intervals. First, an 

analysis of the loss of weight was done and then it was calculated in order to 

obtain the nominal weight loss (%) in order to have comparable results. 

 

5.1.1 Thin ply samples: 
 

First batch of samples (DS18-10213 & DS18-10214 at 120°C) gave the 

following results regarding weight loss respectively. 

 

  

Figure 5.1: DS-10213 samples after 500h of ageing at 120°C 
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As previously mentioned, these graphs give an idea of the ageing and overall 

weight loss, but a more comparable way to show the results would be using 

the nominal weight loss (%), which is shown as follows: 

 

Figure 5.2: DS-10214 samples after 500h of ageing at 120°C 

Figure 5.3: DS-10213 samples after 500h of ageing at 120°C 
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In order to quantify and compare with other batches, this is the overall final 

weight loss of each sample. The values are an overall average of the three 

samples (A, B, C) that stayed up to 0,150,300 and 500 hours: 

 

Samples Average Weight Loss (%) 

10213-0 (Reference) 0 

10213-150 0,087 

10213-300 0,149 

10213-500 0,204 

 

Samples Average Weight Loss (%) 

10214-0 (Reference) 0 

10214-150 0,118 

10214-300 0,116 

10214-500 0,096 

 

 

 

 

 

 

Figure 5.4: DS-10214 samples after 500h of ageing at 120°C 
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In can be stated that there is some minor weight loss due to the thermal 

ageing at early stages of the process, since all samples show the biggest 

decrease in weight at the first hours (taking into consideration the drying 

process which is not included in these graphs nor data).  

Checking the final weight loss (%) it can also be stated that no significant 

loss happens. This can be due to not giving a high enough temperature or 

because of changes in the Tg value of the matrix, which make the samples 

unsusceptible to dramatic thermal changes due to the service temperature 

being below there actual Tg. Moreover, when checking the samples at the 

microscope, no damage was seen. 

For that reason, the second batch at 180°C was done. This second batch, 

with no reference (since it is the same as the first batch of samples) was 

tested up to 200h and 500h because of lack of enough material to make 

enough samples to test and check after three intervals (150h, 300h, 500h 

like previously done). The weight loss of this second batch is as follows: 

 

 

 

 

 

Figure 5.5: DS-10213X samples after 500h of ageing at 180°C 
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The nominal weight loss per sample is as follows: 

 

Figure 5.6: DS-10214X samples after 500h of ageing at 180°C 

Figure 5.7: DS-10213X samples after 500h of ageing at 180°C 
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This is the overall final weight loss of each sample. The values are an 

overall average of the three samples (A, B, C) that stayed up to 200 and 500 

hours: 

 

Samples Average Weight Loss (%) 

10213X-0 (Reference) 0 

10213X-300 0,412 

10213X-500 0,627 

 

Samples Average Weight Loss (%) 

10214X-0 (Reference) 0 

10214X-300 0,449 

10214X-500 0,670 

 

It can be seen that the values of overall weight loss (%) are not that big if we 

compare to the bibliography and further studies, although it starts to 

become something relevant as the graphs show steeper decreases.  

 

Figure 5.8: DS-10214X samples after 500h of ageing at 180°C 
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However, when taking the samples to the microscope, there is definitely 

some growing damage (erosion of the matrix), starting at 200h and being 

more obvious at 500h as the following pictures show: 

 

 

 

These data shows that 180°C definitely makes some damage in the 

material, but not as much as it was supposed taking into account that 

Tg=120°C approximately. This makes this material promising, since no 

signs of other kind of defects appear at any stage and the overall weight did 

not decrease as much. 

 

  

Figure 5.9: Signs of erosion in both DS18-10213X & DS18-10214X after 200h and 500h. 
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5.1.2 Conventional composite samples: 
 

As previously stated in the methodology section, samples were divided into 

two batches (TM-XXX for mechanical and TC-XXX for characterization and 

ageing).  

Both batches were submitted to the thermal ageing but only the TC-XXX 

were heavily monitored.  

The temperature used is 160°C as a first approach, since this epoxy matrix 

is different to the thin-ply ones and so the Tg may differ.  

Regarding only the TC.XXX samples, an analysis of the loss of weight was 

done and then it was calculated in order to obtain the nominal weight loss 

(%) in order to have comparable results.  

