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INTRODUCTION

Wood has been an excellent building material for 
many years.  However, its vulnerability to fire has limited 
its use in many applications.  When heated, wood ignites 
and burns, producing toxic gas and leading to the loss of 
lives and property.  Therefore, fire–retardant treatment 
of wood is required by building codes.

Recently, many studies have been carried out to 
reduce flammability with various fire–retardant chemi-
cals.  The fire–retardant compounds used for wood gen-
erally contain nitrogen, boron, or phosphorus.  Although 
treatment with these chemicals effectively retards com-
bustion, it may also reduce wood strength.  This reduc-
tion in strength is related to both the fire–retardant 
chemicals and to the redrying temperatures used in the 
treatment process (Winandy 1988; Winandy et al.   
2001).  Chung (1999) found that impact on the bending 
strength of wood was different according to the fire–
retardant chemical.  However, there is not enough infor-
mation about the effects of these new fire–retardant 
chemicals on the mechanical properties of wood.

Fire–retardant treatments yield a wood with high 
moisture content.  The wood must then be dried to 
achieve dimensional stabilization and reduce weight.  
However, the high temperatures may affect the mechani-
cal properties of wood.  Jin (2011) found that tempera-

tures above 150°C have a severe impact on mechanical 
properties and made the wood darken.  Studies regard-
ing evaluation of mechanical properties below 100℃ are 
scarce. 

Recently, a phosphate–based flame–retardant resin 
(Wen et al. 2014) with ammonium phosphate polymer 
(APP), guanyl urea phosphate (GUP), and phosphonic 
acid as the main components has been used industrially 
for fire–retardant treatment of wood.  Determining the 
effects of new fire retardants and redrying temperatures 
on certain mechanical properties of wood is very impor-
tant for production and use of fire–retardant wood. 

The objective of this study was to determine the 
effects of fire–retardant treatment and redrying temper-
ature on the mechanical properties of hinoki wood, 
which is frequently used in Korea as an interior material.

MATERIALS AND METHODS

Specimen Preparation
Samples of hinoki (Chamaecyparis obtusa) were 

cut parallel to the fiber direction into 20 mm × 20 mm × 
320 mm (tangential × radial × longitudinal) sections and 
dried at 103 ± 1℃ until their weights were constant.  
The weight and size of each specimen was then meas-
ured.  The samples were randomly divided into 3 treat-
ment groups of 40 specimens each.  A control group 
comprising 10 untreated samples was also examined.

Impregnation and Redrying
To achieve the different weight percent gains (WPG) 

of the fire retardant group, the samples were impreg-
nated under two different schedules.  The first was by 
applying a vacuum of 0.10 bar for 30 minutes before the 
solution into the treatment chamber, with a subsequent 
pressure of 15 bar for 2 hours.  The second was by apply-
ing a vacuum of 0.10 bar for 30 minutes before the solu-
tion into the treatment chamber and subsequent pres-
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sure of 15 bar for 6 hours.  For comparison, one group of 
samples was impregnated with water.  After impregna-
tion, the treated samples were stored at ambient condi-
tions two days prior to redrying and then redried at 
25℃, 60℃, 80℃, and 100℃ until their weights were con-
stant.  All treatments were carried out in a laboratory 
scale process.

Measurement of dynamic modulus of elasticity
The dynamic modulus of elasticity (dMOE) was 

determined by the free–free suspended beam technique, 
in which the pick–up accelerometer (Bruel & K jᴂr, 
Nᴂrum Denmark) is fastened to the center of the speci-
men, and at the end, the specimen is struck lightly with 
an impulse hammer (Type 8203; B & K).  The impact 
causes the specimen to vibrate and the signal from the 
accelerometer is transformed by an FFT analyzer (Type 
3065; B & K) and processed using computer software 
delivering the estimated resonant frequency (f0).  From 
f0, the resonant frequency (f) is corrected to eliminate 
the influence of shear deflection (Kataoka and Ono, 
1975).  dMOE is then calculated using the following for-
mulae:

f = f0(1+αh2/L2) � (1)

where
f = resonant frequency, f0= estimated resonant fre-

quency, h = thickness, L = length of the specimen, a = a 
constant (4.73 for the fundamental mode of vibration)  

 
dMOE = 48π2ρl4f 2/ m4h2� (2)

where
dMOE= dynamic modulus of elasticity, ρ= density of 

the specimens, h = thickness, m = a constant (4.73 for 
the fundamental mode of vibration)  

The dMOE is computed from the density, beam 

shape, and resonant frequencies of the wood, according 
to Hearmon’s transverse vibration theory (1966).  The 
resonant frequencies of wood specimens were estimated 
from the transverse vibration of the wooden beam with 
an impact hammer.  The apparatus setup consisted of an 
accelerometer (B&K, City, Country), impact hammer 
(Type 8203; B&K, City, Country), and an FFT (Fast 
Fourier Transform) analyzer (Type 3065; B & K, City, 
Country).  First, the specimen was struck properly with 
an impulse hammer.  The impact causes the specimen to 
vibrate, and the FFT analyzer transforms the signal from 
the accelerometer.  Then, a frequency response curve is 
acquired. 

