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Abstract: Conveyance tube manufacturing via a hot-finished, welded route is an energy-intensive
process which promotes rapid surface oxidation. During normalisation at approximately 950 ◦C to
homogenise the post-weld microstructure, an oxide mill scale layer grows on tube outer surfaces.
Following further thermomechanical processing, there is significant yield loss of up to 3% of total
feedstock due to scale products, and surface degradation due to inconsistent scale delamination.
Delaminated scale is also liable to contaminate and damage plant tooling. The computational thermo-
chemistry software, Thermo-Calc 2023b, with its diffusion module, DICTRA, was explored for its
potential to investigate oxidation kinetics on curved geometries representative of those in conveyance
tube applications. A suitable model was developed using the Stefan problem, bespoke thermochemi-
cal databases, and a numerical solution to the diffusion equation. Oxide thickness predictions for
representative curved surfaces revealed the significance of the radial term in the diffusion equation
for tubes of less than a 200 mm inner radius. This critical value places the conveyance tubes’ dimen-
sions well within the range where the effects of a cylindrical coordinate system on oxidation, owing
to continuous surface area changes and superimposed diffusion pathways, cannot be neglected if
oxidation on curved surfaces is to be fully understood.

Keywords: oxidation; modelling; steel; diffusion; heat treatment

1. Introduction

Low carbon steel thick-walled conveyance tubes are employed in wide-ranging build-
ing and industrial service applications, e.g., Heating, Ventilation and Air Conditioning
(i.e., HVAC systems), and petrochemical transport, where high pressures, e.g., refriger-
ation, and temperatures, e.g., a steam system, are possible. The manufacturing process
must be designed to achieve the material and mechanical properties necessary for these
service conditions. In the UK alone, there are approximately 425,000 km of mains water
infrastructure supplying domestic and commercial settings [1] and, according to the 2021
Census, approximately 1.1 million homes in Wales depend on a mains gas or oil supply for
central heating [2]. Component damage and failure due to surface defects associated with
phenomena such as oxidation could therefore have far-reaching social and economic conse-
quences [3]. 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 relatively poorly understood.
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1.1. Conveyance Tube Manufacturing Process

Mild steel is delivered as a coil formed from a continuous cast billet. The steel sheet
then passes through an accumulator series and is cold worked by forming rolls into the
required hollow, cylindrical geometry. At this stage, the sheet still has a fine, homogenous
microstructure, ensuring technical standard-defined mechanical properties. High frequency
induction (HFI) welding is used to join the formed ends of the steel sheet creating a heat
affected zone (HAZ) and some residual stresses. Therefore, the tube is subsequently heated
to a temperature of over 950 ◦C for 2–4 min in a walking beam furnace, which restores
the bulk to the desirable austenitic phase, before cooling in air. Tubes produced in this
manner have several advantages over their cold-forged equivalents, including improved
toughness, ductility, and pressure integrity, giving them an overall higher factor of safety.
However, rapid growth of a multi-phase layer of dark-coloured, brittle iron oxide scale is
also observed. Further thermomechanical processing (TMP) is used to produce a range of
tube wall thicknesses and tube diameters, achieved by a multi-pass stretch reduction of
3–5% reduction per stand, with the greatest reduction occurring in the first few stands). The
processing temperature is defined by achieving a balance between strain hardening and
softening to minimise deformation-induced point and line defects (which are also defined
by chemical composition, initial microstructure and deformation condition, deformation
rate), and maintaining the material in the austenitic region. Typically, hydraulic descaling
is applied in a post-normalisation, pre-reduction ‘descaling box’ for its combined benefits
of reduced scale compaction and partial cooling to the ideal stretch reduction temperature
of 850 ◦C. A summary of the manufacturing process is shown in Figure 1.
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Stretch reduction, and its associated high mechanical strain, causes the remaining
scale to spall, leading to substrate exposure and surface wear. This has environmental and
economic consequences as losses of up to 3% by weight occur due to scaling alone (equiva-
lent to approximately 500 tonnes of feedstock loss per warehouse batch) [4]. There are also
aesthetic implications due to either compaction of scale on the substrate surface (‘rolled-in
effect’) and/or inadequate adherence of value-added coatings, e.g., anti-corrosion paint,
and in-service surface performance problems. The resulting inconsistent scale adhesion
that not only appears to give a poor surface finish but may also lead to complications
for those customers who wish to apply additional paint or coat the tubes. Furthermore,
scale removed either by descaling or spalling tends to disperse into the manufacturing
environment, causing damage and contamination to product and plant alike.

1.2. Scale Management

Growth stress, arising from volumetric increase associated with oxygen uptake, de-
pends on whether scale is internal or external and isotropic or radial, and is directly related
to scale failure [5]. Matsuno et al. [6] specifically explored the impact of growth (oxidation)
stress on descalability during a high-temperature hydraulic descaling operation. They also
highlighted the Pilling and Bedworth ratio (PBR), which represents the ratio of oxide to
metal volume as a measure of stress arising from volume dilatation during conversion of
a metal to its oxide [7–9], which can be measured via deformation analysis. Ultimately,
they 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
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will accelerate oxidation and cause great compressive volume dilatation. For austenitic
steels, such as are seen during conveyance tube normalisation, the dominance of Cr3+

