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Abstract Chinese fir plantation sapwood and heartwood
boards were treated by three drying methods: radio frequency-
vacuum drying (RFVD), conventional kiln drying (KD) and
high temperature drying (HTD). The maximum amount of
dyeing solution uptake by the capillary rising method was
used to evaluate the liquid penetration of the treated wood.
The pit aspiration ratio was determined by a semithin section
method. Changes in wood microstructure were investigated
using scanning electron microscopy. The results show that
liquid penetration of Chinese fir sapwood after RFVD is sig-
nificantly higher than that after KD and HTD. Liquid penetra-
tion of Chinese fir heartwood after RFVD is higher than that
after HTD. Liquid penetration of Chinese fir sapwood is
significantly higher than that of heartwood after three drying
treatments. Low pit aspiration ratio and cracks of some
bordered pits are the main reasons for the increase in liquid
penetration after REVD treatment.

Keywords radio frequency-vacuum drying, conventional
kiln drying, high temperature drying, liquid impregnation, pit
aspiration ratio

1 Introduction

Chinese fir is a major plantation species in China. Currently,
the total planting area of Chinese fir plantations in China is
about 3.2 million hm?. However, due to its rapid growth rate,
short rotation and a large proportion of juvenile wood, the
wood quality of plantation-grown Chinese fir is lower than
that of naturally grown wood, especially in terms of wood
density and surface hardness. Therefore, to utilize plantation-
grown Chinese fir more efficiently, various modifications are
needed to improve its density, strength and surface hardness.
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On the other hand, plantation-grown Chinese fir is really a
refractory species. Usually, it requires very high pressure to
impregnate the wood with chemicals or resins, while the high
pressure could result in damage and deformation of the wood.
It has been reported that liquid permeability varies depending
on drying methods and that pre- or post- treatments could
improve permeability (Matsumura et al., 1995a, 1995b, 1996;
Zhao et al., 2003), but few reports were found with respect to
the effect of different drying methods on liquid penetration
of wood. Therefore, to understand the mechanism of drying
methods on liquid penetration of plantation-grown Chinese
fir is a key project to make high quality, solid wood products
from this species through various chemical impregnation
treatments. This paper comprises a comparative study on the
effect of radio frequency/vacuum drying (RFVD), conven-
tional kiln drying (KD) and high temperature drying (HTD)
on the liquid penetration of Chinese fir plantation wood.

2 Materials and methods

2.1 Materials

Fifteen Chinese fir (Cunninghamia lanceolata (Lamb.)
Hook.) plantation-grown trees were cut in Jiangxi Province.
Under the same planting condition, five rapidly grown trees
were selected (diameter of breast height (DBH)>25 cm),
five trees grown at a medium speed (23 cm <DBH <25 cm)
and five slow growing trees (DBH <23 cm).

2.2 Methods

2.2.1 Specimen preparation

Logs less than 1.3 m in length were cut from each tree, part
of the logs from a southern exposure were used for drying
experiments; 23 pieces of heartwood and sapwood boards of
1.3 min length and 30 mm thick were sawn from pith to bark.
These boards were cut into 80-mm wide and 25-mm thick
lumber. Finally, three specimens, 30 cm long, were cut in the
longitudinal direction of tree’s growth and randomly selected



Table 1 Radio frequency-vacuum drying schedule
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Frequency /MHz Work parameters Vacuum degree /kPa Drying time /hour
Voltage /kV Current /A Open/close time /min
6.78 4.0 0.3 51 6.7 25

for RFVD, KD or HTD treatment. A total of 45 specimens
with dimensions of 300 mm x 80 mm x 25 mm were cut from
the heartwood and sapwood. Fifteen specimens were treated
by each drying method described above.

2.2.2  Drying treatments

A radio frequency-vacuum drying machine (HD 74/TA 1I)
was used for radio frequency-vacuum drying. The drying
schedule is shown in Table 1. The final moisture content
of the heartwood and sapwood specimens after radio
frequency-vacuum drying treatment was 12.18% and 9.72%,
respectively.