This test was repeated three times for each speci-
men and the data were averaged.  From the spectral 
analysis, the resonant frequency of each small wooden 
board was estimated.  From the estimated resonant fre-
quencies, the dMOEs were calculated using Eq. 2.  Here, 
the influence of the shear stress caused by different 
ratios of sample thickness to length was not considered 
because this study only focused on the influence of the 
fire–retardant treatment.

Measurement of static MOR and MOE in bending  
Static three–point bending tests were performed 

using a universal testing machine (AGS–1000G; 
Shimadzu Corporation).  Specimens were loaded to rup-
ture with bending load parallel to the grain.  The span 
(L) was 28 cm and the cross head was advanced at 10 
mm/min according to KSF 2208.  The sMOE and MOR 
were calculated as follows:

Es = Pl3/4bh3w� (3)

where Es = sMOE, P = load, l = length of specimen, 
b = width of specimen, h = thickness of specimen, w = 
displacement.

σb = 3PL/2bh2� (4)

Table 1.  Treatment type and code for each group 

Sample
Impregnation 

Method
Redrying 

Temperature
Code

Non–treated – – C

Water–impregnated
vacuum 0.10 bar 30 minutes

pressure 15 bar  6 hours

25 W–25

60 W–60

80 W–80

100 W–100

Fire–retardant impregnated
vacuum 0.10 bar 30 minutes

pressure 15 bar  2 hours

25 H–25

60 H–60

80 H–80

100 H–100

Fire–retardant impregnated
vacuum 0.10 bar 30 minutes

pressure 15 bar  6 hours

25 F–25

60 F–60

80 F–80

100 F–100
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where σb = bending stress, P = maximum load, L = 
length of span, b = width of specimen, h = thickness of 
specimen.

RESULTS AND DISCUSSION

Drying rate
The initial and final MCs (moisture contents) and 

drying rate for each drying charge are given in Table 2.  
Drying curves, which are graphical representations of 
the MC of kiln charge over drying time, for each drying 
charge are illustrated in Fig. 1. 

The initial MC was caused by water absorption dur-
ing impregnation because the samples were oven dried 
before treatment.  And the different initial MC each 
other because the difference amount of penetration dur-

Fig. 1.  Drying curve for each treatment at 25°C (a), 60°C (b), 80°C (c) and 100°C (d).

Table 2.  Initial and final moisture content (MC), drying time, and drying rates for each drying charge

Redrying 
temperature

Treatment
Initial MC 

(%)
Finial MC 

(%)
Drying Time 

(h)
Drying rate 

(%/hr)

25℃ W 167.12 8.88 336 0.47 

H 53.57 9.12 336 0.13 

F 88.02 10.83 336 0.23 

60℃ W 167.91 7.83 26 6.16 

H 37.89 7.60 18 1.68 

F 82.97 7.84 28 2.68 

80℃ W 166.93 7.36 24 6.65 

H 44.58 6.93 16 2.35 

F 75.41 7.17 20 3.41 

100℃ W 198.71 7.99 12 15.89 

H 50.83 5.45 10 4.54 

F 92.76 5.96 16 5.42 
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ing impregnation.  It was shown that the viscosity of the 
solution has opposite effects on the penetration.

The drying time was shorter with increases in the 
redrying temperature, and the average drying rate for 
water treatment was greater compared to the fire–
retardant treatment at the same redrying temperature.  
Both cases of water treatment or fire–retardant treat-
ment, the MC decreased sharply from the initial value to 
30% and then became slowly, as shown in Figure 1.  
Despite the differences in fire–retardant retention and 
redrying temperature, the drying curves of fire–retard-
ant treatment of wood were very similar during the early 
redrying periods.  It is believed that the fire–retardant 
solution was not coupled with cell structure inside the 
wood.

Bending strength
The bending strength and density data are pre-

sented in Table 3 and the influence of redrying tempera-
ture and fire retardant upon selected mechanical 
strengths of fire–retardant treatment of hinoki is pre-
sented in Figure 2. 

According to the results, the dynamic and static 
MOE of water treatment were reduced and the MOR was 
somewhat increased compared to controls.  However, 
Figure 2 shows that the bending strengths of water–
treated wood did not significantly differ with increase in 
redrying temperature.  This shows that water treatment 
somewhat affected the bending strength and the effects 
of redrying temperature are negligible.

