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DAP had any significant resistance against leaching but
ABES testing showed a notable increase in the glue bond
strength of DAP modified veneers.

Abstract: In built environments the combustibility of wood
is a great concern, which limits the use of wood as a building material due to legislation. The reaction-to-fire properties of wood can be altered with the use of fire-retardant
chemicals, and most of the commonly used fire retardants
already have a long history of use. However, only limited
information is available on the impact of different fire
retardants on the adhesion properties of wood. Additionally, comparative studies between chemicals from different groups of fire retardants is scarce. The objective of this
study was to investigate and compare the effects of two
commonly used fire retardants, sodium silicate (SS) and
diammonium phosphate (DAP), on veneer properties, the
focus being especially on thermal behavior and adhesion.
Thermal properties and combustibility were studied using
thermogravimetric analysis (TGA), flame test and calorimetry. Glue bond strength was analyzed with an automated
bonding evaluation system (ABES) and the leaching of
chemicals was determined according to EN84. Additionally, the surface characteristics of modified veneers were
imaged with scanning electron microscopy (SEM). Results
revealed notable differences in the thermal properties of
SS and DAP, with DAP having better fire-retardant performance in all thermal testing. SS also affected thermal
properties and combustibility of modified veneers, but the
effect was only moderate compared to DAP. Neither SS or
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Introduction
Combustibility, which is often considered the greatest disadvantage of wood products in built environments, can
be reduced effectively with the utilization of fire-retardant
chemicals. The progress in the development of new fire
retardants is relatively slow, especially in the field of wood
technology, and the majority of the common fire retardants already have a long history of use (Kozlowski and
Wladyka-Przybylak 2000; Rowell and Dietenberger 2012).
Most of the recent studies on the subject have focused on
the development of solutions with a lower environmental
impact and more leaching resistant systems. Achieving a
good fire performance is relatively easy, but leaching and
migration within the material in moist conditions and
humid environments is the main issue with many of the
current fire retardants. This naturally limits their use in
exterior applications (Rowell and Susott 1982; Östman
et al. 2001; Obanda et al. 2008). However, the effects of fire
retardants on other wood properties, especially adhesion,
have received less attention.
In general, fire retardants do not improve the fire
endurance of wood, but rather inhibit the flame spread
and decelerate the ignition and heat release characteristics, which are the most important aspects considering
real fire scenarios in built environments (Sweet 1993).
Commercial fire-retardant formulations usually employ
a wide mixture of different components to produce the
best results. Ideally, the selected components should
target different parts in the combustion process. Some fire
retardants are more effective in delaying ignition, while
others better inhibit smoke production or subdue glowing
combustion (Kozlowski and Wladyka-Przybylak 2000;
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Winandy 2013). It is also important to acknowledge that
commercial formulations also contain, for example, buffering agents; meanwhile laboratory research has traditionally focused on model compounds used as components of
commercial mixtures. Buffers are used to eliminate the
negative effect of low pH, which in combination with elongated exposure to elevated temperatures has been shown
to decrease the mechanical properties of wood due to the
degradation of hemicelluloses (Lebow and Winandy 1999;
Winandy 2013).
The most common fire retardants used for wood and
other lignocellulosic materials are inorganic compounds
that can be further divided into the main groups of ammonium and alkali metal salts, borates and silicates, which
all have been in commercial use already for decades
(Kozlowski and Wladyka-Przybylak, 2000; Rowell and
Dietenberger, 2012; Sharma et al. 2015). The differences
between these subgroups and their mechanisms of action
in reducing the combustibility are well known. However,
only a few comparative studies of fire retardants from the
different main groups are available. There is also great
variation regarding the treatment dosages or concentrations used, as well as in the application methods themselves. Therefore, in this work a typical example of an
ammonium salt and silicate were selected to be compared
in their fire performance and their effects on veneer adhesion, using equal concentrations and treatment processes.
Diammonium phosphate (DAP) is one of the most
used ammonium salt-based fire retardants. DAP decomposes to ammonia and phosphoric acid when exposed to
heat. Phosphoric acid releases water, which together with
ammonia dilutes the volatile pyrolysis gases. This type
of combination of phosphorous and nitrogen presents
effective synergism by enhancing the fire performance of
the two individual components, when combined (Tyner
1941; Kozlowski and Wladyka-Przybylak 2000; Lowden
and Hull 2013; Östman and Tsantaridis 2016b). The most
explored forms of silicon-based fire retardants are those
based on silicon dioxides, also known as silicates, which
are also widely employed as additives (e.g. glue extenders). They are typically introduced to wood in an alkali
form, the most common example being sodium silicate
(SS; Na2SiO3), also known as water glass. In fire retardant formulations, SS functions by forming a heat barrier
of accumulating inorganic silica residues on the wood
surface. This residue functions as an insulating, porous
barrier that prevents the release of the volatile pyrolysis
products and also reduces the amount of heat that is transferred back to the wood substrate (Mai and Militz 2004;
Lowden and Hull 2013; Lee and Thole 2018; Nguyen et al.
2019). Many fire retardants for lignocellulosic materials
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work in a similar way by promoting char formation at
lower temperatures, as char has a thermal conductivity
several times lower than wood (Kozlowski and WladykaPrzybylak 2000).
Impregnation is the most common method of incorporating fire retardant chemicals to veneers and veneer
products. However, changes in the direct wood surface
affect also the adhesion properties of the material. Adequate penetration of glue into the wood substrate is necessary in order for strong adhesion to take place (Jost and
Sernek 2009; White and Dietenberger 2010). It is well
acknowledged that modification with fire retardant chemicals may cause a disturbance with the adhesion of wood
surfaces and especially in coating systems, as the chemicals interfere with the direct glue contact. This is likely to
occur especially with silicate-based systems, as they tend
to form a protective film on the wood material (Lowden
and Hull 2013). Besides physically preventing the direct
contact between the glue and wood substrate, fire retardants can also cause chemical interferences in the glue
bond formation. Distinguishing these chemical effects of
fire retardants on adhesion is more challenging because
of the complexity of the polymerization reaction, as well
as the generally high variability in the glue compositions
(Black 1958). Fire retardants containing inorganic salts
are known to release acid compounds in elevated temperature and moisture conditions, which are present in the
hot-press curing. For example, the effectiveness of DAP as
a fire-retardant chemical is based on its ability to release
phosphoric acid and ammonia at elevated temperatures.
Phosphoric acid and ammonia prevent the curing of phenolic resins, which are generally alkaline substances.
Changes in the hygroscopicity of the wood material, which
is a common side effect of many fire-retardant chemicals,
also affects the glue bond formation, because water is a
common carrier agent for most adhesives (Sernek 2002;
White and Dietenberger 2010).
The aim of the present work was to compare two
common fire retardants of different chemical groups, SS
and DAP, in their thermal behavior and combustibility.
Their effects on other veneer properties were also evaluated: the extent of leaching was determined, as well as
their effect on veneer adhesion.

