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Abstract: The relationship between shrinkage and elon-
gation of hand sheets was examined. The results show
that the same dimensional contraction brought about by
shrinkage can be strained out in tensile testing. However,
percentage-wise the elongation is greater than the shrink-
age due to different reference points, and the difference in-
creases strongly at higher shrinkage levels. Elongation of
paper can be explained mainly by two factors: the shrink-
age and the net elongation of paper. Here shrinkage refers
to all kinds of in-plane contraction of the fiber network
(drying shrinkage, in-plane-compaction and creping). The
novel concept ‘net elongation’ was proposed in order to
separate the effect of shrinkage from the total elongation
of paper. Net elongation is the elongation of corresponding
unshrunken paper dried under restraint. Sheets with high
elongation were prepared from bleached softwood kraft
pulp and the effects of shrinkage on elongation, strength
and stiffness of the paper were investigated. Mechanical
treatment methods of pulp fibers and chemical strength
additives were applied in order to maximize the strength
and elongation. In-plane compaction and creping were
used to further boost shrinkage of the high basis weight
(100 g/m2) sheets up to 160 percent. Experimental elon-
gation data confirmed the proposed theoretical relation-
ships.

Keywords: compaction; creping; drying; elongation;
shrinkage.

Introduction
Classical strengthmodels originating fromfiber level, such
as the Page equation and its modifications, describe the
strength and elastic modulus of paper (Page 1969; Shall-
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horn and Karnis 1979; Page et al. 1979; Page and Seth
1980a, 1980b). However, there is no classical fiber level
model for paper elongation. The lack of such a model for
elongation of papermay originate from the assumed lower
importance, but also from the difficulty to understand the
elongation behavior of fiber network well enough.

According to Seth (2005), regardless of how bonding
between the fibers is increased (by wet pressing, beating
or refining, or additives), the sheet elongation of a fur-
nish generally increases with increased fiber-fiber bond-
ing. Furthermore, this is observed for almost all papermak-
ing fibers, i. e. chemical, mechanical, wood, non-wood, or
recycled (Seth 2005). Medium (10–15%) or high (15–35%)
consistency mechanical treatments are deliberately used
to induce dislocations andmicrocompressions for enhanc-
ing the stretch-potential of pulps (Seth 2005).

Fiber orientation has a great influence on the tensile
properties of paper. However, according to Vishtal and Re-
tulainen (2014a), high fiber orientation anisotropy leads to
limited MD-shrinkage potential and elongation, indepen-
dently of the extent of draw during drying, which makes
the question of the influence of fiber orientation somewhat
confusing.

According to Seth (2005), it is clear that the shrinkage
of the sheet during drying increases the stretch-potential
of the fibers, and therefore the sheet extensibility. Addi-
tionally, if the sheet is restrained from shrinking in any
particular direction, the degree of compression in that di-
rection is correspondingly reduced. Furthermore, if the
wet sheet is subjected to tensile strain or draw, the stretch-
potential already existing in the fibers may be pulled
straight. The greater the sheet shrinkage, the higher the
sheet stretch (Silvy 1971; Seth 2005). Despite the impor-
tance of the prior shrinkage for elongation, the role of
shrinkage has quite often been ignored in published inves-
tigations.

By investigating wet-end addition of cationic starch,
Lindström et al. (1985, 2005) proposed basic mechanisms
improving the extensibility of paper: improving sheet
consolidation (bonded area), increasing specific bond
strength andeveningout the stress concentration inpaper.
Surface addition of starch can also increase the elongation
of paper by increasing the prior shrinkage (Lipponen et al.
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2005). On the other hand, surface additions of extensible
material increase the strength and extensibility of the sur-
face layer of paper and may postpone fracturing and in-
crease overall extensibility (Stockmann 1974, Vishtal and
Retulainen 2014a).

According to Lindström et al. 2005, bonding agents
that improve the specific bond strength but not the rela-
tive bonded area tend tomaintain bulk,whereas those that
enhance the relative bonded area tend to increase sheet
density. As beating increases sheet density, it is often ben-
eficial to use an agent that primarily improves the spe-
cific bond strength, (Lindström et al. 2005). The adsorp-
tion of CMCwill provide the cellulosic surfacewith amuch
greater negative charge density, thus leading to greater
swelling (Hubbe 2014).

