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Evaluation of High Ni-Cr-Mo Alloys for the Construction 
of Sulfur Dioxide Scrubber Plants 

N. Rajendran and S. Rajeswari 

Corrosion in wet lime]limestone systems used for flue gas desulfurization in thermal power plants is of 
great concern. The frequent variations in acidity and in chloride and fluoride ion concentrations experi- 
enced by such systems pose a serious threat to the materials of construction. Currently used materials 
mostly type 316L stainless steel often fail to meet their life expectancy. The present study evaluates the 
performance of advanced Ni-Cr-Mo alloys 59 and C-276 in a simulated sulfur dioxide scrubber environ- 
ment. Accelerated tests showed that high Ni-Cr-Mo alloys have little tendency to leach metal ions such as 
chromium, nickel, and molybdenum at different impressed potentials. Scanning electron microscopy was 
used to examine the morphology of pitting attack. 
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1. Introduction 

AIR pollution management is the major economic and envi- 
ronmental challenge of  this decade. Technologically advanced 
countries continue to rely heavily on coal for their energy 
needs, and coal-fired power stations are the major contributors 
of power in developing countries. The vital problem with the 
increased use of  coal in thermal power plants is the threat posed 
by sulfur dioxide emissions. To control this dangerous atmos- 
pheric pollutant, various methods have been adopted and are in 
various stages of development. These include removing sulfur 
prior to combustion and scrubbing the flue gas generated by 
combustion. 

The latter method is known as tail-end removal or flue gas 
desulfurization (FGD) (Ref 1). The FGD scrubbers (also called 
SO 2 scrubbers) have found widespread use in thermal power 
plants, smelters, incinerators, and various refining operations 
(Ref2-7). Several studies (Ref 8, 9) have shown that the capital 
cost incurred in installing an FGD system amounts to almost 
25% of  the total installation cost for the entire thermal power 
plant. It is obvious that measures must be taken to prevent deg- 
radation of FGD systems by corrosion and other related phe- 
nomena. 

However, the materials of  construction used for FGD sys- 
tems (typically, type 316L stainless steel) often fail due to lo- 
calized corrosion, such as pitting and crevice corrosion attack. 
Such attack can be induced by the aggressiveness of the envi- 
ronment created by the presence of  chloride and fluoride ions, 
by acidity (H + ion), and by the temperature encountered during 
SO 2 scrubbing (Ref 1, 5, 10, 11). Improving the corrosion per- 
formance of current construction materials can be achieved 
through alloying with suitable elements. 

The present study investigated the localized corrosion be- 
havior of Alloys 59 and C-276 (a product of VDM Corporation 
Ltd.) by means of  electrochemical methods. The pitting corro- 
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sion resistance of the alloys at various temperatures was evalu- 
ated, as was their performance in accelerated leaching in a 
simulated SO 2 scrubber system. 

2. Methods and Materials 

2.1 Electrode Preparation 

The chemical compositions of  Alloy 59, Alloy C-276, and 
type 316L stainless steel are given in Table 1. Sheet materials in 
the as-received condition were cut into 1 by 1 by 0.3 cm speci- 
mens for electrochemical study, which simplified measure- 
ment of  current density. The specimens, attached with a brass 
rod for electrical connection, were mounted in an epoxy-base 
resin such that only one side with a 1 cm 2 surface area was ex- 
posed; this formed the working electrode. To avoid the need for 
severe polishing after resin mounting (which might cause crev- 
ices at the metal/resin interface), the specimens were wet 
ground with SiC papers down to 800 grit, followed by a 5 ILtm 
diamond paste. The electrodes were then ultrasonically cleaned 
in acetone, thoroughly washed in distilled water, and dried us- 
ing acetone. 

