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Abstract A better understanding of how wood

nanostructure swells with moisture is needed to

accelerate the development of forest products with

enhanced moisture durability. Despite its suitability to

study nanostructures, small angle neutron scattering

(SANS) remains an underutilized tool in forest

products research. Nanoscale moisture-induced struc-

tural changes in intact and partially cut wood cell walls

were investigated using SANS and a custom-built

relative humidity (RH) chamber. SANS from intact

wood sections cut from each primary wood orientation

showed that although wood scattered anisotropically

across 1.3–600 nm length scales, measurement of

elementary fibril spacing and low-q surface scattering

were independent of orientation. Water sorption

caused spacing between elementary fibrils to increase

with RH, and this swelling accounted for over half the

transverse swelling in S2 secondary wood cell walls.

Elementary fibril spacing in longitudinally cut wood

cells, which were designed to mimic cells near wood-

adhesive bondlines, was greater than the spacing in

intact cells above 90 % RH. This suggested that some

cell wall hoop constraint from the S1 and S3 cell wall

layers on the S2 layer was released by cutting the cells.

Furthermore, increased spacing between elementary

fibrils may also create diffusion channels that are

hypothesized to be responsible for the onset of fungal

decay in wood. Protocols were established to use

SANS in future research to study adhesives and

protection treatments to improve moisture durability

in forest products.
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Introduction

Lignocellulosic materials from agriculture and forest

biomass are becoming an increasingly important

component of our sustainable future. Recently, much

research effort has focused on sustainably producing

fuels (Nanda et al. 2014) and industrial chemicals

(Sheldon 2014) from lignocellulosic materials. New

nanomaterials, such as cellulose nanocrystals (Moon
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et al. 2011) and lignin-based carbon nanofibers (Lai

et al. 2014), are being developed for high-performance

materials. However, not to be overlooked is the role of

forest products in the sustainability of our building

materials and the need for continued research to

elucidate molecular-scale phenomena that lead to

improved durability and the development of new

products. Traditional forest products, including solid

dimensional lumber, plywood, oriented strandboard,

fiberboard, and laminated veneer lumber, continue to

be the most cost-effective construction materials of

choice for many applications. New advanced forest

products, such as cross-laminated timber, are being

developed and becoming viable substitutes for steel

and concrete in larger structures, such as mid-rise

buildings and bridges (Robertson et al. 2012; Leh-

mann 2013). From an environmental perspective,

forest products are attractive because wood not only

can be sustainably sourced, but also results in less air

and water pollution than concrete and steel (Lippke

et al. 2004; Bergman et al. 2014; Oliver et al. 2014).

An improved understanding of wood structure and

moisture sorption effects across all length scales is

needed to accelerate the development of forest prod-

ucts with improved durability, including dimensional

stability and resistance to fungal decay. Small angle

neutron scattering (SANS) is well-suited to study

wood nanostructure, which is necessary to connect

molecular-scale phenomena to bulk properties. How-

ever, the complex wood structure results in compli-

cated scattering patterns that can be difficult to

interpret. Basic softwood structure is shown in

Fig. 1. Growth rings in the tree stem define the

tangential-longitudinal, radial-longitudinal, and trans-

verse primary planes in wood (Fig. 1a). Each growth

ring has earlywood and latewood rings, which have

thin and thick cell walls, respectively (Fig. 1b). More

than 90 % of cells are longitudinal tracheids, although

there are also a few ray cells oriented perpendicular to

the growth rings in the transverse plane (Fig. 1b;

Wiedenhoeft 2013). Pits facilitate liquid transport

between cells. Tracheid walls are made of a primary

and three secondary cell wall layers (S1, S2, and S3),

and neighboring cells are held together by the lignin-

rich middle lamella (Fig. 1c). Secondary cell walls

consist of parallel cellulose microfibrils helically

embedded in a matrix of lignin and hemicelluloses.

The angle the cellulose microfibrils make with the

longitudinal tracheid axis is called the microfibril

angle (MFA). The thickest and most dominant layer is

the S2; and its MFA, typically between 5� and 30�, is

fairly constant within the tracheids in a growth ring. In

the S1 and S3 layers, the MFA is much higher,

typically 50�–70� and[70�, respectively, and can vary

substantially within a given layer (Wiedenhoeft 2013).

Although the detailed structure of the S2 is still

debated, most evidence suggests that in the transverse

plane the microfibrils are organized in concentric

lamellae (Fig. 1d) that have 15–25 nm thickness

corresponding to the approximate diameter of a

cellulose microfibril (Fahlén and Salmén 2002; Sal-

mén and Fahlén 2006). Cellulose microfibrils are

composed of semicrystalline elementary fibrils, which

are approximately 3 nm across (Jakob et al. 1996) and

have less ordered regions between them (Fig. 1e). The

elementary fibril cross section is likely composed of

18 or 24 semicrystalline cellulose chains (Fernandes

et al. 2011; Newman et al. 2013; Thomas et al. 2013).

