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Abstract Hydrothermal–mechanical (HTM) treatment is a combined action of

temperature, moisture, and mechanical loads. Various kinds of HTM processes have

been developed to produce eco-friendly modified wood products. Among these

modification technologies, a combination of surface densification and hydrothermal

post-treatment is a promising option that can be used to enhance plantation wood

properties and generate value-added softwood products. This paper aimed to

investigate the transversal dynamic transversal modulus of elasticity (dtMOE)

profile and transversal density profile of surface-densified and hydrothermally post-

treated needle fir (Abies nephrolepis) wood, and provide a practical guide for the

processing optimization of surface-densified and thermally treated low-grade

plantation softwood. Needle fir lumbers were surface-densified in an open hot-

pressing system, at a compression ratio of 16.1% and two hot-pressing temperatures

(160 and 180 �C) for a pressure holding duration of 10 min with a subsequent

hydrothermal post-treatment at two temperatures (180 and 200 �C) for 60 min. The

transversal dtMOE profiles for six types of specimens (moisture-saturated, condi-

tioned control, and four types of surface-densified specimens) were measured and

analyzed by a dynamic thermo-mechanical analysis (DMA) apparatus. A dtMOE

gradient variable (GM) was defined herein to quantitatively formulate the dtMOE

distribution of the surface-densified and hydrothermally post-treated wood speci-

mens. Upon hot pressing, compressed cell tissues were observed within a 1.0- to

2.0-mm layer beneath the surface of the densified wood. The density peaks of

compressed sections were increased to 650–800 kg/m3, compared with the average
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density of the control specimens being at 350 kg/m3. The dtMOEs of the com-

pressed sections were increased from 650 MPa of the control specimens, to

750–900 MPa, achieving the objective of surface densification. As the temperature

of hydrothermal post-treatment increased from 180 to 200 �C, the differences of the

dtMOEs between the compressed surface sections and their inner adjacent ones

decreased significantly, indicating the effective fixation of the compression defor-

mations. Based on the test results obtained herein, it was concluded that the impact

of the hot-pressing temperature and thermal post-treatment temperature over the

dtMOE was insignificant. Nevertheless, it was also found that the hydrothermal

treatment temperature showed significant influences over the dtMOE difference

between the densified surface and its adjacent layer; the possible explanations for

these complicated behaviors were also proposed herein.

Introduction

During the past two decades, wood hydrothermal modification has been well

developed in Europe (Esteves and Pereira 2009; Zhan and Avramidis 2017) and is

also becoming a booming industry in China (Ding et al. 2015). Currently more and

more capitals and producers from Chinese wood industry have joined the high-

temperature hydrothermal treatment (HTHT) community.

The HTHT is a promising technology that can be used to modify plantation

softwood lumber, thus leading to products with improved dimensional stability and

biological durability, reduced hygroscopicity, deepened color and grain accompa-

nied with the chemical degradation of wood major components (Ansell 2012;

Esteves and Pereira 2009; Zhan and Avramidis 2016). Nevertheless, apart from

these positive effects, some negative ones also emerge during HTHT process, such

as loss of some material strengths, increased brittleness and fracture toughness, thus

limiting the product applications (Ansell 2012; Esteves and Pereira 2009; Liao et al.

2013; Navi and Pizzi 2015). The typical applications for the hydrothermal modified

wood include garden furniture, deckings for balconies, terraces, spa areas, as well as

the indoor radiation heating floorings. According to Windeisen et al. (2009), the

main challenges facing the production of hydrothermal modified wood included (1)

the increasing demand for outdoor applications of wood, (2) the improvement of

important application properties (such as desired effects on mechanical properties).

By compressing wood in the transverse direction under specific thermal and

moisture conditions, wood surface densification results in significant increases of

material density near the surface and brings about much improved mechanical

properties without adding chemicals (Zhan et al. 2015; Laine et al. 2016a).

Furthermore, in order to fix the compression set of densified wood and reduce spring

back and dimensional instability, HTHT treatment under specific heating media has

been proven effective and efficient in eliminating these negative problems (Gong

et al. 2010; Laine et al. 2013a, b; Popescu et al. 2014; Welzbacher et al. 2008).

Wood surface densification is a new and emerging technology in Chinese wood

industry, and its current development is mainly focused on the following issues,

namely the material softening and compression techniques (Li et al. 2000), the
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permanent fixation of compressive deformation (Cai and Li 2009), and the

quantitative analysis of densified wood properties (Cai et al. 2012; Tu et al. 2012).