migration favours the development of external oxide, i.e., oxygen ions are diffusing as well
as iron and chromium (III) for ferritic martensitic steels so they experience both external
and internal oxidation [10]. Furthermore, assuming radial (anisotropic) oxide growth and
absence of axial strain, growth stresses are a purely geometric, mono-axial effect only
observed on curved surfaces (where planar surfaces have an infinite radius of curvature
which drives quotient-based strain equations to 0) [11]. This supports Sabau and Wright’s
conclusions on the significant impact of geometry on spallation [12], thus showing that
geometry has an impact on scale management practice. Scale can be managed via a reac-
tive approach which aims to eliminate the problem after detection by identifying its root
causes and amplifiers after repeated incidence. This can take the form of anti-oxidation
coatings [13–15], the details of which are beyond the scope of this paper. However, a
more proactive approach using modelling would allow the industry to account for scale
kinetics phenomena during thermomechanical process design. Pillai et al. agreed in their
review of models for oxidation-based high-temperature degradation that the mechanism
and extent of high-temperature oxidation of low carbon steel is characterised as a function
of alloy composition, temperature, time, growth kinetics, geometry, and service environ-
ment [16]. Computational process modelling, when optimally designed and validated,
can identify routes to minimise costs, improve product quality, and increase output, based
on an accurate and fast assessment of scale and its associated trends. There are several
manufacturing benefits, including faster and cheaper product and process innovations,
reduced downtime and maintenance, reduced material usage, and, overall, more robust
processes. Furthermore, experimental validation of curved surface oxidation is challenging,
particularly due to the limitations of equipment used in in situ oxidation investigations.
Thermogravimetric furnaces, which provide continuous mass gain data, are often limited
in their sample size capacity so only very small tubes can be used, or tubes have to be sec-
tioned which causes machining-induced residual stress [17,18]. However, there are issues
with TGA measurements, as they give the total oxidation on a sample and neglect the effect
of the gas flow on the extent of oxidation in each part of the sample geometry, as shown in
the work by Mori et al. [5]. Therefore, any experimental value derived from TGA curves
is an average over the entire geometry which does not address the differences between
the side facing towards the flow and the one facing away. This is a strength of modelling;
its ability to distinguish between the two and the reason for focusing on the modelling
studies and then subsequently correlate these with the total oxidation thickness measured
after heat exposure (the latter being subject to errors due to spallation of poorly adherent
oxides). Furnaces with a larger sample size capacity do not usually have TGA equipment
so rely on pre- and post-heat treatment high resolution mass balance measurements of the
sample. High temperature oxides are known to be brittle, as seen in observation by the
authors and as reported by the literature [5,19–21]. This brittle nature makes scale spalling
inevitable so that material is lost between transferring the sample from the furnace to a
mass balance, in addition to losses during sample cooling before it is removed from the
furnace due to thermal mismatch between the metal and oxide. Typical oxide thickness
predictions can be derived from input of temperature-time profiles based on analytical or
computational predictions of thermofluid phenomena. However, this method still requires
considerable involvement via definition of any equations and models, and translation
of their results into functions for parameters used to calculate rate constants such as in
Sun et al.’s work [22]. CALPHAD-based (‘Computer Coupling of Phase Diagrams and
Thermochemistry’) software can investigate the thermodynamics and material properties of
an oxidising system via phase equilibria outputs. The CALPHAD methodology can obtain
a feasibility description for alloy system reactions and their most likely phase product via
the Second Law of Thermodynamics and a Gibbs Free Energy minimisation [23]. Such a
system relies on a comprehensive thermodynamic database for all the elements concerned
which undergoes assessment, model selection, optimisation, storage, and validation. As a
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minimum, it must be possible to describe the enthalpy, entropy, and Gibbs’ Free Energy of
a solution (generally described using the sub-lattice modelling-based Compound Energy
Formalism (CEF) for solid oxide systems) as a function of temperature and composition
in order to perform accurate and versatile thermodynamic calculation [24]. Consequently,
as with any computational model, descriptive accuracy must be balanced with mathe-
matical feasibility based on the Central Processing Unit (CPU) resources available so that
computation times are not excessive. However, ever-increasing computational power
availability is accompanied by options for increasingly complex feasible models. Poerschke
argues that understanding and prediction of spall-based surface degradation relies on
an understanding of the ‘interplay’ between substrate and scale (as well as any applied
coatings) and the thermodynamic information provided by computational materials engi-
neering modelling when systems become complex, e.g., non-planar geometries [25]. The
Thermo-Calc DICTRA commercial package has existed since 1994, but there have been few
attempts to extend its application of the moving phase boundary approach beyond phase
transformation applications [26]. Furthermore, where surface oxide layer growth has been
explored using this software, the geometry has been limited to planar cases [3]. The use
of DICTRA for surface oxide has also been inhibited by a lack of attempts to expand on
existing commercial thermodynamic and mobility data sets to incorporate oxide phases.

1.3. Geometry Effects

Despite many experimental and computational investigations into oxidation kinet-
ics and oxide adhesion during thermomechanical processes involving slab and/or strip
steel [27–29], there is far less literature concerning oxidation phenomena on non-planar
surfaces [11,12], such as those found in conveyance tube manufacturing. Works using a
computational approach are rarer still and seldom focus on oxidation as the main phe-
nomenon [30–32]. Nevertheless, investigations of wall temperature, reaction environment,
and thermal stress are still valuable as precursory information for heavily temperature-
dependent oxidation thermochemistry. Landfahrer et al. numerically modelled a full-scale
reheating furnace for investigation of the effect of scale on heat transfer in low carbon
steel tubes via extension of previous study [30]. The key advantage of their model was the
coupling of two independent simulations (stationary combustion and single-tube transient
heating) in place of a more computationally demanding fully transient, chemical kinetics
analysis. However, even in these rare cases, existing works are dominated by studies of
steam superheater systems where parallels can only be drawn to conveyance tube man-
ufacturing in the case of ‘fireside’ corrosion of tubes within these systems. Equation (2)
gives the diffusion equation in cylindrical coordinates, as is appropriate for conveyance
tube geometry, where ck is the species concentration as a function of time, t, and position,
(r, ϕ, z). Dependency on the azimuthal, ϕ, and vertical, z, coordinates is eliminated by
assuming rotational symmetry during oxidation, and changes in oxidation behaviour are
only observed along the radial coordinate, r (see (2)).

