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Abstract

Hygrothermal recovery (HTR), the dimensional changes in wood induced by
hygrothermal treatment, was investigated by using both compression and normal wood
of sugi (Cryptomeria japonica). The elastic released strain of growth stress was
measured on living tree surfaces; subsequently, the specimens were taken from the same
position to measure HTR. HTR was measured as dimensional changes due to treatment
at 20, 40, 60, 80, and 100°C in hot water ranging from 200 minutes to 177 days. The
intensity of HTR had a positive relationship with elastic released strain of growth stress.
This result suggests that HTR is the relaxation of the viscoelastic component of growth
stress accumulated during the maturation process of trees. The rate of HTR clearly
showed a time-temperature dependency: higher at higher treatment temperatures and
lower at lower treatment temperatures. based on kinetic analysis, the apparent activation
energy (£,) was calculated as 407 kJ/mol, which is similar to the published E, of lignin

softening implying that the HTR is a lignin-related phenomenon.

Keywords
Compression wood, hygrothermal treatment, Crypfomeria japonica, activation energy,

time-temperature superposition

Introduction

Steaming or boiling induces dimensional changes in green wood, which have been
recognized as causing defects such as distortion, cracks, and the check of lumber during
kiln drying at high temperature [1]. This dimensional change is called hygrothermal
recovery (HTR) and is distinguished from other dimensional changes such as reversible
thermal expansion, reversible expansion and contraction due to changes in moisture
content, and irreversible expansion due to the breaking of hydrogen bonds [2—4].
According to a review by Kiibler [1], the wood expands owing to HTR where the xylem
generates compressive stress as residual elastic growth stress, while the wood contracts
owing to HTR where the xylem generates tensional growth stress. The intensity of HTR
also corresponds to the intensity of residual elastic growth stress.

The physical mechanism of HTR has been studied using reaction wood by
examining the micro-morphological characteristics of xylem. The large contraction in
the longitudinal (L) direction of tension wood due to HTR has a positive relationship
with the ratio of gelatinous fiber or the gelatinous layer [5—7]. The expansion in the L

direction of compression wood due to HTR has a significant relationship with a large
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microfibril angle [8], suggesting that HTR occurs in a mutual relationship between
shrinkage of cellulose microfibrils and swelling of matrix substances in the wood cell
wall, according to the reinforced-matrix theory [9].

Another important characteristic of HTR is time-temperature dependency,
which is a physicochemical characteristic. Longer treatment duration or higher
treatment temperature is known to cause larger dimensional changes [1]. Grzeczynski,
Noack, and Sujan et al. observed the time-temperature dependency of HTR at
temperature ranges of 40°C to 140°C, 100°C to 180°C, and 80°C to 120°C, respectively
[10-12]. Based on these observations, HTR was estimated to be accelerated by
increasing the temperature of treatment.

One possible interpretation of the HTR mechanism has been the long-term
release of the viscoelastic component of residual growth stress that remains in the cell
wall. Heating under the wet condition accelerates the release of the viscoelastic
component of growth stress even after the elastic component is released immediately by
cutting the xylem. Sasaki and Okuyama [13] modeled the distribution of residual
growth stress based on the superposition theory of only the elastic component. By
comparing it with measured elastic component and measured HTR, they demonstrated
the effect of the viscoelastic component on growth stress. Gril and Thibaut [14]
characterized HTR as an inverse phenomenon of generation of the viscoelastic
component by rheological modeling. These studies suggested the presence of a
viscoelastic component in the tree stem and the HTR was the product of residual growth
stress. However, direct comparison between the elastic and viscoelastic components of
growth stress has not been studied. Furthermore, if the viscoelastic component exists,
the long-term behavior invoked by it at ambient conditions has not been investigated.

This study aimed to quantitatively investigate the relationship between HTR
and the elastic growth stress as a factor or a quasi-factor of the HTR phenomenon.
Specifically, the strain due to HTR was compared to the elastically released strain of
standing trees by using compression wood and normal wood. This study also analyzed
the time-temperature dependency and long-term behavior of HTR, not only to approach
the physicochemical mechanism of HTR but also to simulate the possible behavior of

HTR in living tree at ambient conditions.

Materials and Method
Sample trees
Five sugi (Cryptomeria japonica) trees that were 18-22 years old and grown in a

research forest on Higashiyama campus of Nagoya University, Nagoya City, Japan,
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were used to measure growth stress and HTR (Table 1).

