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Abstract
Conveyance tube manufacturing is an energy-intensive process which promotes rapid surface 
oxidation of curved surfaces. Previous works used computational, experimental, and theoretical 
techniques to assess oxidation of curved surfaces. Fast, flexible computational predictions of oxide 
thickness can provide the continuous data necessary to generate a spatiotemporal stress profile for 
application to the high-level Advanced Oxide Scale Failure Diagram (AOSFD) developed in this work. 
To demonstrate the application of the AOSFD to conveyance tube normalisation, the oxide states 
after induction vs. gas-barrel heating were compared. Induction heating technology is an example of a 
current technological development in high-temperature steel processing which offers improved 
operational control and suitability for decarbonised steel processing. Current frequency control during 
induction heating decreases the resultant strain magnitude in the oxide thereby eliminating the 
compressive failure modes observed during gas-barrel heating. Higher-than-typical temperatures 
result in an increased tensile strain component, increasing interfacial failure probability during 
induction heating. However, the advantages of induction heating technology, in terms of oxide failure 
management, can only be achieved with sufficient electromagnetic design controls. This conclusion 
agrees with purely temperature-based studies of oxide failure, but the AOSFD approach 
accommodates the mechanical and kinetic phenomena of the oxide by combining diffusion and 
fracture mechanics analyses into a single diagram which is quick and simple to apply to industrial 
contexts which demand oxidation control on curved surfaces.

Keywords: oxidation; steel; heat treatment; modelling; geometric effects; advanced oxide scale 
failure diagram
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1 Introduction and Background
1.1 Conveyance Tube Manufacturing
Curved surfaces and geometries are integral to the key shapes used in engineering [1] and are 
prevalent in several engineering applications involving high-temperature ‘fire-side’ oxidation during 
manufacturing, installation, and/or service, e.g., heating, ventilation, and air-conditioning (HVAC) 
systems and petrochemical transport, where high pressures, e.g., refrigeration, and temperatures, 
e.g., steam system, are possible [2]-[6]. The manufacturing process must be designed to achieve the 
material and mechanical properties necessary for these service conditions. A summary of the tube 
manufacturing process is shown in Figure 1, the full details of which have been discussed by Kendall 
et al [7]. During tube manufacturing, a multi-phase oxide, typically comprising 95% wüstite phase [8]-
[12], grows on the outer tube surface at a rate aligned with standard linear-to-parabolic oxidation 
kinetics [12]-[16]. Kendall et al. demonstrated, using computational predictions of oxide thickness, that 
for thin-walled (𝒓𝒘𝒂𝒍𝒍 ≤  5.4mm), hot finished conveyance tubes with an outer diameter, 𝑶𝑫, of less 
than 200mm, oxidation kinetics are sensitive to the radial term associated with cylindrical diffusion 
phenomena [7]. In Figure 1, 𝒕 is equivalent to 𝒓𝒘𝒂𝒍𝒍.
Component damage and failure due to surface defects associated with phenomena such as oxidation 
has consequences, such as losses of up to 3% by weight occur due to scaling alone (equivalent to 
approximately 600 tonnes of feedstock loss per warehouse batch) [17]. There are also aesthetic 
implications due to either the compaction of oxide (‘scale’) on the substrate surface (‘rolled-in effect’) 
and/or the inadequate adherence of value-added coatings, e.g., anti-corrosion paint, and in-service 
surface performance problems [18]. The resulting inconsistent scale adhesion not only appears to 
give a poor surface finish but also may lead to complications for those customers who wish to apply 
additional paint or coat the tubes. Additionally, the constrained nature of oxide growth on non-planar 
geometries increases the resultant stress in the oxide, making damage and failure more likely [19]-
[21]. Furthermore, scale removed either by descaling and/or spalling tends to disperse into the 
manufacturing environment, causing damage and contamination to product and plant alike via oxide 
particle entrainment and third-body abrasion [22]-[24]. However, it is a challenge for plants to optimise 
their processes to maximise product quality, capacity, process flexibility, and cost-effectiveness whilst 
high-temperature oxidation on curved surfaces is still poorly understood. Beyond the conveyance tube 
manufacturing process, there are several future steel-based technologies whose success will depend 
on adequate oxide control, e.g. electric arc furnace (EAF) steelmaking [25], hydrogen conveyance 
[26], and induction heating technology [27].

Figure 1.1: The schematic sequence of the conveyance tube-manufacturing process (figure reproduced from 
work by Kendall et al [7]).

1.1.1 Heating Technology Selection for Conveyance Tube Manufacturing
Normalisation, in the context of conveyance tube manufacturing, is typically performed by gas-barrel 
furnaces [17] with the gaseous alkane requiring no fuel preparation, ensuring good air-fuel mixing, 
and promoting a rapid combustion reaction. Normalisation demands a batch process so that soaking 
temperatures can be maintained for an extended period to ensure full microstructural homogenisation 
and internal stress relief [28]. The fast-evolving industrial world paradoxically demands higher product 
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quality at a lower cost [29]. 
In the tube normalisation scenario, temperature is a key parameter, but high efficiency is also 
generally associated with minimised excess air and/or oxygen levels. This can be achieved by 
operating as close to the stoichiometric air-fuel mixture as possible. In addition to the air and fuel, 
reducing atmospheres can be introduced in scenarios such as tube manufacturing to minimise scale 
formation. Such an atmosphere can be generated via intentional sub-stoichiometric combustion to 
generate carbon monoxide, or via supply of special atmospheres such as hydrogen [30]. However, 
there are additional risks associated with these techniques including increased atmospheric toxicity 
and explosion risk respectively [31].
Furthermore, in the energy-intensive steel industry not only are the conventional gas-barrel reheat 
furnaces expensive energy consumers but also sources of material yield [32] and product quality [33]-
[36] loss due to scale growth. Different reheating technologies have been considered to tackle 
environmental and economic issues associated with traditional fossil-fuel based combustion furnaces. 
Schluckner et al [37] explored both oxygen-enriched air-fuel (OAF) and oxy-fuel combustion (OC) 
processes designed to improve combustion efficiency via a reduction in flue gas losses and increase 
in maximum flame temperature via changes in partial pressures of oxidising species e.g., CO2, H2O, 
N2 etc. Like Jang et al [16], they argue that previous studies were restricted on flow-chemistry 
interaction, temperature distribution, and scale formation details by the limitations of computational 
power accessibility. With the continued growth of computational power availability, Schluckner et al 
[37] proposed that there were now sufficient resources within workplace computers to fully consider 
the specifics of scale formation and how the atmosphere evolved (and the local concentration of 
individual atmospheric components) alters its kinetics and mechanisms e.g. ion diffusion. They 
demonstrated the importance of controlling the furnace atmosphere, via stack oxygen concentration, if 
scale kinetics is to be controlled. 
Furnace atmosphere composition can vary significantly and Schluckner et al. [37] remark on the 
importance of considering furnace atmosphere and the effect of individual atmospheric component 
species. Abuluwefa et al. also conducted a two-part study [38], [39] investigating the effect of binary, 
ternary, and quaternary gas atmospheres on scale kinetics, morphology, and phase composition. 
When considering gas atmosphere alongside the issue of spalling effects, several studies have 
highlighted that the two are intrinsically linked [40], [41]. For example, both Basabe et al. [40] and 
Sheasby et al. [41] demonstrated the correlation between higher levels of water vapour and increased 
adhesion due to increased scale plasticity and creep [10] which could ultimately reduce the number of 
parabolic oxidation-inhibiting scale-steel gaps evolved i.e. SSI adhesion was prolonged. Hence why 
despite the effect of manufacturing parameters, such as atmospheric composition, once scale 
integrity is compromised, its own effects will control oxide behaviour, especially kinetics [37], [42]. 
Furthermore, stricter safety regulations will be incurred by the increased upper flammability limit 
associated with increased oxidisability within the furnace atmosphere. Hence, application of 
combustion technologies discussed by Schluckner et al. [37] during conveyance tube manufacturing 
is confined to pre-heating stages which do not reach oxidising temperatures (𝑻 < 750°C [37]) so that 
the faster heating properties can be exploited without creating a high-temperature scale-favouring 
atmosphere. 
However, controlled atmosphere furnaces are expensive and induction furnaces, which can achieve 
accelerated heating at a lower cost and higher efficiency [43], are the favoured potential development 
in conveyance tube manufacturing and broader decarbonised steel industry goals [25], [29], [44]. 
Unver et al [43], highlight several advantages to induction technology as a proven technology in metal 
production. These include reasonable maintenance costs, compact installation, localised heating 
capacity i.e. higher energy efficiency, product purity via vacuum or inert atmosphere-based working, 
and, on average, higher heating efficiency (dependent on material) [43], [45], [46]. The ability to 
precisely regulate heating conditions, via control of electrical (e.g. current frequency), thermal (e.g. 
cooling conditions), and geometric (e.g. coil geometry) input parameters, is a key advantage of 
induction technology in scale management efforts (provided electrical load capacity [47] and magnetic 
shielding [48] demands can be met) [49]. However, work has not been performed on the effect of 
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changing from gas-barrel to induction heating, specifically that of accelerated heating and 
atmospheric differences, on oxidation kinetics and adhesion, with the exception of Krzyzanowski and 
Beynon [50] who simulated induction heating by stipulating a time and space function fixed 
temperature boundary condition at the steel-scale interface (SSI). 
Zhao et al explored the effect of variable pipe wall thickness on the heating efficiency of induction 
heating used for heat treatment of pipes for thermomechanical applications [36]. They emphasise that 
soak times using induction heating are susceptible to extension by the need to achieve a uniform heat 
distribution throughout the pipe section under the action of the induction coil. This could undermine 
the time-saving qualities of induction heating highlighted by Unver et al [33]. Zhao et al also argue that 
non-uniform heating could also lead to loss of heating efficiency and workshop capacity, increase in 
energy consumption and ultimately delay progress in automated production in large-scale 
manufacturing processes [36]. Although they focus on the microstructural consequences for the steel, 
changes to soak time have already been shown to affect oxide kinetics and adhesion, as well as the 
effect of adhered oxide scale on thermal emissivity and absorption [10], [42], [51]. They highlight that 
the complex interaction of electromagnetic and heat transfer phenomena during induction heating 
results in a strong influence of the induction coil by: shape (the oval coil as the best for achieving 
uniform magnetic flux distribution), current (adjustments to both density and frequency), air gap (a 
narrower air gap will promote faster temperature rise), and component feed rate (a faster feed will 
improve temperature uniformity across the component). They also highlight the challenge of a narrow 
processing window in controlling temperature distribution, which also applies for the conveyance tube 
manufacturing process at only ~15 mins [52]. Two key assumptions by Zhao et al [36] were made 
which would be invalidated by the presence of oxide scale when compared to conveyance tube 
manufacturing. Firstly, fluctuations in workpiece density were neglected. Secondly, constant 
workpiece emissivity was assumed. Neither of these assumptions are true when an oxide scale 
dynamically forms on the workpiece [10], [16], [40], [53]. However, since coil geometry is designed to 
match a specific product specification, it is possible that the effect of oxide scale could be 
incorporated into future coil design and electromagnetic parameters, for components such as steel 
tubes. Furthermore, the anticipated changes in average density are not large compared to tube wall 
thickness in an industrial process context and can therefore be reasonably ignored.
Overall, Zhao et al [36] used a finite element approach to demonstrate that increasing the current 
from 3000A to 5500A can increase heating efficiency and in turn reduce heating time by a factor of 
four, using an equal or variable cross-section coil. However, they remarked on the limitations of 
benefits beyond the Curie temperature where an unavoidable loss in magnetic permeability reduces 
the heating rate. However, increasing current has a negative impact on heating quality, with large 
difference in temperature exhibited by the inner and outer walls on the pipe (up to 12.5% and 14.2% 
using 5500A on a variable and equal cross-section coil respectively). In the variable cross section coil, 
this difference resulted in a 50°C ‘overshoot’ in the temperature of the higher wall thickness part, 
whilst the thinner wall thickness part simultaneously failed to reach the target temperature range. 
Although conveyance tubes do not have a variable wall thickness once the manufacturing process is 
complete, the effect of coil cross-section geometry shown by Zhao et al is still relevant when 
considering the stretch reduction process used to alter wall thickness, as well as the wide range of 
tube dimensions, manufactured i.e. resulting air gaps. Dynamic power control is a potential solution 
and Drobenko et al [49] argue that models for ferromagnetic materials undergoing high temperature 
induction heating should account for the temperature dependence of material properties (particularly 
electrical conductivity) and elastic-plastic deformation, and non-linear dependencies of magnetic 
properties [49]. For a thermo-sensitive, ferromagnetic, long, cylindrical solid under high temperature 
induction heating, they numerically predicted temperature, electromagnetic field parameters, and 
deformation. One use of their approach was to ensure a predefined residual stress level by 
minimising the heat treatment duration. Residual stresses were partially controlled by electric current 
frequency (the other control function being related to cooling conditions) varied in the range 0.05-
8kHz. This is an example of dynamic power control, a technique also employed by Zhao et al to 
manage overheating of thinner wall thickness sections of their variable cross-section pipe [36].
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Overall, electric current frequency has a non-linear relationship with the time taken to reach the target 
temperature (970°C) [49]. For example, Drobenko et al demonstrated that increasing the frequency 
from 0.3kHz to 0.8kHz decreases the time taken to heat the tube surface region to target temperature 
from 15.5s to only 1s. Hence, an appropriate selection of electric current frequency will aid in 
minimising the heating period within the allowable residual stress limits. Their study demonstrated 
that, for a maximum allowable residual stress of 100MPa, the maximum allowable electric current 
frequency is 530Hz. Assuming that the tubes in Drobenko et al’s study are scale-free and not 
subjected to any external mechanical stresses from manufacturing, the maximum allowable residual 
stress stipulated can be set equivalent to the thermally induced stress component during conventional 
gas-barrel heating.
However, all studies cited neglected to address Torres et al.’s [10] original adhesion-related 
assumptions of perfect scale-substrate contact and absence of microstructural defects. Another key 
assumption in Torres et al.’s study was plastic behaviour of the steel and scale above 560°C. This is 
an acceptable assumption based on the dominance of plastic wüstite and magnetite but Abuluwefa et 
al. [39] argue that magnetite is brittle and prone to spalling, and that variations in furnace atmosphere 
which affect phase composition could also alter heat transfer. A brittle magnetite model was used to 
apply worst case scenario strains and hence the steepest thermal gradients. Overall, differences in 
approach often stem from a difference in investigative focus, e.g. Abuluwefa et al. [39] consider only 
the effects of furnace atmosphere on scale whereas Torres et al. [10] consider heat transfer and its 
interaction with specific phase composition at a given temperature (scale, steel, and environmental). 
Therefore, microstructural integrity and material deformability are key considerations during adhesion 
considerations within this work.

