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ABSTRACT

Lignin, a main component of plants, is produced in large quantities as a by-product of the pulp and paper-
making industry. The abundance of this organic polymer makes it an excellent candidate for developing
renewable materials such as lignin-based biocomposites. The mechanical properties of lignin, as well as
the dependence on the extraction process and feedstock, are, however, still unknown and hamper its uti-
lization. Therefore, five hot-pressed lignins, extracted by different processes from different feedstocks, are
tested by means of grid nanoindentation at indentation depths ranging from 150 nm to 1200 nm.
Statistical and microstructure-guided evaluation based on microscopy images of the indented areas
allows for retrieving reliable indentation properties of the porous lignin, free of indentation size effects.
The sought mechanical properties of the solid (pore-free) lignin are back-identified from the strong cor-
relation between the property and the porosity using micromechanics homogenization theory. This cor-
relation reveals that the solid lignin in all tested samples is mechanically similar, despite different

chemical structures, with a virtually intrinsic Young’s modulus of 7.1 GPa.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

* Corresponding author.

1. Introduction

Lignin, a main component of plants, is the second most common
organic natural material on the planet [1]. Despite this abundance,
and despite the availability of lignin as an unwanted by-product of
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the pulp and paper-making industry [2,3], only a minor fraction of
this renewable and sustainable material is used mainly for low-
value applications, e.g., as a lubrification agent in the coal industry,
as fertilizer or soil conditioner in agriculture, as a water-reducing
agent in concrete, or as grinding aid in the cement industry [4,5].
Most of the lignin, however, is currently still burned as low-
quality fuel [6]. Only recently, biorefineries have targeted lignin
valorization [7], and an increasing effort is made to find new ways
to utilize lignin as a renewable resource, e.g., as a cationic emulsi-
fier in bitumen emulsions [8], to produce carbon foams [9], as a
component in composites [3,10-13], and as an absorbent for lead
ion removal [14].

The lignin extracted from lignocellulosic biomass, so-called
“technical” lignin, is a rather diverse product. Lignin is a three-
dimensional amorphous polymer consisting of three basic phenyl-
propane units, i.e., p-coumaryl alcohol, coniferyl alcohol, and syrin-
gyl alcohol [2]. The ratios of the phenylpropane units in the lignin
vary depending on the plant species. Softwood lignin mainly con-
sists of coniferyl alcohol, hardwood lignin is composed of coniferyl
and syringyl alcohol, whereas grass lignin is made of p-coumaryl,
coniferyl, and syringyl alcohol [1,2,5]. The properties and structure
of native lignin, as it occurs in plants, change during the extraction
and separation process [15]. In the kraft process, the biomass is
treated with sodium sulfide and hydroxide [16], changing the func-
tional groups [17]. Technical lignin, similar to native lignin, can be
extracted with the organosolv process, which uses organic solvents
[16]. Other standard extraction processes are sulfite and soda pulp-
ing [1,16].

In contrast to the manufacturing processes and the chemical
composition, little attention has been paid to the mechanical prop-
erties of lignin (in all its variants), despite their importance, e.g., for
the development of lignin-based biocomposite materials. The
Young’s modulus, a measure of the material stiffness, was quanti-
fied experimentally on hot-pressed technical lignin by means of
continuous ball indentation tests [18,19] or tensile and torsion
tests [20], on embedded lignin particles using atomic force micro-
scopy [21-23], or on wood samples, particularly in lignin-rich cell
corners of the middle lamella, using nanoindentation [24-26], see
the compilation in Table 1. Moreover, molecular dynamics simula-
tions [27-30] were performed to quantify the elastic moduli of lig-
nin in bamboo and softwood. The tests and models reveal a wide
range of Young’s moduli from 1.5 to 14.8 GPa. Some of this variety
has been linked to different moisture contents [19-22,28,29], dif-
ferent oxidation states [22], and different extraction methods
[19]. The question of whether the chemical differences from the
different feedstocks and different extraction processes translate
to different mechanical properties can, however, not be answered
satisfactorily, given the different quantification methods on differ-
ently prepared specimens of very different size and the fact that
almost all papers (except [19,20] studies from the 70s) focus on a
single lignin type, i.e., one specific feedstock/extraction method).

This provides the motivation for the present paper, where we
aim at enabling a proper comparison of different technical lignins,
extracted by different methods from different feedstocks. Grid
nanoindentation [31,32] is used, given that it allows us to perform
many tests in reasonable time at the required small scales. Addi-
tionally, nanoindentation enables us to measure the indentation
hardness, a quantity which, so far, has not been reported in the lit-
erature on technical lignin. By testing at several different indenta-
tion depths, we aim at retrieving reliable mechanical quantities,
which do not suffer from indentation size effects [33-36]. The
nanoindentation tests are enriched by image analyses of micro-
scopic images, allowing us to examine the indented areas, and cor-
relate the measurements to microstructural features, most notably,
to the specimen production-related porosity. Micromechanics is
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then used to quantify the mechanical properties of all tested solid
(i.e., pore-free) lignins.

