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An Evaluation of Fiber Biometry and Nanomechanical
Properties of Different Eucalyptus Species
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Wood fibers from seven Eucalyptus species were collected to investigate
the relationships among species, fiber biometry, and nanomechanical
properties. The results indicated significant differences in wood density,
coarseness, fiber length, fiber width, and cell wall thickness among the
different Eucalyptus species. The nhanomechanical properties of the Sz cell
wall layer also showed significant differences among the Eucalyptus
species. The elasticity modulus ranged from 16 to 19 GPa, the hardness
spanned 0.24 to 0.31 GPa, and the ductility ratio was between 54 and 68.
Moreover, significant correlations were observed for hardness versus cell
wall thickness (r = 0.87), and elasticity modulus versus crystallinity index
(r = 0.80) and crystallite size (r = 0.68). Among the evaluated species, E.
dunnii showed the highest elasticity modulus, highest hardness average,
and the highest crystallinity index. The range of nanomechanical values
indicated that Eucalyptus wood fibers are suitable for the development of
new composite materials or engineering products by selecting the most
adequate species for each use according to its properties.
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INTRODUCTION

Natural fibers are attractive materials that are widely used for paper, paperboard,
textiles, fiberboards, and a variety of other uses. Natural fibers can also replace man-made
fibers as reinforcement and fillers to make environmentally friendly products (Gindl et al.
2006b; Cheng et al. 2007; Wu et al. 2009). To make this application possible, it is necessary
to fully understand the characteristics of the raw material for the development of new
composite materials or engineering products. Accordingly, it is important to assess the
chemical features and fiber biometry of wood, and more specifically, test the mechanical
properties of the cell wall S; layer (Tze et al. 2007; Wu et al. 2009). The nanoindentation
technique is a helpful tool to better understand the strength properties of the individual
fibers at the microscopic level, since it can be used to investigate mechanical behavior of
materials at the nanoscale. The test involves the penetration of a sample material using an
indenter. The penetration depth and load are recorded, and the elastic modulus and hardness
of wood cell walls is calculated (Gindl et al. 2004; Wu et al. 2009). The test can detect the
mechanical properties of the S, cell wall layer, which is the major contributor to the
mechanical properties of wood cell walls because it constitutes approximately 80% of the
total cell wall thickness (Tze et al. 2007).
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For nanoindentation experiments there is no need for chemical pretreatment to
isolate individual wood fibers as required in single-fiber tensile tests (Tze et al. 2007), and
the measured values are very consistent for elasticity and hardness evaluations (Huang et
al. 2012). Thus, this technique has been used to investigate the fiber nanomechanical
properties of several wood species. Nanomechanical characterizations have been
performed on the fiber cell walls of softwoods species (Wimmer and Lucas 1997; Wimmer
et al. 1997; Gindl et al. 2002, 2004; Gindl and Schoberl 2004; Tze et al, 2007; Yu et al.
2011; Huang et al. 2012; Vincent et al. 2014), crops stalks (Wu et al. 2010), and several
hardwood species (Gacitla et al. 2007; Wu et al. 2009; Mufioz et al. 2012; Valenzuela et
al. 2015; Zanuncio et al. 2016). In addition, regenerated fibers (Gindl et al. 2006a, b),
microcrystalline cellulose (Das et al. 2010), and cellulose nanofibers (Yildirim and Shaler
2016) have been studied.

Eucalyptus trees are widely used in commercial plantation as raw material for pulp,
paper, and cellulose derivatives production due to several desirable features: fast growth,
straight form, valuable wood properties, wide adaptability to soils and climates, and easy
management (Turnbull 1999; Gomes et al. 2015; Carrillo et al. 2018b). Several reports
have addressed the morphological, anatomical, and chemical features of various
Eucalyptus species as well as the respective pulp and derivatives products (Kibblewnhite et
al. 2000; Ona et al. 2001; Ramirez et al. 2009a, b; Aguayo et al. 2014; Carrillo et al. 2015,
2017, 2018a, b). Nanocharacterization research has been also carried out in some
Eucalyptus species, mainly Eucalyptus nitens (Gacitta et al. 2007; Mufioz et al. 2012;
Valenzuela et al. 2015) and E. grandis x E. urophylla (Zanuncio et al. 2016). This work
attempts to describe the main anatomical and nanomechanical features of the wood fibers
from seven Eucalyptus species using microscopic and indentation techniques in order to
elucidate their relationship and variation within the Eucalyptus species. In a previous study
(Carrillo et al. 2018a), a comparative evaluation of the cellulose supramolecular structure
of the same seven Eucalyptus wood species was made. The results from this previous study
support this work and are considered for the results discussion. It is expected that this report
will provide valuable information about wood property variations in the Eucalyptus genre,
as well as explore the potential use of these species as raw material for the design and
development of new forestry products.