1.1.2 Oxide Failure During Conveyance Tube Manufacturing
There are five (I-V) stages of oxide degradation comprising oxide mechanical failure (I), healing by 
continuing reaction (II), protective potential plateau (III), surface crack initiation and/or material 
consumption (IV), and crack propagation and/or accelerated material consumption (V - end-of-life) 
[54]. Overall, the steps described highlight how the cycle of failure and repletion of oxide scale will 
eventually be exhausted as the substrate subsurface zone becomes depleted below critical oxidation 
levels. Further oxidation can then induce surface crack growth and material consumption to an extent 
that the load-bearing cross-section is decreased. Oxidation can also assist crack propagation and 
accelerate material consumption which ultimately leads to component failure [54]. Hence, oxidation is 
as much a problem mechanically as it is kinetically and once an oxide has reached stage III without a 
sufficient material design reservoir, the component is no longer suitable for safe operation.

1.1.2.1 Industrial Impact
It was highlighted in 1.1 that losses of up to 3% by weight occur during conveyance tube 
manufacturing due to oxidation alone. Therefore, not only does a reduction in material loss contribute 
to business operations impact including improved product quality, faster process speed, extended 
plant and product life, and decreased process cost, but also has a further reaching impact on the 
success of manufacturing operations adversely affected by oxidation. Conventionally, the delaminated 
oxide from downstream steel manufacturing operations is collected in a crucible [9] and returned to 
the start of the steelmaking process for reduction in the blast furnace to recover the steel content [9]. 
However, blast furnace technology is being decommissioned [55] in line of decarbonisation goals [25], 
[29], [44], and replaced with electric arc furnace (EAF) technology, a technology which depends on 
steel scrap and slag rather than iron ore (oxide) [56]. Furthermore, whilst oxide scale is a suitable raw 
material for blast furnace-based steelmaking, the role of scale as an oxidiser during EAF-based 
steelmaking is made redundant by the introduction of oxygen lancing technology which achieves large 
electrical energy savings [57]. Disposal of scale into landfill also carries risk of heavy metal leaching 
into soil and groundwater [57]. Therefore, the waste associated with oxidation will no longer be readily 
recyclable and oxidation kinetic and adhesion control will aid in reducing steel waste in the absence of 
the conventional recycling process.
Oxide adhesion control could reduce, or potentially eliminate, the need for additional resources to 
process spalled oxide and repair associated damage to plant tooling. De Oliveira Junior et al. showed 
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how the entrainment of iron oxide particles could increase counter-body wear rate (assuming the 
conveyance rolls used are harder than the conveyance tubes themselves) by 65% and 15% when 
considering haematite and magnetite respectively [22]. Vergne et al. later addressed wüstite, as the 
dominant oxide phase formed on low carbon steel work rolls, but highlighted that cubic oxides exhibit 
greater ductility and a lower contribution to abrasion, which is prominent when oxide particles become 
entrained in the tube-roll contact and enable third-body abrasion [23], [24]. Hence, a reduction in 
oxide brought about by a change in parameters informed by an AOSFD, since thicker oxides have a 
greater negative impact on roll wear rate by dispersing more spalled oxide particles into the 
environment to become entrained in the tube-roll contact, will contribute to plant life extension. Dubar 
et al.’s recent study also highlights the need to consider the effect of oxide at the workpiece-tool 
interface during manufacturing operations [58] in terms of its effect on forming conditions, contact 
pressure (they observed a potential reduction of 40%), material flow, and thermal conditions. 
Furthermore, Dubar et al. [58] highlighted how oxide scale could improve contact pressure distribution 
owing to the wear-changes in geometry. For example, convex surfaces see a greater increase in 
oxide thickness, compared to flat and concave surfaces, near the end of tool life but also showed a 
23% drop in contact pressure, compared to 30% and 10% for flat and concave surfaces respectively. 
This is reflective of the conclusions of Kendall et al.’s work [7], that geometry is a critical parameter 
affecting oxide kinetics and mechanics and directly impacts manufacturing operations such as 
conveyance tube production.
Induction heating technology has been identified as a suitable technology for decarbonised 
steelmaking during high temperature operations, such as normalisation within conveyance tube 
manufacturing. However, the manufactured conveyance tubes will also contribute to new 
decarbonisation-friendly technologies when in service. A key example for a conveyance tube context 
is the introduction of hydrogen into energy infrastructure [44]. Current research in this area includes 
the need to assess existing steel infrastructure for its suitability for hydrogen conveyance [26], [59], 
[60]. Understanding oxide kinetics and adhesion is considered an integral element of protecting 
conveyance infrastructure steels from hydrogen permeation and embrittlement [61], [62] as hydrogen 
diffusion through an iron oxide is approximately eight times slower than steel [63], [64]. This work can 
contribute to this technology shift by offering an insight into oxidation kinetics and oxide mechanics 
specifically for curved surfaces, and at the accelerated rate required via the use of computational 
resources as discussed.
Finally, Stylidis et al. argue that the greatest commercial advantage is reached by capitalising on the 
customer quality perception [65]. Although spalled oxide does not affect the mechanical strength of 
the tube products, it creates a perception of reduced product quality and safety in service, as it is 
proposed that perception of incident severity carries more weight than perception of incident 
probability [66], [67]. Furthermore, Cai et al. cite perceived risk concerning safety, reputation, 
aesthetics, and performance as key considerations during customer purchase [68], all of which are 
shown to be negatively impacted by oxide scale and its inconsistent spalling profile.

1.1.2.2 Failure Mechanisms
Broadly, oxide failure can be assigned to one or more of the following categories tensile (+) or 
compressive (-) state categories: through-thickness cracking (+), interfacial separation (+/-), buckling 
(-), crack deflection (-), spalling (-), and shearing (-) [69].
Imbrie and Lagoudas [70] hypothesise that for the oxidation of a solid cylinder surface, short oxidation 
times yield a compact, well-adhered scale, similar to that observed on a 1D planar sample, i.e. 
curvature has no effect. However, longer oxidation times (>18hr) generated deviation of the cylindrical 
geometry from the flat plate. The compact layer thins as its boundary at the SSI moves towards the 
SGI and a porous, layered oxide structure is left in its wake. In the case of conveyance tubes, which 
are thin-walled tubes rather than solid cylinders, the SSI already has proximity to the SGI so is 
already thinned and affected by the evolution of pores. Therefore, surface curvature cannot be 
neglected in thin-walled cases, even if the radial curvature is large and/or oxidation time is short. 
Unlike planar specimens, failure is most often observed as radial cracks with the circumferential 
cracks associated with SSI failure more likely attributed to cooling. The details concerning failure are 
summarised in Krzyzanowski and Beynon’s study of oxide failure during tensile loading for two 
different grades of mild steel [50]. A transition temperature exists where the separation stress for the 
oxide scale overtakes its oxide-metal interface counterpart, i.e. oxide cohesion is greater than oxide-
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metal adhesion and failure mode transitions from Mode I to II accordingly. Mode I failure described by 
Krzyzanowski and Beynon, albeit for planar surfaces [50], is associated with a higher adhesive 
strength between the substrate and scale than the cohesive strength of the oxide itself. This is in 
contrast with flat plate specimens where failure is more often observed as Mode II, i.e. longitudinal 
cracks due to SGI failure and the higher cohesive strength than adhesive strength. This supports 
anecdotal industrial observations where oxide formed during ultra-high temperature processing 
operations, e.g. hot rolling at >1200ºC, fails as large sheets [71], suggesting higher levels of ductility 
and cohesion, whereas spalled oxide from the lower temperature conveyance tube manufacturing 
process forms more brittle, disparate particles [17], [72], suggesting more brittleness and less 
cohesion.
Oxidation introduces two additional interfaces for consideration: the steel and scale interface (SSI) 
and the scale and tool interface (STI). As previously discussed, scale deformation, fracture, 
delamination, and spalling, are partially caused by the mechanical loading evolved during stretch 
reduction. However, once the metal substrate is exposed by scale spalling, the thermomechanical 
scenario is altered again as tool-metal contact leads to increased friction and heat transfer [73], [74]. 
When considering hot strip rolling, Jiang et al. [75] developed a finite element analysis (FEA) model of 
the surface asperity profiles of both the steel and scale before rolling and hypothesised that complete 
scale failure under the shear friction imposed by scale-roll contact (modelled by a modified Coulomb 
law) would proceed via a raft sliding mode [118] due to the absence of the weakest planes associated 
with the three-phase layer and scale-steel interfacial weakness at high temperatures. Also, additional 
added-value protective and/or aesthetic coatings, e.g. galvanic, polymer [76], are often applied to 
conveyance tubes at the end of the manufacturing line which introduces a further interface between 
the scale and coating (SCI). These coatings will be less robust if adhered to a failure-prone oxide 
layer rather than the steel substrate [17]. 
Given the strong influence of porosity level on scale failure mode, Krzyzanowski and Beynon [74] 
reasoned that the individual phase layers within the scale, and the potential for their interfaces to be 
mode II failure sites (see Figure 1.21), should be considered separately. Differences in porosity and 
crystal morphology were observed and attributed to inward oxygen transport and metal cation 
diffusion dependency respectively [77], with the inner layer containing many uniformly distributed 
pores whilst the outer layer was notable for its larger, less equiaxed crystals. The inner-outer layer 
interface was proposed as a potential delamination site [74].
This sort of failure was observed in non-homogeneous scales formed above 1150°C, with evidence of 
a much more porous (up to 1mm void) and thicker spalled outer layer. The inner layer was minimally 
porous and well-adhered even after large strain application at this temperature. It was at lower 
temperatures (<850-900°C) that mode I failure was observed in all scale thicknesses and 
morphologies. Thus, initially brittle mode I scale failure is defined by Linear Elastic Fracture 
Mechanics (LEFM), assuming small defects, and brittle phenomena. As temperature increases, 
ductile mode II failure is observed and defined by stress distribution and interfacial cohesion strength, 
before differences at a phase level led to mode II-style failure at the inner-outer scale layer interface 
beyond 1150°C. In their assessment of steel grade composition effects, Krzyzanowski and Beynon 
[74] provide further evidence for these effects, and for the need for further work focusing on 
quantitative relationships between failure mode transition and the deeper understanding of slipping 
mechanism at the delamination zone (SSI or otherwise) as a physical basis for micro-modelling [50]. 
The effect of strain was highlighted by the fact that higher temperature, thicker, and higher strain rate 
scales delaminated more than their lower temperature, thinner counterparts, even if they were less 
homogenous. This demonstrated that ultimately, temperature, strain, and strain rate were the most 
influential parameters when defining how scale cracking, slipping, and adherence. Lee et al. [78] 
comment that, although spalling is attributed to the fracture of the SSI, the process is accelerated by 
microstructural damage and the related influence of several factors including deformation dimensions, 
e.g. bending curvature (or wall thickness change in the conveyance tube application context), volume 
fraction, residual stress, defect dimensions, e.g. porosity diameter, crack length, scale thickness, and 
interfacial roughness. Kalasin et al. [79] looked specifically at the adhesion behaviour and surface 
quality of the thinner and less pure scales evolved on Electric Arc Furnace-heated (EAF) low carbon 
rolled steel samples and, crucially, did not assumed a defect-free scale microstructure. Mechanical 
adhesion testing revealed transverse cracking followed by complete localised spalling, with thicker 
slabs showing a lower spalling ratio and, although they proved that scale thickness was independent 
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of slab thickness, this was not the case for adhesion phenomena. 
Krzyzanowski and Beynon also highlighted, in their computational hot rolling model [50], that 
temperature-dependent functions are the only way to acquire accurate information about transient 
axisymmetric metal-scale flow, viscous sliding, and failure in tension. Crucially, their approach couples 
the macro-model of the external mechanical loading with the micro-model of scale failure to reveal 
how the former influences the latter. However, they also emphasised the importance of the 
consideration of the thermal behaviour of the SSI, citing the 10-15 times lower thermal conductivity of 
scale compared to steel as a source of SSI weakening at high temperatures leading to fracture and 
slipping phenomena defined by interfacial cohesive and adhesive strengths and stress distribution. 
Lee et al’s scale failure map demonstrated how an increased scale thickness can trigger wedging 
failure solely due to internal growth and thermal stresses, therefore thicker scales are associated with 
a weaker interface (due to higher internal stresses) and more pre-bending fracture [78]. Thus, oxide 
descalability must account not only for the external loads which evolve during TMP, but also the 
scale’s own natural tendency to spall due to the thermal and growth stresses which depend on 
manufacturing parameters. Matsuno et al. [77] specifically explored the impact of growth (oxidation) 
stress on descalability during a high-temperature hydraulic descaling operation. However, during 
descaling, water pressures only reached 15% of those used in industry, and for a much shorter 
seconds-long period. More attention could be paid to the effect of fully industrial scale-up and its 
effect on scale behaviour, utilising the scope available via a computational approach [7], [80]. 
However, they were still able to show how blister formation, which precedes spalling, occurs in a 
defined temperature-time envelope which can be expanded, thus increasing the likelihood of spalling, 
by application of mechanical (high-pressure water) or thermal (cold shock) stress. However, it was 
highlighted that blistering (when not caused by gas-based processes such as decarburisation) still 
occurred prior to the introduction of thermal stresses, i.e. oxidation stress must ultimately control 
blistering. Matsuno et al. suggested that oxidation stress puts adhered scale into a state of 
compression which generates the blister and subsequent plastic deformation of the detached scale 
drives blister growth. Whilst the former is easy to prove given the high plasticity of wüstite at high 
temperatures [10], spalling is more complex. Early hypotheses suggested oxidation stress-induced 
wüstite plastic slip generates clefts between slipped scales and the steel, leading a loss of SSI 
contact and blister-initiating pores. However, scale-steel adhesion is also clearly important and shown 
to be dependent on temperature and scale thickness. In particular, Hulley and Rolls’ [81] conclusion 
of cohesive strength being three times higher than adhesive strength supports Krzyzanowski and 
Beynon [50] comments regarding the temperature-critical transition of scale failure mode from 
cracking to spalling where interfacial weakening means scale cohesive strength is dominant. 
Ultimately, Matsuno et al. also proposed that oxidation stress is the dominant cause of adhesive 
failure within the combined effect of stress and adhesion vs. cohesion strength dominance, since 
temperature will accelerate oxidation and cause greater compressive volume dilatation [77]. 
The effect of such mechanisms, alongside thermal effects and manufacturing-induced stress, are 
considered in this work.

