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RESEARCH ARTICLE

Oxidation of SS304 and SS316 and the formation of diffusionally isolated 
regions leading to localised premature breakaway oxidation
Mary Taylora and Jonathan Husbandb

aSchool of Metallurgy and Materials, University of Birmingham, Birmingham, UK; bRecycling Technologies, Swindon, UK

ABSTRACT
The results are presented on the oxidation behaviour of two chromia-forming steels, over the 
temperature range 800°C to 900°C, regions of premature localised breakaway oxidation were 
observed. SiO2 formation along emergent grain boundaries encapsulated smaller grains, acting 
as diffusion barriers to the replenishment of chromium from deeper in the alloy. Rapid 
depletion of chromium from these isolated grains continued with increasing time until the 
concentration was insufficient to maintain a protective Cr2O3 resulting in the localised chemical 
failure and formation of breakaway oxides. A finite difference model was used to demonstrate 
the effect of SiO2 formation. It was also found that the low concentration of silicon restricted 
the encapsulation process to only the smaller grains at the surface and protective oxidation 
was re-established underneath at the alloy surface. The predicted lifetime of components with 
wall thicknesses of 2 mm was calculated to be in excess of 30 years.
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Introduction

High chromium steels are used in applications over 
the temperature range of 600°C to 900°C where 
a surface oxide scale of Cr2O3 forms, providing the 
alloys with the optimum oxidation protection. To 
ensure a complete layer of Cr2O3 forms at the surface 
a minimum concentration of chromium is need in the 
alloy, CrCrit, ranging from 9 to 12 wt.% depending on 
the oxidising environments [1–5]. To enable the early 
establishment of the Cr2O3 secondary elements, such 
as Si, can be included in the alloy, where the more 
thermodynamically favourable SiO2 provides the 
nucleation sites for the Cr2O3 [5–10]. Similarly, selec-
tive oxidation under controlled pO2 conditions has 
also been found to preferentially form Cr2O3 across 
the surface on steels [6,8,11,12]. The oxidation process 
depletes the alloy of chromium from the region adja-
cent to the oxidising surface with replenishment 
occurring by diffusion from deeper in the bulk alloy 
[13,14]. To maintain the protectiveness of the surface 
Cr2O3, the oxide much continue to grow and further 
depleting the alloy of chromium. When the concen-
tration of chromium in the alloy, adjacent to the 
oxidising surface, falls below CrCrit the protection 
can no long be maintained and breakaway oxidation 
ensues with the formation of mixed oxides, as 
described in references [4,5,15].

Modelling the oxidation processes can be achieved 
by balancing the rate at which the oxidising element is 
removed to the diffusion rate of that element from 
deeper within the alloy. This has been achieved by 

a number of authors for relatively simple alloy systems 
[4,5,16–19], and computational models have been 
produced by some researchers with examples of 
a few given in refs [20–24]. The approach used by 
Evans et al. [23,24] is employed in this study. This 
model determines the removal rate of the oxidising 
element from the oxidation kinetics for a single oxide 
species, and assumes the oxide is formed at the surface 
of an alloy, i.e. no internal oxidation is occurring. The 
diffusion rates, for the replenishment process, are 
readily available in the open literature, applicable to 
single or even dual phase alloy. These input para-
meters reflect the oxidation conditions of the thermal 
exposure. The dimensions of the component are also 
included within the model as this represents the reser-
voir of the elemental species. The outputs are in the 
form of elemental compositional profiles into the alloy 
for the oxidising element at selected times. Such pre-
dictions, e.g. on the time it takes for an element to be 
depleted from a component to some critical concen-
tration, are very useful to alloy manufacturers and 
plant managers, informing of the time periods for 
plant shut down and replacement of components.

Generally, for steels operating within the tempera-
ture range of 600°C to 900°C, the higher the starting 
concentration of chromium the longer will be the 
lifetime of any component. Upper limits to the starting 
concentration can be dependent on the impact of that 
element on the microstructure and mechanical integ-
rity of the alloy system, with the formation of adverse 
phases needing to be avoided. Another method of 
ensuring long life-times is to produce components of 
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sizes and wall thicknesses which provide a sufficient 
reservoir of the oxidation protective element. In this 
way, the reservoir of the element present enables the 
required lifetime to be achieved without compromis-
ing the chemistry, microstructure or mechanical prop-
erties of the component.

