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Creep rupture of Nimonic-90 under salt-induced high temperature corrosion 
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Materials used in hot section components of gas and steam turbines, boilers, etc., undergo deterioration and degradation 
due to simultaneous actions of aggressive salts deposit hot corrosion and mechanical stresses developed at the high 
operating temperatures. Creep-ruptured properties are reported here at different stress levels at 650, 700 and 750°C on 
Nimonic-90 specimens in air and coated with ternary salt mixture of Na2S04-NaVOrNaCI (in 50, 30 and 30 mole %). To 
assess the extent of hot corrosion, coupons of Nimonic-90 uniformly coated with the ternary salt mixture are exposed into a 
furnace for 170-180 h at 650, 700 and 750°C. The various corrosion products have been identified by XRD technique. The 
probable chemical reactions and hot corrosion mechanisms are also discussed. 

Materials used in hot section components of gas and 
steam turbines, boilers, refinery furnaces and 'heat 
exchangers are subjected to aggressive environments 
and mechanical stresses developed at the high 
operating temperature 1-4. The aggressive environ­
ments cause chemical attack and consequently 
structural alteration resulting degradation of 
mechanical properties. Degradation effects essentially 
are due to : (i) reduction of load bearing cross-section 
(ii) loss of alloying elements, and (iii) stress 
associated to the corrosion products5,6. The chemical 
attack is caused by the salts, e.g., sodium sulphate and 
a series of vanadium compounds arising from the 
combustion products. Further, if the gas turbine is 
operated in marine atmosphere, NaCl particles are 
ingested into the turbines predominantly as an aerosol 
of sea salt together with the intake air. As a result, the 
salt deposits comprise of a complex mixture of 
sodium sulphate-vanadium compounds-sodium 
chloride7

-
9

. Therefore, the high temperature materials 
being utilised should be evaluated for performance 
considering high temperature corrosion and their 
influence on mechanical properties instead of high 
temperature corrosion alone or mechanical properties 
separately. Creep-corrosion interaction studies are 
reported in environments such as sodium sulphate, 
mixtures of sodium sulphate-sodium vanadate, 
sodium sulphate-sodium chloride1o-12, and sodium 
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sulphate-sodium vanadate-sodium chloride I3
. The 

present paper describes the influence of the ternary 
mixture Na2S04-NaV03-NaCI (in 50, 30 and 20 
mole %) salts deposit hot corrosion on creep rupture 
properties of Nimonic-90 and possible corrosion 
reactions. 

Experimental Procedure 
Composition of Nimonic-90 samples, used in the 

present studies was: C (0.069%), Cr (20.29%), Co 
(15.67%), AI (1.84%), Ti (2.62%), Mn (0.40%), Fe 
and Cu (traces) and Ni (balance). The received plate 
was rolled to a thickness of approximately 0.8 mm 
and subjected to desired heat treatment. The adopted 
heat treatment schedule l4 involved: (i) Solution 
treating of the specimens at 1080a C for 8 h followed 
by air cooling, (ii) Age hardening of the solution 
treated specimens by heating to 780aC and holding 
for 16 h followed by air cooling. For hot corrosion 
studies, coupons of dimension 18x 15xO.8 mm3 were 
cut from the heat-treated plate. 

The fusion point of the ternary salt mixture was 
determined by differential thermal analysis 
method I5

-
16. The DTA curve of this mixture is shown 

in Fig. I. 
The creep specimens and the coupons for hot 

corrosion studies, were kept in an oven at I50a C and 
the corrosive coatings were applied by spraying 
saturated salt solution of the corrodents. A uniform 
deposition of approximately 2 mglcm2 was made. The 
creep specimens obtained from the heat treated plate 
were in the form of sheet I 10 mm long, 4 mm wide, 
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Fig. l-DTA curve of Na2 S04-NaVOrNaCI (in 50, 30 and 20 mole %) 
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Fig. 2-A sample creep specimen 

