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1. Introduction 

Fiber reinforced polymer composites are the structural materials of choice 

nowadays which have almost completely replaced the originally used materials in 

several fields. Their excellent strength derives from several factors. Composites are 

complex systems with two main components: the high strength reinforcement and the 

tough, embedding matrix which connects the reinforcements. The reinforcement is 

typically fibrous which can be embedded in a tailored manner, according to the 

anisotropic loading of the given part. The high strength of the reinforcing fibers is thus 

important, as well as the toughness of the matrix, so that it could bear the high loading 

of the system and the resulting deformations. A good adhesion between the fibers and 

the matrix ensuring good cooperation of the components, i.e. a high interfacial shear 

strength (abbreviated as IFSS) is of special importance.  

One of the most important criteria of using composite structural materials is thus 

the strong interfacial connection between the reinforcing fiber of maximum a few tens 

of micrometers and the embedding matrix. In order to characterize it a reliable method 

is needed, which has been actively developed recently, but no universally accepted 

method has yet appeared.   

 

2. Short analysis of the pertaining literature, the goal of the thesis  

In my dissertation I reviewed the methods available for the characterization and 

testing of the interfacial properties between the fibers and the matrix in composites. The 

main important methods were discussed in view of their ability to yield numerical, 

directly measurable strength data for the design engineers.  

In the case of indirect methods the quality of the adhesion can be inferred only 

from the consequences, the precise value of the adhesion strength cannot be known, 

only whether it is better or worse than in another test performed under similar 

conditions. These include certain traditional mechanical tests, such as tensile tests 

performed on normal or notched specimens and three point bending tests with small 

span length. Tests based on optical methods belong to the same group. When evaluating 

optical or electron micrographs it can be detected whether the fiber failed or pulled out, 

but this study again does not yield any numerical data on the adhesion strength. The 

situation is similar in the case of tests based on energy release, which measure and 

evaluate the energy accumulated under the effect of loading. Heat and sound effects 



Morlin Bálint  Tézisfüzet 

 2

arising during crack initiation and propagation are measured in acoustic emission and in 

heat camera tests respectively, but the results cannot be determined numerically, 

therefore their use is limited. 

Direct methods use a single fiber embedded in a matrix, so the geometrical 

relations are exactly known. These methods can be divided into two groups depending 

on whether the load is applied on the matrix or on the fiber.  

Two main methods applying load on the matrix are fragmentation and 

Broutman-tests. In these methods one single fiber is embedded into the matrix then the 

test specimen is loaded by tension and compression forces respectively such that the 

load reaches the interface via the embedding matrix. Adhesion effects are inferred from 

the fragmentation of the embedded fiber and form the interfacial separation. Their 

disadvantage is that the failure process must be monitored (usually by optical methods), 

which limits the selection of applicable materials, or requires extensive post-treatment. 

Therefore the most advantageous ones are the micromechanical tests applying 

load directly to the fiber, such as fiber push, fiber pull methods and especially micro-

droplet tests. The last one can be regarded as an improvement upon the fiber pull test 

which eliminates certain disadvantages of the latter. The embedded length can be easily 

determined with this method and the embedded fiber end cannot cause a problem. 

Because of the circular symmetry the requirement of uniaxial clamping is met. 

Based on the presented reasons my goal was to develop the micro-droplet 

method further. In this method a micro-droplet (~100-300 μm) is applied onto a fiber of 

a few 10 μm diameter and the forces of a few tenths of a Newton arising during the 

droplet removal are measured.  

When preparing for the test first the fiber is fixed then the droplet is applied. 

This is followed by the microscopic check of the specimen and by the measurement of 

the geometrical data (fiber diameter, embedded length, droplet diameter), finally by the 

droplet removal. The interfacial shear strength can be calculated from the geometrical 

parameters and the pull-out force. The geometry of the droplet and the position of the 

supporting point with respect to each other and to the fiber are critical for the 

reproducibility of the test. In the cylindrical droplet – due to its shape and to the 

clamping necessary for the fiber pull-out (the blades should contact at single point) – a 

very complicated stress-distribution arises, which may fluctuate within an order of 

magnitude and influences the measured value considerably.  
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Goals 

Based on the presented material the development should be directed at the 

improvement of the homogeneity of the stresses arising in the test specimen, so the 

following goals were set: 

1. Development of the micro-droplet method by modifying the test arrangement 

in order to improve repeatability and test accuracy. 

