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Fire Retardation of Plywood with Boron Compounds* 

By 

Seiichi SATONAKA** and Hideki NAGINO*** 

Various fire retardants were surveyed and boron compounds seem excellent 
from a viewpoint of safety, because toxic gases such as sulfur dioxide or hydrogen 
cyanide are not produced during pyrolysis of treated materials. 

Treating methods for plywood were studied and a vacuum impregnation showed 
an excellent result, that is a duplicate impregnation composed of 30-minutes vacuum, 
air drying and 30-minutes vacuum. 

Lauan plywoods treated with Boron-mixture were combusted according to JIS 
A 1322. The test standard was modified to a convenient type, which can use a 
smaller size (15 cm square) specimen. The specimens loading 5% or more of Boron
mixture fairly improved the weight loss in the combustion test. 

Treated plywoods were analyzed by a pyrolysis-gas chromatography. As the 
results, a toxic and combustible carbon monoxide decreased, combustible methane 
decreased and uncombustible water vapor which is the depressor of temperature 
of fire circumstance increased with increase of the fire retardants. 

Key Words: Fire retardant, Boron-mixture, Plywood, Vacuum impregnation, 
Pyrolysis-gas chromatography. 
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In our laboratory, an effective and safe fire reaardant has been searched. 
Diammonium phosphate, that is DAP, is a famous and effective fire retardant, but 
when the material treated with the DAP is heated at high temperature and oxygen 
insufficient condition, it generates a small amount of hydrogen cyanide (HCN)1.2). 
And some fire retardants including sulfur compounds such as ammonium sulphate, 
generate sulfur dioxide (S02)8) which damages our throats and respiratory organs. 
Halogen compounds including such as bromine (Br) give us very stimulative smell. 

At last, we arrived at Boron compounds, that are fairly safe chemicals, for 
example, boric acid is used for eye lotion. They may be a little inferior to DAP 
in a point of efficacy of fire retardation, however, the problem of safety for human 
beings is considered most important. The toxicity of sodium borate is fairly low, 
that is, the LD50 is estimated as 0.5 to 5 g/kg for human body4). And that of boric 
acid is estimated as 15 to 30 g/kg for adults and 3 to 6 g/kg for children5). Recently, 
the Central Medicines Council of Japan eliminated the ointment made of boric acid 
for burn or scratch6

). It says that it is useful for the medical treat men t of eye, 
but long-term and continuous treatment for burn, little hurt and eczema showed the 
examples of diarrhea or a disease of kidney. And Dr Isozaki pointed that there 
were two reports on the death of child in 1918 and 1943 caused by boric acid 
ointment. Of course, boron compounds are not completely safe chemicals, but they 
must be most reliable fire retardants at present. Additionally, boron compounds 
are fairly effective as an insecticide and are used widely for the purpose in Japan7). 

And also boric acid is effective to hinder the enzymatic activity of Fomitopsis 
pinicola, Flammulina velutipes, Coriolus versicolor, Coniophora puteana and Phel
linus igniarius8•9) • Then, boron compounds are water soluble, this point is a merit, 
because several solvents sometimes poison human or the other animals. 

We have tested the treatment of boron compounds for paper as cellulose,lO) 
so we would like to step in the treatment of wood. Recently, Wegner and Holmsll> 
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applied the boron fire retardant to cellulosic loose-fill insulation and got a fairly 
good results. It is a difficult point to get homogenous material. Therefore, at 
first, a thin plywood was chosen as the raw material. 

Next problem is the treatment method, a general method is conventional vacuum 
- pressure process using mixed chemicals12

). Several convenient methods, such 
as soaking, painting, pressure impregnation and vacuum one will be tried. 

Recently, WHITE13) applied 8 organic or inorganic fire retardant/resistant coatings 
on plywood and significantly improved the fire resistance of the plywood. KIKUCHI, 
MIYANO & YAMAGISHIl4> evaluated the fire-retardant plywood by JIS A 1321, ISO 
ignition test and Oxygen Index Method, and clarified the conditions for 3rd class 
of Fire Retardancy. 

