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a b s t r a c t

The role of grain boundaries during the early stages of oxidation in austenitic stainless steels containing

alloyed Cu was investigated using APT, TEM, EBSD, EPMA, and XRD. The oxidation experiments were per-

formed at 700 °C in air with 20% water vapor. Within 4 lm from the grain boundaries, the oxide layer

exhibits a dual-layer structure consisting of a thin Fe-rich spinel oxide on a protective Cr2O3 oxide.

Away from the grain boundaries, non-protective spinel oxide layers are formed as the outer and inner

oxide layers. A critical grain size that prevents the formation of fast-growing spinel oxides is discussed.

Ó 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Despite enormous research efforts into renewable energy tech-

nologies, conventional thermal power plants are still by far the

most important power generation source worldwide; thermal

power plants are expected to maintain this position for at least

several decades [1]. All power generation sources based on fossil

fuel burning inevitably produce CO2, one of the major causes of

global warming. Considering the contribution to the total CO2

emission, improving fossil fuel-based energy conversion efficiency

to 60% by increasing the reaction temperature is the most efficient

way to reduce total CO2 emissions by up to 30% [2,3].

Ultra supercritical (USC) coal-fired thermal power plants are

operated at a steam pressure of P24.1 MPa and a steam tempera-

ture of P593 °C [4,5] in the boiler tube main line, such as in the

superheater and reheater. These conditions require new boiler

tube materials that can resist these extreme temperature and pres-

sure conditions. In this context, there are two main requirements

for boiler tube materials: creep strength and oxidation resistance.

Austenitic stainless steels are considered candidate alloys for boiler

tubes due to their higher strength at these operating conditions

compared with the previously used ferritic stainless steels [3,5].

Austenitic stainless steels containing alloyed Cu were developed

in the 1990s based on conventional 304 stainless steels, by the

addition of Cu to form stable copper precipitates [4,6,7]. Similar

lattice parameters and a small interfacial energy between the cop-

per precipitates and austenitic matrix retard precipitate growth at

high temperature [8], enabling the material to maintain its high

creep strength [9,10].

Steam-side oxidation of the boiler tube is one of the main

mechanisms of power plant failure aside from creep rupture,

where the failure occurs due to poor adhesion of the oxide. In par-

ticular, Fe-rich oxides are considered poorly adhesive and non-pro-

tective, rendering the alloy susceptible to cracks and spallation

during operation. The lifetime of boiler tube materials depends

strongly on their resistance to oxidation.

Oxidation of austenitic stainless steel has already been studied

by several authors as a function of the alloy composition [11], sur-

face treatment and preparation [12–20], temperature [11,12,18,

19,21–23], flow rate [24–26], water vapor [24,25,82] and oxygen

partial pressure [12,24,27]. These works show that such steels can

form a stable, dense, continuous, adherent and protective oxide

layer consisting of various oxides, such as Cr2O3, SiO2 or Al2O3,

above 700 °C [28–30]. The initial stages of oxidation of chromium

containing alloys, such as the AISI 304 stainless steels, involve the

formation of a protective oxide layer, typically Cr2O3, followed by

the formation of a spinel-type oxide [12,31–33]. The protective

Cr2O3 oxide layers on stainless steel considerably reduce the
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oxidation rate in highly aggressive environments [34,35], but their

formation requires a Cr concentration of >18 wt.% to prevent the

oxidation of stainless steels [36–38]. However, the resistance to

high temperature oxidation of stainless steels deteriorates if they

are exposed to the air containingwater vapor.Water vapor is attrib-

uted to the water–vapor-assisted evaporation of chromium from

the oxide in the form of a chromium oxide hydroxide, which makes

difficult to maintain protective Cr2O3 oxide layers [24,25,82]. The

grain size of the substrate also plays an important role in the oxida-

tion behavior because it affects the amount of Cr supplied to the

surface due to the difference in Cr diffusivity along the grain bound-

aries and through the bulk grains [12,18,29,35,39–42].

To characterize the oxide layers, various analytical techniques,

such as X-ray photoemission spectroscopy (XPS) [26,42], Auger

electron spectroscopy (AES) [21,24–27], secondary ion mass spec-

troscopy (SIMS) [19,26], transmission electron microscopy (TEM)

[13,43,44] and atom probe tomography (APT) [44–46], have been

applied. Each of these methods has specific drawbacks when

acquiring quantitative data, but they can provide useful informa-

tion about thin surface oxide layers when used together. In this

study, we investigated the early stage oxidation behavior of an aus-

tenitic stainless steel containing alloyed Cu. Complementary APT,

TEM, electron backscattered diffraction (EBSD), electron probe

microanalyzer (EPMA) and X-ray diffraction (XRD) analyses were

introduced to elucidate compositional and structural changes upon

oxidation at 700 °C. An intensive investigation to reveal the role of

grain boundaries in the initial stages of oxidation was performed.

The critical grain size to form a protective oxide is discussed based

on the variations in the Cr contents as a function of the distance

from the grain boundary.

2. Experimental

2.1. Alloy processing

An austenitic stainless steel containing 18% Cr, 9% Ni, 0.1% C,

and 3% Cu (in wt.%) was produced via vacuum induction melting.

The nominal composition of the alloy is given in Table 1. The

chemical analysis was performed using inductively coupled

plasma mass spectrometry (ICPMS). The ingot was solution treated

for 24 h at 1200 °C, forged at 1200 °C and cooled in air.

Subsequently, the sample was hot rolled at 1150 °C to 75% reduc-

tion in thickness. Three different thermo-mechanical processes,

various combinations of cold rolling and annealing heat treat-

ments, were applied to obtain different average grain sizes [41].

The first sample was only solution treated, annealed at 1150 °C

for 30 min and then water quenched; this sample is referred to

as the ‘large grain’ sample (average grain size was 27 lm). The sec-

ond sample was multi-step deformed and annealed, cold rolled

with a 5% reduction per pass and annealed at 1000 °C for 30 min

between subsequent passes up to an 80% total reduction; this sam-

ple is referred to as the ‘medium grain’ sample (average grain size

was 17 lm). The last sample was one step deformed and annealed,

80% cold rolled by one pass and annealed at 1000 °C for 1 min; this

sample is referred to as ‘small grain’ sample (average grain size

was 8 lm). For the oxidation studies, rectangular samples with

lengths of 10 mm, widths of 7 mm and thicknesses of 2 mm were

cut from the centers of the bulk materials.

