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Abstract 

African blackwood (ABW: Dalbergia melanoxylon) is a valuable tree in Tanzanian local community forests, and heart-
wood has been mainly utilized as an irreplaceable material in musical instruments, e.g., clarinet, oboe and piccolo. 
Since its use is generally for the production of musical instruments only, most of the harvested volume is wasted due 
to defects that would affect the quality of final products. Wood flow forming can transform bulk woods into materials 
in temperature/pressure-controlled mold via plastic flow deformation. The main object of this study was to evaluate 
the deformation characteristics of ABW heartwood in developing the potential of wasted ABW parts in terms of the 
effective material use. The deformation characteristics of heartwood were examined by free compression tests. Speci-
mens were compressed along the radial direction at 120 °C, and air-dried heartwood was dramatically deformed in 
the tangential direction. The plastic flow deformation of ABW was amplified by the presence of both extractives and 
moisture. In particular, the ethanol/benzene (1:2, v/v) soluble extractives in heartwood may have contributed to flow 
deformation. The results of the dynamic mechanical analysis showed that the air-dried heartwood exhibited softening 
in a temperature range over 50 °C. The ethanol/benzene-soluble extractives contributed to the softening behavior. 
The clarified deformation characteristics of ABW can contribute to more efficient material use of local forests.
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Introduction
African blackwood (ABW), Dalbergia melanoxylon, is 
the national tree of Tanzania, called “Mpingo” in Swahili. 
The tree naturally occurs in the dryland of sub-Saharan 
Africa, including in eastern African countries such as 
Tanzania and Mozambique. These two countries actually 
stock intensive natural resources of this tree, and they 
have recently provided most ABW timber. In Tanzania, 
ABW trees tend to be observed in a semi-deciduous for-
mation including deciduous and evergreen trees, i.e., the 
miombo woodlands, which are characterized by an abun-
dance of three genera: Brachystegia, Julbernardia and Iso-
berlinia [1, 2]. The trees naturally grow in clusters, with a 

population density that has been estimated as 9–90 trees/
ha [3–6].

It is mostly the heartwood of ABW that is utilized in 
the production of musical instruments, especially wood-
winds, e.g., clarinets, oboes, piccolos, and bagpipes, due 
to its specific characteristics. It is normally purplish-
black in color, and extremely heavy, having an air-dried 
density of 1.1–1.3 g/cm3 [7, 8], while loss tangent (tanδ) 
in vibration properties is lower than other general hard-
wood species [9]. These characteristics are greatly differ-
ent from those of the milky-white sapwood, which has an 
air-dried density of 0.75 g/cm3 [7].

We recently reported that the growth characteris-
tics of ABW are affected by the surrounding environ-
ment, i.e., topography, climate and human activities. 
Nevertheless, the tree can survive under various envi-
ronmental conditions with intensive population [6]. 
Several defects that frequently occur in natural trees, 
such as lateral twists, deep fluting, and knots including 
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cracks, can affect the operation of sawmills [10]. They 
also influence the properties of musical instruments. 
Thus, sawmills can produce only a small amount of the 
necessary quality timber, with an actual timber yield of 
only 9% [11]. Currently, ABW is traded as one of the 
most high-priced timbers in the world; meanwhile, this 
inefficient utilization has threatened the species’ future 
existence [11, 12]. In Tanzania, wasted ABW is fre-
quently used as an energy resource, e.g., charcoal and 
fuelwood. As such, it is sold at prices very much lower 
than the timber [13]. Thus, additional uses for ABW 
waste could potentially contribute to the development 
of local communities.

Wood flow forming is a novel technique for molding 
three-dimensional products from bulk wood [14]. It has 
been suggested that wood flow deformation is plastic 
flow deformation due to the slipping of wood cells in or 
around the intercellular layers under specific tempera-
tures [15]. Plastic flow deformation occurs under high 
compressive load after two types of compressive defor-
mation stages: elastic deformation and densification 
deformation [15, 16]. The bulk wood of air-dried Japa-
nese cedar (Cryptomeria japonica) was deformed and 
flowed in a mold by the addition of both high pressure 
and high temperature, i.e., 150 kN loading at 130 °C [17]. 
Furthermore, flow deformation could be promoted by 
increasing moisture content and/or adding thermosetting 
polymers [15, 17–19]. In particular, it has been suggested 
that an increase in the polymer content can dramatically 
improve flow deformation [20, 21]. Timber impregnated 
with polymer can flow based on the thermal softening 
behavior of the polymer.

