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Abstract: The oxidation of three Fe-xSi alloys (x=5, 9, 13 at.%) under 10-20 atm O2 at 800
oC formed in all cases SiO2 layers. For Fe-5Si this layer broke down and healed up 

periodically forming an anomalous internal oxidation zone with spherical and net-shaped

SiO2 particles. The SiO2 layer formed on the other two alloys spalled off due to the growth 

and thermal stress accumulated. The critical silicon content needed for its external oxidation 

on Fe-Si alloys calculated according to an extension of Wagner’s theory under the present 

experimental conditions is significantly smaller than the experimental results.  

KEY WORDS: A iron, B SEM, C internal oxidation, C amorphous structures

1. Introduction

Silicon is one of the most important alloying elements in commercial steels used in the 

manufacture of automobile bodies and frames and in the cores of motors and transformers. 

However, the oxidation properties of silicon steels seriously affected their application. Up to 

now, the oxidation of Fe-Si alloys with different silicon contents has been the subject of 

many investigations in different atmospheres, including air [1-6], pure O2 [7-9], CO2+CO 

[10-12], air+H2O [4,13], CO+H2+H2O [14,15], H2+H2O [16,17], CO2+H2O [18,19], 

H2+N2+H2O [20,21]. In these studies, the internal oxidation of silicon in Fe-Si alloys has 

been observed both in the presence [2,5,7,13,16-20] and in the absence [14,15,21] of 

external iron oxides. In the latter case, when the silicon content was less than 2 at.%, the 
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shape of the SiO2 particles was spherical [21], while for larger silicon contents, for example 

5 at.% and 9 at.%, dendritic SiO2 particles started to appear and were associated with the 

appearance of a thin continuous SiO2 layer at the interface between the internal oxidation 

zone (ioz), and the base alloy [14]. This structure of the ioz, differing from the classical type 

which does not involve the presence of a nearly continuous layer of internal oxide at the 

interface between the ioz and the alloy but only a direct transition to an alloy matrix free 

from oxide particles, is named here as an anomalous ioz. However, the formation 

mechanism of this peculiar internal oxidation zone was not considered in details in the 

previous paper [14]. The present study examines the oxidation behavior of three Fe-Si 

alloys with rather high silicon contents under an oxygen pressure below the decomposition 

of the iron oxides. The critical silicon content required for the exclusive external oxidation of 

silicon is calculated and compared with the experimental results. The scale evolution is 

presented for different reaction times and silicon contents: in particular, the anomalous type 

of internal oxidation has been observed for the two more dilute alloys.

2. Experimental

Three Fe-Si alloys with nominal silicon contents of 5, 9 and 13 at.% ( Fe-5Si, Fe-9Si and 

Fe-13Si, respectively) were prepared by repeated melting by vacuum induction mixtures of 

appropriate amounts of the two pure elements (99.8% Fe and 99.99% Si). The alloy ingots 

were subsequently annealed in 1 atm argon at 1000 oC for 36 h to remove the residual 

mechanical stresses and achieve a better alloy equilibration. The actual composition of the 

alloys, measured by inductively coupled plasma (ICP) spectrometry, is shown in Table 1. In 

agreement with the Fe-Si phase diagram, Fe-5Si and Fe-9Si are single-phase , while 

Fe-13Si is single-phase 1 [22]. The average grain sizes of the three alloys were 1.59 

(Fe-5Si), 1.12 (Fe-9Si) and 0.506 mm (Fe-13Si) calculated according to the procedure 

described in GB/T 6394-2002.

Specimens with a size of 10×8×1.5 mm were cut from the ingots using a line saw and 

a 1 mm hole was drilled near one edge. All the specimens were mechanically abraded on 

successively finer abrasive papers down to 2000 grit and finally cleaned with water, acetone 

and ethanol and dried immediately before each test. Prior to the experiment, each specimen 
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was first suspended in the reaction chamber by quartz fibers and a Pt wire. The reaction 

tube was then flushed with the gas mixture from below with a counter flow of nitrogen from 

the top for about half an hour. A Pt gauze was placed below the sample at a distance of less 

than 1 cm in the hot zone to facilitate reaching equilibrium. After reaching the reaction 

temperature, the vertical furnace was raised to locate the specimen in the hot zone. The 

mass changes of the specimens were continuously recorded with a microbalance Setaram 