2.2. High-temperature oxidation experiments

Before the oxidation test, the surfaces and edges of the samples

were mechanically polished with SiC paper of up to 1200 grit and

then electropolished at ÿ30 °C using an electropolisher (LectroPol-

5, Struers, Denmark) at 18 V for 30 s to obtain a deformation-free

surface for EBSD analysis. For the electrolyte, a solution containing

590 ml of methanol, 350 ml of methyl propanol and 60 ml of per-

chloric acid was used. Then the samples were ultrasonically

cleaned in an acetone–ethanol mixture and finally dried. After

the EBSD analysis, the oxidation tests were performed at 700 °C

in air with 20% water vapor for 30 min to 12 h. This temperature

value is as high as the proposed advanced ultra super critical

(A-USC) thermal power plant operation condition and has been

selected to simulate a harsh environment and accelerate the degra-

dation of the materials. Fig. 1 shows the set-up of the oxidation test

under water vapor-containing conditions. This setup consists of

three main parts. An air–H2O mixture was produced by passing

synthesized air (99.9%) at a stable flow rate of 0.6 L/min (air

supplement) through deionized water maintained at 75 °C (water

vapor controller) and a tubular furnace fitted with a 70 mm

diameter quartz tube (oxidation furnace). The horizontal furnace

temperature was maintained ±2 °C as measured using a calibrated

K-type thermocouple. The furnace was set to the desired

temperature before inserting the samples. The samples were

placed in a high-purity alumina (Al2O3) crucible. After 1, 2, 6, 12,

and 28 h of oxidation, the samples were removed from the furnace

and weighed using a high-sensitivity microbalance (MSE3.6P,

Sartorius Weighing Technology GmbH, Germany: accuracy of

±10ÿ5 g after room temperature cooling).

2.3. Oxide layer analysis

2.3.1. Atom probe tomography and transmission electron microscopy

APT analyses of the oxides formed during the initial stages were

conducted using a local electrode atom probe (LEAP 3000X HR,

Imago Scientific Instrument, Cameca, Madison, USA). The cross-

sectional morphology and diffraction patterns of the oxide layers

were observed using TEM (Tecnai F20, FEI, USA). APT and TEM

samples were prepared from identical grain and grain boundaries,

where the locations analyzed with APT and TEMwere separated by

�4 lm. The site-specific sample preparation is illustrated in Fig. 2.

A Ni layer was sputter-deposited to protect the brittle oxide layer

on the substrate. Both APT and TEM samples were prepared using a

dual-beam focused ion beam (FIB) device (Helios Nanolab 600i, FEI,

USA) and the lift-out method. The TEM lamella was attached to a

Cu grid and thinned using FIB milling to a thickness of �50 nm.

Needle-shaped APT samples were prepared via a lift-out procedure

similar to the TEM sample preparation, mounting on an array of Si

microtips and annular FIB milling [47–49]. To reduce the Ga+ ion

beam damage, both the APT and TEM samples were FIB milled

using an ion energy of 5 kV in the final preparation steps. The

applied acceleration voltage for TEM analysis was 200 kV. Based

on the results obtained in previous studies [44,46], APT analysis

was performed in laser mode, applying laser pulses with a wave-

length of 532 nm, a 200 kHz pulse frequency and a 0.6 nJ pulse

energy with a specimen temperature of �60 K. The APT data recon-

struction and analysis were performed using the IVAS 3.6.6 soft-

ware from CAMECA (France).

2.3.2. Scanning electron microscopy, electron backscattered diffraction

and electron probe microanalysis

The oxide layers were also analyzed using SEM (S-4300SE,

Hitachi, Japan) in combination with an EBSD system (eÿ FlashHR,

Bruker, Germany). The EBSD experiments were performed using

a 20 kV accelerating voltage and a 4 nA probe current. To

Table 1

Bulk chemical composition of the Cu-added austenitic stainless steel (in wt.% and

at.%).

Fe Cr Ni Mn Cu Nb Si C N

wt.% Bal. 18.20 9.28 0.78 2.96 0.41 0.20 0.11 0.11

at.% Bal. 19.29 8.71 0.78 2.57 0.24 0.39 0.51 0.43
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quantitatively analyze the average grain size and number fraction

of coincidence site lattice (CSL) grain boundaries, ideally more than

100 grains per map were analyzed using EBSD with a step size of

0.1–0.5 lm. The grain size distribution and number fraction of

CSL grain boundaries were analyzed using the Esprit 1.9.4 software

from Bruker (Germany). The grains were reconstructed using a 5°

misorientation angle criterion and by both considering and

neglecting the R3 twin boundaries. Additionally, the surface oxide

composition and elemental distributions were determined using

EPMA (JXA-8500F, JEOL, Japan).

2.3.3. X-ray diffraction

Phase analyses of the oxide scale were performed using XRD

(D8 advance, Bruker, Germany, Cu Ka radiation: k = 0.154 nm).

The XRD data were obtained by point scanning in the 2h angular

range from 15° to 80° with a step size of 0.02° (2h) and a scan time

of 2 s per step at room temperature. The diffraction patterns were

indexed using the X’Pert HighScore Plus software from PANalytical

(Nederland) with the JCPDS database.

3. Results

3.1. Oxidation behavior up to 30 min

3.1.1. Selective oxidation behavior of austenitic stainless steel

containing alloyed Cu

In ferritic stainless steels, selective oxidation that depended on

the grain orientation and grain boundary characteristics was

reported for dry air oxidation [50,51], whereas in austenitic stain-

less steels, selective oxidation that depended on the grain size was

reported for humid air oxidation [41]. Back scattered electron (BSE)

images (composition contrast) and EBSD band contrast maps

obtained from identical regions of the medium grain sample are

shown in Fig. 3 before and after 30 min of oxidation at 700 °C in

air with 20% water vapor. As shown in Fig. 3(a), delayed oxidation

behavior was observed within a certain distance from the grain

boundaries. The light gray regions mark a grain boundary, whereas

the dark gray regions correspond to the grain interior. The identi-

fied grain boundaries were random, high-angle grain boundaries

Fig. 1. Experimental setup for oxidation testing in a flowing atmosphere containing H2O vapor.

Fig. 2. Site-specific APT/TEM sample preparation method to jointly map the structure and composition of the selected regions, e.g., at grain boundaries in the medium grain

sample after 30 min of oxidation at 700 °C in air with 20% water vapor. (a) Ni-coated surface to protect the oxide layer and selected region of interest (white box) containing a

random grain boundary. (b) Pt electron-beam and ion-beam deposition for TEM sample preparation and 1st/2nd mill cut for APT sample preparation. (c) The APT samples

with positions away from the actual grain boundary were lifted out using a micromanipulator. (d) The thin TEM lamella sample containing the grain boundary.
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(see Fig. 3(b)). The R3 CSL grain boundaries that exist inside grains

were mostly coherent and did not exhibit selective oxidation. The

particles imaged with bright contrast in Fig. 3(a) can be identified

as Nb-containing carbide precipitates [7]. Fig. 3(c) shows an EPMA

map acquired from the same sample, indicating the presence of O,

Fe, Cr, Ni, Mn and Cu. According to the EPMA data, two types of oxi-

des were formed on the outer surface. A Cr-rich oxide was detected

at the grain boundaries, where Fe, Mn, and Ni were also found to be

enriched. The dark gray regions in Fig. 3(a) were depleted of Cr

when compared with the grain boundary region, whereas the

intra-grain region contained a higher concentration of O.

