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Abstract

affect the properties of the particleboards.

The application of light weight particleboard in furniture industry becomes more inevitable because of the require-
ment to facilitate transportation and assembly by the customer. Herein, a novel method for the fabrication of foaming
particleboard was proposed, which is achieved by adding azodicarbonamide (AC) foaming agent into the formulation
that consist of oven-dry poplar (Populus alba) particles (with the moisture content about 4%) and phenol formal-
dehyde resin (PF resin) (solid content of 48%). In this study, the effects of AC foaming agent and adhesive contents
incorporation and its content on mechanical, physical and chemical properties of particleboards were investigated.
The results showed that the addition of AC foaming agent played a critical role in properties of particleboard and

the optimal particleboard performance was achieved at the particleboard density of 0.6 g/cm?, the PF resin amount
of 12%, and the AC foaming agent amount of 1%. Furthermore, the pores appeared on the particle surface were the
products of the radical pyrolysis of the foaming agent, which has been proved by the FTIR results and the pores also
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Introduction

Low-density particleboard (PB) is a particleboard with a
density of 0.25-0.4 g/cm?, light and soft texture, relatively
good strength, water resistant and dimensional stability.
Due to its fluffy interior, low-density particleboard has
ideal performance of sound insulation, heat preservation
and mechanical processing, which makes it an excellent
material for furniture, architecture and interior decora-
tion [1, 2]. Some scholars in Japan have investigated the
low-density particleboard for a long time, they use Cryp-
tomeria fortunei as the raw material while isocyanic vin-
egar as the adhesive to press and prepare the low-density
particleboard, and formulate the JISA5908 Low-Density
Particleboard Standard [3-6]. The traditional foaming
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particleboard is defined as a sandwich structure panel
consisting of a foaming liquid core and particleboard fac-
ings [7]. The customer’s demand for lightweight panel
furniture is the fundamental driving force for the devel-
opment of foamed particleboard, and the foam core layer
can also provide good thermal insulation performance.
However, the use of foam materials in the core layer will
definitely cause a certain degree of loss of mechanical
properties, making the plate unable to be used in load-
bearing structures. Azodicarbonamide (AC) foaming
agent is widely used because of its high gas output (> 200
ML/g), stable performance, non-flammable, continuous
and uniform foaming under normal pressure and pres-
sure, without affecting the curing of the adhesive. And it
was the fundamental factors why the AC foaming agent
was chosen as raw materials. Wang and Sun from the
Institute of Biological and Agricultural Engineering of
the University of Kansas utilized cornstalk and wheat
straw to prepare the low-density particleboards and
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analyzed the impacts of board density designed when
pressing the board, straw dimension, hot pressing time,
and the soybean glue used on the board comprehensive
strength and tensile strength. The results showed that the
density increased from 0.3 to 0.34 g/cm?, and the tensile
strength and compressive strength increased from 2.11
and 3.02 MPa to 3.24 and 4.29 MPa, respectively [8].