B-92. The mass of each specimen was also measured with an electronic balance before and 

after oxidation as a check of the recorded mass changes. The oxidized samples were 

examined by SEM (FEI INSPECT F 50, USA) attached with EDS (OXFORD X-Max, UK) and by 

X-ray diffraction (Panalytical X’ Pert PRO, Holland). In addition, the oxidized samples 

prepared for observing the cross sections were ground down mechanically by 5000 emery 

paper after being mounted by resin and then polished by emery and diamond pastes. By 

equilibration at 800°C the reacting gas, composed of 13.2 vol.% CO2 balance H2, provided 

an oxygen pressure of 10-20 atm. To identify the structure of the internal oxide particles in 

three dimensions, some samples, mounted in a direction parallel or perpendicular to the 

large face (10×8 mm), were etched with a CuSO4 solution to remove iron from the internal 

oxidation zone to different degrees. 

3. Results

3.1  Kinetic results

Parabolic plots of the kinetic curves obtained for the three alloys oxidized under the 

present conditions are shown in Fig. 1. The mass gains of these alloys after a fixed reaction 

time decreased with an increase of the silicon content, an effect which was particularly large 

in shifting from Fe-5Si to Fe-9Si. The kinetic curves did not follow the conventional parabolic

rate law, which involves linear parabolic plots, and were generally rather irregular,

presenting values of the instantaneous slope of the parabolic plot, denoted as instantaneous 

parabolic rate parameter (iprp), changing with time. In particular, the iprp of Fe-5Si 

decreased continuously with time from an initial value of 1.1x10-11 g2cm-4s-1 to a limiting 

value of 6.5x10-14 g2cm-4s-1, reached after about 10 h, which then remained constant up to 

the end of the experiment. 
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The oxidation of Fe-9Si showed a continuous increase of the iprp with time and followed 

approximately two parabolic stages with parabolic rate constant kp of the first stage, lasting 

from 2 to 17 h, equal to to 4.9x10-14, while that of the second stage, lasting from 18 to 24 h, 

equal to 9.9x10-14 g2cm-4s-1. Conversely, the oxidation of Fe-13Si showed a continuous 

decrease of the iprp with time and was more irregular (Fig. 1b), showing a first faster stage 

of about 2 h with a kp = 2.3x10-13 g2cm-4s-1, followed by a second approximately parabolic 

stage lasting from 4 to 24 h with a kp = 1.7x10-15 g2cm-4s-1.

3.2 Scale structure and composition

Cross sections of Fe-5Si oxidized for 4 different times (1.5, 4, 18 and 24 h) are shown in 

Fig. 2. In all cases iron oxides did not form, as shown in Fig. 3, while an SiO2 layer containing 

some iron (the oxide layer is too thin to obtain an accurate analysis) formed at the front of 

the internal oxidation zone; this layer was discontinuous for samples oxidized for 1.5 and 4 h

(Figs. 2a-2b) but became continuous after longer reaction times (Figs. 2c-2e). Actually, the 

structure of the zone formed between the SiO2 layer and the gas phase was different from 

the classical model of internal oxidation [23,24] for different reasons, thus presenting an

anomalous internal oxidation zone. In fact, the SiO2 particles in the ioz were not only 

spherical, with radii ranging from tens to several hundreds of nm, but also vermicular. In 

addition, the content of SiO2 particles with vermicular shape increased with an increase of 

the oxidation time (Figs. 2a-2e). Finally and most importantly, a continuous layer of SiO2

tended to form at the base of the ioz and in contact with the alloy, completely different from 

the classical structure of the ioz which corresponds to the presence of a uniform volume 

fraction of the precipitated oxide within the alloy in the absence of a layer of oxide 

intermediate between the ioz and the alloy. Moreover, the depth of the ioz was not uniform, 

especially after 24 h oxidation and had no relationship with the orientation of the grains (Fig. 

2f). This is not considered a result of changes in the alloy composition in a lateral direction 

(the alloys were annealed for long times to avoid this possibility), but of the presence of the 

SiO2 layer at the base of the ioz, which may have formed at different reaction stages over 

different locations over the surface.

