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Abstract 

The strength properties of interfibre bonds play a vital role in the response of fibrous materials, 

such as paper and paperboard, under mechanical loading. To help tailor the properties of such 

materials by chemical or mechanical treatments of the fibre wall and fibre surfaces, improved 

understanding of the microscopic damage and failure mechanisms of interfibre joints is desirable. 

In this paper, a method for manufacturing and testing of interfibre joint specimens in two 

principally different modes of loading is presented. 

The method was applied to investigate the strength of Kraft pulp interfibre joints with different 

geometries and in two different modes of loading: the conventional shearing mode and also a 

peeling mode of loading. The method was also used to investigate the influence of drying 

pressure, defined as the nominal pressure between two Teflon surfaces or between a rubber 

surface and a Teflon one as well as a simple comparison of a pulp with two different degrees of 

refining. 

The results are presented in terms of rupture force and using different methods of normalization 

such as nominal overlap area, length, and width of the joint region, measured using a microscope. 

It was shown in this study that neither of the methods of normalization unambiguously reduced 

the large scatter of the strength measurements. The results of tests done with the peeling type of 

loading were about 20 % of those done with the conventional shearing type of loading. 

 

Keywords: interfibre joint strength, interfibre bond, fibre-fibre joint, fibre-fibre cross, paper 
strength, paper mechanics   
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Introduction 

The mechanical behaviour of self–binding fibrous materials, such as paper and paperboard, is 

strongly dependent on the properties of the interfibre joints. In order to tailor the properties of 

such network materials it is essential to understand how the properties of the fibres as well as the 

interfibre joints (which transfer the load between fibres) affect the macroscopic behaviour of the 

material. There is for example a large interest in developing new pulp fibre based materials with 

enhanced deformation properties by chemical modifications of the fibres. It is possible today to 

modify the fibre wall and the fibre surface independently and thereby to influence the joint 

properties as well as the loading of the individual bonded regions [1]. In order to understand the 

influence of chemical modifications on the microscopic deformation and damage behaviour of 

self–binding materials, there is a need for methods that give detailed information on the failure 

behaviour of interfibre joints. Existing investigations and methods do not in general take the 

mode of loading into account, and the measurements generally show very large variability. There 

are generally also a large number of measurement attempts where the specimens fail upon 

mounting. The objectives of this paper are to present an improved method for manufacturing 

interfibre joint specimens (fibre–fibre crosses) and to obtain results from testing these specimens 

in two different modes of loading with a reduced number of failed measurements. Also, a 

comparison of different stress measures describing the interfibre joint strengths is presented. 

Lastly, the primary interest in this work is not to provide another data set of interfibre joint 

strength values for a given pulp but to enhance the understanding of how the failure of such 

joints develops in terms of a failure criterion and how to test such strength parameters. 

Pulp fibres prepared for paper making are made up of a hierarchical structure composed of 

cellulosic micro–fibril aggregates [2] that may vary greatly in orientation from fibre to fibre; also, 

pits in the fibre walls as well as natural curvatures and kinks contribute to the heterogeneity of 

the material [3]. These fibres form chemical bonds when wet–pressed and dried in large networks 

such as in a paper machine. Experimental measurement of the mechanical response of individual 

interfibre joints is not straightforward since they are generally very weak and very small, and thus 

often fail when mounted in a testing device. Here, it should also be pointed out that the 

properties determined during interfibre joint testing do not necessarily resemble the properties 

encountered in sheets, since these properties will also be affected by manufacturing parameters 

such as dried–in strains due to anisotropic shrinkage of the sheet and shrinkage of the fibre walls 

in the bonded regions. Also, the properties of low density sheets (where fibre segments are long) 

and high density sheets (where fibre segments are shorter) are in general very different. However, 

the interfibre joint strength values determined here are intended not for prediction of the 
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mechanical properties of paper from individual joint properties but to offer further 

understanding of how the mode of loading influences the strength of the interfibre joint and 

lastly to provide useful input data for network modelling. 

Previous studies 

Fibre morphology measurements 

Wood fibres are made up of cellulosic micro–fibrils wound helically in a hemicellulose–lignin 

matrix. The fibre walls themselves are made up of several layers with different micro–fibril angles 

and thicknesses as illustrated in Figure 1.  

   

 Figure 1: Schematic of the layered structure of a pulp fibre. The local coordinate system, x-y, and 

the micro–fibril angle,  , are illustrated for one of the fibre wall sections. 

