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Abstract Novel lightweight cellulose fibre materials

containing various strength enhancing polymeric and

fibrillar components were formed with the help of

foam technology. Increasing inter-fibre bond strength

and local material density was attempted with unique

lignin-containing wood fines (V-fines), cellulose

microfibrils (CMF), TEMPO-oxidized cellulose

nanofibrils (TCNF), and macromolecules such as

cationic starch, polyvinyl alcohol (PVA), and locust

bean gum (LBG). The investigated fibres included

both long hemp bast fibres and northern bleached

softwood Kraft pulp. In the low-density range of

38–52 kg/m3, the compression stress and modulus

were highly sensitive to inter-fibre bond properties, the

multi-scale features of the fibre network, and the

foaming agent employed. Still, the compression-stress

behaviour in most cases approached the same theo-

retical curve, derived earlier by using a mean-field

theory to describe the deformation behaviour. At 10%

addition level of fine components, the specific com-

pression stress and compression modulus increased in

the order of V-fines\CMF\TCNF. A tremendous

increase in the compression modulus was obtained

with LBG, leading to a material surface that was very

hard. In general, the foamsmade with PVA, which acts

both as foaming agent and reinforcingmacromolecule,

led to better strength than what was obtained with a

typical anionic sodium dodecyl sulphate surfactant.

Strength could be also improved by refining the

softwood pulp.
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Introduction

New low-density cellulose-based fibre materials made

with the foam forming technique have recently been

introduced as potential solutions to replace oil-based

fibrous or foamed materials (Poranen et al. 2013;

Madani et al. 2014). Feasible applications can be

found in air filtration (Jahangiri et al. 2014), thermal

insulation (Jahangiri et al. 2014; Pöhler et al. 2017), in

acoustic control as sound absorption material (Ja-

hangiri et al. 2016; Pöhler et al. 2016), and as

cushioning material in packaging (Luo et al. 2017;

Paunonen et al. 2018). These new lightweight mate-

rials are made by mixing fibres with aqueous wet foam

generated with the help of a foaming agent (Al-

Qararah et al. 2015a). The bubbles in the foam support

fibres until drying so that a highly porous, deformable

fibre network is formed. Rather little is known about

the structure-strength relationship of these ‘‘fibre

foams’’, despite several recent experimental studies

(Alimadadi and Uesaka 2016; Burke et al. 2019;

Ketoja et al. 2019) and model simulations using

idealized fibre systems (Alimadadi et al. 2018; Hos-

sain et al. 2019). The material characterization is

challenging as strength can depend on the structural

features in several size scales. These include the

overall material network geometry, fibre properties

(size distribution and flexibility) and the bonding

ability of the fibres (total bond area and bond strength)

(Alava and Niskanen 2006). Moreover, strength is a

physical property that is not necessarily determined by

the average structure but rather by structural hetero-

geneity affecting both stress concentration and local

load-carrying capacity. For that reason, the deforma-

tion behaviour can be sensitive to the size distribution

of fibres and fine components. With optimal combi-

nation and distribution of raw materials, it is possible

to increase compression strength through local load-

bearing regions without deteriorating large-scale

material homogeneity. Current paper investigates this

question applying a selected set of raw materials that

have an exceptionally wide variety of characteristic

sizes.

There is vast literature (Alava and Niskanen 2006;

Picu 2011) on the strength properties of fibre networks

in the medium density range of 300–1000 kg/m3,

where the number of inter-fibre joints per fibre is large.

The number of joints is proportional to the square of

total fibre length in unit volume (Komori and Mak-

ishima 1977). Thus, with decreasing density, the

number of joints per fibre and the relative bonded area
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are greatly reduced. In such a situation, network

deformations become non-affine (Picu 2011), so that

local strains can differ greatly from the average

behaviour. Moreover, the role of structural variations

increases with reduced material density. With a low

relative bonded area of a fibre network, heterogeneity

of fibres becomes essential as well. The segment

lengths between inter-fibre joints become longer

[mean segment length can be 5–40 times greater than

the fibre diameter (Ketoja et al. 2019)], and weak

points along a fibre are not necessarily supported by

other neighbouring fibres. Such features become

increasingly important for compressive loads, for

which a local network failure can simply mean that

the associated fibre segment loses partly its ability to

carry stress. This may happen not only by fibre

bending, as shown in many previous models (Subra-

manian and Picu 2011; Bergström et al. 2019), but also

by sudden buckling or displacement of an individual

fibre under compressive stress (Ketoja et al. 2019).

This was noticed experimentally by Ketoja et al.

(2019), who found abrupt displacements in fibre

networks using an image cross-correlation technique.