Elongation at break of restrained dried paper is typ-
ically less than 5%, and of unrestrained dried less than
10%.Mechanical and chemical treatment of pulps and the
utilization of sufficient strength additives (such as starch,
CMC and nanocellulose) can have an improving effect on
strength which, however, is typically not able to improve
the elongation of paper above 20% (Vishtal 2015; Khakalo
2017). However, elongations above 20% can be achieved
by creping and in-plane compaction operations that treat
a formed fiber network mechanically. High elongation is
a fundamental requirement for the development of ad-
vanced lightweight packaging solutions of paper, as re-
viewed by Östlund 2017.

Only a few industrial and laboratory compaction stud-
ies of paper have been presented in the literature (Vishtal
2015; Ihrman andÖhrn 1965;Welsh 1965; Lahti et al. 2014),
as well as one study of longitudinal compaction of indi-
vidual fibers (Dumbleton 1971). Compaction is considered
to generate in-plane microcreping of the paper structure,
which in turn can be straightened out during the strain-
ing of the paper. On the other hand, results presented in
the literature indicate that compaction appears to reduce
the tensile stiffness of the stress‒strain curve of the fiber
network. Elongation in the cross-direction cannot be im-
proved simultaneously using the presented compaction
methods, but a separate treatment is needed (Sterner and
Magnusson 2017).

Creping is a mechanical method that is typically used
for tissue paper and some other paper grades with rel-
atively low basis weight (below 70 g/m2). Depending on
the solids content at the time of the creping operation,
the process is called wet creping (60–85%), semi-dry cre-
ping (85–93%) or dry creping (93–97%) (Pan 2017). Dry-
creping is used for tissue paper and wet-creping for other
paper grades (Oliver 1980). The process parameters on a
tissuemachine have been primarily obtained through trial

and error and the process is difficult to control (Pan 2017;
Ramasubramanian et al. 2011a). It is not generally a well-
understood process in detail.

Web speed at a creping cylinder is higher than at reel-
ing. The extent of creping can be estimated using the crepe
ratio (Pan 2017; Boudreau 2013):

Crepe ratio = Crepe cylider speed − reel speed
Crepe cylinder speed

(1)

The shrinkage of paper can be defined as dimensional
contraction taking place in plane and the extent of shrink-
age is usually presented as a percentage. The creping can
be seen as one way to shrink paper and the crepe ratio can
be directly converted to shrinkage:

Shrinkage = Crepe ratio × 100% (2)

In a practical sense, Equation 1 can be used only for
a continuous creping process. Boudreau (2013) estimated
crepe ratio for an individual paper sample in laboratory
conditions as

Crepe ratio = ΔL
ΔL + L (3)

where ΔL is the change in lengthwhen the paper is fully ex-
tended at maximum load and L is the initial length of the
creped paper. However, the change in length (ΔL) in Equa-
tion 3 includes not only the unfolding of the crepes, but
also the subsequent straining of the straightened paper
(Boudreau 2013). Additionally, the change in length (ΔL)
in Equation 3 includes both the in-plane compaction at
the creping blade and possible drying shrinkage after the
creping event. Because of these three phenomena, Equa-
tion 3 is not equivalent to Equation 1. On the other hand,
the elongation of a paper sample is calculated as

Elongation = ΔL
L
× 100% (4)

In order to examine the relationship between in-plane
shrinking (including drying shrinkage, compaction and
creping operations) and elongation of a paper sample, the
length of the paper sample must be measured before and
after all the shrinking operations.

The objective of this study was to study over a wide
range the relationship between shrinkage and elonga-
tion of paper, in order to understand and develop high
extensibility for paper, which is a key property for sev-
eral packaging applications. Bleached softwood kraft pulp
(BSKP) sheets with high elongation and formability po-
tential were produced and the influence of shrinkage on
the tensile properties of paper was investigated. Mechan-
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Table 1: Pulp and fiber properties of the HC + LC refined bleached
softwood kraft pulp.

Sample HC + LC refined BSKP

SEC, kWh/metric ton HC: 570, LC: 55
Drainability, SR-number 28
Length weighted average fiber length, mm 2.06
Length fraction < 0.2mm, % 3.3
Fiber curl, % 19.5
Kink index, 1/m 769.8
Fiber width, µm 24.4

ical treatment methods of pulp fibers and strength addi-
tives were utilized in order to maximize the elongation.
The influence of in-plane compaction, creping, addition of
carboxymethyl cellulose (CMC) and cellulose microfibrils
(CMF) as a booster for paper shrinkage was investigated.