Measurement of released strain of surface growth stress

Released strain of elastic growth stress of the outermost surface of secondary xylem in
longitudinal (L) direction (RSp) and tangential (T) direction (RSt) was measured based
on established methods [15—-17]. Four measuring points were set peripherally at five
different heights of each standing tree (Fig. 1); in total, there were 100 measuring points
for the five trees. Foil strain gauges made from polyimide, 10-mm-long
(KFG-10-120-C1-11, Kyowa Electronic Instruments Co., Ltd.), were used and allowed
a single-gauge three-wire connection. The gauges were glued with cyanoacrylate glue
along the L and T directions and then connected to a handy strain meter (UCAM-1A,
Kyowa Electronic Instruments Co., Ltd.). A groove in the secondary xylem surface
around the gauge was carved out to 10 mm in depth using a handsaw to release surface
growth stress. The released strains, RSy and RSt, were calculated as the difference

between the initial strain and the strain with the groove.

Specimen preparation

Soon after harvesting, green specimens with the dimensions of approximately 30 mm
(L) x 15 mm (T) x 5 mm (radial (R) direction) were cut from the same surfaces of the
tree where the strain gauges were glued (Fig. 1), to determine the relationship between
HTR and elastic growth stress. After removing the strain gauges from specimen surfaces,
specimens were placed into 5 groups (no. 1-5) that showed similar histograms for RS;.
Specimens were kept wet throughout the preparation and the measurement of

dimensions described below.

Measurement of Hygrothermal recovery

Longitudinal and tangential dimensions of green specimens, df and d3, respectively,
were measured after conditioning at 20°C using digital comparators with reading
accuracy of 0.001 mm (ID-S112, Mitutoyo Corporation). The digital comparators and
rectangular gauge blocks as supporting boards were set on an iron surface plate so that
all the specimens were at the same position for every measurement (Fig. 2). Two
different positions were measured for each dimension of a specimen. After measuring
d and d?, five groups of specimens with similar histograms for RS were subjected to
hygrothermal treatment at five different temperatures with various treatment durations
(Table 2). The specimens were heated in water at temperatures of 40, 60, 80, and 100°C,

and were then immediately cooled in ice water and conditioned at 20°C overnight. The
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treatment at 20°C entailed keeping the specimens in water in a room at 20°C. After the
treatment for each planned duration, dimensions (df and d%) were carefully
re-measured. Subsequently, the specimens were treated again. The cycle of
hygrothermal treatment, cooling, and dimension measurement was repeated until the
cumulative duration of treatment (f) was reached. The dimensional changes at ¢ (¢f and
ek) were calculated as follows:

CONNCY

di—dp
ar

el =100

t d’%‘_d'(l)‘ 0
&t = 100? (/0) (2)

The average values of two positions for each dimension were calculated for

each specimen.

Results and Discussion

Released strain of growth stress

Table 3 shows the RSy of all measuring points and the grouping of specimens so that all
group members had similar histograms of RS;. Trees with tilted stems showed more
positive RSy in the lower side of the stems. This result implies that a higher compressive
growth stress was present in the lower side of the stems. Fig. 3 shows the negative
correlation between RS; and RSr, which indicates the elastic two-dimensional

deformation due to the release of growth stress.

General description of hygrothermal recovery

Typical changes at the 100°C treatment in &f and ek of specimens with various RSy
and RSrt, respectively, as functions of cumulative treatment duration ¢ are shown in Fig.
4. The specimens with higher positive RSy taken from compression wood expanded
largely in the L direction after short-term treatment, while the specimens with negative
RSy from opposite wood showed minimal shrinkage in the L direction. In the T direction,
the magnitude of &f was not related to RSt. The relationship between &f and &% after
treatment with planned maximum cumulative durations (20°C, ¢ = 177 days; 40°C and
60°C, t = 24 days; 80°C and 100°C, ¢ = 200 minutes) is shown in Fig. 5. In contrast to
Fig. 3, plots in Fig. 5 did not show a clear relationship between &f and &k, regardless
of the values of RSy and RSt. The specimens taken from opposite wood with negative
ef showed variable &% and the specimens from compression wood with higher positive
e generally showed positive &t. These results suggest that the mechanism of HTR
might not be explained as a simple deformation as for elastic release of growth stress.



162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197

As shown in Fig. 6, &f had a strong relationship with RS}, while & did not with RSy.
This result indicates that HTR in the L direction had a direct or indirect relationship
with elastic growth stress, while HTR in the T direction was not related to the elastic
growth stress or the effect of the elastic growth stress was masked by other factors. The
intensity of HTR seemed to be temperature-dependent with both &f and &i being
larger at higher treatment temperatures (Fig. 6). However, it is still premature to
conclude that the intensity of HTR had temperature dependency because the &f and ek
were still increasing at temperatures below 60°C.