High chromium steels, SS304 and SS316, are used 
in a prototype plant capable of taking in hard-to- 
recycle, mixed end-of-life, waste plastics (including 
films, crisp packets and food trays) and generating 
a valuable hydrocarbon product, Plaxx®. The com-
pany, Recycling Technologies, is currently engaged in 
developing this unique process for industrial deploy-
ment; scaling it up from their existing demonstration 
plant and controlling the output product to maintain 
quality for customers. As part of this development 
detailed examination has been made of materials 
from a number of locations in the plant. In this 
paper, the results from examination of samples of the 
alloys exposed under laboratory testing conditions are 
presented. The model ODIN [23,24] is used to demon-
strate the depletion processes and to provide lifetime 
predictions for plant components.

Experimental procedures

Tube sections of the alloys were provided by Recycling 
Technologies in the condition used to construct the 
plant. These tubes had been subjected to the usual 
manufacturing processes including heat treatments 
and surface treatments and the dimensions are given 
in Table 1.

The compositions of the alloys investigated were 
determined using Energy Dispersive Spectroscopy 
(EDS) and are given in Table 2. The values obtained 
were within the specifications for these alloys [25–28]. 
To assess the oxidation behaviour of the alloys, sam-
ples of approximate dimensions 20 mm by 20 mm 
were extracted from the tubes. The inner and outer 
surface of the samples were left in the as-produced 
condition and burrs, etc., produced during the 

sectioning procedure, were removed and the edges 
chamfered to reduce stress concentrators. The samples 
were measured and weighed for identification pur-
poses and ultrasonically cleaned in ethanol. For oxida-
tion testing, the samples were positioned in alumina 
boats and placed into hot furnaces set at 800°C, 850°C 
or 900°C for isothermal exposure times of up to 
2000 hours. Testing was conducted in laboratory air 
which corresponds to the exposure conditions experi-
enced at the outer surface of the tubes in plant. The 
partial pressure of oxygen within the plant has been 
measured as approximately 0.06 atm in nitrogen. An 
investigation into the effect of this slight reduction in 
pO2 on the oxidation behaviour of the alloys [29,30] 
showed that no change in the oxide composition was 
predicted and thus the results obtained under air 
exposure will correspond to that occurring to the 
inside of the tubes.

On completion of the thermal exposures the sam-
ples were removed from the furnaces and cooled in 
laboratory air, Ni-plated and mounted in resin. The 
cross-sections through the samples were revealed by 
grinding on SiC paper from 240 to 1200 grit with 
water as a lubricant followed by polishing using 
6 µm and then 1 µm diamond suspension in a water- 
based lubricant and finished with a silica sol. The 
cross-sections were examined using a Scanning 
Electron Microscope (SEM) equipped with Energy 
Dispersive Spectroscopy (EDS). Examination of the 
surfaces of the alloys in the as-received condition 
was also performed.

Results

The surfaces of interest in this study were those in 
contact with the oxidising environments in plant and 
this included both the inner and outer surfaces of the 
tubes. The images of these surfaces, for both the SS304 
and SS316 alloys, revealed the result of the pickling 
process used to remove the oxides formed on the sur-
face of components during the manufacturing proce-
dures, Figures 1. During production, heat treatments 
are used to relieve stresses and generate the required 
grain size and microstructure. The pickling process 
removed unwanted oxides, etc., formed during these 
processes and preferentially etched the grain boundary 
regions resulting in the uneven topography observed 
in the images. The outer surfaces of all samples 
showed a similar effect from the etchant with 

Table 1. Dimension of tube sections of alloys supplied.
Alloy Form Outer Diameter/mm Wall Thickness/mm

SS304 Tube 33 3.0
59 2.5
88 2.0

SS316 Tube 33 3.0
59 2.5
88 2.0

Table 2. Compositional range of alloys, from EDS analysis, taken from the inner surfaces and cross-sections of the 
tube samples.

