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1. Introduction, objective 

One of the main challenges in modern product development is to reduce the 

weight of the designed structure while maximizing the load-bearing capacity. 

Engineers use fiber reinforced composite materials more and more widely as they are 

recognized for their advantageous properties, such as stiffness that can be adapted to 

specific loads, good chemical resistance and good mechanical properties at low 

density. Polymer composites can be used to build larger or lighter load-bearing 

structures economically than ever before, giving a new impetus to the development of 

many industries, such as automotive, sports equipment, aerospace and wind power. 

As the use of composites grows, more information is available to engineers, so 

lighter components can be designed for a given load, and possibly deformable 

structures can be designed during operation. The wings of modern passenger aircraft 

are designed to deform under maximum load to an extent comparable to the fuselage. 

If the deformation of the wing were known from measurements of the resistance of the 

reinforcing fiber, the strength data could be used to determine the forces acting on the 

wing, i.e. its load, or possible overloading, and thus to make more efficient use of its 

load carrying capacity or prevent damage from overloading. 

Researchers have developed different methods to detect cracks in composite 

structural elements, some of which can be used between operation, while others can 

be used during operation and in situ to collect data on the condition of the structure. 

The aim of my thesis is to develop a continuous condition monitoring method to 

measure the deformation of a composite part and to detect the damage in the material. 

The method is based on the electrical properties of carbon fiber bundles, which are also 

used as reinforcing fibers: deformation causes an increase in the resistance of the 

bundle, and the resistance increases by orders of magnitude when the fibers break. 

Significant changes in resistance can be detected with instruments of lower sensitivity, 

so that failures can be clearly indicated. 

Based on the above, I have set the following objectives: 

1. Achieving condition monitoring of composite structures by measuring the 

resistance of carbon fiber bundles used as reinforcement, which requires: 

2. to develop a measurement method and setup to use the conductivity of carbon 

fibers used as composite reinforcement as a sensor, 

3. to analyze the influence of the properties (geometric, mechanical) and the 

measurement conditions (temperature, humidity, current) of the fiber bundles 

used as reinforcement on the accuracy and reproducibility of the measurement 

when used with sensors. 
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2. Critical analysis of literature 

The aim of my doctoral research is to develop a multifunctional composite that 

is capable of detecting the deformation of a component, or the cracks and fractures that 

occur in it, immediately and in situ, and can provide information about this. I based 

my research on the electrical properties of continuous carbon fiber, which can be used 

to obtain useful information about the integrity of a composite structure without the 

need for an external sensor (e.g. a strain gauge). The aim of developing a 

multifunctional composite is to transform the composite material into a type of sensor 

that can be used to monitor structural elements that are difficult to access (e.g.: offshore 

wind farm) or inspect during use (e.g.: aircraft). 

The literature shows that almost all the technological parameters of the complex 

carbon fiber production process can be used to control the mechanical, electrical and 

thermal properties of the carbon fiber within a given limit. Importantly for my work, 

the electrical properties of carbon fibers are influenced by the crystalline structure 

formed during the manufacturing process, which also affects the mechanical 

properties of the fibers. Increasing the strength of carbon fibers increases their 

elongation at break, but increasing the modulus results in more brittle fibers. In my 

literature search, I came across several publications describing changes in the 

mechanical properties of fibers as a result of different fiber production parameters. 

However, relatively few articles have focused on the electrical properties of fibers 

(conductivity or resistivity), mainly analyzing the technological context, without 

examining structural differences and their effects. 

In order to exploit the electrical properties of carbon fibers, i.e. to create 

application examples based on them, several problems had to be solved: how to 

introduce an electric current into the carbon fiber or carbon fiber reinforced polymer 

composite in a reproducible and mechanically stable way, how to model the path of 

the current within the test body or the product, and how the current affects the product 

itself. The aim of my research is to develop an easy-to-use electrical connection 

arrangement that can be used to reliably establish an electrical connection between the 

carbon fiber and the measuring device, even in test specimens or composite products. 