0.8 mm thick with gauge length 40 mm, as shown in 
Fig. 2. The creep rupture experiments were carried 
out in a constant load creep testing machine with a 
loading arm ratio of I: 10, at different stress levels on 
the coated and uncoated specimens. The test 
temperatures were maintained at 650, 700 and 
750±3°C, as controlled by a thyristorised tempe­
rature controller. The rupture time was noted and 

elongation measured by means of a dial gauge with 
sensitivity of 0.01 over the gauge length of the 

specimen. 
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To find out the chemical nature of the hot 
corrosion products of the uncoated and coated 
specimens, coupons of dimensions 18x 15xO.8 mm3 

were kept in a muffle furnace at the desired test 
temperatures (650, 700 and 750°C). These coupons 
were removed from the furnace after approximately 
170 h. The corrosion products were analysed by fully 
automatic and computer controlled JEOL, JDX-8030 
type X-ray diffractometer with JCPDS search match . 

Results and Discussion 

Figs 3 show typical creep curves of uncoated and 

coated samples at the test temperatures 650, 700 and 

750°C, respectively. The shapes of the creep curves 

are essentially similar in air and hot corrosive 

environments. However, hot corrosion tends to cause 

enhanced secondary creep rate and drastic reduction 

in rupture life. 
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Fig. 3-Creep curves of Nimonic-90 at: (a) 650°C, (b) 700°C, and (c) 750°C 
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Fig. 4-Relation between applied stress and steady state creep 
rate of Nimonic-90 at: (a) 650°C, (b) 700°C, and (c) 750°C 

The relation between applied stress (0-) and steady 
state creep rate (es ), is shown in Figs 4a-4c at the 

three test temperatures on log-log scale. The straight 
line relationship can be expressed by Eq. ( I): 

... (I) 

where AI is the material constant and nl is the creep 
exponent. 

Fig. 5 shows the relation between the steady state 
creep rate (es) and the rupture life (tr) in uncoated 

and coated conditions on log-log scale. The straight 
line yields the following equation well known as 
Monkmann-Grant (MG) relation which is app licable 
in uncoated and corrosive coated conditions: 

. . . (2) 

where A2 and kl are material constants. The value of 
kl is close to unity for uncoated where as the value of 
kl for Na2S04-NaVOJ-NaCI coated specimens 
deviates from unity. The deviation from unity is due 
to aggressive corrosive nature of the ternary deposits, 
seriously decreasing the rupture time as compared to 
that for the same in air. 

Combining Eqs ( I) and (2), we obtain relation (3) 
for a given stress and temperature: 
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.. . (3) 

where A3 and n2 are material constants . 
Figs 6a to 6c show the relationship between 

applied stress and rupture time for uncoated and 
coated condition at the test temperatures on log-log 
scale. A straight line relation is obtained for uncoated 
alid corrosives coated condition as shown by Eq. (3) . 
Figs 7a and 7b show the diffractograms obtained from 
the corroded surface of uncoated and coated samples 
exposed at 750 and 700°C, respectively. The various 
compounds identified are given in Table 1. The 
compounds identified are simple and complex oxides, 
metallic sulphates, stoichiometric and non-stoichio­
metric sulphides . 

Reactions during the hot corrosion 
The ternary deposit is in liquid state at test 

temperatures. When the deposit is in the liquid state, 
the deposited salts may decompose, according to 
f II ' . 17 
o owmg reactIOns : 

or 
Na20+S03=Na2S04 

. . . (4) 

.. . (5) 

Therefore, a sodium sulphate melt has an oxygen 
ion or Na20 activity which can be defined by oxygen 
or sulphur trioxide potentials. 
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Table I- Various compounds in corroded Nimonic-90 samples, 
as identified by the X-ray anal ys is 

Uncoated samplcs 

iCr20 4, Cr20~, 

Ni )(AI, Ti ) 

Ternary mixture coated samples 

Na5Ni04, NiV20 7• NiCr20 4. CrOCI, 

NiCI2 CrCI), Ni )S2. Cr2S), Ni-Cr-Co, 
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Fig. 6-Relation between applicd stress and ru pture time of 
Nimonic-90 at: (a) 650°C, (b) 700°C, and (c) 750°C 
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Fig. 7-X-Ray diffrac tograms of corroded surface for: (a) 
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. . . (6) 

So, based on the oxygen IOn concentration of the 
melt, acid flu xing or basic fluxing occurs, resulting in 
dissociation of metal oxides into metal ions and 
formation of complex ions. Once, the oxygen acti vity 
of the Na2S0 4 has reduced sufficientl y, adequate 
sulphur pressure according to Eq. (6), is achieved at 
which sulphide phase can be fo rmed in the all oy 
beneath the ox ide layer. The removal of sulphur from 
the Na2S04 due to sulphides formation will cause an 
increase in the acti vity of Na20 . Hence, such 
alterati on in acti vity of Na20 and SO, will cause an 
accelerated ox idation, di ssolution of oxides and 
sulphidation subsequently resulting in enhanced 
corrosion. 

