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A B S T R AC T  
Future of aerospace transportation is pushing the limits of current technology. Challenges of 
tomorrow relies on highly durable lightweight materials. As turbine engines continues to grow, 
the need for better suitable materials are one of many keys to success. The most usual 
construction material for applications in aerospace are polymeric composites. Epoxy is one of the 
most common resin systems used by this industry. This material is suitable for prolonged use up 
to ~120°C and short durations up to ~205°C [1]. New construction material need to climb 
deeper into the engines in order to reduce weight of gas turbines of tomorrow. Current thesis 
work has investigated high temperature polymer composite materials, affected by extreme 
thermo-oxidative conditions. The current work was performed at the Swedish institute of 
composite materials, Swerea SICOMP. Material used was NEXIMID® MHT-R, Nexam 
Chemicals AB. This is a newly developed high temperature polyimide resin, based on 6-FDA, 4-
PEPA and EBPA. Previous studies have found this material to show high values of glass 
transition temperature (Tg) above 400°C. Tg was found to depend on if the material is treated in 
an inert (N2) or oxidizing environment (air). The material has been shown to survive above 1000 
hours at 320°C for long term thermo-oxidative ageing, as well up to 300 hours spent at 350°C [2-
6].  

Following study has been trying to answer the following questions: How does this material 
degrade? What are the thermo-oxidative degradation mechanisms? Where are the upper limits of 
degradations for this material system? and could thermo-oxidative degradation be predicted? A 
combination of techniques has been applied in order to put some important conclusions about 
the degradation process. Thermo gravimetric (TG) analyze coupled with Fourier transform 
infrared spectroscopy (FT-IR) evolved gas system were used to show the decomposition 
behavior of this resin. Tests were conducted in air and inert atmosphere, between 25-1000°C. 
Dynamic results was used as guidance for isothermal tests. Specimens were subjected to oxidizing 
conditions up to 120min at temperatures 320-600°C. At 600°C the resin was found to degrade 
within 60min. The material was found to degrade through a two-stage decomposition analyzed by 
FT-IR. The activation energy (Ea) for the system could be calculated by Arrhenius equation to 
250KJ/mol. 

Carbon fiber (CF) 8-harness satin weave, T650/Neximid system of [(+45/-45)/(0/90)]2S and 
[(0/90)]4S layup was manufactured using resin transfer molding (RTM). The material was cut into 
3-point bending specimens and treated for 24 hours in a burn oven at T=(320,350,375,400,450 & 
500)°C. The material was tested according to ASTM E1640-13 using dynamic mechanical 
thermal analysis (DMTA). Un-treated material showed Tg levels of 384°C and 392°C for the 
respective layups. It was found that pre-Tg treatment between 320-375°C affected this material 
parameter up to similar levels as previous studies of post Tg exposure for 2h to ∼420°C [4]. 
Subjecting the material for post-Tg exposure at 400°C showed a rapid change up to ∼480°C for 
[(0/90)]4S laminate. Indications that this resin system could reach levels above 500°C was found 
for [(+45/-45)/(0/90)]2S layup. However, one of these specimens were unfit for testing. DMTA 
tested material for 400°C showed indications of degradation, found by a broadening of the tan 
delta peak. This can be put in relation to epoxy where a similar behavior appear after 24h 
exposure at 150°C [7]. Furthermore, it was showed that poor quality laminate, elevated mass loss 
at this temperature. When the material was subjected to as high temperatures as 450°C only 
remaining fibers were found. At 500°C these were almost fully oxidized. 400°C data was 
predicted by the use of activation energy along with TG extrapolation. It was possible to show 
that ~1/8 out of this 8-layered structure, (½ of each surface layer), was degraded after 400°C 
exposure for 24h, resulting in diffusion limited oxidation (DLO). Last but not least, DLO 
assumptions was used to predict the storage modulus change for thermo-oxidative degradation of 
400°C samples with Classic Laminate Theory (CLT). A ∼4% stiffness decrease was predicted by 
this method. The drop is regarded as a loss in tensile stiffness of the outer damaged layer. This 
was compared by 3-point bending DMTA data showing a ∼7% decrease. This model could thus 
be regarded as a contributing factor for the stiffness decrease of this complex degradation 
process.   
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S A M M A N FAT T N I N G  
Framtiden inom transportindustrin tänjer på gränserna av nuvarande teknologi. Morgondagens 
utmaningar är beroende av starka och uthålliga lättviktsmaterial. När turbinmotorer växer sig 
större är bättre anpassat material en av många nycklar till framgång. Kompositmaterial är 
traditionellt använt som konstruktionsmaterial för tillämpningar inom flyg- och rymd- industrin. 
Epoxi system är en av de vanligast använda härdplasterna. Epoxi har brukstemperatur runt 
~120°C, och kan exponeras under korta stunder upp till ~205°C [1]. Nya lättvikts 
konstruktionsmaterial behöver appliceras djupare in i motorerna för att kunna reducera vikten av 
morgondagens gasturbiner. Följande examensarbete har undersökt kompositmaterial för höga 
temperaturer med fokus på påverkan av en extremt oxiderande miljö. Arbetet har utförts vid det 
svenska institutet för kompositmaterial, Swerea SICOMP. Materialet som använts är 
NEXIMID® MHT-R från Nexam Chemicals AB. Detta material är en nyutvecklad 
högtemperaturs polyimid baserad på 6-FDA, 4-PEPA och EBPA. Tidigare studier har funnit 
höga Tg värden för detta komposit system, över 400°C. Tg har dessutom visats beroende av 
vilken miljö materialet exponeras i. Kompositer av detta material har visats överleva mer än 1000 
timmar i 320°C för långtids termo-oxiderande åldring. Dessutom har de klarat upp till 300 
timmar i 350°C. [2-6] Följande studie har försökt svara på frågorna: Hur bryts detta material ner? 
Vad är de termo-oxidativa nedbrytningsmekanismerna? Var är den övre gränsen för nedbrytning 
av detta materialsystem? Och kan termo-oxiderande nedbrytning förutspås? En kombination av 
olika tekniker har använts för att kunna dra några viktiga slutsatser angående den nedbrytande 
processen.  TG analys kopplad till FT-IR gas system användes för att visa nedbrytningsbeteendet 
av NEXIMID. Test utfördes i inert atmosfär (N2) och oxiderande miljö (luft), mellan 25-1000°C. 
Dynamiska resultat användes som mått för de isotermiska testerna där prover exponerades upp 
till 120 minuter vid temperaturer 320-600°C. Vid 600°C bryts materialet ner inom 60min. 
Materialet följde därigenom en tvåstegsnedbrytning, analyserad via FT-IR. Aktiveringsenergin-
(Ea) för nedbrytningen kunde därefter beräknas via Arrhenius ekvation till 250KJ/mol.  

 Kolfiber, 8-harness satin väv, T650/NEXIMID system med [(+45/-45)/(0/90)]2S och 
[(0/90)]4S orientering, tillverkades via RTM. Från materialet tillverkades 3-punkts böjprover. 
Dessa behandlades i 24 timmar vid T=(320, 350, 375, 400, 450 & 500)°C, i en brännugn. 
Materialet testades i enighet med ASTM E1640-13 via DMTA. Obehandlat material visade Tg 
nivåer av 384°C och 392°C för de respektive uppläggningarna. Pre-Tg exponering, vid 320-
375°C, påverkade Tg upp till liknande nivåer som tidigare studier, (post-Tg 2h), ∼420°C [4]. När 
materialet utsätts för post Tg exponering under 24 timmar vid 400°C kunde man se en snabb 
förändring av Tg, upp till ∼480°C för [(0/90)]4S laminatet. Från [(+45/-45)/(0/90)]2S laminatet 
kunde man dessutom se indikationer på att nivån kunde nå över 500°C. Däremot var en av dessa 
prov inte kvalificerad för test efter behandlingen. DMTA testat material för 400°C visade 
indikationer av nedbrytning, via en breddning av piken för tan-delta kurvan [7]. Det var dessutom 
möjligt att se att laminat av sämre kvalitet påverkade viktminskningen signifikant högre vid denna 
exponering. När material utsattes för så höga temperaturer som 450°C var endas fiber kvar efter 
test, vilket vid 500°C nästan var fullt nedbrutna. 400°C data förutspåddes via extrapolering av TG 
och Arrhenius beräkning. Beräkningen ledde till en övre gräns för nedbrytningen. Vidare var det 
möjligt att visa att ~1/8 av dessa 8-lager bröts ner efter 24 timmars exponering vid 400°C. 
Nedbrytningen motsvarar ½ av vartdera ytlager via diffusions begränsad oxidation (DLO). Sist 
men inte minst, kunskapen om DLO användes för att förutspå styvhetsförändringen vid termo-
oxiderande nedbrytning med hjälp av klassisk laminat teori (CLT). DLO antogs resultera i en 
volymfraktionsförändring i det yttersta lagret. Detta implementerades i CLT där man kunde 
beräkna en ∼4% styvhetsminskning via denna modell där det yttre skadade lagret har en 
reducerad dragstyvhet. Från testade böjprover i DMTA kunde man se en verklig ∼7% 
styvhetsminskning för samma exponeringsvillkor. Modellen kan därmed ses som en bidragande 
del av denna komplexa nedbrytningsprocess.  
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C H A P T E R  I  
1.  INTRODUCTION 

1.1 HICTAC  

Aerospace industry is developing the next generation of engines. As engines grow larger, 
demands on durable lightweight components becomes highly important. This is the 
foundation of the research work: high performance composites for demanding high 
temperature applications (HICTAC). Polymeric matrix composites (PMCs) provide good 
abilities for tailor-made material properties. They are favorable in terms of specific 
mechanical properties, chemical resistance as well as durability. These properties are of 
great interest in the transport industry as well as for aerospace industry where lightweight 
construction are in a steady progress. HICTAC is focused on replacing components up 
to 360°C, leading the way on new research for high temperature materials.     

Boeing announced in 2006 that their new 787 Dreamliner would grow from 12% of 
composite materials, as in the previous model, up to 50%. Mostly by reducing aluminum 
from 50% to 12%. They predict that this would reduce the weight with up to ~1800 Kg, 
saving ~20% of fuel [14]. It is un-clear from the reference if percentage is with respect to 
either volume or mass, still it clearly shows trend set by the industry. Carbon fiber 
reinforced plastics (CFRP) are mainly used in industrial areas where lightweight, 
combined with a maintained high performance, is a key requirement. This includes sport 
industry up to aerospace and space industry [9]. Turbine engines continues to grow in the 
aerospace industry, the worlds largest turbine engine so far is GE9X from GE aviation 
with bypass ratio (BPR) of 10:1 illustrated in Figure 1. BPR determines the amount of air 
moved by the front fan past the engine in relation to air moved inside the combustion 
chamber. Higher amount of air moved past the combustion chamber generates a higher 
thrust of the engine and results in a higher efficiency. An increased ratio leads 
simultaneously to an elevated weight of the engine itself. From the 1970s, BPR in jet 
engines has increased from 5:1 up to 10:1 today. With projections into 2050s this ratio is 
expected to grow up to 50:1 [20]. As engines grows larger the demand on high 
performance, high temperature, lightweight materials come highly important. NASA 
shifts their focus on the possibilities of creating fully non-metallic turbine engines [15]. 
CFRP need to be incorporated into new generation of turbine engines in order to 
maintain a minimum weight. Pushing the temperature limit of CFRPs to the next level 
allows a new range of opportunities for the future of transportation.  
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Figure 1Illustration of GE9X  gas turbine adapted from GE power [43] 

1.2 OBJECTIVE 

This project investigate carbon fiber composites reinforced with polyimide resin, 
trade name NEXIMID® MHT-R. Relying on accomplishments in previous work, the 
aim is to contribute with another piece for a better understanding of this material system. 
As a part of the HICTAC project, the goal of achieving a composite material suited for 
extreme temperatures have succeeded. The current work has set the aim on explaining 
extreme thermo-oxidative degradation of CFRPs. The understanding from a microscopic 
level up to a macroscopic level is one key while solving problems regarding multiphase 
materials.  

