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Abstract  
The inhibitive effect of magnesium stearate (MS) on the hot corrosion of steel structures of power generation 

station was studied using a kerosene fired furnace. Three steel alloys were selected including [SA 178A, 209 

T1, 213 T11, ASME Code], prepared as rectangular pieces (10 x 20 x 5 mm) from water wall tubes and 

superheater tubes of a local power station. The specimens were mechanically polished with emery paper (100, 

320, 600 and 1000) under running tap water and rinsed with distilled water and benzene. The heating chamber 

of the furnace had shelves on which specimens are placed. The vanadic slag (synthetic ash) chosen was an 

intimate mixture of 67%wt (V2O5) and 33% wt (Na2SO4). Mixtures of magnesium stearate, MS: synthetic ash 

of 1:1, 1:2 and 1:3 molar ratios of were applied onto the surface of the specimens. The heating program was 

carried out at various time intervals (2-10 h) to study the normal oxidation at different temperature (550-

950˚C). Constant time heating programs involved heating at the specified temperatures for 4 h. The rate of 

oxidation is accelerated in the presence of vanadic slag (mixture of Na2SO4 with various Na-V-O bronzes and 

resulted in increased corrosion rate with increasing temperature (550-950
o 

C). X-ray diffraction analysis 

indicated the presence of iron oxide (Fe2O3) with the vanadic slag materials. The weight loss of the three alloys 

specimens indicated a Clear reduction in the degree of corrosion with increasing MS content. The scale 

changed into a powder form that can be easily removed from the surface of the specimens. The best ratio from 

MS: Ash is 3:1, which gave inhibition efficiency of 85% at 550°C. The inhibition efficiency increases with 

temperature decrease. With the introduction of MS with the ash magnesium vanadate Mg3V2O8 was a major 

constituent together with some MgO resulting from the thermal decomposition of MS.  

 

Key Words: Hot ash corrosion, Magnesium Stearate, Steel structures, corrosion inhibition, Power 

generation stations 

 

Introduction 

 Ash fouling and flame-side corrosion of metal surface, together with heat transfer surface fouling are major 

problems in power generation stations when burning heavy oils. Vanadium occurs in the form of porphyrinic 

and non-porphyrinic in crude oils [1]. These compounds decompose in the gas stream to give mainly 

vanadium pentoxide (V2O5), which is most damaging due to its low melting point (690°C) i.e.  it is in its 

liquid state at normal combustion temperature. Sodium in the oil is mainly present as (NaCl) and is readily 

vaporized during the combustion process [2]. The presence of a liquid phase on the surface of a metal is 

usually necessary for corrosion reactions to occur at high rates. The most likely liquid phases are based on 

vanadium pentoxide and sodium sulphate complexes depending upon the exact analysis of the fuel used [3]. 

A series of compounds are formed between (Na2O) and (V2O5), some of which have melting points below 

the operating temperature of boilers and turbines. The eutectic formed between (5Na2O.V2O4.11V2O5) and 
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sodium meta-vanadate (Na2O.V2O5) melts at (527°C). However, under an atmosphere containing oxides of 

sulphur, other components can form e.g. Na2SO4, Na2S2O7 , V2O5. 2SO3 and V2O5.½ SO3 [4]. 
 

Prevention of hot corrosion is impossible and a reduction can be effectively performed. In contaminated 

combustion atmospheres, there are three basic ways to reduce the hot ash corrosion problems and these are:- 

I-Removal of harmful impurities presents in the environment. 

II-Addition of a compound to counteract the harmful impurities . 

III-Changing the combustion condition (fuel treatment and control of burning) to minimize attack. 

 

Combustion Control can be done to minimize corrosion problems in boilers and turbines. The use of water-

in-oil emulsions (in which each fuel droplet leaving the atomizer contains a number of micro-droplets of 

water) is a promising technique to reduce smoke and (NOx) emissions from boilers and gas turbines. Other 

possible benefits include the reduction in excess air with consequent reduction in SO3 formation and the 

elimination of metal-containing antismoke additives and the resulting deposits and fouling in gas turbines, 

the ability to use heavier and cheaper fuel [5].   

