INTRODUCTION

Candidacy exam question is given to “analyze the current practice of refining reinforcement pulps (fully bleached to unbleached) regarding all significant parameters and their effects on fibrillar-level structural modifications in the fiber cell wall structure, to propose hypotheses to improve the process and to devise a viable Ph.D. experimental program to test your hypothesis.”

The first section of this study will examine the reinforcement pulp. The purpose of reinforcement fiber usage will be detailed. Fiber characteristics and reinforcement efficiency will be explained. Reinforcement mechanism and refining studies of reinforcement fibers will be examined. 

The second section will extensively examine the effect of refining on fiber characteristics. 

The third section will intensively study the effect of raw material and significant refiner processing variables that how they effect fiber structures. 

The forth section will include refining theorizes that are developed to evaluate fiber characteristics and different refiners. 

Last section will study the hypothesis to improve the refining of reinforcement pulp with a viable Ph.D. proposal. 

REINFORCEMENT PULP

This section will include an extensive study on reinforcement pulp. What pulp is called as reinforcement pulp and what purpose the reinforcement pulp is used will be answered. Fiber characteristics of the reinforcement pulp will be examined and the reinforcement potential of the fibers will be studied. The mechanism of how reinforcement fibers affect paper characteristics is also interest. Refining studies of reinforcement pulp will cover the last part of this section.

It is well known that neither the uncoated nor the coated printing paper furnishes can be manufactured solely from mechanical fibers. A certain fraction of chemical fibers is required to provide a smooth transition from pulp slurry to paper, to improve the strength of the wet web and sheet when rewetted in sizing, coating, and printing operations since a dry sheet when wetted becomes much weaker and is more likely to fail. Also, to be able to produce lower basis weight papers with adequate quality, it is imperative to add certain amount of reinforcement fibers. Softwood kraft fibers provide the reinforcement potency for today’s both wood-containing and wood-free printing furnishes. Hardwood and mechanical fibers are used to tailor made for the requirement of the printing surface while the reinforcement fibers guarantees the strength required for trouble free runnability. As the tensile properties of wet webs are affected by various pulping and papermaking treatments, here below the fiber characteristics that affect the strength and extensibility of wet webs will be explained. 

THE MECHANISM OF THE STRENGTH AND EXTENSIBILITY OF WET WEBS

Seth
,
 explained two main factors that control the tensile properties of wet webs. One is the extent of fiber-fiber interaction, and the other is the presence of curl and microcompressions. Fiber flexibility, collapse, internal and external fibrillation and fines content also enhance the fiber-fiber interaction and thus improve the wet/dry web tensile strength, stretch, and elastic modulus. Curl and microcompressions in the fiber also alters the fiber-fiber interaction and thus partially control the wet web strength. The degree of curl and microcompressions in the fiber increases the wet web stretch, but lowers the dry sheet tensile strength and elastic modulus due to more uniform stress distribution in the sheet. Based on fiber characteristics, as compared to coarse fibers, fine fibers provide wet web tensile strength and stretch. Fine fibers also provide dry sheet tensile strength and stretch. As the addition of softwood kraft fibers is to improve the runnability and strength characteristics of the sheet, attention is next given to understand the reinforcement mechanism. 

REINFORCEMENT MECHANISM 

Levlin
 examines the role of softwood kraft pulps in printing and writing papers and discussed extensively the influence of softwood fibers on the reinforcing action based on the proportion of softwood fibers, their dimensions and degree of refining for both wood-containing and wood-free printing papers. 

WOOD-CONTAINING PRINTING PAPERS

Mechanical fibers are the main fiber composition in the case of wood containing printing papers. The typical furnish composition comprise of 50-95 % of mechanical fibers, 5-50 % of bleached softwood kraft pulp, and 0-30 % clay as filler depending on the grade concerned. The reinforcement mechanism in wood-containing printing paper can be explained by kraft fiber characteristics that they are always longer, more flexible, and have thinner walls as compared to mechanical pulp fibers. The difference between mechanical and kraft fibers is due to the differences in pulping processes and thus the yield of the pulps. The addition of reinforcement fibers affects the processability of this furnish, which reduces the dewatering resistance due to a decrease in fines content and improves the wet web strength. 