1.1.2.3 Mechanical Causes of Failure
It has been established that, aside from the mechanical state of the substrate itself [82], simultaneous 
high-temperature oxidation and manufacturing processes will generate stresses in the oxide due to 
thermal deformation, mechanical loading, and growth stress due to oxidation itself [4]. Huntz and 
Schütze highlight that determination of residual stress at room temperature does not provide much 
information about the stress state of the system at oxidation temperature [83]. Furthermore, they 
highlighted the need to distinguish between evolved growth, 𝝈𝒐𝒙,𝒈, and thermal, 𝝈𝒐𝒙,𝑻, stresses, which 
are often dealt with separately [83]. This is important as they argue that experimental data reveals 
that stresses generated by oxidation are dominated by thermal stress (see Equation 7.1) and the 
majority of spalling occurs during cooling, as well as stress relaxation via microcracking (fast cooling) 
or creep (slow cooling). Furthermore, Samal and Mitra also highlight that any measured stress 
associated with adhesion analysis is not equivalent to true adhesion stress due to the residual 
compressive stress in the oxide associated with the thermal expansion differential between the 
substrate and scale [84]. Including the thermal stress in the resultant stress state of the oxide is 
therefore essential to obtain an accurate value. The continuous data from Kendall et al’s model [7] 
also allow an insight into the instantaneous stress state of the oxide across its entire thickness during 
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growth. 
For a low oxygen solubility scenario as is found in austenitic steels in conveyance tube manufacturing 
[85], the oxide will develop a compressive growth stress as it increases in volume compared to the 
substrate [86]. This is true provided that the oxide grows at the interface so that stress cannot be 
relaxed by movement of the free surface [86]. This is the case for curved surfaces. It has already 
been highlighted that such stress, when it exceeds the critical value for buckling, plays an important 
role in oxide spalling phenomena which plague tube manufacturing (although it should be noted that, 
at high temperatures, oxides with a yield stress lower than their buckling stress are more likely to fail 
via relief by plastic flow) [20], [87]-[89]. Although in situations where oxide formation on the outermost 
surface of the free layer favours stress relaxation by accommodating volumetric changes normal to 
the free surface, even in this case the presence of macroscopic and/or microscopic curvature will 
induce stress. Furthermore, for curved surfaces, even with an unconstrained free surface, the 
introduction of new oxide between the metal and existing oxide, leads to stresses and strains at the 
surface radii as the metal retreats, as it is consumed by oxidation, and loses contact with the existing 
oxide. In other words, any surface curvature (where the minimum ratio between the grain size and 
surface curvature is 1:20 [90]) will inhibit the oxide from following volume changes in the oxidising 
substrate, leading to elastic and creep deformation [20]. 
Lee et al. [78] comment that shear interfacial stress has previously been ignored but demonstrated its 
relevance by showing how inflections within high-frequency roughness were dominated by the shear 
stress component. Krzyzanowski and Beynon [50] agree that a critical shear stress value, and its 
transmission from the substrate to adherent scale, was responsible for transition scale sliding from a 
viscous to frictional mode. Again, this demonstrates the complexity of the mechanical situation of the 
SSI. Also, although it was agreed that roughness-free interfaces were also stress-free, this is an 
unrealistic scenario in practice where constant interaction with mill conveyance equipment will 
inevitably incur roughness. Furthermore, both Lee et al. [78] and Noh et al. [91] found that thicker 
scales experienced lower normal interfacial stress due to a reduction in longitudinal stress attributed 
to increased proximity to the zero-strain neutral axis of bending. However, inspection of industrial data 
by Lee et al. [78] revealed the opposite phenomenon, i.e. increased spalling for thicker scales. Whilst 
this could be a stress-related phenomenon, it was attributed to the assumption of defect-free scale 
[92].
Although in-situ experiments are possible, Huntz and Schütze also emphasise that several factors 
can promote data scatter, namely oxidation conditions, oxide thickness, substrate initial surface 
condition, impurities (type and concentration), and microstructural features. Furthermore, tensile 
strains are anticipated when it is recognised that oxygen diffusion is a non-negligible phenomenon 
which generates compressive stress at the metal-scale interface. Experimental methods for 
determining stress state are limited by the equipment’s geometric and thermal limitations as ideally 
the selected method would be capable of through-thickness measurements at high temperatures. 
Few techniques can satisfy all these requirements. Clarke also highlighted that typically successful 
methods used to directly measure growth stress or strain, namely cantilever beam deflection and X-
ray diffraction (XRD) respectively, encounter significant uncertainties in key mechanics and materials 
parameters, e.g. linear coefficient of thermal expansion [89]. These include measurement 
uncertainties, variations across the sample as well as interplay in lattice expansion as a function of 
temperature and pressure (local stress state), when employed to determine growth stress [89]. 
Furthermore, if high temperature predictions are based on extrapolation of ambient measurements, in 
addition to parametric uncertainties, it is near-impossible to account for stress relaxation during 
cooling in the form of diffusional creep and intra-oxide plastic deformation (regardless of whether the 
substrate thickness is great enough to prevent its own plastic deformation, and even this technique is 
limited in the cantilever beam technique by the need to minimise thickness to achieve observable 
deflection) [90]. The global data which can be provided from the Thermo-Calc© computational domain 
[7], including the interfacial and bulk states, offer a more accurate insight into the stress state of the 
metal and/or oxide during heat treatment and how likely this is to lead to the failure and damage 
described above.

1.1.2.4 Advanced Oxide Scale Failure Diagrams
The current state of the art highlights the complexity of the causes and mechanisms of oxide failure, 
often considering them in separate studies. It is therefore difficult to perceive how a manufacturing 
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change, such as heating technology change from gas-barrel to induction, will affect oxide behaviour 
during industrial processes such as conveyance tube manufacturing. In this work, the impact of the 
high level of electromagnetic control available using induction heating technology is quantified using 
an Advanced Oxide Scale Failure Diagram (AOSFD). The continuous oxide thickness gain data 
necessary to generate this diagram, and the necessary stress analysis, are available via Kendall et 
al’s validated predictive computational model of oxidation of curved surfaces [7], [80], [89], [90].
Advanced Oxide Scale Failure Diagrams (AOSFDs) were identified as crucial in accounting for not 
only the critical strain for different oxide scale failure mechanisms (covered by Oxide Scale Failure 
Diagrams (OSFDs)), but also the considerable impact of physical defects (pores, cavities, and 
microcracks). Schütze summarised much of this failure information in an Advanced Oxide Scale 
Failure Diagram (AOSFD) relating failure mechanism susceptibility based on strain, 𝜺, and defect 
size, 𝒄, and operation parameter, 𝝎𝒐,𝝓, where 𝝓 reflects the specific failure mode described. Schütze 
highlighted that the mechanical properties of an oxide scale refer to all the parameters which 
characterise its cohesion, adhesion, and deformation [93]. However, at high temperatures especially, 
failure analysis of oxide cannot be limited to conventional elastic (elastic and shear modulus, Poisson 
ratio) and plastic/creep (ductile-brittle transition temperature, stress-strain and stress-strain rate 
relationships) properties. Analysis should ideally include oxidation-related properties which 
characterise pseudoplasticity associated with simultaneous brittle microcracking and continuous 
healing via oxidation. Hancock et al also highlighted the need to consider fracture mechanics 
phenomena within their works on oxide stability and failure [94], [95]. To perform this analysis, 
oxidation-related properties comprise the distribution and orientation of physical defects (at the metal-
scale interface or within the scale), interface geometry, and scale fracture toughness [69]. The change 
in temperature across the normalise-cool cycle (𝜟𝑻𝒏𝒐𝒓𝒎 ― 𝜟𝑻𝒄𝒐𝒐𝒍) is too large to neglect temperature 
effects on elastic modulus. Schütze [69] highlighted the need to select an appropriate level (1, 2, 3…𝒏
) of AOSFD to reflect the impact of relevant parameters. A higher-level diagram is associated with a 
greater number of parameters with a high level of impact on scale failure probability and mode [69].

2 Methodology
The theory presented below is appropriate for a ‘Level 3’ AOSFD which can incorporate the high 
impact parameters of conveyance tube manufacturing into a comprehensive operation parameter, 
𝝎𝒐,𝝓, for assessing the failure of wüstite. Poisson ratio is unlikely to change during conveyance tube 
manufacturing so is a low impact parameter favouring a Level 1 or 2 AOSFD. However, oxide scale 
fracture toughness will have temperature dependency since the tube normalisation temperature is 
above 600°C [69]. Chemical composition is less problematic if there is no oxide lattice structure or 
composition change but this is not the case during tube manufacturing where there is a heat 
treatment with a temperature high enough to cycle the steel between its ferritic (BCC) and austenitic 
(FCC) states [69]. Therefore, it becomes necessary to apply the full operation parameter (𝝎𝟎) 
concept and a level 3 AOSFD is required.
The computational oxide thickness gain data obtained in Kendall et al’s work [7] for a 15 n.b. sample, 
and its derived parabolic rate coefficient, can be used to predict the exact oxide thickness, due to its 
continuous nature, after the average normalisation soak time of 180s. As a result, a 1s resolution is 
sufficient for this application where heating periods are at least minutes, or often hours, long [73]. 
Linear interpolation was used, with a window of 3 datapoints, to increase the resolution of the SSI 
position where a mathematical description was not possible [96]. This increased resolution data set 
can also be used to improve the AOSFD precision.
There is a critical strain energy achieved at a certain extent of scale deformation which is sufficient for 
separation along the scale-metal interface i.e. critical spallation strain 𝜺𝐬

𝐜 [50], [93]. This critical value is 
a function of the scale thickness, 𝜹𝒐𝒙, and the scale-metal interface fracture energy, 𝜸𝒐. However, 
since metallographic preparation challenges make it challenging to eliminate surface roughness [75], 
[78], [91], interfacial fracture energy must be modified to account for the height, 𝒓, and length, 𝝀, of the 
oxide roughness, 𝜸𝒓 (see Equation 2.1 and Equation 2.2 – note that 𝑬𝐨𝐱 should be given in GPa for 
the latter equation).
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𝟏
𝜺𝐬

𝐜
= 𝝎

𝒐,𝒔
=

𝜹𝒐𝒙 ⋅ 𝑬𝐨𝐱 ⋅ (𝟏 ― 𝒗)
𝟐𝜸𝒓

𝟏/𝟐

Equation 2.1

𝜸𝒓 = 𝜸𝟎 𝟏 +
𝟎.𝟏𝑬𝐨𝐱

𝟐𝜸𝟎

𝒓
𝝀

Equation 2.2

Buckling is anticipated to precede through-thickness cracking i.e. spallation, a conservative buckling 
criterion, 𝜺𝒃

𝐜 , introduces the initial radius of the zone of local decohesion, 𝑹𝒅𝒆𝒄 (see Equation 2.4). 
Observation of local decohesion, characterised by small regions of elastic debonding between the 
metal and oxide, precedes buckling for an oxide layer under compression [97]. 𝑹𝒅𝒆𝒄 is defined by 
Equation 2.3 and depends of several mechanical properties of the oxide including elastic modulus, 𝑬, 
Poisson’s ratio, 𝒗, critical fracture toughness, 𝑲𝑰𝒄, and tensile strength, 𝝈𝑼𝑻𝑺 [98]. The latter 
parameter is challenging to measure for brittle ceramics. However, wüstite exhibits plasticity at high 
temperatures [10], [40], [41]. 𝝈𝑼𝑻𝑺 was evaluated using Hidaka’s high-temperature tensile data [99] 
and assigned a maximum value of 5MPa for temperatures greater than 1000ºC. This yielded 𝑹𝒅𝒆𝒄 
values in the order of 10-3mm, which is in line with the order reported by Sabau et al [100].  

𝑹𝒅𝒆𝒄 =
𝝅
𝟖

𝑬
𝟏 ― 𝒗𝟐

𝑲𝑰𝒄

𝝈𝑼𝑻𝑺𝟐

Equation 2.3

Initiation of through-thickness crack deflection, 𝜺𝒄𝒅
𝐜  from the interface towards the scale surface can 

follow buckling and precede spallation. There is an alternative criterion based on the assumption that 
plastic oxide yield strength, 𝝈𝒀, is 10% of its elastic modulus (𝝈𝒀≈0.1𝑬𝒐𝒙).