Materials and methods
Materials: The wood material used in all of the tests, except for mass
loss calorimetry, was 0.8 mm thick rotary cut silver birch (Betula pendula Roth) veneer, cut to dimensions of 116 × 112.5 mm2. Two different
chemicals were used for modifications: SS (Merck KGaA, Darmstadt,
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Germany, sodium silicate solution extra pure, CAS Number: 1344-098) and DAP (Merck KGaA, Darmstadt, Germany, ≥99%, CAS Number:
7783-28-0). From both, 30 w% and 15 w% aq. solutions were prepared
and used to impregnate the wood material used in the thermogravimetric analysis (TGA), flame test, leaching test and scanning electron microscopy (SEM) and automated bonding evaluation system
(ABES) analysis. Impregnation was carried out in a vacuum of 50 mbar
absolute pressure for 1 h in room temperature. The treated veneers
were then dried in 103°C for 24 h and conditioned in 25°C 30% relative humidity (RH) prior to testing. The weight percent gain (WPG) of
samples was calculated from the difference of oven dry sample mass
before and after the treatment, divided by the initial oven dry mass
of the unmodified sample. For mass loss calorimeter (MLC) testing,
separate laboratory plywood panels with dimensions of 10 × 10 × 1 cm3
were prepared from 1.5-mm thick veneers, which is the typical thickness of birch veneer in plywood production. The thicker veneers were
impregnated with 20% solutions of DAP and SS, with the impregnation carried out as previously described. Phenol-formaldehyde resin
(14J025, Prefere Resins Oy, Hamina, Finland) without hardeners was
used in the panel preparation, using glue spread of 160 g m−2. After prepressing at room temperature for 8 min and hot-pressing at 130°C for
7 min, the panels were cooled down and stored at 20°C and 65% RH.
Thermal properties: The thermal behavior of the impregnated
veneers and the pure chemical components themselves was characterized by TGA, using a Thermo Gravimetric Analyzer Q500 TGA (TA
Instruments, New Castle, DE, USA) instrument. Samples were ground
to a fine powder in a Wiley mill to pass through a 1-mm mesh and a
sample mass of 10–15 mg was used in the analysis. The measurements
were carried out under nitrogen gas a purge rate of 60 ml min−1 and a
heating rate of 10°C min−1, ranging from room temperature to 600°C.
The mass loss was recorded as a function of temperature and the
onset point, the temperature at the maximum rate of decomposition
and the final amount of residue were determined for each sample.
To assess combustibility characters such as flame spread and
duration of flaming and glowing combustion stages, fire resistance
was studied based on the procedure described by Pries and Mai
(2013). The samples were clamped into a holder and placed on top
of a balance, positioned at an angle of 45° to the vertical and ignited
from the tip of the sample. The flame height, strength and distance
from the sample during ignition were kept constant and mass loss
against time was recorded for three samples per each treatment
group. Durations of both flaming and glowing combustion were also
determined visually.
Mass loss calorimeter testing was performed according to ISO
5660-1. The samples were wrapped in aluminum foil from their sides
and bottom, leaving one face open. A heat flux of 50 kW m−2 was used
and the time to ignition (TTI), total heat release (THR) rate and mass
loss were recorded for five samples per treatment group. The measured mass loss was compared with a calculated theoretical value,
based on the known amount of fire retardant present in the wood by
WPG. This was done in order to eliminate the effect of uncombustible
plywood residues on the mass loss evaluation. The calculations were
carried out according to Eq. 1, where mplywood,0 is the plywood sample
mass before calorimetry, mplywood,a is the plywood sample mass after
calorimetry and mwood the mass of dry wood present in the plywood
panel without resin or fire retardants.
Corrected mass loss (%) =

mplywood,0 − mplywood,a
m wood

× 100(1)

