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Abstract

The aim of this work was to summarise XRD investiga-
tions performed after the tests carried out in steam oxida-
tion conditions in the temperature range 700-800°C for
3000 hours. In this work, two solid-solution strengthened
alloys; Haynes® 230%, 617 alloy and two (y’) gamma-prime
strengthened alloys; 263 and Haynes® 282° and high alloyed
steels rich in Cr: 309S, 310S and HR3C were exposed.
The phase analyses were carried out using two techniques;
Bragg-Brentano (BB) geometry and geometry of constant
angle called grazing incidence a. = 1° and o. = 3°.

Keywords: austenitic steel, Ni based alloys, high temperature,
steam, XRD

1. Introduction

Coal fired power generation is one of the key industrial
technologies in energy production worldwide. However,
energy produced from coal creates a large quantity of
CO, emission, while this technology used in many plants
is rather old and inefficient. These old technologies in
coal fired power plants based on sub-critical conditions
(SbC) required low pressure and low temperatures [1].
The steam pressure and temperature are adequate to
the steel material used in the operation, i.e. low grade
steels like T/P22 (2.5 wt. % Cr), T/P91 (9 wt. % Cr) are
used with limited functionality and temperature below
600°C. Their applicability (performance) is limited due
to the formation of thick, non-protective oxide scales
consisting of predominantly iron oxides. Furthermore,
due to large emission of CO, from sub-critical condi-
tions of power plants, the European Union introduced
recent legislations, which demand the reduction of
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CO, to about 20-30% by 2020. Nevertheless, electric
power generation from coal firing technology still can
be maintained but through a more secure and sustain-
able route, using a new generation of coal power plants
with operating temperatures above 700°C or even more
in regions of super heaters and re-heaters. According
to the High Efficiency Low Emission roadmap for coal
technology, prepared by International Energy Agency
in 2012, these old and inefficient coal fired processes
for sub-critical conditions should be replaced by more
advanced technologies utilizing new units with higher
efficiency for Ultra-Supercritical Conditions (USC) and
Advanced-Ultra-Supercritical Conditions (A-USC) steam
parameters [2]. It requires the use of these processes
at not only high temperatures but also utilizing higher
purity oxidation conditions. Steel materials with Cr con-
tents of 2-10% cannot withstand these USC and A-USC
service conditions due to their quick oxidation rates and
destruction. Currently, particular attention is focused on
the austenitic steels with high Cr content (>20 wt. %),
such as 309S 310S or HR3C stainless steel or more
technologically advanced Ni based alloys, where ad-
equate mechanical properties are combined with high
temperature corrosion resistance owing to the formation
of continuous, thin, adherent, thermally grown oxide
Cr,O, scale [3,4,5].

Nevertheless, under long term exposure even 310S
and other Cr-rich and Ni-rich steels and alloys under-
go degradation due to breakaway oxidation [6,7,8,9].
Therefore, it is important to investigate phase changes
under different temperature conditions to evaluate cor-
rosion at high temperature processes. Development
during exposure, particular phases in Cr rich materials,
like: Fe,O,, Fe,0, in austenitic steels or NiO, compound
in Ni based Cr rich alloys to a large extent may suggest
the development of non-protective oxide scale that may
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initiate and lead to breakaway oxidation. Therefore, it is
important to investigate phase changes under different
temperature conditions in order to evaluate corrosion
degradation at the high temperature process for longer
exposure times. Hence, in this work an effort is placed
to investigate the phase formation under steam oxida-
tion conditions in order to examine corrosion processes.
The steam oxidation tests were carried out in the tem-
perature range 700-800°C for 3000 hours. In this work,
two solid-solution strengthened alloys; Haynes® 2309,
617 alloy and two (y') gamma-prime strengthened al-
loys; 263 and Haynes® 282° together with high alloyed
steels: 309S, 310S and HR3C were exposed. The phase
analyses were carried out using Bragg-Brentano (BB)
geometry and geometry of constant angle that is called
grazing incidence a = 1° and a = 3°.

2. Experimental procedure
2.1. Materials

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

Prior to steam process at 700-800°C, the materials
were cut out from the plates in small squares (20 mm?).
As mentioned, HR3C alloy was delivered as a tube sec-
tion, the material was machined into tube segments,
which had dimensions of a ~15 mm length, x 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 minutes 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 (aKa = 1.54 A) and
an X-ray diffractometer (XRD) (EMPYREAN Panalytical)
with a Cu X-ray source using an Ni filter.

