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Abstract: Spallation of oxides grown on TP347H FG in air-saturated steam at 923 K for 50 –
1000 hours was investigated using a newly developed technique termed: Simultaneous
Thermographic and Optical Recording Media Examination (STORME), recording the
temperature disturbance resulting from delamination and spallation, during cooling,
using Infra Red and video cameras. For the first time, the radius of the delamination
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The strain energies at each stage were calculated and a Spallation Map constructed.
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Dear Editor, 
 
Please accept this manuscript for consideration for publication in Corrosion 
Science.  It includes a new technique devised to detect and measure delaminated 
areas within thermally grown oxides formed under steam conditions on an 
austenitic steel.   The parameters collected during the cooling stage, of 
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    Highlights 
 
A new technique is presented which monitors and records the local temperature 
at the surface of a sample during cooling using both an Infra Red and a video 
camera.  The technique is termed: Simultaneous Thermographic and Optical 
Recording Media Examination (STORME).  
 
Disturbance of the thermal diffusion through the surface oxide from the 
substrate, due to delamination and spallation, is monitored. For the first time, 
the radius of the delamination site was measured experimentally at the point of 
buckle formation and observed during propagation to the point at which 
spallation of the oxide fragment occurred.  
 
The video recording enabled collection of the spalled fragment for SEM 
examination to determine the thickness and composition.  
 
The strain energies at each stage in the spallation process of oxides grown on 
TP347H FG in air-saturated steam at 923 K has been calculated and a Spallation 
Map constructed. 
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Abstract 

Spallation of oxides grown on TP347H FG in air-saturated steam at 923 K for 50 – 

1000 hours was investigated using a newly developed technique termed: 

Simultaneous Thermographic and Optical Recording Media Examination (STORME), 

recording the temperature disturbance resulting from delamination and spallation, 

during cooling, using Infra Red and video cameras. For the first time, the radius of the 

delamination site was measured experimentally at the point of buckle formation and 

followed during growth to the point of spallation. Collection of the exact spalled 

fragment was possible. The strain energies at each stage were calculated and a 

Spallation Map constructed. 

Introduction  

Spallation of the oxide from the inner surface of the heat exchanger tubing in power 

plant boilers is of particular importance because this can lead to tube blockages and 

erosion of the turbine blades further downstream. Blockages of the tube can lead to 

localised overheating which can eventually lead to rupture. For a better understanding 

of the spallation process a detailed investigation into the mechanisms leading to loss 

of oxide fragments is necessary. As the early stages in this process occur at some 

point during the cooling cycle, interpreting the evidence from ex-situ samples, taken 

to room temperature, can prove difficult. This can inhibit assessment of the critical 

factors at the point of delamination and / or spallation. 
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On exposure to steam-containing environments steels develop a layered surface 

oxide structure influenced by compositional elements, predominantly chromium [1-13]. 

At chromium concentrations above 12 wt% a chromium containing oxide develops 

adjacent to the alloy; below approximately 20 wt% this oxide is a spinel of the generic 

composition (Fe,Cr)3O4 and above this value Cr2O3 forms; both oxides provide 

oxidation protection with Cr2O3 being more effective than the spinel. Diffusion of iron 

ions is possible through the spinel oxides which oxidises at the outer surface forming 

Fe3O4. In the alloy of interest in this project a duplex oxide layer consisting of an 

inwardly growing (Fe,Cr,Ni)3O4 spinel and an outwardly growing magnetite (Fe3O4) 

layer [1-3, 7, 12]. Under oxygenated steam conditions an outer decoration of haematite 

(Fe2O3) also forms [1, 3-6, 9, 10, 12, 13].  The formation of haematite is often not found 

in laboratory tests conducted in de-oxygenated steam conditions but is a feature of 

samples removed from plant and also shown to form under oxygenated steam testing 

[8-10, 11].   

Evidence exists that oxides grown in steam environments are more porous than those 

grown in dry oxygen or air [1, 9]. Vacancy formation is part of the oxidation process 

and discussion of their formation and annihilations are given in references, [14-19]. In 

the case of layered oxides vacancy production can occur at the boundaries between 

the layers.  Coalescence of the vacancies leads to void formation and the development 

of aligned porosity has been noted for instance within Fe3O4 [10] where voids formed 

close to the site of vacancy formation [14]. This will occur in oxides where there is a 

divergence in diffusion rates between the cations and anions and has been noted 

under steam containing environment where enhanced oxygen diffusion rates occur 

within the scale [16, 17]. Incorporation of the impact of voids on the spallation process 

has been performed by categorising the features according to geometry, for instance 

[18]. 

Spallation of the surface oxide is widely reported [4, 5, 8, 11, 21-23,]. Wright and 

Dooley reported on the spallation behaviour of the 300 series austenitic stainless 

steels and demonstrated the loss of the whole outer iron oxide, i.e. haematite and 

magnetite [4, 21]. In addition to blockage and erosion this also represents loss of 

oxidation protection. The spallation process results from the stresses generated during 

cooling due to the large differences in thermal expansion coefficient that can exist 

between the alloy and oxides [5, 24, 25]. Measurements of the stresses imposed 
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during cooling show that oxides formed on the inner surface, steam side, of ex-plant 

tubes made from TP347, were subjected to compressive stresses in the order of 

several 100 MPa [12].   

Techniques such as Acoustic Emission (AE) [22, 26] and dynamic visual observation 

[23] have been used to detect the temperature range for early cracking within the oxide 

grown on P92 steel in flowing steam [22] and the temperature at which spallation 

begins for ferritic and austenitic steels in air, respectively. The stresses within the oxide 

during cooling have also been measured using in-situ Raman [27] and micro-Raman 

spectroscopy [28]. Whilst these techniques were somewhat successful in determining 

key parameters for stress calculations, there have been no reports in the literature 

imaging samples for the full duration of the cooling stage and recording the 

temperatures at which changes to the oxide occur. Those techniques also have some 

limitations with either a lack of imaging or temperature recordings in AE or dynamic 

visual observation, respectively, as well as limitations as to which oxides are able to 

be detected in the case of Raman spectroscopy. 