To obtain a three-dimensional structure of the SiO2 particles, the oxidized samples 
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were examined also after a deep etching by the CuSO4 solution (Figs. 4-6). The particles of 

SiO2 in the anomalous ioz close to the gas side were spherical (Fig. 4a), while underneath 

they were vermicular (Fig. 4b) as verified by etching the sample partly (Fig. 4c). Actually, 

these vermicular particles formed net structures parallel to the alloy surface. Within the 

anomalous ioz, both types of particles were wrapped up by the alloy matrix. By etching the 

whole sample to a certain depth, the net-like structure of SiO2 was more evident (Fig. 5a), 

while some SiO2 pieces presented many fissures (Fig. 5b). When the ioz was completely 

removed, a continuous layer of SiO2 became visible. The morphology of the two sides (Figs. 

6a-6b) of the layer showed again that this SiO2 layer was irregular. 

Cross-sections of Fe-9Si oxidized for different times are shown in Fig. 7. After 10 h 

oxidation, moving from the surface to the substrate there was an anomalous ioz followed by 

a continuous SiO2 layer. After 24 h oxidation the depth of the SiO2 layer increased quite 

significantly (Fig. 7b), while at some places the SiO2 layer was protruding into the alloy (Fig. 

7c): this tends to improve the alloy/scale adhesion by increasing the actual contact area 

between the scale and the base alloy [25]. These spots were both intergranular and 

intragranular, indicating that the oxidation along the grain boundaries was not faster than 

that of the interior of the grains. Therefore, the effect of the gain boundaries on the 

oxidation of Fe-Si alloys does not appear to be significant in the present case, contrary to 

the oxidation of Co-Al-W-B superalloys [26].

The morphologies of the scales formed on Fe-13Si after different oxidation times are 

shown in Fig. 8. In all cases this alloy formed a continuous layer of SiO2. The layer formed 

after 4 h was divided into two sub-layers, with an outer zone darker and more compact than 

the inner zone and particles of metallic iron distributed throughout the whole SiO2 layer (Fig. 

8a). Conversely, after 24 h oxidation the whole SiO2 layer was covered by a continuous layer 

of pure iron (Fig. 8c) which, however, together with parts of the SiO2 layer, tended to crack 

and also to spall off from the silica layer probably during cooling (Figs. 8b-d). 

4. Discussion

   The conditions for the stability of the various possible forms of oxidation of the present 

alloys are examined below with reference to the classical conditions for the transitions 
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among them.

4.1 Transition from internal to external oxidation

According to the phase diagram shown in Fig. 9, which was calculated with the help of 

the thermodynamic data [27,28], the oxygen pressure supplied by the present binary 

H2-CO2 mixture was of 10-20 atm: this value, marked by a dot in Fig. 9, is lower than the 

dissociation pressure of the iron oxides, but above that of silicon oxide. Thus, the only oxide 

that can form during this experiment is SiO2. At this temperature silica is generally 

amorphous [29], in good agreement with the XRD spectrum (Fig. 3) which shows only the 

spectral lines of the base alloy. 

The oxidation of binary single-phase A-B alloys dilute in B, in which A behaves as a 

noble element and B is the reactive component forming an oxide BOν, generally produces an 

internal oxidation of B within an A matrix following the parabolic rate law [30,31]. As the 

concentration of B increases, the internal oxide particles dispersed in the ioz tend to develop 

a continuous external BOν layer: the critical concentration of B (mole fraction) required for 

the transition from the internal to the external oxidation of B is denoted as NB°* [23,30,31]. 

The first basic equation needed for the calculation of NB°* is related to the kinetics of 

internal oxidation. In the absence of external scales of the oxide of A, this equation has the 

form

s
O

o
B

G( )

F( )

N

N


 

                                                       (1)

where NO
s is the concentration of oxygen (mole fraction) dissolved in A at the alloy/gas 

interface and γa kinetic parameter related to the parabolic constant for the advancement of 

the front of internal oxidation, k, expressed as 

    2 2
ξ O4k t D t                                          (2)                 

where  is the thickness of the ioz, DO is the diffusion coefficient of oxygen in A and t is time.