3.1.2. Oxide composition analysis using atom probe tomography

Fig. 4(a) shows cross-sectional SEM micrographs of the oxide

layer in the medium grain sample after 30 min of oxidation. A

thicker oxide formed in the intra-grain regions, whereas a thinner

oxide tended to form near the grain boundaries. The oxide thick-

ness was approximately 50–100 nm near the grain boundaries

and �200 nm in the intra-grain region. The outward diffusion of

Cr can generate Kirkendall voids at the matrix/oxide interface,

which corresponds well with the surface morphologies reported

previously [52–55]. Three locations for the APT analysis presented

in Fig. 4(a) are schematically marked as (b), (c) and (d). The grain

boundary corresponds to the boundary given in Fig. 2(d). The same

area was studied using both APT and TEM. 3D atom maps acquired

using 3DAPT and schematics drawn to highlight the matrix and

oxide regions are presented in Fig. 4(b)–(d). The distribution and

enrichment regions of the different elements clearly reveal the

outer oxide, inner oxide and matrix regions. Tips 1 and 2 had the

outer oxide at the top and the matrix at the bottom. Tip 3 had

the outer oxide at the top, whereas the inner oxide and matrix

were located at the bottom. A similar dual-layer structure was

formed in the intra-grain region of large-grained Fe–Cr–Ni

austenitic stainless steels during long-term oxidation in steam,

and the original surface before oxidation was located at the

outer/inner oxide interface [56]. Therefore, we suggest that the

outer and inner oxide layers grow by the outward diffusion of

metal cations and the inward diffusion of oxygen anions,

respectively.

APT maps of all three tips are shown in Fig. 4(e). First, the O/O2

map shows the distribution of oxygen and confirms the presence of

outer and inner oxide layers. Moreover, the Cr/Cr oxide and Fe/Fe

oxide maps clearly show Cr and Fe enrichments in the outer oxides.

Additionally, the Cr oxide map of Tip 3 shows that a Cr-rich oxide

layer formed in the inner oxide [30]. Ni was present on the top

region in Tips 1 and 2 as part of the protective Ni-coating. Mn

was present on the top region, as it diffused through the oxide to

the surface to form an external spinel layer [29]. Spherical Cu-rich

precipitates of uniform size and homogeneous distribution were

detected in the matrix, which agree with previous studies

[6,7,57]. Near the surface, the number of Cu-rich precipitates

decreased due to the diffusion of Cu to the oxide/gas interface dur-

ing oxidation. With further oxidation, a Cu-containing spinel struc-

tured oxide, Fe2CuO4, is formed at the top surface of the outer

oxide [58].

Regions of interest (ROIs) were clipped from the original APT

maps by defining iso-concentration surfaces to perform refined

phase analyses. Fig. 5(a)–(c) shows such phase analyses for all

three tips. Iso-concentration surfaces of 30 at.% O were chosen to

separate the oxide from the matrix region. These oxide and matrix

regions were then further divided into parts of different composi-

tions to identify individual phases comprising the oxide and

matrix, respectively. The mass spectra of the clipped ROI were ana-

lyzed to determine the overall compositions of the phases, where

the values are listed in Table 2. Although the analyses were con-

ducted on the same grain boundary, oxides near the grain

Fig. 3. (a) Back scattered electron (BSE) image in the SEM obtained on the surface of the oxide layer formed in the medium grain sample after 30 min of oxidation at 700 °C in

air with 20% water vapor. (b) EBSD band contrast map overlaid with grain boundaries, including special boundaries (red: R3, green: R5, white: R7, and black: random

boundaries) obtained on the surface before oxidation on the medium grain sample. (c) EPMAmapping obtained on the surface before oxidation obtained on the medium grain

sample after 30 min of oxidation at 700 °C in air with 20% water vapor.
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Fig. 4. (a) Cross-sectional view of the oxide and matrix formed in the medium grain sample after 30 min of oxidation at 700 °C in air with 20% water vapor. (b) 3D atom

elemental map displaying the overall distribution and schematic drawing of the regions found in tip 1 (�0.3 lm away from the grain boundary containing over 27 million

ions within a volume of 44 � 44 � 186 nm3). (c) Tip 2 (�2 lm away from the grain boundary containing over 14 million ions within a volume of 22 � 22 � 118 nm3). (d) Tip 3

(�4 lm away from the grain boundary containing over 23 million ions within a volume of 40 � 40 � 200 nm3). (e) 3D reconstruction of individual O, Fe, Cr, Ni, Mn, Cu, Cr-

oxide (CrO, CrO2, CrO3) and Fe-oxide (FeO, FeO2) ions from all of the tips. (The red ( ) dots, orange ( ) dots, dark yellow ( ) dots, green ( ) dots, blue ( ) dots, magenta ( )

dots, light violet ( ) dots and light magenta ( ) dots represent oxygen (7.3–100% shown), iron (1.7–10% shown), chromium (30–50% shown), nickel (12–40% shown),

manganese (100% shown), copper (52–100% shown), chromium-oxide (10–50% shown), iron-oxide (50–100% shown), respectively.)
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boundary and inter-grain regions exhibited different compositions.

Fig. 5(a) shows the outer oxide and matrix region of Tip 1. The

outer oxide consisted of three different phases. The outer oxide

#1 consisted of Cr-rich (Fe,Mn,Cu) and Fe-rich (Fe,Cr) oxides. The

composition of the Cr-rich (Fe,Mn,Cu) oxide in the outer oxide

#1-1, which was found near the grain boundary, amounted to

51.5 at.% O, 17.2 at.% Fe, 22.9 at.% Cr, 3.1 at.% Mn and 2.7 at.% Cu.

The diffusion of Mn and Cu atoms along the grain boundary is fas-

ter than the bulk diffusion in the intra-grain regions. The composi-

tion of the Fe-rich (Fe,Cr) oxide in the outer oxide #1-2 was

48.7 at.% O, 38.9 at.% Fe, and 8.23 at.% Cr. The composition of the

Cr-rich oxide in the outer oxide #2 was 58.2 at.% O and 38.9 at.%

Cr. Whereas the nominal matrix composition of the austenitic

stainless steel containing alloyed Cu was 18%Cr–9%Ni, the

composition of matrix #1 was 64.8 at.% Fe, 16.8 at.% Cr and

12.1 at.% Ni. This slight depletion of Cr and enrichment of Fe and

Ni in the matrix #1 region was noticeably enhanced in the matrix

#2 region. The Cr depletion and Ni enrichment at the grain bound-

aries and phase transformation will be discussed elsewhere [59].

Fig. 5(b) shows the outer oxide and matrix region observed in

Tip 2. The outer oxide consisted of two different oxide regions.

The outer oxide #1 was a Fe-rich (Fe,Cr) oxide of 50.3 at.% O,

39.8 at.% Fe, and 8.05 at.% Cr composition. The outer oxide #2

was Cr-rich oxide with 58.6 at.% O and 39.2 at.% Cr. The matrix

composition of Tip 2 was nearly identical to the composition of

matrix #1 of Tip 1. Fig. 5(c) shows the outer oxide, inner oxide

and matrix region observed in Tip 3. The outer oxide of Tip 3 con-

sisted of two different oxide phases. Both of the phases were

(Fe,Cr) oxide, but one was a Cr-rich (Fe,Cr) oxide and the other

was a Fe-rich (Fe,Cr) oxide. The composition of these oxides were

Fig. 5. 3D elemental maps of the iso-concentration surface acquired from the original data set (a) Tip 1, (b) Tip 2 and (c) Tip 3. O (red), Fe (orange) and Cr (dark yellow)

iso-concentration surfaces are introduced to visualize the positions of the matrix/oxide interface region and the different outer oxide types.
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55.9 at.% O, 19.1 at.% Fe and 23.3 at.% Cr for outer oxide #1 and

52.4 at.% O, 32.4 at.% Fe and 12.0 at.% Cr for outer oxide #2. The

Cr-rich oxide found in Tips 1 and 2 was not found in the outer

oxide in Tip 3. The inner oxide beneath the original matrix surface

was Cr-rich (Fe,Cr), with 51.8 at.% O, 14.7 at.% Fe, and 28.4 at.% Cr.