Materials and methods

Fiber raw materials

Dried bleached softwood kraft pulp (BSKP) from a Finnish
mill was used as a raw material. The BSKP was mechan-
ically treated in two stages using high (HC) and low (LC)
consistency refining sequentially in order to improve the
extensibility of paper (Seth 2005; Zeng et al. 2013; Khakalo
et al. 2017). The SW kraft pulp was disintegrated in deion-
ized water using a Dynamic Drainage Jar (DDJ), dewatered
(to a consistency 35–42%) and homogenized before HC re-
fining withusing a 12-inch Sprout-Waldron refiner at VTT.
The average specific energy consumption (SEC) of the pulp
in the HC stage was 570 kWh/metric ton, the SR number
was 21 (according to EN ISO 5267-1:2000) and consistency
after the refining was 17.5%. The HC refined BSKP was LC
refined at KCL, Finland, using a Voith-Sulzer refiner and
applying refiner disc 60C with specific edge load 2.5 J/m.
Consistency of the pulp in the LC refining was 5%, and it
was then diluted to 1.8% using deionized water. The aver-
age SR number of the LC refined batches was 28. The pH of
the pulp after the refining was approximately 7.2. Average

pulp and fiber properties of the HC + LC refined BSKP are
presented in Table 1. The fiber properties were measured
using a Kajaani FS 300 laboratory fiber analyzer. The re-
ported fiber length is the contour length of fiber, which is
most often used.

Chemicals and micro-fibrillated cellulose

The following chemicals were used for the sheet prepara-
tions: CMC (700 kDa) from Sigma-Aldrich, starch Chemi-
gate Classic 135 and Masuko micro-fibrillated cellulose
(CMF, 3 pass) from VTT (E393HWM3). Additionally, C-PAM
was used as a binding chemical for the starch and CMC
during the sheet preparations.

Paper samples

The BSKP was made into 100 g/m2 isotropic laboratory
sheets (320mm × 220mm) at VTT using a tailor-made Ju-
upeli sheet former and without wet pressing (Lehmonen
et al. 2017). Forming consistency of the sheets was ap-
proximately 0.44 g/L. Masuko 3 pass micro-fibrillated cel-
lulose (CMF), starch and carboxymethyl cellulose (CMC)
were used for improving the strength and extensibility of
the pulp (Table 2). The starch and CMCwere added into the
BSKP pulp 30min before the sheet forming was started.
The BSKP pulp (with and without starch and CMF) was
mixed with CMF for each sheet just before pouring the
mixture into the sheet mold. The C-PAM was added a few
seconds before the mixing was started in the sheet mold.
The pH of the mixtures during the forming was not mea-
sured. The sheets were stored in hermetically sealed plas-
tic bags in cold storage at 7 °C. The solids contents prior
to the treatments for varying shrinkage and drying are
presented in Table 2. The BSKP samples (without chemi-
cals) were unintentionally dried during the cold storage,
because blotter papers were left between the samples.
Shrinkage of the sheets was varied by using restrained,
partly and completely unrestrained drying and in-plane
compaction and creping combined with unrestrained dry-
ing. The restrained drying was performed according to EN

Table 2: Recipe and solids contents of the 100 g/m2 laboratory sheets.

Sample CMF, % Starch, % CMC, % C-PAM, kg/t Solids content before shrinkage, %

BSKP 0 0 0 0 70
BSKP + CMF 7.5 0 0 200 32
BSKP + CMF + starch + CMC 7.5 1.2 0.3 200 32
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Figure 1: The device for in-plane compaction of paper sheets at VTT
(Khakalo et al. 2017).

Figure 2: A dryer pocket in the pilot dryer at VTT.

ISO 5269-1:2005E. The unrestrained drying of the sheets
was performed between two forming wires that were sup-
ported by a rigid backing and separatedby 5mmthick rods
on the edges in order to allow shrinkage and prevent curl-
ing of the sheets. The partly restrained drying was started
with the restrained drying method (according to EN ISO
5269-1:2005E) until approximately 65% solids content and
continuedwith the unrestrainedmethod. Compaction and
creping of the 100 g/m2 sheets were performed using the
laboratory compaction device (Figure 1) and the VTT pi-
lot cylinder dryer (Figure 2), respectively. Shrinkages of
restrained and unrestrained dried sheets were measured
by applying marker holes with known separations in the
sheets as described by Khakalo et al. (2017).

