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ABSTRACT
The sulfidation kinetics of titanium and Ti-6Al-4V (Ti64) using elemental sulfur were studied by
measuring the amount of metal consumed instead of the change in mass or scale thickness. This
metal consumption approach combines the parabolic oxidation law, Arrhenius equation, and
Pilling-Bedworth ratio to determine the apparent activation energy and the pre-exponential factor
of consumption of Ti64 during sulfidation. The estimations of apparent activation energy and pre-
exponential factor were 110.4 kJ·mol−1 and 1.3 × 10−9 m2s−1 for the titanium-sulfur, and 116.2
kJ·mol−1 and 1.2 × 10−9 m2s−1 for the Ti64-sulfur system. Finally, a material removal predictor was
developed to predict the amount of Ti64 consumed for a given sulfidation temperature and time.
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Introduction

Understanding the corrosion kinetics of sulfur-metal sys-
tems is of great interest for preventing or mitigating the det-
rimental effects of corrosion in industries such as oil and gas
power plants [1,2]. Corrosion kinetics are also of interest to
the Additive Manufacturing (AM) industry, which uses con-
trolled corrosion to remove metal support structures and
improve the surface finish and fatigue performance of
printed parts [3–6]. The Hildreth Group recently developed
techniques that use sulfidizing corrosive environments for
post-processing additively manufactured Ti-6Al-4V (Ti64)
parts [5]. In these techniques, a 3D-printed metal part is
heat-treated in a sulfur environment to form sulfide scales
with the top 50–100 µm of the part’s surface. A solution of
sulfuric acid and sodium molybdate selectively dissolves
these sulfide scales while protecting the base alloy. Since
these corrosion-based techniques consume material from
the surface of the alloys, parts need oversizing to account
for the material removed for functional accuracy. One can
determine the amount of material consumed for a given pro-
cess temperature and time by studying the kinetics of the
solid–gas interaction, i.e. Ti64-sulfur interaction. Several
studies exist for the sulfidation of Ti64 and other alloys in
the presence of gaseous H2S or SO2 [7–11]; however, to the
authors best knowledge, no literature exists on the sulfida-
tion of Ti64 with elemental sulfur. This work aimed to fill
that knowledge gap. In addition, a material removal predic-
tion model was developed using the kinetic parameters. The
material removal predictor can help post-processing engin-
eers to create recipes to remove a fixed amount of material
from the surface of an AM part.

Gas–solid kinetics can be determined from the amount of
metal consumed or the amount of scale formed by measuring
their respective change in mass or thickness [12]. A popular
and convenient method to study the gas–solid kinetics of
scale growth during oxidation and sulfidation is thermogra-
vimetric analysis (TGA) [13]. In the TGA approach, a metal
sample is suspended from a spring in the middle of a vertical

tube furnace, which is attached to a balance to measure the
continuous change in sample mass during the reaction.
After the sample has reached the desired temperature, a reac-
tive gas, such as oxygen, sulfur, iodine, or a mixture of gases,
flows from the bottom of the tube furnace. The gas reacts
with the metal surface to form a scale, which continues to
grow as the species diffuses through the scale to propagate
the reaction. TGA relies on measuring the mass change of
the metal sample in situ to estimate the kinetic parameters.
This in situ, TGA-based approach for measuring scale for-
mation kinetics can be improved by accounting for the
change in the metallic core during the reaction [14,15].

While TGA is an excellent tool for accurately measuring
scale formation kinetics, the equipment can be extremely
expensive, especially if the feedstock for the corrosive gas
is a solid or a liquid. This cost can be avoided by measuring
the scale thickness ex situ while varying reaction tempera-
tures and reaction times [16–18]. However, measuring the
scale thickness is challenging and inaccurate in systems
with fragile scales, such as Ti64-sulfur. Therefore, this
work used the amount of metal consumed to determine
the gas–solid kinetics of a Ti64-sulfur system. In this work,
the material consumption approach is described and the for-
mulae to determine the apparent activation energy and pre-
exponential factor were derived. The material consumption
approach was validated with the titanium-sulfur system
against Ohta et al. [19], and Dutrizac [20], and then
extended to the Ti64-sulfur system to develop the material
removal predictor to estimate the amount of Ti64 removed
from the surface for a given sulfidation temperature and
time.

