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ABSTRACT

Bonding between wood pulp fibers is essential for paper sheet strength. Yet the

understanding of the fiber/fiber bond and its dependence on fiber properties, the

environment, and the presence of strength aids is inadequate. This study was

designed to provide new information on the characteristics of bonding in paper

by examining in detail the individual fiber/fiber bond. As well as quantitative

measurements of the bond strength and its dependence on pulp, furnish, and

relative humidity, we also examined the locus of failure of the bond using the

scanning electron microscope.

Individual fiber/fiber bonds were formed from unbleached kraft or TMP pulps.

Bond area was measured by the vertical polarized light technique of Page. A

new, highly-sensitive fiber load elongation recorder (FLER 2) was developed to

measure the bond breaking load. Scanning electron microscope (SEM)

examination of the formerly-bonded fiber surfaces revealed the extent of wall

damage. The damage was given a (subjective) ranking, and the presence or

absence of additional S1 material along the edge of the bonded area was noted.

Between 40 and 50 bonds from each pulp were tested to achieve a valid mean

bond strength and information about its distribution. Either of two polymeric

strength aid systems, one forming covalent bonds and one forming only ionic

bonds, was used to enhance the bond strength for some pulps.

Bonds formed from latewood fibers were found to have about three times the

bond strength (breaking load/bond area) of earlywood fibers in agreement with

some earlier workers. Fiber wall damage of the formerly-bonded latewood fibers

was also greater than for the earlywood samples. Refining had no significant

effect on the bond strength. The strength aids provided about a twofold increase

in the bond strength with concomitant increase in the amount of fiber wall

damage. The TMP pulp produced surprisingly strong bonds, although SEM

examination gave no evidence of adhesive (lignin and hemicellulose) flow. These

bonds were further enhanced when a strength aid was included. The decrease in

bond strength with increasing relative humidity for an unbleached kraft pulp

paralleled the decrease in tensile strength and modulus of handsheets tested

under those conditions.

J
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The fiber wall damage produced during bond failure varied greatly from one

fiber pair to the next but, in general, increased with increasing bond strength.

The torn S1 material along the edges of the bonded area was interpreted to be

evidence of Nanko and Ohsawa's "skirt" effect. The presence of such material

correlated with greater bond strengths thereby supporting the suggestion of

those authors that the skirt should reduce the stress concentration present at the

periphery of the bonded area.

Weak bonds tend to fail at the interface between the two fibers. Stronger bonds

and particularly those that are enhanced with a polymeric strength aid shift the

locus of failure to between the S1 and S2 layers of one (or both) fibers.

Report 3
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INTRODUCTION

The objective of this project is to provide a better understanding of the

mechanism(s) of bonding in paper and in how these are enhanced by the

addition of polymeric strength aids. In Progress Reports One and Two of this

project (1, 2), the effects of a wide variety of chemical additives on sheet physical

properties were studied using standard handsheet formation. The additives

which were effective improved the properties of both chemical (bleached and

unbleached) and mechanical pulps and under both acid and alkaline

papermaking conditions.

Progress Report Three is concerned with an examination of the individual

fiber/fiber bond. The purpose was to separate the effects of this elemental

feature from those which depend on sheet structure (e.g., formation and relative

bonded area) and individual fiber strength. These other factors will be the

subject of the succeeding progress report. The current understanding of the

mechanisms of bonding in paper, both with and without additives, was reviewed

in Progress Report One and will not be repeated here.

BACKGROUND

The strength of a sheet of paper with randomly oriented fibers has been shown

both theoretically (3, 4) and experimentally (5) to depend on two factors. These

are 1) the strength of the individual fibers and 2) the strength and the number of

bonds between them. Page et al. (6) have reviewed the earlier work on the

strength of single fibers and have also shown that the strength is primarily

dependent upon the fibril angle in the S2 layer and on fiber defects. Using larger

fiber populations, Hardacker and Brezinski (7) showed that the fiber strengths of

a given pulp had appoximately log-normal distributions with large coefficients of
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variation. They suggested that it may be necessary to include information about
the distribution of fiber strength as well as its average value in correlations with
sheet strength.

A specific objective of this project is to improve the strength of the individual
fiber/fiber bond. This bond depends upon (a) the strength of the interaction
between the.two fibers and (b) the area over which these interactions occur (or
the bonded area). In the absence of additives the interactions are thought to be
hydrogen bonds plus the ubiquitous van der Waals bonds. Chemical additives
can supplement these interactions to produce improved wet or dry strength. If
the fiber/fiber interactions are strong enough, the locus of failure may be shifted
from between the two fibers to between the S1 and S2 layers of one of the fibers.
It is important that we know the location of the failure so that we may direct the
chemical additives to this weak spot (i.e., between or within the fibers).