In-plane compaction

In-plane compaction of wet (solids contents 30% and
70%) laboratory sheets was performed at VTT using a lab-
oratory compactor device shown in Figure 1 (Khakalo et al.
2017). Compaction of the sheets was performed between
two stretched rubber blanks that were pressed against

Figure 3: The doctor blade and the cylinder surface used for creping
the high basis weight paper samples.

each other and released in order to generate in-plane com-
paction. The rubber blanks were stained approximately
23% prior to the release and full recovery. In this study,
the compaction was performed either once or twice in the
same direction in order to create two different levels of
in-plane dimensional change in the samples. The com-
pacted sampleswere dried unrestrained in laboratory con-
ditions (RH 50% and temperature 23 °C) in order to max-
imize the drying shrinkage. The length and width of the
samples were measured before compaction and after the
drying in order to measure apparent shrinkage. Sheet di-
mension measurement after compaction and before dry-
ing would have enabled more detailed investigation of the
compaction operation.

Creping

Creping of the laboratory sheets at 30%solids contentwas
performed using a pilot cylinder dryer at VTT which sim-
ulates a wet creping process (Pan 2017). A conventional
doctor blade of the cylinder dryer was used as a creping
blade (Figures 2 and 3). The paper sample was fed man-
ually between the dryer fabric and the cylinder. After ap-
proximately 270° rotation on the cylinder surface it was
creped on the doctor blade and manually removed on the
blade. The edge of the doctor blade shown in Figure 3 was
approximately at an angle of 48° with respect to the tan-
gent of the cylinder surface, i. e. the creping angle was
132°. The dryer cylinder temperature was approximately
95 °C and the speed 50m/min. The creped samples were
dried unrestrained in laboratory conditions at RH 50%
and temperature 23 °C in order to maximize the shrinkage.
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The length and width of the sample were measured before
creping and after the drying in order to measure apparent
shrinkage. The effect of creping conditions on characteri-
zation of crepe folds can be found e. g. from Furman and
Winston (1993) and Raunio and Ritala (2012).

Mechanical tests of paper samples

Testing of the laboratory sheet samples tookplace at a tem-
perature of 23 °C and at 50% relative humidity. The thick-
ness and apparent sheet density of the dry paper were
measured using ISO 534, and air-dry basis weight using
ISO 536. The basis weight of the paper samples was de-
termined according to ISO 536:1995. The thickness was de-
termined according to ISO 534:1998, and the density was
determined based on the measured values of the basis
weight and thickness. Thickness and basis weight of com-
pacted and creped papers can be difficult to determine
accurately. Therefore, tension (N/m) was used for tensile
strength and stiffness as a measure of material quantities.
The BSKP samples that contained CMF, starch and CMC
with the different shrinkages were also strained to failure
using a strain rate of 12mm/min in a Lloyd tensile tester,
in accordance with ISO 5270:2012.

2D formability test

Strain and the force applied on the paper samples were
measured using the tailor-made 2D formability tester at
VTT, shown in Figure 4. The tester had a double-curved
press die and bottom support, which can be heated up to
220 °C (Khakalo et al. 2017; Kunnari et al. 2007; Vishtal and
Retulainen 2014b; Kouko et al. 2017). A load sensor (Al-
then 31 E Mid 2 kN) was mounted between the linear ac-
tuator (LinMot P10-70x320 with peak force 2.16 kN) and a
heated press die. The position (elongation) measurement
was integrated into the linear actuator. The accuracy of the
force and position measurements was approximately 4N
and 0.05mm, and measurement frequencies were 1 kHz
and 143Hz, respectively.

The 2D formability test proceeded as follows: a paper
sample was fixed between the two blank holders (67.8mm
span). The press die was then moved into contact with the
sample at 2.2% strain (6.3mm downward movement from
zero depth) and retained still for 0.5 s in order to preheat
the sample. Zero depthwas defined at the level of the sam-
ple holder, i. e. it was the level of the bottom surface of the
sample. Then, the press continued its downward move-

Figure 4: The 2D-formability tester with the main components.
0mm elongation was defined at the level of sample holder.

Figure 5: Schematic example of 2D forming of a 200 µm thick paper.
Measured force depends on the forming depth and bending angle,
which also depends on the thickness of paper.

ment to a 28.5mm depth that corresponded to approxi-
mately 62% average strain for the sample. The 2D forma-
bility strain refers to the average strain in the deformed
part of the sample and it equals in-plane strain. The strain
was calculated from the vertical movement of the press
die. Localization of strain in the free span of the sample is
possible especially in the case of high friction between the
press die and paper.At high strain levels the normal force
of the press die is almost twice the tension force in paper s
(see Figure 5). However, surfaces of the tested paper sam-
ples were non-adhesive and friction coefficient between
the paper and the metal surface was most probably far be-
low 1, although it was not measured (see e. g. Back 1991).

