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Abstract
Although a lot of work has been done to understand both major mechanisms of hot 
corrosion, namely type I (high-temperature hot corrosion) and type II (low tempera-
ture hot corrosion), there is very little information available on more representative 
cyclic performance in these regimes. This work addresses this by assessing the per-
formance of isothermal (type I and type II) hot corrosion tests against combined 
(short and long) cyclic corrosion tests. Single-crystal alloy PWA 1484 and direction-
ally solidified alloy MAR-M247 were assessed in all test regimes. Pre- and post-
exposure dimensional metrology was used to quantify the corrosion damage and 
characterised using SEM/EDX. This paper highlights that the results of short cycle 
test conditions are more damaging compared to long cycle and standard isothermal 
type I and II test conditions. The cast nickel-based alloy MAR-M247 was found to 
be a better performer compared to PWA 1484 single-crystal alloy.
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Introduction

Hot corrosion (HC) is an aggressive mode of attack typically experienced in the 
under-platform region of aero-gas turbine blades. It results from the reaction of 
the fuel with contaminants in the air inlet, which leads to the formation of molten 
deposits, typically  Na2SO4 [1]. There are two established temperature-dependent 
modes of HC. Type I hot corrosion (Type I HC) is mainly observed at tempera-
tures between ~ 800–950 °C, above the melting point of the alkali metal salt, while 
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Type II hot corrosion (Type II HC) occurs at temperatures between ~ 600–750 °C 
and involves the formation of a low temperature eutectic  Na2SO4-MSO4 (where M 
is Ni or Co) [2]. Type II HC is not expected to proceed without the minimum partial 
pressure of  SO3 required for the formation of low melting eutectics [3]. This may 
be due to the interaction of  Na2SO4 with  NiSO4 or with other impurities present in 
the turbine environment (i.e. NaCl). HC tests are being widely conducted in many 
laboratories across academia and industry using isothermal conditions. However, 
there is very little information available on thermal cyclic HC performance. During 
service, gas turbines undergo many thermal cycles and therefore it is important to 
acquire thermal cyclic HC data [4]. Thermal cycling can be detrimental from a cor-
rosion point of view since the difference in thermal expansion coefficient between 
the metal and the oxide scale may lead to large compressive stresses in the scale. 
Consequently, different modes of mechanical failure of the scale can occur, such as 
buckling, delamination, cracking and in some cases spallation of the oxide, which 
can have a major effect on the hot corrosion resistance of the alloys [5]. Whether 
spallation occurs depends on a complex interplay of conditions, such as the maxi-
mum operating temperature, the test environment, accumulated time at maximum 
temperature and heating/cooling rates. For this reason, accounting for these events 
is of utmost importance to understand the mechanism that underlies the corrosion 
resistance of nickel-based superalloys. For chromia and alumina forming alloys, 
spallation events can be a significant problem due to the loss of the scale forming 
element in the near surface region. Such non-protective attack takes place when the 
scale-forming elements (Al and Cr) fall below a critical level.

MAR-M247 is a polycrystalline conventionally cast nickel-based superalloy and 
PWA 1484 is a single-crystal nickel-based superalloy, both considered for turbine 
blade materials. Unlike polycrystalline alloys, single-crystal superalloys do not con-
tain grain boundary hardening elements, such as Zr, C and B. In addition, the Cr 
content typically increases within the order: polycrystalline, directionally solidified 
and single crystal [6]. These changes in composition as well as other microstructural 
differences between polycrystalline and single-crystal superalloys yield considerable 
differences in their corrosion behaviour, which needs to be investigated. The current 
study uses both isothermal and cyclic HC tests to gain an understanding of high-
temperature degradation behaviour and influence of alloying additions.

Experimental Procedures

Superalloys MAR-M247 DS and PWA 1484 alloys were used in this study. The 
nominal composition is given in Table 1. The centreless ground finished material 
was cut into small cylindrical specimens (length of approximately 10  mm, with 
diameter approximately 8.5 mm). Before use, the samples were cleaned in an ultra-
sonic bath for 20 min in (a) acetone followed by (b) isopropyl alcohol (IPA). The 
dimensions of each sample were measured using a digital micrometer with a resolu-
tion of ± 0.001 mm.

The isothermal hot corrosion tests were carried out in vertical controlled atmos-
phere furnace systems (Fig.  1a). These alumina lined furnaces are designed to 
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accommodate 24 alumina crucibles (containing the samples) that sit in an alumina 
frame. The thermal cyclic tests were carried out in a cyclic rig designed at Cranfield 
University UK, which can accommodate 16 specimens placed in crucibles that sit 
in the frame and enclosed with glass tube (Fig. 1b). The thermal cyclic rig cycles 
between two zones at different temperatures.

