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ARTICLE INFO ABSTRACT
Keywords: This study designed a novel high-temperature corrosion-resistant alloy through thermodynamic
High-temperature corrosion equilibrium computations. The strength was determined by the integration of precipitation-

Thermodynamic equilibrium calculation
Corrosion-resistant alloy

DFT computations

Corrosion-resistant mechanism

strengthening species of nickel boride and tungsten solid solution strengthening, while high-
temperature corrosion-resistant property was realized through optimized compositional design.
Phase stability was enabled by the presence of a face-centered cubic structure. The alloy was
fabricated and its corrosion-resistance performance was experimentally compared with other
commercially available nickel- and iron-based alloys under simulated municipal solid waste
combustion. The designed alloy with a composition of Ni-5B-6W-28Cr-13Al showed a low
corrosion rate of ~72 % < 13CrMo4-5TS and 1.08 % > Inconel 625. Economic analysis showed
that Ni-5B-6W-28Cr-13Al has a cost-effectiveness ratio of 1:1.57 with respect to Inconel 625 and
1:0.09 with respect to 13CrMo4-5TS. Corrosion-resistance mechanism was explored using scan-
ning electron microscopy coupled with energy dispersive spectroscopy, x-ray diffractometer, and
DFT computations. The corrosion resistance occurred through the formation of a uniform
tungsten-chromium-oxide film which inhibits inward diffusion of corrosive chlorine species.
These findings provide insights into the development of alloys for high-temperature technologies.

1. Introduction

High-temperature technologies such as waste-to-energy, biomass boilers, and coal-fired plants, play a vital role in the provision of
electricity and heat energy for the development, industrialization, and modernization of countries [1]. However, the operation of these
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technologies faces severe high-temperature corrosion of the heat exchangers caused by the mineralogical composition, especially
chlorine, in the feedstock [2-5]. This severe corrosion can be minimized by operating at a medium steam temperature of ~420 °C and
pressure of ~40 bars in waste-to-energy systems and biomass boilers [6]. Due to low steam temperature and pressure, very low boiler
electricity generating efficiency of only about 15-23 % is realized as compared to that of coal-fired plants which are approximately 47
% [7]. Moreover, the corrosion problem results in unscheduled plant shutdown and increased maintenance costs, hence, the tech-
nologies become economically unviable. To counter the problem, there is a strong need to develop a cost-effective high-temperature
corrosion-resistant alloy capable of withstanding corrosive and high-temperature conditions in the heat exchanger section, which can
make waste-to-energy industries economically feasible [8].

The capability of metal alloys to resist corrosion depends on the establishment of a uniform kinetically slow-growing and adherent
oxide scale with extremely low susceptibility to corrosion processes [9-11]. For instance, aluminium or chromium is added to iron- and
nickel-based alloys so that a slow-growing aluminium oxide or chromium (III) oxide scale forms and hence acts as a surface diffusion
barrier to corrosive gases such as chlorine [5,12-14]. A substantial amount of chromium of approximately 12 wt% or aluminium of
approximately 6 wt% is needed to form a complete and protective chromium (III) oxide or aluminium oxide scale, respectively [12,13,
15]. Nevertheless, high aluminium content above 6 wt% degrade the mechanical properties of alloys. Also, if aluminium content is <6
wt%, complex oxides consisting of internal aluminium oxide, nickel chromite, and chromium (III) oxide are formed leading to
increased reaction rates and reduced oxidation resistance [12]. To enhance the oxidation properties and scale adherence, alloys are
added with minor quantities of reactive elements such as Zirconium and Yttrium [16,17]. However, such reactive elements increase
the cost of production of the alloys. It is therefore important to develop an alloy that, when the passive oxide scale is ruptured
chemically or mechanically, the underlying base metal resists the corrosion attack [18].

The procedure of developing alloys consists of identifying appropriate metal elements and their optimal composition that produce
material with the desired properties [10,19,20]. However, in most cases, the alloying element that improves one property simulta-
neously affects other properties [21]. For example, the presence of chromium improves the corrosion resistance by the formation of
chromium (III) oxide passivation layer at the surface of the alloy as well as assists in the formation of protective aluminium oxide at
lower concentrations of aluminium via the third-element effect but it stabilizes the less desirable body-centered cubic ferrite solid
solution [20,21]. The remedy to this problem is the addition of nickel to enhance the stability of the face-centered cubic austenite
region at high temperatures [22,23]. In addition to corrosion resistance, alloys used in severely hot sections must provide outstanding
mechanical and creep resistance [24]. These sets of properties are obtained by having a face-centered cubic matrix that is hardened by
solutes and precipitates such as tri-nickel metallide (NisX) (where X is another metal element) type compounds [25].

To date, the development of alloys has been through experimental trial and error and field experience [10,11]. These processes are
time-consuming, costly, and sometimes do not offer the right balance of properties needed or may not optimize the alloy composition
for the desired properties such as high-temperature corrosion-resistant property [26]. The thermodynamic equilibrium calculation by
the CALPHAD approach is a versatile tool for element selection and composition optimization for improved corrosion-resistant
property. Bender and Schiitze conducted a study on the selection of corrosion-resistant elements by thermodynamic equilibrium
calculation in an oxidizing-chloridizing environment [15]. The authors found that nickel and molybdenum are resistant to corrosion
under reducing conditions while oxides of aluminium, silicon, and titanium are resistant to corrosion under oxidizing atmosphere.
Similar approaches were used to develop thermal spraying coatings, heat-resistant cobalt-rhenium-based alloys for gas turbines, and
austenite-martensitic steel for bimetal cladding [26-28]. Although attempts to design alloys have been conducted in earlier studies, to
the best of the authors’ knowledge, no study has designed a cost-effective corrosion-resistant alloy that can withstand severely cor-
rosive environments applicable to waste-to-energy plants. Moreover, studies investigating the corrosion-resistance mechanism and the
economic evaluation of the designed alloys are still missing. To fill this gap, it was found necessary to conduct this study by theo-
retically designing a cost-effective high-temperature corrosion-resistant alloy suitable for severely corrosive environments as well as
evaluating its economic and corrosion resistance performance as compared with other commercially available ones that were pro-
duced via the Edisonian approach.

