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ABSTRACT

The aim of this paper was to characterize through experiment the moisture and temperature kinetic behavior
of Eucalyptus gomphocephala wood samples using microwave heating (MWH) in two scenarios: intermittently
and continuously. The mechanical properties and surface appearance of the heated samples were also investigated.
Continuous and intermittent microwave drying kinetic experiments were conducted at a frequency of 2.45 GHz
using a microwave laboratory oven at 300, 500, and 1000 watts. Drying rate curves indicated three distinct
phases of MWH. Increasing the microwave power with a shorter drying time led to rapid increases in internal
temperature and water evaporation rates of the heated samples. Mechanical results indicated that samples heated
under continuous MW (Microwave) power at 300 watts had a modulus of rupture (MOR) and modulus of elasticity
(MOE) in three static bending tests higher than 29% and 36%, respectively, than samples heated at 1000 watts.
Intermittent microwave heating (IMWH) of samples at 300 and 1000 watts produced the highest MOR and MOE
values of 31% and 51%, respectively, unlike those heated under continuous microwave heating (CMWH). External
qualitative observation showed that samples heated at high microwave power had severe surface checks. These
defects were missing when using IMWH. An analysis of variance (ANOVA) showed that mechanical properties
were linked to both microwave power level and the heating scenario, except for MOR in axial compression
under CMWH.
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Nomenclature

T Temperature (°C)
RH Relative humidity (%)
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P Microwave power (W)
MC Moisture content (%)
XGreen mass of initial sample (kg)
Xwater Water mass (kg)
Xd Oven-dried mass of wood sample (kg)
DR Drying rate (kg water/kg DM min)
MOE Modulus of elasticity (MPa)
MOR Modulus of rupture (MPa)
MW Microwave
MWH Microwave heating

e.g.,

t Time
�t Difference between two-time scales
d Dry
DM Dry matter
d.f. Degree of freedom
F F-test ANOVA One way
Ns Not significant at p > 0.05
∗ Significant at p < 0.05
∗∗ Significant at p < 0.01

1 Introduction

The operation of drying is an energy-intensive process on an industrial scale which transforms
wood into a value added product that can be used for furniture, decoration, building, thermal
insulation, and composite material [1–3]. Drying reduces the moisture content of damp wood,
improves its mechanical performance, provides dimensional stability from shrinkage and swelling,
and protects it from biological attacks [4–6]. There are currently numerous drying processes, some
of which include conventional heat and vent kilns. In these methods, heat penetrates the surface and
reaches the product center by means of thermal conductivity [7]. This conventional drying process is
slow and energy costly, however, due to low thermal conductivity and resistance to moisture diffusion
from the core to the surface of the wood [8]. By using the process of microwave heating (MWH), on
the other hand, the MW energy is dissipated instantaneously inside the moist product, thus reducing
both drying time and energy consumption by accelerating internal heat and mass transfers [9–13]. In
MWH, water molecule dipoles oscillate with respect to the alternative electric field at a frequency of
2.45 GHz. The faster reorientation of the polar water molecules produces friction among the water
molecules and generates internal heat [14]. This internally generated heat depends on the microwave
power level, frequency, sample size, moisture content, and the dielectric loss factor of the product [15].

In the literature, there have been numerous combinations of MWH with convective air heating and
contact vacuum heating investigated to optimize temperature, processing time, and cost and improve
the mechanical performance of dried wood samples [16–18]. The MWH process was considered more
efficient than conventional heating in terms of operating times, uniform temperature distribution
within the product heated, and easily integrated technology. In particular, IMWH consists of a
discontinuous microwave energy supply during heating. Several reports have indicated that IMWH
homogenizes the moisture content of the wood specimens during the cooling periods, enabling a
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more gradual release of moisture. The cooling period then reduces the internal vapor pressure peak
inside the sample, thus avoiding wood damage and improving the mechanical performance of the
end product [19–21]. The intermittency relaxes the stresses of mechanical drying induced within
the samples being dried [22]. Hansson and Antti [23] showed that controlled MWH reduces drying
time and improves wood resistance. Adjusting to a low microwave power may also provide drying
benefits without reducing the wood strength property of Eucalyptus macrorhyncha [24]. Antti et al. [25]
demonstrated that controlling microwave power to heat moist Scots pine (Pinussylvestris L.) wood
pellets improved their strength over using an oven-drying process. Many studies recommending the use
of low microwave power to heat wood have shown that the mechanical properties of the dried samples
were not affected compared to conventional drying [11,26,27]. Mascarenhas et al. [28] reported that
microwave treatment is efficient for heating Eucalyptus globulus heartwood due to his higher basic
density, lower permeability, and the difficulties that this species presents when drying with conventional
methods.

