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ABSTRACT 

Changes in vibrational properties of wood can be used to determine changes in the wood cell wall 
resulting from chemical modification. The dynamic Young's modulus to specific gravity ratio (Ef/y) 
and internal friction (tan 6) for chemically modified wood compared to those for untreated wood 
showed major differences in cell-wall modification and lumen filling modification. Increasir~g the 
moisture content of the cell wall also has a major effect on the vibrational properties of chemically 
modified wood. In general, treatments that resulted in lowering the moisture content of the cell wall 
also lowered internal friction within the cell wall. Vapor phase reactions with formaldehyde had the 
greatest effect in stabilizing the cell wall against changes in dynamic mechanical properties, with 
increasing moisture content. 

Keywords: Vibrational properties, dynamic Young's modulus, internal friction, moisture, chemical 
modification. 

INTRODUCTION 

This paper is part of a continuing study of 
the relationship between wood structure and 
wood properties. Most chemical and mechan- 

' The Forest Products Laboratory is maintained in co- 
operation with the University of Wisconsin. This article 
was written and prepared by U.S. Government employees 
on official time, and it is therefore in the public domain 
and not subject to copyright. 

ical properties of wood are a result of the chem- 
istry of the cell-wall polymers and the matrix 
they are in. Because wood is a viscc~elastic ma- 
terial, mechanical properties are highly depen- 
dent on the elasticity of, as well as l.he internal 
friction within, the cell-wall polymers and ma- 
trix. 

One convenient way of studying viscoelastic 
properties ofwood is through vibrational anal- 
ysis. A simple harmonic stress results in a phase 
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difference between stress and strain. The ratio 
of dynamic Young's modulus (E') to specific 
gravity (y) (E1/y = specific modulus) and in- 
ternal friction (tangent of the phase angle, tan 
6) measurements can be used to study the vis- 
coelastic nature of wood. The Er/y is related 
to sound velocity and tan 6 to sound absorp- 
tion or damping within the wood, so that in 
themselves, both quantities are important as 
far as technological applications are con- 
cerned. In addition to this practical purpose, 
however, we intend to show that changes in 
E'ly and tan 6 relative to those in untreated 
wood give valuable information on how a par- 
ticular chemical treatment modified the struc- 
tural nature of the wood cell wall. These data, 
in turn, can be used to predict change in phys- 
ical properties. 

A previous paper showed a linear relation- 
ship between logarithms of E'ly and tan 6 for 
untreated wood (Norimoto et al. 1986). This 
relationship was found regardless of wood spe- 
cies, vibrational measuring direction, or grain 
angle. It was also found that changes in am- 
bient humidity did not change the linearity of 
the relationship but did change the magnitude 
(Sasaki et al. 1988). 

Chemical modification of the wood cell-wall 
polymers has been shown to affect the vibra- 
tional properties of wood (Moore et al. 1983; 
Akitsu et al. 199 1). The effect on vibrational 
properties was very dependent on the type of 
chemical modification at the cellular and mo- 
lecular level. All these measurements were done 
at one level of relative humidity (60%). Change 
of vibrational properties, however, did not al- 
ways depend on the type of molecule intro- 
duced. For example, if a hydrophilic polymer 
such as polyethylene glycol was introduced into 
the cell wall, tan 6 values increased. However, 
in the case of maleic acid and glycerol treat- 
ments, which also introduce a hydrophilic 
molecule into the cell wall, tan 6 values de- 
creased. From this research, it was predicted 
not only that the vibrational properties are 
modified in various ways by chemical treat- 
ments but also that their sensitivity to changes 
in ambient humidity should occur according 

to different patterns depending on the type of 
treatment. 

The present approach differs basically from 
that of dynamic mechanical thermal analysis 
(DMTA) where the scanning over a large range 
of temperature and frequencies allows the de- 
tection of transitions and the estimation of ap- 
parent activation energies characterizing the 
molecular components involved in the vis- 
coelastic processes (Kelley et al. 1987). In the 
range of temperature and frequency under con- 
sideration here, the material is expected to re- 
main in a glassy state, so that the changes ob- 
served in E1/y and tan 6 are not affected by the 
crossing over glassy transitions and can be 
safely attributed to structural differences caused 
by chemical treatments or moisture adsorp- 
tion. In the present work, the longitudinal vi- 
brational properties of eight types of chemi- 
cally modified wood were determined at four 
relative humidity (RH) levels. 

