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Abstract

The aim of this work was to perform high temperature 
tests in steam conditions at 700‒800°C for 3000 hours. In 
this work seven alloys were studied: Cr rich austenitic steels 
309S, 310S, HR3C, and two solid-solution strengthened 
Ni based alloys; Haynes® 230®, 617 alloy and two (γ’) gam-
ma-prime strengthened Ni based alloys; 263 and Haynes® 
282®. The obtained results suggest that the exposed ma-
terials show high corrosion resistance under steam oxida-
tion conditions where predominantly Cr2O3 and MnCr2O4 
compounds developed. The materials showed no chro-
mia evaporation process and no exfoliation of the external  
oxide scale. However, two (γ’) gamma-prime strengthened 
Ni based alloys showed a high degree of internal oxidation 
that increased with temperature.

Keywords: steam oxidation, high temperature, austenitic steel, 
Ni based alloy

1. Introduction

Since the industrial revolution world energy demands 
have grown rapidly [1,2]. Energy consumption is ex-
pected to rise by approximately 49% by the end of 
2035 [3]. The economies of developing countries are 
strongly dependent on electrical energy [1,4], with the 
main sources being conventional power plants of which 
~40% are coal-fired units [3]. There are a variety of 
coal-fired power plant designs which have different 
operating conditions and thus have different energy 
generation efficiencies [5,6,7,8]. Power plant efficiency 
is strongly correlated to steam temperature and pres-
sure, which is explained thermodynamically by the Car-
not cycle (Ideal cycle) [9]. Since the efficiency of the 
Carnot cycle is defined as (Tmax − Tmin)/Tmax, where Tmax is 
the maximum temperature in the thermodynamic cycle 
and Tmin is minimum temperature, the most practical 
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way to increase efficiency is to increase the maximum 
steam temperature [9,10,11]. Currently most of the coal-
fired power plants operate with steam at temperatures 
around 580°C with pressures up to 24.3 MPa, which al-
lows for efficiencies of 38‒40%. In newly designed units 
the efficiency of energy generation is above 40% due 
to higher steam conditions (600‒620°C) [6]. The most 
efficient power plants, currently in development are 
expected to have efficiencies in the range of 44‒46% 
using the following steam conditions: 700‒760°C and 
36.5‒38.5 MPa [12,13]. In order to generate energy 
from steam more efficiently, there is a need to iden-
tify high temperature resistant alloys which are able to 
withstand such steam conditions [14,15,16].

Alloys for such applications must have good high tem-
perature oxidation resistance [17,18] and good thermal 
conductivity [19] in addition to good creep resistance [14]. 
Moreover good weldability [21]; fabricability [20]; and 
the ability to be coated [16] are considered as important 
factors. The severity of the higher steam conditions (tem-
perature and pressure) increases the oxidation kinetics 
(oxidation rate) which results in thicker scale formation, 
faster metal loss and larger scale spallation [20,21]. As  
a consequence of which, the heat transfer within the 
boiler would be disturbed and tubes would overheat lo-
cally [23]. All these factors have an impact on the boiler 
durability, power plant operations and the general perfor-
mance [22,23,24]. To mitigate those problems extensive 
research into high temperature steam oxidation is need-
ed, with special consideration of temperature, time, alloy 
type, material composition and steam conditions (flow 
rates) [18,23]. There has been some research conducted 
for the ferritic and austenitic steels in the temperature 
range of 550‒650°C [3,22,25,26,27] and nickel-based 
alloys in the temperature range of 700‒800°C [3,22]; 
however such tests do not consider the impact of speci-
men geometry and steam flow. Literature shows that 
the oxide scale development in steam environments is 
dependent on the alloy composition (mainly chromium 
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content), steam exposure conditions (temperature, pres-
sure) and the alloys microstructure/surface preparation. 
In general, the scales formed on ferritic steels are re-
ported as having double-layered structures with (Cr,Fe) 
spinel as the inner and magnetite as the outer layer [28]. 
However, some researchers have found that a haema-
tite layer is able to form as a third (outermost) layer on 
top of the magnetite layer, but this is dependent on the 
alloy type and the exposure conditions [29]. Austenitic 
steels with medium up to 20 wt. % Cr have also been 
reported to develop two layers; an inner metal spinel, 
the composition of which is dependent on the alloy type, 
and an outer magnetite layer [3,30]. In this paper, candi-
dates for structural materials in power plant boilers are 
shown in the case of steam oxidation performance. In 
the study, austenitic steels 309S, 310S and HR3C with 
more than 20 wt. % Cr have been investigated in steam 
conditions together with two solid-solution strengthened 
alloys; Haynes® 230®, 617 alloy and two (γ’) gamma-
prime strengthened alloys; 263 and Haynes® 282®. The 
high temperature tests were conducted at 700–800°C 
for 3000 hours. Standard analytical procedures using 
Scanning Electron Microscopy (SEM), coupled with  
Energy Dispersive X-ray Spectroscopy (EDS) and X-ray 
Powder Diffraction (XRD) have been used to determine 
microstructural observations, chemical composition and 
phase development respectively.