2. Materials and methods
2.1. Materials and sample preparation

Four commercially available lignins (labeled E-HW, 0S-G, OS-
HW, and K-SW, respectively) and one “in-house” produced lignin
(labeled OS-SW) were tested. Two lignins were extracted from
softwood (OS-SW and K-SW), two from hardwood (OS-HW and
E-HW), and one from grass (OS-G) using Kraft pulping (K-SW),
organosolv (0S-G, OS-HW, and OS-SW), and enzyme hydrolysis
(E-HW), see Table 2 for a compilation and Appendix A for more
details on the extraction process of the non-commercial OS-SW lig-
nin. The purity of the lignins was assessed by the Klason lignin con-
tent, which was determined as acid-soluble lignin (ASL) and acid-
insoluble lignin (AIL) according to the NREL/TP-510-42618 [37].
AIL was evaluated by a gravimetric method and ASL by UV/VIS
absorption at 205 nm using a Shimadzu UV-1800 spectrophotome-
ter. It is noteworthy that the Klason lignin content of K-SW'
amounts to only 17.6 % and thus is significantly lower than the
roughly 90 % found for the other lignins.

The five lignin powders were hot-pressed to obtain specimens
that can be tested by means of nanoindentation. In more detail,
the lignin powders were put in a pre-heated custom-made hydrau-
lic pressing system and subjected to 108 MPa of pressure for 2 min
at 90 °C to produce discs with a radius of approximately 10 mm
and a height of about 10 mm. After that, the lignin discs were
embedded into a 2-component resin (Struers, Denmark) and
attached to a microscope slide.

The samples’ surfaces were smoothed by means of a rotating
diamond head attached to an ultra milling-sectioning system
(Leica, Germany). The surface roughness of the samples was deter-
mined by means of a Hysitron Triboindenter TI900 in scanning
probe mode (SPM) within homogeneous sample regions without
pores. Before each topology and indentation testing, the indenter
tip geometry was calibrated using fused quartz as a reference.
The RMS roughness R, is smaller than R; < 40 nm for all samples,
see Table 3 for details.

2.2. Nanoindentation testing

Displacement-controlled nanoindentation tests were per-
formed in grids by means of a Hysitron TI900 Triboindenter with
an attached diamond Berkovich tip at a constant relative humidity
of 35 %. The load history consists of loading at a constant rate in
10 sec to the maximum indentation depth hy., a short plateau
with constant displacements held for 5 sec, and unloading at a con-
stant rate in, yet again, 10 sec, see Fig. 1. Nanoindentation test
results, particularly of polymers to which lignin may be compara-
ble, are expected to exhibit a significant size-effect, i.e., indentation
properties are expected to depend on the indentation depth
[33,34,38-40]. As a remedy, grid nanoindentation was performed
at six different depths, with hn.,x ranging from 150 nm to
1200 nm, see Table 3 for details. This way, the chosen indentation
depths are at least 5 times larger than the measured surface rough-
ness Ry. The indentation protocol thus obeys the requirement of a
smooth and flat surface [41]. The upper limit of hy,.x is defined by
the maximum force of 12000 uN of the triboindenter.

1 As for the comparison of the properties of the K-SW lignin with the other lignins,
this chemical difference has to be kept in mind, which is why the K-SW lignin is
displayed in gray rather than blue, used for the other four lignins, throughout the
following figures.
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Table 1
Young’s moduli of lignin found in the literature.
Reference petermination method™ Feedstock Extraction method  Specimen Young’s Note
Modulus [GPa]
[18] BI Pinus radiata Dioxane hot-pressed cylinder 33
(d = 4.8 mm)

[20] TaT Pinus radiata Klason and hot-pressed cylinder 1.2t0 6.7 Influence of moisture content and

periodate (h/d = 20/4.6 mm) extraction method
[19] BI Pinus radiata Dioxane, Klason hot-pressed cylinder 1.7 to 6.6 Influence of moisture content and

and periodate (h/d =7/4.6 mm) extraction method
[21] AFM Kraft (K-SW) particle <250 um 24t09.0 Influence of moisture content
[22] AFM Maize stalks (Zea  Dioxane film (57 nm) 5.8 to 14.8 Range due to oxidation and

mays L.) different relative humidity

[23] AFM Softwood Kraft (E-HW particle 1.5

Finland)
[27,28] MD Bamboo 4.2 10 6.2 Influence of moisture content
[29] MD Softwood 2.5t03.7 Variation of moisture content
[30] MD Softwood 1.9
[24] Ni in ML Picea abies cuboid (2/2.5/1.5 mm) 7.1+£1.18 Hardness 0.43 + 0.09 GPa
[25] Ni in ML Picea rubens Sarg. cuboid (1 mm?) 6.9 +2.26
[26] Ni in ML Norway 0S-SW cuboid (10%/10%/ 75 Hardness 0.42 GPa

(Picea abies) 200 pum)

“Determination methods: continuous ball indentation tests (BI), tensile and torsion tests (TaT), atomic force microscopy (AFM), molecular dynamics simulations (MD),
nanoindentation of cell corner middle lamella (Ni in ML).

Table 2
Lignin producer, product, extraction process, feedstock, and Klason lignin content.
E-HW 0S-G 0S-HW 0S-SW K-SW
Producer Not reported Chemical Point Fraunhofer Center for Chemical-Biotechnological This work Sigma Aldrich
Processes
Product name Not reported Chemical Point Lignin  Organosolv Lignin Not Alkali Lignin
Applicable
Extraction process  Enz. Organosolv Organosolv Organosolv Kraft pulping
Hydrolysis
Feedstock Hardwood Grass Hardwood Softwood Softwood
category
Feedstock Beech Corn silk, ballon Beech 0S-SW Mixture of spruce and
flower pine
Klason lignin [wt.  86.4 93.7 88.4 90.0 17.6

%]

Indents were performed in one or several grids such that at Table 3. The distance between the indents was selected such that
least 100 but up to 2450 individual locations were tested, see neighboring indents did not influence each other [31], i.e. the ratio

Table 3
Nanoindentation testing campaign: surface roughness R;, maximum indentation depth hp.x, and grid size.

