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Abstract 
High-temperature resins such as polyimides are used in the aerospace industry 

on account of their thermal stability and property retention at high 

temperatures. To understand the degradation of a polyimide and carbon fibre 

composite at high temperatures, samples were aged in air at 350°C for 300 

hours. Weight loss was tracked throughout the ageing time and stepwise 

loading/unloading tensile tests were performed on selected samples. A 

significant amount of degradation was observed in all samples, with those that 

had been post-cured faring slightly worse. Crack density increased with ageing 

time and it was found that aged samples developed fewer new cracks when 

subjected to loading compared to pristine samples, due to the interaction of 

damage already incurred by ageing. The high degree of resin loss in the 

samples established that the material is not stable at 350°C and 

recommendations have been made for further work to understand more clearly 

the material response. 
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1. Introduction 
The aerospace industry places significant demands on materials due to the high 

speeds, high temperatures and extreme environments to which vehicles can be 

subjected. As interest in composite materials grows in this industry, research 

into the behaviour of these materials at high temperatures is required. 

Polyimide is a high-temperature resin which can be combined with carbon 

fibres to form a strong material with high thermal stability. A feature of 

interest concerning the development of polyimide composites is the desire to 

increase the maximum service temperature, allowing these materials to 

replace heavier metallic components in high-temperature environments such 

as within jet engines. 

It was decided to investigate the degradation of a polyimide composite when 

subjected to long-term exposure to high temperatures. This was to be done by 

ageing the composite at a high temperature, with two branches to the 

investigation as shown in Figure 1 – firstly tracking weight loss in the material, 

secondly tracking the formation of cracks within the material. This branch 

consisted of observing crack density over two steps – as a result of ageing 

(hereafter termed “thermal damage”) and as a result of tensile testing 

(“mechanical damage”). 

 

Figure 1 Project flowchart. 

These methods allow observation of material behaviour and can help to 

establish explanations for the material’s performance. 
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2. Literature Review 

2.1 Composites in Aerospace 
The aerospace industry is at the forefront of materials science and research. 

From military to civilian aircraft, space missions to the smallest component, 

material selection is crucial to the feasibility, cost and ultimate success of the 

project. The properties and behaviour required of a material vary depending on 

the intended use, therefore materials are constantly under investigation in 

order to improve, develop and tailor their properties for specific applications. 

2.1.1 Key Considerations 
Composite materials are ideal for many situations due to their high strength- 

and stiffness-to-mass ratio, as well as their ability to have their properties 

customised for different applications. Some of the most important criteria for 

material selection in aerospace include cost, weight and service temperature. 

Cost ultimately drives most of the decisions made when developing an 

aerospace project. Candidate materials can be ranked by cost and it is 

important to select the cheapest material that can perform the required task. 

Availability is a key issue in this respect, as many materials with optimum 

performance are rare or subject to patents and/or export restrictions, all of 

which drive up the price. Additionally, manufacturing costs for some materials 

can be high, such as those that require a degree of processing before they can 

be used – any composite material falls into this category – as well as those 

requiring high processing temperatures or long cooling times. Because of this, 

materials that are not only appropriate for the application but also cheap and 

quick to process are highly desirable. All these factors contribute to the need 

for research and development in this area. Efficient manufacturing is crucial 

when presenting composites as a viable alternative to other materials. 

The weight of the material is important for a number of reasons, many of them 

also related to cost. The more a component weighs, the more energy is required 

to overcome the force of gravity and lift it into the air. This results in more fuel 

being used to provide the energy. As the environmental impact of air travel 

increases in importance, lightweight materials are increasingly utilised to 

reduce fuel consumption (which is one of the main reasons for the increased 

use of composite materials over metals and metallic alloys). In the space 

industry weight penalties becomes even more important – the cost of lifting 1kg 

into space using the Space Shuttle was approx. $10,000 for low-earth orbit (this 

more than quadrupled when lifting to geostationary orbit [1]). It is clear even 

from approximate numbers that saving 1kg represents a considerable 

reduction in cost for one mission. Within aeronautics, it is now common to use 

composites in jet engines to reduce the overall weight of such a large 

component. For example, the GE90 turbofan engine contains fan blades 

manufactured from carbon fibre reinforced epoxy which, including additional 

smaller composite components throughout the engine, accounts for 8% of the 



3 

 

engine’s total weight as opposed to 30% of the total weight if metals were used 

for the same parts [2]. Research into lighter materials that can still perform to 

the desired level is therefore a key reason for the advancement of materials 

science within the aerospace sector. Selecting composite materials over metals 

often represents a significant weight saving with little or no compromise in 

strength, hence the interest in this area of research. 

For a component to be useable, the material must be suitable for the 

environment in which it is to be placed. Thermal loading is of high importance 

in aerospace applications, therefore the service temperature of any material 

must be thoroughly understood. A recommended service temperature usually 

includes a safety margin, with the expectation that even in unforeseen 

emergency situations the components could still continue to perform. Materials 

that soften or become brittle at elevated temperatures should not be used for 

components exposed to such conditions, likewise some materials are 

particularly affected by thermal cycling and should not be placed in areas 

exposed to significant fluctuations in temperature. For example a spacecraft 

experiences cryogenic temperatures in the vacuum of space and well over 

1,000°C on re-entering the atmosphere, while a reusable launch vehicle could 

be expected to encounter short periods (tens of hours) at temperatures around 

450°C – 500°C [3]. The length of time at any temperature also plays a part, as 

short exposure to extremely high temperatures could have the same effect as 

long-term exposure to lower temperatures. As shown in Figure 2 the higher the 

service temperature for a vehicle, the shorter its service life becomes. 

 

Figure 2 Service temperature against service life - the lower the temperature, the longer the 
lifetime [1]. 
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The effect of temperature is of particular importance when considering carbon 

fibre reinforced polymer (CFRP) composite materials, as the combination of 

properties of plastic and carbon results in unique behaviour under extreme 

conditions. 

While composites are often excellent replacements for metallic components in 

terms of performance, other aspects can cause complications. Composites are 

anisotropic in nature and therefore replacing metallic components (which are 

isotropic) with composite equivalents requires a degree of re-design. While it is 

certainly an advantage of composites that their properties can be tailored to a 

particular application at the manufacturing stage, this requires a greater 

amount of planning and precision during the process. A metallic part could be 

made simply by machining a solid block or casting molten metal, however 

composites tend to be manufactured directly into the desired shape (or as near 

as can be achieved to reduce the need for additional machining). Cutting a 

composite exposes the reinforcement fibres – without the protection of the 

matrix, fibres can be greatly affected by the environment, particularly along 

the fibre-matrix interface. A composite part may behave differently from a 

metallic equivalent under loading due to its anisotropy and this must be taken 

into account – for instance, a layup that has good tensile properties in one 

direction should be positioned to take advantage of those properties under 

tension and reduce loading in other directions. In some cases, this can actually 

improve the performance of the component, as weight can be saved without a 

compromise in strength in the loading direction. The layup of the composite is 

also important, as a part may respond differently to loading in different 

directions due to the alignment of its plies. Similarly, shear stresses and 

delaminations can occur between layers and compromise the performance of 

the material. 