2. Experimental procedure

2.1. Materials

In total, seven alloys were exposed; two solid-solu-
tion strengthened alloys; Haynes® 230®, 617 alloy; two 
gamma-prime (γ’) strengthened materials; 263 alloy 
and Haynes® 282® and high alloyed steels rich in Cr: 
309S, 310S and HR3C. Table 1 shows the nominal 
compositions according to producer certificates of the 
high-alloyed steels and Ni based alloys respectively.

Prior to steam testing at 700‒800°C, materials were 
cut out from the plates in small squares (20 mm2). As 
mentioned, the HR3C alloy has been delivered as  
a tube section, the material has been machined into tube 

segments, which had dimensions of a ~15 mm length, 
×10 mm width chord, with a 4 mm wall thickness. The 
surface of the steels and Ni based alloys was ground 
using 600 grit SiC paper. Furthermore, the samples 
were cleaned in acetone at 40°C for 15 min using an 
ultrasonic bath. Prior to and during the exposure, the 
samples were accurately weighed using a digital bal-
ance with a resolution of ±0.01 mg for masses m ≤ 80 g. 
The digital balance (Sartorius CPA225D) was calibrated 
frequently using its internal calibration function and pe-
riodically with test weights. The oxidised samples in the 
first instance were characterised to investigate phase 
formation using a D500 Kristalloflex from Siemens with 
monochromatic X-ray sources Cu (λKα = 1.54 A) and 
an X-ray diffractometer (XRD) (EMPYREAN Panalytical) 
with a Cu X-ray source using an Ni filter. Further steps of 
post exposure preparation of the samples after high tem-
perature testing included, mounting of the samples in the 
conductive resin from Struers. The prepared materials 
where investigated using: FEI Scios ultra-high-resolution 
Dual Beam Scanning Electron Microscopy (SEM) in 
Backscatter Electron (BSE) mode, microanalyses were 
performed using a Silicon Drift Detector (SDD) in Energy 
X-ray spectrometry (EDS) with a standard resolution of 
127 eV and an accelerating voltage of 25 kV.

2.2. Steam oxidation

The high temperature rig for Ni and Fe based alloy 
corrosion assessment is shown in Figure 1.

The rig consisted of a heat resistant furnace, where 
a reactive chamber made of 8 mm thick 316L stain-
less steel was used, inside the reactive chamber an 
Al2O3 5 mm thick ceramic liner was inserted. The Al2O3 
liner prevents a steam oxidation reaction with the 316L 
stainless steel vessel reaction chamber under high tem-
perature exposures. Hence, the Al2O3 liner in this work 
was responsible for the constant partial pressure of 
oxygen during high temperature tests. Deionised water 
throughout the system of polyamide cables and 304L 
stainless steel tubes was delivered by a peristaltic pump 
with a flow rate of 2.833 ml/min. Throughout the high 
temperature tests, deionised water in the reservoir was 
constantly purged by nitrogen in order to eliminate oxy-