EXPERIMENTAL

Eucalyptus Wood Samples

Six-year-old Eucalyptus trees were provided by a Chilean forestry company located
in the Biobio Region of southern Chile. The species provided were Eucalyptus badjensis,
E. benthamii, E. dunnii, E. globulus, E. nitens, E. smithii, and two hybrids E. nitens x E.
globulus, coded En x Eg (1) and En x Eg (2). The seven Eucalyptus species grew under
the same field and planting conditions. Wood chips were used for wood density
determination, according to the TAPPI Standard T258 om-94 (1996), for nanomechanical
evaluation and fiber biometry characterization. Experimental analyses were carried out in
duplicate. As shown in Table 1, the chemical composition of the wood chips was
determined in a previous study with the same sampled species (Carrillo et al. 2018a).
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Table 1. Compositional Analysis of the Eucalyptus Wood Samples (Catrrillo et al.
2018a)

Sample Holocellulose CQ:ET:S-G Glucans Xylans Lignin Extractives
(%) (%) (%) (%) (%) (%)
E. badjensis 69 + 1 335+03| 51.7+03 | 11.1+0.6 [252+04| 24%0.3
E. benthamii 63.6+£0.7 |31.9+0.1| 51.2+0.1 | 83+05 (27.7+0.7| 6.7+0.1
E. dunnii 64.0+£05 |355+0.8| 543+0.7 | 93+09 (249+03| 46+0.3
E. globulus 735+05 [389+0.1| 569+09 | 102+04 [23.2+0.1| 15+0.1
E. nitens 68+1 346+0.1| 51.9+0.7 | 105+05 |252+0.2| 19%0.1
E. smithii 705+0.1 |37.7+03| 51.2+0.1 | 88+0.1 [257+0.9| 2.32+£0.02
En x Eg (1) 68.4+09 [341+0.2| 554+0.7 | 10.8£0.3 |25.7+0.4| 1.97 £0.03
En x Eg (2) 70.3+0.4 [359+0.2| 55.2+0.2 | 10.7£0.5 [25.6+0.7| 2.91+0.03

Fiber Biometry

Wood chips were treated according to the protocol reported by Mansfield and
Weineisen (2007). A chisel was used to obtain matchsticks (0.1 x 0.1 x 0.5 cm) from wood
chips. The obtained matchsticks were macerated and treated using Franklin solution (30%
H20, and CH3COOH, 1:1 v/v) for 8 h at 70 °C. The solution was decanted, and the
remaining fibrous material was washed with water until a neutral pH was achieved.
Average fiber length and coarseness were determined in a Lorentzen & Wettre Fiber Tester
(Kista, Stockholm, Sweden) using 200 mg of sample that was previously disintegrated in
200 mL of distiller water for 10 min. During the suspension analysis, the equipment was
set to measure 35,000 fibers of each sample. Fines were characterized as 0 to 0.2 mm in
length to ensure that broken fibers and fines were not included in the final averages of fiber
measurements (Carrillo et al. 2015, 2017).

Nanomechanical Characterization

Cubes 3 mm x 3 mm in size were cut from wood chips obtained close to the bark
section. The wood cubes were impregnated with Spurr epoxy resin (Spurr 1969) to provide
mechanical support for cutting in a Leica RM2265 rotary microtome (Leica, Wetzlar,
Germany), and to prevent damage during indentation of the fibers cell wall. The transverse
surfaces of the samples were leveled with a glass knife and smoothed with a diamond knife.
The indentation area obtained was about 1 mm? with a low and uniform roughness to
increase the accuracy of the indenter measurements. The samples were conditioned for at
least 24 h at 21 °C and 60% relative humidity in the room that housed the nanoindenter.
Nanoindentations were performed using a Hystron Tribolndenter TI-900 (Hystron Inc.,
Minneapolis, MN, USA), using a cube corner diamond tip.

The elastic modulus of the secondary cell wall layer was obtained through a load-
hold-unload cycle in areas of the S, cell wall layer. The loading cycle was worked to obtain
an accelerated mapping of properties (XPM). For the load cycle, a 5 x 5 array with a
separation of 1 um between each indentation was used (Fig. 1), with a maximum load of
100 uN and a total time of 0.3 s. An area of 5 um? was analyzed, and at least 25
measurements were taken for the S, cell wall layer of each Eucalyptus species. The reduced
elastic modulus was obtained through Eq. 1,
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where E, corresponds to the reduced elastic modulus resulting from the elastic deformation

of the diamond tip (i) and sample (s), S is the slope of the discharge curve dP/dh when the

discharge starts, and A is the contact area between the material and the maximum load of
the indenter. The elastic modulus of the sample (Es) was determined using Eq. 2 (Gindl et
al. 2004),

-1

E, = [1;:52 + 1;—”2] )

where Poisson’s ratio Vs and v; represent the sample and diamond tip, respectively, and E;
is the elastic modulus of the diamond (1140 GPa).

Hardness (H) is the maximum load divided by the contact area, projected from
indentation. Hardness was calculated through the Eqg. 3 (Wu et al. 2009),

Pmax
H==7 ©)

where Pmax is the maximum load and A is the contact area.

Fig. 1. A 2D image showing the indentations (triangular shapes) on the Sz cell wall layer of
Eucalyptus fibers. The indentations located in the middle lamella (ML) and in the Sz border were
discarded.