The objective of this thesis is to investigate thermo-oxidative degradation at extreme 
temperatures. In order to accomplish this goal, it is necessary to determine the thermo-
oxidative degradation mechanisms acting on the system. Furthermore, it is important to 
analyze when and where degradation becomes significant. I.e. find upper limits of 
degradation. Further more, the goal can be reached by monitoring characteristic 
properties and connecting them to the condition of the material in question. 

Lastly, one of the more interesting questions regarding CFRPs will be brought to the 
spotlight. Thermo-oxidative degradation is a very complex process; it is thus hard to 
predict the behavior of the material. The final goal is to contribute with new insight on 
how this phenomenon can be modelled in order to predict thermo-oxidative degradation.  
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2.  THEORY 

2.1 COMPOSITE MATERIALS 

2.1.1 GENERAL 

From a material perspective, the term ‘composite’ comprise a broad range of 
different kind of materials. These vary from natural abundant, such as wood and plants, 
to ceramic ‘concrete’ as well different types of steels. Composite – is used to distinguish 
materials consisting of several phases with the purpose of achieving better properties 
when combined. Relations can be made by looking at Charles Darwin’s’ evolutionary 
theory. Generations evolve from their ancestors and adapts to the environment in the 
best plausible way. In accordance with this theory, a similar concept can be adapted in 
material science. Combining different materials with a goal of keeping their individual 
strengths is nothing other than a scientists’ way of acting god in form of material 
evolution.  

“any multiphase material that exhibits a significant proportion of the properties of both 
constituent phases” – (Callister et al., 2008) 

“a material that is different from common heterogeneous materials” – (Gay et al., 2003) 

This evolution gives several opportunities as well as problems. In order to solve the 
rising problems one must have knowledge of the material behavior and how this is 
affected by surrounding environment. Knowing each material is the key to construct a 
functional composite. This thesis uses polymeric matrix composites (PMC) given that 
any deeper explanation in other composite classes is beyond the scope. The fundamental 
concept regarding PMCs is divided in three sections: Strengthening phase (SP), matrix 
phase (MP) and interphase (IP).  

SP of a PMC is in this thesis addressing continuous fiber composites. The use of 
fibers instead of solid material is a common method in order to improve strength. 
Material properties in general, especially brittle once, are highly dependent on the amount 
of impurities and voids within them. These inclusions decrease the material strength 
while acting as initiation site for cracks followed by crack propagation, ultimately leading 
to failure of the component. By decreasing the cross-section of each fiber, the amount of 
impurities in each fiber is reduced in a similar manner leading to a lower probability of 
failure for each fiber [8]. Fibers are manufactures from various kinds of materials, one of 
the most common and well known fibers that focus will be set on in this thesis is carbon 
fiber (CF). These organic fibers possess great mechanical strength as well as a high 
elasticity due to their structured carbon chains. Further on, they are suitable for high 
temperature applications with a drawback of poor impact properties [9].  

Polymeric material exists in many forms from cheap to expensive, organic to 
inorganic. The list is long and whilst many different kinds of polymers exists, this 
material class is not used to directly elevate the mechanical properties of a PMC. Instead, 
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they are being added to a composite with purpose of binding SP together. When SP is 
enclosed in a matrix the load is transferred from MP to SP, indirectly elevating the 
mechanical performance of the materials as a unit. Despite transferring the load from MP 
to SP the matrix servers a great purpose as a protection phase against the environment 
[8]. Mixing of MP with SP can be done to achieve a functional composite. Drawbacks on 
the other hand lies at the interface separating the two regions. One of the major concerns 
when dealing with PMCs is their combined strength. A matrix with bad adhesion to the 
fiber does not transfer the load in an even manner as well as the fibers lose their 
protection against the environment. This phenomenon is commonly known as de-
bonding and is a key contributor to preliminary failure of the composite unit. By this 
mean, a third phase in-between matrix and fiber are added to improve the adhesion 
between the main phases known as the interphase [10].    

2.1.2 PRODUCTION AND APPLICATION OF CFRP 

In the late 1800 century, Thomas Edison synthesized the first known carbon fiber by 
heating cotton or bamboo at high temperatures. The fiber filaments were in early age 
used due to their conductive properties in light bulbs. Development into the modern area 
of mechanical bearing applications started in the mid 1950s when scientists begun to 
explore elevated pressure in combination with heat. American scientists in the 1950s, 
were soon overtaken by Japanese in the 1960s, who instead of using organic mass for the 
syndication used polyacrylonitrile (PAN) [11]. As the time has gone by, the number of 
precursors used for CF production have grown in a steady rate. These varies from 
cellulosic based, similar to those used by Edison back in the 1800s, to pitch-based from 
crude oil. Still, the use of acrylic-based CF in form of PAN fibers are the most 
commonly used fiber to this day in CFRP. Main reason for this is due to their superior 
elastic properties in tension, compression as well as strength [12]. 

There is a broad range of manufacturing details dependent on what precursor is used, 
as well differences in between manufacturers. It is beyond the scope of this thesis to step 
into a detail description of each individual step. A general approach is that the precursor 
material goes from a pre-treatment stage-1 at a low temperature, passing through a 
carburization stage-2 at higher temperatures and ending with a graphitization stage-3 at 
the highest temperature [12]. After the fibers have been synthetized their surface is 
treated by a surface layer or coating to prevent degradation while stored and promote a 
good adhesion to the matrix in form IP-layer, briefly described in section 2.1.1. These 
fibers are later used as unidirectional (UD) layers of a laminated structure or spun to 
fabrics [9]. The common fabrics in use are: Plain, Twill, Satin, Basket, Leno and Mock 
Leno. These are separated by how the fabric is woven which affects the mechanical 
properties when used in a composite [13], see Figure 2. 
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Figure 2 Comparison between different fabrics and their properties. Values adapted 
from Netcomposite [13]  

 Keeping track of where and how the fibers are stacked is necessary for knowledge of 
the structures mechanical properties. Laminated structures of PMCs are denoted by 
comparing the fibers relative orientation to the normal axis in form of [θ1, θ2,..., θn].  
Fiber mats are thus manufactured by placing layers atop each other and infusing resin to 
bind them together. The most common methods for manufacturing of these 
reinforcements is by different kinds of molding processes i.e. Autoclave or resin transfer 
molding (RTM) [9]. High pressure in combination with heat lowers the viscosity of the 
polymer resin assuring a good wetting of the fabric while a degassing system is needed in 
order to decrease void formation [12].   
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3.  HIGH TEMPERATURE COMPOSITE MATERIALS 

Following section introduce high temperature resins for aerospace with a brief 
background of common resin systems. The resin system used in the current project is a 
polyimide based resin with trade name NEXIMID® MHT-R. Polyimides have for this 
reason been explained in a deeper sence to understand their high temperature capacity. 
Further more, there have been several studies on the current resin system. It is thus 
important to analyze the accomplishments in previous studies to set a foundation of the 
knowledge prior to the current study.   

3.1 HIGH TEMPERATURE RESINS 

In the aerospace industry the most commonly used composite system is carbon fiber 
(CF) /epoxy. Ordinary epoxy systems are suitable for prolonged use up to ~120°C and 
short durations up to ~205°C. Newer generation of thermoset resins intended for higher 
temperature applications comprises bismalemides, cyanate esters, phenolics, 
benzoxazines, phtalonitriles and polyimides [1].  

Aromatic polyimides were first introduced in 1908 by Marston Boger [16]. The 
development of imide based polymers steadily increased after the 1950s when aromatic 
polyimide chains of high molecular weight was introduced. Polyimides became 
interesting material due to their superior mechanical performance in degrading 
environment, especially at high temperature [17]. Polyimides have in the last decades 
drawn the attention from several authors, pushing progress further in terms of both 
research as well as number of applications. These materials can be use from 
microelectronic devices up to high temperature high performance composites [18-19]. 

 Common imide monomers are synthesized from reactions between dianhydride and 
diamine groups. Thermal stability of aromatic polyimide chains comes from the rigid 
structure of the chains. Isomeric dianhydride groups increases their glass transition 
temperature (Tg) in relation to bonding of these by 4,4’<3,4’<3,3’-dianhydride [19]. 
Ishida et al., (2006) demonstrated a high Tg polyimide resin suitable for high temperature 
applications. High Tg in HTPC indicates an elevated thermo-mechanical response whilst 
this is the temperature that the polymer loose its stiffness due to melting [35]. In the 
aerospace industry, the first commercial systems of polyimides were polymerized 
monomeric reactant (PMR) resins containing methylene dianiline (MDA). The 
carcinogen properties of MDA led to development of newer resin series with a different 
chemistry, phenylethynyl-terminated imide (PETI) [1].   

3.2 NEXIMID® MHT-R 

This thesis deals with a newly developed pheneylethynyl terminated polyimide resin trade 
name NEXIMID® MHT-R. The material is based on hexafluoroisopropylidene 
bisphthalic dianhydride (6-FDA), 4-phenylethynyl phthalic anhydride (4-PEPA) with 
ethynyl bis-phtalic anhydride (EBPA). Example of the oligomer structure can be seen in 
Figure 3. The resin was developed by the Swedish institute of composite materials, 
Swerea SICOMP, in collaboration with Nexam chemicals.  
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a  

d  

b  

c  

Figure 3 a. PEPA, b. FDA, c. EBPA, d. NEXIMID oligomer 

3.2.1 MANUFACTURING AND VIRGIN COMPOSITE PROPERTIES 

Fernberg et al. (2014) analyzed rheological properties of this resin which showed a low 
viscosity liquid state between 230°C to 330°C. By using post-curing at 370°C for 150min 
a Tg in-between 330-350°C could be achieved [2]. In 2015 the post-curing effect on Tg 
was analyzed by altering time, temperature and environment. Using a 2-hour post-curing 
within a temperature range of 400-440°C showed to a steady increase of Tg. The value 
was further showed dependent on post-cure environment, where an inert atmosphere 
(N2) showed indications that this system could reach Tg of 466°C when treated at 440°C 
[4].  

Tsampas et al. (2015) analyzed the mechanical performance of this resin system. 
Investigation of the material focused on the effect of sizing fibers in comparison to de-
sized fibers before impregnation. No significant difference in mechanical properties in-
between sized and de-sized fibers could be establish despite a 25% drop in short beam 
shear strength. It was found that this resin system showed mechanical properties in an 
equal level to other commercial polyimide resins. Stiffness properties for respective mode 
were found as follow: Tensile ∼49GPa, Compression ∼45GPa, 3-point bending ∼30GPa 
& short-beam shear ∼48GPa [3].   
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3.2.2 DECOMPOSITION ANALYZES 

Two separate cases of master thesis work have analyzed the same composite system. 
Garcia (2015) analyzed the thermal stability in pyrolysis state. When the composite is 
heated the earliest state of degradation evaporates water, this is followed by carbon 
dioxide and a small amount of ammonia. The release of carbon groups are characteristics 
when polymer chains are thermally degraded. He proposed a model which could estimate 
the elastic reduction in correspondence of rapid heating [6]. McLaren (2015) encountered 
to determine the effect of thermo-oxidative ageing of this composite system. Ordinary 
cured material was compared with post-cured material. The results showed a fast 
degradation of the resin in form of weight loss of the post-cured resin after 300 hours at 
350°C [5]. Ageing at temperatures close and possible even beyond this point, could be 
the main reason for the fast degradation. However, the reason is still unclear and should 
be further investigated. 
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4.  THERMO CHEMICAL DEGRADATION 

The following section of the report have been divided into two sub sections, thermal 
analysis 4.1 and degradation of composites 4.2. Thermal analysis comprises a broad range 
of techniques. The techniques measure specific properties and their dependence on the 
surrounding environment. Common use of these techniques is in a dynamic state 
specified by the heating rate or at a constant temperature while altering time. Combining 
one technique with another makes it possible to distinguish what happens to the material 
during the process. Degradation of composites is based on thermal analysis but on a 
larger scale, coming from the merging of several components into one material. The 
focus is in this section to explain how degradation can be analyzed on a larger scale in 
order to effectively determine the degradation state of the material.   