The possibility of a localizing failure in a heteroge-

neous fibre has been omitted in previous simulation

models (Alimadadi et al. 2018; Hossain et al. 2019;

Bergström et al. 2019), which are based on uniform

fibre segments without inherent structural unevenness

inside a single segment between two joints. Ketoja

et al. (2019) introduced a mean-field theory where the

buckling of fibre segments was postulated to be an

important deformation mechanism describing mean

stress build-up during network compression. The

theory explained the stress increase for intermediate

compressive strains in varied well-bonded fibre mate-

rials in the density range of 20–100 kg/m3. Mäkinen

et al. (2020) provided further evidence for the theory

by showing that acoustic energy emission could be

directly correlated with the stress-compression beha-

viour. Their cyclic measurements revealed another

source of acoustic events than fibre bending. However,

the theory was not able to explain the behaviour at

very large strains because of collective softening of the

material (Picu and Subramanian 2011). Moreover, the

theory overestimated the stress when the strain was

below 10% (Ketoja et al. 2019; Mäkinen et al. 2020)

and when large amounts of cellulose microfibrils

(CMF) were added to a fibre network (Ketoja et al.

2019). Added CMF seemed to increase strength at

intermediate compression levels by forming cellulose

micro-scale sheets within the fibre network (Bossu

et al. 2019).

In the current study, we have taken the above

considerations into account when improving the

strength of lightweight natural fibre materials. The

bond strength and total inter-fibre contact area (Sor-

munen et al. 2019) can be increased with polymeric,

fibrillar and fines materials. The strengthening mech-

anisms are twofold: Firstly, fine components can build

loose material bridges between fibres, which, during

drying with the help of surface tension forces, drag

fibres in contact with one another thus increasing the

number of bonds and reducing the mean fibre segment

length. Usually, this is associated with a higher density

of the whole material as well. Secondly, polymeric and

fibrillar components can strongly affect the strength of

individual bonds by (a) enhancing the mechanical

entanglement of the inter-fibre fibrils, (b) creating a

larger microscopic contact area where short-range

interactions become effective, or (c) by changing these

chemical forces (Schmied et al. 2013). Overall mate-

rial strength is further improved if the formed network

is able to distribute local stresses evenly over the fibre

network. For this reason, we explored multi-scale

network structures by combining wood and hemp

fibres with varying dimensions and flexibilities. The

studied fibre and fine components covered the broad

length (width) range from * 40 lm (* 3 nm) up

to * 15 mm (* 50 lm). In addition to strength

measurements, the micro-scale homogeneity of the

structures was followed as well.

Materials and methods

Fibres and fine components

Hemp bast fibres were selected as the long fibre

component in the furnish. The fibre length of a single

hemp bast fibre can vary from 1 to 34 mm (average

8–14 mm) with a diameter between 17 and 23 lm
(Shahzad 2012). The typical value of the longitudinal

Young’s modulus of a hemp fibre is 30–60 GPa

(Shahzad 2012). Finnish hemp bast fibres (Cannabis

sativa, delivered by HempRefine Oy) with the chem-

ical composition of 81% cellulose, 11% hemicellu-

lose, and 5% lignin were treated with a Kvarn BAHS-

30 hammer mill (Kamas Industri AB). Fibres were
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inserted into the mill and let to rotate until they fell

through a 15 mm slot screen. The milling process

enhanced the separation of fibres from fibre bundles,

see Fig. 1. The treated fibres were further processed to

increase their bonding ability with a soda cooking

process. The cooking time was 90 min at 165 �C. The
total alkali (NaOH) was 4 mol/kg. The liquid to solid

ratio was 7.5, the yield was 70.5%, and the kappa

number was 6.0.

The medium-size fibre component was Northern

Bleached Softwood Kraft (NBSK) pulp (Metsä-Fibre

Oyj, Äänekoski, Finland) with an average length-

weighted fibre length of 2.1 mm and fibre width

28 lm. Both unrefined (ur) and refined (r) pulps were

used. The refining was done with a Voith Sulzer

laboratory refiner at KCL Oy, Finland, using conical

discs. The pulp consistency in the refining was 4%,

and the specific edge load was 2.5 J/m. The refining

was stopped at the specific energy consumption of 100

kWh/t. The SR number of the refined pulp was 18.7.

The chemical composition of NBSK pulp has been

reported to be 85% cellulose, 14% hemicellulose, and

1% lignin (Lahtinen et al. 2014a) and Young’s

modulus of NBSK fibre * 40 GPa by Neagu et al.

(2006).

