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To improve fire-retardant performance of Japanese larch (Larix kaempferi) 
wood, this study analyzed the effect of pinholes made by laser incising and 
fire retardant (FR) coating on the surface of Japanese larch wood. 
Combustion properties such as peak heat release rate (PHRR) and total 
heat release (THR) of Japanese larch and Korean red pine (Pinus 
densiflora) wood without FRs showed similar tendencies. The comparison 
of the combustion properties on wood injected with an inorganic water-
soluble FR under vacuum revealed that the PHRR and the THR of Korean 
red pine wood decreased by 37 and 62%, respectively. FR was injected 
into the Japanese larch specimens with pinholes on the surface and 
additionally coated with 5% sodium silicate and 35% potassium bromide. 
The results indicated a 16 to 25 and 19% reduction in PHRR and THR, 
respectively, compared to those without the FR. Despite the pinholes and 
FR coating, the FR employed in this study did not meet the standards set 
in Korea (THR of 8 MJ/m2). This study serves as a reference for future 
studies on the application of pressurized conditions and other surface 
treatments to improve the FR percent injection and performance of 
Japanese larch wood. 
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INTRODUCTION 
 
 Wood has long been used for various aesthetic and practical purposes in residential 

life as a material with excellent physical and mechanical performance (Temiz et al. 2008; 

Popescu and Pfriem 2020). As the importance of the environment has been raised along 

with the improvement of living standards, interest in the sustainable use of wood, which 

serves as a carbon sink, is increasing (Wang et al. 2008; U. S. Environmental Protection 

Agency 2020). Due to the flammable nature of wood, its use has been limited by 

regulations to control fire spreading (Regulation (EU) No 305 2011; KS F 2271:2021 1976; 

KS F ISO 5660-1:2015 2003). The combustion of polymer materials, including wood, is a 

complex process that requires simultaneous consideration of heat and mass transfer, fluid 

mechanics, and chemistry of dissolution (Dasari et al. 2013). Wood combustion is divided 

into four main stages: ignition, pyrolysis, combustion, and feedback. To control wood 

combustion, (1) heat shall be reduced so that combustion does not continue, (2) the 

pyrolysis process shall be modified to reduce combustible volatile emissions, (3) flame 

shall be separated from oxygen, or (4) heat flow back to wood shall be reduced to prevent 

further pyrolysis (Zaikov and Lomakin 1998, 2002; Bourbigot and Duquesne 2007). 
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Fire retardant (FR) used to protect wood from fire can reduce the flammability of 

wood surfaces (Kumar et al. 2015). FRs act chemically or physically on solids, liquids, and 

gases depending on their type and nature, and interfere with the combustion of wood at 

various stages such as ignition, heating, pyrolysis, and flame diffusion (Lu and Hamerton 

2002; Bourbigot et al. 2004; Kiliaris and Papaspyrides 2010; Liang et al. 2013; Unlu et al. 

2016). Almost all FRs for wood consist of halogens (chlorine or bromine), phosphorus, 

nitrogen, boric acid, borax, and inorganic metal compounds (Popescu and Pfriem 2020). 

Boron compounds found in the wood preservation industry are widely used as FRs for 

wood and wood products. Boron-based FRs provide high heat and biological resistance 

and have various advantages owing to their non-toxicity, easy handling, and cost-

effectiveness (Pedieu et al. 2012). They penetrate deeply into wood and are preserved for 

a long time. Among these, boric acid increases the dehydration on reacting cellulose 

present in the wood to reduce the amount of volatile organic compounds but has little effect 

on flame diffusion. The phosphorus based FRs expressed in the form of phosphate are 

widely used as wood coating additives for reducing inflammability and are 

environmentally friendly because toxic gas and smoke generation is low (Rabe et al. 2017). 