Adhesion and leaching properties: Leaching of the chemicals was
assessed applying the method EN 84:1997. The leaching test was performed separately from the other tests and was not applied as a pretreatment prior to testing of fire or adhesive properties. Ten oven-dry
samples per each treatment group were vacuum impregnated with
deionized water at 40 mbar for 20 min. After releasing the vacuum, the
samples were left in the vessels for 2 h. The water was then replaced
with 400 ml of fresh deionized water and the sample immersion was
continued for 14 days at room temperature. During this time the water
was changed in total 9 times: at the end of the first and second day of
immersion and later at intervals of 1 to 3 days. Finally, the samples
were dried at 103°C for 24 h and the amount of leachant was determined from the difference between the oven-dry sample mass before
and after leaching, divided by the oven-dry mass of unmodified sample (Boonstra 1997; Baysal et al. 2006; Altun et al. 2010).
The surfaces of treated veneers were characterized using a SEM
(Zeiss, Sigma VP, Jena, Germany). Veneer samples were coated with a
10-nm carbon layer and images were taken using a detector for backscattered electrons (BSD) and a beam acceleration voltage of 5 kV.
Bonding of the veneers was evaluated with ABES (Adhesive
Evaluation Systems Incorporated, Corvallis, OR, USA), using a
phenol-formaldehyde resin (14J025, Prefere Resins Oy, Finland). A
total of 8.6 μl of the resin was dispensed on the sample, and using
another sample spread evenly to an area of 20 × 5 mm2, which corresponds to an adhesive load of 100 g m−2. As soon as the spreading
was finished, the glue line was pressed at 130°C and 2 MPa. Four different press times were used: 60, 100, 140 and 180 s. Shear strength
in the grain direction was measured by the device immediately after
pressing. A total of 11 specimen per treatment group was used in the
analysis.

Results and discussion
Thermogravimetry
TGA revealed that both SS and DAP altered the veneer
pyrolysis behavior. The TGA results of the reference
veneer material and modified samples are presented in
Figure 1 and summarized in Table 1. The effectiveness of
a fire retardant can be evaluated from TGA data through
a decrease in the pyrolysis onset point, Tonset, and the temperature of the maximum rate of decomposition, Tmax.
Additionally, an increase in the amount of produced charcoal is known as an indirect indicator of reduction in the
amount of combustible gases produced in the process,
which can be evaluated from the amount of residual mass
(RM) after pyrolysis (Rowell and Dietenberger 2012). TGA
revealed that the presence of SS had very little effect on the
Tonset, which remained on the level of the reference with the
30% impregnated samples. For the 15% SS impregnated
samples, Tonset rose by only 5°C. However, regardless of the
treatment concentration, SS effectively lowered Tmax compared to the reference and, therefore, shifted the pyrolysis
pathway at least partially to lower temperatures by nearly
Brought to you by | NIBIO - Norsk institutt for bioøkonomi
Authenticated
Download Date | 3/19/20 10:41 AM

S. Hautamäki et al.: The effect of diammonium phosphate and sodium silicate

Figure 1: TGA curves of reference and 15% and 30% modified SS
and DAP veneers.

60°C. An increase in the amount of RM was also observed
for SS modified veneers, 27.3% for 15% SS and 33.5% for
30% SS, which is higher than that of the reference (13.1%).
Additionally, the RM of modified samples was compared
with the calculated theoretical RM based on the results
from pure chemicals and reference. This was done in order
to evaluate the impact of fire-retardant chemicals on the
actual char yield after pyrolysis. For SS modified samples,
a notable increase in the RM was indeed observed. The
calculated theoretical RM values of 15% and 30% SS treatments did not compare with the actual test results: the
theoretical RM was lower than the measured value (19.2%
for 15% SS and 25.9% for 30% SS). This may indicate that
increased char formation took place, which allowed protection of the wood substrate during pyrolysis. However,
in a recent study Xiao et al. (2016) found alkaline silicate
dispersions to have no effect on the char yield, so further
study on the subject is needed.
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Testing of pure aqueous SS in the TGA also revealed
interesting aspects of its structure. White, hard and foamlike residue was formed, which expanded in volume
during testing. Subasri and Näfe (2008) reported that
this foaming of SS occurs at 400–750°C, which is later
followed by the collapse of the porous structure. They
also found that pure SS remains amorphous up to 300°C,
which is close to the measured Tmax values of 15% and
30% SS modified samples (305–308°C) in this work. The
residues from 30% SS modified veneer samples showed
a different structure than the DAP modified samples. The
milled veneer remains of SS samples did not collapse to a
powder-like form, which occurred with the DAP samples’
residues. SS seemed to maintain the structure intact and
form a protective layer on the wood material surface, as it
is stated to function in the literature (Kozlowski and Wladyka-Przybylak 2000; Lowden and Hull 2013).
Modification with DAP effectively lowered both Tonset
and Tmax even more than SS, indicating an improved fire
performance by shifting the overall pyrolysis to a lower
temperature range. Modification with 30% DAP lowered
on average the Tonset by 28°C, which was notably more
than with SS. The WPG of the sample veneers affected
the Tonset, which was lowered more with the 15% than with
the 30% DAP concentration. This was unexpected, as
stronger treatments and higher WPG values were assumed
to be more effective and therefore lower the Tonset more
compared to the reference. However, these differences
were balanced out by the Tmax values, which were within
4°C from each other for both treatment concentrations,
independent of the differences in WPG values. DAP also
increased the amount of RM by nearly 17% compared to
the reference. The effect of DAP on the char yield was analyzed in the same way as with SS, and again the theoretical RM was lower than the actual measured value (19.4%
for 15% DAP and 15.0% for 30% DAP). Indeed, Di Blasi
et al. (2007) reported that DAP content of 20% in wood