Kofstad and Seierstei n 18 suggested that N a2S0 .), 
NaVO, and NaCI will have an independent acti on. 
The corrosion product fo rmed with the reacti on of 
Na2S04 present in liquid melt in Na2S04-NaVOr 
NaCI can be described l 9

-
22 by Eqs (7) to (9): 

2N i +02+ 2Cr20 ,=2N i Cr204 
Na2S04+4Ni=NiS+NiO+Na20 
9/2Ni+Na2S04=Na20 +3NiO+1/2 Ni3S2 

. .. (7) 

... (8) 

. . . (9) 

The presence of NaVO, in the deposi t will act as 
an additional fluxin g agent enhancing the hot 
corrosion wh ich can be described23 by Eq. (10) 

... ( 10) 

The presence· of NaCI in the depos it modi fies the 
initiati on stage of hot corros ion by virtue of its rapid 
di sruptive effec t on protective scales by producing 
cracking and spalling and the chl oride ions play an 
important ro le in impoveri shing the all oy ing elements 
such as Cr, Fe and Ni by the formation of volatile 

14-16 compounds- - by Eqs ( II ) to (13): 

2Cr20 ,+50 2+8NaCI2=4Na2Cr04+4CI2 
2Cr20 ,+6CI2ACrCI,+ 302 
NiO+CI2=NiCI2+ 1/202 

.. . ( I I ) 

... ( 12) 

. . . ( 13) 

Such vo lat ile products tend to migrate outwards 
from the metal, which leads to the formati on of voids 
or pits 27. The mi crophotograph (Fig. 8) of ternary 
coated sample, exhibits numerous pits and voids. The 
outward mi grati on continues until they reach the 
zones of hi gher oxygen potenti als where the 

Fi g. 8-Microphotograph of ternary coated samples showing 
numerous pits and voids 

di splacement reaction may be favoured according to 
Eq. ( 14): 

. .. ( 14) 

So, the chlorination and subsequent ox idati on 
leaves behind highly porous and non-adherent ox ide 
scale. Therefore, in the presence of NaVOr Na2 S04-
NaCI , the hot corrosion occurs due to ox idation and 
di ssolution of oxides by flu xi ng acti on with both 
NaVO, and Na2S04. sulphidati on and chlorination, 
simultaneously . 

Conclusions 
There is an increase in mInimum creep rate and 

drastic reduction of rupture life with corros ive 
coating. The plots of secondary creep rate vs stress, 
and rupture li fe vs secondary creep rate on log-log 
scales exhibit straight line relationships. XRD 
analys is of the corroded surface reveals the fo rmation 
of simple and complex oxides such as NiO, Cr20 " 
etc. The hot corrosion reactions indicate that hot 
corrosion occurs by salt fluxing actions where as the 
presence of chloride ions modi fies and causes 
cracking of the protective oxide layers and also leads 
to the formation of volatile compounds resulting 
numerous pits. Hot corrosion causes severe materi als 
degradation due to ox idati on, sulphidati on and 
chlorination reactions occurring simultaneously . 

Acknowledgements 
Sincere thanks are due to Prof. M Hanumanta Rao, 

Head of the Department of Metallurgical 
Engineering, for providing the fac iliti es and also to 
Prof. K Ki shan Rao, Principal of Regional 
Engineering College, Warangal 506 004, for granting 
permission to publi sh the paper. 



76 INDIAN J. ENG. MATER. SCI., APRIL 2000 

References 
I Grunling H W, I1schner B, Leistikov S, Rahmel A & 

Schmidt M, Werkst Korros, 29 ( 1978) 691. 
2 Jackson P J, in Proc Int Conj Mechanism oj Corrosion by 

Fuel Impurities, edited by Johnson H R & Littler D J 
(Butterworths, London), 1963 , 484. 

