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Introduction and background 

 

Due to the increasing environmental awareness and increasing crude oil price the use of natural fibres as 

reinforcement in composites becomes more and more important. Hemp is frequently used in some 

composite applications [1]-[5]. Good composite characteristics like high strength and modulus values are 

mainly based on a good adhesion between fibre and matrix. Besides the properties of the reinforcing fibre 

and the polymer matrix, the fibre/matrix interaction has a decisive influence on the characteristics of a 

composite [6]-[7]. The chemical composition of the fibre and the constitution of the fibre surface play an 

important role [8]-[12].  

Failure of a composite is dependent on different failure mechanisms. If the force exceeds the strength of 

the interface, debonding and fibre pull-out occur. Via frictional forces, tension may still be transferred to a 

fibre along the interface, whereby energy is absorbed [13]. This kind of fibre/matrix adhesion is called 

practical fibre/matrix adhesion or apparent interfacial shear strength, respectively. If the forces are higher 

than the local fibre strength, the fibre fails due to tension.  

In general a good adhesion between a stiff and strong fibre and the matrix results in a stiff composite with 

high tensile strength, whereby often brittle impact behaviour is caused, due to the prevention of energy 

absorbing fibre pull-outs. However, weaker but still good fibre/matrix interactions usually lead to good 

impact strength due to the good energy absorption by the pull-outs. Depending on the reinforcing fibre 

used, the strength of a composite can also be reduced by weak fibre/matrix adhesion. A weak fibre/matrix 

interaction, in which force transfer from the matrix to the fibre is not possible, lead to a reduction of the 

tensile properties, and may also result in a decrease of the impact strength due to the absence of friction 

during the fibre pull-outs. 

Hence, for the interpretation of the mechanical properties of a composite, the characterisation of 

fibre/matrix adhesion is of special importance. For the analysis of conventional composites, such as glass or 

carbon fibre reinforced composites, some tests are already available [9] [14] [15]. Examples are the pull-out 

test, the microbond test, the push-in test, the three-fibre test or the fragmentation test.  

In the present work, the single fibre fragmentation test [16] [17] is used for the characterisation of the 

fibre/matrix adhesion of hemp fibre bundles embedded in a maleic anhydride grafted polypropylene matrix 

(MAPP). For the fragmentation test, the fibre is completely embedded in the matrix and the sample is 

loaded axially to the fibre direction in a tensile test up to a certain strain. During this procedure, the 

samples are not to be allowed to break. Depending on the quality of the adhesion, more or fewer 

fragments are formed. Figure 1 shows a schematic representation of the progress of an optimum 

fragmentation of a single fibre embedded in a polymeric matrix. As a result the fibre is fragmented 

uniformly in small fragments with the minimum length of the critical fragment length (Lc). Due to the low 

uniformity of bast fibre bundles like hemp and different stress states caused eg. by changing shapes and 

cross-sectional areas along the fibre, this behaviour is usually not the case. A higher variability in measured 

fragment lengths is expected.  

From the lengths of the fragments, the critical fragment length, and - when the fibre tensile strength is 

known - the interfacial shear strength (IFSS) can be calculated.  

The fragmentation test is well-suited for brittle fibres in a matrix, which has at least a three times higher 

elongation than the fibre [7]. The three times higher elongation of the matrix in comparison to the fibre is 

necessary. Otherwise the matrix would fail due to tensile stress before the fragmentation of the fibre is 

started or completed. These requirements are usually met for hemp fibre bundles embedded in a MAPP 

matrix. The determination of the critical fragment length and interfacial shear strength is used to compare 

the adhesion between fibre and matrix of one type of hemp harvested at three different locations (France, 
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Italy, The Netherlands) at three different places within each field (blocks) resulting in nine samples. The 

influence of the different origins on the fibre/matrix adhesion is evaluated with the single fibre 

fragmentation test. 

 

 
 

Figure 1: Schematic representation of the fragmentation of a fibre during the fragmentation test (A - C) with 

corresponding stress graphs (A '- C'). A & A ') Specimen at the beginning of the tensile test - a uniform stress 

distribution can be seen. B & B ') Beginning fragmentation of the fibre. C & C ') Completed fragmentation of the fibre - 

the fibre fragmented into the smallest units (critical fragment length Lc) ([19] - changed).  