A schematic of the test cycles used in this work is shown in Fig. 2. Figure 2a rep-
resents the standard isothermal hot corrosion test used which does not simulate ther-
mal strains placed on the material in service. Figure 2b represents a short cycle that 
was designed to simulate short ‘island-hoping’ flights, and finally, Fig. 2C shows the 
long cycle designed to represent longer ‘cruise-type’ flights. The heating and cool-
ing rate of the isothermal test was controlled to 6 °C  min−1. However, the rates in 
the cyclic tests are not controlled since the furnaces are already at temperature when 
the rig is cycled which again is more representative to engine conditions. The num-
ber of cycles was selected so all three profiles had a total hot exposure time of 40 h 
before being removed for inspection and resalting (explained later).

A deposit salt solution of 80%Na2SO4-20%K2SO4 (mol%) at a flux of 5 μg/cm2/h 
was sprayed onto each specimen prior to exposure. During this, samples were kept 
on the hot plate at approximately 180 °C to ensure flash evaporation of the water in 
the solution.

Table 2 lists the test matrix for samples exposed to isothermal and thermal cyclic 
test conditions. Isothermal testing was designed to run for 520 h, with each inspec-
tion cycle of 40 h. Short cyclic test with a cycle length of 2.5 h was designed to run 

Table 1  Alloy composition used in corrosion tests

Material Nominal composition (weight %)

Ni Co Cr Al Ta W Mo Re Ti Hf B Zr C

PWA 1484 Bal 10.0 5.0 5.6 6.5 8.7 5.9 3.0 – 0.1 – – –
MAR-M247 Bal 10.0 8.4 5.5 3.0 10.0 0.7 – 1.0 1.5 0.015 0.05 0.15

Fig. 1  Schematic diagram of a vertical controlled atmosphere furnace set-up for a isothermal and b ther-
mal cyclic hot corrosion test in simulated root pocket area for IP turbines [7]
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for 640 h (256 cycles), and long cyclic test with a cycle length of 10 h was run for 
560  h (56 cycles). After every 40-h inspection cycle, the samples were unloaded 
from the furnace and weighed then redeposited with the same salt deposit composi-
tions, weighed again and loaded back into the furnace for another 40-h inspection 
cycle. After the final exposure, samples were weighed, before being examined. The 
surfaces of selected samples were examined using scanning electron microscopy 
(SEM) and energy-dispersive X-ray (EDX) analysis to determine the morphology 
and chemical composition. Polished cross sections were prepared through the mid-
point of all the samples using and established metallographic procedure [8]. These 
cross sections were all measured using an image analyser to generate accurate meas-
urements of the remaining amount of metal after the corrosion tests; these measure-
ments were compared to the pre-exposure metal dimensions to produce distributions 
of metal loss due to corrosion which is required for the development of hot corro-
sion damage models.

Results and Discussion

SEM/EDX Analysis

Figure 3 shows the scales formed on alloy MAR-M247 are thicker compared to 
those formed on alloy PWA 1484 in the LC test. Both alloys were exposed for 
the same time of 560 h. The total thickness of the scale (outer oxide scale + inter-
nal oxide/sulphide layer) formed on alloy MAR-M247 is almost 1.8 times larger 

Fig. 2  Schematic representation of thermal cycle for each 40-h resalting/inspection period for a isother-
mal, b short cycle and c long cycle tests
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(~ 341 microns) than on the lower chromium PWA 1484 (~ 188 microns). Fig-
ure 3 also indicates that the thick scale formed on MAR-M247 is coherent and 
well adhered to the surface, whereas the scale formed on PWA 1484 shows lat-
eral crack formation near the scale/gas interface and multiples voids within the 
outer and internal oxide layers. Another interesting feature is the rough oxide 
scale formed on MAR-M247, which was not found in the scale for alloy PWA 
1484, where the scale surface was found to be smoother. It could be argued that 
the thick scale form on MAR-M247 is due to the presence of grain boundaries, 
which enhances the metal diffusion process. However, the difference in alloy 
composition may also be playing a role. The scale on PWA 1484 exhibits dis-
tinctive layers consisting of chromia at the gas/scale interface, alumina at the 
scale/metal interface, and a rutile-type structures as  CrTaO4 in between, as evi-
denced by the EDX maps in Fig.  8. This  CrTaO4, which is known to inhibit 
metal diffusion [9, 10], may form in this alloy due to the higher concentration of 
Ta.