𝟏

𝜺𝒃/𝒄𝒅
𝐜

= 𝝎
𝒐,𝒃

= 𝝎𝒐,𝒄𝒅 =
𝟏 ― 𝒗𝟐

𝒌𝝎𝒐

⋅
𝑹𝒅𝒆𝒄
𝜹𝒐𝒙

𝟐

 

(𝒌𝝎𝒐,𝒃 = 𝟏.𝟐𝟐 𝒇𝒐𝒓 𝒃𝒖𝒄𝒌𝒍𝒊𝒏𝒈, 𝒌𝝎𝒐,𝒄𝒅 = 𝟑.𝟕𝟓 𝒇𝒐𝒓 𝒄𝒓𝒂𝒄𝒌 𝒅𝒆𝒇𝒍𝒆𝒄𝒕𝒊𝒐𝒏)

Equation 2.4

Interfacial cracking is another precursor to spallation when there is stress (compressive or tensile) 
acting on an interfacial defect-containing system in the direction parallel to the scale-metal interface 
and at the interfacial location with peak roughness amplitude. Equation 2.5 uses a local tensile stress 
intensity factor, i.e. fracture toughness, 𝑲𝑰𝒄, based on the half-length of the critical defect, 𝒄, and 
geometrical parameter, 𝒇∗, and highlights how a thinner scale with greater surface roughness and 
smaller defects can tolerate greater compressive strain before failure.

𝟏

𝜺𝒊𝒇
𝐜

= 𝝎𝒐,𝒊𝒇 =
𝒇 ⋅ (𝝅𝒄)𝟏/𝟐

𝑲𝑰𝒄
⋅

𝟐𝑬
(𝟏 + 𝒓/𝜹𝒐𝒙) ⋅ (𝟏 + 𝒗)

Equation 2.5

Finally for compressive scenarios, the case of shear stress (see Equation 2.6) is relevant if it is 
necessary to take an actual stress situation into account at failure initiation site i.e. spalling as a result 
of stress components evolved from a physical defect being in a shear stress situation like at an oxide 
grain boundary or dislocation movement plane and also that the defect is large enough to reduce the 
shear failure criterion to a value that preceded interfacial failure [69]. Although ultimately dependent 
on shear orientation, a good approximation is 𝝈 = 𝝉 3 (61). Crucially, the most conservative criterion 
can be obtained using shear deformation fracture toughness, 𝑲𝐈𝐈𝐜 or 𝑲𝐈𝐈𝐈𝐜, if available, otherwise the 
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𝑲𝑰𝒄 value gives the least conservative criterion. As a non-stoichiometric compound [101], wüstite 
shear response is defect-driven [102] and therefore sensitive to temperature and partial pressure 
[103]. Wüstite also exhibits high-temperature plasticity [10], [40], [41] making plastic shear 
deformation more likely than pure brittle sliding [104]. Therefore, shear response is challenging to 
isolate and measure [105]. Accurate and precise shear fracture toughness evaluation therefore 
requires extensive diffusion measurements [26] and successive microstructural observations [106] 
constituting an entirely separate study which is beyond the scope of this work.

𝟏
𝜺𝒔𝒉

𝐜
= 𝝎𝒐,𝒔𝒉 =

𝟐𝑲𝐈𝐜

𝒇𝑬𝐨𝐱 𝝅𝒄

Equation 2.6

Tensile failure analysis is simpler by comparison and based on a conventional fracture mechanics 
(see Equation 2.7). Oxide fracture toughness is calculated either based on crack geometry (see 
Equation 2.8) or oxide surface fracture energy (see Equation 2.9).

𝟏
𝜺𝒕

𝐜
= 𝝎𝒐,𝒕 =

𝒇 ⋅ 𝑬(𝝅 ⋅ 𝒄)𝟏/𝟐

𝑲𝑰𝒄

Equation 2.7

𝑲𝐈 = 𝝈𝐢𝐟 𝝅𝒄𝒇

Equation 2.8

𝑲𝐈𝐜 = 𝟐𝜸𝟎𝑬𝐨𝐱

Equation 2.9

It should be noted that individual failure modes may combine under certain loading conditions and 
some failure modes, such as interfacial cracking, can exist in both tensile and compressive stress 
states [107]. The standard 15 nominal bore (n.b.) tube investigated had an outer diameter, 𝑶𝑫, of 
21.9mm and wall thickness, 𝒓𝒘𝒂𝒍𝒍, of 3.0mm. The operation parameters, 𝝎𝟎,𝝓, encompass the oxide 
thickness gain, 𝜹𝒐𝒙, dataset when the 15 n.b. tube was heated to 1000°C for 22 hours (the maximum 
period before the entire tube wall thickness of steel was consumed) [69]. Table 2.1 outlines the 
parameters used to develop a level 3 AOSFD for oxidation during conveyance tube manufacturing. 
The composition of the conveyance tube grade steel and the oxide formed at typical normalisation 
temperatures is identical by that used in previous author works [7], [80]. It is noted that although a 
curved geometry is present, which will change the contact dimensions of the spalled section of oxide, 
the dimensions of the spalled section are negligible compared to the overall radius of the tube (<0.2% 
in the 15 n.b. tube case for mean oxide thickness, 𝜹𝒐𝒙, vs. inner radius, 𝑰𝑹, where the inner radius is 
7.5mm). For example, even if the entire section of oxide visible in a x1000 magnification field 
emission gun electron microscopy (FEGSEM) image (using an accelerating voltage of 12 kV and a 
probe current of 8 nA) were delaminated (which has not been observed to be the case in this work), 
the arc length, 𝑳𝒇𝒓𝒂𝒎𝒆, 116.8±3.4µm, for the sample shown in Figure 2.1, for a segment of that size 
would only subtend an angle, 𝜽, of 0.90±0.03° (see Figure 2.1). The calculations of the values in 
Table 2.2 are based on FEGSEM image analysis using Equation 2.11 [108] and Figure 2.1. The mean 
arc length of spalled oxide, 𝑳𝒔𝒑𝒂𝒍𝒍, based on measurements at locations A, B, and C, at equidistant 
locations around the sample (see in Figure 2.1), was 21.8±0.6µm, which is only a fifth of the mean arc 
length of oxide per microscope frame. 
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Figure 2.1: Measurement of typical radius of decohesion, Rdec, at three different circumferential locations on a 15 
nominal bore (n.b.) post-normalised tube.

The through-scale cracking equation represents the depth of the defect, 𝒄, so is analogous to the 
oxide thickness [41]. Murakami’s stress intensity factor handbook was used to determine the 
necessary geometric values for “a circular ring with a radial crack under external tension or internal 
pressure” [109]. To obtain an initial estimate for defect size, 𝒂, its value was set at 10% of the 
instantaneous scale thickness, based on visible cracks during field emission gun scanning electron 
microscopy (FEGSEM) imaging. Since the geometric parameter is determined via an empirical graph 
relating the ratio 

𝒂
𝒓𝒊

, and radial ratio, 𝜷 =
𝒓𝒐

𝒓𝒊
, the worst case scenario value was used, i.e. maximum 

geometric factor when 𝒓𝒊 is minimised and the crack dimension, 𝒂, is maximised (at maximum oxide 
thickness) where 𝒓𝒐 is dependent on the instantaneous oxide thickness. This yielded a geometry 
factor, 𝒇∗, of 0.95, which could then be used in Griffith’s fracture theory [110] (see Equation 2.10) to 
determine the minimum initial defect size under an applied stress to propagate. Even under the 
minimum possible stress (from a thermal source), the estimated initial defect size was greater than 
this minimum value.

𝒂 =
𝟏
𝝅

𝑲𝑰𝒄
𝒇∗𝝈

𝟐

Equation 2.10

The porosity volume fraction, 𝒑, contributes to the calculation of the high impact, temperature-
dependent parameter elastic modulus, 𝑬𝒐𝒙, which has been measured in the literature [50], [111], 
[112]. Porosity volume fraction was set at 25% in line with the results of porosity volume assessment 
of optical micrographs of samples of oxide grown in lab conditions (see Appendix 2). Micrographs 
were assessed using the open source image processing software, ImageJ [113]. Each image was 
converted to its RGB form and split into its constituent channels to select the highest quality image. 
Each image was cropped into smaller sections to improve accuracy and a mean porosity value of 
25.040% was obtained for the wüstite phase across the 5 samples (as only wüstite phase in the 
model) and ignoring ‘pull-outs’ (anomalously large pores) associated with metallographic preparation 
and transit damage. This value of porosity agreed with Sabau and Wright’s estimation [41]. However, 
estimations of porosity in wüstite vary between 10 and 44% [41], [114]-[116] and this range of values 
was also observed during the porosity volume assessment for this work (see Appendix 2). 
The overall objective of Schutze et al.’s AOSFD framework is to provide a fuller description of oxide 
tolerance against mechanical straining via different failure types by incorporating parameters into the 
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critical failure strain which oxide thickness cannot provide. That is, the state of the oxide accounts for 
additional operational parameters such as the temperature dependence of mechanical properties e.g. 
elastic modulus, coefficient of thermal expansion. At level 3, this dependence is expanded e.g. an 
equation to incorporate porosity into estimations of elastic modulus. This work seeks to build on the 
level 3 framework by incorporating Schutze’s suggestions for higher level models. For example, 
porosity, amongst other microstructural defects e.g. grain boundaries, carbide dispersion, can be 
incorporated into the Thermo-Calc© model used to predict oxide thickness [7]. Adaption of this 
diffusion coefficient often requires knowledge of grain boundary volume fraction, grain size, diffusing 
cation valency, and carbide volume fraction. Diffusion is then fundamental in defining kinetic response 
and oxide thickness therefore the AOSFD is elevated to level 4 and beyond.
Within the use of this thickness data, and the calculation of other parameters, consideration is given 
to the effect of geometry. Furthermore, by using Griffiths fracture mechanics theory to calculate defect 
size based on specifically selected geometry factors and material specific properties (tensile 
strength), the failure mode can be made geometry specific and is again elevated to level 4 and 
beyond. Finally, this work not only seeks to create an AOSFD, but also to demonstrate how it can be 
applied to save resources when making technology changes to active manufacturing processes. As 
previously stated, the factors affecting oxide failure, and its impact on manufacturing, are numerous 
and interlinked but often considered in separate studies. This work aims to demonstrate how the 
AOSFD can bring together these complexities into a single tool which quickly assesses the estimated 
stress state associated with a manufacturing process (whether that be assessed analytically e.g. solid 
mechanics, experimentally e.g. XRD, or computationally, FEA) against critical failure strain to predict 
failure mode and effects in applied scenarios.

Table 2.1: Definition of parameters used to construct an Advanced Oxide Scale Failure Diagram (AOSFD) for 
wüstite on a curved surface. Fields marked with an asterisk (*) are geometrically dependent and require revision 
if the tube sample is changed. Each parameter is assigned a numerical level in accordance with those defined by 
Schutze et al. [69].

Parameter Value (for wüstite on a 
curved surface) Units Level

𝑲𝑰𝒄 0.9 𝑀𝑃𝑎. 𝑚 4

𝒇∗ 0.95 - 3

𝒄 𝟏
𝝅

𝟎.𝟗
𝟎.𝟗𝟓𝝈

𝟐
𝑚 4

𝑬𝒐𝒙 133 𝐺𝑃𝑎 3

𝒗𝒐𝒙 0.36 - 3

𝜹𝒐𝒙 ≤200 𝜇𝑚 4+

𝑹𝒅𝒆𝒄
∗ 𝝅

𝟖
𝑬

𝟏 ― 𝒗𝟐
𝑲𝑰𝒄

𝝈𝑼𝑻𝑺𝟐 𝜇𝑚 3

𝜸𝟎 3 J.m―2
3

𝒓 14.3µm 𝜇𝑚 3

𝝀 143µm 𝜇𝑚 3

Table 2.2: Arc length of spalled oxide, Lspall, measured on the outer edge of three 15 nominal bore (n.b.) 
conveyance tube samples normalised in industry (Tata Steel UK Ltd). The radius of decohesion, Lspall, is 
therefore 21.8±0.6µm. The ratio between the mean oxide thickness, δox, are also presented to show the overall 
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arc length of the oxide captured in the electron micrograph frame, Lframe, and the angle subtended, 𝜽, by the total 
thickness of oxide captured in each frame.

Location 𝜹𝒐𝒙 (µm) 𝜹𝒐𝒙
𝑰𝑹

𝑳𝒇𝒓𝒂𝒎𝒆 (µm) 𝜽 (°) 𝑳𝒔𝒑𝒂𝒍𝒍 (µm)

A 16.6 0.002 121.4 0.93 22.7

B 14.5 0.002 115.6 0.89 21.6

C 13.5 0.002 113.3 0.87 21.2

𝜽 =
𝟑𝟔𝟎𝑳
𝟐𝝅.𝑰𝑹

Equation 2.11

Interfacial scale separation energy, 𝜸𝟎, was calculated using first principles of Coulombic potential 
and crystal face orientation described by Robertson and Manning [93], [117]. Surface topography data 
were previously collected during previous White Light Interferometry (WLI) studies on tube-grade 
steels performed by Grant [17]. Grant noted that previous research has shown that high temperature 
treatments can enhance surface roughness by several hundred percent [78], [100], [118]. Oxide 
surface roughness length, 𝝀, is typically 10 times the oxide roughness amplitude, 𝒓, for oxide formed 
on low carbon steel samples investigated by Noh et al [91] and Lee et al [78] in controlled gas 
atmosphere furnaces. However, the roughness amplitude is still low enough to make decohesion 
radius evaluation valid (see Equation 2.3) [98].
The Thermo-Calc© oxide kinetic model developed by Kendall et al [7] contributes at several stages of 
defining the AOSFD. The geometrical parameter, 𝒇∗, is dependent on (i) the ratio of the defect size, 𝒄, 
and SSI position and (ii) 𝜷, the ratio of the SGI and SSI positions [109]. A methodology for calculating 
these positions was developed Kendall et al [7]. The scale thickness itself, 𝜹𝒐𝒙, with a normalising 
value, 𝜹𝒐𝒙𝟎 = 𝟏𝝁𝒎 [69], was also determined from the Thermo-Calc© model data [7]. Finally, mode I 
fracture toughness, 𝑲𝑰𝑪,  is a material constant quoted from the literature [19], [93]. 

