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Abstract 

After Montreal protocol, more and more new materials have been applied as the substitutes of Halon. Much attention has been paid to fire 
extinguishing efficiency of alkali metal salts and ammonium phosphate salts, but the effects of particle sizes have not been studied 
sufficiently. The fire-extinguishing efficiency of a new kind of agent based on magnesium hydroxide of different particle size was studied 
in this paper. Four different size powders have been used to study their fire-suppression efficiency through laboratory scale experiments in 
a confine space of 1*1*1m. The physical and chemical characteristics of the magnesium hydroxide powders were characterized by 
scanning electron microscopy (SEM) and thermal gravity analysis (TGA). The results have exhibited that these four kinds of powders are 
all high efficient for the fire suppression efficiency and there is a threshold value of 5μm for the fire suppression efficiency of magnesium 
hydroxide. The efficiency can be affected by the morphology of powders and particle size. The powders of larger specific surface area 
and smaller particle size are more efficient to suppress fire. Fire extinguishing and possible fire-suppression mechanisms have also been 
analyzed from three aspects: chemical inhibition, cooling effect and asphyxiation effect. 
 
© 2017 The Authors. Published by Elsevier Ltd. Selection and peer-review under responsibility of the Academic Committee 
of ICFSFPE 2017. 
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1. Introduction 

After Montreal protocol was signed, the rapid phase-out of Halon has become impending. Researches on Halon 
substitutes have become hot spots in the whole world. Compared to other fire extinguishing agent, powder agents have 
many advantages, such as short fire suppression time, low environment toxicity, easy long-time storage, suitable for water 
deficient areas and so on. Consequently, more and more scholars have paid more attention to research on powder chemicals, 
including alkali metal, phosphate salts and so on[1-5]. 

Moore and Tedeschi, et al. [6-7] have studied the efficiency of some powders and discovered that the fire-suppression 
efficiency of powders increased obviously with the decrease of the particle size. But in the experiment of Fleming and his 
co-workers[8], a different conclusion has been reached, which states that the fire-suppression cannot be improved again with 
the decrease of the powders’ size, when the particle size have decreased to a threshold value.  

It is generally believed that fire extinguishing efficiency of chemical powders will be improved with the decrease of the 
particle size. However, now there is still some dispute about this conclusion. Some scholars assumed that if there was a 
critical ratio for the large and small powders, the fire extinguishing effectiveness was higher. Thus, now there is still no final 
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solution for this dispute [9]. 
In the 21st century, more and more new materials have been made. Thence, finding new chemical suppressants has 

become necessary and significant. And many chemicals have been evaluated as high efficient chemical powders, because of 
their characteristics of low cost, high efficiency and environment-friendly. Magnesium hydroxide (Mg(OH)2) is one of such 
chemical powders. A comparison of fire suppression effectiveness between Mg(OH)2 and commercial chemical powders 
has been made. Zhang and Zhou[10] have presented magnesium hydroxide has the potentiality as a good substitute in the 
future and it has much more advantages compared with other chemical powders. Kuang[11] and his co-workers have reported 
that the fire suppression efficiency of magnesium hydroxide in a bench-test has better performance than that of other 
commercial BC powders. The fire suppression efficiency of superfine magnesium hydroxide has been studied compared 
with the commercial ABC powders by Wang [12]. Most of researchers have paid much attention to the comparison of fire 
suppression efficiency between Mg(OH)2 and commercial powders. The effects of particle sizes to the fire extinguishing 
efficiency have not been studied sufficiently. Thus, detailed study of influence of particle size should be conducted in order 
to investigate the capability of fire suppression under different particle size. 

A bench-scale fire suppression experimental apparatus has been set up in order to study the fire suppression effectiveness 
of Mg(OH)2 powders under different particle size. The structure and the thermal decomposition process have been also 
obtained by scanning electron microscopy (SEM) and thermal gravity analysis (TGA), respectively. The fire extinguishing 
efficiency of magnesium hydroxide powders under different particle size has been explored in this paper. 

2. Experiment 

2.1 Materials and Characterizations 

Four different sizes of chemical powders, which are 2μm, 5μm, 10μm and large particle size (over 20μm called as PT), 
were manufactured by HeFei ZhongKe Flame-Retardant New Material co., LTD. 

