31

32
33
34
35
36
37
38
39

40
41
42
43
44

. . F
Environmental Sciences ml\D Pl
Proceedings =

Proceedings

Using Thermal Neutron Imaging in Forest Products
Research *

Nayomi Z. Plaza’, Rebecca E. Ibach?!, Laura Hasburgh?, Michael Taylor?

! Forest Biopolymers Science and Engineering, USDA Forest Service, Forest Products Laboratory, One
Gifford Pinchot Dr., Madison, WI 53726, USA; rebecca.e.ibach@usda.gov

2 Building and Fire Sciences, USDA Forest Service, Forest Products Laboratory, One Gifford Pinchot Dr.,
Madison, WI 53726, USA; laura.e.hasburgh@usda.gov

3 Phoenix Neutron Imaging Center, 5125 Lacy Rd, Fitchburg, WI 53711, USA;
michael.taylor@phoenixwi.com

* Correspondence: nayomi.plazarodriguez@usda.gov

1t Presented at the 1st International Electronic Conference on Forests, 15-30 November 2020;

Available online: https://sciforum.net/conference/I[ECF2020
Published:

Abstract: Neutron imaging is a non-destructive evaluation technique with enhanced hydrogen
sensitivity that allows researchers to monitor water content and transport in materials. In
lignocellulosic research, this technique has typically been used to measure changes in moisture
content, water transport and even local changes in the density of wood. Yet, studies looking into the
combined effects of moisture-uptake, chemical modifications and thermal degradation are still
lacking. This is perhaps due to the inherent limited availability of these instruments and their lesser
spatial resolution compared to x-ray imaging. While recent advances in detector technology and
neutron production have led to continued improvements in both instrument availability and spatial
resolution, the technique remains underutilized in forests products research. Here, we used thermal
neutron imaging to measure differences in the attenuation of the neutron beam due to acetylation
in both solid wood samples and wood-plastic composite samples, as well as a thermally degraded
wood sample. Our results show that moisture plays a key role in the contrast. Moreover, we showed
that the attenuation coefficient is particularly sensitive to changes in density and/or local hydrogen
content caused by thermal degradation of the wood polymers.

Keywords: neutron imaging; radiography; thermal degradation; acetylated wood

1. Introduction

There is an increased interest in the use of forest products for construction beyond low-rise,
residential purposes due to their sustainability and ability to sequester carbon [1]. Yet, when used
outdoors these products are subject to various environmental conditions that can compromise their
long-term durability. Non-destructive evaluation that can provide insights on how forest products’
material properties are affected by these conditions could be valuable in accelerating the
development of effective and environmentally friendly protection systems. However, characterizing
wood and other lignocellulosic materials is difficult because of their inherently complex chemistry
and hierarchical structure. Moreover, the contrast between the polymeric constituents is often poor.

Neutron-based technologies are uniquely suited to probe lignocellulosic materials because
neutrons interact with the sample nuclei and have no dependence with the atomic number [2].
Neutron imaging (also referred to as neutron radiography in the literature) can be used to non-
destructively study the bulk distribution of moisture and other hydrogen-rich components with sub-
mm spatial resolution depending on the source and detector technology used [3]. Thus, this technique
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is becoming an important tool in cultural heritage research of ancient artifacts including pottery,
metal cladded statues and even fossilized woods [3,4]. Its high sensitivity to hydrogen content makes
thermal neutron imaging (TNI) a powerful tool to evaluate how forest products are chemically
modified as well as how they degrade. Despite its potential, the technique has not been widely used
in wood and forest products research. The limited existing research has focused on investigating
moisture uptake and water transport effects in various wood-based products [5-8], including wood-
plastic composites [9]. While, others have used the technique to measure local density variations
across growth rings [10]. More recently, cold neutron imaging has been used to monitor the in-situ
changes caused by thermal modification [11] and pyrolysis of wood [12].

In this manuscript, we give an overview on the use of TNI in a variety of forest products
including unmodified and acetylated solid wood and wood-plastic composites, as well as thermally
degraded wood. These materials were selected because of their use as outdoor products that need to
withstand the elements. Acetylation was selected because it is a commercial non-toxic wood
modification that is used for improving the decay resistance of these products. We also studied a
sample exhibiting a thermal degradation profile to determine the potential of TNI in detecting
degradation-induced variances within a sample. Our results show that, by carefully controlling the
moisture content in these samples, the image contrast can be further improved to detect localized
defects. Furthermore, our data supports that TNI can be a powerful tool to assess degradation in
terms of decreased density or hydrogen content, since these directly impact the measured attenuation
coefficient. Thus, TNI may be particularly useful in assessing the efficacy of wood modification and
other protection treatments meant to prevent decay and degradation.

2. Materials and Methods

Acetylated wood sample: Southern pine (Pinus spp.) sapwood blocks (25.4 mm wide x 25.4 mm
long x 6.4 mm thick) were cut and dried at 105 °C in a forced draft oven for 24 hours and then
weighed. Acetylation was performed by immersing the blocks in acetic anhydride at 120 °C for 240
minutes in a glass reactor [13]. The acetylated sample was water-leached for 14 days to remove any

residues (acetic acid by-product) from the modification. The acetylation led to an average weight
percent gain of 19.8% as determined from its original oven-dried weight.