In this paper a similar technique to dynamic visual observation [23] has been used but 

uniquely a thermal imaging Infra Red (IR) camera was employed to identify the 

temperature at which the delamination and spallation events occurred for individual 

localised spallation sites. For the first time, the ΔT for localised spallation sites has 

been obtained along with the radius of the delaminated region. The initial site of 

spallation was recorded for a series of samples exposed for varying times at 923 K. 

This approach has been used to study the spallation behaviour of oxides grown under 

steam on fine-grained (FG) austenitic stainless steel TP347H FG, where TP is Tube 

Piping; used as superheater and reheater tubing in biomass and coal fired power 

plants. A detailed examination of the spalled oxide particles was conducted using 

Scanning Electron Microscopy (SEM). Cross-sectional examination of bulk specimens 

was conducted to aid interpretation of the findings. Interpretation of the data will be 

conducted in line with the theoretical approach presented in reference [24]. 

Experimental Procedure 

Isothermal oxidation in air saturated steam was carried out at atmospheric pressure 

on TP347H FG (fine grained) austenitic stainless steel, with a grain size of 20 μm and 

the composition shown in Table 1. Samples were extracted from tubes, as used in 
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plant, with an internal diameter of 28 mm and a wall thickness of 4.5 mm. The inner 

surface of the tube was pickled according to usual industrial practice. A silicon carbide 

cutting disc was used to make 10 mm sections of the tube which were subsequently 

cut into 60° arcs, Figure 1; producing six samples from each section. All samples were 

cleaned in ethanol prior to exposure in the steam oxidation rigs, shown in Figure 2.  

Deionised water was pumped into two barrels, A and B, pressurised to approximately 

0.5 bar, using air to achieve the air saturated steam environment. A dosing pump 

transferred the water from the barrels to the work tube where, on entry, it evaporated 

and travelled through the tube to the exit port where it condensed, ensuring 

unidirectional flow of steam. The furnace temperature was set to 923 K for all tests 

presented here. Weighing scales were used to monitor the capacity of the water 

barrels during testing. The rig was designed to allow independent filling and emptying 

of the water barrels ensuring a continuous flow of water to the work tube. The steam 

flow was set up and monitored prior to testing. Once flow was stable, samples were 

placed on alumina boats and inserted via the exit port, which was then sealed. At the 

end of the exposure period samples were removed from the hot furnace and cooled 

in laboratory air. 

Previous studies have shown that spallation does not occur in closely controlled 

deoxygenated steam conditions [29], but does occur in plant conditions [5]. For this 

reason, air saturated steam with a partial pressure of oxygen of approximately 1 x 10-

5 has been used in this work to enable a study of the spallation effects comparable to 

those seen in plant, [5, 21]. 

The thermal behaviour of the samples during cooling was monitored using 

Simultaneous Thermographic and Optical Recording Media Examination (STORME). 

This included a Microepsilon TIM400 thermal imaging camera and a video camera. 

The technique monitored the impact of the formation of subsurface delamination 

interfaces and buckling, etc., on the disruption of heat transferred from the substrate 

alloy to the surface. IR emissions from the surface recorded the temperature, using 

an emissivity value of 0.89. The temperature recorded by the IR camera was 

confirmed using a calibrated R-type thermocouple adjacent to a sample. 

To perfect the data collection using STORME, a number of positional configurations 

of the sample relative to the cameras were investigated. The optimum configuration 
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was found to be removal of the samples from the hot alumina boats and positioning 

on a heat-proof surface with the concave surface facing both cameras at the same 

level. In this way the heat emanating from the sample only, and not the alumina 

furnace boat, was recorded and any spalled oxide fragment falling from the surface 

could be located for collection and further examination. 

Synchronisation of the thermal imaging camera with a video camera enabled 

determination of the precise site, time and temperature at which localised spallation 

occurred. The site of spallation was identified on both cameras and the IR images 

were used to trace backwards in time, tracking the changes in thermal contours at the 

site. In this way it was possible to identify the delamination event within the oxide layer 

that lead to spallation as, buckle formation, characterised by a region of decohesion 

due to the oxide having expanded outwards, leads to the sudden, local decrease in 

temperature. At this point the heat transfer through the oxide would be interrupted 

decreasing the temperature recorded at the outer surface. The temperature of the 

region at the point of delamination was recorded. In addition, the temperature at the 

site when spallation occurred was also recorded and the ΔT for each event was 

calculated. 

The oxide fragment that had spalled from that area was located using the video 

recording, and collected using magnetic tweezers. These were meticulously 

positioned on carbon adhesive tape mounted on aluminium stubs, enabling 

examination of the cross-section using a JEOL 7000 FEG Scanning Electron 

Microscope (SEM). Examination of spall fragments and the surface of samples post 

steam oxidation was also carried out using a FEI Quanta 3D FIB-SEM with Energy 

Dispersive X-ray Spectroscopy (EDS) facilities attached. Approximately 20 oxide 

thickness measurements were taken from the SEM images for each fragment. 

For cross-sectional analysis, samples were mounted in epoxy resin and ground using 

SiC papers from 240 to 1200 grit. These were polished using diamond suspension 

and finished using OPA-sol. SEM with EDS and Wavelength Dispersive X-ray 

Spectroscopy (EDS/WDS) capabilities were used to examine the oxide formed on the 

inner, pickled surface, i.e., steam side, of the tubing. 

Results  
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STORME 

As described in the experimental procedure the STORME technique first identifies the 

site of the first spallation event using a video camera.  The IR camera images were 

traced backwards in time observing changes in the thermal contours on the surface.  