Transversal Anatomical Characterization

The transversal characterization was performed on the same cube sample used for
nanoindentation tests. The wood cubes were mounted on stubs to apply a conductive
coating using a metallizer (SPI-MODULE sputter-coated). The coating was performed
with gold for 60 s. Images were obtained using a JEOL JSM-6380LV (Tokyo, Japan)
scanning electron microscope (SEM) connected to a personal computer for image capture.
Forty fibers were randomly selected, and their cell wall thickness, fiber width, and lumen
width were measured at 1000 times total magnification. All these parameters were
measured using the JEOL SEM software.
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Data Analysis

Statistical analysis of the anatomical and nanomechanical characteristics were
performed using the SAS software system version 9.2 (Cary, USA). To determine
significant differences between the Eucalyptus samples, analysis of variance (ANOVA)
followed by Tukey’s statistical test were performed at p < 0.5. Correlation analysis between
the wood features were performed using Pearson’s correlation coefficient.

RESULTS AND DISCUSSION

Wood Density and Fiber Biometry

Wood density and fiber biometry of the different Eucalyptus trees are shown in
Table 2. Wood density values ranged from 420 to 484 kg/m?®, with E. globulus and E.
smithii as the higher wood density trees and E. badjensis as the lower one. These values
agreed with whole-tree average densities reported by McKinley et al. (2002) for 8-year-
old E. globulus and E. nitens (476 kg/m? and 440 kg/m?, respectively).

Regarding fiber biometry, fiber length ranged from 0.59 to 0.70 mm, with E.
badjensis and E. smithii exhibiting the lowest and highest values, respectively. Fiber width
and lumen width ranged 11 to 15 pum and 4 to 9 um, respectively. The lowest fiber and
lumen widths were found in E. benthamii, while the highest widths were found in E. dunnii.
Fiber data results agree with studies of fiber biometry in Eucalyptus species (Muneri and
Raymond 2001; Ona et al. 2001; Ohshima et al. 2004; Ramirez et al. 2009b; Carrillo et al.
2015, 2017). Muneri and Raymond (2001) evaluated the fiber length of 5- to 9-year-old E.
globulus and E. nitens trees from different sites, reporting values of 0.66 to 0.75 mm and
0.56 to 0.72 mm, respectively. Cell wall thickness values spanned between 1.9 and 2.3 pm,
which is a lower range than the values reported by Ramirez et al. (2009b) for 7-year-old E.
globulus trees, and by Carrillo et al. (2015) for 15-year-old E. globulus trees. Coarseness
is defined as fiber mass per fiber length. Coarseness is a good index for predicting pulp
properties and is closely related to the biometric properties of fibers and basic density of
wood (Via et al. 2004; Mansfield and Weineisen 2007; Carrillo et al. 2015). The higher
coarseness values were observed in E. smithii (8.9 mg/100 m) and E. globulus (8.5 mg/100
m), while the lower values were seen in E. badjensis, E. benthamii, and En x Eg (1) species,
with approximate values of 7.0 mg/100 m.

Table 2. Wood Density and Fiber Biometry of the Different Eucalyptus Species

Wood Fiber Fiber | Lumen | Cell Wall Coarseness
Sample Density Length Width | Width | Thickness (Mg/100 m)
(kg/md) (mm) @m) | (um) | (um) g

E. badjensis | 420°+21 | 0.599+0.04 |13°+2 | 7¢+2 | 2.32+0.4 | 7.03° + 0.02
E. benthamii | 4442+ 14 | 0.67°+0.01 | 119+2 | 4¢+2 | 223 +05| 7.1°+0.1
E. dunnii 438 +20 | 0.68°+0.01 |15°+3 | 92+3 | 2.32+0.6 | 7.7%»+0.2
E. globulus | 4812+13 | 0.692+0.01 |13k+3| 7h¢+3 [ 2.1°+0.4 | 8.52+0.1
E. nitens 4332°+9 | 0.62°+0.01 |119+2 | 69+2 [2.0°+0.4 | 8.02*+0.6
E. smithii 4842+ 17 | 0.702+0.01 |11¢+2| 6%9+2 | 1.9°+0.3 | 8.92+0.6
EnxEg(1) | 4692*+5 | 0.69%°+0.02 |133 +3| 9%+3 | 2.0°+0.4 | 6.9°+0.3
EnxEg(2) | 4472 +16 | 0.692+0.01 | 119+2 | 69+2 | 228 +0.5| 8.2 +0.4
*Different letter means significant differences within a column at p < 0.05.
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Nanomechanical Properties

Nanomechanical properties obtained for the Eucalyptus wood samples are shown
in Fig. 2. The Spurr epoxy resin has an influence on mechanical properties of embedded
wood cell walls, increasing their hardness (around 20%) (Gindl et al. 2004; Meng et al.
2013). This has prompted the implementation of alternative preparation methods to avoid
the influence of embedding mediums on wood cell wall (Meng et al. 2013). In this work,
with a comparative purpose, all the samples were subjected to the same impregnation
treatment. Thus, the influence of the epoxy resin on nano-mechanical properties is expected
to be the same in all the evaluated specimens, which makes it possible to make an adequate
comparison among the different Eucalyptus species.

Elastic modulus (E) averages were significantly different among the Eucalyptus
species (p-value = 0.0361), ranging from 16 to 19 GPa. The highest average was observed
in E. dunnii, while E. badjensis and E. smithii showed the lowest average values (Fig. 2a).
The E variation coefficient ranged between 15 and 24%, where E. benthamii showed the
highest heterogeneity (Fig. 2a).

