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Abstract. Mechanical properties are crucial in assessing the paper quality. Deformation and
strength properties of paper are determined by the strength and stiffness of the interfiber and
intermolecular hydrogen bonds. The contribution ratio of interfiber and intermolecular hy-
drogen bonds to the strength of paper can be changed by adjusting the degree of its anisot-
ropy. The article presents the results on a study of the deformation properties of laborato-
ry anisotropic paper samples from kraft bleached softwood pulp with a beating degree of
30 °SR. The samples had basic weight of 90 g/m? and the degree of stiffness anisotropy 7S/,;p/cp
of 1.75-4.08. They were made by using Techpap SAS automatic dynamic handsheet former
(Grenoble, France), with varying forming parameters — diameter of the nozzle, motion speed
of the forming wire, and injecting speed of pulp. Deformation properties were determined by
tensile test and processing of the stress-strain dependence (c—¢). The outcomes have shown
that, an increase of the fiber orientation degree in paper structure by changing the forming
parameters caused a change in the nature of the paper deformation under tension. Increasing
the fiber orientation degree in the structure of paper made it possible to increase the strength
by 55 %, tensile stiffness by 63 % in the machine direction, while reducing the extensibility by
10 %. In the cross direction, it was possible to decrease tensile stiffness by 33 %, strength
by 55 %, and increase the extensibility by 5 %. Anisotropy of tensile strength was
1.73-6.00. The greatest effect was obtained for the elasticity modulus in the pre-failure zone E,
(2.8-38.6). It means that, fiber orientation had a key importance when large deformations
in the samples took place. The established quantitative regularities allowed optimizing the
values of the deformation and strength properties of paper, and their ratio in the machine di-
rection and cross direction due to the variation of the forming parameters.
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Annomayus. Mexanndeckre CBOMCTBA SIBISIOTCSA KITIOYEBBIMH IPHU OIIEHKE KadecTBa Oy-
Maru u OomnpeaAciaroTCd NPOUYHOCTBIO U KECTKOCTHIO MEKBOJIOKOHHBIX U MEKMOJICKYJIAPHBIX
BOZIOPOJHBIX CBsA3eH. Britax pa3HBIX BUIOB CBsI3el B MPOYHOCTH 00pa3iia BO3MOKHO MEHSTh
peryJiupoBaHHEM CTEIEeHH aHm3oTpornuu Oymaru. McciemoBaHbel nedopManMmoOHHBIE CBOW-
cTBa J1abOpaTOPHBIX AaHU30TPOIHBIX 00PA3IOB OyMaru u3 OCICHOW XBOMHHOI LIEITHOI03bI IIPH
creriean nomosna 30 °IIP, macce 90 r/mM?, co CTENEHbIO aHU30TPOIUH KECTKOCTH 1ST, 1 cp
(oTHOILIEHUE MHAEKCOB JKECTKOCTU Ipu pactskenuu, 751, x TSI.,) 1,75...4,08. O6pasibl
OBLIM M3TOTOBJICHBI HA JMHAMHUYCCKOM JHCTOOTIMBHOM ammapare TechPap SAS (1. I'pero0sb,
@DpaHnus) Ipu MEPEeMEHHBIX TapaMeTpax OTIHBA: CKOPOCTH CETKH, CKOPOCTH CTPYH, THaMe-
Tpe GopcyHkH. JlehopManoOHHBIC U TPOYHOCTHBIE CBOWCTBA ONPE/ICNICHbI UCIIBITAHUEM Ha
pacTsbKeHHUe ¢ TI0JTyYeHHEeM 3aBUCHMOCTH «HanpsbkeHne—aedopmarus». [lokazano, 4ro ye-
JMYECHNE CTENEHN OPHEHTALMH BOJIOKHA 3a CUET BapPbUPOBAHHS ITAPAMETPOB OTIIMBA JAETAET
MIPOYHOCTH B MAIIMHHOM HarpasjeHuH Oonbire Ha 55 %, )KeCTKOCTh NP PACTSHKEHUN — Ha
63 %, cHmwkaeT pacTspkuMocTh Ha 10 %; B momepeyHOM HanpaBlICHHHM BO3MOXHO YMEHb-
IIEHNE KECTKOCTU IpH pacTsvkeHHH Ha 33 %, mpoyHocTtn — Ha 55 %, yBenmuueHne pacts-
JKUMOCTH Ha 5 %. AHM30TpONUs IPOYHOCTH NPH pacTsbkeHuH coctasuia 1,73...6,00. Hau-
Ooubimii A dexT nomyueH asst MOLyIIsl yIPYroCTH B 00JacTH npenpaspymenus — 2,8...38,6,
T. €. OPHEHTAITH BOJIOKHA UMEET KIII0YeBOE 3HAYCHHE MTPH OOIBIINX e(hOopManniX 00pa3IoB.
YcTaHOBICHHBIE KOJTMYECTBEHHBIE 3aKOHOMEPHOCTH MTO3BOJISIIOT ONTHMHU3UPOBATH BEITMUMHEI
I[e(bOpMaLII/IOHHI)IX 1 IMMPOYHOCTHBIX nokasarenei 6yMar1/1 1 UX COOTHOLIICHUC B MAIlIMHHOM U
MIOTIEPEYHOM HaIPaBJICHHUAX 32 CYET BAPbUPOBAHUS [TapaMETPOB OTIIMBA.