Compared to metals, recycling and maintenance is more complicated for 

composites – for example, thermoset resins cannot be reshaped after forming, 

which can cause difficulty when recycling and disposal of parts. Inspections 

during service often require more specialist equipment as cracks below the 

surface layer of a laminate cannot be detected by visual inspection and 

scanning is required. Additionally, as composites always require the 

combination of at least two components, processing is more complex and can 

become very expensive depending on the manufacturing method used. When 

selecting materials for a high-end use, there will always be a compromise 

between materials and processing methods that results in the best performance 

and quality and the ultimate cost – if the perfect component costs too much to 

be viable, a cheaper alternative must usually be found. Thus in addition to 

research into the materials themselves, improvements in processing and 

manufacturing methods are also desired to increase efficiency and lower costs 

– an example of this would be increased automation of a manufacturing  

process. 
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2.1.3 Current Composite Use 
Many components in the aerospace sector are now manufactured from 

composites. The list continues to grow as new advances and discoveries are 

made, providing more effective ways to replace heavier metallic components. 

From primary structures such as fuselages, wings, fins and helicopter blades 

to secondary structures such as control surfaces, splitters and fairings, 

composites are widely used throughout many different aircraft [3, 5]. The 

biggest advantage for most manufacturers is the weight saving that can be 

achieved – Soutis estimates that a 40% saving can be achieved for secondary 

structures and 20% for primary structures. 

The aerospace industry pioneers the use of advanced composites due to the 

benefits they can provide in terms of both performance and business. Two 

major new aircraft provide specific examples of the growth of composite 

materials in the industry, namely the Airbus A380 and the Boeing 787 

Dreamliner. Both point to the use of composite materials as a reason for their 

increased efficiency. 

The Airbus A380 is currently the largest passenger airliner ever produced. The 

vast size of the aircraft allows the inclusion of two decks within the fuselage, 

resulting in a maximum passenger capacity of 853 (single class) [6]. In order to 

accommodate the size and capacity, the weight of the aircraft must be as low 

as possible. Advanced composites provide an avenue for weight saving without 

a reduction in performance, and composites account for approximately 16% of 

the total aircraft weight (25% of the total weight is comprised of “advanced 

materials”, a term including both composites and metallic alloys). Components 

manufactured from CFRP composites in this aircraft include the leading edge 

of the wingspan, wing panels, wing box and rear pressure bulkhead [7]. The 

upper fuselage (crown) is composed of a newer material termed GLARE (Glass 

Laminate Aluminium Reinforced Epoxy), a laminate containing plies of both 

glass fibre pre-pregs and thin aluminium, bonded by epoxy. The use of GLARE 

is intended to minimise the limitations of both materials, resulting in the 

reduced weight and improved properties of a laminar composite (such as 

inhibiting cracking and corrosion) combined with the ease of maintenance of 

aluminium [5, 8]. 

The use of composites in the development of the A380 could be summarised 

thus: reducing the weight to allow for a bigger aircraft. By comparison, Boeing’s 

development of the 787 Dreamliner could be described as: reducing the weight 

to allow for a more efficient aircraft. The 787 is a mid-size aircraft with a 

maximum passenger capacity of 296 (single class). 50% of this aircraft is 

manufactured from composite materials, mostly CFRP laminates and 

sandwiches, in areas such as the monocoque fuselage, wings, tail and doors 

(Figure 3). 
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Figure 3 Boeing 787 "Dreamliner", showing the distribution of advanced composites and other 
materials over the aircraft [1]. 

The aircraft has a higher strength-to-weight ratio due to the reduced density 

of composites. Boeing states that this results in a more fuel-efficient 

performance and is therefore cheaper to operate. Despite the complications 

inherent in maintaining composite components, the use of these materials can 

reduce the amount of maintenance and inspection required in certain areas, as 

issues such as corrosion are not present. A lighter, cheaper and more efficient 

mid-size aeroplane is highly desirable for many airlines as these are the 

aircraft generally undertaking the most frequent journeys, such as routes 

offering multiple flights in one day. 

2.2 Composites at High Temperatures 
The performance of a composite material can vary dramatically at high 

temperatures. Changes in morphology, strength and stiffness can result from 

an increase in temperature, therefore it is of great importance to understand 

the behaviour of a composite material in this type of environment. The matrix 

is particularly interesting, as this is the constituent that is most affected by 

temperature and generally dictates the material’s response. The additional 

effect of moisture (together known as the hot-wet condition) is also significant, 

however this is beyond the scope of the investigation. 

The most frequently encountered hot environment in the widespread aerospace 

industry is that found inside an engine, where a fascinating array of 

temperature conditions can exist. It is of interest to replace metallic 

components (such as those made from titanium and aluminium alloys) in jet 

engines with equivalents manufactured from polymer composites. This is 

achievable with relative ease in some areas, such as near the engine inlet. The 

air entering the engine is cool and the fan blades and vane guides can be 

manufactured using epoxies, which are extremely common matrix materials 
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and thus readily available and cheap. However the further the air travels 

inside the engine, the more it is compressed. This increases temperature as 

well as pressure, causing much more extreme conditions within the centre of 

the engine that would cause epoxies to degrade, due to the maximum service 

temperature of epoxies generally being 177°C (Figure 4). 

 

Figure 4 A typical turbojet engine, with colours indicating air temperature. The exhaust air 
has the highest temperature, therefore materials in this area or in the wash must be able to 
withstand extreme heat [1]. 

In these high-temperature and high-pressure areas, epoxies are unsuitable. 

Therefore there is a need for matrix materials with much higher service 

temperatures in order to replace metallic components with composites. The 

following sections detail the most common thermoset matrix materials for high-

temperature composites. 

2.2.1 Polyimides 
Polyimides are chains of imide monomers formed by a reaction between a 

dianhydride and a diamine, which have been in production since the 1950s. 

Polyimides have good thermal stability and high heat resistance, which makes 

them ideal for high-temperature applications. Because of this, they are the 

most commonly used resins in high-temperature aeronautical applications, 

with a temperature range of approximately 250-300°C [3, 11]. They are also 

available as both thermoset and thermoplastic resins. Mechanical properties 

differ widely due to different processing methods and the intended use – 

polyimides are commonly used as films and cables in electronic applications 

due to their heat resistance and flexibility, which results in a wide variety of 

processing parameters, testing methods and reported properties. In the 

aerospace industry, polyimides can be used for many engine components (such 

as ducts and fairings) as well as outer areas exposed to high temperatures, such 

as missile fins and nose cones. 

Polyimide resins can come in many different forms, two of the most common 

are PMR (polymerised monomeric reactant) and PETI (phenylethynyl 

terminated imide). PMR types are traditionally the most widely used, while 
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PETI resins have better processing properties and are suited to resin transfer 

moulding, which is a popular manufacturing method in the industry. 

Polyimides are suitable for both load- and non-load-bearing components due to 

their good property retention at high temperatures. Drawbacks include the fact 

that they are more difficult to process than epoxies and their cost, which can 

be twenty times that of typical aeronautical grade epoxies. 

2.2.2 Bismaleimides 
Bismaleimides (BMIs) have a service temperature of around 135-250°C [3]. 

They are formed from a reaction between aromatic diamines and maleic 

anhydrides, with a dehydrating agent. Their service temperature range falls 

between that of epoxies and polyimides and BMIs have the advantage of 

possessing non-flammable properties. However, their high degree of cross-

linking results in their being brittle and they are particularly susceptible to 

impact damage. BMIs can be processed in a similar manner as epoxies, 

therefore they are a good choice for applications where temperatures are higher 

than epoxies can withstand. For example, some flap components in Boeing’s C-

17 Globemaster aircraft were originally epoxy reinforced with carbon fibre, 

however the hot air produced by the engine degraded the epoxy resin and BMI 

resin was used in its place [12, 13]. Other applications include engine inlets, 

airframes and surfaces in high-speed aircraft. 