At the beginning of the twenty-first century, the Fujian
Institute of Forestry united the Nanping continent wood-
yard man-made board factory to produce the low-den-
sity particleboard with a breadth of 1220 x 2440 mm, a
thickness of 35-42 mm, and density of 0.4 g/cm> And
the raw material was the light cedarwood with low den-
sity and small caliber [9-11]. To better exploit and uti-
lize the low-density cement-bonded particleboard, Yu
carried out in-depth research based on the wood science
and technology discipline and related discipline theoreti-
cal knowledge, systemically investigated the low-density
cement-bonded particleboard using the modern instru-
ments (such as thermal analyzer, X-ray diffractometer,
Fourier Infrared Spectrometer, and cone calorimeter).
The author discovered the change characteristics of the
bonding strength between wood and cement, the hydra-
tion temperatures of multiple wood—cement mixtures
and their changing process, and the hydration mecha-
nism of wood materials to cement. The series research
results have provided evidence for selecting the produc-
ing wood materials for cement-bonded particleboard and
improving the compatibility between wood and cement
[12]. Zhao et al. employed the phenolic resin adhesive
foaming mechanism to produce the low-density particle-
board and discovered that the pressure produced during
the foaming of adhesive rendered more sufficient contact
between the wood particles and adhesive, thus obtain-
ing the more superb bond strength. In the meantime,
the massive micropore structures inside the board also
reduced the board weight, and the product produced
through such a pressing method had a minimum density
of 0.4 g/cm?® [13]. Jiang et al. prepared the core material
with poplar particles and expanded polystyrene (EPS) as
the raw materials. Besides, its surface was covered with
Populus veneer to prepare the wood composite board
to enhance the board mechanical property. The results
suggested that the board internal bonding strength and
static bending strength reached the national standard
requirements of class A particleboard second when the
composite board density was 0.42—0.48 g/cm?, and the
heat conductivity was lower than 0.050 W/(m K), which
might be used as the non-stressed part and wall heat-
insulating material in furniture and interior decoration
[14, 15]. Han utilized polyvinyl chloride plastics (PVC),
wood powders, and AC foaming agents as the raw mate-
rials to prepare the PVC-based wood-plastic composite
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crust foaming floor base material by the extrusion mold-
ing method. The foamed wood powder composite mate-
rial had a favorable foam structure, which resulted in
crack crest truncation and effectively prevented crack
extension, thus greatly improving the material ductil-
ity and impact resistance and significantly reducing the
product density. Besides, the various product physical
performance indexes met relevant requirements, which
was suitable for scale production in factories [16—18].
Chen analyzed the influences of process parameters dur-
ing the polyethylene (PE)-based wood—plastic composite
material processing on the material property. Specifically,
they focused on investigating the impacts of AC foaming
agent content, toughening material content (nanoscale
particles, wood powders), and nucleating agent content
on the composite material density and toughness, and
determined the favorable process parameters for polymer
processing, so that it was of great promotion value [19].
Wang prepared the foaming flame retarding wood-plas-
tic composite material through the hot pressing molding
process, using the major raw materials of high-density
polyethylene (HDPE) and rice hulls, with the addition of
foaming agent and addition agent, and some composite
materials were added with single flame retardant. The
mechanical property and physical properties (such as
water absorption capacity and heat-conducting property)
were tested to analyze the influences of different types of
foaming agents, flame retardants contents, and base pro-
portions on the composite material performance [20].
Nadhari et al. pre-treated the dried banana trunk wastes
particles with different chosen temperatures steam before
fabricate the binderless particleboard. There were a dra-
matically decrease on the ratio of thickness swelling and
water absorption properties, which led to a subsequence
that the dimensional stability improved apparently. It is
considered that steam pre-treatment hydrolyzes cellu-
lose and hemicellulose partially so that declining further
moisture sorption and enhances the fiber compress-
ibility, which lower the internal pressure emerged at the
hot pressing stage, it also improve the thickness swelling
[21]. Iswanto et al. immersed particle in various level ace-
tic acid (AA) solution for 24 h before hot pressing pro-
cedure, which led to a moderate improvement on the
dimensional property. It also results that the excess of
1% AA level could cause negative effects on mechanical
properties including modulus of rupture (MOR), modu-
lus of elasticity (MOE) and internal bonding strength (IB)
[22]. Widyorini et al. used citric acid as natural binder in
the fabricating of bamboo particleboard, which offered a
distinguished performance on dimensional stability and
mechanical properties [23].

This study was carried out aiming to investigate a set of
complete production techniques (including hot pressing
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temperature, time, pressure, as well as the optimal pro-
portions of wood particle, adhesive and AC foaming
agent), effectively combine AC foaming agent with tra-
ditional particleboard, prepare the low-density particle-
board, and endow it with favorable strength-to-weight
ratio, dimensional stability, and heat insulation property,
which allowed to intensify the usability of the existing
man-made board, expand the product application range,
and produce superb products for the application in
actual production. Therefore, this program used a foam-
ing agent to treat the particles directly for microcellular
foaming, and aimed to produce a new type of foamed
particle board that can ensure that the mechanical prop-
erties will not be significantly reduced. It also hoped to
possess a low water absorption and high thermal insula-
tion properties to sustain the superiority of products. To
be specific, this study realizes the reinforcement of tra-
ditional particleboard, improves the usability and pro-
cessability of the commonly used ordinary particleboard,
oriented strand board, and bamboo particleboard, and
expands the application range of particleboard. Moreo-
ver, it compensates for defects of traditional man-made
board, such as poor physical and mechanical properties
and substantially declined dimensional stability due to
the high water absorption.

