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Abstract- The movement of chemicals through wood is necessary 

for decay and fastener corrosion to occur in forest products. 

However, the mechanism responsible for the onset of fastener 

corrosion and decay in wood is not known. The onset occurs 

before the formation of free water in wood cavities and aqueous 

chemical transport would be possible. Here, we propose that the 

onset mechanism is the hemicelluloses going through a moisture-

induced glass transition. As nm-scale regions of mechanically 

softened hemicelluloses in cell walls percolate, pathways for 

chemical transport are created. The ability of chemicals to move 

in cell walls enables fastener corrosion and decay to occur.  This 

mechanism suggests that wood treatments preventing the glass 

transition of hemicelluloses will inhibit fastener corrosion and 

wood decay. The identification of this mechanism should 

accelerate the development of wood treatments to improve forest 

products durability. 

 
Index Terms- Durability, Fastener Corrosion, Ionic Conduction, 

Micromechanical Response, Sorption Hysteresis, Water 

I. INTRODUCTION 

ood’s lack of durability severely limits its potential end 

uses, wastes resources, and impacts forest management.  

It is estimated that 10% of the lumber cut each year is 

used to replace wood that has decayed or molded in service, 

[1] costing billions of U.S. dollars per year. [2,3]. A better 

understanding of the fundamental mechanisms that enable 

wood degradation will lead to improved treatments to inhibit 

degradation, increase the value of wood products, and improve 

utilization of the forest resource.  Water is necessary for wood 

degradation; if wood is kept dry, it can last for centuries [4].  

Wood is hygroscopic and its moisture content (MC) is 

defined as water mass divided by oven-dried wood mass [5].  

Traditionally it is believed that at low MC water in wood is 

bound only to the cell wall polymers.  Above a particular MC, 

called the fiber saturation point (FSP), [6] water begins to exist 

as “free” (unbound) water in wood cavities like cell lumina.   

The FSP occurs at roughly 30% MC for many wood species 

[7]. 

II. MECHANISM FOR CHEMICAL TRANSPORT IN WOOD 

CELL WALLS 

Despite the dichotomy of bound and free water, the FSP is 

not the threshold MC for the onset of fastener corrosion and 

wood decay.  Corrosion of embedded metals begins to occur at 

15-18% MC, [8-10] and wood decay fungi also act below FSP 

(Table 1) [11-14].   Movement of chemicals is an important 

aspect of both fastener corrosion and wood decay. Fastener 

corrosion is an oxidation/reduction reaction that requires 

transport of ions to and from the fastener surface. [9, 15, 16]  

Fig. 1 shows a cellular-level schematic of a fastener embedded 

in wood. At MC’s above the FSP aqueous ion transport to and 

from the fastener surface could occur through free water in the 

lumina. However, below the FSP there is no free water and the 

chemical transport to and from the fastener surface likely 

occurs at the fastener interface with secondary cell walls and 

middle lamellae.  

Ions also play a critical role in wood decay. The primary 

decay agents are fungi, which grow by extending filaments, 

called hyphae, through wood lumina (Fig. 1).  As enzymes are 

too large to enter cell walls,[17-18] fungal enzymes in hyphae 

produce small diffusible oxidants that depolymerize the cell 

walls, releasing carbohydrates which diffuse back to the fungal 

hyphae and are metabolized.  The primary decay agents in 

brown rot decay are diffusible Fenton reagents, Fe
2+

 chelates 

and H2O2.[19,20]  White rot decay are  thought to also use 

various diffusible ions such as Mn
3+

 chelates, fatty acid 

peroxides, and uncharged species.[21,22] Because damage 

occurs microns below the cell wall surface,[17] chemical 

transport must occur through the cell wall.  
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Fig. 1:  Schematic of wood cell cross sections next to a fastener 

and a fungal hypha growing through an empty lumen. 

 

Ion transport through wood cell walls has been observed 

below the FSP although the mechanism of transport is not 

understood.  Using radioactive sodium and iodide ions in an 

electric field, Lin has shown that long range transport begins in 

wood cell walls at a MC as low as 16% [23].  Also, based on 

impedance measurements Zelinka et al. recently showed that 

ionic conduction in wood could be described by a percolation 

model, where the percolation threshold physically represents 

the MC at which there is a continuous pathway for ion 

conduction [24].  When the percolation threshold was set to 

16%, based upon the measurement of Lin, the percolation 

model yielded a good fit to electrical conductivity 

measurements as a function of MC [25].  We had previously 

hypothesized that the percolation threshold of ions was related 

to the so-called “Type II” or “loosely-bound” water found in 

DSC and NMR measurements which was proposed to solvate 

ions and facilitate transport [24, 26, 27]. However, we have 

recently shown that the Type II water visible in DSC 

experiments is an artifact of sample preparation,[28] and 

therefore ion conduction is not occurring in “Type II” water.   