/na yumupoeanus: Rech D., Potasheva A.N., Kazakov Ya.V. Regulating the Deformation
Properties of Paper by Varying the Degree of Its Anisotropy // 13B. By308B. JlecH. xypH. 2021.
Ne 5. C. 174-184. DOI: 10.37482/0536-1036-2021-5-174-184

Kniouesvie crosa: (bOpMOBaHI/Ie, Z[I/IHaMI/I‘ICCKI/Iﬁ JINCTOOTIIMBHBIA ariapar, OpucHTalus BOJIO-
KOH, aHHU30TPOIIN, ’KECTKOCTh, IPOYHOCTD.

Introduction

Strength and deformation characteristics are key markers to evaluate the quality
of pulp and paper products. Achieving the requested level of consumer properties for
these materials is closely related to the process of forming their structure. Thus, the
prediction of the deformation behavior of paper and cardboard at the stage of modeling
their structure has a particular scientific, economic and practical interest [4].
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Paper is a material of anisotropic, discrete fibrous net-like structure [1, 10].
The strength of structure is formed by hydrogen bonds (HB). The deformation and
strength properties of paper are determined by the strength and stiffness of interfiber
and intermolecular HB. Intermolecular bonds determine the intrinsic strength of
fibers. The intensity of interfiber bonds is regulated by beating the plant fibers at
the stage of refining. The contribution ratio of interfiber and intermolecular HB to
the strength of a paper sample can be changed through adjusting the degree of paper
anisotropy [5, 7].

The modern scientific approach and the latest engineering technologies make
it possible to model the structure of pulp and paper materials, to test and analyze
their properties at a stage of laboratory research. Moreover, they give a chance to
obtain anisotropic laboratory samples with characteristics like or similar to those of
final products of papermaking and cardboard machines (PM and CM, respectively).
As aresult, it was found that the degree of anisotropy of the sample has a significant
effect on the paper mechanical properties. However, for each study using laboratory
equipment, it is necessary to select its own conditions for making samples in order to
achieve compliance of properties with industrial paper [3, 17, 20, 21].

Techpap SAS laboratory equipment (France), operating in the Laboratory of
modeling and researching compositions of paper and cardboard of the Innovative
Facilities Engineering and Innovation Center “Advanced Northern Bioresources
Processing Technologies™ based at the Northern (Arctic) Federal University named
after M.V. Lomonosov (NArFU), provides an opportunity to implement stage by
stage the full range of activities to study anisotropic paper and cardboard samples.
The complex enables to bring the properties of laboratory samples closer to those of
real products [18, 21].