E-HW R, = 25nm

hmax [nm] 150 300 600 900 1000 1200

Number of indents 1600 850 100 100 100 100

Grid 40 x 40 34 x 25 4x5x%x5 4x5x%x5 4x5x%x5 4x5x%x5

0S-G R; =40 nm

hmax [nm] 300 600 900 1000 1200

Number of indents 850 200 200 200 200

Grid 34 x 25 2x10x 10 2x10x 10 2x10x 10 2x10x10
OS-HW Ry = 21 nm

hmax [nm] 150 300 600 900 1000 1200

Number of indents 1600 850 100 100 100 100

Grid 40 x 40 34 x 25 4x5x%x5 4x5x%x5 4x5x%x5 4x5x%x5
0S-SW Ry = 25 nm

hmax [nm] 150 300 600 900 1000 1200

Number of indents 1600 2450 1600 1600 1600 1600

Grid 40 x 40 40 x 40 40 x 40 40 x 40 40 x 40 40 x 40

34 x 25

K-SW R; =30 nm

hmax [nm] 150 300 600 900 1000 1200
Number of indents 1600 850 100 100 100 100
Grid 40 x 40 34 x 25 10 x 10 10 x 10 10 x 10 10x 10
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Fig. 1. Nanoindentation testing and evaluation strategy.

between indentation depth hn.x and grid distance amounted to
12.5 or larger.

The measured force-displacement curves (P-h diagrams) are
evaluated by means of the Oliver-Pharr method [32], as commonly
done in indentation testing [31]. This yields indentation moduli E"
and hardnesses H. Notably, the quantified indentation modulus E
is the result of elastic deformations of both, the lignin specimen
and the diamond indenter tip, hence

1 1-v?

E' E

1-v?
E (1)

with Young’s modulus E and Poisson’s ratio v; of the specimen, and
with Young’s modulus E; = 1141 GPa and Poisson’s ratio v; = 0.07
of the diamond indenter tip [32]. Additional information on the
application of the Oliver-Pharr method is provided in the Supple-
mentary material Appendix B.

2.3. Image-guided evaluation

The mechanical data obtained from indentation testing are
accompanied by light microscopy images, taken by the in-built
camera system, with a resolution of 640 times 480 pixels for an
area of about 990 times 727 um?. Despite careful specimen prepa-
ration, the hot-pressed lignin samples exhibited a rather substan-
tial porosity, see the dark gray areas in Fig. 1. To adequately
evaluate the indentation results, this porosity needs to be quanti-
fied, as described next.

The pores on the surface are identified semi-automatically.
First, a global adaptive gray level threshold is used [42]. Given
the inhomogeneous lighting of the images, with brigthly illumi-
nated areas in the center but darker areas on the rim, this method
produces inadequate porosity distributions. To improve the results,
a point in an unrecognized, but obvious, surface pore is manually
picked as a seed. A fast marching method [43], using Matlab [44],
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is then adopted based on gray level differences to isolate the pore,
in which the seed is located. This way, the lignin-specific porosity
@ is obtained as the area fraction of the (automatically detected
and the manually picked) surface pores. Thereby, the images at a
depth of 300 nm and 600 nm for OS-G and 150 nm and 300 nm
for the remaining lignins are considered, because they display
the largest area.

Indents located inside the surface pores should not be consid-
ered, given that this area is not polished and thus not flat. The
therein-measured indentation properties suffer from structural
effects (imperfect half space, non-orthogonality of load direction,
and specimen surface). To identify the corresponding indents, the
indent positions are mapped onto the microscopic image exploit-
ing the identity between the grid center and image center. Notably,
indents of the outermost rows and columns of the grid, directly at
the border, are not considered either, given that only a part of the
surrounding is visible.

The modulus and hardness obtained from indents inside the
solid part are, very likely, still affected by pores (visible pores on
the indented surface but also pores below the surface), particularly
for indents which are in “close” proximity to the solid-pore border.
Microstructural heterogeneities are “felt” even if they are surpris-
ingly far away from the indent [45], particularly if the contrast in
stiffness/hardness is substantial [46], and thus particularly for por-
ous composites dealt with herein. To analyze the influence, we fol-
low [45] and quantify the distance dn;, between each indent and
the closest border of any surface pore (see Fig. 1 for an illustration)
and study possible correlations with the measured indentation
quantities. Only pores with an area larger than
100 pixels = 234 um? are thereby considered, given that the smal-
ler ones barely influence the indentation results. Additional images
of the pore modulus correlation are shown in the Supplementary
material Appendix B.

2.4. Statistical evaluation

The indentation quantities (modulus and hardness) from all
indents in the grid which are located outside of the pores and
not on the outer edge are then evaluated statistically. First, out-
liers, defined as data points which are 1.5 times the interquartile
range (Ejy for the indentation modulus and Hjy, for the indenta-
tion hardness) above the upper and below the lower (modulus or
hardness) quartile, respectively, are removed from the indents,
individually for all six indentation depths and all five lignin types.
The arithmetic means EL and H, and the standard deviations E,
and H, are quantified from the remaining indents. The influence
of the indent removal on the mean and standard deviation is fur-
ther discussed in the Supplementary material Appendix B. The
sought probability density functions for the indentation modulus
f(E") and for the hardness f(H) (again specific for each indentation
depth and each lignin type) are quantified using kernel density
estimates (KDE) [47], as shortly described next. The KDE is a
non-parametric approach to approximate the unknown probability
density function of a dataset reading as [48,49]

flx) = %;K(X ;X") x e {E"H} 2)

where n is the number of eligible indents, b is a smoothing param-
eter [48-50] labelled as bandwidth, x; is the indent-specific inden-
tation modulus E; or hardness H;, respectively, and K(y) is the (non-
negative) kernel function. We choose a Gaussian kernel distribution,
as it is typically done [49], reading as

K{y) = \/% exp (—1y2>. 3)

Materials & Design 227 (2023) 111765

The bandwidth b in Eqn 2 is estimated by a rule of thumb according
to [51], reading as

b=0.9min (x,, 1’"_3)2) ns, 4)
where x, is the standard deviation and x,qr the interquartile range
of the indentation modulus and hardness, respectively.

