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The aim of this paper is to determine the fire performance of wood panels (Araucaria angustifolia) impregnated with soluble alka-
line silicates. Commercial silicates based on sodium and potassium with 2.5/1.0 and 3.0/1.0 silica/alkali molar ratios were selected;
solutions and glasses were previously characterized. Experimental panels were tested in a limiting oxygen chamber and in a two-
foot tunnel. Results displayed a high fire-retardant efficiency using some soluble silicates.
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1. INTRODUCTION

Woods and their subproducts are materials of wide use in
the construction in spite of being highly combustible [1–3].
Propagation rate is higher at the beginning of the conflagra-
tion due to nonexistence of restrictive barriers; when char-
ring takes place [4–7], the mentioned rate decreases since the
protective effect of the carbonaceous layer reduces the trans-
mission of heat and also avoids the oxygen access at the in-
terface combustible substrate/air.

The aim of this research is to determine the relative be-
havior to fire of Araucaria angustifolia impregnated with sol-
uble alkaline silicates (water glasses) in relation to natural
panels (without any treatment).

2. SOLUBLE SILICATES CHARACTERIZATION

Soluble silicates dissolve in water forming viscous solutions
with a high-stability degree. They have variable composition;
therefore, it is convenient to define them by silica/alkaline ox-
ide in weight or mole ratio [8, 9]. Water glasses selected were
based on sodium and potassium ions with 2.5/1.0 and 3.0/1.0
silica/alkali mole ratios. Visual observations of the solutions
extended on glass allowed to infer that with more silica, con-
tent showed films with a higher drying and curing rates; be-
sides, those of smaller level of silica, once dried and cured in
laboratory conditions, displayed a higher dissolution rate.

Expansion values indicate, in the first intervals of tem-
perature, an almost lineal increase; whereas a faster rise was
noted at higher temperatures. The volumetric coefficients, in
total correspondence with those of lineal dilation, showed a
reduced expansion inclusive at temperatures between 25 and
800 ◦C (approx. those registered in a fire): the values ranged
from 3.6 to 3.8%. This would favor the stability and resis-
tance of the treated wood during a conflagration.

3. IMPREGNATION PROCESS

Panels were prepared from Araucaria angustifolia, a porous
wood of low density (0.497 g·cm−3) and also easily pene-
trable. With the purpose of achieving a good impregnation,
panels remained in laboratory until reaching humidity levels
between 15 and 18%. Surface tension was adjusted in all the
solutions with sodium dodecyl sulphate to 38 dyne·cm−1.

Operative conditions in the vertical pressure vessel were
20 ◦C during the whole of the process and 400 mm Hg for
30 minutes to evacuate the air and the water vapor in the
panel’s cells. In the first series, the impregnant solution was
added without decreasing the vacuum level until reaching
the 1/3 wood/solution ratio in volume. Later on, the pres-
sure was gradually increased until 6.5 Kg·cm−2; this stage ex-
tended during 120 minutes. The selected wood/solution ra-
tio assured in all the cases that panels were fully submerged.
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Finally, panels were extracted after lowering the pressure,
rinsed, and air-dried in laboratory (20–22 ◦C; 50–55% rel-
ative humidity) until constant weight.

In a second series, panels after having executed the men-
tioned stages were placed in a forced draft oven for 24 hours
at 90 ◦C to facilitate silicates polymerization.

In the third series, after finishing the procedure in vessel
indicated for the first ones, panels were impregnated with a
10% alcoholic solution of dibutyl amine phosphate; this salt
hydrolyzes slowly to liberate phosphoric acid in contact with
an alkaline solution. Panels that took off from vessel were ex-
posed in laboratory until reaching constant weight.

In the fourth series, panels were treated in a similar way
to the aforementioned but including a final heating for 24
hours at 90 ◦C similar to that carried out in the second series.

Group A corresponds to the air-dried panels whereas
Group B also includes the air-dried panels but with a later
aging in a humidity and temperature controlled chamber
(HTCC) at 100% and 35 ◦C for 500 hours, in both cases be-
fore beginning the tests.

4. FIRE TESTS

One of the tests carried out on panels was the two-foot tun-
nel [10, 11], according to ASTM (Pa, USA). Flame spread
index (FSI) was computed using the equation FSI = (Ls −
Lo)/(Lb− Lo), where Ls, Lo, and Lb are, respectively, the av-
erage of the three flame-advance readings on experimental
panel, on asbestos-cement board (zero flame-spread), and on
natural wood panel. Panel consumption (PC), after-flaming
time (AFT), and after-glow time (AGT) were also determined.
Another test was the limiting oxygen index (LOI), according
to ASTM [12], the flow rate was 4.0 cm·s−1. Both tests were
done in triplicate.

