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A microscopic study of fibre-fibre contacts

in paper

JIHONG HE’, WARREN J. BATCHELORt AND ROBERT E. JOHNSTON#

SUMMARY

Confocal microscopy is used to acquire
images of paper cross-sections in which
some longitudinally sectioned fibres are
chosen as fibres of interest. The proper-
ties of fibre-fibre contacts including the
number of fibre-fibre contacts per unit
length of fibre, the nature of the contacts,
the free fibre lengths and the out-of-plane
deflection angles of the free fibre seg-
ments with respect to those fibres of inter-
est are determined directly in these
images. It is found that both the shape of
fibre cross-section and the length of fibre
have no significant effects on the proper-
ties of fibre-fibre contacts. The measured
distributions of free fibre lengths cannot
be fitted to the negative exponential distri-
bution proposed by Kallmes and Bernier.
However a two-parameter Weibull proba-
bility density function seems to provide an
acceptable fit to the measured distribu-
tions. It is demonstrated that model
structures of fibre-fibre contacts can be
reconstructed using the measured data.
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Properties of fibre-fibre contacts in papergdiven fibre cross-section. This techniqu
including the number of fibre-fibre con-overcomes the limitations of only measur
tacts per unit length of fibre, the nature ofg the surface fibres, however, it cann
contacts, the free fibre length and its distéasure the interbond distances. In a lat

structures of paperl(2) or fibore assem-  Different parameters have been used to
blies 3-5). These models have providedrepresent a free fibre length. The free
valuable knowledge for understanding théibre length has been defined as the dis-
fibre-fibre contacts in paper. Howevertance between the centres of fibre cross-
verification of these models is alwaysings (l); the intercrossing distance repre-
problematic because there is little experisented by the distance between the centres
mental data on the properties of fibreof bonded crossing®), and the projected
fibre contacts in paper. There is always mterbond distance, which is the distance
requirement for new techniques for meabetween the projection of the bonds on
suring comprehensive data of fibre-fibrethe fibre axis ). Kallmes and Bernie©j
contacts directly in a sheet. have shown that these three definitions of
Some techniques have been used fer free fibre length will have different
measuring fibre-fibre contacts directly inabsolute values but will produce the same
a sheet, including examining the papedistribution of the free fibre length. In this
plane (x-y plane) of very thin fibre net-study we define the free fibre length as
works by their magnified projectedthe distance between the centres of two
images {), examining the x-y plane of a neighbouring contacts or bonds, which is
normal sheet under vertical illuminationthe same as that used 8).(
in polarised light 2,6), and examining  The aim of this study is to examine the
serial cross-sections of paper embeddeibre-fibre contacts directly in handsheets
in resin ). The technique of Page et almade from different furnishes using a
(6) and the technique of Kallmes et &) ( combined technique of resin embedding
can only measure fibres on the papeind confocal microscopy. The effects of
surface, and can only measure interbongbre transverse dimensions and fibre
distances between bonds on one side @ngth on fibre-fibre contacts are investi-
the fibre. Page et al6) estimated the gated. The effects of wet pressing on
interbond distances within the sheet b¥jpre-fibre contacts are also examined.
superimposing two sets of measurementsjodel structures of fibre-fibre contacts

one set representing the upper surface gfe reconstructed using the measured
the fibre and the other the lower surfacejata.

Yang et al. 7) examined a series of
images of paper cross-section acquired fMATERIALS AND METHODS

different depths from the paper cross-sec- _ . .
tional surface. and measured th&@aboratory made never-dried radiata pine

probability of fibre-fibre contacts with a Kraft pulp, cooked to 45.6% yield with
&appa number 30.0, was used in this study.

A Kajaani FS200 was used to measure all
ofiverage fibre lengths and length distribu-
tipns, which were reported in this study.

tribution, and the out-of-plane deflectionStudy, & new technique was proposed tg

angle of a fibre segment, are the mogvaluate t -dimel
important fundamental properties of arangement of fibres in a paper shé&t
paper structure. Most previous studies opSINg

he 3-dimensional geOmetri(’Generating fractions of fibres with
( different transverse dimensions

this technique, the authorsThe pulp fibres were fractionated with an

fibre-fibre contacts focused on the develMeasured the possibility of fibre-fibore AKW (Amberger Kaolinwerke Gmbh)

opment of models for number of fibre-

fibre contacts using statistical methodgross—section and the number of fibrefractions of fibres with different trans-

either based on analysis of modef
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contacts with respect to a given fibore4d0 mm cyclone in order to obtain

ibre contacts per unit length of fibre. Theverse dimensions. The fractionation was
sample size examined by this techniquperformed at 0.1% pulp stock concentra-
was quite small (0.2 x 0.2 mm), therefordion, and the accepts to rejects ratio was
may not be fully representative. It appearset to 90%. The separated accepts and
that a more powerful technique isrejects fractions were collected by
required for measurement of fibre-fibredraining the water and fines through a
contacts directly in a paper sheet. 200-mesh screen.
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100mm Three sets of handsheets were made
- from the three fractions with different fibre

lengths respectively. These handsheets
were pressed statically using a hydraulic
pressing machine at a pressure of 500 kPa.
Each handsheet, sandwiched between

