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Abstract 

Three 9 wt.% Cr ferrite/martensite steels (two alloyed with Si) have been exposed to oxygen-controlled 

LBE at 550 and 600 °C, respectively. The passivating oxide scale consists of a spinel layer plus internal 

oxidation zone (IOZ). By adding Si, the thickness of spinel layer is decreased while the IOZ is enhanced. 

Moreover, a Si-rich oxide layer is observed underneath the spinel layer on Si-containing samples after 

2000 h exposure at 600 °C. Besides, the less visible cracks/exfoliations on Si-containing samples 

indicate the positive role of Si addition on scale adherence. 

 

1. Introduction 

The promising thermo-physical, thermo-hydraulic and neutronic properties of heavy liquid metals 

like Pb or Pb-Bi eutectic (LBE) render them as attractive heat transfer or storage mediums for the 

advanced energy production systems, like Gen-IV liquid metal cooled fast reactors, accelerator driven 

systems (ADS), fusion reactors, concentrated solar power (CSP) [1-7]. However, structural materials 

often suffer from severe degradation, especially corrosion attacks, when in contact with heavy liquid 

metals [1, 8-10]. Moreover, the corrosion attack is aggravated when the operation temperature is 

above 500 ̊̊ C [9-13]. By dissolving certain amount of oxygen in heavy liquid metal, it is able to passivate 

an oxide layer on steel surface as a corrosion barrier [8-10]. Moreover, the corrosion resistance of 

steels (ferritic, austenitic steels) can be further improved by adding the passive oxide layer forming 

elements such as Al or Si [11-12, 14-19].  

 

Among the various material solutions, a type of modified 9 wt.% Cr ferritic/martensitic (F/M) 

alloyed with Si (≤ 1.5 wt.%), also called SIMP steel, has been developed targeting for the liquid metal 
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environment applications [20-24]. Previous exposure tests of these steels in oxygen-saturated LBE 

indicate the improved corrosion performance and mechanical properties when compared with T91 

(Fe-9Cr-0.9Mo-0.5Mn, wt.%) [20-21, 23]. For instance, Wang et al. [20] studied the corrosion 

behaviour of SIMP steels (Si content varies from 0 to 1.43 wt.%) in oxygen-saturated LBE at 550 ˚̊ C, and 

Shi et al. [21] compared the corrosion performance of a SIMP steel (alloyed with 1.43 wt.% Si) with 

T91 in oxygen saturated LBE at 600 °C. All of the tested specimens are able to form a triple oxide layer 

structure at both temperatures, which consists of an outer layer of PbO·xFe2O3 and Fe3O4, an inner 

layer of spinel-type FeCr2O4, and an internal Cr-oxidized zone [20-21]. Samples alloyed with Si have 

formed oxides precipitates like Fe2SiO4 and SiO2 in the spinel layer which help reduce the growth rate 

of oxide layer. However, no continuous Si-rich oxide layer is observed. In addition, investigations of 

thermal stability of SIMP steels show the relatively high thermal stability and unchanged tensile 

properties even after 2000 h aging at 550  ̊C [22]. Although new formed Fe2W type Laves precipitates 

after 5000 h aging increase the strength of Si-containing steels, the ductility of all tested samples is not 

degraded.  

 

Moreover, tensile tests of the SIMP steel (1.4 wt.% Si) indicate that the candidate material shows 

a slight decrease in strength (from 358 MPa to 346 MPa) and elongation (from 44% to 28%) after 2000 

h exposure to molten LBE at 600  ̊C [23]. The lower temperature (200 to 450  ̊C) tensile tests of SIMP 

steel (1.4 wt.% Si) also display the sensitivity to liquid metal embrittlement (LME) [24]. However, the 

LME of F/M steels only happens at certain conditions, like direct contact between liquid metal and 

steel, loading stress and the exposed temperature close to the melting point of LBE (~350 ˚̊ C) [1, 25-

27]. Moreover, the LME effect can be mitigated by a fast strain rate or an initial protection layer [28-

29]. 