2.2. Steam oxidation

The high temperature rig for Ni based and Fe based
alloys corrosion assessment is shown in Figure 1.
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Fig. 1. Steam oxidation rig used in the experimental
procedure

In general, the rig consists of a heat resistant furnace,
where a reactive chamber made of 8 mm thick wall 316L
stainless steel was used. Inside the reactive chamber
anAl,O, 5 mm thick wall ceramic liner was inserted. The
ALO, liner prevented steam oxidation reaction with the
316L stainless steel vessel reaction chamber under high
temperature exposures. Hence, AL O, liner in this work
was responsible for constant partial pressure of oxygen
during high temperature tests. Deionised water using
polyamide cables and 304L stainless steel tubes was
delivered by a peristaltic pump with 2.833 ml/min flow
rate. Throughout the high temperature tests, deionised
water in the reservoir was constantly purged by nitrogen

Table 1. Nominal 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 - - - - - 020 - — |0.045/0.03| -
3108 21 | Bal. | 25 - - [1.50] 2.0 - - - - - |0.08| - — |0.045/0.03| -
HR3C 20 | Bal. | 25 - - |0.75] 1.2 - |045| - - - |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 | 06 |0.06| - - - - -

617 alloy Bal. | 1.0 | 22 |12.5| 9.0 - - - - - 03|12 |007| - - - - -
Haynes®230® | Bal. | 3.0 | 22 | 5.0 | 2.0 |0.40| 0.5 - - 10.02| - 0.3 |{0.10| 14 |0.015] - - -
Haynes®282® | Bal. | 1.5 | 20 |10.0| 85 |0.15| 0.3 - - - 21| 15 ]0.06| — |0.050| - - -

266 Prace 10d 4/2017



T. Dudziak, M. Witkowska, W. Ratuszek, K. Chrusciel: XRD phase investigations of steam oxidized Fe and Ni rich Cr...

in order to eliminate oxygen dissolved in water from an
ambient atmosphere (air). Nitrogen flow was constantly
measured by a flow meter connected to the purging line
(50 Nml/min).

The prepared samples were placed on the Al,O, ce-
ramic holder and introduced to the furnace. The furnace
was locked using 4 screw made of stainless steel. Fur-
ther, when the chamber 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 impuri-
ties. At the same time, deionised water in the tank was
constantly purged. Finally, with the temperature rising to
reach the final point, nitrogen flow through the reactive
chamber was turned off and peristaltic pump was turned
on in order to deliver deionised water to the reactive
chamber. As mentioned, the tank with deionised water
was purged constantly by nitrogen from a cylinder, when
the test was finished, during cooling period; peristal-
tic pump was turned off to prevent furnace inundation.
Finally, the samples were removed from the holder at
room temperature (20°C).

2.3. Post experimental procedure

The exposed samples after steam oxidation tests at
700, 750 and 800°C for 3000 hours were investigated
using Scanning Electron Microscope (SEM) coupled
with Energy-Dispersive X-ray Spectroscopy (EDS) to
obtain microstructure observation and chemical compo-
sition 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 tech-
niques; Bragg-Brentano (BB) geometry and the ge-
ometry of constant angle called grazing incidence using
o =1°and a = 3°. In Bragg-Brentano (BB) geometry,
depth penetration of X-rays can be estimated using the
following formula:

_ —In(1-Gx)sind
2p

X (1)

where:

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

u — linear absorption coefficient.

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

X - —In(1-Gx) )

1 1
Hl——+— ]
sina  sin(260 —a)

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%),
u — linear absorption coefficient,

o — 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 |88 geomety | 72200, [ Srng,
phase Hm a=1° um | @ =3° um
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

This section shows XRD results obtained using two
different techniques. Figures 2, 3 and 4 show XRD
spectra after 3000 hours tests at 700, 750 and 800°C,
respectively.

4. Discussion

The aim of this paper was to evaluate the phases
that formed on the surface of the two solid-solution
strengthened alloys; Haynes® 230®, 617 alloy, two
(y’) gamma-prime strengthened alloys; 263 and
Haynes® 282® and high alloyed Cr-rich steels: 309S,
310S and HR3C tested in steam at high temperatures
for 3000 hours in the temperature range 700-800°C.