Next, there is also a problem about the test method, which should be con
venient and useful for a fairly small size specimen. From this point, lIS A 132215) 

method was modified to be suitable for the above-mentioned purpose. 
At last, the problem of generated gas is important for a solvation of the 

mechanism of fire retardation and also for the safety of people in the occasion of 
fire emergency. Pyrolysis-gas chromatography method was applied for the purpose. 
Now, related toxicological problem are highlighted and reported by Susan L. LE
V AN16) and BRENDEN17> in the last IUFRO D5 Conference in Madison, USA. Of 
course, the smoldering18) or smoking17) of wood products is important and should be 
still more investigated. 

2. Experimental 

2.1 Materials 

Plywood used for this experiment has a dimension of 90 cm X 180 cm X 2.4 mm. 
The surface veneer is so-called Red Lauan. These plywoods were purchased from 
a shop of building materials at the price of ¥ 500 per one sheet of plywood. The 
plywood was cut to size of 15 cm square with a sawing machine of the Laboratory 
of Wood Processing. According to the lIS A 1322, the size of a test specimen is 
20 X 30 cm. The size was considerably decreased to this 15 cm square. By this 
modification the materials, chemicals, laboratory room space and labor were fairly 
economized. 

Used chemicals are boric acid and anhydrous sodium borate, both 1st grade 
from Yoneyama Chemical Industry Co. and diammonium phosphate (DAP), 1st grade 

from Kanto Chemicals Co. 

2. 2 Loading of fire retardants 

Boron-compounds solution was prepared as follows: 3 parts of boric acid were 
added to 10 parts of sodium borate according to the previous report10

). Because, 
this ratio showed excellent results on the weight loss after combustion test, afterglow 
and spread of combustion. This will be called B-mixture from now on. 

2. 2. 1 Soaking 

The solution of 1, 2, 3, 4, 5 and 6% of the B-mixture and DAP were pre-
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pared. Five hundred mt of the solutions were put in each glass dish of diameter 
of 22 cm. Three plywoods were each soaked in the dishes for 3, 6, 24 and 48 
hours, and taken out of the dishes and air-dried until they became constant weight. 
Loading percent was calculated on base of air dry weight of the plywood. 

2.2.2 Painting 

The aqueous solutions of the B-mixture, that are 4, 8, 12 and 16%, were 
painted with a brush on a surface of the plywood, respectively. After air drying, 
second painting was tried. The solutions over 8% needed hot water to dissolve 
the chemicals. This experiment was tried only on the B-mixture, because it has 
a problem of crystallization of the chemical on surface of the plywood. 

2. 2. 3 Pressure impregnation 

The plywoods were put in an autoclave, and heated slightly to a pressure of 
1 kg/cm2 and maintained for 30 minutes. Concentration of the chemical was 4%. 
After cooling, the specimens were taken out and air dried. 

2.2.4 Vacuum impregnation 

A dish containing a fire retardant was put in a desiccator. The concentrations 
of the fire retardant were 2, 4, and 6 %. Several plywoods were put in the dish. 
The desiccator was vacuumed with a water jet pump for 30 or 60 minutes. And 
an additional case is a vaccum for 30 minutes, air drying and then a vacuum for 
30 minutes. 

2. 3 Combustion test 

A fire-retardant-treated material was 
heated in a combustion box according to 
11S A 1322 (Testing Method for Incom
bustibility of Thin Materials for Buildings), 

as shown in Fig. 1. A used burner for 
the combustion test is named Mecker 
burner, the inner diameter of which is 
22 cm. Only town gas was sent without 
any air. The burner was put at the point 

shown in the Figure. Length of the flame 
was adjusted at 65 mm. And the distance 
between the mouth of the burner and the 
test specimen was 50 mm. 

Time of heating was 40, 50, 60, 70 
and 80 seconds. Untreated plywood was 
not ignited within 30-second heating. And 
the specimen was penetrated through with 
combustion by over gO-second heating, 

and the afterflame became 0 second and 
the weight loss attained a constant value. 

Fig. 1. An apparatus modified from 
]IS A 1322. 
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Therefore, 40 to 80 seconds are 
suitable for the time of heating. 