The quantity of extractives in ABW heartwood has 
been estimated to be over 15  wt% in ethanol/benzene 
(1:2 v/v) solvent extraction, which is much higher than 
in other Dalbergia species, such as Dalbergia cultrate 
and Dalbergia latifolia [22]. The high concentrated 
extractives potentially work to promote flow deforma-
tion by heating beyond the thermal softening point of 
them. Although identification and isolation of extrac-
tives obtained from ABW heartwood have been partly 
reported [22–25], there is little information about the 
effect of extractives on the thermal behavior of ABW.

The main objective of this study was to reveal the 
deformation characteristics of ABW, and to discuss the 
relationship between flow deformation of heartwood and 
thermal behavior of extractives. To examine the deforma-
tion characteristics of ABW, we conducted free compres-
sion tests. In addition, the thermal behavior of extractives 
was evaluated based on the temperature dependence of 
the dynamic viscoelasticity of ABW in the modulus of 
transverse elasticity. We mainly focused on the heart-
wood which occupies the large part of ABW trees, so that 

the results might contribute to improvement of the gen-
eral material utilization of ABW.

Materials and methods
Wood specimens
Specimens of ABW were obtained from logs over 24 cm 
in diameter at breast height, harvested in 2018 at the For-
est Stewardship Council (FSC)-certified forest located 
in the Kilwa District, Lindi Region, Tanzania. Two types 
of specimens were prepared for this study. Disk-shaped 
specimens of ABW heartwood obtained from tangential 
sections of the wood with 15-mm diameter (longitudi-
nal, L × tangential, T) and 2-mm thick in the radial direc-
tion were prepared for the free compression test with 20 
replicates. Rectangular specimens of ABW (heartwood 
and sapwood), measuring 30 mm (L; longitudinal direc-
tion) × 1 mm (R; radial direction) × 5 mm (T; tangential 
direction), were prepared for the dynamic mechanical 
analysis with 15 replicates per specimen. All specimens 
were cut from air-dried timber conditioned for over 
3 months at room temperature, and specimens were kept 
in a controlled chamber (KCL-2000, Tokyo Rikakikai Co. 
Ltd., Tokyo, Japan) conditioned at 22 ± 2 °C and 60% rela-
tive humidity (RH) for over 30 days.

Pretreatment prior to the tests
Figure  1a, b shows the experimental procedures for the 
disk-shaped and rectangular specimens, respectively. 
For both, four types of treatment [air-drying (AD), water 
extraction (WT), ethanol/benzene extraction (EB), and 
oven-drying (OD)], were prepared with 5 replicates 
according to the experimental procedures (Fig. 1a, b). All 
specimens were oven-dried at 105 °C for over 24 h, and 
their oven-dried weights (W0) were measured with an 
electronic scale (GH-252, A&D Company Ltd., Tokyo, 
Japan).

The extraction processes were applied for the WT 
and EB specimens (Fig.  1). Water extraction was per-
formed as follows. Oven-dried specimens were soaked in 
150 mL of distilled water using a sealed Erlenmeyer flask. 
The soaked specimens were stirred for 10  min in the 
water bath at 40  °C with ultrasonic treatment (Branson 
5510JDTH, Yamato Scientific Co., Ltd., Tokyo, Japan), 
and then kept in the controlled chamber at 45 ± 5 °C for 
48  h. For the extraction, specimens from different sam-
pling parts (heartwood, sapwood) were placed in differ-
ent flasks to prevent the migration of extractives between 
parts. For the EB specimens, extraction was performed 
in the same way using an (1:2, v/v) ethanol/benzene solu-
tion instead of water.