In this investigation, the velocity of the forming press
was 10mm/s and thewidth of the paper sample was either
15mm or 20mm. The blank holding force was 660N (for
both the edges separately), which prevented sliding of the
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Table 3: Shrinkage of the 100 g/m2 laboratory sheets after the treatments and drying.

Sample Restrained
drying, %

Partly restrained
drying, %

Unrestrained
drying, %

Once com-
pacted, %

Twice com-
pacted, %

Creped, %

BSKP 0.5 2.7 NA 17 22.3 NA
BSKP + CMF 1.3 5.3 11.6 22.5 NA 58
BSKP + CMF + starch + CMC 0.5 4.9 9.0 20.6 25.6 NA

Table 4: Average thickness, apparent basis weight and apparent density of the laboratory sheets after the treatments and drying.

Sample Thickness, µm Basis weight, g/m2 Apparent density, kg/m3

Restrained drying 167 102 613
Partly restrained drying 177 109 618
Unrestrained drying 261 116 445
Once compacted 330 139 422
Twice compacted 324 146 451
Creped NA NA NA

samples. The formability strain and strength of the sam-
ples were measured as an average of seven samples at a
die temperature of 90 °C. Prior to testing, the sampleswere
conditioned at 50% relative humidity and 23 °C tempera-
ture.

The apparent 2D forming tension (force) of a sample
depended on the forming depth and bending angle as
shown in Figure 5. Two free sections (in sample length
direction) were formed around the press die between the
two blank holders and attachment points of the sample
on the press die. However, the apparent 2D forming ten-
sion increased asymptotically with increasing downward
movement to a value double the in-plane tension (see
the schematic example in Figure 5 for a 200 µm thick pa-
per). Alignment of the paper sample’s free sections in the
1.2mm gaps depended on the paper thickness. Paper sam-
ples with a thickness of 200 µm were bent more than 60°
from the horizontal towards the pressing direction already
at 5.8% 2D formability strain. However, for paper samples
with a thickness of 500 µm and 1000 µm at 5.8% strain,
the bending would be 64° and 74° from the horizontal, re-
spectively.

Results

Shrinkage

Shrinkages of the BSKP laboratory sheets after different
treatments and drying methods are presented in Table 3.
The once and twice compacted and creped sheets were

Figure 6: Surface of a compacted sheet. Length of the horizontal
side of the picture is approximately 130mm.

dried unrestrained after the treatment. Average thickness,
apparent basis weight and apparent density of the labora-
tory sheet samples after the treatments and drying phase
are presented in Table 4. However, it was not possible to
measure unambiguously the thickness of the creped labo-
ratory sheet.

The surface of the compacted sheets resembled a
creped paper with micro waviness (Figure 6). The creped
samples had a heavy (rough) creping pattern, with rela-
tively high amplitude and length of the creping wave.
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Figure 7: 2D formability tension‒strain curves of BSKP + CMF lab-
oratory sheets at 90 °C. The drying shrinkages of the samples are
presented in the figure. Initial 110% strain of the curve E at zero
tension is not shown in the figure.

Figure 8: Dry creped 100 g/m2 BSKP + CMF laboratory samples after
2D thermoforming at 90 °C.

2D formability

2D formability tension‒strain-curves of the dry BSKP +
CMF samples at 90 °C are presented in Figure 7. Elonga-
tion of the laboratory sheet increased significantlywith in-
creasing shrinkage, as expected. The highest 2D formabil-
ity strain, approximately 160%, was obtained using cre-
ping combined with unrestrained drying. For the creped
sample theorigin of the curvehasbeen shifted, and the ini-
tial part of the tension‒strain curvewith 110%strain is not
shown in Figure 7 due to practically zero forming tension,
and thus only 5% strain at practically zero tension is visi-
ble. The fluctuation of tension in the tension‒strain-curve
of the creped sample in Figure 7 originates from straight-
ening of the creping pattern shown in Figure 8, which was
the state of the samples just before tension started to in-
crease. The original smoothness of the creped sample sur-
face would not have been acceptable for printing or PE

Figure 9: 2D formability strain of BSKP + CMF laboratory sheet at
90 °C as a function of shrinkage.

Figure 10: 2D formability strain of dry 100 g/m2 BSKP based lab-
oratory sheets at 90 °C as a function of shrinkage with the 95%
confidence intervals.

coating. Instead, the in-plane compaction combined with
free drying yielded a relatively smooth sheet (shown in Fig-
ure 6) and 34% 2D formability strain.

