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Abstract 

Wind Turbine blade icing is a serious problem in cold climates, which leads to 

production losses, failure of the blade, ice throw etc. To eliminate production downtime 

associated with icing of wind turbine blades, a structurally integrated, carbon fiber based 

wind turbine blade heating system has been proposed. The de-icing of the blades, where the 

carbon fiber element is heated which results in a temperature gradient across the blade which 

may compromise the structural properties of the material. This is explained by the uneven 

thermal expansion of the different components in the composite (blade) material. Due to the  

micro-cracking in the composite material it leads to deterioration of the material which 

further leads to failure. There is a need to investigate the effects of thermal cycling on the 

structural properties of the composite material.  

The two main parts of this thesis include the thermal cycling of the CF reinforced 

glass epoxy laminate samples and Flexural testing on the thermal cycled samples. Thermal 

cycling is performed on CF reinforced glass epoxy laminate samples with a range of -18 °C 

to 4 °C with a hold time of 10 minutes for each heating/cooling cycle. A set of 6 samples 

were taken for each thermal cycle and ran 0, 50, 100, 200 thermal cycles. Temperatures of 

the samples were recorded using the computer program as well as pictures were taken using a 

thermal camera; from this data it shows that there is a considerable temperature difference 

between the carbon fiber and side thermocouples. To study the effects of this temperature 

gradient on the flexural properties of the laminate, on all the samples three point bending 

tests (following ASTM standards) are performed and examined for any change in the 

properties with the increase in the number of thermal cycles. Test results showed that there is 

very little decrease in the ultimate stress when numbers of thermal cycles were increased 

from 0 to 200; this decrease is not significant to affect or degrade the material properties of 



vii 

the sample. There might be an effect on material properties when thermal cycling is done in 

higher levels with more thermal cycling temperature range.      
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Chapter 1 INTRODUCTION 

1.1 MOTIVATION  

1.1.1 State of art of Wind energy in Cold Climates 

Wind Energy in Cold Climates refers to sites that may experience, either or both, 

significant time or frequency of either icing events or low temperatures outside the 

operational limits of standard wind turbines. Apart from lower energy production, which 

directly influences a wind farm’s cash flow, legal issues, such as ice throw and increased 

noise may reduce production. Additionally, fatigue loading and operation and maintenance 

aspects particular to Wind Energy in Cold Climates need to be considered [8]. Wind farms 

have been installed to cold climate sites since the early nineties; Wind Turbines (WT) 

operating in cold climates are located around the World in Northern and Central Europe, 

Northern and Southern America and Asia (China and Russia). 

Cold climate areas have gained more focus compared to the earlier years as national 

wind energy targets have been raised. Also, increased experience, knowledge, and 

improvements in cold climate technologies have improved the economics of wind projects 

making them competitive with standard wind projects. The current wind generation capacity 

in cold climates is approximately 60 GW in Scandinavia, North America, Europe, and Asia, 

although only a small portion of this wind turbine fleet is designed for icing and low 

temperature conditions. The potential to install new capacity in cold climate areas is vast and 

it is estimated that the capacity will grow more especially in Canada, the northern United 

States, China, and in northern Scandinavia. Worldwide Installed wind capacity including 

Cold Climates estimated for 2012 is 282,587 MW [10, 11]. Table 1 and Figure 1 shows Total 

installed and forecasted wind capacity in Cold Climates [9].  
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Table 1 Total Installed and Forecasted wind capacity in Cold climates 

Cumulative installed capacity by end of 2012 

[MW] 

Forecasted capacity 2013-17  

[MW] 

Low  

temperature 

Light icing: 

safety risk, 

some 
economic 

risk 

Moderate to 

heavy icing: 

economic 
and 

safety risk 

Low  

temperature 

Light icing: 

safety risk, 

some 
economic 

risk 

Moderate to 

heavy icing: 

economic 
and 

safety risk 

18,945 41,079 11,478 20,025 22,083 8,003 

Total 69,000 (*) Total 45,000 – 50,000 

(*)The total capacity is less than the sum of individual capacities because some of the sites have 

both low temperatures and icing conditions. 

 

Figure 1 Installed and Forecasted wind capacity across the World 
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With the above mentioned details we can see that wind energy production is increasing, thus 

many wind energy technologies are being developed for more efficient operation and 

production and these technologies are discussed further in chapter 2.  

1.1.2 Thermal Cycling  

This thesis uses a heat resistance method which is an active de-icing method to melt 

the ice formation on the deve loped Laminate heating system. Carbon fiber is used as a 

heating element where it also gives great stiffness and strength to the WT blade.(discussed in 

chapter 3). This heating system involves thermal cycling of the laminate (WT blade) material.  

N.L. Hancox in his work defines thermal cycling as repeated cycling of the material between two 

temperatures with a sufficient dwell time at either extreme to allow thermal equilibrium to be 

attained. In active de-icing the laminate samples are maintained at 4 °C to melt the ice formation 

on the blade by heating element (CF). Thermal cycling is one of the main aspect of this thesis 

which can greatly influence the outcomes of the results. It is necessary to study if there are 

any possible problems or effects on the system when this method is employed, therefore 

chapter 4 is dedicated to test any change of material properties in the laminates after thermal 

cycling.  

1.2 OBJECTIVES 

With the above mentioned statistics and state of art of the current wind energy 

industry there is a need to develop effective de-icing strategies. Not only developing the 

strategy but also make sure that the de-icing method do not affect the wind turbine system 

(blades, rotor etc.) either structurally or functionally. To accomplish this, in this research an 

active de-icing method is proposed to de-ice wind turbine blade (chapter 3) and flexural 

testing is performed on the blade to see whether the properties are compromised.  
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The first part of this thesis consists of brief literature survey of the wind energy in 

cold climates. The effects and risks of wind turbine blade icing are studied and also several 

mitigation strategies are also discussed along with the advantages and dis-advantages of each 

method. Using Carbon fiber reinforced Fiber glass epoxy laminates as wind turbine blade 

material, a system is designed where in Carbon fiber acts as a heating element and it is placed 

near the surface of the laminate. Heat resistance is chosen as a de-icing strategy to control the 

ice formation on the laminate surface in which the heating element i.e., when carbon fiber is 

heated, it will melt the ice on the surface of the laminate. Thermal cycling is performed on 

the laminates in which the surface temperature of the laminate is maintained at 4 °C in order 

to prevent/melt the ice. 