The bond shear strength of individual fiber bonds has been measured by a
number of workers (8-17). They have investigated the effects of springwood vs.
summerwood (9, 10, 12, 17), refining (8, 14), and yield (9, 12-14) sometimes with
contradictory conclusions. Bonds were formed either between two fibers (8-12,
17), between a fiber and a shive of the same material (9, 16), or between a fiber
and a cellophane strip (12-15). Sensitive instruments were constructed to
measure the maximum load at failure. Bond areas were assumed to be either the
total area of fiber overlap (10, 12-17) or the area in optical contact (8, 9, 11) as
determined by the technique of Page et al. (18-20). Bond shear strength was then
the ratio of the failure load to the bonded area. Values for the latter obtained by
the various workers for a variety of species, pulping methods, and yields
generally ranged from 3 to 5 MPa. A review of these measurements and others
has recently been given by Uesaka (21).

The work discussed here is a continuation of that described above. Our main
objective was to assess the effect of polymeric strength additives on bond
strength. Because of their large size, these materials are precluded from entering
the cell walls. In the small amounts typically used (1-2% based on the pulp),
they have a negligible effect on the tensile strength of the individual fibers (11,
22). Although the ability of such material to improve sheet strength is widely
appreciated and used commercially, Russell et al. (11) found no increase in
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fiber/fiber bond strength when the fibers were treated with either a melamine-

formaldehyde resin or a polyamide polyamine epichlorohydrin resin. In view of

the theories of paper strength (3, 4), we decided to look more closely at these

interactions. In addition,we reexamined the effect of springwood vs.

summerwood and refining on bond strength. Because good performance under

conditions of high relative humidity is frequently an important paper and board

property, we also studied the influence of this parameter on bond strength.

EXPERIMENTAL

Materials

Small sections of earlywood and latewood from loblolly pine were separately

pulped using a conventional kraft cook. Following pulping and washing, the

sections were gently defibered and stored at low consistency (23).

For most of this work, a conventional kraft cook of southern pine chips to a 47.5%

yield (kappa number of 34.2) was used. The pulp was refined in a Valley beater

to 570 and 345 mL CSF. The beaten pulps were classified in a Britt jar using a 65

mesh bronze wire to remove the fines. Distilled water was washed through the

fibers until the filtrate was visually free of fines.

As a representative mechanical pulp a western hemlock thermomechanical pulp

(TMP) was used. It was refined for 10 minutes in a Valley beater and classified

by two passes over the Institute's web former.

All pulps were stored in the never-dried condition until used for fiber/fiber bond

formation.

To study the effect of chemical additives on bond strength, we used either of the

following combinations:

A/C - polyamide polyamine epichlorohydrin (PAE - 1% based on pulp)

followed by carboxymethylcellulose (CMC - 0.4%). Espy (24) and our previous
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work (1) have shown that this ratio of the two polymers provides maximum

sheet strength. The two polymers are cationic and anionic, respectively, and
were added to dilute suspensions of the fibers sequentially with adequate time
for adsorption. Under these conditions, virtually all of the polymers are

adsorbed (25). It has been shown (26, 27) that covalent bonds (ester) can be
formed between the azetidinium groups on the PAE and carboxyl groups on
either the fiber surface or the CMC.

D/S - polydiallyldimethyl ammonium chloride (0.5%) followed by sodium

polystyrene sulfonate (0.5%). These two are highly charged cationic and anionic
polymers, respectively, and are added to the fibers similarly to the A/C
combination. Because of their chemical structure, the only interactions possible
are ionic: either between the cationic "D" and ionized carboxyl groups on the
fiber surface or between "D" and the sulfonate groups on "S."

The pH of the fiber suspensions was near neutral, and no other additives were
present.

Techniques

To obtain better contrast between bonded and unbonded areas determined using

the vertical illumination, polarized light scattering method (18-20), we followed
Page's technique (18) and dyed a separate portion of each set of fibers with

Chlorazol Black E (before polymer treatment).

Fiber/fiber bonds were formed as follows. A dyed and an undyed fiber (each
from a batch of strength aid-treated fibers, if desired) were positioned at right

angles to each other on a teflon-faced silicone rubber disc (Microsep F-138,

Supelco Inc) under water. To ensure a 90° crossing angle and to maintain the
fibers in place during pressing/drying, four tabs were cut in the teflon film and

were peeled up to allow the fiber to be placed under them. The completed
mount with the two fibers in place is shown in Fig. 1 with the dyed fiber
mounted first. A second disc was placed teflon face down on top of the fibers.

The fiber pair was then dried in an oven at 105 ° C for one hour under a nominal
compressive pressure of 0.12 MPa. The actual load in the fiber crossing
(bonding) area would be somewhat greater, but the softness of the teflon and

Report 3
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Fig. 1 Schematic representation of the teflon-faced septum modified to hold the
fibers in place during pressing/drying.