2.2.3 Cyanate Esters 
Cyanate esters are another popular choice in the aerospace industry, with a 

temperature range similar to that of bismaleimides, around 135-250°C [3]. 

They have much higher toughness properties than both epoxies and BMIs, 

making them attractive choices for components where temperatures are high 

but BMIs may not be suitable due to their brittle nature. Cyanate esters are 

also cheaper than both BMIs and polyimides (typically €50-60 per kg, compared 

to >€70/kg and >€100/kg respectively [11]). 

Advantages of cyanate esters include good dielectric properties and low 

toxicity, as well as high thermal stability at high temperatures. Their 

processing is also similar to that of epoxies. Some applications of cyanate esters 

include missile nose cones, the XCOR Aerospace Lynx Mark II suborbital 

spacecraft [14] and some components on the James Webb Space Telescope 

(currently under construction), which will experience extreme cryogenic 

temperatures in service coupled with thermal cycling [15]. 

2.3 Ageing of Composites and Recent Research 
Any high-temperature composite in service will experience some degree of 

ageing over its lifetime. Ageing can be defined as a change in properties due to 

exposure to high temperatures in the absence of external loading, therefore 

time spent at elevated temperatures causes some degree of physical change 

even in non-load-bearing components [16, 17]. The effects can be investigated 

in a laboratory setting by subjecting material samples to a high temperature 
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for a specific period of time. Accelerated ageing seeks to understand material 

behaviour as a result of ageing in a shorter time, allowing decisions concerning 

material selection to be taken more quickly. A number of research areas focus 

on the ageing of resins and composites, with particular interest in high-

temperature resins for aerospace applications. 

Schoeppner et al. and Tandon et al. have aged PMR-type resins at their 

recommended maximum service temperature of 288°C [18, 19]. Early work by 

Scola & Wai used ageing at 371°C and different pressures to investigate 

thermo-oxidative stability in fluorinated polyimides, for both neat resin and 

composite samples [20]. Ageing was carried out at a variety of temperatures by 

Marceau & Hilaire [21], while the short-term effect of temperature on 

composite properties was investigated by Aglan et al. [22]. Epoxies also play a 

large role in this area – as well as providing a fuller understanding of how 

epoxies themselves respond, testing procedures and some conclusions can be 

applied to other types of material (including polyimides) [23]. This has a great 

benefit in that epoxies are much cheaper, therefore optimisation of testing 

parameters can be carried out on a more readily accessible material without 

the added cost and risk of trial-and-error testing on more expensive material. 

Tsotsis et al. evaluated the use of high pressure to accelerate ageing in epoxy 

specimens [24, 25]. 

A mode of testing very relevant to aerospace applications is thermal cycling, 

where samples are subjected to significant fluctuations in temperature over a 

defined period of time or number of cycles. Ageing often occurs at upper 

temperatures while the cycles generally result in cracking, in part from 

stresses caused by the differences in thermal expansion coefficients of matrix 

and reinforcement. Aerospace materials can be expected to encounter thermal 

cycling in service, therefore it is important to have an understanding of the 

effects of the process. Early work by Owens & Schofield [26] carried out thermal 

cycles on PMR-matrix composites over a temperature range of 250°C. Cycles 

from cryogenic to elevated temperatures were conducted on both epoxy and 

cyanate ester laminates by Kim et al. [27] to simulate the thermal environment 

that can be encountered in space, while a study by Lafarie-Frenot et al. 

established that thermal cycling in addition to ageing accelerates damage in 

epoxy laminates [28]. 

Ageing is a feature of research into other high-temperature composites such as 

those containing BMI resins. Aspects such as moisture absorption [29], thermal 

cycling at cryogenic temperatures [30] and properties after ageing [31] are all 

relevant to applications of BMIs in aerospace. 

It is of great interest to be able to model the effects of ageing in a material, 

which would not only provide a better understanding of the behaviour but also 

save time when evaluating materials. However the process is complex due to 

the many interactions, mechanisms and processes occurring in any material; 
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this complexity only increases when considering multi-phase materials such as 

composites. Therefore a model must take many assumptions and 

simplifications into account. Some aspects that have been modelled include 

degradation, delaminations and the effect of pressure on ageing [32, 33, 34]. 

Pochiraju and Tandon provide a good overview of modelling thermo-oxidative 

ageing as an introduction to their methodology of simulating oxidation in 

composites [35]. 

Additionally, a current area of research is recycling [36, 37] and maintenance 

[38] of composite materials. Changing component materials from metals to 

composites is more likely to occur on a commercial scale if the benefits outweigh 

the difficulties; ensuring that maintenance of a component requires as little 

change from established methods as possible makes the use of composites more 

attractive. Similarly, the more simple and efficient the recycling process is, the 

fewer costs will be incurred at the end of a part’s lifetime. 

It can be seen that ageing is an important test method by which to evaluate a 

potential material for high-temperature applications. Of particular interest is 

degradation, which can be observed by recording weight loss. The effects of 

degradation can be observed by mechanical characterisation. 
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3. Methodology 

3.1 Materials 
Composite plates were manufactured using the polyimide resin NEXIMID 

MHT-R (Nexam Chemical). The resin is intended for applications within the 

aerospace industry due to its high thermal stability and ease of processing 

(attributed to its low viscosity at processing temperatures). The cured resin has 

a glass transition temperature (Tg) of approx. 320°C (this value has been shown 

to increase when the material is post-cured [39]). The mechanical properties 

are affected by the processing, therefore values can differ depending on the 

particular curing profile used. 

The reinforcement used was a fabric of 8-harness satin weave carbon fibres 

(T650, Cytec), resulting in a fibre volume fraction of around 58%. Plates of neat 

resin were also manufactured to the same thickness as the composite (approx. 

3mm) to allow a comparison of the behaviour. A symmetrical layup, [+45/-

45/90/0]2S, was produced as shown in Figure 5. When viewed from the edge, 

additional 90° bundles could be observed – these were termed “stitch” layers 

due to the nature of the woven fabric and, when documenting damage 

evolution, cracks in these bundles were counted separately from other 90° 

layers. 

 

Figure 5 Edge view at 2.5x magnification showing the symmetrical layup of the material. 
Bundle orientations marked on the left, layer designations on the right.  denotes a stitch 
bundle. Stitch bundles can be separate and clear to see (lower) or in close proximity to existing 
bundles (upper). 
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3.2 Sample Manufacturing 

3.2.1 Resin Transfer Moulding 
The plates were manufactured using resin transfer moulding (RTM). RTM is a 

closed-mould liquid transfer process, commonly used when manufacturing 

composites for aerospace and high temperature applications. The fibre bundles 

are stacked in the desired orientation in the tool, after which resin is melted 

and injected under pressure into the tool via a piston (Figure 6). The resin 

infuses amongst the fibres and cures in the tool, after which it can be removed 

either for use or for post-curing. 

 

Figure 6 Schematic of the resin transfer moulding process [1]. 