The major studies concerning surface-densified wood include density, cell

micromorphology, wood color, equilibrium moisture content, dimensional stability,

antiweathering and antiaging properties, material mechanical properties, and

chemical transformations (Esteves and Pereira 2009). Among the properties

investigated, mechanical strength of the modified wood is the key factor affected

by the process parameters (Navi and Pizzi 2015) and can determine the final

utilization environment and application fields (Zhan et al. 2015).

Chen et al. (2012) investigated the impact of hydrothermal post-treatment on the

mechanical strength, dimensional stability, and color of surface-densified Yunnan

pine (Pinus yunnanensis), at temperatures of 180 and 220 �C and a duration of 2 h.

Compared to the undensified control specimens, the longitudinal MOR, MOE, and

surface stiffness of the surface-densified wood showed significant increases. When

the surface-densified samples with post-treatment were analyzed, the longitudinal

MOR decreased when compared to the ones without post-treatment, with no explicit

changing trend being observed for the MOE and surface stiffness parameters. The

study of Cai et al. (2013) revealed the influence of densification–hydrothermal

modification process variables over the dimensional stability and hardness of poplar

wood. Specifically, under the compression ratios of 10, 18, 25%, as compared to

control specimens, the surface hardness of densified wood increased by 143,183,

and 233%, respectively. It was recommended that the optimized process parameters

were a compression ratio of 25%, hot-press temperature of 170 �C, pressure holding

time of 15 min, plus a hydrothermal treatment temperature of 200 �C for 3.5 h. In

the course of exploring the relations between chemical changes and mechanical

properties of hydrothermally treated ash and beech, Windeisen et al. (2009) found

that the bending strength reduction was due to a loss of alkyl aryl ether linkages in

lignin; nevertheless, the relative increase and the condensation of lignin also

resulted in the slight increase of compression strength, which indicated that the

decomposition of the polyose and xylan can affect the strength properties both

positively and negatively.

Laine et al. (2014) investigated the impact of the process parameters over the

micromorphology of the densified wood cell wall and the transversal density

profiles. According to their experimental results, even relatively low temperatures

and fast closing speeds could result in no cell-wall fracture, hence making it

possible to increase the surface density and hardness of wood without causing the

damage of cell-wall tissues. Rautkari et al. (2011, 2013) elucidated the effects of

process parameters (including hot-press temperature, closing time, holding time,

moisture content, and compression ratio) on the transversal density profile and

material hardness of Scots pine sapwood. Belt et al. (2013) also analyzed the

cupping phenomenon of the surface-densified Scots pine, which is affected by the

above-mentioned process parameters and correlates with density profile character-

istics. During their investigation on the Brinell hardness of surface-densified and

hydrothermally modified wood, interestingly, it was found that the hydrothermal

post-treatment reduced the elastic recovery of both the control specimens and

surface-densified ones. Popescu et al. (2014) evaluated the impact of the
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hydrothermo-mechanical (HTM) densification over the compression set recovery

and thermal stability of lime wood. Their tests showed that the post-treatment at

higher temperatures and longer durations improved the dimensional stability of the

HTM samples, suggesting a permanent fixation of the transversal compression, but

also reduced the thermal stability in the same context. Laine et al. (2016b) carried

out the surface densification test of acetylated radiata pine and mainly focused on

the set recovery and hardness improvement of the densified acetylated wood.

According to their work, the pre-acetylation significantly reduced the set recovery,

and the hardness and the hardness recovery of the acetylated samples increased

significantly due to densification.

Dynamic thermal mechanical analysis (DMA) is a modern scientific measure-

ment technology, which can detect the dynamic stress or strain responses of

materials (mainly polymers) under specifically designed mechanical and heating

load modes. Currently, DMA apparatuses have been widely utilized to investigate

the elastic, visco-elastic, and viscous mechanical properties of different kinds of

natural and synthetized polymer materials under specified atmospheric climates

efficiently. Zhao et al. (2010) measured the dynamic MOE and loss tangent of

compressed poplar veneer by utilizing a dynamic thermal mechanical analyzer.

From the perspective of dynamic material mechanical changes on the microlevel,

the feasibility of processing densified poplar veneer without hydrothermal

pretreatment was discussed herein. Given the complex interrelationship mechanisms

among the HTM processes, such as the densification and its post-thermal treatment,

Aimene and Nairn (2015) simulated the transverse compression and densification of

wood using a large-deformation, elastic–plastic constitutive law. Their models have

reproduced the observation of stress–strain response during wood compression

including details of inhomogeneous deformation caused by variations in wood

anatomy.

Based upon the previous research on the processing procedures (Zhan et al. 2015)

and transverse dimensional stability (Zhan and Avramidis 2016) of surface-

densified and hydrothermally post-treated needle fir wood, this paper aimed to

explore the distribution of transversal density profile and dynamic transversal MOE

(dtMOE) parameters along the thickness of the moisture-saturated, air-dried

(control), and surface-densified and hydrothermally post-treated softwood lumber

specimens, with an objective of providing a practical guide for the value-added

utilization of plantation softwood species.

