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Abstract This paper evaluated the density and biological

resistance of pinewood samples modified with thermo-

mechanical densification and thermal post-treatment. The

samples were densified with 20 and 40% compression

ratios at either 110 or 150 �C. The thermal post-treatment

was then applied to the pine samples at 185 and 212 �C for

2 h. These samples were exposed to white-rot (Trametes

versicolor) and brown-rot (Coniophora puteana) fungi for

twelve weeks and the resulting mass loss was determined.

In the densified samples, the effects of the compression

ratio on T. versicolor-initiated mass loss and of the com-

pression temperature on C. puteana-initiated mass loss

were found to be significant. The mass loss was less in the

samples compressed at 150 �C with the 40% ratio, whi-

le the highest mass loss was observed in the undensified

samples. In the thermally post-treated samples, the resis-

tance to both decay fungi was significantly increased with

the increase of the treatment temperature. The mass loss in

the thermally post-treated samples at 212 �C after T. ver-

sicolor and C. puteana fungi testing was reduced by 73 and

67%, respectively. However, the effect of the densification

processes on decay resistance in the thermally post-treated

samples was insignificant.

Keywords Densification � Thermal post-treatment � Pine
wood � Biological resistance

Introduction

Wood is a sustainable, non-toxic and recyclable natural

material having high strength and an aesthetic appearance.

Because of these superior characteristics, wood is popular

and widely used in many areas. However, under suit-

able climatic conditions, wood is easily biodegradable and

vulnerable to various organisms like fungi and insects

[1, 2]. A number of methods have been developed to

protect wooden materials against these biological factors.

Chemical impregnation of wood is one of the most

important of these. Nonetheless, the use of many of these

chemical preservatives has been restricted in various

European countries due to the environmental concerns

[3, 4]. As a result, a number of new modification methods

have recently been developed for wood protection.

Thermal treatment is a wood improvement and preser-

vation process against biotic and abiotic factors [5].

Although the mechanical properties of wood are affected

by the thermal treatment process [6], it provides some

important improvements in wood properties including

dimensional stability, hygroscopicity, and decay resistance

[7–9]. Thermal treatments affect chemical factors required

for the growth of fungi such as nitrogen, vitamins, minor

metals and mineral elements [10]. With thermal treatment,

wood becomes more resistant to fungi due to chemical

modifications of the wood components of cellulose,

hemicellulose, and lignin [11–13]. On the other hand,

thermal treatments reduce most of the mechanical strength

properties of wood [14–17]. As a result of these undesired

disadvantages, extensive commercial utilisation of ther-

mally treated wood has been limited [18]. Through the

modification of densification, many of the physical and

mechanical properties of wood can be improved. The

modification process of densification in wood is usually
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performed by compressing wood in a transverse direction.

Additionally, wood material can be densified via the

impregnation of various chemicals into the cell cavities of

the wood.

The main problem occurring in wood densification via

mechanical compression is that the compressed wood

becomes dimensionally unstable [19–22]. Thus, when

compressed/densified wood is exposed to high relative

humidity or soaked in water, it returns to nearly its original

pre-compression dimensions [23–26]. With the intent of

providing dimensional stability to mechanically com-

pressed wood, various densification processes, such as

thermo-hygro-mechanical (THM) and viscoelastic thermal

compression (VTC), in which steam and heat are com-

bined, have been developed [27, 28]. Moreover, dimen-

sional stability has been enhanced using thermal post-

treatments applied to the compressed wood at a

high temperature [26, 29–31].

In light of the knowledge available in the literature, the

purpose of this study was to determine the decay resistance

of pine sapwood samples modified with the combination of

mechanical densification and thermal post-treatment

against white-rot (Trametes versicolor) and brown-rot

(Coniophora puteana) fungi. In addition, the density vari-

ations in the densified and thermally post-treated pine

samples were also analysed.

Materials and methods

Wood material

For this study, randomly selected Scots pine (Pinus syl-

vestris L.) wood, from a timber company in Düzce, Turkey,

was used. The pine samples were cut in rough sizes from

sapwood, in accordance with the study methodology.