4.1. Ni based alloys
The exposure of the two solid-solution strengthened

alloys; Haynes® 230°, 617 alloy, and two (y') gamma-
prime strengthened alloys; 263 and Haynes® 282° in

Transactions of FRI 4/2017

267



T. Dudziak, M. Witkowska, W. Ratuszek, K. Chrusciel: XRD phase investigations of steam oxidized Fe and Ni rich Cr...

A 3098 ' ' ' hou=1.54A B owy § ' ' hoy=1.54A
700°C / 3000h V-7(Fe) T-MnCr,0, 700°C / 3000h | 1-v(Fe) T-MnC?O.
L 4 -Cry0; #-Fe;0, +-Cry0, +-Cr,0; - Mn,SiO;,
[ 1 -FeMn(SiO,) 1- Mn;SiO;, . 1= FoMn(SI0)14-F6:04
=~ ~
3 3
8 &
> >
% k)
2 c
g £
20 30 40 50 60 70 80 20 30 40 50 60 70 80
20 [] 20 [
C HR3C' ' ' hoy=1.54A D Haynes263 ' - hoy=1.54A
[ Y- 7(Ni) o
700°C /3000 4 Y =7(Fe) T-FeMn(Si0y) 700°C/3000h +-Cr,04
T +-Cr,0; +-Fey04 ' o-Tib,
' T -MnCr,0, T T-MnCr,0,
' 1 - FeMn(SiO;)
=N -~
3 3
& S
e >
(7] ‘@
3 5
hS S
20 30 40 50 60 70 80 20 30 40 50 60 70 80
20 [] 20[]
E Haynes617 Ac=1.54A F Haynes230 Ao =1.54A
b 700°C / 3000h V-7 (N) 700°C / 3000h * V-7(N)) T-MnCr,0,
. g, g
F = + - NiCr,0, 9 1 =
\l o - Co;Mo ' S
' - y -
=~ ! g = g =1
3 v =1 3 y -
S . ! # g R ¥ b Wi 1]
> ' ' 8 > T S
2 o A “o'w\/\ AR 3 ' 18 ¥y Jatva
L e
£ <
w=3 a=3°
,__A__—__’\_A‘J\A_J u J —J > L
T ST

20 [] 20 []

H:%ynes'282
700°C / 3000h

intensity (a.u.)

20 30 40 50 60 70 80
20 []

Fig. 2. XRD patterns of advanced austenitic steels and Ni based alloys tested at 700°C for 3000 hours:
A) 309S, B) 310S, C) HR3C, D) alloy 263, E) alloy 617, F) Haynes® 230® and G) Haynes® 282°
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Fig. 3. XRD pattern of advanced austenitic steels and Ni based alloys tested at 750°C for 3000 hours: A) 309S, B) 310S,
C) HR3C, D) alloy 263, E) alloy 617, F) Haynes® 230® and G) Haynes® 282®
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steam conditions induced development of two main
phases: Cr,0, and MnCr,0O,, however, other phases
such as: FeCr,0, and TiO, were also observed. The
effect of Mn and Cr is well known in literature. Yang et
al. [10] found that additions of higher level of Mn to the
Haynes® 230® facilitates the formation of a bi-layered
oxide scale: an outer scale consisted of M,0, (M = Mn,
Cr, Ni) spinel-rich layer that occupies oxide scale — gas
interface over a Cr,O,-rich sublayer that is located at
the metal — oxide interface. Moreover addition of Mn to
Ni based alloys reduces evaporation of Cr from volatile
Cr oxyhydroxide at high pressures conditions. Holcomb
and Alman [11], suggested that the alloys containing
Ti and Mn reduce further the formation of volatile Cr
oxyhydroxide from the scale due to the formation of
outer layers of TiO, or Cr-Mn spinels. Sachitanand et
al. [12] reported there is clear evidence of a relationship
between high Mn content in the formed oxide scale.
When Mn content is high enough, lower Cr volatilisa-
tion is observed, nevertheless, higher Mn concentra-
tion in the oxide scale shows higher mass gain and the
formation of a thicker MnCr,O, spinel layer. Holcomb
et al. [13] found that Mn additions to Cr rich Ni based
alloys decreases the activity of chromium within the ox-
ide, either from solid solution replacement of chromium
with manganese (at low levels of manganese) or from
the formation of manganese-chromium spinels (at high
levels of manganese). This reduction in chromium activ-
ity leads to a predicted reduction in chromium evapora-
tion by as much as a factor of 35 at 800°C and 55 at
700°C. Deodeshumkh [14], found as well the beneficial
effect of Mn in Haynes® 230® and alloy X, that is one
of the most widely used nickel base superalloys for gas
turbine engine components. This solid solution strength-
ened grade possesses a good strength and an excellent
oxidation resistance up to 1000°C. The formation of Mn-
Cr,0, spinel layer is highly beneficial for Ni based alloy,
according to work performed by Pedrazzini et al. [15]
due to formation of MnCr,O, spinel that reduces growth
speed of the oxide scale by 1000 times compared with
a Mn-free Ni based alloy. It also exhibited improved
oxide-metal adhesion, reducing the risk of spallation of
the oxide scale.