4.1 THERMAL ANALYSIS 

4.1.1 THERMO-GRAVIMETRIC (TG) ANALYZE  

Early work by Flynn & Hall (1966) showed possibilities to outline the degradation rates 
by conducting TG. They proposed a simplified method in order to establish the 
activation energies during heating by integrating the TG curves [28].  In contrast to 
dynamic measurements of activation energy, Zacharia & Simon (1998) studied polymers 
in both dynamic and isothermal state. By doing so, they could show that isothermal tests 
utilized at a high temperature, could isolate reactions occurring at a low temperature. 
Performing accelerated ageing has a great possibility for fast evaluation. Problems do 
arise when conducting tests in an accelerated manner in order to achieve kinetic 
parameters intended for long-term evaluation [31].  

Celina et al., (2005) demonstrated how non-linear Arrhenius behavior commonly is miss-
interpreted. For a large temperature span. A material showing this behavior could be as a 
result of diffusion limited oxidation-(DLO). This phenomenon was further explained in 
2013 when she underlined the aspect of DLO occurring in most accelerated ageing tests. 
Homogeneity assumptions often resulting in a heterogeneous process due to size effect. 
Size in combination with stress condition may be a cause for this phenomenon [33-34]. 

4.1.2 DECOMPOSITION 

Simpson et al., (1991) studied thermal strain development using TG in combination with 
mass spectroscopy (MS) for composite material. Combination of these methods made it 
possibilities to identify the breakdown products [29]. Xiang & Jones (1993) analyzed 
composite material in isothermal state. Doing so made it possible to separate three 
different stages of degradation. The processes begun with an oxidative removal of the 
matrix in stage 1, followed by diffusion dominated in stage 2 and oxidation of fibers in 
stage 3. Each stage of degradation generated different activation energies, which could be 
determined with Arrhenius relation [30]. Gornicka et al., (2010) analyzed the 
decomposition phenomenon for polyamide-imide material with the use of TG analyze. 
Thermo-oxidative ageing in isothermal state performed to end criteria of mass 
percentage reduction was performed at different temperatures. The weight loss in 
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relation to temperature showed a linear dependence in between each curve which was 
shown to follow the Arrhenius law [32].  

4.1.3 THERMAL ANALYSIS OF POLYIMIDES 

Garcia et al., (1987) [39] studied polyimide PMR 15 resin using FT-IR showing 
possibilities of generating a reaction scheme of the cure cycle. Li et al., (2001) [42] used 
dynamic measurements in inert environment to calculate activation energies of different 
polyimide systems. Regnier et al., (1997) analyzed thermal degradation of bismaleimide 
resin using TG comparing different methods for kinetic parameters [36]. Lua et al., 
(2006) [40] studied polyimide using isothermal and non-isothermal kinetic techniques. 
Xie et al., (2001) analyzed the decomposition mechanisms of different polyimide 
structures. It was possible to show the decomposition path by combining thermal 
analysis techniques TG, FT-IR and MS. They concluded that Carbon monoxide (CO) 
was a direct product of imide ring degradation while carbon dioxide (CO2) was further 
down the path in combination with oxygen during pyrolysis [37].  

Akay & Spratt (2008) analyzed bismalimide composite to evaluate thermal degradation 
characteristics. The study chose to focus on activation energy, mass loss, crack formation 
as well as thermo-mechanical properties by the use of DMTA. The ageing effect on Tg 
were as well examined, where the initial Tg increased in the beginning of ageing up to a 
saturation value [41]. Li et al., (2001) analyzed thermoplastic polyimide powder in 
different atmosphere.  It was showed that the maximum weight loss rate increased in 
order: Nitrogen<helium<argon<air. The char yield at 700°C was on the other hand in 
reversed order [42]. 

4.2 DEGRADATION OF COMPOSITES 

4.2.1 PYROLYSIS AND COMBUSTION 

Thermo-chemical decomposition of organic material is defined as pyrolysis. This studies 
the effect that pure temperature has on the matter in question. An external fire is 
consuming fuel, oxygen, leaving an inert flame. Scientists use this to study and simulate 
thermal behavior of a material. In an inert environment the fuel from the material is 
released, generating a dense char layer at the surface. Burning of a material is an 
exothermic redox chemical reaction at high temperatures. The consumption of fuel, 
often oxygen, results in these reactions. Other organic matter can as well be used as fuel 
for the process. 

Thermo-oxidative degradation is driven by temperature as well as by oxygen. An 
increased partial pressure of oxygen (pO2) tends to increase the degradation rate. There 
are methods conducting fast ageing of composites at a certain temperature but with an 
elevated pressure of oxygen without affecting a temperature driven mechanisms. This 
allows faster evaluation of processes occurring at lower temperatures [52].   Oxygen 
reacts with the material giving a weight changes due to degradation trough combustion. 
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4.2.2 AGEING 

According to Schoeppner et al., (2008), there are several mechanisms taking place during 
ageing of composite materials. The mechanisms are commonly separated by three ageing 
categories. Load bearing structures are often affected by mechanical ageing. When stress is 
applied onto the material, by a mechanical force, formation of micro-cracks followed by 
crack growth. In the same way, a cyclic thermal load changes the stress field within the 
composite. This degradation increases by difference in nature of the constituents from 
differences in thermal expansion coefficients. While mechanical ageing is dealing with stress 
induced-fatigue, thermal degradation can further be sub-categorized either as physical or 
chemical ageing. Difference in between these two categories can be explained trough 
thermodynamics. Physical ageing stays in a thermodynamic equilibrium with a reversible 
nature. Changes of the material is here caused by the low mobility of polymer chains 
leading to micro-strains. Chemical ageing on the other hand is a non-reversible process 
where reactions are changing the nature of the material. Hydrolyze, additional cross-
linking and plastication, oxidation are common reactions. Most studied process under 
this category is the influence by oxidation that present itself in form of gas development 
and mass reduction [25]. 

4.2.3 FACTORS AFFECTING DEGRADATION IN COMPOSITES 

Fibers of a composite increase the rate of degradation; this is caused by elevated 
diffusion rate of oxygen along the interphase. Testing fracture toughness mode I and II 
have been shown effective to analyze short time exposure for interface properties [24]. 
Other testing modes such as 3-point bending have been suggested as successful to test 
bulk properties of a material [3].  

Tandon et al., (2011) described the influence of laminate layup in ageing. Oxidation along 
fibers are highly elevated in comparison to the transverse direction, see Figure 4. Cracks 
develop at the exposed edges of the laminates, a consequence of oxidative embrittlement. 
Old cracks grow in the oxidation zone during exposure while new cracks form because 
of residual stress from curing and thermal shrinkage of the resin. It was found that the 
layup sequence affected the oxidation zone because of delayed crack propagation at the 
interface between layers [26]. Similar statements could be done for laminated fabrics, 
when Tandon (2012) followed the review of 2011 by characterizing the thermo-oxidation 
mechanisms in woven composites. Complexity of fabrics are larger than UD laminated 
layers. Aged material cut in cross sections was impregnated by a florescent dye that made 
it possible to follow the oxidation zone along with crack propagation [27].  
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Figure 4 Oxidation zone for [0/90]4S laminate aged for a)1000h and b) 5000h, at 177°C, 
adapted from [26]  

4.2.4 GLASS TRANSITION TEMPERATURE AND DEGRADATION  

Glass transition temperature (Tg) is one of the most important parameters for long-term 
use of PMCs at high temperatures. Tests conducted above or near below this value have 
shown non-linear degradation rate [24]. Ageing composite material at temperatures below 
Tg can affect the level of Tg itself. In the beginning of ageing plasticization combined 
with chemical and/or physical ageing might soften the material up to a certain point were 
the material becomes more dense, increasing the level of Tg [21]. The shift in Tg is 
dependent on ageing condition and mechanisms taking place. Other composite systems 
show a direct densification from additional cross-linking in correspondence to ageing 
time [22].  

Goertzen & Kessler, (2006) investigated the effect of heating rate, frequency and 
measurement method and how it affected Tg of CF/epoxy system. They conducted 
treatments for a large temperature span 35-155°C, for a controlled 24 hours. Samples was 
tested in DMTA in 3-point bending mode. Results was compared by the use of storage 
modulus, loss modulus and tan delta peak behavior. Specimens from the highest 
temperature showed a broadening of the tan delta peak, suggested as an indication of 
thermal degradation for the system [7]. 
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C H A P T E R  I I  
5.  METHODOLOGY   

Following chapter explains reaction kinetics; this is used to calculate activation energy for 
a material in a specific environment. ICTAC recommendation have in this thesis been 
used as guidance [47]. Reaction kinetics can be calculated with any defined variable and 
the response it gives with respect to temperature. However, for this thesis the aim has 
been to understand mass loss, giving that this have been used as parameter. Different 
methods have been considered as well as different models. Classic laminate theory (CLT) 
has been used in this thesis and knowledge about it is needed in order to understand 
composite materials. Furthermore, the proposed model for thermo-oxidative degradation 
is based on this method.   

5.1 KINETIC PROPERTIES 

5.1.1 ACTIVATION ENERGY 

A kinetic analyze are conducted by measuring mass change as a function of time in a 
specified environment. This property change over time is termed degree of conversion, 
defined as eq 5.1  

! =
#$ −#
#$ −#&

. (5.1) 

It is possible to apply conversion to any specific change, which is proportional to time. 
Mass (m) is the present state in this work. (0) indicates initial state and (n) indicates end 
state. Two variables that influence the behavior of the rate change, is temperature (T) and 
pressure (P). A continuous process over time, give that eq 5.1 is needed to be derived as 
an evolving process with respect to time, eq 5.2  

(!
()

= * + ℎ - . ! . 
(5.2) 

Pressure (P), can be altered by controlling the reaction of O2, or be neglected as a 
constant value. In order to assume a constant value one needs to verify the dependence 
of pressure by altering the partial pressure. The rate constant (k) can be defined by 
Arrhenius equation eq 5.3, with pre-exponential factor (A) (1/s), along with temperature 
(T) in kelvin and universal gas constant (R) of 8.314 J/molK:   

* + = /01
2
34. (5.3) 

In combination with (5.2) with assumption of constant pressure, resulting in 5.4 

(!
()

= /01
2
34. ! . 

(5.4) 
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Kinetic models for function . !  can be found in Table 1. Maple first order (FO) 
assumption is commonly first tested before any other function. 