In this work, we experimentally investigated MWH of Eucalyptus gomphocephala wood boards
freshly sawed from northeast Tunisia using two scenarios: CMWH and IMWH. Optimizing the MW
heating parameters such as microwave power, internal temperature, treatment time, and intermittent
energy supply was necessary to improve the aesthetic and mechanical quality of the treated samples [9].
However, the influence of IMWH on the drying kinetics and mechanical performance of Eucalyptus
gomphocephala wood samples still remains unclear and no data is available in the literature. A better
understanding of the temperature profile, the quantity of water released over time, and the MW power
level could lead to further optimization of the processing parameters of MW drying of gomphocephala
wood. This optimization could improve the quality of dried gomphocephala samples in terms of
external appearance as well as mechanical properties for numerous specific applications such as drying,
liquid impregnation, and phytosanitary treatment both within Tunisia and internationally. Eucalyptus
wood is used as a source of energy and a raw material in the wood industry. This species covers 20
million hectares in more than 90 countries worldwide [29]. Numerous works have demonstrated that
eucalyptus wood is extra sensitive during the final stages of drying and may undergo collapse, internal
checks, and cracks [30,31]. For this reason, we hope that this study will contribute to a more thorough
understanding of the drying behavior of this type of wood by investigating experimentally the potential
use of intermittent microwave energy at 2.45 GHz frequency to dry Eucalyptus gomphocephala wood
samples, determining the drying kinetics, mechanical axial and flexural properties at 12% moisture
content (MC), and examining the external shape of heated samples. An ANOVA test presented the
efficiency of MWH on the mechanical properties of treated samples compared to convective drying
at 60°C.

2 Material and Methods
2.1 Wood Selection and Sampling

The wood species Eucalyptus gomphocephala was investigated in this study. One freshly cut 50-
year-old tree was collected from the Choucha arboretumin the Nabeul governorate of the Hawariya
region (36° 95′N, 10° 58′E) of Tunisia. A healthy tree, free of defects or alterations, with an almost
perfectly straight trunk was selected as a representative population of the arboretum [32] (tree diameter
of 40 cm at 1.25 m from the ground). To limit the natural variability of wood on the drying kinetic
experiments, wood samples used in this study were randomly chosen from the heartwood of the log
while respecting the directions of wood anisotropy (Longitudinal, Radial, and Tangential). The fresh
sample size was 300 × 50 × 20 mm3 (L × R × T). To measure the initial humidity of the tree, a
wooden disk 50 mm thick was cut from the selected tree. Then, samples with dimensions of 20 ×
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20 × 50 mm3 (longitudinal direction) were cut from the wooden disks according to the distribution
presented in Fig. 1 [33]. The average initial moisture content and the anhydrous density of the selected
samples were 52% and 946 kg/m3, respectively. The dry wood sample mass was obtained after keeping
the small samples in the drying oven at a controlled temperature of 103 ± 2°C until a constant mass
was reached.

During MWH, the moisture content (kg of water/kg of dry matter) was calculated using the
following equation (Eq. (1)):

MC (%) = X − Xd

Xd

× 100 = Xwater

Xd

× 100 (1)

The drying rate (DR) was calculated using the following equation (Eq. (2)):

DR = MCt − MCt + Δt
Δt

(2)

Figure 1: Protocol of sample sawing for the drying kinetic and mechanical characterization experi-
ments

2.2 Measurement of Microwave Drying Kinetics
Microwave drying kinetics under continuous and intermittent scenarios were carried out using a

laboratory microwave oven (BP-301) at a frequency of 2.45 GHz and at various input power levels (300,
500 and 1000 watts). These microwave powers have been those most commonly used in the literature
to heat various wood species.