Time and temperature dependency of hygrothermal recovery

Fig. 7a shows HTR behavior at each treatment temperature of the specimens that had
similar values of RSt (approximately 0.2% of RS;, the values in framed boxes in Table
3). The increases of & were more rapid during treatment at higher temperature than at
lower temperatures. Although HTR has been considered to require a higher temperature
than the softening points of wood constituents, mainly the lignin softening point of
70-100°C, the treatment at 40°C induced significant HTR of compression wood. No
significant changes were observed at 20°C during the 177-day treatment. From the
above results, it was clear that temperature strongly influenced the rate of HTR. At
higher temperatures, the changes in &f were stronger. However, because &f seemed to
still be increasing at 40°C and 60°C, the effect of temperature on the final values of &f
are not clear. Temperature dependency should be considered in the rate of HTR but not
in the final value of HTR.

Kinetic analysis of hygrothermal recovery

As already shown in Fig. 7a, the rate of HTR behavior depended on treatment
temperature except for at 20°C. There are two possible explanations for HTR at 20°C:
(1) HTR could occur but could not be observed within the range of ¢ in this study; (2)
HTR does not occur. However, growth stress was relaxed during long-term storage of
logs even in ambient conditions whether under water or not [1]. Therefore, it would be
interesting to consider the long-term effect of HTR, on the assumption that HTR occurs
in ambient conditions. Thus, HTR was analyzed based on the kinetic approach for the
quantitative investigation of temperature dependency.

The applicability of reaction kinetics such as zero, Ist, and 2nd order reactions
was considered, as the determination of reaction formulae is a fundamental and
important way to characterize unknown reactions. However, these reaction functions did
not fit well to the HTR behavior observed in this study, especially to HTR below 60°C.
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Therefore, the time-temperature superposition, a method to observe the whole procedure
of the chemical reaction or mechanical behavior that has temperature dependency, was
applied. Several studies in the fields of polymer and wood mechanics successfully used
this approach to analyze the behavior of materials at various temperatures and to predict
the behavior at the ambient temperature [18-24]. Although the ranges of temperature
and duration in this study were limited, each curve of the isothermal changes in &f
could be superposed to a single curve along with the time (logt) axis with proper shift
distance for each temperature as shown in Fig. 7b. The data at 20°C were omitted since
the changes in &f were not significant and shifting the data becomes meaningless.
Proper shift distances that divided ¢ to superpose each curve to a single curve were

calculated for each treatment temperature (7), which is called shift factor (ar) as

follows:
t

ar =7 o 3)
ref

where t,.r 1s the treatment duration at the reference temperature 7. Referring to the
previous instances [23-24], a logistic function with a constant was used to express a
single curve to which all the plots were superposed;

a

f@) =+ C @)

1+Bexp (—yx)
where f(x) is the change in &f, x is log(t//ar), and «, B, y, and C are constants. The
temperature of 60°C was set as the arbitrary reference temperature, namely, az=eooc) = 1.
By using ar, the apparent activation energy £, can be determined based on the modified

Arrhenius equation:

omenftb-)] o
where R is the gas constant (8.134 J K' mol™). Plotting the natural logarithm of ar
versus the reciprocal of 7' as absolute temperature, called Arrhenius plot, is a way to
calculate £,,.

Fig. 8 shows the Arrhenius plot with the values of In ar at each temperature.
The Arrhenius plot showed the high linearity and the value of E, calculated from the
regression line of Arrhenius plot was 407 kJ/mol. Generally, the applicability of kinetics
should be carefully considered when the temperature includes both below and over
critical temperature of lignin [25-26]. Even though softening point of lignin in wet
condition is around 70-100°C in both isolated and in situ lignin [25, 27-30], the
Arrhenius plot did not deviate from the high linearity in the range from 40°C to 100°C.
This showed that the Arrhenius approach could be applied to the HTR behavior in the
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temperature range of this study.