2. Analysis of the developed test method to determine the effects of size and 

shape variations on the accuracy of the test. 

3. Determining the accuracy of the developed method at various loading rates. 

4. Creating models for studying the improved test arrangement. 

 

3. Materials, methods used, test results 

Various thermoplastic and thermoset matrices and various synthetic and natural 

fibers were used for the tests. My goal was to perform tests with possibly most 

fiber/matrix pairs and to compare the results.  

Thermoplastic matrices: A polypropylene homopolymer grade, Tippelin H-116F of 

TVK Plc. was used. It is incompatible with natural fibers therefore it was necessary to 

use Orevac CA100, a maleic-anhydride grafted polypropylene coupling agent. In the 

case of self-reinforced composites a PETG matrix, Eastar Copolyester GN071 of 

Eastman Company was used. From the biodegradable materials a starch-based grade, 

MaterBi of Novamont, and a polylactic acid (PLA) based biopolymer, Purasorb PL of 

PURAC was used. 

Thermoset matrices: In the vast majority of my experiments VUP 4627 EMT, an 

unsaturated polyester resin of Viapal was used with Butanox M50 catalyst. It was 

plasticized by the addition of EBECRYL 860 epoxidized soybean oil. For certain 

experiments the Eporezit AH12-T58 resin system of a P+M company (at a ratio of 

10:4), Loctite® 401TM cyanoacrilate based adhesive, POLYLITE 33282-07 - Trig 178 

polyester and HYDREX 100HF 33375-30 - CHP vinylester systems were used.  

Natural fibers: flax fibers from Hungarolen Ltd. were used in the form of soaked, 

carded ribbons, as well as flax fibers processed to the 100 level of Hungarohemp 

Kenderipari és Logisztikai Rt., and sisal fiber belonging to the 3L quality class form the 

South African Republic. 



Morlin Bálint  Tézisfüzet 

 4

Artificial fibers: RT310 0001 100 E glass fibers of A Saint-Gobain, carbon fibers with 

special surface treatment from TRI Princeton and PET fibers form Formosa Chemicals 

and Fiber Corporation were studied. 

 

In my preliminary experiments tests were performed using various natural and 

synthetic material pairs, I tried to find the advantages and weaknesses of the method. 

The development work was started using the accumulated experience. First extensions 

of the existing method were developed so as to collect more information on the given 

test specimen by parallel tests. Acoustic emission was used as a method, as it allows 

determining the acoustic characteristics of the interfacial separation process, which can 

be well used in the study of composite products and in status monitoring. I found that 

the microphones can be located on the blades used to remove the micro-droplet, which 

does not slow down the test but makes possible the undisturbed transmission of the 

acoustic events.  

Because of the problems caused by the droplet shape a transformation of the 

method was decided. The uncertain droplet shape was replaced by a cylinder. The 

optimal solution is when the shear stress is created between nominally rigid surfaces. 

This condition is fulfilled at the fiber surface, while on the outer surface a metal part 

was chosen to ensure the ideal stress transfer. This method, which is based on a new 

principle and arrangement was called cylinder test after the shape of the test specimen.  

After several experiments a method using a plate with a borehole was 

developed, the devices and equipment were designed and manufactured, which allow 

performing high quality work. Validation of the developed method was performed, I 

compared it with the best results available on the micro-droplet method in the literature. 

I have shown that the uncertainty of the cylinder test is lower, it is virtually independent 

of the capabilities of the personnel and the measurable average interfacial shear strength 

is higher due to the more uniform stress state.  

