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Wood-based composite materials represent a major fire safety risk. The application of water-based fire retardants (FR) can improve their fire performance. However, it is important to investigate the performance and stability of this protective system over time, as the ageing of materials and their exposure to climatic conditions can change their properties. The aim of this research work was to evaluate the effect of long-term aging on the combustibility of low-density insulation fibreboards (IFs) treated with a water-soluble flame retardant (FR) based on inorganic salts. Both natural and accelerated aging simulations were conducted. The accelerated aging simulation was performed using climate chambers. The FR efficiency was evaluated by the mass loss rate of the tested specimen. As expected, the FR formulation used significantly enhanced the fire properties of the boards, reaching maximum efficiency 6 months after its application onto the fibreboards. Markedly, after 4 years the efficiency of the investigated FR additive was considerably decreased with weight loss values comparable with the values of the untreated samples. Markedly, besides the apparent protection of wood fibers, the retardant did not prevent the gradual increase in mass loss rate of samples, it just slowed down the process. The main result of the study is to determine the effectiveness of the investigated FR on IFs during their natural ageing. The development of accurate datasets on the thermal behaviour of IFs is critical for their proper utilisation in building and construction applications.
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INTRODUCTION
The use of wood and wood-based composites in a wide range of applications, including building and construction, is limited by numerous fire safety requirements, imposed throughout Europe, related to its flammability and spread of fire characteristics (Ayrilmiş, 2007; Sydor and Wieloch, 2009; Bekhta et al., 2016; Bryn et al., 2016; Cai et al., 2016; Antov et al., 2019; Savov and Antov, 2020). Accidental fires of wood-based composites represent a major safety risk, making it essential to have a proper understanding of their fire behaviour.
In Europe, construction products and building elements are classified regarding their fire resistance into the following seven classes: A1, A2, B, C, D, E and F (EN 13501-1, 2019). In recent years, the insulation wooden fiberboards (IFs) are one of the most commonly used natural thermal insulation materials in civil engineering. Most often IF are used for insulation of new buildings, wooden buildings, low-energy houses and also for additional insulation of older buildings. Regarding to the intended applications of IFs, always their fire resistance, heat insulation, and toxic emissions need to be considered (Segovia et al., 2020). IFs have fairly low emissions (of the formaldehyde and the total volatile organic com-pounds) with good insulation characteristics, but their fire resistance must be enhanced to fulfil standard requirements when used in the building sector. The IFs are usually classified in classes E or F, i.e., easily flammable materials, mainly due to their low density (≈200 kg m−3) and content of highly flammable plant fibres (Reinprecht, 2016).
Fire behaviour of wood-based composites has been a major concern of both academia and industry, and many studies have been focused on evaluation and investigation of the development and application of different means to enhance their fire resistance. A number of studies have investigated the fire resistance properties of IFs. For example, a study (Tang et al., 2017) investigates the fire behaviour of standard fibreboard and high-density fibreboard using DTG and TGA methods. The results indicate that ultra-high-density fibreboards have better fire performance. The fire and smouldering behaviour of fibreboards investigated by (Madyaratri et al., 2022). (Kadlicova et al., 2017) monitored weight loss in the heat sources by delaying the time depending on the heat sources and the type of fibreboard. Martinka et al., 2021 describe the insulation behaviour of wood-based materials during thermal loading by thermogravimetric analysis and by calculating the activation energy.
Two different approaches have been proposed to increase the fire resistance of IFs: I.) use of appropriate binders (Bryn et al., 2016), and II.) addition of fire retarding chemicals during the production process (Östman, 1984; Ayrilmiş, 2007; Chen et al., 2016; Wu et al., 2017). These specific fire retarding compounds, applied either in liquid or dry state, and commonly known as flame retardants (FRs), are used to treat solid wood, fibers or particles to reduce their flammability (Bekhta et al., 2016; Bryn et al., 2016; Igaz et al., 2017; Mantanis et al., 2018; Martinka et al., 2018; Němec et al., 2019). FRs enhance the formation of increased char layer on the surface of wood-based panels and reduce the amount of combustible volatile vapours (Rowel, 2012). In general, fire resistant wood-based composites are manufactured by treatments with nitrogen-, boron-, phosphorus-, zinc-, and aluminium-containing chemicals (Jieyu et al., 1994; Pizzi and Mittal, 2003; Mazela and Broda, 2015; Lin C.-F. et al., 2020; Mantanis et al., 2020). In the production of fibreboards, FRs are added to the fibres in the blowline as aqueous solutions or suspensions, having 50–60% active solids content (Mantanis, 2002; Yotov et al., 2015; Wang et al., 2016; Mantanis et al., 2018).