Sodium silicate is a viscous liquid consisting of 21 to 34% SiO2 and 6 to 18% NaO2 in the 

available silicate series known as water glass (Medina and Schledjewski 2009). Sodium 

silicate increases fire resistance in various materials such as paper, cement, and wood, 

especially in non-combustible coatings and paints (Medina and Schledjewski 2009; Lee 

and Thole 2018). Korean red pine (Pinus densiflora) and Japanese larch (Larix kaempferi) 

are the two commonly planted coniferous trees in Korea used for various purposes (Korea 

Forest Service 2021). Certain properties in the Japanese larch, a common building material 

among conifers in Korea, prevent injection of chemicals by general pressurization or 

depressurization treatment regardless of moisture content (Choi et al. 2011). Laser incising 

is being used on wood species that are difficult to inject, such as Japanese larch, to improve 

the penetration of chemicals (Islam et al. 2008, 2013). 

In this study, as basic data for improving flame resistance of Japanese larch wood, 

combustion properties were measured after FR substances comprising boric acid, 

diammonium phosphate, ammonium borate octahydrate, sodium borate, potassium 

bromide, potassium carbonate, and phosphoric acid were impregnated into specimens 

under vacuum. To overcome the injection-resistant nature of Japanese larch, pinholes were 

made on the surface of the specimens using laser incasing. Finally, sodium silicate and 

potassium bromide were coated on the surface of Japanese larch specimens, and the 

difference in combustion properties was measured. The combustion properties, such as 

peak heat release rate (PHRR), total heat release (THR), carbon monoxide ratio to carbon 

dioxide (CO/CO2), ignition time, and mass loss ratio were measured. 

 

 
EXPERIMENTAL 
 

Preparation of Specimens 
Japanese larch and Korean red pine lumbers were dried according to the kiln-

drying schedule (T10-C4; Boone et al. 1988) to manufacture the specimens for 

measurement of combustion properties. The specimens were prepared into segments of 100 

mm (longitudinal direction) × 100 mm (radial direction) × 10 mm (tangential direction) 

according to the test standard (KS F ISO 5660-1: 2015, 2003). To measure the combustion 

properties of the surface treatment in three iterations, three test pieces were produced for 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Yang et al. (2022). “Fire retardant coating on Larix,” BioResources 17(4), 6860-6874.  6862 

each condition. The pinholes on surface of Japanese larch specimens were made using laser 

incising to improve the FR percent injection. The pinholes on the surface of the specimens 

were spaced at 5 mm, 10 mm, or 20 mm. The specimens were conditioned at 23 °C and 

50% relative humidity condition before combustion properties measurement. 

 

Composition of Fire-Retardant Chemicals 
Japanese larch and Korean red pine wood were impregnated with an inorganic 

water-soluble FR to improve their flame resistance. The FR was composed of distilled 

water as a solvent and either boric acid, diammonium phosphate, ammonium borate 

octahydrate, sodium borate, potassium bromide, potassium carbonate, or phosphoric acid 

(Son et al. 2014; Table 1). In order to analyze the changing in combustion properties by 

the surface coating of FRs, 5% sodium silicate and 35% potassium bromide were coated 

on the surface of Japanese larch specimens at 0.5 kg/m2, each. 

 

Table 1. Composition of Fire-Retardant Chemicals 

 Formula CAS RN Contribution to 
Composition (wt%) 

Boric acid H3BO4 10043-35-3 0.654 

Diammonium phosphate (NH4)2HP4 7783-28-0 6.435 

Ammonium borate 
octahydrate 

(NH4)2O·5B2O3·8H2O 12046-03-6 1.71 

Sodium borate B4Na2O7 1330-43-4 0.645 

Potassium bromide BrK 7758-02-3 6.435 

Potassium carbonate K2CO3 584-08-7 6.435 

Phosphoric acid H3PO4 7664-38-2 6.435 

Water   Used as a solvent 

CAS RN: CAS Registry Number 

 
Fire Retardant Impregnation under Vacuum 

Specimens were subjected to a vacuum of -750 mmHg for 60 min to inject FRs. 