The particle size and particle surface shape of Mg(OH)2 powders were acquired by scanning electron microscopy (SEM) 
(XT30 ESEM-TMP SEM). The amplification factors are 2000, 5000 and 1000. Thermal decomposition characteristics of 
Mg(OH)2 powders were measured by TGA-Q5000 IR instrument. Mg(OH)2 powders were heated at the heating rate of 
20 ℃\min from 50℃ to 800℃ under air. 

2.2 Fire Extinguishing Tests 

2.2.1 Experiment Apparatus 

A bench scale experiment apparatus of confined space has been built, as shown in Fig. 1, including the oil pans, powder 
container, driving gas system (compressed air or nitrogen) and data measurement system. The parameters of temperature 
changes and fire-extinguishing time have been measured.  

N-heptane has been used as fuel in the square oil pan, with the length of 10cm, 15cm, 20cm and 25cm, respectively. 
Eight thermocouples（k type, 1mm diameter） have been installed to measure the temperature changes when the chemical 
powders were discharged in this system. Six of them have been set up at the vertical axes of the oil pan, with the spacing of 
10cm. The other two thermocouples have been fixed at the distance of 4cm from the vertical axes of oil pan , to measure the 
boundary temperature of flame and the oil temperature.  

The chemical powders have been filled into a portable fire extinguisher with two steel tubes at the top. One tube is 
connected to the driving system (compressed nitrogen); the other is linked to a powder nozzle through a flexible pipe with a 
12cm internal diameter. In this system there are two ball valves. One valve has been applied to control the compressed 
nitrogen and the other has been used to control the mixture of the nitrogen and the chemical powders and the release time of 
the powders. 

A cone-shaped nozzle has been installed at the ceiling of the confined space, at the vertical axis of oil pan. Its cone angle 
was 60°. 

2.2.2 Experiment Procedure 

50g of Mg(OH)2 powder and about 50g of n-heptane have been poured into the powder container and oil pan, 
respectively. A certain pressure was adjusted as the driving force and then the fuel was ignited. After about 30-90s pre-
ignition, the powders were sprayed out when the temperature kept stable. When the fire was extinguished, the ball valve was 
turned off immediately and then the measurement parameters were recorded. The steps above would be repeated under 
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2.2.1 Experiment Apparatus 

A bench scale experiment apparatus of confined space has been built, as shown in Fig. 1, including the oil pans, powder 
container, driving gas system (compressed air or nitrogen) and data measurement system. The parameters of temperature 
changes and fire-extinguishing time have been measured.  

N-heptane has been used as fuel in the square oil pan, with the length of 10cm, 15cm, 20cm and 25cm, respectively. 
Eight thermocouples（k type, 1mm diameter） have been installed to measure the temperature changes when the chemical 
powders were discharged in this system. Six of them have been set up at the vertical axes of the oil pan, with the spacing of 
10cm. The other two thermocouples have been fixed at the distance of 4cm from the vertical axes of oil pan , to measure the 
boundary temperature of flame and the oil temperature.  

The chemical powders have been filled into a portable fire extinguisher with two steel tubes at the top. One tube is 
connected to the driving system (compressed nitrogen); the other is linked to a powder nozzle through a flexible pipe with a 
12cm internal diameter. In this system there are two ball valves. One valve has been applied to control the compressed 
nitrogen and the other has been used to control the mixture of the nitrogen and the chemical powders and the release time of 
the powders. 

A cone-shaped nozzle has been installed at the ceiling of the confined space, at the vertical axis of oil pan. Its cone angle 
was 60°. 

2.2.2 Experiment Procedure 

50g of Mg(OH)2 powder and about 50g of n-heptane have been poured into the powder container and oil pan, 
respectively. A certain pressure was adjusted as the driving force and then the fuel was ignited. After about 30-90s pre-
ignition, the powders were sprayed out when the temperature kept stable. When the fire was extinguished, the ball valve was 
turned off immediately and then the measurement parameters were recorded. The steps above would be repeated under 
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different conditions and the data were also recorded. 
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Fig. 1 Schematic diagram of experimental apparatus 

3. Results and Discussions 

3.1 Microstructure of Magnesium Hydroxide 

The SEM results are showed in Fig. 2, which is magnified 10000 times. The particle sizes and particle surface shapes of 
magnesium hydroxide can be clearly observed. 