The loss of weight given is as follows:  

Figure 5.10: TC-XXX samples after 500h of ageing at 160°C 
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The nominal weight loss per sample is as follows: 

 

This is the overall final weight loss of each sample (both the TC-XXXX and 

the TM-XXX). The values are an overall average of the three samples (A, B, 

C) that stayed up to 0 (Reference), 150, 300 and 500 hours (and 1000h in 

case of the TM-1000): 

Samples Average Weight Loss (%) 

TC-0 (Reference) 0 

TC-150 0,298 

TC-300 0,345 

TC-500 0,358 

 

Samples Average Weight Loss (%) 

TM-0 (Reference) 0 

TM-150 0,333 

TM-300 0,353 

TM-500 0,355 

TM-1000 0,371 

 

 

 

Figure 5.11: TC-XXX samples after 500h of ageing at 160°C 
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As it can be seen, some damage appear during the first stages of the 

experiment, just like the thin ply. However, after a certain amount of hours, 

(close to 240h approximately), the level of weight loss is barely visible and 

the material is able to support the high temperatures. 

It can also be seen in comparison with the thin plies, that the curves of all 

the samples are more constant and homogeneous. This could be due to the 

difference in weight between both materials (being the conventional TC-

XXXX way heavier, thus a minor error when taking weight measurements 

in relation to the precision of the scale). 

Moreover, no damage can be seen when checking the samples at the 

microscope, not even after the whole 500h of thermal exposition. 

 

 

 

 

 

 

 

 

 

Figure 5.12: Large magnification image composed of 78 pictures of a TC samples to show the absence of damage or erosion. 



 

56 
 

 

 

5.2 Mechanical testing: 
 

As previously mentioned, all mechanical tests were three point bending and 

all were done at different amount of hours of thermal exposition. 

Afterwards, both the Flexural strength and Flexural Stiffness were 

calculated and compared to see any possible trends: 

 

5.2.1 Thin ply samples: 
 

As previously mentioned, the first batch of samples were submitted to 120°C 

and after the certain quantity of hours, were tested to see a possible relation 

between the thermal exposition and the variation in properties. After 

making all the tests, these where the results of Flexural stiffness and 

strength (See values in appendix Table 10): 

Find also attached in the appendix curves of sample sform different batches 

compared. 

 

  

Figure 5.13: Flexural Stiffness of DS18-10213 & DS18-10214 
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Results show that there are not many changes in mechanical properties, 

even reaching long exposures in the oven, in neither the 10213 nor the 

10214 laminates (analysing both mechanical parameters). 

The 10213 material shows slightly better stiffness and overall the same 

flexural strength than the 10214. For that reasoning, it seemed also 

interesting to make some samples of the 10214 samples cut in the opposite 

direction (since the lay up shows that they may have anisotropic behaviour). 

Here are the results of the three point bending tests for the 10213X and 

10214X samples at 180°C (See values in appendix Table 11) 

Find attached in the appendix, curves of samples of the different batches: 

 

 

 

 

 

Figure 5.14: Flexural Strength of DS18-10213 & DS18-10214 
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Figure 5.15: Flexural Stiffness of DS18-10213X & DS18-10214X 

Figure 5.16: Flexural Strength of DS18-10213X & DS18-10214X 
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Regarding the flexural stiffness, it can be seen that this direction of the 

10214 samples gives higher mechanical properties, not only in comparison 

to the other direction of the samples template, but also in comparison to the 

1023 material. The 10213 material also suffers changes at this temperature, 

since the overall values of flexural stiffness are lower than when analysing 

the samples at 120°C. Flexural strength does not change significantly. 

Moreover, something interesting appears when analysing the 10214X 

samples overall, both checking the flexural strength and the flexural 

stiffness. 

 It seems like the material performs better after a certain quantity of hours 

(around 200h) than at initial stages, and then after long exposures (up to 

500h), the material weakens. This can be due to post curing processes 

happening in the resin. These thermal exposures are heavily matrix-driven. 

Other interesting analysis to make is check the may the samples break 

during the tests. 

 

Figure 5.17: DS18-10213 specimens after testing. 
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The previous pictures show the difference between the two laminates and 

how the different lay ups relate to the different failure modes. Both at 120°C 

and 180°C, samples broke in the same nature. It can be seen how the failure 

in the 10214 samples is very localized and with straight cracking while the 

failure in the 10213 material is more irregular.  