Violin plots are used in the remainder of the paper to simulta-
neously depict the mean (red diamond point), standard deviation
(red brackets), probability distribution functions (blue lines), and
outliers (gray points) of modulus and hardness, see the example
given in Fig. 1. Each considered indentation modulus or indenta-
tion hardness is thereby resembled by a blue point which is placed
according to a Gauss distribution between the mirrored probability
density functions.

3. Results and discussion
3.1. Porosity, mapping, and distance plots

First, the light microscopy images are discussed. The image
analysis-based porosity of the five lignins is very different, it
ranges from 6.5 % for K-SW to 56.2 % for OS-G, see the left column
in Fig. 2 for low porosity lignin (E-HW, OS-HW, K-SW) and in Fig. 3
for high porosity lignin (0S-G, OS-SW). Additionally, for E-HW and
OS-HW the bulk porosity is obtained based on specimen density
measurements amounting to 1.17 g/cm? for E-HW and 1.12 g/
cm? for OS-HW as well as the solid lignin density of 1.36 g/cm®
[52]. The resulting bulk porosities of 14 % for E-HW and 18 %
OS-HW agree well with the image analysis-based porosities indi-
cating that the surface porosity is a good resemblance of the bulk
porosity. The pore network is irregularly shaped but homoge-
neously distributed within the microstructure, except for the K-
SW lignin, where regions with many pores are intermixed with
pore-free regions. The characteristic pore dimensions range from
30 to 200 microns.

Next, indentation results are mapped on the microstructure
images, see the right column in Figs. 2 and 3 for indentation mod-
ulus maps at indentation depths of 300 nm. As expected, large gra-
dients of the modulus correlate well with the borders of the surface
pores, and most of the indents located in surface pores exhibit
smaller mechanical properties than indents which are located in
lignin regions. In some areas outside the surface pores, similar sig-
nificant stiffness gradients are observed, see e.g., Fig. 2f. This may
indicate heterogeneity of the solid lignin itself, but likely also
reveals locations with pores right below the surface.

To answer the question of whether the indents in the solid lig-
nin areas characterize pure lignin or still “feel” the pores is tackled
next. Therefore, the indentation modulus E" is studied with respect
to the boundary distance d,,;,, see Fig. 4 for the realization of this
plot for all indents with indentation depth of hy.x = 300 nm. Gray
dots (dmin < 0) and blue dots (di, > 0) refer to indentation points
in pores and in lignin, respectively. To depict the trends, a moving
average as well as a moving standard deviation (solid lines in
Fig. 4) are included. Since the number of indents per indentation
depth varies, the size of the truncated sliding window for the mov-
ing average and the standard deviation is chosen as 12 % of all the
data points at this indentation depth, which provides an optimal
smoothing for all indentation depths. The (average) indentation
modulus increases with increasing distance to the pores. This
shows that indents close to the pore-solid borders “feel” the sur-
face pores and do not quantify the solid lignin itself. For the highly
porous lignins labeled OS-SW and 0OS-G, the maximum distances
dmin are rather small such that the indentation modulus never con-
verges. For the less porous lignin, a plateau emerges after roughly
20 pm for E-HW, 70 pum for OS-HW, and 100 pm for K-SW. While
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(f) K-SW

Fig. 2. Light microscopy image of the probed area (990 um x 727 um) of low-porous lignins at indentation depths of hy.x = 300 nm: (a), (c), and (e) including the identified
pores (dark gray areas with white borders) and a map of the indents in the pores (white triangles) as well as the indents used for evaluation (blue triangles); (b), (d), and (f)

including a contour map of the indentation modulus E".

this indicates that the influence of the closest surface pore can be
neglected for indents further away than this threshold, it still does
not prove that these indents are not compromised by pores below
the surface.

Better indicators, to judge whether the indents far away from
the surface pores actually quantify pure lignin, or whether the
indenter-probed volume still contains pores, are the scatter of
the indentation moduli as well as the largest moduli. Given the
solid-pore morphology and assuming a rather homogeneous solid
lignin phase (we have no indication of heterogeneity), the scatter
should decrease significantly, typically variation coefficients in
other solid materials with our test setup are one order of magni-
tude smaller than achieved herein, see the evolution of indentation
moduli with the boundary distance for a alkali-activated slag-fly

ash mix tested by [45] as depicted in Fig. 4(f). Moreover, the largest
measured moduli and hardness (or more precisely, a reasonable
average of the largest few percent) should, theoretically speaking,
refer to indents in a homogeneous half-space of solid lignin, given
that any porosity would only soften the measured response. How-
ever, a significant number of indents reveal indentation properties
that are significantly larger than the average plateaus values,
unlike in our reference material in Fig. 4(f), where the plateau coin-
cides with the largest measured values. This indicates that even
though there is a convergence for our lignin samples, the plateau
values do not refer to solid lignin. In other words, the majority of
our indents characterize the lignin-pore composite rather than
the solid lignin. Notably, the presented graphs in Fig. 4 refer to
indentation depths of 300 nm, given the availability of large grids
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Fig. 3. Light microscopy image of the probed area (990 um x 727 um) of high-porous lignins at indentation depths of hm.x = 300 nm: (a) and (c) including the identified
pores (dark gray areas with white borders) and a map of the indents in the pores (white triangles) as well as the indents used for evaluation (blue triangles); (b) and (d)

including a contour map of the indentation modulus E'.