The process has numerous advantages, all of which contribute to the frequency 

of use in aerospace applications. There is low wastage of material as a specific 

amount of resin is used to infuse the prepared fibres, which also allows for high 

fibre volume fractions. The closed mould greatly reduces emissions in the work 

environment and, due to the mould having two halves, good surface quality can 

be achieved on both sides of the part. However, it can be difficult to anticipate 

how well the flow of resin will infuse amongst the fibres in more complex 

moulds, therefore a degree of trial and error or modelling can be required to 

ensure the highest quality parts. 

3.2.2 Variables 
In order to investigate the effect of different treatments on the degradation 

characteristics of the material, samples were produced under different 

conditions and divided into groups based on their treatment, according to Table 

1. Group E was designed to investigate damage evolution by recording the 

crack density at intervals during the ageing period. 
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Table 1 Sample groups and associated treatment. 

Group Material Treatment 

A Resin Cured 

B Resin Post-cured 

C Composite Cured 

D Composite Post-cured 

E Composite Cured (damage 

evolution) 

 

Groups A-D consisted of small specimens of approx. dimensions 20x30mm, 

though this varied as the tolerance was low – the mass was the feature of 

interest and accurate dimensions were not critical. Group E however consisted 

of samples cut with accuracy to 12x150mm, as these specimens were to be used 

in tensile tests. 

 

Figure 7 Illustration of relative sizes between groups A-D and group E. 

The curing profile consisted of holding at 320°C for one hour followed by 

ramping to 370°C and holding for two hours, still under pressure. Post-curing 

was carried out for selected plates at 420°C in air at atmospheric pressure (free 

standing) for two hours. 

Following plate manufacturing, the material could be cut using a water jet 

cutter. A water jet allows CFRP materials to be cut without the risk of heat 

from friction altering the structure or properties of the polymer. Samples were 

cut in the same direction as the fibre bundles at an orientation of 0°. 
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4. Experimental Procedure 

4.1 Specimen Preparation 
In order to study the degradation of the material by tracking the mass loss, 

each sample was weighed prior to ageing on a Sagitta balance. 

In addition, the damage evolution was to be tracked for a number of specimens. 

To carry this out, the edges of the samples were polished to a high quality, 

mirror finish where the individual plies and fibre bundles could be seen clearly 

under a microscope. This was achieved by first grinding on a Buehler grinder-

polisher with P120 and P240 grade paper to achieve uniform thickness 

(measurements within 0.1mm of one another) along the specimen, followed by 

grinding with consecutively finer grades of paper (P600, P1200, P2500 and 

P4000). For the highest quality of finish the grinding was followed by polishing 

with diamond slurries (from Kemet), respectively with 9μm, 6μm, 3μm, 1μm 

and 0.25μm particles resulting in a mirror finish, confirmed by observation 

under an optical microscope. Plies, bundles and individual fibres could be 

clearly distinguished after good polishing. 

A Nikon Eclipse MA200 was used to carry out the investigation into damage 

evolution. The initial damage stage of each sample edge was determined by 

counting cracks in each layer over a representative length of 31mm in the 

centre of the specimen. This was partly to avoid edge effects and also due to the 

range of the microscope. A layer could be identified by its “boundaries” of 0° 

bundles, which ran parallel to the edge of the specimen due to cutting as shown 

in Figure 5. Cracks in 0° bundles were not visible due to the direction of the 

cut, therefore these bundles were omitted from the analysis. Cracks were 

counted in each +45°, -45° and 90° fibre bundles and recorded separately for 

each layer. It was decided that a crack had to be at least two-thirds the height 

of the bundle to be counted, therefore half-cracks were ignored. The crack 

density could then be determined for each layer by dividing the crack count by 

the representative length. The orientation of bundles was not taken into 

account. An example of a typical crack can be seen in Figure 8. 
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Figure 8 Image of layer 2 at 10x magnification with a crack in the 90° bundle highlighted. 
Other marks can be seen in other bundles, these are remnants of scratches from the 
grinding/polishing step. A good understanding of the procedure allows judgement of cracks to 
be done with confidence. 

4.2 Experimental Conditions: Thermo-Oxidative Ageing 
All specimens were aged in air at 350°C. The furnace (Nabertherm) was 

brought up to temperature prior to introducing the specimens. The 

temperature was constantly recorded by a thermometer placed inside, which 

provided a way to check that there were no unexpected fluctuations of 

temperature within the furnace. The furnace temperature could be set in 

increments of 10°C, therefore a reading of 350±10°C was deemed acceptable. 

Specimens were placed in a ceramic dish and spaced apart to ensure they did 

not overlap, then placed into the oven. The total ageing time was 300 hours. 

Gloves, a mask and goggles were worn whenever the oven door was opened due 

to the formation of harmful gases within the furnace as the materials reacted 

with the hot air. 

4.2.1 Mass Loss 
Specimens were weighed approx. every 25 hours in order to provide sufficient 

data points to establish the shape of the weight loss curve, with the exception 

of group E which was weighed approx. every 100 hours. A glass substrate was 

used to separate the hot specimens from the surface of the balance. It was 

decided to weigh the samples directly from the oven whilst still hot, as cooling 

the specimens would not affect the result and would simply add time to the 
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process. Although a degree of thermal cycling is present due to removal from 

the oven, the temperature fluctuations encountered on contact with air during 

the weighing are small and occur over a very short time, therefore the cycling 

effect is negligible [18]. 

4.2.2 Thermal Damage 
Group E samples were removed at intervals and allowed to cool for 12 hours. 

This was partly for safety reasons to allow handling of the specimens at the 

microscope and, more importantly, to allow the cracks to stabilise. Cracking 

noises could often be heard when removing the samples from the oven as the 

change in temperature initiated more extensive damage, therefore optical 

characterisation was only carried out once the samples had stabilised at room 

temperature. 

Following the procedure outlined in 4.1, cracks were counted in each layer of 

each long edge of the specimen. The changes in crack density as a function of 

time at an elevated temperature could then be charted. The specimens were 

returned to the oven after counting. 

Additionally, a small number of samples were permanently removed from the 

oven after 100 hours. These samples were to undergo mechanical testing to 

allow comparison of the effects of different ageing times. 

4.3 Experimental Conditions: Mechanical Testing 
Stepwise loading/unloading tensile tests were performed on Group E specimens 

subjected to ageing at 350°C. Tests were also performed on pristine samples to 

allow a comparison of the effect of ageing on damage mechanisms. 

4.3.1 Sample Preparation 
Pristine specimens were polished according to the method described (4.1). Aged 

specimens were also re-polished in this manner, this was to remove all ‘edge 

effect’ cracks which did not penetrate far into the sample. The presence of many 

thermally-induced cracks could affect the cracks formed by mechanical loading, 

as interactions could occur between them. It was decided to remove cracks less 

than 0.5mm deep, leaving only the larger thermally-induced cracks. This 

additional polishing resulted in a clearer image when counting all cracks. 

Approximately 0.5mm was removed from each edge by grinding and the 

surfaces were then polished to the same mirror finish as achieved previously. 

The new initial damage state was determined by counting cracks in each layer 

after polishing. 

In order to mount the samples in the tensile testing apparatus, small tabs were 

cut and attached to the specimens with an epoxy adhesive, which would allow 

the clamps to grip securely and reduce stress concentrations at the ends of the 

sample. The tabs resulted in a gauge length of 85mm, which was sufficient to 

fit an extensometer with a gauge length of 50mm. Sandpaper was also attached 

to provide a high friction surface for the extensometer. 
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Figure 9 Tensile samples with tabs attached. Tab edges were ground after mounting to remove 
any excess adhesive. 