 

Previous corrosion tests of SIMP steels are only performed in oxygen saturated conditions. The 

relatively high oxygen amount dissolved in oxygen saturated Pb/LBE not only promote the fast 

oxidation of steels, but also increase the risk for Pb/Bi being oxidized [30-31]. Therefore, an optimized 

oxygen concentration of 10-7-10-4 wt.% has been defined in the temperature range of 400 to 600 ˚̊ C 

[30]. Numerous corrosion tests of steels in liquid Pb/LBE show the applicability of the proposed oxygen 

concentration either in stagnant or flowing conditions [9-11, 15, 32-33]. Therefore, the motivation of 

this research work is to study the corrosion behaviour of SIMP steels in a relatively low oxygen 

containing LBE environment (≤ 10-6 wt.% oxygen concentration) at 550 and 600 ˚̊ C. Besides, the 

influences of Si content, different exposure temperature and time on the corrosion/oxidation 

behaviour of candidate steels will be discussed. 

2. Materials and methods 

2.1 Sample preparation 
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Three steels with varying Si content are prepared by vacuum induction melting. Each cylindrical 

sample (diameter: 90 mm, height: 100 mm) is forged into a sheet with a final thickness of 20 mm. 

During the forging process, the temperature is kept above 900 °C. Then, specimens are hot-rolled with 

74.8% reduction of thickness at 1100 °C, followed by a second hot rolling with 48.4% reduction of 

thickness at 950 °C. The total thickness reduction is 87% for all samples. After rolling, the samples are 

heat treated at 1030 °C for 1 h and quenched in water. Finally, the sheets are tempered at 720 °C for 

1.5 h with air cooling. Table 1 gives the chemical compositions of prepared steels, as measured by EDX. 

Minor additions of other elements are C<0.12 wt.%, Ta<0.1 wt.% and Zr<0.01 wt.%. 

Table 1 Chemical composition of main elements added in 9 Cr F/M steels, measured with EDX (wt.%). 

Code Fe    Si Cr Mn W V 

0Si Bal. 0 8.5 0.3 2.0 0.3 

0.7Si Bal. 0.7 8.6 0.4 2.5 0.2 

1.0Si Bal. 1.0 8.4 0.4 2.3 0.2 

 

The samples are firstly ground using by 1200, 2400 grit paper and polished, and then etched with 

an acid solution (a mixture of 400 ml ethyl alcohol, 50 ml HCl, 50 ml HNO3, 6 g Picric acid) for 90 s. Fig. 

1 displays the surface morphologies of all samples after etching. All samples exhibit the typical 

martensite lath structures with grain sizes of around 10 to 20 µm. In addition, both Si-free (0Si) and Si-

containing (0.7Si, 1.0Si) samples have formed bright and Cr-rich nano-sized precipitates along the grain 

boundaries. These precipitates are reported as Cr23C6 [21, 23]. The large precipitates observed in Fig. 

1 (b) are impurities from SEM sample preparation. 

 

Fig. 1 SEM images of the microstructure in the bulk material of 0Si, 0.7Si, and 1.0Si steels. 

2.2 Corrosion tests 

The corrosion tests are performed in a stagnant molten Pb/PbBi corrosion facility, called COSTA 

(COrrosion test stand for STagnant liquid Alloys in KIT) [11]. Samples are cut in rectangular pieces with 

a dimension of 10 mm*20 mm, and a thickness of 1.5 mm. A 1.5 mm hole is drilled in each sample 

near one edge. All specimens are ground with 1200 grit paper, cleaned with acetone and ethanol in an 
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ultrasonic bath and dried. Then, each sample is fixed with a Mo-wire to an alumina holder to prevent 

floating during corrosion test and hanged in an alumina crucible containing the molten LBE. The oxygen 

concentration in LBE is adjusted to 10-6 wt.% at both 550 and 600 °C, which is estimated based on the 

saturation data in the reference [1]. The oxygen content in the liquid Pb was controlled via the H2/H2O 

ratio in the gas phase. The oxygen activity of the gas phase was measured at the outlet of the quartz-

tube with an oxygen sensor and displayed as oxygen partial pressure [8, 30]. The oxygen partial 

pressure in the gas phase above the molten LBE is monitored and kept constant during the 

measurement. For each exposure temperature, two samples from the same composition are 

immersed into one alumina crucible with 200 g molten LBE. One sample from each composition is 

extracted after 1000 h while the other is extracted after 2000 h.  

 

The general process for the corrosion experiments have been described in literature [11-12]. After 

the corrosion tests, samples are extracted from molten LBE using a glove box (to keep the oxygen 

condition close to one in the furnace) and cooled down to ambient temperature. The remaining 

adherent Pb/Bi on the sample surface is cleaned by immersing the exposed sample into a liquid 

solution of acetic acid, hydrogen peroxide and ethanol (1:1:1) [11, 34]. 