for all lignins at this indentation depth. The influence of pores is,
obviously, even more pronounced for larger indentation depths,
where indenter-probed volumes are larger, but even visible for
indents with hy.x = 150 nm. Before we further explore the influ-
ence of the pores, size effects are analyzed.

3.2. Indentation size effects and emerging of plateaus

Next, we discuss the influence of the indentation depth on the
measured indentation moduli and hardnesses. The indentation
properties decrease with increasing indentation depth, see Fig. 5
for the indentation modulus and Fig. 6 for the indentation hard-
ness, whereby indents inside the surface porosity are excluded
from now on. Such size effects are characteristic for indentation
testing, and are studied mainly in the context of the hardness,
but are also rather common for modulus testing, particularly but
not exclusively for polymers [33,38,39,53-55]. As for the decrease
of hardness with increasing indentation depth, several comple-
mentary explanations are discussed, e.g. the theory of shear trans-
formation zones in polymers [38] and geometrically necessary
dislocations in metals [35]. As for the modulus, the origin is less
clear. The observed size effects are very likely the consequence of
a combination of different individual contributions. First, the
heterogeneity of the sample, particularly the contrast of mechani-
cal properties between solid and pores may not only lead to an
increased scatter at smaller indentation depths but also to
increased mechanical properties [53]. Second, the indented surface
may be altered [33], and may not be representative of the bulk
material. Such surface effects may be related to material aging,
most prominently to lignin oxidation. The modulus of oxidized lig-

nin is up to two times larger than that of pure lignin, as recently
revealed by the atomic force microscopy of lignin films [22]. A
third contribution to the size effect may be related to the surface
roughness. For the shallow intents at 150 nm depth, the ratio of
contact depth to surface roughness, h¢/Rg, is close to the limit of
roughly three, proposed by [41], which results in larger scatter as
well as higher indentation properties [56]. It is remarkable that
the indentation modulus and hardness only decrease until an
indentation depth of 300 nm for E-HW and OS-SW and 600 nm
for K-SW, 0S-G, and OS-HW, respectively, see Figs. 5 and 6. At lar-
ger indentation depths, the average indentation properties remain
virtually constant. The emerging plateaus demonstrate that it is
possible to retrieve reliable size-independent indentation moduli
of (porous) lignin by means of grid nanoindentation. This way,
we define the reduced indentation moduli Ej; and the hardnesses
Hy, as the average of all eligible indents (excluding the ones in sur-
face pores as well as the statistical outliers) at indentation depths
of 600 nm, 900 nm, and 1000 nm, see Tables 4 and 5. Notably, for
all the lignins, except K-SW, even the 1200 nm deep indents coin-
cide with the identified plateau values. As for the K-SW specimen,
the damage might have occurred at 1200 nm deep indents, which
might have led to the measured drop in mechanical properties.
Statistical analysis further reveals that the scatter in the inden-
tation properties is smaller for indents at large indentation depths
hmax = 600 nm compared to the shallow indents with
hmax < 300 nm, comparing the corresponding probability density
function and the markers for the standard deviation in the violin
plots depicted in Figs. 5 and 6. Interestingly E-HW exhibits the
smallest scatter and it is the lignin with the lowest porosity out



M. Schwaighofer, L. Zelaya-Lainez, M. Kénigsberger et al.

Materials & Design 227 (2023) 111765

15 15 15
= 10 = 10 = 10
A A A
o o o
Qo SR 9

0 0 0

-50 -50 0 50 100 -50 0 50 100

drnin [/“n}
(a) E-HW (c) OS-HW
15 15 150

0 - 0
-50 0 50 100 -50 0 2 4 6
dmin [ﬂm} Amin [Nm] dnin [/J,Hl}
(d) OS-SW (e) K-SW (f) Slag [33]

Fig. 4. Influence of minimum distance d,;;, between the pore border and the corresponding indent on the indentation modulus; gray points refer to indents in the surface
pores, blue points to indents in lignin at maximum indentation depths of 300 nm, respectively; solid lines are the moving averages and standard deviations with a truncated

sliding window containing 12 % of the total amount of points.

of the four lignins with high Klason lignin contents. The highest
scatter is observed in the OS-G lignin, the lignin with the largest
porosity. This trend suggests that the inhomogeneity due to the
pores is most likely responsible for the scatter. The large scatter
in K-SW lignin with low porosity can be attributed to the low Kla-
son lignin content. Moreover, shallower indents, particularly in the
highly porous lignins OS-G and 0S-SW, have a less pronounced
main peak. Even a second population at low stiffness emerges for
0S-SW lignin. This results from a higher resolution of the indenta-
tion properties provided by the smaller indentation depth imply-
ing a smaller indenter-probed half-space, which is more likely
located entirely in the solid region. K-SW has a reversed trend with
a second population at high indentation depths, which might also
be due to the low Klason lignin content.