Before FR impregnation, a plastic net was sandwiched between the specimens to prevent 

them from sticking to each other. After the six specimens were positioned in the desiccator, 

FRs were added and then the vacuum was initiated. The FRs impregnated specimens were 

cured under normal pressure. After the FRs on the surface were removed, the injection 

amount and added amounts of the FRs were calculated. 

 

Method for Measurement of Combustion Properties 
To evaluate the fire safety of materials in case of a fire, the factors ignition point, 

heat release capacity, flame spread, smoke generation were determined. In Korea, the cone 

calorimeter test method is standardized to measure the elements of fire safety (KS F ISO 

5660-1:2015, 2013). The cone calorimeter uses the principle of oxygen consumption, 

according to which approximately 13.1 MJ of heat is released when 1 kg of oxygen is 

consumed during the combustion of organic materials.  

The specimens subjected to 23 °C temperature and 50% relative humidity were 

placed into a cone calorimeter (Fire Testing Technology Ltd., East Grinstead, UK), and 

radiant heat of 50 ± 0.5 kW/m2 and emission flow rate of 0.024±0.002 m3/s were applied 

to them. For specimen exposed to radiation in the horizontal direction, the heat release rate 

(HRR) was calculated by quantifying the concentration of oxygen measured as gases 

(combustion products) passing through the duct and the oxygen consumption induced by 
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flow rate at that time. The combustion properties PHRR, THR, CO/CO2, and ignition time 

were also measured.  

HRR is defined as instantaneous heat generated per surface area where a material 

burns and can be calculated using the difference between measured oxygen concentration 

and atmospheric oxygen concentration (Eq. 1), 
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where q  is the heat release rate (kW), ∆hc is the net heat of combustion (kJ/g), r0 is the 

stoichiometric oxygen–fuel mass ratio, C is the orifice flow meter calibration constant 

(m1/2·g1/2·K1/2), ∆P is the orifice meter pressure differential (Pa), Te is the absolute 

temperature of gas at the orifice meter (K), 2

0

OX
 is the initial value of oxygen analyzer 

reading, and 2OX
 is oxygen analyzer reading (mole fraction of oxygen). 

If the value of ∆hc/r0 is not known in Eq. 1, it can be assumed to be 13.1 MJ/kg. 

Moreover, if 
2

0

OX is the average oxygen analyzer value obtained by the reference 

measurement for 1 min, the HRR per unit area can be corrected as shown in Eq. 2, 
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where As is the initially exposed surface area of the specimens and is equal to 0.0088 m2, 
Aq  is the heat release rate per unit area (kW/m2), and t is time (s). 

A THR value represents the sum of the heat released as the combustion progresses 

after ignition on the surface of the material and is calculated as the sum of the HRR 

expressed as a function of time to the surface area of the specimen (Eq. 3), 

,

1

t

A total AQ q= ,        (3) 

where QA, total is the total heat released per unit area during the entire test (MJ/m2) and t is 

time the duration of the entire test. 

In order to compare relative hazards of materials showing different combustion 

rates, CO/CO2, a factor for comparing the amount of CO produced when the same amount 

of CO2 is generated, was measured. The ignition time is defined as the time when the flame 

begins to occur on the surface of the material, and it is an element that can evaluate the 

combustibility and the possibility of flame diffusion along with the HRR. Ignition time can 

be calculated as shown in Eq. 4, 
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where tig is ignition time (s), C is constant, k is thermal conductivity (kW·m-1·°C-1), Tig is 

temperature ignition (°C), Ts is ambient temperature (°C), and q′′ is the radiation intensity 

(heat flux) (kW/m2). 

 

Method for Determining Toxicity Index 
Nine types of gases were measured using a direct-reading individual gas detection 

tube for completely combusted specimens. The concentration of the gas detected by 

combusting 1 g of specimen was converted to 100 g of substance, and the toxicity index 
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was calculated by utilizing the lethal concentration (toxic concentration fatal to human at 

a 30 min exposure time) of nine types of gases according to the Naval Engineering Standard 

(NES 713, 1985; Eq. 5), 

1 2

1 2
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f f fn

C C C
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C C C
= + + + ,       (5) 

where Cg = C × 100 × V/m, C is the correction concentration of gas in the chamber (ppm), 

V is the volume of test chamber (m3), m is the fire test weight (g), Cf is the concentration 

of the gas considered fatal to man during a 30 min exposure time (ppm), and 1, 2, 3... n 

represents each of the gasses detected.  