EXPERIMENTAL 

Glehn's spruce (Picea glehnii) specimens 200 
by .lo by 2 mm (longitudinal by radial by tan- 
gential) were prepared from one piece of wood 
(air-dry specific gravity 0.46, average ring width 
1.03 mm). All specimens were extracted with 
benzene/ethanol in a ratio of 1/1 (v/v) and 
oven-dried at 105 C overnight before chemical 
modification. 

Chemical modijication treatments 

Fifteen chemical modification treatments 
were used: 

FS Reaction with formaldehyde and 
sulfur dioxide in a vapor phase re- 
action. 

FH Reaction with formaldehyde and hy- 
drochloric acid in a vapor phase re- 
action. 

FW Reaction with formaldehyde, acetic 
acid, and hydrochloric acid in a liq- 
uid phase reaction. 

A Reaction with liquid acetic anhy- 
dride. 



252 WOOD AND FIBER SCIENCE, JULY 1993, V. 25(3)  

PF 1 

PF2 

MG 

PO 
BO 

WIC 

PEG 1 

PEG2 

PEG3 

WM 

WWM 

Impregnation with high molecular 
weight phenol-formaldehyde resin. 
Impregnation with low molecular 
weight phenol-formaldehyde resin. 
Reaction with maleic acid and glyc- 
erol. 
Reaction with propylene oxide. 
Reaction with butylene oxide. 
Formation of a wood-inorganic 
composite (barium chloride, boric 
acid, and diammonium phosphate). 
Impregnation with polyethylene gly- 
col 10,000. 
Impregnation with polyethylene gly- 
col 1,000. 
Impregnation with polyethylene gly- 
col 600. 
Formation of a wood-plastic com- 
posite using methyl methacrylate and 
oven-dry wood. 
Formation of a wood-plastic com- 
posite using methyl methacrylate and 
air-dry wood. 

Formalization treatments were done with 
slight variations from the procedure previous- 
ly published (Norimoto et al. 1992). The FS 
specimens were prepared in a closed vessel 
with 0.02 15 mol/liter formaldehyde and 0.004 
mol/liter SO, at 120 C for 24 h. The FH spec- 
imens were prepared in a vessel with 0.027 
mol/liter formaldehyde and 0.0005 mol/liter 
HCl at 150 C for 4 h. The FW specimens were 
prepared by immersing the wood in an aque- 
ous solution of 3.6% formaldehyde, 3.7% HC1, 
and 75% acetic acid for 6 days at 25 C, followed 
by water washing. All specimens were oven- 
dried overnight. 

Acetylation (A) was done according to the 
procedure previously published (Rowel1 et al. 
1986). Reactions were done in neat acetic an- 
hydride at 120 C for 10 h, followed by leaching 
10 h in boiling water and oven-drying over- 
night. 

Impregnation with phenol-formaldehyde 
resin was done by soaking the specimens in a 
20% aqueous solution of PFl or a 20% aqueous 
solution of PF2 until complete saturation of 

resin was achieved. The solution used for PF 1 
was obtained by leaving the resin solution more 
than 1 month at 5 C, whereas the solution for 
PF2 (average molecular weight 200) was used 
shortly after obtaining the product. The resin- 
impregnated wood was cured for 30 min at 
130 C. 

The MG specimens were prepared by im- 
pregnating the wood with a 20°/0 aqueous so- 
lution of maleic acid and glycerol in a ratio of 
2/1 (v/v), reacting at 180 C for 3 'h, leaching 
10 h in boiling water, and oven-dlying over- 
night. 

The PO specimens were prepared using pro- 
pylene oxide and 5% triethylamine as catalyst. 
The reaction was done in a closed reactor at 
120 C for 2 h. The BO specimens, were pre- 
pared using butylene oxide and 5'% triethyl- 
amine as catalyst. The reaction wa:j done in a 
closed reactor at 120 C for 6 h. A vacuum was 
applied after both reactions to remove excess 
chemicals. Specimens were then oven-dried 
overnight. 

