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Effects of temperature on mechano-sorptive creep of delignifi ed wood

Abstract The effects of temperature on mechano-sorptive 
(MS) creep of delignifi ed hinoki wood (Chamaecyparis ob-
tusa Endl.) were investigated using longitudinal (L) and ra-
dial (R) specimens during adsorption and desorption over 
the temperature range of 20°–80°C. The results were com-
pared with those of stepwise delignifi ed specimens tested at 
a constant temperature of 20°C. It was found that the effects 
of temperature on the MS creep of delignifi ed specimens are 
more remarkable than for untreated specimens. The ten-
dencies of increasing MS creep with temperature, delignifi -
cation, and their combination were observed. The increase 
in MS creep for L specimens was relatively small and almost 
equal in both adsorption and desorption processes, while for 
R specimens the MS creep was small in desorption, but sig-
nifi cantly different in adsorption. In addition, good correla-
tion was observed between the MS coeffi cient (K) and 
instantaneous compliance (J0). The increase in MS creep 
occurs as a result of temperature increase or decrease in lig-
nin content, or their interacting effects. However, in the case 
of desorption for R specimens, the increase of MS creep was 
unexpectedly small due to a remarkably increased J0.
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Introduction

In our previous studies,1,2 the effects of delignifying treat-
ments on mechano-sorptive (MS) creep of wood were in-
vestigated by using small longitudinal (L) and radial (R) 
specimens. The results showed that the effects of delignifi -

cation are more extensive for R specimens than for L speci-
mens. The occurrences of MS creep in adsorption are larger 
than that in desorption for delignifi ed R specimens, while 
those for delignifi ed L specimens are comparatively small 
or almost equal in both adsorption and desorption. Further-
more, the effects for both R and L specimens in strongly 
delignifi ed treatment are more easily distinguished.

Wood, as a polymer shows a softening or transition tem-
perature in its rheological behavior over a certain tempera-
ture range.3–5 Many researchers6–8 studied the temperature 
effect on the MS creep of wood. Wu and Milota9 reported 
that tensile and compressive creep strains under constant 
moisture reach maximum values between 65.6° and 82.2°C, 
which is explained using the concept of the glass transition 
temperature of wood. Tokumoto et al.10 investigated the 
effect of temperature on the bending creep of wood during 
adsorption and desorption, and concluded that the effect of 
temperature is remarkable during adsorption, but is minor 
during desorption. These results suggest that the effect of 
temperature on MS creep is analogous to that of delignifi ca-
tion to some degree.

Thus, it is considered that either an increase in tempera-
ture or a decrease in lignin content softens or weakens the 
rigidity of matrix components (i.e., hemicellulose and lig-
nin) in wood, and that factors affecting MS creep of wood 
include not only the change in moisture content but also 
temperature and extractive content, which interact in some 
manner to accelerate the creep of wood.

Lignin, one of the main components of wood cell walls, 
is less hygroscopic and its mechanical properties are less 
sensitive to moisture than other hydrophilic polysaccha-
rides.11,12 The prime function of lignin is to protect the 
hydrophilic cellulose and hemicelluloses. However, how 
lignin infl uences the mechanical properties of wood is still 
uncertain.

The dominant mechanism of MS creep is generally con-
sidered to be related to the behavior of the amorphous re-
gion of wood polymers; thus, effects of temperature on MS 
creep should not be ignored. It is likely that both heating 
and delignifi cation weaken the matrix of cell walls in the 
same way.
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The purpose of this study was to clarify the effect of 
temperature on MS creep of untreated and delignifi ed 
wood. The difference between temperature effect and del-
ignifi cation is discussed.

Materials and methods

Specimens

The wood species used in the study was hinoki (Chamaecy-
paris obtusa Endl.). Two types of small rectangular speci-
mens were used: longitudinal (L) specimens (R × T × L: 10 
× 3 × 120 mm) and radial (R) specimens (R × T × L: 120 × 
3 × 10 mm). These two types of specimens were successively 
cut from each wood block. Specimens were selected accord-
ing to Young’s modulus.