When checking the broken samples at the microscope in the transverse 

direction (following images), it is easily recognizable how the 10214 material 

(in both directions) show big delamination between plies and less crack 

propagation than the 10213 specimens, which also suffer severe 

delamination but only after the propagation of initial cracks. 

 

 

 

 

 

 

 

Figure 5.18: DS18-10214 specimens after testing 
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Figure 5.18: Broken samples of a DS18-10213 material 

Figure 5.19: Broken samples of a DS18-10214 material 

Figure 5.20: Broken samples of a DS18-10214X material 
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5.2.2 Conventional material: 
 

Now that the thin ply materials were tested, it was needed to compare them 

with the conventional material and see how this last one behaved.  

As mentioned in the methodology, test have been carried in the same way, 

taking into account the differences in dimensions and machine parameters 

due to the different thickness. 

All samples were tested at 160°C and then tested after 0h, 150h, 300h, 500h 

and finally 1000h. The results are as follows (See values in appendix Table 

12). 

Find attached in the appendix, curves of the different samples during the 

test 

 

 

 

 

 

 

 

Figure 5.21: Flexural Stiffness of TM-1000 samples 
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As it can be seen, the flexural strength does not change in any significant 

way throughout the entire test, not even after 1000h.  

Moreover, the flexural stiffness seems to decline after the first stage of 

exposition. Afterwards, the values remain constant even after 1000h. 

Analysing the broken samples, even though some samples show bigger 

separation between layers and bigger overall damage, the characteristics of 

the failure mechanisms are similar with no difference between hours at the 

oven, only between specific samples. 

 

 

 

 

 

Figure 5.21: Flexural Strength of TM-1000 samples 



 

64 
 

 

 

 

 

 

 

 

Figure 5.22: Broken samples after 0h and 1000h. 

Figure 5.23: Picture of the same samples as Figure 5.22 but in the opposite side. 
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6 Conclusion 
 

6.1 Thermo-oxidative ageing: 
 

After checking all the results, it can be found that both materials are very 

suitable for the application in regards to weight lose and overall damage in 

the microstructure only due to the ageing (without any further mechanical 

testing).  

After the first batch it seemed obvious that 120°C was not a problem for the 

thin-ply laminates at any time of exposure in case of both laminate 

configurations. This means that the resin (since these properties are 

extremely matrix-driven) of the matrix did not reach its supposed Tg value. 

This can mean that this value may have differ, since it is a property heavily 

influenced in the curing scheme, moisture absorption and overall 

temperature of curing. Knowing this, it can be suggested that the samples 

has been post-cured after the exposition to that temperature. 

For that reason, the second batch was tested at a high enough temperature 

(180°C) to ensure that Tg was surpassed successfully. After testing both 

laminates for the same amount of hours, a higher amount of ageing was 

founded, but not as high as maybe thought at first, and by no means high in 

comparison to other composites tested in other studies (maximum values of 

ageing of 0,67%). This, added to further evidence from the mechanical tests, 

ensures that there has been a certain amount of change in the matrix due to 

post curing phenomenon.  

It can be seen after a certain point come damage (erosion in this case) that 

leads to further damage after more exposure. This can be caused by a ripple 

effect, where some initial damage leads to more surface exposed to the 

ageing atmosphere, which leads to more damage and so on and so forth. 

This damage that appears after 200h at this temperature shows that Tg has 

been reached and that the material is starting to suffer consequences in 

regards to thermal stability. 

Checking the performance of the conventional material, the amount of 

information and data is less reliable. As a first approximation by knowing 

the kind of epoxy used in the matrix, the temperature of exposition was 

160°C. At this temperature, the amount of weight loss is lower than the 

thin-plies subjected to 180°C, but higher that the first batch at 120°C. What 

can be said for sure is that the material shows very homogeneous and 

constant behaviour, even after 1000h, where still the damage was not 

significant. 
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For all of these reasons, it can be stated that these two materials have a 

good behaviour and enough reliability under the temperature ranges 

measured. 

 

6.2 Mechanical tests: 
 

Regarding the mechanical results of both materials, many assumptions and 

conclusions can be stated. 

Firstly, and regarding the thin plies, it can be stated that there cannot be 

seen a definite relationship between the time of exposure of the ageing and 

any difference in mechanical properties when testing the first batches at 

120°C. It seems like some batches give a better value than others, but with 

only three samples tested per batch, that cannot be define 100%, since many 

errors can be introduced (geometry differences, residual stresses, 

manufacturing defects, …). Only thing that shows consistency is that the 

DS18-10213 has slightly higher flexural stiffness than the DS18-10214. 