2.2 Electrochemical Cell Assembly 

The electrochemical cell consisted of  three compartments 
with a capacity of  500 mL. Saturated calomel electrode (SCE) 
was used as the reference electrode, platinum foil as the counter 
electrode, and the specimen as the working electrode. The elec- 
trolyte solution contained chloride, fluoride, and sulfite to 
simulate the SO 2 scrubber environment, the composition and 
operating conditions of  which are as follows: 

Chemical composition 
Chloride ion, ppm l 0,000 
Fluoride ion, ppm 1,000 
Sulflte ion, ppm 2,000 

Operating conditions 
pH 5.0 
Temperature, ~ 52 _+ 2 

The pH of  the electrolyte was adjusted with sulfuric acid. 
The working electrode was then introduced into the cell, and 
the potential was allowed to stabilize for 15 min. 
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2.3 Polarization Study 

In the cyclic potentiodynamic polarization study, the poten- 
tial was increased from rest potential in the noble direction at a 
rate of 1 mV/s until the breakdown potential (Eb) was attained 
where the alloy entered the passive/transpassive region. The 
sweep direction was then reversed after reaching an anodic cur- 
rent density of 1 mA/cm 2 until the potential where the reverse 
scan current density equals the forward scan current density. 
The potential at which the reverse anodic scan cuts the forward 
scan is called the pit-protection potential (Ep) or pit repassiva- 
tion potential (Er). The pitting potentials of the alloys were de- 
termined at room temperature, at 50 ~ and at 80 ~ 

The parameters of  interest recorded during the polarization 
studies included: 

@ 

l 

Table 1 

Corrosion potential, Ecorr 

Pitting potential, Eb 

Pit-protection potential, Ep 

Region safe from corrosion attack, AE 

Chemical compositions of  the alloys 

Composition, wt % 
Alloy Ni Cr Mo Fe W Mn C 

316L 12.2 17.2 2.4 bal ... 2.0 0.03 
59 59 23 16 1 ... 0.45 0.01 
C-276 57 16 16 5 3.5 0.43 0.01 
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Fig. 1 Potentiodynamic anodic cyclic polarization curves for 
type 316L stainless steel, Alloy C-276, and Alloy 59 in the simu- 
lated SO 2 scrubber environment 

2.4  Pit Morphology Studies 

A Hitachi scanning electron microscope (SEM) was used to 
examine pit morphology. 

2.5  Accelerated Leaching of Nickel, Chromium, and 
Molybdenum 

In the accelerated leaching studies, the working electrodes 
were immersed in the simulated SO 2 scrubber environment and 
allowed to stabilize at potentials of + 100, 200, 300,500, and E b 
for 1 h in 100 mL of the test solution. At the end of each experi- 
ment, the chemical composition of  the test solution was ana- 
lyzed by inductively coupled plasma atomic emission 
spectroscopy. 

3. Results and Discussion 

3.1 CriticaI Pitting Potential 

Pitting potential was the criterion used to evaluate the pit- 
ting corrosion resistance of  the materials. The pitting potential 
of an alloy is directly influenced by the amount of  passivating 
elements present in the alloy as well as in the environment. Fig- 
ure 1 shows the anodic polarization curves for Alloy 59, Alloy 
C-276, and type 316L stainless steel. The mean value of  critical 
pitting potential (Eb) for the type 316L was 240 mV. The pres- 
ence of  16% Mo and 59% Ni in Alloy 59 acted to increase the 
E b value to 950 mV, and the presence of  16% Mo, 57% Ni, and 
3.8% W in Alloy C-276 increased E b to 930 mV. Thus, it is evi- 
dent that high nickel and molybdenum contents increased the 
pitting potential in a more noble direction, thereby improving 
the pitting corrosion resistance of  alloys 59 and C-276 in the 
simulated SO 2 scrubber system. 

Several studies have indicated that small additions of mo- 
lybdenum can improve pitting and passivation characteristics. 
Sakashita and Sato (Ref 12) have suggested that when cation- 
selective molybdate ions adsorb onto relatively thick mem- 
branes of an anion-selective hydrated iron oxide, they can alter 
ionic transport through the film by inducing ionic rectification. 
Streicher (Ref 13) has suggested that the combined addition of  
chromium and molybdenum to alloys greatly improves their 
corrosion resistance in acidic chloride solutions, with molyb- 
denum interacting synergistically with chromium. Yang et al. 
(Ref 14) reported that the presence of molybdenum inhibits the 
corrosion process through the formation of  a molybdenum salt 
film, which apparently is difficult to break down. 