100mm Front View -
blotter paper and an iron plate, was pressed
for 2 minutes so that the handsheet was
transferred to the iron plate. Each set of
| \\ o handsheets was denoted by ‘S’ plus the
- notation of the corresponding length
Base Foam Rubber fraction used, viz.. §}. SL; and Sls.

L* / | e For the fractions of fibres generated by
[CETTITETT T eI < Side View the fractionation, viz.. the accepts and the
smm rejects, three sets of 60g/rhandsheets
Fig. 1 Diagram of the die used to cut wet handsheets were made from the accepts, and three
(drawing not to scale). sets were made from the rejects. Each set

of handsheets made from each of the frac-
Generating fractions of fibres with Ly uncut fibres, L: cut once in one blade tions was pressed dynamically using a

different fibre length direction, Ly: cut twice, with the die being Sheet Roll Press at one of three pressing
Wet handsheets were cut, immediateljotated 90°. The fibre length of the thregevels, viz. pressed one pass without
after they were formed on a Moving Beltfactions was measured using a Kajaaripplying additional load (denoted ag),P

Sheet Former (MBSF), using a specificalOPtical fibre length analyser. pressed one pass at 7 kN/m (denoted as
ly designed die (see Fig. 1) to generate Pw), and pressed one pass at 3 kN/m, one
fractions of fibres differing only in fiore Making handsheets from different  pass at 10 kN/m and ten passes at 20
length. The blades of the die were verjractions of fibres kN/m (denoted as p. Each handsheet

sharp and thin so that the compressioHandsheets from different fractions ofwas sandwiched between an iron plate
effects on the fibres during cutting wadibres generated by fractionation anddnd blotter paper, the sandwich was
minimised. In the cutting operation, thecutting wet handsheets were made oplaced between two press felts, which
die was placed blade side down (Frona Moving Belt Sheet Formef@). All of ~were then passed through the Sheet Roller
view) on several wet sheets and impadhe fractions of fibres were dyedPress. Each set of handsheets was
pressed. Three fractions of fibres with difwith ~ Acridine Orange prior to denoted by using the pulp name and then
ferent fibre length were then created abandsheet formation. the pressing level. For example, AcP

Fig. 2 Images of paper cross-section (A is sample Rej-P0 and B is Rej-PH).
* The size bar is 10 ym
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Fibre of interest

Fig. 3 Cross-section image before (A) and after (B) thresholding and binarisation. Fibre 2 and 3 in (B) make two full
contacts, fibre 1 makes a partial contact, and fibre 4 is not in contact with the fibre of interest.
* The size bar is 20 pm

represents handsheets made from thexis. The length of the line is the free fibregressively finer abrasive paper. Details of
accepts and pressed at pressing leyel Rength and the angle between the line anthe method are described it
while RjR,, represents handsheets from théhe horizontal frame of the image is the
rejects and pressed at pressing leygl P measured out-of-plane angle of the freRESULTS AND DISCUSSION
All of the handsheets used in ourfibre segment. If the horizontal frame of

. i dried und traint ahe i . | h An apparent density factor, AD factor,
experiments were dried under restraint ahe image is at an angle o the paper |, -« jefined in a previous studg?) as

23°C and 50% rh. plane, then it can be shown that, foraraqhe ratio of the fibre wall area to the

domly oriented handsheet, the averagg o area of a fibre. This AD factor was
Microscopic measurement of value of the out-of-plane angles of all th¢ <.y 1o evaluate the fibre separation
fibre-fibre contacts free fibre segments in the paper is equal t@ccurring in the hydrocyclone. The AD