After the combustion test, 
the weight loss, length and width 
of carbonized area and afterflame 
were observed. 

2.,( Pyrolysis-gas chromatography 

Several small particles were 
scraped from the plywood. The 
weight is about 3 mg, and they 
were weighed accurately with 

a Mettler micro-balance. These 
specimens were soaked in the 
various concentration (1, 2, 3, 4, 
5 and 6 %) liquors for 60 minutes, 

then air dried. Those were 
weighed again and the loadings 
of the chemicals were calculated. 

A Yanagimoto GCP-lOOO type 
pyrolysis pipetter was connected 
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Fig. 2. Weight loss of untreated lauan plywood 
under various time of heating. 

to a Yanagimoto G8 Gas Chromatography. Generated gases were detected by 
a TCD (Thermal Conductivity Detector). Analysis conditions are as follows: 
1. Stationary phase: Activated carbon, 60 to 80 mesh, 2 m, 3 mm ifJ. 
2. Carrier gas: Helium, 15 me/minute. Second pressure, 5 kg/cm2

• 

3. Bath temperature: 180°C. 
4. Chart speed: 10 mm/minute. 

The data obtained were recorded by a Shimadzu Chromatopac C-RIA, and 
ratio of the area of each peak was calculated. 

3. Results and Discussion 

3. 1 Loading of fire retardants 

The results by soaking method are shown in Table 1. With the progress of 
soaking time, the loading percent also increases, and the maximum value attained 
to 5.4%. The data at 48 hours show some decrease compared with that at 24 
hours. This must be the dissolution of the wood components of the red lauan 
because of the long soaking. 

The reason why the loading was not so high might be the thin surface of 
plywood and a disturbance by the adhesive layer. Loading of DAP was higher 
than that of the B-mixture, because of the easy dissolution of DAP. Then the 
crystallization of the B-mixture at 6 % was remarkable. This phenomenon is of 
course not preferable. 

The results by painting method are shown in Table 2. The solution at 8% 
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Table 1. Loading* of fire retardants by soaking method 

Time of Concentration of fire retardant (%) 
Fire retardant Soaking 

(hr) 
1 2 3 4 

Boron-mixture 3 0.9 1.5 

6 0.3 0.7 1.1 1.4 

24 1.5 2.0 3.1 2.8 

48 0.8 1.2 1.9 2.7 

Diammonium phosphate (DAP) 3 0.7 1.3 1.7 1.9 

* Weight percent based on air-dry playwood. 

Table 2. Loading of fire retardant by painting (%) 

Times of 
painting 

Concentration of fire retardant (%) 
Fire retardant 

Boron-mixture 

Table 3. 

4 

once 

twice 0.8 

8 

0.4 

1.6 

12 

1.3 

4.4 

Loading of fire retardants by vacuum method (%) 

6 

2.1 

2.8 

5.4 

3.8 

2.9 

16 

2.4 

6.5 

Time of Concentration of fire retardant (%) 
Fire retardant vacuum 

(min) 
2 4 6 

Boron-mixture 30 1.0 2.8 5.2 

DAP 30 1.5 2.9 4.0 

B-mixture 60 1.7 3.0 4.1 

DAP 60 1.3 2.5 4.1 

B-mixture 30x2 3.0 5.7 8.9 

DAP 30x2 2.3 4.2 6.5 

or more needed hot water to dissolve the B-mixture. This painting method loads 
the chemicals on one side of the plywood. So, the loading percent is different 
from that by the soaking method. The appearance of the plywoods treated with 
8 % or more of the B-mixture shows remarkable crystals. Therefore, this method 
is thought to be unfavorable for the practical application. 

The result of pressure impregnation was 4.3%, the value of which was fairly 
high, in spite of the short treatment time. Additionally, the crystallization of the 
B-mixture was not seen on surface of the plywood. However, the color of plywood 
changed to dark and looked unfavorable. Therefore, this method also seems unpre
fer able. 