Three different wood- and Kraft-cellulose-origi-

nated fine components were employed in the fur-

nishes: V-fines, cellulose microfibrils (CMF), and

TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxyl)

oxidized cellulose nanofibrils (TCNF). Lignocellu-

losic V-fines were produced directly from fresh

softwood (Picea Abies) using a laboratory grinder

equipped with a unique grinding stone designed for

fines production in atmospheric conditions (Nurminen

et al. 2018). A grinding stone with 70 mesh grits

(Norton A701-L12VGP) and a serrated V-shape

surface was employed. The angle between the appar-

ent fibre alignment and the serrated surface was 15

degrees. The wood feed was 0.9 mm/s and stone

velocity 20 m/s. The estimated energy consumption

was 2 MWh/t. The fibrillated material was screened

through a 14-mesh wire. The population average fibre

length was 0.18 mm, and over 70% of the measured

particles had a length below 0.2 mm.

The two different fibrillated cellulose grades were

produced from a never-dried NBSK. The production

of the coarser CMF was started by soaking the pulp at

2% consistency and dispersing it with a high-shear

Ystral X50/10 Dispermix mixer for 30 min at

2000 rpm. The pulp suspension was fibrillated in a

grinder (Supermasscolloider MKZA10-15J, Masuko

Sangyo Co., Japan) at 1500 rpm. Fibrillated material

was obtained after six passes through the grinder. The

fibre slurry turned into a homogeneous, white and

viscous gel after the grinding with a final solid content

of 2.2%. The apparent viscosity at a shear rate of 10 1/

s was 0.68 Pas, measured according to the method

described by Lahtinen et al. (2014b).

A more anionic and nano-sized TCNF was pro-

duced according to the method described by Skogberg

et al. (2017). The outcome was a viscous and

transparent hydrogel with a final dry matter content

Fig. 1 Photographs of a untreated hemp bast fibres, bmilled hemp bast fibres, and c optical microscope image ofmacerated and stained

(Herzberg stain) hemp bast fibres
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of 1.08% and a charge value of approximately

1 mmol/g dry pulp. The apparent viscosity at the

shear rate 10 1/s was 2.48 Pas. Optical micrographs of

the different fine components are shown in Fig. 2 and

scanning electron microscope (SEM) micrographs in

Fig. 3.

Figure 4 shows an estimated size scale of the

employed fibre and fine components based on

microscopy. The fibre width was spread over 5 and

the fibre length over 4 orders of magnitude. The foam-

aided material formation was able to handle the large

size differences among the raw materials.

Hydrocolloidal and water-soluble polymers

Locust bean gum (LBG), a galactomannan obtained

from the seed endosperm of the carob tree (i.e.

Ceratonia silique), was obtained from Sigma-Aldrich.

LBG is widely utilized as an additive in various

industries such as food, pharmaceuticals, paper, tex-

tile, oil well drilling, and cosmetics (Barak andMudgil

2014). It is a straight chain polymer of mannose with

one galactose branch on every fourth mannose and has

an average molecular weight of approx. 310

000 g/mol (Barak and Mudgil 2014). Industrial appli-

cations of LBG are based on its ability to form

hydrogen bonding with water molecules. LBG was

added as a powder into the foam at room temperature.

According to Barak and Mudgil (2014), LBG is

partially soluble in cold water.

The conventional cationic wet end starch Raisamyl

50021 (DS = 0.035) was employed mainly for ensur-

ing high retention of the CMF and the strongly

negatively charged TCNF in particular.

Foaming agents

Two different foaming agents were applied: anionic

sodium dodecyl sulphate, NaC12H25SO4, SDS

(Sigma-Aldrich) with 90% purity, and polyvinyl

alcohol PVA (Poval Kuraray). PVA is a linear

water-soluble synthetic polymer that inherently cre-

ates a suitable type of foam for the foam-forming

process. On the other hand, PVA is a strong binder: it

is 3–4 times stronger than starch and 2–3 times

stronger than acrylic or PVAc-based latexes (Miller

et al. 1998; Finch 1992). The molecular weight of

PVA usually varies between 15,000 and

250,000 g/mol. This weight is much higher than that

of small anionic surfactants (e.g. the molecular weight

of SDS is about 288 g/mol) but smaller than the

molecular weight of LBG. PVA grades 6–88 (partially

hydrolysed, Mw * 37,000 g/mol) and 28–99 (fully

hydrolysed, Mw * 145,000 g/mol) were applied.

Since the foaming of grade 28–99 was fairly poor, a

blend with better foaming 6–88 was employed to

optimize foaming efficiency and binding effect. Both

SDS and PVA foaming agents are readily

biodegradable.

