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Abstract: This article analyzes the possibility of the modification of BC powder (a mixture of sodium
bicarbonate and calcium carbonate) with magnesium hydroxide (Mg(OH),). Extinguishing efficiency
as well as the influence of this additive on other physicochemical properties were determined by
performing a 13B fire test, rheological measurements of the powders, thermal tests (thermogravimetry
(TG) and differential scanning calorimetry (DSC) in combination with quadrupole mass spectrometry
(QMS)) and microscopic observations of the powders’ surface (scanning electron microscope (SEM)
with energy dispersive X-ray analysis (EDS)). It was found that the increase of the Mg(OH), content
causes deterioration of the rheological properties by increasing the slope angle of the flow curve
in relation to the normal stress (the tangent of the flow curve slope varying from 0.258 for 5% of
Mg(OH), up to 0.330 for 20% of Mg(OH),). However, at the same time, the increased content of
Mg(OH), increases the total energy of the chemical decomposition reaction (from —47.27 J/g for
5% of Mg(OH); up to —213.6 J/g for 20% of Mg(OH);) resulting in the desirable higher level of
heat removal from the fire. The initial extinguishing effect of the fire becomes more effective as the
hydroxide content increases (within the first 2 s), but at a later stage (from t = 63 s), the temperature is
no longer sufficient (it is below 350 °C) for thermal decomposition of Mg(OH),. As such, the optimal
content of Mg(OH), is 10-15%. The obtained results allowed for the assessment of the impact of
individual powder components on its extinguishing effect and will contribute to the development of
science in the field of developing new types of extinguishing powders.

Keywords: BC extinguishing powder; magnesium hydroxide; extinguishing efficiency; thermal
decomposition; powder rheology

1. Introduction

The powders available in portable firefighting equipment can, in principle, be divided
into two groups: ABC powders suitable for extinguishing solids, flammable liquids and
gases, and BC powders suitable for extinguishing flammable liquids and gases. Powder
extinguishers are expected to be universal, affordable and easy to use, even by amateurs.

The extinguishing mechanism of the extinguishing powders depends on their chemical
composition, microstructure and grain size. In the extinguishing process, a cloud of
extinguishing powder is directed to the fire to lower the oxygen concentration, absorb heat
and capture the radicals of chain reactions. According to modern theories, these radicals are
the result of the pyrolytic decomposition of combustible materials, water or other reactions
taking place in the fire environment which support the fire [1-5].

After the implementation of the Montreal Protocol (1987) [6], new solutions and
new substances were searched for to be used in extinguishers instead of the previously
commonly used halon. One of such compounds is magnesium hydroxide. Its addition
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can prevent powder agglomeration without unnecessary treatments and allow the ex-
tinguishing powders to penetrate a flame more effectively. Thanks to this, it can de-
crease the characteristic temperatures at different stages of the fire and absorb flame more
quickly [7-13].

In the extinguishing process, apart from the mechanism of capturing the radicals of the
chain reaction, the granulation of the powders, their particle size and surface modification
also play a key role. Finer grinding/milling of the powders increases the total surface area,
and thus creates more surface contact between free radicals present in the flame. Surface
modification such as a coating can do likewise. As a result, the extinguishing powder
allows for more effective neutralization of free radicals and inhibition of the combustion
process [1,7,9,10,14-21].

Due to the above mechanism, the extinguishing efficiency depends on the number of
products of the endothermic reactions created in the process of thermal decomposition in
the gas phase and on the surface of the micrograins. Natural magnesium hydroxide is used
commercially as a flame retardant. With a high degree of probability, this property can be
attributed to the thermal decomposition of an endoenergetic nature at a temperature of
approx. 330 °C. The heat absorbed during this reaction slows the burning process, and the
released water hinders access to oxygen [1,8].

In this paper, components of the powder system are magnesium hydroxide, sodium
bicarbonate and calcium carbonate. The last two compounds are commonly used in
the extinguishing powders [22-27], but there is a lack of information about their mutual
influence on the extinguishing effect. Hence, studies on the determination of the effect of
magnesium hydroxide at the expense of sodium bicarbonate on both the fire extinguishing
efficiency and the mechanism of action are justified. This article presents the possibility
of replacing sodium bicarbonate with magnesium hydroxide and its results in terms of
rheological and thermal properties, as well as the extinguishing efficiency of group B
according to European standards. The obtained results will contribute to the development
of the new types of extingusihing powders.