5. RESULTS AND CONCLUSIONS

5.1. Retentions and penetrations

The retentions were gravimetrically calculated. Wf is the fi-
nal weight of the panel impregnated, air-dried until constant
weight, and expressed by volume unit. On the other hand,
Wi is the initial weight of the panel without impregnating,
also dried to the air up to constant weight and expressed by
volume unit. The retention is the difference between Wf and
Wi. The retention varied narrowly from 128 to 136 Kg·m−3;
the average value was 131 Kg·m−3.

Concerning the penetrations, these were carried out
through microscopic observations on panel’s cuts; these at-
tained in the 90% of the cases, the whole of panel thick-
ness, while in the 10% remaining, these were slightly irreg-
ular; Figures 1 and 2 show that final average density was
0.557 g·cm−3.

5.2. Fire performance

Group A

Average results in two-foot tunnel are displayed in Table 1. FSI
indicates an improved performance of the all-treated pan-

els in relation with the natural ones as well as a marked dif-
ference among the performance of the designed treatments.
That is, panels of the first series A.2/A.5 showed a significant
decrease of the FSI with regard to A.1 (FSI = 1.00, which im-
plies a flame advance along the whole of the panel length).
Panels A.2/A.5 showed FSI values between 0.35 and 0.33, that
is, 196 and 185 mm, respectively, beyond the advance regis-
tered on the reference panel (the average value was 50 mm).
Regarding the efficiency of the impregnants of this series, no
sensitive difference of behavior among them was noted (sil-
ica/alkali ratio and alkaline-oxide type). Values of PC, AFT,
and AGT corroborated the conclusions reached when ana-
lyzing the FSI.

Samples of the second series with later heating slightly im-
proved the performance of those of first ones. Formulation
variables would not have exerted in this series a significant
influence on performance as well. The mentioned tendency
was also observed in the third and fourth series with regard to
the previous ones. In consequence, panels of the fourth se-
ries displayed the best efficiency (the smallest values of FSI
and PC, with null AFT and AGT). The A.17 showed an FSI =
0.20 (112 mm of net advance of flame), a PC of only 2.68%,
and null AFT and AGT. This efficiency of the treated Arau-
caria angustifolia is similar to those of dense woods: low FSI,
minimum PC, and null AFT and AGT.

Heating and/or application of the catalyst would have
favored by dehydration the formation of polymeric silicic
acids of high molecular weight silanol condensation with
silanol groups (≡SiOH) or alcohoxides (≡SiOR) and in con-
sequence glasses of elevated melting point and specific heat
capacity, with the aforementioned reduced thermal expan-
sion, would be the responsible for the improved performance
against the action of fire.

Panels in the LOI chamber also showed an increasing ef-
fectiveness, starting from those natural woods to the fourth
series, that is, no treated panels displayed an LOI of 16%.
(The last one allows to classify them as easily combustible
since the mentioned value is sensibly inferior to the percent-
age level of oxygen in the air.) The treated panels exhibited in
all cases values higher than 28% which are accepted as exper-
imental minimum limit for this test. The latest allows classi-
fying all treated samples as self-extinguishing [13]; the A.16
and A.17 exhibited the highest LOI values, 40% for the first
case and 42% for the second one.

Group B

Average results are also included in Table 1. The series
B.2/B.5, although exhibited in general a better effectiveness
than the panel B.1, showed in two-foot tunnel and LOI cham-
ber a performance sensibly decreased with regard to A.2/A.5:
higher values of FSI, PC, AFT, and AGT in the first test and
less oxygen requirement in the second one.

Silicates solubility (particularly those of lower silica/alkali
ratio) justifies the quoted behavior since panels were aged
previously in the HTCC [14, 15]. Partial lixiviation of the sol-
uble silicates was verified determining the retention and pen-
etration values; although the first ones diminished as maxi-
mum 10% in panels for LOI test and 6% for those used in
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Figure 1: Morphology by SEM of the Araucaria angustifolia: left, original panel; right, impregnated panel.

Table 1: Results. (A corresponds to the air-dried panels; B includes the air-dried panels; and a later aging in a humidity and temperature
controlled chamber.)