wt.% Fe Cr Ni Mn Si Al Mo Cu

SS 304 min. 68.6 18.9 7.5 1.6 0.4 0.2 – .– – .–
SS 304 max. 70.5 21.0 8.6 1.9 1.2 0.4 – .– –.–
SS 316 min 67.8 17.3 9.8 1.1 0.5 0.2 1.5 0.3
SS 316 max 68.7 17.7 10.2 1.2 0.6 0.3 1.8 0.3
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additional marks and abrasions caused during stan-
dard handling and transport of the tubes. These abra-
sions left superficial damage only, none of which 
appeared to penetrate into the component. No damage 
to the inner surfaces of the tubes was noted on the 
sections extracted.

Examination of cross-sections through the two 
alloys in the as-received condition, Figure 2, revealed 
the topology of the surface resulting from the pickling 
process. EDS analysis taken from the cross-sections 
showed that the composition fell within the range 

reported for these alloy types [25–28] as presented in 
Table 1. EDS profiles taken from various sites on the 
cross-sections showed flat composition profiles 
including at grain boundary regions. Thus, the com-
position of the oxidising surfaces was that of the bulk 
alloy.

After thermal exposure the cross-sections through 
the samples showed the formation of two distinct 
oxide morphologies covering the surfaces, identifiable 
by thickness, Figure 3. This was the case for the inner 
and the outer surfaces of the samples on both alloys 

(a)  (b)

(c) (d)
50 μm

50 μm100 μm

100 μm

Figure 1. SEM images of surfaces of inner and outer surfaces of SS 304 (a and b, respectively) and similarly for SS 316 (c and d), 
showing the effect of pickling on the surface with preferential etching of the grain boundaries. Abrasive damage was also present 
on the outer surfaces (b and d) occurring during standard handling and transportation.

(a) (b)

resin

alloy

resin

alloy

50 μm 50 μm

Figure 2. Back scattered SEM images through (a) 304 and (b) 316 revealing the contours of the inner surface of the tubes created 
by the pickling process.
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with no obvious difference in oxide formation related 
to alloy composition or surface. The thicker oxides 
contained a higher proportion of porosity. Also pre-
sent in both alloys was the formation of darker con-
trast oxide penetrating along grain boundaries.

EDS maps showing the relative compositions of the 
elements present in the two distinguishable surface 
oxide regions are shown in Figure 4 for the alloy 
SS304 exposed to 900°C for 200 hours. In all cases, it 
was found that the regions of thinnest oxides were 
predominantly Cr2O3 with discontinuous regions of 
manganese oxide, also possibly present as a (Cr,Mn)3 

O4 spinel. The thicker islands of oxide consisted of 
varying concentrations of iron, chromium and man-
ganese with no obvious presence of NiO found. It was 
noted that a layer of oxide rich in chromium had 
formed adjacent to the alloy underneath these thicker 
oxides. Manganese was present in higher relative con-
centrations within the thinner oxide regions compared 
to the thicker oxide regions. Evidence of SiO2 was 
found at the surface of the alloys underneath the Cr2 

O3 and also at the grain boundaries showing that 
internal oxidation of this element had occurred. As 
can be seen in Figure 4 the smaller grains, in the order 
of 20 μm diameter, were completely encased in SiO2. 

The EDS maps also showed depletion of chromium 
and manganese from the underlying alloy most nota-
bly from the grain boundary regions indicating these 
as faster diffusion routes from deeper in the alloy to 
the surface maintaining of the protective chromium 
and manganese surface oxides.

EDS line scans were taken at multiple sites for 
a wide range of thermal exposures and times. The 
results, shown in Figure 5 for the alloy SS304 exposed 
at 850°C for a total of 400 hours, revealed that the 
composition of the thin oxide was predominantly 
chromium with manganese and an underlying layer 
of silicon at the interface with the alloy. Depletion 
depths for chromium and manganese were between 
measured as 25–30 μm underneath the thin-oxide 
regions, for the example given in Figure 5. The deple-
tion depth for silicon was less clear due to the low 
concentration of this element in the alloy and the high 
diffusion rates [18]. Slight enhancement of the con-
centration of iron was seen in the alloy within 30 μm 
of the surface which is indicative of a selective oxida-
tion process leading to the formation of a protective 
oxide at the surface. There is also a clear demarcation 
between the oxide and the alloy for iron and nickel 
demonstrating that oxides of these elements had not 