Foam generation and forming

Water, a foaming agent (SDS or PVA blend), and the

furnish components were mixed in a cylindrical

vessel. CMF and TCNF were mixed with the fibre

suspension before the surfactant was added and before

foaming. Cationic starch, when applied, was mixed

with the pulp slurry approximately 30 s before the

foaming agent was added. Foam generation was

continued until the air content of the fibre foam

Fig. 2 Optical micrograph images of a V-fines, b CMF, and c TCNF. V-fines and CMF were stained with Congo red, and TCNF was

stained with toluidine blue. The measure bar shows the length of 200 lm
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reached the target of 50–60%. The fibre foam was

poured along a plate into a deep mould with a wire

bottom, drained by gravity for 15 min, and removed

from the mould on the wire. The wet material (dry

matter content around 12%) was inserted into a

laboratory oven and dried at 70 �C. Drying to a

remaining moisture content below 10% was complete

within 24 h. In a special trial point (TP11) made with

LBG, the drainage was extremely slow. Therefore, the

samples were dried in the oven at a higher temperature

(100 �C). Table 1 shows the most essential foaming

parameters for the trial points.

The final material density level was adjusted by

pressing the wet foam after the drainage of the free

water and/or after the drying of the material. The once-

dried materials were rewetted with water to the dry

matter content of 50% and pressed between two plates

with spacers to the desired final thickness and dried

again in an oven (70 �C). Both panel surfaces were

densified due to the dewatering in one direction and

the pressing procedures. The bulk density values

presented in the Tables 2 and 3 are the average density

values of the materials. Photographs of foam-formed

fibre materials are shown in Fig. 5.

In thin foam-formed sheets obtained by removing

the foam by vacuum, fibres usually orient themselves

mainly to the planar direction, in parallel to the foam

flow (Järvinen et al. 2018). It is not obvious that

similar preferred orientation could be found inside

thick fibre networks drained by gravity. In addition to

foam flow and drainage, the orientation may also

depend on the air content and bubble size and

employed raw materials together with boundary

effects caused by the mould walls. Tomography

images were produced to capture possible preferred

fibre orientations in the formed materials.

Material testing methods

Basis weight was measured by weighing the material

at 50% RH and 23 �C and by measuring the material

dimensions. Thickness was measured with a laser

beam. Compression stress was measured with univer-

sal material tester (Lloyd) at 10% deformation,

according to EN 826 (2013). The compression test

was continued to 50% deformation level after 1 min of

relaxation. Compression modulus was defined from

the slope of the stress–strain curve in the elastic

(linear) deformation region. Specific compression

stress was defined by dividing the compression stress

with density. Materials were imaged with a tomo-

graphic scanner (RX Solutions, France). Tube voltage

40 kV and current 300 lA were used. The voxel size

was 25 lm.

Fig. 4 Estimated size scale of the fibre and fine components

employed based on microscopy

Fig. 3 SEM images of a V-fines, b CMF, and c TCNF using equal magnification to illustrate the size difference between the

components. The measure bar shows the length of 1 lm
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Theoretical analysis

The analysis of the experimental results is based on the

following postulates on relevant mechanisms: (1)

under compressive load, deformation of very porous

material begins with bending of surface and other

slender fibre segments (Subramanian and Picu 2011)

and closing up of the largest voids and gaps of the

material. (2) Gradually, at higher strains, local axial

stresses build up (Subramanian and Picu 2011),

especially in regions where a fibre or several of them

resist bending. This resistance may be caused by the

local orientation of fibres, their geometry (e.g. large

cross-sectional area), internal stresses or by high local

network density. (3) At certain points, the stress can

become high enough to trigger a sudden (buckling)

failure in a fibre segment. Because of the inherent

heterogeneity of the fibres, their failures can deviate

significantly from the classical Eulerian buckling.

Besides buckling of the whole segment, a localized

failure in a fibre wall is possible as well (Mäkinen et al.

2020). In any case, if such a failure happens, the stress

is re-distributed quickly to other resisting regions.

Thus, the development of local deformations can be

quite heterogeneous.

Ketoja et al. (2019) derived simple equations for a

situation where free fibre segments buckle (with

critical load proportional to the inverse square of

segment length) and describe the stress-compression

behaviour. Their theory assumed exponentially

Table 1 Foaming parameters for the trial points

TP1–TP10 TP11 (LBG)

Diameter of the cylindrical foaming tank (cm) 32 16

Mixing speed (rpm) 3000 3500

Initial volume of the pulp suspension (l) 6.8 0.93

Fibre consistency in pulp suspension before foaming (%) 2 2.7

Air content after foaming (%) 58–62 (SDS)

56–63 (PVA blend)

63

SDS concentration (%) 0.12 0.06

PVA concentration (%) 0.1 (6–88) and 0.5 (28–99) –

Mould dimensions (cm) 42 9 42 9.8 (diameter)