Sampling methods and general requirements as stated in

TS 2470 [32] were complied with, and attention was paid

to ensure that no rot, knots, cracks, or differences in colour

or density were present in the samples. The samples were

subjected to natural drying for four months until they

reached approximately 12% moisture content. Then, prior

to the densification treatment, the samples were cut in the

draft dimensions given in Table 1.

The samples were placed in a conditioning cabinet prior

to densification and held at a relative humidity of 65 ± 3%

and temperature of 20 ± 2 �C until a stable weight was

achieved [33]. In order to avoid potential fluctuations in the

moisture content, the samples were then put in plastic bags

and stored until densification procedures were begun.

Densification and thermal post-treatment

The samples were thermo-mechanically densified with a

hydraulic press machine having a capacity of 180 tons,

pressure and temperature control capability, and a pressing

tray with dimensions of 60 9 60 cm2. The process of

densification was carried out by applying four variations

using two compression ratios (20 and 40%) and two tem-

peratures (110 ± 5 and 150 ± 5 �C). The samples, after

being placed on the lower tray in the pressing mechanism,

were subjected to mild pressure. Heat was transferred to the

samples through their contact with the heated upper and

lower sections of the press tray and their internal temper-

ature was monitored by a thermometer until the target

temperature was reached. Afterwards, the samples were

subjected to automatically controlled radial compression

(60 mm/min loading speed). Metal rods placed at intervals

on the pressing tray enabled the samples to achieve the

desired 20 mm thickness. After being kept under pressure

for 10 min, the samples were removed from the machine

and allowed to cool to room temperature, during which

time pressure of approximately 5 kg/cm2 was applied to

minimise any spring-back effects. To provide dimensional

stability, the densified pine samples were thermally post-

treated at 185 and 212 �C for 2 h. Thermal post-treatment

was carried out under the protection of water vapour

according to the process described in the Finnish Ther-

moWood Handbook [34] after which the densified and

thermal-treated samples were cut into smaller samples

according to both density and decay test standards.

Density test

The air-dry density of the samples was determined

according to TS 2472 [35]. The samples (n = 6) were

stored in a conditioning cabin at a temperature of

20 ± 2 �C and relative humidity of 65 ± 3%, until they

Table 1 Dimensions of pine sapwood samples before densification

Compression ratio (%) Length, longitudinal direction (mm) Width, tangential direction (mm) Thickness, radial direction (mm)

Control 400 60 20

20 400 60 25

40 400 60 33.3
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reached a stable weight. In this condition, each sample (M)

was weighed with a sensitivity of ±0.01 g. Dimensions

(length, width, thickness) were measured with a vernier

calliper (±0.01 mm sensitivity), and the volumes (V) were

determined. The air-dry density (d) was calculated using

Eq. (1).

d ðg=cm3Þ ¼ M=V ð1Þ

Decay test

Decay tests were conducted in the Wood Preservation

Laboratory of Düzce University according to TS 5563 EN

113 [36]. All test samples (n = 4) were dried at 60 �C for

24 h, weighed (M1), then sterilized by autoclaving at

100 ± 2 �C for 20 min. For the study, one white-rot fun-

gus (Trametes versicolor (L: Fr.) Pilat. (FFPRI 1030)) and

one brown-rot fungus (Coniophora puteana (Schum.: Fr.)

P. Karst (Mad-15)) were used for determining the decay

resistance of the samples. First of all, a 3.7% malt extract

agar (MEA) medium was prepared for the test fungi. Then,

treated and control samples were placed in the Petri dishes,

with a feeder strip laid across the samples to foster growth

of the mycelium on the samples. Following fungal expo-

sure for 12 weeks in an incubator at 25 �C and 70% rela-

tive humidity, the wood samples were cleaned of the fungal

mycelia. All samples were dried at 60 �C for 24 h to cal-

culate the percentage of mass loss and then weighed (M2).

The mass losses were calculated using Eq. (2).

Mass loss (%Þ ¼ ðM1�M2Þ =M1 � 100 ð2Þ

Scanning electron microscopy (SEM) analysis

Changes in the cell structure of samples exposed to T.

versicolor were investigated using the FEI Quanta FEG

250 scanning electron microscope. Small wood samples

with the dimensions of 8 9 8 9 8 mm3 (longitudi-

nal 9 tangential 9 radial) were prepared for SEM analy-

sis, and the wood sample surfaces were sputter coated with

gold. Microscopic images at different magnifications were

obtained from tangential and cross-sectional segments of

the pine sapwood samples.