4.3.2 Experimental Conditions 
An Instron 3366 with a load cell of 10kN was used to carry out stepwise loading 

tests. A specimen was mounted in the apparatus and the extensometer was 

attached and held in place with elastic bands. The specimen was loaded to 

0.25% strain, unloaded and held at 0% strain for 1 minute. The initial loading 

provided a clear slope with which to calculate the elastic modulus, while 

holding at 0% strain allowed any relaxation effects in the sample to occur 

without affecting the result. Following this, the sample was then loaded to the 

desired strain level, unloaded and removed from the apparatus. The edges of 

the sample were cleaned with methanol and all cracks were counted (no 

distinction was made between thermal cracks and newer mechanically-induced 

cracks when counting). This process was repeated for each strain level until the 

limit of the load cell was reached. 

 

Figure 10 Mechanical testing flowchart. 

Table 2 summarises the strain levels achieved with both aged and pristine 

samples. 
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Table 2 Loading runs to which each type of sample was subjected. 

Strain Aged 100 hours Pristine 

0.4%   

0.5%   

0.6%   

 

 

Figure 11 Sample mounted in clamps and extensometer attached. 
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5. Results 

5.1 Thermo-Oxidative Ageing 

5.1.1 Mass Loss 

 

Figure 12 Average weight loss for sample groups A, B, C and D. Error bars show 95% confidence 
level. Sample population for groups A & B: 5; for C & D: 10. 

 

Figure 13 Average weight loss for group E and two supplementary samples. Error bars for 
group E show 95% confidence level. Sample population for group E: 11 
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Figure 14 Surface condition of a group E sample after ageing at 350°C for 300 hours. 

 

 

Figure 15 Micrograph at 2.5x magnification of a sample edge after 300 hours of ageing. 
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5.1.2 Thermal Damage 
 

  

  

 

 

 

Figure 16 Average crack density of each bundle orientation in each layer after 300 hours of 
ageing: (a) layer 1, (b) layer 2, (c) layer 3, (d) layer 4, (e) stitch layer (only one data series), (f) 
legend for charts (a) – (d). Error bars show 95% confidence level. Sample population: 11. 
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5.2 Mechanical Testing 

5.2.1 Mechanical Damage 
 

  

  

 

 

 

Figure 17 Average crack density of each bundle orientation in each layer after loading to a 
specified strain: (a) layer 1, (b) layer 2, (c) layer 3, (d) layer 4, (e) stitch layer (note change in 
scale & legend), (f) legend for charts (a) – (d). Error bars show 95% confidence level. Sample 
population for pristine samples: 3; for aged: 3. 

 

 

 

 

 

 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 0.2 0.4 0.6 0.8

C
ra

ck
 D

en
si

ty
 [

/m
m

]

Strain [%]

Layer 1

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 0.2 0.4 0.6 0.8

C
ra

ck
 D

en
si

ty
 [

/m
m

]

Strain [%]

Layer 2

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 0.2 0.4 0.6 0.8

C
ra

ck
 D

en
si

ty
 [

/m
m

]

Strain [%]

Layer 3

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 0.2 0.4 0.6 0.8

C
ra

ck
 D

en
si

ty
 [

/m
m

]

Strain [%]

Layer 4

0.0

0.5

1.0

1.5

2.0

2.5

0 0.2 0.4 0.6 0.8C
ra

ck
 D

en
si

ty
 [

/m
m

]

Strain [%]

Stitch Layer

Pristine Stitch Aged Stitch



23 

 

 

 

 

 

 

Figure 18 Micrographs taken at 10x magnification after tensile testing. (a) pristine sample 
after 0.4% strain, (b) aged sample (100 hours) after 0.6% strain. 

5.2.2 Stiffness 

 

Figure 19 Absolute stiffness values recorded for both aged and pristine samples. 
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6. Discussion 

6.1 Thermo-Oxidative Ageing 

6.1.1 Mass Loss 
As Figure 12 shows, significant weight loss occurs over 300 hours at 350°C. The 

post-cured composite (group D) samples experienced the greatest weight loss 

(9.5±1.1%) compared to the cured (group C) composite samples (5.5±1.3%). The 

weight loss itself is due to bonds breaking and forming gaseous compounds 

which escape the material (this was the reason safety equipment was required 

when removing sample from the oven). It can be seen that post-curing had a 

detrimental effect on the degradation of these samples, which is opposed to the 

expectation that post-curing would reduce the degradation observed in 

specimens that were only cured. It was suggested that cured samples degraded 

to a large degree due to the presence of unreacted triple bonds [39], which could 

react with the air. It was expected that the post-curing step would allow these 

bonds to react during the manufacturing process and thus stop the reaction 

occurring during the ageing process. Indeed, a small reduction in weight was 

observed after post-curing. However, as Figure 12 shows, post-curing does not 

solve this problem and in fact group C samples (cured composite) degraded the 

least. However, though group C compares favourably with the other samples, 

it should be noted that the samples still lost over 5% of their mass after 300 

hours. It is clear that the ageing temperature of 350°C is responsible for this 

level of degradation, as previous work demonstrated that samples aged at 

288°C (the recommended maximum use temperature of a typical polyimide 

resin) would only lose approx. 2% (i.e. remain stable) over 1000 hours. From 

previous TGA analysis it was anticipated that this material would be able to 

withstand higher temperatures due to the increase in Tg after post-curing, 

however it is clear that this behaviour does not translate to stability during 

long-term exposure at elevated temperatures. The ageing temperature may 

simply be too extreme and further work should be undertaken to determine at 

what temperature (between the conventional 288°C and 350°C) the 

degradation behaviour observed in this work begins. Due to the shape of the 

curve it can be assumed that had the ageing continued longer than 300 hours, 

the weight loss would continue to accelerate until the resin degraded 

completely. 

Tandon et al. [19] demonstrated that the weight loss contribution by the fibres 

themselves is negligible, therefore all weight loss in this investigation is 

attributed to the resin. Both cured (group A) and post-cured (group B) resin 

samples experienced similar weight loss (6.7±0.44% and 7.0±0.46% 

respectively) and results for these groups were generally within the margin of 

error of the other. These data series generally fell between those of the cured 

and post-cured composites, demonstrating that a significant change in weight 

loss behaviour can be observed with the addition of fibres to the neat resin. The 
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fibre-matrix interface could be playing a role in the degradation mechanism, as 

it has been suggested by Tandon et al. that the interface provides a path for 

oxygen diffusion, which increases the rate of degradation. If the interface is 

weak, this would result in debonding and more exposed surface. A neat resin 

sample, on the other hand, has fewer “entry points” for oxygen and thus the 

degradation rate is slower. However, this does not explain why the post-cured 

specimens (group D) lose more mass overall than the neat resin groups, as post-

curing should improve the interface. 

Weight loss data for group E can be observed in Figure 13. The ageing 

conditions for group E were slightly different as they were to be weighed less 

frequently, therefore there are fewer data points as the intention was to focus 

on crack evolution. However, as the plot shows, this group lost 17±2.1% in mass 

after 300 hours. As this was significantly higher than the maximum weight 

loss observed for groups A-D, it was decided to repeat the ageing process with 

a further two specimens of group E sample size, which are plotted separately. 