The WIC specimens were prepared by im- 
mersing the wood in an aqueous solution con- 
taining 32.0% BaC1, and 7.2% bc~ric acid at 
50 C for 1 day. This was followed by a second 
immersion in an aqueous solutiori of 37.4% 
(NH,),HPO, and 16.6% boric acicl for 8 h at 
50 C. All specimens were boiled in water for 
12 h and then oven-dried overnight. 

Impregnation with polyethylene glycol was 
done by first saturating the wood specimen in 
water and then in a 25% aqueous solution of 
PEGI, PEG2, or PEG3 for 12 h at room tem- 
perature. Following the soaking, the specimens 
were oven-dried overnight. 

Wood-plastic composite specinnens (WM 
and WWM) were prepared by impregnating 
the wood with a solution of methyl methac- 
rylate containing 1% a,al-azobis-isobutyroni- 
trile as catalyst, wrapping the specinnens in alu- 
minum foil, and curing the polymer at 80 C 
for 3 h. 

Weight percent gain resulting from each 
treatment was determined based on the oven- 
dry weight off the specimen before and after 
treatment. 
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Three specimens of each type were equili- 
brated at OO/o, 35%, 60°/o, and 85% RH and 
their moisture content determined. Reduced 
moisture content MR was calculated as follows: 

where M, is oven-dry weight of specimen be- 
fore treatment, M, is oven-dry weight of spec- 
imen after treatment, and M, is weight of spec- 
imen after treatment at the specified RH. 

Contrary to the conventional moisture con- 
tent, M, allows a direct comparison of the 
amount of water adsorbed by the treated spec- 
imens with that of the untreated specimen 
placed in the same RH conditions. The specific 
gravity was also estimated based on measure- 
ments of the dimensions and the total weight 
of the specimens at each RH level. 

Dynamic mechanical measurements 

Dynamic mechanical properties were mea- 
sured using a free-free beam method previ- 
ously described (Ono and Norimoto 1983, 
1984). The specimens were suspended hori- 
zontally with an iron piece at both ends by two 
fine threads at the nodal points; they were ex- 
cited by an electromagnetic driver at one end, 
while the vibration was detected by an elec- 
tromagnetic transducer at the other end. The 
Ef/y was calculated from the resonant fre- 
quency (200 to 400 Hz), and tan 6 from the 
logarithmic decrease of the signal following a 
period of forced vibrations at the resonant fre- 
quency. Specimens were tested at OO/o, 35%, 
60°/o, and 85% RH at 20 C. Each specimen was 
first oven-dried, then cooled in a desiccator 
over phosphorus pentoxide and quickly tested. 
These specimens were designated 0-RH. After 
testing, the specimens were placed in another 
desiccator containing MgCl, .6H,O for at least 
2 weeks. Each specimen was weighed to de- 
termine moisture content and then tested. 
These specimens were designated 35-RH. Af- 
ter testing, the specimens were placed in an- 
other desiccator containing sodium bromide 
for at least 2 weeks. The specimens were 

weighed to determine moisture content and 
tested. These specimens were designated 60- 
RH. After testing, the specimens were placed 
in a final desiccator containing potassium 
chloride for at least 2 weeks. The specimens 
were weighed to determine moisture content 
and tested. These specimens were designated 
85-RH. The minimum periods of 2 weeks al- 
lowed each specimen to reach an apparent 
equilibrium of moisture content, i.e., in all 
cases, the increase of weight per day did not 
exceed 0.1% of the oven-dry weight. 

Dynamic Young's modulus per specific 
gravity (E1/y) and internal friction (tan 6) were 
measured. An average of seven specimens per 
treatment were tested and the results averaged. 

RESULTS AND DISCUSSION 

Figure 1 shows the relationship between 
tan 6, E'ly, and moisture content of untreated 
specimens at different relative humidity levels. 
The tan 6 value decreased as the humidity 
changed from 0% to 35% RH and then rose 
with increasing humidity. The E'/T remained 
about the same from 0% to 35% RH and then 
decreased with increasing humidity. 