Density adjustment Pressing of wet foam ? rewetting and pressing Pressing of wet foam

The furnish composition of TP1–TP6 are specified in Table 2 and TP7–TP11 in Table 3

Fig. 5 Photographs of the foam-formed materials, a 100% unrefined NBSK foamed with PVA (TP4) and b refined NBSK and hemp

foamed with SDS (TP3), see Table 2. The sawn material pieces are of size 30 9 30 9 20 mm
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distributed segment lengths (Sampson 2008; Subra-

manian and Picu 2011), and that the changes in mean

supporting structural element follow the macroscopic

strain. In such a case, the material stress r �ð Þ at the
compressive strain � can be written as

r �ð Þ ¼ r0
s �ð Þ½ �2

; ð1Þ

s �ð Þ þ 1½ �e�s �ð Þ ¼ � ð2Þ

where the function s �ð Þ describes the mean relative

length of fibre segments that buckle at strain �, and r0
is a constant corresponding to the stress at strain �1 ¼
2e�1 at which s �ð Þ ¼ 1. In other words, the constant r0
sets the absolute level of compression stress, which

depends not only on the fibre type but also on bonding

properties. According to the theory, load–displace-

ment behaviour is described by the same function s �ð Þ

for all random fibre networks with exponentially

distributed segment lengths. The mean-field argument

used to derive Eqs. (1, 2) is geometric, and bucklings

are used only to connect local deformations with the

applied stress. Thus, deriving the equations does not

require any assumption on the proportion of fibre

segments that undergo buckling nor on their post-

buckling behaviour. However, the acoustic emission

measurements by Mäkinen et al. (2020) indicate that a

significant amount of acoustic energy during com-

pression is released by events whose number is

described explicitly by the function s defined by

Eq. (2).

In an earlier study (Ketoja et al. 2019), the buckling

theory predicted the quantitative compression beha-

viour surprisingly well for the studied fibre materials.

This was seen by comparing the prediction of Eq. (1)

with experimental compression-stress curves and

Table 3 Basic material properties of the foam-formed materials with added fine components

TP# Fine component Density (kg/m3) Stress (kPa, 10%) Stress (kPa, 50%) 1
r
dr
d� at 50%

7 No added fine components 48.6 3.3 ± 0.5 21.0 ± 2.7 4.52 ± 0.19

8 V-fines (10%) 44.3 5.4 ± 0.4 27.4 ± 1.0 4.00 ± 0.14

9 CMF (10%) 45.8 6.9 ± 0.8 34.4 ± 2.0 3.86 ± 0.18

10 TCNF (10%) 51.5 8.1 ± 0.9 42.2 ± 4.7 3.88 ± 0.15

11 V-fines (10%) and LBG (25%) 38.5 17.1 37.4 3.52

In all cases, the furnish was unrefined NBSK (80%) and hemp fibres (20%) with 1% addition of cationic starch, and the surfactant was

SDS. The added fine component amounts are given as a weight proportion of the fibre component (NBSK ? hemp, 100%).

Equation (5) predicts the value 3.80 for the scaled slope of the stress–strain curve 1
r
dr
d�

at 50% compression. The experimental values

in the last column can be compared with this prediction. There is no error estimate for the special LBG trial point TP11 because of a

lack of parallel samples in this case

Table 2 Basic material properties of the foam-formed materials without added fine components

TP# Foaming agent Furnish Density (kg/m3) Stress (kPa, 10%) Stress (kPa, 50%) 1
r
dr
d� at 50%

NBSK ur NBSK r Hemp

1 SDS 100 41.0 3.1 ± 0.1 18.3 ± 0.1 4.39 ± 0.08

2 SDS 100 43.6 4.7 ± 0.1 24.5 ± 0.1 4.24 ± 0.26

3 SDS 80 20 38.7 3.1 ± 0.5 20.6 ± 0.8 3.77 ± 0.13

4 PVA 100 43.4 5.2 ± 0.9 22.3 ± 2.6 3.79 ± 0.26

5 PVA 100 44.5 9.8 ± 0.7 31.8 ± 2.1 2.96 ± 0.19

6 PVA 80 20 45.0 12.6 ± 1.9 37.8 ± 2.5 2.79 ± 0.10

Equation (5) predicts the value 3.80 for the scaled slope of the stress–strain curve 1
r
dr
d� at 50% compression. The experimental values

in the last column can be compared with this prediction
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considering the statistical distribution of the ratio of

stresses measured at 50% and 10% compression levels

with a theoretical prediction,

r 0:5ð Þ
r 0:1ð Þ ¼

s 0:1ð Þ
s 0:5ð Þ

� �2
� 5:374 ð3Þ

In reality, other deformation modes like the bend-

ing of fibres can be significant as well (Hossain et al.