El-Hosseiny and Page [4] studied the effect of these micro–fibril angles on the breaking strength, 

employing a transverse isotropic material model and Hill’s criterion [5]. Upon preparing wood 

fibres for paper making the method of cooking, beating, and refining certainly affects the 

morphology of the fibres and thereby the mechanical properties. Several morphologic properties 

of fibres have been studied with respect to their influence on sheet properties. The beating 

process in particular deforms the originally more or less straight wood fibre in terms of micro 

compressions, kinks, and curl. Page et al. [6] showed that the elastic modulus of a paper is in 

general lower for sheets with curled and kinked fibres than for sheets with straight fibres. Page et 

al. [7] and Page [8] showed that the stress–strain curve of paper is influenced by the amount of 
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curl and micro compressions in the fibres since straining of the network could straighten the 

fibres even without joint breakage, thus reducing both modulus and tensile strength. Also, Seth 

[9] showed that for a given scattering of light (assumed to be directly related to the bonded area) 

the in–plane sheet strength is higher for sheets with straight fibres than for sheets with curled and 

kinked fibres. In many cases, the scatter of the measured properties within one type of fibre 

could be even larger than the difference in the average properties between different types of 

fibres. 

Interfibre joint specimen preparation 

Several similar methods of making fibre–fibre crosses suitable for interfibre joint tests are 

described in the literature. Mayhood et al. [10] deposited a few hundred fibres onto a wire from a 

very dilute suspension and subsequently dried them in a manner similar to regular hand sheets. In 

this way distinct fibre–fibre cross specimens were manufactured instead of a paper sheet. Both 

McIntosh [11] and Mohlin [12] placed two isolated fibres and a drop of water on the fibre–fibre 

overlap in a cross–like geometry between two foil–wrapped glass slides. The specimens were then 

subjected to a dead weight of a couple of hundred grammes and a temperature of around 100 C 

overnight, resulting in nominal drying pressures of typically 0.5–2 kPa. Schniewind et al. [13] 

instead placed the wet fibres between two polytetrafluoroethylene (PTFE)-coated discs with a 

drop of water at the overlap area and applied the nominal drying pressure using a screw press. 

The specimens were allowed to dry in a climate–controlled room at a relative humidity (RH) of 

50% and a temperature of 23 C. The screw press enabled very high nominal drying pressures 

(compared to [11] and [12]) of approximately 1700 kPa (measured by a compression spring). It 

should be noted, however, that the drying pressure that is locally distributed on the actual fibres 

is very difficult to quantify and is dependent on the material of the press (especially indentation 

strength and modulus of elasticity) as well as the geometry of the fibres. Thus, nominal drying 

pressures from different press configurations or fibre–fibre cross manufacturing strategies should 

be compared using great care. In this study a comparison of two distinctly different types of 

presses is presented. 

Interfibre joint strength measurements 

In paper physics there are two common types of methods for measuring the interfibre joint 

strength. The first, which measures the interfibre joint strength indirectly by mechanical testing of 

whole sheets, was proposed by Nordman [14]. The advantage of such an approach is that several 

joints are simultaneously analysed and thereby an average result is obtained. Also, the joints 

measured are in a state which is natural for joints in a paper sheet. The results of these 
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measurements rely on the irreversible work done when straining the sheets and on the change in 

the scattering of light due to joint breakage. However, the energy dissipation observed was also 

an effect of intrafibre breakage [15] and straining of fibre segments between joints. Thus, the results 

cannot easily be used for comparisons of joint properties between different types of modified 

pulps, for example. There are also controversies concerning the results obtained from studies 

using indirect methods for measuring interfibre joint strength, such as the effect of beating [16] 

or the fact that the joint strength values are two or three orders of magnitude higher than the 

work that is theoretically required to break molecular bonds [12]. Other indirect methods include 

peel testing (Skowronski [17]), Clark’s cohesiveness [18], and Scott bond testing [19], to mention 

a few. Recently, a novel method was presented by Joshi et al. [20], who used acid gas to weaken 

fibres during straining in a zero span stage until all fibres broke in a well–defined line. Their 

analysis gave yet another value (although higher than previously published results) for joint 

strengths measured using indirect methods. 

Direct measurements of interfibre joint strengths were first reported by Mayhood et al. [10] in 

1962 and later by Schniewind et al. [13], McIntosh [11], Mohlin [12], Stratton and Colson [21], 

Thorpe et al. [22], Button [23], and others. The method commonly used is to test specimens 

consisting of a fibre bonded to another fibre, to a shive, or to a cellophane strip in a cross–like or 

lap–joint [23] geometry. In the case of a fibre–fibre cross, one fibre (hereafter called the crossed 

fibre) is fixed into the testing frame at both ends while the other (hereafter called the loaded 

fibre) has one end fixed to a piston (or similar) and is subjected to a motion relative to the testing 

frame. Typically the direction of loading is the direction of the fibre axis of the loaded fibre. It is 

then generally assumed that the ultimate force of the tested specimen is equal to the ultimate shear 

force of the joint that transfers the load between the fibres. However, even this direct method 

works, in a sense, at a structural level where the interfibre joint is just a component of the fibre–

fibre cross structure tested. The measured load–displacement curve of the fibre–fibre cross 

(hereafter called the structural response) is therefore not only a measure of the interface 

properties. The measured strength values will depend on both geometric and material properties 

of the two fibres as well. For example, depending on the experimental set–up, the fibres may 

twist during deformation and the length of the crossed fibre will greatly influence the amount of 

bending in the structure and thus the normal forces that develop in the fibre–fibre interface. 