The second part is Flexural testing of the thermal cycled laminate samples. Thermal 

cycling involves heat- thaw mechanism on the laminate sample. As the co-efficient of 

thermal expansion of the materials in the laminate vary, their expansions also vary. This will 

cause un- even expansion of the entire laminate which results in thermal induced stresses as 

well as micro-cracking phenomena. As the number of thermal cycles increases there is 

expected damage in the in structure. Thus thermal cycling may compromise the structural 

properties of the laminate. Therefore the thermal cycled laminate samples are tested for any 

change in the flexural properties in order to determine the effect of thermal cycling on the 

composite laminate samples.  

1.3 CONTRIBUTIONS AND SIGNIFICANCE 

For extreme icing conditions in cold climate , carbon fiber reinforced laminate 

composite material is used as blade material. Carbon fiber heating element is embedded into 

the surface layer of the laminate to provide heating function to prevent/melt the ice formation 

on the laminate surface. In this thesis, using this strategy the surface of the composite was 
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successfully maintained at 4 °C in all the heating cycles and also maintained -18 °C in all the 

cooling cycles. Total of 20 samples are thermal cycled for 0, 50, 100 and 200 cycles. The 

proposed heat resistance de-icing system is not only an effective method to remove the icing 

on the wind turbine blade system but also gives other benefits like its lightweight structure, 

durability, corrosion resistance and excellent structural properties due to the usage of glass 

fiber, carbon fiber and epoxy in the laminate material. These features are the reason for the 

research and development of the usage of laminates comprised of different light weight fibers 

in the wind energy industry.  

In the heating cycle (of thermal cycling) of the laminate creates a thermal gradient on 

the whole laminate. From literature (chapter 2) it is known that thermal cycling of composites 

results in change/degradation of material properties of the laminate composites. In this thesis 

as thermal cycling is employed as a de-icing strategy, Flexural tests are performed to 

investigate the effect of the thermal cycling on the composite laminates. Three point bending 

tests are performed and investigated for any change in the flexural properties. From results of 

the tests, there are no appreciable effects of thermal cycling on the properties of the laminates; 

only a little decrease in ultimate stress is observed as the number of cycles increase. But it 

cannot be concluded that this little decrease is solely due to thermal cycling, as there can be 

experimental errors and imperfections in laminate. Moreover the changes in other properties 

are very less that makes them barely accountable. From this tests it is shown that Carbon 

fiber heating element embedded in the laminate to perform de-icing operations do not greatly 

effect the structural properties of the laminate and can be implemented in WT blades in cold 

climates. But however further tests with extreme conditions can be conducted to observe any 

degradation of material properties.  
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1.4 ORGANIZATION OF THESIS 

This thesis consists of five chapters and they are organized as follows: 

 Chapter 1 is the Introduction to the topics covered in this thesis .This chapter consists 

of Introduction to the state of art of wind energy in cold climates and Objectives, 

Contribution and significance of this thesis are briefly discussed. 

 Chapter 2 presents literature review on the topic Wind energy in Cold climates which 

is important in order to understand the conditions of the Cold climate places. Later in 

this chapter Effects of ice formation on wind turbine blades are and several mitigation 

strategies are discussed.  

 Chapter 3 details the fabrication of the samples, literature on thermal cycling and 

thermal cycling procedure.  

 Chapter 4 presents the flexural testing of the thermal cycled laminate samples, it 

comprises of possible effects of thermal cycling on flexural properties of the material, 

results from the flexural tests.  

 Chapter 5 includes the discussion of the results and major conclusions from this 

thesis. This chapter also presents the future work that can be done. 
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Chapter 2 WIND ENERGY IN COLD CLIMATES AND 

THERMAL CYCLING EFFECTS ON 

COMPOSITES – LITERATURE REVIEW 

2.1 ICING IN COLD CLIMATES 

2.1.1 What Is Icing? 

Atmospheric icing is the physical process where drifting or falling water droplets, 

rain or wet snow freezes upon a surface exposed to the atmosphere, as defined by The 

International Organization for Standardization (ISO, [1]). It should be noted that the process 

of atmospheric icing is not easy to define, but the widely accepted present definition includes 

the variables air temperature, wind speed, liquid water content and median volume diameter 

of the water droplets.  

Considering offshore wind turbines there are two issues due to ice, sea ice (flows, 

driving ice, land-fast ice) and the presence of atmospheric icing (due to water in the air as in-

cloud operation, rainfall and sea sprays) which may potentially lead to ice formation on 

turbines structures. The presence of sea spray, associated with atmospheric icing, determines 

complex icing phenomena that are highly dependent on the elevation of the turbine rotor over 

the sea level and on the size and type of wind turbine.  

However, ice accretion is not only a function of meteorological parameters, but also a 

function of the properties of the actual object exposed to icing, such as size, shape, 

orientation relative to mean wind direction and flexibility [1]. Icing can occur at temperatures 

below 0°C and when there is humidity in the air. There are also different icing climates, such 

as in-cloud icing, when small water droplets in the cloud impact and freeze on the surface of 

structures, or cold and extreme low temperature icing. It can be said that each site is different 

and requires independent measurements regarding icing and temperature in a similar way as 
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wind requires. Different Ice classes are defined based on their icing risk and the duration of 

icing by International Energy agency (IEA) which is shown in the following table 2.  

Table 2 Ice Class Simplification 

Icing risk Description Corresponding IEA Ice Class  

Moderate to Heavy Icing risk Icing occurs   3 weeks IEA Ice class 3 and above  

Light Icing risk Icing occurs 1-2 weeks 
annually 

IEA Ice class 2 

No Icing risk Icing occurs < 1 week 

annually 

IEA Ice class 1 

 

2.2 BLADE ICING- EFFECTS AND MITIGATION TECHNIQUE 

2.2.1 Effects of Blade Icing  

              During recent years, more and more wind turbines are planned and erected in cold 

and hostile climate sites, there may be higher icing probability during the year. The problem 

of icing accretion on wind turbine blades brings many adverse effects.   Icing can have 

significant effect on wind turbine power production.  

Table 3 Icing and Annual production loss 

IEA Ice Class Meteorological Icing 

% of year 

Instrumental Icing 

% of year 

Production loss 

% of annual 

production 

5 >10 >20 >20 

4 5-10 10-30 10-25 

3 3-5 6-15 3-12 

2 0.5-3 1-9 0.5-5 

1 0-0.5 <1.5 0-0.5 

Table 3 shows annual production losses due to icing corresponding to different IEA 

ice classes [9]. In addition to the decreased power production, icing causes risk of ice throw 



9 

and increases dynamic loading of a wind turbine which might lead to a premature failure of 

turbine components. Ice build-up on wind turbine blades also increases noise levels of 

turbines [5]. When a wind turbine operates in icing conditions the fragments of Ice from the 

rotor are thrown off from the operating turbine due to aerodynamic and centrifugal forces or 

they fall down from the turbine when it is shut down or idling without power production.  