Conversely to that last statement, when cutting the DS18-10214 samples in 

the opposite, it can be seen how the mechanical properties (both flexural 

stiffness and flexural strength) are much higher than the DS18-10213. 

When comparing the results of the thin ply at 180°C, it can be seen that the 

DS18-10213X still do not show any difference (maybe just a slightly decline 

of the flexural stiffness, but by a small margin) in mechanical properties, 

while the DS18-10214X samples do show a different and consistent 

behaviour. After a certain amount of time, the properties (both the flexural 

stiffness and the flexural strength) rise and then decline when reaching the 

final mark of 500h. This can be related to the post-curing phenomenon 

discussed previously, were the increase of crosslinking in the polymeric 

fibers of the matrix. 

In addition, it can be seen that the way of damage propagation differs 

between the layup configurations, were the DS18-10214 samples show a 

more brittle and localized rupture, heavily driven by huge delamination 

processes, while the DS18-10213 laminates show a mixture of 

microcracking, as well as delamination, giving a less localized and abrupt 

fracture microstructure. This can be concerning, specially for the DS18-

10214 material, since not many other failure mechanisms are taking place, 

making the material more fragile and less reliable in service. This aspect 

will have to be addressed in further investigations. 
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Finally, taking into account the results from testing the conventional 

laminate, it can be concluded that the flexural strength does not change 

significantly throughout the exposure, but the flexural stiffness does change 

after 150h, losing up to 10GPa in value and afterwards staying steady even 

after 1000h. This last result may correlate with the plateau seen the ageing 

curve, were after a certain amount of hours (roughly 180h), the weight loss 

stays steady. 
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7 Future work 
 

After making the interpretation of the results, some further work can be 

done to ensure and confirm the hypothesis given. 

Firstly, it would be interesting to make a further study on the change of Tg 

during the tests at 120°C. For that, DSC and TG test should be performed, 

to be overall be able to properly characterize the matrices of the laminate.  

Moreover, it can be interesting to make a further study on the way certain 

samples end up breaking in certain ways (failure microstructure), and try to 

correlate the delamination and different damage phenomenon to the 

different layup set ups. For that, testing other configurations can be useful. 

In that regards, checking the samples at the SEM can also be promising, 

checking the surface after failure, and checking the overall damage 

propagation in a wider scale. 

On the other hand, the conventional material can be characterized in a 

deeper way. The first approach at 160°C was useful as a first step, but more 

configurations and temperature ranges must be explored. With that, a 

deeper insight in the ageing and failure mechanisms can be achieved. 

Last but not least, and due to the amount of material available, not that 

many samples could be tested per batch (three in most of the cases). For 

that reason, more samples and more tests have to be made to confirm and 

validate the results and conclusions previously exposed.  
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9  Appendix 
 

Table 1: 
 

Samples Geometry (mm) Actual 
FVF(%) 

Weight 
before 
drying (g) 

Weight 
after drying 
(g) 

"DS18-
" 

10213-0A 70x10x1.08 (thick) 51,6 1,157 1,156 

 
10213-0B 70x10x1.08 (thick) 51,6 1,155 1,154 

 
10213-0C 70x10x1.08 (thick) 51,6 1,155 1,154 

 
10213-150A 70x10x1.08 (thick) 51,6 1,163 1,161 

 
10213-150B 70x10x1.08 (thick) 51,6 1,150 1,149 

 
10213-150C 70x10x1.08 (thick) 51,6 1,133 1,131 

 
10213-300A 70x10x1.08 (thick) 51,6 1,145 1,144 

 
10213-300B 70x10x1.08 (thick) 51,6 1,082 1,081 

 
10213-300C 70x10x1.08 (thick) 51,6 1,147 1,145 

 
10213-500A 70x10x1.08 (thick) 51,6 1,149 1,148 

 
10213-500B 70x10x1.08 (thick) 51,6 1,134 1,133 

 
10213-500C 70x10x1.08 (thick) 51,6 1,154 1,153 

 

Table 2: 
 

Samples Geometry (mm) Actual 
FVF(%) 

Weight 
before 
drying (g) 

Weight 
after 
drying (g) 

"DS18-
" 