Materials and methods

Material

Needle fir (Abies nephrolepis) flat-sawn lumbers sourced from Yichun, China, with

dimensions of 4000 mm (longitudinal) 9 200 mm (tangential) 9 30 mm (radial)

were dried under controlled air-drying conditions for more than one year, reaching a

moisture content of 12 ± 2%, with an average basic density of 319 kg/m3 (oven-

dried mass divided by green volume).
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Five boards of this lumber were cut into 300 mm (length) 9 100 mm (width)

sapwood boards and thereafter planed to 28 mm in thickness, altogether resulting in

60 such clear specimens. These specimens were further numbered accordingly;

among them, the 160-1–24, 180-1–24 were designated as the surface densification

plus hydrothermal post-treatment specimens; the 160-25–27, 180-25–27 were being

the air-dried control specimens; the 160-28–30, 180-28–30 were water-soaked to

reach a moisture content of 50% plus, thus acting as the moisture-saturated

specimens.

Densification

Wood densification tests were carried out by using a pilot hot-pressing machine

(T100, Dongda wooden composites machinery Co., Ltd, Harbin, China) specifically

designed for wood-based panels. A schematic illustration of surface densification

process is presented in Fig. 1. The upper and lower plates of the hot press were first

preheated to the target temperature 160 �C; the actual compression pressure was

between 7 and 10 MPa. In order to control the compressed thickness of the surface-

densified wood, with the final product suitable for the radiation heating floorings,

two metal sticks with thickness of 23.5 mm were put onto the lower plate. After the

upper and lower press plate reached the target temperature, the specimens with label

160-1 to 160-24 were first water-sprayed evenly on both faces (100–150 g/m2) and

then put onto the lower plate of the hot press, with four specimens for each batch

and the sapwood section facing the upper plate. It took around 0.4 min for the upper

plate to reach the metal stick. As soon as the actual pressure reached the targeted

values, then the timer started to work. After a hot pressing of 10 min, the pressure

was released gradually and the lower plate returned to its initial position in 0.4 min.

The densified specimens were then taken out from the hot press. Upon the hot

pressing tests of the target temperature 160 �C were completed, the upper and lower

plates of the hot press were further heated to the next target temperature 180 �C, and

Fig. 1 Schematic illustration of the densification process
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the specimens labeled 180-1 to 180-24 were put into the hot press. The remaining

hot-pressing procedures of 180 �C were the same as those of the 160 �C tests.

Hydrothermal post-treatment

Half of the surface-densified specimens, namely specimens 160-1–12 and 180-1–12,

were then chosen to be hydrothermally treated. The detailed labeling procedures and

all the process parameters used in this study are listed in Tables 1 and 2.

Hydrothermal post-treatment involved the following steps: The surface-densified

specimens were first heated from 20 ± 2 to 120 �C within 120 min and kept at that

condition for 30 min. Then, they were heated to the treatment temperatures of

180 �C (or 200 �C) at a speed of 0.67 �C/min and kept constant for 60 min. During

the heating and hydrothermal post-treatment stages, steam injection inside the

heating unit was included as protecting medium. After the hydrothermal treatment,

the specimens were cooled down to 80 �C inside the treatment chamber.

Density profile and DMA

After the hydrothermal post-treatment test, 21 specimens (including the control,

densified, and densified plus hydrothermally treated ones, without visual defects,

three replications for each type) were chosen and were further cut into two kinds of

specimens. The first group with dimension of 50 mm (length), 50 mm (tangential),

and actual compression thickness samples were designated for the density profile

test, the dimension of the second group being 50 mm (length), 55 mm (tangential),

and actual thickness, which were assigned for the DMA tests. They were all taken

from the middle section of the 100-mm-width lumber specimens, with almost

symmetrical grain orientation. These specimens (three replications for each type of

specimens, 42 pieces in total) were placed in an oven at 103 ± 2 �C for 24 h, and

Table 1 Nomenclature of test specimens

Nomenclature Contents represented

Control Non-treated, thickness 30 mm

160 Hot-pressing temperature 160 �C, processing duration 10 min

180 Hot-pressing temperature 180 �C, processing duration 10 min

h1 Hydrothermal post-treatment temperature 180 �C, processing duration 60 min

h2 Hydrothermal post-treatment temperature 200 �C, processing duration 60 min

Table 2 Summary of the process parameters used in this study

Moisture

content

(%)

Compression

ratio (%)

Hot-pressing

temperature

(�C)

Closing

time

(min)

Holding

time

(min)

Hydrothermal

treatment

temperature (�C)

Hydrothermal

treatment

duration (min)

12 ± 2 16.1 160 0.4 10 180 60

180 200
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the final weights were determined. Subsequently, they were then put inside a GDS

Environmental Test Chamber (Xinda Test Equipment Co., LTD, Suzhou, China)

with the conditioning temperature accuracy held at ±0.5 �C and RH accuracy at

±3%, the conditioning parameters being 30% in RH and a constant temperature

setting at 40 �C for more than one month.