Hardness (H) average values ranged from 0.24 to 0.31 GPa, with E. badjensis and
E. dunnii being the highest, and E. nitens the lowest (Fig. 2b), displaying significant
differences between the different Eucalyptus species (p-value < 0.0001). The H variation
coefficient ranged from 4 to 13%, with E. badjensis and En x Eg (2) exhibiting more
heterogenous data, while E. dunnii exhibiting the most homogeneous.

The ductility ratio (E/H) spanned from 54 to 68, and significant differences were
observed between the different Eucalyptus species (p-value < 0.0001). The highest average
value was observed in E. nitens fibers, while the lowest was observed in E. badjensis (Fig.
2¢). The E/H variation coefficient spanned from 5 to 17%.

The data obtained were similar to nanomechanical values published elsewhere for
hardwoods species (Wu et al. 2009) and for Eucalyptus samples (Mufioz et al. 2012;
Valenzuela et al. 2012). Muiioz et al. (2012) evaluated 12-year-old E. nitens from different
sites. They reported H, E, and E/H values for the S, cell wall layer ranging from 0.23 to
0.43 GPa, 8.95 to 16.99 GPa, and 26.40 to 62.94, respectively. Valenzuela et al. (2012)
also evaluated 12-year-old E. nitens from different sites, reporting S, cell wall layer E and
H average values of approximately 10 GPa and 0.29 GPa, respectively. The E/H values for
the same study were approximately 40. In addition, the authors suggested a correlation
between cracking levels and the E/H ratio. Therefore, Eucalyptus samples with the lowest
E/H values subjected to small deformations should be more fragile and more easily
weakened by micro-fracture effects (Mufioz et al. 2012). The E/H ratio has been used to
describe the stiffness of materials; brittle materials have low E/H values, such as glass
(E/H=12), and ductile materials have high E/H values, such as aluminum (E/H=117)
(Bolshakov and Pharr 1998). Other studies have reported a correlation between E values
and micro-fibrillar angle (MFA), where E decreased with increasing MFA in hardwoods
species (Wu et al. 2009) and softwoods (Tze et al. 2007).

Relationship between Eucalyptus Wood Features

Table 3 shows the correlation index between the different Eucalyptus wood
properties evaluated in this work. As mentioned previously, coarseness has a close
relationship with wood density (Via et al. 2004; Mansfield and Weineisen 2007; Carrillo
et al. 2015). However, a significant correlation between both properties was not observed
in this study.
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Fig. 2. Nanomechanical properties of Eucalyptus wood in the Sz cell wall layer. A: Elastic
modulus (E); B: hardness (H); and C: ductility ratio (E/H). Box and whisker plots show the
average (x), the median (horizontal line), the 50% interquartile range (box), and the maximum
and minimum value (whiskers).

Cell wall thickness versus wood density showed a significant but negative
correlation (r = -0.69), which was unexpected. Wood density is determined primarily by
anatomical structures such as vessel features, fiber width, cell wall thickness, and
parenchyma proportion. Chemical composition, especially bulking by extraneous
materials, can also play an important role in determining wood density (Carrillo et al. 2015,
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2017). Several authors have reported different correlation coefficients between anatomical
properties of Eucalyptus (Kube et al. 2001; Wimmer et al. 2002; Ohshima et al. 2004;
Carrillo et al. 2015, 2017), which reflect the wide variability in anatomical features
presented within Eucalyptus species.

On the other hand, relationships between nanomechanical properties, such as
hardness, and fiber morphological features have been suggested (Mufioz et al. 2012; Savva
et al. 2010; Vincent et al. 2014), while Wu et al. (2009) suggested an influence of the cell
wall thickness during the nanoindentation test. In agreement with these reports, a positive
and significant correlation between cell wall thickness and H in Eucalyptus wood samples
was observed. These results contradict Huang et al. (2012), who found that in mature
conifer wood, nanohardness was not affected by cell wall thickness. Other factors such as
the complex cell wall structure and its chemical composition can influence the
nanomechanical properties (Wu et al. 2009; Vincent et al. 2014). Wimmer and Lucas
(1997) attributed a distinctly reduced elastic modulus in the middle lamella to the absence
of cellulose in this region. However, results from this study showed no significant
correlation between chemical composition and nanomechanical properties (Table 3). In
this sense, Gindl et al. (2002) suggested that the elasticity and stiffness of the wood cell
wall is affected by the arrangement, organization, and quantity of the wood components
that shape the cell wall architecture.

Table 3. Pearson Correlation Index between Evaluated Variables of the
Eucalyptus Wood Species (n=8)

Wood | Fiber | Fiber | Lumen
Density | Length | Width | Width

Wood Density 1
Fiber Length | 0.79* 1
Fiber Width -0.12 | -0.01 1
Lumen Width | 0.08 0.11 | 0.83* 1

CwT| C E H E/H | Crl L

CWT -0.69* | -0.35 | 0.48 | 0.09 1

C 0.55 043 |-029| -0.19 |-046| 1

E -0.18 | 0.27 | 0.62 | 0.46 | 041 |-0.11| 1

H -051 | -0.20 | 0.56 | 0.22 |0.87*|-0.53| 0.31 1

E/H 0.19 0.07 |-0.28 | 0.08 |-0.53|0.42 | 0.05|-0.82*| 1

Crl 0.65 0.65 |0.67*| 0.61 | 0.19 |-0.08 |0.80*| 0.26 |-0.08| 1

L 0.44 0.62 | 0.65 | 0.72* |-1.00|-0.07 |0.68*| 0.02 | 0.09 [0.94*| 1
Holocell 0.54 0.14 |-0.18| 0.05 |-0.41| 0.58 |-0.54 | -0.50 | 0.44 | -0.25| -0.14