 It depends upon the weather and especially the wind conditions, on the 

instrumentation of the wind turbine’s control system, and on the strategy of the control 

system itself [7]. Ice accretion on rotor blades changes surface roughness and geometric 

dimensions and thus affects their aerodynamic design properties and disrupts the 

aerodynamic balance of iced rotor blades. The blade rotational vibration caused serious 

accidents, resulting in the damage of wind turbine blades and other parts or even the entire 

wind turbine. When the icing event is more severe, torque drops to zero, the turbine stops and 

a complete loss of production ensues. Wind turbines can also stop rotating due to heavy 

vibrations under uneven ice cover. These vibrations can cause chunks of ice to detach and, 

during the accretion–expulsion process vibration intensity can increase, leading to the 

collapse of the wind turbine if it is not stopped. In some cases, when large chunks of ice are 

ejected, the wind turbine must be shut down to protect the other turbines on the farm, as well 

as nearby residents [12]. Ice formation in cold climates can cause serious traffic problems 

and thus the repair and maintenance is an issue, resulting prolonged downtimes. Longer 

downtime periods in wind farm will bring huge economic losses and even lead to bankruptcy 

[4].Additionally Ice formation can also cause troubles in site accessibility and site 

communication. 
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2.2.2 Mitigation Techniques for Blade icing 

Icing mitigation systems result from two main strategies: anti icing and de-icing 

systems. Anti-icing prevents ice to accrete on the object while de-icing removes the ice layer 

from the surface. Both strategies can also be divided into two methods: passive  and active. 

Passive methods take advantage of the physical properties of the blade surface to eliminate or 

prevent ice, while active methods use external systems and require an energy supply that is 

thermal, chemical or pneumatic [2].  Hierarchy Table 4 gives a clear picture of various 

mitigation techniques employed to prevent ice formation on wind turbine blades and will be 

described later in this section. Because of the continuous heating Anti-icing requires much 

more energy than de-icing.  

In theory, the surface temperature of the blade must be kept above 0°C whenever 

there is icing. Moreover, when ice melts on the heated elements, water can run back after the 

element and freeze again. To avoid this, the water must evaporate, which implies for the 

heated element temperature to be at least 100 °C [13]. For de-icing systems, however, the 

power that is required to remove accretions already formed through rapid heating far exceeds 

the power required for anti-icing [14]. Icing identification must be fast to avoid power losses. 

To lower energy consumption, the blade span can be divided in separately controlled sections. 

Because of low relative wind speed and smaller contribution to power production, the first 

two-thirds of the blade is less important to de-ice, and therefore requires less energy. Setting 

up a de-icing system only on the last third of the blade would enable to decrease equipment 

and energy costs while maintaining 90% of the aerodynamic performance of the clean blade 

with only 30% of the length de-iced [12]. The tip, however, must be as clean as possible. The 

use of heating resistance allows a more efficient energy distribution on the blade, which is 

particularly difficult to achieve with a hot air system [15].  
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Table 4 Different Icing Mitigation Techniques  

 

For mechanical systems, a minimal ice layer thickness is required, and thin layers formed 

on the leading edge are harder to remove. It has been proposed to combine a heated element 

on the leading edge with a mechanical system elsewhere [13].  

 Different mitigation Techniques 

 Anti-icing methods 

Special coatings well known as ice-phobic coatings prevent ice from sticking to the 

surface because of their anti-adherent property, while super-hydrophobic coatings do not 

allow water to remain on the surface because of repulsive features [7]. Black paint is one 

more passive anti icing method in which the black paint allows blade heating during daylight 

and is used with an ice phobic coating. This method may be sufficient in sites where icing is 

Mitigation 
Techniques 

Anti Icing  

Passive 
Anti Icing 

Special  
Coating 

Black paint 

chemicals 

Active Anti 
Icing 

Thermal 

Air Layer 

Microwave 

De-icing 

Passive De-
icing 

Flexible 
blades 

Active 
Pitching 

Active De-
icing 

Heating 
Resistance 

Warm air 
and 

Radiator 
Flexible 

Pneumatic 
boots 
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slight, infrequent and where icing periods are followed by temperatures above 0 °C or in 

areas with high winter solar intensity at lower altitudes [19].Most of the time, it is not 

sufficient to prevent icing [14].  

Chemicals when applied on blade surface, chemicals lower the water’s freezing. But the 

main disadvantage of using chemicals is that it is a pollutant, needs special application and a 

lot of maintenance. In Thermal method Heating resistance and warm air can be used in anti-

icing mode to prevent icing. In this method no ice accumulates on the blade. Blade can be 

kept at -5 °C, instead of 0 C, in good condition. This way, 33% of power can be saved which 

represents 2.3 % of winter production [15].But this advantage comes with a price , it needs a 

lot of energy if it is used to prevent run-back at 100 °C , it is close to the softening point of 

some epoxies and resins. The continuous operating temperature should be less than 50 °C 

with current blade materials. Air Layer is another active anti icing system in which an air 

flow originating inside the blade and pushed through rows of small holes near the blades 

leading and trailing edges in order to generate a layer of clean and , if necessary, heated air, 

directly around the blade surface. The majority of water droplets in the air would deflect and 

some of them would melt that managed to hit the surface [2]. But there is a limited 

knowledge available on this system as of now and further details are needed.  Microwave 

method consists of heating the blades material with microwaves to prevent ice formation. The 

blade surface temperature is maintained slightly above 0 °C to save some energy that will be 

utilized for defrosting. But this method has yet to be successfully implemented [15]. 

 De-icing methods  

Flexible blades comes under passive de-icing system in which blades are flexible 

enough to crack the ice loose and blade flexing helps to shed the ice, but there is a little 

information known about this method [2]. Another passive de-icing method is Active 
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pitching in which the iced blades are oriented into the sun using start/stop cycles. This works 

in slight icing environments but not scientifically verified and may also damage wind 

turbines. Heating resistance method is an Active de-icing system, it consists of a heating 

element embedded inside the membrane or laminated on the surface [14]. When the electrical 

heating element is under operation, a water film between the ice and the surface is created, 

and then the centrifugal forces will throw the ice away [3]. Heating elements can be heating 

wire or carbon fibres and the heating element will cover the leading edge area of the blade. 