In a carbon fiber reinforced composite material, the electrical properties of the 

reinforcing fibers can be used to create a structure with different secondary functions. 

The application examples presented in the literature have been organized according 

to a novel aspect, which has been made more illustrative by introducing uniform 

graphical notations [1]. 

In conductive materials, including carbon fibers, some of the current is converted 

into heat, and this occurs even in cases where it was not intended (heating of the 

carbon fiber can affect the load carrying capacity of the composite). In sensor 

applications, testing for too long or with too high a current can damage the specimen 

or product. For this reason, my aim was to investigate the heating effect of the low 

current circuit, and to see how the amount of heat generated could be reduced (e.g. by 

intermittent sampling), and how the heat generated affects the composite material and 

the accuracy of the measurement. 
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The deformation of composite products is a complex process. As the product 

changes, so does the shape of the carbon fiber, which can be explained by 

microstructural changes, which in turn affect the electrical resistance of the carbon 

fiber. When the composite is damaged, the carbon fibers move apart (in the case of 

delamination) or break away from each other, which significantly increases the 

resistance of the structure, and in the case of total failure, the conduction of electric 

current is lost. By studying the electrical properties of carbon fiber bundles, it is 

therefore possible to measure deformation, failure and damage development 

continuously and in situ. However, according to the sources cited, it is not always 

possible to reproduce the experiments due to the inadequacies of the test specimen 

manufacturing and test specifications. The authors cited have not investigated the 

distorting effect of the embedded carbon fiber bundles on the mechanical properties, 

nor have they investigated how the properties of the fibers used as electrical 

conductors affect the accuracy of the measurement. For this reason, I set out to develop 

a reproducible method and setup, and to investigate the effect of carbon fiber 

properties and measurement setup on measurement accuracy. 

By providing a structural material with a secondary function other than load-

bearing, a multifunctional material can be created. With the emergence of 

multifunctional materials, we are one step closer to an intelligent material that can 

sense and respond to different influences by changing its state or by providing a signal 

that can be processed. Smart materials could accelerate the spread of the increasingly 

popular autonomous vehicles: a driverless car could sense its structural condition, 

allowing it to decide whether to continue its journey after a minor collision or to call 

for help. Smart materials can also be part of a modern production line that meets the 

requirements of Industry 4.0, from the heat treatment of composites to machining and 

assembly, providing information on the correctness of production parameters, with 

feedback automatically finding the optimal value for each parameter if necessary. 
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3. Materials used, methods applied, measurement setup 

For the experiments, I used Sigrafil C T24-5.0/270-E100 carbon fiber from the 

automotive supplier SGL Carbon SE (Germany). I did not remove the surface 

treatment (sizing) of the carbon fiber during my experiments, as I did not want to 

change the properties of carbon fibers used in industrial environments. I will refer to 

the fibers that have been surface treated but not impregnated with resin as "dry carbon 

fiber". In industrial applications, carbon fibers are most commonly used with an epoxy 

matrix due to its good chemical resistance, low shrinkage and abrasion, and good 

mechanical properties. The purchased carbon fiber sample was also prepared for 

epoxy matrix by surface treatment, therefore I chose epoxy resin (MR 3016 epoxy resin, 

MH 3124 curing agent, mixed in 100:40 ratio, Ipox Chemicals Ltd., Hungary) for the 

composite specimens. I also used fiberglass fiberboard (225 g/m2 areal density, Owens-

Corning Composites LLC, USA) in the fabrication of the specimens in order to achieve 

the specimen thickness required for the test. The use of fiberglass was also justified by 

its electrical insulating properties, which allowed me to insulate the carbon fiber 

bundle from the measuring equipment. In my experiments, I tested several types of 

specimens, all of which had in common that I was measuring the electrical properties 

of a particular carbon fiber bundle. The test specimens were prepared in such a way 

that the carbon fiber bundle measured remained taut throughout. 