In the next step the analysis of the developed cylinder test was performed as a 

function of the possible parameters (fiber centrality, ratio of specimen size dimensions, 

drawing speed). Among these fiber centrality is of special importance, as the 

prerequisite of uniform stress state if the fiber centrality, deviations from this result in 

an increased uncertainty of the measurement. Measurements were performed with 

eccentric, with (as far as possible) perfectly centered (accompanied by microscopic 

observation) and with non-ideally centered (accompanied by magnifying glass 
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observations) fiber settings. According to my experience the standard deviation of the 

eccentric case is higher, the average interfacial shear strength is lower than in the other 

two cases. The perfectly centered samples exhibited the optimum properties in all 

respects, while the third series exhibited an average strength close to the ideally 

centered one, and its standard deviation was only slightly larger. Based on this the 

cylinder test – even with the simpler centering method – is capable of providing 

interfacial shear strength values with acceptable accuracy.  

 The next important parameter in the cylinder tests is the ratio of the diameter of 

the matrix cylinder (borehole, D), ad its height (embedded fiber length, H). These 

characteristics have important effect on the developing stress state, thus on the 

measured strength data. In the ideal case the diameter of the matrix cylinder is only 

slightly larger than that of the fiber, resulting in pure shear. Based on my measurements 

if the diameter of the cylinder increases the measured shear strength also increases up to 

a certain H/D ratio thereafter decreases. This ratio depends on the embedded fiber 

length, which varied between 0.4 and 0.8 for the materials tested (GF-UP, and GF-

Loctite® 401TM). The expected value is the highest at the minimum H values. 

Geometrical ratios could not be changed beyond the measured values due to technical 

reasons, but it is important to know how would the test samples behave at markedly 

different sizes, using theoretical models. Therefore simulations were performed to check 

the measurements using Ansys 12.1 finite element program. Simple linear material 

models were used, and the stresses arising in the model were calculated for a given pull-

out force. The load was calculated up to the order of pull-out forces measured in actual 

tests. If at a given load and at a given H/D ratio less stress arises than for the same load 

at another ratio, it can be said that the expected strength is higher in the first case. The 

simulated results as a function of the H/D ratio were as expected form the experiments, 

the calculated stresses were similar to the measured shear stress values. The finite 

element investigations thus supported the changes of the experimentally determined 

values in the case of non-realizable ratios they even provide additional information by 

predicting a nearly constant shear stress above a certain diameter.  

 Finally the effect of the pull-out speed was investigated in a broad speed range 

(0.01-200 mm/min). According to my experience at very small values (0.01-0.5) the 

strength is inversely proportional to the speed. Above a certain critical value, however, 

the strength begins to increase up to about 10 mm/min thereafter it becomes constant. 

The tests were repeated with plasticized polyester matrix, where the test results 
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exhibited similar dependence, only at a lower value. The phenomenon was explained by 

the superposition of two, opposing processes. At the fiber/matrix interface the bond is 

ensured by individual molecular chains. During pull-out these chains first get stressed 

then the bond is broken and the stressed chains (groups of chains) relax. At low speeds 

there is enough time for the recombination of the relaxing molecules, for the 

development of new binding points at the interface, so the number of active molecules 

ensuring binding is high. With increasing speed this process is less and less probable 

and another process takes over. If the flexible chains ensuring bond get stressed, but do 

not detach, they transfer the load to other molecules attached to them, which, in their 

turn further transfer the load to their neighbors. The higher the speed the more 

molecules or molecular segments become stressed in an increasing volume, which 

requires considerable energy. The more molecules are moved before the failure the 

more force is needed, i.e. a higher stress and strength is measured. Of course this 

dynamical process has its natural limits, above a certain speed it is not possible to stress 

more molecular chains thus the strength value reaches a limiting value. The plastic 

deformation caused by this phenomenon after high speed tests can be well observed on 

electron micrographs. In order to test the theory of active binding chains I decided to 

decrease the number of active bonds by making the interface oily. As a result the 

strength decreased, the characteristics of the speed dependence remained essentially the 

same with the exception that at similar speed reduction the increase of the strength is 

smaller, as the number active binding chains decreased, while all other effects (surface 

roughness, shrinkage etc.) remained unchanged. The phenomenon has been described 

mathematically, the active binding chains were modeled by the deformation and failure 

behavior of a fiber bundle consisting of wavy fibers. In this case the two superposing 

processes can be characterized by a Weibull distribution by fitting a resultant curve onto 

the test points. The parameters obtained (the scale and the modulus) are characteristic of 

the material behavior. In the case of the modified and unmodified matrices the modulus 

values are identical, which indicates identical mechanism, but the scale factor is lower 

in the modified material indicating a more intense effect of the speed (the movement of 

the binding chains is less hindered in the plasticized material). Accordingly the position 

of the minimum strength also shifted towards the lower speed values.  