Although the shear forces may dominate if the fixation of the crossed fibre, shive, or film is close 

enough to the interfibre joint, the crossed fibre will still twist and thus give rise to a combined 

mode of loading.  
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In addition to these direct measurements of the interfibre joint strength, Stratton and Colson [24] 

investigated the nature of the fracture surface of the interfibre joint specimens. They found that 

the weak joints generally failed with little or no damage to the fibre surface whereas the stronger 

joints tended to delaminate deeper into the cell wall structure, such as in the S1 wall layer (Figure 

1). 

Button [23] used finite element analysis and linear fracture mechanics to analyse cellophane lap 

joint experiments. He concluded that the results from the fibre–fibre cross specimens (only a 

limited number of such structures were tested, however) suggested that the nominal axial stress 

was a better measurement of the strength of interfibre joints in a lap–joint than joint stress, 

indicating that the interfibre joint strength is much more sensitive to other structural and material 

parameters than the overlap area, joint length (the dimension across the interfibre joint area in 

the direction of loading), or joint width. Torgnysdotter et al. [25] analysed the influence of contact 

region properties and found that the distribution of actual bonding in the contact zone had little 

influence on the structural response of a fibre–fibre cross. However, the distribution of chemical 

bonding within the interfibre joint, will certainly affect the stress distribution by introducing local 

stress concentrations in the fibre–fibre interface [25]. Several non-destructive methods of 

measuring the bonded area (contact area) between fibres are presented in the literature, such as 

[2] or [26], but such methods have been shown to produce some inaccuracies [27, 28] in the 

results if certain optical phenomena occur. 

In another study on interfibre joint strengths, Thorpe et al. [22] used speckle analysis during the 

testing to determine the strain field on the fibre surface. They utilized an analytical expression to 

calculate a spring force constant (load per unit elongation of the joint area). Their model showed 

that the stresses are concentrated towards the edges of the bonded region, yielding a non-

uniform stress distribution.  

Recently, a novel method for making and breaking interfibre joints using a micro–robotic grip 

system was presented by Saketi and Kallio [29]. The method allowed manufacturing, 

manipulating and testing fibre–fibre crosses but no measure of the force during testing was 

reported.  

Experimental procedure 

In this paper a procedure for preparing fibre–fibre crosses and measuring the strength properties 

of the interfibre joints has been developed. The method was applied to different types of pulp 

fibres with varying degrees of refining and nominal drying pressure and in two distinctly different 
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modes of loading. Fibre–fibre crosses were prepared in a fashion similar to that of Stratton and 

Colson [24], except that a steel press was used and several droplets containing fibres were dried at 

the same time. Information on the nominal geometry of the overlap region was gathered from 

microscopic images of the specimens. 

Pulp fibres 

In this study, three different unbleached Kraft pulp fibre suspensions were used. The pulps had 

kappa numbers 31 and 75, respectively. Furthermore, the pulp with kappa number 31 was 

converted to Ca2+ form [30], and prior to the study that fibre suspension was refined in an R 1L 

laboratory conical refiner (Escher Wyss) at a specific edge load of 2 Ws/m and at two different 

specific energy inputs, 50 and 125 kWh/t. These pulps were also subjected to six different drying 

pressures, defined as the nominal pressure between two Teflon or Teflon–to–rubber surfaces. 

Prior to testing, the pulps were washed in deionized water to remove the remaining chemicals 

from the pulping process and stored at a temperature of 8 C.  

The pulps used in the study are summarised in Table 1; they are named according to the specific 

nominal drying pressure and differentiated in terms of the drying press configuration kappa 

number, level of refining, and type of loading, as indicated in the table. 

Table 1: Summary of the different pulps tested in terms of kappa number, level of refining, nominal 

drying pressure, and drying press configuration. C0.7Z has the same conditions and fibre pulp as 

C0.7 except that it was tested with the peeling type of loading. 