Prediction of hygrothermal recovery of compression wood during long-term life of tree
The values of &f at 20°C did not show obvious trend in the present experimental
duration (177 days) as shown in Fig. 7a. However, if the Arrhenius plot could be
extrapolated to the ambient temperature and HTR occurs at the ambient condition,
xylem will change its dimensions during the long life of tree. Japanese cedar trees are
harvested when the age of 60—100 years for commercial use and sometimes more than
100 years for special use such as traditional building, handcraft, and artworks. In certain
area in Japan, the lifetime of Japanese cedar can exceed 1,000 years. It is suggestive for
the mechanics of standing tree to estimate the dimensional change due to HTR that may
possibly occur during long life of tree at the ambient conditions. Thus, the possible
values of & in compression wood at the ambient temperature during tree life were
predicted. Two values of temperature, 20°C and 30°C, were set as the ambient
temperature and then the values of ar-20°c) and ar=30-c) were calculated by extrapolating
the regression line on the Arrhenius plot to these temperatures as shown in Fig. 8. The
possible values of &f at =100 years and 1000 years were respectively determined by
applying the calculated values of ar to the formula (4): &f will be 0.035% and 0.15%
during 100 years of tree life at 20°C and 30°C, respectively; 0.066% and 0.24% during
1,000 years at 20°C and 30°C, respectively. This rough estimation showed that HTR
would induce not intense but significant dimensional change during realistic tree life of
Japanese cedar growing in a temperate climate in Japan. While, since the measured
values of &f for normal wood were considerably small, HTR of normal wood at the
ambient temperature may not be significant.

General discussion about the origin of HTR
Based on the results described in the previous sections, here the origin of HTR was
discussed from biomechanical and physicochemical viewpoints.

This study first compared the HTR (&f) with the elastic component (RS;) of
growth stress and showed the intense relationship between &f and RS;. This result
indicated that the origin of HTR related to the generation of elastic component of
growth stress, supposing &f represents the viscoelastic component of growth stress.
During the maturation process of trees, growth stress is accumulated in their stems year
by year, contributing the negative gravitropism of trees to support their huge body
[31-33]. The growth stress has been discussed mainly in terms of only elastic dynamics.

However, since the accumulation of elastic stress inevitably would accompany the
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accumulation of viscoelastic stress as well as elastic stress, previous reports suggested
the presence of viscoelastic component of growth stress [13—14]. The intense
relationship between &f and RSp shown in this study practically supports the
generation of viscoelastic components accompanying the generation of elastic
component of growth stress during tree maturation.

The obtained value of E, (407 kJ/mol) for compression wood is the other
important characteristics to discuss the mechanism of HTR. The reported E, values of
the softening of in situ lignin in wet wood ranged from 240 to 440 kJ/mol depending on
wood species [25, 30, 34]. Salmen reported the E, values of 380 and 400 kJ/mol for
Scandinavian pine (Pinus silvestris) and Norway spruce (Picea abies), respectively.
Since these values were comparable to the value obtained from HTR in this study, HTR
is possibly lignin-related behavior. Since the softening points of amorphous cellulose
and hemicelluloses are under room temperature [27], they might not contribute to HTR.
This implies that the thermal transition of lignin induced HTR, and that the higher
amount of lignin in compression wood induced much more expansion in L direction as
well as the higher microfibril angle in S2 layer relative to fiber axis of compression wood
allows the expansion of the specimen in L direction, while the smaller expansion or
contraction was induced in normal wood with the lower lignin content and the lower
microfibril angle. From this viewpoint, HTR can be considered just a byproduct of the
hygrothermal characteristics of lignin, and the intensity of HTR was controlled by the
orientation of microfibril and the varying chemical composition to generate growth
stress.

The possible mechanisms demonstrated in the above two paragraphs might be
compatible or interact with each other. The authors, however, expects the further
insights into the mechanism of HTR, which will be obtained by the precise
measurement as well as morphological consideration such as the effort of cellulose

microfibril.

Conclusion

The intensities of HTR in L and T directions were measured as dimensional changes by
hygrothermal treatment in hot water at 20, 40, 60, 80, and 100°C to understand
physicochemical characteristics of HTR and to compare the HTR with the elastic
growth stress measured as the strain that is immediately released by cutting the xylem.
The obtained results were as follows:

1) The rate of HTR showed time-temperature dependency: the HTR proceeded more

rapidly at higher treatment temperature and more slowly at lower treatment
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temperature. According to the kinetic analysis of the dimensional change in L
direction for the compression wood specimens, the apparent activation energy was
407 kJ/mol, which was relevant to the energy of lignin softening in wet condition.
This implied that HTR is the lignin-related phenomenon. The analysis also allowed
simulating the long-term dimensional changes at the ambient temperature in living
tree. The predicted dimensional changes during 100 years were 0.035% and 0.15%
at the constant temperatures of 20°C and 30°C, respectively, in compression wood
wherein large HTR was observed.