Therefore, the present paper aims to: (1) develop a corrosion-resistant alloy for severe corrosive environment; (2) test and compare
the corrosion resistance performance of the designed alloy with other commercially used ones; (3) explore the corrosion resistance
mechanism by first-principle computations; and (4) investigate the economic viability of the designed alloy in relation to the
commercially available ones. This study does not only serve as an independent test of the alloy design approach but leads to a
potentially commercially viable alloy that is targeted for a severely corrosive environment.

2. Methods
2.1. Computational design of corrosion-resistant alloy

2.1.1. Factsage theoretical background

Thermodynamic equilibrium calculations were conducted using the FactSage software version 7.2. The FactSage software allows
the calculation of the phase diagrams, stoichiometric reactions, and complex equilibria. In addition, the behavior of different phases
including phase amounts and phase internal composition as well as species activities can be calculated [29].

2.1.2. Selection and optimization of corrosion resistant elements
Thermodynamic equilibrium computations were employed to select and optimize the concentration of elemental composition in
the corrosion-resistant alloy. Metal elements considered were iron, chromium, molybdenum, nickel, niobium, boron, manganese,
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Fig. 1. Schematic illustration of the scenario used in the modeling.
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Fig. 2. Activity of different phases at different temperatures.

tungsten, cobalt, titanium, aluminium, and silicon, based on the factors that affect industrial scale-up of the designed alloy. These
factors include the price of the elements, resource availability, and price volatility [30].

Two scenarios were employed in the calculation procedure. The first one involves extreme situations where an oxygen partial
pressure (pO2) of 0.2 bars corresponding to that in air and an equilibrium chlorine content were employed. This scenario represents a
situation on top of the oxide surface. In the second scenario, a high chlorine content of 2 % and an oxygen partial pressure corre-
sponding to the equilibrium pressure for the formation of different metal oxides were considered. This situation represents the con-
ditions at the interface between the metal substrate and the oxide scale as shown in Fig. 1. In each calculation, the temperature was
varied between 500 °C-600 °C, and the pressure was set at 100 bars.

Phase stability calculations were conducted to determine the optimal amounts or concentration of the selected elements that give
the desired corrosion-resistant property. Phase equilibrium was computed by minimizing the Gibbs free energy of a chemical system
with respect to mass balances. To make the optimization procedure efficient and to minimize the number of equilibrium calculations
required to reach an optimal solution, the single-phase constraint was treated as a sub-optimization problem. Therefore, the opti-
mization procedure was decomposed into two steps. The first step was to find a single-phase region that relates to the temperature of
interest which is 600 °C. To achieve this, the activity (a) of each phase formed by the FactSage software for each equilibrium
calculation was evaluated. The activity of a phase quantifies its thermodynamic stability with respect to the equilibrium
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Table 1
Solid solution hardening parameters.
Element Melting temperature (%C) (di — dni) x 100
dni
w 3377 10
Mo 2617 9.5
Nb 2467 14.5
Cr 1903 0.2
Fe 1536 1.3
Co 1495 0.2
Si 1420 -5.5
B 2076 -16
Al 659 15
Ti 1667 16

d = atomic diameter.

thermodynamic state of the system. An activity lower than one implies that the phase is not thermodynamically stable under the given
conditions, while an activity close to or equal to one implies that the introduction of this phase will lower the Gibbs energy of the
system and therefore, the phase formed at that particular temperature range is stable [29]. For example, the activity of a binary
stoichiometric compound, i.e. a phase that exists only for this specific stoichiometry, is directly evaluated using equation (1) [29].

Qs =exp (x—'” ey s ) W
where x and y are the stoichiometric factors of the compound for the A and B species respectively; y; is the chemical potential of species
i in the system and Gp,p, is the total Gibbs energy of the compound. The examination of the activity of a phase that is thermody-
namically stable over a range of compositions involves the determination of a constrained minimization problem to identify the
composition of the solution that maximizes its activity. The activity was obtained by evaluating the energetic distance between the
specific Gibbs energy hyperplane defining the equilibrium state of a system and the Gibbs energy of a phase not considered in the
equilibrium phase assemblage. Face-centered cubic has an activity of one across the temperature range from 100 °C to 1000 °C,
implying that the introduction of this phase makes the alloy stable as shown in Fig. 2.

2.1.3. Alloy strengthening
From the metal elements selection stage, nickel, boron, and tungsten were the elements that strongly resisted high-temperature
corrosion at temperatures around 600 °C. The ternary nickel-boron-tungsten (Ni-B-W) system was investigated to explore the po-
tential of both solid-solution hardening and precipitate formers. The solid solution-forming elements increase the strength of the
solution by primarily increasing the resistance to the movement of dislocations [29]. Solutes with reasonable solid solubility and high
hardening coefficients can result in appreciable solid solution hardening and improve the creep strength of the matrix [27]. The

solubility of various elements in nickel was assessed using equation (2):
dNi

) ) d —
Size factor function =———
Ni

x 100 )

where i is any element, d; is the diameter of the atom/element, and dy; is the atomic diameter of nickel. If the size factor function of an
element falls within the value +15, appreciable solid solubility of an element in nickel can occur [27]. Tungsten and boron have a solid
solubility size factor of 10 and -16 respectively, indicating that tungsten has unlimited solubility in nickel and will lead to solid solution
hardening of the nickel matrix as shown in Table 1. Solid solution hardening elements can be further strengthened by precipitation
hardening. The precipitations increase the resistance to dislocation motion. Nickel represents the main component and provides for the
ductile matrix. Nickel-base super-alloys are hardened primarily by the precipitation of tri-nickel metallide (Ni3X) (X is a reacting
element).

2.1.4. Determination of protective oxide forming elements

Since all metals can form chlorides, which could evaporate at certain temperatures leading to metal corrosion, the only possibility
to protect a metallic material from chlorine attack at high temperatures is to stimulate the formation of a protective dense oxide scale
on the metal surface. Therefore, all elements tested in this study including nickel, molybdenum, niobium, boron, cobalt, chromium,
tungsten, aluminium, silicon, and titanium were oxidized to identify the most thermodynamically stable oxide that can be formed. The
stability of the oxides formed was then evaluated using activity (a) potential of various oxides formed.