Theanisotropy ofthe paper structure determines the anisotropy of its deformation
and strength properties [1, 4, 11]. The direction of the preferred fibers orientation in
the sample largely determines its response to the application of an external load [8].
The difference in the properties of such specimens is most clearly determined by the
shape of the stress-strain curves [4, 6]. When modeling the structure and properties
of a fibrous material based on discrete fibers, taking into account anisotropy is a
necessary condition for obtaining adequate results [2, 13, 19]. The correspondence
of the stress-strain dependence of the model sample with the experimental data is the
most frequent proof of the efficiency of the proposed modeling method [2, 13].

The aim of this work is to establish quantitative regularities that connect the
parameters of the paper forming on the dynamic sheet former and the degree of
anisotropy of laboratory paper samples, which make it possible to control the values
of their deformation and strength properties, including optimizing the ratio of these
values in the machine direction (MD) and cross direction (CD).

Research objects and methods

Techpap SAS laboratory equipment includes the automatic dynamic handsheet
former (FDA) (fig. 1), laboratory press (fig. 2) and dryer (fig. 3). The complex closely
simulates the work of industrial paper machines and produces rectangular sheets with
dimensions up to 25%90 cm with the motion speed of the forming wire from 700 to
1300 m/min. It allows researchers to obtain anisotropic paper and cardboard samples
and maximize their properties to those of the products of PM and CM.



ISSN 0536-1036 «H3BecTns By30B. JlecHoii skypHas». 2021, Ne § 177

The rectangular form of handsheets has great advantages when carrying
out analyses under production conditions as well as research developments. Such
handsheets can be calendered and coated. Their size allows making a big number of
tests for a one sheet. In addition, it is possible to produce multi-layer handsheets and
handsheets with a large range of basis weight [5, 7].

Fig. 1. The elements of the FDA, Techpap SAS: a — forming device and its control panel; b —
cylindrical jar with the forming wire inside before testing; ¢ — finished wet web of a handsheet
on the wire

Fig. 3. Drying the sheet by means of
a temperature controlled laboratory
dryer

Fig. 2. Pressing the handsheet by means
of a pneumatic single-drum press

The principle of dynamic sheet forming is as follows. The main part of the FDA
is a cylindrical jar rotating around a vertical axis (fig. 4). The jar has a perforated wall.
Water enters into the jar centrifugally through the nozzle and forms a vertical water
wall when the rotation speed is over 700 rpm. The water wall covers the perforated
wall and moves along with it [15].

The forming wire is installed on the inner side of the perforated wall before
testing. Together they are covered with the water wall of 5 mm thick. The injector
nozzle is fixed on a delivery tube at a certain angle. The nozzle sweeps vertically
up and down evenly distributing a diluted fibrous mass onto the water wall under
pressure. The fibers go through the water wall to the wire forming a layer of fibrous
mass. It takes place until a given basis weight is reached.

Upon completion of fiber injection water is removed from the jar. The layer
of a wet fibrous mass remains on the wire. As the jar stops its rotating, the handsheet
is taken out from the jar together with the wire. To separate a wet handsheet from
the forming wire they are covered by filter paper and rolled with a roller on top.
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Fig. 4. Structural units of the FDA

forming device: / — sweeping flat

jet nozzle; 2 — forming jar; 3 —

perforated cylinder; 4 — forming
wire; 5 — water wall

The handsheet undergoes pressing and drying between layers of filter paper.
It provides to form a handsheet similar to a sheet obtained by an industrial method.
Moreover, adjusting the ratio of the speed of nozzle and of wire motion makes it
possible to obtain laboratory handsheets with varying degree of anisotropy.

To model the anisotropic macrostructure of paper samples we varied the forming
parameters of the FDA such as circumferential motion speed of the forming wire, the
pressure of fibrous mass injection on the wire through the nozzle by changing the speed
of the feeding pump, and the diameter of the nozzle. Thus, we adjusted the degree of
paper anisotropy by changing the ratio of jet and wire speed.