A series of low resolution images demonstrating the information provided by the 

STORME technique, in chronological order starting from just prior to delamination and 

buckle formation, are shown in Figure 3. Figure 3 (a) is an IR snapshot during cooling 

prior to any delamination or spallation events, showing that the heat loss was greatest 

from the edges of the sample and a slight temperature gradient of 21 K developed 

across the sample from top to bottom due to contact with the cold, heat resistance 

surface. Figure 3 (b) shows the IR image of the surface one second later than (a) 

where the thermal profile indicated a highly localised temperature decrease occurring 

at the subsequent spallation site, circled. Figure 3 (c) shows the IR image at the point 

where spallation of a fragment from that site occurred, also showing a rapid, localised 

change in temperature. Figure 3 (d) is the video snapshot of the surface at the point 

of spallation, at the same time interval as (c). This image was also used to identify the 

location of the spalled fragment in front of the sample for collection and examination. 

Using higher resolution IR images the radius of the site, from the time of delamination 

to the time of spallation, was measured at 5 second intervals and plotted as a function 

of the temperature drop from 923 K, Figure 4. This showed for this example, that after 

the initial delamination event, with a radius of approximately 0.37 mm, the buckled 

region was stable for approximately 20 seconds, or a change in temperature of 43 K. 

The horizontal line included in the plot demonstrates the point at which the radius 

increased and the buckle began to grow.  For the purpose of this exercise the data for 

the beginning of the propagation stage is taken as the point at which the radius was 

detected to grow, 0.38 mm, with the corresponding temperature drop of 330 K.  The 

buckle continued to grow until, at approximately 0.44 mm and a temperature drop of 

395 K, the oxide fragment spalled; vertical line.  This sequence was observed in all 

samples. 

The radii of the first delaminated sites and the temperature drops from 923 K at which 

delamination, propagation and spallation occurred, ΔTdel, ΔTprop and ΔTsp, 

respectively, are recorded in Table 2. As the samples continued to cool, further 
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spallation events took place across the surface of the samples with significant loss of 

the outer oxide in some cases; the amount of spallation increased with thermal 

exposure. 

Cross-Sectional Analysis 

Cross-sections through the samples enabled analysis of the composition of the oxides 

formed on the surface of samples, Figure 5. This revealed the expected sequence of 

layers from the alloy outwards of: iron / nickel / chromium spinel, Fe3O4 (magnetite) 

overlaid by Fe2O3 (haematite). A series of cross-sections through the samples 

revealed the development of the oxides showing evidence of void formation, cracking 

and regions where spallation had occurred; the number and size of each increased 

with increasing exposure time, Figure 6. For the shorter-term tests, images of sites 

where limited spallation of the outer oxide had occurred have been selected, Figures 

6 (a - c). These show a dense Fe2O3 outer layer and that the majority of the voids were 

located within the underlying Fe3O4 layer.  The presence of a significant and stable 

buckle, Figure 6 (b), showed that delamination occurred at the Fe2O3 / Fe3O4 interface. 

The thickness of the outer dense layer in Figure 6 (b) was approximately 5 μm. Also, 

in Figure 6 (b), there is evidence that lateral growth of buckles had occurred, as 

observed from the IR camera images using the STORME technique and shown in 

Figure 4.  

At longer times Figure 6 (d – f), significant spallation of the oxide from the surface of 

the samples occurred during cooling. Remnants of the walls of the voids were obvious 

at the remaining outer surface of the oxide, demonstrating that an interface of aligned 

voids developed within the oxide while at temperature. This interface was observed to 

be at the spinel / Fe3O4 boundary in some regions, Figure 6 (d and e), and wholly 

within the magnetite in others, Figure 6 (f). The early formation of such an interface 

with increased alignment of voids can be seen in Figure 6 (c). Fine cracks within the 

oxide layers were also seen running roughly parallel to the alloy surface.  

Spalled Oxide Fragments 

The angle of the video camera to the samples enabled the recovery of the primary 

spalled fragments for detailed examination under SEM, Figure 7. This revealed that, 

for 50 and 100 hour exposures the fragment consisted of one oxide morphology, 
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Figure 7 (a), however, at 300 hours and longer exposure times two morphologies were 

observed, Figure 7 (b). The difference between the two morphologies corresponded 

to the two types of iron-oxide formed, Fe2O3 and Fe3O4.  No spinel was observed in 

these fragments. The difference in morphology was sufficient to identify the oxides 

present in the spalled fragments and to measure the respective thicknesses, Table 2. 

Plotting this data, Figure 8, showed that the total thickness of the spalled fragments 

increased with increasing exposure time. The mean thickness of the fragment 

collected after 50 hours exposure was 5.5 μm, similar to the thickness of the buckled 

region in Figure 6 (a), this compliments the observation made for the spalled 

fragments after 50 and 100 hours thermal exposure that spallation of only the Fe2O3 

layer had occurred and that the delamination at these times was at the interface with 

the Fe3O4. 

Figure 8 shows that the Fe2O3 layer composing the fragments increased only slightly 

in thickness over the complete testing period. At exposure times longer than 100 hours 

the thickness of the spalled fragments was due mainly to the increasing contribution 

of Fe3O4 to the layer. 

Analysis of Data 

Driving Force for Spallation 

The oxides formed under isothermal exposure can be assumed to be relatively stress-

free at temperature. Thus, the strain, ε, induced within the oxide on cooling can be 

determined by [25]: 

𝜀 = Δɑ. ΔT       (1) 

where Δα is the difference in the thermal expansion coefficients between the alloy and 

the oxide in K-1, ΔT is the temperature change in K. Similarly, the strain energy within 

the surface oxide, relative to the much thicker substrate alloy, W*, can be described 

by [24, 30]: 

𝑊∗ =  (∆𝛼)2(∆𝑇)2(1 − 𝑣𝑜𝑥)𝐸𝑜𝑥𝜉    (2) 

where Δα and ΔT are as given above, νox is the Poisson’s ratio of the oxide, Eox is the 

Young’s modulus of the oxide in Pa, and ξ is the thickness of the oxide in m. The 
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driving force for spallation is the release of this strain energy by overcoming interfacial 

adhesion. 