Alpha-cell 0.68* | 0.50 | 0.10 | 0.22 |-0.37|0.86*|-0.01| -0.41 | 0.39 | 0.20 | 0.25
Glucans 0.39 0.49 | 045 | 055 | 0.08|0.12 | 0.39 | -0.08 | 0.37 | 0.66 | 0.64
Xylans -0.26 | -0.43 | 0.17 | 0.43 | 0.09 |-0.21|-0.19| -0.08 | 0.43 |-0.21| -0.11
Lignin -0.25 | -0.01 |-0.48 | -0.53 | 0.03 |-0.45|-0.14| 0.21 |-0.43|-0.20| -0.27

Extractives -0.33 | 0.10 |-0.01| -0.39 | 0.49 |-0.38| 0.39 | 0.54 [-0.61| 0.24 | 0.01

* Significant at p<0.05.
CWT: Cell wall thickness. C: Coarseness. E: Elasticity modulus. H: hardness.

E/H: ductility ratio. Crl: crystallinity index. L: lateral crystallite size. Holocell: holocellulose.
Alpha-cell: alfa-cellulose

Wu et al. (2013) suggested that in some cellulosic materials, the mechanical
properties are dependent on the direction relative to the cellulose crystalline structure and
chain arrangement within the crystal structure. In a previous work, the crystalline
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properties of cellulose from the seven Eucalyptus wood species studied in this work were
evaluated (Carrillo et al. 2018a). Table 4 shows the results obtained in the work for the
crystallinity degree (Crl) and crystallite size (L) of the same Eucalyptus species evaluated
in this study. A significant correlation was observed between the crystallite size and
crystallinity degree of cellulose in wood with E values (Table 3), which could be related to
the arrangement of the cellulose microfibrils that influence the elastic modulus of the wood
cell wall (Wimmer and Lucas 1997; Gindl et al. 2004; Mufioz et al. 2012). According to
Das et al. (2010), a high hardness could be expected in cellulosic samples due to high
crystallinity and large crystallite size. However, those correlations were weak and not
significant (Table 3).

Table 4. Crystallinity Index (Crl) and Lateral Crystallite Size (L) of the Different
Eucalyptus Wood Species (Carrillo et al. 2018a)

Sample Crystallinity Index Lateral Crystallite Size
(%) (nm)
E. badjensis 51.6£0.5 1.82+0.01
E. benthamii 54+1 19+0.1
E. dunnii 57.6+0.8 2.06 £ 0.07
E. globulus 55.3+0.6 1.99 + 0.04
E. nitens 52+1 1.88 £ 0.04
E. smithii 53+2 1.91+£0.09
En X Eg (1) 56+ 2 2.06 £ 0.06
En X Eg (2) 54 +1 1.89+£0.09

Wu et al. (2010) suggested that the polymerization degree, in addition to
crystallization and holocellulose content, contributed to a higher hardness in cotton stalk
cell walls, which could be an interesting parameter to include in future work. Additionally,
is has been observed in regenerated fibers (Lyocell and viscose fibers) that the degree of
orientation of both crystalline and amorphous cellulose, which is an indication of the lateral
bonding degree, could influence the hardness of fibers (Gindl et al. 2006a).

Eucalytpus species that grew in the same field and same plantation conditions differ
in their chemical composition and fiber biometry. As expected, E. globulus frequently
shows the best chemical and fiber features for pulping procedures, such as a low lignin and
extractives content, high holocellulose content, high wood density, high coarseness, and
high fiber length. However, other Eucalyptus species may also be suitable as raw material
for forest products, working as reinforcement and/or filler in the development of new
composite or engineering materials (Mufioz et al. 2012), since their native wood fibers
provide material with adequate nanomechanical and supra-structural properties. Foresters
can discriminate among species and genotypes by applying several non-destructive
techniques to predict wood chemical composition (Jones et al. 2006), wood density (Isik
and Li 2003; Carrillo et al. 2017), and wood mechanical properties (Kelley et al. 2004). In
this work, no significant correlation between these features and nanomechanical properties
were stablished. According to Pearson results, XRD analysis might be an alternative for
nondestructive estimation of nanomechanical properties in Eucalyptus trees. However,
despite that the evaluated samples corresponded to unrelated Eucalyptus trees growing in
the same field and plantation conditions, additional analysis of a higher number of trees is
required in order to increase the statistical significance of the results.
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CONCLUSIONS

1. Eucalyptus species growing in the same field and same plantation conditions developed
wood with different chemical composition and different fiber biometry, while the
nanomechanical properties of the S> cell wall layer of native fibers also displayed
significant differences. The highest elasticity modulus and hardness averages were
observed in E. dunnii, while E. nitens exhibited the highest ductility ratio.

2. Significant and positive correlations were established between hardness versus cell
wall thickness and the elasticity modulus versus crystallinity index and crystallite size.