Table 1. Chemical composition of the materials (wt. %) used in steam oxidation work

Ni Fe Cr Co Mo Si Mn Cu Nb La Ti Al C W B P S N

309S 14 Bal. 23 – – 0.75 2.0 – – – – – 0.20 – – 0.045 0.03 –

310S 21 Bal. 25 – – 1.50 2.0 – – – – – 0.08 – – 0.045 0.03 –

HR3C 20 Bal. 25 – – 0.75 1.2 – 0.45 – – – 0.06 – – 0.040 0.03 0.2

263 alloy Bal. 0.6 20 20.0 6.0 0.40 0.6 0.2 – – 1.2 0.6 0.06 – – – – –

617 alloy Bal. 1.0 22 12.5 9.0 – – – – – 0.3 1.2 0.07 – – – – –

Haynes® 230® Bal. 3.0 22 5.0 2.0 0.40 0.5 – – 0.02 – 0.3 0.10 14 0.015 – – –

Haynes® 282® Bal. 1.5 20 10.0 8.5 0.15 0.3 – – – 2.1 1.5 0.06 – 0.050 – – –
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gen dissolved in the water from the ambient atmosphere 
(air). Nitrogen flow was constantly measured by a flow 
meter connected to the purging line. The samples were 
placed on the Al2O3 ceramic holder, and introduced into 
the furnace. The furnace was locked using 4 screws 
made of stainless steel. Additionally, when the cham-
ber was closed, the nitrogen was run in order to purge 
the chamber and the samples for 2 hours at 200°C, to 
remove moisture and other impurities. Simultaneously, 
deionised water in the tank was constantly purged.  
Finally, when the temperature was nearing its maxi-
mum, nitrogen flow through the reactive chamber was 
turned off and a peristaltic pump was turned on to deliver 
deionised water to the reactive chamber. As mentioned, 
the tank with deionised water was constantly purged by 
nitrogen from a cylinder. When the test was finished, the 
peristaltic pump was turned off during the cooling period 
to prevent furnace inundation. Finally, the samples were 
removed at room temperature (20°C).

2.3. XRD investigations

Phase analyses were performed using two tech-
niques; Bragg-Brentano (BB) geometry and the geom-
etry of constant angle called grazing incidence using  
α = 1° and α = 3°. In Bragg-Brentano (BB) geometry the 
penetration depth of the X-rays can be estimated using 
the following formula:

(1)

where:

Gx – donates the intensity of the primary X-ray, giving 
important information related to irradiation volume,

µ – linear absorption coefficient.

In the grazing angle method, X-rays depth penetration 
can be calculated via the following formula:

(2)

where:

Gx – donates the intensity of the primary X-ray, giving 
important information related to irradiated volume, this 
value is equivalent to 0.95 (95%),

µ – linear absorption coefficient,

α – incidence angle.

The calculated values of Gx (assumption of Gx = 
95%) are shown in Table 2.

Table 2. Depth penetration for the selected samples 
calculated using two different techniques

Sample/
phase

BB geometry, 
µm

Grazing  
incidence  
α = 1°, µm

Grazing 
incidence  
α = 3°, µm

309S 2.58–6.53 0.26 0.75
310S 2.89–7.32 0.29 0.84
HR3C 2.76–6.99 0.28 0.80

alloy 263 3.91–9.91 0.39 1.14
alloy 617 4.33–10.96 0.43 1.26

Haynes® 230® 4.23–10.71 0.42 1.23
Haynes® 282® 4.64–11.76 0.47 1.35

3. Results and discussion

3.1. Kinetic behaviour

Figure 2A‒B and Figure 3A‒B show mass gain data 
vs. time for the materials exposed at 700°C and 800°C 
for 3000 hours respectively.