It can be seen that the powders are incompact and most of the powders are irregularly shaped. And most of the particle 
sizes, at 2μm for lengthways and 1μm for transverse and the powders are more regular in shape in Fig. 2 (a). There are many 
small powders sticking to the surfaces for 5μm powders, as shown in Fig. 2 (b), which may increase the specific surface 
area. Most of the particle sizes are nearly 5μm lengthways and about 1μm transverse. As can be seen from Fig. 2 (c), the 
typical particle size is nearly 10μm lengthways and from 1 to 2μm transverse. Though the powders are multi-layer, the 
powders disperse well, and the shapes of 10μm powders are similar to those of 2μm powders. The powders in Fig. 2 (d) are 
nearly the same as powders in Fig. 2 (c) except for the particle sizes. The sizes of powders are over 10μm lengthways and 
about 1μm transverse in Fig. 2 (d). 

From the SEM photographs, the morphologies of 4 kinds of Mg(OH)2 powders can be observed clearly and their shapes 
are similar to rectangle.  

3.2 TGA 

The TGA data are provided in Fig. 3.The chemical characteristics of Mg(OH)2 powders are illustrated through the data 
curves in Fig. 3. According to Fig. 3, a rapid weight loss of Mg(OH)2 powders is exhibited. The initial decomposition 
temperature is around 345 ℃. And after 400 ℃, there is no obvious secondary stage. At the beginning, according to the 
rapid weight loss, the powders’ weight decreases to about 75% quickly at about 400 ℃ within 3 minutes; at the end, it drops 
slowly to about 72% at 800 ℃. When Mg(OH)2 has been decomposed absolutely, the weight loss should be near to 69%. 
Thus, as shown in Fig. 3, Mg(OH)2 powders approximate to the complete decomposition at the temperature of 800 ℃.  

TGA results have proven that Mg(OH)2 powders are decomposed quickly in contact with combustion flames and can 
react with flame radicals, because the in the reaction region is over 600℃. 

3.3 Fire Suppression Efficiency of Magnesium Hydroxide under Different Particle Size 

The fire-extinguishing time is exhibited in Fig. 4 under the condition of 0.5Mpa for different size of oil pans. It has 
shown that the fire extinguishing times has been shown the same tendency of first increase and then decrease with the 
increase of diameters of oil pans. But for the small size of particle as 2μm powders, the tendency is different. Fire 
extinguishing time has been continued to increase to suppress the fire of 25cm oil pan. The reason is that 2μm powders may 
be too small for the larger size of fire as 25 cm oil pan fire to penetrate the fire plume to the fire root and cool the flame. The 
fire extinguishing times have been decreased for other powders to suppress the 25cm oil pan fire because the fires may be 
too large for the confined space and the oxygen is insufficient.  

The detailed variation trend of fire extinguishing times is illustrated in Fig. 5 for the 10cm oil pan and under different 
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pressures. 5μm Mg(OH)2 powders are more efficient than the other 3 kinds of powders. The fire extinguishing times are 
very different at different pressure and can be divided into two parts: above 0.1 Mpa and under 0.1 Mpa. The fire 
extinguishing times are almost the same for the pressure of over 0.1Mpa. However, when pressures are less-than 0.1Mpa, 
the times are much longer than the times of over 0.1Mpa part. That may be explained through the fire suppression 
mechanism of Mg(OH)2 in this system，which will be discussed later. 

The complete combustion reaction region is at the distance of 10cm above the oil surface because the temperatures are 
over 600 ℃in this area, which are much higher than those of the other areas at the same time. A temperature comparison of 
complete combustion reaction region has been illustrated in Fig. 7 in order to describe the drop rate of temperature when 
different powders are discharged. 

Temperatures drop down rapidly after Mg(OH)2 powders have been sprayed out under the pressure of 0.5Mpa in Fig. 6. 
Mg(OH)2 powders are discharged at the axis of oil pan and so the powders can reach the flame root quickly. Consequently, 
the combustion chain reactions of n-heptane are broken and the temperatures decrease quickly. However, there are different 
drop rates among the powders of different particle size, as shown in Fig. 7. The process of temperature changes can also be 
divided into 2 parts: above 500 ℃ and under 500 ℃. Temperature slope of the first part is more flater than that of the 
second parts. The fire is suppressed but not extinct at the first section while fires are extinguished at the second section. 
Thence, there are 2 temperature slopes. As can be seen form Fig. 7, it is obvious that the temperature slope of the 5μm 
Mg(OH)2 powders decrease more quickly than the other temperature slopes of different particle size.  