(a) (b)

(c) (d)

alloy

resin

alloy

alloy

resin resin

resin

alloy

50 μm 100 μm

100 μm 100 μm

Figure 3. BSE images of cross-sections showing (a) the outer surface of a sample of SS 304 exposed to 850 °C for 4 × 100 hours, (b) 
the outer surface of a sample of SS 316 exposed to 900 °C for 200 hours, (c) the inner surface of a sample of SS304 exposed to 900 
°C for 200 hours, and (d) the inner surface of a sample of SS316 exposed to 900 °C for 200 hours, showing the darker contrast 
oxides at the outer surface of the alloy protected by the Ni-plate. The thickness of the surface oxide varied across the surface of the 
sample and penetration of an oxide into the alloy along the grain boundaries had occurred.
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occurred. The results show that at the sites where thin 
chromium-rich oxides had formed, protective oxida-
tion behaviour had been achieved. This was facilitated 
by the low rate of diffusion through the oxide and the 
sufficiently high diffusion rate of chromium in the 
alloy.

A similar examination was performed on regions of 
the alloys where thicker oxide layers had formed, with 
an example taken from the alloy SS304 sample 
exposed to 850°C for 800 hours given in Figure 6. 
EDS line scans through the oxide showed multiple 
elements present with chromium dominating at the 
outer and inner regions. As with the thinner sections 
of oxide, manganese was also present in the oxide 
layer. Iron-rich oxides were also present within the 
oxide layer with the EDS profiles indicating that 
a number of oxides have formed with varying amounts 
of iron, chromium and manganese. The ratios of the 
elements present suggest that the surface oxide 

consisted of Cr2O3, an iron oxide and an iron/chro-
mium/manganese spinel. The chromium-rich oxide 
adjacent to the alloy and the developing depletion 
profile of chromium in the alloy adjacent to the sur-
face suggests that this oxide has re-established and was 
providing oxidation protection for the alloy. Also 
found was a near continuous layer of SiO2 at the 
interface with the alloy.

A region of the alloy SS304, exposed at 900°C for 
100 hours, where oxide penetration along a grain 
boundary had occurred and had encapsulated a grain 
adjacent to the surface is shown in Figure 7. The analy-
sis of this region showed that the encapsulating oxide 
was silicon-rich, SiO2, and that the concentration of 
chromium at the three sites A, B and C indicated in 
Figure 7, were 19.2 wt.%, 15.1 wt.%, 12.1 wt.%, respec-
tively. At site A, the concentration of chromium was 
that of the bulk alloy, Table 1. Adjacent to the SiO2 

containing grain boundary, the concentration of 

Figure 4. BSE image with EDS maps for the major constituents of SS304 exposed to 900 °C for 200 hours showing the location of 
the surface oxide from the oxygen map, a continuous surface oxide rich in Cr adjacent to the alloy and islands of thicker oxides 
containing Fe, Mn and Cr; no obvious presence of NiO was found. Internal oxidation of Si had occurred, forming predominantly at 
the alloy grain boundaries. Smaller grains of the alloy were encased in the SiO2. Depletion of Cr was observed at the grain 
boundaries indicating faster diffusion occurring at these sites.
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chromium had reduced demonstrating depletion was 
occurring with the most likely route being along the 
grain boundary to the surface. The linescan for chro-
mium, Figure 7, showed depletion occurring at both of 
the grain surfaces intersected, and lower concentration 
within the grain demonstrating that replenishment into 
this grain from the bulk alloy was not occurring. The 
SiO2 was thus providing a barrier to replenishment of 

chromium into the encapsulated grain but not forming 
a barrier to the diffusion of chromium to the surface via 
the grain boundaries. Within the encapsulated grain the 
concentration had reduced to a level close to the Crcrit 

value necessary to maintain that protectiveness [1–5], 
thus, this grain is close to the point of going into 
chemical failure [15]. With longer time at temperature 
the grain would continue to deplete of chromium and 

50 μm

N
i p

la
te

 

resin

Ni

alloy

alloy

Mn

Fe

O

Cr

Si

Figure 5. Compositional profiles obtained from a sample of SS304 after a total of 400 hours thermal exposure at 850 °C showing 
the formation of a surface oxide of chromium and manganese with a layer of SiO2 at the interface with the alloy. Depletion of these 
elements had occurred from the alloy with enhancement of iron demonstrating protective oxidation at these sites.
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once below the Crcrit concentration chemical failure 
would ensue with the formation of oxides of all the 
remaining elements, i.e. breakaway oxidation.