The transversal density profiles were measured by using a density scanning

apparatus (DA5000, Germany Grecon Co Ltd), which operates using a X-ray source.

The density profiles of three specimens in each group, from each of the process

parameter combination, were determined. The specimens were scanned inside the

chamber in an order that commenced the scanning from upper-plate-densified face

and proceeded toward the lower-plate densified surface. The microscopic analysis of

the control and four different densified specimens was also carried out using an

environmental scanning electron microscope (Quanta 200, FEI Co., Ltd, USA).

A dynamic mechanical analyzer (DMA-242, Germany NETZSCH Co Ltd) was

used for the testing of dtMOE, and the detailed processing procedures of the DMA

samples are shown in Fig. 2. The above-mentioned second specimens group, which

were oven-dried and conditioned to the equilibrium MC, were further cut into DMA

samples through the wood surface area (densified wood), adjacent to surface area,

and wood core area, with sample dimensions of 55 mm (tangential) 9 11 mm

(longitudinal) 9 4.0 mm (radial), and ten replications for each group. All the DMA

samples were taken from the sapwood side section, which were facing the upper

plates during the hot pressing. The DMA measurement theory of the dtMOE is

depicted in Fig. 3, where the temperature inside the DMA chamber was maintained

at 35 �C, with the frequency of the dynamic load being 1.0 Hz, its dynamic load

being 1.0 N, and the loading mode being a 3-point bending. The equation for

calculating the dtMOE is as follows (Zhan 2008),

Fig. 2 Schematic presentation of the processing procedure and dimensions of DMA test specimens
(units: mm)
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dtMOE ¼ L3

b � h3
� f
a

ð1Þ

where dtMOE is the dynamic transversal modulus of elasticity (MPa); L is the

distance between the two supporting point (mm); f is the dynamic load (N); a is the

dynamic displacement (mm); b is the width of the sample (mm); h is the thickness

of the sample (mm).

In order to quantitatively analyze the influence of the surface densification and

hydrothermal post-treatment on the transversal mechanical properties of needle fir

wood, a dtMOE gradient GM, namely a variable designated to describe the

distribution of transversal dtMOE, was defined herein. This variable equals to the

dtMOE differences of two specific wood positions divided by their actual distance;

the detailed calculation process is shown as follows:

GM m; nð Þ ¼
MOE mð Þ � MOE nð Þ
� �

D mð Þ � D nð Þ
� � ð2Þ

where m, n = 1–3, and 1 refers to surface layer, 2 refers to the layer adjacent to

surface, 3 refers to the core layer; MOE(m) is the dtMOE (MPa) at the position m;

D(m) is the distance (mm) between the position m and wood surface.

Results and discussion

Transversal compression ratio

The initial and compression thickness of the surface-densified needle fir specimens

as well as the actual compression ratios are listed in Table 3. The initial thickness of

the specimens was 28.0 mm, and its targeted compression thickness was 23.5 mm,

resulting in a theoretical compression ratio of 16.1%. However, the visco-elastic

deformation recovery of wooden materials, which in this case is affected by the

temperature and moisture content inside the specimens, will give rise to the spring-

back phenomenon at the very surface right after the opening of hot-press platens

(Rautkari et al. 2011, 2013; Zhan and Avramidis 2016). In consequence of this

mechanism, the measured compression thicknesses were somewhat higher than the

Fig. 3 Schematic presentation of the dtMOE for surface-densified specimens
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targeted value. After hot pressing of the densified wood, the average thickness was

23.6 mm (hot-pressing temperature 160 �C) and 23.8 mm (hot-pressing temperature

180 �C), representing the compression ratios 15.2 and 15.1%, respectively.

The exact magnitudes of compressed thickness after hot pressing, in the present

test conditions, varied mainly depending on the compression temperatures, moisture

contents around the densified surface areas, the initial thickness, and transversal

grain orientation (the distribution and transformation of the early wood and late

wood through specimen thickness). According to Rheology theory, the softening

and creep behavior of wooden material are highly dependent upon moisture content

and temperature (Wang 2005). As the compression temperature increases, more heat

transfer will occur near the interface between the heating plate and densified surface

areas, contributing to the making and subsequent fixation of compression

deformations. Nevertheless, as the hot pressing commenced, the higher the heating

temperature, the more the moisture contents will be transferred from the very

surface areas to inner undensified sections, as the result of the coupled heat and

mass transfer between the heating platen and wood core areas. This phenomenon

will give rise to the decreasing moisture contents at the densified surfaces, which, in

turn, should have negative contributions over the softening behavior of wood.