Four kinds of powders are all high efficient during the fire suppression. The flame temperatures are decreased quickly 
(drop from about 650℃ to about 500℃ within 9s). The figures above exhibit that 5μm Mg(OH)2 powders are the most 
efficient to suppress fire. The reason may be that 2μm powders is too small to penetrate the plume and the 2μm powders 
may decompose at the top of flame, so the cool and chemical inhibition effects are both weak. 10 μm and PT powders may 
be too large leading to that the powders decompose and react with flame radicals slowly. However, the 5μm powders may 
penetrate to the plume to the inner of flame and can decompose and react with flame radicals more efficient than the other 
powders, so the 5μm powders are the most efficient. 

 

  
(a) 2μm powders (x10000) (b) 5μm powders (x10000) 

  
(c) 10μm powders (x10000) (d) PT powders (x10000) 

Fig. 2 SEM of different particle size of Mg(OH)2 powders 
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Fig. 4 Fire suppression efficiency at pressure of 0.05Mpa 
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Fig. 5 Fire extinguishing time of different particle size powders at the condition of 10cm oil pan 
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Fig. 6 Temperature of different particle size at 0.05Mpa and 10 cm oil pan 
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Fig. 7 Comparison of temperatures changed after powders sprayed out above fuel 10cm 

3.4 Fire Suppression Mechanism 

The fire suppression mechanisms of powders are determined by particle size, microstructures, and decomposition 
characteristics and so on. The morphology of powders and experimental conditions are different and the fire suppression 
efficiencies will be affected by the differences of powders. 

As can be seen from Fig.4 to Fig.7, four kinds of powder used in the experiment are all high efficient because of their fire 
suppression mechanisms which are a physical-chemical couple process. The mechanisms include 3 aspects: chemical 
inhibition, cooling effect and asphyxiation effect. 

(1) Chemical inhibition 
The •OH and H• are the key radicals to sustain fire in the chain reaction. When the magnesium hydroxide powders have 

been sprayed into the flame region, the radicals will be absorbed or diluted and then the reaction chains are destroyed. 
Combustion chain reactions have been broken by two failure modes: (a) powders react with the radicals, •OH and H•; (b) 

air flow dilutes the radicals. When Mg(OH)2 powders are discharged into the confined space, because the powder nozzle is 
at the axis of oil pan, the fluid mixed with Mg(OH)2 powders and nitrogen acts on the flame directly and the powders fill the 
whole space quickly. Consequently, the reactive radicals are flowed away from the flame region and the combustion 
reaction chains are destroyed. On the other hand, the powders stay around the flame region and react with the rest of 
reactive radicals remaining in combustion region leading to the less combustion reaction radicals. Therefore, the reaction 
chains are destroyed further and finally the fires will be quenched. 

The outlet velocity of Mg(OH)2 powders is affected by the pressure of driving gas. And the higher the pressure is; the 
higher outlet velocity will be. Higher outlet velocity means that the powders reach to the flame more quickly and have 
stronger ability of diluting the reaction radicals. For a certain fire, the quantity of reaction radicals generated is a specific 
value. What’s more, the conditions of extinguishing fire have been concluded that the time needed to add heat and reactants 
to combustion region is longer than the time needed to sustain fire[13-14]. The less the quantity of reaction radicals is; the 
longer the time needed to sustain the fire is. Thence, when the concentration of combustion reaction radicals is less than a 
specific value, the fire will be extincted. So when the pressures are over a certain value, the concentration of radicals can be 
diluted to the value which is less than the concentration of maintaining fires quickly. In this paper, the pressure may be 
0.1Mpa in the experiment system, because when pressure is over 0.1Mpa, the fire extinguishing times are nearly equal to 
each other, but when the pressure is under 0.1Mpa, the fire extinguishing times are obviously longer, as shown in Fig. 5. 

(2) Cooling effect 
Mg(OH)2 can be decomposed and water has been generated when heated. In addition, the reaction is endothermic 

reaction. The reaction can be illustrated by the following Eq. 1:  

                                                                                 JMg(OH) MgO+H O -13012 2 g                                                                       （1） 
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The flame and the oil temperature decrease quickly because the heat is absorbed when Mg(OH)2 powders are 
decomposed. The specific surface area increases with the decrease of particle size. And the powders of high specific surface 
area can absorb heat more quickly. So the powders of larger specific surface area can be heated to the decomposition 
temperature quickly. Thence, the powders of high specific surface area are more efficient to suppress fires. That is why 5μm 
powders are more efficient than 2μm powders in this study. As shown in Fig. 2, some small particle stick to the surface of 
5μm powders and this phenomenon may enlarge the specific surface area.  