Moreover, h =γφ1/2, where φDO/DB and where DB is the diffusion coefficient of B in A. 

Finally, G(γ) and F(γ) are two auxiliary functions defined as [32]
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1/ 2 2G( ) π exp( ) erf( )                                                  (3)

and

1/ 2 2F( ) π exp( ) erfc( )                                                 (4)

The second basic equation, proposed by Wagner in connection with a criterion for the

transition from the internal to the external oxidation of B, is based on a critical value of the 

volume fraction of internal oxide, fv*, above which the internal oxidation of B is prevented 

and has the form

o
B v

F( )h
N f


                                            (5)

where  is the ratio between the molar volume of BOν and that of the alloy. After a work by 

Rapp [33] on the oxidation of Ag-In alloys, fv* is generally set equal to 0.3.

The data needed for the calculation of NB°* include the diffusion coefficient of oxygen 

and silicon in the alloy, DO [32] and DSi [35] (cm2/s), given by  

3
O

85700
1.79 10 exp( )D

RT
 

             (6)

and 

Si Si

219880
0.735 (1 12.4 )exp( )D N

RT


           (7)

where NSi is the mole fraction of silicon in the alloy.

The mole fraction of oxygen dissolved in α-Fe under the oxygen pressure for the Fe-FeO 

equilibrium, P(O2)eq, denoted as NO
s°, is given by [36]

so
O

128330
1.5 exp( )N

RT


                      (8)

At 800°C, P(O2)eq is equal to 2.03x10-20 atm and NO
s° to 8.48x10-7. The solubility of oxygen 

in -Fe under the present gas phase oxygen pressure, P(O2)g, denoted as NO
s, is calculated 

according to Sievert’s law [37] in the form

1/2g
s so 2
O O eq

2

(O )

(O )

P
N N

P

 
  

 
                                  (9)
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and at 800°C becomes equal to 5.96x10-7. The final parameter needed is the ratio between 

the molar volumes of iron and silica, which, using the density typical of silica glass (2.2 gcm-3) 

yields ρ = 3.846. Introduction of the previous parameters into Eqs.(1) and (5) with ν = 2 

yields finally NB°* = 1.5x10-2. Although this value may be somewhat inaccurate due to the 

uncertainty in the numerical values of the various parameters involved, such as in particular 

the molar volume of amorphous silica, it may be considered as sufficiently correct for the 

comparison with the experimental results in view of the large difference between the two 

data and of the peculiar nature of the internal oxidation observed for these alloys.

The silicon contents of the three Fe-Si alloys used in the present study are significantly 

larger than NB°* value calculated above, so that in principle they are all expected to form 

continuous external SiO2 scales. This prediction is not in agreement with the present 

experimental results because a continuous layer of silica over the alloy surface at the 

beginning of the experiment has only been observed on Fe-13Si, while both Fe-5Si and 

Fe-9Si underwent an internal oxidation of silicon, even if this was associated with the 

formation of a continuous silica layer at the interface between the ioz and the underlying 

alloy, clearly grown only after an initial stage of internal oxidation (for times up to 4 h for 

Fe-5Si, when the silica layer was clearly discontinuous, Fig. 2a). The calculated critical 

content of silicon needed for the formation of the external SiO2 scale is at least 5 times 

smaller than that of the experimental result (compared with Fe-9Si). Therefore, the actual 

oxidation behavior of the two more dilute alloys is more complex than expected, while the 

critical silicon content calculated above for binary Fe-Si alloys is significantly smaller than the 

experimental value, in agreement with the result of the oxidation of Fe-Si alloys at 850 oC 

under a controlled oxygen pressure obtained by Onishi et al. [21].

The large discrepancy between the calculated and experimental values of NB°* may 

have different reasons. The possibility that this is due to the fact that the species diffusing in 

the alloy may be water rather than oxygen is ruled out on the basis that water molecule is 

larger than O atoms and that the solubility of water in the alloy should be completely 

negligible. Also the fact that the fluxes of oxygen and Si at the internal oxidation front are 

largely different in view of the much larger value of DO as compared to DSi is considered 

irrelevant. In fact, this implies only that Si remains essentially immobile in front of the fast 
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penetration of oxygen, but does not affect the balance between the fluxes at the internal 

oxidation front. A first possible real explanation is related with the thickness of the

anomalous ioz observed for Fe-5Si after 4 h oxidation, around 3 m (see Fig. 2a), which 

corresponds to a parabolic rate constant of internal oxidation, k, equal to 6.25x10-12 cm2s-1. 