The microwave oven had the following characteristics: 1) output power ranges from 100 to 1000
watts; 2) working chamber dimensions of 340 × 330 × 200 mm3; 3) relative humidity ranging from
10% to 90% without condensation; and 4) equipped with an air extracting fan. During heating, wood
samples were placed inside the microwave oven. The temperature was measured at different locations
in the wood samples using a fiber optic sensor (OTG-A) such as shown in Fig. 2. The fiber optic
sensor used functioned within a temperature range of −40°C to 250°C with an accuracy of 0.1°C. The
mass of the samples being dried was periodically measured using a digital balance with an accuracy
of ±0.001 g.
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Figure 2: (a) Laboratory microwave oven (BP-301); (b) Signal conditioner (TempSens) connected to a
computer; (c) Temperature sensor monitoring (fiber optic OTG-A) and locations within samples

2.3 Measurement of Mechanical Properties
The mechanical properties of wood samples heated with different MWH scenarios were deter-

mined through three-point static bending and compression tests using a universal testing machine.
Modulus of elasticity (MOE) and modulus of rupture (MOR) of MWH and air-dried samples at
low temperatures (T = 60°C, RH = 20%) were determined by analyzing the load-deformation data
recorded for each sample. Then, the MOE and MOR of samples air-dried at low temperature were
chosen as reference values to calculate the change in mechanical properties of samples heated by
MWH. Before testing, all samples prepared for the mechanical tests were conditioned at a temperature
of 20 ± 2°C and a relative humidity of 65 ± 5% until reaching 12% humidity.

Taking into consideration the limited dimensions of the working cavity of the microwave oven,
sample sizes of the ASTM D143-94 [34] protocol were adjusted for the three-point static bending test
in order to respect the prescribed L/D (span to depth ratio) of 15 [35]. The sample size was 300 ×
20 × 20 mm3 (L × R × T). The moving head speed and span length were 1.2 mm/min and 260 mm,
respectively. Axial compression tests of heated samples (30 × 20 × 20 mm3 (L × R × T)) were also
carried out according to the specifications of the above standard [34]. The moving head speed was
1.2 mm/min to reach wood sample rupture. Mechanical tests were done ten times on ten samples from
different MWH scenarios and convective drying.

3 Results and Discussion
3.1 Microwave Drying Kinetics

Drying kinetics under continuous and intermittent microwave heating of Eucalyptus gompho-
cephala wood are shown in Figs. 3–5. For both heating methods, an increase in microwave power led
to a decrease in drying time and an increase in the internal temperature of the samples. An increase in
internal wood temperature increased water vapor pressure which in turn increased moisture migration
rates [21]. Under MWH at 2.45 GHz, the electronic dipole of water molecules inside the wood was
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reoriented around the electromagnetic field. Consequently, internal heat was generated inside the wood
samples as a result of the dipolar rotation when water molecules were reoriented [36].

Figure 3: Temporal temperature and moisture content evolution for different levels of microwave power
under CMWH

Figure 4: Temporal evolution of moisture content, temperature at center and surfaces of wood samples
vs. drying time at 1000 watts under CMWH

Figure 5: Temporal evolution of temperature and moisture content for different microwave power
under IMWH
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Fig. 4 shows the simultaneous evolution of average moisture content and temperature on the
wood sample’s top, bottom, and center during heating at 1000 watts. Analysis of the curves shows
three successive drying periods. The first period corresponds to a warm-up phase in which most of
the thermal energy, converted from microwave energy, is used for raising the temperature of samples.
This period is characterized by a rapid rise in temperature and slow water loss. The second period
corresponds to the vaporization phase. This period is characterized by a constant temperature inside
the material, where the dissipated microwave energy is associated with moisture evaporation. The third
period is the heating-up period. During this period, the temperature of the wood increases gradually.
It is characterized by slow water evaporation and rapid temperature increases inside the wood samples.
The rise of temperature is due to the excessive heat build-up within the samples as well as the lack of
evaporative cooling at the dry core [37]. These three MWH phases were found in previous works for
Southern pine wood strands and Eucalyptus urophylla wood [38,39].