Fig. 1 Breakdown of hierarchical softwood structure illustrat-

ing the a bulk, b cellular, c tracheid wall layers, d S2 tracheid

wall layer, e microfibril levels
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The moisture content (MC) in wood, defined as water

mass divided by oven-dried wood mass, depends on

temperature and relative humidity (RH). Water is

absorbed by the accessible hydroxyl and other polar

chemical groups in the amorphous cellulose, hemicel-

luloses, and lignin. Recent molecular dynamics simu-

lations studying water sorption in amorphous cellulose

and hemicelluloses provide new insights and suggest

that at MCs below 10 %, water is initially bound in the

empty spaces between the amorphous polymers, result-

ing in minimal swelling, whereas at higher MCs, each

additional water molecule increases the volume equally

and swelling is directly proportional to MC (Kulasinski

et al. 2014, 2015a, c). At the fiber saturation point (FSP),

which depending on definition is between 30 and 40 %

MC, (Stamm 1971; Hernández and Bizoň 1994; Berry

and Roderick 2005; Engelund et al. 2013) the maximum

capacity for bound water is reached, and at higher MCs

free water forms in wood cavities. What is not

understood is how molecular-scale water sorption and

swelling relate to swelling throughout wood’s hierar-

chical structure and bulk wood properties.

In recent years, SANS has become an increasingly

popular tool in lignocellulosic research, particularly to

study the effects of pretreatments on the morphology

and nanostructure of various types of biomass (Pingali

et al. 2010, 2014; Nishiyama et al. 2014). Neverthe-

less, SANS has not yet been utilized to study the

combined effect of anisotropy and moisture-induced

swelling in wood nanostructure or as an operative tool

for forest products research. In this work, we studied

anisotropic structure and moisture-induced swelling in

loblolly pine as a function of RH over a broad range of

length scales (1–600 nm). Detailed information about

elementary fibril swelling was gained, and it was

shown that over half the transverse swelling in the S2

cell wall layer derives from swelling between ele-

mentary fibrils in the cellulose microfibrils. Swollen

regions between elementary fibrils may also be the

hypothesized diffusion channels that are responsible

for onset of fungal decay (Jakes et al. 2013). In

addition, 25-lm-thick longitudinal sections were

studied to mimic the swelling behavior of cut wood

cell walls near wood-adhesive bondlines, and it was

found that the elementary fibrils in cut wood cell walls

swell more than in intact cells above 90 % RH. The

broad implications for strategies to improve forest

products and how to use SANS in forest products

research are also discussed.

Experimental procedure

Specimen preparation

Latewood sections (0.5 mm thick) of each primary

orientation (transverse, radial-longitudinal, and tangen-

tial-longitudinal) were prepared for SANS from a single

growth ring of loblolly pine (Pinus taeda) using a razor

blade guillotine. Additionally, 25-lm-thick tangential-

longitudinal and radial-longitudinal sections were pre-

pared using a sled microtome equipped with disposable

microtome blades. A stack of 20 thin sections was used

to replicate the scattering path length of the 0.5-mm-

thick intact specimens. Samples were secured using

polyamide tape between two square Al holders

(25 mm2) with 19-mm circular holes. When the trans-

verse sections were wetted and secured at both ends,

they bowed out of plane because of moisture-induced

swelling. To prevent bowing, only one end was secured

while the other was allowed to swell freely. Because

latewood bands are only a few millimeters thick,

multiple transverse and radial-longitudinal sections

were placed next to each other to fill the area illuminated

by the beam. All specimens were soaked in D2O

(99.8 % atom % D, Sigma-Aldrich) for 24 h to improve

signal-to-noise ratio by exchanging the hydroxyl groups

in the water-accessible wood polymers to deuteroxyl

groups, (Fernandes et al. 2011; Nishiyama et al. 2014)

which decreased their incoherent scattering.

Humidity chamber

An RH chamber, custom-built from aluminum with

circular quartz windows (Fig. 2a), was used to test the

samples conditioned at humidity ranging from 25 to

95 % in situ. Samples immersed in D2O (100 % RH)

were also tested using square quartz liquid cells.

Samples secured inside the Al holders were mounted

inside the RH chamber onto the windows nearest to the

detector, as shown in Fig. 2b. Tangential-longitudinal

and radial-longitudinal sections were mounted with

the longitudinal direction perpendicular to the neutron

beam in the vertical direction. The transverse sections

were mounted with the tangential direction perpen-

dicular to the neutron beam in the vertical direction.