 

The use of corrosion resistance coatings for existing alloys has found widest application in the gas turbine 

and boiler field. Metallic coating has been applied by electrodeposition, high temperature diffusion coating 

and plasma spraying [6]. The effect of ceramic coatings has also been investigated. The metallic coatings 

examined were principally those of silicon, chromium, aluminum, zirconium and beryllium [6]. The higher 

the chromium content of the alloy, the better would be the hot-corrosion resistance [7]. El-Dahshan [8] 

observed that Co-Cr-W alloys were more resistant to oxidation than (Ni-Cr-W) alloys when coated with 

sodium sulfate.  

 

Gagliano et al., [9], found that high-chromium (low molybdenum) weld overlay and FeCr and SiCr coating 

materials may provide enhanced corrosion resistance for superheater/reheater tubing operating under 

advanced ultra-supercritical conditions [760ºC (1400ºF) steam temperature and pressures in excess of 35 

MPa (5000 psi)]. Mifune et al, [10] studied the behavior of thermal barrier coatings by comparing double-

layer coatings and graded coatings against V2O5-Na2SO4 corrosive ash. They applied two types of oxide 

ceramics with a bond coating of NiCrAlY, to metallic substrates. Thermally sprayed coatings on boiler tubes 

were mainly attached through oxides and voids at splat boundaries. They presented a promising method for 

producing homogenous coatings [11].  

 

The corrosive  effect of ash-causing contaminants, principally vanadium, can be neutralized by chemical 

additives. The additives work by forming a stable vanadate of higher melting point than the vanadium 

compounds originally present, thus preventing formation of a liquid phase at the operating temperature [12].  

 Magnesium compounds additions, however, raise the melting point of the deposit appreciably from 680C 

for ½MgO.V2O5 to 1100C for 3MgO.V2O5 and have been found to be very effective [13]: 

 

 

3MgO + V2O5    → Mg3V2O8 ………………... (1) 

 

The Mg3V2O8 is solid at the operating temperature of industrial boiler tubes and turbine blades [14]. When 

sufficient SO3 is present, MgO can be sulphated to MgSO4,
 
which can then react with V2O5 to from 

magnesium pyrovanadate which may be molten on the surface boiler tuber and turbine blades [13]: 

 

MgSO4 + V2O5 → 2MgO.V2O5 + SO3  ……… (2) 

 

 Thus, corrosion control in low grade or residual fuel oils is modified by the presence of (SO3) [15]. 

Blauenstein [16] injected dispersed magnesia additive with the fuel and could gain benefits on a 300 MW 

oil-fired boiler such as improved combustion, reduction in total particulate emissions and reduction in 

metallic corrosion as indicated by higher pH ash and confirmed by iron determinations on the ash. An ideal 

additive should be miscible with fuel oil and improve combustion conditions, especially atomization. 



J. Mater. Environ. Sci. 3 (4) (2012) 686-697                                                                                Barbooti et al. 

ISSN : 2028-2508 

CODEN: JMESCN 

 

688 

 

 

Barbooti et al. studied the inhibitive action of magnesium oxide and magnesium sulphate [17] on the hot ash 

corrosion by heating alloy specimens from the hangers on which tubes are suspended, in an electrical 

furnace and following the inhibition by weight loss an chemical analysis of the scale. Nishikawa et al [18] 

have studied the effect of Mg-Additive against high temperature fouling and corrosion. When Mg was 

added, weight loss due to high temperature corrosion was reduced to about equal level of corrosion by clean 

kerosene firing in the temperature range below 700C. Timokhin et al, investigated the corrosion inhibitive 

action of magnesium stearate, MS [19].  

 
The present work is a dynamic study of the action of magnesium stearate, MS, as an inhibitor of hot ash 

corrosion using pilot scale kerosene fired furnace.  