The main operation is based on the surface temperature of the blade, additional temperature 

sensors are installed to prevent from damage by overheating. The estimated heating power to 

keep the total blade area rime and ice free from the most recent results is found to be about 

0.5 kW/m, which represents 5 % of the wind turbine rated power [21].When a system of 

15kW per blade has been used for a 600kW wind turbine, it is 1-4 % of annual production, 

varied with climate conditions [14]. Another two systems are installed in which , 1.8MW 

turbine needed 82 kW i.e 14%  of power output [15] and 3.4kW needed for system of 150kW 

turbine[23].Heating demand is almost linearly dependent on the temperature difference 

between the air and the blade surface[21]. Peltola et al found that after the icing event has 

passed, the minimum time to keep the heating on is 15-30 min. Mayer et al stated that more 

energy is needed to de-ice the tip’s leading edge than the hubs’ i.e. 3.5 to 3.9 times 

more .Also more energy is needed to de-ice the tip’s trailing edge than the hub’s i.e.2.6 to 2.9 

times more and to de-ice the lower surface rather than the upper i.e., 1.3 to 1.5 times more.  

The advantages of the above described Heat resistance method is that they have been 

successfully implemented in the wind industry since 1990 [2]. JE Finnish is the most used 

and is installed on 18 wind turbines [18][17] during rime accretion, the heating energy 

needed is quite small which profits wind energy production. Except in the case of super 

cooled rain heating power seems to be adequate, thermal efficiency is close to 100% because 
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of direct heating and also energy demand does not increase with blade size[23].The 

disadvantage is that many commercially available but are not mass produced[2]. If one heater 

fails, it will cause major imbalance on the whole system. Peltola et al said that under extreme 

icing conditions it is found that blade heating power is not sufficient.  Icing of the run-back 

water at the edges of the heating elements occurs quite often. When the running water from 

the heating element area reaches a cold blade surface, it re-freezes and forms a barrier at the 

edges of the heating element. The edge barriers may grow towards the leading edge as “horns” 

without a contact with the heating element. This could explain why in some blade icing cases, 

the thermostat of the ice prevention system indicates a temperature higher than 0 °C on the 

surface of the heating element during icing [22]. Heating elements can attract lightning but 

lightning protection is efficient and no damage was detected in the ice prevention system 

studied by Marjaniemi et al.  

Warm air and radiator method consists of blowing warm air into the rotor blade at 

standstill with special tubes which will form a water film between the accumulated ice and 

the surface of the blade [16] .Another active de-icing method is Flexible Pneumatic boots is 

in which the boots inflate to break the ice.  Initially the boots are flat and as the ice accretion 

occurs they are inflated with compressed air. Electro impulsive/expulsive method consists of 

very rapid electromagnetically induced vibrat ion pulses in cycles that flex a metal abrasion 

shield and crack the ice [2]. A spiral coil is placed near the surface of the profile. When 

current is applied to the coil, a magnetic field is created between the coil and the thickness of 

the profile. The result is a rapid movement of the surface and the expulsion of the 

accumulated ice.  
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2.3 THERMAL CYCLING EFFECTS ON COMPOSITES  

Thermo-mechanical fatigue occurs in a material when it is subjected to thermal 

cycling as well as subjected to mechanical loading. This can occur in WT blades when de-

icing techniques are employed (used in this thesis) to remove ice formation (mechanical 

loading) on the blades. Traditionally WT blades are built with different types of metal alloys 

but as technology and demand increases; there is need for high performance lightweight 

materials. This can be achieved by using fiber reinforced polymer matrix composites.  Studies 

have shown that thermal cycling can induce damage that can affect both the mechanical 

properties and thermal expansion behavior of the composite laminates. Several research data 

shows that cold temperature and thermal cycling mainly affect matrix and matrix dominated 

properties. However the changes in the properties will not be the same for different matrix-

reinforcement combinations and different laminate ply stacking sequences [37]. 

Composite materials can experience several different forms of damage including: 

matrix microcracking, fiber pull-out, fiber-matrix debonding, and fiber breakage etc. Since in 

current study, as the composite laminates are tested for flexural properties (which are matrix 

dominated properties), matrix microcracking, fiber matrix debonding  is studied further in 

this section. The first form of damage in laminates is usually matrix microcracking. If a given 

design cannot tolerate microcracking-induced degradation in properties, then the formation of 

microcracking constitutes failure of the design. A secondary effect of microcracking is that 

they nucleate other forms of damage. For example, microcracking can induce free edge 

delaminations, matrix-crack-tip induced delaminations, creep, resin embitterment, fiber-

matrix debonding, oxidation of matrix material, fiber breaks, or provide pathways for entry of 

corrosive liquids. Such damage modes ma y subsequently lead to laminate failure [33]. The 

formation of first micro crack is called micro crack initiation. Prior research shows that there 
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is significant effect of 90 degree ply thickness on the strain to initiate microcracking, the 

initial micro crack propagates through the cross section area of the 90 degree ply and as the 

thickness of the ply decreases microcracks are suppressed, laminate fails even before micro 

cracking initiates [34]. After the microcrack initiation, when additional load is applied on the 

laminate, additional micro cracks appear and their density increases rapidly over time. 

 D.L.Hiemstra and N.R. Sottos in their findings showed that thermally induced 

microcracks are most likely to occur in a cluster of fibers under normal processing conditions, 

the interphase can be tailored to reduce the local stress state and reduce the initiation of 

microcracks in the composite. The effect of fiber modulus on thermal cycling induced 

microcracking behavior and the effect on laminate CTE were investigated for quasi-isotropic 

laminates by Knouff et al.  The materials were cycled upto 500 times between -250 °F to + 

250 °F. Laminate CTE decreased as a function of number of thermal cycles.  From the 

previous work done at University of Houston ( Christ iana 2013) it was observed that when 

thermal cycling was done on CF reinforced glass epoxy composite laminates from -20 °C to 

4 °C upto 100 cycles there is no significant change in the tensile strength of the samples. 

However tensile properties are fiber dominant properties, since thermal cycling effects the 

matrix and flexural properties are matrix dominated properties, in this thesis flexural tests are 

carried out to identify any effects of thermal cycling.  

2.4 SUMMARY OF LITERATURE 

Wind turbines in cold climates are exposed to extreme icing conditions which will 

affect the wind turbine in several ways. The main threat is the blade icing which may lead 

potential structural failure due to aerodynamic imbalances. There are also safety issues like 

ice throw from the wind turbine blades, which is a serious problem to nearby human habitat 

and also makes it difficult to handle any repair/operations. Over time several ice mitigation 
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strategies have been developed and some are still under budding stage each strategy having 

its own advantages and dis advantages.  