10
mm

I

SLOT
0.007" width

mmmm

Fig. 2 Mylar tab for holding bonded fibers. a) Before bond fracture. b) After
fracture.
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rubber backing would tend to reduce the pressure. This arrangement amounted

to drying under restraint and no evidence of shrinkage in the bonded regions

was seen in subsequent scanning electron micrographs (SEM).

After drying, the now-bonded fiber pair was placed on a Mylar mount (Fig. 2)

with the dyed fiber next to the mount and coaxial with the "tongue." The mount

was fabricated from 0.010" thick Mylar by laser machining. The solid line in Fig.

2a is a 0.007" slot cut by the laser. Only the ends of the dyed fiber were glued to

the Mylar at this time using Epon 907. (The drawing is to scale, except the fibers

have been shown at about five times their real width for clarity.)

Both bond formation and bonded-fiber mounting were carried out under a

binocular microscope.

The scattered light from the individual fiber/fiber bonds using Page's technique

(18-20) was photographed. Slides (35mm) were prepared and projected. The

bonded (dark) area was traced and its area determined using an Apple Graphics

Tablet connected to an Apple II microcomputer. The system was calibrated using

an area of known size to convert the (optically) bonded area to units of square

micrometers. A typical example of a bond is shown in Fig. 3 along with the

bonded area drawn from it. With crossed polarizers the dyed fiber is invisible.

The tongue area of the mount was painted with black ink before the fibers were

attached to it. This reduced reflection from the Mylar and enhanced the contrast

between bonded and unbonded regions. Polaroid photographs of each bond

were taken at the same time using both crossed and uncrossed polarizers.

After determination of the bonded area, the Mylar mount was installed in the

sample clamps of the FLER 2. The latter is a second generation fiber-load-

elongation-recorder (28) with increased sensitivity and versatility (see below).

The parts of the Mylar mount shown as dotted lines in Fig. 2a were cut using a

hot wire, and the ends of the undyed (cross) fiber were cemented to the female

portion of the mount using a plasticized phenoxy hot melt (Thermogrip 1315). It

was found necessary to delay the attachment of the cross fiber until this point;

otherwise, cutting the mount with the hot wire produced enough deformation to

the fiber/fiber bond to frequently cause its failure.

Report 311
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Fig. 3 a) Fiber/fiber bond viewed with polarized vertical illumination.
b) Outline of bonded area produced by tracing a projection of the negative print
of a).
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When the hot melt adhesive had hardened, the bond was strained to failure. The

load at failure was recorded. Because the fibers are only attached to the mount at

their ends, the bonded region is free to rotate out of the plane, and the stress

geometry is not plane shear but contains a peeling component. Observation of

the bond with a binocuar microscope during straining revealed only a

catastrophic failure. Partial debonding for stresses lower than the ultimate did

not occur.

The FLER 2 was located in a room with the atmosphere controlled at 23° C and

50% RH, and the tests were made at those conditions except as noted below.

After bond failure the two parts of the Mylar mount each with its attached fiber

(Fig. 2b) were removed from the clamps of the FLER 2, coated with gold-

palladium in vacuo and installed in a scanning electron microscope. Formerly-

bonded areas were easily recognized, and the locus of failure could be seen (25).

For comparison purposes, a (subjective) rating of the degree of damage in the

formerly-bonded area was devised and is shown in Fig. 4. The failure surface of

each of the formerly-bonded fibers (axial and cross) was compared with those in

Fig. 4 and assigned a ranking of 1 to 6. Briefly, the relative amounts of damage

for the six archetypes in Fig. 4 can be described as follows.

1. No damage.
2. Slight "picking" of the surface.

3. Moderate "picking."

4. Significant "picking," some tearing of surface layer.

5. Moderate tearing.

6. Extreme tearing.

Note that the background in archetypes 2,4, and 6 (which are axial or "tongue"

specimens) is the inked surface of the Mylar mount.

For those fibers that had been refined, additional damage to their surfaces was

sometimes evident and took the form of external fibrillation and peeling of wall

material at the edges of the fibers. This type of damage is exhibited by the

prototypes in Fig. 4 and was assigned a "Damage Type" of unity. The unrefined
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fibers and some of the refined fibers showed no such damage and were given a

value of zero for this parameter. The presence or absence of this material along

the edges of the fiber appeared to be independent of the amount of damage in the

central portion of the bond.

FLER 2

Rather than try to upgrade the FLER 1, it was decided to design and construct a

versatile new instrument with adequate range and sensitivity. Keith W.

Hardacker designed and supervised the construction of the new instrument (29)

which is shown in Fig. 5.

The core of the instrument is the specimen handling system in the right-hand

side of the photo. A schematic of this is shown in Fig. 6, where an electronic

weighing cell, A, is suspended beneath a mounting plate, B, by means of four

flexure springs, C (Fig. 7). A dc servo motor, D, turns a differential screw, E,

pulling or pushing the weighing cell to apply a tensile or compression load to a

specimen mounted between the clamps, F. The right-hand clamp may be

positioned along the test axis by the compound microscope focusing mechanism,

G, and be locked in place by the clamp, H. Specimen extension or compression is
measured between this fixed clamp and the opposing, movable clamp. A

capacitive displacement transducer, I supported by the pillar, L senses the

position of the movable clamp.

