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ABSTRACT1)

The flame retardancy of plywood should be improved as much as possible while minimizing the impact on the 

bonding strength of plywood. Six commercial flame retardants and three laboratory synthesized phosphorous nitrogen 

flame retardants were selected. E0, E1 and E2 grade commercial formaldehyde resins (UF) were applied in this study 

to evaluate the effect of different flame retardants on the curing time of resin, bonding strength, flame retardant performance, 

and formaldehyde emission of plywood. The results show that the effect of the addition of different flame retardants 

on the bonding strength of plywood gradually decreased with the increase of the formaldehyde molar ratio of the resin. 

The effect of flame retardants on the curing time of UF gradually decreased as the mole ratio of formaldehyde increasing, 

while the amount of formaldehyde emission varied according to the content of formaldehyde in the flame retardant. 

Compared with plywood without flame retardant, flame retardant of plywood added with phosphorous nitrogen flame 

retardant was improved. 

Keywords: flame retardant plywood, phosphorous nitrogen flame retardant, curing time, urea-formaldehyde resins, 

bonding strength, formaldehyde emission

1. INTRODUCTION

During the recent ten years, China became the larg-

est exporter of wood products, especially plywood and 

furniture (Tan, 2020). Plywood occupies the leading 

position of China’s wood-based panels, and its output 

and market share rank first (Qin et al., 2020). 

Urea-formaldehyde (UF) resin is the most widely used 

as an adhesive for plywood. Therefore, UF resin is 

considered to be one of the most important wood ad-

hesives (Jeong et al., 2019). Because plywood can bet-

ter retain the natural pattern of wood (Cheng, 2008), 
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it is widely used in interior construction, such as the 

lamination of engineered floors (Lubis et al., 2019). 

According to the Chinese national standard GB 

8624-2012 “Classification for burning behavior of 

building materials and products”, untreated plywood 

is classified as B2 combustible wood material (Chen 

et al., 2020). The more widely used, the greater the 

potential safety hazard. Therefore, it is necessary to 

prepare plywood to ensure the safety of people's 

property. China has issued relevant national standards 

such as: GB 50016-2014 “Code for fire protection de-

sign of nuildings”, which clearly stipulates that the 

proportion of non-combustible or non-combustible 

materials in building materials must reach 80%; GB 

50222-2017 “Code for fire prevention in design of in-

terior decoration of buildings” clearly that all wood 

used in buildings must reach the flame-retardant level. 

There are usually three methods to improve the 

flame retardancy of plywood: chemical impregnation 

of veneer (Ling et al., 2018; Park et al., 2020), adding 

an appropriate amount of flame retardant to the adhe-

sive (Wang et al., 2018; Wen et al., 2020) and flame 

retardant coating (Wang and Zhao, 2018; Park et al., 

2021). In general, for the second method, the addition 

of flame retardants will inevitably affect the curing 

time and formaldehyde emission, and will reduce the 

bonding strength of the adhesive (Yan et al., 2018). 

Therefore, it is particularly important to choose a suit-

able flame retardant.

Flame retardants mainly include phosphorus flame 

retardants, inorganic flame retardants, halogen flame 

retardants, and nitrogen flame retardants. At present, 

the hazardous halogen flame retardants and phospho-

rus flame retardants still occupy the mainstream 

(Wang et al., 2016). Among them, inorganic flame re-

tardants have high moisture absorption and poor leach-

ing resistance, and cannot be used in environments 

with high humidity (LeVan et al., 1990; Winandy et 

al., 1995). Inorganic phosphorus flame retardants 

mainly include ammonium polyphosphate (APP), am-

monium phosphate, etc. These flame retardants are 

cheap and soluble in water. They are mostly used as 

additive flame retardants. They have high flame re-

tardant efficiency and ecological environment pro-

tection advantages (Lu et al., 2002). 

Because phosphorus has multiple oxidation states 

and does not release toxic substances during the com-

bustion process and the manufacturing cost is low, this 

makes the range of phosphorus-containing flame re-

tardants very wide, and it has gradually become a sub-

stitute for halogen flame retardant (Qu et al., 2020). 