2D formability strain of BSKP + CMF laboratory sheets
as a function of shrinkage is shown in Figure 9. Elonga-
tion of the restrained dried reference sample (with 1.3%
drying shrinkage) was 5.6%. 2D formability strains of all
three paper samples as a function of shrinkage are shown
in Figure 10. In this study, 30–45% 2D formability strain
was achieved using the in-plane compaction that yielded
17–25% shrinkage. Addition of CMF or combined addition
of starch and CMC did not significantly improve the 2D
formability strain (Figure 10) or the apparent 2D forming
tension (Figure 11) of the sheets as a function of shrink-
age. The effect of the strength additives (CMF, starch and
CMC) on the strain and strength was small, most probably
due to initially high bonding ability and the resulting very
high strength of the HC + LC treated BSKP (tensile indices
at a level of 90Nm/g). Therefore, it can be assumed that
strength additives would probably have been much more
advantageous for pulps with lower bonding ability.
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Figure 11: Apparent 2D forming tension of dry 100 g/m2 laboratory
samples at 90 °C as a function of shrinkage with the 95% confi-
dence intervals.

Figure 12: Apparent 2D secant stiffness of dry 100 g/m2 laboratory
samples at 90 °C as a function of shrinkage with the 95% confi-
dence intervals.

Surprisingly, the influence of sheet shrinkage on the
apparent 2D forming tension was minor, whereas its in-
fluence on the 2D secant stiffness was major, as shown in
Figures 11 and 12, respectively. A non-linear relationship
described the secant stiffness as a function of shrinkage.
An example of a 2D formability tension‒strain curve and
a schematic illustration of the secant stiffness is shown in
Figure 13.

Relationship between elongation and
shrinkage

Reduction of length of a sheet due to in-plane compaction
and drying shrinkage is well-known trivial behavior. Re-
sults show that the reduced length can be straightened out
in a tensile test. However, the mathematical non-linear re-
lationship that describes the effect of shrinkage (including
compaction and drying shrinkage) on elongation at break
is not so well recognized, due to typically small in-plane

Figure 13: 2D forming tension of a dry 100 g/m2 laboratory sample
as a function of 2D strain. The dashed line with the dots illustrates
the determination procedure of the secant stiffness.

Figure 14: Theoretical elongation and elongation of laboratory sam-
ples as a function of shrinkage, a linear scale for elongation. BSKP
data from this study. Boudreau’s data re-plotted.

length changes of paper. Elongation of shrunken paper in
percentage units can be presented as

Elongation = ΔS
100 − ΔS + εRestrained (5)

where ΔS is the shrinkage, i. e. the percentage length re-
duction of the sample (drying shrinkage, in-plane com-
paction or creping operations), “100” refers to the length
of the sample before the shrinkage and εRestrained is the
percentage elongation of a corresponding completely re-
strained dried sheet. It is noteworthy that the Equation 5 is
not an empirical equation. It is not based on any specific
data, but it can be used as a reference for any data pro-
viding that ΔS and εRestrained are known. The elongation
obtained from the first part of Equation 5 has a different
reference length (“100-ΔS”) than the shrinkage percent-
age ΔS, although the shrinkage and subsequent elonga-
tion could be exactly the same on an absolute length scale
(e. g. a mm-scale).

The obtained experimental and theoretical results can
be compared with the data of Boudreau (2013). Figures 14
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Figure 15: Theoretical elongation and elongation of laboratory sam-
ples as a function of shrinkage, logarithmic scale for elongation.
BSKP data from this study. Boudreau’s data re-plotted.

and 15 show the theoretical elongation as a function of
shrinkage according to Equation 5 with εRestrained (i. e.
elongation of an unshrunken sheet) = 5%. The 2D forma-
bility strains of the investigated BSKP samples, the strain
at break values (according to ISO 5270:2012) for the inves-
tigated BSKP furnish and the Boudreau’s data coincide on
the theoretical curve relatively well and independently of
themethod that originally caused the decrease of in-plane
length (i. e. apparent shrinkage). The Boudreau’s data and
strain at break values for the BSKP sample deviate only
slightly from the theoretical curve, although the crepe ra-
tio was calculated backwards from the elongation test, the
εRestrained was not known and the real shrinkage was not
measured (Boudreau 2013).

Discussion

Shrinkage of paper is important factor affecting to elon-
gation of paper. However, it is difficult to measure from
an industrial papers and typically it is not measured
even from the laboratory formed sheets. Although the re-
strained drying in this study was performed according to
EN ISO 5269-1:2005E, the restrained dried sheets also ex-
perienced minor shrinkage. A practical observation of re-
strained drying is that the adhesion force between a labo-
ratory sheet and a drying plate may vary significantly de-
pending on the sheet composition and the material of the
drying plate, which may sometimes result in a minor un-
controlled shrinkage.