2.2. Alloy fabrication and corrosion testing
The alloy designed has a chemical composition of Ni-5B-6W-28Cr-13Al. The chemical composition of the alloy was given to the

Beijing Wuke Optoelectronic Technology Co., Ltd. (a metal manufacturing company) to fabricate the alloy. Other commercially
available alloys commonly used in waste-to-energy plants such as Esshete 1250, stainless steel 304, Inconel 625, and 13CrMo4-5TS
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Table 2

The chemical compositions of the tested alloys.
Alloy Chemical composition (wt.%) p

Ni Mo Mn Nb Si w B Al Cr Cu C v Fe g/cm®

Modeled alloy Bal - - - - 6 5 13 28 - - - - 6.93
Alloy Inconel 625 60.1 9.0 0.3 4.1 0.3 - - 0.3 22.5 - 0.05 - 3.35 8.44
Esshete 1250 11.0 1.2 6.5 0.75 0.2 - 0.009 - 16.0 - 0.06 0.4 Bal 7.90
304 20.0 2.0 - 0.9 - - - 26.0 - 0.08 - Bal 7.93
13CrMo4-5TS 0.3 0.5 0.5 - - - - 0.4 0.9 0.3 - - Bal 7.85
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Fig. 3. Schematic diagram of the experimental setup.

Table 3

Exposure conditions for corrosion testing of the alloys.
Parameters Condition
HCI (ppm) 1500
0O, (vol. %) 8
SO, (ppm) 250
H,0 vapor (vol. %) 20
NaCl (mg/cm?) 50
Flue gas velocity (ml/min) 100
Metal temperature (%C) 600

were purchased from Tianjin Tianbang Steel Company and have different chemical compositions as shown in Table 2. The metal
samples with dimensions 20 mm x 20 mm x 3 mm were cut from each virgin alloy and were polished up to 1200 grit using silicon
carbide paper. The samples were ultrasonically cleaned in acetone, then rinsed with distilled water, and dried to a constant mass. The
cleaned metal samples were subsequently stored in a desiccator until needed in the corrosion testing. Sodium chloride salt was applied
following the procedure detailed in our previous paper [31].

High-temperature corrosion tests were carried out in an electrically heated furnace at 600 °C. Before the experiment, the furnace
was preheated for 2 h to obtain a stable temperature of 600 °C. The device consisted of an electrically heated oven, in which cylindrical
silica tubes with 4.0 cm inner diameter and 1 m length were mounted horizontally, and have a water-cooled flange at one end to cool
the hot gases which were then adsorbed by de-ionized water, sodium hydroxide solution and dried by silica gel drier, and then emitted
to the air. The reactor also has a water preheating chamber where water was preheated and evaporated water was injected into the
furnace as shown in Fig. 3. Inside the cylindrical silica tube, a removable semi-circle quartz-made sample holder containing metal
samples was placed. All metal samples, in triplicates of each metal, were mounted on a sample holder and inserted into the tube.

The corrosion testing exposure shown in Table 3 consisted of a sulfur dioxide gas, hydrochloric acid gas, and oxygen, and in each
gas tank nitrogen was used as the carrier gas. These gases were purchased with the required concentrations from Tianjin Alliance
Bernstein chemical company. The flow rate of each gas that is sulfur dioxide, hydrochloric acid, and oxygen was kept at 100 ml/min
using DO7 mass flow controllers. The gases continuously flowed through the tube for 300 h with only discontinuities at 24 h, 72 h, 168
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Fig. 4. Geometrically optimized structure (a) tungsten chromium oxide layer (b) Chlorine adsorbed on tungsten chromium oxide scale.

h, and 300 h to measure the sample weight changes. The amount of water vapor was controlled by opening the steam valve. The
pressure was kept constant at 100 bars using a pressure regulator. The temperatures in the furnace were measured by platinum/
platinum-rhodium thermocouples, which were placed in the heating zone. The corrosion testing was isothermal at 600 °C for 300
h. After the exposure, the furnace was allowed to cool to room temperature, and the mass changes were then recorded using a four-
decimal place electronic balance.

2.3. Microstructural characterization

Several analytical techniques were employed to characterize the corrosion products. The crystalline phases of the corrosion
products were analyzed using an x-ray diffractometer D8 Advance from Bruker AXS operated in grazing incidence configuration. The
incident X-ray beams were focused using polycap optics system to converge the beams. The diffractometer was operated with copper
Ka radiation (» = 1.5418 A) at 40 KV operating voltage and 40 mA current, an X-ray incidence angle of 5°, giving a constant pene-
tration depth less than 1.3 pm under the assumption of a completely flat surface. The detector (LYNXEYE) collected data between 10°
< 20 < 90° with a step size of 0.05°. The peak identification was carried out using the X’Pert HighScore Plus version 3.0 software.

Scanning Electron Microscopy (su3500 HITACHI) was employed to analyze the morphology of the corrosion products on the plan
view surface underneath the salt deposit. To analyze the extent to which the corrosion process took place in the metals, the samples
were cut at the middle and the cross-section was polished and cleaned using kerosene. The metal samples were not allowed to come in
contact with water as it could dissolve some corrosion products like metal chlorides. The cross-section was covered with gold to
prevent charging. For detailed analysis, the scanning electron microscopy was operated at a 15 KV accelerating voltage, a working
distance of 8 mm which is sufficient for the detection of elements with high atomic numbers like nickel, and a spot size of 5.5 with
secondary electron imaging. The quantification of chemical elements was carried out using a HITACHI X-ACT energy dispersive
spectroscopy analyzer connected to the scanning electron microscopy. Accelerating voltage between 5 KV and 15 KV was used.

2.4. Modelling of the corrosion reaction mechanism

Atomistic models were developed to address processes at the metal oxide/gas interface. To arrive at a relevant model, experimental
boundary conditions were reiterated. The emerging understanding exploits the full complexity of both alloy and corrosive environ-
ments. The adsorption of chlorine on the tungsten-chromium oxide surface that develops on the metal was examined. Thus, the
corrosion-resistance mechanism of the designed alloy was explored using the first-principles quantum calculations.