Pulp Kappa number Refining / 

kWh/ton 

Nominal drying 

pressure /kPa 

Press configuration 

A2.6 75 - 2.6 Steel surfaces 

B0.7 31 125 0.7 Steel surfaces 

C0.7 31 50 0.7 Steel surfaces 

C2.9 31 50 2.9 Steel surfaces 

C4.5 31 50 4.5 Steel surfaces 

C6.7 31 50 6.7 Steel surfaces 

C15 31 50 15.0 Steel surfaces 
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D4.5 31 50 4.5 Rubber–to–steel 

surfaces 

C0.7Z 31 50 0.7 Steel surfaces 

 

Specimen preparation 

In this study, the method of manufacturing of test specimens allowed for simultaneous 

preparation of several distinct fibre–fibre crosses. Small droplets of deionized water were put on 

a polytetrafluoroethylene (PTFE) coated steel plate, as shown in Figure 2.  

 

Figure 2: PTFE coated steel plate with droplets of deionized water, each of which contains a few 

fibres, prior to drying 

Fibres were manually suspended in the water droplets using tweezers and an Olympus SZ 60/45 

TR stereo microscope with oblique illumination (which improves visibility of the fibres); there 

were typically two to ten individual fibres per droplet/suspension. The fibres were then dried 

between two PTFE-coated steel plates at a temperature of 100–110 C for 120 minutes at a 

nominal drying pressure that varied between 2.6 and 15.0 kPa. After drying, the plates were 

examined under a stereo microscope and fibre–fibre cross specimens were selected and 

manipulated with bio grade tweezers. Typically, one batch yielded five to fifteen fibre–fibre 

crosses. The drying method also made it possible to vary the nominal drying pressure and drying 

temperature of the test specimens as well as the drying time. The relative motion of the two 
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plates was controlled by steel bars in order to minimise handling failure of interfibre joints after 

drying by effectively minimising the in–plane relative motion of the drying plates.  

After drying, the selected fibre–fibre crosses were placed onto a specimen holder (made of 

stainless steel) using tweezers (see Figure 3). 

 

Figure 3: Schematic illustration of the specimen holder with the fibre–fibre cross as well as the typical 

points of gluing indicated 

The specimen holder was manufactured with a vertex area for the fibre–fibre cross to avoid 

frictional forces on the specimen during the measurement. The crossed fibre of the fibre–fibre 

cross was then fixed onto the specimen holder using thin needles and a cyanoacrylate adhesive, 

Loctite 401. The cyanoacrylate adhesive was viscous enough to flow all the way to the edge of the 

specimen holder and then stop, as seen in Figure 4. 

 

Figure 4: Typical micrograph of a fibre–fibre cross glued to the specimen holder 

Another advantage of using liquid adhesives (compared to double adhesive tape, for example) is 

that the specimen can be considered at rest; hence the fibres are not deformed as the adhesive 

0.5mm 
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flows around the fibre end. The loaded fibre was not fixed until the specimen holder was 

transferred to the tensile stage.  

Prior to testing, micrographs of the joint region were taken using an Olympus BX51 transmission 

microscope (see Figure 5). 

 

Figure 5: Typical micrograph of the overlap region of an interfibre joint. Note that the loaded fibre is 

significantly twisted in this particular specimen. 

Mechanical testing 

The mechanical testing of the fibre–fibre crosses was carried out in an Instron ElectroPulse 

E1000 electrodynamic tensile testing instrument using a miniature Honywell Sensotec 50 g load 

cell. The specimen holder was transferred to the mechanical test instrument and carefully 

clamped in an in–house–built grip system attached to the piston of the test instrument shown in 

Figure 6.  

0.1 mm
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Figure 6: Photograph of the in–house–built grip system with the global coordinate system indicated  

It should be noted that the handling of the specimens may itself cause premature partial damage 

of the interfibre joint, but it is assumed that such a weak joint will rupture entirely during 

mounting. If such a joint is only partially damaged it will contribute significantly to the variability 

of the measured strength properties and the median value especially will be biased toward zero. 

After mounting, the specimen holder was carefully adjusted (while maintaining the alignment) so 

that the loaded fibre penetrated a droplet (hereafter called the point of applied loading) of 

cyanoacrylate adhesive on the lower part of the grip system. The adhesive was then allowed to 

cure for a couple of minutes prior to testing.  

Since the fibres are very small (typically a couple of millimetres) it was very difficult to observe 

(without any visual aid) whether the loaded fibre was attached to the adhesive or not, but this was 

immediately indicated when the measurement started. If it was not attached, the procedure was 

simply repeated until the measurement indicated that attachment had taken place. This is an 

important aspect of the procedure since the fibre–fibre cross is well protected in the specimen 

holder and the most time–consuming (and critical) part of the interfibre joint test is the mounting 

of the specimen into the specimen holder. The advantage of this approach is that the specimen is 

not lost if the transfer to the testing stage fails since it can be tried over and over again until it is 

successfully attached. This approach significantly reduced the number of premature failures, 

which has been reported to represent about one out of four [13], or even more, with previous 

methods. 