For conventional kiln drying and high temperature drying,
an automatic high temperature drying machine (HED-0603)
was used. The drying schedules are listed in Tables 2 and 3.
The final moisture contents of heartwood and sapwood spec-
imens after conventional kiln drying and high temperature
drying treatments were 11.63%, 9.35% and 9.73% and 7.40%,
respectively.

Table 2 Conventional kiln drying schedule

MC /% DBT /°C DBT-WBT /°C
Pretreatment 65 0

>40 60 3.5
40-30 65 5

30-25 68 8

25-20 70 11

20-15 73 16

<15 76 22

Final treatment 80 10

MC: moisture content; DBT: dry ball temperature; WBT: wet ball
temperature.

Table 3 High temperature drying schedule

Drying schedule DBT /°C DBT-WBT /°C
Pretreatment 95 0
Drying process 120 30
Final treatment 100 7

2.2.3  Measuring the amount of penetration

Specimens of size of 100 mm x 25 mm x 15 mm for the
determination of liquid penetration were cut from the middle
part of each dried sample. During the cutting process, knots,
surface checks and interior checks should be avoided in order
to decrease the effect of specimen defects on liquid pene-
tration. All the specimens were stored in a temperature
and humidity chamber (20°C temperature, 65% humidity).

Before the measurement, the tangential and radial surfaces of
the specimens were coated with epoxy resin. The specimens
were placed in a standing position on one side of the cross
section at the surface of the dyeing solution. The dyeing solu-
tion used in the experiment was patent blue (C.1.: 42045) with
0.2% concentration. The specimens were weighed at regular
intervals. The amount of penetration was recorded as the
differences between the measured weight and the previous
weight. The total penetration time was 512 min.

2.2.4 Determination of the pit aspiration ratio

Optical microscopy was used to determine the ratio of pit
aspiration. Semithin section samples of earlywood and
latewood were cut from the heartwood and sapwood after
the drying treatments. For each observation sample, the pit
aspiration ratio was calculated from 50 pits.

2.2.5 Scanning electron microscopy observation

Scanning electron microscopy (SEM) was used to observe
the characteristics of tracheid walls and bordered pits in
radio frequency-vacuum drying, conventional kiln drying and
high temperature drying of wood. Samples of the radial-
longitudinal surface were prepared by splitting, mounting and
coating with gold before observation.

2.3 Experimental design

In order to eliminate as much as possible the effects of
systematic errors and inherent differences from individual
trees, we applied a randomized complete block design of a
single factor: 15 trees were divided into 15 blocks, specimens
within one board were randomly selected and treated with
RFVD, KD and HTD.

3 Results and discussion

3.1 Differences of liquid penetration among three drying
treatments

Figures 1 and 2 show the solution uptake by Chinese fir
plantation sapwood and heartwood after being treated by
RFVD, KD and HTD methods. The figures show that the
solution uptake in sapwood by RFVD was clearly higher
than that of the other two drying methods; the solution uptake
in the heartwood by RFVD and KD was almost the same but
higher than that of HTD. Figure 1 shows that the maximum
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187  ®RFVD sapwood penetration of Chinese fir sapwood and heartwood was
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comparisons was applied for the liquid penetration of
sapwood and heartwood after different drying treatments
(Table 6). The results showed that at the 0.05 level, the liquid

Fig. 1 Solution uptake in Chinese fir sapwood specimens after
different drying treatments
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Fig. 2 Solution uptake in Chinese fir heartwood specimens after pit is the primary structure governing the permeability of
different drying treatments softwoods (Comstock, 1967; Petty, 1970; Kuroda and Siau,