Table 1 kinetic models for arrhenius intepretention [47] 

Model f(α) 

Power law 4α3/4 

Power law 3α2/3 

Power law 2α1/2 

Power law 2/3 α-1/2 

Mampel (FO) 1-α 

Avrami-Erofeev 4(1-α)[-ln(1-α)]3/4 

Avrami-Erofeev 3(1-α)[-ln(1-α)]2/3 

Avrami-Erofeev 2(1-α)[-ln(1-a)]1/2 

Contacting sphere 3(1-α)2/3 

Contacting cylinder 2(1-α)1/2 

One-dim diffusion ½ α-1 

Two dim diffusion [-ln(1-α)]-1 

Three-dim diffusion(jander) 3/2 (1-α)2/3[1-(1-α)1/3]-1 

Three dim diffusion (ginsting-Brounshtein) 3/2 [(1-α)-1/3-1]-1 

It is possible to use Sörenson method for isothermal tests [46]. The exponent of 
activation energy, along with pre-exponential factor (A) is kept constant (Z). The reaction 
order (n), can be calculated from the slope of the curve eq 5.5-5.6 

(!
()

= 1 − ! & /01
26
34 ,

89&:;6&;

 

(5.5) 

<=
(!
()

= = ln 1 − ! + A. 
(5.6) 

It is also possible to consider a constant reaction rate for the process [46], eq 5.7-5.8. 
Both pre-exponential factor A and conversion with respect to time is assumed constant 
(Z). The activation energy (Ea) can be calculated directly from the slope,  
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= <=/ + <= 1 − ! & −
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D+

, 
(5.7) 
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ln 1
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(5.8) 

It is possible to use Friedman assumption for a controlled degradation percentage [46]. 
This is most commonly used method for kinetic analyze but requires several tests eq 5.9  
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1 − ! & = <=/

E

−
1
+
B6
D
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  (5.9) 

5.2 CLASSIC LAMINATE THEORY 

Classic laminate theory (CLT) summarizes individual layers of a composite structure 
with UD properties, to a global structure. For a composite material the local layers are 
defined by eq5.10  

G =
GHH GHI GHJ
GIH GII GIJ
GHJ GIJ GJJ

. 
(5.10) 

For a quasi-isotropic material, the stiffness matrix Q21=Q=21, 
Q13=Q=31=Q23=Q32=0 and Q33=Q66, resulting in simplified eq5.11 

G =
GHH GHI 0
GHI GII 0
0 0 GJJ

. 
(5.11) 

The local stiffness matrix Q can be calculated using relations eq5.12-5.15  

GHH =
BHI

BH − LHIBI
 

(5.12) 
GHI =

LHIBHBI
BH − LHII BI

 
(5.13) 

GII =
BHBI

BH − LHII BI
 

(5.14) GJJ = MHI (5.15) 

The unidirectional (UD) elastic properties are dependent on the ratio of fiber-
(f)/matrix-(m). Knowing the volume fraction of fibers (Vf) gives that the elastic modulus 
can be calculated using constant stress assumption and rule of mixture (ROM) eq 5.16-
5.19 

BH = BH
NON + BP 1 − ON , (5.16) 

1
BI
=
ON
BI
N +

1 − ON
BP

, 
(5.17) 
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1
MHI

=
ON
MHI
N +

1 − ON
MHIP

, 
(5.18) 

QHI = QHI
N ON + QHIP 1 − ON . (5.19) 

It is possible to calculate the volume fraction of fibers (Vf) from mass fraction of 
fibers (Wf) and weight fraction of matrix (Wm). Here it is important to know density of 
each constituent (R) giving that Vf can be calculated according to eq 5.20 

ON =

SN
RN

SN
RN

+SPRP

. 

(5.20) 

Transforming the local stiffness matrix to a global material depends on angle of the 
individual plies. Denotation of the laminate layup are done as described in early section 
2.1.2. A symmetric structure mean that: [θ1 … θn/2-1] = [θn/2+1 …θn], and is noted as [θ1 … 
θn/2-1] s. Taking the orientation into account the global stiffness matrix can now be 
calculated using relations 5.21-5.30 

TUU = GHH cos Y Z + 2 GHI + 2GJJ cos Y I sin Y I + GII sin Y Z, (5.21) 

TU] = GHI cos Y Z + sin Y Z + GHH + GII − 4GJJ cos Y I sin Y I, (5.22) 

T]] = GHH sin Y Z + 2 GHI + 2GJJ cos Y I sin Y I + GII cos Y Z, (5.23) 

TU_ = GHH − GHI − 2GJJ cos Y ` sin Y − GII − GHI − 2GJJ cos Y sin Y `, (5.24) 

T]_ = GHH − GHI − 2GJJ cos Y sin Y ` − GII − GHI − 2GJJ cos Y ` sin Y , (5.25) 

T__ = GHH + GII − GHI − 2GJJ cos Y I sin Y I + GJJ cos Y Z + sin Y Z , (5.26) 

a
b

= / c
c d

e
* , (5.27) 

/ = H
I

G fg
I − fg1H

I&
ghH , (5.28) 

c = H
I

G fg
I − fg1H

I&
ghH , (5.29) 

d = H
`

G fg
` − fg1H

`&
ghH . (5.30) 
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6.    EXPERIMENTS 

6.1 MATERIAL 

This thesis works with polyimide resin-NEXIMID, described in section 3.2. The resin 
was reinforced with 8-harness satin waved Thornel® - T650 CF fabric, illustration see 
Figure 5. Three different plates were used in this investigation. DMTA testing was 
performed on [(+45/-45)/(0/90)]2S-[932] and a new manufactured [(0/90)]4S laminate. 
Weight reference used [(0/90)]4S as size reference and [(+45/-45)/(0/90)]2S -[532] to 
identify the any effects coming from porosity, termed ‘bad laminate’ here after. No 
reference samples of [932] were used due to restricted amount of material. The laminate 
layup of [(+45/-45)/(90/0)]2S and [(0/90)]4S was manufactured by RTM. The fabric was 
placed inside the mold in the corresponding orientation, and infused by the resin at high 
temperature. Curing cycle for NEXIMID was by injection in RTM mold at 230°C during 
30 min followed by ramped heat of 3°C/min up to 320°C for crosslinking during 35min. 
The material is later ramped up for post curing at 370°C with a speed of 3°C/min were it 
is post cured for additional 60min before cooled at 2°C/min down to room temperature, 
see Figure 7 (I-III). 

 
Figure 5 illustration of an 8- harness satin weave fabric 

Ultrasonic inspection of the new laminate was conducted but is not displayed in this 
section. The inspection of this laminate found a clear signal which indicated less 
impurities than [932] as well as for the ‘bad laminate’. Specimens were cut throughout the 
[(0/90)]4S plate. For [932] the specimens taken from sections marked in Figure 6 a).  

6.2 TG FT-IR 

Fourier transform infrared spectroscopy (FT-IR) is a common method to study 
degradation mechanisms. The machine analyzes transmitted/adsorbed light intensity of 
the sample trough the relation:B = ℎQ = ℎi/k. The intensity forms a spectrum of 
wavelength that can be compared to characteristic spectrums of material. Coupling TG 
with FT-IR gives the possibility to analyze different decomposition paths found in the 
TG by spectrum collected through time of the test.  

TG equipment of Pyris 1 from Perkin Elmer was coupled to a TL 8000-Balanced 
flow FT-IR EGA system. Using 8.94mm J-Stop iris and a scan range of 4000-600cm-1 
with resolution of 8cm-1. The machine was calibrated before use according to machine 
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standards. Initial cleaning of the oven was done before each test cycle by burning of any 
residuals of organic matter. This was done by using the built in clean function of the 
machine. Calibration of sample/sample-holder weight was performed before each test 
according to machine recommendation. Gases used in these test were air or N2 with a 
flow of 20ml/s. Sample size were 10.2 ±5.3 mg. Test method was divided into two 
categories, dynamic and isothermal, following ICTAC recommendations [47]. Test cycle 
for dynamic heating were as following: 10min at 25°C, ramp up to 1000°C at different 
heat rates. For isothermal measurements, the test cycle was as following: 10min at 25°C, 
20°C/min heat ramp up to the isothermal onset temperature for either 60 or 120min. 
The material was after the end of isothermal state heated with a second ramp up to 
1000°C in order to burn off any residuals.  The machine was programmed to acquire 60 
data-points/min. [(0/90)]4S laminate from stage (IV) in Figure 7 was either cut into nail 
shaped specimens of an estimated size of ~3x0.5mm or grinded to a fine powder. Both 
procedures aimed to distinguish size effect in TG, section 7.1.1 of this report. Pure resin 
obtained from the outer end of the plate was grinded for all isothermal tests in section 
7.1.2 and thus the foundation for reaction kinetics in section 7.1.4.  

  

Figure 6 a) Specimen from [932]-plate b) specimen placement inside oven 

6.3 DYNAMIC MECHANICAL THERMAL ANALYSIS – (DMTA) 

6.3.1 SPECIMEN PREPARATION 

Initial specimens were obtained by water-jet cutting. This procedure turned out to induce 
cracks from the processing of [532] laminate. The cracks initiated in the start/finish 
region and could have been solved by going from the upper ends of the specimen or by 
using a different method. It is possible that impurities within this lower quality laminate 
is the main cause for this failure. Samples in dimension of (3x12.75x60) mm was instead 
cut using a dry saw and polished down stepwise to 1µm sized paper for an even width of 
each specimen. 
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6.3.2 OVEN TREATMENT 

All specimens was placed in ceramic crucibles inside the oven, see Figure 6 b). The oven 
was set to a heat rate of 20°C/min up to the onset temperature, see Figure 7 (IV-V). All 
tests were regular monitored in the beginning and end of each cycle. The oven was found 
to stabilize the temperature in the beginning of testing <5min with±10°C. The 
stabilization was assumed not affecting the result due to the long exposure time. It 
should be noted that specimens were kept in room atmosphere before treatment and not 
initially dried before the procedure. Temperatures for DMTA were selected 
TDMTA=(320,350,375 & 400)°C, overlapping previous tests of long term ageing (320°C & 
350°C) as well cure studies at temperature 400°C [2-5]. Above 400°C specimens were not 
tested but instead monitored by their weight change at the treatment temperature 
T=(TDMTA… 450, 500)°C. 425°C was conducted twice but unfortunate problems with 
oven resulted in that this would be considered as a limitation of the study. Further 
limitations were set to focus on [(0/90)]4S samples which is why this data have been more 
frequently displayed. [(+45/-45)/(0/90)]2S were thus only tested for T=(320,350 & 
400)°C.  

6.3.3 TESTING IN DMTA 

Tests were conducted according to ASTM E1640 – 13 [44] for determination of Tg. The 
machine was calibrated prior to testing with a reference material according to machine 
standards. Same calibration was used for all tests, avoiding errors coming from separated 
testing sequels. The material was carefully aligned in the equipment along the 0-degree 
axis.  Tests were conducted in 3-point bending mode with a fixed displacement of 0.01% 
of strain at a frequency of 1Hz. Heat rate of 5°C/min were selected in order to provide 
with new data. Purge gas for these tests were N2 due to the high temperature necessary. 
Test sequence were selected to the range of 100-550°C, calibrating for 5 min at 100°C 
before the sequence started.  

 
Figure 7 I-IV) manufacturing stage, IV-V) heating stage of 20C/min to onset 
temperature t=24 hours 

  

III. 370C 60min 

II. 320C 35min 

I 230C 30min 

… … 

V. Onset temperature 24 hours 

IV. 
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C H A P T E R  I I I  
7.  RESULT 

The following section of the report have been divided into two sub chategories, TG-FT-
IR 7.1 and high temperature testing 7.2. Tests in the section 7.1.1 were conducted to 
establish an understanding of the ongoing process and how thermal and oxidative 
processes influence the degradation. Section 7.1.2 shows the result of isothermal tests 
conducted in air. The isothermal tests is the foundation for the sequent sections of FT-
IR analyze 7.1.3 and reaction kinetics 7.1.4. The procedure for TG FT-IR has been 
explained in previous section 6.2 whilst different models for reaction kinetics was 
discussed and summarized in section 5.1.  

Composite material was tested with dynamic mechanical thermal analysis (DMTA) in 3-
point bending mode. The material was named with respect to the thermal stage before 
DMTA testing, found in Figure 7 section 6.3.3. The laminate is in thermal history stage 
(IV) for an as-manufactured laminate plate. Stage IV is further on referred to as un-
treated due to the fact that they have not gone through a thermo-oxidative treatment in 
the burn oven. Samples treated at stage V have on the other hand been referred to by the 
treatment temperature in the high temperature oven, before DMTA testing. DMTA 
testing procedure is further explained in previous section 6.3 of the report. 

