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ABSTRACT

Dimensional stability can be improved by either steaming or heating wood while the woocl is in a
compressed state. This study investigated the effect of steam or heat on fixation of compression set
and the effect of these treatments on hardness, mechanical properties, and color of compres;ed and
uncompressed wood specimens. To determine the effect of steaming before and after compres:ion set.
one group of wood specimens was steamed and then compressed, and another group was compressed
and then steamed. Simple boiling and cyclic swelling tests were used to evaluate recovery of com-
pression set. Hardness of compressed specimens was measured by the Brinell test. A two-point hending
test on noncompressed specimens was used to calculate moduli of elasticity and rupture. /A L-a-b
color system was used to determine color changes. Compressed wood steamed for 1 min at 200 C or
8 min at 180 C showed no recovery of set, large increases in hardness, minimum decreases in me-
chanical properties, and slight darkening. We conclude that almost complete fixation of compression
set in wood can be achieved by steaming compressed wood.

Keywords: Compressed wood, steaming, heating, permanent fixation, physical properties.

INTRODUCTION

! The Forest Products Laboratory is maintained in co- Researchers are searching for an effective
operation with the University of Wisconsin. This article

was written and prepared by U.S. Government employees met_hOd to Stab.IhZC t.he dimensions of wood
on official time, and it is therefore in the public domain during changes in moisture content. The work
and not subject to copyright. reported in this paper is a joint effort between
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Kyoto University in Japan and the USDA For-
est Service, Forest Products Laboratory, in the
United States. Many methods have been stud-
ied, ranging from bulking the cell wall with
simple aqueous sugar solutions to chemical re-
actions with the cell-wall polymers. Most
methods use chemicals that bulk, react, cross
link, or coexist within the wood cell wall.

Stamm et al. (1946) reported a method of
dimensional stabilization of wood that was
based not on the use of chemicals but on the
use of heat alone. Their approach was based
on work of Tiemann (1920), who showed that
high-temperature kiln drying decreased the hy-
groscopicity and subsequent swelling and
shrinking of lumber. Stamm and Hansen (1937)
found that if dry wood was heated, hygroscop-
icity decreased substantially. However, if moist
wood was heated, hygroscopicity did not de-
crease. They also found that heating wood in
the presence of oxygen caused more degrada-
tion of strength properties than if wood was
heated in the absence of oxygen.

Stamm et al. (1946) heated wood under mol-
ten metal and found that improvements in di-
mensional stability were accompanied by de-
creases in mechanical properties. Modulus of
rupture (MOR) decreased 20% with an anti-
shrink efficiency of 40%. When wood was
heated in air, MOR decreased 25% with an
antishrink efficiency of only 30%. These
experiments were done between 160 C and
280 C. Stamm et al. called this product Stayb-
wood.

Other researchers also worked to stabilize
wood by a heating process. Hillis (1984) re-
viewed the literature in this area. Hillis and
Rozsa (1978) found that a minimum heating
of 2 h at 100 C plasticized the hemicellulose-
lignin matrix to effect additional stability. To
minimize thermal degradation of the wood,
they suggested that the wood be presteamed
or preheated for as short a period as possible.
Skaar (1976) reported that heating wet wood
degraded it 10 times faster than heating it dry.

In theory, wood is stabilized by decreasing
its hygroscopicity by thermally degrading the
hemicelluloses (the most hygroscopic poly-
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mers in the cell wall). Seborg et al. (1953)
speculated that crosslinking reactions were also
taking place within and between cell-wall poly-
mers during the heating process.

Seborg et al. (1945) compressed wood while
heating it to produce a densified, stabilized
product known as Staypak. At 160 C and 12%
moisture content, they found that a specific
gravity of 1.3 could be achieved at 10 to 17
MPa.

Burmester (1973) found that under opti-
mum moisture content, heat, and pressure, de-
formation caused by moisture swelling was re-
duced 75% for oak heartwood, 60% for beech
sapwood, 55% for pine sapwood and heart-
wood, and 52% for spruce. Giebeler (1983)
found swelling decreases of 50% to 80% when
beech, birch, poplar, pine, and spruce were
heated at 180 C to 200 C in an inert gas at-
mosphere of 0.8 to 1.0 MPa.

Hsu (1988) increased dimensional stability
by presteaming fibers before compressing them
into fiberboards. In a 24-h swelling test, Hsu
found thickness swelling of the fiberboard de-
creased about 33% compared to control spec-
imens after presteaming 4 min at 1.55 MPa.

In preliminary tests, Inoue et al. (1991) found
that dimensional stability could be improved
by either steaming or heating while the wood
was in a compressed state. Dimensional sta-
bility was achieved by heat plasticization of
the thermoplastic matrix (lignin and hemicel-
luloses) which is reset in its compressed state
and not by degradation of the hemicelluloses.
Results showed that minimizing the degra-
dation of hemicelluloses also minimized the
decrease in mechanical properties of the com-
pressed wood. In addition, we found that com-
pressing the wood increased its surface hard-
ness.