However, a calculation of γ using Eq. 1 setting NSi° = 0.05 and using the data reported above 

yields k = 5.31x10-14 cm2s-1, so that the thickness of the ioz after 4 h should be equal to 

0.28 μm, i.e. much less than the experimental value. This result is especially surprising as 

the sample oxidized for 4 h shows already a trace of silica layer beneath the ioz, which in 

principle should already reduce the rate of advancement of the internal oxidation front with 

respect to the case of a complete absence of this layer. Thus, Fe-5Si alloy undergoes an 

internal oxidation significantly faster than expected on the basis of the relevant parameters 

involved, while the formation of a silica layer is clearly hindered and occurs only after some 

time and beneath a zone of anomalous internal oxidation. A similar situation applies also to

the oxidation of Fe-9Si because the thickness of the ioz measured after 10 h oxidation is of 

about 4 m, which corresponds to k = 4.4x10-12 cm2s-1. Again, the calculation of γ with 

Eq.(1) with NSi° = 0.09 yields k = 1.67x10-14 cm2s-1, so that the thickness of the ioz after 10 

h should be of only 0.24 μm, still much less than the experimental value.

A possible explanation of these observations is related to the large volume increase 

associated with the precipitation of SiO2: the important stress produced in this way may 

produce a significant increase of the diffusion coefficient of oxygen through the ioz, possibly 

along physical discontinuities produced inside the alloy matrix, which would correspond to a 

faster rate of displacement of the front of internal oxidation. The faster diffusion of oxygen 

through the ioz may also be assisted by the formation of silica particles of complex shape 

and at least partly interconnected, as reported for a number of cases by Stott and Wood [38]. 

In fact, according to their model, the interface between precipitates and the matrix metal 

may provide an alternative diffusion path for the penetration of oxygen, much faster than 

the normal diffusion through the bulk of the alloy. 

Another possibly important reason for the observed large discrepancy between the 

calculated and experimental values of NB°* is connected with the very low rate of growth of 

SiO2 scales, which may favor the formation of isolated particles and also prevent their 
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coalescence to form a continuous layer, especially during the initial stage, when the 

oxidation rate is fastest. As a consequence, the formation of a continuous layer of this oxide 

on the surface of Fe-Si alloys requires in practice silicon contents significantly larger than the 

critical value predicted theoretically.

In fact, the oxidation of Fe-Si alloys with silicon contents above the critical value needed 

for the transition from the internal to external oxidation as calculated above, but still 

insufficient to sustain the growth of the SiO2 layer, produces an anomalous ioz associated 

with the presence of a continuous silica layer at the interface between the anomalous ioz

and the alloy during an initial stage, but broken down afterwards, as observed for Fe-5Si and 

Fe-9Si. This phenomenon, not reported so far in the oxidation of Si-containing alloys, needs 

a further investigation and may also be related with the amorphous phase structure of SiO2.

4.2 The formation mechanisms of the anomalous internal oxidation zone

When the concentration of silicon in an Fe-Si alloy is low, the precipitates of SiO2 in the 

internal oxidation zone are all spherical [21], as observed for Cu-Si alloys with silicon

contents less than 0.62 at.% [39]. However, the morphology of SiO2 in the anomalous

internal oxidation zone in the present work is more complex, especially for Fe-5Si. In fact, 

besides the spherical particles, the alloy shows also the formation of a branched SiO2

network. A similar phenomenon has also been observed in the oxidation of Fe-5.83 at.% Si 

[18, 19] under oxygen pressures sufficiently large to form the iron oxides. These SiO2

particles with complex shapes resulted from a breakdown of the SiO2 layer connected 

directly with the base alloy. Fig. 10 shows a schematic representation of the breakdown 

mechanism of the SiO2 layer at the anomalous internal oxidation front during oxidation.