It was also noted that the number of sites of the thick 
oxide increased with time and temperature but that the 
thicknesses did not. This will be discussion in the next 
section in conjunction with the proposed mechanism 
responsible for the formation of these regions.

Discussion

The examination of cross-sections through samples of 
SS304 and SS316 exposed to temperatures in the range 
of 800°C to 900°C revealed two distinctly different 
oxidation processes occurring at the surface. One, 
characterised by the formation of a thin chromium- 
rich surface oxide, demonstrated the expected protec-
tive oxidation behaviour expected from these high 

Figure 6. BSE image of a cross-section through a sample of SS304 exposed to 850 °C for 800 hours with EDS line scans showing the 
surface oxide to be of varying composition. Iron oxides are present with a chromium-rich oxide established beneath and a layer of 
silicon oxide at the alloy interface.
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chromium containing steels. However, the formation 
of thick oxides of mixed compositions suggested that 
localised chemical failure of the alloy has occurred. 
The cross-sectional examination also revealed the pre-
sence of SiO2 at the outer surface and penetrating into 
the alloys along grain boundaries. The minor alloying 
additions of silicon to steels has been shown to 
improve the oxidation resistance [5–10]. SiO2 forms 
readily due its low free energy of formation and initi-
ally forms as an amorphous layer at the surface of the 
alloy. This layer promotes the early nucleation of Cr2 

O3 grains accelerating the establishment of this highly 
protective oxide layer [5,8]. It has been shown that the 
kinetics of growth of Cr2O3 on a high chromium steel 
at 900°C is reduced from 11 × 10−5 g2.m−4.s−1 with 0% 
Si present to 3 x 10–5 g2.m−4.s−1 by the introduction of 
approximately 0.7% [10], or 4 × 10−18 m2.s−1 to 

1.5 × 10−18 m2.s−1 at 850°C by the introduction of 
0.9 wt% Si [7]. It was also shown that increasing the 
silicon content above these values resulted in 
a deterioration in the oxidation kinetics increasing to 
the levels obtained with 0 wt.%.

Grain boundaries offer sites of faster diffusion of 
chromium to the surface to form Cr2O3 compared to 
lattice diffusion, as demonstrated by Hansson et al. 
[31]. This is also the case for silicon and oxygen. In 
this study, one reason for the localised adverse effect 
on the oxidation behaviour has been revealed with 
the development of significant amounts of SiO2 

penetrating into the alloys via the grain boundaries. 
The depth of penetration of the SiO2 was sufficient 
to encase grains at the surface, Figures 4 and 7. The 
effect of the pickling process, used to remove oxides 
formed during the manufacture of the component, 

Figure 7. BSE image of a cross-section through a sample of SS304 exposed to 900 °C for 100 hours with EDS line scans showing 
penetration of silicon oxides along the grain boundary encapsulating a region of the alloy. The concentration of Cr at the three 
sites indicated in the micrograph are (A) 19.2 wt.%, (B) 15.1 wt.% and (C) 12.1 wt.% showing greater depletion occurring within the 
encapsulated region.
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preferentially etch the grain boundaries and may 
play a part in enhancing the encapsulation process. 
Evidence provided by EDS analysis showed that the 
concentration of chromium within encapsulated 
grains decreased rapidly with thermal exposure 
when compared to adjacent regions of the alloy 
where encapsulation of grains had not occurring. 
This demonstrated that the presence of the SiO2 at 

the grain boundaries was acting as a diffusion bar-
rier to the replenishment of chromium within the 
grain from the bulk alloy but that chromium con-
tinued to diffuse to the surface to form Cr2O3. The 
low concentration of silicon in the alloys leads to the 
early depletion of the element in forming SiO2 and 
thus the encapsulation process as described here is 
limited by the silicon concentration.