After extraction, both the WT and EB specimens were 
stored at room temperature for over 1  week, and then 
oven-dried at 105 °C for over 24 h to measure the extracted 
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weight (We) with the electric scale (Fig. 1a, b). The extrac-
tion rate was calculated by Eq. 1 using W0 and We:

(1)Extraction rate =
W0 −We

W0

× 100(%).

The AD and extracted WT and EB specimens were 
conditioned at 22 ± 2  °C and 60% RH for over 3  weeks. 
The conditioned weight (W1) was then measured with 
the electric scale. In addition, the dimensions of each 
specimen were measured after the conditioning process, 
as described later. The moisture content (MC) of each 

Fig. 1 Experimental procedures for: a free compression test, 5 replicates of disk-shaped specimen for AD, WT, EB and OD; and b for dynamic 
mechanical analysis (DMA), 5 replicates of rectangular specimen for AD, WT and EB
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specimen was calculated before the tests using the fol-
lowing Eqs. 2a and 2b:

The MC of AD specimens was calculated using Eq. 2a, 
while that of extracted specimens (WT and EB) was cal-
culated using Eq. 2b.

The dimensions of AD, WT, EB, and OD specimen 
were measured just before the tests (Fig.  1a, b). For the 
specimens provided to free compression test (Fig. 1a), the 
dimension of radial direction (R-direction, h0) was meas-
ured at the center point of specimens with a micrometer 
(OMV-25MX, Mitutoyo Corp., Kawasaki, Japan); the 
dimensions of longitudinal (L-direction) and tangential 
directions (T-direction) were measured at the center-
line of each direction with a digital caliper (CD-15CP, 
Mitutoyo Corp., Kawasaki, Japan). The cross-sectional 
area was calculated using the image processing software 
ImageJ [26, 27]. For dynamic mechanical analysis (DMA) 
specimens (Fig. 1b), R-direction and T-direction dimen-
sions were measured at the centerline of each with the 
above-noted digital caliper.

Free compression test
The free compression test was performed with a universal 
testing machine (Instron 5582, Instron Co., MA, USA) as 
illustrated in Fig. 2. Specimens were placed on the lower 
punch controlled at 120  °C, and held in place with the 
upper punch without loading for the pre-heating time of 
60  s. (Fig.  2). They were then compressed at a constant 
speed (0.02 mm/s), while both compressive stress (P) and 
gap displacement caused by deformation of specimen (hs) 
were measured. Compression was also performed with-
out specimens, the P and the gap displacement caused by 

(2a)MC =
W1 −W0

W0

× 100(%),

(2b)MC =
W1 −We

We

× 100(%).

deformation of punches (hb) were measured. The actual 
displacement (h) was calculated using Eq. 3:

The stress–strain curve was described using nominal 
strain (ε) and nominal stress (σ) calculated using Eqs.  4 
and 5:

where h0 is the initial specimen thickness (in the R-direc-
tion), π is the circular constant, and d is the diameter of 
the punch (d = 15 mm). Specimens were compressed to 
a maximum compressive load of 20  kN, equivalent to 
113 MPa in compressive stress. In this study, water vapor 
pressure, caused by heating air-dried specimens, was 
neglected due to the small specimen size.

After the test, all specimens except for the OD were 
placed in a controlled chamber for 1  week at 22 ± 2  °C 
and 60% RH for conditioning, and the parameters of 
specimen weight, dimensions (L-direction, R-direction, 
and T-direction) and cross-sectional area, were meas-
ured (Fig.  1a). The parameters of OD were measured 
immediately after the test. Dimensional changes (Dc) 
caused by the test (L-direction, T-direction and cross-
sectional area) were calculated by Eq. 6:

where Db and Da are the dimensional values of specimens 
before and after the test, respectively.

The physical parameters, Young’s modulus and maxi-
mum strain, were determined from the stress–strain 
curve collected through the test results. Young’s modulus 
(E) was calculated from the angle of elastic deformation 
area in the curve. The stress at the flow-starting point 
(σf) was defined as the inflexion point of the stress–strain 
curve (Fig. 3), where the first peak of the derivative stress 
with respect to the strain (dσ/dε). The strain at the inflec-
tion point was defined as the flow-starting strain (εf). 
The maximum strain (εm) was defined as the compres-
sive strain value at the maximum compressive stress, 
σm = 113 MPa in the test.