The matrix composition was 63.8 at.% Fe, 7.27 at.% Cr and 22.0 at.%

Ni.

Fig. 6 shows 1D composition profiles across the interfaces

between the oxides and matrix in Tips 1–3. The profiles were plot-

ted along cylinders with 15-nm diameters in the directions indi-

cated by the red arrow in Fig. 6. Fig. 6(a) and (c) illustrates that a

thin Cr-rich oxide (both outer oxide #2) with a thickness of

approximately 40 nm was formed on the matrix. Although the

depths of the observed matrix regions were different, the composi-

tion profiles were similar. No Ni was detected, indicating that the

oxide layer comprises an inner layer of Cr2O3. Thinner Fe-rich

(Fe,Cr)3O4 oxide layers were formed at the top of the outer oxide

(see Fig. 6(b) and (c)) and revealed a Cr2O3 oxide at the bottom

of the outer oxide. A strong enrichment of Ni (depletion of Cr) up

to 20 nm from the interface was observed in the matrix near the

matrix/oxide interface. Ni enrichment at the matrix/oxide interface

is correlated with a characteristic Cr-depleted region. This Ni

enrichment was previously observed [44] and predicted by quan-

tum chemical molecular dynamics simulation [60]. In Tip 3, the

formation of a thicker Fe-rich (Fe,Cr)3O4 oxide (outer oxide #1

and #2) was observed (see Fig. 6(d)) because no protective Cr2O3

oxide was formed on the surface. The composition of the inner

oxide layer in Fig. 6(e) corresponds to Cr-rich (Cr,Fe)3O4, where

Ni enrichment was also detected at the interface between the

matrix and inner oxide layer because of the selective dissolution

of Fe and Cr into the oxide; this selective dissolution is due to

the lower stability of the Ni-containing oxide compared with that

of the Cr- and Fe-containing oxides and the slower diffusion rate

of Ni into the oxide [61].

3.1.3. Oxide structure analysis using TEM

The local microstructure in the medium grain sample after

30 min of oxidation was studied using TEM bright-field (BF) imag-

ing (see Fig. 7) and the corresponding selected-area diffraction pat-

terns (SADPs). Following the APT analysis presented above, the

region analyzed using TEM included both the oxide and original

matrix. The region observed using TEM included the same oxide

and matrix grains analyzed using APT in the previous section

(marked by the blue boxes in Fig. 4(a)). Additionally, both methods

probed the same grain boundary; however, the TEM specimen was

taken at a slightly different position along the same interface as the

APT samples. Fig. 7(a) shows the BF image and SADPs taken near

the grain boundary. The BF image contained portions of the grain

boundary, matrix and outer oxide. For clarity, the SADPs were

numbered as follows: SADP 1 was taken from the outer oxide just

beside grain boundary, and SADP 2 was taken from the next outer

oxide. The outer oxides near the grain boundary had inhomoge-

neous thicknesses between 20 and 50 nm. Both SADPs indicate

that the outer oxide layer consisted of rhombohedral crystal struc-

tures with zone axis [210], which corresponded to the chemical

composition of Cr2O3 acquired using the APT analysis in the pre-

vious section. Fig. 7(b) shows a BF image and SADPs taken from

an intra-grain region (4.4 lm away from the grain boundary).

The oxide layer formed on this intra-grain region had a double-

layer structure, which is consistent with the results reported in a

previous study [41]. The interface between the layers is clearly

identified as a nearly straight line between the two regions with

different contrasts. SADP 3 was taken from the outer oxide

4.4 lm away from the grain boundary, and SADP 4 was taken from

the inner oxide beneath the oxide of SADP 3. The intra-grain outer

oxide had a thickness of 100 nm and exhibited a spinel crystal

structure with zone axis [111]. The chemical composition acquired

using APT analysis corresponded to Fe2CrO4. The inner oxide

formed beneath the outer oxide was thinner (�50 nm) than the

outer oxide and exhibited the same spinel crystal structure with

zone axis [100]. The chemical composition acquired using APT

analysis corresponded to FeCr2O4. The TEM results revealed that

the outer and inner oxides of the intra-grain area had a similar spi-

nel crystal structure even though both oxides had different chemi-

cal compositions.

3.2. Oxidation behavior up to 28 h

3.2.1. Grain size and CSLB analysis using EBSD

In Fig. 8, the average grain sizes of all samples before oxidation

were determined using EBSD maps. The average grain size and

number fraction of CSL grain boundaries were obtained from the

average of three different areas in each specimen [41]. As shown

in Fig. 3, the R3 CSL grain boundaries exhibited the same oxidation

behavior as the intra-grain region. Furthermore, only high-angle

grain boundaries will be considered in the following discussion

of the role of grain boundaries in the oxidation kinetics.

Therefore, between the average grain sizes presented in Fig. 8,

neglecting the
P

3 CSL grain boundaries, the values were deter-

mined to be 27, 17 and 8 lm for the large grain, medium grain

and small grain samples, respectively. The
P

3 CSL grain boundary

fractions observed for all samples remained similar and more than

50% of the total grain boundary line fraction.

3.2.2. Mass gain analysis for the study of oxidation kinetics

The growth kinetics of the oxide layers formed on the steels was

investigated by measuring the mass gain per unit area versus oxi-

dation time. Fig. 9 illustrates that there was a clear difference in the

Table 2

Chemical composition (at.%) of the oxides and matrix in each tip shown in Fig. 5 as measured using APT. The error bars represent 2r standard deviation.

O Fe Cr Ni Mn Cu

Tip 1 Outer Oxide #1-1 51.52 ± 0.062 17.25 ± 0.033 22.97 ± 0.045 2.04 ± 0.010 3.10 ± 0.013 2.66 ± 0.012

Outer Oxide #1-2 48.75 ± 0.083 38.93 ± 0.074 8.23 ± 0.028 1.32 ± 0.011 1.35 ± 0.011 0.27 ± 0.005

Outer Oxide #2 58.27 ± 0.091 1.79 ± 0.012 38.91 ± 0.071 0.15 ± 0.004 0.23 ± 0.004 0.14 ± 0.003

Matrix #1 1.81 ± 0.004 64.88 ± 0.032 16.87 ± 0.013 12.17 ± 0.011 0.89 ± 0.002 2.68 ± 0.005

Matrix #2 0.68 ± 0.005 78.96 ± 0.072 4.53 ± 0.012 13.35 ± 0.024 0.16 ± 0.002 1.71 ± 0.007

Tip 2 Outer Oxide #1 50.31 ± 0.092 39.84 ± 0.087 8.05 ± 0.031 0.99 ± 0.011 0.26 ± 0.005 0.25 ± 0.005

