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ABSTRACT

While it is known that exposing wood to high levels of moisture, fire, or decay agents such as
fungi can be detrimental for its performance, what is often missing in literature is a holistic
understanding of how wood nanostructure changes due to these exposures. This is of particular
interest since treatments that are meant to impart resistance can alter these length scales and/or
modify their hygroscopic behavior. Yet, our knowledge of how protection treatments, such as
chemical modification, alter the wood nanostructure is limited. X-ray and neutron scattering
techniques are uniquely suited to probe these questions but remain underutilized in wood research.
Small angle scattering can be used to measure the extent of chemical infiltration in the cell walls
as well as the nanoscale swelling, while wide-angle scattering can probe changes in the cellulose
crystalline structure. By combining these techniques, key nanoscale features that correlate with
wood macroscale properties have been identified. For instance, model degraded woods with
diminished mechanical properties had increased nanoscale disorder and swelling, while decay
resistant chemically modified woods had reduced nanoscale swelling, and nanoscale features that
were resistant to fungal exposure. An overview of the techniques as well as perspectives on the
opportunities for their use in future wood protection research will be provided.

Keywords: x-ray scattering, neutron scattering, elementary fibrils, chemical modification,
decay resistance

1. INTRODUCTION

While it is widely known that decay of wood leads to considerable strength loss at early stages of
degradation (Arango ef al. 2021, Ibach et al. 2014), our fundamental understanding of how current
wood protection treatments impart decay resistance is limited. Recent research has shown that
changes in the wood nanostructure can help explain moisture and mechanical properties of
degraded wood systems (Broda ef al. 2025), thus improving our understanding of modification of
wood nanostructure could help inspire new wood protection systems. Knowledge gaps in this area
stem from two main factors: (1) studying wood nanostructure is challenging, and (2) most efforts
to study wood biodegradation at the nanoscale have been focused on understanding biodegradation
from a mimicry standpoint. Although studying wood nanostructure continues to be challenging
due to the poor contrast between the wood polymers and the structural complexity of the wood
cell wall, scattering-based techniques could help fill these knowledge gaps, particularly with
regards to changes at the elementary fibril level.

Previous work using X-ray diffraction and wide-angle X-ray scattering (WAXS) have provided
insights on how fungi degrade cellulose and impart changes to its crystalline structure (Howell et
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al. 2009, Hastrup et al. 2012, Zhu et al. 2022). Similarly, small angle neutron scattering (SANS)
and small angle x-ray scattering (SAXS) have been used to measure the packing of the elementary
fibrils and the elementary fibril diameter in woods that have been degraded via enzymatic or non-
enzymatic treatments (Goodell et al. 2017, Zhu et al. 2020), and chemical treatments (Zitting et
al. 2024, Pingali et al. 2010, Broda et al. 2025). SANS and SAXS have also been used to study
the effects of chemical infiltration in contemporary wood (Plaza et al. 2019, Penttild et al. 2020,
Chen et al. 2021) and as well as archaeological waterlogged treated woods (Plaza et al. 2025).
Most recently, SAXS-based tomography has been used to visualize the effects of thermal
degradation in the transverse plane of charred wood samples without the need for sectioning (Plaza
et al. 2024), however, this technique has yet to be utilized to study fungal degradation or wood
protection systems.

This manuscript summarizes the key considerations for using SANS and SAXS-based techniques
to study modified and/or decayed wood material. The effects of degradation and/or chemical
modification on scattering data and multi-modal images such as scattering-based tomography are
also shown and discussed.

2. EXPERIMENTAL METHODS

In general, preparation of wood specimens for scattering measurements is minimal. However,
instrument geometry and primary anatomical orientation of the wood sample with respect to the
detectors must be carefully considered. Sample thickness can vary from 2 microns to Imm
depending on the technique. Typically, thicker samples are preferred for neutron scattering
experiments or x-ray scattering experiments where a larger probed volume is desired. Thinner
specimens can be used at synchrotron beamlines and are useful for studying individual wood cell
wall layers. All data shown here was obtained from longitudinal sections that were cut from larger
lem x Iem x 1ecm blocks using a razor blade.