2019; Bergström et al. 2019). Moreover, especially the

initial deformation behaviour can be very non-uniform

(Mäkinen et al. 2020). However, Eqs. (1, 2) provide an

interesting reference curve which helps the compar-

ison of the data. In the current study, we consider the

slope of the stress–strain curve at high strain levels,

dr �ð Þ
d�

¼ 2r0es �ð Þ

s �ð Þ½ �4
¼ 2r �ð Þ s �ð Þ þ 1½ �

� s �ð Þ½ �2
ð4Þ

instead of the ratio given by Eq. (3). This slope is less

sensitive to the changes at small strains, which are

poorly described by the simplified model lacking the

effect of fibre bending or closing up of large initial

voids at small strains. At 50% compression, we obtain

the prediction

1

r
dr
d�

� ¼ 0:5ð Þ ¼ 4 s 0:5ð Þ þ 1½ �
s 0:5ð Þ½ �2

� 3:804 ð5Þ

for the slope of the stress–strain curve scaled by the

stress level. We will compare this value with the

corresponding experimental results in addition to

plotting the complete stress–strain curves against the

theoretical Eq. (1).

Results and discussion

Effects of fibre size distribution and the type

of foaming agent

The foam-formed fibre materials differ significantly

from conventional water-formed random fibre net-

works. Perhaps, the most striking feature is the

significant proportion of large pores, which are left

as traces of air bubbles. This is seen clearly in the x-ray

scans of the fibre network, viewed over a series of

planar sections in the thickness direction (see Supple-

mentary material). The traces are not as clear in the

cross-sectional side views because of the partial

collapse of the pores during the density adjustment.

Still, the overall pore size distribution is affected by

the mean bubble size also in denser foam-formed

sheets than those studied here (Al-Qararah et al.

2015b).

The above bubble traces cause the material distri-

bution to be heterogeneous in the micro scale so that

fibres are confined in narrow gaps between bubbles.

Thus, the effective local density can become quite

large in these densified regions. This has an important

impact on the compression properties of the materials.

Besides the normal pores, almost all samples included

also larger voids, which may have originated from

either very big bubbles or local opening of the fibre

network because of drying stresses. The other typical

heterogeneity came from the denser material surfaces,

which was caused by the rewetting and pressing

procedure used in sample making.

Table 2 shows the measured initial material density

and compression stress at two deformation levels, 10%

and 50%, for the various trial points without added fine

components. We expect the structure to become more

uniform when the compression proceeds and possible

voids are closed. Therefore, it is of interest to compare

the slope of the stress–strain curve at the highest

studied compression level (50%) with the theoretical

prediction. This comparison is also included in

Table 2.

Compression stress (see Fig. 6a) and especially the

compression modulus (see Fig. 6b) increased when

polymeric water-soluble and film-forming PVA was

applied as the foaming agent instead of anionic SDS.

The refining of NBSK, which caused external fibril-

lation of the fibres and the generation of cellulosic

fines, increased the relative material strength of the

PVA foamed samples (TP5) more than the strength of

the SDS foamed samples (TP2). Despite material non-

uniformity (see Fig. 7b), PVA increased bonding so

that both types of fibres, as well as formed cellulosic

fines, contributed more actively to the strength of a

highly porous fibre network. The material may have

densified locally because of the large voids in the

material obtained using PVA, see Fig. 7b. Subse-

quently, the mean free segment length in the fibre

network was shorter in the densified regions. This

could make a significant contribution to strength,

which behaves like the square of density in these types

of materials (Ketoja et al. 2019). The effect of

improved bonding was seen, especially when 20% of

the refined NBSK pulp was replaced with poorly
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bonding but stiff and long hemp fibres. The compres-

sion stress and modulus of the PVA trial point were

further improved with the addition of hemp (TP6). In

contrast, a slight drop in these properties was seen for

the SDS trial point (TP3) where fibres distributed more

evenly and the local densification was not as strong,

see Fig. 7a.