Additionally, given there were some thickness differences between the two kinds of

hot-pressing specimens, no significant relationship could be revealed between the

160 �C specimens and specimens hot pressed at 180 �C. The reported densified

thickness in the current test is actually the results affected by these interacting and

interrelated technical parameters.

Transversal density profiles

The actual MCs of each kind of specimens are listed in Table 4. After a moisture

conditioning procedure at a temperature of 40 �C and RH 30% for more than one

month, the average MC of the control specimens reached 4.27%. Comparing with

Table 3 Average initial thicknesses, compression thicknesses, compression ratios in the densification

process

Hot-pressing

temperature (�C)

Initial thickness

(mm)

Compression

thickness (mm)

Compression

ratio (%)

160 27.8 (0.2) 23.6 (0.1) 15.2 (0.3)

180 28.0 (0.2) 23.8 (0.1) 15.1 (0.7)

Standard deviation in parenthesis

Table 4 Average-conditioned MCs of the control and treated specimens designated for the density

profile and DMA tests

Control 160-nh 160-h1 160-h2 180-nh 180-h1 180-h2

Average MC (%) 4.27 3.90 3.75 3.48 3.83 3.74 3.48

Standard deviation (%) 0.15 0.06 0.05 0.04 0.10 0.11 0.09
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the control specimens, the equilibrium moisture contents of the modified ones

decreased significantly, especially between those post-thermally treated specimen

series. Taking the 180 �C hot pressing as an example, the average MC of the

specimens 180-nh, 180-h1, and 180-h2 decreased to 3.83, 3.74, and 3.48%,

respectively, representing 89.7, 87.6, and 81.5% of the control one.

The transversal density profiles of the densified but non-thermally treated

specimens, the specimens densified and thermally treated at 180 �C, and the

specimens densified and thermally treated at 200 �C are plotted in Fig. 4a–c,

respectively. For the purpose of comparisons, the transversal density profile of the

control specimens is also added repeatedly in Fig. 4a–c.

Once the one batch of four specimens was placed on the lower platen of the hot

press, and the lower platen stated to move toward the upper one, severe heat and

mass transfers were going to occur on the lower and the upper face of specimens

being densified. For the lower faces, it was the heat conduction mechanism between

the lower platen and the lower faces of specimens, which heated and softened the

lower faces, and transferred the wood surface moisture further inward. Concur-

rently, there were mainly heat radiation and moisture evaporation occurring over the

upper faces, which may decrease the surface MC. Overall, before the upper faces

reached the upper platen, the net effect was that more heat transfer occurring at

specimens’ lower faces was going to soften the lower surfaces to a greater extent

than the upper ones. The above-mentioned hot-pressing operation is widely adopted

in the wood-based panel manufacture, such as particle board and medium density

board (MDF), meaning that the lower faces of undensified boards are more prone to

being compressed. In consequence of this mechanism, after the hot pressing, the

density peak at the lower faces will be higher than that of the upper ones in most

cases, as can be found in Fig. 4a–c.

According to Fig. 4, before the hot pressing, the control specimen density

distributed along its thickness with some fluctuations (representing the actual

transformation between early wood and late wood along the specimens thickness),

with the averaged density values fluctuating between 330 and 380 kg/m3. Once the

specimens reached the upper platen, the transversal compression occurred, the

specimens undergoing surface densification. During this complicated process,

severe heat transfer (mainly in the form of conduction) and surface drying

(including the thermal diffusion along thickness and the evaporation from the

longitudinal sides) will take place. A new temperature gradient (higher near the

surface and lower in the core) and a MC gradient (lower near the surface and higher

in the core) will emerge along the specimen’s thickness.