The mechanism through which spallation occurs has been considered previously by 

H.E. Evans et al. [31] and buckling considered by A.G. Evans and J.W. Hutchinson 

[32] and C.H. Wells et al. [33]. These mechanisms can be modelled by: 

∆𝑇𝑊 = (
𝛾𝐹

𝜉𝐸𝑜𝑥(𝛥𝛼)2(1−𝜈𝑜𝑥)
)

1
2⁄

     (3) 

and:  

𝛥𝑇𝑏 =
1.22

𝛥𝛼(1−𝜈𝑜𝑥
2)

(
𝜉

𝑅
)

2

      (4) 

where ΔTw and ΔTb are the temperature drops, in K, to initiate spallation via strain 

energy release or by buckle formation, respectively, γF is fracture energy in J.m-2, R is 

the radius of decohesion in m, and all other parameters are as given above. 

In some cases, buckling does not result in spallation, i.e., stable buckles form. 

Propagation of the buckle by extension of a crack along the interface may occur on 

further cooling, leading to spallation of the oxide. This is termed unstable buckling, and 

can be described by the following condition [33]: 

Δ𝑇𝑢𝑏 = (
1.052𝜉4

𝑅4 +
1.041𝛾𝐹

𝐸𝑜𝑥𝜉
)

1
2⁄

.
1

Δ𝛼
    (5) 

where ΔTub is the critical temperature drop in K, required to initiate spallation via 

unstable buckling and all other parameters are as above.  

Equation 5 includes a term corresponding to the initiation of the buckle, i.e., Equation 

4, and a term corresponding to the propagation of the buckle. This inclusion indicates 

the necessity for the prior formation of a buckle. The buckled area of decohesion grows 

when the release in strain energy is sufficient to overcome the interfacial energy.  

Values for the Young’s modulus of the oxides are reported in the literature as 230 and 

210 GPa for Fe2O3 and Fe3O4, respectively, [34, 35]. The Poisson’s ratios for each 

oxide, respectively, are 0.19 and 0.29 [25]. The choice of the values for the coefficient 

of thermal expansion, α, needs careful consideration. A paper by G. Holcomb [36] 

clarifies the differences in the techniques used to determine this value, a summary is 
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provided in Appendix A. Also included in Appendix A are the thermal expansion 

coefficients, ɑ, for Fe2O3, Fe3O4, and TP347H over the temperature range of relevance 

to this study, Figure A1. The ɑ’s and calculated Δɑ’s at each ΔT obtained from the 

STORME technique, i.e., ΔTdel, ΔTprop and ΔTspall, are presented in Tables A1, A2 and 

A3, respectively. These data along with the dimensions and ΔTs, Table 2, will be used 

in the analysis presented in the next sections.  The spallation process occurring in this 

study included only the iron oxides and no spinel was observed in the spalled 

fragments.  In addition, cross-sectional examination showed minimal cracking in the 

spinel. Thus, for the purpose of the analysis conducted here only the iron oxides will 

be considered.  

Delamination and Buckle Formation 

The strain and strain energy within the buckled oxide at the point of formation, for each 

thermal exposure, was calculated using Equations 1 and 2, respectively, Table 3. The 

strain values in the Fe3O4 are slightly lower than that in the Fe2O3 and both fall within 

the elastic range of both oxides for all thermal exposures [25]. An additional calculation 

included in Table 3, the stress in both oxides at the point of buckle formation based 

on the strain, showed that a compressive stress was induced in the oxide the values 

in the range of 378-683 MPa. This is consistent with that measured using XRD on the 

oxides formed on the steam side of ex-situ heat exchange tubes made of TP347H, 

[11], contrasting to the tensile stresses recorded for similar oxides formed on ferritic 

alloys. 

The strain energy values, necessary to overcome the adhesion at the Fe2O3 / Fe3O4 

interface, obtained from the 50 and 100 hours exposure times, was relatively constant 

at 6.7 J mol-1, Table 3. The calculated strain energy values at longer exposures, up to 

750 hours, showed an initial increase followed by a general decrease within the Fe2O3 

layer and a lower but increasing value for the Fe3O4 layer. A large increase in strain 

energy was observed in the 1000 hours exposure sample in both oxide layers although 

the strain within each oxide were within the elastic region of maps proposed in 

reference 25, with the value determined in the Fe3O4 close to the brittle behaviour or 

spallation boundary. The value for the total thickness shows a general increase with 

increasing thermal exposure.  
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It has been demonstrated in this study that once formed the buckle showed a period 

of stability, Figure 4 and Table 2. To study the formation in more detail the 

delamination STORME data, Table A1 were applied to Equation 4, the condition for 

stable buckle formation.  In this equation the term ξ / R reflects the relationship 

between the thickness of the oxide layer and radius of the delaminated region. It is 

known that a larger area of decohesion, with a radius up to 50 times greater compared 

to the thickness of oxide, is necessary to enable buckle formation [24]. Figure 9 is a 

plot of the radius at the point of delamination against the oxide thickness of spalled 

oxide fragments, Table 2. For mixed oxide fragments, the radius is plotted against the 

total thickness, x symbols, and the thickness of Fe2O3 within that fragment, + symbols. 

