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ABSTRACT

ELECTROLESS DEPOSITION OF OXIDATION RESISTANT HIGH
TEMPERATURE COATINGS IN MOLTEN SALT

Omiir, ishak Emre
Master of Science, Metallurgical and Materials Engineering
Supervisor : Prof. Dr. ishak KARAKAYA
Co-Supervisor: Assoc. Prof. Dr. Metehan ERDOGAN

September 2021, 90 pages

Molybdenum and molybdenum alloy (TZM) can be protected against oxygen in high-
temperature environment by developing silicide coating on their surface without
damaging their mechanical properties. In this study, molybdenum di-silicide was
coated on pure molybdenum and its alloy (TZM) surfaces using a molten salt method.
NaCl-KCI-NaF eutectic composition was used as salt mixture, and Na,SiFe and silicon
powder were added to the system as silicon source. X-ray diffraction (XRD),
Inductively Coupled Plasma — Mass Spectrometer (ICP-MS) and scanning electron
microscope (SEM) were used for characterization of the silicide coatings. Effects of
operating temperature and time on coating thickness for both pure molybdenum and
TZM alloy were studied. Also, effect of silicon sources; NazSiFs and silicon powder,
on thickness of silicide layer was investigated. While higher operating temperature had
limited effect on coating thickness for pure molybdenum samples, thicker coatings
were obtained at lower temperatures for TZM alloy samples. Also, longer operating
time slightly increased coating thickness for pure molybdenum substrates, however; it
had a significant effect for TZM alloy samples for 4 hours of processing time.
Although amount of silicon sources in salt mixture had no effect on coating thickness
for pure molybdenum samples, amount of silicon in salt mixture had an enormous
effect for TZM alloy samples. Also, molybdenum di-silicide coated TZM alloy
samples were tested at high-temperature oxygen environment, and it was proved that

silicide coating is protective against oxidation by forming silica.



Keywords: Molten salt, high-temperature coatings, molybdenum di-silicide coatings,

oxidation, crystallography
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OKSIDASYONA DAYANIKLI YUKSEK SICAKLIK KAPLAMALARININ
AKIMSIZ OLARAK ERIiYiK TUZ iCERISINDE BIiRiKTIiRILMESI

Omiir, ishak Emre
Yiiksek Lisans, Metalurji ve Malzeme Miihendisligi
Tez Yoneticisi: Prof. Dr. ishak KARAKAYA
Ortak Tez Yéneticisi: Dog. Dr. Metehan ERDOGAN

Eyliil 2021, 90 sayfa

Molibden ve molibden alasimi (TZM), mekanik oOzelliklerine zarar vermeden
yiizeylerinde silisit kaplama gelistirerek yiiksek sicaklik oksijen ortamlarinda
korunabilir. Bu calismada, molibden di-silisit saf molibden ve molibden alagimi
(TZM) yiizeylerine eriyik tuz yontemi kullanilarak kaplanmistir. NaCl-KCI-NaF otetik
kompozisyonu tuz karisimi olarak kullanilmig, NazSiFe ve saf silisyum tozu silisyum
kaynag1 olarak sisteme eklenmistir. X-151n1 kirinimi (XRD), indiiktif eslesmis plazma
— kiitle spektroskopisi (ICP-MS) ve taramali elektron mikroskobu silisit kaplamalarin
karakterizasyonu i¢in kullanilmugtir. Islem siiresi ve sicakligmin kaplama kalmlig
tizerindeki etkisi saf molibden ve molibden alasimi (TZM) numuneleri icin
calistlmistir. Ayrica, sistemin silikon kaynagi olan NaxSiFe ve silisyum tozunun
kaplama kalinlig1 iizerindeki etkisi arastirilmistir. Saf molibden numuneleri ig¢in
yiiksek islem sicakliginin kaplama kalinligina etkisi simirli olsa da molibden alagimi
numunelerinde diisiik sicaklikta daha kalin kaplamalar elde edilmistir. Bununla
birlikte, uzun islem siiresi molibden alagimi numuneleri i¢in bir silireye kadar dnemli
etki gostermis olup, saf molibden numunelerinde saf molibden numuneleri igin bu etki
stnirli kalmigtir.  Silikon kaynaklarinin kaplama kalinlhig1 {izerindeki etkisi saf
molibden iizerinde goriilmemis olup, tuz karisimi i¢indeki silikon miktarinin molibden
alasim1  numunelerinin kalinlik degerlerinde 6nemli bir etkisi gozlenmistir. Silisit

kaplanmis olan molibden alagimi numuneleri yiiksek sicaklikta oksitlenme testlerine

Vii



tabi tutulmus olup, elde edilen kaplamalarin ylizeylerinde camsi silika olusturarak

oksitlenmeye kars1 koruyucu oldugu tespit edilmistir.

Anahtar Kelimeler: Eriyik tuz, yiiksek sicaklik kaplamalari, molibden di-silisit

kaplamalari, oksitlenme, kristalografi
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CHAPTER 1

INTRODUCTION

Different materials are of different strengths and weaknesses, and some are better for
varied purposes. Materials are divided into three main groups based on the atomic
bonding forces of a material, namely metals, polymers, and ceramics. As a subgroup
of metal, the term 'refractory metal' is described as a group of metallic elements with
high resistance to heat, wear, corrosion and deformation. However, the definition of
refractory metals varies. According to most of the definitions, a crucial requirement is
the high melting point of metals. When one definition describes the limit of the
melting point to qualify refractory metals as above 2200°C, the other definition
identifies the melting point limit for qualification to the refractory metal group
comprising chromium's melting point, which is 1903°C. Also, a comprehensive
definition that takes the metals into the refractory metal group describes the melting
point above 1850°C. However, in all definitions, molybdenum, niobium, rhenium,

tantalum, and tungsten are classified in the refractory metal group.

Molybdenum which is a transition metal, is an exceptional material due to its attractive
properties. These properties are high melting point (around 2620°C), high resistance
to heat and wear, good thermal conductivity (138W/m.K), low coefficient of thermal
expansion (5.35x10° °C™ at 20°C), high modulus of elasticity (330 GPa) and high
strength at elevated temperatures[1]-[5]. Due to the combination of these attractive
properties of molybdenum and its alloys, they are extensively used in the aerospace,
automotive, electronics, metallurgy, nuclear, and oil and gas industry [1], [2].
However, one deficiency for high-temperature applications of molybdenum and its
alloys is that molybdenum and its alloys cannot be used at elevated temperatures for a
long time because of their poor oxidation resistance above 600°C [6]-[8]. It was
thought that the pest oxidation that occurs at elevated temperatures is due to the
formation of volatile oxides (MoOz3(g), (M00O3)3(g), M0O2(9), etc.) [9].



In order to protect molybdenum and its alloys from oxidation at high temperatures,
alloying and surface modification coating are two feasible methods that can improve
oxidation resistance. With alloying, the base metal is alloyed with another metal
resistant to oxidation. It is expected to form a thin passive layer of oxide that prevents
the base metal from oxidation. However, this type of oxide layer cannot resist oxygen
at elevated temperatures [10]. Besides, alloying degree of molybdenum is low and
alloying elements may damage its mechanical properties for high-temperature
applications while increasing oxidation resistance [2]. Surface modification coating is
the way to improve the oxidation resistance of molybdenum and its alloys without
damaging mechanical properties. Therefore, developing a protective coating against
oxygen is more convenient and promising for high-temperature applications of

molybdenum and its alloys in the current situation.

Within the last few decades, considerable effort has been made on developing
protective coatings against oxidation for structural materials. It was noticed that there
would be no coatings that will protect all materials, metals-refractory metals, against
all environmental conditions or any other encountered problems. Thus, coatings have
to be chosen depending on the substrate that will be coated and the environment in
which it will be used for desired purposes. To prevent high temperature oxidation, the

coating should possess certain characteristics [11];

A low growth rate of the protective oxide layer
Resistance to cracking
Low evaporation rates of the protective oxide

Low rates of coating-substrate reaction

o W e

Self-healing ability.

Oxidation resistance coatings that have been applied to molybdenum and its alloys
include heat-resistant alloy coatings, noble metal coatings, aluminide coatings, oxide
coatings, and silicide coatings [2]. Also, borides, carbides, sulfides, and nitrides are
applied to molybdenum and molybdenum base alloys, but they are not suitable for
high-temperature applications because of poor oxidation resistance [12]. Among them,
silicide coatings are the most promising alternative due to their high quality, wide

2



range of applicability to small, large, or complex shapes, ability to provide the broadest
limit of temperature, and higher coating life. Also, silicide coatings are chosen because
the diffusion rates of oxygen and metal ions in silica are slow, facilitating good

oxidation resistance [12].