The signal for driving the dc motor is derived by comparing the signal from the

load or elongation sensor with a linear ramp reference voltage. Thus, testing

may be done either at constant rate of loading or constant rate of elongation. The

ramp generator (at the bottom of the rack in Fig. 5) supplies the ramp and the

necessary controls for varying the rate at which the tensile or compression test is

performed and setting the load or elongation limits between which the loading

and unloading may be cycled.

Two different load cells and two different elongation sensors can be used to

provide a wide range of infinitely adjustable load and deformation rates. These

are listed in Table 1.
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Fig. 6 Side view of FLER 2.

Fig. 7 End view of the mounting structure for the load cell of the FLER 2.
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Table 1. Measurement Ranges of FLER 2.

Elongation cell I (0.05 mm range, 0.05 gm sensitivity)

0.026 um/sec to 15 glm/sec

Elongation cell II (0.25 mm range, 0.25 gm sensitivity)

0.13 gm/sec to 74 gm/sec

Load cell I (50 g range, 1 mg sensitivity)

0.05 g/sec to 30 g/sec

Load cell II (400 g range, 5 mg sensitivity)
0.42 g/sec to 242 g/sec

The measured load and elongation signals are applied to an x-y recorder

mounted on the rack. They may, of course, also be fed to a digital processor

when appropriate. Use of other reference waveforms is also possible, if desired,

e.g., logarithmic rate change, hold at constant load or elongation, sine wave

cycling, rate proportional to measured work input, etc.

A stereoscopic microscope is mounted to permit viewing and/or photographing

of the specimens during mounting and testing.

It is desirable to conduct fiber and bond tests at various moisture contents. This

necessitates immersing the specimens in various relative humidity atmospheres

by (a) placing the apparatus in suitably conditioned rooms, (b) conditioning the

interior of a box containing the apparatus, or (c) bathing the specimen in a gentle

stream of conditioned air. For the present work, alternatives (a) and (c) were

implemented. The insturment was located in a 50% RH, 23° C room. Sample

moisture content, at 23° C, was varied by passing air conditioned to other

relative humidities over the specimen. This custom-conditioned air was

produced by mixing dry air from a tank of compressed, dry air with moisture-

saturated air produced with a small bubble-type saturation. A schematic of the

system is shown in Fig. 8, and a photographic close-up of the sample area of the

FLER 2 with the conditioned air being transported by the plastic tube is given in

Fig. 9. The air flow rates required are low enough and the moisture equilibration
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rates of single fibers are fast enough to make this a practical, relatively

inexpensive process, while also providing maximum ease of access to the test

area. Temperature and relative humidity are sensed by a probe near the

specimen and are displayed on a readout at the top of the equipment rack in Fig.

5.

If it is desired at some later time to test at other temperatures, it would probably

be best to supply larger quantities of conditioned air to the box-like support

structure of the apparatus. This air might best be provided by a commercial,

mechanically-refrigerated, air handling unit.

For the bond strength measurements reported here, bond breaking loads were

less than 10 grams and were accurately measured by the FLER 2. Because the

cross fiber was bonded to the mount near its ends, the deformation produced

during a test was a sum of that of the fiber (bending) and the bond. The

contribution of the latter was minor, and therefore, the work to rupture the bond

could not be determined.

RESULTS AND DISCUSSION

BOND STRENGTH

Distribution of Values

The complete data for all the samples are listed in the Appendix. The mean

values of the bond breaking load, bonded area, and their ratio (load/area), the

bond strength, are given in Table 2 for the various samples. Between 40 and 50

bonds were tested for each sample, and the standard deviations of the three

properties are given in parentheses in the table. The large standard deviations

are likely a result of several factors: 1. The inherent variability of the fibers

themselves (7). Nordman and Qvickstrom (30) showed that the tensile breaking

load of fibers taken from a narrow position within a growth ring exhibited low

variability. The present fibers were either from throughout an earlywood or
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latewood region or were a mixture of early and latewood. Thus, fiber wall
thickness and fiber flexibility varied from fiber to fiber. For the beaten pulp, the
effect of the refining probably varied along the length of a fiber as well as from
fiber to fiber. 2. Morphological features (e.g., pits) will vary along a fiber and
from fiber to fiber and will affect the intimacy of interfiber conformability and
bonding. 3. The relative proportions of shear and peeling will vary from one
bond to the next. A greater degree of peeling would be expected to lower the

bond breaking load and the calculated bond strength.

In spite of the large variability (and standard deviation), the results are amenable
to interpretation. Comparisons between samples for a particular property were
tested using the t-statistic. In the following discussion, statements regarding
either the inequality or the equality between two values can be made with a
probability of their being valid of greater than 99%.