Statistical evaluation

Analysis of variance (ANOVA) tests were performed to

determine the effect of densification and thermal post-

treatment on the mass loss (in the samples exposed to T.

versicolor and C. puteana) and on the density of the pine

sapwood samples (0.05 significance level). Significant

differences between the groups were compared using the

Duncan test.

Results and discussion

ANOVA results of mass loss and density measurements of

the densified and thermally post-treated pinewood samples

are given in Table 2. The effects of densification and thermal

treatment on mass loss and density were found to be statis-

tically significant (P B 0.05). Duncan test results conducted

for multiple comparisons of the means of mass loss and

density in densified and thermally post-treated pinewood are

shown in Table 3.

Density

Density of the samples increased after densification treat-

ment depending on the compression ratio and compression

temperature. Higher density values were obtained in the

samples densified at higher compression ratios and lower

compression temperatures. The highest density (0.914 g/

cm3) was found in the samples compressed at the ratio of

40% at 110 �C, to which no thermal post-treatment was

applied. The density of these samples increased at the ratio

of 51% as compared to the control samples (Fig. 1). The

density increases occurring after compression resulted from

the fact that the samples became volumetrically smaller

due to the reduction of their cavity volume. Previous

studies showed that increases in density were higher in

wood materials compressed at low temperature since the

spring-back would be less, thus confirming the results of

this study [26, 37]. However, other studies have shown that

an increases in compression temperature caused further

increase in density [38–42]. In the aforementioned studies,

it can be said that the differences in the density increase

due to the compression temperature are caused by the

applied densification method. In this study and the study

performed by Pelit et al. [26, 37], the wood samples were

compressed at fixed rates through the use of metal stopping

rods during the pressing phase. However, in other studies,

wood materials are compressed at constant pressure with-

out using stopping rods.

After thermal post-treatment, the density of both control

(undensified) and densified samples decreased. In particu-

lar, the density values of both control samples and the

samples densified at a low compression ratio (20%)

decreased as a result of the increase in temperature of the

thermal treatment. The minimum density value (0.550 g/

cm3) was identified in the undensified samples thermally

treated at 212 �C. In the samples densified at the high

compression ratio (40%), an increase of the thermal post-

treatment temperature influenced density values positively

(Table 3; Fig. 1). In the literature, it has been reported that

thermal treatments at high temperature applied to densified

wood significantly reduced the spring-back or set-recovery
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Table 2 ANOVA (analysis of variance) results for mass loss and density

Factors Density Mass loss for T. versicolor Mass loss for C. puteana

F ratio p value F ratio p value F ratio p value

Densification 467.8671 0.0000* 9.4621 0.0000* 6.4608 0.0003*

Thermal treatment 19.3745 0.0000* 169.5726 0.0000* 557.1379 0.0000*

Densification 9 thermal treatment 1.4190 0.2026 2.7304 0.0152* 4.1866 0.0008*

F ratio: test statistic; p value: level of significance

* Significant at 95% confidence level (p B 0.05)

Table 3 The mean values of density and mass loss (T. versicolor and C. puteana-initiated) in densified and thermally post-treated pine sapwood

samples

Densification Thermal

treatment

Density (20 �C, RH
65%) (g/cm3)

Mass loss (%)

T. versicolor C. puteana

Undensified Untreated 0.604 F* (0.007) 31.32 A (3.93) 24.90 A (2.26)

185 �C 0.579 FG (0.027) 19.38 BC (2.49) 11.63 D (1.18)

212 �C 0.550 G (0.021) 6.72 E (1.61) 7.80 E (0.29)

110 �C/20% Untreated 0.735 C (0.009) 28.41 A (4.32) 23.23 AB (1.53)

185 �C 0.708 CD (0.019) 20.27 B (4.69) 11.73 D (1.36)

212 �C 0.689 DE (0.008) 7.56 E (1.54) 7.62 E (0.50)

110 �C/40% Untreated 0.914 A (0.013) 20.65 B (5.72) 23.12 AB (4.45)

185 �C 0.874 B (0.037) 15.43 CD (2.04) 10.32 D (0.66)