Molybdenum silicides are renowned for their high oxidation resistance, and they have
emerged at equilibrium between molybdenum and silicon with three different forms,
which are MoSiz2, MosSis, and MosSi. Among these silicide forms, molybdenum
disilicide (MoSi>) has two different lattice structures, tetragonal and hexagonal. Up to
1900°C, the tetragonal structure is governing, and after that, the tetragonal structure
transforms into a hexagonal structure. Although molybdenum-rich silicide
compounds, MosSiz and MosSi, are thought to be effective against oxygen by forming
a diffusion layer [13], it was noticed that the tetragonal structure of the MoSi: is the
most promising one for high-temperature applications owing to its attractive properties
[14]. Molybdenum disilicide has high melting point (2030°C), moderate density, good
mechanical properties [15], [16], high thermal conductivity (138 W/(m.K)) and low
electrical resistivity (21.6 x 10® Qm) , excellent oxidation resistance up to 1900°C,
non-toxic and it is environmentally friendly [17], [18]. In the case of a high-
temperature oxidizing environment, it is expected that coated surface must form a
protective compound layer on the surface when it reacts with oxygen. When
molybdenum-disilicide is subjected to oxygen at elevated temperature, silica (SiO2)
forms as a result of the reaction between MoSi2 and oxygen. Thin layer of SiO> formed
on the surface protects the base metal molybdenum from further oxidation since glassy
SiO2 is impermeable to oxygen [19], [20]. This phenomenon is known as the self-

healing mechanism and is the reason to form silicide on the surface.

Another significant issue is to coat silicide on the desired substrate. In order to develop
coating, several methods has been applied to molybdenum to prepare MoSi, which are
pack cementation, [20]-[25] , chemical vapor deposition [26], [27], plasma spraying
[28], magnetron sputtering [9], pulsed laser ablation deposition (PLA) [29], vacuum
plasma [30], [31] and molten salt methods [32]-[34]. Among these techniques, molten
salt is extensively used to coat silicide on different metals such as Mo, Nb, Fe, Ni, etc.
[34]-[37]. The molten salt technique offers numerous advantages like low cost, easy

set-up, low operation temperature, applicability to complex shapes, and short duration
3



to coat. Besides, the molten salt technique is a diffusional type and minimizes the
adhesion problem between substrate and coating, which results in a coherent silicide
layer. Also, lower operating temperature compared to other processes changing
between 700-900°C, eliminates the possibility of substrate's oxidation during the
process and lowers the cost of the process. In this sense, molybdenum di-silicide is a
protective layer against oxidizing environment in terms of forming silica layer by self-
healing mechanism at elevated temperatures. The molten salt method is a suitable way
to prepare the coating due to providing better adherence of coating to substrate, easy

setup and economic considerations.

Therefore, this study aims to develop an oxidation-resistant coating with the aid of a
single metal silicide layer on molybdenum and molybdenum alloy (TZM) surfaces
using molten salt media. Briefly, the effects of operation temperature, immersion time,
electrolyte composition, and substrate type were investigated. As the substrate, pure
molybdenum and molybdenum alloy TZM (Ti-Zr-Mo) were used. These samples were
coated at temperatures 700, 800, and 900°C for 1 to 10 hours. Electrolyte composition
was also studied, and the effects of the amount of pure silicon powder and NazSiFs in
the electrolyte were investigated. Encountered phases, coating thickness, surface
roughness, and weight gain were considered and evaluated. In the end, selected
samples were tested in an oxidizing environment at elevated temperatures to

investigate oxidation behavior in terms of phases formed and mass change.



CHAPTER 2

LITERATURE REVIEW

2.1 Background of the Problem

Refractory metals have different physical properties and crystal structures, as shown
in Table 1. However, one common property of them is high-temperature strength.
Therefore, refractory metals have been studied for utilizing them in high-temperature
applications such as jet turbine engines, rocket, and missile engine components, etc.
High temperature is needed for many applications to provide high efficiency since it
increases as the temperature increases. Thus, for most of the processes, high

temperature is preferred because of high efficiency.

Table 1 Properties of some refractory metals [12].

Metal Melting Boiling Crystal Density C.TE.
Point (°C)  Point(°C) Structure at (10 per
R.T. °C)
(g/cmd)

Tungsten 3422 5555 BCC 19.30 4.5
Rhenium 3185 5597 HCP 21.02 6.7
Osmium 3033 5027 HCP 22.57 6.6
Tantalum 3017 5457 BCC 16.65 6.6
Molybdenum 2623 4639 BCC 10.20 5.4
Niobium 2477 4927 BCC 8.57 7.1
Iridium 2466 4130 FCC 22.65 6.5
Titanium 1668 3287 HCP 4.50 7.1




Refractory metals offer several advantages like high resistance to heat and wear but
also come up with some problems. One of the severe issues with refractory metals is
low oxidation resistance at an elevated temperature at which strength is needed. While
some of the refractory metals are oxidation-resistant, like rhodium and chromium, the
rest do not have adequate oxidation resistance at high temperatures. When they are
exposed to oxygen at elevated temperatures, their surface is easily oxidized, which
makes them vulnerable to chemical or physical attack. Also, as a result of surface
oxidation, the material's structure and integrity break down. Among the refractory
metals, tungsten, tantalum, molybdenum, and rhenium are the least oxidation resistant
[12]. One of the group elements, molybdenum, is oxidized even at 600°C and which
makes it useless, although its mechanical properties are excellent. That is why it has

to be protected to ensure its usage in a high-temperature oxygen atmosphere.

To control the surface oxidation problem, alloying and surface modification coatings
are two possible ways. However, alloying has some limitations, which are
molybdenum'’s alloying degree is respectively low, and alloying elements may harm
molybdenum's mechanical properties. Therefore, surface modification coatings are a
promising alternative to protect molybdenum and molybdenum base alloys from
surface oxidation without damaging their mechanical properties. The coating protects

the surface from further oxidation by serving as a barrier against oxygen.

2.2 Oxidation

Metals used in high-temperature applications are being in media with gaseous species
such as oxygen, nitrogen, and water vapor. Due to the high reactivity of oxygen and
also the high temperature that is a powerful driving force, metals react with oxygen.
Depending on chemical equilibria between gaseous species and metals, different
phases form as a result of reactions. When a metal is in contact with oxygen at high
temperature, there usually exists a metal-oxide phase which is more stable than metal.
Most of the time formed metal-oxide phase as a result of oxidation is weak in terms of
mechanical property and is not protective against oxidation. Also, the formation of this

oxide phase leads to a drop in other properties such as; electrical and thermal properties



of the materials. Therefore, oxidation that could cause catastrophic results has to be
prevented, particularly at high-temperature applications.

2.2.1 Mechanism of Oxidation

The oxidation reaction starts at the interface between metal and oxygen by adsorption
of oxygen atoms on the metal surface. Then, oxygen atoms dissolve and diffuse
through the metal. Metal atoms are chemically bonded with oxygen atoms due to the
reaction, and a thin metal-oxide layer forms on the metal surface. The thin layer on the
surface is known as a chemisorbed layer which shows metal and oxygen have been
bound chemically. Later, the thin layer grows as time passes and forms a continuous
oxide layer as the reaction proceeds. In particular, higher temperature increases the
growth rate of the oxidation layer. Also, oxide nucleates through favorable sites such

as dislocations or impurity atoms.

Several stages of metal oxidation are illustrated and shown in Figure 1. Firstly, oxide
layers exist in several regions separately on the metal surface. Later, as oxygen atoms
move forward to the metal surface, the oxide layer cover the whole surface of the
metal, and then solid-state diffusion takes place via metal and oxygen ions. The formed
first layer of oxide may have a porous structure, which leads to build up of all oxide
layers in the same way through these pores and grows more oxide. In addition to pores,
there exist voids and cracks that may lead to regional spallation. Since oxides already
have weaknesses in terms of mechanical properties, a formed porous oxide layer
allows oxygen to diffuse into metal, which causes more oxide formation and makes it

non-protective.
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Figure 1 Schematic illustration of oxidation mechanism of metals. Reproduced from
the ASM Handbook Volume 13A [38].

Some of the metals form protective oxide as they react with oxygen. The protection of
oxide can be roughly predicted from a ratio known as the Pilling-Bedworth ratio,
which is the ratio of oxide to metal inside the oxide scale in terms of molar volume
[39]. This ratio does not precisely predict whether metal-oxide is protective or not
because it does not consider some other important parameters like diffusivity, melting
point, adherence, etc., while determining the ratio. P-B ratios (Pilling-Bedworth) of
some metals are shown in Table 2, and they are classified as protective and non-
protective depending on the P-B ratio, and which states that in general protective

oxides has P-B ratios between 1-2.



Table 2 P-B ratio of protective and non-protective oxides [40].

Protective Al Be Ce Co Cr Cu Mn Ni Si

Oxides 128 159 116 199 199 168 179 152 227

Non- Ag Cb Fe Mo Ti Ta U \Y w
Protective

Oxides 159 261 226 340 195 233 3.05 318 340

2.2.2 Thermodynamics of Oxidation

Thermodynamics is an essential instrument in either oxidation or other chemical
reaction to precise the boundaries of reaction in terms of temperature and pressure
constraints. Particularly for oxidation reaction, it can be determined that metals or
alloys oxidize at which temperature or oxygen pressure by evaluating thermodynamic
data. It states that oxygen partial pressure is lower or higher than the critical data to
oxidize or not when the equilibrium is reached. General oxidation reaction can be

expressed as follows:

X M(S) + 5 05(9) > My0y(5) @Y

The change in Gibbs Energy of reaction can be stated as:

AGreaction = Z Hproducts — Z Hreactants (2'2)

where pproducts and Lireactants are the chemical potentials of the oxidation product, MxOy,
and oxidation reactants, metal (M), and oxygen.