 

EXPERIMENTAL 

 

Materials and Chemicals 

 

The test specimens were prepared from three of the alloys used in boilers (water wall tubes and superheater 

tubes) including SA 178A, 209 T1 and 213 T11. Boiler tubes pieces were supplied from South-Baghdad 

Power generation Station. The chemical composition and mechanical properties of the alloy used in this 

work is shown in Tables 1 and 2, respectively [20]. Magnesium stearate was a pharmaceutical grade material 

supplied by a Ibnul-Beetar State factory of pharmaceutical materials with a purity of 98.5%. 

 

Table 1: chemical composition of steel alloys [18] 

 

Component            SA -178 209 Tl 213 T11 

C 0.06-0.18   0.1-0.2   0.08-0.15 

Mn 0.27-0.73            0.3-0.8            0.3-0.6 

P (max). 0.035                  0.025 0.025               

S (max) 0.035                0.025               0.025 

Fe Remain  Remain  Remain  

Si 0.1-0.5                           0.5-1                               

Mo 0.044-0.65             0.44-0.65                                                    

Cr  1-1.5  

 

 

Table 2: mechanical properties of steel alloys [18] 

 

Property            SA -178 209 Tl 213 T11 

Resistance (Mpa) 325 min 380                               585               

Tensile strength (Ksi) 47 55   85 

Limit elastic (Kpa) 180    205   415 

Yield strength(Ksi) 26     30   60 

Allong. elong. (%) 30    30   20 

 

 

A kerosene fired furnace was designed and installed specially for this study. The details and calculations 

involved in the design and performance of the furnace were discussed elsewhere [21].  

 

Procedures 

 

The test specimens were cut from these pipes into rectangular pieces (10 x 20 x 5 mm) (w x l x t). The 

specimens were mechanically ground with emery paper (100, 320, 600 and 1000) under running tap water 
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and rinsed with distilled water, benzene, then these specimens were dried and left in a vacuum desiccators 

and weighed with a semi-micro balance.      

 

The vanadic slag (synthetic ash) chosen for this work was based on 67%wt  (V2O5) and 33% wt (Na2SO4). 

This mixture was chosen because it has been shown to be the most representative corrosive simulated by 

other workers [17, 22]. The calculated amounts of V2O5 and Na2SO4 in the ratio molar ratio of 3:1 were 

weighed and ground in an agate mortar for 15 minutes. The slag mixture was than stored in desiccators until 

required for use.  

 

The calculated amounts of magnesium stearate, MS, were mixed with and 10 g synthetic ash with 3 mls of 

acetone. With the aid of a syringe the mixture was applied onto the surface of the cleaned specimens. Three 

molar ratio mixtures were prepared (MS: ash): 1:1, 2:1 and 3:1. The tests were carried out at various time 

intervals (2, 4, 6, 8 and 10 h) to study the normal oxidation at different temperature (550, 650, 750, 850 and 

950 ˚C). Constant time tests involved heating at the specified temperatures for 4 h. At the end of the run, the 

furnace is switched off and samples are taken out after 24 h. The specimens are dipped in caustic soda 

solution containing zinc dust (20% NaOH + 200g Zn/L.), at 60˚C for five minutes, and abraded with emery 

paper grades (100, 320, 600 and 1000) respectively under running tap water, then rinsed with water and kept 

over silica gel for one hour, and finally weighed to the fourth decimal. 

 

Analysis 

 

The exposed specimens were examined for the color and appearance of corrosion products and the extent of 

spallation, using a Cambridge scanning electron microscope (England) model 240-12. X-ray diffraction 

measurements were carried out on a Phillips X-ray Difractometer, Type PW1050 Holland with iron target to 

produce an x-ray beam of wavelength of Fe-kα at 1.93 Å. The measurement conditions were: tube current of 

20 mA, a voltage of 40KV and a scan speed of 2°(2Ɵ)/1cm were used.  Reference was made to the ASTM 

card Index.  