Materials and methods

Sample preparation

A 254 µm thick Ti64 sheet (TMS Titanium) and a 200 µm
thick titanium sheet (Futt) were cut into 14 mm × 10 mm
pieces using a sheet metal shearing machine. The Ti64 and
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titanium sheet pieces were cleaned in an ultrasonic bath with
acetone, methanol, and isopropyl alcohol for 5 min. Next,
the sheet pieces were blow-dried with compressed N2 gas
(General Air). All the cleaned sheet pieces were placed indi-
vidually in a fused quartz tube (13X16, Technical Glass) of
length 300 mm with 25 mg of sulfur flakes (≥99.99% trace
metals basis, Sigma Aldrich). The fused quartz tube was
then purged with Ar (99.999%, General Air), evacuated
three times, and sealed with a hydrogen–oxygen flame in
the evacuated state. The length of the fused quartz was
300 mm to prevent an explosion due to excessive internal
pressure in the tube. The samples encapsulated in the
fused quartz tubes were placed in a box furnace (Carbolite
201) after the temperature was equilibrated for sulfidation.
Supplementary Information Figure S1 shows a representa-
tive image of the encapsulated samples. After four hours of
sulfidation, the encapsulated samples in the furnace were
quenched in water to arrest the sulfidation reaction. The
samples were sulfidized in steps of 100°C from 650°C to
950°C for 4 h to fit the linearised metal consumption
model. Finally, the sulfidized sheet samples were removed
from the fused quartz tube for analysis. The sulfide scales
formed on the sheet samples were fragile and easily broke
away when the samples were removed from the tube.

Characterisation

Sheet samples were mounted along the longer edge in a mix-
ture of mounting copper powder (Allied High-tech) and
cold-curing epoxy (EpoFix, Struers) within 1.25-inch diam-
eter mold cups. After mounting, the samples were ground
with sequentially finer media starting with silicon carbide
paper ranging from 180 grit to 600 grit, then polished with
9 µm diamond suspension and 0.05 µm colloidal silica. The
samples were thoroughly rinsed with deionised water after
each grinding step, and in addition dried with compressed
N2 gas after the last grinding step and between each polish-
ing step. The polished cross-section samples were then
imaged at 10 locations with an inverted optical microscope
(Zeiss Axio Vert. A1) to measure the thickness of the Ti64
and titanium sheets after sulfidation. The cross-sectioned
samples were also imaged in a TESCAN MIRA3 Scanning
Electron Microscope (SEM) to characterise the sulfide scale
if present. X-ray Diffraction (XRD) data of the scale was col-
lected with Bruker D2 Phaser with a cobalt source. The scale
was held in place on a silicon holder using polytetrafluor-
oethylene (PTFE) grease. The XRD diffractogram was ana-
lysed with Bruker’s DIFFRAC. EVA and PDF-4/Axiom
database from International Centre for Diffraction Data
(ICDD) [21].

Theory

System and material consumption approach
description

In the Ti64-sulfur system, sulfur adsorbs on the Ti64 surface
and reacts with it to form a thin layer of sulfides. The sub-
sequent sulfide layers primarily form at the sulfides-gas inter-
face because of the outward diffusion of the cations from the
Ti64-sulfides interface, which is significantly faster than the
diffusion of sulfur through the scale [22]. Figure 1 shows a
schematic diagram of the growth of the sulfide scale in the

Ti64-sulfur system. The cations are mainly titanium since
Ti64 alloy primarily consists of titanium. The XRD diffracto-
gram, in Figure 2, indicates that the primary phase identified
in the scale is TiS2, corroborating the significantly greater
presence of titanium ions compared to aluminium and
vanadium ions. In addition, elemental maps of the cross-sec-
tion of a sulfidized Ti64 sheet are also included in the Sup-
plementary Information Figure S2 as a visual confirmation.

The sulfidation kinetics of the Ti64-sulfur system can be
studied using the parabolic oxidation law [17], which cap-
tures the growth of the sulfide scale by relating the sulfide
scale thickness to sulfidation time. However, this model is
difficult to use for fragile scales, and the broken scale
shown in Figure 3 shows this problem, with the scale
deforming at multiple locations. This work used the amount
of substrate material consumed to accurately measuring the
scale thickness.

Metal consumption model derivation

The material consumption approach measured the metal
consumed thickness (difference between initial and final
thicknesses) instead of the more inaccurate measurement
of sulfide scale thickness. The material consumption
approach was derived from the parabolic oxidation law,
the Pilling-Bedworth ratio, and the Arrhenius law. This
approach works only if the material consumption is uniform
and if no intergranular ingress of the corrosion species
occurs. Figure 4 shows a schematic diagram and optical
images of the cross-section of the metal sheet before and
after sulfidation. Figure 4 also illustrates the different thick-
nesses measured in the different approaches, i.e. scale thick-
ness when using the parabolic oxidation law and metal
consumed thickness when using the metal consumption
model.