Also, the chemical potential of the products and reactants can be detailed, and change

in Gibbs Energy of the reaction can be written as follows:



AGreaction = [u;leoy + RT In (aMxOy)]
. Y o
— [Cetne, + RT In(an)®)]-[G 1o, 2.3)

+ RTIn (%))]

Assuming that metal and metal-oxide are pure, so that a,, and Ao, are equal to 1,

and also assuming p°is 1 atm. The equation will be as follows:

o o y o
AGreaction = (|J—Mx0y - X MUy - E |J-02) - RTlnPOZ (2.4)

Gibbs Energy change of the oxidation reaction can be generally stated as:

R 1
AGreqction = AG, + RT lTlP— (2.5)
03

where AG; = (.0, ~ X My — > Hp,)- When equilibrium is reached, AGreqction IS
equal to zero. Then,

AG,; = RT InP,, (2.6)

This equation gives the equilibrium oxygen partial pressure. If the partial pressure of
oxygen exceeds the critical value calculated from the equilibrium condition, this may
result in oxidation of metal or alloy. On the contrary, if the partial pressure of oxygen

is below the critical value, metal or alloy cannot be oxidized.
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2.2.3 Kinetics of Oxidation
To understand the reaction mechanism and rate of the reaction during the oxidation
process, kinetics of the process must be known to evaluate all aspects of the oxidation

reaction. Temperature, pressure, and time are the most critical factors to identify a

reaction and its rate.

The oxidation rate is investigated by observing consumed metal, i.e., by monitoring
the weight change of metal or measuring the thickness of the oxide layer. Also, the
oxidation rate is evaluated as a function of time since oxidation proceeds as time passes
and depends on some variables such as type of metal or alloy, temperature range, etc.
Therefore, the oxidation rate has been represented by three different rate laws that are
linear, parabolic, and logarithmic as a function of time for pure metals and alloys [41],

as shown in Figure 2.

, Linear

Parabolic

Logarithmic

Weight gained per unit area

Y

Time

Figure 2 Illustration of linear, parabolic, and logarithmic rate laws of metals in terms

of weight gain vs. time.

The linear rate law implies that oxygen diffuses through metal at a constant rate and
does not depend on weight gain or consumed gas. Thus, oxide grows at the metal

interface by following a linear path, and it is expected that the oxide layer is porous
11



and will not be protective for further oxidation. The equation for linear oxidation is as
follows:

W =kt (2.7)

where W is mass gain due to oxidation or thickness of oxide layer, ki is the linear rate

constant and t is the time.

The parabolic rate law is derived from Fick's first law. Most of the metals obeys a
parabolic path during high-temperature oxidation. It is assumed that the concentration
of diffusing oxygen at the interface is constant. The initially formed oxide layer on the
surface is getting thicker as metal ions continue to diffuse through the surface. After a
while, diffusion distance increases, and the oxidation rate decreases. Parabolic kinetics

of oxidation equation is as follows:

M/2 = kpt + WO (28)

where W is mass gain due to oxidation or thickness of oxide layer, kp is the parabolic
rate constant, t is the time, and Wo is constant which may be obtained from the

parabolic fit of rate data.

The logarithmic kinetics is observed during low-temperature oxidation. Also, it
generally occurs at thin oxide layers. Thus, the oxidation rate is very high initially,

then drops to lower values. The rate equation is as follows:

W = kyog log(ct + b) (2.9)

where W is mass gain due to oxidation or thickness of oxide layer, Kiog is the
logarithmic rate constant, t is the time, and c and b are constants which may be obtained

from the logarithmic fit of rate data.

Oxidation behavior of metals may change as the temperature changes. To fully
understand mechanisms at different time intervals, some other equations such as cubic

and power-law were derived. These equations are a combination of ideal rate laws or
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deviations of them. The reason for deviation may be related to a change in grain size,
cracking, or high reactivity of elements at elevated temperatures [42]. To sum up, when
metal or alloy has poor oxidation resistance, it obeys linear rate law; however, if they

are protective at high-temperature oxidation, the rate follows a parabolic path [43].

2.2.4 Oxidation of Molybdenum

Molybdenum reacts with oxygen under the conditions of water vapor and a high-
temperature environment, and molybdenum oxides MoO: and/or MoOs form as a
result of reactions. Since MoOs is quite volatile, in addition to weight change,

consumed oxygen has to be calculated to follow reactions taking place.

Oxidation process of molybdenum has several stages in terms of the temperature
range. Studies related to molybdenum's oxidation behavior at low temperatures show
that oxidation obeys parabolic rate law between 250°C and 400°C [44]. Besides, it is
found that the formation of the passivating adherent oxide layer is observed below
400°C [45]. However, deviations from parabolic rate law were observed above 400°C

and data fitted to linear rate law.

Molybdenum trioxide begins to volatilize at 450°C under a vacuum atmosphere.
Volatilization of MoOs may lead to govern all systems depending on the amount of
oxygen present in the system since its vapor pressure increases with increasing
temperature [45]. Gulbransen et al. calculated the vapor pressure of molybdenum
trioxide as 6.08 x 10 atm at 600°C and 4.69 x 10 atm at 700°C [46]. Melting and
boiling points of MoOs3 are around 800 and 1150°C, respectively. An increase in vapor
pressure will continue until the oxide melts, which affects the possible oxidation rate.
Therefore, it is supposed that catastrophic oxidation starts at around 725°C [47].
Spretnak et al. [48] oxidized molybdenum in air between 800-980°C and reported that
the rate of volatilized molybdenum trioxide is approximately equal to the rate of
formed oxide. Also, it is found that above 795°C, the oxidation rate is almost constant
[49].

Nelson et al. [45] approached the oxidation phenomenon of molybdenum by dividing

it into two distinct regions; weight gain and weight loss. It is supposed that weight gain
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is observed simply below 600°C that fitted into parabolic rate law, and weight loss is
detected above 700°C because molybdenum trioxide volatilizes with increasing
temperature and the rate of mass loss increases with increasing temperature. The
situation is summarized by Barlett who reported that the availability of oxygen on the
molybdenum's surface above 800°C directly affects weight loss increment, which
shows the oxidation rate is proportional to the amount of oxygen present at
molybdenum surface [49]. Therefore, molybdenum has to be protected during its high-
temperature usage since molybdenum does not form protective oxide film when

oxidized and does not form a barrier to oxygen due to volatile oxide MoO:s.

2.2.5 Coating

In many cases, metal's high susceptibility to oxygen has been solved by alloying and
expected that the addition of resistant metal acts as a barrier to oxygen invasion.
However, suitable alloy development has not been reached success at the desired level
due to the low alloying degree of molybdenum and not adequate oxidation resistance
at elevated temperatures. While increasing resistance against oxygen, there may be
loss in high-temperature strength, workability, and weldability [50]. Therefore, coating

IS a solution to overcome pest oxidation without damaging mechanical properties.

Coatings are applied to the surface or interface to provide either protection or enhance
performance against the conditions at which materials cannot withstand. The type of
coating depends on the application for which materials are used. There is no single
perfect coating that protects all materials against all conditions. However, specifically,
the suitable coating could be designed for each metal or alloy with desired properties.
Since molybdenum is used at a temperatures higher than 1800°C for a short period of
time or several hours above 1000°C and oxidizes at intermediate temperature (600-
800°C), the coating must be suitable for use under these conditions. Also,
molybdenum's low thermal expansion coefficient may lead to a matching problem
between coating and base metal molybdenum. Therefore, creating coating by
diffusional synthesis will be a more effective way to provide good adherence [50].

Oxides, carbides, aluminides, borides, and nitrides have been applied, and they showed
relatively poor oxidation resistance considering some exceptions [51]. Aluminide

coating can be applied to the surface directly or combining with other elements.
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Although aluminide coating forms protective alumina oxide when exposed to oxygen,
its lifetime is limited due to inter-diffusion between the base metal and aluminum,
resulting in loss of aluminum [52]. Nitride coatings that are excessively used to
improve hardness and wear resistance are also effective against oxidation; however,
the operation temperature that nitride coatings can be safely used is between 500-
900°C despite most of the nitrides are stable even at 2000°C [52]. Another approach
to improve the oxidation resistance of metals at high temperatures is to have boride
coating that has been widely used to harden the surface, but there may be loss in
mechanical properties, particularly weak binding between the base metal and the
coating [53].

Silicide coatings are considered the most suitable way for oxidation protection systems
at elevated temperatures, particularly for refractory metals. Initially, silicide coatings
were applied to niobium and tantalum surfaces to enhance their oxidation resistance
by forming SiO: at elevated temperatures. However, they form metal oxide in addition
to silica when they are oxidized and produce a physical mixture of them which has
high oxygen diffusivity and higher growth rate than silica formation on molybdenum
and tungsten [52]. Although silicide coating on niobium and tantalum provides
protection up to a certain point, it is reported that there may be cracking and a problem

with adhesion to substrate due to the formation of mixed oxide [54].

2.2.6 Molybdenum Silicides and Self-Healing Mechanism

Silicides are well known for their excellent oxidation resistance. There are three
silicide compounds of molybdenum MosSis, Mo3Si, and MoSiz, which are formed at
the equilibrium between molybdenum and silicon. Although MoSi2 has been regarded
as the most protective silicide among them because of forming diffusion barrier, lower

silicides; MosSis and MosSi, are sufficient to form the diffusion layer [13].