2. Materials and Methods

Four mixtures of BC type extinguishing powders consisting of magnesium hydroxide
and sodium bicarbonate of various proportions, as well as calcium carbonate (constant
amount) and an anti-caking agent in the amount of 5 wt%, were used for the tests. Powders
were obtained from Caldic Deutschland GmbH, Am Karlshof 10, 40231 Dusseldorf. Their

composition is shown in Table 1.

Table 1. Composition of the tested fire extinguishing powders.

Sample Mg(OH), NaHCO3 CaCOs3 Anti-Caking Agent
Number [wt%] [wt%] [wt%] [wt%]

1 5 15 75 5

2 10 10 75 5

3 15 5 75 5

4 20 0 75 5

Characterization of the BC Extinguishing Powders

Extinguishing efficiency tests were carried out in accordance with the ISO7165 stan-
dard [28] by performing a 13B fire test. In total, 4 dm> of water and 9 dm? of heptane
of parameters in accordance with the EN 3-7:2004 standard (distillation curve from 84 to
105 °C, the difference between the starting and ending point of distillation of <10 °C and
the density at 15 °C in the range from 0.680 to 0.720 kg/dm?3 [29]) were poured into a metal
tray with a diameter of 740 4+ 10 mm and a depth of 150 = 5 mm. The fuel was set on
fire and allowed to burn freely for 1 min. After that, extinguishing was started directing
the stream of powder to the test fire. During the test, the time of extinguishing the fire
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and the amount of the remaining extinguishing powder were measured. In addition, the
temperature above the flame was measured with the use of 7 thermocouples placed at
heights of 0, 25, 50, 75, 100, 125 and 150 cm above the water layer (Figure 1).
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Figure 1. Scheme of the temperature measurement during the fire extinguishing test.

The rheological measurements of the powder mixtures were performed with the use
of a Brookfield Powder Flow Tester. The flow functions and the density curves as a function
of normal stress, compared in terms of caking ability, were determined. The tests were
carried out up to stress values of 8.6 kPa. The tested powders were intended for the so-
called cartridge-operated fire extinguishers, into which1 kg of the powder was placed. The
cylinder of these extinguishers had a diameter of 86 mm. The pressure exerted by 1 kg of
the powder on the bottom of a fire extinguisher of this diameter was [29]:

_F_m-g 1kg-9813 = 98IN
P=35~ 73sz " n(86mm)®.  5808.8mm2 1.69kPa ()
4

where p is the pressure exerted by the powder on the bottom of the fire extinguisher cylinder
[kPa], F is the pressure force expressed as the product of the mass powder and gravity [N],
and S is the pressure area expressed as the area of the round bottom of the fire extinguisher
cylinder [mm?].

In view of the above, it was reasonable to conduct tests in the normal stress range of
a few kPa. Due to the fact that the cartridge-operated fire extinguishers are pressurized
devices only at the time of operation, the above calculations did not take into account the
influence of the propellant gas. The self-compaction of the powder under its own weight
had a much stronger influence on the flow of the powder.

Conducted thermal tests (thermogravimetry (TG) and differential scanning calorimetry
(DSC) in combination with quadrupole mass spectrometry (QMS)) helped to compare the
properties of the powder compositions in terms of the ability to remove heat from the fire,
weight loss and gas identification. TG and DSC tests were carried out using a NETZSCH
thermal analyzer, STA 449 F3 Jupiter model equipped with a QMS analyzer, heating
the powder sample at a rate of 10 °C/min to a 1000 °C in corundum crucibles. During
the test, the mass of the sample was measured, obtaining a thermogravimetric curve,
and the determined DSC curve allowed for the identification of energy effects occurring
during heating. In addition, the numberof released gases with specific atomic masses was
measured using a QMS analyzer. The powders were also observed under the SEM NOVA
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NANO SEM 200 microscope cooperating with the EDS analyzer by EDAX. These tests were
carried out in a low vacuum, and the powder samples were sputtered with carbon before
microscopic observation.