Outer Oxide #2 58.63 ± 0.095 1.81 ± 0.014 39.21 ± 0.076 0.07 ± 0.002 0.09 ± 0.003 0.03 ± 0.002

Matrix 0.65 ± 0.005 69.76 ± 0.077 13.25 ± 0.035 11.95 ± 0.036 0.47 ± 0.004 2.58 ± 0.012

Tip 3 Outer Oxide #1 55.96 ± 0.047 19.15 ± 0.021 23.34 ± 0.035 0.46 ± 0.003 0.34 ± 0.003 0.21 ± 0.002

Outer Oxide #2 52.46 ± 0.025 32.46 ± 0.022 12.03 ± 0.014 1.40 ± 0.003 0.23 ± 0.001 0.50 ± 0.002

Inner Oxide 51.84 ± 0.051 14.74 ± 0.027 28.45 ± 0.043 2.19 ± 0.009 0.19 ± 0.003 1.01 ± 0.006

Matrix 2.01 ± 0.009 63.84 ± 0.074 7.27 ± 0.018 22.05 ± 0.033 0.24 ± 0.003 3.55 ± 0.012
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oxidation rates depending on the grain size of the samples. Fig. 9(a)

presents the mass gain curves of the austenitic stainless steels con-

taining alloyed Cu with different grain sizes oxidized at 700 °C in

air with 20% water vapor for 28 h. Slight oxide spallation during

cooling to room temperature occurred for the large grain sample.

The curves illustrate that the small grain sample, which has the

smallest average grain size (8 lm), has the largest mass gain

among all samples after 2 h of oxidation. However, for times

beyond 2 h, the mass gain decreased drastically and approached

a saturation level, indicating stable oxidation in the oxidation

resistance. In contrast, the large grain and medium grain samples

exhibited a lower mass gain compared with the small grain sample

for oxidation times 62 h, whereas the mass gain of both samples

was larger than in the small grain sample for more than 2 h of oxi-

dation. This large value likely results from the formation of non-

protective Fe-rich oxides in the intra-grain region. Therefore, a

critical grain size appears necessary to cover the surface with a

protective Cr2O3 oxide, which will be discussed later in more

detail. All mass gain curves exhibited a strong increase during

the initial stage of oxidation (61 h), followed by a decrease in

Fig. 6. Elemental concentration 1D profiles (fixed bin width of 0.5 nm) along the region of interest (ROI) taken across the oxide and matrix from Tip 1 (a) and (b), Tip 2 (c) and

Tip 3 (d) and (e). O (red) iso-concentration surfaces are introduced to visualize the positions of the matrix/oxide interface region and the different outer oxide types. 1D

profiles of all tips determined within a cylinder with a diameter of 15 nm. The red arrows mark the directions in which the concentration profiles are drawn. The error bars

represent r statistical error due to the limited number of atoms in the sample volume.
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the mass gain in the later stages of oxidation. In the previous study

[41], we reported that the mass gain after 500 h of oxidation that

was observed for the small grain sample was three times smaller

than that of the medium grain sample and more than seven times

smaller than that of the large grain sample. The mass gain curves

follow a parabolic rate law given by (DM/S)2 = A + KP t [62–64],

where DM is the mass gain, S is the unit area, A is a constant, KP

is the parabolic rate constant and t is time. We plotted the square

of mass gain versus time to determine the parabolic rate constant,

which indicates the changes in the oxidation mechanism. Fig. 9(b)

illustrates that during the first regime (0–2 h), the parabolic rate

constants KP of the small grain sample are similar to the values

found for the growth of the Cr2O3 oxide in 18/8 type stainless steels

[65]. In the small grain sample, a straight line was observed after

the first regime (�2 h), and no evidence of a transition in the oxi-

dation kinetics was observed. In contrast, for the large grain and

medium grain samples, the parabolic rate constants KP exhibited

continuously increasing slopes after the first stage. The early stage

oxidation kinetics was highly similar for both samples. The para-

bolic constants determined for the second regime (2–12 h) corre-

spond well with the value of Fe-rich oxides reported in a

previous study [33]. The rate constants KP determined from the

slope of the linear plots in the first and second stages are presented

in Table 3. Between 2 h and 12 h of oxidation, the plots in Fig. 9(b)

can be fitted with straight lines, where rate constant values of

0.05018 g2 cmÿ4 hÿ1, 0.04868 mg2 cmÿ4 hÿ1 and 0.00574 mg2

cmÿ4 hÿ1 are calculated for the large grain, medium grain and

small grain samples, respectively. Thus, the oxidation rates after

2 h of oxidation at 700 °C in air with 20% water vapor decrease

in the following order: large grain > medium grain > small grain.

3.2.3. Oxide surface morphology analysis using SEM

The SEM images in Fig. 10 show the surfaces of the medium

grain and small grain samples prior to oxidation and also after oxi-

dation for 6 and 12 h, respectively. For the medium grain sample,

our previous investigation with EDS [41] illustrated that the oxide

layer consisted of two different oxide complexes after 500 h of oxi-

dation. The overall oxide surface morphology of the medium grain

sample was highly similar to that of the large grain sample. The

thicker nodule-like features on the surface of intra-grain regions

were Fe-rich oxides, and the bottom regions near the grain bound-

aries were thin Cr-rich oxides. Such selective oxidation behavior

was also reported by other authors [18,19,25,27] in austenitic

stainless steels using EDS analysis. The nodules also became pro-

gressively enriched in Fe, and the number density of nodules that

formed increased upon further oxidation. Fig. 10(a) shows that

Fe-rich nodules only form on the intra-grain regions. However,

Fig. 7. TEM micrographs and the corresponding SADP taken obtained in the medium grain sample after 30 min of oxidation at 700 °C in air with 20% water vapor. (a) Cross

sectional TEM image of the oxide layer composed on the near grain boundary region (SADP 1 and 2: Cr2O3 with zone axis of [210]). (b) Cross-sectional TEM image of the oxide

layer on the intra-grain region (SADP 3: Fe2CrO4 with zone axis of [111], SADP 4: FeCr2O4 with zone axis of [100]).

Fig. 8. Comparison of the large grain, medium grain and small grain samples in

terms of grain size and R3 boundary number fraction.
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they did not form on every grain, and they never formed on grain

boundaries, indicating the size and distribution of these nodules

depend on the matrix grain structure. Single nodules within the

same intra-grain region tended to agglomerate and merged as

the oxidation time was increased. As noted previously, the surface

was not covered entirely by Fe-rich outer oxide nodules, but spal-

lation occured in some places. In contrast, the entire surface of the

small grain sample was covered with only Cr-rich oxides (see

Fig. 10(b)). The oxide formed over the entire surface was a thin,

adherent oxide layer similar to that formed over grain boundaries

of the medium grain sample. No Fe-rich nodules formed on the

surface of the small grain sample.