During the initial oxidation stage (Fig. 10a), SiO2 nucleates and grows quickly within the 

alloy surface layer forming particles with spherical shape following the parabolic rate law, 

similar to the early stage of oxidation of Fe-1Si under a low oxygen pressure [38]. This 

indicates that the inward diffusion of oxygen is the rate-controlling step, in agreement with 

the proposal of Wagner [31] about the internal oxidation of dilute alloys. During this period, 

due to the large oxygen potential within the ioz, the flux of oxygen into the alloy is larger 

than that of silicon diffusing to the ioz front from the bulk alloy, causing the in-situ oxidation 
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of silicon. After 4 h oxidation (Fig. 10b), an almost continuous layer of SiO2 forms at the 

front of the internal oxidation zone and the oxidation rate slows down significantly. This 

implies that with the increase of the depth of the ioz, the gradient of oxygen potential 

decreases leading to the decrease of the oxygen flux at the alloy/ioz interface, so that the 

flux of silicon becomes relatively higher than that of oxygen, leading to the formation of a 

protective SiO2 layer at the interface between the ioz and the alloy.

However, the continuous SiO2 layer formed is not pure, but contains some iron in 

solution, possibly behaving like Cu dissolved in silica [41]. Later on, during the sintering 

period, silica tends to contract and expel the iron atoms. At the same time, it cracks and 

ruptures into pieces due to the shrinkage stresses and then grows into net-shaped and 

spherical particles when the supply of silicon from the base alloy is not sufficient to maintain 

the protective layer (Figs. 10c-d). When the supply of silicon is sufficient, the layer of SiO2

remains stable but becomes thinner. At the same time, oxygen diffuses through the broken 

SiO2 areas moving the anomalous internal oxidation front forward until the SiO2 layer is 

healed. The breaking and healing processes are repeated until the outward diffusion of 

silicon is sufficient to sustain fully the growth of SiO2 (Fig. 10e). In the kinetic curve this 

period is reflected by an irregular behavior. The irregular kinetics have also been discussed 

by Tomlinson and Yates [42]. Contrary to the case of oxidation of the alloys Cu-4 at.%Si [43]

and Fe-5.82 at.% Si [14], in which the interconnected fractal branches of SiO2 extended into 

the bulk alloy, the network of SiO2 grown on Fe-5Si observed in this work is parallel to the 

alloy surface.

The formation of nodules of the solvent metal on the surface of binary alloys 

undergoing an internal oxidation of the most reactive component when the base metal has a 

noble behavior has been reported frequently [44-46]. However, in the present case iron

forms a continuous layer outside the SiO2 scale. There are many proposals for nodules 

formation, including the Nabarro-Herring creep mechanism [44], as well as the increased 

dislocation density for the deformation due to the internal oxidation [45]. However, the 

formation of the external iron layer is due to the permeability of iron through the amorphous 

SiO2 layer [1]. The sources of iron are proposed to be two: one is from the impure SiO2 layer

containing some iron. During the following sintering period, the SiO2 layer contracts and
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expels iron which later nucleates and grows to spherical particles and moves out. The other 

source is the base alloy: in this case the driving force for diffusion is the activity difference 

[1] and the compressive tension generated during oxidation [45]. Adachi et al. [1] proposed 

that iron is transported through the SiO2 layer in the form of atoms rather than of ions. 

4.3 Spallation of the scale

The main disadvantage of some protective scales is their tendency to peel off from the 

base alloy, especially during cooling. A severe spallation of Al2O3 and Cr2O3 layers from the

base alloys free from reactive elements has often been reported [47,48]. The SiO2 layer 

formed on Fe-13Si in this research spalled off severely even after only 4 h oxidation. The 

poor scale adhesion is associated with the high growth stresses accumulated during 

oxidation as well as with the large differences in the thermal expansion coefficients between 

the alloy and SiO2 (equal to 1.2x10-5 /oC for α-Fe in the temperature range of 0~100 oC, and 

to 5.8x10-7 /oC for amorphous SiO2 at 16~1000 oC [49]). It has been reported that spalling 

and cracking of the SiO2 layer at the oxide/alloy surface is more dangerous than if it occurs 

within the oxide itself [50]. The vacancies injected into the metal at the alloy/scale interface 

by the outward growth of the SiO2 scale tend to precipitate as voids which are considered 

detrimental for mechanical scale adhesion. However, this is not the case here, since the 

failure occurs cohesively within the SiO2 layer, and it is more evident in the scale after 4 h 

oxidation. It has been postulated [51] that the fracture strength of SiO2/alloy interface is 

higher than that within the SiO2 itself.