3. No significant correlation was observed among nanomechanical properties and the
chemical composition of Eucalyptus wood.

ACKNOWLEDGMENTS

The authors are grateful for the financial support from FONDECYT (Grant
1160306) and the provision of facilities and technical support by CESMI-UdeC for SEM
analysis. Isabel Carrillo-Varela thanks CONICYT-PFCHA/Doctorado Nacional/2018-
21180299.

REFERENCES CITED

Aguayo, M. G, Ferraz, A., Elissetche, J. P., Masarin, F., and Mendonca, R. T. (2014).
“Lignin chemistry and topochemistry during kraft delignification of Eucalyptus
globulus genotypes with contrasting pulpwood characteristics,” Holzforschung 68(6),
623-629. DOI: 10.1515/hf-2013-0190

Bolshakov, A., and Pharr, G.M. (1998). “Influences of pileup on the measurement of
mechanical properties by load and depth sensing indentation techniques,” Journal of
Materials Research 13(4), 1049-1058. DOI: 10.1557/JMR.1998.0146

Carrillo, 1., Aguayo, M. G., Valenzuela, S., Mendonga, R. T., and Elissetche, J. P. (2015).
“Variations in wood anatomy and fiber biometry of Eucalyptus globulus genotypes
with different wood density,” Wood Research 60(1), 1-10.

Carrillo, 1., Valenzuela, S., and Elissetche, J. P. (2017). “Comparative evaluation of
Eucalyptus globulus and E. nitens wood and fibre quality,” IAWA Journal 38(1), 105-
116. DOI: 10.1163/22941932-20170160

Carrillo, 1., Mendonga, R. T., Ago, M., and Rojas, O. J. (2018a). “Comparative study of
cellulosic components isolated from different Eucalyptus species,” Cellulose 25(2),
1011-1029. DOI: 10.1007/s10570-018-1653-2

Carrillo 1., Vidal, C., Elissetche, J. P., and Mendonca, R. T. (2018b). “Wood anatomical
and chemical properties related to the pulpability of Eucalyptus globulus: A review,”
Southern Forests: a Journal of Forest Science 80(1), 1-8. DOI:
10.2989/20702620.2016.1274859

Carrillo-Varela et al. (2019). “Eucalyptus species,” BioResources 14(3), 6433-6446. 6442



PEER-REVIEWED ARTICLE b | oresources.com

Cheng, Q., Wang, S., Rials, T. G., and Lee, S. H. (2007). “Physical and mechanical
properties of polyvinyl alcohol and polypropylene composite materials reinforced
with fibril aggregates isolated from regenerated cellulose fibers,” Cellulose 14(6),
593-602. DOI: 10.1007/s10570-007-9141-0

Das, K., Ray. D., Bandyopadhyay, N. R., and Sengupta, S. (2010). “Study of the
properties of microcrystalline cellulose particles from different renewable resources
by XRD, FTIR, nanoindentation, TGA and SEM,” Journal of Polymers and the
Environment 18(3), 355-363. DOI: 10.1007/s10924-010-0167-2

Gacitla, W. E., Ballerini, A. A., Lasserre, J. P., and Bahr, D. (2007). “Nanoindentaciones
y ultraestructura en madera de Eucalyptus nitens con micro y mesogrietas
[Nanoindentations and ultrastructure in Eucalyptus nitens with micro and
mesocracks],” Maderas, Ciencia y Tecnologia 9(3), 259-270. DOI: 10.4067/S0718-
221X2007000300006

Gindl, W., and Schdberl, T. (2004). “The significance of the elastic modulus of wood cell
walls obtained from nanoindentation measurements,” Composites Part A: Applied
Science and Manufacturing 35(11), 1345-1349. DOI:
10.1016/j.compositesa.2004.04.002

Gindl, W., Gupta, H. S., and Grinwald, C. (2002). “Lignification of spruce tracheid
secondary cell walls related to longitudinal hardness and modulus of elasticity using
nano-indentation,” Canadian Journal of Botany 80(10), 1029-1033. DOI:
10.1139/b02-091

Gindl, W., Gupta, H. S., Schéberl, T., Lichtenegger, H. C., and Fratzl, P. (2004).
“Mechanical properties of spruce wood cell walls by nanoindentation,” Applied
Physics A 79(8), 2069-2073. DOI: 10.1007/s00339-004-2864-y

Gindl, W., Konnerth, J., and Schéberl, T. (2006a). “Nanoindentation of regenerated
cellulose fibres,” Cellulose 13(1), 1-7. DOI: 10.1007/s10570-005-9017-0

Gindl, W., Schaéberl, T., and Keckes, J. (2006b). “Structure and properties of a pulp fibre-
reinforced composite with regenerated cellulose matrix,” Applied Physics A 83(1),
19-22. DOI: 10.1007/s00339-005-3451-6

Gomes, F. J. B., Colodette, J. L., Burnet, A., Batalha, L. A. R., Santos, F. A., and
Demuner, I. F. (2015). “Thorough characterization of Brazilian new generation of
Eucalypt clones and grass for pulp production,” International Journal of Forestry
Research 2015, 1-10 DOI: 10.1155/2015/814071

