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Ultrasonic method for estimation of modulus
of elasticity of Eucalyptus grandis wood
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ABSTRACT

This study aimed to verify the relation between the modulus of elasticity of Eucalyptus grandis W. Hill ex Maiden wood obtained 
from destructive testing of static bending and from non-destructive testing by ultrasound, both after thermal rectification. A total 
of 85 samples, with dimensions of 2.5 x 2.5 x 41.0 cm (thickness, width and length), were made from eucalyptus planks. These 
samples, as well as those without thermal rectification (control), were subjected to two heat treatments, called Combination and 
Kiln, and then evaluated. In the combination treatment, the wood was subjected to thermal treatment in an autoclave at 130 ± 3 
°C and a pressure of 0.2 MPa for 3 h and, after a conditioning period, to heat in a kiln at 160 ± 1 °C for the same length of time, 
whereas the other treatment consisted of only thermal rectification in a kiln. The main results showed a moderate relation between 
destructive and non-destructive methods, with the best results recorded in the samples without thermal rectification. With the 
continuous improvement of the non-destructive techniques, the ultrasound is confirmed as a viable method to obtain values of the 
modulus of elasticity as a function of the dynamic modulus of elasticity.
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Método ultrassonoro para estimativa do módulo                                                                
de elasticidade de madeiras de Eucalyptus grandis

RESUMO

Este trabalho teve por objetivo verificar a correlação entre o módulo de elasticidade da madeira de Eucalyptus grandis W. Hill 
ex Maiden, obtido por ensaios destrutivo de flexão estática e não destrutivos com ultrassom, após tratamento térmico. Foram 
confeccionadas 85 amostras das pranchas de eucalipto com dimensões de 2,5 x 2,5 x 41,0 cm (espessura, largura e comprimento). 
Avaliaram-se amostras submetidas a dois tratamentos térmicos denominados Combinação e Estufa, além daqueles sem tratamento 
térmico (Controle). No tratamento combinado as madeiras foram submetidas à termorretificação em autoclave a 130 ± 3 °C e 
pressão de 0,2 MPa por 3 h e, após um período de condicionamento, submetidas ao calor em estufa a 160 ± 1 °C, pelo mesmo 
período; já o outro tratamento consistiu apenas na termorretificação em estufa. Com base no estudo realizado foram encontrados 
resultados com relação moderada entre os métodos destrutivo e não destrutivo, sendo os melhores deles registrados nas amostras 
que não sofreram tratamentos térmicos. Com o aperfeiçoamento constante das técnicas não destrutiva o ultrassom é um método 
viável para obtenção de valores de módulo de elasticidade estático em função do módulo de elasticidade dinâmico.
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IntroductIon

The tests of a destructive nature, in general, are the main 
methods used to understand the technological properties 
of wood. The results obtained with this methodology are 
sometimes cumbersome, because of the time wasted on the 
production of samples and the money spent on equipment. 
Moreover, the results obtained are only estimates, because the 
tests are done on samples, and not from the real piece in use 
(Stangerlin et al., 2008).

Wang et al. (2007) reported that significant efforts have 
been made towards the development of a consistent technology 
for non-destructive assays, which would be able to predict the 
intrinsic properties of the wood effectively, helping both the 
quality control and the classification of products in forestry 
production lines. Among the non-destructive technologies, 
the use of an apparatus which emits ultrasound waves can be 
mentioned. According to Gonçalez et al. (2001), ultrasound 
waves are the acoustic waves which have a frequency exceeding 
20 kHz. The ultrasound method is based on the examination of 
the propagation and its connection with the ultrasonic response 
and the elastic constants of wood.  

Calegari (2006) described the use of the ultrasound for 
the emission of electric pulses by an electronic circuit. These 
electrical pulses are conducted by coaxial cables and converted 
into elastic waves by the piezoelectric crystal situated in the 
transducers. The mechanical vibrations travel through the 
material, which mitigates the signal emitted by the generator. 
The retarded signal is recovered by another piezoelectric 
crystal and is then amplified and converted into electric pulses 
again, in order to measure the propagation time. With that, the 
velocity of the wave can be obtained from the distance and the 
time of its travel.  