2.3 Characterization methods 

The oxide layers and microstructures of all samples have been characterized using Scanning 

Electron Microscopy (SEM, model: Hitachi S-4800 and Zeiss LEO 1530 VP), equipped with electron 

dispersive X-ray spectroscopy (EDX). The applied high voltage of the electron beam was varied from 10 

to 20 kV keeping a working distance of 9 mm. In case of cross section analysis, a Ni-layer (~25 µm) is 

electroplated beforehand to avoid spallation of oxide layer caused by mechanical grinding. Then, the 

samples are embedded in resin, and ground with sand papers, e.g. surface finish of 1200 #, 2400 #, 

followed by polishing with diamond paste up to 1 µm particle size. Before conducting the SEM/EDS 

measurement, a thin palladium (Pd) layer is sputtered on the specimen surface. 

 

Phase compositions have been characterized by X-Ray Diffraction (XRD, Seifert PAD II) with Cu 

Kα1 radiation (λ=0.15406 nm, 40 kV and 30 mA) in Bragg–Brentano geometry (θ-2θ) with a step size 

of 0.02° and a scan speed of 0.1 °/min. 

 

3. Results 

3.1 XRD characterization 

At 550 °C, FeCr2O4, Cr2O3 and Ferrite (from bulk alloy) are the main phases detected on all three 

compositions (0Si, 0.7Si and 1.0Si), independent of the exposure time. An aditional signal from PbBiO 

is identified on 1.0Si sample. The XRD results after 2000 h exposure are depicted in Fig. 2 (a). When 
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the temperature is increased to 600 °C, a difference in phase compositions is observed comparing the 

Si-free and Si-containing samples. The phases identified on 0Si sample (1000h and 2000 h) are FeCr2O4 

and BCC (weak) while the phases detected on 0.7Si (1000h and 2000 h) and 1.0Si sample (2000 h) 

comprise of FeCr2O4, Fe2SiO4, BCC and PbO. Although the difference in peak positions between 

FeCr2O4 and FeSi2O4 is less than 1°, it is still able to identify them. For instance, the 2θ of FeCr2O4 at 

30.15° (220), 35.54° (311), 43.17° (400), 53.54° (422), 57.06° (511), 62.67° (440), while the 2θ of 

Fe2SiO4 with the same miller index is 30.3°, 35.68°, 43.37°, 53.82°, 57.37°, 63.01°. Besides, the wide 

peaks obtained by X-ray diffraction also reflect overlapped diffraction signals. The weak signal of BCC 

on 0Si sample indicates the large thickness of oxide layer formed. The phase identified on 1.0Si sample 

(1000 h) includes Fe3O4, FeCr2O4 and BCC. As an example, the XRD results of 1.0Si sample (1000 h) and 

all samples after 2000 h exposure are displayed in Fig. 2 (b). 

   

Fig. 2 XRD spectra of samples (0Si, 0.7Si, 1.0Si) after exposure to 10-6 wt.% oxygen-controlled LBE, (a): exposed 

at 550 °C for 2000 h; (b): exposed at 600 °C for 1000 h (1.0Si, orange colored line) and 2000 h (all samples). 

3.2 Surface morphologies 

Fig. 3 shows the surface morphologies of all samples after 1000 h and 2000 h exposure at 550 °C. 

The SEM surface profile of 0Si sample (1000 h) shows the formation of a dense and thick oxide scale. 

Parts of the oxide scale, accounting for 10% of the surface area, show the evidence of oxide scale 

exfoliation. However, no corrosion/dissolution attack is observed at regions of oxide scale spallation. 

Besides, some cracks are also visible on the surface oxide layer. EDX measurement of the surface layer 

indicates the enrichment of Fe, Cr and O. The surface of the 0.7Si sample is also covered by a protective 

oxide layer. No corrosion attack or oxide scale exfoliation has been observed. Some micro-cracks are 

also observed at high magnification, but less visible than on the 0Si sample. According to the EDX 

analysis, the oxide layer is mainly enriched in Fe, Cr and O. The measured Si content is around 1.5 wt.% 

(accelerating voltage: 10 kV). The sample 1.0Si exhibits similar oxide scale morphologies as that 

observed on 0.7Si sample. However, micro-cracks are not observed. The Si content measured from 

sample surface is around 2.0 wt.% (10 kV). 