When connecting carbon fibers to an electrical circuit, it is critical that contact 

resistance is kept to a minimum. For the measurement set-up, I have investigated the 

applicability of several different auxiliaries to create a stable, mechanically protected, 

low contact resistance connection between the carbon fibers and the electrical network. 

Finally, I used self-made copper clamps (20*10*50 mm). 

Prototype molds for specimen fabrication and measurement set-ups were 

fabricated using a polyacetic acid base material by melt layering (Craftbot Plus, 

CraftUnique Kft., Hungary) and by milling (Roland MDX-540, Roland DGA Co, USA) 

from engineered wood (Sikablock M 600 2-23-17-3-2, Sika AG, Switzerland). The 

specimens were heat treated in a drying oven (Despatch LBB-27-1CE, Despatch 

Industries, USA) at 80 °C for 4 hours. Specimens that needed to be cut to size were cut 

on a circular saw (Diadisc 4200, Multronic GmbH & Co KG, Germany). The number of 

carbon fibers and the surface of the specimens were examined using Keyence VHX-

5000 (Keyence Corporation, Japan), Olympus BX51M (Olympus, Germany) optical 

microscopes and JEOL JSM 6380LA (Jeol Ltd., Japan) scanning electron microscope. 

The mass of the specimens was measured using an Ohaus Explorer (Ohaus Europe 

GmbH, Switzerland) analytical balance. Thermomechanical tests were performed on 

a DMA Q800 (TA Insturments, USA). When testing the specific resistance of the carbon 

fiber bundle, the force generated in the fiber bundle was measured using a force cell 

(Dual-Range Force Sensor, Vernier Softwer & Technology, USA). 

The resistance of the carbon fiber bundle was measured with an Agilent 34970A 

(Agilent Technologies, USA) data acquisition system using a four-wire method. The 

effect of electric current on carbon fiber and carbon fiber reinforced composite was 

investigated by applying a current controlled by a GW Instek GPD-3303S (GW Instek, 
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Taiwan) programmable laboratory power supply to the carbon fiber. For resistance 

measurement noise, I used a GS200 (Yokogawa Electric Corporation, Japan) type 

power supply, LI-75A (NF Corporation, Japan) type amplifier and PCI-5922 (National 

Instruments Corp, USA) digital data logger. 

I measured the temperature of the composite specimens with different 

instruments. Depending on the application, I used a NiCr thermocouple with an 

Almemo 8990-6 (Ahlborn Mess- und Regelungstechnik GmbH) digital measuring 

device and an A325sc (Flir) thermal imager. To vary the temperature of the composite 

specimens, I used a Venticell LSIS-B2V/VC55 (MMM Group) drying oven. 

For the tensile tests I followed the MSZ EN ISO 527 standard. The experiments 

were performed on a Zwick Z250 (Zwick, Germany) universal tensile testing machine. 

The tensile force was measured with a load cell with a 20 kN measuring range. The 

quasi-static bending test was carried out according to MSZ EN ISO 14125 in a three-

point arrangement on a Zwick Z250 (Zwick, Germany) universal tensile tester, the 

awakening force was measured with a 20 kN load cell. For the determination of the 

change in dynamic properties, I used the standard describing quasi-static three-point 

bending (type of support, evaluation procedure), while the load was applied to the 

specimens by means of an instrumented impactor with drop-loading device of the 

Ceast Fractovis 9350 type (Ceast, Italy). The three-point cyclic bending test (fatigue) 

was performed on an Instron 8872 (Instron, USA) computer-controlled universal 

materials testing machine according to ISO 13003:2003. Instron SAX software was used 

to control the loading, record and evaluate the measured data. 
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4. Summary 

In my thesis, I have investigated in detail the sensing applications of carbon fiber 

reinforcement of polymer matrix composites. To do this, it was essential to understand 

the electrical properties of carbon fiber, so in my literature search I described the 

atomic structure of carbon fiber, the process of carbon fiber production and the 

physical properties of the fibers, all of which affect electrical conductivity. Using 

examples from the literature, I have investigated the path of electric current in carbon 

fibers and in fiber bundles and between multiple fiber bundles, and pointed out one 

of the drawbacks of using electric current: current flowing through an arbitrary 

resistor generates heat loss, which heats the resistor (in my case the carbon fibers) and 

its environment (in this case the composite). 