These results agree with those obtained by 
Kollmann and Krech (1 960), James (1 96 1, 
1964), Matsumoto (1962), and Bradley and 
Carr (1976). They reported that at 89'0 moisture 
content, E' showed a maximum value and tan 6 
showed a minimum value. These phenomena 
can be explained by the hypothesis that in an 
oven-dry state, molecular chains in the amor- 
phous regions of the cell wall are unnaturally 
distorted. Also, microvoids exist between the 
molecular chains. This unnatural structure of 
the cell wall in an oven-dry state causes a 
smaller E'ly and a greater tan 6 value. With 
increasing moisture content from oven-drying, 
water molecules are embedded in the micro- 
voids and the distorted molecular chains are 
rearranged. As a result, at about 8% moisture 
content, a more stable state for the cell-wall 
structure is obtained. Above 8% moisture con- 
tent, water acts as a plasticizer that allows more 
molecular movement and the cohesive forces 
between molecules are decreased, resulting in 



254 WOOD AND FIBER SCIENCE, JULY 1993, V. 25(3) 

Relative humidity (%) 

FIG. 1. Relationship between tan 6, E'/y, and moisture 
content (M) for untreated wood resulting from change in 
relative humidity. 

decreasing E'ly values and increasing tan 6 val- 
ues. 

Table 1 shows the specific gravity, moisture 
content, reduced moisture content, and weight 
percent gain of chemically modified wood at 
four RH conditions. Table 2 shows the vibra- 
tional properties of chemically modified wood 
at these RH conditions. The non-zero mois- 
ture content readings in Table 1 at the 0% RH 
level originate in the impossibility to obtain a 

dry state equivalent to the oven-dl?! state with 
a desiccator. The moisture contenl data were 
consistent with those published in Norimoto 
et al. (1992). In the latter study, sorption iso- 
therms were drawn by using the conventional 
definition of moisture content, based on the 
total oven-dry weight of the treated specimen. 
We suggest that for the present analysis, re- 
duced moisture content should be used be- 
cause it allows a direct comparisor~ of the ab- 
solute of water adsorbed between treated and 
untreated wood. At 85% RH, the reduced 
moisture content for vapor phase formaliza- 
tion (FS, FH) was about 60% lower than that 
for untreated wood (U). For treatments such 
as FW, A, MG, BO, and PF2, reduced mois- 
ture content was about 30% lower than that of 
untreated wood. For PEG2 and PEG3. re- 
duced moisture content was 80% higher than 
that for untreated wood. 

Chemically induced structural changes 

Because the moisture content of lhe cell wall 
has a direct effect on vibrational properties, 
part of the observed changes in Ef/y and tan 6 
values was due to the moisture held in the cell 
wall or cell lumen because of the chemical 

TABLE 1. Properties of chemically modified woods at various relative humidities. 

Property at various levels of  relative humidity (%) 

Spec~fic gravity Moisture content Reduced molsture content 
- We~ght gain 

Treatment.' 0 35  60 85 0 35  60 8 5  0 35  60 8 5  ( O h )  