The supplementary group (comprised of samples S1 and S2) was weighed more 

frequently to establish the shape of the weight loss curve by providing more 

data points. The results show that weight loss increases fairly steadily over 

time, that is, there is no identifiable point at which the weight loss sharply 

increases. However, despite good agreement in all data points over the first 50-

100 hours, the weight loss after 300 hours is markedly different for each series. 

Samples S1 and S2 lost 6.9% and 11.4% respectively, both significantly lower 

than the 17% observed for group E (the final weight loss in S1 and S2 was 8.4% 

and 13.3%, however these values were taken at an ageing time approximately 

a day longer than that experienced by group E so are not valid for a direct 

comparison). There appears to be quite a large degree of variability in weight 

loss between samples of the same size, though reasons for this are unclear at 

this juncture. It was suggested that a difference in void content may influence 

the results, however this cannot be confirmed without undertaking scanning 

or further tests. There is no obvious indication of higher void content as 

samples were cut from areas of the manufactured plates at a distance from 

areas identified to have a high void content. 

The difference in the weight loss of cured composite samples (groups C and E, 

5% and 17% respectively) is significant. This is likely to be attributable to the 

difference in surface area, as the larger group E specimens provide more 

surface resin exposed to the high temperatures. As more degradation takes 

place, more surface area is exposed and the degradation continues – this effect 

may simply be occurring on a larger scale in larger specimens and thus 

increasing the total weight loss. The formation of cracks also exposes more 

surface area (see 6.1.2) and the probability of cracks forming increases in a 

larger specimen. 

The resin loss in group E samples after 300 hours was clear during visual 

inspection (Figure 14). The surface layer fibres were completely exposed as 



26 

 

there was no resin to surround them. A simplified calculation can be made to 

estimate the depth of resin degradation: assuming a fibre volume fraction of 

50% and that mass loss is only due to the resin, 15% weight loss can be 

estimated as approx. 0.45mm reduction in total thickness, or 0.23mm from 

each surface. This equates to a complete loss of resin around surface +45° 

bundles and around 20% loss in adjacent -45° bundles. This can be compared 

with estimated resin loss from each surface of 0.03mm after 100 hours 

(assuming 2% mass loss). This results in some exposure of the surface +45° 

bundles, which is relatively little though it does increase difficulty in counting 

cracks. From the edges of group E samples, resin also degraded in the 90° 

direction exposing some length of the fibres, though it is not clear how deep the 

degradation penetrates in 300-hour samples. 

6.1.2 Thermal Damage 
In general, crack density in each layer increases with ageing time. However, it 

can be seen in Figure 16 (a) and (d) that after 300 hours of ageing, the crack 

density in layers 1 and 4 decreases. This is due to the difficulties encountered 

in counting cracks as a result of the loss of resin due to degradation. Figure 14 

and Figure 15 show the condition of a sample after 300 hours at 350°C, it is 

clear that the surface layers – particularly those at +45° orientation – have 

very little resin surrounding them, therefore no cracks can be counted because 

there is no resin to crack. As the fibre bundles become loose and spread out, 

any cracks that may be present are hidden by the fibres (this is also the case 

throughout the sample as fibres are released from all bundles including the 0° 

orientation). Additionally, the amount of degradation on the sample edges 

results in large dark areas amongst which it is difficult to discern the presence 

of cracks. The decrease in crack density is therefore a combination of resin loss 

causing previous cracks to disappear, obscured visual inspection due to fibres 

and human error in judging cracks in areas of serious degradation. Discussion 

of ‘maximum crack density’ in surface layers is therefore limited to values 

calculated after 100 hours. 

The highest crack density is observed in the 90° bundles, followed by +45°. 

There is a significant difference between the crack densities of +45° and -45° 

bundles, which can be attributed to the fact that the +45° bundles are right 

next to the exposed surface, therefore a higher crack density can be expected. 

The values for crack density in each orientation for layer 1 resemble those for 

layer 4 (Table 3, Appendix B), which is to be expected as this is a symmetrical 

laminate. 

Cracks initiate at points of stress concentration. The high crack density in 

surface layers may be attributed to stress concentrations caused by the exposed 

resin. As the resin is exposed to heat, it contracts or shrinks in reaction. These 

contractions result in tensile stresses and cracks in the exposed resin, which 

then penetrate into the layer. This can explain the high degree of cracking in 

the +45° bundles. As group E samples are much longer than they are wide, it 
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is possible that contraction is more extreme in the x-direction and thus the 90° 

bundles are affected more, causing more cracks. Future work could examine 

the crack density on every edge and every orientation (including the 0° bundles, 

by cutting samples at different angles) to investigate this further. 

In contrast to the surface layers after 300 hours of ageing, despite the areas of 

degradation and presence of loose fibres, layers 2 and 3 are slightly easier to 

observe. As crack density does not decrease after 300 hours, some indication of 

material behaviour can be determined. However, due to the high uncertainty 

in these results, conclusions can only be speculative. The condition of the 

samples after this ageing time makes it unlikely that repeat experiments could 

improve on these results significantly. The crack density continues to increase 

after 100 hours, though it may be tending towards saturation as the increase 

is smaller and the curve begins to plateau in comparison to results taken at 

early stages of the process, where the data series climbs rapidly. As is the case 

for the surface layers, the 90° bundles contain the most cracks. The crack 

density in +45° and -45° bundles are almost the same for the inner layers, 

increasing fairly gradually. This could be attributed to the type of stresses 

present in the middle of a specimen – there is less of an edge effect from exposed 

surfaces, therefore residual stresses in the sample may be dominating crack 

initiation. These stresses could be from warp in the bundles due to the weave 

of the fibre fabric as well as differences in the thermal expansion coefficients of 

fibre and matrix. Cracks in the stitch layers, at 90° orientation, are not as 

numerous as those within the layers – cracks in these bundles may be caused 

more by residual stresses from the fabric weave. 

The uncertainty in results after 100 hours makes conclusions about the 

behaviour of this material difficult to confirm. There can therefore be two 

predictions concerning the material response after 30 hours:  

 The crack density could continue to increase, as was the case up to 100 

hours, and the decrease and plateaus observed at 300 hours are simply 

errors in judgement or due to lack of resin, or: 

 After 300 hours the layers approach crack density saturation. 

It was established in 6.1.1 that degradation increases with ageing time. A large 

contribution is made by the increase in crack density, as previous work by 

Karra & Rajagopal [32] and others established that cracking exposes more 

surface area to degradation; thus mass loss increases as more cracks form in 

the sample. A greater degree of cracking in the surface layers caused by the 

response of exposed resin would help to account for the extensive resin loss at 

the surfaces. A number of delaminations were also observed after ageing and 

these features act as pathways for oxygen diffusion – essentially a larger-scale 

version of the diffusion effect suggested in 6.1.1 concerning the fibre-matrix 

interface. 
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From visual observation it would appear that the primary mechanism for mass 

loss in this case is oxidation. Other, less dominant mechanisms could be chain 

scission and breaking of cross-links. The area of interest for this project is 

ageing in air (hence thermo-oxidative) yet carrying out similar tests in an inert 

atmosphere (such as argon) could provide useful information concerning other 

mechanisms at work. It has been reported that the ageing process forms an 

oxidised layer on the exposed surfaces which can act as a crack initiation site 

[32] – this could provide interesting supplementary work to this investigation 

in future if this were to be investigated for this material. 