∂ck
∂t

=
1
r

∂

∂r

(
r

∂ck
∂r

)
+

1
r2

∂2ck

∂θ2 +
∂2ck

∂z2 (1)

∂ck
∂t

= D
(

1
r

∂ck
∂r

+
∂2ck
∂r2

)
(2)

Changes in radius are accompanied by a change in available reacting surface area
and surface area to volume ratio (see Figure 2), and highlight how an increase in radius
is accompanied by an increase in surface area, A, (see (3)) and a decrease in surface area
to volume ratio, A : V (see (4)). Therefore, the surface area increases during inner surface
oxidation (consumption of the substrate widens the cylinder bore, i.e., the inner radius)
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lead to an overall slower rate of reaction and therefore thinner oxide thickness after a given
time and, as such, the converse is true of the outer surface.

A = 2πr3t=t z (3)

A : V =
2r3t=t

r3t=t
2 − r2t=t

2 (4)
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1.4. Oxidation Theory for a Computational Approach

Low carbon steel oxidation kinetics are defined by either a linear or parabolic rate law
(dependent on instantaneous oxidation time and temperature considered) [34]. As most
steel reheat treatments are long, high-temperature processes, including tube normalisation,
a logarithmic rate law description is not appropriate. Initially, external oxidation of steel
is governed by phase boundary processes at the substrate–scale (SSI) and scale–gas (SGI)
interfaces. For the SGI, the rate of mass transport of oxygen-containing gas to the surface
for adsorption, splitting to free oxygen, chemisorption, lattice incorporation, nucleation,
and growth, is the most critical interface phenomenon and governs the linear rate law, i.e., it
is assumed that, initially, kinetics are dominated by gas transport from the environment to
the interface [35]. However, during the later stages of oxidation, kinetics are dominated by
ion diffusion phenomena in the oxide. To maintain equilibrium and high metal activity as
oxidation proceeds, there must be electron mobility, and ion flux levels must be maintained
as the flux path lengthens due to scale thickening. Surface reaction rate, i.e., SGI activity,
must fall to satisfy this constraint via a reduction in iron ion diffusion, making it the rate-
controlling step. This kinetic change triggers a transition from a linear to parabolic rate law
profile. Hence, kinetics are controlled by the dynamic balance of oxygen adsorption and
iron ion diffusion during scale thickening and established oxidation is characterised by
diffusion. Iordanova et al. argue that the strong influence of ion diffusion phenomena on
oxidation further supports the assumption of a parabolic rate law for high-temperature
investigations [34]. The relative thicknesses of the three phases (wustite, magnetite, and
haematite in a 95:4:1 ratio) typically present on heat-treated low carbon steel also reflect this
assumption of bulk diffusion-controlled (i.e., parabolic) oxidation and local thermodynamic
equilibrium at phase interfaces, as wustite has a much greater iron diffusion coefficient
than magnetite and haematite [36]. Highly defective crystal lattices, generated by divalent
and trivalent interstitial iron cations, are the source of both outward cation and inward
anion diffusion. Vacancies allow ions to ‘jump’ and thus move through the crystal lattice
unimpeded, provided enough energy is supplied. Modelling of this process demands an
understanding of the concept of sublattices, which are either tetrahedral or octahedral
in the Fe-O system. Scale formed on grades similar to those used in tube manufacturing
is dominated by wustite, a non-stoichiometric halitic phase Fe1−xO [37]. Hidayat et al.
argued that there is insufficient reliable quantitative data on sublattice site occupancy,
defect composition, and defect clustering to develop a comprehensive thermodynamic
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model of the halitic wustite structure (ideal, stoichiometric, or otherwise) [38]. Nevertheless,
such a model is required to generate comprehensive analytical and computational models,
and they therefore accept the assumption made by Sundman et al. that iron cations
and vacancies can only mix on octahedral sublattice sites, i.e., iron cations present on
tetrahedral sites are ignored. The resulting simplified sublattice formalism for wustite is
given below [39]. (

Fe+2, Fe+3, Va
)

1

(
O−2

)
1

Hallstrom et al. asserted that diffusion of Fe can be modelled without consideration
of its valency as crystal lattice electrons are significantly more mobile in wustite than Fe
cations at high temperatures (T > 600 ◦C) [40]. The formula unit can therefore be simplified
as below,

(Fe, Va)1(O)1

which provides the necessary information to analytically define the system, specifically
the flux, J, and bulk chemical diffusion coefficient, D, of both the iron and oxygen species.
Without a driving force, the energy barrier to diffusion (specifically that required to allow
an atom to jump to an empty lattice site) is defined by the free energy of migration, Gm.
(Then 5 shows how diffusivity is defined in part by atomic mobility, M, due to continuous
random movement in the absence of a driving force in this case (where R and T are the
molar gas constant (8.31 J·K−1·mol−1) and temperature (K), respectively).

D = RTM (5)

Hallstrom et al. [3] used Thermo-Calc’s Diffusion Module (‘DICTRA’) to numerically
solve the 1D diffusion equation, i.e., for a planar geometry, and computationally predict
oxidation kinetics. Xia et al. argue that the use of a 1D system ignores the realistic 2D
composition distribution of the material and restricts diffusion coefficient calculations to
fixed compositions or those that only vary compositionally in a single direction [41]. When
diffusion across a non-planar boundary, such as is found on a curved surface, is under
investigation, the computational domain must be complexified to accurately account for
two dimensions. Since both species flux and temporal concentration gradient, ∂ck

∂t , are
unknown variables, the equation for mass conservation in the absence of chemical reactions
must be coupled to Fick’s First Law, which relates flux and spatial concentration gradient,
∂ck
∂z , via a chemical diffusion coefficient, to derive Fick’s Second Law (see (6)).