Figure 4 shows that when the alloys are exposed to the same (short cycle) test 
conditions, MAR-M247 again forms thicker scales (outer oxide scale + internal 
oxide/sulphide layer) compared to alloy PWA 1484. It is shown that the total 
scale thickness (~ 509 microns) formed on alloy MAR-M247 is almost 3 times 
the thickness of the scale formed on alloy PWA 1484. Another interesting fea-
ture is that the internal oxide formed on PWA 1484 alloy in SC conditions is 
very similar in its morphology and thickness to the internal oxide formed in the 
LC test conditions.

The outward growing oxides on MAR-M247 were found to be thicker and 
illustrate significant presence of voids and pores in comparison with the outer 
oxide formed on PWA 1484. Such performance difference is likely to be due to 
the presence of grain boundaries, which can act as fast diffusion path.

MAR–M247 PWA1484 

LC LC

126μm

215μm 98μm

90μm

Fig. 3  Backscattered images of cross sections through alloy MAR-M247 and PWA 1484 samples cov-
ered with deposits (80%Na2SO4-20%K2SO4) exposed to air + 300 vppm SOx gaseous atmosphere gas 
within long cyclic test conditions for 560 h between 700–900 °C
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Comparison of Long and Short Cycle Tests

Figure 5 shows the cross-sectional images of MAR-M247 exposed to SC and LC 
tests conditions for 640 and 560 h, respectively. The images show that the hot cor-
rosion depth in the SC test condition was approximately double in comparison with 
the LC test condition. It is also noticeable that the internal metal oxide layer formed 
in both test conditions is significantly thinner compared to the outer oxide scale. An 
important feature observed is the scale de-cohesion at the metal/scale interface in 
both test conditions. The scale detachment at the metal/scale interface indicates a 
weak mix metal oxide/sulphide scales formation for both alloys. Such test conditions 

MAR-M247 PWA1484 

382μm

SC SC

127μm

131μm

41μm

Fig. 4  Backscattered images of cross sections through alloy MAR-M247 and PWA 1484 samples cov-
ered with deposits (80%Na2SO4-20%K2SO4) exposed to air + 300 vppm SOx gaseous atmosphere gas 
within SC test conditions for 640 h between 700–900 °C

MAR-M247 MAR-M247 

55μm

SC LC

480μm

263μm

56μm

Fig. 5  Backscattered images of cross sections through alloy MAR-M247 samples covered with deposits 
(80%Na2SO4-20%K2SO4) exposed to air + 300 vppm SOx gaseous atmosphere gas within SC test for 640 
and LC test conditions for 560 h between 700–900 °C
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simulate long and short term flights and suggest that short distance flights are more 
detrimental for the jet engines service schedule.

Thermal Cycle and Isothermal Tests Comparison

Figure  6 shows BSE images of polished cross section of PWA 1484 exposed to 
thermal cyclic (SC & LC) and isothermal (Type I and Type II) test conditions. It 
is clear that the sample exposed to Type I conditions formed much thicker scales 
compared to samples exposed to Type II and thermal cyclic tests. The distinctive 
features observed for Type I HC image appear to follow the well-established basic 
fluxing mechanism that is dissociation of  Na2SO4 into  Na2O and  SO3 and its reac-
tion with  Cr2O3 to form chromate and sulphide. The expected pitting type attack for 
Type II HC is not evident within the cross-sectional image for Type II test condi-
tions; instead, the attach was broad front. This is likely due to the corrosion attack 
progressing well into the propagation stage, where the pits are merged to form a 
thick uniform scale. The total scale thickness for LC and SC is approximately ~ 200 

PWA1484 PWA 1484 

57μm

Type II Type I

SC LC

132μm

95μm

Pit

98μm

105μm

254μm

349μm

Fig. 6  Backscattered images of cross sections through alloy PWA 1484 samples covered with deposits 
(80%Na2SO4-20%K2SO4) exposed to air + 300 vppm SOx gaseous atmosphere gas within SC test for 640 
and LC test conditions for 560 h between 700–900 °C and isothermal Type I and Type II for 520 h at 900 
and 700 °C, respectively
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microns; however, the morphological appearance of the scales is very different. Two 
distinctive layers are exhibited in both LC and SC images, where the internal scales 
at metal/scale interface are likely to be a mix of metal sulphides and metal oxides 
(chromia and alumina) and external scales are resultant oxides of nickel and cobalt. 
The internal oxidation zone is thicker in the SC test compared to LC test. An inter-
esting feature noticed in the LC image is the formation of wave-shape pits within the 
internal scale, which was absent in the SC image. Samples exposed to 700 °C for 
a longer period showed the formation of pits within the internal scale, which high-
lights characteristic features of type II HC attack.