The results clearly indicate that the materials ex-
posed at 700°C showed much lower mass gain vs. 
time than the materials exposed at 800°C. In gen-
eral, mass gain at 800°C was around 3 times higher 
than that observed at 700°C. Furthermore, both type 
of materials show similar high temperature corrosion 
behaviour: the exposed austenitic steels indicated 
static and constant mass gain, however the exposed 
Ni based alloys showed more scattered behaviour 
i.e. two gamma-prime (γ’) strengthened materials;  
263 alloy and Haynes® 282® at 700 and 800°C present-
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Fig. 1. Steam oxidation rig used in the experimental 
procedure
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prevent furnace inundation. Finally, the samples were removed from the holder at room temperature 
(20 oC). 

2.3 Post experimental procedure 

The exposed samples after steam oxidation tests at 700, 750 and 800 oC for 3000 hours were 
investigated using Scanning Electron Microscope (SEM) coupled with Energy-dispersive X-ray 
spectroscopy (EDS) to obtain microstructure observation and chemical composition characterisation. 
Nevertheless, in this work, the results from XRD investigations are presented only to show changes 
that are developed under three different temperatures.  

2.4 XRD investigations 

The phase analyses were performed using two techniques; Bragg-Brentano (BB) geometry and the 
geometry of constant angle called grazing incidence using  = 1o and  = 3o. In Bragg-Brentano (BB) 
geometry, depth penetration of X-rays can be estimated using the following formula: 
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where: 

Gx donates the intensity of the primary X-ray, giving important information related to irradiated volume, 
this value is equivalent to 0.95 (95%),  
 – linear absorption coefficient, 
 – incidence angle. 

The calculated values of Gx (assumption of Gx = 95%) are shown in Table 2:

Table 2 Depth penetration for the selected samples calculated using two different techniques 

Sample/phase BB geometry grazing incidence  = 1o grazing incidence  = 3o

309S 2.58–6.53 m 0.26 m 0.75 m
310S 2.89–7.32 m 0.29 m 0.84 m
HR3C 2.76–6.99 m 0.28 m 0.80 m

alloy 263 3.91–9.91 m 0.39 m 1.14 m
alloy 617 4.33–10.96 m 0.43 m 1.26 m

Haynes® 230® 4.23–10.71 m 0.42 m 1.23 m
Haynes® 282® 4.64–11.76 m 0.47 m 1.35 m
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A

B

Fig. 2. Mass change vs. time for austenitic steels  
exposed at: A) 700°C and B) 800°C for 3000 hours  

in steam conditions

A

B

Fig. 3. Mass change vs. time for Ni based alloys at:  
A) 700°C and B) 800°C for 3000 hours  

in steam conditions

ed much higher mass gain. It is interesting to note, that 
the austenitic steel with the highest Cr content in metal 
matrix (HR3C) showed the highest mass gain from all 
of the exposed austenitic steels alike at 700°C and 
800°C. Such behaviour can be explained based on the 
chemical composition of the 309S and the 310S steels 
where both steels contain higher Si content than the 
HR3C steel, it can therefore be assumed that a small 
addition of Si (up to 1.5 wt. %) may enhance corrosion 
behaviour of the Cr rich steel at high temperatures due 
to the formation of SiO2 layer or, a similar compound 
containing Si within the oxide scale. In the past, some 
researchers postulated that the formation of SiO2, or 
other Si containing compounds may enhance corrosion 
behaviour. Fry et al. [25] reported that for the mid Cr 
steels between 600‒650°C exposures, Si additions 
positively influence kinetic behaviour, however has  
a negative effect, in that it encourages carbide ag-
glomeration. Other researchers [31,32,33], have shown 
that increasing the content of Si from 0 to 1 wt.  %, in  
15 wt. % Cr steels increases time until breakaway oxi-
dation due to the formation of a thin SiO2 layer within 
the oxide scale. Based on the achieved results, it can 
be concluded that the current work also shows that 
Si addition to the metal matrix of highly alloyed steels 

positively influences high temperature corrosion be-
haviour in steam conditions.