6.2 Mechanical Testing 

6.2.1 Mechanical Damage 
The amount of degradation in group E specimens after 300 hours was to such 

a great extent that tensile tests could not be carried out on these samples. Tabs 

could not be affixed securely to the samples due to the loose fibres and it was 

deemed impractical to attempt to load them. In addition to this, it was 

extremely difficult to view cracks in all layers (particularly those at the 

surfaces) and counting cracks was too unreliable in this state. For these 

reasons, only samples aged for 100 hours were included in tensile testing. 

Before testing, each sample edge was re-ground and re-polished. 

Approximately 0.5mm was removed from each edge, reducing the total width 

of the sample by around 1mm. If an “edge effect crack” is defined as one 

penetrating 0.5mm or less into the sample, a comparison of mean crack density 

values in each layer after ageing with values after polishing (Table 3, 100 hour 

data and Table 5, 0% data, Appendix B) reveal that bundles in at 90° 

orientation contain the most edge effect cracks. The density of cracks in the 

stitch layers reduced after polishing by the greatest amount, while the 90° 

bundles in each layer showed similar values with higher reductions in the 

surface layers. +45° bundles in layers 1 and 2 experienced a small reduction 

which can be expected due to the proximity to the exposed surface. Reduction 

in -45° bundles in all layers and inner layer +45° bundles was small. In some 

bundles a very small increase was recorded – there is a chance that the 

grinding and polishing process could have initiated a small number of new 

cracks in these layers. However, it is more likely that this increase is caused 

by a negligible reduction in cracks and errors in judgement when counting. It 

can therefore be concluded that, in these samples, edge effect cracks are more 

prevalent in surface layers and in 90° bundles. 

As can be seen in Table 2, loading reached a higher strain value for aged 

samples. The limit in available strain levels was due to the capacity of the 

apparatus – a 10kN load cell was used which was not sufficient to achieve high 

strains in the specimens. The fact that aged samples were able to reach a 

higher strain level could be attributed to both the damage already present in 

the layers and also to the reduced width of the samples after re-polishing, 
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which resulted in a smaller cross-sectional area. Due to the increased load 

required to achieve 0.5% strain in pristine specimens, two loading runs stopped 

at approx. 0.44% and did not unload. 

The orientation containing the maximum crack density for layers 1 and 4 is 90° 

in both aged and pristine samples. This is in keeping with the behaviour 

observed after ageing, however after applied mechanical loading the pristine 

samples contained a higher number of cracks in this orientation than those 

that had been aged. A large increase in -45° crack density was observed in 

surface layers after mechanical loading, which was greater than the increase 

due to 100 hours of ageing. The -45° layers appear to be more affected by 

stresses from mechanical loading than those created by ageing (which was free-

standing with no additional loading beyond thermal effects). 

Similarly, inner layer bundles in the -45° direction experienced a larger 

increase in crack density from mechanical loading than ageing. During ageing 

the inner layers are less affected by the high temperature than the outer layers, 

whereas during loading there is less of a discrepancy between the loading in 

surface and internal layers. The -45° bundles repeatedly recorded the lowest 

crack density in each layer after ageing, therefore it is clear that different forms 

of loading (in this case, thermal and mechanical loads) affect the cracking 

behaviour. The pristine stitch bundles contained a higher crack density than 

equivalent bundles for aged samples. In every layer, the pristine 90° bundles 

contained the highest crack density overall. 

For both surface and inner layers, it can be noted that the slope of the increase 

in crack density in pristine samples is higher than for aged samples, when 

starting from the initial crack density before application of any load. This 

indicates that fewer new cracks are forming in the aged specimens. This is 

likely due to the interaction between existing and newer cracks – the damage 

already incurred by ageing could inhibit the progression of cracks. 

Delaminations were observed in aged samples and these, of course, occur 

around bundles instead of through them. It is therefore likely that cracks are 

joining up to delaminations instead of propagating through bundles. Cracks 

will follow the path of least resistance and will simply divert around a bundle 

along a weaker path formed by oxidation. Figure 18 (b) demonstrates this 

effect, as it can be seen that a matrix crack meets an oxidised area around the 

bundle and seems to vanish as it does not continue to propagate straight down 

– it has joined to the delamination. Additionally, thermally-induced cracks may 

be enlarged by loading, providing a path by which to release energy without 

forming newer cracks. By contrast, in the pristine samples there are (generally) 

no areas that are significantly weaker than others. The cracks in these 

specimens follow a path amongst the fibres, most likely along the areas of 

poorest interfacial bonding. It was observed that pristine samples exhibited 

more cracks that extended vertically throughout multiple bundles (Figure 18 

(a)), indicating that the mechanical force was sufficient to force cracks 
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throughout the layer. Ageing generally resulted in cracks within individual 

bundles, this may be in part due to the joining of cracks and delaminations or 

other oxidised areas around fibre bundles, thus keeping cracks from extending. 

It was observed that mechanical testing resulted in a greater number of half-

sized cracks. These were not counted, yet it was interesting to note as half-

cracks generally did not appear during ageing. These mechanically-induced 

cracks could be propagating along the weakest fibre-matrix interfacial areas in 

the bundles and it may be the case that the interface is quite strong, therefore 

higher loads are required to cause the cracks to propagate more quickly. Future 

work could include post-cured samples in an investigation of damage evolution, 

as it would be interesting to see the effect of the post-curing on interfacial 

strength in this regard. 

6.2.2 Stiffness 
It was expected that the initial (pre-loading) elastic modulus of aged samples 

would be lower than that of pristine specimens as a result of thermal damage 

and resin loss. Likewise, it was expected that the stiffness of the specimens 

would decrease with increased loading, mostly due to the increase in crack 

density. The Young’s modulus established in previous work was approx. 

48GPa. The first testing step for the pristine samples provided the undamaged 

modulus of the material. 

The modulus values recorded prior to stepwise testing (shown at 0% strain in 

Figure 19) show that the modulus of the aged samples has indeed decreased after 

ageing (with the exception of sample E1 – this is suspected to be an error in 

testing method, however the data series was retained as subsequent values for 

this sample seem more realistic). Thermal damage evaluation showed that 

crack density, degraded areas and delaminations were all present in the 

samples, which explains the lower value of around 46GPa. A small increase in 

stiffness was observed for these samples after stepwise loading commenced – a 

small increase at low strain values has occurred in other tests, the stiffness 

generally decreases after this initial “settling” period. However due to the 

limitations of the available apparatus, it was not possible to load to a higher 

strain and thus cause the stiffness to reduce as expected. Further tests can be 

done on the relevant samples with a greater load cell in order to complete the 

characterisation. 

Contrary to expectations, the undamaged moduli recorded for individual 

pristine samples were over 50GPa, these values rose while loading could 

continue for these samples. These values are significantly higher than those 

that could be deemed acceptable due to “settling” behaviour, particularly in 

sample E5. Therefore re-testing of pristine samples is recommended before any 

conclusions can be drawn about the stiffness progression of this material. 
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7. Conclusion 
It can be seen that, due to the significant degradation occurring in the samples, 

this material is not suitable for extended use at 350°C. Post-curing does not 

improve the thermal stability and degradation is accelerated by the presence 

of cracks, which increases with ageing time. Bundles at an orientation of 90° 

experience the highest crack densities. Mechanical loading increases the 

number of cracks, however crack formation is hindered in aged samples by the 

presence of delaminations and other damage incurred by the ageing process. 