1988). Three factors are effective in reducing the capillary
solution uptake value of the sapwood samples, treated by  size of the pit pairs and any combination of these may be pre-
the three drying methods, was about 1.576, 0.426 and sent in a wood species. These factors are pit aspiration, pit
0.367 g/cm?, respectively. Figure 2 shows that the maximum  occlusion with extractives and pit incrustation (Flynn, 1995).
solution uptake value of the heartwood samples, also treated Table 7 shows the pit aspiration ratio of earlywood and late-
by the same three drying methods, was about 0.173, 0.170 wood in sapwood and heartwood after three drying methods.
and 0.146 g/cm?, respectively. The analysis of variance The low pit aspiration ratio in REVD samples may be due to
showed that the effect of the three drying methods on liquid the low temperature during the drying process, short drying

Table 4 Analysis of variance (ANOVA) of different drying methods

Sapwood source df SS MS F S Heartwood source df SS MS F S
Block 14 0.702,2 0.050,2 1.11 Block 14 0.027,7 0.002,0 2.67 *
Treatment 2 13.938,0 6.969,0 154.66 ok Treatment 2 0.006,6 0.003,3 4.43 *
Error 28 1.261,7 0.045,1 Error 28 0.020,8 0.000,7

Total 44 15.901,9 Total 44 0.055,1

**0.01 level of significance; * 0.05 level of significance.

Table 5 ANOVA of sapwood and heartwood

RFVD df SS MS F S | KD df SS MS F S | HTD df SS MS F S
source source source

Block 14 0.9%.8 0.071,2 1.27 Block 14 0.105.4 0.007,5 1.56 Block 14 0.014,0 0.001,0 0.34
Treatment 1 14.753,1 14.753,1 262.15 ** | Treatment 1 0.491,8 0.491,8 101.85 ** | Treatment 1 0.366,4 0.366,4 126.18 **
Error 14 0.787,9 0.056,3 Error 14 0.067,6 0.004,8 Error 14 0.040,7 0.002,9

Total 29 16.537,8 Total 29 0.664,8 Total 29 0.421,1

**0.01 level of significance; * 0.05 level of significance.



Table 6 Duncan multiple comparisons®

Treatments Sapwood Heartwood

MS S MS
RFVD 1.576,0 A 0.173,4 A
KD 0.425,8 B 0.169,7 AB
HTD 0.367,2 B 0.146,1 B

9 0.05 level of significance.

time, well-kept rigidity of pit membrane and its ability to
resist large deformation, so that the bordered pits did not
casily aspirate or totally aspirate. Taniguchi and Nishio (1993)
also found that the number of aspirated bordered pits of wood
after being treated with the RFVD method was less than that
after the treatment with the KD method. For the situation of
HTD, nearly all the pits in earlywood and most of the pits in
latewood were aspirated (Table 7). Two main reasons could
be advanced to explain this. One is that during the HTD pro-
cess the temperature was high, the water evaporated rapidly
and the surface tension caused the pit torus to move to the
aspirated position. The other was that the rigidity of pit
membrane could be decreased by high temperature, thus the
pits aspirated more easily. According to Comstock and Coté
(1968), permeability decreases with higher temperature; the
main reason for this is due to pit aspiration. In the meantime,
HTD may cause the flow and redistribution of extractives
in the specimens, which also has a significant effect on wood
permeability (Booker, 1990; Booker and Evans, 1994). That
is, on the one hand, it may decrease the blockage of the flow
path, occlude the liquid flow path and thus decrease the
radius and number of effective capillaries. If this was attrib-
uted to the former condition, the permeability would increase
and cause an increase in the radius and the number of effec-
tive capillaries; on the other hand, the extractives may adhere
to the surface of the wood microstructure and occlude the
liquid flow paths, thus decrease the radius and the number
of effective capillaries. If it was attributed to the former con-
dition, the permeability would increase, otherwise, it would
decrease. For the large amount of extractives in Chinese fir
plantation wood, the flow and redistribution of extractives
during the high temperature process can possibly be attributed
to the latter, which decreases the permeability of Chinese fir
sapwood after being treated with the HTD method. Our study
has found that the pit aspiration ratio is higher in heartwood
than in sapwood and also higher in earlywood than in
latewood. This agrees with prior findings that the liquid
penetration of sapwood is better than that of heartwood

Table 7 Pit aspirated ratios of drying treatments wood

Treatments Sapwood Heartwood
Earlywood Latewood Earlywood Latewood
RFVD 0.58 0.50 0.78 0.62
KD 0.84 0.64 0.88 0.66
HTD 1.00 0.80 1.00 0.74
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(Siau, 1995) and that liquid penetration of latewood is better
than that of earlywood (Petty, 1970).