2.1 Quantifying Stress in the Oxide
The stress state in the oxide comprised thermal, growth, and manufacturing sources, based on 
discussions by Huntz and Schutze [83]. A summary of the values of stress and strain evolved during 
conveyance tube normalisation is given in Table 2.3 and the full details of each source of stress are 
described and analysed in Appendix 1 including their conversion to strain values using Equation 7.12. 
However, it should be noted that stress characterisation of each of these phenomena is an area of 
research in its own right and the purpose of this paper is not to provide a comprehensive stress 
analysis of oxide during conveyance tube manufacturing but to demonstrate the framework for 
applying dynamic oxide thickness from a non-planar geometry to a higher level AOSFD to allow 
informed manufacturing decisions for heating technology which mitigate the failure impact of 
oxidation. Thermal stress was calculated numerically using Equation 7.1 [83], whilst analytical 
solutions in Equation 7.10 and Equation 7.11 were used to calculate growth stress (11). 
Manufacturing-induced stress was evaluated using the X-ray diffraction (XRD) data from pre-
normalised samples to account for the combined effect of the forming and stretch reduction 
operations within conveyance tube manufacturing. The maximum permissible stress criterion defined 
by Drobenko et al. [49] was selected as a realistic value of thermal stress induced in the oxide as their 
numerical simulation worked with a low carbon steel tube with appropriate dimensions for conveyance 
tube applications (𝑶𝑫 = 110mm, 𝒓𝒘𝒂𝒍𝒍 = 5mm) to a temperature (1050ºC) in the same range as 
presented in this work. The current frequency used to achieve this stress value, out of those 
investigated by Drobenko et al.[49], also offered the best temperature distribution across the tube wall 
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thickness, allowing localised thermal variation phenomena to be neglected. Additionally, the XRD data 
used to validate this work and determine residual stress yield stress of a similar order (see Appendix 
1).

Table 2.3: Comparison of gas-barrel (‘gas’) and (‘ind’) and induction heating methods for normalisation in terms 
of their effect on stress, 𝝈, and strain, 𝜺, components evolved from oxidation- (thermal and growth) and 
manufacturing- (forming and drawing) related sources.

Stress Source 𝝈𝒈𝒂𝒔 (GPa) 𝝈𝒊𝒏𝒅 (GPa) 𝜺𝒈𝒂𝒔 (-) 𝜺𝒊𝒏𝒅 (-)

Thermal -13.11 -0.10 -0.0988 -0.0008Oxidation-
induced Growth 0.62 0.62 0.0047 0.0047

FormingManufacturing-
induced Drawing

-0.09 -0.09 -0.0007 -0.0007

Overall, the compressive thermal stress observed is due to the higher coefficient of thermal expansion 
of the steel substrate, allowing it to contract a greater rate and place any adhered oxide under 
compression. In contrast, the tensile nature of the oxide growth stress reflects the formation of new 
oxide underneath the existing surface oxide as the oxidation reaction proceeds. Using linear 
superposition [119], the resultant strain in the oxide can be calculated to be -0.0948 and 0.0032 for 
the gas-barrel and induction heating cases respectively. These values are used in the AOSFD.
It should be noted that, throughout this paper, ‘2D’ refers to the consideration of the two dimensions 
(radial, 𝒓, and circumferential, 𝜽) of the tube cross-section [3], [5], [26], [45], [120] as opposed to 2D 
oxidation phenomena [121]-[124].
Wüstite creep response is a driven by a diffusion-controlled recovery mechanism [102], thereby 
making it sensitive to temperature and partial pressure [103]. Evaluating constants for even the most 
fundamental creep expression, e.g. Norton’s law [125], therefore requires diffusion measurements 
and successive microstructural observations [106] which constitute an entirely separate study beyond 
the scope of this work. The complexity of wüstite’s creep response means it is often neglected from 
mechanical models [100], [126] and where empirical measurement of wüstite’s high-temperature 
creep response has been achieved [106], [127], the reported contribution of creep stress ( <20MPa) 
represents only a fraction of the total stress (~10GPa) experienced during high-temperature 
deformation, therefore minimising the effect of any potential overestimation within this work. Finally, in 
this work the length of heat treatment (~15mins) is not sufficient for the onset of plasticity to cause 
significant relaxation [127]. However, the authors recognise that this is a limitation of this study, and 
an avenue for further work in the field.

2.2 AOSFD Validation
Samples of 15 nominal bore (n.b.) P235GH conveyance tubes (𝑶𝑫 = 21.9 mm, 𝒓𝒘𝒂𝒍𝒍 = 3.0 mm, 𝑳 = 
25 mm) in an as-welded and post-normalised state were supplied by Tata Steel UK Ltd. The possible 
range of conveyance tube dimensions is wide depending on intended service application [36], but 
using the 15 n.b. sample allowed for unrestricted movement within the furnace work tube’s 90 mm 
inner diameter and was suitable for conventional 30–32 mm diameter mounting moulds and scanning 
electron microscopy sample holder limits. Samples were mounted transversely in electrically 
conductive thermosetting resin (Bakelite). It was anticipated that oxidised samples may experience 
embrittlement, delamination, and spallation due to thermal stresses evolved during resin 
thermosetting. Consequently, the oxidised sample was therefore mounted in cold-setting resin before 
mounting in Bakelite to reinforce the oxide integrity during subsequent mechanical metallographic 
preparation. The fully mounted sample was ground to 1200 grit using silicon carbide (SiC) grinding 
paper and then polished using 50 nm colloidal silica solution, which was sufficient to reveal the 
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substrate and scale microstructure without the need for chemical etching. Imaging was performed 
using optical light microscopy on Zeiss Primotech (Jena, Germany) and field-emission gun scanning 
electron microscopy (FEGSEM) where the optimal settings were an accelerating voltage of 12 kV and 
a probe current of 8 nA. The industrial samples were compared with the samples generated as part of 
the authors’ previous work demonstrating the methodology for an electromagnetic, air-based 
normalisation replication cycle in a Carbolite Gero Ltd. (Hope Valley, UK) high-temperature TGA tube 
furnace (model TF1 16/100/450) in the Simulation and INtegrity Testing in Extreme Conditions 
(SINTEC) laboratory within the Steels and Metals Institute (SaMI) at Swansea University [80]. These 
data act as a representation of induction heating due to the absence of combustion elements. As 
industrial samples can only be provided for the actual manufacturing process, i.e. normalisation at 
1000ºC, laboratory samples are only made for 1000ºC. The laboratory samples were prepared and 
analysed using the same methodology as for the industrial samples. 

3 Results and Discussion
For most failure modes, an increase in the operation parameter (by only increasing oxide thickness) 
leads to a decrease in the critical failure strain (see Figure 3.1 and Figure 3.2). Buckling and crack 

deflection are an exception to this trend as the reciprocal nature of the oxide thickness term  𝟏
𝜹𝒐𝒙𝟐

 in 

their governing equation means that the greatest value of operation parameter is associated with the 
thinnest oxide (see Equation 2.4). The mathematical trend in critical failure strain change is 
dependent on the failure mode and its associated governing equation but for all failure modes the 
majority of change in critical failure strain occurs at 𝝎𝟎,𝝓 ≤ 𝟏𝟎𝟎. Figure 3.2 highlights how even by 
constraining the thickness to only the extent grown during normalisation, i.e. maximum 4 minutes of 
heating at 1000°C, very low critical failure strains are predicted for buckling and/or crack deflection 
failure. This is again due to the exceptional nature of Equation 2.4 which predicts a higher critical 
failure strain for thinner scales, in direct contrast to all other failure modes. Figure 3.3 plots the same 
critical strain values against only oxide thickness gain highlights the same trends. However, all 
interpretations of the data (Figure 3.1 and Figure 3.3) highlight how the probability of oxide failure 
increases dramatically during the first 5 mins of normalisation as the critical failure strain in most 
failure modes decreases rapidly. Conversely, the probability of oxide failure by buckling and/or 
deflection is highest when the oxide is thinnest.
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Figure 3.1: Advanced Oxide Scale Failure Diagram (critical failure strain, 𝜺𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍, against failure mode-based, 𝝓
, operation parameter, ω0,Ф) for a 15 nominal bore (n.b.) conveyance tube after normalisation using the full range 

of oxide thicknesses predicted, heated for 22 hours at 1000°C, by the Thermo-Calc© model developed by 
Kendall et al [7].

Figure 3.2: Advanced Oxide Scale Failure Diagram (critical failure strain, 𝜺𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍, against failure mode-based, 𝝓
, operation parameter, ω0,Ф) for a 15 nominal bore (n.b.) conveyance tube after normalisation using the full range 

of oxide thicknesses predicted, heated for 4 minutes at 1000°C, by the Thermo-Calc© model developed by 
Kendall et al [7].

Figure 3.3: Plot of critical failure strain, εcritical, against oxide thickness, δox, for a 15 nominal bore (n.b.) 
conveyance tube after normalisation up to the oxide thickness gain associated with normalisation heat treatment 

(99.7µm after 4 mins) predicted, at 1000°C, by the Thermo-Calc© model developed by Kendall et al [7].
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Figure 3.1 also shows how the datasets for each failure mode vary greatly in range for both critical 
failure strain and operation parameter. The governing equations for the operation parameter, and 
subsequently critical failure strain, of each failure mode are independent of each other and dependent 
on different mechanical parameters in addition to oxide thickness. Not only is a mathematical 
operation applied to oxide thickness data to obtain the abscissa but also the ordinate value range. 
Each equation varies in terms of the mathematical operation applied to oxide thickness, e.g. raised to 
a half power for interfacial cracking (see Equation 2.5) vs. the reciprocal of its square for buckling and 
crack deflection (see Equation 2.4). Hence, even for the same range of oxide thicknesses assessed, 
each failure mode analysis will map the operation parameter on to the critical failure strain in a 
different manner. It is recognised that the most comprehensive study would investigate the 
relationship between oxide thickness and every other parameter used in each failure mode 
assessment. However, obtaining data sets for such a wide range of parameters is beyond the scope 
of this work whose focus is the application of dynamic oxide thickness data from computational 
modelling of curved surface oxidation, and the associated data generated from it, to assess failure 
modes and effects.
Aside from general trends concerning how the likelihood of failure changes as oxidation proceeds, the 
AOSFD can also offer insight into the effect of changes in oxide stress state, due to manufacturing 
operation history changes such as the transition from gas-barrel to induction heating technology, on 
the likelihood and mode of failure. Table 3.1 presents the critical strains for each failure mode for a 
~100µm scale when strain is at the level associated with gas-barrel vs. induction heating. The critical 
strains calculated for each failure mode account for the entire operation parameter history during the 
formation of a specific thickness of oxide scale. This serves to further highlight how certain failure 
modes, namely shear, buckling, and crack deflection, are eliminated by transitioning to fully induction-
based heating technology. Figure 3.4 highlights the presence of several compressive failure modes, 
namely shear cracking (1A, 1C, 2A, 2C, 3A, 3B, 3C), buckling (2B, 2C, 3A, 3B), crack deflection (1A, 
1C, 2A, 2C, 3A), and spalling (1A, 1B, 2B, 3C), on all industrial samples. There is also limited 
evidence of interfacial failure but this is more likely with lower levels of strain than estimated during 
conveyance tube manufacturing (see Table 3.1).

Table 3.1: Comparison of strain, ε, evolved in a ~100µm oxide scale formed using normalisation with gas-barrel 
(‘gas’) vs. induction (‘ind’) heating, to critical strain (‘crit’) for each potential failure mode.

Failure Mode 𝜺𝒄𝒓𝒊𝒕 (-)
𝜺𝒈𝒂𝒔 ≥ 𝜺𝒄𝒓𝒊𝒕?

(𝜺𝒈𝒂𝒔 = -0.0948)

𝜺𝒊𝒏𝒅 ≥ 𝜺𝒄𝒓𝒊𝒕?

(𝜺𝒊𝒏𝒅 = 0.0032)

Buckling -0.0140 ✓ x

Crack deflection -0.0431 ✓ x

-0.0025 ✓ N/AInterfacial 
cracking

(Tensile or 
compressive)

0.0025 N/A ✓

Shear -0.0041 ✓ x

Spalling -0.0011 ✓ ✓

Through-thickness 
cracking 0.0020 ✓ ✓
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Figure 3.4: Annotated field emission gun scanning electron micrographs for three (1-3) 15 nominal bore (n.b.) 
conveyance tubes after their complete manufacturing process. Key manufacturing process steps include 

normalisation at 1000°C for 15 mins and hydraulic descaling. Oxide images were taken at three approximately 
equidistant locations around each tube circumference (A-C).

The oxide thickness gain predicted by Kendall et al’s Thermo-Calc© model after 180s at 1000°C is 
99.7µm [7]. Figure 3.6 demonstrates how an AOSFD can be used to predict how this specific oxide 
thickness is likely to fail after gas-barrel vs. induction heating. Crucially, the transition from gas-barrel 
to induction heating, and the increased process control associated with the latter technique, leads to a 
transition in the oxide from a compressive to tensile state, as well as a 30-fold decrease in strain 
magnitude (see Figure 3.6). As a result, compressive failure modes like spalling and through-
thickness cracking are eliminated and replaced by interfacial cracking (see Figure 3.5). 
For the sample 4 (the induction heating case - see Figure 3.5), the oxide phases closest to the oxide–
air boundary displayed evidence of delamination at all locations (A, B, C, D) and the lowest interfacial 
strength and cohesion remained adhered to the steel, suggesting high metal–oxide interfacial strength 
and adhesion. Sample 4B highlights how the higher porosity, thicker, outer oxide layers delaminate 
along an oxide phase boundary, indicating lower interfacial strength and cohesion, whilst the most 
compact, thinner, innermost layers remain adhered to the steel, suggesting high metal–oxide 
interfacial strength and adhesion. Also, samples 4A and 4B exhibit higher levels of interfacial 
roughness for the two outermost oxides, which are ultimately spalled. This has also been shown to 
negatively affect both kinetic and adhesion behaviour with thicker, defect-containing oxides showing 
greater evidence of interfacial separation [78], [79], [91], [128]. Furthermore, roughness amplitude and 
period were core parameters when calculating critical spallation strain (see Equation 2.2) therefore 
reinforcing the importance of accurate roughness assessments. It has already been reported that 
varying surface condition is associated with inconsistent oxide spalling, arising from the 
oversimplification of the scale to a single body that can also be mechanically removed as a single 
body. In reality, the multi-phase nature of the scale is more accurately represented as multiple bodies 
whose adhesive and cohesive properties vary in the same way as their intrinsic mechanical properties 
[128]. Several authors have alluded to the importance of the interaction of phase transformations and 
descaling processes that were limited to planar samples, with the exception of Jiang et al. [75], and 
focused on other aspects of oxidation such as mechanical response [74], heat transfer behaviour [10], 
[75], and microstructural characterisation [129]. However, since Kendall et al’s model is limited to a 
single moving phase, and the biggest challenge arguably arises from the adhered inner layer that is 
evidently resistant to hydraulic descaling, further uses of the model with respect to stress analysis 
should be limited to a compact layer of homogeneous oxide. It is still valid to assume that this 
homogeneous phase will be an oxide as it is typically found closest to the metal–oxide reaction 
interface as it has the lowest oxygen content of the three phases typically detected in an oxide formed 



20

on low-carbon steel [130]. The oxide is therefore assumed to have already been exposed to 
descaling-related stresses, as described by Basabe and Szpunar [40], during stress analysis, rather 
than adding further complexification. However, this highlights a key application of the curved surface 
AOSFD to improve understanding of hydraulic descaling efficiency changes during technological 
changes e.g. both heating technology cases (gas-barrel vs. induction) there will be a retained layer of 
well-adhered oxide after descaling but, should this layer be successfully descaled with technological 
advances in hydraulic descaling, oxide descaled after induction-based normalisation will be easier to 
process due to the spalling of larger, delaminated layers (compared to disparate powder-like oxide 
from gas-barrel-based heating).