Despite the non-optimal creping conditions, the BSKP
sample with a high basis weight of 100 g/m2 could be
creped successfully. The good bonding ability of the BSKP
brought by the use of high amount of refining energy and
the addition of CMF was probably advantageous for the

Table 5: Theoretical influence of shrinkage on elongation of a sheet,
when εRestrained=0 or 5%.

Shrinkage, % εRestrained = 0
Elongation, %

εRestrained =5%
Elongation, %

0 0 5
10 11.1 16.1
20 25.0 30.0
30 42.9 47.9
40 66.7 71.7
50 100 105

successful creping operation, due to improved sheet ad-
hesion on the dryer cylinder surface. In addition to micro-
and macro creping in the sheets, some degree of in-plane
compaction may also have occurred during the creping
event at the point where the paper collides with the blade
(see schematic description of the creping event e. g. in Ra-
masubramanian et al. (2011b)). Most probably, creping of
high basis weight paper samples can be further improved
by using more optimal creping condition.

The results presented in Figures 14 and 15 indicate that
in spite of the differences between the methods used for
the elongation measurements (2D formability strain and
conventional tensile test) play only a minor role in the val-
idation of the presented mathematical relationship Equa-
tion 5. Equation 5 enables the estimation of the influence
of paper shrinkage on elongation independently of the
amount of shrinkage. It also reveals that a significant “ad-
vantage” on elongation due to the nonlinearity can be ob-
tained when the shrinkage of the structure is more than
20% (see Table 5). On the other hand, the role of this non-
linearity is minor at low shrinkage levels. The relation can
also be applied for wet straining of a sheet (i. e. for nega-
tive shrinkage in the case of Equation 5). εRestrained can be
regarded as a basic elongation of the unshrunkenfiber net-
work that in addition to the structural factors also depends
on the fiber and bonding properties.

Relative accuracy of length measurement of the orig-
inal and shrunken sample lengths (i. e. inaccuracy of
shrinkage measurement) in the estimated elongation in-
creases with decreasing shrinkage. At very high shrinkage
(over 95%), measurement inaccuracy of sample shrunken
length yields most probably less than 0.5% error in the
shrinkage, whereas at a shrinkage of 80% the same mea-
surement inaccuracy would yield a 16-fold effect. This in-
dicates that the lower is the shrinkage the more precise
must be the measurement of the change of sample length.

On the basis of literature references, the increasing
shrinkage was expected to give a decreasing linear re-
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Figure 16: Net elongation (elongation – shrinkage) of dry 60 g/m2

laboratory samples as a function of refining energy of wing defibra-
tor treated kraft pulp based on the data of Zeng et al. (2013).

lationship with both strength and stiffness (Wahlström
and Fellers 2000; Wahlström and Mäkelä 2005). On the
other hand, the relationship between the secant stiffness
and shrinkage below 10% can be well approximated us-
ing a linear fit (see Figure 12). These results indicate that
the non-linear relationship between shrinkage and tensile
strength or elastic modulus may remain undetected if the
observation window is small, which is often the case. The
results were also consistent with findings in the literature
indicating that compaction seems to deactivate the fiber
network and excessive compaction may even decrease the
amount of activematerial bearing the load,which can lead
to decreased tensile stiffness.

Zeng et al. (2013) investigated the influence of high
consistency refining of kraft pulp on the elongation of
dry 60 g/m2 laboratory paper. High consistency refining
is known to considerably improve the shrinkage poten-
tial and elongation at break of paper. By defining a new
concept, ‘net elongation’ (paper elongation minus paper
shrinkage), the interrelationship between the effects of re-
fining, drying shrinkage, εRestrained and elongation can be
examinedmore closely. By replotting the data of Zeng et al.
(2013) (Figure 16), the dependency of net elongation on the
refining energy of the wing defibrator treated pulp can be
detected. Figure 16 shows that thenet elongation increases
with beating to a level of 5%, and that the development
is the same for the restrained and unrestrained dried pa-
per samples, which clearly underpins the validity of the
parameter εRestrained in Equation 5, demonstrating that net
elongation equals εRestrained.