Materials and methods

Raw materials

The poplar particles were obtained from the Populus
Experimental Forest of Nanjing Forestry University and
the particles were dried at a temperature of 103 °C to
reduce the moisture content of the wood particles to less
than 4% in a laboratory before manufacturing. And the
particles were classified using a vibrating machine and
sieves of 6 mesh (3.20 mm), 10 mesh (2.00 mm), 20 mesh
(0.85 mm), 40 mesh (0.45 mm), the proportions of the
five sizes of particles are as follows, >3.2 mm (23%), 2.0—
3.2 mm (22%), 0.9-2.0 mm (39%), 0.45-0.9 mm (11%)
less than 0.45 mm (5%). Phenolic resin adhesive with 48
wt% solid content was purchased from Dynea Chemical
Co (Helsinki, Finland), and AC foaming agent was pur-
chased from Jiyesheng Chemical Co (Wuhan, China).
The formulation of PB is given in Table 1

Preparation and characterization of foaming particleboard
Preparation of foaming particleboard

The oven-dry particles, phenolic resin adhesive (solid
content, 48%) and AC foaming agent were weighed,
respectively, by using the electronic scales (Mettler-
Toledo, Giessen, Germany). Then the AC foaming agent
was diluted with distilled water to 20-fold before use.
Oven dry Populus wood particles, phenolic resin adhe-
sive, and AC foaming agent were added in succession
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Table 1 Formulation of PB

Type PF (%) (solid content AC (%) Target

48%) density (g/
cm?)

1 10 12 0.3

2 10 1.2 04

3 10 12 0.5

4 10 0 0.5

5 6 1 0.6

6 8 1 0.6

7 10 1 0.6

8 12 1 0.6

9 6 1.2 0.6

10 8 12 0.6

11 10 1.2 0.6

12 12 1.2 0.6

13 6 14 0.6

14 8 14 0.6

15 10 14 0.6

16 12 14 0.6

according to the proportions in Table 1 and sufficiently
stirred for 15 min in the ring mixer (Runying Nijiala
Machinery, SY, China). After sufficiently stirring, the par-
ticles were taken out timely, placed into the 30 x 30 cm
mold in a laboratory, pre-pressed manually so that they
became slab with a certain strength and did not col-
lapse or damage during the hot pressing process. The
pre-pressed slab was placed onto the base plate covered
with an oil film, the 1-cm thickness gages were placed on
both sides, and then the slab was placed onto the press-
ing machine (Chuangjiahong Machinery Equipment, SZ,
China), with the pressing machine temperature of 180 °C,
pressure setting of gauge pressure at 4 MPa, and the hot
pressing time of 10 min. Each of the proportions was pre-
pared in triplicate samples. The particleboard specifica-
tion was 30 x 30 x 1 cm. The board was taken out after
pressing the particleboard for the scheduled time, which
was then cut into sizes applicable to different perfor-
mance tests after cooling and were labeled.

Foaming particleboard performance test

The pressed particleboard was sawed into two 25 x 5 cm
test specimens, four 10 x 10 cm test specimens, and
four 5 x5 cm test specimens. Then, their corresponding
MOR, MOE, heat conductivities, thickness swelling rates
of water absorption and IB were tested, respectively.

1. The vernier caliper (MNT-150, Meinaite Co, SH,
China) and electronic scales were used to measure
the sizes and weights of the 5 x 5 cm test specimens
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at different proportions, respectively, to calculate the
actual densities of samples with different propor-
tions. Three replicates were used for each test.

2. Samples with different proportions were placed onto

the universal mechanical testing machine (CMT6104,
MTS System Co., Washington, USA), the man-made
board was sawed into samples which correspond to
various testing conditions, and then MOR, MOE,
and IB were tested according to the national standard
GB/T4897-2015 [24]. This is a standard applicable to
ordinary, furniture, and heavy-duty particleboards,
which stipulates the definition, classification and per-
formance testing methods of particleboard. Four rep-
licates were used for each test.

3. The thickness swelling rate of water absorption

test was conducted by the method specified in the
national standard GB/T4897-2015 [24], 8 test speci-
mens with the specification of 5x5x1 cm were
prepared, among which, 4 were immersed for 24 h,
while the remaining 4 were immersed for 2 h, sepa-
rately. Then, the ratio of thickness difference before
and after water absorption to the thickness before
water absorption was measured. The test conditions
were as follows, the samples were immersed at 5 cm
below the water at normal temperature and pressure,
and the thickness values at 5 points were measured
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at 2 and 24 h, respectively, to take the average values.
Four replicates were used for each test.