Fragments that consist entirely of Fe2O3 are indicated by .  A number of dashed lines 

are included in the plot to indicate ξ / R ratios of 1:50, 1:40, 1:30, 1:20 and 1:10. After 

50 and 100 hours exposure, where Fe2O3 was the only component of the oxide 

fragment, the ξ / R ratios were 1:42 and 1:32, respectively, fitting well with the theory. 

When considering the total oxide thickness, x symbols, the ξ / R ratios continue to 

follow the 1:30 trend but abruptly change to the 1:10 ratio at 750 hours exposure.  This 

confirms the need for a large area of decohesion to be present to enable buckling of 

the overlying oxide layers.  

Examination of the strain energies, Table 3, show that at 350 and 500 hours the values 

in the Fe3O4 are lower by half, than that in the Fe2O3 thus it can be envisaged that the 

strain within the latter is the driving force for buckle formation. Taking this approach 

and plotting the measured R values against the Fe2O3 thickness, + symbols in Figure 

9, does show greater agreement with the theoretical values for all samples included. 

A similar effect was seen for the samples exposed for longer durations. This suggests 

that in subsequent calculations, where oxide thickness measurements are required, it 

is the value obtained from the Fe2O3 layer that is the appropriate value to be used. 

The necessity of the presence of Fe2O3 to initiate spallation was confirmed by previous 

data obtained using the rigs in this study where deoxygenated water was used [13]. In 

that work, where no Fe2O3 was present no spallation was observed. 

Propagation of Buckle to Spallation 

To evaluate the propagation stage, data from Table 2 and Table A2 were input into 

Equation 5 to obtain the fracture energy, γF, necessary for crack growth from the edge 
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of the buckle along that interface, Table 4.  The driving force for stress development 

in this system is the difference in the ɑ between the metal substrate and the oxide. 

Thus, two sets of calculations are presented in Table 4 containing the values based 

on measurements for Fe2O3 and Fe3O4 compared independently to the alloy. 

The data available for the two lowest exposure times were relatively easy to interpret 

as it has been established that the spalled oxide fragment consisted of only Fe2O3, 

Figure 6 (b) and Figure 7 (a). A value of 8.3 J m-2 was calculated for the fracture energy 

of the Fe2O3 / Fe3O4 interface. 

The fracture energy for a crack propagating through the Fe3O4 was a little more difficult 

to interpret as the internal interface consisted of aligned voids developed during 

thermal exposure with some variability in the location within the layer. To understand 

the effects of each oxide present, the contributions are considered separately. Taking 

first the effect of the Fe2O3 contribution, an increase in fracture energy was observed 

up to 500 hours exposure, this was followed by a decrease at 750 hours and a large 

increase at 1000 hours, Table 4. However, the values based on data for Fe3O4 showed 

lower values and indicated a weaker interface up to 750 hours exposure. The 

calculated strains at the point of propagation were slightly lower compared to the short-

term exposures again, indicating the development of a weakness within the oxides.  

The values obtained for the 1000 hours sample were noticeably higher than those for 

the shorter exposure times. This might represent the influence of the thicker oxide 

above the relatively small delaminated region, inhibiting crack opening and thus 

generating lower tensile stresses at the edge of the buckle. It might also suggest that 

strain release mechanisms such as micro-cracking, and buckle formation have 

occurred. The higher calculated strain values for these samples would support either 

of these two theories. 

The increase in the radii of the buckles from formation to spallation, ΔR, for each 

sample, from shortest thermal exposure to longest, were 0.22, 0.25, 0.23, 0.07, 0.18 

and 0.16 mm. The ΔR values were relatively uniform at approximately 0.2 mm except 

for the 500 hours exposure. During this stage the crack may extend to the surface or 

it may intersect with another crack or defect in the oxide emerging at the surface. 

Examination of the spalled fragments, Figure 7, suggested that the horizontal 

delamination cracks intersected a near vertical crack to enable spallation. As shown 
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in the 500 hour exposure, the distance to intersection can be very short, however, the 

other samples showed a level of consistency in the growth length to the final radius at 

the point of spallation, which was between 0.37 and 0.53 mm. An explanation may be 

that deformation of the oxide at these low temperatures results in the formation of 

localised tensile stresses at the underside of the edges of the buckle leading to the 

formation of a vertical crack. 

Table 5 gives the calculations of the strain in each oxide, Eq. 1, and the strain energy, 

Eq. 2, at the point of spallation for all samples. The strain values fall within the brittle 

failure or spallation regime for both iron oxides, as defined in reference 26, although 

there is a level of variability in the values. An average value of the strain energy in the 

two shortest exposure times was 16.8 J mol-1. This value increased to 23 J mol-1 at 

longer exposures when considering the Fe2O3 layer in relation to the alloy. A general 

increase was observed in the strain energies when considering Fe3O4 eventually 

exceeding the values calculated for the Fe2O3 layer. When considering the total oxide 

thickness the strain energy values showed a general increase with increasing 

exposure time. The level of variability of the values associated with the final spallation 

event represent the different factors at play, e.g. influence of oxide thickness, 

formation of decohesion region, but primarily the intersection of multiple cracks to 

release the fragment.   

Discussion 

This study has demonstrated the ability of the technique termed STORME to obtaining 

information on the primary spallation site at the point of initial buckle formation, 

propagation and final loss. Schematic diagrams describing the findings are present in 

Figure 10. 

For the short term exposures spallation was characterised by delamination at the 

Fe2O3 / Fe3O4 interface. The strain energy of formation of the initial buckle was found 

to be 6.7 J mol-1. Analysis of the data showed that the ratio of the thickness of the 

spalled oxide fragments to the initial radius of decohesion was 1:42 and 1:32 following 

50 and 100 hours exposure, respectively. This is in keeping with the theory on buckle 

formation whereby a large area of decohesion, relative to the thickness of the overlying 

oxide, is necessary for buckling to occur. Immediately after formation a period of 

stability of the buckles was noted before propagation began on further cooling, with a 
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ΔT from buckle formation to propagation of 18 and 28 K for the 50 and 100 hour 

exposures, respectively. The fracture energy of the Fe2O3 / Fe3O4 interface was 

calculated as 8.3 J m-2 and the radius of the buckled area increased by approximately 

0.23 mm before intersecting with the surface resulting in spallation of the oxide 

fragment. At the point of spallation, a strain energy of approximately 16.8 J mol-1 was 

calculated. 