The parabolic oxidation law Equation 1 [17] is a relation-
ship between the scale thickness and the reaction time for a
given reaction temperature:

x2scale
2D

+ xscale
k′

= ct
G

(1)

where xscale = thickness of the scale [m], D = diffusion coeffi-
cient [m2·s−1], k’ = reaction rate [m·s−1], c = concentration of
the cations at the metal-scale interface [mol·m−3], t = sulfida-
tion time [s], and G = growth thickness constant [mol·m−3].

In the parabolic oxidation law, the first term represents
the scale growth under the diffusion-controlled regime
and the second term represents the scale growth under
the reaction-controlled regime. Strafford established that
scale growth during sulfidation is primarily diffusion-con-
trolled [22]. Therefore, only the first term of the parabolic
oxidation law was considered for simplicity. The parabolic

Figure 1. Schematic diagram of the sulfide scale growth in Ti64-sulfur system.
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law reduces to:

x2scale
2D

= ct
G

(2)

Equation (2) predicts the thickness of the scale for a given
sulfidation time at one sulfidation temperature, since the
diffusion coefficient is a temperature-dependent parameter.
The diffusion coefficient can be determined empirically by
fitting the reduced parabolic oxidation law. Since the scale
thickness cannot be measured accurately due to its fragility,
the reduced parabolic oxidation law was modified with the
Pilling-Bedworth ratio (PB), which relates the volume of the
scale to the volume of the metal in the scale, and is used to
predict the passivation behaviour of scales [23]:

PB = Vscale

Vmetal
=

Msulfide · rmetal

n ·Mmetal · rsulfide
(3)

where Vscale= volume of sulfide [m3], Vmetal= volume of the
metal in the sulfide [m3], Mscale=molecular mass of sulfide
[g·mol−1], rmetal= density of metal [kg·m−3], n = number of
atoms of the metal per a molecule of sulfide, Mmetal=mol-
ecular mass of the metal in the sulfide [g·mol−1], and rscale=
density of the sulfide [kg·m−3]. The metal and scale volumes
can also be determined, as shown Equation 4. This relation-
ship can be simplified since the surface through which ion
diffusion takes place is the same as the surface of the
metal, i.e. the area of the sulfide is equal to the area of the

metal consumed [14].

PB = Vscale

Vmetal
= Ascale · xscale

Ametal · ymetal
= xscale

ymetal
(4)

where Ascale= area of sulfide [m2], Ametal= area of the metal
in the sulfide [m2], xscale = thickness of the scale [m], and
ymetal = thickness of metal consumed [m]. Combining
both Equations 3 and 4, we establish a relationship between
the scale thickness and the metal consumed thickness.

xscale =
Msulfide · rmetal

n ·Mmetal · rsulfide

( )

· ymetal (5)

Using Equation 5, the scale thickness in the reduced para-
bolic oxidation law was substituted with the metal con-
sumed thickness. The reduced parabolic oxidation law in
terms of metal consumed thickness is:

Msulfide · rmetal

n ·Mmetal · rsulfide

( )2
y2metal

2D
= ct

G
(6)

All the material and transport properties were combined
into one property called the metal consumption coefficient
(CTi). The consumption coefficient is analogous to the

Figure 2. XRD diffractogram of the sulfide scale showing TiS2 as the primary phase.

Figure 3. SEM backscattered electron image of the cross-section of sulfidized
Ti64 sheet showing the fragility of the scale by its separation of the scale from
the metal.

Figure 4. Schematic representation (a) and the optical image (b) of the
material consumption approach showing the as-received and sulfidized metal.
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diffusion coefficient.

CTi =
Dc
G

Msulfide · rmetal

n ·Mmetal · rsulfide

( )2

(7)

Substitution of Equation 5 into Equation 2 gives Equation 8
which predicts the metal consumed thickness for a given
sulfidation time at one temperature since the consumption
coefficient is a temperature-dependent quantity:

y2metal = 2CTit (8)

To predict the metal consumed thickness for a given sulfi-
dation time and a given sulfidation temperature, the temp-
erature dependence of the consumption coefficient is made
explicit by using the Arrhenius law. Equation 9 gives the
Arrhenius form of the consumption coefficient.

CTi = Coe
−Ea
RT[ ] (9)

where Co= pre-exponential factor [m2·s−1], Ea = apparent
activation energy [J·mol−1], R = universal gas constant
[J·K−1·mol−1], and T = temperature [K ]. Then, substituting
Equation 9 in Equation 8, the metal consumption model
was derived that predicted the metal consumption thick-
ness for a given sulfidation temperature and sulfidation
time:

y2metal = 2Coe
−Ea
RT[ ]t (10)

The apparent activation energy and the pre-exponential
factor in the metal consumption model can be determined
empirically. In Arrhenius law, the slope of the linearised
equation gives the apparent activation energy, and the y-
intercept gives the pre-exponential factor.