Dynamic mechanical analysis
The DMA was performed using a rheometer (ARES-
G2, TA Instruments, New Castle, USA). The complex 
dynamic modulus (G*) of viscoelastic materials generally 
represents the relation between the storage modulus (G′) 
and loss modulus (Gʺ), which are calculated from the 

(3)h = hs + hb.

(4)ε = 1− (h/h0),

(5)σ = P/(πd2/4),

(6)Dc =
Da − Db

Db

× 100(%),

Fig. 2 Schematic diagram of free compression test. d: specimen 
diameter, h0: initial thickness, h: deformed thickness
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dynamic performance with oscillation stress and strain 
by Eqs. 7 and 8:

where i is the imaginary number, ω is the angular fre-
quency, δ is the phase angle, and tanδ is the loss factor. 
In this study, G′, Gʺ and tanδ were calculated from the 
amplitude and phase difference (δ) of the oscillation 
curve for torque using the analysis software (TRIOS, TA 
Instruments, New Castle, USA).

The temperature-ramp test was conducted under 
a controlled environment by  N2 purge, from –  50 to 
250  °C at a constant temperature ramp rate (5  °C/min). 
Both edges of specimens were cramped at 20 mm in the 
L-direction, and loaded with dynamic torsion, 0.5% oscil-
lation shearing strain at a constant frequency of 1.0  Hz 
(Fig. 4).

Statistical analysis
The Tukey–Kramer test at 1% critical difference (p < 0.01) 
was used to analyze statistical differences between values 
(BellCurve for Excel, Social Survey Research Information 
Co. Ltd., Tokyo, Japan).

Results and discussion
Deformation characteristics
In the free compression test, both AD and WT speci-
mens were flowed in the T-direction at 120 °C, while EB 
and OD specimens were not flowed (Figs.  5, 6). These 

(7)G
∗
= G

′

(ω)+ iG
′′

(ω) =
∣

∣G
∗
∣

∣(cos δ + i sin δ),

(8)tan δ = G
′′

(ω)/G
′

(ω),

findings suggest it was possible that flow deformation 
was promoted by the extractives and moisture.

In this study, AD showed the largest flow deforma-
tion compared to the other specimens. Table  1 lists the 
extraction rate, initial MC, and dimensional change for 
both the L- and T-directions together with specimens’ 
cross-sections. In the cross-sectional area, AD was again 
the highest (average ca. 117%) of all specimens with a sig-
nificant difference at 1% level. For AD, the dimensional 
change in the T-direction was also the highest among 
specimens, whereas those in L-direction had no signifi-
cant difference. These dimensional values in the vertical 
direction of compression loading show the displacement 
caused by flow deformation. The results suggest that the 
changes in the T-direction corresponded strongly to flow 
deformation based on the wood anisotropy: the lower 
strength on T-direction than L-direction. Yamashita et al. 
[17] found that flow direction was mainly perpendicular 
to the fiber orientation, which was in keeping with our 
findings.

Figure 7a, b shows the σf and εf values for each speci-
men, the stress and strain values specialized at the flow-
starting point. The σf value indicates the stress value 
necessary to generate flow deformation. AD showed the 
lowest value (average ca. 33.0  MPa) of all specimens, 
while WT, EB and OD values were significantly higher 
(Fig.  7a). The εf value indicates the strain required to 
initiate flow deformation. There was a significant differ-
ence between the non-extracted specimens (AD and OD) 
and the extracted specimens (WT and EB) at 1% level 
(Fig. 7b).