In general, two solid-solution strengthened alloys
showed slightly different phase composition than other
two gamma-prime (y’) strengthened alloys. Itis assumed
that observed changes are due to TiO, formation on
the surface of the tested alloy. The formation of this
phase, in contrast to the MnCr,O,, is detrimental. It is
well known that the TiO, phase causes a high number of
defects in the crystal structure and is often responsible
for accelerated mass gain in TiAl alloys [16,17]. Kekare
et al. [18] indicated that the doubly ionised oxygen va-
cancies are responsible for the kinetic rate of growth
of TiO, scales on Ti rich alloys and accelerated weight
gain leads to reduced oxidation resistance. Cruchley
et al. [19] showed that the corrosion degradation of

Ti containing Ni based alloys is greater than that ob-
served in Ti-free samples. The accelerated oxidation
rate in Haynes® 282® according to arguments showed
by Cruchley et al. [19] is attributed to increased ionic
transport caused by doping of the chromia layer by ti-
tanium and the creation of vacancies on the chromium
sub-lattice, by the reaction presented below:

14y P2y
Ti™ and V= Ti (4 atoms in interstitials
sites, double ionised vacancies)
Cr,0, > Ti,,,0,,
2Cr,0, + Ti, »4Cr_ +Ti™ + 60
. -
Cr,0, + O, > 2Cr, + V-, +40,
>\

Doping by Cr atoms leads to the formation of a higher
number of defects and enlargement of mass transport
throughout point defects.

The effect of Ti addition in Ni based alloys was also
reported by Chen et al. [20], Kim et al. [21] and recently
by Taylor et al. [22]. Furthermore, they found that Ti has
a negative effect on the chromia scale due to the forma-
tion of a higher number of chromium vacancies what
induces directly higher diffusion rates of the chromium
ion through the oxide scale. However, concentration of
Tiin the chromia scale is likely to be reduced due to the
oxide scale thickening and depletion of Ti in the alloy.

4.2. Austenitic steels

The Cr rich with a small concentration of Si advanced
steels, in comparison to the Ni based alloys, have
a similar phase structure developed under steam oxida-
tion conditions. The observed corrosion resistance in
austenitic steels is attributed to the formation of Cr,O,
and MnCr,O, rich scale. The role of those oxides in high
temperature corrosion was reported previously [4,23].
In contrast to Ni based alloys, Cr rich steels, showed
development of Si containing phases: Mn_SiO ,-traces,
(Fe,Mn)SiO, at 700-800°C and SiO, at 750 and 800°C
that formed as a sublayer between the external oxide
scale and the substrate based on cross-sectioned SEM
images (not shown here). During XRD investigations
after 700°C, no SiO, phase was found, perhaps due to
the amorphous structure. The formation of amorphous
SiO, in Si containing austenitic steels as a sublayer
in the oxide scale was frequently reported in the past
[24,25]. Furthermore, Henry et al. [26], indicated that
increasing Si content from 0 to 1 wt. %, in 15 wt. % Cr
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austenitic steels enhanced positively steel resistance
against breakaway oxidation (delays breakaway oxida-
tion process). The exposed steels, showed a lack of
evaporation of Cr from Cr,O, phase due to the forma-
tion of CrO,(OH), (g) phase, similar to the Ni based al-
loys. Lack of the evaporation process in steels and Ni
based alloys is firstly due to the formation of MnCr,O,
phase and secondly due to low O partial pressure that
originates from 1 bar steam pressure from the fact that
the experiment was carried under 1 bar pressure. Fur-
thermore, the beneficial effect of MnCr,O, formation
is related not only with reduction or annihilation of the
evaporation process but also with reduced formation of
Fe,O, phase. In contrast to HR3C steels with 25 wt. %
Cr, both steels 309S and 310S with higher Mn addition
than that in HR3C underwent a lower degradation rate
that is primary related to the Fe rich oxide formation.
The formation of such microstructures may indicate ini-
tiation of breakaway oxidation in elongated exposures
[6]. Ennis et al. [27] reviewed some corrosion works and
concluded, that the oxide scales formed on ferritic and
austenitic steels change in the following manner (taking
into account Cr content): from haematite/magnetite to
magnetite/(Fe,Cr),0, spinel to (Fe,Cr),0,, spinel/Cr,O,
and finally to a pure Cr,O,. Thus, the ranking for steam
oxidation resistance alloys were proposed (least to most
resistant): T23, T91, T92, Super 304H, T347HFG, HR3C,
HR6W, HR120, Alloy 230 and Inconel 740. However, the
results clearly indicate that even 23-25 wt. % Cr is not
sufficient to develop exclusively Cr,O, oxide scale at 700,
750 and 800°C. As mentioned, predominantly Cr,0O, and
MnCr,O, phases form with trace amounts of temperature
dependant compounds: FeMn(SiO,) and SiO,,. Finally,
for better traceability of the compound formation, Tables
3-8 show a summary of the phases developed under
steam oxidation conditions.