The exposed Ni based alloys that have been heat 
treated under steam oxidation conditions beside  
Cr rich austenitic steels showed different behaviour. Two 
solid-solution strengthened Ni based alloys Haynes® 
230®, 617 alloy in comparison to two (γ’) gamma-prime 
strengthened Ni based alloys; 263 and Haynes® 282® 
showed much lower mass gain at both temperatures. 
The (γ’) gamma-prime strengthened Ni based alloys 
indicated accelerated mass gain through the formation 
of fast growing phases. Particular attention is directed 
to the formation of TiO2, which is a fast growing phase 
in oxygen rich atmospheres [34]. The formation of TiO2 
was reported earlier as well by Litz et al. [35], where 
researchers postulated the formation of an outer TiO2 
layer, an intermediate Cr2O3 layer with dissolved Ti, 
and an inner layer of (Ti, Nb, Ta)O2 with a futile struc-
ture. Beneath the external scale an internal corrosion 
zone is formed that contains Al2O3 and TiN further into 
the substrate. In the current case, Ti originates from 
gamma-prime phase (γ’), hence higher mass gain has 
been observed for the alloys where gamma prime was 
present.
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3.2. XRD analyses

Figure 4 and Figure 5 show XRD spectra obtained 
after investigations of the exposed and oxidised aus-
tenitic steels and Ni based alloys after the tests at 700 
and 800°C for 3000 hours.

The XRD analyses carried out showed that the ma-
terials exposed to 700 and 800°C developed similar 
phases where mainly Cr2O3 and MnCr2O4 have been 
observed. Further, (γ’) gamma-prime strengthened Ni 
based alloys; 263 and Haynes® 282® showed develop-
ment of a fast growing TiO2 phase. The solid solution 
strengthened Ni based alloy, 617, developed an oxide 
scale consisting of only two phases: Cr2O3 and NiCr2O4 
instead of MnCr2O4.

The steels with Si additions (309S and 310S), formed 
Si rich phases such as: (Mn,Fe)SiO4, SiO2, and Mn7SiO12 
in addition to Fe3O4, however Fe3O4 was observed pre-
dominantly in the HR3C steel rather than in 309S or 
310S. The results in this work are in agreement with 
other papers from the field of material science where Cr 
rich austenitic steels and Ni based alloys were tested. 
It has been suggested that those materials are prone 
to develop predominantly Cr2O3 and MnCr2O4 phases 
[36,37]. The investigation carried out, showed that in 
general, all of the exposed materials developed pro-
tective oxide scales under harsh conditions of steam 
oxidation, although Cr rich HR3C steel formed an Fe3O4 
phase that is non-protective in comparison to Cr2O3 
and is often observed in mid chromium steels such as 
T/P91 [38,39].

3.3. Microstructural observations

3.3.1. Surface

Figure 6 and Figure 7 present the microstructures 
of the exposed materials which were observed under 
SEM in BSE mode. The figures revealed that the ex-
posed materials formed adherent oxide scales to the 
substrate with no detachment observed. Furthermore, 
it can be seen that the oxide scales developed at 800°C 
are coarser than those developed at 700°C, however, 
they still remain adherent to the metallic substrate.

3.3.2. Cross-section

Cross-sectional images of the exposed samples in 
BSE mode after exposures at 700 and 800°C are shown 
in Figure 8 and Figure 9 respectively. The figures pre-
sent cross-sectional images captured after 3000 hours 
of oxidation in steam.

The presented results shown in Figure 8 and Figure 9 
clearly demonstrate that the exposed materials under-
went severe corrosion degradation especially at 800°C. 
As mentioned, corrosion resistance of the exposed 
materials was predominantly attributed to the formation 