Table 3. Diffusion coefficients for chromium in steels and kinetics of Cr2O3 growth determined for this study.
Temperature/°C DCr/m2.s−1 [33] DCr/m2.s−1 [34] DCr/m2.s−1 Used in this study Kinetics of oxide growth/mg2cm−4h−1

800 1 x 10−19

850 1 x 10−18 0.7 x 10−18 0.0001
900 1 x 10−17 1.7 x 10−17 1.5 x 10−17 0.0004
1000 2.5 x 10−16
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Figure 8. (a) Concentration profiles for chromium in SS304 exposed to 850 °C for 800 hours and 1500 hours at the sites of 
formation of thick surface oxides showing concentration of Cr at the outer region of the alloy at approximately 17 at.% and Cr-rich 
oxides formed adjacent to the alloy surface with lower concentrations in the outer oxide layers and (b) predicted chromium 
depletion profile for 1500 hours showing good agreement with experimental data.
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Such diffusionally isolated features have been iden-
tified in air plasma-sprayed high temperature resis-
tance MCrAlY coatings, where M is Ni and/or Co 
[32]. In that work the effect of the formation of strin-
gers of Al2O3, formed at the surface of the MCrAlY 
particles during the coating process and subsequently 
incorporated into the coating, was described. On 
exposure to temperature, 900°C to 1100°C, and 
where oxygen access into the coating occurred these 
stringers of Al2O3 continued to grow and acted as 
barriers to the diffusion of aluminium from deeper 
in the coating to form a protective Al2O3 surface 
oxide. The diffusionally isolated regions were termed 
‘diffusion cells’. Where the diffusion cells were com-
pletely encased in Al2O3 rapid depletion occurred to 
below Alcrit and chemical failure ensued with the for-
mation of faster growing mixed oxides. The processes 
described in that earlier work replicates the findings in 
this study differing only in the oxide formed and the 
diffusing species.

In the study on diffusion cells in air plasma-sprayed 
coatings the predicted depletion profiles for alumi-
nium were compared to experimentally determined 
values. The processes used, of depletion by oxidation 

balanced with replenishment by diffusion from deeper 
in the coating or alloy, were subsequently developed 
into the finite difference model Oxidation, Diffusion 
and Interdiffusion, ODIN [23,24], as described in the 
introduction. The model is used here in one dimen-
sion to study the depletion process occurring within 
the tube walls of dimensions given in Table 2, and also 
the diffusionally isolated grains.

The kinetic data for the model was taken from the 
thin oxide regions in this study, i.e. before chemical 
failure had occurred, Table 3. The values obtained in 
this way compared well to Cr2O3 formation on similar 
alloys [7,10]. The starting point for determining the 
most representative diffusion coefficients of chro-
mium in the steels was taken from the literature 
[33,34]. The model was run and the elemental profiles 
were compared to those obtained under this investiga-
tion. Minor adaptations to the coefficients were made, 
included in Table 3, in order to more accurately match 
the elemental profiles in this study, as shown in 
Figure 8(a) for samples of SS304 exposed at 850 
C for 800 and 1500 hours. The prediction, Figure 8 
(b) showed a good match to the experimental data. 
The model was used to predict the elemental profiles 
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Figure 9. Predicted chromium depletion profiles for (a) 2 mm thick section and (b) 25 µm diameter grain, for increasing times at 
850 °C demonstrating the protectiveness of the surface Cr2O3 layer and the influence of the size of the reservoir on the time taken 
to reach CrCrit.
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for chromium in the alloys at extended life-times, up 
to approximately 300,000 hours (34 years), Figure 9 
(a). The profiles show the effect of depletion of chro-
mium from the surfaces of a tube of thickness 2 mm. It 
can be seen that the surface concentration of chro-
mium was maintained at 15 wt.%. The depth of deple-
tion increased with increasing time but for the 
example presented in Figure 9(a) concentration of 