7.1 TG-FTIR 

7.1.1 DYNAMIC HEATING STAGE 

Inert (N2) and oxidizing environment (Air), were analyzed to separate thermal from 
oxidative driven processes. Polyimide composite were cut to nail shaped samples and 
heated with a rate of 10°C/min from 25-1000°C, see Figure 8. Mass loss rate, determined 
by differential thermogravimetric (DTG) curve, increase above ~500°C for both 
environments. No difference in between the atmosphere at this point suggests that there 
is a temperature driven mechanism occurring. For inert environment, this reduction leads 
to an endothermic peak at ~585°C. As temperature is elevated, a second peak appear at 
~650°C before DTG curve is stabilized trough out the scan up to 1000°C. This 
stabilization leads to a plateau level of the TG curve with 88.38% of weight left after end 
of the cycle.   

By changing the environment to air, lead to a separation of DTG curve in the beginning 
of the first peak. The material removal reach an endothermic peak at ~585°C before 
slowing down, stagnating and finally increasing once more. The material inside the 
furnace can as well lead to diffusion-limited oxidation (DLO), explained in section 4.1.1. 
Minimizing the area of exposure lead to a premature mass reduction, which can be seen 
as a homogenization procedure.  
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Figure 8 Comparison of diffusion limited oxidation-(DLO) for air at 10°C/min, using 
grinded material in comparison to thicker ‘spike’ samples 

Following tests used grinded samples to limit DLO. The time dependent effect on 
degradation in air was analyzed using heat rates between 5-50°C/min, see Figure 9. The 
onset temperature for degradation (To) is affected by the rate. To range from 567°C at the 
slowest heating rate 5°C/min, to 598°C for the highest heat rate (50°C/min). A slow rate 
results in a longer time spent at a certain temperature allowing more time for the 
degrading process to take place. High heating rates (20-50°C/min) results in an upper 
limit of the endothermic peak <667°C. Mass reduction drops after reaching this point 
before a second DTG peak appear. Higher heating rates show a more defined region 
while slow rates decrease the behavior. 
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Figure 9 Dynamic TG and DTG curves for grinded Neximid composite material 

7.1.2 ISOTHERMAL TG TESTS 

The environmental effect was in previous section 7.1.1 investigated. Similar findings 
should as well exist for isothermal state. An initial test in air and N2 at 500°C was 
conducted for 30min each in order to verify this statement. Absolute mass loss after the 
test gave a 0.086% loss in air and 0.0165% in N2, corresponding to a ratio ∼5:1 between 
the environments. Further analyzes in isothermal state was performed at the most severe 
environment, air. A heating rate of 20°C/min was selected from the dynamic tests in 
section 7.1.1. This was used as the heating stage for all tests in isothermal state. Time was 
chosen up to 120min at each temperature (320, 350, 375, 425, 475, 525, 550 & 600)°C, 
see Figure 10-Figure 12. These temperatures was supplemented by 60min tests at (400, 
450, 475 & 500)°C, see Figure 10. No significant difference in between the samples could 
be established below 375°C (<0.3%). At 400°C, a small reduction of 0.45% after 60 min 
was noticed. At 425°C the mass loss is elevated to 0.7% after 1 hour and 1.03% after 2h, 
see Figure 11.  

Selected DTG curves for isothermal tests is found in Figure 13. The initial decrease 
of DTG curve is due to stabilization of the temperature. For 600°C, the mass loss 
increases for the first minutes up to a peak value after ∼8min before stagnating. This 
peak were at 550°C shifted to ∼55min into testing. Lower temperatures than 525°C lead 
to a less significant mass loss. 320°C is displayed as the lower bound. The average of 
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DTG curve was calculated at a 5min interval before end of test for a better comparison. 
This gave a small mass increase after 120min for 320°C and 350°C at a magnitude of 
101l(%/s). The mass increase can be due to the low magnitude measured as well as 
oxidation. However, this highlights that the weight loss found after these temperatures is 
not due to degradation. For 375°C test a small mass decrease of ∼3x10-7 (%/s) was found 
after 120min. For 400°C the 60min average was used, giving 4.74x10-6 (%/s). 400°C 
would be suggested as degradation, temperatures above this point should be used for 
kinetic prediction. However, by looking at Figure 10 it can be seen that 450°C data show 
a strange behavior of TG curve. This was found to almost be as high as the second 
475°C test (120min test). It is possible that some error have occurred for 450°C test. This 
test is considered as un-reliable for kinetic prediction and will therefore be neglected in 
kinetic calculations.  

 

Figure 10 Normalized weight by the first value of the isothermal stage, 60 min test for 
temperatures 320-500°C 
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Figure 11 Normalized weight by the first value of the isothermal stage during 120min 
test for low temperatures (320,350,375,400 and 425)°C 

 

Figure 12 Normalized weight by the first value of the isothermal stage, 120min test 
for high temperatures (475,525,550 and 600)°C correlated with low temperature 
regime 320-425°C 
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Figure 13 Selected differential thermogravimetric – (DTG) curves for temperatures 
(320,525,550 and 600)°C 

7.1.3 FOURIER TRANSFORM INFRARED SPECTROSCOPY – (FT-IR) 

All tests were coupled with evolved gas analyzing (EGA) equipment. Signals from 
CO2/H2O were unfortunately not reduced in the initial dynamic tests prior to testing 
which made them hard to analyze. All tests were analyzed but limitation were set in this 
chapter to show 600°C isothermal test in air were the material fully decomposed within 
60min. Fourier transformed infrared spectroscopy (FT-IR) spectrum showed five 
interesting peaks respective three interesting peak regions a total of 7 areas of interest, 
see Figure 14. Monitoring these by time spent at 600°C was done by using line spectrum 
for a selected representative peak, see Figure 15-Figure 18.  

Each characteristic bond could be identified along with the functional group, see Table 2. 
It should be noted that the base line was slightly shifted in the end of test as can be seen 
for peak 3834 and 3033 in Figure 18. It would be more properly to display a normalized 
baseline, which could be done for individual spectrums. However, due to limited time it 
was not found an easy procedure to fix this. The 3834 & 3033 peak should be viewed 
with this behavior in mind. Spectrum numbers below these were not affected. By looking 
at absorbance spectrum of Figure 15, it appear with a pairwise noise. This is caused by 
peak 668 & 2295-2380, seen in Figure 17.   
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Figure 14 FT-IR spectrum at 600°C for NEXIMID resin, showing all characteristic 
peak numbers.  
Table 2 Absorbance spectrum number with corresponding bond and functional group 

Absorbance number 
(cm-1) Bond Functional 

group 

668 -  

1026 C-N stretch Aliphatic amines 

1050 C-H wag (-CH2X) Alkyl halides 

1376 C-H rock Alkanes 

2110-2185 -C≡C- stretch Alkynes 

2295-2380 -  

3033 -C≡C-H:C-H stretch Alkynes (terminal) 

3834-3920 -  
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Figure 15 Comparison of differential thermogravimetry – (DTG) curve from 
thermogravimetric test and FT-IR absobance spectrum during 60 min test at 600°C in 
air 

 
Figure 16 Absorbance linespectrum for 1026, 1050, 1376 peaks as well as 3834 peak 
area for correlation to other figures 600°C in air 
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Figure 17 Absorbance linespectrum for 668 peak and 2295 peak area, 600°C in air 

 
Figure 18 Absorbance linespectrum for 3033 peak and 2181 spectective 3834 peak 
area, 600°C in air 
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7.1.4 REACTION KINETICS 

Reaction kinetics are typically represented by Arrhenius equation eq 5.4. This equation is 
the foundation for several different approaches on how to calculate the activation energy 
(Ea) for a system. All approaches are deeper explained and listed in section 5.1. This 
section of the report focus on mass change for fixed temperatures, which can be 
expressed by degree of conversion (α). α Is a dimensionless value ranging from zero 
before the process begin, to one in the end of the process and is defined by eq 5.1. Data 
for this part of reaction kinetics come from isothermal TG measurements, presented in 
section 7.1.2. Temperatures that showed below 3% of degradation after 2h was neglected 
to avoid uncertainty when gathering data. 450°C test was found to be unreliable; it is 
possible that some error occurred during this test, i.e. problem when balancing the 
weight prior to testing. This temperature is therefore also neglected for kinetic 
calculations. The data was selected for a controlled conversion between 0.45-20% as 
marked in Figure 12. This procedure results in a temperature dependent subset of data 
points and is the basis for further calculations. The subset should be described trough a 
single reaction model found in Table 1 in section 5.1. First order assumption ((1-α)n, 
n=1) was used as the first function of choice and is commonly used as initial model for 
kinetic calculations [47].  

First assumption was that the degradation rate is constant for all temperatures 400-
600°C.  This assumption results in eq 5.8 where Ea is a direct product from the slope of 
the fitting line of the data sets. The method resulted in a poor fit for both the low and 
high temperature data whilst the middle range (2-5%) showed a correlation (R2) value 
between 87-95%. The reaction rate is from this calculation most likely not constant, 
especially for high/low temperatures. Instead, the reaction could depend on how far into 
the degradation process the system is, detected from two distinct regions in Figure 13 in 
section 6.2. The following calculation used Freidman expression eq 5.9. This expression 
can be applied by taking the logarithm of each data set, see Figure 19. The average Ea 
resulted in a value of 230KJ/mol, see Figure 20. However, the low degradation data of 
0.45-1% degraded showed a low R2 of 94-95%. It should be remembered that Ea for a 
system is a constant value and not a function. For this reason, it is possible to consider if 
the low temperature data is accurate enough to use for kinetic calculations. It is possible 
that the degradation mechanisms for low temperatures are not comparable to the high 
temperatures. Problems might as well come from interpreting the lower degradation 
percentage in an accurate manner, resulting in inaccurate results. In comparison, 2-20% 
degraded showed a high R2 of 98-99% with corresponding Ea of 250KJ/mol. It is 
further possible to use of Sörensson method eq 5.6 to calculate the reaction order (n). 
This calculation resulted in n=6±1.2. However, considering the order did not lead to any 
improvement of R2. The model was aswell changed to power law from Table 1, in order 
to distinguish if the low correlation was due to the applied model or caused by the low 
temperature data. This resulted in an even lower R2 than found for first order model. It is 
thus likely that <425°C is not reliable, the average activation energy for tests between 
475-600°C gave an average Ea=250KJ/mol and would be suggested as the true value for 
the system in this environment. For complete data, see Table 3 appendices.   
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Figure 19 Friedman plot for isothermal tests. Data 450°C was not used due to 
strange behavior from TG curves 

 
Figure 20 Activation energy Ea for each measured percent of degradation, mean 
value of 0.45-20% Ea=230KJ/mol, mean value of 2-20% Ea=250KJ/mol 



  32 

7.2 HIGH TEMPERATURE TESTING 

7.2.1 DYNAMIC MECHANICAL THERMAL ANALYSIS – (DMTA) 

Un-treated samples showed an increasing modulus towards the onset value of the Tg 
region, see Figure 21. This behavior is not common for most types of resin system (by 
the current knowledge of the author). This could be a sign from post-cure in the 
machine, or error occurring during test, possibly from a thickness increase of the test 
specimens. The behavior was found for [(0/90)]4S and [(+45/-45)/(0/90)]2S samples 
treated between 320-375°C. For 375°C, one of the two test did show a characteristic 
behavior of the modulus with a decreased value when heated. All 400°C tests showed a 
characteristic behavior with a decreased modulus when approaching the onset of Tg 
region, see Figure 22.  