3. Results and Discussion
3.1. Rheology of the Extinguishing Powders

From arheological point of view, powders can be divided into four groups: free-
flowing, easy flowing, cohesive and very cohesive. The characteristic value qualifying the
powder to a given group is the tangent of the flow curve slope to the normal stress axis.
This value was calculated on the basis of the following equation [30]:

fon — UFSmax — uPsmin
8 = MPCSmax — MPCSpin

@

where UFSmax is the highest value of the unconfined failure strength [kPa], UFS i, is the
lowest value of the unconfined failure strength [kPa], MPCSnax is the highest value of the
major principal consolidating stress [kPa], and MPCSyjy, is the lowest value of the major
principal consolidating stress [kPa].

The Jenike powder classification matrix is presented in Table 2 [30].

Table 2. Classification of the powders from the flow function point of view.

Type of the Powder tgn
Free flowing <0.10
Easy flowing <0.25

Cohesive <0.50
Very cohesive <1.00

The flow curves of the tested powders are shown in Figure 2.
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Figure 2. Flow curves of the tested powders.

Values of the tga calculated on the basis of Equation (2) and the classification of the
powders in terms of their cohesiveness are shown in Table 3 and in Figure 3.
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Table 3. Classification of the tested powders.

Sample Symbol tgu Type of the Powder
5% Mg(OH), 0.258 Cohesive
10% Mg(OH), 0.282 Cohesive
15% Mg(OH), 0.307 Cohesive
20% Mg(OH), 0.330 Cohesive
0.35 4
.-m
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0.30
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Mg(OH), content [wt%]

Figure 3. Value of the tga of the flow curve as a function of the magnesium hydroxide content.

The conducted measurements show that all of the powders have a tendency to cake,
i.e., self-adhere, especially at the consolidation pressure above 2 kPa. In the context of the
application use of these powders, this is disadvantageous. This is because lower values are
expected from the extinguishing powders, which allows them to escape from the cylinder.
However, in the self-compacting conditions in the cartridge-operated fire extinguishers,
these differences are not significant. At the level of normal stress resulting from the pressure
of the powder on the fire extinguisher bottom (approx. 1.69 kPa), all analyzed powder
samples behaved similarly. As a result, these differences should not be apparent in the
context of powder aeration.

The compaction tendency of the powders was tested in a similar way. The compaction
curves are shown in Figure 4.

The compaction kinetics, i.e., the A parameter, was determined according to
Equation (3) [30]. The results of the compaction kinetics of the powders with different
Mg(OH), content are presented in Table 4 and in Figure 5.

— : ° 2 72
A— dmax dmm kg — kg m = 10_3k7gm = 10_3 > ] (3)
MPCSmax — MPCSpin m3-kPa  m3-10°N m-kg- 3 m?

where dmax is the highest measured density of the powder [kg/ m3], dpn is the lowest
measured density of the powder [kg/m?3], MPCSmax is the highest value of the major
principal consolidating stress [kPa], and MPCS iy, is the lowest value of the major principal
consolidating stress [kPa].



Materials 2022, 15, 3449

60of 17

1500 ~

1400 4

1300

=y

N

o

o
|

1100

Density [kg/ma]

—-

o

o

o
|

900

800

—=— 5% Mg(OH),
—e— 10% Mg(OH),
—4— 15% Mg(OH),
—v— 20% Mg(OH),

T T T T T T T T T 1
2 4 6 8 10

Major Principal Consolidating Stress [kPa]

Figure 4. Dependence of density as a function of normal stress for the tested powder samples.

Table 4. A values of the tested powder samples.

Mg(OH), Content A
[Wt%] 1073 5]
5 30.324
10 33.922
15 37.351
20 36.470

40 -

35

/

/' T

8 0 12 14 16 18 20 22
Mg(OH), content [wt%)]

Figure 5. Kinetics of density changes as a function of normal stress of the tested powders.