All the calculations were performed by employing the Kohn-Sham density functional [32] theory computations using the BFGS
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Fig. 5. Formation of various metal chlorides at different temperatures (a) Gibbs free energy of formation of metal chlorides; (b) Partial pressure of
the metal chlorides at metal/scale interface with 2 % chlorine and oxygen in equilibrium with the metals; (c) Partial pressure of the metal chlorides
on the oxide surface with 0.2 bars oxygen and 0.2 % chlorine.

algorithm of the CASTEP program [33]. The exchange-correlation potential was described by the generalized gradient approximation
(GGA) of Perdew Burke-Ernzerhof functional in conjunction with ultrasoft pseudo-potentials for the optimization of the structure. A
300-eV cut-off energy was used. The number of k-points for the Brillion zone integration was chosen according to a Monkhorst-Pack
grid scheme of 5 x 5 x 1 with a convergence criterion of 2.0e-6 eV/atom and with a 0.05 A~ threshold. A supercell (120 atoms) was
chlorinated to calculate the adsorption energies. These were subjected to full geometry optimization. All calculations were considered
converged when the force reached below 0.01 eV/A.

The structure of interest for the corrosion resistance was the oxide layer. Therefore, the oxide scale modeled using the slab models
of a tungsten-chromium oxide unit cell (1 x 1) with 30 atoms (9 chromium atoms, 18 oxygen atoms, and 3 tungsten) which was then
converted to a supercell. This model was built through the isomorphic replacement of the chromium atoms from the chromium (III)
oxide by tungsten atoms, (see, Fig. 4). The optimized lattice constants for the unit cell were a = b = 4.9589 A and ¢ = 13.59308 A.

2.5. Cost versus corrosion rate analysis

In this evaluation, published materials price, which is publicly available information and the major contributing factor to the
manufacturing cost was utilized. The authors are aware that some prices may vary but the authors used standard material prices which
are publicly available. All the metal elements including nickel, aluminium, iron, niobium, silicon, manganese, molybdenum, vana-
dium, tungsten, cobalt, and boron in the alloys used in this study were considered. When the metal is available, prices for the com-
modity of metals traded on the London Metal Exchange, which is the world center for industrial metals trading, and the platform used
as the global reference price, available from Thomson Reuters Datastream were used, as these are updated at least daily. Otherwise,
annual price data were obtained from the United States Geological Survey’s historical statistics for mineral and material commodities
[34]. To cater for the variation of the metal prices in different years, the averages for the price data from the years 2000-2015 were
calculated. For metals not included in these two sources, price data used by the company that manufactured the alloy in the present
study were used. For example, the price of metal tungsten was extracted from the prices used by the manufacturing company. Other
related costs to the operations including insurance, local taxes, maintenance, miscellaneous material, and labor were assumed to be
constant across the production of different alloys and therefore were not included in the evaluation.
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3. Results and discussion
3.1. Chlorine-induced corrosion resistance elements

Several mechanisms account for the corrosion of metallic materials, however, chlorine-induced corrosion is the most prominent in
waste-to-energy facilities due to elevated concentration of chlorine in waste. Therefore, this study focuses on developing an alloy
resistant to chlorine-induced mechanisms although the protective measures discussed here are equally valid for other mechanisms. At
high temperatures, metal elements react with chlorine to form various metal chlorides. Evaluation of the corrosion resistance of the
various metals to the chlorine-induced attack was done by considering the likelihood for the metals to react with chlorine forming
metal chlorides at temperatures ranging from 0 °C to 1200 °C was analyzed using the Gibbs free energy of formation from the
thermodynamic equilibrium calculations, (Fig. 5(a)). The Gibbs free energy values were calculated from the reaction of one metal atom
with an equivalent amount of chlorine gas. As temperature increases, all the metals are easily converted to their chlorides by chlorine-
induced attack. Elements such as titanium, silicon, and aluminum form chlorides with the least Gibbs free energy of formation,
indicating that they are readily converted to their chlorides at all temperatures. Niobium and tungsten become less attacked by
chlorine as the temperature increases because they form chlorides that are stable at higher temperatures as indicated by larger Gibbs
free energy of formation. Iron, chromium, and manganese appear in the same range demonstrating that they require approximately
similar amounts of energy for the formation of their chlorides. Nickel and cobalt also have a similar trend and are in the same range,
but their chlorides were not easily formed compared to iron, chromium, and manganese. Molybdenum exhibits an exceptional
behavior; it is not easily converted to its chloride across all temperatures as indicated by a positive free energy of the reaction between
chlorine and molybdenum to form molybdenum dichloride.

During high-temperature corrosion, metals generally lose mass due to the evaporation of gaseous metal chlorides from their surface
[35]. The partial pressure of the metal chlorides (volatility) governs the resistance of alloy elements against chlorine attack. A partial
pressure of metal chlorides of 10~* bar is considered as the critical value above which significant material loss due to evaporation of
chlorides occurs, leading to the degradation of the metal [14,15,36]. Fig. 5(b) shows the conditions that occur at the metal/oxide scale
interface, the partial pressures of various metal chlorides differ as temperature increases. Under these conditions, the metal is directly
in contact with chlorine, and oxygen partial pressure is low resulting in the low chances of the formation of oxides to protect the
underlying base metal. High chlorine content occurs at the metal/oxide scale interface due to the fact that oxygen reacts with alloy
elements, particularly oxygen-reactive elements such as chromium, at the metal/scale interface which decreases the oxygen partial
pressure, while chlorine continues to diffuse into the interface, leading to an increased chlorine partial pressure at the metal/scale
interface [37]. Hence, chlorine controls the corrosion of alloys in high-temperature waste-to-energy technologies. This scenario
promotes the formation of cracks and pores in the protective oxide layer such that chlorine gas diffuses to the metal/oxide interface.
Since the targeted steam temperature for the increased electricity generation efficiency in waste-to-energy plants is between 550 °C
and 600 °C, metal chloride of the respective alloy elements that do not exceed the partial pressure of 10~* bars are considered as
resistant to corrosion as they do not lead to excessive material loss by evaporation of metal chlorides. From the analysis, it can be
deduced that chlorides of boron, tungsten, molybdenum, niobium, and chromium do not reach or exceed a partial pressure of 10*bars
up to a temperature of 600 °C. Nickel and iron form chlorides with partial pressures exceeding 10~* bars at temperatures above 600 °C.
This confirms the experimental observation made in industrial applications that nickel base alloys are used at temperatures not
exceeding 600 °C [38]. Interestingly, manganese forms chlorides with partial pressure >10~* bars across the temperature range that is
from 0 °C to 1200 °C. This finding is strongly in agreement with experimental investigations on the role of manganese on the corrosion
resistance of aluminium-forming austenitic stainless steel in air and water vapor [23]. Alloys with higher amounts of manganese
exhibited higher corrosion rates than alloys with lower manganese content. For example, a manganese content of 10 wt% led to a 12 wt
% nickel grade aluminium-forming austenitic alloys to have relatively poor oxidation behavior than alloy with 5 wt% manganese
content which showed modestly better oxidation resistance [39].