4. Four 10 x 10 cm test specimens were collected, then,
the steady-state heat conductivity measuring instru-
ment (XMT-404/604, TRM-WD120, Sunshine Tech-
nology Co., JZ, China) was calibrated, the samples
were mounted, and the sensing wires were connected
to the upper and lower surfaces of the second board,
respectively. The two boards on the top and bottom
were covered by boards with the thermally conduc-
tive surface and clamped with foam board and hard
plastic board, to guarantee stable heat transmission.
After heating for 10 min, the temperatures on the
board surface were recorded. And the temperatures
displayed on the channels connected to two guiding
wires were recorded at 12, 14, 16, 18, and 20 min,
respectively. The testing steps of particleboard are
shown in Fig. 1.

The test conditions were as follows, the stable heat
output voltage of the heating device was 30 V and the
current was 0.139 A.

Based on the experiment, the particleboard heat con-
ductivity was calculated according to the following for-
mula after steady-state heating:

Foam board
R HHH IR S—
R S Bl e R state hea{
Heating DR RIS R e Il e
instrument B ey e o it by g instrument
[ e e R e S R S
SAMLMIMLLDIDBLDDIM1NNDNMMMN \ —
Thermally ' wires
conductive
surface
Hard plastic
board

Fig. 1 Schematic diagram of heat conductivity testing of particleboard with various proportion

Particleboard
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where /. stands for the heat conductivity (W/(m k)), ¢
indicates the heat conducted per unit area (W/m?), 8
expresses the thickness of the test samples (m), and At
represents the temperature difference between two sides
of the object (°C).

- ()

where U stands for the output voltage when the quasi-
steady-state conductometer is heating (V), I indicates the
output current when the quasi-steady-state conductom-
eter is heating (A), and F is the effective area when the
test sample is under heat circulation (m?). Four replicates
were used for each test.

5. The graph observed using the scanning electron
microscope (SEM) was 3-dimensional, with a large
depth of field, a wide adjustable-rate range, and sim-
ple sample preparation. Therefore, it is a commonly
used instrument to analyze and characterize the
material surface structure and morphology. Prepara-
tion of SEM samples: a small amount of the samples
to be tested were evenly dispersed onto the conduc-
tive adhesive on the sample table, and the samples
were subject to metal spraying for 40 s. In this study,
the S-4860 SEM (Hitachi, Japan) was adopted to
characterize the material microstructure and mor-
phology. The SEM results were an important basis
that reflected the basic information like morphology
of the wood unit in particleboard after foaming.

6. The Fourier transform infrared spectroscopy (FTIR)
analysis was conducted on the characterization of
the particleboard to determine the existence of func-
tional groups in the hybrid particleboard units which
contains the AC foaming agents. In order to obtain
one spectrum, the FTIR spectrometer (VERTEX
80V) was used under the condition of 64 scans per
spot within the range of 4000-500 cm™" with a reso-

lution of 4 cm™™.

After testing the properties of the first batch of sam-
ples (including proportions 1, 2, 3, 4, 11), the results
were compared according to the national standard
GB/T4897-2015 [24], and densities for which most
indicators were eligible were selected to prepare sam-
ples for the second time. The other sample of the vari-
ous proportion were prepared for the second time,
and the foaming agent addition amount and PF addi-
tion amount were used as the variables to select the
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proportion which satisfied the lowest index of mechan-
ical strength and physical performance after the test.

Results and discussion

Mechanical property analysis

The three-point bending tests were conducted to select
the particleboard with minimum density that satisfied
the lowest requirement of the mechanical properties of
the national standard. Figures 2 and 3 show the curves of
the values of MOR, MOE, and IB for foaming particle-
boards corresponding to the density of 0.3 g/cm?, 0.4 g/
cm?, 0.5 g/cm?, 0.6 g/cm?, respectively. From the curves,
the mechanical parameters, i.e., MOR, MOE and IB, were
derived, and the results are summarized in Table 2. Obvi-
ously, particleboard with a density of 0.6 g/cm® obtained
the optimal mechanical properties, and its values are as
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Table 2 Mechanical properties of foaming particleboard with different densities