In the preliminary study, the post treatment of IFs with a commercial water-based FR showed the ability to improve their reaction-to-fire performance from the E to B according to the Euroclass system (EN 13501-1, 2019). Post treatment of IFs with a FR formulation either through immersion or spray applications provides an envelope protection. In this system, the products remain at the surface where they are most needed to form a protective barrier against fire. No previous studies have examined the performance and stability of this protection system over time.
Therefore, the aim of this research work was to evaluate the effect of long-term aging on the fire performance of low-density IFs treated with a water-soluble FR composed of 20% ammonium hydrogenphosphate and 10% ammonium sulfate.
MATERIALS AND METHODS
Specimens were divided into five groups, which were tested over a 6-months time span. A control group of untreated specimens was also tested to provide baseline data.
60-mm thick insulation wooden fibreboard (IF) (Steico protect, 2020) made out of three layers were chosen for this study (Figure 1A). The dimensions of each specimen were 90 × 80 × 60 mm (Length × Width × Thickness) and the average volumetric mass density was 170 kg m−3.
[image: Figure 1]FIGURE 1 | Insulation wooden fibreboard (IF). (A) The IFs specimens used for conducting the experiments; (B) Impregnation of samples in FR solution.
Specimens were divided into six groups, A/B/C/D/E/V where groups A-E corresponded to the aging of each group, with A being tested soon after application of the flame retardant and E being tested after 2 years of natural aging (Table 1). Along with these, a group of untreated specimens designated as V, was tested to provide baseline data for further comparison. Each group contained 10 specimens to ensure higher accuracy of results.
TABLE 1 | Aging of samples (A–E).
[image: Table 1]A two-year-long simulation of natural aging was conducted to procure indications and estimate predictions of the changes in fire resistance of coated low-density fiberboards. The simulation was carried out in conditions of real exterior construction.
A water-based FR, i.e., a solution of inorganic salts in water (with a composition of 20% ammonium hydrogenphosphate and 10% ammonium sulfate), was used for treating the IFs. It is described as a transparent liquid with a light urea odor, completely miscible with water, with a density up to 1,180–1,200 kg m−3. Just like fibreboards, FR is fully degradable in nature, neither causing toxic contamination of the soil nor any undesirable ecological consequences in general. The FR can be combined with fungicide and insecticide agents when applied onto wooden materials (Lowden and Hull, 2013; Lee et al., 2019; Lin C.-f. et al., 2020).
Each specimen was soaked to a depth of 1 cm into 250 ml of the FR. The impregnation process took 15 min and is displayed in Figure 1B. The specimens that did not undergo the aging simulation were not tested immediately after the FR application, but 14 days after application.
Reaction to fire was measured using mass loss of the specimens during the test. The surface of specimens was exposed to a propane-butane torch with a 25 mm flame at a 90° angle (Figure 2A). Mass loss was automatically monitored in 15 s intervals for 10 min using BalanceLink software (Mettler Toledo, Barcelona, Spain). Specimens were exposed to the flame only for the first 2 min of the experiment. Continuity of combustion was observed for the remaining 8 min.
[image: Figure 2]FIGURE 2 | (A) Fiberboard specimen exposed to propane-butane torch; (B) Natural aging simulation site.
The simulation of natural aging was carried out in a rural area in northwest Slovakia (Púchov district) in a north-facing, roof-protected site which is part of a multigenerational house. This site provided protection from direct sunlight, rain, snow and strong wind. The main parameters affecting specimens’ aging were air t emperature and humidity (Figure 2B). Specimens were placed with gaps between them in order to ensure even distribution of airflow for each sample. The natural aging simulation lasted 2 years until the last group of specimens (E) was tested.
RESULTS
The results of the experiments were subjected to a statistical analysis, which consisted of three parts: (1) comparison of the differences between samples (analysis of difference) and prediction of the aging material’s ability to resist the effects of combustion (mass loss rate change in the future); (2) correlation analysis of selected parameters among samples (analysis of dependence); (3) prediction of the burning rate development in samples over 2 years of age.