Results and discussion

The metal consumption measurement should be advan-
tageous for the scale thickness measurement for determining
kinetic parameters since the material consumption approach
works regardless of the fragility of the scales. To validate the
material consumption approach, the kinetics of a titanium-
sulfur system were measured and compared to Ohta et al.
[19] and Dutrizac’s [20] work.

Validation of material consumption approach with
titanium-sulfur system

A titanium-sulfur system was studied to verify the apparent
activation energy estimated from the material consumption
approach. Figure 5 shows the Arrhenius plot with
logeCTi against 1/T on the x-axis for the titanium-sulfur sys-
tem. The apparent activation energy estimated by the
material consumption approach was 116.2 kJ·mol−1, and
the pre-exponential factor estimated was 1.2 × 10−9 m2s−1.
Dutrizac [20] estimated the apparent activation energy to
be 112.9 and 138.1 kJ·mol−1 for annealed and unannealed
titanium, respectively. Ohta et al. [19] estimated the apparent
activation energy for the growth of the compact layer to be
100.4 kJ·mol−1 for unannealed titanium. These results are
tabulated in Table 1 for clarity and ease of comparison.
Both researchers studied the sulfidation of titanium with sul-
fur vapour by measuring the mass change of the sample. The
apparent activation energy estimated from the material

consumption approach closely matched that of Dutrizac
[20] and Ohta et al. [19]. These results validate the material
consumption approach.

Sulfidation kinetics of Ti-6Al-4V

The material consumption approach was used on the Ti64-
sulfur system to estimate the apparent activation energy
and the pre-exponential factor. Figure 6 shows the Arrhenius
plot for the Ti64-sulfur system. The apparent activation
energy estimated by the material consumption approach
was 110.4 kJ·mol−1 and the pre-exponential factor estimated
was 1.3 × 10−9 m2s−1. The apparent activation energy for the
Ti64-sulfur system was lower than that of the titanium-sulfur
system. The higher pre-exponential factor in the Ti64-sulfur
system, which is analogous to collision frequency/jump fre-
quency, is indicative of faster and higher material consump-
tion in the Ti64-sulfur system than the titanium-sulfur
system. The activation energies and pre-exponential factors

Figure 5. Plot of consumption model showing the apparent activation energy,
Ea = 116.2 kJ·mol−1 and Co = 1.2 × 10−9 m2s−1 for the titanium-sulfur system.

Table 1. Activation energies of the titanium-sulfur system compared to
literature.

Author Activation energy, Ea[kJ·mol−1]

This work 116.2
Dutrizac [20] 112.9
Dutrizac [20] 138.1
Ohta et al. [19] 100.4

Figure 6. Plot of consumption model showing the apparent activation energy,
Ea = 116.2 kJ·mol−1 and Co = 1.3 × 10−9 m2s−1 for the Ti64-sulfur system.
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for titanium-sulfur and Ti64-sulfur systems are tabulated in
Table 2 for clarity and ease of comparison.

Material removal predictor

Using the kinetic parameters obtained from the material
consumption approach for the Ti64-sulfur system (Ea and
Co) in the metal consumption model, a material removal pre-
dictor was developed that showed the amount of Ti64 con-
sumed at different sulfidation temperatures for a
sulfidation time of 4 h, as shown in Figure 7. The experimen-
tally measured material removed closely matched the pre-
dicted material removed from the material consumption
model. Thus, the material removal predictor, Equation 11,
can help designers with oversizing a part and technicians
with the necessary sulfidation temperature, time, and the
number of cycles to remove a required amount of material
from the surface of the Ti64 part.

ymetal =
###########
2Coe

−Ea
RT{ }t

√
(11)

Conclusions

The apparent activation energy of sulfidation for titanium-
sulfur and Ti64-sulfur systems were estimated using the
change in metal consumed thickness instead of the more
common approach involving mass change. This metal con-
sumption approach removed the need to measure scale
thicknesses and is useful in systems with fragile scales. The
apparent activation energy of sulfidation and the pre-expo-
nential factor were estimated to be 110.4 kJ·mol−1 and
1.3 × 10−9 m2s−1 for the titanium-sulfur system, and 116.2
kJ·mol−1 and 1.2 × 10−9 m2s−1 for the Ti64-sulfur system.
A material removal predictor was developed to estimate
the amount of material removed for a given sulfidation

temperature and time that will help designers and engineers
choose the process parameters.
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