The mechanical testing was then conducted with displacement control at a constant displacement 

rate of 3 µm/s and the measured force and piston displacement were recorded during the entire 
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test. The data recorded constituted the load–displacement response of the point of applied 

loading of the fibre–fibre cross structure (the structural response) and initially typically included a 

non-linear stiffening region as the natural curvatures of the fibres straightened and the response 

was then mainly a bending action of the loaded fibre. Then the structural response gradually 

became more linear as the fibres were subjected to bending action and axial tension as well as 

rotation of the crossed fibre until a sudden reduction in stiffness occurred in either a damage 

initiation or a brittle failure, as illustrated in Figure 7. 

 

Figure 7: Two structural responses experiencing two distinctly different failure behaviours: brittle and 

gradual damage 

It should be noted that the mechanical testing was not done in a controlled climate and this 

probably led to errors in the measurements. However, the climate was monitored using an E+E 

Elektronik EE03-FT9 digital temperature and humidity sensor. The climate (relative humidity 

and temperature) was logged every ten minutes during the lifetime (time from drying to testing) 

of each specimen in order to assess the differences in the moisture history of each tested 

specimen. It was observed that the temperature in the laboratory was almost constant (24.5 ± 0.9 

°C) and generally only varied by half a degree during a lifetime while the relative humidity 

decreased during the night (and increased again during the day), effectively subjecting the 

specimens to one moisture cycle per day, which could influence the interfibre joint properties. 

Therefore, most specimens were tested on the same day as they were prepared. The climate, the 
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lifetime, and thus implicitly the number of moisture cycles showed no correlation with the 

measured maximum force. However, such an effect would be difficult to capture since the 

number of specimens in a particular batch was not very high. 

In order to obtain more information on the behaviour of the interfibre joints in other modes of 

loading, a modified experimental set–up was also applied to load specimens with a peeling type of 

loading (compared to the conventional interfibre joint in the shearing type of loading) as 

illustrated in Figure 8.  

 

Figure 8: Schematic representation on the shearing type of loading i) and the peeling type of loading 

ii) with boundary conditions as well as coordinate directions and load direction indicated 

In this set-up the specimen holder was simply rotated and fastened to the piston of the testing 

equipment at an angle of 90° from the original orientation, and the loaded fibre was attached to 

the drop of adhesive in the same way as in the shearing type of testing. The manufacturing 

conditions and pulp were identical to that of C0.7 and the test group in the peeling type of 

loading was named C0.7Z for ease of comparison. It should be noted that the terms “shearing” 

and “peeling” used here relate to the applied load on the fibre–fibre cross structure and not the 

actual mode of loading on the interfibre joint, which would be more complex. 

The measured structural response to the mechanical testing was filtered using a simple moving 

average algorithm to cancel out some of the noise of the extremely sensitive load cell. Since the 

loaded fibre sometimes gained some slack due to the method used to attach the loaded fibre to 

the grip system, a threshold value of 0.05 to 0.2 mN load was used to define the origin of the 

load–displacement curve. The specimens that obviously did not have any slack were adjusted to 

the lower threshold value. Figure 9 shows an example of the structural response with both 

measured and averaged data. 
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Figure 9: Example of structural response for comparison of measured and averaged data (almost 

coincident in the graph); also the load threshold of 0.2 mN is marked by an arrow. 

Statistical evaluation 

In order to obtain a first order approximation of a load parameter characterising the strength of 

the interfibre joints, specimen–specific structural parameters such as the joint length and width of 

each specimen were considered. The overlap area was captured from micrographs of the test 

specimens using the image processing software ImageJ [31] and calibration of a scale bar used for 

microscopy analysis.  

The interface region (the overlap) was then discretised in terms of joint width, bw , defined as the 

straight line which constitutes the width of the interface closest to the point of applied loading, as 

illustrated in Figure 10. 
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Figure 10: Illustration of the geometric parameters joint length, bl , and joint width, bw . The 

direction of applied loading is also indicated 

The joint length was defined as the mean interface length (in the direction of applied loading), 

1 2

2
b b

b

l l
l


 .    (1) 

Finally, the overlap area was defined as the area enclosed by a two–dimensional polygon around 

the optical overlap formed from the crossing fibres seen in micrographs such as in Figure 5. Note 

that this definition neglects the fact that not all regions in the overlap are chemically bonded [2], 

but may be used as a first approximation which is at least reasonable in the evaluation of the 

interfibre joint strength. 

Results 

Interfibre joint strength measures 

A histogram of the measured force at rupture for all specimens of all materials that were dried 

between steel plates is shown in Figure 11, where the specimens that failed upon mounting are 

not included in the histogram.  
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Figure 11: Histogram of the measured force at rupture for each pulp dried between steel plates 

It is argued that only the weakest joints fail upon mounting, giving a distribution of joint 

strengths (in terms of force) where the strongest joints are more likely to be measured than weak 

ones. That means, in reality, that since the weakest specimens are not included in the statistics, 

the histogram group close to zero is unknown, but if they were to be included a trend would be 

seen in which the weak interfibre joints would dominate all measured pulps in the study. 