For the conditions on the surface of the oxide layer which are oxidizing conditions, metal chlorides exhibited a different behavior in
terms of attaining a certain partial pressure, Fig. 5(c). In this case, molybdenum, niobium, tungsten, cobalt, and chromium form
oxychlorides and chlorides such as molybdenum dioxide dichloride, niobium oxide trichloride, tungsten dichloride, cobalt dichloride,
and chromium trichloride, respectively which are highly unstable. These chlorides and oxychlorides reach high partial pressure >10*
bar even at low temperatures such as ~250 °C for molybdenum dioxide dichloride, implying that they will lead to significant material
loss from the metal surface by evaporation of chlorides and as a consequence, rapid corrosion occurs. Metals such as nickel and iron
form chlorides in which their partial pressure exceeds >10~* bar around 600 °C. This suggests that alloy with the base metal of nickel
and iron should be used up to a temperature not exceeding 600 °C. Boron also forms oxychlorides such as boron oxychloride and
chlorides such as boron trichloride and boron dichloride with partial pressures that could exceed the boundary value around 700 °C.
This indicates that boron could be used in severe conditions up to a temperature of 700 °C. From the analysis, it can be concluded that
alloys relying on the resistance of iron, nickel, and boron can be used up to a temperature of about 550 °C, 600 °C, and 700 °C
respectively, above these temperatures the metal chlorides’ partial pressure are sufficiently high to cause significant metal evaporation
from the metal surface.

Some oxychlorides such as molybdenum dioxide dichloride attain a high partial pressure at low temperatures around 250 °C and
very low oxygen partial pressures. These results are similar to previous experimental observations [14]. Moreover, a direct comparison
between reducing and oxidizing-chloridizing environments showed that molybdenum-containing materials are virtually inert in a
reducing environment against chlorine attack whereas more drastic corrosion occurs under oxidizing conditions. The results support
the negative role of molybdenum as an alloying element in oxygen-chlorine-containing environments [14]. During exposure to waste
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incinerating conditions, the formation of volatile molybdenum oxychlorides led to the complete absence of molybdenum in the oxide
scales of the specimens [14].

3.2. Oxides for protecting metal alloys

Since all metals can form chlorides, which could evaporate at certain temperatures leading to metal corrosion, the only possibility
to protect a metallic material from chlorine attack in a waste-to-energy environment is to stimulate the formation of a potentially
protective dense oxide scale on the metal surface. Therefore, all elements, nickel, molybdenum, niobium, boron, cobalt, chromium,
and tungsten were pre-oxidized to identify the most stable oxide that can be formed. The stability of the oxides is affected by the
temperature and activity of the alloy elements. Niobium and chromium form stable oxides across the temperature range from 100 °C to
1200 °C, since their log activity was close to zero as shown in Fig. 6(a). The stability of the metal oxides was further elucidated by
presenting the metal oxides’ stability in terms of their activity, as displayed in Fig. 6(b). Chromium (III) oxide is the only stable oxide,
especially at temperatures greater than 400 °C.

Additional elements to form a slow-growing oxide, such as silicon dioxide, aluminium oxide, or titanium dioxide were considered.
These oxides were examined in chlorine concentration of 2 % and oxygen partial pressure of 0.2 bars representing typical conditions at
the metal/oxide interface to investigate if the oxides can react with chlorine yielding metal chlorides with sufficient partial pressure
that can lead to metal degradation. All oxides of silicon, aluminium, and titanium could not form metal chlorides with sufficient partial
pressure across the temperature between 300 °C and 1300 °C, Fig. 7(a). In other words, these oxides can be regarded as stable in
oxidizing environments even at high chlorine partial pressures with aluminium oxide being the most stable oxide, followed by silicon
dioxide and lastly titanium dioxide. However, titanium dioxide appears to form chloride with significant partial pressure greater than
10~* bar at temperatures >1200 °C, however, this temperature is not of importance in waste-to-energy plants.

The disadvantage of the protective oxides is that, at certain temperatures, the oxides can further react with oxygen, disintegrate,
and evaporate resulting in the loss of the protective oxide scale [27]. For example, at temperatures >850 °C, chromium (III) oxide
reacts with oxygen forming volatile chromium trioxide which limits the long-term application of chromium-containing alloys to
temperatures around 900 °C. Despite the evaporation of chromium trioxide at elevated temperatures >1000 °C, chromium still has a
fundamental role in the corrosion resistance of alloys at moderate temperatures [40]. Like chromium, in low oxygen activity, silicon
forms volatile silicon oxide leading to the removal or obliteration of the protective silicon dioxide layer [27]. Therefore, calculations
were conducted to predict the volatilization of chromium trioxide, silicon oxide, and various aluminum-oxides over their protective
oxides which are chromium (III) oxide, silicon dioxide, and aluminum oxide, respectively. The partial pressure of aluminum-oxides
were significantly lower than those of gaseous silicon oxide and chromium trioxide across the temperature range from 100 °C to
1000 °C, Fig. 7(b). The results imply that, due to the thermodynamic stability of alumina, it can be used instead of silicon dioxide and
chromium (III) oxide in the present alloys, which is intended to be used in waste-to-energy plants with a steam temperature of about
600 °C. Aluminum oxide scale will definitely prevent both the inward flux of corrosive species such as chlorine and the outward
diffusion of metallic chlorides, thus increasing the corrosion resistance of the present designed alloy.