An additional factor was the duration of the forming process that was increasing
due to a smaller diameter of the nozzle. Consequently, fibers near the forming wire
were subjected to a supplementary orientation in MD.

Preliminary experiments have shown [7] that in order to increase the degree
of anisotropy, it is necessary to increase the rotation speed of the forming drum and
reduce the pressure in the pump feeding the pulp to the wire. Reducing the diameter
of the nozzle orifice also increases the jet speed. However, the final result depends
on the furnish composition and the basic weight of the samples. And they must be
specified in each individual case.

The forming parameters we used to make laboratory paper samples from kraft
softwood bleached pulp with a beating degree of 30 °SR are given in table 1. The
values of the FDA process parameters were chosen close to the average and extreme
allowable according to the technical characteristics of the FDA. A total of 6 paper
samples were made and analyzed. This made it possible to obtain a series of paper
samples with different properties. The obtained handsheets had weight of 90 g/m?,
dimensions of 25%90 cm and different degree of anisotropy.

In order to evaluate deformation properties of laboratory paper samples we
carried out the uniaxial tensile tests and mathematically processed the obtained
“stress-strain” dependence (o—¢) [10, 12]. The test with a uniaxial static loading was
conducted by means of the laboratory test complex at a loading rate of 5 cm/min.
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Table 1

The parameters of the FDA used for modeling the structure of laboratory handsheets

Parameter value for modes
Regulated parameter
R1 R2 R3 R4 RS R6

The rotation speed of
the forming wire of the 800 800 950 1000 1200 1350
FDA v, m/min
The pump revolution
feeds the mass onto the 1400 1400 1200 900 600 300
wire p, rpm
Nozzle grade d (size, 2504 2510 2510 2506 2504 2504
mm) (1.0%1.0) | (2.0x1.8) | (2.0x1.8) | (1.8x1.2) [ (1.0%1.0) | (1.0%1.0)

The complex includes the vertical tensile testing machine “TEST SYSTEM
101 and personal computer (PC) that are used according to the method [12] by
applying the software [9]. To carry out the test we cut the paper samples into strips
with a width of 1.5 cm. Distance between jaws of tensile tester was 10.0 cm.

Research results and discussion

On mill paper machines, in order to change the degree of paper anisotropy, the
ratio of jet/wire speeds is changed. An increase in the lag of the pulp jet speed from
the wire speed (efflux) leads to an increase in the degree of fiber orientation and an
increase in anisotropy. Filtration begins as soon as the paper pulp comes into contact
with the wire, and the duration of the drain is several seconds.

On the applied dynamic sheet former, the pulp is first pumped onto the moving
wire for several minutes. And then quickly, in a few seconds, water is removed after the
command of the operator. Thus, the laboratory conditions of formation are still different
from the industrial ones, although they make it possible to obtain anisotropic samples.

A quantitative estimation of anisotropy degree was performed by several
methods [1, 11]. The most popular characteristic is stiffness anisotropy 7SI, (the
ratio of the tensile stiffness, 7:S1,,, by 7'SI.,) measured by the ultrasonic method using
the L&W TSO tester [14].

The variation of the forming modes presented in table 1 gave us a chance to
obtain samples with 7SI, ., values from 1.75 to 4.08 (table 2). In fact, for white
paper grades produced by PM, 7SI, ., values are usually from 2.3 to 3.0. Thus, we
obtained samples with a greater range of 7SI, ., values. Hence, we managed the
task to make samples with different degree of anisotropy.

Additionally, the degree of fiber orientation A was determined in accordance
with the method [8, 16] (table 2). The A values ranged from 0.51 to 0.65 and, as we
can see, correlated well with the 7S/, ., values.