In the literature review I was looking for answers to the question of how the 

electrical properties of carbon fibers can be exploited, and consequently how a 

multifunctional composite can be created. Carbon fiber can be used for resistive 

heating, electromagnetic shielding, energy storage, vibration damping and condition 

monitoring in addition to its reinforcing and load carrying function. By measuring the 

electrical resistance of carbon fibers, more information about the state of the composite 

component can be obtained, as the resistance of the carbon fiber changes due to 

deformation, tearing, delamination, temperature and humidity changes. 

The examples of multifunctional applications detailed in my literature survey 

were classified according to a set of criteria I created, where the primary criterion was 

the secondary function other than load bearing. In addition, I created a unified 

notation system showing the required auxiliary materials and their physical layout. I 

have added to the summary table the typical range of physical quantities measured 

for each application example [1]. 

Based on the literature, several questions have arisen, so I set out to answer them. 

One of the directions of my research was to find out how to make the carbon fiber 

bundle mechanically and electrically stable in the measuring circuit. In the case of 

sensor applications, the accuracy of the measurement can be affected by the path of 

the current through the composite, and the mechanical properties of the material can 

be affected by the measuring current, which was also the aim of my research. I could 

not find clear results in the literature on the relative effects of environmental factors 

(temperature, humidity), deformation and degradation on the resistance of carbon 

fibers and the measurement system, and therefore analyzed these effects in detail. 

I started my research by conducting experiments to investigate the conditions for 

the sensing application of carbon fiber bundles. I developed a stable electrical 

connection between the sensing circuit and the carbon fiber reinforced composite. In 

an application where fast connection is important, a suitable connection can be 

established by clamping copper stubs together. With this arrangement, I measured for 

the first time the longitudinal specific resistance of carbon fiber bundles and its 

dependence on cross-section and length. It was found that at measurement lengths 

comparable to the size of the copper beam connected to the carbon fiber bundle, the 

resistivity measurement becomes inaccurate, and this effect was further investigated 
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by transverse resistivity measurement and finite element modelling. My research has 

shown that the transverse resistivity of dry and resin impregnated fiber bundles 

depends on the pressure applied to the sample. I have also shown that the current is 

not uniformly distributed in the cross-section of the fiber bundle over short 

measurement lengths due to the significant transverse resistivity [2]. 

The use of carbon fiber bundles as sensors is possible because the electrical 

current flowing through the fibers does not affect the mechanical properties of the 

composite. To prove this, I performed quasi-static tensile and bending tests and 

dynamic impact bending measurements. From my results, I found that the typical 

current of the measuring circuit (<0.1 A) does not affect the mechanical properties, and 

that higher currents can be applied to the specimen for short periods of time. It has 

been shown that high current (>1 A) and current applied for a longer period of time 

impairs the stiffness and strength of the composite due to the resistive heat [3]. 

The environment of the composite (temperature and humidity) affects the 

resistance of the fiber bundle and the measuring system, which in extreme cases can 

significantly affect the sensor application. Based on my experiments, I have 

determined the linear temperature and humidity coefficients of the electrical resistance 

of the carbon fiber bundle under test, which shows the magnitude of the resistance 

change due to environmental changes. To change the resistance of the fiber bundle by 

1% (my results suggest that this corresponds to the limit of reversible deformation), a 

temperature change of about 42°C or a theoretical change in relative humidity of 180% 

(maximum relative humidity 100%) is required. This means that a sudden change in 

temperature, for example during an aircraft take-off, will cause a significant change in 

the resistance of the carbon fiber, which may cause the measuring circuit to give a false 

failure indication. It is therefore necessary to compensate for the effect of temperature, 

for which I have made several proposals in my thesis [4]. 