Figure 8 shows the maximum strain (εm) values. The εm 
value reflects the total displacement by the loaded com-
pressive stress, i.e., elastic deformation, densification 

Fig. 3 Method for calculating the deformation parameters from the 
stress–strain curve

Fig. 4 Experimental set-up for the dynamic mechanical analysis 
using a rheometer
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deformation, and flow deformation. Here, there were sig-
nificant differences among all specimens at 1% level: ca. 
73% (AD), ca. 58% (WT), ca. 28% (EB) and ca. 10% (OD) 
on average. The difference in the strain between εm and 
εf (Δε = εm  –  εf), which indicated the displacement due 

to flow deformation, showed a significantly high value in 
AD (ca. 58.4%) at 1% level (Figs.  7b, 8). Although there 
was no statistical difference among the values of other 
specimens, the variation depended on extractives and 
moisture: ca. 21.2% (WT), ca. 0.80% (EB) and ca. 1.30% 
(OD) (Figs. 7b, 8). Therefore, it was suggested that extrac-
tives and moisture amplified flow deformation.

The ethanol/benzene extractives appeared to influence 
the deformation characteristics. Young’s modulus (E) of 
specimens is shown in Fig.  9. The E values of WT and 
EB were statistically similar to that of AD at the 1% level, 
despite their average values being more than 2 times 
higher: 300.9 MPa (AD), 641.5 MPa (WT) and 999.6 MPa 
(EB). The MC of EB was also similar to those of AD and 
WT (Table 1). This suggested that the ethanol/benzene-
soluble extractives likely increased the elastic deforma-
tion of ABW. The σf value in EB was the highest among 
all specimens, although statistically equal to OD (Fig. 7a). 
The εf value in EB was higher than AD (Fig. 7b), although 
the εm value in EB was significantly lower than WT 
and AD with only 1% of dimensional change (Table  1, 
Fig. 8). The value of Δε in EB was also significantly lower 
than AD (Figs. 7b, 8). These findings suggested that the 

Fig. 5 Specimen in the free compression test: a before and b after compression up to 113 MPa compressive stress

Fig. 6 Representative change in shapes of specimens before and 
after the free compression test

Table 1 Extraction rate, moisture content (MC) and dimensional changes due to free compression (mean ± SD)

* Means with the same letter (a, b, c) are not significantly different (Tukey–Kramer test, p < 0.01) (n = 5)

Specimens Extraction rate %* Moisture content %* Dimensional change %

Cross-sectional area* L-direction* T-direction*

AD 8.24 ± 0.61a 117.39 ± 7.90c − 0.52 ± 1.21a 97.45 ± 10.00c

WT 1.89 ± 0.44a 8.88 ± 1.22a 83.02 ± 3.38b 3.54 ± 4.54a 66.06 ± 24.24b

EB 16.12 ± 1.23b 8.69 ± 0.11a 1.01 ± 1.20a − 0.51 ± 1.46a 1.13 ± 0.63a

OD 1.15 ± 0.86a 0.61 ± 0.55a 2.29 ± 0.85a
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ethanol/benzene-soluble extractives helped promote the 
flow deformation of ABW.

The significant improvement of wood plastic defor-
mation by increasing resin content has been reported 
previously [19–21, 28]. Wood extractives are gener-
ally distributed in cell walls and intercellular layers, as 
well as in lumen. Therefore, the presence of extractives 
potentially influences plastic deformation, despite their 
small amounts. In this study, EB showed a significantly 
higher extraction rate than WT: 16.12% (EB) and 1.89% 
(WT) on average (Table 1). The ethanol/benzene-soluble 
extractives comprising over 16 wt% of ABW heartwood 
(Table  1) [22], apparently have a large impact on ABW 
deformation characteristics.

The water-soluble extractives might also influence 
deformation characteristics. Dimensional change in the 
cross section of WT was significantly lower than that 
of AD: average ca. 83% (Table  1). The σf value in WT 
was higher than AD at 1% level: average ca. 80.9  MPa 
(Fig.  7a). The value of Δε in WT was also significantly 
lower, as previously noted. Furthermore, an increase of E 
in WT was observed though the value was not statisti-
cally different from AD (Fig. 9). Therefore, the presence 
of water-soluble extractives also contributed to promot-
ing the flow deformation of ABW. These results might 
also indicate a positive relationship between water-solu-
ble extractives and the deformation loading required to 
generate flow deformation.