5. Conclusions

The oxidation of three Fe-Si alloys at 800 oC in a gas mixture providing an oxygen 

pressure of 10-20 atm, which is below the dissociation oxygen pressure of iron oxides,

produced an anomalous internal and external oxidation of silicon. The oxidation kinetics for 

the three Fe-Si alloys are generally rather irregular, with the instantaneous parabolic rate 

parameter changing with time, but the oxidation rate decreases when the silicon level 

increased. The silicon content of Fe-5Si is not sufficient to sustain the formation of a

continuous and stable SiO2 layer at the internal oxidation front, which broke down partly and 

later re-healed: repetition of these two processes is responsible for the irregular kinetics 
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observed. The internal oxidation precipitates grown on Fe-5Si within the anomalous ioz are

partly spherical and partly interconnected forming fractal dendritic structures. The SiO2

layers grown on Fe-9Si and Fe-13Si are stable, providing a good oxidation resistance. The 

critical content of silicon needed for the formation of the external SiO2 layer is much higher 

than the calculated results according to an extension of Wagner’s theory. However, the SiO2

layer formed on Fe-13Si tends to spall off during cooling. In addition, a layer of pure iron 

forms on the SiO2 layer by oxidation of Fe-13Si as a result of an outward migration of iron.
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Figure and Table Captions

Fig. 1 Parabolic plots of the kinetic curves for the Fe-xSi (x=5, 9, 13 at.%) oxidized in the 
H2-CO2 mixture at 800oC for 24 h. 

       (a): General plots; (b): Enlarged plots for Fe-9Si and Fe-13Si. 

Fig. 2 Cross sections of Fe-5Si oxidized in the H2-CO2 mixture at 800oC for the times up to 
24 h. 

       (a): 1.5 h (BEI); (b): 4 h (BEI); (c): 18 h (BEI); (d): 24 h (BEI); (e): Enlarged view of 
(d) (BEI); (f): 24 h, etched by CuSO4 (SEM).

Fig. 3 XRD spectrum of the scale of Fe-5Si oxidized in the H2-CO2 mixture at 800oC for 24
h.

Fig. 4 Surface morphologies of Fe-5Si oxidized in the H2-CO2 mixture at 800oC for 24 h. 
       (a): Original surface after oxidized (BEI); (b): Surface after polished down the 

anomalous ioz to some depth (BEI); (c): Etched the anomalous ioz partly by CuSO4

(SEM).

Fig. 5 Deep-etched surface morphologies (SEM) of Fe-5Si oxidized in the H2-CO2 mixture at 
800oC for 24 h by CuSO4. 

       (a): General view ; (b): Enlarged view of the SiO2 particles in the anomalous ioz.

Fig. 6 Deep-etched surface morphologies (SEM) of Fe-5Si oxidized in the H2-CO2 mixture at 
800oC for 24 h by CuSO4. (a): General view of SiO2 scale; (b): The reverse side of 
SiO2 scale.

Fig. 7 Cross sections (BEI and OM) of Fe-9Si oxidized in the H2-CO2 mixture at 800oC for 
the times up to 24 h. 

       (a): 10 h (BEI); (b): 24 h (BEI); (c): 24 h, etched by CuSO4 (OM).

Fig. 8 Cross sections (BEI) and surface morphology (SEM) of Fe-13Si oxidized in the 
H2-CO2 mixture at 800oC. 

       (a): Cross section for 4 h; (b): Surface morphology for 24 h; (c): Cross section for 24
h; (d): Enlarged view of (c).

Fig. 9 Superimposed phase diagrams of the binary Fe-O and Si-O systems [27,28] with an 
indication of the oxygen pressure used in the present work by a dot.