The humidity inside the chamber was controlled

using an L&C Science and Technology (Hialeah, FL,

USA) RH-200 relative humidity generator. D2O

(99.8 % atom % D, Sigma-Aldrich) was used instead
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of H2O in the RH generator to minimize incoherent

scattering from humidified air in the sample chamber.

Also by using D2O, the contrast between the moisture-

swollen wood polymers and the water-inaccessible

wood polymers was increased. Samples conditioned at

different humidity levels were measured at the Bio-

SANS instrument (Heller et al. 2014) at the High Flux

Isotope Reactor at Oak Ridge National Laboratory (Oak

Ridge, TN, USA). After removing the samples from the

24 h D2O soak they were patted dry and conditioned

with dry air inside the humidity chamber for 12 h. Then

the samples were conditioned for 3 h at each RH step

prior to data collection. Experiments were performed in

absorption with increasing RH values of 24, 51, 68, 77,

89, and 96 %. Samples immersed in D2O were

measured at the EQ-SANS instrument (Zhao et al.

2010) at the Spallation Neutron Source at Oak Ridge

National Laboratory (Oak Ridge, TN, USA).

Instrument configuration at Bio-SANS

Multiple instrument configurations were used to collect

the broadest range of scattering vectors available at the

Bio-SANS beamline. To cover the range 0.001 Å-1

\ q\ 0.55 Å-1, sample-to-detector (SDD) distances

of 0.3 and 6 m at wavelength k = 6 Å and 14.5 m at

k = 18 Å with a neutron spread Dk/k = 0.15 were

used. However, the time to collect this full q range was

prohibitively long to collect data at many humidity

points due to much lower neutron flux at k = 18 Å.

Therefore, the full q range was collected only at 89 %

RH for all 0.5-mm-thick sample orientations and at

45 % RH for the tangential-longitudinal sample. Data

were collected at more humidity levels at an additional

configuration that covered a shorter q range of

0.007 Å-1\ q\ 0.55 Å-1 using a k = 6 Å with a

neutron spread Dk/k = 0.15, and sample to detector

distances of 0.3 and 6 m. Circular aperture diameters of

40 and 12 mm for source and sample, respectively, were

used for all measurements. A 2D (1 9 1 m2) 3He linear

position-sensitive detector made up of 192 9 256 pixels

was used to record the data. Detector images were

normalized to the incident beam and monitor counts;

corrected for pixel sensitivity, detector dark current, and

background contributions; and scaled to absolute units.

Instrument configuration at EQ-SANS

Two different instrument configurations were used to

attain a broad range of scattering vectors

(0.004 Å-1\ q\ 0.55 Å-1). The lower q range

(0.004 Å-1\ q\ 0.06 Å-1) was obtained using an

SDD of 4 m and a minimum wavelength kmin = 9 Å.

The high q range (0.03 Å-1\ q\ 0.55 Å-1) was

Fig. 2 a Custom-built

humidity chamber used at

the Oak Ridge National

Laboratory HFIR Bio-

SANS beamline. b View of

0.5-mm-thick wood sections

secured in the humidity

chambers seen through the

quartz windows
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obtained using SDD of 1.3 m and kmin = 2.5 Å. The

beam was collimated using a source aperture of

25 mm and a sample aperture of 12 mm. A 2D

(1 9 1 m2) 3He position-sensitive detector made up of

192 9 256 pixels was used to record the data. Two-

dimensional data were reduced and corrected for dark

current, sample transmission, and detector sensitivity

using MantidPlot (Arnold et al. 2014).

Anisotropic data reduction

The radial distance from the beam center in the

detector images was converted to the reciprocal space

wave transfer vector

q ¼ 4p sin h
k

ð1Þ

where h is scattering angle and k is neutron beam

wavelength. Then, the 2D SANS data were anisotrop-

ically reduced to 1D using the sector averaging

routines provided at the Bio-SANS and EQ-SANS

beamlines. At Bio-SANS, for the tangential-longitu-

dinal and radial-longitudinal specimens the sector

azimuthal averaging was performed using the auto-

anisotropy, twofold symmetry tool implemented in

an Igor Pro package. Using the tool the intensity for

every q value was determined, and then the azimuthal

angle range was selected to be within 25 % of

maximum intensity for equatorial scattering and

within 25 % of minimum intensity for meridional

scattering. Scattering outside those sectors was dis-

carded. For the transverse specimens the scattering

patterns were asymmetric. Therefore, the sector sizes

needed to be set manually and the azimuthal angular

ranges adjusted in relation to the asymmetric diffrac-

tion peaks as will be illustrated in the results

section. At EQ-SANS, data reduction and azimuthal

averaging were performed in MantidPlot, with

the sector sizes set manually at 20� and the azimuthal

angular ranges based on the Bio-SANS analysis.