The first value for un-treated material at 100°C was selected for further analyzes of the 
storage modulus behavior. It was expected to find an increased modulus in 
correspondence to elevated thermal condition. The un-treated material showed a 
modulus at 100°C of 33±1GPa. The peak modulus showed a value of 43.5±5.5GPa, 
corresponding to a 28% increase in stiffness from 100°C to peak value. Further analyzes 
of the modulus behavior can be seen in section 7.2.2. The corresponding tan delta curve 
and loss modulus curve for [(0/90)]4S layup can be seen in Figure 21-Figure 22. The 
peaks show a broad region for the highest treatment condition of 400°C, which can be a 
factor of thermo-oxidative degradation.   

 

Figure 21 Logatrithm of storage modulus for un treated [(0/90)]4S 3-point bending 
specimens tested between 100-550°C in air  



  33 

 
Figure 22 Logarithm of storage modulus for [(0/90)]4S specimen showing a decreased 
modulus behavior after treated at 375°C respectivly 400°C for 24h 

 

Figure 23 Tan delta in relation to treatment temperature for [(0/90)]4S laminate 
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Figure 24 Loss modulus in relation to treatment temperature for [(0/90)]4S laminate 

7.2.2 STORAGE MODULUS COMPARISON AT 100°C  

Storage modulus at 100°C was analyzed in relation to treatment condition, see Figure 25. 
Un-treated [(+45/-45)/(0/90)]2S showed an average modulus of 29±10 GPa. The un-
treated [(0/90)]4S laminate showed an average of 33±1GPa. By comparing with previous 
results, a modulus of ~30GPa would be expected [3]. The modulus was expected to 
depend on treatment condition, with an elevated modulus for higher treatment 
temperatures. The highest modulus was found for [(0/90)]4S laminate, treated in 375°C. 
This test showed a value of 41±6GPa corresponding to a 23% increase in comparison to 
un-treated specimens. For [(0/90)]4S layup the treatment condition gave following 
increase with respect to un-treated samples: 17%:15%:23%:10% for temperatures 
(320,350,375 & 400)°C. Scattering of tests were found greater for [(+45/-45)/(0/90)]2S 
laminate in comparison to [(0/90)]4S the same comparison could thus only be done on 
this laminate. The modulus is dependent on orientation of individual layers, which gives 
that scattering is expected. It would be suggested that simpler laminate such as [(0/90)]4S 
gives better comparable samples with less error coming from manufacturing and/or 
alignment in the machine.   

Loss modulus was as well compared at 100°C for the samples, see Figure 26. A trend for 
the [(0/90)]2S were found to give a higher loss modulus along with elevated treatment 
temperature. This was not the case for [(+45/-45)/(0/90)]4S laminate where no 
significant change could be found. It should be mentioned that one of the 400°C samples 
for this laminate, ([(+45/-45)/(0/90)]4S), was not tested due to visible fibers after 
treatment, (which could potentially damage the machine). The severe surface degradation 
could be one reason why this layup did not show as significant increase of the loss 
modulus for higher temperatures. The trend found for [(0/90)]4S laminate would could be 
regarded as more interesting. Still, it might be a drop after reaching a certain amount of 
degradation and the fibers no longer respond to the load in the same manner. 
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Figure 25 Storage modulus at 100°C in relation to treatment temperature. Mean 
value for each temperature is normalized by the mean value of the un-treated samples 

 

Figure 26 Loss modulus at 100°C in relation to treatment temperature. Mean value 
for each temperature is normalized by the mean value of the un-treated samples 
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7.2.3 GLASS TRANSITION TEMPERATURE  

The peak of tan delta was used to determine Tg of each sample in the current work. This 
peak correspond to changes of mechanical properties and is sometimes used when 
determine the transition point. Tg could as well be extrapolated from the glass region as 
showed in Figure 21, or from the loss modulus peak. However, the extrapolated value of 
the current data is questionable because of the increased modulus towards the glass 
region. For further interest in storage modulus extrapolation or loss modulus peak, see 
Table 4 appendices. Un-treated material showed Tg of 392±3.3°C for [(0/90)]4S and 
385±14.4°C for [(+45/-45)/(0/90)]2S laminate, see Figure 27. A third test for 
[(+45/45)/(0/90)]2S laminate was conducted due to the high scattering for this laminate. 
All DMTA samples except for 400°C could thereby be seen to be treated at temperature 
below the initial Tg. The scattering was consistent for [(0/90)]4S whilst [(+45/-
45)/(0/90)]2S showed a higher scattering of the Tg level for all treatment conditions. Pre 
Tg exposure lead to post cure in similar levels as in previous studies of post-Tg exposure 
for 2 hours ∼420°C [4]. Pre Tg exposure is as well proportional to the treatment 
temperature giving that the process is indeed due to post-curing and not due evaporation 
of water. [(0/90)]4S samples showed a Tg of 479±2.3°C for the highest treatment 
temperature. Even though one of [(+45/-45)/(0/90)]2S samples were not fit for testing 
the other sample showed the highest Tg of 503°C. 

 
Figure 27 Glass transition temperature from tan delta peak corresponding to each 
24h treatment temperature.Number of tested laminate (n), [(0/90)]4S layup n=2 for all  
[(+45/-45)/(0/90)]2S (n=3 un-treated, n=1 for 400°C elsewise n=2) 
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7.2.4 WEIGHT LOSS AFTER THERMAL TREATMENT 

A comparison of the weight loss between the different temperatures after the 24h 
treatment can be found in Figure 28. After 320°C, a reduction average of 0.47% was 
found. 350°C treatment resulted in a 0.7% weight reduction and 375°C lost in average 
0.92%. The weight loss after these temperatures could be a matter of drying and post-
cure, proportional to the tested temperature. However, after 400°C, the reduction was 
3% and degradation is thus likely. Specimens treated at 450°C resulted in weight 
reduction of 39% where only fibers remained after treatment. The highest temperatures 
tested was 500°C with a total weight reduction of 91% showing that fibers as well should 
be expected to degrade when the protecting resin has degraded. All values are an average 
of the two layups used, for exact data see Table 6 in appendices. A magnified view of 
320-400°C samples is found in Figure 29. This illustrate the effect of quality for a 
laminate, the quality is not quantified but ultrasonic inspection found that this plate was 
high in porosity. Delamination was as well found after manufacturing. A small separation 
of the weight loss was found after 375°C treatment for the ‘less quality laminate’. The 
separation grew after 400°C showing a 5.6% mass reduction compared to 3% for good 
quality. 

 
Figure 28 Mass reduction in relation to treatment temperature for [(+45/-
45)/(0/90)]2S and [(0/90)]4S layup for temperatures 320-500°C  
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Figure 29 Mass loss for [(+45/-45)/(0/90)]2S and [(0/90)]4S layup for temperatures 
320-400°C 
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8.  PREDICTION OF THERMO-OXIDATIVE DEGRADATION 

The current section introduces a new model for prediction of thermo-oxidative 
degradation. The model regards the material as a layered structure where degradation is 
considered as a surface driven process resulting in ‘damaged’ outer layers. The damaged 
layer is a result of an oxidation zone from the thermo-oxidative treatment, see Figure 4 
section 4.2.3. The predicted damage is regarded as a volume fraction change of the 
constituents. Density of each constituent is required in order to calculate this change 
from the predicted weight. Density of the fibers used in current work is 1770 kg/m3 [3], 
whilst density of the polyimide resin is 1500 kg/m3. It is as well necessary to know the 
initial fraction of each constituent. These was calculated in previous work to a volume 
fraction of fibers ∼ON = 0.6 and volume fraction of matrix ∼OP = 0.4 [6]. The 
simulation use CF/epoxy elastic properties since mechanical behavior of different resins 
are similar to one another, see Table 7 in appendices. 

8.1 DIFFUSION LIMITED OXIDATION (DLO) 

8.1.1 INTRODUCTION OF DLO ASSUMPTION 

The weight of the resin after 24h at 400°C was predicted by the use of FO-Friedman 
eq5.9 along with activation energy (Ea) of 250KJ/mol, found in section 7.1.4. This gave a 
predicted weight fraction (1-α) of 0.557 corresponding to 55.7%. TG curve for the 
current temperature of 400°C was as well extrapolated to 24h in order to estimate if the 
kinetic prediction was accurate. The extrapolation was calculated by assuming a constant 
degradation rate represented by the last 5min before the end of test, see section 7.1.2. 
The calculation resulted in a predicted value of 58.6% material left after exposure, 
resulting in a conclusion that both methods provide comparable prediction and could 
thus be regarded as reliable. It would be possible to use either of these values at this 
stage. However, the use Ea is considered more reliable due to the fact that it is a material 
parameter. It should also be remembered that both of these methods use uniform 
assumption of the degradation process, as a direct result of the grinding procedure. For a 
thick laminate, it is not likely that the process is uniform at all. Instead, a surface driven 
process would be expected, hence the term diffusion limited oxidation (DLO) see section 
4.1.1.  

DLO assumption can be made by considering the material as a layered structure. For 
instance, [(0/90)]4S consists of eight layers. The two outer layers can be assumed to stand 
for the total weight reduction of each specimen, resulting in 2/8 would be damaged. 
Further on, if the composite would consist of UD layers, the 0- and 90-layer could be 
viewed as separated, hence [0/90]4S notation. This gives a DLO assumption of 2/16. The 
predicted weight would only affect the outer two layers for each assumption. Resin 
weight for a laminate (Sn) after exposure can be calculated from the predicted weight 
(op) by the use of DLO assumption. The current equation originates from rule of 
mixtures (ROM) eq 5.6. In this work, the layer fraction of 2/8 or 2/16 was used instead 
of volume fraction (ON, OP). By replacing 8 or 16 with n results in a general equation 
where the inner layers are assumed 100% intact eq7.1 
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Sn =
2
=
op +

= − 2
=

100%. 
(7.1) 

The predicted result, along with DLO assumptions was compared with both the good 
and less quality laminate. It is assumed that the fibers contribute to the weight loss of the 
specimens. Instead, the matrix is assumed to stand for the weight reduction of the entire 
laminate. A comparison between the predicted result (Ea pred.& TG ext. Pol.), along 
with the two DLO assumptions (2/8-DLO & 2/16-DLO), and the tested laminates 
(Good quality lam. & Poor quality lam), along with the assumption that only the resin 
contribute to the weight loss (Resin good quality & Resin poor quality), can be found in 
Figure 30. From this figure, it can be seen that Ea/TG prediction results in an 
overestimation of the degradation. This is caused by the grinding procedure of the resin. 
A much better comparison could be found by considering the DLO effect. Further on, 
2/16-DLO assumption gives best fit with the true data of a composite material after 
oven treatment and was from this selected for the further stiffness prediction. The DLO 
assumption could in future work be improved as an ongoing process where n is a 
function of time and temperature but is not considered in this work.  