Number Particleboard design  Density (g/cm3)

density (g/cm®)

PF (%)

AC (%)

MOR (MPa) MOE (MPa) 1B (Pa)

03
04

1 0.31 10
2

3 0.5

4

1

041 10
049 10
053 10
0.59 10

0.5AC
1 0.6

0 50619

12
12

0.5905 (0.0074%) 58.0928 (17.2032)

14695 (0.1141) 169.4461 (19.0145)
(0.1905) 548.2792 (50.0538)

6.8736 (0.8386) 9754236 (82.9129)
( ©

11.5915 (0) 1509.3648

0.2325 (0.0186)
04617 (0.1096)
0.6951 (0.0175)
12 ( )
12 ( )

0.9325 (0.0362
) 1.2336 (0.0236

2 ND: the content in brackets is the standard deviation of the results of several repeated experiments

follows: MOR=11.5951 MPa, MOE=1509.3625 MPa,
and IB=1.2302 MPa. It was observed that both bending
strength and internal bonding strength exhibited suffi-
cient value when the particleboard were used as ordinary
particleboard and furniture-type particleboard under
drying status according to the national standard GB/
T4897-2015 [24]. Therefore, the density of 0.6 g/cm? was
chosen as the requirement for subsequent preparation of
particleboard.

As seen from proportion 3 and proportion 4 in Table 2
(the data in parentheses is the standard deviation), the
addition of foaming agent changed the micropore struc-
ture on the product wood unit and the pore structure of
the resin layer, which partially increased the product den-
sity, thus strengthening the product mechanical prop-
erties (such as MOR, MOE, and IB) and enhancing the
product quality.

Huang et al. showed that adding foaming treatment
into urea—formaldehyde resin can improve the fluidity
of the resin without affecting the solid content and vis-
cosity of the resin [25]. Therefore, the addition of AC
foaming agent in this study will help the glue layer to be
evenly dispersed in the shavings, which will significantly
improve the bonding performance of the board and
improve the mechanical properties of the particleboard.

In Figs. 4 and 5, the optimal proportion was deter-
mined through changing the PF addition amount at
the AC foaming agent content of 1%, after the opti-
mal density was previously determined to be 0.6 g/
cm?®. As observed from Figs. 3 and 4, as the PF addi-
tion amount increased from 6 to 12%, the MOE, MOR,
and IB of foaming particleboard significantly enhanced,
and the PF addition amount was positively correlated
with its mechanical properties. At the density of 0.6 g/
cm?® and the foaming agent addition amount of 1%, the
mechanical properties of particleboard measured at
the PF addition amounts of 10% and 12% were shown
below: MOE=1822.6756 MPa, MOR=11.041 MPa,
IB=1.0212 MPa, MOE=2301.1029 MPa,
MOR=14.6201 MPa, [B=1.9763. In line with the
national standard GB/T4897-2015[24], these two

2500

—s—MOR
—s—MOE
2000

A\

MOE (MPa)

1500

\

MOR (MPa)

1000

PF content (%)

Fig. 4 MOR and MOE at different PF content with 1% AC foaming
agents

—a—IB

i/i/+

0.8 F

0.6 1 1 1 1 1 1 1
6 7 8 9 10 11 12

PF content (%)
Fig. 5 IB at different PF content with 1% AC foaming agents

proportions not only satisfied the mechanical properties
of common particleboard at drying status, but also those
of furniture-type particleboard at drying status.
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Fig. 7 B at different AC foaming agents with 12% PF content

In Figs. 6 and 7, after the density was determined to be 0.6 g/
cm?®, and the PF addition amount was determined as 12%, the
optimal additive amount of AC foaming agent is selected. As
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seen from Figs. 5 and 6, when the density and adhesive content
were determined, MOE and MOR kept declining when the addi-
tion amount of foaming agent increased from 1 to 1.4%, while
IB showed the first increase and then decrease variation trend,
and it peaked when 1.2% foaming agent was used. Thus, it was
clear that MOR and MOE were positively correlated with the
foaming agent dosage when the density and adhesive content
were determined. The board mechanical properties at the den-
sity of 0.6 g/cm®, PF addition amount of 12%, and AC foaming
agent addition amounts of 1%, 1.2% and 1.4% were as follows,
MOE=2301.1029 MPa, MOR=14.6201 MPa, IB=1.9763 MPa,
MOE=2031.7446 MPa, MOR=13.8173 MPa, IB=2.3043 MPa,
MOE=1894.4115 MPa, MOR=11.8874 MPa, IB=1.4989 MPa.
According to the national standard GB/T4897-2015 [24], these
three proportions satisfied the mechanical properties of com-
mon particleboard at drying status and those of furniture-type
particleboard at drying status. Ignoring the economic factor, the
optimal proportion of AC foaming agent of 1% was selected in
this project.