Figure 3.5: Annotated field emission gun scanning electron micrographs for a 15 nominal bore (n.b.) conveyance 
tube after a normalisation replication cycle in an ambient thermogravimetric tube furnace and subsequent 

metallographic preparation. Oxide images were taken at four approximately equidistant locations around each 
tube circumference (A-D).

This highlights one of the main secondary challenges of oxide failure as to whether the ideal scale 
should be perfectly adhered (to act as passive corrosion prevention [131]) or highly descalable (to 
optimise surface finish), to only the outer tube surface. However, it should be noted that proposals for 
a thick (several millimetres [130]) but highly descalable oxide are undesirable during tube 
manufacture, not least due to the associated material yield loss, but also due to the poorer surface 
quality, increased asset contamination, and slower line speed resulting from increased descaled 
volume. Therefore, optimal scale behaviour during tube manufacture would be perfect adherence or 
interfacial failure as large sheets, as in the manner referred to in 1.1.2.1, to minimise its damaging 
dispersal into the environment. Therefore, both the AOSFD computationally driven and experimental 
validation results demonstrate how the electromagnetic control associated with induction heating 
result in a reduction in thermal stress which promotes tensile failure modes, especially interfacial 
failure and through-thickness cracking, which achieve a more process-friendly oxide failure. However, 
this phenomenon is limited to the outer phases of oxide, with existing hydraulic descaling technology, 
both gas-barrel and induction normalised samples exhibit a retained layer which could still be rolled-in 
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due to the high-temperature plasticity of wüstite. Abuluwefa et al. [38] remarked that spalling can also 
be accelerated by geometry, dimensions, and service environments which intensify stress fields, e.g. 
corners, mechanical vibrations, thermal stress, and surface defects. This is particularly important for 
the tube geometry considered in this project where forming procedures inherently introduce internal 
and external stresses. Hence, understanding of the scale morphology and kinetics, how it is adhered, 
and its likelihood of spalling both prior to and during descaling can help inform models of scale 
formation and descaling as well as optimise processes such as tube production.
The challenge of porosity has already been discussed by other authors [132]-[134], and was 
addressed by Kendall et al. [80], in particular how pores become larger and non-uniformly distributed 
as the oxide grows on a curved geometry and the outermost oxide moves further from the metal–
oxide reaction interface, thus making the model less accurate [133]. Samples 4A and 4D (induction 
heated) in particular show evidence of large, randomly distributed pores, highlighted by infiltration with 
the cold-set mounting resin. This observation agrees with the trend proposed by Entchev et al. that 
thicker scales exhibit higher levels of large, non-uniformly distributed pores [133]. Entchev et al. [133] 
highlighted how porosity becomes less uniform and pores become larger as the oxide thickens and 
preceding oxide layers expand. Pores can act as points of stress concentration and therefore promote 
the growth of the cracks (shear and through-thickness) observed at all locations of sample 4 (A, B, C, 
D) [135]. The mechanical issues associated with porosity are also compounded by the defect-
sensitive nature of non-stoichiometric wüstite where pores are liable to develop as a result of vacancy 
migration and diffusive processes [30], [92].
Much of the microstructural and microtextural properties of the induction samples, e.g., ridges, 
roughness, through-thickness cracking, interfacial cracking, and severe spalling, are typical of oxide 
formed in air, i.e., heating atmosphere has been shown to be important [74], [136], [137]. Wang et al. 
highlighted that electrochemically grown oxides, i.e., oxides with limited exposure to air, are far more 
likely to be compact, homogeneous, uniform, and intact [132]. Hence, the oxide of the same 
description found in industrial samples (1, 2, 3) can only have grown with limited access to air caused 
by the existing layers of oxide above its outer surface. Furthermore, plastic deformation during the 
conveyance tube manufacturing process can contribute to pore elimination. This further supports the 
idea that descaling causes delamination as opposed to any spalling during the oxidation reaction 
itself, since then the lost outer layers of oxide on the industrial sample would begin to show 
characteristics of air-based oxidation. Previous work has highlighted that poor scale adhesion is 
ultimately a combination of kinetic and mechanical phenomena [138], and the kinetic phenomena that 
propagate circular pore formation are deformed to ellipsoids (observed in Figure 9) under 
compressive thermal and growth stresses [77], [132].
Although, changes to oxide failure mode can be correctly attributed to temperature, as was seen in 
the work of Krzyzanowski and Beynon [50], the use of the AOSFD in this way highlights the 
importance of considering the effect of mechanical phenomena. As previously discussed in 1.1, the 
conveyance tube manufacturing process is short and fast with a high feed rate. Hence, high levels of 
thermomechanical stress are expected and should be considered in parallel when attempting to 
proactively control scale. The AOSFD offers additional mechanical insight based on the kinetic data 
and allows for a degree of this parallel consideration.
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Figure 3.6: Advanced Oxide Scale Failure Diagram (Plot of critical failure strain, εcritical, against oxide thickness, 
δox,) for a 15 nominal bore (n.b.) conveyance tube normalised at 1000°C (Tnorm) for 3 mins, forming 99.7µm of 

oxide. For identical thermal conditions, ‘A’ represents the resultant strain for 99.7µm of gas-barrel furnace-grown 
oxide, while ‘B’ represents the resultant strain for 99.7µm of induction-grown oxide. For accessibility, each failure 

mode boundary is denoted by both colour and symbols indicating their start and end datapoint.

As previously demonstrated, the implementation of fully induction-based heating technology offers 
greater manufacturing control and the opportunity to proactively manage scale kinetics and adhesion 
via increased heating speed and electromagnetic operation parameter adjustment respectively. 
Consequently, the success of induction heating as a technique depends on strategic selection of the 
combination of coil structure, current levels, and heating times, especially in the case of curved 
geometries where these parameters will be dependent on cross-sectional profile consistency and 
curvature radius [46]. Good heating efficiency is essential to maximise heat dispersion and prevent 
overheating in certain regions of the tube [45]. In the initial stages of implementation of induction 
technology, temperature control must be investigated to mitigate against the risk of workpiece 
overheating. The low carbon region (≤0.2wt%) [139] of the Fe-C phase diagram [140], derived using 
Thermo-Calc©, can be used to identify the melting point of the steel at 1475°C for the upper wt% C 
limit defined by BS EN 10217-2 [141]. This temperature is still within the upper temperature limits of 
the data used to develop the thermodynamic and kinetic databases described by Kendall et al [7]. The 
austenitic region encompasses the entire temperature range investigated, and the validity of the 
austenite-based thermochemical model used to generate oxide thickness data [7] is not undermined. 
The model was therefore employed for a normalisation temperature, 𝑻𝒏𝒐𝒓𝒎, range of 1000-1400°C, in 
100°C intervals, to evaluate the potential effect of normalisation temperature instability by induction 
heating on oxide kinetics and adhesion. However, the increased rate of oxidation associated with 
higher temperatures [130] is a significant enough change, combined with a comparatively low wall 
thickness of 3mm, that the total normalisation temperature soak time was decreased to ensure the 
substrate material was not used up before the end of the soak period leading to simulation failure. 
However, in all cases the simulation could still be run for long enough to obtain sufficient data points 
to accurately assess parabolic rate coefficient, 𝒌𝒑, based on the rate of in-situ oxide thickness gain, 
and maintain a constant time increment. Table 3.2 shows the maximum soak time, 𝒕𝒏𝒐𝒓𝒎,𝒎𝒂𝒙, 
possible for at each temperature (1000-1400°C), 𝑻𝒏𝒐𝒓𝒎, and the associated number of datapoints, 𝑵, 
before the steel substrate was completely consumed at 𝒕𝒇𝒂𝒊𝒍 (where ‘fail’ refers to numerical failure of 
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the Thermo-Calc© model due to diffusion-driven elimination of the steel domain, rather than physical 
oxide failure).

Table 3.2: Time, tfail, and number of datapoints, 𝑵, at which the Thermo-Calc© oxide kinetic model failed for 
each temperature, Tnorm, due to complete consumption of the steel substrate. The maximum soak time for each 
temperature before complete consumption of the substrate, tsoak,max, is also shown.

𝑻𝒏𝒐𝒓𝒎 (°C) 𝒕𝒇𝒂𝒊𝒍 (hrs) 𝑵 (-)
𝒕𝒔𝒐𝒂𝒌,𝒎𝒂𝒙 

(hrs)

1000 - 121 24

1100 - 121 24

1200 15.1 88 15

1300 8.5 63 8

1400 5.2 52 5

The data for a typical three minute normalisation soak time, 𝒕𝒏𝒐𝒓𝒎,𝒎𝒊𝒏, were used for all analyses 
below. Figure 3.7 shows that, for a constant tube geometry, an increase in normalisation temperature, 
𝑻𝒏𝒐𝒓𝒎, will cause a linear increase in oxide thickness. The same is true for the mass-, 𝒌𝒑,𝒎𝒂𝒔𝒔, and 
thickness-, 𝒌𝒑,𝒕𝒉𝒊𝒄𝒌𝒏𝒆𝒔𝒔, based parabolic rate coefficients, which follow an Arrhenius-type exponential 
increase [11] (see Figure 3.8 and Figure 3.9). This supports the physical validity of Kendall et al’s 
Thermo-Calc© model [7], as it is originally numerically derived from a diffusion-based partial 
differential equation (PDE) [142], [143] but still agrees with typical analytical temperature trends for 
oxide kinetics [8], [14], [37].

Figure 3.7: Plot of oxide thickness, δox, against normalisation temperature, Tnorm, for a 15 nominal bore (n.b.) 
conveyance tube normalised at 1000°C for 3 mins. The temperature range used is 1000-1400°C with 100°C 

increments in datapoints.
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Figure 3.8: Plot of mass-based parabolic rate coefficient, kp,mass, against normalisation temperature, Tnorm, for a 
15 nominal bore (n.b.) conveyance tube normalised at 1000°C for 3 mins. The temperature range used is 1000-

1400°C with 100°C increments in datapoints.

Figure 3.9: Plot of thickness-based parabolic rate coefficient, kp,thickness, against normalisation temperature, 
Tnorm, for a 15 nominal bore (n.b.) conveyance tube normalised at 1000°C for 3 mins.

In the case of gas-barrel heating, there is an overall linear decrease in compressive thermal strain 
magnitude associated with an increase in temperature (and therefore oxide thickness) (see Figure 
3.10). At 1400°C, there is an exception to this trend as strain increases. This temperature lies on the 
upper bound of validity of expressions for expressions of elastic modulus [111] and linear coefficient 
of thermal expansion [144]. Anderson concluded that Wachtman’s equation [145] for the temperature 
dependence of elastic modulus is only valid when the variation of Poisson ratio with temperature is 
negligible [146]. Vigilante et al measured the variation in Poisson ratio of steel over a temperature 
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range of 25-400°C and observed a less than 0.1 change in Poisson ratio [147]. However, 
extrapolation of the linear trend observed would lead to a physically invalid value of Poisson ratio at 
temperatures >1000°C and indicates that there is a different relationship for temperature and Poisson 
ratio in this temperature range. However, assuming a general decrease with increasing temperature, 
based on Vigilante et al’s work [147], a decrease in Poisson ratio would cause an overall decrease in 
lateral strain magnitude [119]. Furthermore, a decrease in Poisson ratio would have the inverse effect 
on thermal stress and increase its magnitude (see Equation 7.1). Additionally, the rate of increase in 
the linear coefficient of thermal expansion shows an anomalous acceleration at temperatures close to 
its melting point. Drebushchak attributed this to the increase in mean interatomic distance at higher 
temperatures, compared to changes at lower temperatures even with same energy change [148]. 
Hence, the difference between the linear coefficient of thermal expansion between the metal and 
oxide is expected to increase and overall increase the magnitude of stress in the oxide due to thermal 
expansion mismatching. Finally, at a temperature between 1300ºC and 1400ºC, depending on its 
stoichiometry, wüstite will undergo a phase change at the onset of melting [149]. This phase change 
will be preceded by a period of softening characterised by substantial weakening of the crystalline 
structure and grain reorganisation. As a non-stoichiometric compound [103], wüstite will also exhibit 
atomic diffusion and defect clustering [150]. Due to these effects, there is a significant increase in 
compressive thermal strain i.e. shrinkage.

Figure 3.10: Plot of thermal strain, εthermal, against normalisation temperature, Tnorm, for a 15 nominal bore (n.b.) 
conveyance tube normalised at 1000°C for 3 mins.