When looking at the stress–strain curves of Fig. 8,

the refined and unrefined NBSK samples obtained

with SDS follow the predicted theoretical behaviour

(Ketoja et al. 2019) of random fibre networks [refer to

Eqs. (1, 2)] quite well, except below 10% strain

(Mäkinen et al. 2020). A slight deviation was observed

with the added hemp component in Fig. 8c, which

could have resulted from either voids in the structure

or altered fibre segment distribution for intermediate

span lengths. Interestingly, similar compression-stress

behaviour was produced by unrefined NBSK with the

PVA foaming agent (see Fig. 8d), which produced an

uneven fibre network with large voids (Fig. 7b). It is

possible that PVA forms films (Bossu et al. 2019) that,

together with increased bonding and locally increased

density, interfere with the distribution of intermediate

segment lengths in a fashion similar to when refining

and hemp are added. The deviation from the model

behaviour for the PVA samples appeared to increase

with NBSK refining (Fig. 8e) and added hemp com-

ponent (Fig. 8f). Both factors probably drove the

formed complex multi-scale material network away

from the simple random fibre network that had

exponentially distributed free segment lengths. The

scaled slope of stress–strain curve 1
r
dr
d� at 50% com-

pression, when the large voids can be expected to be

closed, varies in the range of 2.8–4.4, see Table 2. All

results with SDS surfactant are relatively close

(average deviation 9%) to the theoretical prediction

3.8 given by Eq. (5). The larger deviations from the

theory with PVA foaming agent for refined NBSK

cause a clear drop in the slope at 50% compression.

Buckling of fibre segments has been postulated as

the failure mechanism underlying Eqs. (1, 2) (Ketoja

et al. 2019; Mäkinen et al. 2020). Thus, the recovery of

sample thickness after the load has been removed

should depend mainly on the recovery of fibres from

buckling deformation and not on bonding properties.

Figure 9 shows the thickness recovery of samples

exposed to 50% compression recorded 1 min after the

load was removed. The recovery was roughly equal for

both surfactant types despite their highly different

bonding properties. This agrees with the above

theoretical postulate. Unrefined curly Kraft fibres led

to better recovery than straighter refined Kraft fibres.

Addition of hemp fibres (TP3 and TP6) did not change

this picture.

Effects of lignocellulosic fines, cellulose

nanofibrils, and LBG

The results presented in the previous chapter suggest

that the fines and fibrillation coming from refining,

together with added strengthening polymers like PVA,

can ‘‘activate’’ the multi-scale fibre network and

improve strength properties significantly. Thus, the

contribution to strength of fines, fibrils, and macro-

molecules was studied more thoroughly. This was

done for the fibre composition that included 80%

NBSK and 20% long hemp pulp fibres. The testing

plan (see Table 3) included the reference with starch

Fig. 6 a Specific compression stress (compression stress divided by bulk density) of the materials (Table 2) made with SDS (TP1–3)

and PVA (TP4–6) foams at 10% and 50% deformation. b The compression modulus of the same materials
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(TP7), and the trial points with added V-fines (TP8),

CMF (TP9) and TCNF (TP10). The addition of fine

components was 10% of the long fibre amount.

Cationic starch was added to ensure high retention of

the negatively charged fibrils. Retention of the fine

materials was not measured. However, based on the

work of Turpeinen et al. (2018) and the realized

grammages, we assume high, over 90% retention. This

trial set was extended with a special trial point that

included a partly soluble natural polymer, colloidal

Fig. 8 Comparison of the measured compression behaviour

(solid curve) to the theoretical prediction (dashed curve) for a
unrefined Kraft (TP1), b refined Kraft (TP2), c refined Kraft and
hemp (TP3), d unrefined Kraft and PVA (TP4), e refined Kraft

and PVA (TP5), and f refined Kraft, hemp, and PVA (TP6). The

experimental stress–strain curves are averages of 5 parallel

measurements from the 1st (0–10%) and 2nd (10–50%) cycles.

The foaming agent was SDS for the data in a–c. The parameter

r0 of Eq. (1) was fitted to the experimental curve at 50% strain

Fig. 7 Typical cross-sectional images obtained with x-ray

tomography for a refined NBSK and hemp with SDS (TP3), and

b unrefined NBSKwith PVA (TP4). Both samples include voids

which cause deviation from the theoretical stress–strain curve

below 40% strain in Fig. 8c, d. The images are averages of 60

slices taken from a central part of the samples. Wire side is at the

bottom
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LBG (TP11) with addition level of 25% of the long

fibre amount. With its high molecule weight, this

component could be viewed to describe the bonding

behaviour for an additive having size scale between

PVA and TCNF. Assuming complete retention, the

amounts of fine components (V-fines, CMF, and

TCNF) and LBG in the whole material were 7% and

18%, respectively. Table 3 shows the measured

material properties with densities varying in the range

of 38–51 kg/m3.

The addition of fine components caused an apparent

increase in all the measured strength properties, as

shown in Fig. 10. Within experimental accuracy, the

finest and highly charged TCNF did not increase

compression stress much more than CMF. The clearly

coarsest fine component, fibrillar V-fines, also had

potential as a strength additive. The addition of LBG

clearly led to the highest compression modulus and

compression stress at the small 10% deformation level

(see Fig. 10). The formed material was very hard and

brittle so that the fractures formed at higher compres-

sive strains caused a decay of the compression stress.