The value of the A parameter increases with the increase in the content of magnesium
hydroxide, while after reaching a dozen or so mass percent, it stabilizes at the level of

s2

approx. 37 x 1073 - On the other hand, as the magnesium hydroxide content increases,
the powder’s density decreases, leaving less space for the propellant gas. This can result in
higher ejection energy of a powder containing a higher amount of magnesium hydroxide,
which is particularly important in small fires of flammable liquids, where, in addition to
the reaction with active radicals from the flame, blowing the flame out of the test fire tray is
also expected.
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3.2. TG and DSC Analysis
TG curves are shown in Figure 6, whereas DSC curves are shown in Figure 7.
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Figure 6. Comparison of the TG curves of the powder samples.
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Figure 7. Comparison of the DSC curves of the powder samples.

In the temperature range from 100 to 200 °C, the weight loss of the sample occurs due
to the gases of 18 and 44 u detected by the QMS analyzer—these are probably gaseous
products of sodium bicarbonate decomposition, i.e., carbon dioxide and water. Then, at a
temperature of approx. 350 °C, there is a second weight loss of the sample with a gas release
of 18 u. This effect is attributed to the thermal decomposition of magnesium hydroxide
to magnesium oxide and water. The last effect is a large weight loss at approx. 700 °C,
accompanied by a gas release of 44 u, which is attributed to the thermal decomposition
of the calcium carbonate. While the decomposition effect of calcium carbonate is similar
in individual samples, the decomposition effects of sodium bicarbonate and magnesium
hydroxide are the more pronounced the more a given substance is in the sample [31].

Figure 8 shows in detail both the presence and magnitude of individual energy effects
as well as QMS curves showing the emission of gases with a mass of 18 and 44 u. The
gas with a mass of 18 u was released in two temperature ranges: approx. 150-200 °C and
approx. 350—400 °C. These ranges correspond to the thermal decomposition of sodium
bicarbonate and magnesium hydroxide. This gas will be water. In turn, the gas with a
mass of 44 u was released in the temperature ranges of approx. 150-200 °C and approx.



Materials 2022, 15, 3449

8 of 17

650-750 °C. The emission of this gas corresponds to the thermal decomposition of sodium
bicarbonate and calcium carbonate. The gas will therefore be carbon dioxide [7,8,32].
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Figure 8. TG/DSC curve of the powder sample with 10 wt% of Mg(OH),.

Characteristic values of the energy effects from the TG/DSC measurements are pre-
sented in Table 5.

Table 5. Characteristic values of the individual effects from the TG/DSC measurements of the tested
powder samples.

Sample Mass Loss Decomposition of Decomposition of Decomposition of Total Energy Effect
Number [wt%] NaHCO:; [J/g] Mg(OH); [J/g] CaCoOs; [J/gl [J/gl

1 43.37 —-107.9 —47.27 —1410 —1565.17

2 45.24 —69.97 —95.91 —1381 —1546.88

3 44.31 —30.99 —140.2 —1438 —1609.19

4 41.56 0 —213.6 —1582 —1795.60

As the content of magnesium hydroxide increases, the value of the endoenergetic
effect of its decomposition also increases. Similarly, as a part of reducing the content of
sodium bicarbonate, the value of its endoenergetic effect decreases. The comparison of
these two effects, as well as their total energy, is presented in Figure 9.

When increasing the content of magnesium hydroxide to the level above 10%, a signif-
icant increase in the total energy effect of the thermal decomposition of the extinguishing
powder mixture is observed. This effect is caused by the increasing share of the highly
endoenergetic effect of the decomposition of magnesium hydroxide to the oxide and water.
Based on the measurements, it can be concluded that the bigger the total energy effect
is, the higher the share of magnesium hydroxide and the lower the sodium bicarbonate
contents are. The energy effect of the decomposition of sodium bicarbonate is lower than
that of magnesium hydroxide, therefore the extinguishing powder containing magnesium
hydroxide may have better properties from the point of view of heat removal, considering
the whole temperature range (0-900 °C) [9-11].
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Figure 9. Comparison of the energetic effects of the decomposition of sodium bicarbonate and

magnesium hydroxide.

3.3. Scanning Electron Microscopy

SEM microscope observations have shown that the powder grains have very diverse
shapes, from curved to sharp-edged. EDS chemical analysis confirmed the existence of
calcium carbonate, sodium bicarbonate and magnesium hydroxide, as well as sodium
aluminosilicate. SEM microscopic photographs and the results of the EDS analysis are
shown in Figures 10-13.
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Figure 10. SEM microphotograph of the powder with 5 wt% of Mg(OH)5.
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Figure 11. SEM microphotograph of the powder with 10 wt% of Mg(OH);.
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Figure 12. SEM microphotograph of the powder with 15 wt% of Mg(OH),.
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Figure 13. SEM microphotograph of the powder with 20 wt% of Mg(OH)s.