Representative results (probability plots) for breaking load, bonded area, and
bond strength are shown in Figs.10-12 (for earlywood). Bond strength as noted

previously (10) and load follow log normal, while bonded area follows a normal
distribution. The results for the other samples also clearly follow these same
distributions, although the scatter in some cases is greater. In contrast, Mohlin
(12) found a normal distribution for the bond strength for cellulose fibers bonded

to cellophane. Hardacker and Brezinski (7) have shown that the tensile breaking
load of individual fibers follows a log normal distribution.

It would be expected that there would be a linear relationship between the load

and the bonded area. In reality, there is not as is shown in Fig. 13, and the other
comparable data given in detail in the literature (8, 16) also fail to show the

expected trend. Likely, this is a result of one (or more) of the three factors

leading to variability discussed above.

Button (17) has shown that cellophane strips apparently follow linear elastic

fracture mechanics where breaking load decreases with increasing bond length

due to stress concentration effects. Application of this concept to the present data
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did not produce any clear trend, again perhaps due to the variable fiber
population and strain geometry. (Also, see below.)

Earlywood vs. Latewood

Several workers (9, 10, 17) have shown latewood fiber bonds to have a higher
strength than earlywood bonds. Mohlin (12), on the other hand, using fibers
bonded to cellophane found no difference in strength between them for four
different pulps. The present results (Table 3) show that, for both breaking load
and bond strength, the latewood fibers are stronger. As expected for the thicker-
walled, less conformable latewood fibers, their bonded area is much smaller.
Mohlin (12) agrues that the bond strength is a function only of the surface
chemistry of the fibers and therfore would be expected to be the same for early
and latewood. Perhaps, the difference between her work and that of the other
workers and the present study lies in the experimental geometry. The stress
distribution in the case of a fiber/fiber bond would be expected to be influenced
more by cell wall thickness than would the fiber/cellophane bond. The
fiber/fiber'bond geometry may be closer to the situation prevailing in a sheet of
paper.

Table 3. Mean Bond Parameters of Earlywood and Latewood Fibers (Loblloly
pine).

Fiber Breaking Load, Bond Area, Bond Strength,

_g 4m 2 MPa

Earlywood 0.47 2400 2.1
Latewood 0.87 1500 6.4

Effect of Refining

In agreement with previous workers (8, 14), we find (Table 4) no statistically
significant difference between the properties of bonds between fibers from pulps
refined to 570 and 345 mL CSF. It may be that already at 570 mL CSF most of the
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S1 layer has been removed, and bonding is primarily between the S2 layers of the
two fibers, with a similar situation at 345 mL CSF. It could be argued that
unrefined fibers with S1 intact might have different bonding properties. We do
not have such a comparable sample, unfortunately. On the other hand, the load
and bond strength for the refined samples fall between those for the unrefined
earlywood and latewood (Table 3) as might be expected since they comprise a
random sample of refined early- and latewood fibers. In fact, assuming a 55%
latewood/45% earlywood composition for the lightly beaten sample (570 mL
CSF) and that the properties are additive by weight fraction, values for breaking
load, bond area, and bond strength that are within 10% of those measured can be
calculated from the corresponding data for the separate components.

Page (3) tested his theory of sheet strength using the data of Ingmanson and

Thode (31) for a bleached sulfite northern softwood pulp. From his analysis,
Page concluded that the bond strength was independent of refining for samples
of this pulp ranging from unbeaten to very highly beaten.

Table 4. Mean Bond Parameters for Refined Fibers (Unbleached kraft pine).

Refining, Breaking Load, Bond Area, Bond Strength,
_mL CSF_ *gm 2_ _MPa

570 0.73 2100 3.5

345 0.68 2300 3.7

Effect of Strength Aids

Comparison of the untreated and polymer-treated fiber is shown in Table 5.
When the earlywood fibers are treated with A/C, all three bond properties
increase. This disagrees with the results of Russell et al. (11) cited previously.
The fact that a measurable increase in bonded area occurs may be attributed to

the thin walls and great flexibility of earlywood fibers. Perhaps, the strength aid
is effective here in reducing "springback" during drying which tends to decrease

the bonded area.

Report 3
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For the refined pulp, both strength aid combinations (A/C and D/S) are equally

effective in improving load and bond strength. As with the earlywood fibers,

greatly enhanced bond strengths are produced. Here (perhaps, because the

sample includes both early- and latewood), no change in bonded area is found.

The fact that A/C and D/S produce comparable results is surprising. The former

can interact with the cellulosic fibers via hydrogen, ionic, and covalent bonds,

whereas the latter has only the possibility of ionic bonds. Evidently, covalent

bonds are not necessary for high strength. These results confirm our previous

work (1, 2) on the strength of handsheets when these additives are used.