3.2.4. Phase analysis using X-ray diffraction

The XRD patterns of samples oxidized for 12 h are shown in

Fig. 11. Based on several previous studies, the presence of the

c-Fe (Joint Committee Powder Diffraction Standard file: JCPDS

33-0397), a-Fe (JCPDS 85-1410), Cr2O3 (JCPDS 38-1479), Fe2O3

(JCPDS 33-0664), Mn1.5Cr1.5O4 (JCPDS 33-0892), FeCr2O4 (JCPDS

34-0140) and CuFe2O4 (JCPDS 25-0283) spinel phases during

high-temperature oxidation were confirmed [11,17,58]. Fig. 11(a)

shows Cr2O3 peaks, which appear with the Mn1.5Cr1.5O4 peaks from

the beginning of the oxidation in the large grain sample. Peaks

belonging to the austenite matrix were still observed because of

the low thickness of the oxide layers. Phase transitions at the sam-

ple surface were observed after 6 h of oxidation. The initially

formed oxides (Cr2O3 and Mn1.5Cr1.5O4) disappeared completely,

and only peaks belonging to Fe-containing oxides, such as Fe2O3

and FeCr2O4, were observed. Fig. 11(b) shows that in the medium

grain and large grain samples, Cr2O3 was initially formed followed

by Fe2O3 during the later stages. Additionally, a peak pertaining to

austenite was observed because the Fe-rich oxide did not cover the

entire surface after oxidation for 12 h, as shown in the SE image in

Fig. 10(a). Fig. 11(c) shows the XRD patterns of the small grain

sample, which revealed that a Cr2O3 layer was immediately formed

Fig. 9. (a) Mass gain vs. time curve. (b) Quadratic function of the mass gain vs. time curve obtained for the large grain, medium grain and small grain samples over 28 h of

oxidation at 700 °C in air with 20% water vapor [41]. The average grain sizes of the samples (not including the
P

3 boundaries) were 27, 17 and 8 lm for the large grain,

medium grain and small grain samples, respectively.

Table 3

Calculated parabolic rate constants.

Samples Parabolic rate constant (mg2 cmÿ4 hÿ1)

Large grain (27 lm) 0.00826 (0–2 h), 0.05018 (2–12 h)

Medium grain (17 lm) 0.01022 (0–2 h), 0.04868 (2–12 h)

Small grain (8 lm) 0.01581 (0–2 h), 0.00574 (2–12 h)

Fig. 10. Secondary electron (SE) images obtained on the surface of the oxide layer formed after oxidation at 700 °C in air with 20% water vapor. (a) Medium grain and (b)

small grain samples. The average grain sizes (not including the
P

3 boundaries) were 17 and 8 lm for the medium grain and small grain samples, respectively.
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with Mn1.5Cr1.5O4 at the beginning of the oxidation. No Fe-contain-

ing oxides were formed until the end of the oxidation test.

4. Discussion

4.1. Initial stage oxidation (�30 min)

4.1.1. Oxidation of the surface and grain boundary regions

The cross-sectional oxide layer distribution in the medium

grain sample after 30 min of oxidation is shown in Fig. 12. APT

(as shown in Figs. 5 and 6) and TEM (as shown in Fig. 7) analyses

indicate that the outer oxide layer consists of a Fe-rich oxide and

Cr-rich oxide with a rhombohedral crystal structure. The outer

oxide layer probed near random high angle grain boundaries is thin

(90–100 nm thick, as shown in Fig. 4), but it still has a duplex-layer

structure. The layers are mainly composed of protective Cr2O3 with

a Fe-rich (Fe,Cr)3O4, oxide on top, which contains small amounts of

Ni, Mn and Cu. The formation of a uniform protective oxide can be

clearly observed in Fig. 3. This protective oxide layer begins to form

along the grain boundaries but not in the intra-grain region.

Furthermore, this layer prevents inner oxidation in the matrix

and acts as a diffusion barrier against oxygen. In contrast, the outer

oxide layer that formed �4 lm away from the random grain

boundaries consists of a thick Fe-rich (Fe,Cr)3O4 oxide with a spinel

crystal structure containing small amounts of Ni, Mn and Cu.

Furthermore, an inner oxide layer with a stoichiometry of

FeCr2O4 is formed beneath original surface, which has the same

spinel crystal structure. Because there is no protective Cr2O3, these

oxide layers grow continuously and form a thicker outer oxide and

inner oxide layer in the later stage of oxidation [41].

Ni is present throughout the oxide layer (as shown in Fig. 4(e))

and is also enriched at the matrix/oxide interface (as shown in

Fig. 6). Wood [66] observed that small amounts of Ni enter the

oxide layer in Ni–Cr alloys, although it exhibits relatively weak

chemical attraction to oxygen compared with Cr. Ni enrichment

at the matrix/oxide interface could be related to the different diffu-

sion rates because the lattice diffusion rate of Ni is reported to be

slower than that of Cr and Fe in Fe–Cr–Ni alloys (DCr > DFe > DNi)

[67]. Although the origin of the Ni enrichment is not clear, this

result reveals that selective diffusion of Fe and Cr occurs at the

matrix/oxide interface.

Minor amounts of Mn and Cu are also detected in the outer

oxide layer. Mn is locally enriched in the outer oxide, as detected

using APT. Caplan et al. [68] showed that Mn has a detrimental

effect on the oxidation resistance of ferritic stainless steels because

of the formation of a (MnCr)3O4 spinel phase. Although the Mn

content in the austenitic stainless steel containing alloyed Cu as

studied here is relatively low, the presence of Mn in the outer oxide

can be explained by the relatively fast diffusion of Mn through the

Cr2O3 oxide [69]. The formation of the (MnCr)3O4 spinel oxide on

top of a Cr2O3 oxide layer is generally observed due to the outward

diffusion of Mn from the bulk through the Cr2O3 oxide [70].

According to the APT analysis results from the outer oxide #1 of

Tip 1 in Figs. 4 (e) and 6 (b), Mn is enriched in the outer oxide,

especially along the grain boundary of the oxide. This rapid Mn dif-

fusion along the grain boundary of the Cr2O3 layer indicates the

formation a Mn-rich oxide on the outer surface of the Cr2O3 layer.

The APT analysis result also indicates the enrichment of Cu at

the top surface of the outer oxide. This observation coincides with

author’s previous observation that the Cu addition in austenite

stainless steel induces Cu-containing spinel oxides on the top sur-

face after long-term oxidation [58].

4.1.2. Initial oxidation mechanism

In the initial stage of oxidation, metal cations in the alloy and

oxygen in the ambient gas react to form an oxide layer, where

the oxidation mechanism is strongly dependent on the thermody-

namic and kinetic boundary conditions. The relative thermody-

namic stability of the oxides should be considered in the

thermodynamic predictions. Regarding the DG0–T curves obtained

by Ellingham–Richardson (Fig. 13(a)), the free enthalpy DG0 of

Cr2O3 is far more negative than DG0 for FeO, Fe2O3 or Fe3O4 at tem-

peratures below 1300 K. The Gibbs free energies of the Fe2O3 and

Cr2O3 oxides are approximately ÿ310 and ÿ580 kJ/mol, respec-

tively, at 973 K. Thus, the formation of Cr2O3 is thermodynamically

favored. The oxide layer formed on austenitic stainless steels is also

predicted using thermodynamic calculations using the FactSage

software and the FactPS, FToxide and FTlite databases. Fig. 13(b)

shows the calculation results of the phase stabilities for Fe–Cr–Ni

steels at 700 °C according to the oxygen partial pressure and Cr

concentration. In this condition, Cr2O3 is present at the lowest oxy-

gen potential, whereas Fe3O4 and FeCr2O4 become stable with

increasing oxygen partial pressure and Fe2O3 and FeCr2O4 mainly

exist at high oxygen partial pressures. From this calculation, a lay-

ered structure of mixed oxides was expected in the Fe–Cr–Ni

steels. In terms of oxidation kinetics for such Cr-containing alloy,

the outward diffusion of cations from the alloy and the inward dif-

fusion of oxygen from the ambient gas compete against each other.