In case of the vacuum impregnation, in which a 4% solution of the B-mixture 
was used for 2 hours, the results of loading was 4.9%. The crystallization of the 
chemicals and also the unfavorable color change were not observed. In comparison 
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of the same concentration, that is 4% solution, the load showed 1.5, 1.4, 2.8 and 
2.7% for 3, 6, 24 and 48 hours in the saoking time, respectively, and the pressure 
impregnation showed 4.3% of the loading. So, the further experiments on vacuum 
impregnation were progressed. 

Four sheets of plywood were soaked in 2%, 4% and 6% of the fire retardants 
solutions for several times as shown in Table 3. And, of course, the last two 
lines in the Table show a duplicate treatment. The vacuum level attains 20 mmHg. 
The vacuum treatment for 30 minutes, air drying and the vacuum treatment for 
30 minutes, that is, the duplicate vacuum one results in 9% loading of the B
mixture and 7% loading of DAP. The application of these methods showed the 
loading range of 1 to 9%. 

ISHIHARAI9) reported that a plywood treated with Boric acid-Lithium hydroxide
Methylolmelamine-condensation fire retardant got fairly excellent results in case of 
the 8% loading. FPL estimates that the effective loading must be 8 to 17%12). 

3.2 Combustibility 

At first, the results III a case of 40-second heating are described. About a 

25 

( %) 

UI 
UI 
o 

15 

o 1 2 3 4 5 6 

.S-mixture 
oDAP 

• 
•• 

9 
Fire retardants 

7 8 
( % ) 

• • 

10 

Fig. 3. Weight loss of fire-retard ants-treated lauan plywood under 
40-second heating. 



64 Research Bulletins of the College Experiment Forests Vol. 43, No.1 

half of untreated plywood is ignited and the weight loss attains to about 20%. 
The others are not ignited and the weight loss is only 5 %. The loading of the 
B-mixture suppressed it under 4%. DAP showed a little over 4%. However, there 
was no remarkable difference between the B-mixture and DAP. Also, the effects 
of the loading percent on the weight loss were not observed. (Fig. 3). 

Secondly, the results in a case of 50-second heating are described. Almost 
untreated plywoods are ignited, afterfiame ranged from 50 to 100 seconds and the 
weight loss ranged from 8 to 27%. In case of the B-mixture loading of under 3%, 
the specimens show the afterfiame of a little less than 10 seconds, and the weight 
loss increased to 8%. In case of DAP loading of under 3%, weight loss of over 
5% is not observed. It can be said that DAP is superior to the B-mixture. (Fig. 4). 

Thirdly, the results in case of 60-second heating are described. The weight 
loss of untreated plywood ranged from 9 to 35%. The loading of over 5% of the 
B-mixture shows no afterfiame and the weight loss shows under 7%. The loading 
of under 5% of the B-mixture shows the half ignition and half inignition. The 
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Fig. 4. Weight loss of fire-retardants-treated lauan plywood under 
50-second heating. 
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ignited plywood shows 70- to gO-second afterflame, and the weight loss is about 
20%. The loading of under 2% of DAP shows over 30 second afterflame of 2 to 
3 specimens. In comparison with the loadings of under 5%, DAP shows stronger 
suppression than the B-mixture. But, there is not remarkable difference between 
two fire retardants in case of the loading of over 5%. (Fig. 5). 

Fourthly, the results in case of 70-second heating are described. The weight 
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loss of untreated plywood ranged from 20 to 30%, and the afterflame continued 
over 100 seconds. This seems to be the most combustible condition. B-mixture 
suppresses the ignition by the loading of over 5%, like the 60-second heating. 
The loading of under 5 % afforded the 80-second afterflame for almost all plywoods. 
DAP suppresses the afterflame by loading of under 5%, however, the weight loss 
showed a slow increase with decrease of the loading. (Fig. 6). 

Fifthly, the results of 80-second heating are described. Untreated plywood 
showed the weight loss from 15 to 40%. Fire-retardanrst (both the B-mixture and 
DAP)-treated plywood showed several cracks at the heated place along the fiber 
direction. This is a pre-stage of penetration caused by combustion. . There were 
two specimens which had some longer afterflame, that were 80 and 66 seconds of 
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Fig. 7. Weight lo~s of fire-retardants-treated lauan plywood under 
SO-second heating, 

1.4% and 1.3% loadings of the B-mixture, respectively. (Fig. 7). 
Consequently, there was only some difference b~tweenthe B-mixture an<l'DAP 

in case of 70-second heating, however, there was no remarkable difference between 
two fire retardants, especially when the lo~ding was over 5%. .. 