 

Figure 30 TG prediction of weight after 24h (Ea predicted, TG extrapolated). DLO 
assumption that either 2/8 or 2/16 of the entire composite structure is affected by the 
kinetic prediction. The results are compared by oven baked laminates of good and 
poor quality and further more the weight if only considering the resin content. 2/16 – 
DLO gives best fit to resin content of the laminates     

8.1.2 VOLUME FRACTION CHANGE 

From Figure 30 it was showed that the composite laminate could be predicted by weight 
reduction limited to 2/16 of the entire structure referred to as 2/16-DLO. This 
correspond to a good comparison of the laminates in form of mass reduction. The 
damaged layers can be viewed as a change in volume fraction of each constituent, a result 
of the mass loss of resin. It would in this case be assumed that we have another 
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constituent of volume fraction of air (O6) which in initial state is zero. This lead to a 
general equation eq 7.2 

1 = ON + OP + O6. (7.2) 

Volume fraction of fibers should be assumed constant due to the assumption that fibers 
do not contribute to the mass loss (ON = is=t).). Thermo-oxidative degradation would 
result in a reduction of OP and thus an increase in O6. It is important to remember that 
the predicted weigh need to be converted to weight fraction of a composite. This could 
be done by multiplying the resin percentage by the initial weight fraction of matrix 
(SP = 0.36), resulting in weight fraction of matrix after exposure of oP = 0.17. 
Volume fraction of matrix of the degraded composite (OP∗ ) can from here be predicted by 
the use of the predicted weight fraction of resin (oP), weight fraction of fibers (SN =
0.64) and weight fraction of air (S6), where S6 ≈ 0 because S6 ≪ (oP,SN)). By the 
use of eq 7.2 it is possible to solve for the volume fraction of matrix according to eq 5.20 
resulting in eq 7.3 

OP∗ =

oP
RP

oP	
RP

+
SN
RN

+S6R6

. 
(7.3) 

From eq 7.3, it is possible to calculate the degraded materials volume fraction of matrix 
OP∗ = 0.24. ON = 0.6 Is assumed constant after degradation gives that O6 can be 
calculated from eq 7.2. This calculation results in O6 = 0.16. An illustration of composite 
cross section in relation to the conditions described can be found in Figure 31.  

 
Figure 31 Illustration of the boundary condition of the DLO assumption for thermo-
oxidative degradation. 2 out of n-layers are assumed to stand for volume fraction of 
air (Va) and volume fraction of matrix (Vm) as a funtion of temperature and time. The 
un affected core is assumed to have a constant volume fraction of each constituent 
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8.1.3 STORAGE MODULUS PREDICTION 

It is now possible to use the properties of initial material contra the degraded material to 
calculate unidirectional (UD) properties of the outer two damaged layers. Mechanical 
properties for CF/epoxy was selected for simulation of this model [45]. Rule of mixture 
(ROM) was used to calculate all elastic properties from eq 5.16-5.20. ROM for transverse 
(E2) and shear modulus (G12) have a constant stress assumption giving that the 
prediction will overestimate the reduction in this case. However, ROM is the easiest 
method and can provide useful properties for a damaged layer for a three-phase material. 
Still, methods exist but are time consuming and is therefore not used in this thesis i.e. 
concentric cylinder assembly. The predicted elastic properties for the damaged UD-layer 
can be found in Table 7 appendices.  

The stiffness matrix for the laminate can from here be calculated by eq 5.16-5.19. When 
modelling this material by DLO assumption it is important to consider the layup 
sequence. The UD plies can be imagined either in [0/90]4S sequence, or in [90/0]4S. The 
sequence has a huge effect on the outcome due to the damaged reduction is dominated 
by E2 and G12. A laminate thickness of 3mm, correspond to 0.1875mm UD-ply, was 
selected in order to calculate the corresponding stiffness matrix. The interesting stiffness 
matrix for comparison of 3-point bending storage modulus is the bending matrix (D) 
from eq5.30, most explicitly D11. The calculation for the two represented sequences 
result in following D11:  

0/90 4| − 194.9
90/0 4| − 137.9 M-C → 2

16
d~�, OC, O# = . +, ) , O. = is=t) →

194.1
133.2 M-C    

In order to compare the calculation with the tested material it can be recalled that the 
different treatments showed a stiffening behavior in the order: 17%:15%:23%:10%, for 
T=(320,350,375 & 400)°C, see section 7.2.2. The drop for 400°C to 36.9 GPa could be 
caused by thermo-oxidative degradation. The degraded 400°C data was normalized with 
respect to the mean value of 320-375°C data, giving a modulus reduction of ∼7%. 
Similarly, the calculated modulus after exposure was normalized with respect to the initial 
calculated bending modulus for the two respective layup, giving a reduction of ∼0.4% for 
[0/90]4S and ∼4% reduction for [90/0]4S layup. An illustration of the normalized bending 
modulus in comparison to the predicted degradation can be seen in Figure 32 
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Figure 32 Normalized storage modulus for respective treatment condition; mean 
modulus for each treatment is normalized with respect to un-treated material. The 7% 
modulus drop for 400°C treatment with respect to mean value of 320-375°C data 
suggested as a factor of thermo-oxidation  
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C H A P T E R  V  
9.  DISCUSSION 

9.1 CHOICE OF METHOD 

The equipment selected for this thesis focused on weight change in different 
environment. TG - FT-IR along with oven treated DMTA was for this reason selected. 
Two techniques where focus is on the material variable mass, versus either time or 
temperature. Other material properties could as well have been studied, such as heat 
transfer i.e. Differential scanning calorimetry (DSC). Mass spectrometry (MS), could have 
been used instead of FT-IR. However, both of these techniques have previously been 
studied [6]. The current work has instead focused on complete with new data. The 
previous study did as well do TG, in inert environment in dynamic state. Which is the 
main reason for the selection of an isothermal study conducted in air. Early thoughts 
were that TG should be conducting at a controlled time (60-120min), similar as the high 
temperature specimen test for 24h. However, the result showed that other methods 
could have been chosen, giving faster and better understanding of the process, further 
explained in section 9.2.  

Different modes were considered for testing of composites at high temperatures, i.e. 
tensile or bending. Fiber dominated properties could be studied by tensile testing, while 
3-point bending studies matrix dominated properties. It was expected that the matrix 
properties would most interesting to study and easiest to notice changes of the material. 
Further on, 3-point bending could as well be conducted in either DMTA or on larger 
specimens. DMTA provides more data, allows fast evaluation, and is common 
compliment for modeling. DMTA was as well selected in order to monitor Tg to study 
how this parameter is affected by different conditions. Heating rate of 1°C/min & 
10°C/min have been used in previous studies of this material [2, 4, 6]. It is possible to 
use higher heating rates than 10°C/min but this would instead provide with less reliable 
results. The selected rate 5°C/min was in order to provide with new data. Furthermore, 
low-heating rates allows for results that are more accurate. Tests was selected in the range 
of 100°C up to 550°C, which would minimize the time for testing but still keeping 
accurate results.  

9.2 TG-FTIR 

9.2.1 TG - DYNAMIC AND ISOTHERMAL 

Two distinct regions of mass changes was found for material tested in inert environment 
see Figure 9. This is caused by pyrolysis of the resin resulting in a charred layer according 
to previous study [6]. The TG data results in more than 88% of the entire material left up 
to 1000°C. It is easy to see that oxidizing environment (Air) is the most severe in 
comparison to N2, and have been previous showed as well [6]. The first 30 minutes in 
500°C gives a fraction of ∼1:5 in terms of mass loss compared to air. This support the 
claim that air is more severe than N2 in form of degradation. The isothermal TG is 
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independent of each other, which early on sounded as a good idea. It was later found that 
it would have been better to conduct a stepwise isothermal test with conditions that data 
should be recorded from when the mass loss reached a certain level. This would lower 
the effort of conducting several tests at different temperatures. Further on, the use of a 
controlled time, (60,120min) could instead been a controlled degradation percentage. 
This was the method used for the kinetic calculations in the end. A controlled time gave 
that the lower temperature data could not be used for higher degradation percentage.  

9.2.1 FT-IR AND REACTION KINETICS 

In section 7.1.3, it was found that the baseline was slightly shifted as the time progressed. 
Possible reason could be the amount of accumulated gas trapped during test. Still, the 
reason is not clear and as mentioned in the chapter, this should be noted when viewing 
the result. The FT-IR results showed that the spectrum numbers appeared in the 
following order: 1026+1050+1076 à668+2295+2181à2181, see Figure 16-Figure 18 in 
section 7.1.3. The peak numbers were detected by the corresponding bond in Table 2. 
However, some peaks were not displayed there and is instead considered here in the 
discussion. This include peak 668 & 2295-2380 found in Figure 17, this combination of 
peaks could be the result of CO2 gas development [37]. CO2 along with CO is 
combustion products of carbon groups, see chapter 4.2.1. 2110-2180, Figure 18. The 
combustion products stand for the major degradation of this resin trough combustion 
processes as described in section 4.2.1 of this report. Looking at Figure 16, the major 
degradation process, initiates by the appearance of 1026, 1050 & 1375.  

The weakest point of the imide chain, is the location of amine groups, see Figure 3. 
Chain scissoring occur by cleaving this bond and can later be detected by the combustion 
products of the imide chain. The result is a complement to previous tests conducted on 
MS [6].  

For reaction kinetics, 450°C data was not considered in the kinetic analyze due to a 
strange degradation behavior. This could be coming from errors in this specific test, for 
instance problem when calibrating the initial weight. A non-linear behavior was found for 
the FO Friedman plot, see Figure 20. This behavior lead to several trials of different 
methods, see section 7.1.4. There are many reasons for why the most methods were not 
successful. The actual tests are independent of each other due to separate testing. I.e. 
Different sample weight could be a reason for small differences. The effect of DLO can 
as well play a role and expected to be significant while conducting tests in air, especially 
over a large temperature range, see section 4.1.1. Initial tests on dynamic mode, was 
conducted in order to minimize this phenomenon. It is possible that even fine grinding 
of the resin could give DLO and is the reason for why low temperature data showed a 
low R2 correlation. Other possible explanation is that the weight loss <425°C is to low 
and should be neglected from the start. The proposed activation energy is a mean value 
for tests above 475°C which showed the highest correlation, Ea=250KJ/mol.   
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9.3 DMTA 

9.3.1 MODULUS  

The storage modulus showed a decreased behavior when approaching onset region 
for Tg, see Figure 21 in section 7.2.1. It is possible that the behavior is caused by post-
cure of the resin where additional crosslinking initiated by heat would result in a stiffer 
material. Figure 22 shows that this behavior disappear with high treatment temperature. 
It is not likely that post-curing in the machine cause this behavior. However, this 
behavior is connected to post-cure since it disappears when treated by sufficient 
conditions. Another possible reason is that the matrix softens when heated. Elevated 
temperatures would increase the mobility of polymer chains. A softer matrix could thus 
result in straighter fiber mats. The fibers would give a better load-response, which 
elevates the modulus towards the onset of glass transition.  

Higher temperatures could result in small expansion of the specimen prior to the 
onset of glass transition region. This expansion would thus give a stiffer response 
according to classic laminate theory. For a 3mm thick specimen, each ply would be 
0.375mm for an 8-layer structure. It is possible to calculate the thickness change that 
would result in similar response. Each ply would in this case increase by 0.085mm 
corresponding to 0.68mm for the entire 3mm piece same as a 23% increase in thickness. 
This could cause errors by the fact that each test is programmed by the initial thickness 
and an expansion is not considered during test. 23% expansion is thus not necessarily the 
true value. Similar as the previous theories, post-cure affects this behavior. A fully cured 
specimen do not show the same behavior according to Figure 22. It is likely that a 
material with less cross-links are less rigid and thus more prone to thermal expansion 
compared with a fully cured specimen. However, the actual reason is still unclear and a 
fuller understanding of the ongoing process is required.  