Fig. 10 Schematics of the development of the anomalous ioz and the breakdown of the SiO2

layer on Fe-5Si. 
       (a): Initial stage before the formation of the SiO2 layer; (b): Formation of the SiO2

layer; (c): Appearance of fissures in the SiO2 layer viewed parallel to the layer; (d): 
Formation of the net-shaped and spherical particles viewed parallel to the layer; (e): 
Reformation of the SiO2 layer.



Page 17 of 28

Acc
ep

te
d 

M
an

us
cr

ip
t

17

Table 1 Nominal and actual compositions of three Fe-xSi alloys measured by ICP 
spectrometry analysis

Nominal Actual (at.% / wt.%)

Fe-5Si Fe-5.35 / 2.75Si

Fe-9Si Fe-9.47 / 4.97Si

Fe-13Si Fe-13.00 / 6.96Si
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Highlights

► The Fe-(5-13at.%) Si alloys oxidized at 10-20 atm O2 at 800 °C form a SiO2-rich layer.

► The critical Si content to form a SiO2 layer was 1.5 at.% (calculated result). 

► Fe-5Si formed an anomalous internal oxidation zone with net-shaped SiO2 structure.

► The SiO2 scale grown on Fe-9/13Si alloys was stable but spalled off during cooling.
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Fig. 1  Parabolic plots of the kinetic curves for the Fe-xSi alloys (x=5, 9, 13 at.%) 

oxidized in the H2-CO2 mixture at 800oC for 24 h.  

          (a): General plots; (b): Enlarged plots for Fe-9Si and Fe-13Si.  
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Fig. 2 Cross sections of Fe-5Si oxidized in the H2-CO2 mixture at 800 oC for the times 

up to 24 h. (a): 1.5 h (BEI); (b): 4 h (BEI); (c): 18 h (BEI); (d): 24 h (BEI); (e): 

Enlarged view of (d) (BEI); (f): 24 h, etched by CuSO4 (SEM). 
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Fig. 3 XRD spectrum of the scale of Fe-5Si oxidized in the H2-CO2 mixture at 

800 oC for 24 h. 
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Fig. 4 Surface morphologies of Fe-5Si oxidized in the H2-CO2 mixture at 800 oC for 
24 h.  

          (a): Original surface after oxidized (BEI); (b): Surface after polished down 
the anomalous ioz to some depth (BEI); (c): Etched the anomalous ioz 
partly by CuSO4 (SEM). 
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Fig. 5 Deep-etched surface morphologies (SEM) of Fe-5Si oxidized in the H2-CO2 

mixture at 800 oC for 24 h by CuSO4.  

          (a): General view; (b): Enlarged view of SiO2 in the anomalous ioz. 
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Fig. 6 Deep-etched surface morphologies (SEM) of Fe-5Si oxidized in the H2-CO2 

mixture at 800 oC for 24 h by CuSO4.  

           (a): General view of SiO2 scale; (b): The reverse side of SiO2 scale. 
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Fig. 7 Cross sections (BEI and OM) of Fe-9Si oxidized in the H2-CO2 mixture at 

800 oC for the times up to 24 h.  

          (a): 10 h (BEI); (b): 24 h (BEI); (c): 24 h, etched by CuSO4 (OM). 
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Fig. 8 Cross sections (BEI) and surface morphology (SEM) of Fe-13Si oxidized in the 

H2-CO2 mixture at 800 oC.  

          (a): Cross section for 4 h; (b): Surface morphology for 24 h; (c): Cross section 

for 24 h; (d): Enlarged view of (c). 
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Fig. 9 Superimposed phase diagrams of the binary Fe-O and Si-O systems 

[27,28] with an indication of the oxygen pressure used in the present 

work by a dot. 
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Fig.10 Schematics of the development of the anomalous ioz and the breakdown of 

the SiO2 layer on Fe-5Si.  

          (a): Initial stage before the formation of the SiO2 layer; (b): Formation of the 

SiO2 layer; (c): Appearance of fissures in the SiO2 layer viewed parallel to the 

layer; (d): Formation of the net-shaped and spherical SiO2 viewed parallel to 

the layer; (e): Reformation of the SiO2 layer. 
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