∂ck
∂t

= D
∂2ck
∂z2 (6)

Computational solutions for the independent flux of metal cations and oxygen anions
for the two phases can be supplied to Fick’s Second Law, alongside volume and molar
fractions which are defined experimentally (via advanced imaging techniques) and com-
putationally (via phase diagram simulations), respectively. A moving phase boundary
(‘Stefan problem’) formulation for diffusion is used and the output of (6) is a description of
the migration rate of the boundary between two phases, i.e., metal and oxide, when the
flux of species k out of one phase, α, and into another, β, respectively, is not balanced, i.e.,
Jα
k − Jγ

k ̸= 0 [42]. The presence of the moving boundary renders this problem non-linear,
combining PDEs and complicated interphase geometrical movement, and it is difficult
to obtain analytical solutions without oversimplification. The moving phase boundary
approach is most suitable for isobarothermal binary systems where the interfacial composi-
tions are fixed so the numerical efficiency of the approach can be maintained [43]. Thus,
oxide thickness, ∆δtstep , after a given timestep, tstep, can be predicted using (7), and the
cumulation of values from each timestep shows the time-dependent kinetic trends (for a
given temperature).
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∆δtstep = Vα
m

Jα
k − Jγ

k
xα

k − xγ
k

tstep (7)

As previously mentioned, diffusion in interstitial alloys with small migrating inter-
stitials, e.g., oxygen in iron, in dynamic equilibrium with each other is characterised by a
continual vacancy migration mechanism. In (5), the authors show that the variables for a
successful computation of diffusion depends on accurate expressions for the bulk mobil-
ity of all involved species. The species molar fraction to substitutional element (oxygen)
contribution, uk, and chemical potential derivative, ∂µk

∂uk
, are derived from the literature.

Application of (7) relies on an assumption of a planar diffusion front (long diffusion period
and small grains) to ensure diffusion field overlap around neighbouring grain boundaries.
This can be reasonably assumed in compounds such as wustite where the grains are small
compared to the oxide scale thickness and therefore the metal–oxide interface is straight
at the relevant length scales [3]. The final key assumption is that of an Arrhenius-type
expression for bulk mobility, including a pre-exponential coefficient, M0, and activation
energy, Q (see (8)).

Mk = M0e−
Q
RT (8)

It is noted that, alongside temperature, mobility is also influenced by oxygen partial
pressure when considering oxide phases (unlike diffusion due to the strength of atomic
binding) and the dopant effect of certain alloy elements. However, accounting for these
effects is beyond the scope of this work. Overall, oxidation as a phenomenon is complex
and dependent on multiple parameters. However, oxidation in the context of the tube
production process is further complicated by manufacturing parameters and tube geometry.
The increased computational resources available in the 21st century could be used to im-
prove the depth and accuracy of knowledge surrounding scale kinetics, morphology, and
adhesion on curved surfaces across a range of conditions not limited to the design envelope.
The work within this paper aims to explore the potential for using a computational thermo-
dynamics approach to understand scale kinetics phenomena during tube normalisation.
In particular, the Stefan problem moving phase boundary methodology is applied to a
new context, i.e., tube normalisation, so hollow cylindrical geometry and high temperature
low carbon steel and scale phases and appropriate tube manufacturing-friendly thermody-
namic and kinetic phase databases are developed. A high accuracy Simultaneous Thermal
Analysis (STA) approach, comprising Thermogravimetric Analysis (TGA) and Differential
Scanning Calorimetry (DSC) techniques, is used for validation to accelerate the analysis of
tube oxidation under normalisation conditions.

2. Materials and Methods
2.1. Materials

The materials under investigation during in situ oxidation tests for validation purposes
were the two grades of low carbon, low alloy steel P235GH and P265GH (compliant with
the material specification BS EN10217-2 [44]). The specification given in BS EN10217-2 is
outlined in Table 1. Nose crop samples of both grades were supplied by Tata Steel Tubes
UK Ltd in Corby, UK.

Table 1. Alloy element composition limits specified by BS EN 10217-2 (welded steel tubes for pressure
purposes—technical delivery conditions [part 2: electric welded non-alloy and alloy steel tubes with
specified elevated temperature properties]) for steel grades P235GH and P265GH.

% by
Mass of
Element

C Si
(max.) Mn P

(max.
S

(max.)
Cr

(max.) Mo Ni
(max.)

Al
(total)

Cu
(max.)

Nb
(max.)

Ti
(max.)

V
(max.)

Cr + Cu +
Mo + Ni
(max.)

P235GH ≤0.16 0.35 ≤1.20 0.025 0.020 0.30 ≤0.08 0.30 0.020 0.30 0.010 0.03 0.02 0.70

P265GH ≤0.20 0.40 ≤1.40 0.025 0.020 0.30 ≤0.08 0.30 0.020 0.30 0.010 0.03 0.02 0.70
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2.2. Computational Methodology

Although sublattice models exist for all three oxide phases found on low carbon steel,
for simplicity of the initial model pre-processing, the entire scale layer was assumed to be
wustite. Field Emission Gun Scanning Electron Microscopy (FEGSEM) imaging, coupled
with Energy Dispersive Spectroscopy (EDS) of the oxide on a normalised tube sample
revealed a comparatively compact, homogeneous scale (see Figures 3–5).
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The Fe-O binary system phase diagram was used to determine the phases present and
their relevant mole fractions at the normalisation temperature of 1223 K. Initial compositions
of oxygen and iron were supplied as left and right interface boundary conditions for each
region (austenite and wustite), respectively. Composition can only vary along one spatial
coordinate, and only substitutional elements contribute to volume. For the overall system
of finite volume cells, composition gradients are only considered between cells rather than
inside. The metal and scale regions are joined by a finite interfacial region comprising two
cells (one from each region). Local equilibrium is assumed to hold between the two regions,
with constant volume fractions of each phase.
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A cylindrical cross-sectional geometry of infinite length was used (see Figure 3). Inner
radius and wall thickness were set at values associated with typical conveyance tube
dimensions. Control of these two parameters makes the model well-suited to hot-finished
conveyance tubes, which are manufactured with a controlled inner radius, IR, and a
variable wall thickness, wt. The initial wustite thickness, δt=0, was unchanged at 0.1 nm.