To further quantify differences between scattering

patterns and learn more about the origins of scattering,

the reduced data from sectors with strong diffraction

peaks were fitted to a model with two power laws and a

Gaussian peak:

IðqÞ ¼ B1q
�P1 þ B2q

�P2 þ Ae
ðq�q0Þ2

r2 þ B3 ð2Þ

The variables in Eq. 1 correspond to power law

exponents P1 and P2; scaling factors B1, B2, and A;

peak position q0 with peak width r; and background

B3. The fit convergence was based on a nonlinear least

squares regression that was implemented in the Irena

package (Ilavsky and Jemian 2009). Uncertainty of the

parameters was determined by calculating the range of

parameter values in which the v2
fit\1:05 v2

critical.

Results

2D SANS patterns from sections prepared with

transverse, radial-longitudinal, and tangential-longi-

tudinal orientations exhibited unique anisotropic

scattering over a broad q range (Fig. 3). Relatively

small differences were observed in scattering patterns

between radial-longitudinal and tangential-longitudi-

nal specimens, whereas large differences were

observed between the transverse specimen and the

other two.

Anisotropic scattering in the low-q range (Fig. 3a,

d, g, j) provided information about large structural

features (54 nm\ d\ 600 nm). In the radial-longi-

tudinal and tangential-longitudinal sections, the lon-

gitudinal tracheid axis was oriented perpendicular to

the neutron beam in the vertical direction. The

pronounced orientational scattering along the equato-

rial axis in the scattering patterns likely arose from the

lamellar structure in the S2 cell wall layer. The more

intense equatorial scattering in the radial-longitudinal

than the tangential-longitudinal section suggested a

more pronounced long range order. Longitudinal

tracheids have a nominally rectangular cross section

(Fig. 1b), and in the radial-longitudinal orientation the

longer side of the rectangle was oriented parallel to the

beam; therefore, a larger volume fraction of the

concentric lamellae in the S2 cell wall layer (Fig. 1d)

were oriented parallel to the beam, which is consistent

with the more intense equatorial scattering observed in

the radial-longitudinal section. Distinct meridional

scattering was also observed in the radial-longitudinal

section, but not the tangential-longitudinal sec-

tion. This meridional scattering likely arose from the

ray cells (Fig. 1b). In loblolly pine, these ray cells

include ray tracheids (Howard and Manwiller 1969),

which similar to the longitudinal tracheids have
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secondary cell wall layers with cellulose

microfibrils organized in lamellar structures. In

radial-longitudinal sections, the ray cells have

their long axis oriented perpendicular to the

neutron beam in the horizontal direction and

their lamellae caused preferential scattering in the

meridional direction.

In an ideal transverse section, the longitudinal axis

of the tracheids is oriented parallel to the neutron

beam. However, using an optical microscope post-

experiment, it was found that the longitudinal axis of

the tracheids was tilted approximately 16�with respect

to the incident beam during these experiments. The

transverse 2D SANS pattern at low q displayed

bidirectional scattering enhanced along an axis about

10� from the meridional axis, indicating there was a

higher volume fraction of S2 cell wall lamellae

oriented parallel to the beam along an axis about 10�
from the meridional axis. Similar to the radial-

longitudinal section, the transverse section had ray

cells with their long axis oriented perpendicular to the

neutron beam in the horizontal direction, but merid-

ional scattering from the ray cells was too weak to be

observed.

Fig. 3 Two-dimensional anisotropic scattering patterns of 0.5-

mm-thick wood sections over a broad q range from each primary

orientation: a–c radial-longitudinal (RL), d–i tangential-longi-

tudinal (TL), and j–l transverse (T). Results are from 89 % RH

(a–f, j–l) and 45 % RH (g–i) conditioning. The white spot in the

center of detector image is the shadow of the beam stop
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At the mid-q range, scattering from smaller features

(7 nm\ d\ 82 nm) led to anisotropic scattering

patterns that were similar in shape to the low-

q patterns, suggesting they provide similar structural

information (Fig. 3b, e, h, k). Cellulose microfibrils,

which are groups of elementary fibrils (Fig. 1e), were

expected to scatter at this length scale. However, no

structural information could be gained about microfib-

rils, perhaps because there was not sufficient long

range order of microfibrils, the contrast between

microfibrils and the surrounding less ordered regions

was too weak, or the scattering was convoluted with

contributions from other features.