The force at rupture for each specimen was normalized by the overlap area of each specimen, 

and the interfibre joint overlap strength was defined as 

max
overlap

overlap

P

A
  .    (2) 

We refrain here from using the term interfibre joint shear strength since the mode of loading in 

the interfibre joint region is unknown and certainly not pure shear.  

The measured interfibre joint overlap strengths are also shown as a histogram in Figure 12, where 

an even more pronounced decline in the frequency of strong joints is shown than for the 

histogram of measured force at rupture (Figure 11). 
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Figure 12: Histogram of measured interfibre joint overlap strength for each pulp dried in the steel 

press 

Even though the stress distribution in the interface region is unknown it is obvious that the force 

of rupture should be normalized to account for geometric differences. Thorpe et al. [22] showed 

that for a similar structure (fibre to shive), approximated by plates, the shear stresses are 

concentrated at the perimeter of the joint. Also, Button [23] emphasizes in another similar 

structure (shear lap joint) that the influence of joint length is very large. It should therefore be 

argued that the interfibre joint strength could also, maybe to a greater extent, be represented by 

line loads such as interfibre joint length strength, defined as 

max
length

b

P

l
  ,     (3) 

or interfibre joint width strength 

 max
width

b

P

w
   ,    (4) 

respectively. 

The mean force at rupture, maxP  mean overlap strength, overlap , mean length strength, length , and 

mean width strength, width , are tabulated for each pulp in Table 2. 
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Table 2: Interfibre joint strength measures for each pulps tested 

Pulp 
maxP /mN overlap

/MPa 
length /N/m width /N/m 

A2.6 4.5 2.6 83 95 

B0.7 7.9 6.1 171 224 

C0.7 3.9 3.1 95 95 

C0.7Z 0.8 0.7 15 22 

C2.9 4.6 4.4 115 123 

C4.5 5.4 3.6 124 112 

C6.7 3.5 3.6 99 92 

C15 3.3 2.4 81 90 

D4.5 5.5 3.0 92 116 

 

Influence of joint length, joint width, and overlap area 

The coefficient of variation of the strength evaluated per maximum force, maxc , overlap area, 

overlapc , joint width, widthc , or joint length, lengthc , for each evaluated pulp can then be readily 

compared in Table 3. 

Table 3: Coefficient of variation for each pulp and strength measure 

Pulp 
maxc  overlapc  lengthc  widthc  

A2.6 0.6 0.6 0.6 0.7 

B0.7 0.8 1.0 1.0 0.9 

C0.7 0.8 1.0 1.0 0.9 

C0.7Z 0.6 1.0 0.7 0.8 

C2.9 0.8 0.7 0.8 0.7 
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C4.5 1.2 1.2 1.2 1.0 

C6.7 0.7 1.2 0.9 1.1 

C15 0.7 1.0 0.9 1.4 

D4.5 1.5 1.0 1.2 1.0 

 

It can be seen from the results in the table that the coefficient of variation does not necessarily 

decrease when only the overlap area (and not the true bonded area) is taken into account 

compared to the mean force at rupture. Nor does normalization by joint length or joint width 

yield lower variation, indicating that other structural parameters such as material properties and 

the geometry of the whole structure are dominating the influence of the mode of loading and 

thereby the measured strength of the interfibre joints. 

Deformation dependency 

Since the fibres of the fibre–fibre cross will be subjected to large deformations prior to rupture, 

especially if the fibres have large natural curvatures, straightening of the fibres will occur before 

rupture of the joint, which is observed and captured using a digital camera during testing as 

illustrated in Figure 13. 

 

Figure 13: Examples of different stages of deformation of a fibre–fibre cross during an interfibre 

joint test: i) prior to loading, ii) at the early stage of loading when the loaded fibre is straightened, iii) 

when the loaded fibre is straight, the crossed fibre is subjected to bending action, iv) as the load 

increases, mainly bending in the crossed fibre occurs, v) significant deformation has occurred at the 
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time of rupture, vi) as the interfibre joint is ruptured the bending action of the crossed fibre is released 

and the loaded fibre is relaxed, although not fully since there still is friction between the fibres even 

though the joint has ruptured. Note that the sample holder in the example pictures was made of 

plastic and was later replaced by a sample holder made of steel. 

Since the displacement measured at rupture is a structural response, including deformation of the 

constituent fibres, it cannot readily be used to evaluate the strength of the interfibre joints, at 

least if the fibres are longer than a couple of fibre widths (at which the bending deformation is 

negligible). This can be further illustrated by a scatter plot of all load–displacement results shown 

in Figure 14. 