The purpose of the study reported here was
to (a) investigate permanently compressing
wood using steam or heat while the wood is
in a compressed state, (b) evaluate changes in
wood hardness and mechanical properties us-
ing heat or steam, and (c¢) determine color
changes in the wood caused by the steam or
heat treatments.
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EXPERIMENTAL
Wood specimens

Specimens of Sugi (Cryptmeria japonica
D.Don) were cut from one large board. Spec-
imens for the compression and hardness tests
were 20 by 20 by 30 mm (longitudinal by radial
by tangential); specimens for bending and col-
or difference tests were 120 by 10 by 5 mm
(longitudinal by radial by tangential). All spec-
imens were extracted with benzene/ethanol
(1/1, v/v). Specific gravity of the wood was
0.36; average annual ring width was 1.7 mm.

Compression tests

Steam and heat treatments. —To determine
the effect of steaming on dimensional stabili-
zation of wood before and after compression
set, one group of specimens was steamed at
180 C for 2, 3, 4, or 8 min and then com-
pressed. Another group was compressed and
then steamed at 180 C for 2, 3, 4, or § min.
All specimens were then placed in boiling wa-
ter (98 C) for 30 min, then measured for re-
covery of compression set.

To determine the effect of heat or steam on
compression set, specimens were saturated with
water and irradiated by microwaves at 2.4 kW.
Specimens were then compressed to about 50%
of their original thickness in the radial direc-
tion and then oven-dried at 105 C. Half the
specimens were then heated in a dry oven,
while compressed, at 160 C, 180 C, 200 C, or
220 C for various lengths of time. The re-
maining half were fitted between stainless steel
plates that were placed inside stainless side
restraints. Specimens in the metal restraints
were steamed in an autoclave at 140 C, 160 C,
180 C, or 200 C for various lengths of time.

Percentage of compression set (C) was cal-
culated by

- T
0 ~c 1009
T, x 100% D

where T, is the oven-dry thickness before com-
pression, and T, is the oven-dry thickness after
compression.

Recovery of compression set. —Recovery of
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compression set was determined on specimens
that were compressed and then steamed or
heated by two tests. The first was a simple
boiling test in which specimens were soaked
in water until saturated (30 min reduced pres-
sure, then 210 min at atmospheri: pressure),
placed in boiling water (98 C) for 3) min, then
measured for final thickness after oven-drying.
The second test was a cyclic swelling test in
which specimens were soaked in water until
saturated (30 min decreased pressure, then 210
min at atmospheric pressure), the1 measured
for thickness. Specimens were dried at 40 C
for 20 h, then 105 C for 4 h, then again mea-
sured for thickness. This procedure was re-
peated five times. After the fifth soaking cycle,
the specimens were placed in boiling water
(98 C) for 2 h, then measured for thickness.
Finally, specimens were measured for thick-
ness after oven-drying.

Percentage of recovery of set (R) was cal-
culated by
Ty

___——’rc X 1000/(

R=
T, — T

(2)
where Ty is the oven-dry thickn:ss after re-
covery test.

Hardness test

A Brinell hardness test was conducted on
specimens that were compressed and then
steamed or heated according to .lapanese In-
dustrial Standard JISZ2117(1977). A 10-mm-
diameter steel ball was imbedded into the sur-
face of the wood at a head speed of 0.5 mm/
min to a depth of 0.32 mm. Hardness was
measured at 16 locations on each specimen,
and the results were averaged. The hardness
test was conducted at 20 C and 60% relative
humidity.

Bending test

A single-point bending test was conducted
on noncompressed specimens thet were either
steamed or heated for the same times as the
specimens that were compressed and then
steamed or heated. The span for the bending
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Effect of compression set on specific gravity.

specimen was 100 mm with a loading speed
of 10 mm/min at 60% relative humidity and
20 C. Modulus of elasticity (MOE) and MOR
were calculated. Five specimens were tested at
each test condition.

Color test

Color difference before and after steam or
heat tests was determined using the L-a-b color
system on a color difference meter. Diameter
of the measuring circle was 6 mm. Sixteen lo-
cations were measured on each specimen and
then averaged. Color difference and shade
(lightness or darkness) were determined.

RESULTS AND DISCUSSION
Compression tests

Figure 1 shows the increase in specific grav-
ity with increasing compression set (Inoue et
al. 1991). Specific gravity increased from 0.36
to 0.50 with a compression set of 30%. At a
compression set of 60%, specific gravity in-
creased to 0.9, which was more than twice the
initial specific gravity.