Similarly, growth strain increases linearly with temperature and oxide thickness but does not display 
an anomaly at 1400°C (see Figure 3.11). Growth stress is calculated based on ambient temperature 
values of elastic modulus and does not depend on Poisson ratio or the linear coefficient of thermal 
expansion. Therefore, the observation in Figure 3.11 supports the hypothesis that the anomalous 
increase in thermal stress at high temperatures is due to the temperature-dependent nature of 
thermal expansion and crystallinity changes close to a phase change i.e. melting. Interestingly, a 
three times thicker scale by increasing normalisation temperature by 400°C, leads to a two-fold 
increase in growth strain. This is greater than the change elicited in thermal strain by the same 
temperature and oxide thickness increase, at a factor of only 1.2.
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Figure 3.11: Plot of growth strain, εox, against normalisation temperature, Tnorm, for a 15 nominal bore (n.b.) 
conveyance tube normalised at 1000°C for 3 mins.

Figure 3.14 highlights how an increase in normalisation temperature leads to an increase in the 
contribution of tensile strain to the overall state of the oxide, regardless of whether it was formed 
under gas-barrel or induction heating technology. However, the thermal stress can be maintained at a 
constant value by appropriate current frequency control [49], thus reducing its compressive 
contribution and making the overall stress state tensile. Where the gas-barrel formed oxide is in an 
overall compressive state, the effect of the increase in temperature within the two heating techniques 
has opposing effects. The introduction of additional tensile growth stress, and oxide thickness which 
increases the critical failure strain for each mode, serves to decrease the strain magnitude in the gas-
barrel grown oxide, to the extent that the AOSFD shows that beyond 1300°C the strain is low enough 
to eliminate failure by crack deflection. In contrast, although the absence of any increase in thermal 
stress, via operational control, limits the overall strain magnitude increase, the introduction of 
additional tensile growth strain increases the overall strain magnitude and makes the critical failure 
strain for interfacial cracking much more likely to be exceeded. In light of the inner oxide descaling 
challenges [36], [73], [128], this phenomenon could be advantageous in ensuring that oxide is more 
likely to be fully descaled as the stress applied during descaling will be more likely to result in a critical 
failure strain being exceeded. However, there is still a balance to be struck between effect of 
temperature increase on oxide behaviour, mechanical properties, component-tooling interaction and 
component softening [151]. The AOSFD developed has the ability to encapsulate all the information 
in a single graph. The output of each AOSFD for temperatures in the range 1000-1400ºC is 
summarised in Figure 3.12 and Figure 3.13.
Figure 3.12 shows that as temperature increases, oxide thickness increases (as dictated by kinetics) 
and this is accompanied by an increase in critical strain magnitude for all failure modes as more 
material can accommodate more bending and/or buckling stress [119]. Lee et al.’s scale failure map 
[78] also demonstrated how an increased scale thickness can trigger wedging failure solely due to 
internal growth and thermal stresses, therefore thicker scales are associated with a weaker interface 
(due to higher internal stresses) and more pre-bending fracture.
This increase in critical strain associated with higher temperatures is favourable for the gas-barrel 
heating case, as the increase in resultant strain associated with a thickening oxide does not match the 
rate of critical strain increase. However, this is not the case for the induction-heating case as the 
oxide’s tensile state increases (due to the increased contribution of growth stress) and critical strains 
for interfacial failure and through-thickness cracking are exceeded as supported by evidence in Figure 
3.5.
Therefore, the control over tensile failure modes achieved by transition to induction heating 
technology can only be capitalised upon if there is sufficient electromagnetic control to prevent 
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overheating. A key feature of induction heating is that the part becomes its own heating element 
wherein the highest temperature is generated, controlled, and confined to the region in direct 
proximity to the coil. Thus, induction heating is a fast and accurate localised heating technique. 
Current is the most influential variable during induction heating, although heating rate and depth can 
also be adjusted by changes to the coil turn number and spacing, and part-coil coupling distance 
[108]. The ability to precisely regulate heating conditions, via control of electrical (e.g. current 
frequency), thermal (e.g. cooling conditions), and geometric (e.g. coil geometry) input parameters, is a 
key advantage of induction technology in scale management efforts (provided electrical load capacity 
demands can be met) [49]. Zhao et al. [46] highlight that the complex interaction of electromagnetic 
and heat transfer phenomena during induction heating results in a strong influence of the induction 
coil not only by the current frequency, as investigated in this paper, but also by shape (the oval coil as 
the best for achieving uniform magnetic flux distribution) air gap (a narrower air gap will promote 
faster temperature rise), and component feed rate (a faster feed will improve temperature uniformity 
across the component). They also highlight the challenge of a narrow processing window in 
controlling temperature distribution, which also applies for the conveyance tube manufacturing 
process, which totals only ~15 mins. It is possible that the effect of oxide scale could be incorporated 
into future coil design and electromagnetic parameters, when using induction technology for heat 
treatment of components such as steel tubes.

Figure 3.12: Dual plot of critical failure strain, εcritical, and oxide thickness, δox, against temperature, T, for a 15 
nominal bore (n.b.) conveyance tube with critical failure strains for each failure mode calculated using an 

AOSFD.
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Figure 3.13: Plot of critical failure strain, εcritical, against temperature, T, for a 15 nominal bore (n.b.) conveyance 
tube with critical failure strains for each failure mode calculated using an AOSFD.

Figure 3.14: Plot of resultant strain, εtotal, against normalisation temperature, Tnorm, for a 15 nominal bore (n.b.) 
conveyance tube normalised at 1000°C for 3 mins under induction (red) and gas-barrel (blue) heating.

Overall, the conclusions of the AOSFD agree with Krzyzanowski and Beynon’s findings about 
increased temperature being associated with a higher probability of Mode II failure, i.e. interfacial 
cracking and raft slip, where it is easier to achieve consistent delamination. However, the AOSFD is 
supported by evidence in addition to experimental observation, and compromises information from 
manufacturing operation history, physics-based modelling, and analytical fracture mechanics. 
Crucially, the AOSFD expresses the complex technicalities of oxidation on a curved surface in a 
single diagram which is quick and easy to interpret when applied to industrial scenarios comprising a 
range of thermomechanical processing conditions. It requires only an estimate of oxide thickness, 
which can be predicted by computational thermochemistry [7], and its associated resultant strain to 
predict failure probability and mode. Also, individual operation history parameter inputs, e.g. surface 
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roughness, radius of decohesion can easily be updated to regenerate a new AOSFD as the defining 
equations are consistent for each failure mode. A contemporary potential application example would 
be the wider implementation of electric arc furnaces [25] in the steel sector, which introduce different 
steel compositions [152], [153] and lower tolerance for spalled oxide reprocessing [56]. More detail on 
how an AOSFD could be applied to the scenarios discussed in 1.1.2.1 is given in Table 3.3.
It should be noted that the effect of gas impurities, such as water and other oxidation-enhancing or -
inhibiting species [8], [40], [154], on parabolic rate coefficient cannot be quantified within the model or 
AOSFD at this stage. These gas impurities can also affect mechanical properties [128] and porosity 
[37]. However, as both heating techniques occur in air, the degree to which these species vary should 
not be as significant as in the case of fossil fuel-based heating [37]. This aspect of work is better 
suited to future experimental work where controlled atmosphere furnaces can be used.

Table 3.3: Examples of manufacturing scenarios where an AOSFD could be applied to aid manufacturing change 
or improvement.

Scenario Objective Rationale AOSFD Strategies

Electric Arc 
Furnace (EAF) 

steelmaking

Lower oxide 
reprocessing and 

recycling demands

Minimise volume of 
spalled oxide as not 

suitable for 
reprocessing via 
EAF steelmaking 

and environmental 
concerns for metal-

based waste 
disposal

• Use induction heating 
to obtain a tensile state 

oxide which is more 
likely to undergo 

interfacial failure as 
larger pieces which are 

easier to process.
• Change manufacturing 

parameters, e.g. 
component dimensions, 

component surface 
finish, temperature, to 
reduce resultant strain 
in component to value 
below critical failure 
strain for all failure 

modes (indicated by 
AOSFD)

Manufacturing 
tool wear Extend tool life

Enable oxide failure 
in large, compact 

sheets which can be 
removed from the 
manufacturing line 

quickly and easily to 
prevent particle 

entrainment

• Use induction heating 
to obtain a tensile state 

oxide which is more 
likely to undergo 

interfacial failure as 
larger pieces.

• Redesign induction coil 
with suitable geometry 
and air gap to optimise 
electromagnetic (and 

subsequently) 
temperature control

Hydrogen 
conveyance for 

energy 
applications

Protection against 
hydrogen 

permeation and 
embrittlement

Maximise thickness 
and integrity of 

adhered oxide along 
tube inner surface 
length as hydrogen 

• Change manufacturing 
parameters, e.g. 

component dimensions, 
component surface 

finish, temperature, to 
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diffusion slower in 
oxide than steel

reduce resultant strain 
in component to value 
below critical failure 
strain for all failure 

modes (indicated by 
AOSFD)

• Redesign induction coil 
with suitable geometry 
and air gap to optimise 
electromagnetic control 
(and subsequently) and 
temperature distribution 
across component wall 
thickness and/or length.

• Use AOSFD to assess 
sensitivity of failure 
mode and effect to 

temperature changes to 
establish level of 

electromagnetic control 
needed.

4 Conclusions
Analysis of the stress state of the oxide following the tube manufacturing process and computationally 
derived predictions of oxide thickness allowed the development of an Advanced Oxide Scale Failure 
Diagram (AOSFD) specifically for oxide growing on a curved surface. In particular, this work 
demonstrates the development of a higher level (𝒏 > 3) AOSFD than those presented in existing 
literature. This is deemed a necessary development due to the effect of non-planar geometry on oxide 
microstructure, kinetics, and integrity, and the complexities of the use of computational 
thermochemistry to derive dynamic oxide thickness data. To demonstrate the translatable application 
of the AOSFD, a comparison was drawn between the oxide state after induction vs. gas-barrel 
heating. High temperature steel processing is increasingly dependent on induction-based heating 
technologies due to global decarbonisation efforts. Current frequency control during induction heating 
can elicit a 30-fold decrease in strain magnitude, by minimising thermal residual stress to 100MPa, 
and lead to a tensile resultant strain which eliminates compressive failure modes, e.g. shearing, 
buckling, observed during gas-barrel heating. Tensile failure modes, namely through-thickness 
cracking and interfacial failure, are more probable during induction heating. The outcomes predicted 
by the AOSFD were supported by post-normalisation microscopy of small conveyance tubes 
normalised in gas-barrel vs. induction furnaces. It was also demonstrated that higher than expected 
temperatures (1100-1400°C), associated with the steep thermal gradients evolved by induction 
heating technology, eliminated compressive failure modes such as buckling but increased the 
likelihood of interfacial failure. This is reflective of the three-fold increase in oxide thickness and 
associated increase in strain magnitude by a factor of 2.33 when temperature is increased from 
1000°C to 1400°C. The developed AOSFD highlights the shift from compressive to tensile failure 
modes when transitioning from gas-barrel to induction-based heating technology. However, the 
advantages of induction heating, with respect to oxide failure mode and effects, can only be retained if 
there is sufficient electromagnetic control to prevent ultra-high temperatures beyond the level required 
for the manufacturing process. Achieving electromagnetic control not only depends on electrical 
control, but also coil geometry, air gap width, and component feed rate which can be incorporated into 
future conveyance tube manufacturing system designs. The investigations in this work agree with 
purely temperature-based studies of oxide failure mode, but also account for mechanical response of 
the oxide, derived from conveyance tube manufacturing, in parallel with kinetic phenomena by 
combining diffusion- and fracture-mechanics based analyses into a single diagram which can be 
applied to industrial contexts quickly and flexibly to inform manufacturing decisions. This is important 
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for existing technological challenges, such as oxide descaling efficiency and oxide-induced tool wear, 
but also future steel-based technologies where oxide control will affect performance, e.g. EAF 
steelmaking, hydrogen conveyance for energy.

5 Abbreviations
The following abbreviations are used in this manuscript:

Abbreviation Meaning

AOSFD Advanced Oxide Scale Failure Diagram
EAF Electric Arc Furnace
FEA Finite Element Analysis

FEGSEM Field Emission Gun Scanning Electron Microscopy

HVAC Heating Ventilation and Air Conditioning

n.b. Nominal Bore

OAF Oxygen-enriched Air-Fuel
OC Oxy-fuel Combustion

PDE Partial Differential Equation
RGB Red-Green-Blue
SCI Scale-Coating Interface
SGI Scale-Gas Interface
SSI Steel-Scale Interface
STI Scale-Tool Interface
TGA Thermogravimetric Analysis

XRD X-ray Diffraction
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7 Appendices
Appendix 1: Methodology for quantifying oxide mechanical state, comprising thermal-, growth-, and 
manufacturing-related sources of stress.

Thermal Stress in the Oxide

Thermal stress was described by Huntz and Schütze in Equation 7.1 (where 𝑬, 𝝊, 𝜶, and 𝜹 are the 
Elastic modulus, Poisson ratio, coefficient of thermal expansion, and thickness respectively). Elastic 
modulus and coefficient of thermal expansion are dependent on temperature, 𝑻, due to increased 
atomic vibrations and change of lattice parameters with temperature [155]. 

𝝈𝒐𝒙,𝑻 = ―
𝑻𝒊

𝑻𝒇

 

𝑬𝒐𝒙(𝑻)
(𝟏 ― 𝒗𝒐𝒙) [𝜶𝒐𝒙(𝑻) ― 𝜶𝒎(𝑻)]

𝟏 + 𝜹𝒐𝒙
𝜹𝒎

𝑬𝒐𝒙(𝑻)
𝑬𝒎(𝑻)

𝟏 ― 𝒗𝒎
𝟏 ― 𝒗𝒐𝒙

𝒅𝑻

Equation 7.1

The oxide and metal elastic moduli temperature dependence can be expressed using Equation 7.2 
and Equation 7.3, derived from linear gradient, 𝒎 (‘𝒐𝒙’ = oxide, ‘𝒎’ = steel), and 𝑦-axis intercept, 𝑬𝟎, 
values calculated using Li et al’s data [111]. Their results agreed with results determined by other 
authors [112].