Mohlin
 studied the interaction between mechanical and chemical pulps and concluded that the properties of paper made from furnish blends of mechanical and chemical pups are not usually a linear function of the properties of the original pulps. Wet web strength and tear index deviate from the value calculated in a positive direction, while other strength properties deviated in the negative direction. 

WOOD-FREE PRINTING PAPERS

Hardwood chemical fibers are the main fiber constituent of most wood-free furnishes. The typical furnish composition of wood-free grades (Fine papers) contain 60-100 % hardwood kraft pulp depending on the grammage and on the end use of the paper, 0-40 % softwood kraft pulp, and 10-30 % clay or calcium carbonate as filler. As mentioned earlier, the addition of softwood kraft fibers in wood-free furnishes is to provide sufficient strength that is to reinforce the web. The end use quality requirements are met more with the aid of the hardwood content of furnish. Hardwood and softwood fibers differ as regards to fiber flexibility, fiber collapsing tendency, and bonding ability. Addition of softwood kraft fibers affects the end use properties of paper that how the sheet end use properties changed with the addition of softwood kraft fiber is also an interest. 

THE INFLUENCE OF REINFORCEMENT FIBERS ON THE END-USE PROPERTIES OF PRINTING AND WRITING PAPER

The effect of softwood kraft fibers on end use properties of paper such as printability that is affected by the surface properties, opacity, and absorption properties, bulk and stiffness extensively studied by Karenlampi
,
,
 and Kibblewhite
 The influence is due to the dimensions of the softwood kraft fibers in relation to mechanical and hardwood fibers. 


In a wood-containing furnish, the fibers of the reinforcement fibers are generally longer and more intact as compare to mechanical pulp. Mechanical pulp fibers include higher amount of fines than reinforcement pulp. The lower content of mechanical pulp in a furnish means less amount of fiber fragments and fines content that fill up the voids between the chemical pulps. The coarser and longer reinforcement fibers achieve the rougher the paper surface. The scattering coefficient of reinforcement pulps almost half of the mechanical pulp due to its low fines content. Therefore increasing the amount of reinforcement fibers lead to lower opacity of the paper. 


In wood-free papers, the differences between softwood and hardwood fibers are smaller as compared between the softwood and mechanical pulp fibers. The printability deficiency is also smaller in wood-free papers with increasing amount of reinforcement pulp as compared to wood-containing furnishes. Coarser reinforcement fibers still adversely affect the surface roughness of the paper. The opacity of the wood-free papers will also be adversely affected by the increasing amount of reinforcement fibers but not the same extent as the case of wood-containing papers. The bulk and thus the stiffness of the paper will generally increase with an increase in the amount of reinforcement fibers. At this point, it is necessary to know how the characteristics of the reinforcement fibers affect the reinforcement potential.

REINFORCEMENT POTENTIAL

Levlin
 had an extensive study on how to characterize the papermaking pulps and explained basic fiber properties and characterization methods. The characterization is possible with measurements of the basic fiber properties. Fiber network theories can be used to asses the significance of certain fiber properties for the properties of the sheet
. The common approach to pulp characterization is to analyze the pulp in respect of certain specified properties such as tensile to tear strength, roughness to scattering coefficient etc.

Ritala
 presents a theoretical study on the strength properties of wood-containing papers. The two main results obtained are that the strength properties do not independent on the grammage, the fiber length and coarseness of the reinforcing fibers. 


Raisanen
 utilized computer simulations to study the effect a single reinforcement fiber added to a mechanical fiber network and concluded that a stiff reinforcement fiber increases stress in the fiber segments and inter-fiber bonds in the surrounding fiber network. Small amount of reinforcement fiber addition do not improve the strength properties of paper and enough amount of reinforcement addition is required to provide reinforcing potential. 