212 �C 0.889 AB (0.040) 6.87 E (1.65) 7.28 E (0.17)

150 �C/20% Untreated 0.712 CD (0.031) 27.08 A (4.45) 22.32 B (2.72)

185 �C 0.694 D (0.031) 17.39 BCD (4.34) 10.30 D (1.16)

212 �C 0.654 E (0.009) 6.56 E (3.87) 7.06 E (0.53)

150 �C/40% Untreated 0.873 B (0.024) 18.42 BC (2.99) 17.68 C (2.45)

185 �C 0.854 B (0.038) 13.50 D (3.77) 10.65 D (1.26)

212 �C 0.855 B (0.028) 6.05 E (1.88) 7.46 E (0.29)

Values in parenthesis are standard deviations

* Homogeneity groups: same letters in each column indicate that there is no statistical difference between the samples according to the Duncan’s

multiply range test
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effect [20–22, 25, 29–31, 43, 44]. After thermal post-

treatment, density increases in the pine samples densified at

a high compression rate can be explained with the reported

literature.

Decay resistance

The maximummass loss (31.32%) in the pinewood samples

exposed to T. versicolor was found in the undensified

samples without thermal post-treatment. However, no sta-

tistical difference was observed between the mass loss in

these samples and in the samples densified at a low (20%)

compression rate (Table 3). The mass loss in the samples

compressed at a high ratio (40%) was lower as well. An

increase in the compression ratio caused the mass loss in

the samples exposed to T. versicolor to decrease. Com-

pression temperature had no significant effect on mass loss

(Table 3). It was reported in study performed by Skyba

et al. [45] that mass loss in the THM-densified samples were

at a minimum level after the white-rot fungi test; however,

the samples did not exhibit any improved resistance to the

decay fungi as a result of the THM treatment. In addition, in

previous studies on wood densification performed with

different methods [i.e., thermo-mechanical (TM), THM,

VTC] it was expressed that the densification process applied

to various wood materials did not provide any protection

against fungal decay [30, 40, 46, 47]. It was determined by

SEM analysis that the destruction of the cell wall caused by

T. versicolor in the highly compressed samples (Fig. 2c)

was less than that of the control (Fig. 2a) samples. The fact

that void volume (porosity) of the highly compressed

samples was lower and their cell lumens were partially

closed might have prevented T. versicolor from penetrating

and growing in the cell. SEM analysis (Fig. 3) had con-

firmed this situation. Compared with the control samples

(Fig. 3a), the hyphal extensions in tracheids and pits caus-

ing the decay were seen much less frequent in compressed

samples (Fig. 3c). Similar findings were reported by Sch-

warze and Spycher [48], Skyba et al. [45], and Dubey [49].

In addition, the lowered porosity of the compressed wood,

may have reduced the oxygen content necessary for the

fungi to develop in the cells inhibited their activity [50].

Furthermore, according to SEM images (Fig. 2a, c), it was

observed that cell wall destruction caused by T. versicolor

occurred particularly in the earlywood region of the pine

samples. In addition, the spring-back in the densified sam-

ples without thermal post-treatment stemmed from the rel-

ative humidity in their cell structure that occurred during the

test and increased the void volume (porosity) of the samples

(Fig. 2c). After thermal post-treatment, the mass loss in the

samples exposed to T. versicolor were lower and the bio-

logical resistance of the samples increased significantly,

depending on the increase in the treatment temperature. The

minimum mass loss was obtained in the thermally post-

treated samples at 212 �C (Table 3). T. versicolor-initiated

destruction of the cell wall scarcely occurred in the samples

thermally post-treated at 212 �C (Fig. 2b, d). Particularly in

densified and thermally post-treated samples, it has been

seen that the cell spaces and resin canal which allow the

hyphal extensions to spread to the inner parts of the wood

are almost completely closed (Fig. 2d). In addition, the

analyses of tangential section of these samples show that the

hyphal extensions in the tracheids have almost never

occurred (Fig. 3d). Moreover, the statistical analysis

showed that the densification processes had no significant

effect on the mass loss of the samples thermally post-treated

at 212 �C and exposed to T. versicolor (Table 3).