Although ionic bonds can provide only temporary wet strength, they have the

advantage (over strength aids forming covalent bonds) of being readily

repulpable. Such strength aids may find increased use in the near future in paper

designed to be recycled. We have recently shown (32) that strength aids such as

A/C and D/S can shift sheet strength from being bond strength-limited to being

fiber strength-limited even with high-yield pulps.

Table 5. Effect of Strength Additives on Mean Bond Parameters.

Fiber Additive Breaking Load, Bond Area, Bond Strength,

___ ___ _ MPa

Earlywood None 0.47 2400 2.1

Earlywood A/C 1.14 3000 3.9

570 mL CSF None 0.73 2100 3.5

570 mL CSF A/C 1.44 2100 7.5

570 mL CSF D/S 1.51 2000 9.3

TMP

We found it very difficult to produce fiber/fiber bonds from these stiff fibers.

Many failed to bond under our pressing and drying conditions, and many more

were so weak that they failed during sample mounting. The breaking load is

correspondingly low (Table 2). Because of the rather rigid character of these

fibers, conformability and hence bond area is low. It is surprising then that the
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specific bond strength for this material is the highest of any (untreated) fibers

that we have measured. The only other single fiber results in the literature for

mechanical pulps are those of Thorpe et al. (16) for a Scotch pine TMP. They

found that the strength depended strongly on the drying temperature used

during bond formation. At 110 ° C the bond strength was 2.8 MPa, while at 210 °

C the strength was 8.1 MPa. For the latter case, they suggest that "a thermal flow

of lignin and hemicelluloses may provide an adhesive matrix which infiltrates all

layers of both the fiber and the shive cell walls, forming a continuum." The large

value we find at a drying temperature of 105 ° C would appear to be at odds with

these results. For their very strong bonds (210 ° C), they also found frequent fiber

failure rather than bond failure and again attributed this to the very strong bond

formed by the adhesive matrix. We did not find fiber failure, but this likely

reflects our different experimental arrangement. While we used a single

fiber/fiber bond, they bonded a single fiber to a number of others (shive) to

produce a "large" bond whose strength was frequently greater than the fiber's

axial tensile strength. Whether we had "adhesive" flow during sample

preparation remains unresolved, but SEM evidence suggests we did not.

Despite the very strong bonds produced with the untreated TMP fibers, we were

still able to enhance them more by the use of chemical additives (Table 2).

Breaking load, bonded area, and bond strength were all increased when the

polymers were added. This result agrees with our previous work on the effect of

this additive combination on the strength of handsheets made from this pulp (2).

Apparently, the polymers are able to interact with the lignin-rich surfaces of

these fibers in much the same way as they do with the lower yield chemical

pulps. The large increase in bonded area when the additives are present is

unexplained.

Effect of Relative Humidity

It is well-known that both sheet and individual fiber properties are affected by

the relative humidity (or moisture content). Specifically, both the tensile strength

and the tensile modulus of these decrease with increasing relative humidity.

Since sheet strength is a function of the properties of both the individual fibers
and of the bonds between them, it was not evident whether the fiber/fiber bond

was also influenced by moisture. Experiments were carried out, therefore, to

Report 3
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ascertain this dependence on the lightly refined fibers (570 mL CSF). Individual

fiber/fiber bonds were prepared as before. After installation in the FLER 2 for

breaking load measurement, the bonded fibers were conditioned in a gentle

stream of air regulated to either 75 or 88% RH. The conditioning period of three

minutes at the elevated relative humidity was judged sufficient for the sample to

essentially attain moisture equilibrium. The bond was then strained to failure as

usual. The average strength values are listed in Table 6. Bond strength decreases

with increasing relative humidity as do individual fiber strength and sheet

strength.

It should be pointed out that the bond areas listed in Table 6 and used for the

calculation of the bond strength values in that table were determined at 50% RH

rather than at the indicated relative humidity. Separate experiments were

performed to determine the effect of relative humidity on bond area. The

increases in area over that at 50% RH were 2.0 and 4.2% at 75 and 90% RH,

respectively. These changes would have negligible effect on the calculated

values of the bond strength.

Table 6. Relative Humidity Dependence of Mean Bond Parameters.

(Lightly beaten, classified, unbleached pine kraft pulp)

Relative Humidity, Breaking Load, Bond Area, Bond Strength,

_% _g _m 2 _MPa

50 0.73 2100 3.5

75 0.60 2300 2.9

88 0.42 2200 2.1

Handsheets (60 g/m2 ) were also formed from these same (classified) fibers and

were tested at 50, 75, and 92% RH. The strength results are presented in Table 7.

The trends are similar to those for the individual fiber/fiber bonds. Changes in

sheet properties are compared with those of fiber/fiber bond strength in Fig. 14.

Here, the values of a particular parameter were normalized to the value for that

parameter at 50% RH. Gurnagul and Page (33) have recently shown that there is--

little, if any, difference between the values of the zero-span test in the wet and

dry states for unbleached, unbeaten pulps. Thus, the change in sheet values in
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Fig. 14 should mainly reflect changes in bond strength with increasing moisture

content. The parallel behavior between sheet and fiber properties appears to bear

this out.