Table 1: Results from TGA testing, listed together with the WPG values of modified samples.

Sample
Reference
SS

DAP

Treatment
concentration (%)
–
Pure component
15
30
Pure component
15
30

TGA
WPG (%)

Tonset (°C)

Tmax (°C)

RM (%)

–
–
5.4 (0.7)
11.5 (2.5)
–
7.8 (1.4)
18.6 (2.7)

257
116
262
257
146
201
238

362
129
308
305
600
274
278

13.1
36.4
27.3
33.5
31.3
30.4
30.5

DAP, Diammonium phosphate; RM, residual mass; SS, sodium silicate; TGA, thermogravimetric analysis; WPG, weight percent gain.
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strongly increased the char yield. This is also supported
by the observation that RM of 15% and 30% DAP impregnated samples was within 0.1% from each other, which
based on the different WPG values was unexpected. If
the RM consisted mainly of the DAP salt itself, which was
still at the stage of rapid decomposition in the TGA testing
until 600°C, the RM should depend solely on the WPG of
the samples. Therefore, the salt may have protected the
wood substrate. Overall, it is evident from TGA results
that SS and DAP affected the veneer pyrolysis differently,
targeting different stages of the degradation process. DAP
shifted the pyrolysis pathway to lower temperatures more
effectively, which in the light of previous literature also
indicates better performance in actual combustion.

Flame test
The mass loss results from flame test are presented in
Figure 2a. The test revealed great differences in the combustibility of SS and DAP modified samples. Reference
samples decomposed fully in the flame test, resulting in
nearly 0% RM. Both SS and DAP provided at least partial
fire protection to the modified veneer material, but the
effect of the treatment concentration was clearly visible.
With DAP this was the most prominent, as the 30% DAP
impregnation inhibited the ignition almost completely
and a mass loss of less than 1% occurred after the source
of ignition was removed. The total RM was 92%, which
was notably higher than with the other treatments. With
15% DAP impregnation, the amount of RM was only 33%,
although this was still the second highest result of all
samples. The durations of flaming and glowing combustion were also determined, and the results are presented
in Figure 2b. With both 15% and 30% DAP samples, visible
charring occurred close to where the source of ignition
was placed, but no flaming or glowing combustion could
be observed after the source was removed after 20 s.
In turn, SS modified veneers continued burning and
the flames rapidly spread across the sample after the source
of ignition was removed and the samples were thoroughly
charred during the test. Fifteen percent of SS solution
impregnated samples resulted in 14% of RM, but the 30%
solution impregnated veneers improved the material protection so that the amount of RM was 28%. The amount of
RM was clearly lower for SS than for DAP treated samples,
but the SS samples remained physically intact after testing,
instead of decomposing to powder-like ash as the reference.
The observed duration of flaming combustion of the SS
modified veneers was in the same range as that of the reference. However, the glowing combustion time of samples

Figure 2: Results from flame test, showing (a) mass loss of samples
against time and (b) flaming and glowing combustion durations.
Both treatments increased the amount of RM and SS also notably
prolonged the glowing combustion time.

was clearly prolonged by SS modification, although the
variation was also higher than with other samples. Similar
behavior for cellulosic textile fibers was reported by Basak
et al. (2014), who found that treatment with SS up to 6%
WPG significantly prolonged the afterglow. In glowing combustion, CO and CO2 are produced in the exothermic oxidation reactions of the highly active residual char, if sufficient
oxygen is provided. Effective glow retardants are known to
increase the ratio of CO to CO2 formed, which minimizes the
heat needed for the oxidative reactions to proceed. Cations,
such as sodium, do the opposite and reduce the ratio of
the two compounds. Therefore, the sodium component
of SS may in fact promote glowing (Shafizadeh 1984). In
turn, phosphoric salt compounds, such as DAP, are known
to alter the CO to CO2 ratio even in small amounts, which
makes them highly effective in preventing glowing combustion (Browne 1958; Tyner 1941).