Ebeling9 argued the reinforcement action of softwood pulp in wood-containing printing papers and evaluated the reinforcement potential based on the cross machine directional tear strength and by the machine directional tensile strength of the paper. The better reinforcement potential of the softwood fibers is to be measured by the smaller amount of reinforcement pup is required in order to achieve the necessary levels of tear (CD) and tensile (MD). As well known, tear strength of the paper is strongly correlated with fiber strength and fiber length. Reinforcement potential of a softwood fibers is formulated in Equation 23,9. 
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Equation 2 indicates that the reinforcement potential is related to the average fiber length and inversely related to the fiber coarseness. 

Seth
 searched the effects of three principal fiber properties -length, strength, and coarseness- on the tearing resistance of paper. For long, straight, and adequately bonded fibers, the tearing resistance is proportional to power 1.7 of the fiber length. Paavilainen
 and Yan
 resulted for poorly bonded papers a power dependence of fiber length and tear resistance of 1.5 to 2.0. Thus Ebeling9 developed Equation 2 by replacing the tear strength with an average fiber length dependent term. 
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(Eq 3)
Where: k is the proportionality constant for the dependence of tear strength on the power functions of the fiber length. Equation 3 indicates that the reinforcement potential is related to second to third power of the average fiber length, when the fiber coarseness and fiber strength are kept constant. 


Ebeling9 searched the effect of coarseness on tear strength for the same average fiber length of about 2.45 mm fibers. As seen from the Figure 1, the maximum tear strength is reached with fiber coarseness around 0.2 mg/m for the unrefined fibers. Therefore, refining (4000 rev at PFI) increase the tear strength of all pulps except in the case of very slender earlywood fibers. In the case of high coarseness latewood fibers the maximum tear strength is not achieved with the amount of refining done. Coarser fibers make fewer and smaller contacts and thus cause weaker wet and dry web strength9.

Figure 1 Effect of fiber coarseness on tear strength of kraft pulps

As explained earlier, high relative numbers of fibers are critical to achieve good web reinforcement and formation in many low grammage grades. Even at low additional levels, the probability of forming a continuous network is possible with such reinforcement fibers.

Ebeling9 described the reinforcement potential of softwood kraft pulps from different wood species and concluded that species, grow site, age, part of truck etc affects greatly the reinforcement potential. Flexible fibers forms bonds more easily; and high fiber flexibility is preferred for good reinforcing fibers. 

Hemicellulose content on the surface layers of the reinforcement fibers are also the important aspects of good reinforcing potential and they can be best controlled by the pulping and bleaching, and by the method of refining4. To support the bonds of externally fibrillated fibrils to the cell wall structure, the DP of the fibrillated cellulose needs to be sufficiently high. A pulp rich in hemicelluloses that are more conformable and therefore reach a high tensile strength with less refining energy improves fiber-fiber bonds
.

As the cost of the mechanical pulp is only 60-65 % of the chemical pulp3, the amount has to be optimized to cut the cost of the furnish3,4. Lindholm
 studied to determine the optimum combinations of mechanical pulp fractions. Studies with three component is more difficult to perform graphical optimization as compared to two component furnishes. To be able to determine the optimum combinations, it is important to find out how pulp combination affects the paper properties as compared to reference point. Seth
 studied to optimize reinforcement pulp by fracture toughness taking tensile strength and extensibility as variables. Fiber properties and processes that improve these two characteristics also tend to enhance wet web strength and rewetted sheet strength. As the effect of refining on fiber characteristics will be studied more extensively in the second section of this study, here below will contain very small information on the refining response of reinforcement pulp. To understand better the effect of softwood kraft fibers and fiber characteristics in a sheet structure, 2-D network structure of a sheet has to be explained to recognize the reinforcing action of the fibers in a sheet structure. 

NETWORK STRUCTURE

Slenderness of a fiber also indicates the reinforcement efficiency of the softwood fibers that depends on the number of fibers present in furnish. The number of fibers depends on the fiber dimensions, i.e., fiber length (l) and fiber coarseness (w). These characteristics should have an optimum rather than a maximum value3. Large diameter and thin cell wall fibers show low strength and high shrinkage tendency that they can get easily damaged in the refining and they might weaken the bond strength of crossing fibers respectively. Smaller fiber diameter with moderate cell wall thickness is more preferable for a superior reinforcement fiber9. 