Thickness swelling rate of water absorption of foaming
particleboard

To guarantee that the foaming particleboard prepared in
this project satisfied the mechanical properties of com-
mon particleboard at drying status, and those of furni-
ture-type particleboard at drying status in the national
standard during the actual application, the thickness
swelling rate of water absorption of foaming particle-
board was tested in test specimens that were previously
determined to satisfy the national standard.

As presented in Table 3, among the several propor-
tions that satisfied the national standard mechanical
requirements, the minimum 2 h thickness swelling rate
of water absorption was 14.68%. The minimum require-
ments of particleboard mechanical properties under
drying and weight-bearing status are MOE =2000 MPa,
MOR =15 MPa, and IB=0.4 MPa, and the 24 h thickness
swelling rate of water absorption is <19%. In this project,
the mechanical properties obtained for proportion 4 were
as follows, MOE =2301.1029 MPa, MOR =14.6201 MPa,

Table 3 The mechanical properties meet the thickness swelling rate of water absorption of different proportions under GB/T4897-

2015[24]
Number Particleboard design Density (g/cm3) PF (%) AC (%) TS rate of water TS rate of water
density (g/cm?) absorption (2 h) (%) absorption (24 h)
(%)

3 06 063 10 1 17.59 18.35

4 0.6 057 12 1 14.68 16.82

8 06 061 12 1.2 15.57 19.83

1 0.6 0.59 10 14 17.27 18.18

12 0.6 0.61 12 14 15.74 18.35
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IB=1.9763 MPa, and the 24 h thickness swelling rate of
water absorption was 16.82%. Obviously, all properties
satisfied the national standard requirements, except for
the slightly poor MOR. As a result, the optimal propor-
tion obtained from the tests was proportion 4 (board
density of 0.6 g/cm® PF addition amount of 12%, and
AC foaming agent addition amount of 1%). It was clearly
observed from Fig. 8 that, when the density was 0.5 g/
cm?® and the adhesive content was 10%, the set of sam-
ples with the addition of foaming agent had substantially
lower thickness swelling rate of water absorption than
samples with no addition of foaming agent, either for 2 h
or 24 h. This result suggested that the foaming agent was
able to enhance product dimensional stability and reduce
the thickness swelling rate of water absorption. It is spec-
ulated that this phenomenon may be caused by the sur-
face tension of the tiny pores generated by the foaming
agent on the particle unit.

Heat conductivity of foaming particleboard

Heat conductivity, one of important indexes tested in
this project reflects the heat transferability of the product
under steady-state heat transfer. A product with a lower
heat conductivity is more suitable as the heat-insulating
material. The table below shows the influences of vari-
ables on the heat conductivity at different proportions.

It was observed from Table 4 that, the foaming parti-
cleboard density, foaming agent addition amount, and PF
addition amount did not influence its heat conductivity.
However, from the opposite perspective, the experiments
in this project also verified that the contents of adhesive
and other trace additives in particleboard did not exert
any significant impact on its heat insulation property.
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Besides, change in the particleboard density at<0.6 g/
cm?® had no significant effect on the material heat insula-
tion property as well. Additionally, this experiment also
verified that the heat conductivity of particleboard at the
density of <0.6 g/cm® was 0.03 W/(m k). According to
the national standard, materials with a heat conductivity
of less than 0.05 W/(m k) are referred to as efficient heat
insulation materials. Therefore, it was concluded that the
foaming particleboard prepared in this experiment had
favorable heat insulation property, which might serve as
the efficient heat insulation material.