3 Grunling H W, Ketenbury K H & Schweitzer K K, in High 
temperature alloys jor gas turbines, edited by Brunelaud R, 
Coutsouradis D, Gibbons T B, Lindblom Y, Meadoweroft D 
B & Stickler R (D Reidel Publishing Company, London), 
1982. 

4 Galsworthy J C, in High temperature alloys jor gas turbines, 
edited by Brunelaud R, Coutsouradis D, Gibbons T B, 
Lindblom Y, Meadowero ft D B & Stickler R (D Reidel 
Publi shing Company, London), 1982, 197. 

5 Schmitz F & Keienburg K H, in Proc Con! Corrosion and 
Mechanical Stress, edited by Guttmann Y & Merz M 
(Applied Science Publi shers , London), 1980,223-242. 

6 Gibs Y & Goltzmann 0, in Proc Conj Corrosion and 
Mechanical Stress, edited by Guttmann Y and Merz M 
(Applied Science Publishers, London), 1980, 207-222. 

7 Jacquin et M & Borde R, Bull Rech, Ser A, I ( 197 1) 41. 
8 Fotievand FA & Siobudin B Y, Rus J Inorg Chelll, (January 

1965) 80. 
9 Luthra K L & Shores D A, Mechanisms oj Na2S04-induced 

Corrosion at 600-900 DC, General Electric Company, Report 
No 479 CRD 260, December 1979. 

10 Yoshiba M, Mi yagawa 0, Mizuno M & Fujishino F, Trans 
Jpn Inst Met, 29 (1988) 26-41. 

II Nicholls J R, Samuel J, Hurst R L & Hancock P, in Proc 
Conj Behaviour oj High Temperature Alloys in Aggressive 
Environment, edited by Kirman I et al. (The Metal Society, 
London), 1980, 91 1-926. 

12 Suryanarayanan Y, Kamaraj M, Iyer K J L & Radhakrishnan 
Y M, High Temp Tee/mol, 7 (1989) 91-96. 

13 Ghosh K S, Trans Ind /nst Metals, 51 (1998) 183-186. 
14 Howard E Boyer & Tomothy L Gall , Metals halldbook, Desk 

edition, (American Society for Metals), 1985. 
15 Ahila S, Ramakrishna Iyer S, Radhakrishn a Y M, J Mater 

Sci Lell, 12 (1993) 1733 
16 Ghosh K S & Raghavan S, Trans Ind fllSt Metals, 48 (5) 

(1995) 401-408. 
17 Rahmel R, Electrochem, Acta, 2 1 (1978),851. 
18 Seierstein M & Kofstad P, High Temp Teclmol, 5 (1987) 

115-124. 
19 Kubaschewski ° & Alcock C B, in Metallurgical 

thermochemistry, edited by Raynor G Y (International seri es 
on material science and technology), 5th ed. (Pergamon 
Press), 1979. 

20 Bolt N & Kema N Y, Proc Sixth Int Cong ress Metallic 
Corrosion. (ICMC), Canada, 1984,242-247. 

21 Suryanarayanan Y, Iyer K J L & Radhakri shnan Y M, Trans 
Ind l/lst Metals. 126(Supple. ) (1989) S253. 

22 Malik A U & Robin M, Proc Tenth Int Congress Metailic 
Corrosion (ICMC) , CECRI, Karaikudi, Indla, 1987, 3345-
3365. 

23 Swaminathan J & Raghavan S, Mater High Temp, 10 (1992) 
242-249. 

24 Lin J.L, Zhang Y.l & Yang H.W, Mater Sc i Eng, 62 (1984) 
17. 

25 Ahila S, Ramakrishna Iyer S & Radhakri shnan Y M, TrailS 
l/ld Inst Metals, 46 (1993) 225-235 . 

26 Suryanarayan.K.l.L.lyer & Radhakrishnan Y M, Mater Sci 
Eng, AI12 (1989) 107-116. 

27 Fruecham R J & Martonik L J, Metal Trans , 44 (1973) 2793 . 