of the Cr2O3 and MnCr2O4 external oxide scales. The 
highest performance among the exposed materials 
was observed in Haynes® 230® due to the lowest mass 
gain and the lowest internal oxidation rate. According 
to work published earlier, [40] for the same type of 
materials, it can be concluded that the solid-solution 
strengthened Ni based alloys; Haynes® 230®, 617 alloy 
indicate much better corrosion resistance than that of-
fered by two gamma-prime (γ’) strengthened alloys; 263 
and Haynes® 282®. Two gamma-prime (γ’) strengthened 
alloys; underwent a more severe corrosion degradation 
mainly due to oxidation of the gamma-prime (γ’) phase 
and the formation of the extended internal oxidation 
region observed at 800°C. The process is primarily 
driven by the development of a fast growing TiO2 phase. 
It is well known that the TiO2 phase possesses a high 
number of defects in the crystal structure and is often 
responsible for accelerated mass gain in lightweight 
TiAl based alloys [41,42]. Kekare et al. [43] indicated 
that the doubly ionised oxygen vacancies are respon-
sible for the kinetic rate of growth TiO2 scales over Ti 
rich alloys and accelerated corrosion degradation. In 
this work the development of TiO2 and Cr2O3 leads to 
accelerated ion flux according to the reaction below:

Ti1+yO2-y

Ti****i and 		  V••
o Ti (4 atoms in interstitials 

                                    sites, double ionised vacancies)

Cr2O3   Ti1+yO2-y

2Cr2O3 + TiTi  4Cr•
Ti + Ti****i + 6Oo

 			   Ti****i
 

Cr2O3 + OO   2Cr’Ti + V••
O + 4Oo 

			         V•• O
 

Therefore, when developed TiO2 as in this case is 
doped by Cr atoms, the process leads to the forma-
tion of a higher number of defects and enlargement 
of mass transport throughout point defects, hence this 
is a reason why two gamma-prime (γ’) strengthened 
alloys; 263 and Haynes® 282® show much higher mass 
gain than the other two Ni based alloys and austenitic 
steels. Furthermore, it needs to be pointed out that 
alongside Cr2O3, a Mn2O4 spinel phase developed. 
The phase possesses a higher diffusion rate than that 
observed in Cr2O3, hence, this phenomena contributes 
extensively to higher corrosion rates in comparison 
to alloy 617 where no MnCr2O4 phase was identified, 
though the alloy showed the second best corrosion 
resistance. The proposed mechanism is a positive 
correlation with Cruchley et al. [16]. The researcher 
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Fig. 4. XRD spectra of the exposed materials at 700°C for 3000 hours
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Fig. 5. XRD spectra of the exposed materials at 800°C for 3000 hours
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Fig. 6. Microstructures developed on the exposed materials in steam oxidation conditions at 700°C:  
A) 309S, B) 310S, C) HR3C, D) Haynes® 282®, E) alloy 617, F) 263 alloy, G) Haynes® 230®
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Fig. 7. Microstructures developed on the exposed materials in steam oxidation conditions at 800°C:  
A) 309S, B) 310S, C) HR3C, D) Haynes® 282®, E) alloy 617, F) 263 alloy, G) Haynes® 230®
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Fig. 8. Cross-sectioned microstructures developed on the exposed materials in steam oxidation conditions at 700°C:  
A) 309S, B) 310S, C) HR3C, D) Haynes® 282®, E) alloy 617, F) 263 alloy, G) Haynes® 230®
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Fig. 9. Cross-sectioned microstructures developed on the exposed materials in steam oxidation conditions at 800°C:  
A) 309S, B) 310S, C) HR3C, D) Haynes® 282®, E) alloy 617, F) 263 alloy, G) Haynes® 230®



288 Prace IOd 4/2017

T. Dudziak: High temperature corrosion of metallic materials in coal fired power plant boilers

postulated that increased ionic transport is caused by 
doping of the chromia layer by titanium and the crea-
tion of vacancies on the chromium sub-lattice. Similarly 
to this research, researchers investigated the effect 
of Ti in Ni based alloys with an addition of Ti. It has 
been shown by Chen et al. [44], Kim et al. [45] and 
recently by Taylor et al. [46]. Furthermore, it has been 
found that Ti has a negative effect on the chromia scale 
due to the formation of a higher number of chromium 
vacancies which are responsible for higher diffusion 
rates of the chromium ion throughout the oxide scale. 
However, the concentration of Ti in the chromia scale 
is likely to reduce due to oxide scale thickening and 
depletion of Ti in the alloy. Finally, the internal oxidation 
process is in line with Al/Ti ratio in an alloy. Figure 10 
shows column graphs where internal oxidation (µm) vs.  
Al + Ti is shown for the exposed materials at 700 and 
800°C respectively.