Although the papermakers always add the reinforcement fibers by weight, the reinforcing action depends on the number of reinforcement fibers present in the furnish3. Ebeling
 examines the importance of the various factors for the reinforcement capability of the softwood fibers. The amount of reinforcement fibers in a wood-free and wood-containing furnishes depends on: the type of pulp used, the type and quality of wood used, the basis weight, the amount of fillers, and the quality of reinforcement pulp. Normally the amount of reinforcement fibers varies between 10 to 35 %. Possibility of the amount of fiber-fiber crossing of reinforcing pulp fibers in a 2-D random fiber network is displayed in Equation 13,9. 
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Where;

N
= number of crossing

W
= the basis weight of the sheet, 

lf
= the average fiber length

ml
= the fiber coarseness. 

Equation 1 describes that number of fiber crossing is directly related to the basis weight and fiber length and inversely proportional to the coarseness of the fibers. The effect of fiber length on fiber crossings per fiber length is shown in Table 1. 

Table 1 Effect of fiber length on the number of fiber crossings per fiber length (N) in a random 10 g/m2 2-D sheet structure9

	Average fiber length, mm
	Number of crossings per fiber length, N

	2
	64

	2.5
	80

	3
	98


The more slender fiber is better for reinforcement potential because slender fibers have more contact points with the adjacent fibers. At a given basis weight of paper, the number of slender fibers is higher than that of coarse fibers. As fiber dimensions determine the optimum end use for a particular reinforcement fiber, most attention might be given the dimensions of the fibers and their effect on reinforcement potential. 

REFINING RESPONSE OF REINFORCEMENT PULPS

A typical refining approach uses the intensity of refining that fibers experience and the total number of impacts or the amount of refining. The amount of refining is proportional to the net specific energy for a given specific edge load (SEL). For a given plate design and operating rotational velocity, SEL is varied by changing the power applied, i.e., by changing the gap between the refining surfaces. SEL is the ratio of net power applied by the refiner to the total cutting edge length of the refiner plates. It has been a common belief that refiner type has no effect on the refining result, if only specific edge load, refining consistency and net energy input in each pass are equal. There are several possibilities to evaluate the suitability of different refining strategies. Final evaluation, of course, should be made after paper machine by comparing refining energy consumption, furnish mixture costs, drying energy capacity, number of web breaks, and most importantly final paper quality.

The main purpose of refining is to develop fiber properties to obtain the most desirable paper machine runnability and end use properties. Seth
 extensively studied the beating and refining response of some reinforcement pulps. The beatability of various commercial softwood kraft pulps is examined with PFI mill and Escher-Wyss laboratory refiners. Low intensity refining of reinforcement fibers give higher tensile strength because low intensity refining improve flexibility and thus bonding ability. At similar refining energy, finer fibers give higher tensile strength as compared to coarser fibers. Strong, long, fine, and thin-walled softwood fibers make strong sheets. 

The intensity of the refining is dependent on the raw material and refiner operation and design. The proposed refining intensity in the literature varies between 1.0 W.s/m to 8.0 W.s/m for softwood pulps8,
. 

The main discussion is what intensity the reinforcement fibers must refine. Tear and tensile strength are required to be optimized or attentions must be given to tensile strength and the highest possible tensile strength to be reached. Levlin3 and Ebeling9 purpose to optimize tear and tensile strength with maximum fibrillation but Seth19 purpose to refiner reinforcement fibers to the highest possible tensile strength. 

Reinforcement fibers refine to have fines or the highest fibrillation with no fines production is desired. The bonding ability of softwood fines better as compared to mechanical fines, and Karenlampi5 and Seth19 purpose an extensive refining to have also fines from reinforcement fibers. 

EFFECT OF REFINING ON FIBER CHARACTERISTICS

This section will intensively study the effect of refining to enhance fiber properties on softwood chemical (fully bleached and unbleached) fiber characteristics to obtain the most desirable papermachine runnability and end product properties. Therefore, mechanical treatment to develop internal, physical and chemical properties of softwood chemical fibers is a critical unit operation in the stock preparation area. Physical damage on fibers by refining is irreversible and once fiber is refined it is unlikely that they ever return to their previous conditions.