The physical characteristics of the obtained paper samples such as thickness
o um, density p, g/cm3, and porosity, mL/min, were determined (table 2). It has been
found that the forming conditions also affected the density of the fibrous structure
while forming on the wire. The extreme values of the degree of anisotropy caused a
decrease of thickness and an increase of density, not exceeding 8 %.
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Table 2
Deformation properties of the obtained anisotropic paper samples
Forming mode
Characteristic Units Direction
R1 R2 R3 R4 RS R6
Thickness, & pm 115 114 122 121 118 112
Density, p g/cm? 0.743 | 0.740 | 0.719 | 0.717 | 0.737 | 0.752
Porosity mL/min 134 173 143 166 149 168
Degree
of fiber - 0.511 | 0.533 | 0.601 | 0.615 | 0.636 | 0.650

orientation, A

Tensi MD 13.60 | 16.08 | 18.41 | 19.03 | 19.73 | 19.95
ensile Nmv/kg
stiffness CD 7.75 7.84 5.59 5.27 5.01 4.88

index (7SI) _ |MD/CD| 175 | 2.05 | 329 | 361 | 393 | 408
MD | 11750 | 14200 | 16900 | 17300 | 18100 | 17750
1 m
Breaking CD 6850 | 7450 | 4100 | 3600 | 3200 | 3050
length, L
— |MDIECD| 172 | 191 | 412 | 481 | 566 | 582
i MD | 6260 | 7380 | 8210 | 8600 | 9230 | 9800
nitial MPa

modulus of cD | 3280 | 3572 | 2430 | 2190 | 2070 | 2120
elasticity, E, — |MDICD | 191 | 207 | 338 | 393 | 446 | 462
. MD 175 | 204 | 257 | 252 | 262 | 250
Tensile en- J/m?
ergy absorp- CD 169 187 126 115 97 92
tion (TEA) — |mpoiep | 104 | 109 | 204 | 219 | 270 | 272

MD 16.65 | 20.69 | 20.23 | 21.68 | 24.42 | 2592
CD 8.24 8.00 6.65 6.08 5.82 5.09
- MD/CD | 2.02 2.59 3.04 3.57 4.20 5.09

Limit of MPa
elasticity, o,

MD 0.27 0.28 0.25 0.26 0.27 0.27

Limit of %
elastic defor- cp | 026 | 027 | 023 | 028 | 020 | 029
mation, &, - MD/CD | 1.19 | 1.04 | 1.09 | 093 | 093 | 093
p MD | 872 | 1041 | 1167 | 1224 | 13256 | 1352
—at- a

?t.ress at cD | 505 | 553 | 303 | 260 | 233 | 225

ailure, o,
_ |Mpep | 173 | 188 | 386 | 470 | 568 | 6.00
y MD | 283 | 266 | 274 | 268 | 262 | 257
?t?lam'“" ’ CD | 442 | 439 | 466 | 458 | 450 | 437

ailure, €,

- CD/MD | 1.56 1.65 1.70 1.71 1.72 1.70

Modulus of MD 1620 | 2050 | 2350 | 2700 | 2880 | 3090

theela;rtéclleiﬁe CD | 570 | 610 | 190 | 140 | 110 | 80

zone, E, - MD/CD | 2.84 336 | 1237 | 19.29 | 26.18 | 38.63
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Fig. 5. The stress-strain curves for paper samples from kraft softwood bleached pulp: a — MD;
b — CD; 1-6 — modes of the forming process (table 1)

In order to evaluate deformation properties of laboratory paper samples we
carried out the uniaxial tensile tests and mathematically processed the obtained
“stress-strain” dependence (c—¢), see fig. 5 [6, 12].

Fig. 5 shows the following: in the MD, with rose the degree of anisotropy, the
curves o— went higher (strength increased) and had a greater steepness (stiffness
increases), but their length decreased (elongation decreased). The curve for a sample
with a 7SI, value of less than 2 is quite different from the others — it goes much
lower. For the rest of the samples, the change in the course of the curve corresponds
to the change in the degree of anisotropy.

In the CD, on the contrary, as the degree of anisotropy rose, the curves went
lower and had their longer length. Accordingly, the strength and rigidity decreased,
elongation increased. Here, too, for the sample with 751, ., values of 1.75 and 2.05,
they are quite different from the others — the curves are much higher than the others.
For the rest of the samples, a change in the course of the curve corresponds to a
change in the degree of anisotropy.