As to wood, according to Bucur & Bönhke (1994), the 
factors which influence the propagation of ultrasonic waves 
are the anatomical, physical (basic and apparent density) and 
morphological (types of wood and grain angle) properties; 
presence of imperfections (knots and splits), the geometry 
of the specimen, environmental conditions (temperature 
and relative humidity) and the procedure used to measure it 
(frequency and type of transducer).

The use of non-destructive methods to evaluate the quality 
of wood needs further studies since these methods consider 
the material to be analyzed as homogenous, continuous and 
isotropic. However, wood is a heterogeneous and anisotropic 
material, which can sometimes show defects like knots, 
imperfections in fibers, tracheids and other anatomical 
elements, thus reducing the accuracy of the results.

Even so, many studies have been conducted in order to 
obtain the modulus of elasticity with the use of non-destructive 
methods, and they have found good determinations with the 
results obtained with the destructive methods (Baradit et al., 
1998; Machado, 2000; Ross et al., 2000; Bartholomeu, 2001; 
Oliveira, 2001; Nogueira, 2003; Wang et al., 2007).

The use of wood in places and situations with some 
restrictions requires the study of improvements in its quality. 
Heat treatments are done in woods, mainly, in order to reduce 
the water absorption (Kartal et al., 2007), induce color 

changes (Esteves et al., 2008), reduce the wettability (Huang 
et al., 2012) and improve dimensional stability (Esteves et al., 
2007). Considering the many advantages that heat treatment 
brings to the properties of wood, it is a method already used 
on an industrial scale in many European countries (Rodrigues, 
2009).

Therefore, according to what has been mentioned, the 
purpose of this study was to relate the modulus of elasticity 
of Eucalyptus grandis W. Hill ex Maiden heat-treated wood 
obtained from destructive testing of static bending and by non-
destructive testing by ultrasound.

MaterIal and Methods

Characterization of material and preparation of samples
The trees of Eucalyptus grandis were obtained from 

a homogeneous population of the State Foundation of 
Agricultural Research (Fundação Estadual de Pesquisa 
Agropecuária – FEPAGRO FLORESTAS), situated in Boca do 
Monte, a district of Santa Maria, in Rio Grande do Sul State, 
Brazil.

Three trees of approximately 25 years old were randomly 
selected and the first two logs (2 m length), were cut. Two 
planks with dimensions of 7.0 x 20.0 cm (thickness x width), 
diametrically opposed (Figure 1), were cut from the logs by 
tangential sawing method, using a vertical band saw.

Figure 1. Diagram of extraction of the planks from the log and withdrawal of 
the samples

In the preparation of the samples for the assays, these were 
carefully identified with the numbering of the planks, which 
was given after the sawing of planks and in the sequence of 
the sampling, so as to distribute the adjoining samples between 
the treatments, avoiding the effect of the diametrical and 
longitudinal positions in the planks on the results.

A total of 85 samples, with dimensions of 2.5 x 2.5 x 41.0 cm 
(thickness, width and length), were made from the eucalyptus 
planks, according to the American Society for Testing and 
Materials  – ASTM D143 (2000). After this stage, the samples 
remained in a climate chamber at 20 °C and 65%, of relative 
humidity until they reached an equilibrium moisture content 
at 12%. This moisture content was considered the starting 
point for the beginning of the thermal rectification treatments, 
whereas the reference pieces remained in the climate chamber.

Heat treatments
The samples were subjected to two thermal rectification 

treatments: Combination (wood previously treated in an 
autoclave and, after a period of conditioning, subjected to kiln 
treatment, with 29 samples); and Kiln (wood treated only in 
the kiln, with 29 samples).
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Moreover, the reference (wood without treatment), with 27 
samples, was also taken into account, totaling three treatments. 
The temperature and the length of the thermal rectification 
treatments can be seen in Figure 2. The length of the treatments 
begun to be considered after the needed temperature was 
reached.

between the propagation speed and the density of the wood 
(Eq. 1).