The impact of hot-pressing temperature on the transverse density distribution can

be revealed explicitly from the comparisons between these two hot-pressing

temperatures, namely 160 and 180 �C in Fig. 4a, specifically. As the temperature

increased from 160 to 180 �C, the density peak shifted away from the surface and

further toward the center of the specimens. On the other hand, with a higher hot-

pressing temperature of 180 �C, it seems like that the actual magnitudes of the

density peak were lower than those of 160 �C specimens. Taking the upper surfaces

of the 160-nh and 180-nh specimens as an example, as the hot-pressing temperature

increased, the location of the density peak shifted 1.4 mm deeper than that of the

730 Wood Sci Technol (2017) 51:721–738

123



Fig. 4 Density profiles along the thickness for the control, surface-densified, and surface-densified plus
hydrothermally treated specimens. Density profiles a are the control, 160-nh, and 180-nh specimens; b for
the control, 160-h1, and 180-h1 specimens; and c are the control, 160-h2, and 180-h2 specimens
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160-nh specimen, reaching to 2.4 mm from the surface. These findings, although

having some data fluctuations among the same kinds of specimens, largely

concurred with the studies of Rautkari et al. (2011) on Scots pine being densified on

one surface. The possible reason for these phenomena, according to Rautkari et al.

(2011), could be due to the fact that under the lower hot-pressing temperature and

with less softened surface layers, more resistances to the compression deformation

were going to be accumulated, confining the density increase to near the wood

surface.

Compared with the transverse density profile shown in Fig. 4a, the influence of

thermal post-treatment over the transversal density distribution can be more

complicated due to the interaction between the hot-pressing parameters and thermal

post-treatment techniques, as shown in Fig. 4b and c. The previous work by the

authors has shown that, under the specified hydrothermal post-treatment (temper-

ature 200 �C, processing duration 60 min), the compressed deformation of the

160-h2 and 180-h2 specimens could be effectively fixed (Zhan et al. 2015). Two

explicit phenomena could be observed from Fig. 4a–c. Firstly, as a result of the

deformation fixation of the densified wood surface layers, which were reinforced by

high-temperature thermal treatment, the density peaks of these thermally post-

treated specimens were higher than those of non-treated ones; the higher the post-

treatment temperature was, the higher the density peak being maintained, including

both the upper and lower surfaces. Taking the upper surfaces as an example, for the

hot-pressing temperature 180 �C, the density peak of the 180-nh, 180-h1, and

180-h2 was 611, 667, and 710 kg/m3, respectively. Another interesting trend was

also deduced in the case of the width of density peaks, but with some data

fluctuations between the two opposite faces in the same specimen, and also among

the same kinds of specimens. For instance, on the upper faces, the width of density

peak for the specimens 180-nh, 180-h1, and 180-h2 was 3.2, 2.4, and 3.0 mm,

respectively. The general trend is that after the thermal post-treatment, the width of

density peak will be decreased due to the fixation mechanism of the compressed

deformations. Additionally, during the preparation of density profile specimens, all

the specimens must first be oven-dried to 0% MC and then underwent a

conditioning test at temperature 40 �C and 30% RH for more than one month.

This moisture conditioning process can accelerate the compression deformation

recovery of the densified surface, which can be verified by the thickness of different

kinds of specimens. For instance, the measured thickness of the 160-h2 was

23.6 mm (in Fig. 4c); as results of the acceleration of compressed deformation

recovery, the thickness of 160-nh was 24.2 mm. Nevertheless, under the thermal

post-treatment at temperatures 180 and 200 �C, the impact of thermal treatment

temperature over density profiles was not significant.

Overall, based on the information presented in Fig. 4, and also the explanations

given herein, after surface densification, two highly compressed wood cell areas

were formed, which was just 1.0 mm–2.0 mm to the lumber surfaces; furthermore,

under specified high-temperature thermal post-treatments, the compression defor-

mation near the densified surface areas can be fixed effectively.
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Dynamic transversal MOE of the surface-densified needle fir wood

According to Fig. 5, during dtMOE tests, the temperature inside DMA chamber first

increased from ambient values to the target of 35 �C within 10–12 min and

thereafter kept constant until the end of tests. In its green condition, the average

dtMOEs measured were between 429 and 476 MPa, with the upper surface layer

exhibiting higher values (Fig. 5a). After oven-dried and then being conditioned to a

moisture content of 4.3%, the overall moisture decreases resulted in the increases of

wood MOE, showcasing the transversal MOE increases of the surface, subsurface,

and core layer of the air-dried specimens to 673, 642, and 584 MPa, respectively.

After hot pressing and hydrothermal post-treatment, the surface layers of the

compressed specimens underwent cell densification and the chemical degradation of

cell-wall tissues under high-temperature conditions. Prior to DMA tests, the

Fig. 5 Distribution of dtMOE along the thickness direction (in radial direction): a control specimens (in
green state); b moisture-conditioned specimens; c 160-h1 specimens; d 160-h2 specimens; e 180-h1
specimens; f 180-h2 specimens
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moisture contents were first decreased to the oven-dried level and then being

conditioned to 3.5–3.9% through an adsorption equilibrium process, depending on

the specific treatment procedures. According to Fig. 5c–f and Table 5, when

compared to the conditioned control specimens, the dtMOE of the surface-densified

and hydrothermally post-treated ones showed a generally increasing trend, with the

surface areas having a more significant increase of the dtMOE magnitude. For

example, comparing with their conditioned control counterparts, the dtMOE of the

160-h1, 160-h2, 180-h1, and 180-h2 specimens was 749.5, 808.0, 911.4,

752.6 MPa, increasing by 14.7, 23.7, 39.5, and 15.2%, respectively, reaching the

level of transversal larch MOE values under similar conditions (Zhan 2008).