Huang, Y., Fei, B, Yu, Y., Wang, S., Shi, Z., and Zhao, R. (2012). “Modulus of elasticity
and hardness of compression and opposite wood cell walls of Masson pine,”
BioResources 7(3), 3028-3037. DOI: 10.15376/biores.7.3.3028-3037

Isik, F., and Li, B. (2003). “Rapid assessment of wood density of live trees using the
Resistograph for selection in tree improvement programs,” Canadian Journal of
Forest Research 33(12), 2426-2435. DOI: 10.1139/x03-176

Jones, P. D., Schimleck, L. R., Peter, G. F., Daniels, R. F., and Clark 111, A. (2006).
“Nondestructive estimation of wood chemical composition of sections of radial wood
strips by diffuse reflectance near infrared spectroscopy,” Wood Science and
Technology 40, 709-720. DOI: 10.1007/s00226-006-0085-6

Kelley, S. S., Rials, T. G., Groom, L. R., and So, C. L. (2004). “Use of near infrared
spectroscopy to predict the mechanical properties of six softwoods,” Holzforschung
58, 252-260. DOI: 10.1515/HF.2004.039

Carrillo-Varela et al. (2019). “Eucalyptus species,” BioResources 14(3), 6433-6446. 6443



PEER-REVIEWED ARTICLE b | oresources.com

Kibblewhite, R. P., Johnson, B. I., and Shelbourne, C. J. A. (2000). “Kraft pulp qualities
of Eucalyptus nitens, E. globulus, and E. maidenii, at ages 8 and 11 years,” New
Zealand Journal of Forestry Science 30(3), 447-457.

Kube, P. D., Raymond, C. A., and Banham, P. W. (2001). “Genetic parameters for
diameter, basic density, cellulose content and fibre properties of Eucalyptus nitens,”
Forest Genetics 8(4), 285-294.

Mansfield, S. D., and Weineisen, H. (2007). “Wood fibre quality and kraft pulping
efficiencies of trembling aspen (Populus tremuloides Michx.) clones,” Journal of
Wood Chemistry and Technology 27(3-4), 135-151. DOI:
10.1080/02773810701700786

McKinley, R. B., Shelbourne, C. J. A., Low, C. B., Penellum, B., and Kimberley, M. O.
(2002). “Wood properties of young Eucalyptus nitens, E. globulus, and E. maidenii in
Northland, New Zealand,” New Zealand Journal of Forestry Science 32(3), 334-356.

Meng, Y., Wang, S., Cai, Z., Young, T. M., Du, G., and Li, Y. (2013). “A novel sample
preparation method to avoid influence of embedding medium during nano-
indentation,” Applied Physics A 110, 361-369. DOI: 10.1007/s00339-012-7123-z

Muneri, A., and Raymond, C. A. (2001). “Nondestructive sampling of Eucalyptus
globulus and E. nitens for wood properties; 1l. Fibre length and coarseness,” Wood
Science and Technology 35(1-2), 41-56. DOI: 10.1007/s002260100088

Mufioz, F., Valenzuela, P., and Gacitda, W. (2012). “Eucalyptus nitens: Nanomechanical
properties of bark and wood fibers,” Applied Physics A 108(4), 1007-1014. DOI:
10.1007/s00339-012-7014-3

Ohshima, J., Yokota, S., Yoshizawa, N., and Ona, T. (2004). “Within-tree variation of
detailed fiber morphology and its position representing the whole-tree value in
Eucalyptus camaldulensis and E. globulus,” in Improvement of Forest Resources for
Recyclable Forest Products, Ona, T. (ed.), Springer, Tokyo, Japan, pp. 77-82

Ona, T., Sonoda, T., Ito, K., Shibata, M., Tamai, Y., Kojima, K., Ohshima, J., Yokota, S.,
and Yoshizawa, N. (2001). “Investigation of relationships between cell and pulp
properties in Eucalyptus by examination of within-tree property variations,” Wood
Science and Technology 35(3), 229-243. DOI: 10.1007/s002260100090

Ramirez, M., Rodriguez, J., Balocchi, C., Peredo, M., Elissetche, J. P., Mendonga, R.,
and Valenzuela, S. (2009a). “Chemical composition and wood anatomy of Eucalyptus
globulus clones: Variations and relationships with pulpability and handsheet
properties,” Journal of Wood Chemistry and Technology 29(1), 43-58. DOI:
10.1080/02773810802607559

Ramirez, M., Rodriguez, J., Peredo, M., Valenzuela, S., and Mendonca, R. (2009b).
“Wood anatomy and biometric parameters variation of Eucalyptus globulus clones,”
Wood Science and Technology 43(1-2), 131-141. DOI: 10.1007/s00226-008-0206-5

Savva, Y., Koubaa, A., Tremblay, F., and Bergeron, Y. (2010). “Effects of radial growth,
tree age, climate, and seed origin on wood density of diverse jack pine populations,”
Trees 24(1), 53-65. DOI: 10.1007/s00468-009-0378-0

Spurr, A.R. (1969). “A low-viscosity epoxy resin embedding medium for electron
microscopy,” Journal of Ultrastructure Research 26(1-2), 31-43. DOI:
10.1016/S0022-5320(69)90033-1

Turnbull, J. W. (1999). “Eucalypt plantations,” New Forests 17(1), 37-52. DOI:
10.1023/A:1006524911242

