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Oxidation mechanisms of Cr-containing steels
and Ni-base alloys at high-temperatures -
Part I: The different role of alloy grain boundaries

V.B. Trindade*, U. Krupp, Ph. E.-G. Wagenhuber,
and H.-J. Christ

It is essential for materials used at high-temperatures in corrosive
atmosphere to maintain their specific properties, such as good creep
resistance, long fatigue life and sufficient high-temperature corro-
sion resistance. Usually, the corrosion resistance results from the
formation of a protective scale with very low porosity, good adher-
ence, high mechanical and thermodynamic stability and slow
growth rate. Standard engineering materials in power generation
technology are low-Cr steels. However, steels with higher Cr con-
tent, e.g., austenitic steels, or Ni-base alloys are used for compo-
nents applied to more severe service conditions, e.g., more aggres-
sive atmospheres and higher temperatures. Three categories of al-
loys were investigated in this study. These materials were oxidised
in laboratory air at temperatures of 550 °C in the case of low-alloy
steels, 750 °C in the case of an austenitic steel (TP347) and up to
1000 °C in the case of the Ni-base superalloys Inconel 625 Si and
Inconel 718. Emphasis was put on the role of grain size on the in-

ternal and external oxidation processes. For this purpose various
grain sizes were established by means of recrystallization heat treat-
ment. In the case of low-Cr steels, thermogravimetric measure-
ments revealed a substantially higher mass gain for steels with
smaller grain sizes. This observation was attributed to the role
of alloy grain boundaries as short-circuit diffusion paths for inward
oxygen transport. For the austenitic steel, the situation is the other
way round. The scale formed on specimens with smaller grain size
consists mainly of Cr,0; with some FeCr,0, at localized sites,
while for specimens with larger grain size a non-protective Fe oxide
scale is formed. This finding supports the idea that substrate grain
boundaries accelerate the chromium supply to the oxide/alloy phase
interface. Finally, in the Ni-base superalloys deep intergranular oxi-
dation attack was observed, taking place preferentially along ran-
dom high-angle grain boundaries.

1 Introduction

As aresult of a combination of reasonable mechanical prop-
erties, efficient corrosion resistance at high temperatures and
lower cost compared with other high temperature materials,
the Cr-containing steels are mainly used as material for com-
ponents in power plants such as superheaters and exhaust sys-
tems. The surfaces of these tubes are exposed to combustion
(outer side) and steam (inner side) atmospheres at tempera-
tures between 400 and 600 °C resulting in a time-dependent
loss in the tube thickness due to the reaction between gas
and metal. It is known that a minimum Cr content of approxi-
mately 20 wt.% [1] is needed to establish the formation of a
protective, continuous Cr,0j; scale on Fe-Cr alloys, which pre-
vents further attack. For steels with lower Cr contents, com-
plex oxide scales composed of hematite (Fe,O5), magnetite
(Fe;0,), spinel (FeCr,O,), wustite (FeO) and chromia
(Cr,0;) are formed. In several studies it is assumed that oxides
on low-alloy steels grow mainly by outward Fe diffusion [2—
4], due to the very small lattice diffusion coefficient of O an-
ions in iron oxides. On the other hand, it was reported [5—8]
that inward oxide growth contributes substantially to the over-
all oxidation process in the temperature range between 500
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and 600 °C and that the mechanism for inward oxide growth
may be attributed to the fast oxygen diffusion along oxide
grain boundaries. Considering the relative high diffusivity
along grain boundaries compared to that in bulk, the change
in the substrate grain size should considerably influence the
oxidation behaviour. Elsewhere [9, 10], the possibility of mo-
lecular oxygen permeation through micro-cracks and pores in
the oxide scale was mentioned leading to inward oxidation.

The formation of a protective Cr,0O5 scale is required to
avoid degradation by severe corrosion processes for alloys
used at high temperatures (up to 1000 °C). A number of inves-
tigations [11—15] were carried out to improve the understand-
ing of the growth mechanism of Cr,0O; scales. The influence of
oxide grain size as well as the effect of doping by rare earth
elements, e.g., yttrium or cerium, on the growth kinetics of
Cr,0; were carefully investigated and even the diffusion coef-
ficients of chromium and oxygen in the bulk and along grain
boundaries of Cr,O, are available [16,17]. It is well estab-
lished that Cr,0; scales grow by counter-current diffusion
of Cr and O [15,18,19].