The IMWH scenario was conducted using an on/off cycle with the microwave heating and
not heating, respectively. The time interval of on/off was established based on preliminary MWH
experiments when the internal wood temperature did not exceed 110°C at 300, 500, and 1000 watts.

Fig. 5 shows the temporal evolution of internal wood temperature and moisture content under
the IMWH scenario. At the beginning, the internal wood temperature rapidly reached 70°C, then
increased slowly to reach 110°C in the end. We can see that the internal wood temperature oscillated
due to the intermittency of microwave power. The period of increasing temperature corresponds to the
MWH phase while the decreasing period corresponds to the phase without MWH. At the beginning of
the scenario, the internal wood temperature oscillated 5°C or 6°C while at the end it oscillated around
3°C. This can be explained by the reduced moisture content at the end of the drying operation. Lower
moisture content means reduced absorption of microwave energy, thus resulting in less internal heat
being generated. The results show that increased microwave power reduces the time required for the
internal temperature to reach 110°C, thereby reducing the drying time necessary to reach 12% moisture
content.

Fig. 6 shows that increasing microwave power increased the drying rate. The maximum drying
rates found are 0.0006, 0.0008, and 0.0012 (kg water/kg DM min) at 300, 500, and 1000 watts,
respectively. At the beginning of IMWH, the drying rate increased until it reached 31% moisture
content and then decreased until the end of the drying operation. The moisture content of 30% must
therefore represent the fiber saturation point (FSP) of Eucalyptus gomphocephala wood. The phase
where the drying rate was increasing corresponds to the evaporation of liquid water above the FSP,
while the phase of decreasing rate corresponds to the evaporation of bound water below the FSP. These
trends are similar to those found for Canadian jack pine wood [4,8]. The drying rate of Eucalyptus
wood under IMWH can be described by a second-order polynomial law of moisture content. We
can see that the parameters of polynomial laws of drying rate with moisture content are affected by
microwave power levels as follows:

DR (P1 = 300 W) = −0.0105 × MC2 + 0.0063 × MC (3)

DR (P2 = 500 W) = −0.0128 × MC2 + 0.0073 × MC (4)

DR (P3 = 1000 W) = −0.021 × MC2 + 0.0123 × MC (5)
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Figure 6: Drying rate of Eucalyptus gomphocephala wood samples under IMWH scenario

3.2 Influence of CMWH and IMWH on the Surface Appearance of Heated Samples
3.2.1 CMWH Scenario

Fig. 7 shows the external surface of samples heated at 300, 500, and 1000 watts under the CMWH
scenario. In Fig. 4, we see that the temperature at the center and peripheral region of the samples
reached 178°C and 160°C at 1000 watts, respectively. Results show that samples treated at 1000 watts
present carbonized regions of ligneous wood matter. The degradation occurring in wood heated at high
temperatures indicates some chemical and structural modifications [40]. Arshanitsa et al. [41] found
chemical changes in samples treated with microwave heating above 150°C. The carbonization reaction
was located at the sample center, making it clear that internal heat is being generated in MWH [42].

Figure 7: External shape of wood samples heated under CMWH scenario (Left at 300 watts; Center at
500 watts; Right at 1000 watts)

Fig. 7 demonstrates that drying defects (coloration, cracking, etc.) of samples increase with
increased microwave power. Applying intense microwave power to moist wood generates internal
steam pressure within the wood cells that breaks some cell walls creating internal cracks and checks
at the macroscopic wood scale [43–46]. According to Liu et al. [47], the high-intensity microwave
treatment opens up channels in the pits and generates cracks in larch wood. Poonia et al. [48]
mentioned that when applying higher microwave energy to heat Eucalyptus tereticornis wood, the high
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internal steam pressure causes the pit membranes in the cell walls to rupture, produces tyloses in the
vessels, and weakens the ray cells, creating new pathways for transporting liquid and vapor. Similar
findings were reported by Li et al. [39] for Eucalyptus urophylla wood, and by other papers [44,49] for
various eucalyptus wood species. Yang et al. [50] said that eucalyptus wood is difficult to dry without
degradation and indicated that most drying defects are more severe when increasing drying rates and
temperature.