 
 
RESULTS AND DISCUSSION 
 
Combustion Properties Japanese Larch and Korean Red Pine Wood 

Combustion properties, such as PHRR, THR, CO/CO2, total oxygen consumed 

(TOC), ignition time, and weight loss rates, of Japanese larch and Korean red pine wood 

are presented in Table 2. The results of the PHRR and THR are shown in Fig. 1. In both 

species, the HRR increased rapidly at the start of pyrolysis at the initial stage of combustion 

and then gradually decreased, reaching a second peak in the process of secondary pyrolysis 

(Fig. 1(a)). After reaching the PHRR, the HRR decreased continuously as the combustion 

of the specimen gradually decreased owing to the adiabatic effect of the carbonized layer 

formed during combustion (Pearce et al. 1981). The time at which the PHRR occurred as 

an element of combustion inhibition was measured at 520 and 298 s in Japanese larch and 

Korean red pine wood, respectively. The THR of Japanese larch was higher than that of 

Korean red pine (Fig. 1(b)). Generally, since the specific gravity of Japanese larch (0.45 to 

0.50) was higher than that of Korean red pine (0.40 to 0.45), the amount of wood combusted 

at the same volume and the oxygen demand were higher (Chong and Park 2008). This trend 

was similar to the results of a combustion performance test on wood-containing insulation 

materials, which showed a correlation between the THR and density of the materials (Lee 

and Kim 2003). 

 
Table 2. Combustion Properties of Japanese Larch Wood and Korean Red Pine 
Wood 

 Japanese Larch Wood Korean Red Pine Wood 

PHRR (kW/m2) 180.3 192.1 

THR (MJ/m2) 56.7 40.2 

Mean CO yield 0.0124 0.0067 

Mean CO2 yield 0.950 0.838 

CO/CO2 (%) 1.305 0.800 

TOC (g) 43.0 25.5 

Ignition time (s) 15.0 19.4 

Initial weight (g) 59.9 39.9 

Weight lost (g) 42.2 33 

Weight loss rate (%) 70.5 82.7 

PHRR: Peak heat release rate; THR: Total heat release; TOC: Total oxygen consumed 
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The performance level of FR materials in the Korean industrial standard (KS F 

ISO 5660-1:2015, 2013) is defined as “PHRR not exceeding 200 kW/m2 for more than 10 

s for 5 min and THR being less than 8 MJ/m2 for 5 min.” In the combustion properties of 

Japanese larch and Korean red pine wood, the PHRR did not exceed 200 kW/m2 for more 

than 10 s in a row, but the THR was greater than the 8 MJ/m2 standard and failed to pass 

the performance level of FR materials. 

  

(a) 

(b) 

Fig. 1. Changes in the heat release rate and total heat release of Japanese larch wood and 
Korean red pine during combustion: (a) Heat release rate and (b) Total heat release. 
 

The ratio of CO/CO2 generation generally indicates the combustion aspect of 

materials (Hull and Paul 2007). CO2 is a natural product during combustion, whereas CO 

is generated because the contact between the burning material and oxygen in the air is 

restricted by the carbonized layer generated on the wood surface during combustion (Byrne 

and Nagle 1997; Seo et al. 2017). Unlike polymeric materials such as synthetic resins, 

wood hardly produces harmful gases; therefore, the toxicity of the combustion gas is 

determined by the release of CO accompanied by CO2. The average CO yield when 

Japanese larch and Korean red pine wood were exposed to radiant heat for 30 min was 

0.0124 and 0.0067, respectively. Smoke generated during the combustion of Korean red 

pine wood was less harmful than that generated during Japanese larch wood combustion. 
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The ignition time, which is a factor indicating the ignition characteristics of materials 

during combustion, was 15.0 sand 19.4 s for Japanese larch and Korean red pine wood, 

respectively. 