Mass loss calorimeter
Results from calorimeter testing verified the FR effect
observed during the TGA and flame test for PF-bonded
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Table 2: Results from MLC testing of modified plywood samples.
Sample type
Birch
Plywood reference
SS plywood
DAP plywood

TTI (s)

THR (MJ m − 2)

Mass loss (%)

38 (6)
38 (6)
38 (10)
43 (29)

135 (5)
143 (7)
110 (27)
97 (6)

100 (1)
97 (2)
79 (6)
77 (1)

DAP, Diammonium phosphate; MLC, mass loss cone calorimetry; SS,
sodium silicate; THR, total heat release; TTI, time to ignition.

veneer layers (plywood). Unmodified solid wood and
plywood from unmodified veneers were compared with
plywood prepared from veneers impregnated with 20%
SS and DAP solutions, as is presented in Table 2. Unsurprisingly, SS and DAP both affected how the controlled
combustion of samples proceeded, although clear differences were observed between the two treatments. Both
resulted in a lowered THR, which is the total cumulative
heat released over the total duration of the test. With DAP,
a reduction in THR compared to reference solid wood
and to unmodified plywood was observed, resulting in a
decrease of 38 MJ m−2 and 46 MJ m−2 of THR, respectively.
Similar findings regarding the effect of phosphate salts on
the heat release of wood-based substrates during calorimetry have been reported in the literature (Grexa et al. 1999;
Terzi et al. 2011; Ayrilmis et al. 2012). DAP was also found
to be more effective against ignition, delaying the TTI by
5 s compared to the reference materials. High variation
in the TTI of DAP samples is due to very weak burning of
the samples during the test, with the fire self-extinguishing and re-igniting during the test. Similar effect did not
occur with SS, which resulted in the same TTI of 38 s as
the unmodified materials, although the data variation was
high. Similar findings about silicate-based fire retardants
not being able to delay the ignition of cellulosic substrates
have been reported previously (Shabir Mahr et al. 2012;
Grancaric et al. 2015).
Total mass loss of reference solid wood was 99.8%,
which was higher than that of reference plywood with
97.1%. This is likely due to the amount of non-combustible
residue from the phenol-formaldehyde resin present in
the plywood panels, although the exact amount of residue
could not be determined due to high data variation. The
residual resin was excluded from the calculations, as it
was considered to correspond to only to a small fraction
in calculating the mass loss of modified plywood samples.
Otherwise, the mass loss was evaluated similarly as the
mass loss measured in the TGA. The mass loss was corrected for the WPG of the modified samples to ensure that
the reduction in mass loss is not solely caused by the presence of a less-combustible material, and the calculations

Figure 3: Comparison of actual and calculated mass loss results
from MLC.

were carried out according to Eq. 1. Thereby, the loss in
mass was related to the pure wood material and the
results are visualized in Figure 3. Even though the actual
mass loss of 20% SS and DAP plywood were similar and
seemingly low compared to the references, 79% and 77%,
respectively, the corrected mass loss was higher. The corrected mass loss was 90.1% for SS and 86.2% for DAP
plywood, taking into account the amount of remaining
fire-retardant chemical. However, this is still lower than
the reference mass loss, indicating that protective mechanisms have taken place to shield the wood substrate in
the plywood samples. Mass loss for DAP was nearly 4%
lower than for SS, signaling a slightly better performance,
although the difference was so small that it would likely
be negligible in real fire scenarios. It has been reported
previously that elevated temperatures weaken the performance of fire retardants in an actual fire, which should be
taken into account when considering these results (White
and Dietenberger 2004). The treated veneers were briefly
exposed to 130°C for 7 min during hot-pressing of the
panels, which may have lowered their actual performance
in calorimetry.

Leaching
Results from leaching tests are presented in Figure 4. The
exact amount of leachant from each sample was calculated
and compared with the original WPG value. The amount of
leachant from the reference was 2.5%, which was likely due
to the removal of extractives. In Figure 4, those showing
resistance against leaching are the ones positioned under
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Figure 4: Results from leaching tests.

the y = x line, marking the balance between leachant and
original WPG values. The load of chemicals after leaching in 15% and 30% SS modified samples was –1.7 w%
and 2.7 w%, respectively. This implies that from 15% SS
samples, all of the modifying agent and some excess wood
material were washed out in the process. However, 30%
SS samples still held some chemicals after the leaching
process, showing minimal resistance against leaching. As
an alkaline substance, SS is highly soluble in water and
readily forms anionic silanolate groups, where the silicon
particles directly interact with hydroxyl groups (Pries and
Mai 2013). With DAP, the difference between leachant and
WPG was 0.2 w% for 15% samples and –0.1 w% for the 30%
samples, indicating that nearly all of the salt was washed
off. The low resistance of DAP against leaching was anticipated, because as an inorganic salt it is extremely susceptible to leaching (Holmes 1976; Östman et al. 2001; Östman
and Tsantaridis 2016a). These results again highlight how
additional chemical agents or multi-stage impregnation
processes are need in in order to produce more leachresistant systems (Kozlowski and Wladyka-Przybylak
2000). Based on these results, SS and DAP as they are
should only be used in interior applications, where severe
leaching will not be an issue. The leaching tests in this
work were performed separately from ABES testing or SEM
imaging, not as a pre-treatment prior to any other tests.