Anisotropic scattering at high-q range (Fig. 3c, f,

i, l) provided information about smaller structural

features (1.3 nm\ d\ 16 nm). The patterns were

dominated by elementary fibril diffraction peaks

arising from the contrast between the D2O absorbed

by the less ordered regions of the cellulose microfibrils

and the interiors of the D2O-inaccessible semicrys-

talline elementary fibrils (Fig. 1e). Strong equatorial

diffraction peaks were observed in the tangential-

longitudinal and radial-longitudinal sections, and

asymmetric diffraction peaks were observed in the

transverse section. The equatorial diffraction peaks

have been correlated to the distance between neigh-

boring elementary fibrils (Fernandes et al. 2011;

Thomas et al. 2013). The similar equatorial diffraction

peaks in the radial-longitudinal and tangential-longi-

tudinal sections showed that at this length scale the

scattering is not dependent on radial or tangential

orientations. The diffraction peaks in the transverse

section were asymmetric because the elementary

fibrils were aligned close, but not parallel, with the

incident beam. Similar asymmetric patterns have been

observed in wide angle X-ray micro diffraction studies

of crystalline cellulose in Norwegian spruce cell walls

and flax fibers when the cellulose microfibrils were

tilted with respect to the incident beam at an angle

higher than the Bragg angle but less than 90�
(Lichtenegger et al. 1999; Paris and Müller 2003).

Meridional diffraction peaks from elementary fibrils

embedded in the ray tracheid cell walls were not

observed in the radial-longitudinal or transverse

sections. This was not unexpected because the scat-

tering intensity is proportional to the square of the

scattering volume, which was very small compared to

the longitudinal tracheids.

The 2D SANS patterns of stacked 25-lm-thick

radial-longitudinal or tangential-longitudinal sections

(not shown here) were similar to their corresponding

pattern from the intact 0.5-mm sections. The only

observable difference was that the equatorial diffrac-

tion peak at high q in the tangential-longitudinal stack

was more diffuse, suggesting slight misalignment in

the stacking of the 25-lm-thick sections.

SANS patterns over a broad q range from a 0.5-mm

tangential-longitudinal section held at 89 and 45 %

RH are shown in Fig. 3d–f, g–i, respectively, and

provided information about how wood nanostructure

and the resultant neutron scattering changed with

moisture content. At low q, equatorial scattering

becomes less intense with increasing RH, indicating

less contrast between the scattering features. The

features dominating scattering at these length scales

were likely the S2 layer lamellae composed of

cellulose microfibrils. The D2O being absorbed within

the microfibrils at increasing RH appeared to decrease

the lamellae contrast. There were no obvious differ-

ences in the mid-q range. The diffraction peak at high

q (Fig. 3f, i) shifted towards higher q with decreasing

RH, meaning that the spacing between the elementary

fibrils decreased. The diffraction peak intensity was

also substantially attenuated because the contrast

between the elementary fibrils and less ordered

regions decreased as D2O desorbed from the less

ordered regions.

Symmetric strong and weak diffraction sectors

(Fig. 4a) were used for tangential-longitudinal and

radial-longitudinal anisotropic data reductions,

whereas asymmetric sectors (Fig. 4b) were used

for the transverse data. The reduced data and model

fits to the strong diffraction sectors are shown in

Fig. 4c. A consistent power law of � q�4 was

observed for all orientations and RH conditions in

the lowest q range (q\ 0.01 Å-1), see line with

power law of q�4 in Figs. 4c and 5a. According to

Porod (Glatter and Kratky 1982) this corresponds to

scattering from well-defined interfaces between vol-

umes whose radii of gyration are likely much larger

than the q range probed in these experiments.

Scattering from the interfaces between the concentric

lamellae are the most likely contributors to this surface

scattering because compared to other internal surfaces,

namely empty wood cavities, they have a higher

number density and higher contrast. The constant
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power law indicated the surface roughness was not

moisture dependent and therefore absorbed water is

not changing the texture of the lamellar surface. The

highest-q power law exponent, P2 in Eq. 2, corre-

sponded to � q�1 for the tangential-longitudinal and

radial-longitudinal sections above 80 % RH, suggest-

ing for these orientations and moisture levels the form

factor scattering was dominated by rods, which could

be either the elementary fibrils or the elongated D2O

swollen polymers between the elementary fibrils. In

SANS, form factor scattering results from scattering of

a ‘‘particle’’ with a given shape and size distributions.

However, for the transverse section and the tangential-

longitudinal and radial-longitudinal sections below

80 % RH, the scattering was either highly convoluted

or extremely weak, which resulted in lower P2 values.

At high q, the reduced data from the strong diffraction

sectors possess obvious diffraction peaks. Interest-

ingly, data from the weak diffraction sectors also show

a small peak or shoulder. This feature is likely the

cumulative effect of elementary fibrils in domains

other than the longitudinal tracheid S2 layers, such as

the S1 and S3 layers or the ray cells.