In my research, I investigated several sensory functions. By analyzing the 

deformation and electrical resistance changes measured during the rupture of a 

composite specimen, I found that the initial linear phase corresponds to a reversible 

deformation, the slope of which is equal to the stamp constant of the carbon fiber 

bundle, based on the analogy of metallic strain gauges [5-8]. Based on my cyclic tensile 

tests with increasing deformation loads, I found that in the irreversible phase, where 

the carbon fibers are torn and pulled out, the resistance of the fiber bundle increases 

progressively due to the continuously decreasing cross-section. I have shown that, due 

to intact elementary fibers, the resistance continues to vary along a straight line of 

slope characterized by the stamp constant, but the line shifts parallel to the intact fibers 

due to the vanishing conduction cross section. With increasing load, the resistance 

varies linearly until it reaches the previous maximum deformation, which causes more 

fibers to break. Based on these results, it is possible to establish a material testing 

procedure that can determine the possible previous overstressing of a composite with 

an unknown history and its extent. 

The carbon fiber bundle can be used for condition monitoring not only in the 

finished composite part, but also during production. The crosslinking of epoxy resin 

generates heat and the chemical reaction changes the properties of the medium 



10 

surrounding the fibers. Based on my transverse resistivity measurements and 

knowledge of the relationship between temperature change and resistivity change, I 

have developed an evaluation method to monitor the crosslinking process of epoxy 

resin from carbon fiber resistivity measurements. 

The typical loading of composite structures is fatigue loading, so in my research 

I also carried out fatigue tests while measuring the electrical resistance of the carbon 

fiber bundle. From my results, I found that in fatigue fracture, the resistance changes 

continuously before the final failure of the composite, which allows the development 

of a fatigue predictive condition monitoring technique, and opens a new research 

direction in the application of carbon fiber bundle as a sensor. 

  



11 

5. Theses 

In the following, I present and summaries my findings from each study and their 

background, which have led me to succinctly formulate the following theses from my 

research. In the experiments carried out to support these theses, I used SGL Carbon 

SE's Sigrafil C T24-5.0/270-E100 carbon fiber, Ipox MR3016 epoxy resin and MH3124 

curing agent to produce the test specimens presented. 

 

In my dissertation, I investigated the state of the composite by measuring the 

electrical resistance of the carbon fiber used as reinforcement using direct current. 

Since the current can affect the properties of the carbon fiber reinforced polymer 

composite, the static and dynamic mechanical properties can vary depending on the 

strength of the current flow. Therefore, I developed a novel measurement method 

(special test specimen and current flow) where different current intensities were 

applied for varying periods of time to reinforce the carbon fiber bundle of the test 

specimen, while mechanical tests (quasi-static pulling and bending and dynamic 

bending) were performed on the current flowed test specimens. The modulus and 

strength values obtained were compared with the results obtained for the unloaded 

specimens. I concluded that the measuring current should be kept lower than 0.5 A, as 

above this value the stiffness of the structure decreases due to the resistive heat. My 

conclusion is supported by thermal camera images and thermomechanical 

measurements. Based on my results, I have shown that the reinforcing fibers of carbon 

fiber reinforced polymer composites can be used as sensors without any deterioration 

of mechanical properties, since they are typically below 0,1 A that flows through the 

fibers. Higher currents (up to 1 A) can be passed through the carbon fiber bundle for 

short periods of time (up to 2 seconds) without affecting the dynamic mechanical 

properties of the material. A larger current will cause a larger voltage drop, so that 

small changes in resistance can be better detected, allowing small mechanical changes 

(e.g. the beginning of failure) to be detected. The practical significance of this is that in 

a sensing application, the composite structure under current will behave as expected 

(designed). 