Fig. 11. XRD analysis of the oxides performed on (a) large grain, (b) medium grain

and (c) small grain samples over 12 h of oxidation at 700 °C in air with 20% water

vapor. The average grain sizes of the samples (not considering the
P

3 boundaries)

were 27, 17 and 8 lm for the large grain, medium grain and small grain samples,

respectively.

Fig. 12. Schematic representation of the oxide layer formed on the surface of the medium grain sample after 30 min of oxidation at 700 °C in air with 20% water vapor.

62 J.-H. Kim et al. / Corrosion Science 96 (2015) 52–66



The bulk diffusion coefficient of O is close to that of Cr, but the

grain boundary diffusion coefficient of Cr is several orders of mag-

nitude higher than that of O in Cr2O3 [71]. These results are in good

agreement with the observation that Cr2O3 was presented as an

outer oxide after high-temperature oxidation at the near grain

boundary regions. Because Cr2O3 formation is favored at all tem-

peratures, the presence of an Fe oxide on top of the outer oxide

layer in the initial oxidation stage at 700 °C requires an explana-

tion. The duplex-layer oxide is formed because the oxidation pro-

cedure is kinetically controlled rather than thermodynamically

preferred due to rapid metal cation diffusion through the oxide.

Once the formation of the protective Cr2O3 layer is complete, the

oxidation kinetics are controlled by diffusion through the oxide

layer. The diffusion coefficients (D) decrease in the order

DMn > DFe > DNi > DCr in the Cr2O3 layer [72]. The outer spinel layer

formed at high temperatures is due to the outward diffusion of

cations, such as Fe, Ni, Mn and Cu, from the alloy through the

Cr2O3 layer. Additionally, an Fe-rich oxide can be formed, which

grows at a significantly faster rate than the Cr-rich oxide

(FeO:Cr2O3 = 1:10ÿ5) [73,74]. During the oxidation process, Cr2O3

was first formed on the surface. At the same time, Fe also reacted

with O to form FeO. FeO is thermodynamically more stable than

Fe2O3 and Fe3O4. Thus, the Fe-rich oxide observed in

Fig. 6(b) and (c) represents the outer oxide with Cr2O3 after initial

oxidation. The outward diffusion of Fe, which is blocked by the

protective Cr2O3 layer, prevents further formation of an Fe-con-

taining oxide near the grain boundaries. The protective Cr2O3 layer

cannot be easily detected in Tip 3, as observed in Fig. 6(d). Instead,

the formation of a non-protective Fe oxide is observed because of

the favorable reaction of FeO(s) + Cr2O3(s) = FeCr2O4(s) [75]. The

transition from a protective Cr2O3 oxide to a non-protective Fe-rich

oxide is governed by the outward diffusion of Fe through the loose

Cr2O3. Additionally, it should be also considered that the initially

formed Cr2O3 can be evaporated as CrO3 gas molecules when it

reacts with oxygen gas. Because the oxidation test was carried

out in air with 20% water vapor, the evaporation of Cr2O3 can be

more serious. Water vapor together with oxygen gas reacts with

Cr2O3 and forms gaseous chromium hydroxide species such as

CrO2(OH)2 and CrO2(OH), which enhances the instability of Cr2O3

layer [82]. For the inner oxide, oxide layer with a spinel crystal

structure gradually developed because the inward diffusion of O

is also favorable in Fe-rich oxides.

4.2. Oxidation up to 28 h

4.2.1. Grain refinement effect

The compositions and morphologies of the oxide layers

observed on the austenitic stainless steel containing alloyed Cu

are similar to observations by other researchers for steels with

similar compositions [22]. In the first regime of the early stage oxi-

dation process (�2 h), the oxidation behavior of all samples can be

described by the formation of Cr2O3 followed by the surface diffu-

sion of Cr and the associated spreading of Cr2O3 from the grain

boundaries toward the intra-grain regions. According to Fig. 9,

the oxidation kinetics of the samples did not follow a perfect para-

bolic law, i.e., (DM/S)2 = A + KP t [62–64]. Only the small grain sam-

ple appeared to enter the parabolic regime after 6 h of oxidation.

Nevertheless, we can deduce the oxidation kinetics of each sample

and a relevant diffusion rate of ions through the oxide from the

slope in Fig. 9(b). Because the grain size of the small grain sample

is smaller than that of the large grain and medium grain samples,

the volume fraction of the grain boundary area of the small grain

sample is larger than that of the other samples. Thus, the oxidation

rate of the small grain sample is faster than that of other samples

during the first regime (0–2 h) of early stage oxidation. For the

large grain and medium grain samples, two different stages of oxi-

dation behavior can be identified from the slope change in Fig. 9(b),

which indicates a change in the parabolic constant. The oxidation

rate during the first regime is slower than during the second

regime (2–12 h) of early stage oxidation. The different parabolic

rate constants in the same sample are related to the different types

of oxide formation. This observation is in agreement with the

kinetics, surface morphology and XRD data shown in Figs. 9–11

after 2 h of oxidation.

The oxidation behavior of the large-grained sample is deter-

mined by both outward diffusion of metal cations (mainly as Fe2+

and/or Fe3+), resulting in outer oxide growth, and inward oxygen

anion diffusion (O2ÿ), which results in inner oxide growth. The out-

ward diffusion of Fe is closely related to the amount of Cr supplied

to the oxide. In the case of an insufficient Cr supply to the intra-

grain region, a fully dense protective Cr2O3 oxide cannot be formed,

which results in the continuous diffusion of Fe ion to the surface

and allows for the formation of a thick Fe-rich oxide layer. Due

to the relatively high growth rate of the Fe-rich oxide layer [74],

the entire surface of the material is readily covered by an Fe-rich

oxide. Whereas the Fe-rich oxide contains Fe3O4 and Fe2O3 in the

outer oxide, Cr-rich FeCr2O4 spinel oxides form in the inner oxide

layer. An effective diffusion coefficient (Deff) of Cr is obtained from

the weighted average of the bulk (DL) and the grain boundary (DGB)

diffusion coefficients as follows [76]:

Deff ¼ ð1ÿ f ÞDL þ fDGB ð1Þ

where f is the volume fraction of the grain boundaries. When

assuming that the grains are cubic, i.e., f ¼ 2d
d
and DGB � DL, and d

Fig. 13. (a) Ellingham diagram showing the standard free energy (DG0) with temperature for the oxidation of Fe, Cr and Ni. (b) The phase stabilities for Fe–Cr–Ni steels at

700 °C as a function of the oxygen partial pressure and corresponding Cr concentration (thermodynamic calculation using FactSage). Spinel #1: Fe3O4 and FeCr2O4, Spinel #2:

Fe3O4, FeCr2O4 and FeNi2O4, M2O3: Cr2O3 and Fe2O3.
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and d are the grain size and width of the grain boundary region,

respectively, Eq. (1) can be simplified as follows [12]:

Deff ¼ DL þ
2d

d
ðDGB þ DLÞ � DL þ

2d

d
DGB ð2Þ

Therefore, Deff increases with decreasing grain size d.