Nitrogen-based flame retardants mainly improve the 

flame retardancy of polymers by reducing the concen-

tration of combustible gases during the combustion 

process or generating more stable condensed phases 

(Wang et al., 2005). Phosphorus-nitrogen synergistic 

flame retardant refers to a type of flame retardant con-

taining P and N flame retardant elements in the 

system. Nitrogen-containing compounds release in-

combustible gases during the thermal decomposition 

process, and when there is an acid source 

(phosphorus-containing compound). Under the cir-

cumstances, the carbon layer expands to form a layer 

with a certain thickness, which can better isolate the 

transfer of heat and greatly improve the flame re-

tardant efficiency (Pan et al., 2019). Combining P, N 

and Si elements to synthesize a new type of P/N/Si 

ternary flame retardant with good flame retardant per-

formance and good char-forming effect have been 

used for flame retardant treatment of epoxy resin 

(Qian et al., 2014), cotton fabric (Yang et al., 2012; 

Wang et al., 2016), etc.. With compounds containing 

such structures, it is easy to form an inorganic oxy-

gen-insulating and heat-insulating protective layer 

containing Si-O-Si or Si-C at high temperatures, there-

by helping to improve the flame retardancy of the fin-

ished compound (Qian et al., 2013; Dou et al., 2016). 

A bisDopo-NH2-POSS flame retardant is one kind of 
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P-N-Si flame retardant with Si-O-Si structure was syn-

thesized in our lab. In addition, phosphorus and nitro-

gen flame retardants were also prepared from the re-

action of urea (U) / melamine (M) and Pyrovatex CP 

as raw materials (abbreviated as UCPR and MCPR).

In this study, several different phosphorous nitrogen 

flame retardants (six kinds commercial and three kinds 

laboratory made (bisDopo-NH2-POSS (BDNP), UCPR 

and MCPR) were mixed with commercial UF resin 

(E0, E1 and E2 grade of GB 18580-2001 criterion) at 

5 wt.% based on liquid UF resin, and three-layer flame 

retardant plywood was prepared by hot pressing. 

Through the determination of the plywood bonding 

strength, formaldehyde emission and flame retardant 

performance, the influence of different flame re-

tardants on the plywood was analyzed and discussed. 

It provides a new guiding route for the application of 

flame retardant plywood.

2. MATERIALS and METHODS 

2.1. Materials

Poplar veneer with a moisture content (MC) of 

10%-12% and dimensions of 1.2 mm × 300 mm × 

300 mm, originating from northeast China, was used. 

E0, E1 and E2 grade urea-formaldehyde resin were pro-

vided by Jilin Penghong Wood Industry Co., Ltd., 

with 45% solids content and 6.5-7.5 pH value. 

Ammonium chloride (NH4Cl) was used as hardener 

(Tianjin Damao Chemical Reagent Factory).

And nine kinds of phosphorous nitrogen flame re-

tardant chemicals were used in this study. Among them, 

six flame retardants were commercial, and three were 

synthesized in lab. The six commercial phosphorous 

nitrogenflame retardants are as follows: Pyrovatex CP 

(Ciba Chemical (China) Co., Ltd.), LM-Q (Qingdao 

Lianmei Chemical Co., Ltd.), SYHG (Sanyu Chemical 

(Shenzhen) Co., Ltd.), GUP (FQ-105A, Rufu City 

Fuqaing Fire Retardant Co., Ltd.), LY (Liyi Dafang 

Wood Co., Ltd.), TL (Neimenggu Jinqiu Wood Co., 

Ltd.)

MCPR, UCPR, and bisDopo-NH2-POSS (BDNP) 

(were synthesized in lab flame retardant. MCPR and 

UCPR are prepared with recation of Pyrovatex CP and 

urea or melamine. And the bisDopo-NH2-POSS is pre-

pared using NH2-POSS and DOPO as raw materials. 

Totally, the nine kinds of flame retardant selected in 

this study are abbreviated as CP, LM-Q, SYHG, GUP, 

LY, TL, MCPR, UCPR and bisDopo–NH2-POSS 

(BDNP).

2.2. Preparation of flame retardant 

adhesive

All commercial flame retardants are in powder 

form. Among them, LM-Q flame retardant needs to 

be mixed and dissolved with water at a mass ratio of 

1:1 (the rest of the flame retardants are added di-

rectly), and then added into the E0, E1 and E2 grade 

UF resin (UF is the polycondensation of urea and 

formaldehyde into the initial urea-formaldehyde resin 

under the action of the alkali-acid-alkali three-step re-

action method (Lubis, M.A.R et al., 2019), and then 

under the action of a curing agent or auxiliary agent, 

an insoluble and insoluble final thermosetting resin is 

formed.) separately at a mass ratio of 5 wt.% based 

on liquid UF resin, and mixed together evenly. Then 

curing agent ammonium chloride (NH4Cl) 1% and 

10%-15% filler based on liquid UF resin was added, 

and it was stirred again.