3.3. Stability of different phases

To design a corrosion-resistant alloy for corrosive environments, elements that can form chlorides that attain high partial pressure
at low temperatures should be avoided in the final composition of the alloy. Therefore, from the list of all the elements examined

10



T. Wenga et al. Heliyon 10 (2024) e30177

(a) (b) F Modelled alloy
- ® =
700 i =
AFe,0,
i ®Si
o + ALO, ® Esshete 1250
E 500 —®— Designed alloy ®Cr,0, I Ai’
= —&— Inconel 625 ©Cr
2 —A— =WO
*_5 400 - 304 - ©NasSOsg & Inconel 625
= —¥— 13CrMo4-5TS £ ot o e .
'% —&— Esshete 1250 3
S 300 =
b=
St
S ®
200 l Ve 304
—4 - N DR
100 +
e ® = X 13CrMo4-5TS
93= : : Y T 1 1\
0 2000 4000 6000 8000 10000 T T T T T T T
10 20 30 40 70 80 90

50 60
Time (hours) 26 ()
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crystallographic compounds formed in the corrosion products.

nickel, chromium, tungsten, boron, and aluminum were selected as the elements which should be used in the designing of the
corrosion-resistant alloy. Although chromium can form highly volatile chromium trichloride, it enhances the formation of a protective
aluminum oxide through the third element effect [21]. This occurs when an element with an oxygen affinity between that of the base
metal and the protective oxide-forming element promotes the establishment of the protective scale at reduced levels of the
oxide-forming element in the alloy. The percentage weight of each of the elements was optimized by using the phase stability analysis
in which the composition that leads to one stable phase, i.e., face-centered cubic up to the temperature of 600 °C was selected, Fig. 8.
The suitable chemical compositional design was concentrated on the improvement of high-temperature corrosion resistance, phase
stability which is enabled by the presence of face centered cubic structure, promoting solid-solution hardening by finding the phase
with tungsten and promotion of precipitators which is facilitated by the presence of nickel boride (Ni3B). In light of the above con-
siderations, the alloy with the composition Ni-6W-5B has been identified as the preferred composition of the base corrosion-resistant
alloy (indicated as a red dot in Fig. 8). Therefore, the final composition of the designed alloy is Ni-6W-5B-28Cr-13Al after adding the
selected oxygen-reacting elements which are chromium and aluminum.

3.4. Corrosion rates of metal alloys

The designed alloy Ni-5B-6W-28Cr-13Al was fabricated by the Beijing Wuke Optoelectronic Technology Co., Ltd. Other
commercially available alloys commonly used in waste-to-energy plants such as Esshete 1250, stainless steel 304, Inconel 625, and
13CrMo4-5TS were purchased from Tianjin Tianbang Steel Company and their chemical composition are shown in Table 2. These
alloys were coated with sodium chloride salt and were subjected to a simulated corrosive environment of municipal solid waste
combustion shown in Table 3. The experiments were performed at 600 °C for 300 h. The corrosion rates for all the alloys were
calculated and extrapolated to micrometer/year by first calculating the degradation thicknesses (d., cm) of corroded samples from the
mass-loss data using equation (3) [41].

_ AMy
p

d, @)

AMy is the Normalized thickness = (Wo — W/A

where W (g) is the final weight, Wy (g) is the initial weight, A (cm?) is the surface area of the alloy coupons and p is the density of the
alloy coupons (g/cm®). The density of the designed alloy was determined by dividing the mass of the coupons in (g) by the volume in
cm®. The corrosion rate was then extrapolated to corrosion rate in pm/year as shown in Fig. 9. The alloy Ni-5B-6W-28Cr-13Al designed
in this study exhibited a corrosion rate almost 500 % times lower than 13CrMo4-5TS and approximately 50 % times lower than that of
the alloy 304, all particularly after 1000 h of exposure. However, Esshete 1250 performed better than the present designed alloy which
was equally resistant with Inconel 625 as the error bars overlap indicating that there was no significant difference between the
corrosion rates of Inconel 625 and the modeled alloy, Fig. 9(a).

It is worth commenting that the Fe-based Esshete 1250 alloy (Fe- 61 wt%, Table 2) showed a much lower corrosion rate than the
high Ni content alloy of Inconel 625 (Ni-60.1 wt%, Table 2) and our designed alloy as shown in Fig. 9(a). The reasons for this were
unclear and were not directly investigated in this study. However, the possible reasons or mechanisms include; (1) that the experiment
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Fig. 10. The secondary electron images for the morphology of the designed alloy (a) before corrosion testing exposure (b) surface morphology after
300 h and (c) cross-section analysis (d) geometrically optimized structure of the alloy with gaseous chlorine molecule.

was done over a short period of time where Inconel 625 and our designed alloy which are Ni-base alloys could still have not established
a stable anti-corrosion mechanism (2) from the SEM analysis of alloy Esshete 1250, it was observed that the surface was made up of a
compact surface oxide layer and the EDS analysis revealed that the oxide layer was made up of O, S, Na, Cr, and Fe with atomic %
shown in Fig. 11(b). This composition suggests that there was a mixture of oxides including sulfate, Cr,O3 and Fe,O3. The combination
of Cry03 and sulfate could somewhat slow down the inward diffusion of Cl to the metal substrate which could have slowed down the
corrosion rate. However, over a long period, it is expected that Inconel and our designed alloy which are Ni-base alloys could perform
better as Esshete has been shown by others [41] to suffer much grain boundary degradation due to the precipitation of (Cr, Fe)23Cg at
grain boundaries, which result in the diffusion of C, Fe, and Cr to the grain boundaries from the grain centers and consumed rapidly.
Further work, however, is required to understand the mechanisms accounting for the different behaviors among the alloys.