Table 7. Effect of Relative Humidity on Sheet Properties.

(Lightly beaten, classified, unbleached pine kraft pulp)

Relative Humidity, %

50 75 92

Moisture Content, % 5.0 10.5 15.5

Breaking Length, km 4.5 3.2 2.2

TEA, kgm/m 2 4.0 3.8 2.6

Et, kg/cm 350 230 140

Stretch, % 2.1 2.8 2.8

STFI, kN/m 1.26 0.77 0.58

FIBER WALL DAMAGE DURING BOND FAILURE

Degree of Damage

The SEM observations provided us a great deal of information concerning how

and where bonds fail. Two extremes are shown in Figs. 15 and 16. The former

was found most frequently with unrefined fibers untreated with strength aids,

the latter with refined treated fibers. However, a variety of degrees of damage

were found for a given pulp. For the fibers in Figs. 15 and 16, the degree of

damage was 1 and 6, respectively. The damage type (see EXPERIMENTAL

section for definition) for both these fibers was zero in contrast to those in Fig. 4

which was one.

Previous workers have presented microphotographs (optical, SEM, or TEM) of

formerly bonded fibers. In some (8, 12) the magnification was too low to reveal

much detail. In other studies (34-36),"picking" of microfibrils comparable to

ranking 2 or 3 in Fig. 4 was found. Skowronski and Bichard (37) found different

Project 3526 34
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types of bond failure when a delamination test was carried out at a slow strain

rate compared with "impact" conditions. Although showing no examples,

Thorpe et al. (16) described SEM results that showed fracture at the fiber/shive
interface for a holocellulose (a ranking of 1 on our scale). For bonds formed from

TMP at 110 or 210 ° C, they found failure within the fiber wall. In all of these

studies, only single examples were given, and no systematic study of the

relationship between bond strength and fiber damage was undertaken. The

present study seeks to fill this gap.

The average values and standard deviations for the "rank" and "type" of damage

for both axial (T) and cross (C) fibers for the several pulps are listed in Table 8.

The damage values for the individual fibers are given in the Appendix.

Because the geometry of the loading experiment is nonsymmetrical (that is, the

load is applied axially to one fiber and transversely to the other), it was of

interest to determine the effect of this geometry on the damage produced during

bond failure. The average damage ranking in the C (cross) direction for the 11

different pulps is plotted in Fig. 17 against the corresponding average ranking for

the T (axial) fiber. The individual values are averages of about 40 fibers. The line

drawn indicates identical values on each axis. There is no systematic dependence

of damage on the experimental geometry.

There was, however, usually a wide variety of degrees of damage for a given

pulp. The results for one pulp are shown in Fig. 18 where the rankings for the

mates of individual fiber pairs have been summed. The severity of damage is

seen to be normally distributed on this subjective ranking scale.

It would be expected that greater amounts of damage would be correlated with

larger bond strengths, and there is some evidence that this is so. In Fig. 19 the

logarithm of the average bond breaking load is plotted against the sum of the

damage ratings of the mating fibers for the lightly beaten pulp (A5). Fiber pairs

with like total damage values were grouped together, and their average breaking

load and its standard error are shown. The line shown is a least squares fit to the

data. Greater damage is associated with stronger bonds.

Report 3
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An alternative presentation can be made in terms of the bond strength. Again,
values at the same damage ranking were grouped and averaged. The results are
shown in Fig. 20.

For comparison, the bond strength values for the same pulp treated with the
"ionic only" strength aid (ADS) are given. The error bars indicate the standard
error of the bond strength at each ranking, and the lines drawn are least squares
fits to the data. The tips of the arrows indicate the overall average bond strength
and damage ranking for each pulp. Obviously, the strength aid increases both
the bond strength and the severity of damage to the fibers.

This is apparently a general result as shown by the values in Table 9. For three
different pulps, the presence of either A/C or D/S produces greater damage
when the fiber/fiber bond is ruptured. For the earlywood pulp, the locus of
failure is shifted from the interface between the fibers to within the fiber wall.
Addition of A/C to this pulp reduces the amount of rank 1 damage (i.e., no
damage, see Fig. 4) from about 10% to less than 2% of the samples. Since the
amount of strength aid added is equivalent to less than a monolayer of the
polymer (25), there is no continuous "film" of adhesive between the two fibers.
Instead, the strength aid is providing additional individual bonds within the
bonded area.

Table 9. Effect of Strength Aids on Fiber Damage.

Pulp CRank + TRank

Untreated Treated

Earlywood 4.1 7.3

TMP 6.2 8.6

A5 7.2 8.7(A/C), 8.7(D/S)

Examining the results in Table 8, we find that relative humidity has no
statistically significant effect on the amount of damage occurring during bond
failure. There is a small increase in the amount of damage when the A5 pulp (570

i
f
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mL CSF) is further refined to the A3 (345 mL CSF) conditon. However, it is not
possible to differentiate between the additional damage produced by the refining
operation from that which might be caused by the more intimate contact
available to the A3 fibers.