The effect of  temperature on pitting potential is shown in 
Fig. 2. Alloys 59 and C-276 exhibited a higher resistance to pit- 
ting attack over a wide range of  temperatures, whereas type 
316L stainless steel had low corrosion resistance at all tempera- 
tures studied. Mitrovic-Scepanovic and Ives (Ref 15) have 
studied the electrochemical behavior of  all the oxides of mo- 
lybdenum; their results permit one to assume that a mixed ox- 
ide phase of  type (Mo 4+, Mo6§ could be present in the films 
on the higher-molybdenum alloys, due to its much higher ther- 
modynamic stability. Agarwal and Heubner (Ref 16) have no- 
ticed that high chromium and molybdenum contents 
significantly improve corrosion resistance even at higher ther- 
mal conditions. 
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The pit morphology observed with SEM is shown in Fig. 3. 
The type 316L stainless steel exhibited individually larger and 
deeper individual pits over the entire surface of the specimen 
(Fig. 3a), indicating higher susceptibility of  the material to pit- 
ting attack. The increased amounts of  passivating elements 
such as molybdenum, chromium, and nickel (16, 23, and 59%, 
respectively) in Alloy 59 (Fig. 3b) resulted in a very low num- 
ber of  pits compared to the reference 316L stainless steel. An al- 
most identical pitting behavior was observed for Alloy C-276 
(Fig. 3 c ) . .  

The SEM study clearly shows that materials with greater 
corrosion resistance exhibit a lower depth of  pitting attack, 
whereas materials with lesser corrosion resistance reveal a 
greater depth of pitting attack. This could be due to a low pH 
within the pits of  type 316L, resulting in an aggressive environ- 
ment and thus accelerating the propagation of  pits. On the other 
hand, in the higher-nickel alloys, resistance to pitting attack can 
be attributed to the hydrolysis of nickel. The passivation of 
nickel alloys is by oxide film formation, which involves a reac- 
tion such as: 

Ni + H20 ---r NiO + 2H + + 2e- 

where there is a direct electrochemical reaction between the 
working electrode and water in the solution. 

The hydrolysis of  Ni 2+ yields essentially a neutral pH, so 
that the dissolved nickel ions are unlikely to contribute to acidi- 
fication of  the solution within the pit and crevice. As a result, 
the aggressiveness of  the environment within the pits is re- 
duced. 

3.2 Pit Protection Behavior 

The pit-protection potential (Ep) was determined for the 
three alloys from their polarization curves (Fig. 1). The mean 
value of Ep for type 316L increased from -210 to +935 mV with 

the addition of  16% Mo, 59% Ni, and 23% Cr in Alloy 59; for 
Alloy C-276, El, increased from -210 to +912 mV. Because 
new pits cannot be initiated above this pit-protection potential, 
it can be inferred that increased amounts of  chromium, nickel, 

(a) 

(b) 

Fig. 2 Temperature dependence of pitting potential in the simu- 
lated SO 2 scrubber environment 

(e) 

Fig. 3 Scanning electron micrographs of pitting morphology 
after breakdown of the passive film in the simulated SO2 scrub- 
ber environment. (a) Type 316L. (b) Alloy 59. (c) Alloy C-276 
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and molybdenum hinder the development of new pits and also 
slow the kinetics of growing pits. 

Several studies (Ref 17-19) have shown that MoO42- was de- 
tected in all passive films formed on molybdenum-bearing al- 
loys in acidic solutions. These MoO~- anions are responsible 
for producing a bipolar film consisting of a cation-selective 
outer layer and an intrinsically anion-selective inner layer. The 
bipolarity of the duplex film was considered to be largely re- 
sponsible for the development of an interfacial barrier layer 
composed mainly of  Cr(OH) 3, which resists CI- and OH- in- 
gress. Both factors should provide greater resistance to break- 
down of passivity in chloride-containing media. Molybdenum 
could form Mo 6+ oxide in the passive film, thereby blocking 
the penetration of C1- attack, or alternatively could decrease the 
rate of dissolution by the formation and retention of  molybde- 
num oxyhydroxide of  molybdate at active areas (Ref 20). 
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Fig. 4 Concentration of nickel present in solution after acceler- 
ated leaching of type 316L, Alloy C-276, and Alloy 59 at differ- 
ent imposed electrode potentials 