Figure 2. Stages of the Combination (autoclave + kiln) and Kiln treatments. 
Thermal rectification treatment in an autoclave at 130 ± 3 °C and 
a pressure of 0.2 MPa for 3 h (A); Period of conditioning in a climate 
chamber at 20 °C 65% UR to constant weight (B); Previous drying in a 
kiln at 100 ± 1°C for 24 h (C); Thermal rectification treatment in kiln at 
160 ± 1 °C for 3 h (D)

For the thermal rectification of the material, a laboratory 
autoclave with an internal size of approximately 79 x 85 x 
125 cm (capacity of 225 L) and a kiln with air circulation and 
digital temperature control were used.

After the thermal rectification, the samples were taken back 
for conditioning in a climate chamber and remained there until 
they reached a new hygroscopic equilibrium, after which the 
destructive and non-destructive assays started. 

Non-destructive and destructive assays
In order to perform the non-destructive tests, an ultrasound 

equipment with dry point contact transducers of frequency 
of 54 kHz was used. These transducers measured the wave 
propagation time directly, in microseconds (µs).

The determination of the propagation time of the ultrasonic 
waves was done in the center of the samples, considering the 
longitudinal direction of the wood. The wave propagation time 
was measured twice and from the proportion between the mean 
time and the covered distance (real length of the specimen), the 
wave propagation speed was calculated. The dynamic modulus 
of elasticity (Ed) was calculated on the basis of the product 

ME 12% = apparent density at 12%; Vsom = ultrasonic speed, Ed = dynamic modulus of elasticity and F = F statistic. Among the properties, the means followed by the same letter in the column, for each 
variable, do not show a significant statistical difference at a 95% confidence level, according to Fisher LSD test

Table 1. Maximum, minimum and mean values of the apparent density at 12%, ultrasonic wave propagation speed and dynamic modulus of elasticity from the 
samples of Eucalyptus grandis subjected to the different treatments

in which: Ed= Dynamic modulus of elasticity (MPa); V= wave 
propagation speed (m.s-1); ME= wood density at 12% moisture 
content (kg.m-3).

In order to evaluate the accuracy and the sensitivity of the 
ultrasonic method, the samples were subjected to destructive 
tests of static bending, and then the modulus of elasticity (Ec0) 
was obtained with the use of a universal testing machine, 
according to the American Society for Testing and Materials 
– ASTM D143 (2000).

Statistical analysis
The results were interpreted through of tests of mean 

comparison (Fisher’s Least Significant Difference test, p 
> 0.05) and regression analysis, in which the independent 
variable was the dynamic modulus of elasticity, obtained from 
ultrasound testing and the dependent variable was the modulus 
of elasticity, obtained from a conventional testing of static 
bending. The quality of fit of models was evaluated by the 
coefficient of determination (R²) and the mean absolute error 
(MAE) of waste.

results and dIscussIon

In Table 1, the maximum, minimum and mean values of 
the apparent specific density at 12% (ME12%), the ultrasonic 
speed (Vsom) and the dynamic modulus elasticity (Ed) are 
shown.

According to the results obtained in the test of means, the 
ME 12% had a decrease in its value after both the Combination 
(Autoclave + Kiln) and the Kiln treatments. This decrease is 
due to the decay of the hemicellulose as well as due to the 
evaporation of volatile extractives (Esteves & Pereira, 2009). 

The ultrasonic wave propagation speed (Vsom) had an 
opposite effect to the ME 12%, in which the minimum value 
appeared in the samples which were not treated (control 
samples). The reason for this is because after the thermal 
rectification, the voids in the wood were reduced, increasing 
the surface hardness. This way, the ultrasonic speed increases 
according to the decrease of the voids in the wood (Shimoyama, 
2005), changing the values of the dynamic modulus of elasticity 

E V MEd som= ⋅ ⋅ −2 610
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of the wood. Also, there was not a significant difference 
between the Combination and Kiln treatments, since the mean 
values of both treatments were similar. The values of the Ed 
did not show statistical differences according to the mean test  
(Table 1).