SEM and ABES
SEM images of the surfaces of 30% DAP and SS modified veneers are shown in Figure 5. For 30% DAP modified veneers, large salt crystals could be found on the
veneer surface and accumulation of salt especially near

Figure 5: SEM images taken from the surface of (a) 30% DAP veneer
and (b) 30% SS veneer samples.
DAP salt crystals, as well as formation of a ceramic SS layer could be
detected.

the pits was observed. This visible salt crystallization
at the veneer surface indicates migration of the solute
salt within the veneer material during drying, when the
solvent has moved within the structures and evaporated
from the surface (LeVan and Jerrold 1990; Östman et al.
2001). For SS, the well-known formation of a ceramic layer
on the veneer surface was observed. Strong cracking of
the layer was also detected, which is clearly visible on
the right-hand side of Figure 5b. Similar behavior of the
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Figure 6: Glue bond strength results from ABES testing.

cracking layer was previously reported with silicate nanoparticles and wood by Shabir Mahr et al. (2012), who concluded that this was likely due to the large solid content of
the used silicate precursors. Interestingly, cracking of the
silicate layer was also linked to a reduced fire performance
during cone calorimetry.
Results from ABES testing are presented in Figure 6.
The glue bond strength of unmodified reference birch
veneers was in the range of 350–420 N, which was similar
to strength values reported by Rohumaa et al. (2014).
An abnormal decrease in the glue bond strength was
observed after 140 s press time for the reference; however,
the variation at this measurement point was also high.
As expected, modification with SS decreased the glue
bond strength, especially with the stronger 30% solution
impregnation. This was likely due to the formation of a
ceramic layer on the veneer surface that was observed with
SEM, which prevents direct contact between the adhesive
and the wood substrate. However, gradual improvement
in the glue bond strength of SS veneers was observed
over longer press times, and at 140 s the performance was
already at the level of reference veneers. As was noticed
in TGA, thermal degradation of pure SS begins already at
a Tonset of 116°C. Therefore, the improvement of the glue
bond strength over the longer press times at 130°C may
be due to gradual degradation of the SS, which eventually
allowed for better adhesion to take place. Interestingly,
DAP in turn notably improved the glue bond strength of
the veneers with both 15 and 30% concentrations. With
30% impregnated samples, the improvement in glue line
strength was nearly linear with the longer press times.
This was unexpected, as the gluing of DAP treated has
veneers with phenol-formaldehyde has been reported to
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produce only moderate adhesive strength at best (Selbo
1959). DAP releases phosphoric acid during heating,
which due to the lowered pH prevents the setting of phenolic resins and overall weakens the wood material. This
phosphoric acid formation takes place at 160–170°C,
which is higher than the 130°C press temperature used
in this work (Sam Williams 2010; Lowden and Hull 2013).
The slightly alkaline pH-value of DAP solutions used in
the treatments (8.5) may have promoted the glue bond
formation during pressing, as the synthesis and curing
reactions of phenol formaldehyde occur at basic conditions, and DAP had not yet decomposed into a product of
lower pH-value at 130°C (Kline et al. 1946; Riedl and He
2004). The small difference between 15% and 30% DAP
samples may be explained by the salt migration towards
the surface, which would have evened out the differences
in actual salt load at the bonded surface. The fact that DAP
modification improved bonding could have practical relevance in developing plywood products, as the increased
glue bond strength could potentially be used to compensate for the strength loss that ammonium salt-based fire
retardants are known to have on plywood (Lebow and
Winandy 1999). Further work is needed to determine the
actual mechanism behind the phenomena and investigate
the potential of DAP in improving the adhesion along with
fire performance of veneer products. Also, the impact of
cyclic humidity exposure should be investigated when
considering veneers modified with fire retardants, as the
moisture sensitive chemicals may cause weakening of the
glue bond strength in varied moisture conditions (LeVan
et al. 1996).

Conclusions
The effect of SS and DAP on veneer properties was evaluated. When comparing the two fire retardants regarding
their thermal properties, DAP performed better than SS
in all areas: in TGA it shifted the pyrolysis pathway most
effectively to lower temperatures, indicating a superior
fire performance. This was also demonstrated in a flame
test and by mass loss calorimetry, where DAP was more
efficient in reducing the flaming and glowing combustion,
mass loss, TTI and THR. Compared to DAP, SS had only a
moderate performance in TGA, flame test and mass loss
calorimetry, although it did provide some fire retardancy
to the modified veneers. The fire retardants were also
compared regarding their resistance against leaching,
but both SS and DAP performed poorly. Interestingly, DAP
notably increased the glue bond strength in ABES testing,
which was unexpected. This was likely due to the optimal
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pH-conditions during hot-pressing but further work is
needed to determine the actual mechanism behind the
finding.
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granted for the project Veneer modification, within which
these results were obtained.