2.3. Preparation of flame retardant 

plywood

UF resin was evenly applied to the first layer and 

the second layer on one side. The amount of adhesive 

on both sides is about 320 g/m2. After aging for 8 

minutes, hot pressing was performed at a temperature 
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of 110℃ with a unite pressure of 1.0 Mpa for 180 

seconds.

2.4. Characterizations

2.4.1. FTIR

A Perkin Elmer Spectrum 3TM FT-IR Fourier trans-

form infrared spectrometer was used to perform FTIR 

analysis of UF (control), CP-UF, LM-Q-UF, TL-UF, 

MCPR-UF, UCPR-UF, and BDNP-UF. The above 

samples were dried until they reached a constant 

weight. After pressing the dry sample and KBr accord-

ing to the mass ratio of 1:100, infrared scanning was 

performed. The spectrum range used was 500-4000 

cm-1, the number of infrared scanning times was 32, 

and the resolution was 4.00 cm-1.

2.4.2. Determination of adhesive curing time

According to GB/T 14074-2017 “Testing methods 

for wood adhesive and their resins”, 50 g of the adhe-

sive sample was put into a beaker, 0.5 g of ammonium 

chloride was added, and it was stirred evenly. Next, 

10 g of all kinds of UF samples were put into a test 

tube and stirred with a rod. Then the test tube was 

put into a boiling water bath, and a stopwatch was 

immediately started. The adhesive sample in the test 

tube was 20 mm lower than the boiling level of the 

water bath. Under constant stirring, the sample gradu-

ally solidified, and the stopwatch recorded the time. 

Three replicates measurement were conducted. 

2.4.3. Determination of bonding strength of 

fire-retardant plywood

According to the Chinese standard GB/T 9846-2015 

“Plywood for general use” Type II plywood, the 

strength of the plywood sample was measured using 

a universal testing machine (MWW-10, Jinan Tianchen 

Testing Machine Manufacturing Co., Ltd.China). The 

sample was immersed in water for 24 hours at room 

temperature or 3hours at 63℃ ± 3℃ for a wet bonding 

strength test. Then, it was air dried at room temperature 

for 10 minutes before testing. Each group of nine sam-

ples was prepared from every three plywood samples. 

The sample in the bond strength test is shown in Fig. 

2. The bond strength (MPa) was calculated by the fol-

lowing formula:

   

                 l

P
MAX





b


                (1)

where，σ: Bonding strength (MPa)

      MAX
P : The maximum failure load (N)

      b : The width of shear section (mm)

       l : The length of shear section (mm)

2.4.4. Formaldehyde emission measurement 

results

The formaldehyde emission of plywood was meas-

ured according to Chinese Standard GB 18580-2001 

“Indoor decorating and refurbishing materials. Limit 

of formaldehyde emission of wood-based panels and 

finishing products”, and the dryer device method is 

shown in the Fig. 2.

2.4.5. Flame retardant test 

In this test, a butane spray gun with a maximum 

temperature of 1300℃ was used to burn the center 

surface of the flame retardant plywood. Test was con-

ducted in a closed and windless space. Fix the sample 

Fig. 1. Specimen in bonding strength test of plywood.
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and the butane spray gun at the two ends of the joint 

11.5 cm. The samples (15 mm × 15 mm × 3 mm) 

were clamped with tweezers so that the angle between 

the sample surface and the vertical direction was 90. 

The top of the flame was 0.5 cm away from the sam-

ple surface. The surface of the sample was perpendicu-

lar to the flame direction. The plywood samples were 

burn by outer flame of butane spray gun, and the 

flame length of the butane spray gun was set at 11 

cm. And then the burning of the wood was observed, 

including the temperature of the back of the plywood 

at 30 s, 60 s and 90 s, and the instantaneous temper-

ature when burning through. The temperature of the 

center point was recorded with a thermal imager. 