Furthermore, MoSi> is considered the most promising intermetallic layer against
oxidation due to high-temperature stability without degradation of any properties and,
most importantly, the formation of the silica passivation layer that grows on silicide
[55]. This silica layer protects the surface from further oxidation. However, the

formation of silica layer as a result of oxidation of molybdenum di-silicide is somehow
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conflicted so that it cannot be explained by just simple mechanisms since reactions
taking place at high temperatures are quite different than at intermediate temperatures.
Even though high-temperature oxidation is a significant interest in literature, a low-
temperature mechanism must be explained to get the mechanism of what it is beyond.
As it is known from oxidation behaviour of molybdenum, the most stable oxide, MoOs3,
Is the product from intermediate oxidation, which is also the end product of disilicide
oxidation along with SiO> simultaneously [56]. Birchenall suggests that there is a
linear vaporization of MoO3 while solid MoOz and SiO> grow following the parabolic
route below 750°C [57]. Therefore, the reaction taking place is summarized in the

following equation;

7M05i2(5) + 702(9) 4 2MOO3(g) + 4Sl02(s) (210)

As the temperature is raised above 750°C, MoOsz becomes a less critical compound for
the oxidation of MoSiz since formation and volatilization of MoOs are practically low,

so that reaction becomes as the following equation;

SMOSiz(S) + 702(g) - MO5Si3(s) + 75102(5) (211)

The formation of molybdenum-rich compound MosSis rather than MoOs is identified
from X-Ray patterns of high-temperature oxidation of MoSi; [56]. Furthermore, if
oxygen activity is low during the oxidation reaction, formation of MosSiz and SiO; is
thermodynamically more favorable than MoOs and SiO> [58]. Besides, the
development of MosSiszon the surface has been observed at a high-temperature vacuum
atmosphere [59]. Silicon in MoSi; diffuses through the Mo-MoSi> interface because
of the high mobility of silicon, and the rate of diffusion is higher than that of silicon
diffusing through silica, which results in MosSiz formation under the silica [56].
However, the formation of MosSiz employing decomposition of MoSi. occurs after
SiO; formation. For a long period of oxidation, oxidation will occur from MosSis

surface instead of MoSi; by the following reaction;
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2M055i3(s) + 2102(g) - 10M003(g) + 65[02(5) (212)

Suzuki et al. [34] conducted an oxidation study for siliconized samples in an open
atmosphere. It is reported that MosSis was not found between MoSiz and Mo substrate
[34]. However, it is believed that MosSis initially forms at the oxidation front beneath
glassy silica, then it ultimately turns out to silica as oxidation proceeds [34].
Simultaneously, molybdenum di-silicide decomposes to MosSiz by mutual diffusion
and forms between MoSi, and Mo substrate. As illustrated in Figure 3, when MoSi; is
exposed to oxygen at elevated temperatures, oxide volatilizes, and glassy silica forms.
The formation of a protective silica layer on MoSiz> is known as self-healing
mechanism or selective oxidation. Lavendel and Elliot [60] reported that the formation
of silica layer, in other words, selective oxidation, occurs because the thermodynamic
stability of silica is immensely higher than that of molybdenum oxides (MoO2 and
MoO3) at 1500 K.

Figure 3 Oxidation mechanism of molybdenum di-silicide layer at elevated
temperature and formation of silica layer and molybdenum rich phases. Reproduced
from reference [34].
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2.3 Electroless Deposition

Electroless metal deposition is a process of deposition of a metal from aqueous or non-
aqueous solutions or fused salts in the absence of any external energy source, which
results in the deposition of a uniform film on the substrate due to chemical or
autocatalytic nature of process [61], [62]. This process is most often related to the
deposition of metals and alloys; however, also used to deposit oxide, salts, polymers,
and composites. The term "Electroless™ is generally used for most of the processes
based on non-current type. However, electroless plating is firstly described for a nickel
coating process that deposited metal becomes a catalyst to proceed coating [63], [64].
Afterward, the term "electroless” is broadened to define some other processes that
deposit metal without current. Even though electroless deposition processes have
many similarities in terms of kinetics and mechanisms, there are also several points
that differ from each other. Similar to the electrolytic deposition process, electroless
deposition includes oxidation and reduction reactions due to its chemical nature. Also,
it can be stated that electroless deposition is a spontaneous reaction from the

thermodynamic point of view. The final reaction taking place can be stated as follows;

X+Y - XY (2.13)

Since there is no external energy source and reaction is considered as spontaneous,

Gibbs Energy change will be stated as;

AG <0 (2.14)

Besides, there is no energy source in the electroless deposition, and energy is produced
by the reaction, as Eq. 2.14. Since there are differences between electroless deposition
processes in terms of mechanisms and Kinetics, it is divided into three main groups;

autocatalytic, contact, and displacement deposition.
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2.3.1 Autocatalytic Deposition

The autocatalytic deposition has been described as controlled chemical reactions that
metals and alloys involved as a catalyst for further deposition, which results in
deposition of a metallic layer [65], [66]. It is the most common type of depositing a
metal from an aqueous solution. The metallic layer on the surface is deposited by the
reaction of metal ions from a solution that contains a reducing agent [67]. There are
several reducing agents reported in the literature, e.g., formaldehyde, hypophosphite,
hydrogen, ascorbic acid, etc. The reduction reaction can be simply shown by the

following reaction:

MX* + RY~ - M + R*Y (2.15)

As shown in the reduction reaction, metal ions M** are reduced to M while reducing
agent RY" ions are oxidized to R*Y. This reduction reaction occurs on the surface of the
deposited metal as the process proceeds. Besides, deposited metal will be a catalyst to
proceed deposition. Also, it is reported that the type of reducing agent would have been
an effect on not only the kinetics of deposition but also surface morphology and

physicochemical properties [68].

2.3.2 Contact Deposition

Contact deposition is another electroless deposition that is a relatively small part of
industrial applications; however, it is generally used to initiate autocatalytic
deposition. Current is not supplied to the system by energy source, and it is produced
as a result of a chemical reaction. Metal that will be deposited acts as a cathode, and
auxiliary metal in aqueous or non-aqueous solution dissolves and simply becomes the

anode, resulting in deposition onto the surface of metal acting as a cathode [67].

2.3.3 Displacement Deposition
The displacement deposition process is also known as immersion plating. The reason
why it is called immersion plating is that less noble metal is immersed into a solution

containing more noble metal. The reduction reaction of more noble metal occurs while
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less noble metal dissolves and powder or layer of more noble metal is formed on the
surface of less noble metal. For instance, when copper plate is immersed in a solution
contains silver ions (Ag+), copper begins to give electrons, and dissolves while silver
ions take electrons, and reduced. In this way, metallic silver layer forms on copper

plate. The reaction takings place is shown in following equations.

Cu+ Ag*t - Cut + Ag (2.16)

The metallic layer on less nobel metal( copper in previous example) obtained by
displacement deposition is very thin due reaction is galvanic. Therefore, oxidation and
reduction reactions stops when potential difference is zero. Thus, displacement plating
IS used to obtain very thin metallic layers.

2.4  Electroless Deposition in Molten Salts

Molten salts, which are defined as the most concentrated ionic liquids, are promising
reaction media to carry ions for deposition. Furthermore, the utilization of molten salt
systems is not only to deposit, however, they are used in the processing of metals,
alloys, elements, extraction of metals, and energy storage in terms of nuclear energy,
solar cells, batteries, fuel cells [69]. They also provide many advantages in processing
and production where reduction by pyro and/or hydrometallurgy is not feasible
because of the thermodynamic and kinetic limitations [70]. The reason why molten
salt media is preferred over many traditional methods is simply that it removes water
from the system and is applicable at higher temperatures, which enables higher
reaction rates. In addition to these, molten salts are capable of dissolving organic and
inorganic compounds, and it is possible to support the oxidation states of ions that
cannot be obtained by traditional processing [71]. These characteristics are the results
of special properties of molten salts such as high mass transfer, high thermal

conductivity, low viscosity and low density.

Electroless deposition in molten salt leads to the formation of a protective metallic
layer that is a significantly effective way to protect metal over a corrosive environment.
The formation of intermetallic compounds or solid solutions is an underlying

requirement in an electroless deposition using molten salt media like any other plating
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process to ensure good bonding between the base metal and depositing layer [71].
Formation of the metallic layer, deposition of metal on the substrate, is based on
diffusion employing saturation of surface with silicon, boron and/or carbon. In
literature, refractory metals have been deposited in molten salt media, and particularly
molybdenum has been coated with silicon and boron using current and non-current
type depositions [72]. However, carbide could be formed on molybdenum only using
electrolytic deposition [73]. In another study, Ueda et al. [74] reported that deposition
was dendritic and powdery during the electrolytic deposition of silicon on iron using
molten salts of LiCl-KCI-LiF-K:SiFs at 500°C.

There are specific parameters affecting deposition in molten salt, which are
temperature, immersion time, salt composition, and also the base metal. Parameters
should be enhancing the diffusion rate since electroless deposition is diffusional.
Therefore, in literature, operation temperature and immersion time were studied and
their effects on coating thickness and surface quality were investigated. Although most
of the time, a eutectic salt mixture was used to provide a lower melting point, some
other chemicals and mixtures have also been studied. Furthermore, these variables
were tested on different metals for different purposes. As expected, different materials
do not behave the same way, and their response under different conditions will be

separating them from each other.