Basically, refining process breaks interfiber hydrogen bonds and replaces them with fiber-water hydrogen bonds. Theoretically, a small amount of energy is required to cause a permanent structural damage in the fiber-bond breaking. On the other hand, refining consumes large amount of energy. The friction, pumping effect, etc. mostly cause less efficiency of refining. Refiner segments are the key components of refining operation and they must exactly suit to the application. Each refiner segments must be specifically designed for the specific application because the requirements for every installation are unique. Metallurgy, segment pattern, operating conditions, production process and many more factors must be taken into account to ensure the optimum balance of fiber quality, cost, production efficiency and productivity. Figure 2 illustrates some of the main effects of refining on an individual fiber.

Figure 2 Beating effects21

FIBRILLATION

The most important beating effect is the fibrillation of the fibers as a result of uniform and gentle treatment. External, internal, and molecular fibrillations that are distinguished by their location are the three classes of new surfaces that are developed during beating. These effects occur simultaneously and increase the water retention value of the pulp. 

EXTERNAL FIBRILLATION

Literature
,
,
,
includes extensive evidence on external fibrillation of fibers .At the early stages of beating, primary and the outer secondary (S1) cell wall layers are removed. These allow inner parts of the fiber to swell more easily. Through a higher degree of beating, the middle secondary cell wall (S2) layer starts to be affected and fibrillated. Therefore, external fibrillation is defined as the partial detachment of lamellar and macrofibrillar material from the external layers of the cell wall (Figure 3). External fibrillation changes the physical properties of the fiber surface increasing the area available for contact and subsequent bonding ability by creating new surfaces with different capabilities to form hydrogen bonds. 

Figure 3 Unfibrillated kraft fibers (left) and external fibrillation (right)

INTERNAL FIBRILLATION

Internal fibrillation is referred as internal (and mainly) tangential splitting of the structure of the cell wall due to the repeated compression and relaxation of the fibers between the refiner bars (Figure 4). The existence of internal fibrillation is proved by direct visual evidence
,
. The indirect evidences are data on swelling (WRV)
, flexibility data
,
, specific surface area
,
, and microscopic observation of the collapse of fiber during drying
. 

Figure 4 Internal fibrillation26

MOLECULAR FIBRILLATION

Hietanen
 characterize the molecular fibrillation as partial solution of the components of the cell wall where the molecules are still attached to the cell wall at one end, the other end being “in solution.” Although there is no direct evidence that molecular fibrillation occur in refining; therefore, many literature23,
,
,
 show that some of the cell wall materials dissolves during refining. Dissolution of the chemical material during refining is taken as indirect evidence of molecular fibrillation.

CREATION OF NEW PARTICLES

Steenberg
 and Sandgren
 indicates that refining creates new particles by cutting of fibers, splitting to loose off cell wall lamellae and macro fibrils, and dissolution of the polymeric molecules of the cell wall. Fiber cutting and detachment of lamellar and macrofibrillar material from the cell wall is referred as generation of fines. 

STRUCTURAL MODIFICATIONS

Structural modifications are classified as angular folds, kink, twist, microcompressions, parallel fold, compression, and mechanical damage and evaluated by counting and classifying the deformations in a light microscope, by measuring zero span tensile index, and by determining curl index. As zero span tensile index measures the fiber strength, wet zero span is used to measure the fiber deformations. Compressing failures within the cell wall are structural modifications that affect their papermaking properties.

FIBER COLLAPSE 

Page34 extensively studied the collapse behavior of pulp. Refining softens fibers while loosening of the cell wall that increase the tendency of fibers to collapse on drying. Higher yield pulps collapse less whereas thin cell walls increase collapse tendency. 

FIBER MICROCOMPRESSIONS

Fiber microcompressions
 is developed by fiber-fiber stress during refining at high stock concentration. The structure of a longitudinally compressed fiber consists of the buckled zones in which the fibrils are completely disoriented, and the relatively intact segments in which the fibrils are still parallel to one another and maintain their helical arrangement, although the helix angle is probably somewhat changed.