U 0.45 0.46 0.47 0.48 1.0 5.0 8.5 16.4 1.0 5.0 8.5 -- 
FS 0.46 0.47 0.47 0.47 0.4 3.0 4.2 6.2 0.4 3.1 4.3 6.4 
FH 0.47 0.44 0.45 0.45 0.1 2.1 3.2 5.5 0.1 2.2 3.3 5'.7 
FW 0.44 0.44 0.44 0.46 0.4 3.8 7.1 13.1 0.4 3.8 7.2 12.9 
A 0.49 0.49 0.49 0.51 0.7 2.4 4.3 8.4 0.9 2.9 5.1 1CI.1 
PO 0.45 0.45 0.47 0.49 1.4 3.9 6.1 13.1 1.6 4.6 7.5 161.0 
BO 0.47 0.47 0.49 0.50 1.3 3.5 5.7 10.7 1.5 4.1 6.7 12.8 
MG 0.56 0.57 0.56 0.59 0.5 3.2 5.1 8.4 0.7 4.3 6.4 11.1 
PF1 0.48 0.57 0.58 0.59 0.7 4.4 7.3 11.6 0.8 5.5 9.0 14..4 
PF2 0.51 0.55 0.55 0.56 0.4 2.8 4.3 7.9 0.5 4.1 6.2 11.4 
PEG1 0.54 0.52 0.54 0.55 0.6 3.1 5.2 11.6 0.9 4.2 7.0 13.8 
PEG2 0.51 0.52 0.54 0.60 1.0 4.5 6.4 21.1 1.4 6.2 8.8 29.3 
PEG3 0.54 0.56 0.59 0.66 1.5 7.1 9.1 21.6 2.2 10.2 13.6 3 2 2  
WIC 0.68 0.69 0.68 0.69 0.8 4.4 7.0 11.3 1.2 6.5 10.5 lC1.8 
WM 1.05 1.05 1.03 1.02 0.4 2.2 3.9 6.8 0.9 5.2 9.3 16.2 
WWM 0.98 0.99 0.98 0.97 0.3 2.3 4.1 7.2 0.7 5.1 9.1 15.9 

U, untreated, see Chemical Modification Treatments section for other abbreviation definitions. 
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TABLE 2. Dynamic mechanical properties of chemically modified woods at various levels of relative humidity. 

Property at various levels of relat~ve humidity (%) 

E'l-, x 10 " (dynfcm')" tan 6 x 

Treatment* 0 35  60 85  0 35  6 0  85  

U 2.72 2.7 1 2.52 2.26 8.71 6.65 7.70 11.01 
FS 2.75 2.70 2.67 2.57 5.85 5.21 5.73 6.40 
FH 3.16 2.94 2.83 2.74 4.77 4.57 5.26 5.82 
FW 3.03 2.97 2.70 2.56 6.79 6.40 7.95 9.66 
A 2.35 2.26 2.18 2.10 6.06 6.40 7.08 8.59 
PO 2.64 2.48 2.29 1.87 5.88 6.45 11.51 17.45 
BO 2.40 2.34 2.09 1.86 6.19 6.65 12.88 16.01 
MG 2.12 2.07 1.93 1.84 6.82 5.92 6.91 10.82 
PF 1 2.15 1.98 1.88 1.7 1 8.83 8.81 9.51 11.95 
PF2 2.55 2.50 2.44 2.28 5.10 5.14 5.52 6.58 
PEG 1 2.49 2.39 2.30 2.00 8.78 7.65 8.60 10.93 
PEG2 2.34 2.17 2.09 1.6 1 14.24 15.49 15.80 19.0 1 
PEG3 2.25 1.97 1.81 1.51 15.72 17.25 17.59 17.70 
WIC 2.20 2.18 2.05 1.87 7.61 6.39 8.19 11.09 
WM 1.68 1.63 1.53 1.42 14.99 14.64 15.16 17.73 
WWM 1.75 1.74 1.65 1.50 14.77 14.48 15.29 16.87 

a U ,  untreated; see Chemical Modification Treatments section for other abbrev~ation definitions. 
E ' l y ,  spec~fic dynamic Young's modulus: tan 6. Internal frict~on. 

treatment. A previous paper (Sasaki et al. 1988) regression line as that for untreated wood at 
showed a linear regression line between log 60% R H  (Akitsu et al. 199 1). For the purpose 
E'ly and log tan 6 for untreated wood at several of the present discussion, we will call the re- 
relative humidity levels. At the 60% RH con- gression line derived from experimental plots 
dition, the data points for wood modified with of tan 6 versus E'ly in a log-log diagram for 
chemical that did not enter the cell wall, such untreated wood the reference line of a given 
as PEG1, PFl , and WIC, appeared on the same RH. On Figs. 2 to 5 ,  the corresponding ref- 

-2.4 -2.4 
0.8 1 .O 1.2 1.4 1.6 0.8 1 .O 1.2 1.4 1.6 

log (E' y-' (GPa) log (E' r-' ) (GPa) 