These equations were used to interpret the present data. In this

study, the grain sizes of the samples, when neglecting the
P

3 CSL

grain boundaries, were 27, 17 and 8 lm for the large grain, med-

ium grain and small grain samples, respectively. DGB/DL is assumed

to be 105 according to Atkinson [77], who showed that the ratio of

the bulk to the grain boundary diffusion coefficients is in the range

of 104–106, and d is assumed to be 0.5 nm [78]. The ratios of

DMG
eff =D

LG
eff and DSG

eff =D
LG
eff are calculated to be 1.44 and 2.87, respec-

tively. This estimate shows that Deff is higher for the small grain

sample than for the large grain sample. A fast-growing protective

Cr2O3 layer can be formed on the entire surface of the small grain

sample due to the rapid diffusion of Cr along the grain boundaries.

The rapid growth of Cr2O3 in the small grain sample is also

revealed by the results of the oxidation kinetics shown in Fig. 9

and Table 3.

4.2.2. Critical grain size

As shown in this study, the presence of grain boundaries and

the grain size are important factors to be considered to understand

the formation of oxide layers. The spacing among the Cr2O3 oxide

regions formed on the grain boundaries decreases as the grain size

of the austenitic stainless steel containing alloyed Cu is reduced.

Therefore, less time is required for the sideward growth of the

oxide nuclei to finally form a continuous protective Cr2O3 layer

based on the literature data for the Cr diffusion coefficient in the

bulk and along the grain boundaries of a Fe–17–18 wt.% Cr–10–

12 wt.% Ni steel [79,80] and in combination with the equations

developed by Lobb and Evans [35]:

jGB=jL ¼
2d

d
DGB=DLð Þ1=2 ð3Þ

where jGB/jL is the flux ratio, d is the width of the grain boundary

region, d is the grain size, and DGB and DL are the grain boundary

and bulk diffusion coefficients, respectively.

Fig. 14 reveals that according to the decrease in grain size, the

amount of Cr flux is increased due to the increase in the total grain

boundary density. More than a 20% additional flux of Cr ions is sup-

plied from the grain boundaries to the surface if the distance from

the grain boundary is less than 4.5 lm, and the amount of the flux

increases drastically if it approaches the grain boundary. Thus, in

the small grain sample, due to the grain boundaries, the Cr

diffusion to the surface region is enhanced, and sideward spreading

of the external Cr2O3 layer from the grain boundaries toward the

grain interiors occurs, which enables the formation of a continuous

protective Cr2O3 layer over the entire sample surface. In the case of

the austenitic stainless steel containing alloyed Cu, even 18 wt.% Cr

is not always sufficient to form a protective Cr2O3 oxide layer cov-

ering the entire surface. Instead, the growth of non-protective Fe-

oxide leads to the observed mass gain. Fig. 15 reveals that the Cr

wt.% in the outer oxide is strongly influenced by the distance from

the grain boundary. The Cr concentration of the outer oxide close

to the grain boundaries has approximately 40 wt.% Cr with a Fe

concentration of 30 wt.%. The optimum Cr concentration range is

between 23 and 40 wt.% for the maintenance of oxide adhesion

and the formation of a protective Cr2O3 on Fe–Cr alloys [81] at high

temperatures. Near the grain boundary, the supply of Cr via both

grain boundary and bulk diffusion is sufficient to form a protective

Cr2O3 oxide layer; however, in the intra-grain regions far from the

grain boundary, the supply of Cr is primarily provided by bulk dif-

fusion, which cannot maintain a sufficiently high Cr concentration

to form a protective Cr2O3 oxide. In this region, the outer oxide is

produced from a protective Cr-rich oxide to a non-protective Fe-

rich oxide, such as Fe3O4 and Fe2O3. This oxide phase transition

illustrates the selective oxidation behavior of these austenitic

stainless steels containing alloyed Cu. In particular, the formation

of Cr2O3 is enabled when the distance from a grain boundary is

smaller than 4 lm (i.e., for samples with a grain size below

8 lm). The calculated grain size and concentration values of Cr to

form the protective Cr2O3 layer are in reasonable agreement with

the experimental data obtained in this study. Finally, the protective

Cr2O3 layer at the oxide/matrix interface acts as an effective diffu-

sion barrier against the further transport of oxygen and metal ions.

Further investigation into the stability of this protective layer for

longer oxidation periods (up to 500 h) is available in a previous

study by the authors [41].

5. Conclusions

The high-temperature oxidation behavior of an austenitic stain-

less steel containing alloyed Cu has been studied with respect to

the role of the grain boundaries and the resulting critical grain size

to form a uniform protective Cr2O3 oxide. The following conclu-

sions can be drawn:

(1) Selective retarded oxidation is observed within a certain dis-

tance from random grain boundaries toward the grain interi-

ors. R3 CSL grain boundaries do not contribute to this

selective oxidation. Thus, the oxidation rate depends on

the grain size neglecting R3 boundaries.
Fig. 14. Relative increase in the Cr flux via grain boundary diffusion as a function of

grain size in Fe–18Cr–10Ni at 700 °C. The grain boundary width (d) is 0.5 nm.

Fig. 15. Chemical composition (wt.%) of Fe (black solid bar) and Cr (white stripe

bar) in the entire outer oxide of all tips as measured using APT.
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(2) During the initial stage (�30 min) of oxidation, the outer

oxide layers formed <4 lm away from random grain bound-

aries and are mainly composed of protective Cr2O3 with a

rhombohedral crystal structure and thin Fe-rich (Fe,Cr)3O4.

In contrast, if the outer oxide layer formed >4 lm away from

random grain boundaries, it consists of a thick Fe-rich

(Fe,Cr)3O4 oxide with a spinel crystal structure containing

small amounts of Ni, Mn and Cu, whereas the inner layer

mainly consists of Cr-rich (Fe,Cr)3O4 oxides with spinel crys-

tal structures.

(3) In the later stage (�2 h) of oxidation, the samples with large

grain sizes (>8 lm) form a duplex oxide. A thick Fe-rich

oxide is formed in the intra-grain regions, whereas a thinner

Cr-rich oxide is formed at the grain boundaries. These results

are in contrast with the measurements of samples with a

small grain size (<8 lm). For those samples, a uniform pro-

tective Cr-rich oxide is formed. As a result, the overall oxida-

tion of small-grained sample can be suppressed.

The present study shows that grain size refinement (with a

critical grain size of 8 lm) is an advantageous approach to increase

the resistance to high-temperature oxidation under humid air con-

ditions without increasing the Cr content or adding additional

elements.
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