 
Changes in Combustion Properties by Impregnation of Fire Retardant 

FR manufactured in the ratio presented in Table 1 was impregnated into Japanese 

larch and Korean red pine specimens under vacuum of -750 mmHg, and the results of the 

combustion properties are presented in Table 3. The combustion properties of 

lignocellulosic materials were affected by lignin content. The materials with higher lignin 

content exhibit a lower HRR (Kozłowski and Władyka-Przybylak 2008). Thus, a high 

content of cellulose could increase the flammability of the lignocellulosic materials (Dorez 

et al. 2014). The lignin content of Japanese larch and Korean red pine vary depending on 

the growth area and the sampling time, but their values were within very similar ranges, 

23.8 to 28.2% in Japanese larch and 24.2 to 26.8% in Korean red pine wood (Park et al. 

2017). Accordingly, the flame resistance of the Japanese larch wood and the Korean red 

pine wood differed depending on the FR injection rate. The absorption and injection rate 

of FR were 5.71 kg/m3 and 5.95% for Japanese larch and 25.5 kg/m3 and 28.9% for Korean 

red pine, respectively. Due to the high injection rate of Korean red pine wood under 

vacuum, the PHRR decreased by approximately 37% from 192.1 to 120.8 kW/m2, and the 

THR decreased by approximately 62% from 40.2 to 15.2 MJ/m2. Moreover, since the 

injection rate of the Japanese larch wood is relatively low under vacuum, no substantial 

differences were observed in the combustion properties compared with the case where the 

FR was not injected. 

Pits have a major influence on softwood permeability (Siau 1995). Flow across 

pits can be impeded by aspiration by deposition of extractives on the membrane (Bao et al. 

2001; Islam et al. 2009). FR injection also significantly affects pit condition by inducing 

aspirations that block the fluid flow. The Japanese larch has a high proportion of heartwood 

with a high extractive content, rendering FR injection difficult compared with other tree 

species. 

 
Table 3. Combustion Properties of Japanese Larch Wood and Korean Red Pine 
Wood Impregnated with Fire-Retardant 

 Japanese Larch Wood Korean Red Pine Wood 

PHRR (kW/m2) 180.8 120.8 

THR (MJ/m2) 59.5 15.2 

Mean CO yield 0.0318 0.0414 

Mean CO2 yield 1.16 0.838 

CO/CO2 (%) 2.74 4.94 

TOC (g) 38.7 25.3 

Ignition time (s) 27.0 25.0 

Initial weight (g) 64.2 46.8 

Weight lost (g) 48.2 31.2 

Weight loss rate (%) 75.1 66.7 

FR absorption (kg/m3) 5.71 25.5 

FR percent injection (%) 5.95 28.9 

PHRR: Peak heat release rate; THR: Total heat release; TOC: Total oxygen consumed; FR: Fire 
resistance 
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Difference in Percent Injection by Laser Incising Treatment on the Surface 
of Japanese Larch Wood 

Pinholes were added and spaced at 5, 10, and 20 mm on the surface of the 

specimens to improve the percent injection of the Japanese larch wood (Fig. 2). The 

number of pinholes generated on the surface ranged from 25 (2,500 ea./m2) to 400 (40,000 

ea./m2) depending on the spacings, and the size of pinholes was 0.5 mm. A change in the 

FR percent injection of Japanese larch specimens by the spacings of pinholes through laser 

incising treatment is presented in Table 4. 

 

 
 

Fig. 2. Pinhole formation of the surface of Japanese larch specimens by laser incising treatment 

 
The percentages of injection of FR at the three pinhole spacings on the surface of 

the specimen were 20.9% (5 mm), 10.4% (10 mm), and 8.2% (20 mm). Although FR 

percent injection of the Japanese larch wood increased under vacuum compared to wood 

surface without pinholes, it showed a lower value than the 28.9% percent injection of 

Korean red pine wood without pinholes. Generally, pinholes on the surface can impact the 

strength characteristics of the wood, and the surface processing with pinholes less than 5 

mm spacing may negatively affect the appearance of the FR products.  