2.4.1 Effect of Salt Composition

Molten salt media that is used to carry and transfer ions is an essential parameter for
the deposition. Generally, eutectic mixtures are used as media due to the lower melting
point of mixture. However, there are various classes of binary and ternary molten salts,
which include fluorides, chlorides and/or nitrates because of their unique
thermodynamic and thermoelectrolytic properties [75]. Saltarella et al. [76] stated that

ideal working fluid should have some characteristics, which are;
1. Low vapor pressure
2. High melting point

3. High thermal conductivity
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4. High density at low pressure
5. High specific heat.

Therefore, fluoride systems are generally used since their salts possess low vapor
pressure, as fluoride salts have the highest melting point among alkaline salts, as
shown in Table 3. Also, molten salt systems consist of eutectic alkaline halide
mixtures. The ternary eutectic of the LiF-NaF-KF salt mixture has been commonly
used in the deposition of refractory metals due to a lower melting point of 453°C [77].
However, Senderoff and Mellors deposited refractory metals using this salt mixture,
and they reported that refractory metals could not be deposited at this temperature, and
it is needed to raise the temperature above 700°C [78]. Also, Stern produced carbide
on refractory metals of Ti, V, Cr, Ta, W, Mo, Nb, Zr by using electrolytic plating and
stated that temperature has to be at least 750°C to ensure a totally molten salt mixture
[79].

On the other hand, the fluoride-based salt mixture comes with corrosion problems
against the reaction tube, particularly at elevated temperatures due to fluoride's higher
electronegativity and reactivity. Thus, chloride salt mixtures have seen intense interest
in depositing refractory metals instead of fluorides. Nevertheless, most of the
refractory metal chloride vaporize below 320°C, and it will be difficult to deposit due
to the vaporization of substances [77].
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Table 3 The melting point of alkaline salts.

Melting F Cr Br I
Point(°C)
Li* 848 610 550 469
Na* 995 800 747 660
K* 857 770 734 681
Rb* 795 722 692 647
Cs* 703 645 636 626

Therefore, to balance fluoride's reactivity and chloride's vaporization problem,
fluorides and chlorides have been used together. Most of the mixtures consisted of
NaCl-KCI at eutectic composition. Furthermore, some other molten salts include the
mixture of NaCl-KCI-NaF salts whose liquidus temperature is around 650°C [80].
Also, NaSiFs and Si are added to the salt mixture as supporting materials. The amount
of salts and supporting materials found in the literature survey is shown in Table 4.
Instead of supporting materials Na>SiFs and Si; SiO; is also used; however, it was
found that its solubility is pretty much lower in chloride melts than fluorides [81].
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Table 4 Amount of used salts and supporting materials found in the literature survey.

Salt Composition in mole fraction %

_ Sub Si
NaCl KCI NaF  NaxSiFe
Total powder
Hasokawa [82] 50 50 - - 100 100
Gay and
40.88  32.05 22.13 4.94 100 23.63
Quakemaat [36]
Oki and Tanikawa
40.98 32.12 22.00 4.90 100 22.05
[83]
Suzuki et al. [35] 36.58  36.58 21.95 4.89 100 21.85

As for the effect of salts, Tyagi et al. [84] conducted three sets of experiments with
three different salt mixtures to identify diffusing species from Si and NazSiFe. In
addition to the NaCI-KCI-NaF mixture, only NaxSiFe for the first case, only Si for the
second case, and both were used for the latter case. There was no coating for the first
case. In contrast, the latter two cases had a di-silicide layer, which indicates that
Na,SiFs supplies to medium only Si** ions whereas NaSiFs and pure Si supply to
medium Si® and Si** states that makes Si?* to develop coating. Furthermore, in the case
of only Na,SiFe addition, mass loss was observed; in contrast, others gained mass. It
is believed that the reason for the mass loss was associated with the etching effect of
Fions [84]. Also, Suzuki et al. reported that SiF4 evaporation might lead to a decrease
in the rate of siliconizing when the only silicon source was NaxSiFe [35]. As compared
to only Si addition and addition of both, Na>SiFe and Si make a thicker di-silicide layer

and have better surface quality in terms of smaller and lesser pits.

2.4.2 Effect of Base Metal
Another important point that affects layer thickness is the base metal that will be
coated. Most of the research efforts have been directed to coat refractory metals to
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enhance their oxidation resistance at high temperatures. Besides, some other metals
such as iron and nickel have been used as a substrate to develop silicide coating. Suzuki
et al. [32] conducted a set of experiments using pure iron and low carbon steel in
molten salt medium to develop corrosion resistant silicide coating and obtained a FesSi
layer whose thickness varied between 50 and 300 microns [35]. In the same way, Gay
and Quakernaat applied the same process to nickel for the same purpose and obtained
the NizSi layer with a thickness of 20-200 microns [36]. The silicide layer thickness
was higher than that of molybdenum di-silicide and niobium di-silicide; because they

formed lower silicides like FesSi and NisSi.

Tatemoto et al. carried out electroless silicide coating experiments in molten salt media
by using both refractory and non-refractory metals to differentiate mechanism and
observe the effects of substrate on layer thickness [32]. As refractory metal substrate
molybdenum, niobium, and chromium, as non-refractory metal substrate, iron, cobalt,
and nickel were used. According to results, silicides that had been coated on refractory
metals formed higher silicides (MSiz) and lower silicides (MSin, n<2) were formed on
non-refractory metals. It was reported that higher silicides formed in non-refractory
metal group at the very beginning of the deposition, then dissociated and formed lower
silicides [32]. Lower silicide reacted with base metal and grew while higher silicides
remained faint amount at outer layer as shown in Figure 4. This situation that lower

and higher silicides being together was observed for Fe, Co, and Ni.
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Figure 4 Mechanism of lower and higher silicide formation on non-refractory metals.

Reproduced from reference [32].

On the other hand, lower silicide formation was not observed for refractory metals;
Mo, Nb, and Cr. As shown in Figure 5, a higher silicide phase exists on the metal
substrate and grows. Even though a lower silicide phase could not be found between
higher silicide and substrate experimentally, it is believed that lower silicides must
form between the base metal and higher silicide phase just after higher silicides cannot
diffuse anymore[33]. However, there is no evidence reported by the researchers

supporting this claim [33].
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Figure 5 Mechanism of lower and higher silicide formation on refractory metals.

Reproduced from reference [32].

Another research [85] on diffusion rates of silicides in metals with diffusion couples
shows that lower silicide formation in refractory metals is detected for chromium,
niobium, and molybdenum after annealing. In particular for molybdenum, lower
silicide phases such as Mo3Si and MosSis exist in the inter-diffusion zone. However,
presence of MosSi was negligible and not even detected by SEM.

Tortorici et al. [86] also reported that the Mo3zSi phase formed after the consumption
of MoSi; totally. The growth mechanism of the molybdenum phases was explained by
the physicochemical approach using diffusion couples. As shown in Figure 6,
molybdenum dissociates at interface 1. It diffuses towards MosSi to react with MosSis
at interface 2, and at the same time, MosSis dissociates at interface 3 to produce

molybdenum di-silicide. In contrast, the other side of molybdenum reacts with silicon
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to form the same molybdenum phase [85]. Therefore, all phases grow in two
directions. However, MosSi is not a detectable amount, and molybdenum has quite a
low diffusion rate in MoSi. since the Kirkendall marker plane was found in the MoSi»-
Si interface [86].

MosSi Mo Sis
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Figure 6 Schematic illustration of diffusion process in Mo-Si diffusion couple.

Reproduced from reference [87]

2.4.3 Effect of Temperature and Immersion Time

Electroless deposition in the molten salt is one of the diffusional type coating
processes. Of the parameters that affect diffusion, the temperature is vital to increase
the diffusion rate by increasing the movement of atoms due to increasing energy. Also,
deposited atoms act as a catalyst to develop further coating, and time is needed to
enhance coated layer. Therefore, layer thickness or mass gain per unit area could be
increased by varying temperature and duration of the process. However, the layer
thickness cannot be adjusted precisely due to some process or material constraints such
as the dissolution of coated di-silicide in molten salt and/or low diffusion rate of silicon
in the substrate, but it can be predicted whether the layer grows parabolic or linear by
studying different time and temperature intervals.

In the literature survey, the effect of process temperature and immersion time on layer
thickness were studied using molten salt media. Process temperatures were changed

between 700°C and 1000°C for the duration of 1-10 hours. Gay and Quakernaat
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siliconized nickel using electroless deposition at 700°C, 800°C, and 900°C for 2, 4,
and 6 hours [36]. The slope of the layer thickness line increased with an increasing
duration for 800°C and 900°C. At 700°C, the deposited layer thickness was almost
constant while its mass gain slightly increased with time. This may be due to formation

of NisSi> at the outer layer instead of NisSi.