Delignifying treatment

The delignifying treatment was conducted with acidifi ed 
sodium chlorite solution, i.e., the sodium chlorite method.13 
After being immersed in this solution under reduced pres-
sure for 12 h at room temperature, specimens were subse-
quently immersed in the solution for 40 h at a constant 
temperature of 40°C. Thereafter, specimens were washed 
in running water for 5 days and were dried in air. The same 
treatment was repeated twice. After the delignifying treat-
ment, specimens with a lignin content of about 15.4% and 
12.4% in L and R specimens, respectively, were conditioned 
for 2 h at a temperature of 80°C and relative humidity (RH) 
of 98%. Then specimens were dried slowly and were con-
ditioned at 20°C and 40% RH. Untreated specimens were 
also used as controls.

Bending creep test

Bending creep tests were carried out in a chamber in which 
both temperature and humidity could be controlled. Defl ec-
tions were measured using a digital reading microscope 
(accuracy of measurement: 0.01 mm). The load was applied 
at the center of a beam with a span of 100 mm. Bending 
loads were nearly one third of proportional limits at the low 
end of the prescribed RH ranges where creep experiments 
were carried out. Matched specimens closely placed with 
the creep specimens were used for measurement of mois-
ture content (MC) change. Experimental results were the 
average of three specimens under each condition.

Test conditions

Bending creep tests during adsorption (A) and desorption 
(D) processes were carried out at four different tem-
peratures (20°, 40°, 60°, and 80°C). The ranges of RH at 
each temperature were as follows: 20°C/40%–94% RH, 
40°C/40%–94% RH, 60°C/55%–94% RH, and 80°C/61%–
97% RH. Before the creep test, specimens were allowed to 

equilibrate suffi ciently at the prescribed RHs. After load-
ing, the creep defl ection measured within the initial 1 min 
was termed as instantaneous compliance (J0); thereafter, 
MC was kept constant for 1 h and then creep defl ection 
during adsorption or desorption process was measured over 
12 h.

Results and discussion

The curves of creep versus MC for untreated wood during 
adsorption and desorption are shown in Fig. 1. For L speci-
mens, the bending creep increased with increasing tem-
perature during both adsorption and desorption. For R 
specimens, the increases in MS creep with increasing tem-
perature are signifi cant during adsorption, but were small 
during desorption. For both L and R specimens, however, 
the increases in bending creep from 60° to 80°C are re-
markable during both adsorption and desorption. These 
remarkable changes are caused by the softening of the 
matrix of cell walls, which becomes signifi cant with water 
sorption.3–5

The increasing tendencies of MS creep in Fig. 1 are in 
agreement with the previous study.10 The tendencies are 
also similar to that of MS creep with delignifying treat-
ments;1,2 that is, the increases in MS creep with increasing 
temperature are relatively small and equivalent during both 
adsorption and desorption for L specimens, while increases 

Fig. 1a, b. Effects of temperature on bending creep of a untreated 
longitudinal (L) specimens and b untreated radial (R) specimens dur-
ing adsorption (A) and desorption (D). Diamonds, 20°C; squares, 40°C; 
triangles, 60°C; circles, 80°C
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are remarkable in adsorption and small in desorption for R 
specimens.

Based on the above results, the rigidity decrease in the 
matrix components of cell walls is attributed to either an 
increase in temperature or a decrease in lignin content. 
Consequently, the increase in MS creep with increasing 
temperature during both adsorption and desorption is 
equivalent for L specimens, while for R specimens the MS 
creep increased remarkably in adsorption and only slightly 
in desorption.

The effect of temperature on MS creep for delignifi ed 
specimens is shown in Fig. 2. Creep curves of untreated 
specimens are also shown in the same fi gure. The MC 
changes for delignifi ed specimens during adsorption and 
desorption processes are 6%–7% larger than that for un-
treated specimens. This is because the equilibrium moisture 
contents of delignifi ed specimens are increased after delig-
nifi cation. This indicates a large increase in the number of 
sorption sites available in the wood substances after 
delignifi cation.