 
Table 4. Difference in the Impregnation Rate by Pinhole Formation of the 
Surface of Japanese Larch Specimens 

Distance between holes (mm) 5 10 20 

Number of holes 400 81 25 

Hole density on surface (ea./m2) 40,000 8,100 2,500 

Percent injection (%) 20.9 10.4 8.2 

 

Change in Combustion Properties by Fire-Retardant Coating on the Surface 
of Japanese Larch Wood 

FR was injected into the Japanese larch specimens with pinholes spaced at 5 mm. 

In addition, two types of FR chemicals, 5% sodium silicate and 35% potassium bromide, 

were coated on the surface to measure the change in combustion properties (Table 5). The 

FR chemicals were applied at 500 g/m2 each by brushing until the wood surface was 

sufficiently soaked, and the surface was allowed to dry for 24h at 23°C and a 50% relative 

humidity; this process was repeated twice. 

The PHRR and THR between Japanese larch wood specimens with and without 

FR were compared (Fig. 3). Compared with the specimens without FR, the specimens with 

two types of FR chemicals showed delayed pyrolysis in the early stages of combustion. FR 
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coated on surface of specimens affects the degradation pathway of the cellulose and leads 

to charring and incomplete combustion of specimens, limiting their contribution to the heat 

evolved during combustion (Dorez et al. 2014). After reaching a sufficiently high 

temperature (300 s), the specimens with FR were stacked with increasing number of char 

layers to limit combustion. Consequently, the PHRR of the specimen with FR appeared 

low (Fig. 3(a)). The PHRRs in the specimens coated with 5% sodium silicate and 35% 

potassium bromide were 149.9 and 134.9 kW/m2, respectively. The THR was 46.2 MJ/m2 

for both types of FR chemicals. The combustion properties between the two types of FR 

chemicals used for surface coating did not show major differences. Compared to Japanese 

larch wood without FR, specimen with FR showed a decrease in PHRR and THR by 

approximately 20%, which indicates an improvement in FR performance. However, the 

THR value in this study was beyond the standard of 8 MJ/m2 set for FR materials in Korea. 

 
Table 5. Combustion Properties of Japanese Larch Wood Surface-Coated with 
Chemicals 

 Japanese Larch Specimens Impregnated with Fire Retardant 
After Laser Incising Treatment on the Surface 

 5% Sodium silicate 
coating 

35% Potassium bromide coating 

PHRR (kW/m2) 149.9 134.9 

THR (MJ/m2) 46.2 46.2 

Mean CO yield 0.0513 0.025 

Mean CO2 yield 1.09 0.90 

CO/CO2 (%) 4.71 2.78 

TOC (g) 30.3 28.6 

Ignition time (s) 32.0 39.0 

Initial weight (g) 63.3 63.6 

Weight lost (g) 30.3 43.4 

Weight loss rate (%) 47.87 68.24 

FR absorption (kg/m3) 19.3 18.9 

FR percent injection (%) 20.9 20.8 

PHRR: Peak heat release rate; THR: Total heat release; TOC: Total oxygen consumed; FR: Fire 
resistance 
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Fig. 3. Changes in the heat release rate and total heat release during combustion of Japanese 
larch wood surface-coated with chemical: (a) Heat release rate and (b) Total heat release (PHRR: 
Peak heat release rate) 
 

When exposed to heat, organic materials generate various types of fire gases and 

smoke (Biswas et al. 2007). The major toxicant is carbon monoxide (CO), which is 

accompanied by carbon dioxide (CO2). CO is produced by incomplete combustion of 

organic material at low temperature in early stages of fire. As the fire intensifies, CO2 is 

formed under high temperature conditions, which depends on the availability of oxygen in 

the environment. The amount of CO2 emitted during combustion of organic materials tends 

to be similar to that of the THR (Chuang et al. 2013). Previous studies have shown that 