But the Research continues to find an efficient way to handle the ice formation in 

cold climates in order to increase the production rate without compromising the structural 

properties of the turbine blades. Commercially produced anti-icing or de-icing systems have 

not yet been proven reliable and there have been reports on damage of prototype heating 

systems. Therefore, some manufacturers prefer using special coatings of the blade's surface 

instead of heating systems [7].Significant thermal and residual stresses can develop in 

advanced composites because of large differences in thermal expansion coefficients between 

fiber and the matrix; these micro-stresses may be large enough, even in the absence of 

applied loads, to cause material damage such as matrix microcracking. Matrix microcracking 

can affect/alter properties such as strength, stiffness and dimensional stability depending on 

the material type and laminate lay-up. Micro-cracks act as sites for environmental 

degradation as well as for nucleation for macrocracks [36]. Thus microcracks can ultimately 

lead to material degradation and reduced performance; which shows that there is a need to 

investigate material properties after thermal cycling of laminates. 
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Chapter 3 FABRICATION OF CARBON FIBER  REINFORCED 

GLASS EPOXY LAMINATES AND THEIR 

THERMAL CYCLING 

3.1 MATERIALS USED IN LAMINATE SAMPLES. 

3.1.1 Carbon fiber in Wind turbine blades. 

As mentioned earlier in the Introduction of this thesis, Carbon fiber is chosen as a 

heating element. Wind turbine blades is getting larger with growing wind energy market, it 

makes sense to use Carbon fiber in the blade to reduce the weight .The stiffness and weight 

advantages of carbon fiber are more desirable and cost effective in large wind turbine  blades. 

Also the high stiffness of carbon reduces blade deflection, allowing a larger tower diameter 

for a given blade-to-tower clearance. Lighter, stiffer blades can substantially reduce total 

system cost. Carbon is added in the spar cap which is the backbone of the blade which is 

shown in figure 2[25], the remaining of the blade is fiberglass; taking advantage of carbon 

only where necessary.  

 

Figure 2 Use of Carbon fiber in Spar cap of the wind turbine blade  
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Thus the higher stiffness and strength can allow the use of thinner and more 

aerodynamically efficient profiles. Carbon Fiber demand in 2004 is 500 to 1,000 ton range. 

European and U.S. studies estimate that use of carbon fiber 32- 38% reductions in mass and 

14-16% decrease in blade cost. Use of carbon fiber in the spar cap also reduced substantial 

tip deflections under load Because of trend toward larger turbines, growth of Carbon fiber 

demand should be substantially larger than overall wind market [26]. 

3.1.2 Carbon fiber reinforced fiber glass  laminates 

Fiber Glass is a composite material that is comprised of two (or more) materials when 

mixed together, typically fiberglass consists of a matrix of glass fiber, saturated with a 

polymer resin. The glass fiber has good tensile strength, but is flexible (like cloth). The resin 

locks the glass fibers in place, to keep them rigid. The end result is a strong, relatively 

lightweight compound that is resistant to moisture and chemicals.  Glass fibers fall into two 

categories, low-cost general-purpose fibers and premium special-purpose fibers.  

Table 5 Different letter designation for glass fiber and their characteristics 

No Letter Designation Property or Characteristic 

1 E, electrical Low electrical conductivity 

2 S, strength High Strength 

3 C, chemical High chemical durability 

4 M,modulus High stiffness 

5 A,alkali High alkali or soda lime glass  

6 D, dielectric  Low dielectric constant 

Over 90% of all glass fibers are general- purpose products. These fibers are known by the 

designation E-glass and are subject to ASTM specifications .The remaining glass fibers are 

premium special-purpose products. Many, like E-glass, have letter designations implying 



20 

special properties. Some have trade names, but not all are subject to ASTM specifications. 

Table 5 shows the letter designation and characteristics of different type of glass fibers. In 

this thesis, Woven roven glass fiber is used in the laminate making. It is produced by 

weaving fiberglass rovings into a fabric form .This yields a coarse product that is used in 

many hand lay-up and panel molding processes to produce FRPs. 

The incorporation of Carbon fibers into glasses to produce high strength, tough 

composite materials was demonstrated years ago in UK and then continued in US. The 

unique combination of properties demonstrated by Carbon/Glass composites i.e. high 

strength and stiffness, excellent toughness, low density, dimensional stability, excellent 

tribological characteristics, high impact resistance, environmental stability makes them likely 

candidates for structural based applications [24]. 

 

Figure 3 Use of Composites in Wind turbine blade manufacturing  
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Figure 3 shows picture of Glass fiber &  Carbon fiber usage in manufacturing of wind 

turbine blade. Glass fiber reinforced plastics are a class of relatively cheap materials with 

good static and fatigue properties. Almost all the wind turbine rotor blade manufacturers use 

GFRP to build the structural elements of the blades. Estimated fiber glass usage Over 110 

million kg (120,000 metric tons) finished fiberglass structure [26].  

Typical properties of the three materials carbon fiber, epoxy resin and carbon fiber are 

tabulated in the table 6.  

Table 6 Mechanical properties of the materials used in the composite 

Material Youngs modulus Co-efficient of thermal 

expansion 

Epoxy Resin 17 Gpa 74.7 µm/m-K 

Glass fiber 80 Gpa 5.3 µm/m-K 

Carbon fiber 234 Gpa -0.600 µm/m-K 

 

3.2 COMPOSITE LAMINATE SAMPLE FABRICATION. 

Fiber glass is composed of woven roven (standard E –glass) glass fabric and epoxy 

resin and prepared by the hand lay-up process. Epoxy mixture is prepared by mixing the 

epoxy resin and hardener in the ration of 3:1(by volume). Woven roven Glass fabric were cut 

in the size of 27-in×18-in . For each sample, five layers of glass fabric and carbon fiber of 1 

inch is used along with epoxy mixture. Epoxy mixture and glass fabric are layered one after 

other and carbon fiber is placed beneath the surface glass fabric layer to serve the purpose as 

a heating element for the surface. Four thermocouples are embedded at four different 

locations in order to monitor the temperatures at the time of thermal cycling.  

http://www.matweb.com/tools/unitconverter.aspx?fromID=5&fromValue=-0.600
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One thermocouple at carbon fiber, other one on the far edge of the sample (side 

thermocouple), and another at the opposite side of the surface thermocouple right under the 

carbon fiber and the last one is placed near the surface of the sample. 

 

Figure 4 Picture of composite sample 

 

 

Figure 5 Schematic of the composite sample  top view (left), side view (right) 
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After the hand lay up of the glass fabric, epoxy resin , carbon fiber and thermocouples, the 

sample is vacuum bagged at 22 Hg vacuum pressure for a time of 24 hours and later allowed 

to air cure for a day before cutting the samples. Once curing is done 27-in×16-in sample is 

cut into nine 3-in×16-in samples (see figure 4). A schematic and positions of the 

thermocouples are shown in figure 5. These samples are neatly cleaned and thermal cycled in 

the freezer.   

3.3 THERMAL CYCLING OF THE SAMPLES.  

First it is important to know what is thermal cycling i.e. complete cycle of heating 

and cooling the sample and hold for given amount of time at the hot and cold temperatures. 