Scattering data is collected in reciprocal space. The accessible length scales in each experiment
are defined in terms of the wavevector ¢, which is determined from the incident wavelength A,
scattering angle 0 as follows:

q = 4nsin(20)/ A (1)

2.1 Small angle scattering

Small angle neutron scattering (SANS) data shown is from previous research (Ibach et al. 2022,
Broda ef al. 2025 and Plaza et al. 2025). These were taken from unmodified and chemically
modified Pinus spp. exposed to Gloeophyllum trabeum (Pers.) Murrill isolate MAD-617-R for 12
weeks at 26.7 °C and 70% Relative Humidity (RH) per ASTM D1413 (ASTM, 1999, Ibach et al.
2002), Pinus sylvestris L. exposed to Coniophora puteana (Schum.: Fr.) P. Karst. isolate BAM
112 (BAM Ebw. 15) for 8 weeks at 24 + 1 °C and 70 £ 5 RH in Kole flask decay chambers (Broda
et al. 2022; Broda et al. 2025), and 1000-year-old archaeological waterlogged oak (Quercus robur
L.) excavated from the Wielkopolska Region, Poland (Plaza et al. 2025). All data was obtained at
the Bio-SANS beamline at the Oak Ridge National Laboratory (Oak Ridge, Tennessee, USA)
using the standard dual detector configuration, and titanium cells that allowed measurement of
longitudinal wood sections (~0.7 — 0.8 mm thick) while immersed in D>O for maximum contrast.
Larger thicknesses would result in more attenuated scattering profiles with less pronounced small
angle diffraction peaks. Small angle x-ray scattering (SAXS) data shown is from (Broda et al.
2025, and Plaza et al. 2025) and was obtained from dry longitudinal sections (~0.8mm thick)
measured at room and temperature conditions. Data was collected at the Oak Ridge National



Laboratory using a Xeuss 3.0 by Xenocs (Grenoble, France) x-ray scattering system with a Ga
metal jet source and a 0.5 mm spot size.

2.2 Multi-modal imaging

Radial-longitudinal sections (10 mm long with a 1.5 — 2mm square cross-section) were cut from
lem cubes of Pinus taeda spp. that were exposed to the decay fungus G. trabeum (Pers.) Murrill
isolate MAD-617-R in soil bottles following the American Wood Protection Association Standard
E-10-22 (AWPA, 2022). Soil bottles were incubated at 27 °C, 70% RH for up to 12 weeks. The
blocks were removed after different exposure times (i.e. 2-week, 6-weeks, etc.), oven dried (60°)
overnight and reconditioned at 27 °C, 30% RH. Imaging specimens were cut so that they contained
both earlywood and latewood sections within an exposed sample. Then, these specimens were
measured using the structural scanning configuration (Yang et al. 2022) with a focused X-ray
beam spot size of 5 microns at the 161D LiX beamline at the National Synchrotron Light Source
IT at the Brookhaven National Laboratory (Upton, New York, USA). Tomographic reconstructions
were performed based on small angle x-ray scattering (SAXS), wide-angle x-ray scattering
(WAXS) and x-ray fluorescence (XRF). XRF allows to map the trace amounts of mid- to high-Z
elements in the wood cell walls at the spatial resolution of the X-ray beam (Paunesku et al. 2006).
Wood longitudinal sections were mounted so that the longitudinal axis was vertically oriented and
perpendicular to the incident beam. To minimize self-absorption effects in the analyzed region,
which was either adjacent or opposite the feeder strip, samples were first tapered to form a thin
tip. Measurements were then taken at various locations away from the tip to test for self-absorption
effects in the fluoresced photons. Tomographic reconstructions based on the scattering contrast
were performed using tomopy libraries (Glirsoy ef al. 2014) as outlined in (Yang 2024). The
following g-ranges were used to define the structural maps: 0.08- 0.18 A™! for SAXS, and 1.52 -
1.58 A"l for the WAXS crystalline signal (based on the 200-diffraction peak) and 1.26 - 1.32 A"}
for the amorphous component. A crystallinity index map was calculated by subtracting the
amorphous signal from the crystalline map and then dividing it by the total crystalline signal.
Fluorescence detectors allowed for simultaneous mapping of physiologically relevant elements:
Fe, K, Ca, Mn and Zn across the wood cellular structure.