The moisture in wood also affected the deformation 
characteristics. As shown in Table  1, flow deformation 
was not observed in OD, even though extractives were 
present. The σf value in OD was approximately three 
times higher than in AD (Fig. 7a), and Δε values were also 
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lower than AD (Figs. 7b, 8). Furthermore, the E value of 
OD was markedly higher than the others (Fig.  9). This 
suggested that the deformation characteristics of ABW 
heartwood were affected by moisture. The moisture 
content influenced the elastic deformation of ABW, and 
possibly amplified even plastic deformation. Previous 
reports also noted that moisture contributed to wood-
softening behavior, and that wood flow deformation 
could be improved in proportion to the increase in MC 
[17, 21]. It is possible that the lower value of E contrib-
uted to densification deformation and flow deformation, 
while the change in E depended on the moisture content 
of specimens.

Temperature dependence of dynamic viscoelasticity
Table 2 presents the extraction rate and MC of specimens 
used for the DMA. The EB-heartwood had a significantly 
high extraction rate (average ca. 11.3%) compared to 
other specimens, including the EB-sapwood (average ca. 
2.4%). By contrast, the rates in the WT-heartwood and 
sapwoods were similar. Therefore, the ethanol/benzene-
soluble extractives were definitely concentrated in the 
heartwood. Meanwhile, the MCs of heartwoods (8–9%) 
were a bit lower than those of sapwoods (9–11%), and the 
extractions showed no effect. The MC of EB-sapwood 
was statistically equal to that of heartwood, which was 
significantly lower than the other sapwood specimens. 
Extractives have been suggested to affect the sorption 
properties of wood [29–31], and the removal of extrac-
tives could result in an increase in swelling–shrinkage 
behavior [32–34]. Water-soluble extractives have been 
reported not to affect the wood sorption properties [34, 
35]. Our results did not show any clear effects of the 
extractives on the sorption properties of ABW.

Figure  10 shows the temperature dependence of the 
dynamic viscoelastic parameters of AD, WT and EB 
specimens. The curves of heartwood specimens were 
obviously shifted toward flattened curves in a range over 
50 °C due to the extractions, whereas the curves of sap-
woods were not shifted. Amorphous polymers such as 
lignin and hemicellulose generally influence the tem-
perature dependence of dynamic viscoelasticity in wood, 

with variable performance related to MC [36–38]. In this 
study, the modulus of transverse elasticity obtained by 
the DMA depended on the extractives, and were relevant 
to the flow deformation characteristics.

The Gʹ values of all heartwood specimens overlapped 
from 120–130 to 250  °C (Fig.  10a). From −  50 to 120–
130  °C, AD, WT and EB-heartwood specimens showed 
a similar pattern of curves, with a sharp decrease after 
50  °C. The values were highest in AD specimens, fol-
lowed by WT, and the lowest in EB specimens. By con-
trast, all Gʹ curves overlapped from – 50 to 250 °C in the 
sapwood specimens. Different trends of Gʹ curves were 
found between heartwood and sapwood in the range of 
50 °C to 120–130 °C. Multiple inflection points could be 
clearly observed in the AD-heartwood specimens, but 
the AD-sapwood specimens exhibited a single inflection 
point in this range.

The increase in Gʺ and tanδ generally indicates an 
increase in the viscosity of a material, which might be 
related to deformation characteristics. Since we noted the 
large flow deformation in the AD-heartwood, our results 
suggested that the patterns of Gʺ and tanδ curves are cor-
related with flow deformation in regard to the extractives, 
as discussed above (Figs. 6, 7, 8a, Table 1). The Gʺ curves 
showed that the AD-heartwood had multiple shoulder 
peaks, and higher peak values in the range of 50–150 °C, 
suggesting that the viscosity of AD-heartwood was also 
increased, because the rapid increase of tanδ was simul-
taneously observed in this range (Fig. 10a). Although the 
similar patterns were observed in the curves of WT- and 
EB-heartwood, the values were decreased by the extrac-
tion. The Gʺ value of EB-heartwood was the lowest of all 
the heartwoods, and its shifted curve almost overlapped 
that of sapwood specimens (Fig.  10a, b). The curves of 
sapwood specimens did not shift through the extrac-
tions with lower values in the range. As a result, sapwood 
might not show flow deformation like EB-heartwood 
in the free compression test. In addition, the potential 
of flow deformation under other temperatures was also 
assumed based on the curves of Gʺ and tanδ. The flow 
deformation of ABW heartwood was observed at 120 °C 
in this study (Figs.  5, 6). The results in Fig.  10a suggest 
that the AD-heartwood potentially flowed under temper-
atures lower than 120  °C due to the significant increase 
in Gʺ and tanδ in the range over 50 °C. Lower tempera-
ture should be useful not only for preserving the original 
mechanical properties, but also for controlling viscosity 
in the mold.