Both the diffraction peaks in the strong diffraction

sectors and shoulders in the weak diffraction sectors

shifted towards higher q with decreasing RH for all

specimens tested, similar to the tangential-longitudi-

nal section 1D reduced data shown in Fig. 5a.

This indicated a change in elementary fibril spacing

with moisture content. Changes in elementary fibril

spacing with moisture content were also observed in

previous research using SANS (Fernandes et al. 2011;

Thomas et al. 2014) and small angle X-ray scattering

(Jakob et al. 1996; Kennedy et al. 2007). The strong

diffraction peaks in Fig. 5a were tracked as a function

of RH and the peak positions q0 related to the

elementary fibril spacings d using q0 ¼ 2p=d. The

changes in elementary fibril spacing with RH (Fig. 5b)

Fig. 4 SANS patterns from a a tangential-longitudinal (TL)

section and b a transverse (T) section held at 89 % RH showing

representative strong diffraction sectors (dotted lines) and weak

diffraction sectors (dashed lines) used for anisotropic data

reduction. c Azimuthally averaged data in absolute units from

the strong diffraction sectors (closed circles) and weak

diffraction sectors (open circles). The fits of the strong

diffraction data to the model I(q) in eq. 2 of two power laws

and a Gaussian peak are also shown (red line)
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follow the same trend as MC of bulk wood (Fig. 5c).

Quantitatively, the elementary fibril spacing for the

tangential-longitudinal 0.5-mm section agreed with

the reported values for earlywood Sitka spruce (Fer-

nandes et al. 2011; Fig. 5d). Additionally, the spacing

increases linearly with MC between 10 and 25 % MC

as supported by molecular dynamic simulations (Ku-

lasinski et al. 2015a). However, the elementary fibril

spacing behavior seems to change at the highest MCs.

By definition, the amount of absorbed water in the

wood cell walls immersed in water should be the same

as at fiber saturation point. Therefore, the MC of the

immersed specimen can be estimated as the fiber

saturation point MC and in Fig. 5d is plotted in the

30–40 % MC range (Stamm 1971; Hernández and

Bizoň 1994; Berry and Roderick 2005; Engelund et al.

2013). The spacing between the elementary fibril

appears to either reach a maximum below fiber

saturation point at approximately 25 % MC or be no

longer proportional to MC at the highest MCs.

The same elementary fibril spacing was measured

from each of the three primary orientations (Fig. 6a),

demonstrating that the transverse section diffraction

peaks are also arising from elementary fibril spacing

and any wood orientation could be used to accurately

measure elementary fibril spacing. The elementary
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Fig. 5 Swelling of bundles of elementary fibrils. a 1D reduced

data from tangential-longitudinal (TL) latewood section

obtained from 25 to 96 % RH during absorption, showing

how both weak and strong diffraction peaks shift towards higher

q as b the spacing between elementary fibrils in the microfibrils

decreased. c Plot of the swelling of the elementary fibril spacing

as a function of RH, showing the behavior is similar to loblolly

pine absorption isotherm (Zelinka and Glass 2010). d Plot of the

elementary fibril spacing versus MC, showing our data agrees

with values reported on earlywood Sitka spruce (Fernandes et al.

2011). The MC of the RH conditioned specimens was calculated

based on the absorption sorption isotherm (c) while the MC of

the immersed samples was estimated as 35 % based on the

30–40 % MC range for fiber saturation values reported in the

literature (Stamm 1971; Hernández and Bizoň 1994; Berry and

Roderick 2005; Engelund et al. 2013)
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fibril spacings of stacks of 25-lm-thick samples and

0.5-mm-thick intact samples are compared in Fig. 6b.

The elementary fibril spacing was similar between the

stack of 25-lm-thick sections and the intact specimen

except at the RH above 90 % and under D2O

immersion, in which the stacks had higher spacing.

This suggests that swelling between the elementary

fibrils of cut cells, such as in in wood-adhesive

bondlines, are only different at the highest moisture

contents.

Discussion

Results from wood sections cut from the three primary

orientations (Fig. 3) show that it is possible to gain

insight into the three-dimensional nanostructural fea-

tures within the cell wall from the three-dimensional

reciprocal space by testing different orientations.

However, these results also demonstrate that when

using small angle scattering as a tool in lignocellulosic

biomass research, such as biorefinery pretreatments,

(Nishiyama et al. 2014) or in future forest products

research, the orientation and moisture content of the

wood section must be carefully controlled for optimal

results. Cell wall lamellar scattering likely dominated

the low-q scattering and is orientation and moisture

dependent, with the most pronounced scattering from

the radial-longitudinal orientation and in the middle

ranges of RH. Additional experiments, such as rocking

curve experiments, are needed to further understand

the sensitivity to slight misorientations between the

wood primary planes and neutron beam on the

scattering patterns. However, obtaining quantitative

information about the elementary fibril spacing in the

high-q range is not orientation dependent.