3.3. From porous to solid lignin

From now on, we focus on the plateau data emerging at inden-
tation depths of 600 to 1000 nm. First, we repeat the distance anal-
yses and discuss the evolution of the respective indentation moduli
as a function of the boundary distance d,,, see Fig. 7. Compared to
the shallower indents shown in Fig. 4, there is no or only a small
increase of the indentation modulus E" with respect to increasing
boundary distance dpi,. Moreover, the moving averages agree, in
good approximation, with the average indentation modulus at
the plateau E,, from the size-effect analysis. This corroborates
that the deeper indents “feel”, on average, most or all of the pores
occurring in the composite. We, therefore, assume that the average
indentation properties at the plateau, E;; and Hy, characterize the

(macroscopic) properties of porous lignin.

Next, we aim at back-identification of the mechanical proper-
ties of the solid lignin, E; and Hy;, from knowledge of the macro-
scopic properties of the porous lignin, Ej,,, and Hyg. Thus, the
mechanical properties are first studied as a function of the mea-
sured porosity ¢, see Fig. 8. The indentation properties decrease,
as expected, with increasing porosity. Most remarkably, however,
virtually unique master curves emerge, one for the modulus and
one for the hardness.

To further explore the correlation between modulus and poros-
ity, we adopt a micromechanics approach. Therefore, the porous
lignin is considered as a representative volume element (RVE) con-
sisting of two material phases, a solid lignin matrix and therein
embedded spherical pores. To account for the matrix-inclusion
morphology, see Figs. 2 and 3 the Mori-Tanaka [57,58] homoge-
nization scheme is employed. This yields analytical functions for
the homogenized Young's modulus E,; and the homogenized Pois-
son’s ratio v, of the porous lignin as a function of the (measured)
porosity ¢, reading as

_ 2551 (SVS] — 7) (1 — QD)
1520 +2v4 (5 + @) — 13¢p — 14’

_5ViR2+0)+2va(-7+¢) -3¢
PTI5v20 +2vg (5+ @) — 13 — 14

(5

pl

(6)

where E is Young’s modulus and vy is Poisson’s ratio of solid lignin.
The latter cannot be evaluated with nanoindentation and is, to our
knowledge, not reported in the literature. Therefore, the Poisson’s
ratio of solid lignin is assumed based on typical Poisson’s ratios
for polymers [59], as vy = 0.4. To investigate the influence of the
Poisson’s ratio on the solid and porous Young’s modulus, additional
vgq of 0.3 and 0.5 are considered, as discussed later. The Young’s
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Fig. 5. Violin plots of the indentation modulus E" with mean modulus EL, standard deviation E, plateau modulus E;;, and solid lignin modulus E; according to Fig. 8.

modulus of the porous lignin Ej, is calculated from the measured
indentation modulus Ej; according to Eq. (1). Motivated by the
strong correlation revealed by Fig. 8a, we consider that the solid lig-
nin in all five tested lignin-pore composites is mechanically identi-
cal, i.e. we assume that solid lignin - irrespective of its origin and
extraction process - exhibits an intrinsic stiffness. The sought
Young’s modulus of solid lignin Eg is obtained by fitting, in more
detail, by minimizing the error between the homogenized and
nanoindentation-derived Young’s moduli of the four tested porous
lignins with high Klason lignin content (E-HW, OS-G, 0S-HW, and

0S-SW). This results in an intrinsic Young’s modulus of
Ey = 7.12 GPa, which can be translated into a corresponding
reduced indentation modulus of Ej =8.42 GPa by applying Eq.
(1). The Mori-Tanaka modeling results reproduce the measured
trend of indentation modulus E;l vs. porosity ¢ very well, see

Fig. 8a, indicated by coefficients of determination R?> = 91%. This
excellent agreement corroborates the hypothesis that the stiffness
difference in the four tested lignin materials is mainly attributed
to the difference in porosity, and that the stiffness of the solid lignin



M. Schwaighofer, L. Zelaya-Lainez, M. Kénigsberger et al.

1.0

1.0

1.0

3

LTI ol

H,+H,

pl

150 300 600 900 1000 1200
h [nm]
(a) E-HW
150 300 600 900 1000j1£>0
h [nm]
(c) OS-HW

150 300

600
h [nm]

(e) K-SW

900

1000

1200

1.0

Materials & Design 227 (2023) 111765

150

600
h [nm]

(b) 0S-G

900

1000

1200
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Table 4
Indentation modulus E" (mean =+ standard deviation) for each depth hy,., and plateau values (hya = 600 to 1000 nm).
E" [GPa]

Bmax [nm] 150 300 600 900 1000 1200 plateau
E-HW 7.58 +1.11 5.80+0.99 6.11 +£0.92 598 +0.79 547 +1.15 5.45 +1.08 5.85+1.00
0S-G 296 +£2.19 1.61+1.73 234+1.73 1.31+1.54 238+1.64 1.78+1.71
OS-HW 7.93+1.40 7.67 +2.66 522+1.38 577+1.14 5.10+1.46 498 +1.64 536+1.36
0S-SW 6.50 +4.17 459 +3.14 417 +1.80 3.90+1.87 5.66+1.13 449 +1.90 448 +1.82
K-SW 899 +3.63 8.63+2.43 6.58 +3.35 8.65+1.10 5.83+3.05 2.85+2.08 6.98 +2.96