CELL WALL AND ZONE DISLOCATIONS
Kibblewhite
,
explained that cell wall dislocations and fractures occur within the S2 layer due to the action of compressive stresses in refining that dislocate elements with respect to each other. The dislocations occur perpendicular to the fiber axis, and more and more pronounced as refining progress. Zone dislocations extent over the width of fiber and are defined as concentrations of wall dislocation in fiber walls. They are described as weak points in the fiber and cause bending and make fiber more flexible. They are visible under polarizing microscope. Higher yield pulps and late wood fibers exhibit more pronounced dislocations. These show that this property is a function of the flexibility of the fiber wall.

FIBRILLAR  ANGLE 

Figure 6 shows a cell wall structure of wood fibers. The effect of beating on fibrillar angle is extensively studied by Alexandar
,
, Kim
, and Bither
. Fiber strength is controlled by the fibril angle of the S2 layer and the extent and severity of the defects. The strongest fibers are those with a fibril angle of zero, the strength gradually falling off with increasing fibril angle. Beating process decreases the micro fibril angle Table 2. The change in fibril orientation is caused by either crystallite movement within fibrils or by fibril movement within the fiber. 

Figure 5 Cell wall structure of wood fibers. ML, middle lamellae; P, primary wall; S!, S2, S3, layers of secondary wall (Niskanen 1998).

Table 2 Effect of refining on fibril angle (Springwood fibers at 48 % yield)44

	CSF, ml
	Fibril angle, degrees (X-ray)

	710
	12.2

	100
	8.0


FIBER CURL

Fiber curl
,
 is referred as the shape factor and calculated as the ratio between fiber length of the diagonal in the circumscribed rectangle and the length of the fiber. Pulping, bleaching, pressing, beating, and drying produce curls. Beating fiber with swelling and tensile stress application, straightens the fibers, so that in a beaten sheet the stress distribution and the tensile strength are improved. 

CHEMICAL NATURE

Whether chemical nature of the fiber changes or not at all during the beating is under discussion. Many researchers23,38,37,38,
,
 has believed that the chemical nature of cellulose changes with beating and the water in the beater dissolves material from the pulp as the beating progress. It can be assumed that a part of wall material is dissolved due to the mechanical action and swelling stresses during beating process. The observed total amount of dissolved material changes from 0.3 to 4 % of the pulp weight. Dissolution takes place in early stages of beating and concentration of carbohydrate increases only slightly as beating is continued. The dissolved amount is dependent of the beater. For example Valley beater gives about twice as much dissolved material as the beating in the PFI mill.

Plat
 is declare that the beating of kraft pulp changes very little portions of cellulose I into cellulose II (Plat 1983) whereas Lennholm
 observes no change. Woitkovich
 indicates that extensive mechanical refining of pulp leads to a relaxation of constraints on molecular mobility within cellulose lattices that structural disruption has progressed beyond simple delamination and thus increases the mobility of cellulose I to cellulose II structure. Lennholm also shows that the alpha, beta, and gamma celluloses remained essentially unchanged, and the chemical composition and crystilanity index are interpreted as being unaffected by beating. The small difference in the NMR spectra is interpreted as the variations in the hydrogen bond strength.

FIBER LENGTH

The average fiber length
,
,
,
 is reduced with beating. The effect of kink, curl, or deformation of the fiber occurring during refining is to be considered while measuring the fiber length. Fiber shortening is due to cutting and/or breakage of long fibers and fibrillation is the main reasons that reduce the fiber length. 

FIBER STRENGTH

Refining process weakens the individual fibers44,45,
. Zero span breaking length of fiber declines with refining. Beating increases the tensile strength of the sheet whereas at an extensive refining tensile strength decreases. Modification of the fibrillar structure in the fiber wall, fiber straightening and changes of the molecular structure are the reasons that increase sheet tensile strength. When the fibers are straightened fully no further change in tensile strength is observed. 