Thus, the change in the nature of the paper deformation under tension was
clearly demonstrated. It was reflected in the values of the deformation and strength
characteristics (table 2).

In this case, anisotropy of the tensile strength (1.73—6.00) was significantly higher
than of the 7S/ stiffness measured by the ultrasonic method (1.75-4.08). The greatest
effect was obtained for the elasticity modulus in the pre-failure zone E, (2.8-38.6).
The fiber orientation had its key importance with large deformations of the samples.
The smallest influence was on the anisotropy of the elastic strain limit (0.93—1.19).

With an increase in the degree of anisotropy, in the machine direction the
breaking length of the paper increases by 51 % (from 11750 m for samples with low
anisotropy, to 17550 m for samples with high anisotropy). Elastic modulus increases
by 56 % (from 6260 to 9800 MPa), tensile energy absorption (7EA) — by 43 % (from
175 to 250 J/m?). The elastic limit increases by 56 % (from 16.6 to 25.9 MPa). The
limit of elastic deformation practically does not change and is 0.26—0.27 %. Strain at
fracture is reduced by 9 % (from 2.83 to 2.57 %).
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Fig. 6. Deformation and strength properties versus degree of anisotropy for hand-made sam-
ples: a — MD; b — CD; [ — TSI, 2 — tensile strength; 3 — TEA; 4 — modulus of elasticity in the
pre-failure zone E,, MPa

In the CD, the breaking length of the paper reduced by 55 % (from 6800 m
for samples with low anisotropy, to 3050 m for samples with high anisotropy). The
elastic modulus decreased by 35 % (from 3280 to 2120 MPa), TEA — by 46 % (from
169 to 92 J/m?). The elastic limit reduced by 38 % (from 8.2 to 5.1 MPa). The limit
of elastic deformation practically does not change and is 0.26—0.29 %. The strain at
fracture increases by 5 %, having a maximum of 4.66 % at a TS/, of 3.29, and
then decreases to 4.37 %.

Fig. 6 shows the relative change in the main deformation characteristics of
the samples depending on the degree of anisotropy according to 7SI, Values
for samples with minimal anisotropy are taken as 100 %. As it is shown in fig. 6,
when the degree of stiffness anisotropy — 7.SI,,,,, r0se, the stiffness and strength
characteristics of the samples increased in the MD and decreased in the CD.

Dependencies shown in fig. 6 are non-linear. For the 7S/ value, which
characterizes the elasticity and stiffness of the material, the rigidity (curve 1), and
the breaking length, which characterizes the strength (curve 2), the increase in
characteristics in MD and their decrease in the CD slows down in specimens with
high anisotropy. This is explained by the predominant contribution of the fibers
themselves to the mechanical behavior of the sample in the MD and interfiber
bonds in the transverse direction. With a strong orientation of the fibers, close to
orthotropy, the influence of the degree of anisotropy decreases. At a low degree of
fiber orientation, on the contrary, it is of key importance.

The change in the value of the TEA (curve 3), which characterizes the dynamic
strength of the sample, is determined by the simultaneous change in strength and
elongation. Therefore, in the MD, the stabilization of its value is observed at high
anisotropy, and the decrease in the CD, is observed.

Conclusion

When optimizing the forming mode, it is necessary to take into account the
simultaneous and multidirectional change of the paper properties in the MD and CD.

By increasing the degree of fiber orientation in the structure of paper from kraft
softwood pulp, it is possible to increase the strength by 55 %, tensile stiffness by 63 %
while reducing the extensibility by 10 % in the MD. Dynamic strength, as measured
by the TEA failure performance, increased by almost 50 %.
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In the CD, on the contrary, by increasing the degree of fiber orientation, it is
possible to decrease the tensile stiffness by 33 %, decrease the strength by 55 %, and
increase the extensibility by 5 %.

Due to the variation of the forming parameters, the established quantitative
regulations allow optimizing the values of the deformation and strength properties of
paper and their ratio in the MD and CD.
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