References
Altun, S., Ozcifci, A., Şenel, A., Baysal, E., Toker, H. (2010) Effects
of silica gel on leaching resistance and thermal properties of
impregnated wood. Wood Res. 55:2010–2101.
Ayrilmis, N., Akbulut, T., Dundar, T., White, R.H., Mengeloglu, F.,
Buyuksari, U., Candan, Z., Avci, E. (2012) Effect of boron and
phosphate compounds on physical, mechanical, and fire
properties of wood-polypropylene composites. Constr. Build.
Mater. 33:63–69.
Basak, S., Samanta, K.K., Chattopadhyay, S.K., Das, S., Narkar, R.,
Dsouza, C., Shaikh, A.H. (2014) Flame retardant and antimicrobial jute textile using sodium metasilicate nonahydrate. Polish
J. Chem. Technol. 16:106–113.
Baysal, E., Sonmez, A., Colak, M., Toker, H. (2006) Amount of leachant
and water absorption levels of wood treated with borates and
water repellents. Bioresour. Technol. 97:2271–2279.
Black, J.M. (1958) The effect of fire-retardant chemicals on glues
used in plywood manufacture. Forest Products Laboratory, U.S.
Department of Agriculture Forest Service. Report No. 1427.
Boonstra. M. (1997) Preservative treated wood. In: Harmonization
of leaching/extraction tests. Eds. Heasman, L., van der Sloot,
H.A., Quevauviller, P. Elsevier, Amsterdam, Netherlands.
pp. 212–220.
Browne, F. (1958) Theories of the combustion of wood and its control. In: U.S. Forest Service no. 2136. Forest Product Laboratory,
Madison, WI. pp. 20–33.
Di Blasi, C., Branca, C., Galgano, A. (2007) Effects of diammonium
phosphate on the yields and composition of products from
wood pyrolysis. Ind. Eng. Chem. Res. 46:430–438.
Grancaric, A.M., Botteri, L., Alongi, J., Malucelli, G. (2015) Synergistic effects occurring between water glasses and urea/
ammonium dihydrogen phosphate pair for enhancing the flame
retardancy of cotton. Cellulose 22:2825–2835.
Grexa, O., Horváthová, E., Bešinová, O., Lehocký, P. (1999) Flame
retardant treated plywood. Polym. Degrad. Stab. 64:529–533.
Holmes, C.A. (1976) Effect of fire-retardant treatments on performance properties of wood. Abstr. Pap. Am. Chem. Soc. 172:38.
Jost, M., Sernek, M. (2009) Shear strength development of the
phenol-formaldehyde adhesive bond during cure. Wood Sci.
Technol. 43:153–166.
Kline, G.M., Reinhart, F.W., Rinker, R.C., DeLollis, N.J. (1946) Effect of
catalysts and pH on strength of resin-bonded plywood. J. Res.
Natl. Bur. Stand. (1934) 37:281–31.0.
Kozlowski, R., Wladyka-Przybylak, M. (2000) Natural polymers,
wood and lignocellulosic materials. In: Fire retardant materials.

Eds. Horrocks, A.R., Price, D. Woodhead Publishing Limited,
Cambridge. pp. 293–317.
Lebow, S.T., Winandy, J.E. (1999) Effect of fire-retardant treatment on
plywood pH and the relationship of pH to strength properties.
Wood Sci. Technol. 33:285–298.
Lee, S.J., Thole, V. (2018) Investigation of modified water glass as
adhesive for wood and particleboard: mechanical, thermal and
flame retardant properties. Eur. J. Wood Wood Prod. 76:1427–
1434.
LeVan, S.L., Jerrold, E.W. (1990) Effects of fire-retardant treatments
on wood strength: a review. Wood Fiber Sci. 22:113–131.
LeVan, S.L., Kim, J.M., Nagel, R.J., Evans, Ja.W. (1996) Mechanical
properties of fire-retardant-treated plywood after cyclic temperature exposure. For. Prod. J. 46:64–71.
Lowden, L.A., Hull, T.R. (2013) Flammability behaviour of wood and a
review of the methods for its reduction. Fire Sci. Rev. 2:1–9.
Mai, C., Militz, H. (2004) Modification of wood with silicon compounds. Inorganic silicon compounds and sol-gel systems: a
review. Wood Sci. Technol. 37:339–348.
Nguyen, T.T., Nguyen, T.V.K., Xiao, Z., Wang, F., Zheng, Z., Che, W.,
Xie, Y. (2019) Combustion behavior of poplar (Populus adenopoda Maxim.) and radiata pine (Pinus radiata Don.) treated
with a combination of styrene-acrylic copolymer and sodium
silicate. Eur. J. Wood Wood Prod. 77:439–452.
Obanda, D.N., Shupe, T.F., Barnes, H.M. (2008) Reducing leaching
of boron-based wood preservatives – a review of research.
Bioresour. Technol. 99:7312–7322.
Östman, B., Tsantaridis, L. (2016a) Durability of the reaction to fire
performance for fire retardant treated (FRT) wood products in
exterior applications – a ten years report. In: MATEC Web of
Conferences 46.
Östman, B., Tsantaridis, L. (2016b) Fire retardant treated wood
products – properties and uses. In: Proceedings IRG Annual
Meeting in Lisbon, Portugal. IRG Secretariat, Stockholm,
Sweden. pp. 1–14.
Östman, B., Voss, A., Hughes, A., Hovde, P.J., Grexa, O. (2001)
Durability of fire retardant treated wood products at humid
and exterior conditions review of literature. Fire Mater.
25:95–104.
Pries, M., Mai, C. (2013) Fire resistance of wood treated with a cationic silica sol. Eur. J. Wood Wood Prod. 71:237–244.
Riedl, B., He, G. (2004) Curing kinetics of phenol formaldehyde resin
and wood-resin interactions in the presence of wood substrates. Wood Sci. Technol. 38:69–81.
Rohumaa, A., Hunt, C.G., Frihart, C.R., Saranpää, P., Ohlmeyer,
M., Hughes, M. (2014) The influence of felling season and
log-soaking temperature on the wetting and phenol formaldehyde adhesive bonding characteristics of birch veneer.
Holzforschung 68:965–970.
Rowell, R.M., Dietenberger, M.A. (2012) Thermal properties, combustion, and fire retardancy of wood. In: Handbook of wood
chemistry and wood composites. Ed. Rowell, R.M. CRC Press,
Boca Raton, FL. pp. 127–150.
Rowell, R.M., Susott, R.A. (1982) Bonding fire retardants to wood.
Part I. Thermal behavior of chemical bonding agents. Wood
Fiber 16:214–223.
Sam Williams, R. (2010) wood_handbook_fpl_2010. Gen. Tech.
Rep. FPL-GTR-190. Retrieved from https://www.fpl.fs.fed.us/
documnts/fplgtr/fpl_gtr190.pdf. Accessed date: 11 February
2019.