Extractives were suggested to affect the softening 
temperature of the wood, which has particularly large 
amounts of ethanol/benzene extractives, like those 
reported in pao rosa (Swartzia fistuloides) [39]. The 
sharp increases of Gʺ and tanδ in the AD-heartwood 

Table 2 Extraction rate and  MC of  specimens 
in the dynamic mechanical analysis (mean ± SD)

* Means with the same letter (a, b) are not significantly different (Tukey–Kramer 
test, p < 0.01) (n = 5)

Specimen Extraction rate %* Moisture content %*

Heartwood Sapwood Heartwood Sapwood

AD 8.01 ± 0.73a 10.83 ± 0.76b

WT 2.17 ± 0.78a 3.67 ± 1.34a 8.83 ± 0.84a 10.52 ± 0.59b

EB 11.32 ± 3.54b 2.36 ± 1.24a 8.72 ± 0.50a 9.13 ± 0.64a
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at 50–80  ℃ may indicate the softening behavior of 
extractives. The lowest values of both Gʺ and tanδ were 
observed in the EB-heartwood (Fig. 10a). Although all 
the tanδ curves of heartwoods were essentially over-
lapped in the range under 50  °C, the sharp increase of 
tanδ showed a significant increase of Gʺ in this range. 
This suggested the ethanol/benzene-soluble extractives 
were softened in the range over 50  °C. The curves of 
WT-heartwood also suggested that the water-soluble 
extractives affected the dynamic viscoelasticity of AD-
heartwood (Fig.  10a). The water extraction resulted in 

ca. 30% reduction in the Gʺ value of WT-heartwood 
at 120 ℃, and the static parameters of WT-heartwood 
were statistically different from those of AD-heart-
wood (Figs.  7, 8). This trend was observed only in the 
heartwood specimens, even though the extraction 
rate in WT-sapwood was same as the WT-heartwood 
(Table 2). Although further studies are needed to iden-
tify the effect of water-soluble extractives, we assumed 
that some extractives were duplicated by the ethanol/
benzene extraction due to the similarity of solubility 
parameters between ethanol and water [40].
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Fig. 10 Temperature dependence of the dynamic viscoelasticity among extraction treatments in a heartwood and b sapwood specimens
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Conclusions
The application of wood flow forming techniques in 
ABW could contribute to developing the effective utili-
zation of wasted ABW timbers in the local forest sector. 
The present study demonstrated the deformation char-
acteristics of air-dried ABW heartwood via the free com-
pression test. The air-dried heartwood of ABW flowed 
at 120 ℃, our findings suggested that the extractives in 
heartwood definitely resulted in flow deformation. The 
flow deformation depended mainly on the ethanol/ben-
zene-soluble extractives, which were highly concentrated 
in the heartwood. The ethanol/benzene-soluble extrac-
tives were suggested to be softened at temperatures over 
50  ℃. The DMA results indicated that the increase in 
Gʺ and tanδ were strongly related to flow deformation 
in the free compression test; thus, the potential of flow 
formation at other temperatures was also assumed in the 
DMA. The flow deformation of ABW also depended on 
MC, although the oven-dried heartwood did not flow 
even with the presence of extractives. The MC affected 
mechanical properties, and an increase in MC might 
result in flow deformation. Consequently, our findings 
suggest the possibility that wood flow forming might 
contribute to further utilization of ABW timbers wasted 
in local sawmill factories.
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