The inability to define the oxide region as halite (the most accurate microstructural rep-
resentation of the wustite scale phase [39]) prevented the use of the commercial TCFE12 and
MOBFE7 databases available in Thermo-Calc (although data for magnetite and haematite
were used as part of the subsequent bespoke database development). Inspection of the
phase and phase composition inventory within the system definer revealed that mobility
data, necessary to define diffusion, was not available in the Thermo-Calc database for
common oxide scale microstructures (halite, spinel, corundum, etc.).

Initial database set-up relies on the definition of constituent elements (Fe and O in this
case, along with vacancy and electron additions) in terms of their Stable Element Reference
(SER) state (298.15 K, 1 bar) and enthalpy and entropy of formation. Stoichiometric formulae
are also needed for each species to include atomic and ionic states as well as compounds.
Gibbs Free Energy functions must also be defined ready for minimisation, which is an
essential part of computational thermodynamics. These functions (see (9)) were taken from
Sundman [39] and Kowalski and Spencer’s [45] works describing the Fe-O system.

GFeO = −279318 + 252.848T − 46.12826Tln(T)− 0.0057402984T2 (9)

Overall, wustite can have complex physical properties due to its non-stoichiometry,
variable site distribution of ferric iron, clustering of defects, long- and short-range ordering,
and exsolution. The level of non-stoichiometry in iron oxides is controlled by the con-
centration of cation (metal) vacancies evolved during the diffusion-controlled oxidation
process, and heavily influenced by temperature and partial pressure. However, Hazen and
Jeanloz remarked that wustite thermal expansion is not significantly affected by stoichiom-
etry [46]. Furthermore, deviation of stoichiometry in wustite only becomes significant at
temperatures lower than 800 ◦C, i.e., below typical normalisation temperatures.

2.2.1. Mobility Database Definition

Elements, species, constituents, and phases in the kinetic database were defined
identically to those in the thermodynamic database. Volume data took a standard value
for all relevant volume-contributing substitutional phases (including oxygen gas) of 1 ×
10−5 m3mol−1, as defined in the Thermo-Calc database management documentation [47].
Interstitial species (O, Fe2+, Fe3+) were assigned as zero-volume species. Data for the
FCC_A1 (austenite) phase (iron and oxygen diffusivity as described for ferrite) came
from [48,49] in a diffusivity form, as did that of halite (wustite) from the widely accepted
work of Kofstad [50].
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An implicit Euler method was used for time discretisation where the unknown, con-
centrations were defined by coupled sets of equations. The simulation length, 180 s, was
defined by the mean of the heat treatment period range in the normalisation furnace.
The initial and minimum acceptable timesteps were both set at 0.1 ms, respectively. A
convergence study was performed to assess the maximum timestep which provided the
optimal balance of accuracy and computational efficiency. Although the default maximum
timestep value for Thermo-Calc is 10 s, the use of a multi-resolution mesh (geometric for
the austenite region and double geometric for the wustite region), to reflect the steep gradi-
ents of ion concentrations due to fluxing at both the steel–scale and scale–gas interfaces,
increases the computational demand. For example, using a linear and geometric mesh
for the austenite and wustite regions, respectively, led to a CPU demand of 77 s to solve
for 204 datapoints. However, using the more appropriate geometric-double geometric
approach (see Figure 6), making both the steel–scale and scale–gas interfaces regions of
interest with the most elements, demanded 259 s to solve 324 datapoints. For timesteps
greater than 10 s, there was a negligible change in CPU demand and a consistent < 1%
decrease in maximum predicted oxide thickness. A maximum allowable timestep of 10 s
(~3% of the total simulation test time) was therefore selected as the best balance of accuracy
and CPU demands.
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2.2.2. Initial and Boundary Conditions

To solve the system boundary value PDE, i.e., (8), a fully implicit system was se-
lected. Fully implicit systems carry the advantage of being unconditionally stable across
all values of the mesh ratio parameter. Numerical integration was performed using the
Crank–Nicolson method (see (10)).

−rcn+1
i+1 + (1 + 2r)cn+1

i − rcn+1
i−1 = rcn

i+1 + (1 − 2r)cn
i + rcn

i−1, where r =
D∆t

2(∆x)2 . (10)

The value for initial oxide thickness must be minimal but non-zero (<0.1 nm). The
system is closed by assuming a ‘closed’ system on the metal side of the metal–gas interface,
i.e., no diffusion of iron (Fe) in or out of that side of the system, and applying a fixed
oxygen flux to the oxide–gas interface, corresponding to the experimental atmosphere. The
combination of these conditions allows the oxide layer to grow outwards, i.e., external
oxidation is assumed. To further reflect the assumption of wustite as the oxide phase, an
oxygen flux of 4.5 × 10−4 m2·s−1 was applied by selecting the maximum value for oxygen
permeability before accumulation to prevent phase transitions to magnetite and haematite,
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characterised by higher oxygen content. Standard reference conditions of 298 K and 1 bar
were applied for the gaseous oxygen. Both regions were discretised as a finite number of
nodes (within automatically assigned meshes, as described above)