Thesis 1 

I have developed a measurement procedure to determine the maximum current 

(0.5 A) for carbon fiber reinforced epoxy resin matrix materials that does not 

measurably affect the quasi-static tensile and flexural properties of the composite, 

or its dynamic bending properties. I have also found that a current of 1 A can be 

applied to carbon fibers for 2 seconds without any worsening of dynamic 

mechanical properties due to the heat generated. My findings have been supported 

by thermomechanical studies [1, 3].  
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The electrical resistance of a carbon fiber bundle used as a reinforcing fiber depends 

on ambient temperature. To investigate this relationship, I measured the resistance of 

the fiber bundle embedded in a composite while varying the ambient temperature of 

the test specimen. The resistance values measured between 0 °C and 100 °C were then 

standardized to the value measured at 0 °C and the specific resistance variation as a 

function of temperature was plotted. The relationship can be well approximated with 

a line, which I characterized by the first-order approximation applicable to metal 

resistance thermometers (
𝛥𝑅

𝑅0
= 𝛼 ∗ 𝑇). The linear temperature coefficient 𝛼 was 

determined from the slope of the line, for which 𝛼 = −2,4 ∗ 10−2 ± 3,1 ∗ 10−3 [
%

°𝐶
] was 

obtained. The effect of temperature on electrical resistance is comparable to the effect 

of deformation: reversible deformation is associated with ~1% change in resistance, the 

same change is caused by a temperature change of ~40 °C. This strong effect impairs 

the applicability of carbon fiber as a sensor, therefore the effect of temperature must 

be compensated for. 

At the same time, the effect of temperature on the resistance of carbon fibers can 

be exploited to monitor temperature changes, for example to measure temperature 

changes during production (exothermic heat of cross-linking, heat treatment). To 

prove my hypothesis, I conducted experiments where I cured epoxy resin at room 

temperature, while measuring the resistance of a bundle of carbon fibers held taut in 

the resin. The change in the resistance of the bundle is proportional to the average of 

the temperature distribution along the bundle (along the line), i.e. the average 

temperature change along the line can be determined by measuring the resistance 

based on the calibration of the bundle. During calibration, I investigated the linear 

temperature coefficient and the initial resistance, since both depend on the medium 

surrounding the fibers. I divided the cross-linking process into two stages, before and 

after the maximum temperature, based on the temperature of the epoxy resin. In both 

stages, the temperature coefficient can be determined from the calibration of the 

carbon fiber bundle; the reference resistivity corresponds to the initial resistivity value 

in the heating stage and to the final resistivity value in the cooling stage. 

Thesis 2 

I have developed a measurement and evaluation method to monitor the 

temperature variation of the crosslinking process during the production of 

composites, consisting of a pre-maximum and post-maximum temperature phase, 

by measuring the temperature and medium-dependent resistance of the carbon 

fiber bundle [1, 2, 4]. 
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I have shown that the known relationship between the resistance and geometry 

of metallic materials (𝑅 = 𝜌 ∗ 𝑙/𝐴) can also be used in carbon fiber bundles with the 

modification that the fragmentation of the fibers has to be taken into account. To prove 

this, I measured the resistance of different carbon fiber bundles of varying lengths and 

in various media (dry, resin impregnated and cross-linked resin) and then calculated 

and compared the specific resistance by length and elementary fiber number. 

When examining the longitudinal conductivity of carbon fiber bundles, I 

observed an interesting phenomenon in the results measured at shorter lengths, where 

the specific resistance deviated from the expected value. The deviation was caused by 

the variation in transverse resistivity and the non-homogeneous current distribution, 

therefore I investigated the transverse conductivity of the carbon fiber bundles 

separately at different clamping pressures (0.005-1.28 MPa). I found that the transverse 

resistivity of dry and resin-impregnated carbon fiber bundles is significantly affected 

by the compressive force acting on the carbon fiber bundles. Higher pressures can lead 

to changes in the position of the fibers, multiple fiber-fiber contacts, deformation of the 

fiber contact surfaces and deformation or detachment of the surface treatment 

surrounding the fibers. In contrast, when the resin is cross-linked, the position of the 

fibers is fixed and therefore the transverse resistance of the sample is not affected by 

the compressive force. 