In comparison between 800°C and 900°C, the siliconized layer thickness at 900°C is
influenced significantly higher than that of 800°C, and also the effect of immersion
time can be seen as much more effective at a higher temperature. Suzuki et al.
deposited di-silicide onto niobium using electroless deposition at 700°C, 800°C, and
900°C for 0.5, 1, and 2 hours [37]. It was stated that mass gain was a faint amount at
700°C and the deposited layer was not homogenous for 700°C, and 800°C [37]. Then
the temperature was increased to 900°C, the mass gain was more evident, and an
increase in immersing time resulted in a rise of mass gain. When the coating was
applied to molybdenum substrate under the same conditions, it was found that there is
a nearly linear correlation between immersing time and layer thickness at 700°C. Also,
growth rate of coated layers and immersion time, 0.5 and 1 hour, was proportional for
all temperatures [34]. As the processing time was extended, the linear correlation was
lost, and the reason for deviation from linearity was associated with non-homogenous
deposition at the edges of samples [34]. It was stated that the edges of samples could
be fully coated at 800°C, and it came up with a porous structure. Tyagi et al. faced
with pores during coating of Nb alloy using the molten salt method and obtained
porous NbSiz was heat treated at 1200°C, 1350°C, and 1400°C for times changing
between 2 and 10 hours, which resulted in NbsSi phase with two different regions;
porous and non-porous [88]. Then, porous samples were re-coated at their production
temperature, and three different layers were obtained. The inner layer was NbsSiz and
NDbSi> consisted of a non-porous and porous layer, but the porous layer remained a
faint amount. It was reported that re-coated samples had much better oxidation

resistance in comparison to heat-treated and coated samples [88].
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CHAPTER 3

EXPERIMENTAL

Molybdenum and TZM alloy samples were coated by silicide using electroless
deposition in a molten salt solution to enhance their oxidation resistance at elevated
temperatures in this study. Parameters that affect coating thickness are designated as
operation temperature, immersion time and salt composition for both Mo and TZM
samples. The selected parameters with their levels are shown in Table 5. NaCI-KClI-
NaF-NaxSiFe-Si salt mixture was used in the experiments. E1, E2 and E3 salt mixtures
were used to investigate the effect of silicon sources which are Na>SiFe¢ and Si powder
on coating thickness. Lindberg LCC114PC high-temperature furnace, as shown in

Figure 7, was used in the studies.
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Table 5 Parameters and levels designated for this study.

PARAMETERS

Substrate Temperature(°C)  Time(hour)  Salt Composition
Pure Molybdenum 700 3 El
TZM 700 3 El
Pure Molybdenum 800 3 El
Pure Molybdenum 800 3 E2
TZM Alloy 800 1 El
TZM Alloy 800 3 El
TZM Alloy 800 3 E2
Pure Molybdenum 800 3 E3
Pure Molybdenum 800 4 El
TZM Alloy 800 4 El
TZM Alloy 800 4 E2
Pure Molybdenum 800 6 El
Pure Molybdenum 800 6 E3
TZM Alloy 800 6 El
TZM Alloy 800 6 E2
Pure Molybdenum 900 3 El
Pure Molybdenum 900 3 E2
Pure Molybdenum 900 3 E3
TZM Alloy 900 3 El
TZM Alloy 900 3 E2
Pure Molybdenum 900 4 El
TZM Alloy 900 4 El
TZM Alloy 900 4 E2
Pure Molybdenum 900 6 El
TZM Alloy 900 6 El
TZM Alloy 900 6 E2
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Figure 7 Schematic illustration of Lindberg LCC114PC high-temperature furnace.

3.1 Preparation of Salt Mixture

In this study, the NaCl-KCI-NaF salt mixture was chosen as the ionic media. In order
to provide silicon to the system, NaSiFe and silicon powder were added to this
mixture. The purity information of components contained in the salt mixture is shown
in Table 6. This mixture was stirred mechanically and placed into an alumina crucible
before each experiment. Then, the alumina crucible was placed into the NUVE EV
018 Vacuum furnace and heated up to 100°C to dry, in other words, to get rid of
physically bound water.
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Table 6 Information about the raw materials used in this study.

Chemical Purity(mass contents Morphology  Supplier

in %)
NaCl >99% Powder Sigma-Aldrich
KCI >99% Powder Merck
NaF >99% Powder Sigma-Aldrich
NazSiFe >99% Powder Sigma-Aldrich
Si >99% Powder Sigma-Aldrich

Salt composition was one of the parameters changed to observe the effects on coating
thickness as mentioned in Table 5. The composition of salt mixtures, designated as E1,

E2 and E3 in Table 5 are given in Table 7.

Table 7 Compositions of the electrolyte.

El E2 E3
Ingredients mol% wt% mol% wt% mol% wt%
NaCl 36.57 31.87 36.57 31.87 34.46 30.04
KCI 36.58 40.67 36.58 40.67 34.45 38.30
NaF 21.96 13.75 21.96 13.75 20.67 12.95
NazSiFes 4.89 13.71 4.89 13.71 10.42 18.71
Si(additional)  21.83 9.14 35.81 15.00 21.83 9.14

3.2 Preparation of Samples

In this study, two different substrates; pure molybdenum and TZM alloy samples were
used to deposit silicide. X-ray diffraction results of samples before experiments are
shown in Figure 8 and Figure 9. Thus, it was proved that the used samples are pure

molybdenum and TZM alloy.

A 3mm diameter hole was drilled on each sample to hang them by a tungsten wire.
Both sides of the samples were cleaned to remove possible residues with 1000 grid

sandpaper. Before placing in the experimental setup, the samples were cleaned in an
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ultrasonic bath using deionized water, ethanol, and acetone respectively. Then,
samples were weighed and placed into the experimental setup.
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Figure 8 X-Ray Diffraction result of pure molybdenum sample before the
experiment.
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Figure 9 X-Ray Diffraction result of TZM alloy sample before the experiment.

3.3 Experimental Setup for Silicide Coating Process

The experimental setup consists of a high-temperature furnace and its controller,
nitrogen gas cylinder, quartz reactor, alumina crucible, and tungsten-kanthal wire.
Kanthal-tungsten wire was used to avoid kanthal-salt interaction. Therefore, tungsten
wire was welded to kanthal wire above the electrolyte level. The cross-section of the
reactor which was placed inside the furnace is illustrated in Figure 10. Another
precaution to prevent the alumina crucible from being damaged and salt solutions from
forming aqueous solutions due to moisture by the sudden temperature increase, the

temperature was increased gradually to the aimed temperatures.
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Figure 10 Schematic representation of cross-section of experimental setup.

The prepared salt mixture in the alumina crucible was placed into a quartz tube. Then,
the cleaned sample was suspended by a kanthal-tungsten wire. After that, the quartz
tube was closed by a Teflon lid that had three inlets on it. One of the inlets was used
to deliver tungsten-kanthal wire that holds the sample, and others were used for gas
inlet and outlet. The Teflon lid was clamped to the quartz tube by metal screws, and
then the tube was placed into the high-temperature furnace. All these steps are shown
in Figure 11, respectively.
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Figure 11 The preparation steps for the experiments: (a) TZM/Mo samples, (b)
suspension of the samples by the tungsten wire; (c) immersion of the sample into the
alumina crucible with the help of the wire and (d) placement of the quartz tube into
the furnace.

Afterward, gas inlet and outlet connections were made and the furnace was heated
gradually; from room temperature to 100°C using 4°C/min, up to 300°C using 3°C/min

and finally up to process temperature (800-900 °C) using 6°C/min as shown in Figure
12.
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Figure 12 Temperature profile used during heating and cooling the samples.

At the end of the process, the sample was taken from the salt mixture that was cooled
to room temperature in the furnace environment. The frozen salt residue accumulated
on the samples after the experiment was cleaned by using deionized water in an
ultrasonic cleaner. The whole test and cooling process was completed under a nitrogen
gas atmosphere to create a protective environment. At the end of each experiment, the
sections of the samples were examined under optical and scanning electron
microscopes to evaluate the coating thickness. Besides, X-ray diffraction and EDS

analyzes were performed to determine the phases that were formed.

3.4 Experimental Setup for Oxidation Tests
Molybdenum di-silicide were formed on pure molybdenum and TZM alloy surface to
enhance their oxidation resistance at elevated temperatures. Therefore, silicide coated

TZM alloy samples were tested in a high-temperature oxidizing environment. In order
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to test coated samples, two different temperatures, 800°C and 1200°C, were selected.
These temperatures were chosen by taking into account pure molybdenum's oxidation
behavior. In addition to coated samples, uncoated samples were also tested under the
same conditions to compare their oxidation behavior. An atmosphere-controlled
furnace was designed to oxidize samples. The system consists of a furnace, its
controller, dry air gas cylinder and a flowmeter. A water cooling system was installed
to protect the ends of reaction chamber where metallic lids and a pressure gauge were
present. Schematic illustration of the system and its apparatus are illustrated in Figure
13.

Thermocouple

Pressure
Cauge

Gas Outlet

é Specimens

“g = 3 Cu pipes

Water Cooling System

Figure 13 Schematic illustration of the system used in high temperature oxidation
tests.