 

Figure 14: Scatter plot of the point of rupture  max max,P   for all pulps dried in the steel press. 

It can be seen from the figure that there is very little correlation between the deformation of the 

cross and the force at rupture. In fact, calculating Pearson’s correlation 

 max max
cov ,

max
P

P

s s







 ,    (5) 

where s
 
is the standard deviation of the measured 

max
  and  

max max
cov ,P   is the covariance 

between the two variables, for all measurements yields 0.20. Such a correlation value, given a t-

distribution, corresponds to only 2% probability of correlation; that is, there is at least no linear 
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correlation. Note that a low correlation does not necessarily mean that the two measured 

variables are independent. There is also no indication that a high force at rupture follows from a 

large displacement at rupture. Similarly, the correlation between interfibre joint overlap strength 

and the deformation at rupture can be identified as 

 max
cov ,

overlap

s s


 


 

 ,    (6) 

where s is the standard deviation of the interfibre joint overlap strength. Also here the 

correlation is very low, with 0.25  . 

Influence of drying pressure 

The nominal drying pressure of the fibre–fibre cross specimens is an obvious parameter of 

interest. The influence of nominal drying pressure on the interfibre joint strength was studied by 

Schniewind et al. [13] using a completely different type of drying strategy compared to that used 

in this study (hence the drying pressures could not be readily compared). They showed that the 

interfibre joint overlap strength tended to decrease with higher nominal drying pressures but also 

emphasized the large variability of the measurements. Here, one of the fibre suspensions was 

dried at five different nominal drying pressures ranging from 0.7 to 15 kPa and the results are 

compared in Figure 15, with the 25th and 75th percentile (of the mean) indicated as bars for each 

nominal drying pressure. 
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Figure 15: The mean and median forces at rupture are plotted against the nominal drying pressure; 

the bars represent the 25th and 75th percentiles at each nominal drying pressure, and the bar with a 

diamond represents the mean force at rupture from drying the specimens when one of the steel surfaces 

is covered with a layer of silicon rubber. 

Note that the median is typically lower than the mean since there are generally more weak joints 

than strong ones, as was shown in the histograms in Figure 11 and Figure 12. There are also 

indications of a maximum mean force at rupture, although this is not statistically well–

substantiated. It should also be emphasized that in a conventional hand sheet dryer the pressure 

is about 80 kPa but since rigid surfaces were used here the local pressure on the actual fibre–fibre 

overlap could be considerably higher than the nominal one. 

If the influence of nominal drying pressure is presented in terms of interfibre joint overlap 

strength, as shown in Figure 16, the maximum discussed above is a little more pronounced and 

seems to occur at a nominal drying pressure somewhere between 0.7 and 4.5 kPa. 

 

Figure 16: The mean interfibre joint overlap strength plotted against the nominal drying pressure; 

the bars represent the 25th and 75th percentiles at each nominal drying pressure, and the bar with a 

diamond represents the mean result from the rubber press 

The same kind of trend as in Figure 15 can be seen here, with a decrease in strength when the 

nominal drying pressure increases to very high values. 
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Since the drying press used in this study was made of steel, the local stress distributed on the 

actual fibres was expected to be very high since the press surfaces were rigid compared to the 

fibre material. It is also very difficult to compare this drying strategy to other strategies used in 

the literature. Therefore, a study on the influence of the drying strategy was also performed in 

which silicone rubber was put between the steel plates, giving a rubber–to–steel type of press. 

The rubber used was a G. Angleoni RTV 930 silicone rubber with a grammage of 1.25 kg/dm3, a 

Shore A (ASTM D2240-00) hardness of 30, and ultimate elongation of 600%. The result shows 

no dramatic change in mean strength compared to the fibre–fibre crosses prepared using two 

steel plates. 

Influence of the load direction 

From the results of the measurements conducted with the peeling type of loading, a decrease in 

strength was seen. The maximum force required to rupture the joint was only about 20% of that 

required with the shearing type of loading in terms of both maximum force and overlap strength. 

These results are also in close agreement with peeling tests recently conducted in an atomic force 

microscope by Schmied et al. [32], who found that the force at rupture with the peeling type of 

loading was about 7–10% of the force at rupture with the shearing type of loading. It should be 

noted that the test with the peeling type of loading is different from that with shearing since the 

applied force subjects the joint to an opening moment which produces a completely different 

stress state in the interfibre joint. 

Discussion 

The interfibre joint overlap strengths that are presented in this paper are in the same range as 

those reported in the literature, even though the measurement methods were slightly different. 

The measured strength values of fibre–fibre joints measured by direct methods in the literature 

are summarised in Table 4. 