3. RESULTS and DISCUSSION

3.1. FTIR analysis

FTIR is an effective method to test the success of 

flame retardant adhesives. Since E2 flame retardant 

plywood is the widest variety of flame retardant ply-

wood with qualified adhesive strength, E2 grade flame 

retardant adhesive was selected for infrared spectro-

scopy scanning. The UF, TL-UF, LM-Q-UF, CP-UF, 

UCPR-UF, MCPR-UF and BDNP-UF types of flame 

retardant adhesive were tested (The bonding strength 

of those samples satisfied II type criterion). The C-O 

stretching vibration peak is at 1101 cm-1, and the C-N 

absorption peak is at 1246 cm-1. However, all the 

flame retardant modified peaks at these two points are 

weakened to different degrees, which is due to the in-

fluence of the P element of the PO4

3-functional group. 

1640 cm-1 is the absorption peak of amide. 2952 cm-1 

is the stretching vibration peak of the methylene group 

(-CH2) in the urea-formaldehyde resin, and the stretch-

ing vibration peak of TL-UF disappears here. The 

broad absorption peaks in the range of 3100-3700 cm-1 

are attributed to the stretching vibration peaks of the 

methyl (-CH2OH) and amino (-NH-) groups in the 

resin. The wide absorption band at 2000-2500 cm-1 is 

caused by the interaction between UF and phospho-

rus-nitrogen flame retardants to form hydrogen bonds. 

The new absorption peak at 498 cm-1 is the torsional 

absorption shock of the NH4

+ functional group, which 

proves that the NH4

+ in the phosphorus-nitrogen flame 

retardant is also combined with the UF resin molecule. 

Fig. 3. Demonstration diagram of flame character test.

Fig. 2. Desiccator method of formaldehyde 

determination device.

Fig. 4. Infrared spectra of flame retardant adhesives

with qualified bonding strength of E2.
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The infrared spectra of TL-UF, UCPR-UF, CP-UF, 

LM-Q-UF, MCPR-UF and BDNP-UF are slightly dif-

ferent from UF. The weakening or disappearing of the 

peak indicates that the flame retardant has an effect 

on UF, resulting in a decrease in the bonding strength, 

but the main peak still exists. 

   

3.2. Adhesive curing time

The curing time changed due to the addition of 

flame retardants. The curing times of flame retardant 

adhesives prepared with different flame retardants are 

shown in Fig. 5. Compared with UF resin (control), 

the curing time of TL-UF and LM-Q-UF are sig-

nificantly increased. It is considered that LM-Q flame 

retardant needs to be solved in water before use, which 

increases the humidity of the environment where UF 

is cured. High humidity conditions accelerates the hy-

drolysis rate of methylol groups and methine ether 

bonds in the adhesive, which release formaldehyde 

and hinders the curing of the resin. Consequently the 

gel time was prolonged. In addition, TL flame re-

tardant increased the pH value of UF resin, which also 

slowed down the curing speed and prolonged the cur-

ing time. While BDNP-UF, GUP-UF, LY-UF and 

SYHG-UF are basically similar to UF resin (control). 

The addition of CP, UCPR and MCPR flame re-

tardants make the curing time less than that of UF res-

in (control). Because CP, MCPR and UCPR contain 

a small amount of free formaldehyde. After the resin 

mixed with ammonium chloride (NH4Cl) curing agent, 

there needs to be enough free formaldehyde to react 

with ammonium chloride to accelerate curing. 

Therefore, the addition of CP, MCPR, and UCPR 

slightly shortened the gel time. However, the curing 

time of UF resin added BDNP flame retardant 

increased. The BDNP flame retardant synthesized in 

lab is hydrophobic, but UF is hydrophilic. Therefore 

cationic emulsifier hexadecyltrimethylammonium 

chloride was applied to increase the compatibility of 

BDNP flame retardant and UF resin. It is assumed that 

hexadecyltrimethylammonium chloride increases the 

molecular resistance between the UF resin components 

and reduces the collision between the reaction chain 

segments. Consequently, it is not easy for chemical 

cross-linking to occur. Therefore, the curing time be-

comes longer (Ma et al., 2006).  

Fig. 5. The curing time of different types of flame

retardant adhesives.