Sample
Two-foot tunnel

FSI PC, % AFT, seg AGT, seg LOI, %

A

1. No treatment; no silicates 1.00 7.18 2 1 16

2. No treatment; SiO2/Na2O : 2.5/1.0 0.35 3.31 1 0 34

3. No treatment; SiO2/Na2O : 3.0/1.0 0.33 3.37 1 0 34

4. No treatment; SiO2/K2O : 2.5/1.0 0.33 3.17 1 0 35

5. No treatment; SiO2/K2O : 3.0/1.0 0.34 3.13 1 0 35

6. 90◦C, 24 h; SiO2/Na2O : 2.5/1.0 0.31 3.17 1 0 33

7. 90◦C, 24 h; SiO2/Na2O : 3.0/1.0 0.29 3.28 1 0 34

8. 90◦C, 24 h; SiO2/K2O : 2.5/1.0 0.29 3.21 1 0 35

9. 90◦C, 24 h; SiO2/K2O : 3.0/1.0 0.28 3.13 1 0 36

10. Catalyst; SiO2/Na2O : 2.5/1.0 0.29 3.23 1 0 34

11. Catalyst; SiO2/Na2O : 3.0/1.0 0.28 3.22 1 0 34

12. Catalyst; SiO2/K2O : 2.5/1.0 0.28 3.11 1 0 37

13. Catalyst; SiO2/K2O : 3.0/1.0 0.26 2.93 1 0 38

14. Catalyst; 90◦C, 24 h; SiO2/Na2O : 2.5/1.0 0.24 2.98 0 0 38

15. Catalyst; 90◦C, 24 h; SiO2/Na2O : 3.0/1.0 0.24 2.90 0 0 39

16. Catalyst; 90◦C, 24 h; SiO2/K2O : 2.5/1.0 0.22 2.83 0 0 40

17. Catalyst; 90◦C, 24 h; SiO2/K2O : 3.0/1.0 0.20 2.68 0 0 42

B

1. No treatment; no silicates 1.00 7.22 2 1 17

2. No treatment; SiO2/Na2O : 2.5/1.0 0.66 5.01 2 1 22

3. No treatment; SiO2/Na2O : 3.0/1.0 0.61 4.82 2 1 24

4. No treatment; SiO2/K2O : 2.5/1.0 0.65 4.91 2 1 22

5. No treatment; SiO2/K2O : 3.0/1.0 0.56 4.61 2 1 25

6. 90◦C, 24 h; SiO2/Na2O : 2.5/1.0 0.52 4.17 2 1 25

7. 90◦C, 24 h; SiO2/Na2O : 3.0/1.0 0.48 4.28 2 1 26

8. 90◦C, 24 h; SiO2/K2O : 2.5/1.0 0.51 4.31 2 1 27

9. 90◦C, 24 h; SiO2/K2O : 3.0/1.0 0.46 4.21 2 1 27

10. Catalyst; SiO2/Na2O : 2.5/1.0 0.32 3.38 1 0 35

11. Catalyst; SiO2/Na2O : 3.0/1.0 0.31 3.32 1 0 35

12. Catalyst; SiO2/K2O : 2.5/1.0 0.30 3.07 1 0 37

13. Catalyst; SiO2/K2O : 3.0/1.0 0.28 2.97 0 0 39

14. Catalyst; 90◦C, 24 h; SiO2/Na2O : 2.5/1.0 0.26 3.01 0 0 39

15. Catalyst; 90◦C, 24 h; SiO2/Na2O : 3.0/1.0 0.26 2.94 0 0 40

16. Catalyst; 90◦C, 24 h; SiO2/K2O : 2.5/1.0 0.24 2.87 0 0 42

17. Catalyst; 90◦C, 24 h; SiO2/K2O : 3.0/1.0 0.22 2.74 0 0 43
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Figure 2: EDAX of an impregnated panel for testing in two-foot
tunnel: Si at 5 mm depth.

Sample B.1
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Figure 3: Wood panels tested in two-foot tunnel.

two-foot tunnel, the distribution in depth observed by mi-
croscopy indicated a very reduced presence on the surface
(up to 1 mm, according to the impregnant-material type)
and a growing profile toward the interior (starting from 2
or 3 mm, a similar homogeneous retention to the existent in
the core of the sample was detected).

On the other hand, B.6/B.9 panels showed an improve-
ment with regard to the previous series; however the treat-
ment at 90 ◦C for 24 hours was insufficient to drive the sil-
icates to insolubility or to reduced dissolution kinetics since
the effectiveness of the A.6/A.9 panels was markedly superior.

Regarding B.10/B.13, an improved behavior was ob-
served with regard to the previous one; however, these results
are very similar to those registered for the panels A.10/A.13,
as shown in Figure 3.

Results permit to conclude that catalyst drove to the for-
mation of insoluble polymeric silicates or else of reduced
distilled-water dissolution rate. As a consequence, impreg-
nant material kept fixed inside porous after exposition in
HTCC (the retention and penetration values corroborated
what was quoted before).

Concerning B.14/B.17, results confirmed the mentioned
conclusions; chemical reactions for forming the polymeric
silicic acid drove to the best behavior, as shown in Figure 3.

The improved performance of the whole impregnated
panels in relation with those without any treatment can be
explained considering that the first ones had a higher content
of noncombustible material in their composition (alkaline
silicates or polymeric silicic acids) than the second ones, that

is, the treated woods diminished the percentage level of or-
ganic material and either eliminated or sensitively decreased
the presence of oxygen inside the porous.

Finally, a significant advantage of the alkaline silicates for
the treatment of woods, beyond the aforementioned ones
such as the high-retardant efficiency and the minimum ther-
mal expansion: their reduced generation of smoke during
the conflagration without any toxicity for the human beings;
their low cost constitutes another excellent factor. Among the
most essential disadvantages, must be cited the high alkalin-
ity of the solutions that demands a special care for their ma-
nipulation.
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