FIG. 2. Relationship between logarithm of E'ly and FIG. 3. Relationship between logarithm of E'ly and 
logarithm of tan 6 at Oo/o relative humidity for untreated logarithm of tan 6 at 35% relative humidity for untreated 
wood and chemical modifications that do not enter the wood and chemical modifications that do not enter the 
cell wall. cell wall. 
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log (E  ' y-' ) (GPa) 

FIG. 4. Relationship between logarithm of E'ly and 
logarithm of tan 6 at 60% relative humidity for untreated 
wood and chemical modifications that do not enter the 
cell wall. 

erence line was drawn together with the indi- 
vidual experimental results of untreated wood 
(U) and wood treated by PEG 1, PF 1, and WIC. 
In the case of 60% RH, the reference line was 
derived from a much larger set of data than 
that used in this paper. In the other cases (0% 
RH, 35% RH, and 85% RH), it was derived 
from the set of values shown on the graph only, 

-2.4 
0.8 1 .O 1.2 1.4 1.6 

log (E' y-' ) (GPa) 

FIG. 5. Relationship between logarithm of E'/y and 
logarithm of tan 6 at 85% relative humidity for untreated 
wood and chemical modifications that do not enter the 
cell wall. 

so that because of the small number of spec- 
imens measured, the quality of the regression 
was rather poor. 

The existence of a correlation between E'ly 
and tan 6 for untreated wood is by no means 
accidental. Both quantities depend cln the same 
microstructural and ultrastructural factors, 
among which the mean microfibrillar angle and 
the matrix rigidity have been shown to play 
the major role, at least in the longitudinal di- 
rection (Norimoto et al. 1986). According to 
this interpretation, a perfect correlation be- 
tween E1/y and tan 6 at a given level of hu- 
midity corresponds to the ideal case where all 
structural parameters would be either constant 
or exactly correlated with the micro fibrillar an- 
gle. The deviance of a given plot relative to 
the reference is thus explained by the disturb- 
ing action of these other structural parameters. 
Chemical treatments might in some cases pro- 
voke perturbations much more considerable 
than those that are caused by the n,atural vari- 
ability of untreated wood. In the ]present ap- 
proach, it is proposed that the deviance from 
the reference lines will give a first indication 
on the nature of the chemically induced struc- 
tural changes. Figures 2 to 5 show that if only 
the lumen was filled or coated with chemical, 
there was no deviation from the untreated ref- 
erence regardless of the humidity condition. 
An exception was the result for WI(3 at OO/o and 
35% RH. Because salt is much harder than 
wood in the dry state, tan 6 was lower and E'ly 
was higher than that of untreated wood at 0% 
RH. These differences were lost as water was 
introduced into the salt matrix, and as a con- 
sequence, the deviation from the reference line 
vanished with increasing humidity. 

Figures 6 to 9 show the relationship between 
average values of log E'ly and log tan 6 for 
types of chemically cell-wall-modified wood 
used in this study at four RH levels, together 
with the corresponding reference lines. Treat- 
ments for which the average value on the graphs 
was significantly above or below the corre- 
sponding reference line gave valuable infor- 
mation about the change in the nature of the 
cell wall. Although this information in itself is 
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I I I 
0.8 1 .O 1.2 1.4 1.6 

log (E' y'l) (GPa) 

FIG. 6 .  Relationship between logarithm of E' l y  and 
logarithm of tan 6 for chemically modified wood at 0 %  
relative humidity. (Line on graph from Fig. 2. For abbre- 
viation definitions, see Chemical Modification Treatments 
section in text.) 

not sufficient and should be completed with a 
more detailed analysis, we will attempt to 
comment on the present results by suggesting 
possible interpretations of the structural 
changes involved. 