3.3 Variation of gases evolved 

The results of this experiment is based on non-oxygen circumstances. But, it 
is important to examine the properties of fire retardants under thiscoildition; Of 
course, in practical fire condition, such oxygen-deficient circumstances will appear. 

Total amount of gas evolved from 1 mg of wood did not vary regardless of 
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various loadings of fire retardants. Evolution ratio of carbon monoxide decreases 
with increase of fire retardant. Comparing the B-mixture, DAP shows the higher 
inclination of regression line. (Fig. 8). 

Evolution ratio of water showed the highest correlation in 6 components that 
were detected. The B-mixture and DAP increased water, especially the latter 
showed higher inclination. (Fig. 9). 

Evolution of carbon dioxide, which is uncombustible, decreases with increase 
of fire retardants. The B-mixture reacts with plywood to evolve more carbon 
dioxide by 5% than DAP does. (Fig. 10)_ 

And also, evolution of methane, which is combustible, decreases with increase 
of fire retardants. The B-mixture reacts with plywood to evolve more methane 
than DAP does. (Fig. 11). 

Consequently, combustible carbon monoxide and methane decrease and uncom· 
bustible water increases, especially the water causes depression of circumstance 
temperature. 
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4. Conclusion 

50 

Fairly good results on the fire retardancy of plywood were observed by the 
vacuum impregnation of the mixture of boric acid and sodium borate, the loading 
of which is 5 percent or more. The following problems are the stabilization of 
flame used for combustion, the effects of thickness of plywood and the smoking 
of specimen during heating. 

Summary 

Wood is a very fine and beautiful interior material, however it has one weak 
point, that is the flammability. Fire retardation in our environment is becoming 
an important problem. The various fire retardants were surveyed. Boron com
pounds look fairly favorable chemicals. Basic experiments on paper as cellulose 
were already reported 10) • This study is summarized as follows: 

1. The raw material was extended to woody material. As the practical speci-
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men, a commercial lauan plywood was adopted, because of the relatively homoge
neous property and the easy processing to desirable size. 

2. As a most convenient combustion test, an apparatus which is used in 1IS 
A 1322 was adopted. But the specimen size in the standard is too big to treat 
with fire retardants in our laboratory. So, the size was decreased from 20 X 30 cm 
to 15 cm square. And the judgement of effect of the fire retardant was changed 
from a length of carbonized area to the weight loss, because value of the former 
IS not so clear. 

3. Method of loading of fire retardants was studied. Several methods such 
as soaking, painting, pressure impregnation and vacuum one were tried. As the 
results, the last vacuum method showed the excellent data, especially the dupli· 
cate one resulted in 9% loading of the Boron-mixture. 

4. Method of combustion test was studied. Combustion time was varied. 
Heating within 30 seconds did not ignite the plywood, and that of 90 seconds 
penetrated the plywood by combustion. Therefore, 40- to 80-second heatings are 
suitable ways for the purpose, and at last 70-second heating shows understandable 
performance of combustion, because it causes the maximum combustion of this 
plywood. 

5. Loading of 5 % or more of the B-mixture gave a fairly good result, which 
meant the suppression of the weight loss to 8 % or less. 

6. Judging from the results according lIS A 1322··· Testing Method for In
combustibility of Thin Materials for Buildings, the specimens loading 5% or more 
of the B-mixture improved fairly the weight loss in the combustion test. 

7. The effects of the B-mixture as a fire retardant on the pyrolysis-gas of 
treated plywood were studied. Total volume was not varied, but the toxic and 
combustible carbon monoxide decreased fairly with increase of the B-mixture. 
Combustible methane also decreased and incombustible water fairly increased with 
increase of the B-mixture. The water vapor will work as a depressor of tempera
ture of the circumstances. 

8. Next objects are the stabilization of flame caused by the use of town 
gas, the effects of thickness of plywood and the smoking of specimen during heating. 
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