3.3 Microstructure observation of wood after three drying
treatments

Figures 3 to 5 show the results of the SEM observations of the
tracheid walls and pits of RFVD and HTD wood samples.
Two different kinds of cracks were found in the sapwood after
RFVD. One kind occurred in cell walls near cross-field half
bordered pits, extending along the longitudinal axial direction
of pits, about 10-20 um long (Fig. 3). The other kind was
found in cell walls near or surrounded by bordered pits,
extending along the longitudinal axial direction of tracheids,
about 10-30 um long (Fig. 4). These two different types of
cracks may play an important role in increasing liquid
penetration of Chinese fir plantation sapwood after RFVD.
However, obvious changes in the microstructure of sapwood
samples after being treated by KD and HTD methods were
not found in our study. The configuration of pits and the near
cell walls remained intact (Fig. 5). Some researchers found
that high temperature dried wood was characterized by par-
tially damaged apertures in some bordered pits and nano- and
micro-checks in the warty and S; layers of cell walls, which

Fig.3 Cracks found near the half bordered pits in cross-fields in
sapwood after RFVD ( x 2,000)

Fig. 4 Cracks found in the cell wall surrounding the bordered pits
in sapwood after RFVD ( x 1,300)
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Fig.5 Undamaged bordered pits of tracheids in sapwood after
HTD ( x 900)

resulted in increased wood permeability (Terziev and Daniel,
2002). But in our study, by observing many SEM photos for
high temperature drying samples, no cracks in membranes,
pit borders and cell walls were found; most of the pits and cell
walls after being treated by HTD remained intact in configu-
ration and structure (Fig. 5). This may be attributed to the fact
that the drying schedule was milder and two conditioning
treatments during the high temperature drying process were
carried out.

4 Conclusions

1) The amount of solution uptake (512 min) of Chinese
fir sapwood after RFVD, KD and HTD was 1.576, 0.426 and
0.367 g/cm?, respectively. Analysis of variance showed that
the effect of three drying methods on liquid penetration of
Chinese fir sapwood was very significant. A further test with
Duncan’s multiple comparison showed that the liquid pene-
tration of Chinese fir sapwood after RFVD was significantly
higher than that after KD and HTD treatments. This could be
attributed to either of two reasons: a) the pit aspiration ratio in
the specimens is relatively low; and b) cracks were found in
cell walls near or surrounding the bordered pits and cross-
fields half bordered pits. The liquid penetration of Chinese fir
sapwood after HTD was the lowest among the three drying
methods. This could be attributed to the fact that the pit aspi-
ration ratio in the specimens is high; this in turn may cause the
extractives to flow and redistribute, which may occlude the
liquid flowing paths and result in a decrease of the radius and
the number of effective capillaries.

2) The amount of solution uptake (512 min) of Chinese fir
plantation heartwood after RFVD, KD and HTD was 0.173,
0.170 and 0.146 g/cm?, respectively. Analysis of variance
showed that the effect of three drying methods on liquid pen-
etration of Chinese fir heartwood was significant. A further
test with Duncan’s multiple comparisons showed that the
liquid penetration of Chinese fir heartwood after RFVD was

significantly higher than that after high temperature drying.
The main reason was that the pit aspiration ratio in the
specimens was relatively low.

3) The liquid penetration of Chinese fir sapwood follow-
ing the three drying treatments was always higher than that of
heartwood. Analysis of variance showed that for each drying
method, there were significant differences of the amount
of liquid uptake between sapwood and heartwood, which
could be attributed to pit occlusion with extractives and pit
incrustation during heartwood formation besides the lower pit
aspiration ratio in dried sapwood.
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