Formalizaticm introduced crosslinking as a 
result of the introduction of oxymethylene 
groups in the microfibril structure. At low 

-2.4 
0.8 1 .O 1.2 1.4 1.6 

log (E' y-' ) (GPa) 

FIG. 8. Relationship between logarithm of E ' l y  and 
logarithm of tan 6 for chemically modified wood at 60% 
relative humidity. (Line on graph from F:ig. 4.) 

weight gain of added chemical, the reduced 
moisture content was much lower with very 
little effect on the specific gravity of the spec- 
imen. In the case of vapor phase formalization 
(FS, FH), crosslinking occurred in an unswol- 
len state of the cell wall and prevented swelling. 
This decreased the mobility of the molecular 
chains, thus reducing tan 6 at all humidity lev- 
els. In the case of liquid phase formalization 

log (El y-l) (GPa) log (E '  j1 @Pa) 

FIG. 7. Relatic~nship between logarithm of E' l y  and FIG. 9. Relationship between logarithm of E' l y  and 
logarithm of tan 6 for chemically modified wood at 35% logarithm of tan 6 for chemically modified wood at  85% 
relative humidity. (Line on graph from Fig. 3.) relative humidity. (Line on graph from Fig. 5.) 
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WWM 
FS & PF2 PEG2 f ' ' :FH 

'PFI A 
'PEGI 

FIG. 10. Relationship between tan 6 stability (S,) and 
E'ly stability (S,) for chemically modified wood. 

(FW), crosslinking occurred in a swollen state. 
One might expect that the mobility of molec- 
ular chains in wood constituent would become 
large compared to that for untreated wood. 
However, the tan 6 value at 0% RH was lower 
than that for untreated wood, though the value 
was much larger than those for FS and FH. 
This lowering of tan 6 may be ascribed to re- 
arrangement of molecular chains during re- 
action. At 60% RH, tan 6 for modified wood 
became greater than that for untreated wood. 
However, because the data points for FW at 
85% RH appeared on the reference line, we 
suggest that the molecular motion in the highly 
swollen state is restricted by crosslinking. 

For the reaction with acetic anhydride (A), 
E'ly was slightly lower than for untreated spec- 
imens as a result of the slight increase in y 
(about 5%) in acetylated wood. Hydrophobic 
acetyl groups were substituted for hydrogen 
atoms in the cell wall. This reduced tan 6 be- 
cause of the steric hindrance of the chain im- 

posed by the bulky acetyl group. This effect 
was seen at all humidity levels. However, hu- 
midity-induced changes of E1/y and tan 6 val- 
ues were greater than those for F'S and FH. 
Because not all available hydroxyl groups were 
acetylated, water still was able to hydrogen 
bond with cell-wall polymers and act as a plas- 
ticizer. 

Treatment with water-soluble, low molec- 
ular weight phenol-formaldehyde (PF2) intro- 
duced a bulky, hydrophobic group in the cell 
wall. A small amount of the resin possibly was 
bonded to the cell-wall hydroxyl groups. There 
was a large increase in specific gravity; E1/y 
was lower for PF2 compared to that for un- 
treated wood. Because of the presence of a rigid 
benzene ring in the resin backbone as well as 
reduced moisture sorption, molecular mobil- 
ity was reduced, which lowered tan 6 for all 
humidity levels tested. 

Etherification with PO or BO resulted in 
bonded cell-wall bulking as in the case of acet- 
ylation, except the introduced group was hy- 
drophilic. This made a big difference as the 
RH increased. At 0% RH (Fig. 6), PO and BO 
had slightly lower E'ly because of the increase 
in specific gravity with etherification, and tan 
6 was lower than that for untreated wood. At 
35% RH (Fig. 7), tan 6 was almost the same 
as that for untreated wood, but at 60% and 
85% RH (Figs. 8 and 9), tan 6 was ~nuch larger. 
This was due to the flexibility introduced into 
the cell wall because the hydroph1.1ic ether al- 
lowed water to act as a plasticizer. 

The MG treatment resulted in a similar ef- 
fect on E1/y and tan 6 as with PO and BO in 
that the group introduced into the cell wall is 
hydrophilic. Unlike PO and BO, the polymer 
formed with MG treatment is rigid in nature 
and some crosslinking may occur with the cell- 
wall hydroxyl groups. This results, in less mo- 
lecular motion in the cell wall, resulting in a 
lower tan 6 than that of untreated wood. How- 
ever, because of the hydrophilic nature of the 
polymer formed, tan 6 increases at 85% RH 
(Fig. 9). 