Here, we hypothesize chemical transport in cell walls 

below the FSP occurs through interconnecting networks of 

moisture-softened hemicelluloses, analogous to the hydrophilic 

phase in ionomers [29].  The secondary cell walls are nano-

fiber-reinforced composites of highly oriented, semicrystalline 

cellulose microfibrils embedded in a matrix of amorphous 

cellulose, hemicelluloses, and lignin.  Within the secondary 

cell walls hemicelluloses are preferentially oriented with the 

cellulose microfibrils and form a continuous sheath around the 

cellulose microfibril [30-32].  Hemicelluloses oriented 

perpendicular to the cellulose microfibrils has also been 

proposed [33].   And in the middle lamella, hemicelluloses are 

embedded as an irregular, interconnecting network in a matrix 

of lignin [32].  Under dry conditions, hemicelluloses have 

glass transition temperatures (Tg) estimated between 150 and 

220°C [34-35]. However, moisture plasticization brings the Tg 

down to room temperature at an estimated 60% relative 

humidity (RH) for intact hemicelluloses in wood and 80% RH 

for extracted hemicelluloses [35-37].  In contrast, the glass 

transition temperature of lignin never drops below ambient 

temperature even at moisture contents above the FSP [38].  

The 60-80% RH range in which the Tg of hemicelluloses drops 

below ambient conditions corresponds to the MC range 

leading up to the percolation threshold (11-15% MC) and at 

which MC moisture-induced structural damage mechanism 

begins (Table 1). Our recent work studying shape memory 

effects in wood slivers also supports the primary softening of 

hemicelluloses occurs in the 60-80% RH range [39].
 

We illustrate our proposed mechanism for chemical 

transport in Fig. 2 for both the secondary cell wall and the 

middle lamella of softwood, noting that the percolation 

threshold may be different in these two types of cell walls.  

Briefly, as the cell wall adsorbs moisture, local regions of the 

hemicelluloses undergo glass transition.  As the MC rises, 

more softened regions exist, and their size increases.  Finally, 

at the percolation threshold, the interconnecting network of 

softened hemicelluloses is continuous and facilitates chemical 

transport.  Because lignin remains glassy throughout all 

moisture contents below FSP, it does not contribute to 

percolation.  We also expect that the MC threshold for 

chemical transport will depend on the size and solubility 

parameters of the migrating chemical, with larger chemicals 

having a higher MC threshold than metal ions. 

There are many practical and theoretical implications if 

indeed the softening of the hemicelluloses facilitates chemical 

transport, and in turn wood degradation, below FSP.  

Practically, this could lead to new methods of wood 

preservation in humid environments, with potentially a large 

economic impact; wood preservation is a 4 billion dollar 

(USD) industry in the US alone [40].  Instead of incorporating 

toxic biocides, it may be possible to protect wood by raising 

the Tg of the hemicelluloses.  This would in turn raise the RH 

threshold for the onset of fastener corrosion and decay.  Such a 

hypothetical preservative could only be suitable for outdoor 

environments where the MC of the wood would be above FSP 

if the treatment could completely prevents cell wall chemical 

transport.  

III. CONCLUSIONS 

Moisture-induced damage to wood structures, including 

fungal decay and fastener corrosion, require transport of 

chemicals.  This chemical transport must occur through the 

cell walls.  We propose that above approximately 15% MC, 

the hemicelluloses’ Tg drops below room temperature and 

interconnecting networks of mechanically softened 

hemicelluloses percolate within cell walls to facilitate chemical 

transport.  We also propose it is not coincidental that the onset 

TABLE I 

PROCESSES THAT REQUIRE THE CONDUCTION OF IONS AND 

OCCUR BELOW FIBER SATURATION 

 

Phenomena 
Moisture content of 1st 

appearance 
Citations 

Ionic Conduction 16% 23 

Corrosion 15%-18% 8-10 

Wood Decay 20%,23-25% ≥25% 11-14 
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of ionic conduction occurs at the same MC as fastener 

corrosion and wood decay.  We therefore conclude that 

treatments engineered to prevent hemicelluloses passing 

through their glass transition, and thus preventing chemical 

transport through wood cell walls, have promise for inhibiting 

fastener corrosion and wood decay.  

 

 

Fig. 2. Hypothesized effect of moisture uptake on ultrastructure of a) secondary cell wall and b) middle lamella 
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