Analysis of Difference
Firstly, we investigated whether there were significant differences between the samples with respect to each selected variable individually (mass loss over time and mass loss rate over time). This analysis was made based on the assumption that if, after a certain period of time, mass loss and mass loss rate of the material does not change substantially for the samples, it can be assumed that this will not change substantially even later on. The confirmation of this assumption will help us to predict the development of the flame-resistance capability of the material and to establish an appropriate regression function for the prediction of the burning development.
For this reason, we have made a step-by-step comparison of the individual samples. The comparison was carried out primarily using statistical testing (paired t-test) and supplemented by graphical outputs to compare the difference in mass loss and the mass loss rate the samples (Figure 3A, Figure 3B). A paired t-test is generally used to compare two groups where each entity is measured twice, including repeated-measures designs (in our case, the same sample of different ages), resulting in pairs of observation. Paired t-tests were performed separately for the parameter “mass loss” and separately for “mass loss rate” for all sample combinations (time-linked: A-B, B-C, C-D, D-E, E-V, A-V).
[image: Figure 3]FIGURE 3 | (A) Comparison of mass loss rates between the individual samples; (B) Change in mass loss rate of samples of different ages.
As part of the statistical testing, we tested an alternative hypothesis (H1): there is a significant difference between the samples (during aging) against the zero hypothesis (H0): there is no statistically significant difference between the samples.
The t-test results showed that there were statistically significant differences between almost all samples (at significance level p < 0.01) in terms of mass loss as well as mass loss rate. Sample A differed significantly from sample B in terms of mass loss: p = 7.30E-28; sample B differed significantly from sample C: p = 5.61E-23; sample C differed significantly from sample D: p = 9.71E-13; sample E differed significantly from sample V: p = 5.83E-13; sample A differed significantly from sample V: p = 1.03E-15. However, statistically significant differences between D and E samples were not confirmed (p = 0.85) indicating their statistical similarity (Table 2).
TABLE 2 | Paired two sample t-test (example for samples D and E).
[image: Table 2]A graphical representation of the comparison of samples in terms of total mass loss and relative change in mass loss is shown in Figure 4A and Figure 4B, respectively. To note, after almost 24 months (2 years, or between samples D and E), there was already a slight change in mass loss, indicating that D and E samples have similar characteristics in this respect. Minor deviations can be seen in the initialization phase—up to 180 s, then development stabilizes. Major differences in this phase are obvious in other comparisons.
[image: Figure 4]FIGURE 4 | (A) Comparison of mass loss between individual samples; (B) Percentage change in mass loss in samples.
This is proven by the other charts comparing the change in mass loss rate during aging (Figure 3A and Figure 3B). As in previous charts, it is clear that after 24 months, the changes between samples were minimal because the percentage changes oscillate around zero.
Overall, Figure 5A summarizes the difference in samples. It clearly shows that sample B (6 months after impregnation) had the best fire properties. In the course of the following year, these properties deteriorated (up to 18 months) and then began to stabilize. The 1.5 and 2-year-old samples had very similar characteristics to the sample which was impregnated and immediately subjected to the experiment (sample A—0 months). It is therefore clear that after 6 months, the impregnating properties deteriorate and mass loss during burning increases for samples subjected to the experiment.
[image: Figure 5]FIGURE 5 | (A) Mass loss over field exposure (all samples); (B) Prediction of the development of mass loss in samples over 2 years of age.
After 6 months, the development of burning can be predicted for the samples older than the observation period, but the prediction is a bit distorted (Figure 5B). If sample A is included in the prediction model, then the time period mentioned above, showing positive features of the FR (between samples A and B), would fundamentally affect the entire forecast. For a more accurate forecast, it is appropriate to follow a longer period of time, which was not possible in this case as the experiment was part of a doctoral project. The forecast was carried out using a logarithmic function, which, with its increasing course and the coefficient of reliability, corresponds most logically to the possible development of older samples.
After 4 years, with the reliability of the forecast (R2 = 0.95), it can be claimed that the effects of the retarder will disappear (mass loss = 16.03%).
In addition, the actual duration of the loss of efficiency of the FR may be significantly longer, as there is an increase in the amount of material burned by only 0.024% between the last E (11.497%) and D (11.473%) samples. If such a low pace of deterioration is maintained, the level of the V sample (16.387% of the mass loss) would be reached by the fire-treated sample after approximately 104 years (calculated as linear development of the amount of material burnt from sample D (11.473%) to sample V (16.387%)).