3.5. Corrosion products morphology and corrosion resistance mechanism

The morphology of the corrosion products on the Ni-5B-6W-28Cr-13Al alloy before and after the corrosion test exposure for 300 h
were investigated using scanning electron microscopy. The surface of the metal before exposure was just smooth with only scratch
marks that were a result of sample preparation using silicon-carbide paper as shown in Fig. 10(a). It should be noted that the EDS
elemental composition of the alloy before the corrosion testing slightly differs from the atomic composition used during the
manufacturing of the alloy. This was perhaps due to the difference in the excitation energy required for the electronic transition of
different elements. The type of elements can be determined according to the abscissa position of the spectral peak. The energy of Ni, Cr,
and B lines were close (Fig. 10(a)), so some of the energy of Cr and B were likely to be identified as Ni. And also, some of the energies of
Al could have been identified as W resulting in the deviation of the elemental composition between EDS analysis and those used in
manufacturing. Moreover, the difference could also be attributed to the homogeneity in the mixing of the elements during the
fabrication process. Therefore, the difference in chemical composition may be caused by the insufficient repeated melting times or
annealing time of the alloy. After 300 h of exposure, the alloy developed corrosion products on the surface. Two distinct features can be
observed on the surface: (1) the smooth rounded features corresponding to sodium chloride salt and (2) the rough irregularly shaped
spreading features as shown in Fig. 10(b). The energy dispersive spectroscopy analysis on the latter features revealed that their
composition consists of 9.58 atomic % oxygen, 7.58 atomic % sulfur, 77.56 atomic. % sodium, 0.92 atomic. % chromium, and 1.10
atomic. % tungsten. This composition suggests the presence of sodium sulfate, sodium chromate, tungsten oxide, and chromium (III)
oxide. When alloys especially stainless steels are heated above 425 °C, they precipitate chromium compounds at grain boundaries.
Chromium becomes depleted at grain boundaries, resulting in the selective diffusion of chromium to the grain boundaries from the
internal grain centers. Chromium in turn is oxidized to form a protective oxide together with a tungsten oxide scale which prevents
further inward diffusion of chlorine species to the metal substrate, thereby preventing further corrosion attack.

The anti-corrosion mechanism occurred via the promotion of tungsten-chromium oxide and supported by aluminium oxide for-
mation. W atoms adjacent to Cr create highly favorable oxygen adsorption sites. This W supercharges the reactivity of Cr with oxygen
principally funneling oxygen atoms into Cr sites. O initially adsorb at the W-Cr bridge position or at the W-Cr-Cr hollow sites which
serve as the primary nucleation site to initiate the formation of Cr-oxides. Essentially, W is feeding O to Cr and a larger Cr concentration
favors oxygen adsorption. In addition, Al promotes Cr-oxide formation by the third-element effect. The formation of an oxide layer
prevents the direct contact of the corrosive agents such as Cl, S, and others from reacting with substrate elements. Thus, the corrosion
impact is reduced.

The presence of sodium sulfate, tungsten oxide, and chromium (III) oxide have been confirmed by x-ray diffractometer analysis,
Fig. 9(b). To investigate the movement of corrosion attack into the designed alloy, the alloy sample was cut at the center to view the
alloy cross-section, cleaned with kerosene, and coated with gold. The cross-section was further subjected to scanning electron
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Fig. 11. SE SEM images of the corrosion products for (a) 13CrMo4-5TS suffered accelerated corrosion attack; (b) Esshete 1250 with the least
corrosion rate.

microscopy analysis and was composed of three distinct layers. The top layer was the corrosion products, particularly oxides. Below the
top layer was an interface layer which consisted of pores and crevices distributed along the layer. Below the interface is the intact metal
substrate, Fig. 10(c). No chlorides or alkalis were detected in this layer. However, just below the interface layer, the metal suffered a
corrosion attack. The energy dispersive spectroscopy analysis in this interface layer revealed that the elemental composition comprised
of 5.0 atomic % sodium, 2.7 atomic % chlorine, 28.4 atomic % oxygen, 59.9 atomic % tungsten, and 4.0 atomic % chromium at 5 KV.
This attested that chromates and chlorides accumulated in this layer due to the reactions of sodium chloride with the alloy elements. In
the top oxide layer, the amount of chlorine was higher than the amount of chlorine in the interface. The top layer comprised of 36.8
atomic % oxygen, 4.3 atomic % chlorine, and 58.9 atomic % chromium at 5 KV. The amounts of chlorine in the top oxide layer resulted
from the diffusion of chromium and tungsten chloride out of the interface layer to the outside top oxide layer. From these observations,
it was concluded that the metal chlorides formed at the interface diffuse to the top layer where there was high oxygen content, and
became oxidized. This migration of metal chlorides explains the voids observed at the corrosion front in the interface layer.

The corrosion-resistant mechanism for the alloy Ni-5B-6W-28Cr-13Al has been modeled by the first principle using density
functional theory computations. Density functional theory has been successfully employed in the corrosion process [18,42]. The
calculation modeled the protective nature of the oxide layer. After the oxide layer is formed, the energy needed to break the bonds of
chromium from its oxide layer is large, indicating that chlorine cannot react with the oxide layer, Fig. 10(d).

In addition to the SEM analysis for the designed alloy, SEM analysis for the alloy that suffered the most severe corrosion (13CrMo4-
5TS) as well as for the alloy with the least corrosion rate (Esshete 1250) were further conducted as shown in Fig. 11.