During an oxidation test, a coated sample was placed on an alumina plate vertically
and then placed into the high-temperature furnace. The temperature was increased to
800°C and 1200°C using 6°C/min ramp rate, and after reaching the operating

temperature, 30 minutes was allowed for the system to stabilize. Then, dry air was
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supplied to the system for the specified period of time. In order to simulate near-
realistic conditions, dry air, which is high purity and contains oxygen and nitrogen,
was supplied at a flow rate of 5It/min. With the aim of providing direct contact
between the sample and dry air, air was supplied through the sample surface using a
silica tube. Also, to ensure system temperature, a K-type thermocouple was placed
near the silica tube which provides air through the system.

At the end of these tests, samples were cooled to room temperature in the furnace
atmosphere. Then, a section of the sample was examined under optical and scanning
electron microscopes to evaluate their performance under oxidizing conditions. In
addition, X-ray diffraction and EDS analyzes were performed to determine the phases

formed.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Pure Molybdenum Studies

4.1.1 Identification of Silicide Layer

Pure molybdenum samples were silicide coated at 800 and 900°C from 3 to 10 hours
using the molten salt method. First of all, coated layers were examined using X-ray
diffraction method to make sure that the molybdenum di-silicide phase formed on pure
molybdenum surface. Figure 14 shows that X-Ray Diffraction pattern of the sample

coated at 800°C for 10 hours is consistent with MoSi2 phase.
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Figure 14 X-Ray Diffraction result of pure molybdenum sample coated at 800°C for
10 hours.
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Furthermore, cross-section of the sample was examined by scanning electron

microscope and EDS analyses. These analyses verified that formed phase on the

surface was MoSi». Figure 15 shows EDS analysis of the sample coated at 800°C for

10 hours and quantitative analysis results is consistent with atomic ratio of MoSi>

phase.

Element Normalized
SEC Table : Default

EDAX ZAF Quantification (Standardless)

Element Wt % At % K-Ratio Z A F
SiK 34.28 64.05 0.2791 1.1202 0.7161 1.0150
MoL 65.72 35.85 0.4757 0.9109 0.7946 1.0000
Total 100.00 100.00
Element Net Inte. Bkgd Inte. Inte. Error P/B
SikK 503.20 37.48 0.54 24.10
MoL 590.31 30.09 0.67 19.62

Figure 15 EDS analysis of the silicide layer of pure molybdenum sample coated at
800°C for 10 hours.

Besides, molybdenum and silicon atoms were traced throughout the line that lies from

molybdenum di-silicide to pure molybdenum substrate using EDS line analysis as
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shown in Figure 16. The result of the EDS analysis given along the line with the red
arrow in Figure 16 is shown in Figure 17. As seen in Figure 17, it was determined that
the distributions of silicon and molybdenum atoms were homogeneous in the coating
section and the composition was constant in the scanning from the coating surface to
the base. The fixed composition was determined to be MoSi: as previously determined
by X-ray diffraction (Figure 14) and EDS (Figure 15) analyses.

20 um

9.8 mm | 8 O KV [37.3 pm METE-METU

Figure 16 SEM image of the section of silicide coated pure molybdenum sample at
800°C for 10 hours and line on which EDS line analysis was done.
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Figure 17 Silicon and molybdenum dispersion results obtained by line analysis in
scanning electron microscope.

4.1.2 Coating Thickness

Figure 18 shows low magnification SEM image of the silicide coated sample. In
addition to the absence of cracks or pinholes in di-silicide layer, coating is homogenous
all around the sample and consistent with base metal even at sample edges. It was
observed that the coating was compatible with the base metal and there was no
adhesion problem between silicide layer and base metal, which was deduced from the
regional scanning made on the edges of the section sample at higher magnifications by
scanning electron microscopy. Also, there was no obvious cracks or voids in the

coating layer in any of the scanned areas.
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Figure 18 SEM image of the section of silicide coated pure molybdenum sample at
900°C for 4 hours.

The cross-sections of coated samples were examined under scanning electron
microscope and thicknesses of molybdenum di-silicide layers were measured. The
thicknesses were obtained by measuring the coating thickness from four different
points in the cross-section SEM image. Figure 19 shows the change in thickness of
silicide coating on pure molybdenum substrate with time from 3 to 10 hours at 800°C
and 900°C. When all the results obtained were considered, it was found that the coating
thicknesses ranged from 10 to 22 microns. While the coatings thicknesses obtained at
800°C were not affected by immersion time and remained nearly constant as the
immersion time increased, coating thicknesses slightly increased as temperature
increased to 900°C. The reason in coating thickness at 900°C may be related to faster
diffusion of silicon atoms. By this way, more reaction that yields in formation of
silicide on molybdenum surface might have taken place.
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Figure 19 Time-dependent thickness changes of coatings on pure molybdenum
substrates at 800°C and 900° C.

In this system, there are two silicon sources that supply silicon to the surface, which
are NazSiFs and silicon powder. As seen in Figure 19, resulting coating thicknesses of
silicide layers for 3 hours of siliciding are very close to each other at two different
temperatures. It was thought that silicon amount in the system may be insufficient to
cover all over the surface and form di-silicide layer. Therefore, the amount of silicon,
one of the silicon sources of the system, was increased and salt mixture E2 was used
at 800°C and 900°C for 3 hours of operation to enhance the coating thickness. While
coating thickness remained constant at 800°C, it slightly increased to 15 microns at
900°C. It was assumed that increasing the amount of silicon alone in mixture is not
enough, also temperature has to be increased to 900°C to obtain thicker di-silicide

layer for the studies that lasted 3 hours.

To estimate the siliconizing limit of the molybdenum surface, the amount of silicon in

the salt mixture was increased again. An additional 5% silicon was added to E2, which
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already contained 15% silicon to make it 20%. Under the same conditions, 900°C and
3 hours, obtained coating thickness remained constant by using salt mixture containing
20 wt% pure silicon powder although the di-silicide layer homogeneous and pore-free.
Therefore, it was concluded that composition in E2 affects the coating thickness
slightly, changing silicon composition to 20% has no important effect on coating
thickness, and initial composition, E1, supplies enough silicon to pure molybdenum to

cover the surface with silicide.

Changing the amount of the other silicon source, Na>SiFs, was another parameter
studied to increase the coating thickness. The reason behind this change is evaporation.
It was known that salt mixture contains species which evaporate with increasing
temperature and some residue was observed on the walls of the tube at the end of
experiments. Also, in literature, evaporation of silicon as SiFs was reported [35].
Therefore, some of the silicon may leave system as SiF4 and the reduced amount of
silicon in the system may affect the coating process. For this purpose, E3 salt
composition was used as media at 800 and 900°C for 3 hours of operating time.
Resulting coating was almost the same in terms of thickness and homogeneity. Even
if silicon evaporated as SiF4, no effect was observed on coating thickness.

One final attempt to enhance coating thickness was increasing immersion time at
800°C. As the time passes, fluoride ions in the system decreases due to evaporation F
ions as SiFs. The decrease in the amount of fluoride ions in the system may lead to a
reduction in silicon ions moving through the molybdenum surface since fluoride ions
carry silicon ions to react with the substrate. Therefore, it was thought that increasing
the amount of fluoride ions in the system by using E3 mixture could keep F ions at
sufficient levels for longer operating time. Therefore, the experiment was conducted
at 800°C for 6 hours using E3 mixture. However, obtained coating results were almost
the same as previously obtained results using E1 mixture. Thus, it was concluded that

E3 mixture had no effect on coating thickness at both temperatures and durations.

As aresult, thickness of di-silicide layer coated at 900°C increased gradually over time
while it remained constant for studies performed at 800°C for pure molybdenum. Also,
addition of silicon using E2 mixture had partial effect on coating thickness. On the
other hand, any effect of addition of NaSiFe using E3 mixture was not observed.
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4.1.3 Mass Change

Mass change of the samples after experiments is an important indicator to observe
correlation with layer thickness. Mass change of pure molybdenum samples with
coating thicknesses at 800 and 900°C is shown in Figure 20 and Figure 21. As shown
in these figures, there is a correlation between thickness and mass change up to 6 hours
of immersion time for both 800 and 900°C. However, for long hours of siliciding i.e.
10 hours, correlation was lost since there is a decrease in mass change while coating

thickness increased for both temperatures.

20 T T T T T T I 0,25
—m— Thickness
—m— Weight Change
- 0,20
15
— ﬁ__,_—}ﬁ__‘. I —
c i " u 2
S / L 015 &
Qo ™ %
= e — P
‘; 10 S . [ — —m - E
0 . o
2 -/ L 0,10 £
v 1 (=)}
Q S
= =
5 |
— 0,05
0 T T T T I T T 0,00
4 6 8 10

Time (hour)

Figure 20 The relationship between mass change and coating thickness over time for
the coated pure molybdenum samples at 800°C.
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Figure 21 The relationship between mass change and coating thickness over time for
the coated pure molybdenum samples at 900°C.

In literature, loss of correlation was associated with inhomogeneous deposition at
sample edges, in other words, coating at sample edges was lost for longer time and
higher temperatures [32], [34], [35], [37]. However, in this study, interval of
immersion time has a wider range than ever done, and there is a correlation when
results compared to literature survey. As seen in Figure 21, thicknesses of samples
siliconized for 6 and 10 hours are same, and also weight change is nearly slight for
both. However, sample siliconized for 8 hours has lower thickness and higher weight
change. This may be due to inhomogeneous deposition at sample edges, but lost at
sample edges was not observed. On the other hand, all implies that there is a correlation
between thickness and weight change for both temperatures until 6 hours of immersion

time than correlation gave way to stability for longer hours at 900°C.
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4.1.4 Surface Roughness

Surface roughness measurements were done to observe changes of surface
morphology of after coating process. Surface roughness values were obtained by
measuring 3 mm along 6 different lines for the front and back of the samples. Figure

22 shows the change of surface roughness of coated samples in E1 at 800°C and 900°C.