As seen in Fig. 2, the bending creep of delignifi ed L 
specimens increases more signifi cantly compared than the 
untreated L specimens and exhibits an almost linear creep 
region over the entire MC range. Furthermore, MS creep 
increases to the same extent in adsorption and desorption. 
On the other hand, for R specimens, the different infl uences 

appear between adsorption and desorption processes. The 
increase in MS creep with increasing temperature is small 
in the desorption process, while it is remarkable for adsorp-
tion. In adsorption, creep increases moderately until about 
24% MC, but increases abruptly over 24% MC. This ten-
dency becomes signifi cant at 80°C, at which the slope of the 
creep curve over 24% MC is fi ve times larger than the slope 
below 24% MC. As MC increases, the wetting of wood in-
duces a marked softening of the matrix, although crystalline 
microfi brils remain unaffected.3–5 Matrix softening is par-
ticularly remarkable in the temperature range of 60°–80°C 
where part of the matrix components shift from the glassy 
state to the rubbery state. Accordingly, the softened matrix 
permits the relative displacement of microfi brils under 
loading.

The effects of temperature on delignifi ed specimens are 
qualitatively similar to that of untreated specimens as well 
as to that of stepwise delignifi cation treatments at 20°C ac-
cording to the structural direction of wood and direction of 
moisture change. All results described above show similar 
effects of temperature and delignifi cation: the increases in 
MS creep with either increasing temperature or decreasing 
lignin content are equivalent in both adsorption and de-
sorption for L specimens, while are small in desorption and 
remarkable for adsorption for R specimens.

Regardless of delignifi cation, delignifi ed and untreated 
specimens show qualitatively similar effects of temperature 
on MS creep, but the interacting effect of increasing tem-
perature and delignifi cation was observed for delignifi ed 
specimens. Delignifi ed specimens used in this experiment 
contained approximately one third to one half of their origi-
nal total lignin content. It is hypothesized that when lignin 
is totally isolated from the matrix of wood, the remaining 
holocelluloses would probably show MS creep behavior as 
similar as cellophane,14 as indicated by signifi cant softening 
with increasing MC. Due to the similar effects of decrease 
in lignin content and increase in temperature, it can be as-
sumed that the residual lignin in cell walls functions as a 
barrier to swelling and heating, while hemicellulose acts a 
swelling and heating agent.

Relationships between average MS creep coeffi cients K 
(K = DJ/Du) and temperature are shown in Fig. 3. Here, DJ 
and Du denote the total change of MS creep compliance and 
moisture content, respectively, during adsorption and de-
sorption processes. K as a constant indicates the increasing 
tendency of creep.

As can be seen in Fig. 3, K values of the delignifi ed 
specimens are signifi cantly larger than those of untreated 
specimens. For L specimens, the increasing tendencies of K 
with increasing temperature are approximately equal in 
both adsorption and desorption processes. For R speci-
mens, K values are signifi cantly larger in adsorption than in 
desorption. For both types of specimens, K increases signifi -
cantly as temperature increases from 60° to 80°C.

Figure 4 shows the relationships between temperature 
and the ratio of creep coeffi cient at temperature T (KT) to 
that at 20°C (K20) under all experimental conditions. In ad-
sorption, although the ratios of KT/K20 of R specimens are 
larger than those of L specimens, the increasing tendencies 

Fig. 2a, b. Effects of temperature on bending creep of a delignifi ed 
longitudinal (L) specimens and b delignifi ed radial (R) specimens dur-
ing adsorption (A) and desorption (D). Diamonds, 20°C; squares, 40°C; 
triangles, 60°C; circles, 80°C; fi lled symbols, delignifi ed; open symbols, 
untreated
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with increasing temperature are similar for both delignifi ed 
and untreated specimens. On the other hand, in desorption, 
the ratios of KT/K20 of delignifi ed specimens are larger than 
those of untreated L and R specimens. Judging from the 
ratio of K to the values at 20°C, the effect of temperature 
on MS creep is almost equal for both delignifi ed and un-
treated specimens in adsorption, while it is larger for delig-
nifi ed specimens than untreated specimens in desorption.