From the SEM analysis, it can be clearly shown that 13CrMo4-5TS suffered accelerated corrosion as peeling off of the oxide scale
can be observed on the surface. EDS analysis showed that the peeled oxide scale consists only of Fe and O as shown in Fig. 11(a) with
the atomic percentage suggesting the presence of only Fe,O3 as detected by XRD analysis. Fe;O3 could have been formed due to the
oxidation of FeCl, formed from the reaction of HCl and Fe atoms of the alloy. The FeCl, could have volatilises and react with oxygen
forming an oxide scale on the surface according to the active oxidation mechanism. The formed Fe;O3 layer is porous, has weak
adhesion with the substrate, and spalled allowing more Cly to react with the alloy substrate resulting in a drastic corrosion rate,
particularly in the first 1500 h. The graph of the 13CrMo4-5TS in Fig. 9 appeared to level off after 2000 h and the plausible reason is
that, with increasing exposure time, the formation of an oxide layer caused the thickness of the corrosion products to increase resulting
in slowed inward diffusion of HCl, O, and H»0, and outward diffusion of FeCl,. Eventually, this process reduced the total amounts of
HCI, Oy, and H50 in the subscale, and thus corrosion rate gradually slowed down. On the contrary, the SEM analysis of the alloy Esshete
1250 with a lower corrosion rate showed that the surface is made up of a compact surface oxide layer. EDS analysis revealed that the
oxide layer is made up of O, S, Na, Cr, and Fe with atomic % shown in Fig. 11(b). This composition suggests that there is a mixture of
oxides including sulfate, Cr,O3 and Fe;Os. A combination of Cro03 and sulfate reduces the inward diffusion of HCI to the metal
substrate which slows down the corrosion rate of Esshete 1250 and thus the overall corrosion impact was low.
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Table 4
Economic evaluation of the designed alloy in relation to other commonly used alloys.
Alloy Elemental Unit price Price in USD of material Total price Cost-effectiveness ratio Corrosion rate
composition (wt. %)  USD/ton to make one-ton alloy USD/ton alloy (Modeled alloy: commercial (pm/year)
alloy)
Modeled Ni-48 12735.00 6112.80 6895.91 1 158.00
alloy B-5 872.00 4.36
W-6 1980 9.9
Al-13 1865.00 242.45
Cr-28 1880.00 526.40
Inconel 625 Ni-60.1 12735.00 7653.74 10803.40 1:1.57 112.44
Mo-9.0 26000.00 2340.00
Mn-0.2 1141.00 2.28
Nb-3.5 11167.00 390.85
Si-0.2 1900.00 3.80
Al-0.2 1865.00 3.73
Cr-21.5 1880.00 404.20
C-0.05 200.00 0.10
Fe-2.0 235.00 4.70
304 Ni-20 12735.00 2547.00 3195.78 1:0.46 220.66
Mn-2.0 1141.00 22.82
Si-0.9 1900.00 17.10
Cr-26.0 1880.00 488.8
C-0.08 200 0.16
Fe-51.02 235.00 119.90
13CrMo4- Ni-0.3 12735.00 38.21 649.73 1:0.09 623.06
5TS Mo-0.5 26000.00 130.00
Mn-0.55 1141.00 11.41
Al-0.4 1865.00 7.46
Cr-13.0 1880.00 244.4
Cu-0.3 6207.00 18.62
Fe-84.95 235.00 199.63
Esshete Ni-61.0 12735.00 7768.35 8452.13 1:1.23 52.67
1250 Mo-0.8 26000.00 208
Mn-5.5 1141.00 62.76
Nb-0.75 11167.00 83.75
Si-0.2 1900.00 3.8
B-0.009 872.00 0.08
Cr-14. 1880.00 263.2
C-0.06 200 0.12
V-0.15 24,145 36.22
Fe-11.0 235.00 25.85
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Fig. 12. Corrosion against cost analysis (a) corrosion rate (b) cost of alloy USD/ton of alloy produced.

3.6. Economic analysis

To evaluate the performance of the designed alloy in comparison with other commercially used alloys, a cost against corrosion rates
analysis was conducted. The cost of the alloy elements and factors considered are presented in the method section. It is seen that the
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corrosion rates of the designed alloy and Inconel 625 were almost similar but the cost of the present alloy was approximately 36 % less
than that of Inconel 625, Table 4. This implies that the alloy designed could economically be effective compared to Inconel 625.
Similarly, the cost of the present alloy was 22.6 % less than that of Esshete 1250. Although the cost for the production of all iron-based
alloys i.e., 304 and 13CrMo4-5TS was less than that of the alloy designed in this study, iron-based alloys showed poor performance
than the present alloy which will be expensive as they need to be replaced over a short period of time. The cost of the present alloy will
be compensated by avoiding the cost of frequent super-heater maintenance.

The alloys were chosen on the basis that, nickel-based alloys perform better in terms of resisting corrosion but are expensive while
iron-based alloys have modest resistance to corrosion and they are less expensive. The alloy 13CrMo4-5TS has the lowest cost but
experienced an extremely accelerated corrosion rate. The modeled alloy was approximately 7 USD per kg of the alloy while alloy 304
was approximately 3.5 USD per kg of the alloy and 13CrMo4-5TS was approximately 1 USD per kg of alloy. The costs in decreasing
order: Inconel 625 > Esshete 1250 > Ni5B6W28Cr13Al > 304 > 13CrMo4-5TS. In terms of corrosion rates, although the modeled alloy
suffered some corrosion rate than Inconel 625 and Esshete 1250, the error bars overlap indicating that there was no significant dif-
ference in the corrosion rate among Inconel 625 and Ni5SB6W28Cr13Al as shown in Fig. 12(a). Meanwhile, it performed better than
iron-based alloys.

3.7. Future directions

The theoretical approach and early results presented in this paper provide some insights on how to develop a novel high-
temperature corrosion-resistant alloy while saving time and unnecessary cost due to the trial and error approach which is usually
conducted without well-informed alloy composition. However, further work is required to understand the short and long-term per-
formance of alloy under real high-temperature operating conditions typical of those in waste-to-energy facilities such as waste in-
cinerators and biomass boilers. In addition, there is a need to further investigate the corrosion resistance mechanisms of the new alloy
relative to other existing alloys such as Esshete1250 and Inconel 625. Moreover, beyond chlorine-induced corrosion, further work is
required to understand the performance of the alloy when subjected to other corrosive environments such as sulfidation corrosion
attack.

4. Conclusion

In this paper, a novel cost-effective high-temperature corrosion-resistant alloy was developed using thermodynamic equilibrium
calculations. The alloy has a composition of Ni-5B-6W-28Cr-13Al. The high-temperature strength was determined by coupling the
precipitation-strengthening species of nickel boride and tungsten solid solution strengthening, while high-temperature corrosion
resistance was realized through optimized compositional design. Phase stability was enabled by the presence of a face-centered cubic
structure. The alloy was fabricated and its corrosion-resistance performance was experimentally compared with other commercially
available nickel- and iron-based alloys under simulated municipal solid waste combustion. The designed alloy performed better in
terms of corrosion resistance and cost than iron-based alloys but has slightly higher corrosion rates than Inconel 625 and Esshete 1250.
Corrosion resistance from the simulated municipal solid waste combustion environment occurred by a uniform Tungsten and chro-
mium oxide film with much greater surface coverage which inhibits diffusion of gases across the protective oxide layer. Further work is
required to validate the theoretical and early results on alloy performance reported in this study. Such future studies should entail
probe or fixed installation of the fabricated alloy in a real boiler or high-temperature applications of waste-to-energy facilities.
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