With increasing exposure times, the spalled oxide fragments were composed of Fe2O3 

with an increasing thickness of Fe3O4. At the point of delamination the calculated 

strains in each oxide were slightly lower than that for the shorter exposure times up to 

1000 hours where the values increased slightly. At this stage in the process the values 

were within the elastic behaviour limits of both iron oxides [26]. Fluctuations were seen 

in the calculated strain energy values in the Fe2O3 layer. Whereas, in the Fe3O4 layer 

a lower strain energy was calculated at 300 hours exposure which increased with 

increasing time and increasing layer thickness. Analysis of the data suggested that 

the Fe2O3 layer was the driving force for buckle formation as the thickness to radius 

ratio more closely correlated to the theoretical values. When considering the total 

oxide thickness the ξ / R ratio followed the 1:30 ratio for the 300 and 500 hour 

exposures and transferred close to the 1:10 ratio after 750 hours. It was concluded 

that the thickness of the Fe2O3 layer was a significant parameter in driving the 

delamination process. It was noted in other work performed on the same rigs that, 

under de-oxygenated steam Fe2O3 did not form and no spallation was recorded [13]. 

When considering the whole system reported here the calculated strain energies at 

the point of buckle formation indicated the development of an interface of lower 

adhesion strength developing within the Fe3O4 layer.  This was linked to the 

coalescence of vacancies into voids formed as a consequence of the oxidation 

process at the Fe3O4 / (Fe,Cr,Ni)3O4 boundary.  The continued growth of the Fe3O4 

above this interface resulted in the observed increase in the thickness of the spalled 

fragments. 

For the next stage, propagation, two calculations were performed treating the two 

oxides separately. This showed that the fracture energy needed to overcome the 

adhesion strength of the spalling interface was lower than the value of 8.3 J m-2 

calculated for the Fe2O3 / Fe3O4 interface, in samples exposed up to 750 hours. This 

demonstrated that, with increasing exposure time an interface with a lower fracture 
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toughness was developing within the Fe3O4 layer. Cross-sectional examination 

showed increased levels of void formation with increased exposure time in the Fe3O4 

which was not noted in the Fe2O3 layer which remained dense, Figure 6. There was 

also evidence in the micrographs that a level of void alignment was occurring. This 

agrees well with the established growth mechanisms for Fe3O4 type oxides, presented 

earlier, where vacancies are generated at the spinel interface especially under steam 

oxidation conditions. Diffusion and coalescence of these vacancies would lead to the 

development of voids in an aligned configuration resulting in a localised decrease in 

fracture toughness. Models have been developed to attribute numerical terms to the 

various aspects of voids such as geometry and alignment [18].  

The strain energy for delamination, Table 3, and the fracture energies for propagation, 

Table 4, determined for the 1000 hours exposure showed a marked increase in values. 

This may represent the higher strains necessary to deform the thicker buckled oxide 

layer, also shown in the Tables.  It may demonstrate that some level of stress relief 

may have occurred, e.g. micro-cracking.  

A Spallation Map of ΔT for delamination, propagation and spallation events against 

Fe2O3 thickness has been constructed for the alloy oxide system investigated in this 

study, Figure 11. Also plotted is the boundary based on the strain energy criterion 

given in Equation 3 using the materials properties for Fe2O3: Eox = 230 GPa, ν = 0.19. 

For simplicity a value for Δɑ = 7 x 10-6 K-1 was used, closely matching the values 

determined in this study, Appendix A, and to demonstrate the effect of the fracture 

energy plots using values of 3, 5, 7 or 9 Jmol-1 are shown, as indicated in Figure 11.  

The data follows the trend described in Equation 3 using a fracture energy of 7  Jmol- 1 

for initial buckling event and thus this forms a boundary condition for the oxide alloy 

system up to a thickness of Fe2O3 of 7.5 μm or exposure duration of 750 hours. A 

change in behaviour is seen in the sample exposed for 1000 hour in steam. At this 

point the data appears to follow the established buckling behaviour, Equation 4, where 

the (ξ/R) term plays a significant influence on the strain necessary to deform the oxide 

above a delaminated region into a buckle.  Plots of Equation 4 using ξ/R values of 

0.04 and 0.047 are also included in the Figure 11 to indicate the point at which the 

change in mechanism occurs. 
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The new technique termed STORME has provided critical details of a variety of 

parameters for the first spallation site in the austenitic steel, TP347H FG. Analysis of 

the data has shown that the spallation behaviour follows the strain energy criterion 

[31] up to 750 hours or a Fe2O3 thickness of 7.5 μm. A change in mechanism was 

shown at 1000 hours exposure or 8 μm where the behaviour follows the established 

buckling mechanism [32, 33]. The data showed that at the point of delamination the 

strain within the oxides was within the elastic regime of the oxides and that this 

increased, with further temperature decrease at the point of spallation, to the brittle 

boundary. Analysis of strain energies, specific to each spallation site, provided values 

for the energies to delaminate the Fe2O3 / Fe3O4 interface and demonstrated the effect 

of the development of a weakened interface within the Fe3O4, formed due to the 

production of voids aligned at or close to the interface with the spinel layer. Fracture 

energies at the point of propagation were also calculated for the two interfaces. The 

data collected also showed that the compressive stress developed in the oxides were 

similar to that measured in reference 11. 