2.3. In Situ Oxidation Experiments

Complex systems where multiple reactions are anticipated, e.g., different oxide phases
evolved and alternative reaction schemes are possible, are significantly influenced by
sample size, form, and environment. Simultaneous Thermal Analysis (STA), a combination
of Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) uses
these complementary quantitative and qualitative techniques, respectively, suitable for
all solid–gas reaction studies. Wire Electrical Discharge Machining (EDM) was used to
generate as geometrically consistent 3 × 3 × 3 mm cubic coupons of E24 and E41 tube grade
steel as possible to ensure comparable STA data. The heating action of the EDM approach
introduced further oxidation to the machined coupon surfaces, which were therefore
cleaned using 4000 grit polishing paper and isopropyl alcohol. Each prepared coupon
was placed in the centre of an alumina crucible (which exhibits high thermal conductivity
and inert behaviour towards oxygen at high temperatures). Replica heat treatment in a
10% O2-90% N2 atmosphere was applied sequentially to each crucible. A ramp of 5 K·s−1

was used for both the heating and cooling periods. Before running the thermal cycle, a
‘blank’ run was performed using an empty crucible to establish a buoyancy effect correction
factor. Hence, uncertainty is accounted for pre-measurement. Given that the mass gain data
was supplied by the STA experiment but thickness data was the output of the model, one
data set required conversion. Converting the STA mass gain data demands the assumption
of a fully dense oxide layer and the method itself is complexified by recognition of the
fact the sample surface area is constantly changing as oxidation proceeds, i.e., sample
dimensions are not fixed due to the moving steel–scale phase boundary. The alternative
approach converts the model thickness data to mass gain data (see (11)).

∆m = ρAx1 (11)

The value of oxide (wustite) density, ρoxide, was calculated from its molar volume, Vm,
defined in the thermodynamic database, and molar mass, Mr (see (12)). The resulting value
of 5914 kg·m−3 agreed with values found in the literature [36]. This was arguably a more
accurate approach as, unlike the STA samples, within the model definition there was the
existing parameter which justified the assumption of equal oxide growth across the surface,
and only a single surface area, A, to consider, unlike the cubic STA samples. Ref. [11] was
used to convert the model oxide thickness predictions to a total mass gain value, ∆m, for
the isothermal test simulated. Extension of the 1D model to 3D was achieved by extending
backwards to 3 mm to match the STA samples’ depth, x1.

ρoxide =
Mr

Vm
(12)

When applying the same conversion methodology to cylindrical samples, the moving
phase boundary for both the SSI and SGI must be accounted for, i.e., not only is the scale
layer growing radially outwards on the external surface, but the steel substrate is retreating
as it is consumed during the ongoing oxidation reaction (see (13)).

∆m = ρπL
(

OR2 − (IR − δox)
2
)

(13)

3. Results and Discussion
3.1. Planar Geometry

A plot of the initial validation data in the 1000 ± 1 ◦C for both E24 and E41 (see Figure 7)
was made so that a direct comparison could be made against the identical conditions in the
Thermo-Calc isothermal simulation (planar geometry heated at 1000 ◦C for 5 min). Figure 7
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shows the comparison between the mass gain in the isothermal region of STA testing, for
both grades, compared to iron oxidised in the Thermo-Calc model (converted from oxide
thickness to mass gain using wustite density). Each plot is annotated with its respective
parabolic rate constant.
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Although the model’s predicted total mass gain lay within the range observed for the
STA samples, suggesting a sufficiently accurate pre-processing methodology, its oxidation
rate was higher overall. Both experimental data sets also had minimal correlation to a
parabolic profile (inherent in the model due to its theoretical foundations discussed in the
introduction of this work). The discrepancy between the computational and experimental
results was assumed to be multi-factorial. Firstly, whilst the experimental data can be ob-
tained directly from the equipment in a mass gain format, the model data must be converted
from the thickness gain form, owing to the methodology used to make computational pre-
dictions. Whilst the experimental samples are 3 × 3 × 3 mm cubes, i.e., with six surfaces
sharing the same material volume, only a single surface, i.e., 1D geometry, can be modelled,
hence that single surface of equivalent area has access to six times as much material as
each individual surface in the experimental samples. Hence, the mass gain associated with
the model was divided by six to allow for an equivalent comparison. Furthermore, a key
assumption of the model and its post-processing calculations, particularly those concerning
density, was that of a perfectly compact scale layer, i.e., no porosity. However, porosity is a
key property affecting diffusion mechanisms at the microstructural level. This is discussed
in greater detail during geometric validation in Section 3.2, but, ultimately, it is concluded
that only a modified diffusion coefficient can account for porosity and its associated effects,
rather than in the pre-processing of the model [51]. In this manufacturing case, porosity
was most likely to arise due to thermal deformation mismatch between the steel and scale,
mechanical strength differences between phase layers (in the real case where multiple
oxide phases form), the degree of vacancy annihilation (Kirkendall effect), and growth
stresses due to oxidation-induced volumetric changes. Furthermore, it should be noted that
Wagner’s descriptive and predictive model for parabolic oxidation, which uses ionic and
electronic charge transfer and balance during simultaneous metal oxidation and free oxy-
gen reduction to characterise alloy element distribution [10], assumes a scale with a perfect
microstructure and adhesion, i.e., they ignore the possibility of defects, e.g., cracks, porosity,
etc., whose propagation could be accelerated by the high temperatures and mechanical
work of tube stretch reduction. This is particularly important since high temperatures, such
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as those used in tube normalisation, are associated with greater development of defects
during cooling [18]. Such propagation has been shown to interrupt oxidation diffusion
mechanisms [16], and its effect on kinetics and morphology must therefore be considered
in a non-idealised approach. However, this was beyond the scope of this investigation.
The STA data alone reveal a 13% difference in total mass gain between the two grades
tested. This was attributed to the interactions of the dominant non-carbon alloy elements,
manganese [52] and silicon [53], with iron and oxygen to form intermetallic compounds
which affect oxidation kinetics and adhesion.