Carrillo-Varela et al. (2019). “Eucalyptus species,” BioResources 14(3), 6433-6446. 6444



PEER-REVIEWED ARTICLE b | oresources.com

Tze, W.T. Y., Wang, S., Rials, T., Pharr, G. M., and Kelley, S. S. (2007).
“Nanoindentation of wood cell walls: Continuous stiffness and hardness
measurement,” Composites Part A: Applied Science and Manufacturing 38(3), 945-
953. DOI: 10.1016/j.compositesa.2006.06.018

Valenzuela, P., Bustos, C., Laserre, J. P., and Gacitua, W. (2015). “Caracterizacion de
propiedades mecanicas para segregar familias de Eucalyptus nitens por
nanoindentacion en relacion al grade de agrietamiento de las trozas,” Maderas.
Ciencia y Tecnologia 17(3), 533-544. DOI: 10.4067/S0718-221X2015005000048

Valenzuela, P. C., Bustos, C. A., Lasserre, J. P., and Gacitua, W. E. (2012).
“Caracterizacion nanomecanica de la estructura celular y anatdmica de Eucalyptus
nitens y su relacion con la frecuencia de grietas y rajaduras en madera redonda,”
[Characterization nanomechanics of wood cell structure and anatomy in Eucalyptus
nitens and its relation to the cracking and fractures in round wood] Maderas, Ciencia
y Tecnologia 14(3), 321-327. DOI: 10.4067/S0718-221X2012005000006

Via, B. K., Stine, M., Shupe, T. F., So, C. H., and Groom, L. (2004). “Genetic
improvement of fiber length and coarseness based on paper product performance and
material variability - A review,” IAWA Journal 25(4), 401-414. DOI:
10.1163/22941932-90000373

Vincent, M., Tong, Q., Terziev, N., Daniel, G., Bustos, C., Gacitua, W. E., and Duchesne,
I. (2014). ““A comparison of nanoindentation cell wall hardness and Brinell wood
hardness in jack pine (Pinus banksiana Lamb.),” Wood Science and Technology
48(1), 7-22. DOI: 10.1007/s00226-013-0580-5

Wimmer, R., Downes, G. M., Evans, R., Rasmussen, G., and French, J. (2002). “Direct
effects of wood characteristics on pulp and paper handsheet properties of Eucalyptus
globulus,” Holzforschung 56(3), 244-25. DOI: 10.1515/HF.2002.040

Wimmer, R., and Lucas, B. N. (1997). “Comparing mechanical properties of secondary
wall and cell corner middle lamella in spruce wood,” IAWA Journal 18(1), 77-88.
DOI: 10.1163/22941932-90001463

Wimmer, R., Lucas, B. N., Oliver, W. C., and Tsui, T. Y. (1997). “Longitudinal hardness
Young’s modulus of spruce tracheid secondary walls using nanoindentation
technique,” Wood Science and Technology 31(2), 131-141. DOI:
10.1007/BF00705928

Wu, X., Moon, R. J., and Martini, A. (2013). “Crystalline cellulose elastic modulus
predicted by atomistic models of uniform deformation and nanoscale indentation,”
Cellulose 20(1), 43-55. DOI: 10.1007/s10570-012-9823-0

Wu, Y., Wang, S., Zhou, D., Xing, C., Zhang, Y., and Cai, Z. (2010). “Evaluation of
elastic modulus and hardness of crop stalks cell walls by nano-indentation,”
Bioresource Technology 101(8), 2867-2871. DOI: 10.1016/j.biortech.2009.10.074

Wu, Y., Wang, S., Zhou, D., Xing, C., and Zhang, Y. (2009). “Use of nanoindentation
and silviscan to determine the mechanical properties of 10 hardwood species,” Wood
and Fiber Science 41(1), 64-73.

Yildirim, N., and Shaler, S. (2016). “The application of nanoindentation for
determination of cellulose nanofibrils (CNF) nanomechanical properties,” Materials
Research Express 3(10), 105017. DOI: 10.1088/2053-1591/3/10/105017

Carrillo-Varela et al. (2019). “Eucalyptus species,” BioResources 14(3), 6433-6446. 6445



PEER-REVIEWED ARTICLE b | oresources.com

Yu, Y., Fei, B., Wang, H., and Tian, G. (2011). “Longitudinal mechanical properties of
cell wall of Masson pine (Pinus massoniana Lamb) as related to moisture content: A
nanoindentation study,” Holzforschung 65(1), 121-126. DOI: 10.1515/HF.2011.014

Zanuncio, A. J. V., Carvalho, A. G., Carneiro, A. C. O., Damasio, R. A. P., Valenzuela,
P., Gacitla, W., and Colodette, J. L. (2016). “Pulp produced with wood from
Eucalyptus trees damaged by wind,” CERNE 22(4), 485-492. DOI.
10.1590/01047760201622042222

Avrticle submitted: December 4, 2018; Peer review completed: March 23, 2019; Revised
version received: April 15, 2019; Accepted: May 18, 2019; Published: June 25, 2019.
DOI: 10.15376/biores.14.3.6433-6446

Carrillo-Varela et al. (2019). “Eucalyptus species,” BioResources 14(3), 6433-6446. 6446