Density of specimens changed more through fire–
retardant treatment.  The MOR was enhanced and the 
dynamic and static MOE were reduced compared to the 
controls (Table 3).  The bending strengths, which 
increased with the redrying temperature, are shown 
Figure 2.  It is shown that the redrying temperature has 
a positive impact on the bending strength of fire–retard-
ant–treated wood.  However, it is difficult to determine if 
the fire–retardant treatment affects the bending 

strength, as the density was changed more by the fire–
retardant treatment.  To better understand how fire–
retardant affects the bending strength of wood, we ana-
lyzed the specific dynamics, static modulus, and specific 
strength of all specimens.  As shown in Table 3, we 
found that the specific dynamics, static modulus, and 
specific strength of the fire–retardant–treated specimens 
were lower than those of the controls and water–treated 
samples.  Additionally, with larger increases in WPG, the 
specific dynamics, static modulus, and specific strength 
had larger decreases.  This confirms that fire–retardant 
treatment reduces the bending strength of wood.  Other 
factors may contribute to changes in other mechanical 
properties.

Dynamic MOE in bending
Norimoto (1982) found that materials with higher 

dMOE/density or sMOE/density are expected to lead to 
good sounding boards for pianos.  The dMOE/density 
and sMOE/density decreased after fire–retardant treat-
ment.  Therefore, it is demonstrated that a low dMOE/
density and MOE/density of fire–retardant–treated wood 
can result in lower impact sounds when used as flooring 
in buildings. 

Phosphorus–based compounds are some of the 
best–known fire–retardant treatments for wood.  
However, a significant issue with these compounds is the 
reduced strength of the treated wood products.  
Moreover, as previously reported by Winandy and 
Morrell (1998), those compounds have more noticeable 
negative effects on the viscoelastic properties than on 
the elastic properties of treated wood, similar to more 
acidic fire retardants.  They noted that the physical and 
mechanical properties of wood are a complex function of 
cellular and polymeric structure and chemistry.  They 
observed that changes in the chemical composition of 
wood directly correspond to a loss of strength.  
Moreover, Wang et al.  (2005) reported that a decrease 
in bending strength can be attributed to fire–retardant 

Table 3.  Average mechanical properties of the specimens

No. Density dMOE MOR sMOE
Specific static 

modulus
Specific 
strength

Specific dynamic 
modulus

C 0.45 12544.20 86.30 10772.20 27299.35 209.31 25760.93 

W–25 0.43 10989.33 93.07 10005.43 24695.27 216.80 23530.16 

W–60 0.43 11253.26 104.36 9871.63 22784.53 241.02 24932.14 

W–80 0.43 11345.52 98.83 10043.03 23121.65 228.57 25153.64 

W–100 0.41 11347.13 104.53 9997.36 24239.57 253.93 26267.21 

H–25 0.48 10979.09 85.41 9410.76 19531.91 177.65 20995.84 

H–60 0.55 11387.05 99.56 9927.80 18168.86 181.79 20592.95 

H–80 0.56 14229.69 108.07 9790.64 17925.60 196.81 24166.96 

H–100 0.51 13097.55 109.72 10470.61 20701.38 217.40 24578.68 

F–25 0.53 10580.90 75.42 9128.97 17163.32 142.11 18124.16 

F–60 0.58 11452.63 93.23 9814.14 17067.84 162.06 19795.04 

F–80 0.56 11294.92 96.44 9618.76 17121.51 171.39 19604.57 

F–100 0.54 12539.99 107.83 9682.60 18032.89 201.26 21743.73 
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treatment, which results in a chemical component 
change in treated wood, especially in the hemicellulose 
content after drying.  After treatment, the percentage of 
hemicelluloses decreases compared with untreated spec-
imens.  Conversely, the lignin residue increases for phos-
phoric acid–treated specimens that are kiln–dried after 
treatment.  The drying of phosphoric acid–treated speci-
mens causes some changes in wood components.  The 
strength loss in wood might be closely related to degra-
dation of the branched units of hemicelluloses.  
Advanced strength loss that occurs later is related to 
further degradation of the residual hemicelluloses’ main 
chain and the initial degradation of cellulose and lignin 
when wood undergoes drying post–impregnation.

CONCLUSIONS 

To determine the effects of a phosphate–based fire 
retardant and redrying on the bending strength of wood, 
we impregnated hinoki wood with a fire retardant, 
redried it at 25℃, 60℃, 80℃ and 100℃, and measured 
the bending strength. 

1. The drying time was shorter with an increase in 
redrying temperature and the average drying rate of 
water–treated wood was greater than that of the fire–
retardant–treated wood.  The drying curves of fire–
retardant treatment of wood were very similar in the 
early redrying period. 

2. The dynamic and static MOE of water treatment 
were reduced compared to the controls.  The MOR was 
somewhat increased but was not significantly different 
even with an increase in redrying temperature. 

3. The redrying temperature had a positive impact 
on the bending strength of fire–retardant–treated wood.  
The bending strength increased with increase in redry-
ing temperature.

4. It is shown that fire–retardant–impregnated wood 
could be used as flooring in buildings because the impact 
sound ability, dMOE/density, and sMOE/density 
decreased with treatment.
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