CO2 emissions decrease when wood products are coated with FR (Almeras et al. 2003; 

Chuang et al. 2013). However, the results in Table 5 confirm that the CO/CO2 results were 

higher in specimens injected with FR than in those without FR. The toxicity index of 

combustion gases was analyzed in accordance with the UK Naval Engineering Standard 

713 (NES 713, 1985), to experiment with the toxicity of smoke generated during wood 

combustion (Table 6). The amount of CO2 measured using the detection tube was in the 

range of 650 to 750 ppm in three types of specimens, and trace amounts of NO2 were 

detected. The toxicity index was 0.183, 0.251, and 0.200 for control, sodium silicate 

surface coating, and potassium bromide surface coating, respectively. These values were 

very low as compared to other toxicity indices for building material such as glued 

laminated timber (1.77), medium density fiberboard (5.85), and plywood (5.30) (Kim and 

Lee 2016) and insulation materials such as polyethylene (18.24), polyurethane (12.35), and 

fiberglass (6.95) (Liang and Ho 2007). 
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Table 6. Concentration (ppm) of Gases and Naval Engineering Standard 713 
Toxicity Index 

Division (ppm) Toxic Concentration Fatal 
to Human at 30 min 

Exposure Time according 
to NES-713 

Control 
(Japanese 

Larch 
Wood) 

5% 
Sodium 
Silicate 
Coating 

35% 
Potassium 
Bromide 
Coating 

Toxicity index  0.183 0.251 0.200 

CO2 (ppm) 10,000 650 750 750 

CO (ppm) 4,000 0 0 0 

NO + NO2 (ppm) 250 0.2 0.2 0.2 

C6H5OH (ppm) 250 0 0 0 

SO2 (ppm) 400 0 0 0 

NH3 (ppm) 550 0 0 0 

HCHO (ppm) 500 0 0 0 

HCN (ppm) 150 0 0 0 

 

Through this study, it was confirmed that vacuum is an unsuitable method for 

injecting FR into the Japanese larch wood. Additional studies utilizing surface treatments 

and pressurized conditions are required to improve the FR percent injection and FR 

performance of Japanese larch wood. 

 

 
CONCLUSIONS 
 

1. Combustion properties such as peak heat release rate (PHRR), total heat release 

(THR), CO/CO2 ratio, total oxygen consumed (TOC), ignition time, and weight loss 

rates of Japanese larch and Korean red pine wood were measured. The PHRR of 

Japanese larch and Korean red pine wood without FR were 180.3 and 192.1 KW/m2, 

and the THR was 56.7 MJ/m2 and 40.2 MJ/m2, respectively. The combustion 

properties of two species showed similar trends without much difference. 

2. The percentages of injection of Japanese larch and Korean red pine wood after the 

impregnation of water-soluble FR into the specimens under vacuum of –750 mmHg 

were 5.95 and 28.9%, respectively. A 37 and 62% decrease in the PHRR and THR, 

respectively, was observed for Korean red pine wood upon FR injection, whereas the 

values of Japanese larch wood hardly changed after the FR injection. 

3. The percentages of injection of FR at the three pinhole densities on the surface of the 

Japanese larch specimen were 20.9% (5 mm), 10.4% (10 mm), and 8.2% (20 mm). 

The PHRR and THR of Japanese larch specimen impregnated with FR after the laser 

incising treatment and additionally coated with 5% sodium silicate and 35% 

potassium bromide were reduced by 16 to 25 and 19%, respectively, compared with 

those without the FR impregnation. 

4. To assess fire resistance of Japanese larch wood, this study analyzed the effect of 

pinholes made by laser incising and FR coating on the wood surface. Despite the 

presence of pinholes and FR coating, the wood did not meet the standards set for FR 

materials in Korea (THR of 8 MJ/m2). 
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