3. DEGRADATION EFFECTS ON SMALL ANGLE SCATTERING DATA

SANS and SAXS data from non-degraded and degraded wood samples are shown in Fig 1 a. For
non-degraded wood, the long-range order of the elementary fibrils in the cell wall gives rise to a
small angle diffraction (q~0.15 A™!). As moisture enters the microfibrils the peak position shifts
towards lower q as they swell (Plaza et al. 2016). The diffraction peak is much more pronounced
in SANS data compared to SAXS because neutrons have higher contrast than x-rays. As the wood
polymers are targeted by the decaying organism, the long-range order of the elementary fibrils,
which gives rise to the small angle diffraction peak, is lost, and eventually the peak becomes
indistinguishable. Chemically modifying wood can change wood nanostructure and the water
accessibility of microfibrils. The effects of chemical modification (closed symbols) and
subsequent fungal exposure (open symbols) on SANS data is shown in Fig 1b from Ibach et al.
2022. Chemically modified woods that suffered little weight loss due to a 12-week exposure to G.
trabeum still contained the small angle diffraction peak due to water entering spaces between the
elementary fibrils, albeit its intensity is less than chemically modified wood that had not been
exposed to G. trabeum. Whereas chemically modified wood that was not resistant to G. trabeum
lost this characteristic feature. Thus, chemical modifications that provided decay resistance also
protected the wood nanostructure, particularly at the elementary fibril level.



T
P 1 ; -@ Non-degraded pine b
1 . i # Pine exposedto C. puteana (8-weeks) 1 1 1 2 P 1
) T\ 4 5 -& Archaeological waterlogged oak
1000 4<% 4 z .
000 4\ 11 000 G. trabeum resistant Notresistantto
E P ; G. trabeum
1 NN\ 100
100 - X\
o 3 e =
7 A0 ¢
E R E 10 §
%y [S)
L 104 MY <
~>‘ 3 "\ = o4
7} N ! @
£2 1 Tx, ; T T T c
) ; Yy 005 010 015 020 ]
— Wx, 1
E '] Wy q(A") £ 1
R ¢ -
LN 001 - EPB modification PO modification
014 _ N Red: SWPG - Red: 6WPG R
J -®- Non-degraded pine “"‘!m Blue: 31 WPG =0l [Blue: 30WPG ‘*"f‘
3 * PineexposedtoC. puteana (8-weeks) » Open: 12-week soil block test (G. zrabeumJ "] Open: 12-week soil block test (G. trabeum). V‘
q-v- Archaeologlcalwa(erlogged oak(1000-yr-old) “«s 0001 g Closed: Noexposure Closed: No exposure v
3 H W 2 2 4s5gr8 ) 2 3 45678 iser 2 3 4867 2 3 45618 - ‘.
3 ‘5573001 7 o 4_57201 2 3745678 2001 (A;O)’ L ‘”'0:)1 2 :Assro|1 2 3 4567
-1 q -1
q A7) g (A7)

Figure 1: Effects of degradation on SANS data from (a) unmodified southern pine and (b) chemically
modified southern pine showing that G. trabeum resistant samples still contain the SANS peak whereas
non-resistant samples do not (shown in dashed oval). Effects of degradation on SAXS data from
unmodified southern pine is shown in inset of (a). Data from scots pine exposed to C. puteana for 8-
weeks (~40% mass loss) is from Broda et al. 2025, and archaeological waterlogged oak (~10% mass loss)
is from Plaza ef al. 2025. SANS data from southern pine modified with epoxybutene (EpB) (left side of
(b)) or propylene oxide (PO) (right side of (b)) is from Ibach et al. 2022.