chromium at the centre line is maintained at the 
level in the bulk. The results show that the alloys are 
predicted to maintain a surface concentration comfor-
tably above Crcrit with a sufficient reservoir of chro-
mium to maintain the Cr2O3 in excess of 300,000 hour 
or 32 years at 850°C. These profiles will also represent 
the depletion of chromium occurring underneath the 
thick mixed oxide regions where it has been shown 
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Figure 10. Series of schematic diagrams describing the oxide formation and development during exposure of SS304 and SS316 to 
temperatures ranging from 750 to 900 °C up to approximately 400 hours showing (a) formation of external oxide at the surface of 
the alloy, (b) internal oxidation of silicon along grain boundaries (g.b), (c) encasement of smaller grains by SiO2 which acts as 
a diffusion barrier to chromium to maintain protectiveness of surface oxide with subsequent chemical failure of the isolated grain 
resulting in breakaway oxidation processes, and (d) the potential re-establishment of a protective oxide underneath the non- 
protective oxides.
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that rehealing of the surface occurs with the formation 
of a continuous layer of Cr2O3 at the oxide alloy 
interface.

The model was also run to simulate the depletion 
processes for a diffusionally isolated grain of diameter 
25 µm, Figure 9(b). The profiles for chromium clearly 
show that accelerated depletion of chromium 
occurred compared to Figure 9(a). The concentration 
of chromium at the mid-point falls to 12 at% by 
400 hours with the concentration at the surface of 
the grain as low as 9 at%. At this point, the concentra-
tion of chromium is close to the point of chemical 
failure and further time at temperature will result in 
breakaway oxidation and the formation of oxides as 
observed in the cross-sections. It can be appreciated 
that the smaller the grain the shorter the time to reach 
this Crcrit concentration. A series of schematic dia-
grams describing the sequence of events is given in 
Figure 10.

In earlier work on a silicon containing high chro-
mium alloy the formation of SiO2 along grain bound-
aries was also shown but encapsulation and the 
consequences were not reported [18]. One reason for 
the difference was the grain size in the alloy in the 
earlier work which was reported as 100 μm. An addi-
tional consideration in the formation of the diffusion-
ally isolated regions formed in this study is the effect of 
the pickling procedure. This process resulted in the 
production of a clean, compositionally uniform sur-
face with preferential etching at the grain boundaries. 
Although the composition at the grain boundary sites 
was not adversely affected the effect was to reduce the 
penetration depth of SiO2 required to encapsulate the 
surface grains. Thus, the resultant topology will accel-
erate the encapsulation process of the surface grains 
and also present a larger surface area over which Cr2 

O3 formation was occurring, accelerating the deple-
tion processes, an observation similar to that observed 
as occurring on electro-plated MCrAlY coating [35].

Conclusion

Two oxidation processes were observed as occurring 
at the surface of two high-chromium steels, SS304 
and SS 316, containing 20 and 17 wt.% of chro-
mium, respectively. One site exhibited the expected 
protective oxidation processes with the formation of 
thin, continuous, dense Cr2O3 with an underlying 
layer of SiO2. The other site exhibited premature 
chemical failure, with the formation of mixed oxi-
des. A mechanism has been proposed which attri-
butes the localised formation of the mixed oxides, 
associated with chemical failure, to the formation of 
SiO2 along the emergent grain boundaries. Where 
the penetration of this oxide resulted in encapsula-
tion of the smaller grains of the alloy, this acted as 
a diffusion barrier preventing replenishment of the 

depleting chromium to form the surface Cr2O3. The 
concentration of chromium within the encapsulated 
grains decreased rapidly to below CrCrit (approxi-
mately 12 wt.%) and breakaway oxidation ensued 
with the formation of the mixed oxides observed. 
The encapsulation process was found to be self- 
limiting due to the low starting level of silicon pre-
sent in the alloys. Sufficient chromium was available 
in the alloy underneath these regions to reform 
a protective Cr2O3 layer. The lifetimes of compo-
nents and the effect of diffusional isolation of grains 
was demonstrated using a finite difference model. 
Predictions using this model show that where pro-
tective oxidation occurs the times to the onset of 
chemical failure should be in excess of 30 years for 
2 mm thick walled components.
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