 

Compared with the sample after 1000 h exposure, 0Si sample (2000 h) has formed a more stable 

oxide layer with only a few spots of spallation (< 5% surface area), see also in Fig. 3. The micro-cracks 
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observed after 1000 h exposure are still visible after 2000 h exposure, although they become less 

obvious. The sample doped with Si (0.7Si) has formed a rough surface layer. The bright contrast regions 

are rougher than the dark regions. According to the EDX analysis, the bright area contains some Pb 

and Bi rich precipitates. Besides, the micro-cracks are also visible here. Three spots show the evidences 

of oxide scale exfoliation. The sample with 1.0Si has formed an oxide layer with a morphology similar 

that of the 0.7Si sample. However, no micro-crack or oxide layer exfoliation is observed. EDX 

measurements indicates the enrichment of O, Cr and Fe, while the Si concentration shows no 

difference between the oxide layer and bulk material. 

 

 

Fig. 3 Surface morphologies of samples (0Si, 0.7Si, 1.0Si) after 1000 h and 2000 h exposure to 10-6 wt.% oxygen-

controlled LBE at 550 °C. 

 

Fig. 4 displays the surface morphologies of samples after 1000 h and 2000 h exposure at 600 °C. 

The surface of 0Si sample is covered by a protective oxide scale without corrosion attack or oxide layer 

exfoliation. EDX measurement reveals the enrichment of O, Cr and Fe on the surface. Besides, a few 

micro-cracks are also observed on the surface layer. The 0.7Si has also formed a protective oxide scale 

that is enriched in O, Cr and Fe. Besides, some areas show darker contrast (around 15-20% surface 

area). EDX measurement of these areas reveal nearly two times higher concentrations of Si and Cr 

compared to the general surface oxides. In addition, micro-cracks are widely observed in the surface 

layer. At the 1.0Si sample, a different surface morphology is observed. Instead of forming a uniform 

oxide layer, a Fe-rich oxide layer has formed with spots of localized spallation of the scale over the 

entire surface. EDX measurements of dark pore regions, where the Fe-rich oxide layers are missing, 

reveal the enrichment of O, Cr and Fe, indicating the formation of Fe-, Cr-rich oxide layer. Considering 

the XRD results (Fig. 2 (b)), the Fe-rich layer is assigned to magnetite while the dark pore regions have 

formed a Fe-Cr spinel. 

 

 After 2000 h exposure, the 0Si sample has also formed a uniform oxide layer without spallation. 

But, the micro-cracks become more visible comparing with the sample after 1000 h exposure. The 

chemical compositions measured by EDX remains unchanged with increasing the exposure time, 
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mainly being enriched in O, Cr and Fe. In contrast, the oxide scale formed on 0.7Si sample displays 

different aspects concerning roughness. According to EDX analysis, the smooth part is enriched in O, 

Cr and Fe while the rough part contains less Cr and more Fe. The concentration of Si is lower than 1 

wt.% and is the same at both the smooth and rough surface. In addition, a higher concentration of Pb 

and Bi is detected at the rough surface regions. Moreover, these rough regions also display the 

formation of small pores, marked at the image. Cracks are also visible at the entire surface, but less 

frequent when compared with the Si-free sample. The surface of 1.0Si sample shows all the 

characteristics that were observed on 0.7Si sample. However, a higher Si concentration, around 3 wt.%, 

is detected at the surface layer. Besides, the cracks become even less frequent in comparison with 

0.7Si sample, and as well the pores are more rarely observed at the rough surface part. 

 

 

 

Fig. 4 Surface morphologies of samples (0Si, 0.7Si, 1.0S) after 1000 h and 2000 h exposure to 10-6 wt.% oxygen-

controlled LBE at 600 °C. 

3.1.3 Cross section analysis 

Exposed at 550 °C 

The oxide layers formed on all the samples (0Si, 0.7Si and 1.0Si) at the different exposure times 

show similarities in microstructures and composition, namely a spinel layer plus an internal oxidation 

zone (IOZ). The only difference is the thickness of the spinel layer and IOZ due to the effects of Si 

addition and prolonged exposure time. As an example, the cross sections of the samples with longest 

exposure time (2000 h) are shown in Fig. 5. Here, only two samples 0Si and 1.0Si are presented since 

sample with 0.7Si shows a very similar oxide scale microstructure as the 1.0Si sample. 

 

Fig. 5(a) shows the SEM cross section as well as EDX elemental line scan profiles of exposed 0Si 

sample. According to the image, the spinel layer passivating on steel surface displays a dense upper 

layer and an inner layer with pores and microcracks, which are typical morphologies observed on T91 
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[33]. The cracks observed from surface pass through the upper dense part. Below the spinel layer, 

some oxide roots penetrating into the bulk alloy have formed the IOZ, marked on the image (Fig. 5(a)). 