It is generally known that surface densification will increase wood hardness and

bending strength. According to a research by Kariz et al. (2017) on spruce wood

lamellae, at thermal treatment temperature of 170, 190, 210, 230 �C, the modulus of

elasticity (MOE) and modulus of rupture (MOR) decrease with increasing thermal

treatment temperature. However, as this test procedure was the thermal treatment of

wood prior to surface densification, it is not directly comparable between their

results and the ones of the present study. The reason for this increasing behavior of

the surface dtMOE compared with the conditioned control could be that, due to the

combined action of the surface densification and subsequent post-thermal treatment,

a few cell-wall layers have been effectively densified, mechanically strengthened,

and successfully sustained (Laine et al. 2016a). Additionally, according to Esteves

and Pereira (2009) and Chen et al. (2012), high-temperature thermal treatment will

result in the loss of some material strengths for the densified solid lumber, which in

turn will show negative impact over the dtMOE and contribute to the irregular

fluctuations among the densified and thermally post-treated specimens, especially

for those of the subsurface ones.

Nevertheless, the dtMOE of the core layer, by contrast, was 444.1, 580.1, 468.6,

583.5 MPa. Compared to the conditioned control ones, the corresponding dtMOE of

the two kinds of specimens (hydrothermally post-treated at 200 �C) only increased

by 3.5%, and the dtMOE of the other two kinds of specimens (hydrothermally post-

treated at 180 �C) decreased by 17–21%. In general, it was found that, under the

current test conditions, the influence of the hot-pressing temperature and thermal

Table 5 Average values of the dtMOE

Type of

specimens

dtMOE (MPa)

2.25 mm from the

upper surface

6.75 mm from the

upper surface

11.75 mm from the

upper surface

Green 476.3 (1.4) 453.8 (3.2) 429.4 (2.4)

Conditioned 653.4 (5.9) 622.4 (5.5) 563.9 (5.8)

160-h1 749.5 (1.3) 609.0 (6.3) 444.1 (4.9)

160-h2 808.0 (2.8) 764.6 (8.4) 580.1 (3.6)

180-h1 911.4 (2.8) 742.8 (5.3) 468.6 (3.7)

180-h2 752.6 (3.6) 731.3 (6.1) 583.5 (2.8)

Standard deviation is shown in parenthesis
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post-treatment temperature over the dtMOE was insignificant. As an natural visco-

elastic porous material, the solid plantation softwood (flat-sawn needle fir lumber in

this case) exhibited a selective densification phenomenon, which means that during

the hot-pressing stage only the two heated surface layers were efficiently densified

(mainly involving the specific early wood tissues), most parts of the center layers

being left non-densified at all. Nevertheless, even not being mechanically affected in

the outlook and cell-wall structure, the center layers of the treated specimens were

virtually hydrothermally treated twice under high-temperature conditions during

surface densification and thermal post-treatment, which might probably result in the

loss of the transverse mechanical properties (Hill 2006).

Dynamic transversal MOE gradient GM

As discussed previously, after a combined surface densification and hydrothermal

post-treatment process, a densified cell-wall zone was formed at the areas, which

was first few millimeters near the wood surface (Zhan et al. 2015). The dtMOE of

six types of specimens all exhibited a hierarchical distribution along the lumber

thickness and increased accordingly from the core layer to the surface, but with

different increasing extents and patterns.

Based upon the information obtained from Fig. 5 and Table 5, it should be noted

that under the current combined surface densification and hydrothermal post-

treatment technique, the dtMOE difference between the wood surface and core

layer, as well as between the subsurface and core layer, increased significantly. The

impact of the combined surface densification and hydrothermal post-treatment on

the distribution of the dtMOE could be observed quantitatively through the

numerical changes of the dtMOE gradient variable GM. For instance, the GM (1,3) of

the control specimens was 9.9 MPa/mm; meanwhile, the GM (1, 3) of the 160-h1,

160-h2, 180-h1, 180-h2 samples was 33.9, 25.3, 49.2, and 18.8 MPa/mm,

respectively, increasing by 242, 156, 397, and 90% accordingly. In a similar way,

the variable GM (2, 3) of the above-mentioned four kinds of specimens also showed

the same increasing trend between them and the control one, which is well depicted

in Fig. 5.