10213X-200A 70x10x1.08 (thick) 51,6 1.146 1.144 

 
10213X-200B 70x10x1.08 (thick) 51,6 1.132 1.130 

 
10213X-200C 70x10x1.08 (thick) 51,6 1.120 1.118 

 
10213X-500A 70x10x1.08 (thick) 51,6 1.133 1.131 

 
10213X-500B 70x10x1.08 (thick) 51,6 1.108 1.107 

 
10213X-500C 70x10x1.08 (thick) 51,6 1.112 1.110 
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Table 3: 

 Samples Geometry (mm) Actual 
FVF 
(%) 

Weight 
before 
drying (g) 

Weight after 
drying (g) 

"DS18-
" 

10214-0A 80x10x1,65 (thick) 53,5 1,925 1,924 

 10214-0B 80x10x1,65 (thick) 53,5 1,976 1,976 

 10214-0C 80x10x1,65 (thick) 53,5 2,020 2,018 

 10214-150A 80x10x1,65 (thick) 53,5 1,945 1,944 

 10214-150B 80x10x1,65 (thick) 53,5 2,037 2,036 

 10214-150C 80x10x1,65 (thick) 53,5 1,988 1,987 

 10214-300A 80x10x1,65 (thick) 53,5 2,002 2,000 

 10214-300B 80x10x1,65 (thick) 53,5 1,999 1,998 

 10214-300C 80x10x1,65 (thick) 53,5 2,039 2,039 

 10214-500A 80x10x1,65 (thick) 53,5 2,087 2,081 

 10214-500B 80x10x1,65 (thick) 53,5 2,085 2,084 

 10214-500C 80x10x1,65 (thick) 53,5 2,070 2,069 

 

Table 4: 
 

Samples Geometry (mm) Actual 
FVF(%) 

Weight 
before 
drying (g) 

Weight 
after drying 
(g) 

"DS18-" 10214X-200A 80x10x1,65 
(thick) 

53,5 2.055 2.053 

 
10214X-200B 80x10x1,65 

(thick) 
53,5 2.090 2.088 

 
10214X-200C 80x10x1,65 

(thick) 
53,5 2.091 2.089 

 
10214X-500A 80x10x1,65 

(thick) 
53,5 2.082 2.080 

 
10214X-500B 80x10x1,65 

(thick) 
53,5 1.921 1.919 

 
10214X-500C 80x10x1,65 

(thick) 
53,5 1.840 1.838 
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Table 5: 

Samples Geometry (mm) Weight 
before 
drying (g) 

Weight after 
drying (g) 

TM-000A 273x12x7.12 49,834 49,7932 

TM-000B 273x12x7.12 45,934 45,8948 

TM-000C 273x12x7.12 47,8677 47,8125 

TM-150A 273x12x7.12 42,7616 42,7114 

TM-150B 273x12x7.12 42,8328 42,7901 

TM-150C 273x12x7.12 40,7367 40,7128 

TM-300A 273x12x7.12 43,2348 43,198 

TM-300B 273x12x7.12 43,9582 43,923 

TM-300C 273x12x7.12 43,7573 43,7302 

TM-500A 273x12x7.12 43,0057 42,9832 

TM-500B 273x12x7.12 43,0906 43,068 

TM-500C 273x12x7.12 43,7149 43,6899 

TM-1000A 273x12x7.12 42,2175 42,1919 

TM-1000B 273x12x7.12 42,7577 42,7321 

TM-1000C 273x12x7.12 47,129 47,1031 

 

Table 6: 

Samples Geometry (mm) Weight 
before 
drying (g) 

Weight after 
drying (g) 

TC-150A 40x40x7.12 15,9173 15,9066 

TC-150B 40x40x7.12 17,2731 17,2626 

TC-150C 40x40x7.12 17,1545 17,1442 

TC-300A 40x40x7.12 16,8625 16,8505 

TC-300B 40x40x7.12 16,3601 16,3491 

TC-300C 40x40x7.12 17,4122 17,4031 

TC-500A 40x40x7.12 17,6762 17,6656 

TC-500B 40x40x7.12 16,2482 16,2372 

TC-500C 40x40x7.12 17,6471 17,6364 
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Table 7 (First batch): 

TeXtreme Samples Geometry (mm) Samples Geometry (mm) 