Based on the EDX line scan, the upper part of spinel layer is enriched in O, Cr and Fe. As the 

measurement reaches to the inner layer, the signal of Cr increases and reaches to the maximum value 

at the interface of spinel layer/IOZ. In case of the IOZ, the intensity of O decreases significantly when 

compare with the spinel layer while the signal of Fe is stronger in IOZ. EDX analysis reveals the 

preferential oxidation of Cr in IOZ, which indicates the formation of Cr2O3 according to the XRD result 

(Fig. 2 (a)). 

 

Fig. 5(b) exhibits the cross section image as well as EDX analysis of 1.0Si sample. Generally, the 

spinel layer displays a similar morphology like the 0Si sample: an upper dense part plus an inner porous 

part. However, the entire spinel layer is much thinner compare with one of the Si-free sample, whereas 

the IOZ is much larger, almost two times thicker than at the 0Si sample. According to the EDX 

measurement, coincided signals of O, Cr and Fe are observed at the spinel layer. The signal of Cr 

increases at the interface of porous layer/IOZ, indicating the formation of Cr2O3 precipitates. However, 

the signal of Si does not show any difference between the spinel layer and alloy matrix. In the IOZ, 

strong O signal coincided with signals of Cr and Si have been detected at the dark roots, representing 

the formation of Cr- and Si- rich oxides. However, the Si-rich oxides are not detected by XRD due to the 

low amount and the distance to the surface. 

  

Fig. 5 Line scan profiles of 0Si (a) and 1.0Si (b) samples after 2000 h exposed to 10-6 wt.% oxygen-containing LBE 
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at 550 °C 

Based on the measured value, the spinel layer thickness, IOZ and total oxidized region (spinel layer 

plus IOZ) are plot as a function of Si content in Fig. 6. Data obtained from both 1000 h and 2000 h 

exposure are considered. Since the measured oxide scale thickness varies at different regions, ten 

different regions are measured and an average value is applied to clarify the oxide scale evolution. First 

the data after 1000 h exposure are analyzed. According to the plot, the thickness of spinel layer 

decreases by adding Si. The minimum thickness is obtained with the 0.7Si sample. However, the small 

thickness of spinel layer formed on 1.0Si is comparable to that of the 0.7Si sample when considering 

the variation of the oxide scale thickness. The IOZ shows an almost linear increase with Si content. The 

total oxidized zone is also increased as the amount of Si increases. Similarly, samples after 2000 h 

exposure also display a significant reduction in the thickness of spinel layer by adding Si. Like the 

samples after 1000 h exposure, the 0.7Si sample has formed the thinnest spinel layer. In addition, all 

samples display an increased thickness of the spinel layer by prolonging the exposure time. However, 

the Si-free sample shows the largest increase of spinel layer, more than 2 times while Si-containing 

samples show a relatively low growth rate, which accounts for a 10% to 20% times thicker scale after 

2000 h exposure. Regarding the IOZ after 2000 h exposure, a linear relation with Si content is obtained 

as well. However, the thickness of IOZ only increases slightly for all samples after 2000 h exposure, 

independent of Si addition. Compared with the samples after 1000 h exposure, 0Si sample has shown 

a significant increase in total oxidized zone after 2000 h exposure, while samples with Si addition only 

increase slightly in oxide scale thickness with prolonged exposure time.   

 

Fig. 6 Plot of thickness of spinel layer, IOZ and total oxide layer as a function of Si content (wt.%) when exposed 

to 10-6 wt.% oxygen-containing LBE at 550 °C, the error bar represents the measured minimum and maximum 

thickness of the oxide layer. 