 

 

Materials & methods 

 

Materials 

 

Fibres 

¶ Hemp type Futura 75 (code name MH-FNPC-255) was used for the investigations. The same type 

was cultivated at three different locations ς Italy (UCSC), France (FNPC) and The Netherlands (NL) ς 

and the coarse separation was done at HSB. Samples were harvested at three different places 

within the field (blocks) resulting in nine samples:  

o France (FNPC) 1 

o France (FNPC) 2 

o France (FNPC) 3 

o Italy (UCSC) 1 

o Italy (UCSC) 2 

o Italy (UCSC) 3 

o The Netherlands (NL) 1 

o The Netherlands (NL) 2 

o The Netherlands (NL) 3 
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The tensile strength was measured for three samples harvested from block three as presented in 

the previous report (Task: 6.5 Report on the characterization of hemp cultivar strength and 

dislocations). Tensile strength values used for the calculation of the interfacial shear strength are as 

follows: 

o France (FNPC) 3:   587.2 MPa 

o Italy (UCSC) 3:    653.1 MPa 

o The Netherlands (NL) 3: 338.6 MPa 

Since the tensile strength values have been determined only for the samples that were harvested 

from block three, the interfacial shear strength can be evaluated only for those three samples. The 

critical fragment length is independent of the fibre bundle strength and can therefore be 

determined for all samples. 

 

Matrices 

¶ Polypropylene granules (SABIC PP 575P, Sabic Deutschland GmbH, Düsseldorf, Germany) grafted 

with 2% maleic anhydride (Licocene PP MA 6452 GR, acid number = 41 mg KOH/g, density = 0.905 

g/cm³, melt index = 10.5 g/10 min and a vicat temperature of 153 °C, Clariant SE, Sulzbach, 

Germany) as coupling agent (MAPP) were used as matrix. 

 

 

Single fibre fragmentation test (SFFT) 

 

For the investigation of the practical fibre/matrix adhesion of hemp fibre bundles (Futura 75, Cannabis 

sativa L.; code name MH-FNPC-255) embedded in a MAPP-matrix, a single fibre fragmentation test (SFFT) 

was chosen.  

As part of sample preparation, MAPP-sheets with a thickness between 150 and 250 µm were produced. 

Therefore, 1 g of the MAPP granules were distributed evenly on a Teflon foil (Figure 2a, foil type 0903 AS; 

Böhme Kunststofftechnik GmbH + Co. KG, Schwarzenbek, Germany). The polymer-films were manufactured 

with a press rheometer which was developed at the Faserinstitut Bremen e. V. (Figure 2b; FIBRE, Bremen, 

Germany) at 185 °C for 5 min under a pressure of approx. 3.3 MPa between two Teflon-foils. Foils were 

cooled at room temperature between two steel plates. Fibre bundles were oriented, placed on one sheet 

and fixed with adhesive tape on both ends (Figure 2c). The sheet was covered with a second MAPP sheet 

and pressed again to stack the films together (hot pressing with the press rheometer under a pressure of 

approx. 3.3 MPa at 185 °C for 5 min and cooling at room temperature between two steel plates). To 

determine the critical fragment length and IFSS, the sheets were cut into dump bell shaped specimens with 

a width of approx. 3 mm and a length of 36 mm (compare Figure 3). Testing was carried out with a 

Zwick/Roell universal testing machine (Zwick/Roell, Ulm, Germany) type Z 020 operating with a load cell of 

500 N and a testing speed of 0.2 mm/min. The gauge length was set to 15.5 mm. Before the specimen is 

broken the test was finished at a maximum force drop of 20%.  
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Figure 2: Granules prepared for foil manufacturing (a), press rheometer for the production of polymer foils and 

fragmentation test specimens (b) and preparation of fibre bundles for the SFFT (c). 

 

 
 

Figure 3: Left: dimensions of a fragmentation test sample in mm (thickness 150 µm - 250 µm), right: tested specimens, 

some fragments are clearly visible. 

 

Prior to testing the test specimens were conditioned for at least 18 h at 23 °C and 50% relative humidity. 

The fragment length of the individual samples was measured under an optical light microscope AP600 

(Bresser GmbH, Rhede, Germany) using an ocular micrometer calibrated with an object micrometer. For 

the analysis of the fragment length only samples were taken into account where the crack went completely 

through the fibre bundle (compare Figure 4). The amount of tested samples is shown in Table 1. 

 

 
 

Figure 4: Fragmentation of hemp fibre bundles observed with optical light microscopy. 

                       (a)                                    (b)                                                                    (c) 






