The Tables 3-8 show a summary of the results that
were obtained after extensive XRD investigations that
were carried out on the exposed Cr rich Fe based al-
loys and Cr rich Ni based alloys. Based on the achieved
results it was found that Cr rich materials show predomi-
nantly Cr,0, and MnCr,O,. The results are in agreement
with the results derived from other researchers [1,11,14].
Nevertheless, the obtained results indicate that at 700°C
TiO, phase is not observed, however the phase appears
at 750°C and 800°C where strong peaks are found.
Similarly, SiO, phase in at 700°C was not observed, at
750°C trace amounts of SiO, in 309S steel was found,
finally at 800°C, SiO, was observed in 309S, 310S and
HR3C steel. In addition, the development of less protec-
tive phases such as Fe,O, and Fe, O, were observed in
Cr rich steels, particularly at 700°C in 309S, 310S and
HR3C steel only Fe,O, phase was found.

At 750°C the exposed steels developed both Fe,O,
and Fe,O, phases, however Fe,O, as a dominating
phase was present in 309S steel. The exposure at
800°C indicated, that the Cr rich steels developed ex-
clusively Fe,O, with no Fe,O, phase. The presence of
less protective phases, suggested that Cr rich steels
underwent from protective to less protective oxide scale
formation, that leads to breakaway oxidation [6,7,28].
Breakaway oxidation is in fact a process where protec-
tive properties of the oxide scale are lost due to ambient
atmosphere. The rate of breakaway oxidation depends
on the microstructure, Cr reservoir in the metal matrix
and temperature. Breakaway of stainless steels in differ-
ent atmospheres and temperatures results in a outward
growing Fe rich oxide and an inward growing Fe, Cr
(Ni) spinel oxide [5,29]. The spinel microstructure that
developed by the inward diffusion process is complex,
including both fully oxidized regions and regions of in-
ternal oxidation as reported [30].

Table 3. Phase content after 3000 hours steam oxidation at 700°C of austenitic steels: +1 1, most dominating phase,
+2 the 2" most dominating phase, + presence of a phase, s — trace quantities

Material | Time,h | Geometry | Cr,O, MnCr,0O, Cr,0, FeMn(SiO,) Mn_SiO,, Fe,O,

BB +2 +1 - +s +s +1

309S 3000 a=3° +2 +1 - + + +1
a=1° +2 +1 - + + +1

BB + +2 +s + +1 +2

3108 3000 a=3° + +2 + + +1 +2
o=1° + +2 + + +1 +2

BB +1 +2 - +s - +2

HR3C 3000 o=3° +1 +2 - +s - +2
o=1° +1 +2 - +s - +2
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Table 4. Phase content after 3000 hours steam oxidation at 700°C of Ni based alloys: +1 1%, most dominating phase,

+2 the 2" most dominating phase, + presence of a phase, s — trace quantities

Material | Time, h | Geometry | Cr,O, | MnCr,0O, | FeCr,0, | TiO, |FeMn(SiO,)| Co,Mo | NiCr,0, | CoW.C
BB +1 +2 +2 + +s - — _
alloy 263 3000 a=23° +1 +2 +2 + +s - - -
a=1° +1 +2 +2 + + - - -
BB +1 - +s - - +2 +s -
alloy 617 3000 a=3° +1 - + - - +2 -
a=1° +1 - + - - +8 -
BB +1 +2 +2 - - - - +
Haynes® 230°| 3000 a=3° +1 +2 - - - - - +
a=1° +1 +2 - - - - - +s
BB +1 + + +2 - — — —
Haynes® 282°| 3000 o=23° +1 + + +2 - - - -
a=1° +1 + + +2 - - - -