Exposed at 600 °C 

A spinel layer and an IOZ is formed on three of the samples, similar to the samples after exposure to 

550 °C hot LBE, namely 0Si (1000 h & 2000 h), 0.7Si (1000 h). The other samples show a different 

corrosion/oxidation behaviour, namely the 1.0Si (1000 h & 2000 h), 0.7Si (2000 h). The cross sectional 
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images of these samples are displayed in Fig. 7. The 1.0Si (1000 h) sample has formed a duplex oxide 

layer, consisting of a discontinuous outer layer of magnetite plus an inner spinel layer. The IOZ occurs 

in some regions additionally. The pores formed by oxide scale spallation (Fig. 4) are also visible from 

the cross section. They penetrate only the magnetite layer. The 0Si sample (2000 h) has formed a 

similar oxide layer structure as that observed at 550 °C (Fig. 5). The other two samples (0.7Si (2000 h) 

and 1.0Si (2000 h)) have partially formed a thin and dense Si-rich oxide layer underneath the spinel 

layer, which was not observed after exposure at 550 °C. XRD analysis only shows the evidence of 

FeSi2O4. However, SiO2 might also form at this temperature range. It is difficult to be identified due to 

its low amount and amorphous structure [20, 35]. Therefore, this Si-rich layer is described as a FeSi2O4 

and SiO2 containing layer. 

 

 

Fig. 7 Cross section images of 1.0Si (1000 h), 0Si (2000 h), 0.7Si (2000 h) and 1.0Si (2000 h) after exposed to 10-6 

wt.% oxygen-controlled LBE at 600 °C, Si-rich oxide layer (FeSi2O4 and SiO2) 

 

In addition to the general corrosion/oxidation behaviour shown in Fig. 7, two further 

morphologies are observed on 1.0Si sample (2000 h), shown in Fig. 8. The type  (Fig. 8(a)) consists of 

an oxide layer (spinel plus Si-rich oxide layer) without IOZ or with a very thin IOZ (less than 1 µm). The 

morphologies of this oxide layer look similar to the oxide layer formed in general region (Fig. 7, 1.0Si 

(2000 h)). However, the Si-rich oxide layer is continuous in contrast to the discontinuous FeSi2O4/SiO2 

layer observed at general region. The thickness of the entire oxide scale is comparable to the spinel 

layer formed at most of the parts, around 6 to 8 µm. According to the EDX analysis, both the signals of 
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Cr and Si increase at the inner layer and the maximum value of Si is observed at the interface of oxide 

scale/alloy matrix, which is exactly located at the inner dense layer part, marked in Fig. 8 (a). This result 

confirms the formation of Si-rich oxide layer. The type  shown in Fig. 8(b), which is also visible at 

some regions of 0.7Si (2000 h), is the formation of a thick spinel layer plus IOZ. The thickness of the 

spinel layer varies in a large range, from 15 to 21 µm. Most of the spinel layer, especially close to the 

inner part, is porous. These porous layers reflect the pores observed from the surface (Fig. 4: 0.7Si, 

1.0Si). The FeSi2O4/SiO2 layer observed in other regions (general region and type  layer) is invisible 

here. Below the oxide layer, a large IOZ with thickness around 20 µm is observed.  

   

Fig. 8 Line scan profiles of 1.0Si sample after 2000 h exposed to 10-6 wt.% oxygen-containing LBE at 600 °C, (a): 

formation of Si-rich oxide layer (FeSi2O4 and SiO2), without IOZ; (b): formation of thick spinel layer and IOZ, 

without Si-rich oxide layer. 

Fig. 9 displays thickness of spinel layer, IOZ and total oxidized zone (oxide layer plus IOZ) as a 

function of Si content when exposed to 600 °C. Since sample 1.0Si after 1000 h exposure has formed 

a duplex layer of Fe3O4 and FeCr2O4, it is not considered for the plot. For the other samples with 

partially deviating oxide scale microstructure, 0.7Si (2000 h) and 1.0Si (2000 h), only the most observed 

regions (Fig. 7) are considered for the plot. According to the results, the thickness of spinel decreases 

while the IOZ increases by adding Si after 1000 h exposure. The total oxidized zone shows a slight 

decrease but is comparable between the 0Si and 0.7Si samples. After 2000 h exposure, samples (0.7Si 

and 1.0Si) have formed thinner spinel layer compared with 0Si sample. The average thickness of the 

IOZ tends to increase by adding Si. Unlike the samples exposed to 550 °C, the total oxidized zone of 

candidate steel is decreased by adding Si at 600 °C. Although 0.7Si sample has shown the minimum 
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thickness, a deviation of the average value exists. The thinner oxide layer formed on Si-containing 

samples might be attributed to the formation of the Si-rich oxide layer. 

 

Fig. 9 Plot of thickness of spinel layer, IOZ and total oxide layer as a function of Si content (wt.%) when exposed 

to 10-6 wt.% oxygen-containing LBE at 600 °C, the error bar represents the measured minimum and maximum 

thickness of the oxide layer. 