After the C. puteana test, the highest mass loss (24.90%)

was found in the control (undensified and without thermal

treatment) samples. The densification process led to a slight

decrease in C. puteana-originated mass loss. The effect of

compression temperature on the existing mass loss was

found to be more significant as compared to that of com-

pression ratio (Table 3). After the C. puteana test, less

mass loss resulted in the samples densified at the higher

temperature (150 �C). In the thermally treated samples, C.

puteana-originated mass loss was significantly decreased

depending on increase in the treatment temperature. The

minimum mass change measured after the tests was found

in the samples thermally treated at 212 �C, as in the case of

the T. versicolor test (Table 3). In previous studies, it was

revealed that thermal treatment applied to wood at tem-

peratures of 200 �C and over significantly decreased fungi-

originated mass loss. It was also reported that decrease in

mass loss was caused by the degradation of hemicellulose

and cellulose, the main components of wood, and the

condensation of lignin [51, 52]. Furthermore, the presence

of moisture in the wood is necessary for the fungi to

develop. Thus, as a result of the lowered values on the

hygroscopicity index after thermal treatment, increased

decay resistance has been observed in thermally treated

wood [12]. C. puteana-originated mass loss significantly

decreased in the densified and thermally post-treated

samples at two different temperatures (185 and 212 �C).
However, it was determined that the densification treat-

ments had no impact on the increase of biological resis-

tance in the samples thermally post-treated at either 185 or

212 �C. In other words, no statistically significant differ-

ence was found between the mass loss measured in the

densified and thermally post-treated samples and in that

measured in the undensified and thermally treated samples

at the same temperature (Table 3). Bami and Mohebby [50]

reported that results of soft-rot and brown-rot decay tests

on combined hydro-thermo-mechanically modified

(CHTM) poplar indicated increased fungal bioresistance;
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however, the hydrothermal treatment step played a much

more important role in the increased bioresistance and

reduction of fungal attack. In another study it was reported

that resistance against fungal decay and soft-rotting micro-

organisms increased in the Norway spruce samples to

which thermo-mechanical densification and oil-heat

Fig. 2 SEM images of cross sections of pinewood samples exposed to T. versicolor: a control (undensified and without thermal treatment),

b only thermally post-treated at 212 �C, c only 40% compressed at 110 �C, d 40% compressed at 110 �C and thermally post-treated at 212 �C
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Fig. 3 SEM images of tangential sections of pinewood samples exposed to T. versicolor: a control (undensified and without thermal treatment),

b only thermally post-treated at 212 �C, c only 40% compressed at 110 �C, d 40% compressed at 110 �C and thermally post-treated at 212 �C
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treatment were applied, either separately or together, and

the best results were achieved in the samples in which both

densification and oil-heat treatment were applied together

[53].

Conclusions

Density of pine sapwood samples increased in parallel with

increase in the compression ratio. Regarding compression

temperature, higher density was obtained in the samples

compressed at 110 �C. After thermal post-treatment, the

density decreased in all samples depending on the treat-

ment temperature.

Mass loss was occurred in the samples exposed to T.

versicolor and C. puteana, depending on densification and

thermal post-treatment conditions. The highest mass loss

was seen in the control samples. Less T. versicolor-origi-

nated mass loss resulted in the samples compressed at the

higher ratio (40%), while less C. puteana-originated mass

loss resulted in the samples compressed at the higher

temperature (150 �C). The mass loss was reduced in the

samples exposed to both decay fungi dependent on the

increase in temperature of the thermal post-treatment.

Decay resistance significantly increased, especially in the

samples at 212 �C. The effect of the densification condi-

tions on the increase in decay resistance of the thermally

post-treated samples was insignificant.

The SEM analyses showed that the destruction of the cell

wall caused by T. versicolor occurred mostly in the early-

wood region and did not affect the latewood region as much.

In the samples without thermal post-treatment, hyphal

extensions in tracheids and destruction of the cell wall were

more severe in the control samples as compared to the

samples compressed at the high ratio (40%). Moreover,

hyphal extensions and destruction of the cell wall were not

observed almost in the thermally post-treated samples.
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8. González-Peña M, Breese M, Hill C (2004) Hygroscopicity in

heat-treated wood: effect of extractives. In: International con-

ference on environmentally compatible forest products (ICEC-

FOP), Leicester, pp 105–119
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