The average values of the wave propagation speed in the 
samples along the length were similar to the values related by 
other researchers, such as Ballarin & Nogueira (2005), Calegari 
et al. (2007) and Stangerlin et al. (2008), ranging from 4.000 
to 6.000 m s-1.

The dynamic modulus of elasticity did not change as the 
specific density and the ultrasonic speed (although these are 
directly related). This is because the magnitudes of specific 
density and ultrasonic speed differ.

As for the Ec0 shown in Table 2, note that according to 
the mean test the samples which did not undergo a thermal 
rectification showed higher actual values. Thus, the thermal 
rectifications reduce the wood mechanical properties (Poncsak 
et al., 2006; Jones & Hill 2007). However, among the 
treatments, significant statistical differences were not verified.

propagation time when compared to the waves generated by 
transducers of flat faces.

The analysis of the Figure 3A, 3B and 3C show that the 
statistical models presented significant values, with an error 
probability of 1%. Besides, the reference treatment, when 
compared to the heat treatments, presented the best adjustment 
of model (higher R² and equal p-value.). A possible reason 
for that is the heterogeneity that the thermal rectification can 
produce on the samples.

The angular coefficient is positive in all the mathematical 
models, indicating a positive inclination of the line. This fact 
confirms the hypothesis proposed by NDT (2012) that, if the 

Table 2. Maximum, minimum and mean values of the modulus of elasticity of 
Eucalyptus grandis samples subjected to the different treatments

Ec0 = modulus of elasticity obtained from static bending testing; F = F statistic. Among the 
properties, the means followed by the same letter in the line do not show a significant statistical 
difference at a 95% confidence level, according to Fisher LSD test.

In the analyses of the results (Table 3), it can be seen that 
there was a significant difference between the values of the 
Ec0 in the three treatments. As Ouis (2002) asserted, because 
of the viscoelastic nature of wood, the greater the excitation 
frequency of the source, the higher the value implied to the Ed. 

Table 3. Maximum, minimum and mean values of the modulus of elasticity 
and the dynamic modulus of elasticity of the Eucalyptus grandis samples 
subjected to different treatments

Ec0 = modulus of elasticity obtained from static bending tests and Ed = dynamic modulus of 
elasticity. Among the properties, the means which are followed by the same letter in the column do 
not show a significant statistical difference, at a 95% confidence level according to Fisher LSD test

According to studies conducted by Bartholomeu (2001), 
Nogueira & Ballarin (2002) and Puccini (2002), the relations 
between Ed/Ec0 vary from 1.06 to 1.38. However, it can be seen 
in Table 3 that the mean values of the Ed were not higher than 
those of the Ec0. The reason for that may be related to the 
kind of wave generated, most likely a surface one, which has 
a low propagation speed and, consequently, low value of Ed. 
Nesvijski (2003) observed that some transducers of exponential 
kind may not generate directed waves, which provides a longer 

Figure 3. Variation of the modulus of elasticity (Ec0) as a function of the 
dynamic modulus of elasticity (Ed) in the different thermal rectifications. A 
= Combination; B = Kiln; C = Control; point = observed; line = calculated; 
R² = coefficient of determination; MAE = mean absolute error

C.

B.

A.
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elastic property is individually analysed, materials with high 
elastic properties have high stiffness and also high proximity 
between its molecules. So, a great interaction between the 
molecules is generated and, consequently, the sound velocity 
is increased.

conclusIons

There were no significant differences in the dynamic 
modulus of elasticity (Ed) as to the heat and reference 
treatments.

There were significant differences between the modulus of 
elasticity (Ec0) and the dynamic modulus of elasticity (Ed) in 
all treatments.

The samples which were not subjected to thermal 
rectification had a better adjustment of models to the estimate 
of the modulus of elasticity (Ec0) as a function of the dynamic 
modulus of elasticity (Ed).

With the continuous improvement of the non-destructive 
techniques, the ultrasound is, indeed, a viable method to obtain 
the values of modulus of elasticity (Ec0) as a function of the 
dynamic modulus of elasticity (Ed). 
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