3.2. Cylindrical Geometry

As with the planar case, the CPU demand is low with 120 datapoints and approxi-
mately 115 s run time for each test (using a maximum timestep of 1000 s; interestingly,
decreasing the maximum timestep to 100 s has no effect on the predicted oxide thickness
but increases CPU demand to 899 datapoints and 684 s run time). It has been discussed
that the 1D approach to diffusion modelling does not reflect the multi-axial nature of
oxidation. Beyond the differences arising due to the link between geometry stress states
and porosity evolution, there is also the consideration of how geometry affects diffusion
pathways. The temporal concentration gradient becomes a function of 1

r . Accordingly,
assuming the concentration only changes due to diffusion in the radial direction, i.e., the 1D
form, the radius is the discretised dimension in the numerical solution. It should be noted
that, in this case, the concentration in each segment, i, is an average. When setting initial
concentration conditions, ci,t=0, and calculating average ith segment concentration, every
point of the circumference at radius, r, has a different weight dependent on which segment
it occupies. The area of the ring with an average concentration corresponding to ci,t=0 is
defined and integration of the concentration at individual points around the ring results
in an instantaneous initial average concentration. An increase in wall thickness, whilst
controlling outer diameter in the same way as is carried out during tube stretch reduction
and product specification, revealed a decrease in oxide thickness and the corresponding
parabolic oxidation rate constants. This is due to the extension of the diffusion pathway
so fewer metal cations diffuse to the SSI to react per unit time. It has also been suggested
that oxidation kinetics depend on the oxide scale stress state due to the negative correlation
between stress magnitude and the mole fraction of intrinsic defects within the oxide [54].
Higher stress is associated with a lower vacancy concentration, which can inhibit iron
diffusion via iron vacancies. Additionally, Asensio-Jimenez et al. cited the degree of oxide
growth stress relaxation by plastic deformation as a source of oxidation kinetics variation
across their samples (more influential than minor alloy element depletion, which was also
discussed) [55]. For example, if a sample is exposed to conditions which promote creep, the
compressive and tensile stress evolved in the scale and metal, respectively, will eventually
reach a level that causes substrate creep and therefore growth stress relaxation in the oxide.
A thinner sample will reach this critical value sooner, i.e., have a shorter ‘incubation period’,
and therefore initiate a period of enhanced oxidation associated with stress state changes.
The difference in stress state for samples with only a small thickness difference can be
significant due to the power law relationship between creep rate and the specimen thick-
ness (although this is for flat surfaces). Although the incubation period for observing any
difference in oxidation rate due to sample thickness can be far longer than is observed in the
tube manufacturing process compared to a planar surface, curved surfaces will experience
additional stresses associated with the forming process [56]. Asesnio-Jimenez et al. quoted
as much as a 60-fold increase in substrate creep rate by decreasing specimen thickness from
0.5 to 0.3 mm. Clearly, stress cannot be directly accounted for in the thermochemical model
developed; however, it should nevertheless be considered, particularly when analysing
validatory data. Previous authors have investigated oxide formation on a range of tubes
with varying dimensions but do not isolate a single dimension to investigate its isolated ef-
fect on oxide thickness [20,31]. This reinforces the advantages of a computational approach,
as representative samples in the context of manufacturing components are often limited
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to their commercial range and can be restricted at a given time to only the specifications
required to meet current demand. Furthermore, the 2D diffusion pathway associated with
the converging and diverging radial path of oxygen and iron ions, and the fact that their
concentrations are defined normal to the surface, leads to an overlap of ion pathways,
unlike in the planar case. However, the relative effect of these phenomena is dependent
on the radial scale, i.e., very large radii may evolve a solution which approaches a flat
plate solution as the 1

r term tends to 0. The scale at which radial effects become relevant
for diffusion must be investigated. Conversely, an increase in OD, whilst controlling wall
thickness, has no effect on predicted oxide thickness and parabolic rate constants. It was
noted that the material was consumed approximately twice as quickly in the cylindrical
case than the planar case (30 h vs. 60 h).

3.3. Radial Dependency Study

Since volume and mass gain were revealed in this work to be dependent on inner
radius during oxidation, it was hypothesised that there would be a critical radius value at
which the effect of cylindrical coordinates becomes influential. The effect of cylindrical ge-
ometry on the analytical theory of diffusion was outlined earlier in this work, and has been
explored by other authors in an analytical context [57–60]. An initial investigation using the
model explored the extremes of tube inner radial dimensions, 0.5 mm ≤ IR ≤ 1000 mm.
Volume gain, a calculation modified to reflect the cylindrical moving phase boundary and
the presence of an inner, ID, and outer diameter, OD (see (13)), and its dependence on
radius, was explored first and showed a strong linear relationship between volume gain
and tube radius. This demonstrated that, even with the geometric conversion steps where
inner radius is not involved, the physical diffusion phenomena predicted by the model
are not lost, i.e., the reciprocal relation between concentration and tube radius. Further
investigations were performed by exploring the relationship between mass-based parabolic
rate constant (normalised against sample surface area) and tube radius (see Figure 8).
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Crucially, the parabolic profile reveals a critical radius where radius no longer has
a significant effect, associated with changes in surface area and surface area to volume
ratio, as demonstrated by (2) and Figure 2, on oxidation kinetics. This change in kinetic
dependency occurs at approximately 200 mm. This is an industrially relevant conclusion
for typical conveyance tube applications. Furthermore, 98% of the change in thickness
gain occurred in the radius range below 100 mm, again demonstrating the influence of
cylindrical coordinates on conveyance tube product oxidation behaviour. This radius
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region shows the sharpest change in oxidation rate. This conclusion is also supported by
equivalent plots of thickness gain (see Figure 9), again suggesting a critical inner radial
value of 200 mm.