At small strains, the addition of LBG or similar

hydrocolloidal natural polysaccharide can improve the

strength and stiffness of fibre foams made with SDS

tremendously. Values that are similar to or improved

compared with foaming with PVA can be achieved.

Figure 11 shows the stress–strain behaviour for

unrefined kraft and hemp with added fine components.

Earlier without added fines, this furnish (TP3) led to

significant deviation from the theoretical behaviour of

Eqs. (1, 2) at strains below 40% (Fig. 8c). Curiously,

with added fine components, the agreement was much

better over the whole strain range of 10–50%, as

shown in Fig. 11b–d. The same was observed with

added cationic starch (Fig. 11a). As shown by Fig. 12,

both the fine components and the starch made the

network more uniform and tightly bonded, which

might have brought the distribution of segment lengths

closer to the assumed exponential distribution of the

theoretical model. The same theoretical form was well

maintained, even when the fitted factor r0 of Eq. (1)

increased significantly when finer particles were used.

This increase was probably at least partly caused by

the higher local density (Ketoja et al. 2019) achieved

with more effective bonding.

In Table 3, the scaled slope of stress–strain curve
1
r
dr
d� at 50% compression varies in the range of 3.5–4.5.

Thus, the deviation from the theoretical value 3.8 is

rather small. Moreover, the experimental slope is not

correlated with material density (also compare with

Table 2). Similar quantitative agreement was

observed with a broader range of densities earlier

(Ketoja et al. 2019). A correlation with material

Fig. 9 Recovery from 50% compression 1 min after the load

was removed. The recovery depended more on the fibre

properties than on network bonding. TP1–3 are samples made

with SDS and TP4-6 samples made with PVA foam

Fig. 10 a Specific compression stress at 10% and 50% deformation, and b compression modulus for the samples with added fine

components (Table 3). Note that the modulus obtained with added LBG exceeded the scale of the y-axis
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density would be expected if the stress increase at high

compression was caused mainly by the appearance of

new inter-fibre contacts as proposed earlier (Ali-

madadi et al. 2018). With higher initial density, the

proposed densification mechanism should take place

earlier during compression, and the scaled slope at

50% compression should increase with initial density.

Our data does not support this idea for the compression

levels studied. Even at 50% compression, densities of

the studied materials are still rather low, and the mean

contact stress (Subramanian and Picu 2011) remains

small.

Conclusions

The mechanical behaviour of foam-formed light-

weight materials can be greatly affected by the

multi-scale raw material components chosen, even

when the density of the final dried materials is kept on

a similar level. Interestingly, the most significant

impacts were from the smallest polymer components,

such as the PVA and LBG. Using PVA to make wet

foam leads to an uneven fibre network but to a stronger

material than the one obtained using SDS foam. PVA

densified the network locally and formed a film sub-

structure, which affected fibre segment buckling. This

was visible as a deviation from the theoretical stress–

strain curve based on exponentially distributed seg-

ment lengths. A similar deviation was observed when

hemp bast fibres that bonded poorly with NBSK were

added. On the other hand, after improving bonding and

material homogeneity with fine components, the

experimental stress–strain curves approached the

theoretical prediction in all cases with the SDS

surfactant beyond 40% strain. Among all studied

samples, the average scaled slope of the stress–strain

curve at 50% compression was 3.79 ± 0.33, which

Fig. 11 Comparison of the measured compression behaviour

(solid curve) to the theoretical prediction (dashed curve) for

structures made with unrefined Kraft (80%) and hemp (20%)

with a cationic starch, b V-fines and starch, c CMF and starch,

d TCNF and starch. The experimental stress–strain curves are

averages of 5 parallel measurements from the 1st (0–10%) and

2nd (10–50%) cycles. The last figure e shows the plot for the

special LBG trial point TP11. The foaming agent was SDS for

all samples
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can be compared with theoretical prediction of 3.80.

Moreover, the slope was not correlated with material

density. This gives further evidence of a buckling

mechanism describing the observed stress–strain

behaviour at intermediate compression levels, before

collective phenomena soften the structure (Mäkinen

et al. 2020).

The resilience of the samples after compression was

not affected by the bonding properties but by the

dominant fibre type. This suggests that resilience is

related to the recovery of fibres from earlier buckling;

poor resilience does not necessarily mean that inter-

fibre bonds would have failed.

These findings will be useful in developing new

applications for lightweight cellulose materials, where

separate tuning of mechanical behaviour and material

density are essential.
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