Thermally degraded wood sample: Thin sections (4 mm) of a Douglas fir (Pseudotsuga menziesii)
specimen were cut from a thermally degraded wood sample. The thermal degradation occurred by
exposing the radial surface of an oven-dried Douglas fir wood specimen (100 mm x 100 x 21 mm) to

a constant heat flux of 50 kW/m? using a cone calorimeter (FTT iCone Mini, East Grinstead, West
Sussex, UK) without piloted ignition. Once the temperature of the bottom surface reached 100°C, the
sample was removed from the cone calorimeter, and the fire on the top surface was extinguished
with water. Then, the specimen was cut along the transverse plane into 4 mm thick sections to expose
the changes caused by the thermal degradation across various growth rings.

Wood-plastic composites (WPCs): The WPCs were made from high-density polyethylene
(HDPE) from reprocessed milk bottles (Muehlstein and Co., Inc., Roswell, Georgia), and ponderosa
pine (Pinus ponderosa) flour (AWF-4020), nominal 40 mesh (420 pm), from American Wood Fiber
(Schofield, Wisconsin). Adding 6 or 7.8% TPW-113 lubricant from Struktol Company of America
(Stow, Ohio) helped prevent tearing of the material as it exited the die [14]. To produce the WPCs,
the HDPE was melted, and blended with the wood flour and the lubricant. Then, the material was
extruded thru a die into rectangular specimens (3 mm thick x 13 mm wide x 76 mm long). For the
acetylated WPCs, the wood flour was oven dried and then boiled in acetic anhydride in a 1-L glass
reactor for 4 h to increase its acetyl content. The treated flour was washed and oven dried, and its
weight gain percentage (WPG) was calculated. Percentage acetyl content was determined using anion
exchange high-performance liquid chromatography with a suppressed conductivity detector,
following a previously described methodology [15]. The average acetyl content of the acetylated flour
was 22.65% + 0.01 (average of 24 batches) while the unmodified flour was 1.95% + 0.00 (average of 4
samples.)
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Neutron imaging: Experiments were conducted at one of the thermal neutron beamlines

available at the Phoenix Neutron Imaging Center. Two-dimensional neutron radiography using
conventional X-ray films in contact with high-resolution neutron conversion screens were used to
measure the effects of moisture content and local density variations in the test specimens. First, all
the samples were imaged dry at the beamline room conditions. The samples were fastened onto the
plates using Al tape, exposed to thermal neutrons for 1.5 hours and were safe to handle immediately
afterward. A week later, the same samples were soaked in water for over 24 hours, patted dry to
remove the excess water and wrapped in aluminum foil to keep their moisture content stable. Then,
the wrapped samples were imaged again using the thermal neutron beam. The increase in water
content due to the immersion was determined by comparing the weight of the air-dried samples and
the unsealed wet samples at the end of the experiment. The average thickness of the dry and wet
samples was also measured. The films were developed in a dark room and digitized for quantitative
analysis. The digitized images were first flattened along the Z-axis. Then, these corrected images were
imported into ImageJ [16] where linear profiles were drawn over regions of interest to calculate the
macroscopic attenuation coefficient, X, for each sample based on Beer-Lamberts’ law (1)

In (ITO) (1)
d

where o is the incident beam intensity, I is the transmitted beam intensity and d is the sample

Y =

thickness. For the wood samples, linear profiles were drawn across several growth rings, and the
transmitted intensity values were averaged over at least five rings to calculate the attenuation
coefficient, %, based on Equation 1. For the WPCs, linear profiles were drawn along the length of the
samples, and attenuation coefficients were calculated based on the average transmitted beam
measured. All image processing and analysis was performed using the Image] tools in FIJI [17].

3. Results and Discussion

The neutron radiographs obtained from the unmodified and acetylated wood samples in both
dry and wet conditions are shown in Figure 1. The weight of both the unmodified and the acetylated
samples increased considerably after being immersed over 24 hours in water (112%, and 87% with
respect to their dry weights, respectively). The contrast between the less-dense earlywood bands and
the dense latewood bands is very high for all dry samples (Figures 1a and 1b), however, increasing
the moisture content of the samples significantly reduced this contrast. Interestingly, unlike other
imaging techniques such as X-ray computed tomography (XCT) or clinical magnetic resonance
imaging (MRI), here the rings are still distinguishable in both dry and wet conditions [18].

Intensity
a) Unmodifieddry ~ b) Unmodifiedwet ~ €) Acetylateddry d) Acetylated wet 0.0

0.1

0.3

0.6

2.7

Figure 1. Digitized neutron radiographs obtained from unmodified wood at (a) dry and (b) wet
conditions, and acetylated wood at (c) dry and (d) wet conditions.