𝑬𝒐𝒙 = 𝒎𝒐𝒙𝑻 + 𝑬𝒐𝒙
𝟎 [𝑚 = ―0.0506𝐺𝑃𝑎.𝐾―1; 𝐸𝑜𝑥

0 = 148𝐺𝑃𝑎]

Equation 7.2

𝑬𝒎 = 𝒎𝒎𝑻 + 𝑬𝒎
𝟎 [𝑚 = ―0.0815𝐺𝑃𝑎.𝐾―1; 𝐸𝑚

0 = 224𝐺𝑃𝑎]

Equation 7.3

Volumetric thermal expansion coefficient, 𝜷, is directly proportional to linear thermal expansion 
coefficient, 𝜶, since 𝜷 = 𝟑𝜶 for isotropic materials, and the temperature-dependent lattice parameter, 
𝒂, can be used to determine volume at a given temperature (see Equation 7.4) [148]. A discontinuous 
linear function for temperature-dependent lattice parameter of iron was determined based on data 
collated by Basinski et al in the temperature range 1173-1673K [144]. Temperature-dependent lattice 
parameter data for wüstite were based on data from Hayakawa et al [156]. With the metal and oxide 
both having a linear variation in 𝒂 with temperature, 𝑻, (see Equation 7.5) a binomial expansion [157] 
was applied to Equation 7.5 to obtain an expression for 𝒂𝟑, i.e. 𝒂𝟑 = (𝒑𝑻 + 𝒒)𝟑, for volume (see 
Equation 7.6) in Equation 7.4. Although empirical functions exist which define 𝜶 as a polynomial 
function of temperature with empirical coefficients on each term [158], [159], use of an analytical 
expression for 𝜶 provides a more numerically stable solution.

𝜶 =
𝟏

𝟑𝑽
𝒅𝑽
𝒅𝑻 =

𝟏
𝟑𝑽

𝒅(𝒂𝟑)
𝒅𝑻

Equation 7.4

𝒂 = 𝒑𝑻 + 𝒒

𝒑𝒐𝒙𝒊𝒅𝒆 = 79.5 × 10―6Å.𝐾―1;𝒒𝒐𝒙𝒊𝒅𝒆 = 4.25Å;𝒑𝒎𝒆𝒕𝒂𝒍 = 22.2 × 10―6Å.𝐾―1;𝒒𝒎𝒆𝒕𝒂𝒍 = 2.89Å (273 ≤ 𝑇 < 1173𝐾);𝒑𝒎𝒆𝒕𝒂𝒍 = 82.0 × 10―6Å.𝐾―1;𝒒𝒎𝒆𝒕𝒂𝒍 = 2.77Å (1173 ≤ 𝑇 ≤ 1673𝐾);

Equation 7.5

𝑽 = 𝒂𝟑 = 𝒑𝟑𝑻𝟑 + 𝟑𝒒𝟐𝒑𝑻𝟐 + 𝟑𝒑𝒒𝟑𝑻 + 𝒒𝟑

Equation 7.6
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Furthermore, although quoted thermal expansion coefficient values are evaluated for linear scenarios, 
the scale of expansion is assumed small enough compared to the overall tube curvature to be linear 
at-scale. The coefficient of linear thermal expansion, 𝜶, at the normalisation temperature, was derived 
for both the metal substrate (Fe fcc) and oxide using the same literature as was used to collate molar 
volume data for the thermodynamic database in Kendall et al’s model [7], [158]-[161]. 
Table 7.1 outlines the temperature-dependent mechanical properties of the oxide (wüstite) and metal 
at ambient (𝑻 = 298𝐾) and normalisation (𝑻 = 1273𝐾) conditions.

Table 7.1: Mechanical properties, (Elastic modulus, 𝑬, Poisson ratio, 𝝊, coefficient of thermal expansion, 𝜶) of the 
steel substrate and wüstite phase oxide scale evolved at ambient (298K) and tube normalisation (1273K) 
temperatures, 𝑻 (assuming isobarothermal conditions).

Wüstite Metal

𝑻 298 1273 298 1273

E (GPa) 130 83.6 200 120

𝒗 (-) 0.36 [50] 0.36 0.3 [162] 0.3

𝜶 (K-1) 17.7 x 10-5 15.0 x 10-5 7.5 x 10-6 21.4 x 10-5

Numerical integration was used to solve Equation 7.1 via the composite Simpson’s rule [163]. In this 
case, the function, 𝒇(𝑻), is the integrand in Equation 7.1 which describes the thermal stress in the 
oxide, 𝝈𝒐𝒙,𝑻, where the independent variable is temperature, 𝑻, and the numerical interval, 𝒉, is 
defined across the tube manufacturing normalisation temperature bounds of the normalisation 
temperature, 𝑻𝒕𝒆𝒔𝒕, and ambient temperature, 𝑻𝒂𝒎𝒃𝒊𝒆𝒏𝒕, across an appropriate even number of 
intervals, 𝟐𝒏, (see Equation 7.7) defined by a convergence study. For the maximum oxide thickness 
predicted by Kendall et al’s Thermo-Calc© model (2.2mm) on a 15 n.b. tube [7], the optimal number 
of intervals was not definitively determined as it exceeded the 100 intervals stipulated.

𝝈𝒐𝒙,𝑻 =
𝑻𝒕𝒆𝒔𝒕

𝑻𝒂𝒎𝒃𝒊𝒆𝒏𝒕

  𝒇(𝑻) 𝒅𝑻 =
𝒉
𝟑 (𝒇𝟎 + 𝟒𝒇𝟏 + 𝟐𝒇𝟐 + 𝟒𝒇𝟑 + 𝟐𝒇𝟒 + ⋯ + 𝟒𝒇𝒏―𝟏 + 𝒇𝒏)

𝒘𝒉𝒆𝒓𝒆 𝒉 =
𝑻𝒕𝒆𝒔𝒕 ― 𝑻𝒂𝒎𝒃𝒊𝒆𝒏𝒕

𝟐𝒏

Equation 7.7

Growth Stress in the Oxide

Geometric stresses are most commonly predicted using Manning’s analysis of the effect of geometry 
on oxide scale integrity, which can be used to predict strain in the oxide [20]. It should be noted that 
densities for both metal and oxide can easily be obtained from the molar volume, 𝑽𝟎, values collated 
for the model thermodynamic database via molecular weight, 𝑴𝒓, values in the same way that density 
for wüstite was derived when converting between thickness and mass gain during in-situ oxidation 
experiments described in Kendall et al’s work [80] (see Equation 7.8). For the molecular weight of 
wüstite, the non-stoichiometric contribution of iron (‘𝟏 ― 𝒙’) is taken to be 0.92 [103], [164]. Table 7.2 
shows these values collated. The same molecular weight theories were used to obtain volume 
fraction data from the mole fraction derived from the model.

Table 7.2: Molecular weights, Mr, and densities, 𝝆, of metal and oxide used to calculate growth strains.

𝑴𝒓𝒐𝒙𝒊𝒅𝒆 (g) 67.38

𝑴𝒓𝒎𝒆𝒕𝒂𝒍 (g) 55.85
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𝝆𝒐𝒙𝒊𝒅𝒆 (g.cm-3) 5.91

𝝆𝒎𝒆𝒕𝒂𝒍 (g.cm-3) 8.33

𝑴𝝆 =
𝑴𝒓
𝑽𝟎

Equation 7.8

In extending the analysis to curved surfaces (see Figure 7.1), it is assumed that curvature is 
unidirectional and uniform oxidation of smooth micro-planar interfaces is assumed. Hoop stress, 𝝈𝒉, is 
introduced because of the need to translate the existing bulk scale. This can be related to the radial 
stress, 𝝈𝒓, acting across the interface via Equation 7.9.

𝝋𝒉𝝈𝒉 ≃ 𝑹𝝈𝒓

Equation 7.9

Huntz and Schütze then translated this information into expressions for oxide hoop, 𝜺𝒉
𝒐𝒙, and radial, 

𝜺𝒓
𝒐𝒙, strains (see Equation 7.10 and Equation 7.11) [83].

𝜺𝒉
𝒐𝒙 = ―

𝑴
𝑹𝝋 𝒅

Equation 7.10

𝜺𝒓
𝒐𝒙 ≈

𝒅
𝑹𝜺𝒉

𝒐𝒙

Equation 7.11

Figure 7.1: Dimensional theory for derivation of expression of geometric effect growth stress in oxide scale.

These strain values were converted to stress, σ, using Equation 7.12 [90], [165] and a literature value 
of Elastic modulus, 𝑬, for wüstite measured using acoustic resonance (assuming isotropic properties) 
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[166]. The temperature dependence of Elastic modulus was accounted for using the method as in the 
thermal stress calculations.

𝝈 =
𝑬

𝟏 ― 𝝊 𝜺

Equation 7.12

Manufacturing Stress

Strain-induced elongations and contractions within a material’s crystal lattice induce a change in 
interplanar spacing, causing a diffraction pattern shift [167]. Precise measurement of this shift allows 
the strain to be quantified. As such, the material’s own interatomic planes can be used as internal 
strain gauges [167]. 
X-ray diffraction (XRD)-based measurements of residual stress were performed using the Pulstec µ-
X360n apparatus at the University of Bristol was used comprising a chromium Kα (𝜆 =  2.2897 Å) X-
ray tube and 0.5mm collimator. Pre-normalised 15 n.b. tube samples were studied. Before taking any 
measurement, a stress-free iron reference sample was used to calibrate the X-ray machine. During all 
measurements, the XRD machine was positioned 39mm from the sample surface and held at an 
angle, 𝝍, of 35±5° relative to the measurement surface. Samples were measured under computer 
control to a depth of 10µm which is well within the thickness of oxide observed on normalised 
samples in Kendall et al’s work [80]. X-rays are exponentially attenuated by the sample material as 
soon as they are incident so the X-ray penetration depth is assumed to be where 63% of the reflection 
intensities originate from [168]. In the 𝒄𝒐𝒔𝜶 method, sample tilt, 𝝍, and azimuthal, 𝜶, angle affect the 
penetration depth (for a given material and reflection angle). The measurement diameter on the 
surface was approximately 1.1mm. Each measurement provided a uniaxial measurement. For each 
site, two measurements were taken and a mean value calculated for each pair.
The technique uncertainty is dependent on the quality of the D-S ring and thus how the X-ray beam 
interacts with the sample’s crystal structure. The D-S ring and residual stress peak for T1 is shown in 
Figure 7.2. Peak fitting followed a Lorentzian technique, suitable for symmetric deflections [169]. The 
D-S ring was divided into 500 points and each point is transformed into stress, to shift the D-S ring 
from its stress-free position. The mean result of all 500 points gives the final value for residual hoop 
and axial stresses, accompanied by their standard deviation. It is noted that there is some oscillation 
in the signal intensity around the D-S ring circumference which may be due to a minor preferential 
orientation in the random polycrystal structure of the oxide (see Figure 7.2) [170].
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Figure 7.2: The diffraction Debye-Scherrer (D-S) ring (left) and peak at a diffraction angle at 156.396° (right) for 
the residual hoop stresses measured at (0°,71mm) on T1. (Image generated by Chris Truman, University of 

Bristol).

XRD was not only used to validate the stress state of the as-welded pipes, but also to obtain the 
lattice parameter, 𝜶, for corroboration with values used during temperature-dependent analysis of 
coefficient of thermal expansion. When a lattice parameter is used to predict a coefficient of thermal 
expansion which is expected to be more than 23.6 × 10―6𝐾―1, as is the case for wüstite and steel 
(see 0), a maximum lattice parameter measurement accuracy of 0.06% is required [170].
Lattice parameter measurement is an indirect process which uses the sample’s cubic structure [𝒉𝒌𝒍] 
and interplanar spacing, 𝒅, to calculate lattice parameter (see Equation 7.13). It should be noted that 
since the Bragg equation is used to calculate the interplanar spacing, the precision of the lattice 
parameter is dependent on 𝒔𝒊𝒏𝜽 with the highest uncertainty for smallest angles (the Bragg angle in 
this case being 𝟐𝜽 = 156.396°) [168]. During the experiments described in this work, the diffracted 
rays detected were emitted from the [211] atomic lattice plane. However, both the fact that a 
measurement was able to be taken from a mixed plane of odd and even Miller indices which added 
up to an even number, and the resulting calculation revealing a lattice parameter of 2.86Å, suggested 
that the inconsistent nature of the oxide adhesion meant that the ferritic steel substrate had been 
investigated (see Appendix 7).

𝒂 = 𝒅 𝒉𝟐 + 𝒌𝟐 + 𝒍𝟐

Equation 7.13

The tube, and its adhered oxide (an idealised assumption) is exposed to both mechanical loading and 
environmental stress during the manufacturing process. Layer theory [171] was used to plot the stress 
state of the oxide based on the XRD analysis on the steel substrate Figure 7.3. Although axial stress 
data is presented, hoop stress is used for application to the AOSFD as using 2D model data assumes 
no axial stress in relation to the oxide.
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Figure 7.3: Hoop and axial stress, σ, state of full length (Tube 1 and Tube 2) and 25mm 15nb sectioned (Tube 3 
and Tube 4) for oxide scale found on carbon steel conveyance tube samples before (Tube 1 and Tube 3) and 

after (Tube 2 and Tube 4) normalisation at weld (θ  = 0°) and parent metal locations (θ  = 90°, 180°, 270°).
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Appendix 2: Oxide porosity measurements acquired using RGB image processing in open-source software 
ImageJ.

8 Article Highlights
• An advanced failure diagram is a quick, flexible route to assess oxide stability.
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• Computational oxide gain data supports high-temperature failure diagram analysis.
• Oxide failure diagrams can inform manufacturing process technology selection.
• Induction heating minimises oxide failure where localised overheating is managed.
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