Metals 2024, 14, x FOR PEER REVIEW 15 of 19 
 

 

 
Figure 8. Plot of mass-based, surface area normalised parabolic rate constant against tube inner ra-
dius. The industrial relevant inner radius range is magnified (red box) and highlighted (red dashed 
line). 

 
Figure 9. Plot of oxide thickness against tube inner radius. The industrial relevant inner radius range 
is magnified (red box) and highlighted (red dashed line). 

Changes in radius are accompanied by a change in available reacting surface area 
and surface area to volume ratio (see Figure 2) and highlight how an increase in radius is 
accompanied by an increase in surface area, 𝐴, (see (3)) and a decrease in surface area to 
volume ratio, 𝐴: 𝑉 (see (4)). Therefore, the surface area increases during inner surface ox-
idation (consumption of the substrate widens the cylinder bore, i.e., the inner radius), 
which leads to an overall slower rate of reaction and therefore thinner oxide thickness 
after a given time and, as such, the converse is true of the outer surface. 

This computational approach has enabled the extremes of potential tube dimensions 
to be investigated beyond that which time and sample access allows within an empirical 
approach. The critical radius result is industrially relevant to the range of conveyance 
tubes manufactured in this context, and indicates that oxidation kinetics on tubes cannot 
be inferred from planar components subjected to equivalent thermomechanical pro-
cessing conditions. However, there are many high-temperature-application cylindrical 
and curved components within this dimensional range, both hollow and solid, which 
could benefit from the ability to understand and predict oxidation kinetics to streamline 
their respective manufacturing processes. 

Figure 9. Plot of oxide thickness against tube inner radius. The industrial relevant inner radius range
is magnified (red box) and highlighted (red dashed line).

Changes in radius are accompanied by a change in available reacting surface area
and surface area to volume ratio (see Figure 2) and highlight how an increase in radius
is accompanied by an increase in surface area, A, (see (3)) and a decrease in surface area
to volume ratio, A : V (see (4)). Therefore, the surface area increases during inner surface
oxidation (consumption of the substrate widens the cylinder bore, i.e., the inner radius),
which leads to an overall slower rate of reaction and therefore thinner oxide thickness after
a given time and, as such, the converse is true of the outer surface.

This computational approach has enabled the extremes of potential tube dimensions
to be investigated beyond that which time and sample access allows within an empirical
approach. The critical radius result is industrially relevant to the range of conveyance
tubes manufactured in this context, and indicates that oxidation kinetics on tubes cannot
be inferred from planar components subjected to equivalent thermomechanical processing
conditions. However, there are many high-temperature-application cylindrical and curved
components within this dimensional range, both hollow and solid, which could benefit
from the ability to understand and predict oxidation kinetics to streamline their respective
manufacturing processes.

3.4. Further Work

There is little empirical data for the incorporation of porosity into the model via a
modified diffusion coefficient. Porosity can influence diffusion, and subsequently oxidation,
via its effect on ion migration through vacancies. The mechanically intensive processes
which accompany tube manufacturing could encourage pores to propagate, amongst other
defects, and capturing the effect of porosity within the model is therefore paramount to
accurate oxide thickness predictions.

Attempts were made to modify the Thermo-Calc model to reflect the unavoidable heat
ramp of the STA validation experiment and allow a more direct comparison. However, this
came at a significant computational cost. The model complexity was also exacerbated by
the introduction of a non-isothermal period due to the temperature dependence of so many
of the parameters in both the thermodynamic and kinetic databases, thus introducing many
more calculations to achieve a solution. The computational thermochemistry approach
does not yet lend itself to efficiency over its empirical counterpart when considering non-
isothermal scenarios. Hence, this work is limited to consideration of isothermal oxidation.
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Although validation work was performed for the planar geometry iteration of the model
using STA, the specific information surrounding curved surfaces demands its own validation
using a specialist furnace to apply a representative heat treatment to tube samples.

Further techniques, such as indentation, could also be used to validate stress state
analyses for both the pre- and post-normalised states.

4. Conclusions

It has been shown in this work that the undesirable, diffusion-controlled oxidation re-
action, occurring on external surfaces during hot-finished conveyance tube manufacturing,
and specifically the normalisation stage, can be computationally modelled. Thermo-Calc’s
DICTRA commercial software package can be used to solve the Stefan problem-based
moving phase boundary equation for a curved surface and predict surface oxide thickness
using numerical techniques, provided that bespoke thermodynamic and kinetic databases
can be developed from empirical data. The following conclusions were drawn during
model development:

• External surface oxide thickness on cylindrical geometries, representative of those
used in conveyance applications, can be predicted quickly with ~120 datapoints.

• Dependence on the radial coordinate within the cylindrical coordinate form of the
diffusion equation leads to a more complex and faster oxidation process due to contin-
uous changes in surface area and overlapping normal diffusion pathways.

• There is a critical radius, estimated at ~200 mm, where the curvature is low enough
to no longer affect oxidation, however this is still larger than the conveyance prod-
uct range.

Overall, oxidation of curved surfaces appears to be more complex and unstable than its
planar equivalent, a topic which has seen much greater attention in the literature. Optimal
understanding and control of oxidation during conveyance tube manufacturing, and that
of equivalent products, demands a separate scientific consideration.
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