The stiffness of the laminate decreases after ageing, though the available data 

does not allow conclusions to be drawn about the change in stiffness with 

loading due to limitations in the testing method. 

This material still displays a high tensile modulus and as polyimides are known 

for retaining their properties at high temperatures it can be said that this 

material still has potential for many applications. More work is required to 

establish optimum processing parameters and a suitable environment for the 

composite. 
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8. Future Work 
This project can be seen as a preliminary part of a fuller investigation into this 

material and its variables. Alterations to the material can be made at the 

manufacturing stage, by changing the curing and post-curing profiles. Testing 

a variety of processing parameters can help to determine the optimum 

conditions for maximum thermal stability. Higher temperatures during post-

curing are required to increase the crosslinking density, however it may be that 

a higher temperature during curing could achieve the same result. Alternative 

post-curing profiles should be examined, given that the largest weight loss in 

composite samples was experienced by post-cured specimens. 

For further investigation into the material used in this project, manufactured 

under the same conditions, ageing should be carried out at a variety of 

temperatures. Previous work has aged this material at 288°C (which is 

recommended maximum service temperature of most common PMR-type 

polyimide resins) and observed that it remained stable over 1000 hours, 

therefore there must be a temperature between 288°C and 350°C where 

degradation becomes significant. Ageing for 300 hours in this project provided 

the main conclusions as to material behaviour, therefore this time could be 

adopted for further study as a ‘selection point’ to determine if ageing should 

continue – if the mass loss is high after this time, the material is unsuitable for 

further investigation within the scope of this type of project. Low mass loss at 

the selection point would indicate that the ageing could continue up to 1000 

hours or the next selection point. Using a shorter ageing time allows different 

ageing temperatures to be evaluated more quickly, which is important in any 

investigation to save time and use resources most efficiently. It is expected 

that, for the composite under investigation, the maximum use temperature is 

higher than 288°C though clearly lower than 350°C. 

Additional work for the material aged under the conditions of this project, and 

indeed for any subsequent ageing temperatures, should include more complete 

mechanical characterisation. Tests could be done on samples exposed to 

different ageing times such as 100, 500 and 1000 hours to evaluate the effect 

of increasing time at high temperatures. Compression and flexural tests would 

complement the existing tensile data while interlaminar shear stress (ILSS) 

experiments would be of interest due to the increased number of delaminations 

observed in aged specimens. 
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Appendices 

Appendix A: Equipment List 

Sample Polishing 

 Buehler MetaServe 250 Grinder-Polisher 

 Struers LaboPol-5 

 Kemet liquid diamond 
 

Ageing 

 Nabertherm N11/R (max. 1100°C) 

 Nabertherm N11/H (max. 1280°C) 
 

Weighing 

 Sagitta balance 
 

Microscopy 

 Nikon Eclipse MA200 
 

Tensile Testing 

 Instron 3366, 10kN load cell 
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Appendix B: Tables of Crack Densities 
Table 3 Thermal Damage: Average crack densities and 95% confidence level ranges for each 
bundle orientation in the entire layup as a result of ageing. 

Orientation 

(°) 

Hours 

0 24 48 100 295 

+45 0.419±0.05 0.564±0.06 0.582±0.07 0.733±0.19 0.392±0.13 

-45 0.043±0.02 0.057±0.02 0.094±0.02 0.359±0.11 0.221±0.05 

90 0.444±0.12 0.627±0.17 0.911±0.15 1.369±0.22 1.150±0.22 

0 0 0 0 0 0 

+45 0.038±0.02 0.054±0.02 0.081±0.03 0.327±0.16 0.401±0.08 

-45 0.037±0.02 0.055±0.03 0.080±0.04 0.281±0.15 0.399±0.06 

90 0.390±0.08 0.582±0.14 0.859±0.11 1.341±0.09 1.376±0.15 

0 0 0 0 0 0 

0 0 0 0 0 0 

90 0.387±0.07 0.608±0.11 0.865±0.10 1.378±0.11 1.348±0.15 

-45 0.075±0.03 0.138±0.05 0.146±0.04 0.387±0.09 0.447±0.12 

+45 0.097±0.04 0.132±0.04 0.149±0.04 0.406±0.08 0.576±0.11 

0 0 0 0 0 0 

90 0.405±0.09 0.694±0.14 0.963±0.1 1.410±0.11 1.265±0.20 

-45 0.067±0.02 0.115±0.04 0.146±0.03 0.406±0.11 0.364±0.11 

+45 0.383±0.09 0.505±0.10 0.579±0.09 0.719±0.16 0.412±0.13 

90-stitch 0.092±0.03 0.230±0.09 0.602±0.12 1.175±0.1 1.002±0.20 

 

Table 4 Mechanical Damage, Pristine: Average crack densities and 95% confidence level 
ranges for each bundle orientation in the entire layup as a result of loading. 

Orientation 

(°) 

Strain 

0% 0.4% 0.44% 

+45 0.349±0.1 0.597±0.09 0.871±0.18 

-45 0.059±0.03 0.473±0.23 0.790±0.09 

90 0.435±0.14 1.645±0.27 2.118±0.10 

0 0 0 0 

+45 0.048±0.04 0.118±0.06 0.301±0.09 

-45 0.011±0.02 0.360±0.22 0.946±0.30 

90 0.344±0.07 1.575±0.32 2.124±0.20 

0 0 0 0 

0 0 0 0 

90 0.323±0.11 1.608±0.36 2.054±0.20 

-45 0.038±0.04 0.656±0.23 1.129±0.28 

+45 0.102±0.07 0.290±0.22 0.511±0.28 

0 0 0 0 

90 0.317±0.16 1.548±0.61 2.016±0.54 

-45 0.022±0.01 0.425±0.26 0.823±0.29 

+45 0.290±0.13 0.651±0.33 0.704±0.38 

90-stitch 0.145±0.1 1.048±0.31 1.737±0.42 
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Table 5 Mechanical Damage, Aged: Average crack densities and 95% confidence level ranges 
for each bundle orientation in the entire layup as a result of loading. 

Orientation 

(°) 

Strain 

0% 0.4% 0.5% 0.6% 

+45 0.489±0.13 0.548±0.14 0.731±0.14 0.683±0.20 

-45 0.371±0.15 0.473±0.20 0.737±0.24 0.763±0.20 

90 0.710±0.21 0.876±0.26 1.215±0.33 1.468±0.34 

0 0 0 0 0 

+45 0.333±0.12 0.435±0.21 0.500±0.17 0.511±0.26 

-45 0.231±0.10 0.290±0.13 0.478±0.12 0.661±0.21 

90 0.715±0.09 0.887±0.13 1.194±0.15 1.516±0.18 

0 0 0 0 0 

0 0 0 0 0 

90 0.769±0.16 0.914±0.15 1.269±0.13 1.473±0.19 

-45 0.409±0.14 0.559±0.18 0.688±0.18 0.919±0.22 

+45 0.457±0.15 0.570±0.20 0.667±0.24 0.694±0.21 

0 0 0 0 0 

90 0.731±0.12 0.957±0.11 1.247±0.12 1.484±0.13 

-45 0.296±0.10 0.452±0.09 0.806±0.18 0.780±0.12 

+45 0.425±0.09 0.677±0.16 0.790±0.22 0.796±0.25 

90-stitch 0.452±0.17 0.591±0.23 0.989±0.26 1.237±0.33 

 