 

4. Discussion 

The samples tested in 10-6 wt.% oxygen-containing molten LBE (current study) have shown the 

oxidation behaviour different from that exposed to oxygen-saturated conditions (oxygen 

concentration in LBE: ~2 x 10-3 wt.% [21]). Instead of forming triple-layer structure (Fe3O4-(Fe,Cr)3O4-

IOZ), double-layer structure ((Fe,Cr)3O4-IOZ) is obtained with the lower oxygen content. One possible 

explanation for the different oxidation behaviour might be related to the different oxygen 

concentration in LBE. According to the thermo-dynamic calculation [8, 36], the oxygen concentration 

applied in the current study is higher than the threshold for the stability of Fe3O4 (around 10-8 -10-7 

wt.%), but quite close to it. However, the value is much higher than the stability limit of (Fe,Cr)3O4 

(around 10-11-10-10 wt.%). Therefore, the (Fe,Cr)3O4 layer is able to be stabilized during the exposure. 

But the formation of Fe3O4 layer is still possible, as shown by the magnetite layer observed on 1.0Si 

sample after 1000 h exposure at 600 °C. Besides, another possible reason resulting in the formation of 

only (Fe,Cr)3O4 layer can be that due to the relatively large surface area of exposed samples (around 

400 mm2 in one crucible), the oxygen supply from the gas phase might be insufficient (due to the 

limited diffusion rate of oxygen coming from the cover gas into the liquid LBE), resulting in a decrease 

of the oxygen concentration in the LBE below the stability limit of magnetite. The oxygen concentration 

and supply are still large enough to promote the formation of a single spinel layer. Such kind of oxide 

scale structure is also observed by other researchers either due to the lower oxygen concentration or 

the introduced flowing conditions (instability of Fe3O4 layer), namely, stagnant corrosion exposure of 

1.5 wt.% Si containing T91 in 10-8 to 10-7 wt.% oxygen containing LBE at 550  ̊C [19], corrosion tests of 

T91 in flowing LBE at 550 °C with 10-7 and 10-6 wt.% dissolved oxygen [10, 33], corrosion test of steel 
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E911 in 10-6 wt.% flowing oxygen-containing LBE at 550 °C [36], corrosion of 9Cr-3Si steels in 10-7-10-6 

wt.% oxygen-containing flowing Pb-Bi eutectic at 450 and 550 °C [37].  

 

Compared with Si-free samples, low amount of Si addition (≤ 1.0 wt.%) improves the corrosion 

resistance of candidate materials by decreasing the thickness of spinel layer. At 550  ̊C, the oxidation 

of Si and Cr at the interface of spinel/IOZ and internal oxidation of both elements along grain 

boundaries retard the outward diffusions of Fe and Cr, and slow down the spinel formation. Although 

this mechanism is also adapted to the Si-containing samples exposed to 600 °C, an additional effect of 

Si addition exists at 600 °C. The investigations of Si-containing samples at 600 °C (2000 h exposure) 

prove the formation of an inner FeSi2O4/SiO2 layer, which can impede the oxidation process. Moreover, 

the formation of a dense Si-rich oxide layer on higher Si-containing steel (1.0 wt.% Si) can even inhibit 

the inner permeation of oxygen, avoiding the formation of IOZ. As the thickness of spinel layer 

increases with increasing exposure time, the oxygen partial pressure at the spinel/bulk alloy interface 

will be reduced. Besides, the higher temperature exposure promotes the outward diffusion of alloying 

elements like Si. Therefore, it is possible to promote the formation of Si-rich oxide layer at 600 °C (2000 

h exposure) due to the high oxygen affinity of Si [8, 32, 38]. 

 

On the other hand, the internal oxidation is enhanced by Si addition. In case of Si-free sample, 

the internal oxidation is mainly due to the oxidation of Cr. However, the internal oxidation zone of Si-

containing samples is a mixture of Cr- and Si- rich oxides. This is mainly due to the high oxygen affinity 

of both Cr and Si, which can oxidize at a relatively low oxygen activities or partial pressure [8]. 

Moreover, the lowest oxygen dissociation partial pressure of SiO2 allows Si to be oxidized in a larger 

depth when compared with Si-free sample. Besides, the thickness of IOZ also increases with the 

exposure time and temperature.  