In addition to the understanding of the mechanisms of
Cr,0; scale growth, it is important to know the minimum
bulk concentration of Cr, which is necessary to form a protec-
tive scale on the entire surface, in order to prevent oxidation of
the base material, e.g., Fe or Ni. Investigations reported a mi-
nimum value of Cr in the range between 18 and 20 wt.% [10].
However, this concentration range may depend strongly on the
diffusion properties of Cr in the alloy. As a consequence, the
grain size of the alloy should play an important role for the
supply of Cr to the alloy/oxide interface, since the diffusivity
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of Cr along grain boundaries is much higher than that in the
bulk [20].

Besides the formation of an external oxide scale, internal
corrosion may occur under technical service conditions. In
some cases, internal corrosion occurs preferentially along
grain boundaries (intergranular corrosion). Of course, internal
corrosion, particularly intergranular oxidation, is undesirable,
since it usually enhances intergranular fracture resulting in
premature brittle failure.

Depending on the alloy type (low-Cr steels, high-Cr steels
or Ni-base alloys), the alloy grain boundaries play different
roles on the oxidation behaviour. In this study emphasis
was not only put on the kinetic aspects, but also on the ther-
modynamics of the oxidation processes in order to establish a
mechanism-oriented model for oxidation of different alloys
which is dealt with in part II of this paper.

2 Materials and experimental procedure

Three low-alloy ferritic steels (cq, = 0.55-2.29wt.%), one
austenitic steel (c., = 17.5wt.%) and two Ni-base alloys
(ce, = 18.2—19wt.%) were used. The chemical compositions
of these materials are given in Table 1.

The grain size was modified by applying a heat treatment at
1050 °C in inert gas atmosphere for 2, 12 and 112 h. The grain
size was determined using optical microscopy in combination
with the mean linear intercept technique. Fig. 1 illustrates the
variation in grain size for the example of steel C.

The oxidation behaviour of the low-Cr steels and the aus-
tenitic steel was investigated for different grain sizes as sum-
marized in Table 2. The Ni-base alloys were investigated only
in the as-received condition.

Samples with dimensions 10 x 10 x 3 mm? were used for
thermogravimetric measurements. The samples were ground
using SiC paper down to 1200 grid. They were finally cleaned
ultrasonically in ethanol prior to oxidation. A hole of 1 mm
diameter serves for hanging the samples in the thermobalance
by means of a quartz wire. Isothermal and thermal-cycling
thermogravimetric measurements were carried out using a
SARTORIUS microbalance with a resolution of 107 g in
combination with an alumina tube in a SiC furnace and an
electronically controlled gas flow system. The low-alloy
steels were oxidized at 550 °C, TP347 at 750°C and the
Ni-base superalloys at 1000 °C. After oxidation, the speci-
mens were embedded in epoxy and carefully polished using
diamond paste down to 1 um and cleaned ultrasonically in
ethanol. Analysis of the oxide phases and thickness measure-
ments of oxide layers were performed using scanning electron
microscopy (SEM) in combination with energy-dispersive X-
ray spectroscopy (EDS) and electron back-scattered diffracto-
metry (EBSD). X-ray diffraction (XRD) was employed to ana-
lyse the oxidation reaction products.

Table. 1. Nominal chemical composition (in wt. %) of the materials studied

C Cr Si Mn Al Mo Ti Fe Ni
Steel A 0.076 055 036 1.01 0.04 - - bal. 0.21
Steel B 006 143 022 059 004 —_ --- bal. 0.04
Steel C 0.09 229 023 059 0.01 1.0 - bal. 0.44
TP 347 0.04 17.50 029 1.84 -— - - bal. 10.7
Inconel 625 8i  0.01  19.00 1.20 007 024 8.9 028  2.80 bal.
Inconel 718 004 1820 040 006 050 3.0 1.00 18.70  bal.
Table. 2. Alloy grain size (in um) of the materials studied
as-received 2h/1050°C 12h/1050°C 112h/1050°C

Steel A 6 24 im 54

Steel B 10 30 60 100

Steel C 4 13 s 74

TP 347 4 11 -- 65

Inconel 625 30 e Wi s

Inconel 718
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Fig. 1. Microstructure of the low-alloy steel C prior to oxidation
with three different grain sizes: (a) 4 um, (b) 13 um, (c) 74 um

3 Results and discussion

Kinetics of the oxidation process and related microstructur-
al observations of the three classes of alloys are reported in
separate sections in order to give a consistent description
of the different role of the alloy grain size on the oxidation
behaviour of these materials.