Figure 2 shows the results of the tests to
determine the effect of steaming before and
after compression set. Specimens compressed
after steaming showed about an 85% regain of
thickness. Therefore, steam pretreatment of
wood was not effective in preventing recovery
of set. Specimens steamed while compressed
showed decreased recovery of set as the time
of steaming increased. Almost no recovery of
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Recovery of compression set after 30 min boil-
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set was observed in specimens that were
steamed for 10 min while compressed. There-
fore, steaming after compression was neces-
sary to effect permanent fixation.
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Figure 3 shows the effect of heat or steam
on recovery of compression set. As the steam
temperature increased, the recovery of com-
pression set decreased. Almost no recovery of
set was observed after only 1 min of steaming
at 200 C and 8 min at 180 C. Dry heating
required 20 h at 180 C or 5 h at 200 C to
achieve less than 2% recovery.

Figure 4 shows the effects of cyclic wetting
and drying on recovery of set of compressed
specimens steam heated at 180 C. The un-
steamed specimens (control) recovered about
60% on the first wetting cycle; after five wetting
cycles, specimens recovered more than 80% of
initial thickness. Specimens steamed at 180 C
for 8 min while compressed recovered less than
5% on the first wetting; after five wettings, they
recovered a little more than 10%. The amount
of swelling that occurred in the 8-min steamed
specimens was about equal to the normal, re-
versible, volumetric swelling of noncom-
pressed wood.

Boiling steamed specimens after five wetting

cycles increased the recovery of set in all cases.
Specimens steamed 1, 2, and 4 min had the
largest increase.

Figure 5 shows the effect of dry-heated com-
pressed specimens. Heating for 5 h at 180 C
resulted in almost 50% recovery of set after
five wetting cycles. Heating for 10, 15, or 20 h
reduced recovery of set to 20% to 25% after
five wetting cycles.

The fixation of the compressed wood struc-
ture by steaming is probably a result of the
steam softening of the lignin-hemicellulose
matrix in which the crystalline cellulose mi-
crofibrils are embedded. Within the softened
matrix, microfibrils move. Tanahashi et al.
(1989) showed that steaming of wood results
in an increase in cellulose crystallinity, micro-
fibril width, and micelle width. As water is
removed from the matrix, hydrogen bonds re-
form between the polymers in the matrix. To-
gether with the temperature decrease, this pro-
cess leads the amorphous fraction to return to
the glassy state where the elastic deformation
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of the microfibrils and the matrix is frozen.
Part or all deformation is recovered when the
matrix is resoftened with water alone or with
water and heat. The part of deformation not
recovered i1s due to the stability of the new
microstructure imparted during the steam
treatment.

Hardness test

Figure 6 shows the effect of steaming on
hardness of specimens as measured by the
Brinell test. Surface hardness remained un-
changed by steaming noncompressed speci-
mens. The hardness resulting from compres-
sion increased from 0.07 to 0.25 MPa, an
increase of about three times. A small reduc-
tion in surface hardness was observed when
steaming compressed specimens. This may be
due to a slight loss in hemicelluloses during
steaming and rearrangement of the matrix
polymers.

Bending test

Figures 7 and 8 show changes in MOE and
MOR of noncompressed specimens that were
heated or steamed. Note that the time in Figs.
7 to 10 for steamed specimens is in minutes,
while that for dry heated specimens is in hours.
Steaming at 180 C for 8 min or 200 C for 1
min caused a 3.3% and 8.6% decrease in MOE,
respectively. The MOE increased in specimens
dry heated for 5 h at 180 C but remained un-
changed at 5 h at 200 C. Steaming at 220 C
for 8 min caused more than a 20% decrease in
MOE, and dry heating at 220 C for 5 h caused
more than a 30% decrease in MOE.

Only a small change in MOR resulted from
steaming specimens at either 180 C or 200 C
for 8 min (Fig. 8). A significant decrease in
MOR resulted from steaming at 220 C and
from all dry heating conditions, especially at
200 C and 220 C.

Color test

All heat and steam tests in this study caused
a color change in the wood (Fig. 9). Steaming
at 180 C caused the least color change; only a
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slight yellowing occurred. Heating at 200 C
and 220 C, dark yellowing occurred. Untreated
specimens maintained a lightness or darkness
of 80%. The lightness was reduced to about
70% for 8 min at 180 C, to about 60% for 8
min at 200 C, and to about 50% or 8 min at
220 C. All specimens were significantly darker
when dry heated for lengthy periocls especially
at high temperatures (Fig. 10).

As seen in Figs. 7 to 10, more Jegradation
occurred during steaming than in dry heating.

CONCLUSIONS

We conclude that almost comp.ete fixation
of compression set in wood can he achieved
by steaming wood while compressed. Com-
pressed wood steamed at 180 C for 8 min or
at 200 C for 1 min showed no recovery of set,
large increases in hardness, minim am decreas-
es in mechanical properties, and slight dark-
ening. Dry heating of compressed wood for
lengthy periods can also give complete fixation
of compressive set but with significant decreas-
es in mechanical properties and severe dark-
ening.

We are continuing this research using a wa-
ter-soluble, polymerizable monomer and high-
temperature curing while the wood is in a com-
pressed state. The polymer should increase
hardness and, if it bulks the cell wall, should
help in the fixation of compressive set. Me-
chanical properties should also increase.
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