 

 

 

 

Results and Discussion 

 

Effect of Vanadic Slag: 

 

Fig. 1 shows the weight loss of the steel specimens after 4 h exposures time to temperatures of 550 – 950
o
 C 

as affected by the coating with the vanadic slag. When these results were compared with those for the 

uncoated specimens, it appeared that the increase in heating time, leads to an increase in weight gain. 

Numerically, at 850˚ C, the amounts of weight gain for (SA-178A) and 213 T1specimens in the presence of 

the synthetic ash were 0.16 and 0.14 kg/m
2
, respectively. This is compared with only 0.013 and 0.011 kg/m

2
 

for the weight gain values of the uncoated specimens.  

 

The vanadic slag highly accelerated oxidation/hot corrosion of the alloys and most of the weight gain 

occurred within the high temperature regions (750, 850 and 950 ˚C). Above 650 ˚C, many sodium-vanadium 

bronzes such as NaVO3, Na2O.V2O5, Na2O.3V2O5, Na2O.6V2O5 and Na2O.V2O4.5V2O5, are formed [20]. 

These compounds catastrophically oxidize the alloy components acting as oxygen carriers, metal oxide 

distorts, or dissolving agents of the protective oxide layer [20]. The scale formed after the thermal treatment 

is sticky and metallic in color.  

The X–ray diffraction investigation indicated the formation of sodium vanadate (Fig. 2). This is the most 

important aggressive species in the (Na-V-O) system which became appreciable after the melting if the 

eutectic mixture (Na2SO4 – V2O5) and increase with temperature. Therefore (Na2SO4), which has no 

individual aggressive behavior towards the metal, facilitates the low temperature melting of the ash and 

initiates the formation of sodium vanadate, which attacks the metal surfaces [23].  
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Figure 1: Weight loss after 4 h exposure at 950
o
C for ♦ SA 178; ■ 209 and ▲ 213 steel specimens coated 

with vanadic slag. 

 

 

 
 

Figure 2: X-ray Diffractogram of Deposits for (SA-178) Specimen Coated with Ash after Heating at 750˚ C 

for 4h. 

 

For the 209 T1 alloy the effect of ash on the steel surface confirmed the oxidation of iron and its dissolution 

of Fe2O3 in the molten scale in addition to the formation of several types of sodium vanadates. The sodium- 

vanadium bronzes, namely: NaV3O8 (6.508, 3.58 and 2.593Å), Na2O.V2O4.5V2O5 (3.338 Å), Na4V2O7 (4.08 

and 2.298  Å). The thermal treatment also resulted in the formation of vanadyl sulfate (VOSO4 and its main 

peaks (5.017, 2.107 and 1.981 Å) predominate at the diffraction pattern. Similarly residual sodium sulfate 

could be identified, Na2SO4 (1.572 Å) and iron oxide (Fe2O3)  at 3.769 Å. 

 

 Effect of Magnesium Stearate Addition: 

 

Figs. 3-5 show the weight losses of the three specimens coated with mixtures containing increasing amounts of 

MS with constant amount of the vanadic slag at the molar ratios of MS: slag of 1:1, 2:1 and 3:1. The results 

indicated reduction in weight losses with increasing MS content. The mole ratio 3:1 was very effective against 

high temperature corrosion due to the ash slag. However the deposits were physically weak so that they are 

easily removed by simple tapping of the specimen [24].  
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Figure 3: Action of Magnesium Stearate Addition on Weight Gain for (213 T1) Specimens at 1:1, dotted line; 

2:1, dashed line and 3:1, solid. 