Swelling and shrinking of wood caused by changes

in moisture content is one of the major durability

issues in forest products. An improved understanding

of the underlying swelling processes would accelerate

the development of both bulk wood chemical modi-

fications to improve dimensional stability and mois-

ture durable wood adhesives. It is generally accepted

that the stiff cellulose microfibrils, which are for the

most part aligned longitudinally in wood, restrict

swelling strains in that direction to\0.1 %. However,

swelling strains in the transverse plane are much

higher and depend on the structural level at which they

are measured. In Fig. 7, transverse swelling strains as

a function of humidity conditioning at the cellular, S2

tracheid wall layer, and microfibril levels are plotted.

All the strains are from latewood in a softwood

species. Transverse isotropy is observed in swelling

strains at the cellular and microfibril length scales,
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Fig. 6 Trends in the swelling of the elementary fibril spacing.

a No difference is evident between the three primary orienta-

tions, namely, tangential-longitudinal, radial-longitudinal, and

transverse. b At high RH, the stacks of 25-lm-thick sections

exhibited higher elementary fibril spacings. Tangential-longi-

tudinal (TL) data curves have been offset by 5 Å from the radial-

longitudinal (RL) curves for clarity. Samples immersed in D2O

are plotted at 100 % RH
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whereas anisotropic swelling occurs in the secondary

cell wall. Strains are about an order of magnitude

higher in the microfibrils than at the cellular scale,

suggesting the structure of wood connecting these

length scales accommodates a large portion of the

strain. In the S2 secondary cell wall, the plotted strains

are much higher in the direction normal to the cell wall

thickness than parallel to the cell wall thickness,

(Rafsanjani et al. 2014) which is in agreement with

other work (Ishimaru and Iida 2001; Murata and

Masuda 2006).

Previous researchers proposed that the majority of

moisture is absorbed between the concentric microfib-

ril lamellae in the secondary cell walls and that is why

the S2 tracheid wall layer swelling is greatest in the

direction normal to cell wall thickness (Bouteje 1962;

Rafsanjani et al. 2014). However, simple calculations

based on the data in Fig. 7 show that in the transverse

plane the contributions of microfibril swelling in the

S2 secondary cell wall layer are greater than the total

sum of the remaining components. In Fig. 7, strains

are set to 0 at 25 % RH and results are available for

both the S2 secondary cell wall and elementary fibrils

from 25 to 85 % RH. Over this range, the S2

secondary cell wall swells about 20 and 4 % in the

directions perpendicular and parallel to the cell wall

thickness, respectively, resulting in an overall 25 %

increase in transverse plane area. For elementary

fibrils over the same humidity range, an approximately

16 % strain increase is observed and, assuming a

rectangular microfibril cross section, results in a 35 %

increase in microfibril cross-section area. Now, con-

sidering that cellulose microfibrils account for about

40 % of the area in the S2 secondary cell wall

transverse plane, (Rowell et al. 2005) about 55 % of

the S2 secondary cell wall swelling in the transverse

plane originates in the microfibril. Hence, chemical

modifications and adhesives must target and prevent

swelling in the microfibrils to improve moisture-

related dimensional stability in forest products.

Anisotropic swelling in the transverse plane of the

S2 secondary cell wall likely arises from structural

features within and between the concentric microfibril

lamellae, and not anisotropic transverse swelling of

the microfibrils themselves. It is conceivable that a

microfibril with regularly oriented elementary fibrils

swells anisotropically because different surfaces of

cellulose crystals have different degrees of

hydrophilicity that would absorb water differently

(Bondeson et al. 2006). Then, if the microfibrils were

regularly oriented in the concentric lamellae, aniso-

tropic swelling in the microfibrils could contribute to

anisotropic swelling of the concentric lamellae and the

S2 secondary cell wall. However, it is unlikely such

regular ordering of the elementary and microfibrils

exists. Both experimental and theoretical results

showed a longitudinal twist in both elementary fibrils

and microfibrils, (Hanley et al. 1997; Bondeson et al.

2006; Atalla et al. 2014) which would average out any

potential anisotropic microfibril swelling contribu-

tions to the S2 secondary cell wall anisotropic

swelling.