From the position (qpk) of the small angle diffraction peak, we can obtain the elementary fibril

spacing (EF) as:
EF= 27[/qpk (2)

The effects of chemical modification (as weight percentage gain (WPG) due to modification) and
mass loss due to fungal exposure in a soil-block test are shown in Figure 2. Ibach et al. 2022,
showed that increasing the WPG lowered EF (Fig. 2a). As wood is degraded EF increases, and the
amount of swelling exceeds that of non-degraded unmodified wood. The chemical modifications
most effective at imparting decay resistance reduce the amount of swelling at the elementary fibril
level and lower the EF to values that are comparable to unmodified wood samples conditioned at
25 -40% RH (Plaza et al. 2016).



a) 6.5 BO APO ¢EpB  XEpH b) 6.5 +BP  XAO ®BO APO OEpB  OFpH
6.0 6.0
E 55 T 55
[=
< = A
c 50 B 5o
= S
g ————————— Wetunmodifiedwood = = = = = = = = g
o 45 ° A o 4.5
5 s X 8 b 7
w40 T 40
- . % > CL
I @©
£ 35 J £ 35
£ g
= 30 . §
[ e R i Dryunmodified wood ——————— o 3.0
25 25
-2 5 12 18 26 33 40 -5 5 15 25 35 45 55
Weight percentage Gain (WPG) (%) Mass Loss (%)

Figure 2: Effects of (a) chemical modification and (b) degradation on the elementary fibril spacing of
chemically modified woods fully immersed in heavy water. Data for southern pine modified with
butylene oxide (BO), propylene oxide (PO), epoxybutene (EpB) and epichlorohydrin (EpH) with and
without 12-week exposure to G. trabeum is from Ibach et al. 2022. Data for degraded scots pine (BP)
caused by fungal exposure to C. puteana and archacological waterlogged oak (AO) is from Broda et al.
2025 and Plaza et al. 2025, respectively.

4. ASSESING DEGRADATION WITH MULTI-MODAL IMAGING

Tomographic maps from the Fe XRF as well as the scattering contrast at the elementary fibril level
and the cellulose crystalline structure are shown in Figure 3 for a non-degraded wood sample (left)
and for a sample that had been exposed to G. trabeum for 6-weeks (right) corresponding to
approximately 26% mass loss. Fe maps were included because Fe is generated via a chelator
mediated Fenton reaction and is one of the main non-enzymatic decay mechanisms used by G.
trabeum (Arantes and Goodell 2014). The earlywood and latewood regions are clearly visible in
the SAXS maps, and a small decrease in intensity is observed due to degradation. Cellulose
crystallinity decreases following the exposure but to different extents throughout the sample. For
the non-degraded control sample, the crystallinity index is uniform throughout both earlywood and
latewood whereas in the degraded sample the earlywood is much less crystalline compared to the
latewood. While a general loss in crystallinity following brown rot exposure has been observed
previously (Howell ef al. 2009, Hastrup et al. 2012), the heterogeneity observed in this work would
likely be missed in traditional x-ray diffraction experiments such as powder diffraction. In the
degraded sample, the concentration of Fe in the cell wall increases throughout the sample, which
is consistent with previous XFM experiments (Kirker ef al. 2017, Zelinka et al. 2019). By utilizing
multi-modal imaging, we were able to visualize distributions of elementary fibril scattering,
cellulose crystallinity, and ion movement in wood exposed to G. trabeum. This was one of the first
attempts to use this type of imaging to better understand fungal decay as it progresses through
untreated wood.
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Figure 3: Effects of exposure to the brown rot decay fungus G. trabeum on the tomographic maps based
on the scattering from elementary fibrils (SAXS), cellulose crystallinity index and the x-ray fluorescence
(XRF) of Fe ions in the transverse cellular structure.

5. SUMMARY AND OUTLOOK

Scattering-based techniques have proven to be useful to study nanoscale swelling and
degradation in wood due to chemical treatments and/or fungal exposure. Chemical modifications
that impart decay resistance can protect wood nanostructure and reduce swelling at the
elementary fibril level. Yet, more experiments exploring the temporal changes associated with
chemical modification and fungal exposure are still needed to identify other mechanisms
associated with improved decay resistance. By combining x-ray fluorescence with scattering-
based tomography we can gain a more complete understanding of how degradation imparts
changes in wood’s hierarchical structure and distribution of chemicals in the wood cell walls.
Thus, multimodal imaging offers a unique opportunity for future studies aiming to understand
decay protection mechanisms in chemically modified woods.
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