2) The HTR had a positive relationship with the elastic growth stress in L direction,
and no relationship in T direction. The intense relationship between HTR and elastic
growth stress in L direction practically supported the presence of the viscoelastic
component of growth stress which is accumulated with the elastic component of
growth stress during the tree maturation and is released by heating in wet

conditions.
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414 Tables

415
416  Table 1 Information about sample trees
417
Tree no. Angle of tilt” (°) Tree age (year) DBH" (cm)
Upper side/Lower side
1 13/13 18 10
2 14/13 19 13
3 15/14 19 8.9
4 6/2 22 8.9
5 5/3 22 13

418  a) Angle of tilt: angle between the uppermost or undermost side of the stem and the direction of
419  gravitational force.

420  b) DBH: Diameter at breast height

421
422
423
424
425
426
427  Table 2 Treatment temperature and durations for each group.
428
Group | Temper
no. ature” | Cumulative treatment duration (minute or day)
(°C)
1 20 39,42, 54, 89, 104, 127, 177 days
2 40 3, 6, 10, 20, 40, 100, 200, 400, 1000, 2440, 8860, 16240, 34780 minutes (= 24 days)
3 60 3, 6, 10, 20, 40, 100, 200, 400, 1000, 2440, 8860, 16240, 34780 minutes (= 24 days)
4 80 3,6, 10, 15, 20, 40, 100, 200 minutes
5 100 3,6, 10, 15, 20, 40, 100, 200 minutes
429  a) Treatment temperature of hygrothermal treatment
430
431
432
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433  Table 3 Released strain of surface growth stress in longitudinal directions (RS) of each measured
434  point. The values in framed boxes were RS, of the specimens used for the kinetic analysis.

435

Group 1 Group 2 Group 3 Group 4 Group 5

RS (%) -0.033 -0.046 -0.035 -0.045 -0.048
-0.032 -0.034 -0.034 -0.033 -0.046

-0.028 -0.031 -0.028 -0.031 -0.028

-0.027 -0.023 -0.028 -0.028 -0.025

-0.024 -0.021 -0.027 -0.027 -0.025

-0.021 -0.018 -0.023 -0.024 -0.015

-0.014 -0.016 -0.022 -0.022 -0.013

-0.012 -0.013 -0.019 -0.020 -0.013

-0.001 -0.013 -0.018 -0.016 -0.011

0.005 -0.011 -0.018 -0.010 -0.011

0.005 -0.009 -0.008 -0.003 -0.007

0.020 -0.002 0.013 0.001 0.013

0.034 0.001 0.018 0.004 0.028

0.055 0.029 0.042 0.022 0.033

0.083 0.038 0.068 0.062 0.061

0.130 0.063 0.094 0.071 0.066

0.145 0.132 0.138 0.131 0.069

0.171 0.155 0.167 0.199 0.118

0.220) 0.211 0.178

0.284 0.232 0.254 0.214

436
437

15



438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470

Figure captions

Fig. 1 Positions where the released strain of surface growth stress were measured by strain gauges

and where specimens were taken.

Fig. 2 Measurement of longitudinal and tangential dimensions of the specimens. Gauge blocks to

support specimens and digital comparators were fixed by strong magnets on an iron surface plate.

Fig. 3 Relationship between released strain of tangential growth stress (RSt) and that of longitudinal

growth stress (RSy).

Fig. 4 Dimensional changes in L and T directions (&}, and &%) as functions of cumulative treatment
duration (#): several typical examples at 100°C treatment and of the compression wood and the
opposite wood with their released strain of growth stress (RS, and RSt). Compression wood showed

higher values of RS| and lower values of RSt and normal wood showed lower RSy and higher RSr.

Fig. 5 Relationship between dimensional changes in L direction (£f) and those in T direction (&%)

after the treatment of the maximum cumulative durations.

Fig. 6 Relationship between dimensional changes (&f or &%) after the treatment of maximum

cumulative durations and released strain of growth stress (RSy or RSt).

Fig. 7 a) Typical change in longitudinal dimensions during hygrothermal treatment of the specimens
that have approximately 0.2% of released strain (RSt). (20°C: 0.220%, 40°C: 0.196%, 60°C: 0.207%,
80°C: 0.199%, 100°C: 0.214%). b) Data superposed to a single curve by the appropriate values of
shift factors (ar).

Fig. 8 Arrhenius plot derived from time-temperature superposition of HTR (Fig. 7) with shift factors
(ar) of each temperature (7). The calculated value of apparent activation energy (E,) was 407kJ/mol.
a) The values at 20°C and 30°C were calculated by extrapolating the regression line on the Arrhenius

plot to each temperature.
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