The measured parameters associated wih We estimated the angieby averaging actors of the accepts and rejects were
the fibre-fibre contacts included thethe measured out-of-plane angles and Westermined from measurement of the
nature of fibre contact, the number ofhen corrected all the measured out-Ofyerimeter and wall area of fibres deposit-
fibre-fibre contacts, the length of freeplane angles by the angle ed on glass slides using the confocal
fibore segment and the out-of-plane angle To identify fibre-fibre contacts, the icroscope  following the method
of each free fibre segment. These parangross-sectional images of the samplegescribed in 12). Figure 4 shows the
eters were measured directly in images ofere first thresholded manually, and thepmylative distributions of the AD factors
paper cross-sections. For each sample, Pinaried into black and white images. Ingf the accepts and rejects fractions.
frames of cross-sectional images werée binary images, fibre-fibre contactsciearly there is a difference between the
obtained consecutively along the sampleould easily be identified. If there is nogccepts and the rejects, with the rejects
cross-section using a confocal laser-scafack gap between two fibre surfaces, Weaction having a higher average AD
ning microscope and a 60x oil-immersiordefined that as a contact that had bee&gctor than the accepts. This indicates that
lens. The inspection area of each imag@ade between these two fibresthe pulp fibres have been partially
was 200x200 urh The 70 images were Otherwise, there was no contact betweegeparated on the basis of different
then joined together in consecutive ordethem. In this study, fibre-fibre contactscross-sectional shape by  the
during the measurements; therefore were classified into full contacts and parhydrocyclone operation.

14mm length of the sample cross-sectiotial contacts. The cross-section of a fibre Figure 5 shows the length-weighted
was imaged in this way. Some fibres ofs assumed to have two long sides and tWbre length distributions of the fibre frac-
fibre segments in the sample cross-sectigshort sides. When one of the long sides isons generated by cutting the wet hand-
were imaged along their long axes. Thes®tally in contact with the fibre of interest, sheets. This method has been used in pre-
fibres were chosen as fibres of interest fahis contact is a full contact (see Fig. 3)vious studies3,14 and is believed to be
the measurements of fibre-fibre contact$Otherwise, the contact is a partial contacible to change only fibre length while
Two images of such fibres are shown ir{see Fig. 3). keeping other fibre dimensions constant.
Figure 2. When such a fibre was chosen, The method of sample preparation foAs shown in Figure 5, the length-weight-
the number of fibres in contact with thethe confocal microscope involves embeded fibre length distribution is shifted to a
fibre of interest was counted, and a lingling precut samples in an epoxy resin anidwer value range and narrowed after the
was drawn between the centres of twgrinding the resin block to expose thdibres were cut by the above operation.
neighbouring contacts along the fibrecross-sections of the samples with profThe average length-weighted fibre
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Fig. 6 Frequency distribution of free fibre length of Fig. 7 Frequency distribution of free fibre length of
samples of the accepts. samples of the rejects.

lengths of lg, Ly, and L, were 3.14 mm, the cross-sectional dimensions of theowed when the samples were pressed
2.53mm and 2.10 mm respectivelyfibres have no effect on the frequency distsee Fig. 6 and 7), resulting in decreases
These results show that cutting the wetribution of the free fibre length and thein the mean value of free fibre length and
handsheets had successfully reduceatumber of fibre-fibre contacts per unitincreases in the number of fibre-fibre con-
fibre length. fibre length. Kallmes and Bernie9)(have tacts per unit length of fibre (Table 1).
The distributions of free fibre length of shown that the free fibre length distribu-The response to wet pressing was the
the samples made from the accepts and thien is independent of fibre width, which same for both the accepts and the rejects.
rejects are given in Figures 6 and 7 respets in agreement with the results obtained ifhe broad distributions of free fibre
tively. At a given pressing level, the freethis study. Page et ab)(claimed that the length in Acclg and Rejig imply that the
fibre length of the accepts sample showsfaee fibre length and the frequency otbonding structure along fibres in these
very similar distribution to that of the cor-bonding are highly sensitive to the fibresheets is non-uniform, which will produce
responding sample of the rejects fractionwidth and to the fibre flexibility, but no a non-uniform load distribution along the
Further examination of the average resultgarticular experimental data were providfibres and will lead to less efficient load
(Table 1) shows that, at the same pressiregl to support these claims. These resultsansfer between fibres when the sheet is
level, the sample of the accepts and theonflict with the results acquired in thisloaded. Wet pressing can narrow the dis-
sample of the rejects have almost the sanstudy. One reason is that the definitiortribution of free fibre length in the sheet
values of the average free fibre length andsed in this study, which completelyand therefore improve the uniformity of
number of fibre-fibre contacts per unitignores the influence of fibre width on theload transfer between fibres when the
fibre length. As discussed above, thdree fibre length, is different from the def-sheet is loaded.
accepts and the rejects have different fibrmition used by Page et ab)( We believe As shown in Table 1, sample AccPO
cross-sectional dimensions (different ADthat the fibre width and fibre flexibility has higher percentage of full contacts than
factor). However, the two sets of handmainly affects the bonded area of eachample RejP0. After wet pressing, full
sheets made from these pulps have almdsond. It is necessary to perform furthecontacts in samples from both fractions
the same properties of fibre-fibre contactsgxperiments to draw a final conclusion. increase dramatically, indicating, in
for a given level of wet pressing. It seems The free fibre length distributions wereanother aspect, the increase in the degree
that for the sheets made from these pulpskewed to a lower value range and naef fibre bonding. We should also note that
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each full contact in accept samples haandc for the lines of best fit are given inFigures 6-8, Equation 1 fits distributions
higher contact area, on average, than thttese figures as well. The valuestadire of the free fibre lengths reasonably well.
of a full contact in reject samples. about 10 um higher than the correspond- The measured probability in each inter-