Table 4: Summary of measured interfibre joint strength values in the literature 

Author Type of pulp 
overlap /MPa 

Russel et al. [33] Bisulfate 2.6 

Schniewind et al. [13] Holocellulose 1.9–3.7 

 Kraft  0.4–1.0 
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 Sulfite 0.2–0.3 

Button, [23] Holocellulose 9.0–13.9 

Stratton–Colson, [21], [24] Kraft 2.1–9.3 

Torgnysdotter, [34] Kraft 1.4–2.1 

Mayhood et al. [10] Sulfite 2.9 

 Kraft 2.8–3.5 

 

The present results are in the same range as in the literature. 

Approximations and sources of error 

In the interfibre joint test, several errors are introduced. One is the method of drying, which may 

influence the strength of the joint since the pressure on the specimens is not evenly distributed. 

This influence, however, has been shown in this report to be quite small.  

The geometric difference of the fibre–fibre crosses is probably one of the largest sources of error 

since the geometry of the constituent fibres will affect the mode of loading of the joint.  

The errors due to the process of transferring the selected fibre–fibre cross specimens from the 

manufacturing stage to the tensile tester are believed to have been minimised using the method 

presented here. By letting the liquid adhesive flow onto the fibres laying at rest on the specimen 

holder, no strain is introduced prior to testing. Also, use of the technique presented here to 

attach the point of applied loading significantly decrease the number of premature failures. 

It should also be noted that the measurement technique utilizes a one–dimensional load cell (as in 

the literature) that only measures the force in a certain direction, neglecting the reaction forces 

due to a non-symmetric fibre–fibre cross. The influence of the geometry of the overlap area, joint 

length, and joint width, on the other hand, is taken into account, but it is assumed that the whole 

overlap area is bonded. 

The climate during the lifetime of a specimen was also measured (not presented here) and no 

direct correlation of the measured strengths with the temperature or relative humidity was found. 

Determining the influence of the climate however is not the aim of the study; the humidity in 

general varied between 25 and 35% and the temperature was 24.5 ± 0.9 °C. More extreme 
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variations in humidity conditioning have been presented previously [13] without any significant 

influence on the strength measurements. 

Strength measures 

None of the strength measures were conclusively better in terms of the coefficient of variation. A 

reason for this could arguably be that the measured strength is dependent on geometric and 

material properties to a larger extent than what would be gained from the respective 

normalization. For example, the twisting of the crossed fibre gives rise to a larger opening 

moment and, depending on the crossing angle of the fibres, moment in the tearing mode. Thus, 

even though the dimensions of the overlap region are taken into account, the structural geometry 

has such a large effect on the mode of loading that the normalization alone cannot be used to 

give a representative strength value. 

Strength distribution 

It can be argued that attention should be directed toward the strength distribution when 

evaluating different influences on interfibre joint strengths since the strength distribution of 

interfibre joints is skewed, as the weakest joints normally fail to be measured and are thus 

difficult to account for in the statistical analysis. 

Degree of refining 

A simple comparison between B0.7, which was refined at 125 kWh/ton energy input, and C0.7, 

which was refined at 50 kWh/ton energy input, showed that the pulp refined at the higher energy 

input had about twice the strength.  

Nominal drying pressure 

A physical interpretation of the influence of nominal drying pressure could be that as the nominal 

drying pressure increases, the fibres become closer to each other and can thus create stronger 

chemical bonds when dried, but as the nominal drying pressure increases further, the stresses in 

the fibre wall due to the compressive loading become so high that the fibre material starts to 

accumulate significant damage, which could degenerate the material around the interfibre joint 

and initiate delamination in the S2 layer of the bonded fibres, as was observed by Stratton and 

Colson [24], in strong joints. In this way cracks may be located in the fibre walls rather than in 

the interface between the fibres. This means that the force at rupture will be lower even though 

the chemical bonds at the interface are stronger due to the high nominal drying pressure. 
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Conclusions 

A method of manufacturing and testing fibre–fibre cross specimens has been developed that 

significantly reduces the number of failed measurements. Furthermore, this paper has revisited 

the study on how the nominal drying pressure of the fibre–fibre cross affects the interfibre joint 

strength. It was concluded that the effect of manufacturing pressure was very small. The 

specimens that were loaded in the out–of–plane direction showed strength values that were 20% 

of those obtained for specimens loaded in the in–plane direction (in terms of both maximum 

force and overlap strength). Also, since the method presented was able to differentiate between 

very weak joints (sometimes as low as 0.2 mN) and joints that were not chemically bonded at all 

(through the high resolution load–displacement curve), it was shown that the strength 

distributions of the interfibre joints were very skewed.  

Lastly, the geometry of the overlap area between the fibres was used to normalize the strength of 

the interfibre joints and the results suggested that neither length dimensions (width or length) nor 

overlap area were unambiguously more successful at representing the joint strength in direct 

interfibre joint testing when variations in the geometry were allowed. 
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