Table 5. Phase content after 3000 hours steam oxidation at 750°C of austenitic steels: +1 1, most dominating phase,

+2 the 2" most dominating phase, + presence of a phase, s — trace quantities

Material | Time, h | Geometry | Cr,0, |MnCr,O, [FeMn(SiO,)| Mn_SiO,, | SiO, | Fe,O, |Cr, Fe .O,| MnFe,O, |Cr,  Fe ,O,|Fe,O,

BB +1 + - +2 - + - - — -

310S 3000 0=23° + +2 - +1 - + - — _ _
a=1° +s +2 - +1 - + - - - -

BB + + + +1 + + + +2 — —

309S 3000 0=23° + + + +1 +s + + +2 _ _
a=1° +s + +s +1 + + + +2 - -

BB + +2 - - - + +1 - + +1

HR3C 3000 0=23° +2 +1 - - - + - — +2 -
o=1° + +1 - - - + - - 2 -

Table 6. Phase content after 3000 hours steam oxidation at 750°C of Ni based alloys: +1 1%, most dominating phase,

+2 the 2" most dominating phase, + presence of a phase, s — trace quantities

Material Time, h | Geometry | Cr,0, | MnCr,O, | TiO, | FeMn(SiO,) | NiCr,0, | CoW.C SiO,
BB +1 +2 + + - - -
alloy 263 3000 o=3° +1 + +2 + - - -
a=1° +1 + +2 + - - -
BB +1 - - +8 - - -
alloy 617 3000 a=3° +1 - - +s - - -
a=1° +1 - - +s +s - +s
BB +1 +2 - +8 - + -
Haynes® 230®| 3000 a=3° +1 +2 - + - +s -
a=1° +1 +2 - + - - -
BB +1 + +2 +s - - +s
Haynes®282® | 3000 a=3° +1 + +2 + - - +s
a=1° +1 + +2 + — — +
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Table 7. Phase content after 3000 hours steam oxidation at 800°C of austenitic steels: +1 15!, most dominating phase,
+2 the 2" most dominating phase, + presence of a phase, s — trace quantities

Material Time, h Geometry | Cr,0, | MnCr,0, | FeMn(SiO,) | Mn,SiO,, SiO, Fe,O,

BB +2 +1 + + + +1
310S 3000 a=3° +2 + +1 + +2
a=1° +2 + +1 + +2

BB +2 + + +1 + +
309S 3000 a=3° + +2 + +1 + +2
a=1° + +2 + +1 + +2
BB +1 +2 + - + +2

HR3C 3000 o=3° +2 +1 + - + +1
a=1° +2 +1 + - + +1

Table 8. Phase content after 3000 hours steam oxidation at 800°C of Ni based alloys: +1 15!, most dominating phase,
+2 the 2" most dominating phase, + presence of a phase

Material Time, h | Geometry | Cr,0, | MnCr,0, | FeCr,0, TiO, NiCr,0, | Co,W,C
BB +1 + - +2 - -
alloy 263 3000 a=3° +2 + - +1 - -
a=1° + +2 - +1 - _
BB +1 - - - +2 _
alloy 617 3000 a=3° +1 - - - +2 -
a=1° +1 - - - +2 -
BB +1 +2 - — _ +
Haynes® 230° 3000 a=3° +1 +2 - - — _
a=1° +1 +2 - - - _
BB +1 + + +2 - _
Haynes® 282° 3000 a=23° +1 + + +2 - —
a=1° + +2 +2 +1 - _

5. Conclusions

The aim of this paper was to evaluate oxide-rich
phase formation based on XRD investigations of two
solid-solution strengthened alloys; Haynes® 230®, 617
alloy and two (y’) gamma-prime strengthened alloys;
263 and Haynes® 282° and high alloyed steels rich in
Cr: 309S, 310S and HR3C that were exposed in steam
conditions at high temperatures for 3000 hours. Based
on the results achieved here, the following conclusions
can be made:

— Both type of materials (Ni based alloys, austenitic
steels) developed oxide scales consisting mainly of
Cr,0, and MnCr,0O,.

— Austenitic steels at 700 and 800°C developed oxide
scale with a high quantity of Fe,O, phase.

— Steels with the addition of Si (309S, 310S) devel-
oped Si containing phases: FeMn(SiO,), Mn_SiO
SiO,,.

— Cr doping in TiO, increased corrosion degradation
by the formation of a higher number of defects and
enlargement of mass transport throughout point
defects in gamma prime Ni based alloys.
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