10



M. Schwaighofer, L. Zelaya-Lainez, M. Kénigsberger et al.

Materials & Design 227 (2023) 111765

Table 5
Indentation hardness H (mean =+ standard deviation) for each depth hy,x and plateau values (hy.x = 600 to 1000 nm).
H [MPa]
hmax [Nm] 150 300 600 900 1000 1200 plateau
E-HW 0.502 +0.093 0.287 +0.048 0.317 +£0.050 0.304 +0.044 0.279 +£ 0.057 0.282 +0.063 0.300 +0.053
0S-G 0.205 +0.166 0.044 + 0.056 0.135+0.122 0.049 + 0.062 0.121 +0.107 0.085 +0.101
OS-HW 0.528 +0.114 0.449 +0.166 0.265 4+ 0.090 0.285 +0.087 0.279 +£0.074 0.251 +0.102 0.276 + 0.084
0S-SW 0.384 +0.250 0.262 +0.193 0.177 £0.103 0.150+0.102 0.253 +£0.105 0.184 +0.105 0.190 £ 0.111
K-SW 0.5114+0.245 0.463 +0.161 0.340+0.187 0.450 4+ 0.093 0.264 +0.164 0.156 +0.135 0.350+0.172
15 15 15
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Fig. 7. Influence of minimum distance dy;, between the pore border and the corresponding indent on the indentation modulus; gray points refer to indents in the surface
pores, blue points to indents in lignin at the plateau (h,.x = 600 to 1000 nm), respectively; solid lines are the moving averages and standard deviations with a truncated

sliding window containing 12 % of the total amount of points.

is, in good approximation, identical. Even the low Klason lignin K-
SW nicely follows the trend of the other four lignins.

The Poisson’s ratio only slightly influences the indentation
modulus predicted by the micromechanics model. The indentation
modulus for solid lignin ranges from 8.67 GPa to 8.24 GPa for Pois-
son’s ratios form 0.5 to 0.3, which is a typical range for polymers
[59]. This discrepancy even decreases with increasing porosity,
see Fig. 8a. The conversion of the indentation modulus to the
Young’s modulus is Poisson’s ratio sensitive and results in a
Young's modulus of 6.55 GPa and 7.55 GPa for Poisson’s ratios of
0.5 and 0.3, respectively.

Similar to the Young's modulus, we assume that solid lignin
exhibits intrinsic strength properties, which can be retrieved from
hardness—packing density scaling relations for cohesive-frictional
porous materials according to [60]. This way, the hardness of por-
ous lignin can be expressed as a function of the porosity ¢ and of
the cohesion of solid lignin ¢y employing a Mori-Tanaka homoge-
nization scheme and a Von-Mises failure criterion, as

11

a-b(1-¢)
(23—c(1-9)y8-5(T-¢)

Hy = 12¢4(1 - ¢) (7)

where a = 7.0, b = 3.721366, and ¢ = 18.39049 are constants asso-
ciated with the Mori Tanaka homogenization and the Berkovich
indenter geometry [60]. The cohesion of solid lignin is gained by
minimizing the error between the hardness-packing density scaling
relation and the nanoindentation-derived hardness of E-HW, OS-
HW, 0S-SW, and OS-G, resulting in ¢5 = 0.115 GPa. Evaluating Eq.
(7) for ¢ = 0 and ¢y = 0.115 GPa results in the solid lignin hardness
of Hy = 0.565 GPa. By analogy to the stiffness, nanoindentation sug-
gests that the hardness and cohesion of the solid lignin in all five
samples is virtually identical.

Finally, we compare the back-identified properties of solid lig-
nin with the results of the individual indents. The identified solid
lignin properties act, except for K-SW lignin, as an upper bound
for the indentation properties measured with
hmax = {600,900, 1000 nm}, see Figs. 5-7. This corroborates that
most indenter-probed volumes contain some porosity, and that
the indentation properties thus characterize porous lignin. Only
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Fig. 8. Porosity-dependent indentation properties of porous and solid lignin: (a) nanoindentation-derived plateau moduli E; (square points) compared to best-fit Mori-
Tanaka homogenization results (black line: vq =0.4; gray lines: vy ={0.3,0.5}), which predict, at zero porosity the indentation modulus of solid lignin Ej, (b)
nanoindentation-derived plateau hardness Hy with a fit of the scaling relations according to [60] predicting the solid lignin hardness Hy at 0 % porosity.

if the probed half-space is free of pores, and thus only for a very
small quantity of the many thousand individual indents, solid lig-
nin is indented and the corresponding mechanical indentation
properties thus match the solid lignin properties. At shallower
depths, a few indents exhibit unreasonably high indentation prop-
erties, a size effect discussed in Section 3.2 in more detail. As for K-
SW specimen, the low Klason-lignin content might indicate that
the solid matrix is heterogeneous, a hypothesis that would explain
the relatively large scatter and that measured modulus/hardness
results exceed the solid lignin properties. Nevertheless, the plateau
value of K-SW lignin agrees well with the micromechanics fit.

3.4. Comparison to stiffness data from literature

The identified Young’s modulus of solid lignin agrees with the
Young’s modulus of the alkali lignin particle identified by [21]
using atomic force microscopy and tested at roughly the same rel-
ative humidity of 35 %. The reported Young’s moduli of 7.1 GPa
[24],6.9 GPa [25],and 7.5 GPa [26], obtained from nanoindentation
in the lignin-rich middle lamella of softwood cells, also agree very
well with the herein identified Youngs modulus. The indentation
hardnesses from the middle lamella of 0.43 GPa [24] and
0.42 GPa [26] are slightly lower than the herein estimated solid lig-
nin hardness, which might be explained by differences in the
chemistry and porosity between the hot-pressed lignins and the
lignin naturally occurring in the middle lamella, or by nanoinden-
tation strain rate effects discussed in the next subsection. We may
conclude that neither extraction processes, nor hot-pressing of lig-
nin does change its mechanical properties significantly. Moreover,
the fact that we obtain the same stiffness for our (solid) lignin
matrix in the hot-pressed samples as [21] for (unpressed) lignin
particles indicates that hot-pressing at 108 MPa and 90 °C for
2 min (see Section 2.1) results in a defect-free matrix, albeit with
potentially significant porosity.
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3.5. Influence of viscoelasticity and strain rate