With regard to repassivation potential, our results con- 
firm that alloys 59 and C-276 are clearly superior to lower 
Ni-Cr-Mo alloys. The difference between the pit-protection 
potential and the corrosion potential for a given system is de- 
fined as the relative corrosion resistance (AE); the respective 
corrosion potentials for type 316L, Alloy 59, and Alloy C-276 
are -435, -405, and -4  14 mV. The relative corrosion resistance 
values can be used to rank the alloys (Ref 21, 22). The mean 
value of  AE for type 316 L was 225 mV. Greater nickel, molyb- 
denum, and chromium contents increased the AE values to 
1340 mV in the case of Alloy 59 and to 1326 mV for Alloy C- 
276. A higher AE value reflects enhanced resistance to pitting 
attack. 

3.3 Accelerated Leaching in Simulated FGD 
Environment 

In the accelerated leaching study, the concentrations of met- 
al ions (namely, nickel, chromium, and molybdenum) present 
in the test solution after ageing for 1 h were determined; the re- 
sults are shown in Fig. 4 to 6. Pitting attack of type 316L oc- 
curred at +240 mV; consequently, the leaching study was not 
conducted at +300 and +500 mV. Significant amounts of metal 
ions were released into the solution, even in the passive region, 
for type 316L. In contrast, alloys 59 and C-276 showed little 
tendency for the leaching of  metal ions at impressed potentials 
of +100, +200, +300, and +500 mV. 

Normally, the leaching of  metal ions from the construction 
material initially involves the adsorption of aggressive halide 
ions at discrete sites on a passive metal surface. This process re- 
sults in a continuous thinning of  the passive film until the bare 
metal surface is reached at the end of  the induction period. 
Kruger (Ref 23) and Hoar and Jacob (Ref 24) suggested the for- 
mation of a transitional complex by the adsorption of three or 
four halide ions on the surface of the passive film around a lat- 
tice cation. Once the complex is formed, it will readily remove 
the cation from the passive film lattice as a soluble species. 
Thus, thinning of  the film occurs at the site where complex is 
formed, resulting in a stronger anodic field. This field rapidly 
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Fig.  5 Concentrat ion of  chromium present in solut ion after ac- 
celerated leaching of type 316L, Alloy C-276, and Alloy 59 at 
different imposed electrode potentials 
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Fig. 6 Concentration of molybdenum present in solution after 
accelerated leaching of type 316L, Alloy C-276, and Alloy 59 at 
different imposed electrode potentials 
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pulls another cation through the thinned site of  the film during 
the course of its interaction with halide ions. This again results 
in a soluble complex formation. The traverse of cations of the 
passive film is thus facilitated until the bare metal is reached. 

In the present investigation, alloys 59 and C-276 showed 
very little tendency to leach metal ions compared to type 316L 
at impressed potentials of  +100, +200, +300, and +500 inV. 
This can be attributed to the oxide film, which inhibits metal 
dissolution by forming a physical barrier between the metal and 
the environment, thus preventing bare metal from contact with 
solution (Ref 25). At their pitting potential, however, alloys 59 
and C-276 showed an enhanced leaching of metal ion concen- 
trations, following this order: type 316L < Alloy C-276 < Al- 
loy 59. 

This can be related to the potential at which pitting occurs in 
these alloys. Molybdenum improves passive film formation; 
thus, a higher potential is required to initiate pitting of  alloys 59 
and C-276. Once this potential is reached, however, pits may 
grow faster, resulting in a greater release of  metal ions. 

4. Conclusions 

Several conclusions can be drawn from the present investi- 
gation: 

�9 The critical pitting and pit-protection potentials of alloys 59 
and C-276 were more noble than those of type 316L stain- 
less steel. This indicated the beneficial effect of  chromium, 
molybdenum, and nickel in improving corrosion resis- 
tance. 

�9 An accelerated leaching study indicated that the release of  
chromium, nickel, and molybdenum from alloys 59 and C- 
276 was considerably lower compared to type 316L. 

�9 The pitting resistance of  alloys 59 and C-276 in a simulated 
SO2 scrubber environment is maintained over a wide tem- 
perature range (room temperature, 50 ~ and 80~ 
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