Quantitative analysis revealed that the increase of moisture content in these samples increased
their attenuation coefficient (Table 1). This was most noticeable in the less-dense earlywood regions
probably because increasing the moisture content there led to a larger increase in the local apparent
density. While the natural variability of wood likely contributes to the spread observed in the
calculated attenuation coefficients, it should be noted that implementing normalization routines to
account for deviations to the Beer-Lambert’s law, such as a black body bias correction, can improve
considerably the reproducibility and accuracy of the measured attenuation coefficient in
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hydrogenous samples [19]. Thus, future experiments on wood samples may benefit from the use of
post-processing normalization algorithms.

Table1. Average macroscopic attenuation coefficients of the unmodified and acetylated wood at dry and
wet conditions. Standard deviations are shown in parenthesis.

Z (1/em)
Sample
Dry Wet
0.86 (0.15)* | 0.92 (0.33)*
Unmodified Wood 0.15 (0.04)2 | 0.63 (0.21)2

0.71 (0.16)! | 0.75 (0.21)?
Acetylated Wood (20% WPG)  0.16 (0.07)2 | 0.60 (0.21)2

! Latewood. 2 Earlywood

The radiographs obtained by imaging unmodified and acetylated WPCs in dry and wet
conditioned are shown in Figure 2. Interestingly, for the WPCs we did not observe significant
differences between the acetylated and the unmodified samples. Soaking these samples in water only
increased their water content slightly (5% for the unmodified sample and 1% for the acetylated one
compared to their dry weights). Therefore, it is not surprising that this small change did not yield
observable differences. Future experiments with increased soaking times could increase the moisture

content in these samples and provide new insights.
Intensity
0.0
a) Unmodified dry b) Unmodified wet €) Acetylateddry d) Acetylated wet
0.1

0.3

0.6
27

Figure 2. Digitized neutron radiographs of WPCs made with unmodified wood flour imaged (a) dry
and (b) wet, and WPCs made with acetylated wood flour imaged (c) dry and (d) wet.

Quantitative image analysis along the length of the WPCs revealed that even though no
significant differences were detected between the dry and wet samples, all samples were significantly
more attenuated near the surfaces (Table 2). Possible explanations for this behavior include: the
presence of a gradient in the materials properties due to the extrusion process used to fabricate the
samples and/or that the wood fibers on the surface are more accessible to moisture [20] and thus more
attenuated than the interior of the sample. However, considering the magnitude of the differences
observed in our neutron images, further experiments and post-processing analysis that include black
body bias corrections are likely needed to further confirm the presence of an attenuation gradient
near the surfaces.

Table 2. Average macroscopic attenuation coefficients of the unmodified and acetylated WPCs at
dry and wet conditions. Standard deviations are shown in parenthesis.

Y (U/em)
Sample
Dry Wet

B 1.18 (0.04)! | 1.06 (0.20)!

fied WP
Unmodified WPC o/ 0,072 | 077 (0.06)2
1.31 (0.24) | 1.12 (0.20)!

Acetylated WPC
cetylate 0.85 (0.07)2 | 0.79 (0.05)

! Surface regions. 2 Non-surface areas
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Soaking the thermally degraded sample in water over 24 hours increased its weight though not
as much as the unmodified sample (60% vs. 112%, respectively). For the thermally degraded wood
sample we observed that increasing the moisture content of the sample improved the contrast
considerably and revealed the presence of cracks and defects that were otherwise indistinguishable
(Figures 3a and 3b). The changes in the attenuation coefficient along the thermal degradation profile
in the imaged dry sample are plotted in Figure 3(c). Interestingly, despite the low contrast in the dry
sample, we still were able to observe a significant decrease in the attenuation coefficient with
increased thermal degradation. Given that for wood, it is estimated that hydrogen accounts for nearly
90% of the total attenuation [10,12], regardless of the neutron incident energy, it is likely that most of
the decrease observed corresponds to a loss in the overall hydrogen content of the thermally
degraded wood polymers. Considering that the attenuation is inherently dependent on the material’s
density it is conceivable that decreases in the wood’s density as it is thermally degraded also
contribute to attenuation loss.

&)

Intensity
0.0

a) Dry

c
) 1.60 - © - Latewood

-=-&=--Earlywood

(i %-%\‘%“{’H\%ﬁ
. .

L - ;----%‘H'}H-}‘%-g

0 5 10 15 20

Distance (mm)

Thermal degradation

Thermal degradation

Thermal degradation

Figure 3. Digitized neutron radiographs obtained from a thermally degraded sample imaged (a) dry
and (b) wet. (c) Plot showing the effects of thermal degradation on the average attenuation coefficients
calculated from the dry sample shown in (a).

4. Conclusions

Thermal neutrons produced by a compact source were used to image various forest products.
Using this tool, we investigated the combined effects of acetylation and moisture uptake on wood
blocks and WPCs. We also investigated the effects of thermal degradation on a wood sample.
Increasing the moisture content of the samples led to reduced contrast between the earlywood and
latewood bands in both unmodified and acetylated wood samples. However, for the thermally
degraded sample increasing the moisture content led to improved contrast that revealed new features
and defects in the degraded regions. Our results show the enhanced hydrogen sensitivity of the
technique makes it ideal to study the effects of degradation in wood and other forest products,
particularly, in terms of local variations in the material’s density or its hydrogen content.
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