Brought to you by | NIBIO - Norsk institutt for bioøkonomi
Authenticated
Download Date | 3/19/20 10:41 AM

S. Hautamäki et al.: The effect of diammonium phosphate and sodium silicate
Selbo, M.L. (1959) Summary of information on gluing of treated
wood. Forest Products Laboratory, U. S. Department of Agriculture Forest Service. Report No. 1729.
Sernek, M. (2002) Comparative analysis of inactivated wood
surfaces comparative analysis of inactivated wood surfaces.
Holzforschung 58:22–31.
Shabir Mahr, M., Hübert, T., Schartel, B., Bahr, H., Sabel, M., Militz,
H. (2012) Fire retardancy effects in single and double layered
sol-gel derived TiO2 and SiO2-wood composites. J. Sol-Gel Sci.
Technol. 64:452–464.
Shafizadeh, F. (1984) The Chemistry of Pyrolysis and Combustion.
In: The chemistry of solid wood. Ed. Rowell, R.M. American
Chemical Society, Washington, DC, pp. 489–529.
Sharma, N.K., Verma, C.S., Chariar, V.M., Prasad, R. (2015) Ecofriendly flame-retardant treatments for cellulosic green building materials. Indoor Built Environ. 24:422–432.
Subasri, R., Näfe, H. (2008) Phase evolution on heat treatment of
sodium silicate water glass. J. Non-Cryst. Solids 354:896–900.
Sweet, M.S. (1993) Fire performance of wood: test methods and fire
retardant treatments. In: Recent advances in flame retardancy
of polymeric Materials. Ed. Zaikov, G.E. Business Communications Co., Stamford, CT. pp. 36–43.

381

Terzi, E., Kartal, S.N., White, R.H., Shinoda, K., Imamura, Y. (2011)
Fire performance and decay resistance of solid wood
and plywood treated with quaternary ammonia
compounds and common fire retardants. Eur. J. Wood Wood
Prod. 69:41–51.
Tyner, H.D. (1941) Fire-extinguishing effectiveness of chemicals in
water solution. Ind. Eng. Chem. 33:60–65.
White, R.H., Dietenberger, M.A. (2004) Cone calorimeter evaluation
of wood products. In 15th Annual BCC Conference on Flame
Retardancy. Ed. Lewin, M. Business Communications Co., Stamford, CT. pp. 331–342.
White, R.H., Dietenberger, M.A. (2010) Fire safety of wood construction. In: Wood Handbook – Wood as an Engineering Material.
Forest Products Laboratory, U.S. Department of Agriculture
Forest Service, Madison, WI. pp. 410–431.
Winandy, J.E. (2013) State of the art paper: effects of fire-retardant
treatments on chemistry and engineering properties of wood.
Wood Fiber Sci. 45:131–148.
Xiao, Z., Xu, J., Mai, C., Militz, H., Wang, Q., Xie, Y. (2016) Combustion behavior of Scots pine (Pinus sylvestris L.) sapwood
treated with a dispersion of aluminum oxychloride-modified
silica. Holzforschung 70:1165–1173.

Brought to you by | NIBIO - Norsk institutt for bioøkonomi
Authenticated
Download Date | 3/19/20 10:41 AM