Page 6) believed that fibre length ing mean of the free fibre length (Tableval (interval size is 20 um) for all of the
would have a strong influence on the frel). Different fit lines with different values samples used in this study is plotted in
quency of fibre bonding, but no evidenceof ¢ for sample Accfg are shown in Figure 10 against the corresponding prob-
was given. Kallmes and Bernier’s)the- Figure 9. As can be seen in Figure 9ability predicted by Equation 1. As shown
ory was based on fibres with infinitewhenc is equal to 1, the Weibull PDF in Figure 10, the measured values and
length, but their theory was partially veri-becomes a negative exponential distribysredicted values show very good
fied with data obtained with normaltion and does not fit the experimentakorrelation with a correlation coefficient
sheets. In this study the effects of fibreesults well. Kallmes and Bernied,§) of 0.97. This means that Equation 1 can
length on the fibre-fibre contacts wereproposed that the free fibre length is giverescribe the distribution of the free fibre
also examined. Cutting wet handsheets, &y the negative exponential distributionlength very well.
discussed before, isolated the effects dfg) = (1/9)e9/9, whereg is the free fibre The out-of-plane deflection angles of
fibre length on fibre-fibore contacts. Aslength andj is the mean of the free fibre all the fractions used in this study show no
shown in Figure 8, the distributions of thdength. They found this equation to holdregular trend with the pressing intensity
free fibre length of these samples mad#or 2-dimensional sheets which are almogfTable 1). It can also be shown that the dis-
from fibres with different fibre length are completely bonded 9). However this tributions of the out-of-plane deflection
almost the same. It was also found that thequation clearly does not hold for the datangle of samples made from the same pulp
mean values of the free fibre length, apresented in this paper. In fact, the distrifraction but pressed at different pressing
well as the number of fibre contacts pebutions of free fibre length measured irlevels are very similar and show no regu-
unit length of fibre, are also the same at this study, as shown in Figures 6-8, aréar trends with pressing intensity. These
95% confidence. The results suggest thaery similar in shape to the measurement®sults are consistent with the results
fibre length has no effect on fibre-fibrereported by Page et al)( The best-fit found in our previous study that were
contacts, which conflicts with Page’slines of Weibull PDF for these samplesmeasured by a different methatb), but
findings 6). This raises an interestinghave values ot greater than 1 and theare inconsistent with Gorres and Luner’s
point that would be worth further exami-values of c for these samples usuallystudy (L6), in which an assumption was
nation in the future. increase somewhat as the wet pressingade that the fibre deflection increases

In this study we used a two-parametepressure is increased. We believe that theith increasing pressing pressure. If the
Weibull probability density function value of c for a normal sheet is in the out-of-plane deflection angle of the fibre
(PDF), as shown by Equation 1, torange of 1.4 to 1.8. segment stays constant, the deflection dis-
describe the distribution of the free fibore The interval size at which the measurethnce of the fibre segment will be reduced
length. free fibre length was grouped significantlyas the pressing intensity is increased. This

influences the ‘smoothness’ of its frequenis because the free fibre segment length
f(g) = %(g/b)c'l exp(-@/b)°) [1] cy distribution. The greater the intervalhas been reduced as the pressing intensity

size, the smoother the distribution, but thiss increased. This movement will provide
whereb andc are constants, arliic> 0, will also reduce the points available fora densification effect for the paper struc-
andg =0. the comparison with the predictions madéure in wet pressing.