3.1 Low-alloy ferritic steels

The effect of the alloy grain size on the oxidation kinetics of
low-Cr ferritic steels was carefully investigated using thermo-
gravimetric measurements and confirmed by SEM observa-
tions. In all cases the oxide scale growth was nearly parabolic,
i.e., kinetics can be described by means of a parabolic rate
constant (k,) and plotted against the alloy grain size. As shown

in Fig. 2 the parabolic rate growth obviously decreases as the
alloy grain size increases. Furthermore, the oxidation kinetics
decreases as the Cr content increases for alloys with similar
grain size.

By means of gold marker experiments it was possible to
obtain a better understanding of the effect of alloy grain
size on the oxidation mechanism. Prior to oxidation, a thin
gold layer was sputter-deposited on the sample surface. After
oxidation, the gold marker was found within the oxide scale
(Fig. 3a), revealing two mechanisms of mass transport: (i) out-
ward transport of Fe cations and (ii) inward transport of O
anions. A detailed examination of the inner part of the scale
revealed important features about the growth mechanism of
the inner scale. By using different techniques (EDS mapping,
XRD and EBSD) the oxide scale structure was characterized.
The outer scale consists of Fe,O; at the oxide/gas interface
followed by Fe;O,. For the inner scale a more complex oxide
structure was observed. Iror-chromium spinel (FeCr,0,) co-
existing with Fe;O, and some amount of Cr,0; were identi-
fied. Thermodynamic calculations using the software Fact-
Sage (Fig.3b) support these experimental observations.

The growth kinetics of the inner scale can be attributed to
the high diffusivity of oxygen along alloy grain boundaries,
supporting the experimental observations (Fig.2 and
Fig.4). Fig. 4a documents clearly the effect of the alloy grain
size on the thickness of the inner scale and compares this with
the influence on the growth of the outer scale. As shown in
Fig. 4b, preferential oxidation takes place along alloy grain
boundaries and proceeds into the grain interior determining
the progress of the inner scale/substrate interface.

3.2 High-alloy austenitic steel

Fig.5 shows the thermogravimetrically measured mass
gain of TP347 for different grain sizes during exposure at
750°C to laboratory air. The sample with a grain size of
4um and 11 um obeyed a parabolic rate law. At a grain
size of 65 ym, oxidation kinetics is more complex and exhibits
a stepwise parabolic behaviour, possibly due to the formation
of a multilayer oxide scale and the occurrence of structural
defects such as cracks and pores.

On top of the fine-grained specimens a very thin protective
Cr,0; scale was formed. However, locally the oxide scale was
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Fig. 2. Parabolic rate constant k, of the three low-alloy steels oxi-
dized in laboratory air at 550 °C for 72 h
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Fig. 3. (a) microstructural observations of the steel B oxidized in
laboratory air at 550 °C for 72 h, (b) thermodynamic stability dia-
gram of the system Fe-Cr-O calculated by means of the software
FactSage

not totally protective leading to the formation of iron oxide
nodules, which grow outward and inward. Generally, the for-
mation of a protective Cr,O; scale on specimens with a small
grain size is favoured by a higher Cr flux from the bulk to the
substrate/oxide interface as a consequence of the higher grain
boundary density. On the coarse-grained specimen the oxide
scale consists of an outer scale of iron oxide (Fe,O; + Fe;0,)
and an inner scale of mixed oxide phases containing Fe, Cer,
Mn and Ni, similar to the oxide nodules formed on the fine-
grained specimens. The distribution of the elements Cr and Fe
(measured by EDS) is shown in Fig. 6.

Fig. 7 shows SEM micrographs of the surface oxide formed
during the initial stage of the oxidation process on specimens
with different grain sizes. A higher flux of Cr along the alloy
grain boundaries leads to the formation of a thicker Cr,O,
scale on top of the grain boundaries as compared with the
Cr,O; scale formed on the interior of the grains (Fig.7a)
on specimens with small grain sizes. On the other hand, in
the alloy with the large grain size of d = 65 um the flux of
Cr towards the specimen surface is not sufficient in order
to form a continuous and dense Cr,0j; scale and consequently
to avoid fast oxidation of the base metal (Fe). Fig. 7b shows
the formation of a thicker iron oxide in the interior of the grain
and a thinner iron oxide enriched in Cr along the alloy grain
boundaries.