Hot and cold temperatures, number of thermal cycles, hold time for both heating/cooling 

cycles are given as inputs in the computer program.  

 

Figure 6 Experimental setup for thermal cycling  

Computer is connected to Data acquisition system (DAQ) and DAQ is connected to relay. 

Fabricated samples are connected to power supply, computer, relay and placed in a freezer to 

Laminate 

samples in the 

freezer 

DAQ 



24 

perform the thermal cycling (figure 6).DAQ acquires the temperature from the samples, 

while relay controls the on-off controller in the computer program.  

One thermal cycle in this thesis is “to maintain cool temperature (-18 °C) for ten 

minutes and then heat the sample (to 4 °C) and maintain at hot temperature for ten minutes”. 

0, 50, 100, 200 number of thermal cycles are performed on a set of 6 samples for each 

number of thermal cycle. The controller in the computer program maintains the temperature  

of the surface of the composite sample at 4 °C for the entire heat cycle and maintains -18 °C  

for the entire cool cycle. At a time only 2 samples can be thermal cycled, a Voltage (v) of 12 

V and Current (I) 3 Amps is given to the 2 samples. Thermal cycling is performed on set of 

samples for 0, 50, 100, 200 cycles wherein each set consis ts of 6 samples.  

 

3.4 RESULTS AND DISCUSSION 

This section of the chapter presents results from the thermal cycling of the composite 

laminates. Data from the computer program, i.e., on-off controller and DAQ acquires 

temperatures from the thermocouples of the samples. Also infrared images are taken by using 

thermal camera (see figure 9) in order to capture the temperatures around the carbon fiber 

heating element and the rest of the sample .The temperature of the carbon fiber is always 

more than the other three (surface, side, bottom) temperatures because it is the heating 

element which is the source of heat to the other locations. Bottom temperature will be slightly 

less than carbon fiber, most of the cases it is pretty close to the value of the carbon fiber as it 

is located below the carbon fiber with layers of fiber glass in between. . With the help of the 

On-Off Controller the temperature of the surface is maintained at 4 °C throughout the heating 

cycle. Side temperature is always lower than the three (surface, bottom, Carbon fiber) 

temperatures when in heating cycle (figure 7) and this is because as it is located away from  
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Figure 7 Temperatures of the 4 thermocouples in the laminate sample  in the first five     

thermal cycles 

the carbon fiber In all the cooling cycles , temperatures of Carbon fiber, bottom, surface, side 

are maintained at -18 °C .In the figure 12 we can see in the cooling cycle that there is no 

straight line at -18 °C but instead it drops around -22 °C , this is because of the temperature 

of freezer. 

 

Figure 8  Temperature difference between Carbon fiber and Side thermocouples 
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It is found that there is a significant temperature difference between the carbon fiber and side 

temperatures. This may be due to the low electric properties of the fiberglass that is present  

between the carbon fiber and the side thermocouples. Therefore when in heating cycle this 

 

Figure 9 Infrared images showing the temperatures of samples 

temperature difference results in uneven expansion of the carbon fiber and fiber glass thus 

affecting the matrix of the laminate. From figure 8 we can see that the temperature of the 

carbon fiber is around 7 °C and side temperature is -13 °C, difference is about 20 °C which is 

a considerable amount. This difference can also be seen in the thermal images presented.  In 

figure 9 the images a, b, c are the thermal images of the two samples in the freezer when they 

are in heating cycle, one can see the minimum and maximum temperatures on the scale (right 

side of the image).Image d is the thermal image of single sample ,image e shows thermal 

capture of the 2 samples where one is in heating cycle other in cooling cycle. Image f is 

showing the two samples when they are cooling cycle. As seen from the above results of 

thermal cycling, it was observed that there is a temperature difference across (along w idth) 
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the laminate sample. Due to this temperature difference it is expected that there may be a 

chance that it can affect the flexural properties of the laminate samples.  Therefore after the 

thermal cycling is performed on the samples, they are tested for any change in the flexural 

properties of the samples which is detailed in the next chapter.  
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Chapter 4 THERMAL CYCLING EFFECTS ON FLEXURAL 

PROPERTIES OF CARBON FIBER REINFORCED 

LAMINATE COMPOSITES 

4.1 INTRODUCTION 

The embedded Carbon fiber into the composite blade sample acts as a heating 

element and prevents/removes the ice formation on the surface of the blade, also gives 

strength to the composite blade. Carbon fiber in the composite occupies significant area, thus 

the repetitive heating and cooling of the carbon fiber may have some adverse effects on the 

structural properties of the blade material. From previous chapter it has been observed that 

there is considerable thermal gradient across the width of the composite sample.   Thus there 

is a great need to observe the effects of thermal cycling on the mechanical properties of the 

material. So this chapter focuses on finding the effects of the thermal cycling on the flexural 

properties of the composite sample. At first in this chapter a brief literat ure review is 

discussed and next sample preparation, details of the flexural testing are presented. Later the 

results of the flexural testing are discussed followed by the conclusion.  

4.2 LITERATURE REVIEW OF THERMAL EFFECTS ON LAMINATE 

COMPOSITE MECHANICAL PROPERTIES 

Thermal cycling arises due to the heterogeneous nature of composites and the 

different (sometimes very different) coefficients of thermal expansion if the components. 

N.L. Hancox reported that thermal cycling (of carbon fiber composites) with thermal 

gradient of 100 °C the damage is mainly matrix cracking resulting in reduced flexural and 

transverse properties. Thermal stresses are induced due to the anisotropic character of the 

composite material. When composite laminates are subjected to variations of temperature, 

local stresses appear due to the difference in the values of the coefficients of thermal 
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expansion (CTE) between fibers and matrix on one hand and between plies of different 

orientations in other hand Thermal cycling causes also micro-cracking of the matrix in 

the composite material due to the prevented thermal expansion of the plies in the 

composite [29].  

During preliminary thermal cycling studies of G.A Owens and S.E Schofield they 

saw the appearance of micro cracks with in the laminate which caused concern and 

further evaluation was done and  it was found that there is significant decrease in matrix-

dominated properties and reduced life at elevated temperatures after 1000 thermal cycles 

between -55 °C and 230 °C. They also found that the total number of microcracks, the 

microcrack distribution throughout the laminate thickness is a function of number of 

thermal cycles. It was also observed that there are more number of micro cracks in the 

inner plies(not exposed to air)  than in outer plies , this may be due to two possibilities 

one is different cooling rates of the plies and second is different stress-state of the plies 

cooling rates of the plies and second is different stress-state of the plies (free surface of 

the outer plies). Also it is clear that isothermal ageing can readily produce inner ply 

cracking which is accelerated by thermal cycling [30].  