 

Figure 4: Inhibition efficiency of MgC36H70O4 at 1:1,  ♦; 2:1, ■ and 3:1, ▲mole ratios of MS:V Slag for (SA-

178 A) Specimens for 4 h exposure. 

 

 
 

Figure 5: Corrosion Inhibition Efficiency of Mg  Stearate,   for (213 T11) Specimens at (4h) 

 

These results proved that the MS was sufficiently effective against high temperature corrosion in the 

temperature range where the boiler-superheated tube was commonly used. It is clear that the inhibition 
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efficiency increases with the increase of the mole ratio of additive and ash. The optimum additive to ash ratio is 

3:1, which gave inhibition efficiency of 80% at (550˚C).  

 

The inhibition Efficiency was calculated according to eq. 3. 

 

EffInh % = [(wo-wi)/wo] x 100  ……………... (3) 

 

Where wo is the weight loss in the presence of [ash] and wi is the weight loss in the presence of [ash + MS]. 

 

The inhibition efficiencies of MS addition together with the numerical evaluation of weight loss values of the 

three specimens are given in Tables 3-5. Additives containing magnesium (Mg) are used primarily to control 

vanadic oxidation deposition and function by modifying ash composition and increasing ash melting point. 

Through combustion (V2O5) at on appropriate (Mg/V) treatment ratio, magnesium orthovanadate (3MgO.V2O5) 

with melting point of about (1243˚C) is formed as a new ash component [25], however the addition may 

increase the deposits, and at the same time deposits are physically weak so that they are easily removed by 

simple tapping of the specimens [24]. 

 

 
 

Figure 6: X-ray Diffractogram of Deposits for SA-178A Specimen Coated with [1:1] MS:Ash after Heating at 

750˚ C for 4h 

 

 
 

Figure 7: Action of Magnesium Stearate Addition on Weight Gain for (209 T1) Specimens at 1:1, solid line; 

2:1, dotted line and 3:1, dashed line. 
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For (SA-178A) alloy, the constituents of the coating or the scales of the corroded specimens were identified by 

X-ray diffraction analysis. Fig. 6 shows the diffraction pattern of the scale resulted from the synthetic ash after 

heating at (750°C) for (4h). level of the natural oxidation. 

 

The main peaks of sodium vanadates NaVO3 [2.799Å] and α-NaVO3 [2.097 Å] could be identified together with 

ferric oxide at 3.66 Å. This is an indication of the role of molten sodium vanadate on introducing oxygen to 

react with the iron surface so that it catalyzed the oxidation of the metal. Furthermore, the insitue formed oxide 

dissolves in the molten layer of the ash compounds and causes the gradual depletion of iron.  

The inhibition Efficiency was calculated according to eq. 3. Fig. 7 shows the action of MS addition on the 

weight loss of steel 209 T1. It is clear that MS inhibited the corrosive action of vanadium slag such that the loss 

at the highest temperature range the loss could be reduced to the 

 

 

Metallographic Examination (SEM) 

 

The scanning electron microscopy (SEM) was of valuable assistance in providing more information about the 

surface morphologies [26]. Fig. 8 shows typical feature of the corroded alloy (SA-178A) after exposure to ash 

(67 wt.% V2O5: 33wt.% Na2SO4) at (850˚C) for (4h). Many voids can be seen in places running together 

forming porosity within the underlying surface beneath the slag-containing, oxide layer (α–Fe2O3). Thus, 

vanadium pentoxide-sodium sulfate induces severe corrosion of the alloy AS-178A.  

 

 
 

Figure 8: SEM Micrographs of (AS-178A), Specimen Corroded in Ash (67Wt. % V2O5:33 Wt.% Na2SO4) at 

(850˚C) and time (4h) using 500 times magnification.. 

 

The SEM photomicrograhp, of the 209T1 alloy after exposure to ash at (850˚C) for (4h), indicated deep 

secondary cracks and a few facets that suggest quasi cleavage [27]. These images showed that the attack by ash 

proceeds in a uniform manner sometimes and in a more localized and intensive fashion at other time. It is 

initiated at the scale metal interface and is gradually propagated downwards, followed by lateral drenching as 

the cracks interconnect [28]. 