(3) Asphyxiation effect 
The water is generated during the process of decomposition of Mg(OH)2 powders and it can dilute the concentration of 

oxygen and flammable gases near the flame. Furthermore, the decomposition product, MgO, is a fine retardant material. 
When the flammable surface is covered by this material, the fuel will have no contact with air.  

The mixed powders of Mg(OH)2 powders and nitrogen form a mist like a curtain or wall[15], called ‘black window’ [16]by 
J. Michael Bennett. The ‘black window’ not only stops the radiation heat reflection to the combustion reaction region, but 
also restricts oxygen penetrating into the combustion region. The range of ‘black window’ can be considered as a griddle. 
And the smaller the powders are; the closer the screen mesh is. When the distance is equal or close to the same order of 
magnitude of oxygen molecules, oxygen molecules may be difficult to penetrate into the flame region. So the oxidizing 
reaction of fuels has been interrupted because of insufficient oxygen. Consequently, the combustion has been extinguished. 

The fuels vapors are also diluted by the ‘black window’ and restricted into the combustion zone. Because Friedman[17] 
have stated that if there is a barrier, like smoke or fog droplets, between the flame and oil, the intensity of the radiation 
reflection on the oil will be reduced. When the intensity of the radiation reflection is too low to gasify the oil, the 
concentration of fuel vapors will be low and the combustion may be interrupted and even extinct. In addition, the fuel 
vapors are restricted into the combustion zone because the ‘black window’ stays in the combustion region. The intensity of 
fuel vapors is decreased further. Finally, the fire will be extinct because the intensity of fuel vapor cannot sustain the fire. 

The water released during the process of the powders decomposition also dilutes the oxygen. In the combustion region, 
the water is gaseous and can be mixed well with air and fuel vapor. When the water vapor is mixed with air and fuel vapor, 
the relative concentrations of oxygen and fuel vapors (sustain the fires) are decreased. The combustion will be lack of 
oxygen and combustibles. Consequently, the fire becomes weak and even extinct. 

When the powders are sprayed out, the powders reach the oil surface quickly and form a powders film on the oil surface. 
The film isolates the fuel from oxygen. In addition, after Mg(OH)2 powders are decomposed, the product is magnesium 
oxide, MgO. MgO is incombustible and a heat-resisting material. Hence, the film cannot be destroyed easily and is stable in 
a long time. So fuel is difficult to contact with oxygen. The fire is extinct because of insufficient oxygen. 

According to the research above, the fire suppression efficiency is determined by the different particle properties of 
powders and experiment conditions, such as surface area, outlet pressure and so on. Fire suppression mechanisms are 
complicated and they are a physical-chemical couple process. The dominant effect of these mechanisms in the fire 
extinguishment of magnesium hydroxide powders will be decided in future study.  

4. Conclusions 

The fire suppression efficiency of Mg(OH)2 powders under different particle size has been investigated in a bench scale 
experiment apparatus. The microstructure of Mg(OH)2 powders and the thermogravimetry process have been tested by SEM 
and TGA, respectively. The conclusions can be drawn as follows: 

(1) The microstructures of powders and particle size have an effect on the fire suppression efficiency and the fire 
suppression mechanisms and the powders of larger specific surface area and smaller size are more efficient to suppress fire. 

(2) Mg(OH)2 powders are decomposed quickly in contact with combustion flames and can react with flame radicals. The 
powders’ weight decreases to about 75% quickly at about 400 ℃ within 3 minutes. 

(3) The four kinds of Mg(OH)2 powders were all high efficient to suppress fire. The flame temperatures are decreased 
quickly from about 650 ℃ to about 500 ℃ within 9 s. The 5μm Mg(OH)2 powders are the most efficient in the experimental 
system. In this experiment system when the particle size is decreased to about 5μm powders, the fire suppression efficiency 
will not be improved again. In other words, there is a threshold value for Mg(OH)2 powders to suppress fire and the value is 
5μm. The reason may be that the powders of smaller than 5μm cannot penetrate the fire plume and reach the fire root. Thus 
the powders act on the flame surface. 

(4) The fire suppression mechanism of Mg(OH)2 powders is a complicated, physical-chemical couple process. The basic 
mechanisms include three aspects: chemical inhibition, cooling effect and asphyxiation effect. Three aspects are all 
important and complement each other. 
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