The medium where microcracks are induced by thermal or mechanical cycling, is 

the polymer matrix. Also Epoxies are more rigid and brittle than thermoplastic matrices, 

their characteristics of crack formation is different. Epoxy resins tend to a higher crack 

density at thermal or mechanical cycling; transverse crack formation predominates 

[31].The next sections of the chapter presents the flexural tests conducted to investigate 

the effect of thermal cycling on the flexural properties of composite material.  
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4.3 FLEXURAL TESTING  

The thermal cycled composite laminate samples are cut on either ends of the sample 

in order to remove the embedded thermocouples as their presence may effect the mechanical 

properties. ASTM standard D7264 “Standard test method for Flexural Properties of Polymer 

Matrix Composite Materials” [32] is followed as closely as possible for performing the 

flexural tests. Samples were cut into 1 inch and 2 inch wide samples in order to observe if the 

fiberglass around the carbon fiber (across the width) would make any change in the flexural 

properties.                 

 

Figure 10 Sample in the flexural testing machine 
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Also 2 samples (1inch and 2 inch) GF epoxy laminate samples (without CF) are also 

tested for flexural strength. For all the tests a span length of 140 mm and span to depth ratio 

of 60:1 is used. The speed of testing, i.e. loading rate used is 0.05 in/min. Three point 

bending test is performed on the laminate samples using Instron 6959 material testing 

machine. A picture of the laminate specimens are shown in the figure 11. 

 

Figure 11 2 inch (left) and 1 inch (right) wide samples used for flexural testing. 

4.4 RESULTS  

For the flexural tests a set of three 2 inch wide samples and a set of three 1 inch wide 

samples are taken. A total of 6 samples were tested for each number of thermal cycle s that 

making an entire total of 24 samples. The samples are tested till it reaches failure in bending; 

all the samples failed instantaneously indicating a brittle failure (as both fiber glass and 

carbon fiber are brittle in nature). Figure12 show the deta ils of the fractured sample on both 

compression and tension side of the sample. We can also see the ply debonding in the picture  
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Figure 12 Fractured sample , compression side (left) tension side (right) 

 

Figure 13 Picture of the of the fractured specimen showing ply debonding  

 



33 

 

showing the thickness side of the sample(figure 13). In all the samples similar fracture 

surfaces are observed. Photos are captured from the microscope from observ ing the fractured 

surface of the samples. From those pictures (figure 14) it can be seen the brittle fracture of     

 

Figure 14 Microscope pictures on the surface of fractured specimen 

the specimen by observing the broken CF and Fiberglass epoxy. Also broken area around the 

air voids can be observed in the top right picture in the figure 14 which tells that failure can 

occur at air voids (being the weak part in the laminate).   



34 

 

Figure 15 Ultimate load Vs Number of Thermal Cycles. 

From the figure 15 showing the graph of ultimate load vs number of thermal cycles, it 

is observed that there 2 inch samples took more load than 1 inch samples, this is due to the 

reason that 2 inch samples are bigger than 1 inch samples. But however, all samples (1 inch 

and 2 inch compared separately) took almost same amount of load as the number of thermal 

cycles increased. This shows that as the number of thermal cycles increased from 0 to 200 it 

did not have much effect in Ultimate strength of the samples. But further investigation is 

necessary to check whether there can be a decrease in the ultimate strength as thermal cycles 

are increased beyond 200. Stress-strain curves of the samples are plotted and presented next. 

to avoid the confusion all 1 inch and 2 inch samples are plotted separately and compared; 

because large amount of data in one graph will not be clear to evaluate the results and to draw 

any conclusions 
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Figure 16 Stress vs Strain curves for all 1 inch wide samples 

Figures 16 and 17 shows the stress–strain graph for all 1 inch and 2 inch wide 

samples plotted from flexural tests. In each graph we can find three curves for each number 

of cycle and also stress- strain curve for GF epoxy (without CF) is also plotted. All the 

samples showed mostly linear elastic behavior and as they reach near to failure, they showed 

little non-linearity followed by abrupt failure. Also one can see some dips in the stress-strain 

curves before failure, at those dips the cracks began in the sample and as load increased 

sample reached failure. The author could relate the cracks and dips by the breaking sounds 

while performing the flexural tests. Some of the small dips are lost while data is smoothened 

out. We can observe that the range of the stress for all 1 inch samples is 700 Mpa to 579 Mpa 
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and for 2 inch samples is 580 Mpa to 462 Mpa. Also both the GF-epoxy laminate samples 

showed an Ultimate stress around 460 Mpa whic h is lowest of all the samples which is 

obvious as it lacks the CF reinforcement.  

 

Figure 17 Stress vs Strain curves for all 2 inch wide samples 

As we can see from figures 16, 17 it is cumber some due to large amount of data 

present in a single graph, to have a clear trend of the data, several plots have been plotted. 

Ultimate Stress Vs number thermal of cycles, Fracture strain vs number of thermal cycles, 

and flexural modulus vs number thermal of cycles are presented next.  
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Figure 18 Ultimate stress vs Number of thermal cycles 

From the graph(figure 18) of Ultimate stress vs Number of thermal cycles, one can see the 

trend in the slight decrease in the Ultimate stress as the number of cycles increase. For 1 inch 

wide samples it is found to have more ultimate stress than the 2 inch wide samples. This is 

due to the change in width of the samples, as 2 inch wide samples have more fiberglass 

epoxy volume with respect to 1 inch wide samples. From the plotted results of ultimate 

Stress, considering all the values it can be said that decrease is very little.For 1 inch samples 

the average Ultimate stress is calculated to be 622 Mpa and for 2 inch sample it is 512 Mpa; 

the data (Ultimate stress) of all the samples fall within -8 % to + 13 % of the average ultimate 

stress.This change being insignificant, we can say that from increase of cycles from 0 to 200 

didn’t affect the Ultimate stress of the samples.  
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Figure 19 Fracture Strain Vs Number of Thermal Cycles 

Figure 19 shows the graph of fracture strain vs number of thermal cycles, in which 

we can observe 2 inch samples had little more fracture strain than 1 inch samples , this might 

be due to change in the width of the samples. It is also observed that there is no considerable 

decrease in fracture strain as number of thermal cycles increased from 0 to 200. All samples 

failed at really low fracture strain, for 1 inch samples the average fracture strain is calculated 

to be 1.9% and for 2 inch samples it is 2%, this can be attributed to the brittle nature of the 

material. Further studies have to be done in order to estimate the trend of fracture strain 

behavior with respect to number of cycles.  
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As there is no appreciable change in both Flexural stress and strain it is predictable 

that the Flexural modulus also doesn’t vary significantly as the number of thermal cycles 

increased. Flexural modulus is calculated using the slope of the linear portion of the stress-

strain curves of the respective samples.  