To avoid these problems related to internal gas overpressure and carbonization of the end quality
of wood samples due to the high temperatures under CMWH, we investigated the IMWH scenario in
the next part of the study.

3.2.2 IMWH Scenario

Fig. 8 shows the external shape of samples heated under IMWH. Intermittent microwave energy
reduces heat supply, temperature, over-gas pressure, and drying rate. This heating intermittency allows
time for the water to migrate from the center to the sample surface. This scenario offers more uniform
moisture content distribution and stress relaxation of the wood board [31]. Fig. 8 demonstrates that
drying defects are reduced when using IMWH at 300, 500, and 1000 watts. This phenomenon can be
explained by the decrease in internal temperature and over-gas pressure inside the samples, resulting
in mechanical stress relaxation.

Figure 8: External shape of samples heated under IMWH (Left: at 300 watts; Center at 500 watts;
Right at 1000 watts)

According to our results, CMWH presents the lowest drying time. However, the dried samples
are of poor quality compared to the IMWH. On the other hand, IMWH, even though it has a
higher drying time, leads to fewer drying defects and therefore does less harm to the external shape,
particularly at low microwave power levels.

To determine the best MWH scenario for drying eucalyptus wood without degradation, we
propose measuring the mechanical properties of the heated samples in the next part of the study.

3.3 Influence of Microwave Heating on Mechanical Properties
The MOE and MOR of Eucalyptus gomphocephala wood in three-point static bending and axial

compression are presented in Table 1. Results show that the mechanical properties of eucalyptus
wood samples heated under IMWH and CMWH scenarios decrease with increased microwave power.
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Similar results were reported in the literature for jack pinewood [4,8]. Oloyede et al. [14] revealed that
Caribbean pine samples dried at 100% microwave power presented the least strength and stiffness
compared with samples dried at 50% power level.

Table 1: Variation of mechanical properties of samples heated under IMWH compared to samples
heated under CMWH for selected microwave power

Microwave power level Change in mechanical properties between intermittent and continuous
heating

MOR in static
bending

MOE in static
bending

MOR in axial
compression

P1 = 300 watts 38% 29% 10%
P2 = 500 watts 41% 31% 11%
P3 = 1 000 watts 49% 48% 11%

This study found that values for MOR and MOE in static bending and MOR in axial compression
were all higher when the samples were dried under IMWH than when dried under CMWH. The
MOR values in static bending tests were higher by 38%, 41%, and 49% at 300, 500, and 1000 watts,
respectively (Fig. 9). The MOE values in static bending tests were greater by 29%, 31% and 48% at
300, 500 and 1000 watts, respectively (Fig. 10). The MOR values in axial compression were higher by
10%, 11% and 11% at 300, 500 and 1000 watts, respectively (Fig. 11). Therefore, we concluded that
CMWH has a negative impact on the mechanical properties of eucalyptus wood samples compared
to IMWH. In addition, the CMWH scenario had a more destructive effect on the MOR and MOE in
static bending than on the axial compression properties. This effect was due to the high intensity of
treatment during CMWH, where the internal temperature of samples exceeded 140°C. Liu et al. [47]
demonstrated that high-intensity microwave treatment of larch wood changes its microstructure and
affects its mechanical properties. Torgovnikov et al. [51] found reductions of 60% in MOR and 43%
in MOE of Eucalyptus globules treated at high microwave levels. Hansson and et al. [36] reported that
MWH of Norway spruce wood at temperatures of 60°C, 100°C, and 110°C during drying had no
significant influence on hardness.

Figure 9: Effect of intermittent, continuous, and convective scenarios on MOR in static bending
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Figure 10: Effect of intermittent, continuous, and convective scenarios on MOE in static bending

Figure 11: Effect of intermittent, continuous, and convective drying at 60°C on MOR in axial
compression

The analysis of variance (ANOVA) showed that all mechanical properties of eucalyptus samples
were affected by microwave power level (Table 2), except for MOR in axial compression from CMWH
which was not significantly affected. Those properties did not meet the 0.05 significance level.