 

For the 213 T11 Alloy there appeared dimpled rupture clearly secondary cracks with string type characteristics 

probably reflecting the orientation of the original rolling direction [27]. Local damage was observed after [850 

˚C and 4 h] of exposure and products when analyzed SEM/X-ray diffraction techniques revealed oxides of the 

base metal elements. The increase chromium – containing alloy showed better resistance of hot corrosion.  

Fig. 9 shows the SEM of the SA-178 alloy surface coated with ash and additives at a molar ration of  1:1 at 

temperature of 850˚C. The surface seems to be relatively weak space fatigue striations with fewer secondary 

crackings [25].  
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Figure 9: SEM Micrographs of Specimen SA-178A coated with 1:1 Ash:MS and heated at 850˚C for 4h, using 

500 times magnification. 

 

Thus, the presence of ash with the additive at such molar ratio indicated minimal attack on alloy SA-178A and 

the coating is less aggressive than in the absence of the additive. Further increase of the additive to 1:3 has 

inferior action of the hot ash as can be seen in Fig. 10. The SEM revealed additional small dimples that are not 

readily apparent at the (700x) magnification [27].
  

 

 
 

Figure 10: SEM Micrographs of (AS-178A), Specimen Coated with Ash and Additive (1:3) at (850˚C) and 

(4h), using 500 times magnification. 

 

After MgO is formed from the thermal decomposition of MS and its particles deposit on the specimens, it reacts 

with the oxides of vanadium to form magnesium orthorvanadate Mg3V2O5. Other possible magnesium 

compounds such as Mg2V2O7 and MgV2O6 were detected in the deposits by X-ray diffraction techniques [28]. 

In contrast, the addition of NiO leads to the formation of Ni3V2O8, a refractory compound that dramatically 

reduces the corrosiveness of the ash materials by trapping vanadium [29].   

 

 

Microstructure Examination 

 

The micrograph of the unfired, uncoated ( SA-178A) specimen was taken from midthickness of wall in 

longitudinal section is shown in  Fig. 11. The microstructure was referred to some standard data [30], 
 
and 

indicated the existence of ferrite ( light areas ) and pearilite ( dark areas). The second examination shown in 

Fig.(5-45 ) refers to the coated specimen with ash only after heating at (950 ˚C) for ( 4h). The structure mainly 

consists of ferrite (white constituent) and small amount of pearlite (dark constituent) [31]. Thus, high 

temperature leads to dispersion pear lite with increase time [32]. 
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Figure 11: Optical Micrographs of unfired SA-178A) specimen, using 500 times magnification. 

 

The micrograph of specimen coated with ash and additive at mole ratio 1:1 and 1:3 additive treatments at (950 

˚C) is shown at Figs. 12 and 13, respectively. The structure consists of ferrite and to some extent pearlite [33].  

 

 
 

Figure 12: Optical Micrograph of Specimen SA-178A coated with 1:1 Ash:MS and heated at 950˚C for 4h, 

using 500 times magnification. 

 

 

 
 

Figure 13: Optical Micrograph of Specimen SA-178A Coated with 1:3 (Vanadic Slag: MS) and fired at 950˚C 

for 4h, using 500 times magnification. 
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Conclusion 

 

Magnesium stearate which is the mineral salt of an Stearic acid proved good candidate as a hot corrosion 

inhibitor for steel structures in in power generation stations. The inhibitive action of the material was tested on 

steel specimens from various parts of the power plant coated with synthetic ash which is usually a combination 

of sodium sulfate and vanadium pentoxide. The additive was applied at various mole ratios to synthetic ash and 

fired in a dynamic system of kerosene fired furnace. Weight loss measurements as well as X- ray diffraction and 

microstructure examination were employed to follow the inhibitive action of magnesium stearate on the hot ash 

corrosion. In addition to the preventive activity of magnesium stearate, the residual materials on the steel 

specimens were in the form of easily removed form due to the formation of high melting magnesium vanadate 

and restoring the surface of the steel structures.   
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