 

Regarding the influence of Si addition on the oxide scale adherence, the exfoliation of oxide scale 

seems to be impeded by Si addition when the samples were exposed to 550 °C. At 600 °C, no evidence 

of oxide scale spallation is observed on Si-free sample. However, the cracks observed on the oxide 

scale surface become less visible by increasing Si amount, in spite of the temperature and exposure 

time. Since the spinel layer thickness is decreased by adding Si, the thermal stress formed during oxide 

scale growth is decreased [39]. Therefore, less cracks are observed on Si-containing samples. Moreover, 

the pores observed at the interface of spinel layer and IOZ, induced by outward diffusion of Fe and Cr, 

reduce the bonding strength and might result in the oxide scale exfoliation. Therefore, the thinner the 

formed spinel layer, the less outward diffusion of Fe and Cr, and accordingly the less pores are formed. 

This might explain the positive influence of Si addition on the oxide scale adherence.  

 

In addition, the exposure time and temperature also influence the oxidation behaviour of 
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candidate steels. Comparing the samples with different exposure time but at same temperature, the 

thickness of spinel layer formed on Si-free sample increases 100% by doubling the exposure time, while 

Si-containing samples increase less than 50%, see in Fig. 6 and Fig. 9. This might also indicate the 

positive role of Si in reducing the grow rate of spinel layer. As for the IOZ, the exposure time shows less 

effect on either Si-free or Si-containing samples. When comparing the samples exposed at different 

temperatures but same exposure time (e.g. 2000 h), the Si-free sample has shown the larger increase 

of spinel layer thickness by increasing the temperature from 550 °C to 600 °C, when compared with Si-

containing samples, shown in Fig. 10. It means that the temperature has a significant influence on the 

oxidation rate of Si-free sample. Regarding the temperature effects on IOZ, all of the samples have 

shown a large increase of IOZ as the exposure temperature increases from 550 to 600 °C. 

 

Fig. 10 Evolution of thickness of spinel layer and IOZ as a function of exposure temperature after 2000 h exposure, 

0Si, 0.7Si and 1.0Si samples. 

 

The Si-free 9 wt.% Cr F/M steel investigated in this study involves a relatively high oxidation rate, 

especially when the temperature reaches 600 °C. The formation of thick Fe-, Cr-rich spinel layer not 

only increases the risk of oxide scale exfoliation, but also reduce the heat transfer of base material [1, 

40]. Alloying with Si (≤ 1.0 wt.%) results in some positive effects, namely a reduced spinel layer 

thickness, low amounts of crack formation, slow growing Si-rich oxide layer etc. However, the internal 

oxidation is enhanced. The total thickness of oxidized zone is actually increased (except regions 

without IOZ). The formation of inner Si-rich oxide layer is only partially observed on 0.7Si and 1.0Si 

samples after 2000 h exposure at 600 °C. These results indicate that the proposed Si concentrations (< 

1.0 wt%) is still insufficient to promote the formation of a continuous Si-rich oxide layer and prevent 

the internal oxidation. Therefore, higher amount of Si (> 1.0 wt%) might be required for a continuous 

Si-rich oxide layer formation at the investigated temperature range. 

 

5. Conclusions 

Based on the experimental results, the following conclusions can be obtained: 
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(a) Instead of a triple oxide layer structure (Fe3O4-FeCr2O4-IOZ), the oxide layer formed on 9 wt.% 

Cr ferritic/martensitic steels (Si alloyed) consist of an outer spinel layer (FeCr2O4) plus an IOZ. 

Due to the relatively large surface area of exposed samples and limited oxygen diffusion from 

cover gas to liquid LBE, the oxygen content dissolved in molten LBE probably dropped to a 

value below 10-6 wt.%, which is insufficient to stabilize the Fe3O4 at 550 and 600 °C.   

(b) The growth rate of spinel layer is significantly reduced by adding Si (0.7 wt.%, 1.0 wt.%) when 

the samples are exposed at 550 and 600 °C, or the exposure time prolongs from 1000 to 2000 

h. However, the internal oxidation is enhanced by adding Si.  

(c) Two SIMP steels (0.7Si, 1.0Si) are able to partially form a Si-rich oxide layer underneath the 

spinel layer after 2000 h exposure at 600 °C, which might impede the internal oxidation. 

(d) Si addition improves the oxide scale adherence in terms of the reduced density of cracks and 

scale exfoliations. This is mainly attributed to the thinner spinel layer formation. 

 

Data availability 

The raw/processed data required to reproduce these findings cannot be shared at this time due to 

technical or time limitations. 

The datasets obtained during the current study are available from the corresponding author on 

reasonable request. 
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