Fig. 6. E0 flame retardant plywood bonding strength

(wet strength).
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3.3. Bonding strength of plywood

The bonding strength of E0 grade UF plywood (E0 

control) is 0.7152 Mpa. The addition of flame re-

tardant has a greater impact on bonding strength of 

E0 grade plywood. It can be seen in Fig. 6 that only 

the E0 flame retardant plywood with BDNP 

(bisDopo-NH2-POSS, one of three flame retardant syn-

thesized in lab) added meets the requirements of the 

II type board, and even exceeds the bonding strength 

of the control. The flame retardant BDNP 

(bisDOPO-NH2-POSS) is composed of a polyhedral 

oligomer composed of silsesquioxane (POSS) and two 

units 9,10-dihydro-9- oxa-10-phosphaphenanthrene-

10-oxide (DOPO) build a phosphorus-silicon-nitrogen 

synergistic system. It is considered that the amino 

group (-NH2) of BDNP reacted with the methyl group 

(-CH2OH) in UF resin, which can also increase the 

second polycondensation and form a hyper-branched 

structure. Consequently the bonding strength was 

improved. The E1 plywood control board has a bond-

ing strength of 0.879 Mpa. Among the E1 flame re-

tardant plywood, there are four flame retardant ply-

wood that can meet the standards of II type board. 

The bonding strength of BDNP-UF, MCPR-UF, 

CP-UF is 0.93 Mpa, 0.832 Mpa, and 0.81 Mpa, 

respectively.

The bonding strength of E2 grade UF plywood 

(control) is 1.24 Mpa. Among flame retardant ply-

wood, the bonding strength of BDNP-UF, TL-UF, 

MCPR-UF, CP-UF, LM-Q-UF and UCPR-UF are all 

above 0.7 Mpa. The addition of TL, MCPR, CP, 

LM-Q and UCPR flame retardants decreased the bond-

ing strength slightly, but they all meet the correspond-

ing national standards of China. LU et al. (2021) also 

adopted a method of adding an appropriate amount of 

flame retardant to the adhesive. When the flame re-

tardant content in the adhesive reaches 10%, the bond-

ing strength begins to drop significantly, and the bond-

ing strength of most flame retardant plywood does not 

meet the requirements of Type II plywood (Chinese 

National Standard GB/T19846-2015 “Plywood for 

general use”).

    

3.4. Formaldehyde emission

The World Health Organization lists formaldehyde 

as a category 1 carcinogen. Many countries control the 

Fig. 7. E1 flame retardant plywood bonding strength

(wet strength).

Fig. 8. E2 flame retardant plywood bonding strength

(wet strength).
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emission or daily intake of formaldehyde (Han et al., 

2019). The generation of free formaldehyde is due to 

the gradual hydrolysis of the urea-formaldehyde resin 

in the reverse reaction. Since the bonding strength of 

E0, E1 and E2 flame retardant plywood determines the 

qualified flame retardant plywood type, only the form-

aldehyde emission of flame retardant plywood with 

qualified bonding strength were determined. The 

Plywood type Formaldehyde emission (mg/L) Limit determination

UF 0.345 Meet E0 standard

BDNP-UF 0.465 Meet E0 standard

Table 1. Amount of formaldehyde release of flame retardant E0 environmental urea-formaldehyde resin

             Plywood type

                times(s)

Condition

Central point 

burning

Central point 

burning

Central point 

burning
Central point burning

30 60 90 Burn-through time

UF <100℃ 212℃ / 392℃ ( 72 sec)

UCPR-UF <100℃ 121℃ 268℃ 437℃ ( 96 sec)

MCPR-UF <100℃ 127℃ 259℃ 468℃ ( 99 sec)

BDNP-UF <100℃ 111℃ 179℃ 434℃ (109 sec)

TL-UF <100℃ 116℃ 264℃ 449℃ ( 97 sec)

LM-Q-UF <100℃ 117℃ 221℃ 479℃ (100 sec)

CP-UF <100℃ 156℃ 391℃ 391℃ ( 90 sec)

Table 4. Thermal imaging combustion experiment comparison table

Plywood type Formaldehyde emission (mg/L) Limit determination

UF 1.560 Meet E2 standard

BDNP-UF 1.073 Meet E2 standard

CP-UF 1.335 Meet E2 standard

MCPR-UF 1.194 Meet E2 standard

UCPR-UF 1.024 Meet E2 standard

TL-UF 1.169 Meet E2 standard

LM-Q-UF 0.989 Meet E2 standard

Table 3. Amount of formaldehyde release of flame retardant E2 environmental urea-formaldehyde resin