Some sample-to-sample variability was observed as well as in the strain energies at 

the point of spallation. The fluctuations in the latter could be attributed to strain release 

mechanisms such as micro-cracking and interaction between cracks and voids. 

Examination of the cross-sections of all samples did show increasing levels of cracking 

and void formation within the Fe3O4 layer with time. The level of cracking indicated 

accommodation of strain induced during cooling by a series of stress relief events. 

Defects within the Fe3O4, e.g. voids or grain boundaries, could act as sites of crack 

initiation. The voids might also interact with the progression of cracks, i.e., a void in 

the path of a crack may arrest the progression by blunting the crack tip due to the 

geometry effects.  

It should be remembered that the level of cracking observed in the cross-sections does 

not represent that present at the point of delamination and buckle formation that 

occurred at a higher temperature. On continued cooling significant levels of spallation 

and cracking of the surface oxide were observed. This highlights the advantages of 

the STORME technique over ex-situ examination of samples. The data collected using 

this in-situ technique includes the radius of the buckle at the point of formation and the 

temperature drop at that event. The technique also enabled the collection of the exact 

oxide fragment to determine the thickness. 
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Conclusion 

A technique, termed STORME, has been developed capable of detecting critical data 

at the point of formation and growth of delaminated regions within the surface iron 

oxides formed on the austenitic steel TP347 FG. Using the STORME technique it has 

been possible to obtain unique site specific data on the primary spallation event from 

the surface of an alloy exposed to an oxidising steam environment. The alignment of 

the cameras to the sample face enabled identification and thus collection of the spalled 

oxide fragment for examination and measurement of the thickness, and identification 

of the composition. 

The data collected has shown that, in the very early stages the difference in the 

thermal contraction between the Fe2O3 layer and the alloy is the driving force for 

spallation of oxide fragments. The difference was greater than that generated in the 

Fe3O4 layer. In the shortest exposure tests it was possible to determine the strain at 

the point of delamination at the Fe2O3 / Fe3O4 interface, to measure the radius of the 

buckle formed and thus determine the energy of adhesion and estimate the fracture 

energy needed for buckle extension as the system continued to cool.  

With increasing exposure time it was found that an interface developed within the 

Fe3O4 layer with a lower fracture energy than the Fe2O3 / Fe3O4 interface. This was 

attributed to the mechanisms of growth of Fe3O4 and the coalescence of the vacancies 

generated in this process, producing aligned voids at or close to the interface with the 

underlying spinel layer. The growth of the buckled region was monitored until 

spallation of the oxide fragment occurred; the fracture energy was shown to be lower 

than that along the Fe2O3 / Fe3O4 interface. 

In all cases the region of delamination resulting in the initial buckle matched the 

theoretical estimates based on the thickness of the Fe2O3 layer. It was found that by 

plotting events on a spallation map, Figure 11, the data fit well to a strain energy 

release to form the buckle of approximately 7 J mol-1. At the longest exposure time 

included in the study a higher strain energy was determined. This was attributed to the 

additional strain needed to deform the thicker oxide above a region of delamination, 

well below the theoretical value. At this point the data fitted well to the Wells and Evans 

model for buckle formation described by Equation 4. 
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APPENDIX A 

The coefficient of thermal expansion, α, of materials can be described either as a true 

value:- 

𝛼𝑇 =
𝑑𝑥(𝑇)

𝑥(𝑇)𝑑𝑇
                                    (A1) 

or a mean value:- 

𝛼𝑀 =
𝑥(𝑇)−𝑥(𝑇𝜊)

𝑥(𝑇𝜊)(𝑇−𝑇𝜊)
   (A2) 

where x(T) is the sample length at the test temperature and x(To) is the length at a 

reference temperature. 

The differences in these two approaches are discussed in detail in reference 1, where 

it is stated that αM is of relevance to the analysis of spallation. The values of αM for 

magnetite will be taken from that evaluation [1]. A fifth-order polynomial fit was 

deduced for the available data, Equation A3: 

αM = 8.007 × 10−20T5 − 1.995 × 10−16T4 + 1.591 × 10−13T3 − 5.038 × 10−11T2 +

1.604 × 10−8T + 7.275 × 10−6   ± 1.311 × 10−6 (R2 = 0.71)                                   (A3) 

where T is temperature in K. 

That evaluation used data from Takeda [2] for Fe3O4 and thus for consistence in the 

analysis conducted in this work, Takeda’s values for Fe2O3, determined in the same 

manner, will also be used [2]. The relevant thermal expansion data are plotted in 

Figure A1 along with comparable αM data for the alloy used here, TP347H.[3]. 

The polynomial fit to the ɑM data for Fe2O3 from reference A2 is: 

αM = 7.051 × 10−20T5 − 2.935 × 10−16T4 + 4.632 × 10−13T3 − 3.490 × 10−10T2 +

1.322 × 10−7 T − 1.116 × 10−5  (R2 = 0.9951)  (A4) 

and for TP347H from reference 3 is: 

αM = 1.694 × 10−20T5 − 7.495 × 10−17T4 + 1.222 × 10−13T3 − 9.171 × 10−11T2 +

3.572 × 10−8 T − 1.115 × 10−5  (R2 = 0.9951)  (A5) 
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Figure A1. Plots of the thermal expansion coefficients, ɑM, for the two iron-oxides 

formed in this study and the alloy TP347H [1-3].   

 

The STORME technique has enabled the collection of the drop in temperature at which 

delamination resulted in the formation of a stable buckle, ΔTdel, as well as the 

temperature drop, ΔTprop, at which the buckle becomes unstable and begins to grow. 

The ΔTspall, the point at which spallation of an oxide fragment occurred, was also 

obtained. The thermal expansion coefficients for the alloy, magnetite and haematite 

were obtained for each sample and the difference between the values for the oxides, 

relative to the much thicker alloy, Δɑ, calculated. These are presented for 

delamination, propagation and spallation in Tables A1, A2 and A3, respectively. 