Characterization of the microstructure and morphology

of foaming particleboard

The mechanical experimental and physical test demon-
strated that the particleboard with foaming agent exhib-
ited superior mechanical and physical performance over
the control. Therefore, to interpret this phenomenon, the
particle surfaces morphology was observed using SEM,
as shown in Fig. 9. Figure 9a, b are photographs of par-
ticleboard with proportion 4, which are not significantly
different from ordinary particleboard. For particles of
the proportion 4, a homogeneous surface, including
evenly distributed pits, was clearly observed in Fig. 9c.
The arrangement spacing between the pores is about 3—4
times the pore size, the pore size is about 3—4 um, and
the number of holes each pum 2 is about 0.010. And it is
the only pore structure that can be seen under the SEM.
In contrast to the particles of the proportion 4, the par-
ticles of the proportion 3 with foaming agents exhibited
continuous and homogeneous pore structure (Fig. 9d).
The pore structure that clearly different from of wood
pits on the particle surface is displayed as the larger pore
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Fig. 8 The thickness swelling rate of water absorption of samples with foaming agent and the control group with density 0.5 g/cm?

Sample
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Table 4 Heat conductivity of particleboard in different proportions

Number Particleboard design density  Density (g/cm3) PF (%) AC (%) Heat

(g/cm?) conductivity
(W/(m- k)

1 0.6 0.6 6 1 0.029

2 0.6 0.62 8 1 0.029

3 0.6 0.63 10 1 0.029

4 0.6 0.57 12 1 0.029

5 0.6 0.61 6 12 0.029

6 0.6 0.58 8 12 0.029

7 0.6 0.59 10 1.2 0.029

8 0.6 0.61 12 12 0.029

9 0.6 0.62 6 14 0.029

10 0.6 0.58 8 14 0.029

1 0.6 0.59 10 14 0.029

12 0.6 0.61 12 14 0.029

13 0.3 0.31 10 12 0.029

14 04 041 10 1.2 0.029

15 0.5 0.49 10 0 0.029

16 0.5AC 0.53 10 1.2 0.029

17 0.6 0.59 10 12 0.029

. AC foaming addition amounts (1.4%, 1.2%, and 1.0%)

- - 3 >

== g 0 4 IA
Fig. 9 Photographs and SEM micrographs of cross-sectional
surface of particleboard with density 0.5 g/cm® a and b Surface and

cross-section photographs of the particleboards; ¢ the control group;
d the treatment group

size of about 7—8 pm, which is about 0.5-1 time the pore
size, so it strongly demonstrated that the foaming agents
were well destroying the wood cell structure and creating
pores effectively.

Figure 10 shows the cross-section microstructures
of three different samples at the same density of 0.6 g/
cm?, PF resin addition amount of 12%, and different

under the same hot pressing processes as those before
(a hot pressing temperature at 180 °C, a hot pressing
gauge pressure at 4 MPa, and hot pressing time of
10 min). As clearly observed from the images of three
different foaming agent addition amounts, the incor-
poration of AC foaming agent from 1 to 1.4 wt% gen-
erated distinctive fracture morphology. The sample
with the foaming agent addition amount of 1.4% pos-
sess the finest pore size, about 3.44 um, and the num-
ber of pores per unit area (1 um?) is about 0.015. For
the sample with the foaming agent addition amount of
1.2%, there was moderate foaming pore number that
is about 0.013/pm 2 and the pore size 3.75 um, while
the foaming pore number per unit area and the pore
size in the sample with 1.0% foaming agent content is
0.010/um? and 4.14 um, respectively. The pore struc-
ture characteristics of all the above samples are shown
in Table 5. It confirmed that the AC foaming agent
generated foaming pores on the surface of the cell wall
of particles successfully under high temperature. The
content of foaming agent in samples played a critical
role in the procedure of the foaming pores formation,
as the decomposition of the foaming agent at high
temperature is an exothermic reaction, which caused
the emerging of vast hotspot, then the high tempera-
ture reduces the surface tension of the material, mak-
ing it convenient for the N, expanding and forming
pores [26].
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Fig. 10 SEM micrographs of cross-sectional surface of particleboard with density 0.6 g/cm?: a, b particleboard with 1.4% foaming agent, ¢, d
particleboard with 1.2% foaming agent, e, f particleboard with 1.0% foaming agent
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Table 5 Characteristics of surface pore of particles with different
AC foaming agent content

Mass fraction of AC foaming Pore numbers (um?) Average

agent (%) pore size
(um)

1.0 0.010 414

1.2 0.013 3.75

14 0.015 344

The sample with the foaming agent addition amount
of 1.4% had the greatest foaming pore number per unit
area, with moderate pore diameter homogeneity. For the
sample with the foaming agent addition amount of 1.2%,
there was moderate foaming pore number per unit area,
with moderate pore diameter homogeneity, while the
foaming pore number per unit area in the sample with
1.0% foaming agent content was less, with moderate pore
diameter homogeneity.