Finally, we can say with greater than 99% certainty that more damage occurs
when the bond between two latewood fibers fails than the corresponding case for
two earlywood fibers. This result parallels the greater strength of the latewood
bond noted above.

Evidence for the "Skirt" Effect

As mentioned above, some of the formerly-bonded fibers possessed additional
fibrillated or wall material along their edges. As it happens, all of the fibers
chosen as archetypes for the damage ranking (Fig. 4) were of this type, while
those shown in Figs. 15 and 16 were not. The two types were assigned ratings of
0 (material absent) or 1 (material present) without regard for the amount of
material. At the time we were puzzled by these fragments whose presence
seemed independent of the amount of damage in the central regions of the bond.
We now believe that they are a result of and further evidence for the "skirt" effect
recently discovered by Nanko and Ohsawa (38). This phenomenon is shown in
Fig. 21 taken from their paper. The skirt is formed by the adhesion of the S1
layer, which has swollen and separated from the S2 layer of the same fiber, to the
surface of the mating fiber. Nanko and Ohsawa found this separation in both
refined and unrefined fibers and suggested it occurred in the latter as a result of
the pressing operation. We only found type 1 behavior for refined pulps.
Significantly, we did not find it for unrefined, earlywood fibers treated with a
strength aid which showed large amounts of damage in the central regions of the
bonds. Apparently, for this pulp, S1-S2 separation did not occur during bond
formation. The different species of pulp, Japanese beech and loblolly pine, may
account for the presence or absence of S1-S2 separation for unrefined pulp.

Additional evidence for the skirt effect is adduced in Fig. 22-24. The fibers in
Figs. 22 and 23 were mates from a single bond, and both show the effect.
Considerable tearing (peeling) of S1 material is also exhibited in Fig. 23. Such
tearing was most commonly found when strength aids were used (cf. Fig. 16) but
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was also observed for other well-bonded samples. Apparently, the bond strength

between the mating S1 layers of the two fibers is greater than that between the S1

and S2 layers of one or the other of the fibers.

The rupture of the skirt material is perhaps most clearly shown in Fig. 24. Here,

the peeled-back skirt material and its locus of fracture are obvious. The locus is

shown schematically in Fig. 25 which can be viewed as a close-up of the interface

region of the dried state in the Nanko and Ohsawa schematic (Fig. 21). They

suggest that the presence of the skirts is important for increasing the strength of

fiber/fiber bonds. More important than the additional bond area that the skirts

provide is their role in distributing the stress at the periphery of the bond. The

stress concentrations that are expected to be large here are reduced and

redistributed by the skirts, and a higher load can be sustained. As the applied

load is increased further, stress concentrations eventually lead to bond failure.

The evidence from our SEM photos suggests the locus of failure of the S1 layer to

be in the vicinity of the arrow drawn in Fig. 25; that is, the peak stress is not at

the outer edge of the bond but is slightly inside it. To improve bond strength

further would require strengthening the material in the S1 layer.

The reduction of stress concentration by the skirt material is supported by our

strength data. Bond strength is plotted in Fig. 26 against the rating for the

evidence of this skirt material on the mating fibers. Thus, values of 0, 2, or 1 on

the abscissa indicate that neither, both, or only one of the fibers showed this

material. For both the untreated (A5) and treated (ADS) pulps, the trend is clear:

bond strength increases when the skirt material is present. The error bars show

the standard error, while the tips of the arrows indicate the overall average

values for the bond strength and (CType + TType) value. Note that the average

value for this latter parameter is approximately the same for both pulps even

though the strength aid increases the bond strength substantially. Apparently,

the skirt effect is little influenced by additives.
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SUMMARY

The bond strength of individual fiber/fiber bonds has been determined using

new instrumentation. In agreement with some previous workers, we find that

bonds formed with latewood fibers are stronger than those from earlywood

fibers and that refining has a negligible effect on bond strength. In contrast to

previous work, we find that polymeric strength aids can enhance the bond

strength by a factor of two. Increasing the relative humidity (moisture content)

decreases the bond strength in parallel to the loss of sheet strength.

Scanning electron micrographs revealed that the degree of damage to the fiber

wall during bond fracture correlated with bond strength. With larger values of

the latter, there was a shift of locus of fracture from between the two fibers to

within the fiber walls. It was noted that for some of the ruptured bonds

significant amounts of torn S1 material was located along the edge of the fiber in

the region of the former bond. We interpreted this to be evidence of "skirt"

material. A positive correlation between the presence of this material and the

magnitude of the bond strength suggested that the skirt functions to reduce the

stress concentration in the periphery of the bond area.
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APPENDIX

FIBER/FIBER BOND PROPERITES
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