Table A1. Thermal expansion coefficients for TP347H, haematite and magnetite at the 
point of delaminationand buckle formation, ɑdel, with calculated Δɑdel between alloy 
and each iron-oxide. 

Time / hour ΔT / K ɑdel / x 10-6 K-1 Δαdel / x 10-6 K-1 

  Alloy Fe2O3 Fe3O4 Alloy - Fe2O3 Alloy - Fe3O4 

50 353 17.48 10.26 10.40 7.22 7.08 

100 342 17.52 10.33 10.51 7.19 7.01 

300 335 17.55 10.38 10.60 7.17 6.95 

500 277 17.80 10.74 11.20 7.06 6.60 

750 292 17.74 10.65 11.07 7.09 6.67 

1000 406 17.23 9.91 9.87 7.32 7.36 
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Table A2. Thermal expansion coefficients, ɑprop, for alloy, haematite and magnetite at 
point of propagation of the buckle with calculated Δɑprop between alloy and each iron-
oxide. 

Time / hour ΔT / K ɑprop / x 10-6 K-1 Δαprop / x 10-6 K-1 

Alloy Fe2O3 Fe3O4 Alloy - Fe2O3 Alloy - Fe3O4 

50 371 17.40 10.14 10.22 7.26 7.18 

100 370 17.40 10.15 10.23 7.25 7.17 

300 335 17.55 10.38 10.60 7.17 6.95 

500 330 17.58 10.41 10.65 7.17 6.93 

750 328 17.58 10.42 10.67 7.16 6.91 

1000 475 16.88 9.40 9.21 7.48 7.67 

 

Table A3. Thermal expansion coefficients, ɑspall, for alloy, haematite and magnetite at 
point of spallation of oxide fragments with calculated Δɑspall between alloy and each 
iron-oxide. 

Time / hour ΔT / K ɑspall / x 10-6 K-1 Δαspall / x 10-6 K-1 

  Alloy Fe2O3 Fe3O4 Alloy - Fe2O3 Alloy - Fe3O4 

50 558 16.38 8.73 8.43 7.65 7.95 

100 488 16.81 9.30 9.10 7.51 7.71 

300 555 16.40 8.76 8.47 7.64 7.93 

500 395 17.28 9.98 9.98 7.30 7.30 

750 540 16.50 8.88 8.61 7.62 7.89 

1000 519 16.63 9.06 8.81 7.57 7.82 
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Figure 3.  Thermographic images of the surface of TP347H FG during cooling after 
oxidation in air saturated steam at 923 K for 500 hours showing the initial site of 
spallation, circled, at (a) 1 second prior to the delamination event, (b) the time of 
delamination, (c) the time of spallation, (d) a snapshot taken from the video recording 
at the time of spallation.  
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Figure 4.  Plot of the radius of the buckled site shown in Figure 3 as a function of the 
temperature drop, ΔT, from the test temperature of 923 K following 500 hours of 
thermal exposure, showing that after formation there was a period of stability of the 
buckle followed by a gradual increase in area until spallation occurred. The level of 
accuracy of these measurements is indicated by the error bars. The horizontal dashed 
line emphasises the point at which propagation begins and the vertical line represents 
the spallation event.  
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Figure 5.  Back scattered electron (BSE) micrograph of TP347H FG exposed to air 
saturated steam for 100 hours at 923 K and the corresponding concentration profile 
where Cr and O are measured using WDS analysis showing the formation of a layered 
oxide structure at the site indicated by the solid line on the micrograph. 
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(a)         (b) 

  
(c)          (d) 

  
(e)         (f) 
Figure 6.  Cross-sectional BSE micrographs of TP347H FG post oxidation in air 
saturated steam at 923 K for (a) 50 hours, (b) 100 hours, (c) 300 hours, (d) 500 hours, 
(e) 750 hours and (f) 1000 hours.  
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(a)          (b) 

Figure 7. Secondary electron (SE) images of spalled particles from TP347H FG 
oxidised in air saturated steam at 923 K for (a) 50 hours and (b) 500 hours.   
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Figure 8.  A plot of average spalled oxide thickness as a function of oxidation time 
including error bars which correspond to ± one standard deviation, based on 20 
measurements along the spalled particle. 
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Figure 9. Plot of radius of delamination against oxide thickness, with values assuming 

the theoretical ratios of 1:50 to 1:10 marked by dashed lines. 

 

 

 

 

0

100

200

300

400

500

600

0 5 10 15 20 25 30

R
a
d

iu
s
 /
 μ

m

Oxide Thickness / μm

Figure 9
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                                              Buckle Formation                   Buckle Growth  
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                 Strain 14 J mol-1 
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                Strain < 6.7 J mol-1  
 

   
1000 hours               Aligned voids                   Fracture energy >20 J m-2 

                Strain > 10 J mol-1 
 
Figure 10.  Schematic diagrams showing the sequence of events leading to spallation 
of the initial oxide fragment following increasing exposure to steam conditions at 973 
K, showing pore development and delamination leading to the formation of a buckle. 

 

Oxide structure on this alloy type exposed in 
oxygenated steam at 973 K. 
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Figure 11. Spallation map for TP347H showing the ΔT for delamination, propagation and spallation 

events against Fe2O3 for the first spallation event, also plotted are Equation 3 using fracture 

energies of 3, 5, 7 or 9 Jmol-1 , decreasing dashed lines, and Equation 4 indicating a change in 

spallation mechanism at a ξ/R of 0.04, details of the values used for each equation are given in the 

text. 
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Figure 1.  Photograph of a sample of TP347H FG boiler tubing used for steam 
oxidation experiments positioned for examination of the concave surface during the 
cooling stage. 
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Figure 2.  Schematic diagram of the steam oxidation rig. 
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