An explicit phenomenon associated with the variable GM (1, 2) could also be

deduced from Fig. 5c–f and Table 6. At the same hot-pressing temperature, with the

Table 6 dtMOE gradient GM

of the surface-densified wood

and control specimens

Type of specimens GM (MPa/mm)

1 ? 2 1 ? 3 2 ? 3

Green 5.0 5.2 5.4

Conditioned 6.9 9.9 13.0

160-h1 31.2 33.9 36.7

160-h2 9.6 25.3 41.0

180-h1 37.5 49.2 60.9

180-h2 4.7 18.8 32.8
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increase of hydrothermal post-treatment temperature from 180 to 200 �C, the

dtMOE differences between the surface layer and the subsurface one decreased

significantly. For the 160 �C hot pressing, the GM (1,2) decreased from 31.2 MPa/

mm in 180 �C to 9.6 MPa/mm in 200 �C; at the same time, under the 180 �C hot

pressing, the GM (1,2) decreased from 37.5 to 4.7 MPa/mm, accordingly. The

temperature increase during hydrothermal post-treatment resulted in the decreasing

differences of dtMOE between the densified surface layer and its adjacent

subsurface area, almost reaching to the same magnitude.

The reasons behind this phenomenon are complicated, mainly due to the

interactions between the surface densification temperature and thermal post-

treatment temperature, especially the later one. Firstly, at a higher hydrothermal

post-treatment temperature, from the perspective of the wood transversal mechan-

ics, the recovery of the compressed visco-elastic deformation can be more

effectively eliminated, meaning more accumulated compression deformations and

also the majority of wood strengths being reserved (Laine et al. 2013a).

Nevertheless, a higher hydrothermal treatment temperature also leads to more

degradations of the polyoses and xylan, which may result in the loss of specified

mechanical strengths (Tjeerdsma et al. 1998). Furthermore, compared with the

control specimens, the highly compressed surface sections have more cell-wall

tissues in unit volume, which means that the impact of thermal degradation could

become even more remarkable.

Conclusion

The objective of this research was to evaluate the impact of the process parameters

of surface densification and thermal post-treatment over the transversal density

profile and dtMOE. The process parameters investigated included hot-pressing

temperatures (160 and 180 �C) and hydrothermal post-treatment temperatures (180

and 200 �C). The moisture-conditioned specimens (oven-dried to 0% MC and

conditioned at temperature 40 �C and 30% RH for one month) were chosen as the

control specimens for both the transversal density and DMA tests.

The hot-pressing temperatures showed an explicit impact on the transverse

density profiles. With the hot-pressing temperature being at 160 �C, there would be

a relative higher density peak formed near the surface, whereas the higher

temperature of 180 �C resulted in a slightly broader density peak that was lower in

magnitude and further from the surface. The thermal post-treatment temperature had

complicated influences over the transversal density profiles, largely due to the

interacting interrelationship between the main process parameters. The higher the

post-treatment temperature was, the higher the final density peaks being maintained.

Nevertheless, the impact of thermal treatment temperature on the transverse density

profiles was not significant.

Under the proposed surface densification (160 or 180 �C hot pressing, with

10-min duration and a compression ratio of 16.1%) and hydrothermal post-treatment

(180 or 200 �C high-temperature treatment, 60 min) for 28-mm-thickness needle fir

lumbers, the dtMOE of the surface-densified layer increased by 15–40% when
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compared to the control ones. However, there were no distinct changes of the

dtMOE in the lumber core areas. Under the current test conditions, the influence of

the hot-pressing temperature and thermal post-treatment temperature over the

dtMOE was insignificant.

A dtMOE gradient was defined herein, which can be used to quantitatively

analyze the transversal distribution of dtMOE for the surface-densified wood. The

hydrothermal post-treatment temperature had exhibited a significant influence over

the dtMOE gradient. As the temperature for the proposed hydrothermal post-

treatment increased from 180 to 200 �C, the dtMOE difference between the

densified surface and its adjacent layer decreased significantly. Possible explana-

tions for this phenomenon could be due to the effectiveness of the elimination of

compression deformation recovery under the proposed hydrothermal post-treatment

and the loss of specified mechanical strengths as the results of the further

degradations of the polyoses and xylan under a higher thermal treatment

temperature. However, since the explanation of the dtMOE of surface-densified

wood involved the interacting processes between the hot-pressing temperature and

thermal post-treatment temperature, namely the interactions between the transverse

mechanical strengthening and chemical degradation during thermal treatment, more

research efforts examining process parameters in relation to properties of surface-

densified and thermally post-treated wood need to be performed in the future.
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