Fig. 10. Internal oxidation vs. Al + Ti concentration of  
the Ni based alloys exposed at: A) 700°C, B) 800°C)  

for 3000 hours in steam conditions

Figure 10 indicates that there is a direct relation-
ship between Al and Ti content in a Ni based alloy and 
internal oxidation rate. The alloy with the lowest Al + 
Ti content shows the lowest internal oxidation rate 
(Haynes® 230®). In contrast, the alloy with the highest 
Al+Ti concentration indicates the highest internal oxida-
tion rate (Haynes® 282®). The process is driven by the 
ability of Ti and Al to oxidise due to the high negativity 

of Gibbs free energy formation. In comparison to the 
other elements (Si, Ni, Cr, Mn) the formation of TiO2 
and Al2O3 requires as low as ΔGO

T = −749.6 KJ ∙ mol-1 
and ΔGO

T = −892.2 KJ ∙ mol-1 energy to form an oxide, 
but the concentration of Al in the Haynes® 282® alloy 
compared to Ti concentration is much lower resulting 
in a much more prevalent formation of TiO2 compared 
to Al2O3. Hence the alloy suffered from TiO2 formation 
and development of point defects by the doping effect 
in Cr2O3 rich oxide scale.

The advanced steels rich in Cr and with small Si 
concentrations, when compared with Ni based alloys, 
showed slightly better corrosion resistance in terms of 
weight gain; furthermore, the steels showed no internal 
oxidation zone formation at 800°C. The observed cor-
rosion resistance is attributed to the formation of Cr2O3, 
MnCr2O3. The role of those oxides in high temperature 
corrosion has been discussed many times earlier [25,47]. 
Henry et al. [32], and has shown that increasing the con-
tent of Si from 0 to 1 wt. %, in 15 wt. % Cr steel increases 
time until breakaway oxidation. Similarly, the addition of 
Si to 309S and 310S steels (> 20 wt. % Cr) may further 
enhance the breakaway process, not only because of 
high Cr content and high activity and Cr2O3, but also due 
to the effect of Si. The beneficial effects of Si in austenitic 
steel are clearly observed, the material with the highest 
Cr content showed higher mass gain, moreover, HR3C 
underwent a higher rate of nodule formation (not shown 
here) after long term exposure at high temperatures. 
The nodule formation indicates the formation of a less 
protective oxide scale and may lead to the initiation of 
breakaway oxidation [48]. In the case of 309S and 310S, 
some nodules have been observed as well but with  
a much lower rate, this phenomenon can be attributed 
to the formation of a thin inner SiO2 rich layer or another 
Si containing phase that influence and reduce nodule 
formation on Cr rich austenitic steel.

4. Conclusions

The aim of this work was to perform a long term test 
at 700 and 800°C for 3000 hours and investigate corro-
sion behaviour of seven alloys: Cr rich austenitic steels 
309S, 310S, HR3C, and two solid-solution strengthened 
Ni based alloys; Haynes® 230®, 617 alloy and two (γ’) 
gamma-prime strengthened Ni based alloys; 263 and 
Haynes® 282®. The results lead to the conclusion that 
Cr rich austenitic steels and Ni based alloys developed 
thin adherent oxide scales at the lower temperature, 
whereas at the higher temperature more severe cor-
rosion degradation was observed. The Ni based alloys 
with a gamma-prime (γ’) phase show that this phase is 
responsible for extended internal oxidation rate, moreo-
ver the addition of Ti to the metal matrix and the high 
diffusion rate of Ti invoked a higher point defects rate 
and a higher corrosion process than that observed in 

Haynes 230 Haynes 282

Haynes 282Haynes 230
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solid solution Ni based alloys. The austenitic steels with 
more than 20 wt. % Cr have shown adequate corrosion 
resistance, and a strong Si effect, however some nod-
ules are formed especially in the steel with the highest 
Cr content but with the lowest Si concentration.
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