9.3.1 GLASS TRANSITION AND DEGRADATION 

By comparing with previous studies on same material [2-6], it is evident that 24h 
treatment below initial Tg cause for post cure in comparative levels as 2h treatment 
performed above. It is arguable that the mass loss is mainly due evaporation of water 
from the resin below Tg between 320-370°C. The temperature does here cause post-
curing of the material that is proportional to the temperature, resulting in Tg up to 
~420°C. The material was kept in room temperature and not initially dried, which could 
explain the mass loss. This does not contradict previous studies of long term ageing 
which showed that the material could survive over 1000h at 320°C and up to 300h in 
350°C. However, exposing the resin above 400°C gives reason to believe that the 
material has started to degrade. Mass loss for all samples were elevated (~3%) and the 
bad sample was separated with an even higher loss (~5%). Pores and cracks could at this 
temperature increase the degradation rate. As well as one sample of [(+45/-45)/(0/90)]2S 
could not be tested due to visible fibers.  A broadening of the tan delta peak could be an 
indication of thermal degradation of the system [7]. In comparison to CF/epoxy, 
treatment conditions of ∼155°C for 24h gave similar results after 400°C for this 
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polyimide system. This clearly shows the high thermal capacity of this resin system. Size 
effect was showed in chapter 7.1.1, this causes DLO effects in a thermo-oxidative 
environment due to the fact that oxidation only occur from the exposed surfaces. 
Previous tests [4] showed that inert environment gave a much higher Tg in comparison 
to air. It is thus likely that the inert bulk elevates Tg due to additional cross-linking, while 
thermal oxidation from the surface is the main cause for mass loss. This would explain 
why one of the current [(+45/-45)/(0/90)]2S samples was found unfit for treatment even 
tough, the other sample showed a Tg>500°C. Thermo-oxidation at such high 
temperatures are in all means a very complex phenomenon, above Tg the process is best 
monitored by mass loss.  

9.3.1 PREDICTION OF THERMO-OXIDATIVE DEGRADATION 

Thermo-oxidation is a very complex degradation process. Especially when the 
material is treated above Tg in the rubbery region for a long time. It is important to keep 
in mind that each constituent when merged to a single material gives error in form of 
scattering. It should be highly noted that there are several assumptions that were 
enforced; no degradation of fibers, no degradation of the inner material. It is likely that 
cracks etc. play a crucial role, especially for small sized specimen of poor quality, as can 
be seen in Figure 28. Similar, it is possible that the inert core also contributes to the 
stiffening due to additional cross-linking [4]. It is possible to use kinetic properties for 
resin, tested in a highly oxidizing environment in order to predict the degradation. This 
can be done by the use of diffusion limited oxidation (DLO) assumption, see section 
8.1.1. If the fabric (0/90) instead is imagined as separated, hence 0/90 notation, this 
would stand for a reduction of each outer layer. DLO could be implemented in CLT, the 
material does in this case have three constituents; fiber, matrix and air. A volume fraction 
change is caused by oxidation of the damaged layer. The volume fraction of fibers is 
assumed constant and the change in matrix content is replaced by air as a function of 
temperature and time,(O6, OP) = .(+, )) showed in section 8.1.2.  

It was possible to predict a 4% reduction for [90/0]4S in comparison to 7% for the 
true data, see Figure 32. A stacking sequence of [0/90]4S showed only a 0.4% reduction. 
This is due to the 0-layer still possess similar elastic properties as non-damaged material 
in the zero direction. The reduction for true specimens would be caused by a drop in 
tensile strength for the bottom layer and is comparable by the [90/0]4S stacking sequence 
where the tensile strength of the outer layer is close to 0. Still, this model is in an early 
stage and in need of improvements. For instance, all elastic properties were calculated by 
the use of ROM. This is a constant stress assumption, which is not recommended for E2 
and G12. However, it is the easiest method for three constituents and can serve as good 
properties for a damaged layer. The method resulted in a 4% reduction whilst 7% was 
found for the real data. This could be due to the 100% intact core assumption. It is likely 
that cracks develop after exposure and thus contribute to the remaining 3% unit drop. It 
would be interesting to analyze 3-point bending in i.e. instron machine instead of using 
DMTA at 100°C. especially since the storage modulus was found to behave in a strange 
manner for heating of not fully cured specimens, see discussion 9.3.1.     
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10. CONCLUSION 

It is possible to conclude that an inert environment such as N2 decrease the degradation 
rate. In inert atmosphere it was found that 88% of the material was left when tested up 
to 1000°C. Air is most severe out of these two environments, both in dynamic as well as 
isothermal state. In isothermal state, the fraction of degradation rate between the two 
environments was compared for the first 30 min at 500°C. This gave a ratio of ∼1:5 
where air showed a 5 times higher rate compared to inert environment. High 
temperatures showed that the resin would degrade through a two-stage process as seen 
by FT-IR. The systems weakest point is the aliphatic amines that initiate the chain 
scissoring process followed by combustion of the remaining carbon chain. Activation 
energy for the system treated in air could be calculated to 250KJ/mol with a correlation 
of 98-99%.  

The process is dominated by post-cure from additional cross-linking when the material is 
treated below Tg. The effect in form of post-cure was here comparable with results from 
previous studies conducted above Tg for 2h where the current test showed Tg levels of 
∼420°C. This highlights why no significant difference for previous tests at 350°C 
between post-cured versus as-manufactured material could be found for long-term 
thermo-oxidative ageing at this temperature. Exposure above Tg at 400°C showed that 
this resin system could reach levels above 500°C. However, it was also found to degrade, 
it should be mentioned that this is not recommended service temperature for this system. 
The material system was as well found to get stiffer up until degradation where a drop in 
storage modulus was found. 

It was possible with this knowledge, and by the use of DLO assumptions, to predict the 
stiffness change by assuming a 100% intact core not contributing to the mass loss. The 
mass reduction is a result of oxidation of the outer layers of the structure. This results in 
what have been termed as damaged layers. CLT was used by this method to predict a 4% 
stiffness reduction for thermo-oxidative degradation at 400°C, compared to real data 
where a 7% decrease was found. This could be viewed as a contributing factor for 
thermo-oxidative degradation, where the drop in storage modulus is affected by the 
oxidation zone. This is imagined as a reduction in tensile strength for the damaged layer 
that lead to a drop in bending modulus of the entire specimen.   
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11.  FUTURE WORK 

Future work on this resin system could analyze Tg for long-term treated specimens in the 
glass region (ageing). It would in this case be possible to see if pre exposure of Tg reach a 
limit, or if it post-curing progresses up to similar levels as post-Tg exposure (above 
500°C). Further on, it was concluded that inert environment made cause for much lower 
mass loss of the material. The resin system should in current state not be used at these 
temperatures, even though the glass region reaches such high levels. However, If the 
surface driven reaction can be prevented, (keeping it inert), it would be possible to use 
the system at much higher temperatures than in current state. This could be achieved by 
the use of a protective surface layer. The current operation temperature is controlled by 
the elevated thermo-oxidation at high temperatures and not by the glass region. If the 
process can be prevented it could be possible to elevate the operation temperature even 
further than in current state.  

Future work could examine the proposed model. The work should improve the DLO 
assumption. It could be possible to look at DLO in form of diffusion. The assumption 
2/n would thus be a function of temperature and time. It would in this case be 
interesting to analyze specimens in both inert and oxidizing environment to isolate the 
oxidative mechanism for a certain temperature. For instance, analyze how ‘n’ progress by 
time at a certain temperature as well how this is affected by different temperature. 
Samples could analyze cross sections in order to measure the oxidation zone and 
compare it by the same method as in the current work. The model could be implemented 
into a finite element software to simulate DLO removal and the corresponding stiffness 
change for structural parts. Further on, elastic properties (E2, G12) for the damaged layer 
should be calculated with better methods than ROM, i.e. constant cylinder assembly. 
Tests could include several temperatures above Tg for a similar time, or use a constant 
temperature and predict thermo-oxidative ageing by looking at how the reduction is 
corresponding to prolonged time.    
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A P P E N D I C E S  
Table 3 Degree of conversion and fitting parameters for FO linear assumption of 
Friedman 

KJ/mol 151 187 243 264 270 264 238 216 

slope 18140 22457 29286 31735 32449 31779 28586 26034 

Z 4,41E+5 7,43E+6 2,84E+11 5,26E+12 1,15E+13 5,09E+12 1,13E+11 6,57E+9 

A 13,0 18,1 26,4 29,3 30,1 29,3 25,5 22,7 

R2 0,938 0,950 0,984 0,991 0,989 0,990 0,992 0,976 

Table 4 Glass transition temperature for [(0/90)]4S and [(+45/-45)/(0/90)]2S, for 
storage modulus extrapolation, loss modulus peak and Tan δ peak 

Glass	transition	temperature	Tg	[°C]	

Treatment temp  	 [(0/90)]4S	 [(+45/-45)/(0/90)]2S	

  Storage  Loss Tan δ Storage Loss Tan δ 
Un-treated A 371,39 379,36 388,58 350,95 373,07 390,98 

 
B 370,32 386,1 395,27 328,58 370,45 370,45 

 
C - - - 358,56 380,97 393,05 

320 A 375,67 395,72 407,38 368,46 401,29 412,12 

 
B 378,57 391,93 399,43 368,7 389,95 401,61 

350 A 381,57 400,19 406,19 388,3 416,76 425,75 

 
B 381,25 397,94 404,43 372,56 395,05 403,05 

375 A 395,29 412,93 419,18 - - - 

 
B 396 415,27 420,77 - - - 

400 A 451,64 475,99 481,4 468,09 504,14 503,72 

 
B 450,2 469,74 476,71 - - - 
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Table 5 Storage modulus [GPa] at 100°C for each treatment temperature 

 un-treated 320C 350C 375C 
400C 

[(0/90)]4S 34,5 39,2 32,2 47,1 
37,4 

 32,3 39,2 44,9 35 
36,3 

[(+45/-45)/(0/90)]2S 22,3 28,5 45,8 - 
27,62 

 45,4 42,7 23,8 - 
- 

 18,8 - - - 
- 

 
Table 6 Weight data [g] for each laminate after 24h at the corresponding temperature 
(T). [(0/90)]4S –DMTA tested, [(+45/-45)/(0/90)]2S-DMTA tested, R-[(0/90)]4S-size 
ref, R-[(+45/-45)/(0/90)]2S- size and quality ref 

Weight data of laminates before (B) and after (A) treatment condition (T) 

 [(0/90)]4S [(+45/-45)/(0/90)]2S R-[(0/90)]4S R-[(+45/-45)/(0/90)]2S 

T A B A B A B A B 

320 3,6389 3,62 3,6395 3,6229 0,8326 0,8282 0,653 0,6494 

 3,6276 3,6106 3,5832 3,5676 - - - - 

350 3,6509 3,6254 3,6008 3,5759 1,1707 1,1633 0,6268 0,6208 

 3,6414 3,6144 3,7082 3,6834 - - - - 

375 3,6568 3,6233 3,5541 3,4473 1,2102 1,198 0,9685 0,9565 

 3,6477 3,6139 3,6903 3,583 - - - - 

400 3,6362 3,5252 - - 1,2102 1,198 0,8136 0,7896 

 3,6203 3,5085 - - - - - - 

450 3,6697 2,2794 - - 1,3791 0,7918 - - 

 3,6563 2,1775 - - 1,1638 0,6675 - - 

500 3,6793 0,3328 3,8327 0,4031 1,7021 0,0968 0,6395 0,0572 

 3,6498 0,2694 - - - - - - 
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Table 7 Volume fraction of Vf, Vm and Va in initial state and the corresponding 
predicted change. Material properties for CF/epoxy calculated for prediction of 
thermo-oxidative degradation for the affected outer layers  

 Initial property Predicted property 
Volume fraction fiber (Vf) 0.6 0.6 
Volume fraction matrix (Vm) 0.4 0.244 
Volume fraction air (Va) 0 0.156 
E11 (GPa) - Epoxy 3.0 - 
E22 (GPa) - Epoxy 3.0 - 
G12 (GPa) - Epoxy 1.1 - 
υ12 - Epoxy 0.38 - 
E11 (GPa) - Carbon fiber 233.0 - 
E22 (GPa) - Carbon fiber 23.0 - 
G12 (GPa) - Carbon fiber 20.0 - 
υ12 - Carbon fiber 0.38 - 
E11 (GPa) – UD Composite 141.0 140.5 
E22 (GPa) – UD Composite 6.3 0.0001 
G12 (GPa) – UD Composite 6.1 0.0001 
υ12 – UD Composite  0.3 0.156 

 