3.4. Fire Tests

Fire tests were carried out in group B. Four fire tests were carried out for each of
the powder mixtures. An exemplary course of fire extinguishing after 60 s from the
flashover is shown in Figure 14, while an example of the temperature-time graph for a
single measurement is shown in Figure 15. The temperatures were measured from the
moment when the fire was ignited (t = 0 s) until the moment of extinction. A characteristic
point is the maximum temperature 60 s after the flashover. At this point, the process of fire
extinguishing with a one-kilogram fire extinguisher begins, the operating time of which
was approx. 67 s. The temperature during the test was measured for approx. 70 s (60 s of
fuel burning, 6-7 s of extinguishing, 3—4 s after extinguishing the fire).

a b c d e
60.0 60.5 61.0 61.5 62.0
time [s]

Figure 14. The course of the fire extinguishing with the use of a powder 1 sample: (a) 60 s, (b) 60.5 s,
(c) 61, (d) 61.5s, (e) 62 s after the flashover.

Figure 15 shows that during the first 20 s of the test, the flashover occurs, and then in
the range of 20-60 s the temperature stabilizes at each height of the thermocouples above
the flame. After 60 s, the temperature drops quickly as a result of the extinguishing. After
the flame disappears (maximum 67 s), the air temperature continues to decrease and after
70 s it is from approx. 230 °C to 340 °C, depending on the height above the tray. It can also
be seen that the temperature of the water under the fuel layer does not change (9.5 + 2 °C).
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Figure 15. Fire temperature at various heights above the tray.

The obtained temperature measurement results were averaged, and then the kinetics
of the temperature drop during the extinguishing process were calculated according to
Equation (4) [30]:

T,

°C
Ui—j = [—

ti—tj )

] (4)

where v;_; is the cooling rate [°C/s], T; is the thermocouple temperature in ‘" time (e.g.,
60 s) [°C], T is the temperature in ’j” time (e.g., 61 s) [°C], ¢; is the ‘i’ time (e.g., 60 s) [s], and
tj is the ’j” time (e.g., 61 s) [s].

The changes in the cooling rate at different heights above the fire and for individual
mixtures of the extinguishing powders are presented in Figures 16 and 17.

—a—T1——T2—a4—-T3——T4 TS5 —4—T6——T7
80 +
a 60 |
o
g 40
©
£
x
o 20 -
£
©
(o]
o 0 T T - —
Ei% 62 63 64 65 66 67
-20 .
Time [s]

Figure 16. Cooling rate at an individual heights above the fire for a powder containing 5%
of Mg(OH);.
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Figure 17. Cooling rate at an individual heights above the fire for a powder containing 20%
of Mg(OH),.

The tests showed that the greatest cooling kinetics during the extinguishing of the
test fire occurs within two seconds from the start of extinguishing, regardless of the height
of the thermocouples above the tray and the type of powder. The extinguishing kinetics
then decrease successively over time (Figures 16 and 17). It can also be noticed that
thermocouples at higher heights (above 75 cm) have a negative kinetic value, which
means an increase in temperature at the initial extinguishing time. This is the result of
the formation of a characteristic ‘fire mushroom’ (flashover) (Figure 14c). This is likely
due to the addition (suction) of additional oxygen while the powder is being introduced
to the fire. This phenomenon was observed in each extinguishing test. In the case of
the powders containing 15% and 20% of magnesium hydroxide, negative values of the
cooling rate at low heights were observed (25 cm and 50 cm above the fire). This proves
that the fire temperature rises at the end of the extinguishing process, i.e., the fire has not
been extinguished.

The calculated values of i j for the thermocouples T2, T3 and T5 located 25, 50 and
100 cm from the substrate as a function of Mg(OH), content are presented in Figures 18-20.