Table 2: Analysis of variance (ANOVA) on the effect of microwave power and drying method on the
mechanical properties of Eucalyptus gomphocephala wood

Sum of
squares

d.f Mean
square

F P

IMWH MOR in
static bending

Between Groups 1177,8 2 58,893
Within Groups 2111,5 27 7,820 753∗∗ 0.003
Total 3289,37 29

MOE in
static bending

Between Groups 18197,912 2 9098,956
Within Groups 64309,332 27 2381,827 382∗∗ 0.035
Total 82507,245 29

(Continued)
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Table 2 (continued)

Sum of
squares

d.f Mean
square

F P

MOR in axial
compression

Between Groups 1418 2 709
Within Groups 2889 27 107 662∗∗ 0.005
Total 4307 29

CMWH MOR in
static bending

Between Groups 122,407 2 612
Within Groups 24,206 27 8965 683∗∗ 0.004
Total 3644,67 29

MOE in
static bending

Between Groups 29681,019 2 14840,509
Within Groups 62893,378 27 2329,384 637∗∗ 0.005
Total 92574,396 29

MOR in axial
compression

Between Groups 13,626 2 6813
Within Groups 9391 27 3478 196 ns 0.161
Total 10,754 29

Note: Ns: Not significant at p > 0.05. ∗∗Significant at p < 0.01.

Indeed, there was a weak change of 16.16%, 11.75% and 0.79% on MOR and MOE in static
bending and MOR in axial compression tests between mechanical properties of heated wood under
intermittent and low microwave power level and those dried under a convective process at 60°C.
Furthermore, eucalyptus wood samples dried under continuous and intermittent microwave treatment
presented lower mechanical properties than those conventionally dried at 60°C (Table 3).

Table 3: Variation of mechanical properties of Eucalyptus gomphocephala samples treated under
IMWH until 12% moisture content compared to convective drying at low temperature

Intermittent method Continuous method

MOR in
static
bending
(MPa)

MOE in
static
bending
(MPa)

MOR in
axial com-
pression
(MPa)

MOR in
static
bending
(MPa)

MOE in
static
bending
(MPa)

MOR in
axial
compres-
sion
(MPa)

P1 Mean (n =
10)

97.5 10,821 49.9 70.7 8371 45.3

STDEV 7.8 1602 0.9 8.7 1790 4.9
Change (%) −16% −12% −0.8% −39% −32% −9.9%

P2 Mean (n =
10)

94.3 10,729 46.8 66.7 8187 42.3

STDEV 7.3 1161 2.4 9.6 1594 3.8
Change (%) −19% −13% −7% −43% −33% −15.9%

(Continued)
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Table 3 (continued)

Intermittent method Continuous method

MOR in
static
bending
(MPa)

MOE in
static
bending
(MPa)

MOR in
axial com-
pression
(MPa)

MOR in
static
bending
(MPa)

MOE in
static
bending
(MPa)

MOR in
axial
compres-
sion
(MPa)

P3 Mean (n =
10)

82.9 9125 44.6 55.6 6175 40.1

STDEV 11 1798 5 10 1115 8.1
Change (%) −29% −26% −11.3% −52% −50% −20.3%

T = 60°C Mean (n =
10)

116.3 12,262 50.3

STDEV 3.7 498 1.2

Note: STDEV: Standard deviation.

From this study, we recommend the use of IMWH at low microwave power that does not exceed
an internal wood temperature of 110°C to heat Eucalyptus gomphocephala wood.

4 Conclusions

The MWH kinetics of Eucalyptus gomphocephala wood have been studied under various
microwave powers, and a comparative study between continuous and intermittent heating scenarios
was discussed in terms of end mechanical quality and appearance of heated samples and drying
efficiency. The following conclusions have been drawn:

- Results indicated that an increase in microwave power decreased drying time and increased
internal wood temperature;

- Internal heat was generated in the MWH of the sample, verified through the temporal evolution
of internal wood temperature and drying rate curves;

- A qualitative analysis of the heated samples’ surface showed that the IMWH method reduced
the drying defects and did not hurt the mechanical properties as much as those treated under
CMWH;

- Comparison of mechanical properties showed that wood treated under IMWH had signifi-
cantly higher bending and axial compressive strength compared to those samples treated under
CMWH; and

- An ANOVA analysis demonstrated that the overall mechanical properties of eucalyptus wood
were significantly affected by microwave power intensity and heating scenarios.
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