EDX Mapping

Figure  7 shows EDX mapping of MAR-M247 exposed to LC test conditions for 
560 h. It is clearly shown that oxygen is distributed throughout the scale. Ni is richer 
towards the outer scale/gas interface and metal/internal oxide interface. High level 
of S was detected close to the metal/internal oxide interface possibly as NiS. Sig-
nificant patches of Co are present towards the scale/gas interface, and Ti is also 
evident at the middle and the top region of the outer oxide layer. The inner oxide 
zone has significant porosity where the Al and Ti presence is richer compared to a 
region within the scale where Ni and Co are concentrated at the outer oxide layer/

Cr Al

Ni O W

Co Ti S

Fig. 7  BSE image and EDX maps of cross sections through alloy MAR-M247 samples covered with 
(80%Na2SO4-20%K2SO4) deposit exposed to air + 300 vppm SOx gaseous atmosphere gas within LC test 
conditions for 560 h between 700–900 °C
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gas interface. The significant presence of Cr, Al, S and O suggests presence of their 
sulphides and oxides.

Figure  8 illustrates EDX mapping of a cross section through alloy PWA 1484 
after 560-h testing under LC. These maps show the distribution of oxygen through-
out the scale (outer scale and internal oxide/sulphide zone). Significant presence of 
Al was found with in the inner oxidation and sulphidation zone. EDX maps also 
shows the rich presence of Ni and S within the inner oxide/sulphide layer suggesting 
NiS formation. An interesting feature found is the significant presence of Ta across 
the scale which is in line with previous work [11], suggesting the claim that refrac-
tory elements addition in single-crystal low chromium alloys activates sulphide for-
mation (e.g. Re/Ta sulphides) that aids resistance to hot corrosion by inhibiting  NiSx 
formation. However, the significant presence of S indicates internal sulphidation 
attack localised at metal/inner oxide/sulphide interface.

Dimensional Metrology

The dimensional metrology results provide the best measurements of the corro-
sion rate of the different alloy materials [12, 13]. The output provides a distribu-
tion of metal damage data for each sample exposed. Figure 9 illustrates the effect 
of exposure to thermal cyclic and isothermal HC test conditions of both alloys in 

Co Al

Ni Ta O

Cr W
S

Fig. 8  BSE image and EDX maps of cross sections through alloy PWA 1484 samples covered with 
(80%Na2SO4-20%K2SO4) deposit exposed to air + 300 vppm SOx gaseous atmosphere gas within LC test 
conditions for 560 h between 700–900 °C
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terms of ‘metal loss’. Normalized median (50%) metal loss values in Fig. 9 shows 
that MAR-M247 exhibits the most severe corrosion damage. As previously men-
tioned, one of the factors which makes MAR-M247 a poorer performer is due to 
it being a directionally solidified material, which contains grain boundaries, ver-
sus single-crystal PWA 1484 alloy.

High metal loss values for MAR-M247 are also in line with scale thickness 
data. It is also to be noted that such behaviour was more significant for MAR-
M247 compared to PWA 1484 where the magnitude of difference is almost dou-
ble. Both alloys exposed to isothermal Type I HC conditions showed high metal 
loss values compared to metal loss values found for samples exposed to Type 
II HC conditions which is also in line with scale thickness values observed in 
BSE images. These datasets show that the relative performance of the alloys 
can be ranked (in the order from high to low corrosion damage) as SC > Type 
I > LC > Type II. The results suggest that SC test conditions that simulate condi-
tions for jet engines used for short distance flights exhibit higher corrosion rate 
compared to results observed for LC test conditions simulating long distance 
flights.

Conclusions

The study of cyclic HC testing in addition to isothermal testing is important for a 
better simulation of jet engine turbine components performance. This paper reports 
the results of hot corrosion isothermal exposures carried out at 700 and 900  °C 
and thermal cyclic SC and LC tests using the well-established deposit recoat test 
method. The alloy performances were evaluated using SEM/EDX techniques and 
dimensional metrology.
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• The corrosion damage produced by short cyclic test was significantly higher than 
long cyclic test conditions.

• Both alloys show two distinctive scales.

• Significant presence of Al- and Cr-rich oxides layers,
• Outer damage via formation of noticeable Ni/Co oxides,
• Refractory elements signal in EDX maps as strengthening role.

• MAR-M247 was found to suffer a higher degree of corrosion in 3 test conditions 
(LC, SC and Type I HC) by showing high metal loss and thick scales.

• The overall corrosion rate for all four systems was found to be in the order 
SC > Type I > LC > Type II. However, for PWA 1484 the corrosion rate under 
Type I and SC conditions is almost similar.
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