Figure 5 shows the average MS creep coeffi cients K as a 
function of temperature and degrees of delignifi cation in a 
comparison of the temperature effects with the delignifi ca-
tion effects. Figure 5 shows contour maps of K, in which 
heavy and thin lines are drawn based on the measured and 
estimated values, respectively. The data showing the rela-

tionship between K and degree of delignifi cation (C, W, M, 
and S) at a temperature of 20°C are taken from previous 
reports.1,2 Here, lignin contents corresponding to the degree 
of delignifi cation C, W, M, and S are about 30.1%, 26.1%, 
20.2%, and 15.4% in L specimens, and about 31.7%, 24.9%, 
16.3%, and 12.4% in R specimens. The values of K for the 
degrees of delignifi cation W and M at a temperature higher 
than 20°C are estimated based on the relationship between 
K and the degree of delignifi cation at 20°C. Also, the bro-
ken lines denote contour lines of K corresponding to the 
values of delignifi ed specimens at 20°C. From this contour 
line, the K values at 20°C for specimen S in the L and R 
directions correspond to the values in the temperature 
ranges of 70°–80°C and 50°–60°C, respectively. It is obvious 
that the temperature ranges of L specimens are higher than 
those of R specimens. Figure 5b shows in the case of desorp-
tion for R specimens a peculiar moderately increasing ten-
dency of MS creep with increasing temperature or decreasing 
lignin content compared with all other cases.

Figure 6 shows the relationships between average MS 
creep coeffi cients (K) and instantaneous compliances (J0). 
J0 presents instantaneous compliance at the low end of the 
MC interval for adsorption or at the high end of the MC 
interval for desorption. Under all the experimental condi-
tions, there exist good correlations between K and J0. 
Therefore, it is clear that increase in MS creep is in propor-
tion to the increase in J0. This is a result of the increase in 
temperature or the decrease in lignin content, or, further-
more, the cumulative effects of temperature and delignifi ca-
tion. It is noteworthy that the increases in the MS creep for 
R specimens in desorption are unexpectedly small in con-
trast to remarkably increased J0.

Fig. 3. Effects of temperature on mechano-sorptive (MS) creep coef-
fi cients (K = DJ/Du: the total increase in compliance divided by the size 
of the moisture change) for longitudinal (L) and radial (R) samples. 
Circles, during adsorption; triangles, during desorption; fi lled symbols, 
delignifi ed; open symbols, untreated

T
20
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Fig. 4a, b. Relationship between KT/K20 and temperature for a longi-
tudinal (L) samples and b radial (R) samples during adsorption (A) 
and desorption (D). KT/K20 denotes the ratio of K at the temperature 
considered to that at 20°C. Filled symbols, delignifi ed; open symbols, 
untreated

Fig. 5a, b. Variation of DJ/Du with temperature and the degrees of 
delignifi cation for a longitudinal (L) samples and b radial (R) samples 
for adsorption (A) and desorption (D). C, Control; W, delignifying 
treatment for 10 h; M, delignifying treatment for 30 h; S, two delignify-
ing treatments for 30 h each
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MS creep for L specimens increased equivalently during 
both adsorption and desorption as J0 increases. However, 
the increases in MS creep for R specimens are signifi cantly 
different between adsorption and desorption, which is a 
point worthy of further investigation.

The common increasing tendencies of MS creep caused 
by temperature, delignifi cation, or their combination occurs 
through various mechanisms, such as softening of the wood 
cell wall matrix by rising temperature, loosening of the ma-
trix and increasing hygroscopicity by delignifi cation, or their 
interaction. More detailed investigation toward clarifying 
these mechanisms is under way.

Conclusions

Based on the above results and discussion, the following 
conclusions can be drawn:

1. For untreated specimens, the increases in MS creep with 
increasing temperature for longitudinal specimens are 
relatively small and almost equal in both adsorption and 
desorption processes, while for radial specimens the in-
creases in MS creep are small in desorption, but signifi -
cantly different in adsorption. These increasing tendencies 
with temperature are similar to that of stepwise deligni-
fi ed specimens according to either structural direction or 
direction of moisture change.

2. The effects of temperature on MS creep of delignifi ed 
specimens are more remarkable than those on untreated 
specimens, and the tendencies of increasing MS creep 
are qualitatively similar to those of untreated specimens 
according to either structural direction or direction of 
moisture change.

3. There are good correlations between K values and in-
stantaneous compliances (J0).

It is obvious that the increases in MS creep under all the 
experimental conditions are in proportion to the increases 
of J0, which results from increase in temperature or 
decrease in lignin content, or, furthermore, the interacting 
effects of temperature and delignifi cation. However, the 

increases in MS creep for radial specimens in desorption are 
unexpectedly small due to the remarkably increased J0.
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