Figure 20 shows the plot between Flexural modulus and number of thermal cycles. 

The average flexural modulus of 1 inch samples is about 38.3 Gpa and for 2 inch samples it 

is about 31.2 Gpa , the decrease in the flexural modulus value from 1 inch to 2 inch can be 

explained by the presence of CF in the samples. Though both 1 inch and 2 inch wide samples 

have CF in them but the % of volume it occupies varies because of the change in t he width.  

 

Figure 20 Flexural modulus vs Number of thermal cycles 
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Table 7 Tabulated results for 1 inch wide samples 

Mechanical property 0 cycles 50 cycles 100 cycles 200 cycles GF-Epoxy 

Ultimate load (lbf) 78.32 83.8 88.4 74.54 49.2 

Ultimate stress (Mpa) 631 652 619 584 476.5 

Fracture strain 0.0210 0.0187 0.0199 0.0170 0.0175 

Flexural modulus (Gpa) 36.54 40.928 35.63 40.11 33.8 

 

Table 8 Tabulated results for 2 inch wide samples 

Mechanical property 0 cycles 50 cycles 100 cycles 200 cycles GF-Epoxy 

Ultimate load(lbf) 130.84 131.24 118.026 143.596 86.11 

Ultimate stress(Mpa) 549.14 498.39 489.06 514.31 462 

Fracture strain 0.0225 0.0193 0.0177 0.0219 0.0156 

Flexural modulus(GPa) 30.504 31.868 33.0279 29.402 35.6 

 The average values of Ultimate load , Ultimate stress, Fracture strain and Flexural 

modulus are calculated for both 1 inch wide and 2 inch wide samples. These average values 

are tabulated ans shown in tables 7 and 8, values for GF epoxy samples are also included in 

the tables.  
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4.5 DISCUSSION 

From the above results from the flexural tests it is found that there is no considerable 

change in properties like fracture strength, fracture stress, fracture strain and flexural 

modulus of the composite laminates as the number of thermal cycles are increased from 0 to 

200.The little change noticed can be due to various reasons. One should keep in mind that the 

samples are prepared by the hand lay-up methods in which to maintain uniformity in 

composition and dimensions(thickness) in all the samples is not possible, also all the samples 

are prepared in different batches. Thus the variations in composition, dimensions can be one 

reason for the slight changes in the properties. Another reason could be the air gaps (voids) 

present in the samples , this could also affect the properties especially induces more cracks 

and cause the material to fail earlier than expected. However efforts are given to minimize 

these defects and to maintain uniformity in the sample while preparing the sample.  

It is seen that samples mostly exhibited linearity in stress-strain behavior but showed 

some non-linear behavior before failure, this can be due to the deformation of the fiberglass 

epoxy matrix with increasing load. From the above experimental results it is good to see that 

materials properties of the CF reinforced glass epoxy laminates didn’t affect much. As 

mentioned earlier in chapter 2, according to IEA , a nnually in an average cold climate area 

light icing events takes place less than a week, moderate icing events takes place  1-2 weeks 

annually and heavy icing events takes place upto 3 weeks or more. As in this thesis 200 

thermal cycles are run, which corresponds to almost 40 years of light icing events, 14 years 

of moderating icing events and 10 years of heavy icing events. In most of the places only 

light icing takes place throughout the year whereas in some places a combination of different 

icing events can take place. Even then the proposed CF reinforced glass fiber epoxy laminate 

do not lose it structural integrity by thermal cycling for a reasonable period of 10 years 
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considering heavy icing events. Although the design life of wind turbines is generally 20 

years, an records of real world maintenance of wind turbines concluded that the actual 

average operation life of current technology wind turbine blades is only 6-10 years [38][39] 

.Thus the de-icing method employed in this thesis by using Carbon Fiber as heating element 

can be employed in WT blade structures in cold climate areas.  

In this chapter, flexural properties of the CF reinforced glass fiber epoxy laminates 

which were thermal cycled for 0, 50,100,200 cycles. After examining the flexural properties 

it is observed that there is no significant change in the material properties with the increase in 

number of cycles. But however the this insignificant change might be increased when the 

samples are ran for more number of thermal cycles or high therma l cycling ranges and can 

affect the structural properties of the laminates.  
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Chapter 5 CONCLUSIONS AND FUTURE WORK 

This thesis consists mainly two parts of experimental work, one is thermal cycling 

of the CF reinforced glass fiber epoxy laminate samples and second is to conduct flexural 

tests to investigate the effect of thermal cycling on flexural properties.A set of 6 samples 

for each thermal cycles, a total of 24 samples are thermal cycled from 0, 50, 100 and 200 

cycles. From the thermal cycling results, it has been verified that there is a temperature 

gradient over the entire sample when the CF heating element is heated in thermal cycling 

process. Literature shows that temperature gradient of the composite laminates can cause 

micro-cracking of the matrix which can lead to failure of the laminate. Thus it is been 

proposed to conduct flexural tests on the thermal cycled samples to investigate any 

change or degradation in material properties.  

Following the ASTM standards as closely as possible, all the samples are tested 

for flexural properties. From the results of tests which are discussed in the above section , 

it is concluded that the little change observed in the flexural properties like Ultimate 

Stress, Flexural modulus is not significant to alter the mechanical properties of the 

material. Based on the above discussion, it is found that there can be a possible 

detrimental effect on the carbon fiber reinforced fiber glass laminate when thermal 

cycling is done at a higher level i.e. more number of thermal cycles. 

Current hand layup technique employed in this thesis to prepare laminate is not so 

perfect to completely avoid any imperfections. Possible future work can be to implement 

efficient hand layup technique of the laminate preparation to avoid imperfections, voids 

and to maintain uniformity in the material. Another future work can be performing 

thermal cycling to a greater extent i.e., to increase the number of thermal cycles from 200. 
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But in realistic situations with the current equipment present in laboratory it takes a lot of 

time to perform increased number of thermal cycles. Thus a time efficient method has to 

be employed to accelerate the process of thermal cycling of the laminates. Also 

temperature range maintained in this thesis is only from -18 °C to 4 °C, this temperature 

range can be increased so as to study the effects of high temperature ranges in thermal 

cycling on the laminates. Additional to this FEM modeling of the thermal cycling and 

flexural tests can also be performed to verify the results from experimental data. SEM or 

any other powerful microscopes can be used to study the matrix of the laminate to 

identify the micro-cracks and other important visual data which can help in understanding 

the failure of the laminate. 
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