Plywood type Formaldehyde emission (mg/L) Limit determination

UF 0.410 Meet E1 standard

BDNP-UF 0.672 Meet E1 standard

CP-UF 0.355 Meet E1 standard

MCPR-UF 0.754 Meet E1 standard

Table 2. Amount of formaldehyde release of flame retardant E1 environmental urea-formaldehyde resin
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chemical reaction between the flame retardant and the 

free formaldehyde in the UF resin system affects the 

amount of formaldehyde released. Because polyoxy-

methylene (POM) is involved in the preparation of 

BDNP, it caused a small increase in the amount of 

formaldehyde released, but it still meets the require-

ments of the national standard for E0, E1, or E2 ply

wood with UF resin, respectively. According to 

Chinese Standard GB 18580-2001 “Indoor decorating 

and refurbishing materials limit of formaldehyde emis-

sion of wood-based panels and finishing products”, the 

formaldehyde emission of all the above flame re-

tardant urea-formaldehyde resins with qualified bond-

ing strength are all qualified.

      

3.5. Flame retardant test

In Table 4, it can be seen that the temperature rise 

of flame retardant plywood (between 30 sec. and 60 

sec.) is much lower than that of control plywood (UF 

resin without flame retardant). And the maximum dif-

ference can reach 101℃ at 60 sec. Meanwhile, the 

burn-through time is also extended by at least 25%, 

which proves that flame retardant plywood has certain 

flame retardant properties. In order to show the flame 

retardant performance of the laboratory-made flame 

retardant, Fig. 9, Fig. 10, and Fig. 11 show thermal 

images of UCPR, MCPR and BDNP at 30 sec., 60 

sec., 90 sec. and the time of burning through during 

the flame retardant test.   

4. CONCLUSION

In this study, six commercial and three laboratory 

synthesized phosphorous nitrogen flame retardants, 

and E0, E1 and E2 grade commercial UF resins were 

selected to prepare flame retardant plywood. The in-

fluence of flame retardant on the UF resin curing time, 

bonding strength, formaldehyde emission and flame 

Fig. 11. Thermal image of BDNP flame retardant 

plywood.

Fig. 9. Thermal image of UCPR flame retardant

plywood.

Fig. 10. Thermal image of MCPR flame retardant 

plywood.
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retardant performance of plywood were evaluated.

(1) According to Chinese Standard GB/T 9846-2015 

“Plywood for general use”, the following bonding 

strength results were obtained: one flame retardant 

(BDNP) was determined to meet the adhesive strength 

of E0 plywood; three flame retardants, BDNP, MCPR 

and CP, were determined to be qualified for the bond-

ing strength of E1 plywood; and six flame retardants, 

BDNP, MCPR, CP, UCPR, TL and LM-Q, were quali-

fied for the bonding strength of E2 plywood. 

(2) In E0 grade UF, the addition of flame retardant 

has a more obvious effect on curing time. However, 

as the molar ratio of formaldehyde to urea increasing, 

the effect of adding flame retardants on the curing time 

gradually decreases. In E1 grade UF, TL, LM-Q and 

GUP have a greater impact on the curing time. In E2 

grade UF only TL and the two flame retardants LM-Q 

have a relatively obvious effect on the curing time.

(3) According to Chinese Standard GB 18580-2001 

“Indoor decorating and refurbishing materials Limit of 

formaldehyde emission of wood-based panels and fin-

ishing products”, the free formaldehyde emission of 

TL, CP, UCPR, MCPR, BDNP and LM-Q flame re-

tardant plywood meets the E0/E1/E2 level standard, re-

spectively (E0 ≤ 0.5 mg/L, E1 ≤ 1.5 mg/L, E2 ≤5 

mg/L).

(4) In the flame retardant test, it was found that the 

plywood with flame retardant added had a greater im-

provement in flame retardancy compared with the con-

trol plywood. Although the flame retardancy of ply-

wood is improved, no suitable phosphorous nitrogen 

flame retardant has been found that has little negative 

effect on the plywood performance of low-form-

aldehyde plywood (E0) and formaldehyde-free 

plywood. The hygroscopicity of flame retardant ply-

wood and smoke suppression properties during the 

combustion process are not discussed in this study, 

and further research is needed.
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