From a thermodynamic point of view a rather low concen-
tration of Cr is sufficient in order to form a Cr,0j; scale on Fe-
Cr steels. However, the critical minimum concentration is
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Fig. 4. (a) thickness of the inner and outer oxide scales formed on
Steel B oxidized in laboratory air at 550 °C for a duration of 72 h
and (b) intergranular oxidation along the inner scale/substrate inter-
face
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Fig. 5. Thermogravimetrically measured oxidation kinetics of
TP347 with different grain sizes, for exposure at 750 °C to labora-
tory air for a duration of 120 h

much higher in reality, since the value of the Cr supply to
the alloy/oxide interface must be taken into account. As
shown in this study, the alloy grain size is an important factor
to be considered. As a consequence of the high Cr diffusivity
along alloy grain boundaries, fine-grained materials require a
smaller Cr concentration than coarse-grained materials to
form a slow-growing Cr,O; scale on the entire surface.
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Fig. 6. Cross section and corresponding EDS element mappings
(Fe, Cr) of the oxide scale formed on TP347 with a grain size
of 65 um during exposure to laboratory air at 750 °C for 120 h

3.3 Ni-base alloys

The mass gain during isothermal exposure of the two
studied Ni-base alloys (Inconel 625Si and Inconel 718) at
1000°C followed the parabolic behaviour (Fig.8). This
observation is in agreement with the idea that for the both
alloys the oxidation processes are controlled by solid state dif-
fusion. The oxidation of Inconel 718 is substantially faster
(kp =0.374 mgzcm“h’l) than that of Inconel 625Si
(k, = 0.0825 mgZecm “h~"). Fig.9 shows the oxide scales
formed on the Ni-base alloys for the exposure to laboratory
air at 1000°C. A continuous external Cr,O; oxide scale is
formed on the surface of both alloys. In the case of Inconel
625851, a discontinuous SiO, scale is formed underneath the
Cr,0; scale (Fig.9a), which is probably responsible for the
relatively low oxidation rate. Internal oxidation was observed
in both alloys, occurring preferentially along alloy grain
boundaries, enhanced by the fast oxygen diffusion along these
short-circuit diffusion paths.

Fig. 7. Surface of the scale formed on TP347 at 750 °C after 1 h
exposure to air: (a) formation of a thick Cr,0O5 layer along grain
boundaries on the fine-grained specimen (grain size = 11 um)
and (b) iron oxide formed on grain interior areas and Cr-enriched
oxide formation along the grain boundaries of the coarse-grained
specimen (grain size = 65 um)
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Fig. 8. Thermogravimetrically measured mass gain of Inconel
625Si and Inconel 718 for exposure to laboratory air at 1000 °C

4 Conclusions

This study revealed that oxide scales grow outward as well
as inward at 550 °C in steels containing low Cr concentrations.
An increased oxidation attack was observed with decreasing
grain size due to higher oxygen transport along substrate grain
boundaries.
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b)
Fig. 9. Oxidation of Ni-base superalloys after exposure to labora-
tory air at 1000 °C: oxide scale and intergranular oxidation zone of

(a) Inconel 625Si after 90 h and (b) Inconel 718 after 140 h expo-
sure

A slow-growing Cr,0; oxide was observed on high-alloy
Cr steel (TP347) with small grain size due to the high density
of grain boundaries leading to fast outward Cr transport along
the substrate grain boundaries. Specimens with larger grain
sizes form a complex mixture of Fe, Cr, Mn and Ni oxide.
When adding Cr to high-temperature alloys in order to pro-
mote the formation of a slow-growing superficial Cr,0;,
the high diffusivity of Cr along substrate grain boundaries
must be considered. Grain boundary diffusion may signifi-
cantly contribute to the Cr transport toward the substrate/
oxide interface in materials with small grain sizes. Therefore,
an alloy with a larger grain size requires a higher bulk Cr con-
centration to establish a protective Cr,0; scale.

A significant intergranular attack consisting of a Al,O; pre-
cipitation was observed for both Ni-base superalloys. Both al-
loys formed an outer Cr,0; scale. In the case of Inconel 625Si
a partial SiO, layer was formed underneath the Cr,0O5 scale
reducing its oxidation kinetics as compared with that of Incon-
el 718.
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