 "DS18-" 10213-0A 70x10x1.08 (thick) 10214-0A 80x10x1,65 (thick)  
10213-0B 70x10x1.08 (thick) 10214-0B 80x10x1,65 (thick)  
10213-0C 70x10x1.08 (thick) 10214-0C 80x10x1,65 (thick)  
10213-150A 70x10x1.08 (thick) 10214-150A 80x10x1,65 (thick)  
10213-150B 70x10x1.08 (thick) 10214-150B 80x10x1,65 (thick)  
10213-150C 70x10x1.08 (thick) 10214-150C 80x10x1,65 (thick)  
10213-300A 70x10x1.08 (thick) 10214-300A 80x10x1,65 (thick)  
10213-300B 70x10x1.08 (thick) 10214-300B 80x10x1,65 (thick)  
10213-300C 70x10x1.08 (thick) 10214-300C 80x10x1,65 (thick)  
10213-500A 70x10x1.08 (thick) 10214-500A 80x10x1,65 (thick)  
10213-500B 70x10x1.08 (thick) 10214-500B 80x10x1,65 (thick)  
10213-500C 70x10x1.08 (thick) 10214-500C 80x10x1,65 (thick) 

 

Table 8 (Second batch): 

TeXtreme Samples Geometry (mm) Samples Geometry (mm) 

"DS18-" 10213X-200A 70x10x1.08 (thick) 10214X-200A 80x10x1,65 (thick)  
10213X-200B 70x10x1.08 (thick) 10214X-200B 80x10x1,65 (thick)  
10213X-200C 70x10x1.08 (thick) 10214X-200C 80x10x1,65 (thick)  
10213X-500A 70x10x1.08 (thick) 10214X-500A 80x10x1,65 (thick)  
10213X-500B 70x10x1.08 (thick) 10214X-500B 80x10x1,65 (thick)  
10213X-500C 70x10x1.08 (thick) 10214X-500C 80x10x1,65 (thick) 

 

Table 9 (Third batch): 

Conventional Samples Geometry (mm) 

 TM-000A 273x12x7.12 (thick) 

 TM-000B 273x12x7.12 (thick) 

 TM-000C 273x12x7.12 (thick) 

 TM-150A 273x12x7.12 (thick) 

 TM-150B 273x12x7.12 (thick) 

 TM-150C 273x12x7.12 (thick) 

 TM-300A 273x12x7.12 (thick) 

 TM-300B 273x12x7.12 (thick) 

 TM-300C 273x12x7.12 (thick) 

 TM-500A 273x12x7.12 (thick) 

 TM-500B 273x12x7.12 (thick) 

 TM-500C 273x12x7.12 (thick) 

 TM-1000A 273x12x7.12 (thick) 

 TM-1000B 273x12x7.12 (thick) 

 TM-1000C 273x12x7.12 (thick) 
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Table 10: 

RESULTS Sample E (GPa) Flexural Strenght 
(MPa) 

@120C 10213-0 42,4 856,8 
 

10213-150 43,1 880,7 
 

10213-300 45,3 875,5 
 

10213-500 40,4 836,7 
    

 
10214-0 34,3 802,4 

 
10214-150 32,9 817,6 

 
10214-300 33,9 811,2 

 
10214-500 36,2 885,8 

 

Table 11: 

RESULTS Sample E (GPa) Flexural Strenght 
(MPa) 

@180C 10213X-0 42,4 856,8 

 
10213X-200 38,9 876,7 

 
10213X-500 36,4 876,2 

    

Perp direction 10214X-0 70,2 1221,3 

Perp direction 10214X-200 81,9 1519,5 

Perp direction 10214X-500 72,3 1155,5 

 

Table 12: 

RESULTS Sample E (GPa) Flexural Strenght 
(MPa) 

@160C TM-000 81,1 1123 
 

TM-150 71,2 1053,4 
 

TM-300 72,7 1104,4 
 

TM-500 71,1 1109,3 
 

TM-1000 72,7 1141,3 
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Graph 1: Mechanical testing curves of (randomly picked) samples of each 

batch of DS18-10213 samples at 120°C: 

 

Graph 2: Mechanical testing curves of (randomly picked) samples of each 

batch of DS18-10214 samples at 120°C: 
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Graph 3: Mechanical testing curves of (randomly picked) samples of each 

batch of DS18-10213X samples at 180°C: 

 

Graph 4: Mechanical testing curves of (randomly picked) samples of each 

batch of DS18-10214X samples at 180°C: 
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Graph 5: Mechanical testing curves of (randomly picked) samples of each 

batch of TM-XXXX samples at 160°C: 

 