I investigated the path of the electric current within the bundle of fibers and the 

electrical connection between the bundle of fibers and the measuring device using 

finite element modelling. The model showed that the current density is not evenly 

distributed in the vicinity of current and voltage measurement, making the resistance 

measurement inaccurate over short measurement lengths. The reason is that the 

conductivity of the electrical connections (copper blocks) and the longitudinal 

conductivity of the carbon fiber are better than the transverse conductivity of the 

fibers, and this hinders the distribution of the current along the cross-section. 

Thesis 3 

Based on the results of transverse resistance measurements, I found that 

a) the specific electrical resistance of a carbon fiber bundle depends on the medium 

surrounding the fibers and the pressure acting on the fibers. This is because in 

dry conditions, the fibers can move relative to each other, and in liquid epoxy 

resin fiber movement is limited due to the viscosity of the resin and impregnation 

results in less elementary fiber contact, whereas crosslinking of the matrix locks 

fiber position, therefore fiber movement in the composite is prevented, 

b) in the area where the current is connected and the voltage is measured, the current 

is not uniformly distributed, due to the better conductivity of the electrical 

connectors (copper blocks) and the transversely isotropic conductivity of the 

carbon fiber; as a result, the specific resistance calculated over lengths 

comparable to the longitudinal size (parallel to the carbon fibers) of the connector 

connecting the electricity is greater than would be justified by the geometry of 

the carbon fiber bundle for the given number of fibers. My conclusions have also 

been supported by finite element modeling [1, 2].  
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By measuring the electrical resistance of the carbon fiber bundle, the deformation 

and load state of the composite can be monitored. In my experiments, I laminated a 

carbon fiber bundle into a glass fiber reinforced composite and performed a tensile test 

(average elongation at break of the carbon fiber bundle: 1.61 ± 0.12%) and measured 

its resistance. I found that initially, the resistance of the fiber bundle increases in direct 

proportion to the deformation, the proportionality factor being (1.05 ± 0.10 [
%

%
]). As 

the composite is further deformed, the resistance increases progressively as the 

elementary fibers break and slip, reducing the conductive cross-section. When the 

carbon fiber bundle breaks, the circuit is interrupted. Since the elongation at break of 

the glass fabric is greater than that of the carbon fiber bundle, when the carbon fiber 

bundle breaks, the glass fabric does not break immediately but can be loaded even 

further. These results indicate that the failure of the composite can be predicted by 

measuring the resistance of the carbon fiber bundle. This requires a carbon fiber 

bundle that can also be used as a sensor and has a lower elongation at break than the 

reinforcing fiber in the composite component. Thus, whether in a hybrid composite or 

in a carbon fiber reinforced composite, the carbon fiber bundle used as a sensor reaches 

irreversible deformation sooner than the component itself, i.e. overstress and damage 

can be detected before the structure is damaged. 

Under increasing cyclic loading of the tested composite, I found that the 

resistance of the fiber bundle resistance changes reversibly in the initial linear phase, 

i.e. the fiber bundle is not damaged. When the elementary fibers break, the resistance 

increases irreversibly, and in subsequent cycles, the resistance changes in parallel with 

the initial straight section. Accordingly, the broken fibers no longer participate in 

conduction, while the unbroken fibers continue to deform reversibly. For any loading 

that exceeds the previous maximum deformation with fiber breakage, the resistance 

varies linearly up to the previous maximum and then increases progressively as more 

fibers are broken. The greater the previous maximum load at the end of the reversible 

section, the steeper the initial slope of the progressive section becomes. Based on this 

behavior, I have developed a material testing method to detect the possible 

overloading of a composite structure with unknown history and its maximum.  

Thesis 4 

I have developed a test method based on electrical resistance measurement to 

indicate overstressing at the initial stage of residual deformation of a basically 

electrically insulating glass fiber reinforced or carbon fiber reinforced composite 

component. I have also established a material testing method based on resistance 

change analysis to determine the possible overstressing of a component with known 

material properties but unknown history, and its magnitude [1, 5–8].  
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