The very significant decrease of the force during the holding
phase (see typical force-displacement diagram depicted in Fig. 9)
highlights the viscoelastic nature of the tested lignin samples.
Indentation in viscoelastic materials is challenging, as the viscous
response, i.e. creep and relaxation, might alter the indentation
properties [61-63]. Herein, we discuss potential dependencies of
the obtained mechanical properties on (i) the viscoelastic nature
of the material and (ii) the strain rate. To minimize the influence,
the indentation test campaign was designed with a five-second-
long force plateau and a rather slow loading. This way, a large part
of the viscoelastic strains can decay already before the unloading
starts. The absence of a “nose” in the unloading curves [61,63] is
one indicator that viscoelastic effects may be negligible. More
quantitatively, all our individual indents fulfill the criterion that
the unloading (force) rate P at the beginning of unloading is at least
30 times larger than the one at the end of the holding phase, an
empirical criterion established by [64] for indentation creep tests.
Even more evidence for a negligible influence of creep on the mea-
sured elastic modulus can be obtained when adopting the modulus
correction developed by [62] to our relaxation tests. This results in
an increase of the indentation modulus by only 3 % on average,
and it is therefore omitted in the main part of the paper. The mea-
sured hardness may be influenced by relaxation [65]. Quantitive
ways for correcting the hardness in relaxation tests are not found
in the literature. It is, however, very likely that viscosity affects
the hardness of the different lignins to a similar extent. This way,
the obtained hardnesses relative to each other, and thus also the
revealed correlation of hardness vs. porosity are still valid, while
the absolute values may indeed be different.

Next, strain rate dependencies are discussed. Polymer indenta-
tion testing reveals that the indentation modulus remains constant
with respect to changes in the loading/unloading strain rate [38].
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Fig. 9. Force-displacement (P-h) curves of the five tested lignins; whereby out of
the 20650 recorded individual P-h curves, five representative ones are depicted for
which the individual indentation modulus is close to the average indentation
modulus at an indentation depth of 900 nm.

The hardness of polymers, in turn, is significantly influenced by the
strain rate of the loading and unloading phase [38,66]. Exploiting
the similarity of lignin and typical polymers, similar dependencies
might be expected for our tested lignins. We note that the
employed load history in all our displacement-controlled indenta-
tion tests is similar, consisting of ten seconds of loading, five sec-
onds of holding the load constant, and ten seconds of unloading.

Moreover, the average strain rates h/h are equivalent for all inden-
tation depths, and amount to 0.1 s~! at the end of loading and the
beginning of the unloading phase. This way, any strain rate effects
would, most likely, concern all lignins similarly, and would thus
not change the main conclusions of our work. This discussion,
however, clearly highlights that the absolute hardness results
should be treated with caution, and provides lots of motivation
for future work.

4. Conclusion

20650 nanoindentation tests at maximum indentation depths
ranging from 150 nm to 1200 nm are performed on five different
lignin samples, obtained from hot-pressing five different technical
lignins. The indents in the (production-related) pores were
excluded using image segmentation of light microscopy images.
The remaining indents were statistically evaluated, which led to
the following findings:

1. Reliable mechanical properties of lignin can be retrieved with
light microscopy-aided grid nanoindentation by excluding the
indents in the surface pores and by considering indentation
depths between 600 nm and 1000 nm where surface effects
vanish. The resulting indentation moduli range from 1.8 GPa
to 7.0 GPa, the hardness, in turn, ranges from 0.09 GPa to
0.40 GPa, depending on the lignin sample.

2. Indentation properties however are strongly correlated with
sample porosities, suggesting that almost all indents “feel” the
pores, and thus characterize a porous lignin composite.

3. The stiffness of solid lignin, back-identified from
micromechanics-based Mori-Tanaka homogenization, is how-
ever, virtually constant for all five tested lignins, quantified by
indentation moduli of 8.4 GPa or Young’s moduli of 7.1 GPa.
The hardness of solid lignin, back-identified from hardness-
packing density scaling relations [60], is constant as well and
amounts to 0.57 GPa, but this absolute value may be affected
by the viscous nature of the material or the strain rate. This
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underlines that the herein studied lignins, from both different
extraction processes (Kraft pulping, organosolv, enzymatic
hydrolysis) and different feedstocks (softwood, hardwood,
grass), are mechanically rather similar.
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Appendix A. OS-SW extraction

0S-SW lignin was produced following a standard organosolv
extraction procedure [67,68]. Spruce sawdust milled to 1 mm
and 60 wt.% aqueous ethanol were heated up to 180 and 220 °C
in a 1 L stirred autoclave (Zirbus, HAD 9/16, Bad Grund, Germany).
The resulting extracts from each heating process were mixed
together and first rotavapored at 50 °C and 60 mbar, and then
freeze-dried to remove the solvent. Then, the sample was mixed
with water, vortexed, and centrifuged at 15000 rpm for 20 min.
The supernatant was discarded, fresh water was added and the
procedure was repeated three times. The final washed solid was
freeze-dried to obtain a solid lignin powder.

Appendix B. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.matdes.2023.
111765.
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