Analysis of Dependence
For an assessment of the relationship between the time (independent variable) and a) mass loss and b) mass loss rate (dependent variables) the results of experiments were subjected to the dependence analysis (Table 3). Pearson’s correlation coefficients were used to explore the relationships between (1) the dependent variables “mass loss” and independent variable “time” and (2) the dependent variable “mass loss rate” and independent variable “time”.
TABLE 3 | Correlations between time and a) mass loss and b) mass loss rate.
[image: Table 3]It is clear that there is a linear dependence between time and mass loss (high correlation coefficient). Dependence rate between time and mass lose rate is lower what means that there are also other features that affect it.
Prediction of the Burning Rate Development in Samples Over 2 years of Age
We developed the model using the method of the smallest squares using linear regression. The model was divided into two phases, the initiation phase and the spontaneous burning phase. An analysis of the entire burning process found that there were significant differences between these phases, which is clearly demonstrated in Figure 6. In view of the burning forecast, the spontaneous burning phase is more important for the purposes of this article, as the initiation phase was limited to 2 minutes during which the samples were exposed to direct flame.
[image: Figure 6]FIGURE 6 | Predicted development of the mass loss rate of the 2.5-year-old sample.
The differences were caused by a fundamental change in the course of the experiment, when the sample was put aside from the flame source and thus entered the spontaneous burning phase. In view of these differences, the process of burning was divided into two main parts which were evaluated separately. The division of the experiment into these two phases results in more precise and reliable predictions that would influence each other without making them separate. The burner was put away after 120 s of the experiment, but the boundary for the separation phase had been set at 150 s. During the intervening 30 s, spontaneous burning should stabilize as the effect of the flame on the burning rate of the sample continued for a short period even after it was shut down.
Initiation phase: The burning speed immediately rises after exposure to a flame and is highest in the first tens of seconds. With certain variations, it decreases linearly (R2 = 0.86, p < 0.01) almost until the end of the third minute (Figure 6).
Spontaneous burning phase: the correlation between the burning rate and the time of burning is shown in Figure 7. The parameters of models were calculated using Excel software, after the data from the experiments were inserted.
[image: Figure 7]FIGURE 7 | Model for mass loss rate development.
The resulting model equation is stated in the formula 1.
[image: image]
Mass loss rate = 0.0003; Burning Time + 0,0113.
The linear dependence between these variables (r = 0.95; p < 0.01) allows the development of a dependent variable to be anticipated with sufficient reliability (R2 = 0.91, p < 0.01). A reliability R2 = 0.91 means that 90.95% of the variability of the explained variable is explained by the variability of the explanatory variable. The remaining 9.05% variability is influenced by the variability of other factors not considered in the model (in (1) this is represented by “u”). Thus, the mass loss rate will increase linearly. Figure 8 also includes a development forecast for another 2 min of burning at a confidence level of 95%, which are seen as the lower and upper confidence limits.
[image: Figure 8]FIGURE 8 | Predicted development of the mass loss rate of samples over 2 years old.
The model can be used for prognostic purposes when the test conditions are met and we have therefore started testing the model. The model as a whole (Fisher F test), model parameter (t-test), autocorrelation and heteroscedasticity were tested. Results of the tests are shown in the Table 4 below.
TABLE 4 | Results of the model testing.
[image: Table 4]The results indicate that the model passed all tests successfully and is applicable for prognostic purposes at a significance level of α = 0.05. Testing the coefficient of determination by Fisher’s distribution showed that the value of the model is very high. Parameter b1 has an error rate of only p = 1.43E-12, which does not affect the model at the selected significance level. The Durban-Watt test shows that the autocorrelation of residues does not occur in the model. Based on the heteroscedasticity test (Goldfeld-Quandt test), we can declare that heteroscedasticity is present in the model, i.e. there is a constant dispersion of residues around the regression line.
DISCUSSION
One of the main drawbacks for the use of wood-based composites in the construction industry and other structural applications is their inherent flammability and combustibility. Fibrous lignocellulose-based materials, classified as environmentally friendly and economically advantageous, are preferred. The fact that they belong to fire class E puts them at a disadvantage and it is debatable to what extent they guarantee meeting high fire protection requirements. It is logical that the issue of fire safety of these materials is given great attention. In the construction industry, this applies to the assessment of both European (White, 2009; Makovická Osvaldová and Osvald, 2013; Makovicka Osvaldova et al., 2020) and tropical wood species and their modifications (Winandy, 2001). The processing of wood into large-scale materials also requires attention. Many large-scale materials, even the wood-based ones, have their own burning specificities depending on their modified density and volume-to-surface ratio (Osvald et al., 2016).