907 m—\6061 @ V6162 A V6263 ¥ V6364 & V6465

80 |
70 |
60 |
50 |

40 -

Cooling kinetics [*C/s]

30

20 4

L e e e I S E e B IS A mu
4 6 8 10 12 14 16 18 20 22

Mg(CH), content [wt%]

Figure 18. Cooling rate at 25 cm (thermocouple T2) above the fire depending on the Mg(OH);,content.
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Figure 19. Cooling rate at 50 cm (thermocouple T3) above the fire depending on the Mg(OH),content.

70 _ —=—\/60-61 —®— V6162 —4&—V62-63 —¥ V63-64 —¢— V6465
60
50
E ]
O 40 ,//'//v\v
=
S 30
Q
= 1
X 20 -
(@)
£ 1
© 104
(o]
(@) . w————a
D T T T T T T
1 4 12 14 16 18 20 22
- 101 Mg(OH), content [wt%]
- 20 _

Figure 20. Cooling rate at 100 cm (thermocouple T3) above the fire depending on the Mg(OH),content.

The cooling rate in the first second of extinguishing (vg0_¢1) increases at each height
above the fire, with a slight decrease at 25 cm above the fire for a powder containing
20% of Mg(OH),. In further fire extinguishing phases (in particular from t = 63 s), the
cooling rate is lower for powders containing a higher proportion of hydroxide. This
behavior is due to fact that the fire temperature is too low at this extinguishing stage. The
thermal decomposition of NaHCOj3 occurs at a much lower temperature than the thermal
decomposition of Mg(OH),, the decomposition of which takes place at a temperature of
approx. 350 °C. In the final stage of extinguishing the fire, the decreasing temperature
prevents the thermal decomposition of Mg(OH);, and consequently the heat reception and
extinguishing of the fire. It is therefore a reasonable compromise to use a powder with a
content of 10-15% of Mg(OH),. This mixture allows for a much better heat reception at the
beginning of fire extinguishing, and at the end of extinguishing, it shows similar properties.
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4. Conclusions

This work investigated the influence of magnesium hydroxide addition on the rheo-
logical and extinguishing properties of the BC extinguishing powders. On the basis of the
analysis of the tests’ results, the following conclusions were made:

- The addition of magnesium hydroxide deteriorates the rheological properties and
increases the ability to thicken and lump (the tangent of the flow curve slope varying
from 0.258 for 5% of Mg(OH),up to 0.330 for 20% of Mg(OH),),which is disadvanta-
geous from the point of view of using this compound as a fire extinguishing powder
in popular portable fire extinguishing equipment;

- The addition of magnesium hydroxide significantly improves the properties of the
powder from the point of view of heat reception (Mg(OH),increases the total energy
of the chemical decomposition reaction (from —47.27 J/g for 5% of Mg(OH), up to
—213.6 ]/ g for 20% of Mg(OH),)), taking into account the entire temperature range,
which means that the use of this compound would allow faster heat transferfrom the
fire, and thus extinguish the fire using smaller amounts of the extinguishing powder;

- The EDS analysis confirmed that the composition of the extinguishing powders, in
addition to calcium carbonate, sodium bicarbonate and magnesium hydroxide, also
includes sodium aluminosilicates and silica;

- The conducted test fires showed that the complete resignation of sodium bicarbonate
in the composition of the extinguishing powder makes it difficult to extinguish the
test fire in group B. When the fire temperature drops below 350 °C (from t = 63 s),
magnesium hydroxide does not decompose and makes it difficult to collect the heat
from the fire;

- The use of extinguishing powder containing 10-15% of magnesium hydroxide allows
for better cooling and extinguishing properties, both at the beginning and at the end
of the fire extinguishing process. In the first stage, the fire is extinguished by the
decomposition of the magnesium hydroxide (when the temperature is above 350 °C),
and finally by sodium bicarbonate (about 200 °C).

The conditions of the atomization of the extinguishing powder in the standard test
of the fires from group B showed the formation of the flashover phenomenon, which
inhibits its use in portable extinguishing equipment. It follows that the test fire should
be extinguished while the extinguisher is in operation, i.e., 6-8 s, which is possible by the
reduction of the temperature to 300 °C. It was obtained by the addition of the magnesium
hydroxide. We are also conducting additional research to modify the fire tests, taking into
account the phenomenon of powder extinguishing agent agglomeration, the flashover
phenomenon, and the method of atomization.
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