The Weibull parameteb is the scale by Equation 1. In this study we arbitrarily Based on the experimental results of
parameter, and is the shape parameter.chose a 5-um interval to group the meathe distribution of the free fibre length, the
The values ob andc for different sam- sured free fibre length for fitting the datanumber of fibre-fibre contacts per unit
ples were estimated by non-linear leastwith Equation 1. A 20-um interval was length of fibre, the percentage of full con-
squares curve fitting. The fitted lines araised when the distributions were plottedacts and the distribution of the out-of-
shown in Figures 6-8, and the valuedof in order to smooth the data. As shown iplane angle, a model structure of

Table 1
Summary of the average results of the geometrical parameters of paper structure.
Sample N Full Partial Free Fibre Out-of- Total length of Fibre Fibre
(no./mm) contact contact length* plane angle* fibre segment width** height**
(%) (%) (pm) (degree) measured (pm) (pm) (pm)
AccPy 13.0+1.5 24 76 73.8+7.7 4.39+0.67 14978 31.6+1.3 13.7+0.7
AccPy, 20.8+2.0 35 65 45.445.1 5.36+0.71 9594 34.3+1.4 11.9+0.6
AccPy 27.7+2.1 a7 53 35.7+3.0 5.76+0.56 9504 36.6+1.5 9.740.4
RejPq 12.9+4.8 18 82 82.6+11.9 7.41+1.30 13340 29.5+1.2 15.8+0.8
RejPy 19.5+2.0 34 66 50.3+5.5 6.07+0.86 9281 32.7+1.3 14.0+0.7
RejPy 28.8+2.6 44 56 35.8+4.1 6.75+0.96 6862 34.9+1.3 11.2+0.4
SL, 23.4+2.4 48 52 42.1+4.2 4.30+0.63 8794 31.0+1.2 11.2+0.5
SL, 22.2+1.9 53 a7 45.645.2 4.62+0.65 7528 31.8+1.2 12.3+0.6
SL, 22.5+2.1 50 50 45.445.0 6.35+2.27 8212 33.2+1.3 10.2+0.4

* + is 95% confidence interval. ** Fibre width and height were measured in sheets and fibre width has been corrected by the angle that the fibre
sitting to the cross-sectional surface of the sample.
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distribution probabilities against the
predicted from Equation 1.

probabilities

fibre-fibre contacts for a fibre segment of CONCLUSIONS

any of these samples can be reconstructed.
Examples of such model structures fo
samples Rejfand Rejlp, are illustrated in
Figure 11, in which the small circles along
the fibre axes represent points between
which the free fibre lengths were mea-
sured. The drawing here is to scale, show-
ing the average situation of fibre-fibre con-
tacts formed along a fibre segment of
length 1 mm in those two samples. Clearly,
in sample RejR the arrangement of fibre-
fibre contacts along the fibre segment is
not uniform. There are some long free fibre
segments. After it was pressed, the number
of fibre-fibre contacts increased and the
arrangement of the contacts became more
uniform. The number of long free fibre.
segments was reduced dramatically. These
model structures provide a direct view and
better understanding of the structure of
fibre-fibre contacts in paper, and these data
can also provide important information for
simulation studies of the load distributions
along a fibre.

July 2004

ﬂ'ne main conclusions from this work are:
¢ A new technique for measuring the,

properties of fibre-fibre contacts

directly in paper has been proposed
and has been used successfully. It is
the first technique that can determine
all of the parameters associated with
the fibre-fibre contacts.

It seems that fibre cross-sectional
shape has no significant effect on the
frequency of fibre bonding along a

fibre and the distribution of the free

fibre length. However, the accepts

fibres (the thin walled fibres) tend to
form a higher percentage of full con-
tacts in a sheet.

The distribution of the free fibre
length is narrowed and shifted to a
lower value range by wet pressing.
The bonding frequency along a fibre
is increased, while the free fibre*
length is reduced as the pressing
intensity is increased. There is no sig-
nificant difference in the number of

*The size bar is 50 pm.

fibre-fibre contacts in the handsheets
made from the accepts compared with
those made from the rejects.

The results obtained in this study
suggest that fibre length alone has no
effect on the properties of fibre-fibre
contacts.

The out-of-plane deflection angles of
the free fibre segments have no
regular trend with the pressing inten-
sity for both the handsheets made
from the accepts and from the rejects.
However, wet pressing has reduced
the out-of-plane deflection distance
since the free fibre length has
been reduced.

The distribution of free fibre length
for a normal sheet is not negative
exponential. A two-parameter
Weibull probability density function
seems to adequately fit the data. .

It has been demonstrated that model
structures of fibre-fibre contacts can
be reconstructed using the data mea-
sured by the new technique.
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