HC refining of the pulp by 400 kWh/metric ton in-
creased both the net elongation and the strength of the
sheets. This well-known effect of refining can be explained
mainly by increased bonding of the fiber network. Further
refining from 400kWh/metric ton did not significantly im-

Figure 17: Tensile index of dry 60 g/m2 laboratory samples as a
function of refining energy of wing defibrator treated kraft pulp
based on the data of Zeng et al. (2013).

prove thenet elongation inFigure 16.However, it improved
the strength (shown inFigure 17), the shrinkage and the ac-
tual elongation of the sheets (Zeng et al. 2013). It has been
proposed that the strength of paper increaseswith increas-
ing bonding until the fiber strength itself becomes a lim-
iting factor (Page 1969). Analogically it can be suggested
that in a homogeneous laboratory sheet, the net elonga-
tion of paper is limited by the elongation potential of the
constituent fibers. Fiber elongation is known to depend on
many factors, such as fibril angle (Page and El-Hosseiny
1983). However, it cannot be claimed that εRestrained exactly
equals fiber elongation. In the restrained dried sheet the
individual fibers have compressed and strained segments
(Nanko and Wu 1995), and the axial compressibility and
relative proportions of each type of segment have an effect
on the elongation. The elongation at break also depends
on the network structure (i. e. z- orientation) and the lo-
calization of the stresses that initiate the final failure of the
fiber network.

The presented 2D formability strain of BSKP in combi-
nation with Boudreaus’s (2013) and Zeng et al. (2013) data
at the high shrinkage levels strongly supports the behavior
described by Equation 5. According to the authors’ knowl-
edge, the formula has not previously been explicitly pre-
sented, although the general shrinkage–elongation rela-
tionship has been presented (Alava and Niskanen 2008).
The reason for theunfamiliarity of this theoretical relation-
ship until nowhas probably been the typically low elonga-
tions (less than 10%) of investigated paper samples and
the lack of results with very high elongation (above 30%),
in combinationwith oftenmissing information concerning
sheet shrinkage.Additionally, in thenegative shrinkage re-
gion some factors that modify the pre-shrinkage structure
of the sheets such as a certain amount of wet straining at
different solids contents (Kouko et al. 2014) are able to gen-
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erate different elongation values that do not exactly coin-
cide on the presented curve. The influence of viscoelastic
behavior of paper, and frozen in-plane tensionsmaybe sig-
nificant in that process.

Clear limitations of this investigation were that only
one pulp type and one set of refining was investigated
utilizing isotropic laboratory sheets. Although the ma-
chine direction / cross-machine direction anisotropy of
the Boudreau’s laboratory sheets was 2.2, actual machine-
made paper was not investigated. On the other hand, it
will be very difficult to obtain machine-made paper sam-
ples whose shrinkage is known accurately. However, the
level of anisotropy will probably play only a minor or no
role related to the proposed Equation 5, when the shrink-
age of paper is known in the direction of elongation. High
extensibility in all in-plane directions is the key property
of paper and it is currently also the major challenge in de-
velopment ofmachine-madepapers for industrialmolding
processes.

Conclusions

An equation for the relationship between shrinkage and
elongation of paper was proposed. Elongation of isotropic
laboratory sheets made of bleached softwood kraft pulp
was found to depend only on the elongation of completely
restrained dried sheet and on prior shrinkage, but not on
the method that generated the shrinkage. The proposed
equation (Equation 5) revealed that themore a paper sheet
shrinks, themore advantage of elongation can be obtained
in straining, because the reference point in calculating the
percentage elongation is different from the original pre-
shrinkage length. Experimental elongation measurement
data support the validity of the proposed equation. An-
other new concept, ‘net elongation’ (paper elongation mi-
nus paper shrinkage) was proposed, which enables the ex-
amination of the interrelationship between the effects of
refining, drying shrinkage, restrained drying and elonga-
tion of paper. The result also suggested that the net elon-
gation equals the εRestrained.

By using strengthening additives such as micro-
fibrillated cellulose (CMF), starch and carboxymethyl cel-
lulose (CMC), the extensibility of shrunken isotropic paper
sheet could be improved significantly. Instead, their influ-
ence on the elongation appeared also to relate to the abil-
ity to increase shrinkage of the relatively well bonded soft-
wood kraft pulp.

It was shown that elongation of high basis weight
(100 g/m2) paper sheets canbe improvedbyusing in-plane

compaction and creping. Themechanical treatmentmeth-
ods of fiber network (paper sheets), such as compaction
and creping, were clearly more straightforward and effec-
tiveways for increasing shrinkage and improving the elon-
gation of isotropic paper sheets compared to the appli-
cation of the investigated chemicals. However, extensive
compaction and creping of paper can have negative effects
on the surface properties and roughness.
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