 Summarily I succeeded to develop a method in my dissertation which is more 

precise than those used so far, the test result is almost independent of the human factor 

and the results exhibit better reproducibility. The basic investigation of the method has 
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been performed, its sensitivity to various test parameters has been determined (such as 

geometrical ratios of the test specimen and the loading rate). In these tests new relations 

(beyond the originally set goals) characterizing the material structure and the 

developing limiting structures have been found.  

 

4. New scientific discoveries – theses  

Based on the experimental results the following theses can be declared: 

 

1st thesis: 

A new kind of micromechanical test method was developed (cylinder test) to determine 

the fiber/matrix interfacial strength with high precision, characterized by ideal 

geometrical and stress transfer circumstances between the internal and external mantles 

of the cylinder, ensured by the centrally placed fiber in the cylindrical matrix. 

Equipment needed for preparing the test samples was designed and manufactured, 

processes necessary for performing the test were developed which make possible 

approaching the ideal conditions in practice. I proved by tests that the new method is 

better suited to the high precision and reproducible measurement of the interfacial shear 

strength than those used so far [8, 13, 14]. 

 

2nd thesis: 

a) 

It was established that the shear strength (τ) determined by the cylinder test depends to a 

large extent (up to 40%) on the embedded fiber length (H), and on the embedded 

length/fiber diameter ratio (H/D). I proved by theoretical considerations and by tests 

that with the increase of the embedded length the interfacial shear strength decreases, 

while it exhibits a maximum at a certain H value (in the case of the studied material 

pairs at H/D=0.4-0.8). I demonstrated that the reason of this phenomenon is the 

dependence of the shear strength on the H/D ratio [8, 10, 14]. 

 

b) 

I have shown that the primary reason of the change of the interfacial shear strength in 

the cylinder test is the interfacial stress arising at identical load, but depending on the 

cylinder height and diameter (H/D ratio). For this finite element modeling and linear 
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material models were used. Using these tools stress states similar to the experimental 

values were obtained at various H/D ratios [10]. 

 

3rd thesis: 

a) 

It was established that the shear strength (τ) determined by the cylinder test depends to a 

large extent (up to 40%) on the loading rate (v). The τ(v) function consist of an 

increasing and of an decreasing component, approaching a limiting strength value. The 

sum of these components results in a minimum strength at a certain, critical loading 

rate. This phenomenon can be explained at low speeds by the number of active binding 

chains at the interface and by the recombination of the broken bonds, while at higher 

speed by the increase of the active volume arising from the load transfer of the 

molecules among each other [9, 10]. 

 

b) 

I have shown that in the case of the speed effect arising during the application of the 

cylinder test the value of the expected shear strength can be described by a two-

parameter Weibull distribution function based on the fraction of the active binding 

chains ensuring connection, which can be divided into a decreasing component τ1(ν), 

being dominant at low speed, and into an increasing component τ2(ν) characteristic at 

high speed: 
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where a1, a2 and 1, 2 are the scale and modulus factors respectively, o,  are the 

shear strength values at zero and infinite speeds respectively [10]. 

 

4th thesis: 

I proved that in the case of methods using freely suspended individual fibers (fiber pull-

out, micro-droplet method etc.) it is possible to apply the acoustic emission method 

allowing the precise identification of acoustic signals arising during the failure of the 

fiber/matrix interface and can be used for the identification of various failure modes 

(fiber fracture, interfacial debonding etc.). I have developed the equipment and 
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processes necessary for the application of this method. Using this method I proved that 

in the cylinder test the crack is always initiated at the fiber/matrix interface [8, 12, 14]. 
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