It was observed from the physical and mechanical
property conclusions that, the product mechanical prop-
erties gradually declined as the increase in foaming agent
addition amount. Thus, it was speculated that the foam-
ing pore number and pore diameter greatly affected the
material physical and mechanical properties, and exces-
sive foaming pores partially declined the mechanical
properties. Meanwhile, the comparison between samples
with foaming agent addition and control groups showed
that the addition of foaming agents indeed contributed to
improving the product’s physical and mechanical proper-
ties. Different foaming agents have different effects, thus
affecting the surface quality [27]. The surface quality of
polymer micro-foamed composite materials, such as sur-
face roughness, surface flatness, etc., will have different
effects due to the different types of foaming agents used,
but the foaming agent in this program does not affect the
surface quality of the particleboard.

FTIR analysis

FTIR spectrums of particleboard sample with vari-
ous proportions, AC foaming agent, and PF resin were
obtained by using the infrared spectrophotometer, and
transmittance graphs are shown in Fig. 11. In the spec-
trum of AC foaming agent, the peaks at 3328 (N-H
stretch), 1727 (C=0O stretch), 1631 (N-H bend), and
1454 cm™! (N=N stretch) were the typical bands of AC
foaming agent molecules. In the spectrum of PF, the char-
acteristic peaks at 3417 (O-H stretch) and 1606 cm™*
(C-H stretch) were the typical bands of PF resin. Com-
pared with the spectrum of AC foaming agent and PF
resin, the spectrum of PB1.0, PB1.2 and PB1.4 showed
new peaks at 1054, 1056, and 1033 cm ™. The existence of
these peaks that indicating tensile strength of C—O band
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Fig. 11 Fourier transform infrared (FTIR) spectra of raw materials and
particleboard powder: a AC foaming agent; b PF resin; ¢ particleboard
with 1.0% AC foaming agent; d particleboard with 1.2% AC foaming
agent; e particleboard with 1.4% AC foaming agent

is determined by the presence of hydroxyl groups on the
cellulose molecules. And the characteristic peak corre-
sponding to the C=0 stretching vibrations of Azodicar-
bonamide also shifted from 1727 to 1733 or 1735 cm ™" as
the thermal degradation of AC in the composite. In addi-
tion, all composites demonstrate peaks at 1610, 1616 and
1610 cm™!, which correspond to the aromatic ring vibra-
tions in the PF resin. It is speculated that the absence of
obvious characteristic peak of N=N in the composite
this may be caused by the radically thermal degradation
of the AC foaming agent. The result confirmed that the
foaming agent successfully produced pores, which is con-
sistent with the results of our previous discussion.

Conclusions

In this paper, the effect of AC foaming agent on the
mechanical, physical and chemical properties of foam-
ing particleboards was studied. The conclusions are as
follows:

1. The experiment in this work verifies that, compared
with the particleboard without an addition of foam-
ing agent, the foaming particleboard adding AC
foaming agent has partially elevated mechanical
properties, and the thickness swelling rate of water
absorption significantly reduces.

2. Generally, the particleboard prepared with the den-
sity of 0.6 g/cm?®, the PF resin addition amount of
12%, and the AC foaming agent addition amount of
1% obtained the best physical and mechanical prop-
erties including MOE, MOR, IB, and the 24 h thick-
ness swelling that corresponding to 2301.1029 MPa,
14.6201 MPa, 1.9763 MPa, and 16.82%, respectively.
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3. The addition of diluted AC foaming agent into Popu-
lus wood particles when blending the adhesive results
in the occurrence of foaming micropores on the inte-
rior duct surface of Populus wood particles, which
positively affects the overall product performance
after sizing and hot pressing, enhances the physical
and mechanical properties, and improves the prod-
uct quality without greatly affecting the production
cost.

4. Finally, characterization by SEM indicated that the
thermal degradation of the foaming agent success-
fully produced micro-foaming pores on the surface of
the particles.
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