Before adhesive application in modern forest

products, such as plywood, laminated veneer lumber,

and cross-laminated timber, wood surfaces are
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typically cut with sharp blades either in a planer or

veneer cutting process (Frihart 2005). The result is

often a longitudinally cut wood cell at the interface

between the adhesive and wood substrate in the

bondline. The stacks of 25-lm-thick sections studied

were meant to mimic those cut cells and investigate

the potential role of the S1 and S3 layers in

constraining microfibril swelling. Because the cellu-

lose microfibrils in the S1 and S3 layers are embedded

at high ([50�) microfibril angles, these layers can

withstand large hoop stresses during swelling, which

is likely important because compressive swelling

stresses up to 90 MPa have been estimated to evolve

in wood cell walls during moisture-induced swelling

(Tarkow and Turner 1958). Such compressive stresses

would be expected to decrease the MC in wood

polymers compared to the unstressed state (Kulasinski

et al. 2015b). A significant increase in elementary

fibril spacing in the cells with cut S1 and S3 layers was

only observed at the highest humidity and under D2O

immersion (Fig. 6b). This means that the S1 and S3

layer constraint becomes important only at high levels

of moisture-induced strain; and a 0.5-mm-thick intact

wood section should be representative of cut wood

cells in the bondlines up to 90 % RH in future

SANS studies on the effects of wood adhesive cell

wall infiltration on moisture-induced swelling of

microfibrils.

The approximate 10-Å increase in elementary fibril

spacing during moisture sorption (Fig. 5d) may indi-

cate the creation of diffusion channels for chemical

transport through the microfibrils in wood cell walls.

Jakes and coworkers recently proposed that the

mechanism for chemical transport through wood cell

walls was the percolation of rubbery regions in

hemicelluloses and amorphous cellulose networks

and that the creation of these diffusion channels is

the underlying mechanism responsible for the onset of

fungal decay and fastener corrosion in forest products

(Jakes et al. 2013). However, in the original schematic,

diffusion channels within the microfibrils were not

considered. These SANS results informed a refine-

ment to their schematic to include the creation of

microfibril diffusion channels. In the new schematic

shown in Fig. 8, microfibrils composed of elementary

fibrils are at the top and bottom. Disordered cellulose

chains, and possibly the hemicellulose glucomannan,

(Salmén and Fahlén 2006) compose the disordered

regions between elementary fibrils. Amorphous cel-

lulose and hemicelluloses form sheaths around the

cellulose microfibrils, (Terashima et al. 2009; Ste-

vanic and Salmén 2009) and hemicelluloses also form

networks perpendicular to the cellulose microfibrils

(Terashima et al. 2009). The remaining space between

microfibrils is filled with lignin. As moisture is

absorbed regions of amorphous cellulose and hemi-

celluloses transform from glassy to mechanically

softened rubbery state as they pass through a mois-

ture-induced glass transition, which is expected to

occur in approximately the 11–15 % MC range

(Cousins 1978; Kelley et al. 1987; Olsson and Salmén

2004). Above a threshold MC, percolated networks of

rubbery domains form diffusion channels to facilitate

long-range chemical transport. The threshold moisture

content for Zn, Cu, K, and Cl ion diffusion in wood

cell walls is verified experimentally to be in the same

Fig. 8 Refined schematic of the proposed creation of diffusion channels during moisture uptake in the S2 cell wall layer nanostructure
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MC range as the moisture-induced glass transition in

hemicelluloses and amorphous cellulose (Zelinka

et al. 2015). If the hypothesized connections between

elementary fibril swelling, diffusion channel creation,

and onset of wood degradation are further confirmed,

SANS will be a valuable tool researchers can use to

study wood treatments that are known to impart decay

resistance, such as current commercial treatments

[e.g., acetylation (Rowell et al. 2009)] and heat

treatment, and inform both the improvement of these

current nontoxic wood protection treatments and the

development of future wood protection treatments.

Furthermore, these diffusion channels are necessary

for the infiltration of chemicals and wood adhesives

into the wood nanostructure to improve dimensional

stability.

Conclusions

Anisotropic SANS patterns from each primary orien-

tation of wood provided new insights to the three-

dimensional nanostructure and moisture-induced

swelling in wood. Elementary fibril spacings can be

accurately measured from any orientation and

increased proportionally with moisture up to approx-

imately 25 % MC, above which the spacing seemed to

saturate, suggesting the maximum amount of water

absorbed in the microfibril is reached before the bulk

wood fiber saturation point. Calculations estimate that

swelling between the elementary fibrils accounts for

55 % of the transverse swelling in the S2 cell wall

layer; thus, chemical modifications meant to improve

moisture-related dimensional stability need to target

and prevent the microfibril swelling. Elementary fibril

swelling in partially cut cell walls only behaves

differently at high MC. Based on the SANS results, we

propose that diffusion channels are being created

inside microfibrils during moisture sorption. Using

established protocols, SANS is now a valuable tool for

forest products research that can be used to develop

improved wood protection treatments and wood

adhesives.
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