EFFECT OF BEATING ON YOUNG’S MODULUS

The elastic modulus of fibers increases up to a maximum value as beating progresses, but extensive beating produces a decline in the modulus. Changes in the elastic modulus occur due to modifications of the fibrillar structure in the fiber wall and due to changes of the molecular structure44,
. 

FIBER COARSENESS

The reduction of coarseness of a fiber with refining is due to the detachment of sections of fiber wall to create new much smaller particles. This lowers the coarseness value by increasing the total length of fibers for a given mass of pulp55-58. 

FIBER THICKNESS AND WIDTH

The thickness of thick-walled fibers decreases in relation to the beating degree58,
. The mean fiber width remained essentially constant regardless of the level of beating58. 

FIBER FLEXIBILITY

Refining makes fibers flexible26,29,
. As beating period is extended fibers become more flexible. It is clear that as the fiber swelling increases the fiber structure is highly placticized. Therefore increased flexibility and plasticity lead to less fiber damage during beating. This is the main reason on wet beating of fibers.

SPECIFIC SURFACE AREA

The concept of specific surface is highly dependent of the measurement method and without specification of the measurement method it is not complete. External (including fibers and fines) and internal surface area increases almost linearly with beating,
,
. Fine fraction of the pulp has a large specific surface area. The relative bonded area (RBA)
 of a sheet increases as a function of the specific energy. RBA fist increases rapidly at the beginning of refining and then levels out.

PORE SIZE

Berthold
 utilized inverse size-exclusion chromatography and Li utilized 1H- and 2H to examine the pore size in pulps. Pores in the cell wall arise while pulping and allow water to enter the cell wall, develop swelling action, and provide space for movement of the microfibrils. Refining contributes to an increase in the size of pores in the cell wall due to the repeated bending, cracking, and compression of the fibers. Therefore, the initial decrease in total pore volume is interpreted by fiber collapse. Increase in pore volume is either a breaking of the cell wall structure or removing substances that are trapped in micro voids (due to the bleaching). 

SWELLING AND HORNIFICATION

The effect of swelling on refining is studied extensively32,
. Refining promotes fibrillation or fiber wall delaminatoin and therefore improves the swelling of the fibers (Table 3).

Table 3 Fiber swelling on refining pulps20

	Refining energy 40 kW.h/ton

	SEL, J/m
	Unrefined 
	2.5
	0.25

	Level of swelling, g/g
	0.83
	1.0
	1.08


Hornification
,
 of pulp is described as the loss of swelling that can result from repeated drying and rewetting. It is, consequently, associated with a decrease in bound water potential, a reduction in fiber flexibility, or a reduction in fiber-swelling capability. Hornification and beating are inversely related because fibrillated and therefore more swollen fibers are hornified to a larger extent than unbeaten fibers. 

PROPOSAL

EFFECT OF WOOD SPECIES AND WOOD STRUCTURE ON THE REINFORCEMENT POTENTIAL

Table describes the reinforcement potential of softwood kraft fibers made from different commercial wood species at various locations of the globe. The reinforcement potential index has been calculated according to Equation 3. (Ebeling 1997).

Reinforcement potential index of different softwood kraft pulps at various global regions. The index is based on the formula of Equation 3.

	GEOGRAPHICAL LOCATIONS OF WOOD SPECIES

	Southern Pine (Elliot Taeda)
	South America New Zealand (Pinus Radiata)
	Scandinavian Pine
	US+Canada West coast
	US+Canada Northern area
	Brithish Colombia, Coastal islands

	90
	130
	140
	146
	154
	170


Retulainen
 studied the strength properties of mechanical and chemical pulp blends and concludes that the effect of kraft pulp on the sheet properties is quite different depending on whether springwood or summerwood is added. The apparent density of the sheets is slightly nonlinear when summerwood pulp is added but more linearity observed when the springwood pulp is added due to the ability of bonding. Therefore, the reduction of optical bonding is slightly reflected as positive nonlinearity of the light scattering. The tear strength increases linearly when summerwood is added, however, a positive deviation from linearity when springwood kraft is added. The addition of summerwood does not improve the tensile strength at all but the springwood develop the tensile strength of the pulp. 
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