A wide variety of FR compounds are commonly used, enabling wood-based composites with poor fire characteristics to fulfill the required fire performance criteria, widening their range of potential applications. Each large-scale material structure allows for a different application of retardant (Lee et al., 2019), adhesive mixture (plywood), or veneer impregnation. In the case of the chipboard and oriented strand board, the application of a solid FR to the mixture before pressing is also possible. In this case, fibreboards are quite limited to surface treatment by painting, spraying, or dipping. Based on these limited options for our fibreboard modification, the focus is on the modifications described in the methodology of the article.
The results of the present study showed that the peak efficiency of the FR occurred 6 months after its application (group B) and not immediately after its application (group A), which makes it somewhat more difficult to forecast other development due to aging. Because the experimental intervals are set at every 6 months, a more detailed experiment with smaller intervals should be carried out to more precisely determine the peak of efficacy. However, the peak is not as significant as the actual development of efficiency due to aging, as these results indicate. A downward trend in the efficiency of the FR with a gradual aging of the samples can be observed, except for groups A and B, where significant improvements can be seen.
Continuous smoldering with an increasing burning rate is a phenomenon that is caused by low density and high airiness of samples that practically completely burn away, which is not the case, for example, with wooden plywood which (under the same conditions) slows the burning rate until self-extinguishing occurs. This is a fundamental difference in the burning process between fiberboards and other wood-based materials.
The explanatory variable mentioned in Eq. 1 is not the only one that affects the mass loss rate, but it was the main indicator observed from the point of view of experiments. Other factors on which the “y” depends include, for example, surface defects such as chipped material particles or fraying of otherwise pressed fibers of the test surface. In the case of fiberboards, the occurrence of bigger wood fibers that were not finely crushed during the manufacturing process also influences the mass loss rate. These are factors that affect the mass loss rate, but they are difficult to integrate into the formation of prediction models.
In conclusion, just a few words on the test methodology. Each test method simulates more or less real fire conditions. It is also important which type of material is burning. If we were to evaluate everything using just one method, we might not evaluate every material properly. Therefore, we modified our test method so that its evaluation takes into consideration the fire performance in fiberboard materials (Osvald et al., 2016).
CONCLUSION
The first and fundamental conclusion of this research is that the FR used in the experiment had a significant impact on the resistance of fibreboards to heat, as demonstrated by the reduction in mass loss on the samples where it had been applied.
The primary objective of the experiments was to assess the ability of fibreboard samples to maintain improved fire resistance through the use of a flame retardant over time. However, as the data showed, evaluating this property is more problematic than expected. The predictions of future development are complicated by the sudden improvement in the resistance of the fiberboard after 6 months of simulation, as demonstrated by a significant reduction in mass loss. If we take the model into consideration (Figure 8), we can conclude that within 4 years the retardant will lose its efficiency, and the mass losses become similar to that of the samples without flame retardant, which would mean there would be no point in using it in real conditions in buildings. However, if the sudden improvement in efficiency mentioned above is only a local extreme and the efficiency then stabilizes after a year and a half, the flame retardant can perform its function for an incomparably long period of time. The authors tend to be inclined to the latter of these options, because of the significant stabilization of efficacy in the D and E sample groups, where there are negligible differences in results that still give very similar values compared to the A sample group. However, in order to confirm these assumptions, it would be necessary to procure data from a longer period of natural simulation, which was not possible for the reason mentioned above. It would also be unreliable to build a model based on data from the D and E sample groups.
As the experimental results demonstrated, the investigated FR reached its peak of efficiency 6 months after its application onto the fibreboards. However, we should take into account that six-month intervals are a relatively long period of time; measurements should be made in shorter time intervals to determine the peak efficiency more accurately. Markedly, besides the apparent protection of wood fibers, the retardant did not prevent the gradual increase in mass loss rate of samples, it just slowed down the process. Conclusively, the results obtained contribute to better understanding and predicting the fire behaviour of wood-based composites (fibreboards) used as insulation materials in building applications.
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