The PEG2 and PEG3 polymers are low mo- 
lecular weight, hydrophilic polymers that enter 
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the cell wall. These very flexible, hydrophilic 
polymers swell and plasticize the cell wall even 
at 0% moisture content, resulting in very large 
tan 6 in the dry condition. The hydrophilic 
nature of the cell wall does not change as the 
RH increases because it does not matter 
whether PEG or water is acting as a plasticizer. 

The final treatment with methyl methacry- 
late (WM and WWM) indicates that a small 
amount of this polymer may enter the cell wall, 
but in general, this treatment only fills the lu- 
men space. The increase in specific gravity re- 
duces E'ly. Water can still enter the cell wall 
and act as a plasticizer, so tan 6 increases as 
the RH increases. 

Thus, the sole deviation of the plots from 
the corresponding reference line allowed us to 
propose interpretations of the change in the 
nature of the cell wall induced by the various 
treatments. One could object here, especially 
for the group of treatments shown in Figs. 6 
to 9, that as soon as the cell wall was modified, 
so was the amount of moisture adsorbed in it, 
as made clear by differences in the amount of 
reduced moisture content compared to that of 
untreated wood at the same RH level. There- 
fore, it would have made more sense to com- 
pare the plots to the reference line of untreated 
wood having reached a similar level of mois- 
ture content. However, differences in sorption 
behavior were themselves included in the 
change of cell-wall properties that constituted 
the object of the present discussion, so that the 
option of comparing the properties in the same 
RH condition remained founded. Actually, the 
correct analysis of chemically induced changes 
would require quantifying the action of a num- 
ber of parameters, including moisture as well 
as density changes, which was not made pos- 
sible with the limited set of parameters avail- 
able here and was out of the scope of the pres- 
ent discussion. 

The stabilizing action of chemical 
treatments 

From a practical point of view, it is of first- 
hand importance to predict the differences in 
the reaction to humidity provided by chemical 

treatments. All these data can 1)e used to derive 
a general relationship for sensitivity or stabil- 
ity to changes in humidity for c hemically mod- 
ified wood with respect to E'ly and tan 6. An 
Er/y stability S, is calculated 1s follows: 

where u is untreated, T is treated, and A(E1/ 
y), is change of E1/y between 35% and 85% 
RH. 

A tan 6 stability S, is calculated as follows: 

A(tan 6), A(tan i ;), - -- 
(tan 6), (tan 611, 

St = - - X I 0 0  (3) 
Ntan a),, 

where A tan 6 is change of tan 6 between 35% 
and 8 5% RH. 

Figure 10 shows the results of these calcu- 
lations. The S, and S, equations measure how 
E'ly and tan 6 changed with changing RH con- 
ditions. Figure 10 shows FS, FH. PF2, A, 
WWM, WM, PF1, PEG1, ant1 FW have pos- 
itive S, and S,; PEG2 and PEG 3 have negative 
S, and positive S,; WIC and MG have positive 
S, and negative St; and PO and BO have neg- 
ative S, and St. 

These results show that the greatest stability 
to changes in vibrational properties with in- 
creasing RH is achieved wilh vapor phase 
crosslinking with formaldehyde, acetylation, 
and treatment with a water-soluble, low mo- 
lecular weight phenol-formaldehyde resin. 

CONCLUSIONS 

Different molecules introducc:d into the wood 
cell wall resulted in different responses in dy- 
namic mechanical properties as ambient hu- 
midity increased. Treatments that resulted in 
lowering of the cell-wall moi: ture content of 
the modified wood compared to that of un- 
treated wood gave the greatest stability to 
changes in dynamic mechanical properties. 
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The results of this research indicate that 
treatments for wood, such as vapor phase re- 
action with formaldehyde, liquid phase reac- 
tions with acetic anhydride, and treatment of 
the cell wall with a water-soluble, low molec- 
ular weight phenol-formaldehyde solution and 
resin curing, result in greatly improved acous- 
tical properties. Treatments for wood are pres- 
ently under further investigation. 
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