As seen in Figure 22, surface roughness of coated samples increased for both
temperatures. Also, measured roughness values were very close to each other. For the
samples coated at 800°C, rougher surface was obtained as the operating time increased
except for 10 hours. Likewise, at 900°C, surface roughness increased as the operating

time increased.

= Pristine = Pristine
18+ e Coatedin E1 1,8 e Coatedin E1

Ra (micron)
o
< ®
s s s
Ra (micron)
o
®

T T T T T
2 4 6 8 10 2 4 6 8 10
Time (hour) Time (hour)

@ (®)

Figure 22 The change of average surface roughness of pure molybdenum samples
that coated in E1 at 800°C (a) and at 900°C (b).
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4.2 TZM Alloy Studies

4.2.1 Identification of Silicide Layer

TZM alloy samples were siliconized at 700, 800 and 900°C for the time varying
between 1 and 6 hours using the molten salt method. Firstly, coated layers were
examined using X-ray diffraction method to identify the formed silicide phase on TZM
Alloy surface. Figure 23 shows that X-Ray Diffraction pattern of sample coated at

800°C for 3 hours was consistent with MoSi> phase.
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Figure 23 X-Ray Diffraction result of TZM Alloy sample coated at 800°C for 3
hours.

Also, cross-section of the sample was examined under scanning electron microscope
and EDS analysis was performed to check out the phases formed on TZM Alloys
substrate. As proved previously in X-ray diffraction, EDS analysis also showed that
formed phase on surface was MoSi,. Figure 24 shows EDS analysis of TZM Alloy
sample coated at 800°C for 3 hours and quantitative analysis results is consistent with

atomic ratio of MoSi, phase.
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EDAX ZAF Quantification (Standardless)
Element Normalized
SEC Table : Default

Element Wt % At % Z A F

SiK 35.43 65.21 1.1175 0.7428 1.0150
MoL 64 .57 34.79 0.9083 0.8057 1.0000
Total 100.00 100.00

Figure 24 EDS analysis of silicide layer of TZM Alloys sample that coated at 800°C
for 3 hours.

Furthermore, molybdenum and silicon atoms were traced throughout the line that lies
from molybdenum di-silicide to TZM Alloy substrate by using EDS line analysis as
shown in Figure 25. The result of the EDS analysis given along the line with the red
arrow in Figure 25 is shown Figure 26. As seen in Figure 26, it was determined that
the distribution of silicon and molybdenum atoms was homogeneous in the coating
section. Also, the composition was constant in the scanning from the coating surface

to the base, which means there is only one phase, MoSio.
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Figure 25 SEM image of the section of silicide coated TZM Alloy sample at 800°C
for 3 hours and line on which EDS line analysis was done.
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Figure 26 Silicon and molybdenum dispersion results obtained by line analysis in
scanning electron microscope.

4.2.2 Coating Thickness

Silicide layers on TZM Alloys substrate were confirmed by X-ray diffraction and EDS
examinations that the coating was MoSi2 and no secondary phase was encountered.
As with pure molybdenum samples, average thickness values were determined by
thickness measurements made from different regions using scanning electron
microscopy for TZM samples. Thicknesses of these di-silicide layers were examined
under scanning electron microscope to investigate the effect of parameters on coating
thickness. First of all, as a result of the regional scanning made on the edges of the
section of the sample with scanning electron microscopy, obvious crack or pinholes
were not observed on coating layer, and there is no adhesion problem. As shown in
Figure 27, silicide layer is compatible with substrate, and coating layer obtained is

homogeneously distributed on TZM Alloy.
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Figure 27 SEM image of the section of silicide coated TZM Alloy sample at 800°C
for 4 hours.

In studies with TZM Alloy, parameters were designed by considering results obtained
from pure molybdenum. As mentioned in pure molybdenum studies part, desired
results were not obtained for longer processing times at both 800 and 900°C.
Therefore, in TZM Alloy studies, operating time has been restricted by 6 hours at most.
Figure 28 shows the change of coating thickness at 800 and 900°C for 3, 4 and 6 hours
of processing time. Contrary to results obtained from pure molybdenum studies,
thicker di-silicide layer was obtained at lower temperature, i.e. increase in temperature
affected coating thickness negatively. As shown in Figure 28, processing time did not
affect coating thickness at 900°C. However, in the studies carried out at 800°C,
significant increase in coating thickness was encountered as the time increased. After
4 hours of processing time, the coating thickness reached approximately 40 microns.
With increasing the treatment time to 6 hours, no increase in thickness was observed.
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Most of the research efforts were directed to work at 800 and 900°C for both pure
molybdenum and TZM Alloys samples. In literature survey, there are several
researches that worked at 700°C for molybdenum and niobium samples [34], [37], but
results were not satisfactory and was in the direction that increasing temperature
increases coating thickness. However, in TZM studies, there was a decrease in
thickness when process temperature increased to 900°C. Therefore, it was studied at
700°C for 3 hours of processing time. Since obtained thickness was thinner than

obtained at 900°C, lower temperature studies were not performed anymore.
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Figure 28 Time-dependent thickness changes of coatings on TZM Alloy substrates at
800°C and 900° C.

To increase coating thickness, the amount of silicon in system was increased by using
E2 mixture. The results obtained from E2 mixture are shown in Figure 29 and Figure
30. For the studies performed at 800°C, the change in coating thickness with time was

the same as that obtained using E1, in other words, response to processing time was
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the same as obtained before. However, the effect of E2 mixture was evident, in
particular, thickness reached approximately 60 microns after 4 hours of processing
time. As experienced using E1 mixture, increasing the treatment time to 6 hours had
no effect on coating thickness using E2 either. On the other hand, effect of E2 on
coating thickness was also observed studies performed at 900°C. As shown in Figure
30, trend is almost same as using E1, however; thickness was increased evidently until
4 hours of processing time. As experienced in 800°C studies, desired thicknesses were
not obtained for 6 hours of processing. Furthermore, it was observed that long hours
of processing time, 6 hours, was not effective for enhancing coating thickness for all
studies performed using TZM alloy samples.

m 800°C

20 - e 800°C /Si Addition
60 -
50 -

= ®

e 4

© 40~

S

= "

2 30

(O] T -

c

R i

= 20- T

10

Time (hour)

Figure 29 Time-dependent thickness changes of coatings using E1 and E2 mixtures
on TZM alloy substrates at 800°C.
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Figure 30 Time-dependent thickness changes of coatings using E1 and E2 mixtures
on TZM Alloy substrates at 900°C.

To investigate the decrease in thickness for longer operating times, Inductively
Coupled Plasma — Mass Spectrometer (ICP-MS) measurements were performed. for
the samples taken from salt mixtures E1 and E2 after 6 hours of coating to observe
whether di-silicide layer dissolved in salt mixture or not. In addition to molybdenum,
other constituent of TZM alloy titanium and zirconium, and tungsten that might be
present due to wire used were traced in this analysis. The ICP-MS results are given in
Table 8. Obtained results showed that both samples includes molybdenum and alloy
constituents in terms of titanium and zirconium as well. This results supported the idea
of dissolution of di-silicide layer that initially formed and lost after longer processing
time. Also, sample taken from E2 mixture had higher molybdenum content than E1
mixture. The reason for this difference was related to formed, and dissolved di-silicide
layer. As experienced in studies earlier, thicker coating layer was obtained using E2

mixture, and therefore, more MoSi, formed and dissolved.
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Table 8 Results of Inductively Coupled Plasma Mass Spectrometry analysis of
samples taken from salt mixtures of samples studied in E1 and E2 mixtures at 800°C

for 6 hours.
Element
Mo (mg/kg) Ti (mg/kg) Zr (mg/kg) W (mg/kg)
Sample
800°C/6 6.6+0.5 T1+£5 5.4+0.5 40+2
hours/E1
800°C/6 26x1 868 9.5+0.6 182+4
hours/E2

In addition to change in temperature and composition, short processing time, i.e. 1
hour, was studied at 800°C. The reason was to observe the proportionality of the
thickness with time and estimate the deposition rate at the very beginning of the
process. However, coating was very thin, around 6 microns in average, which proved
that initially coated layer acts as catalyzer to develop further coating. Also, as
mentioned in Pure Molybdenum Studies part, E3 mixture was used to enhance coating
thickness by changing the amount of silicon in the system, but significant effect was
not observed in thickness. Thus, E3 mixture was not used in TZM Alloy studies.
Finally, it was summarized that TZM Alloy samples gave better coating thickness than
pure molybdenum samples. The thicker coatings were obtained at 800°C and better

results were obtained using E2 mixture for both temperatures.

4.2.3 Mass Change

Mass changes of TZM Alloy samples with coating thickness after siliciding are shown
in Figure 31. The increase in coating thickness that was observed when the temperature
decreased from 900°C to 800°C was also evident on weight change data as well.

Therefore, thicker coating resulted in more mass gain as expected. The change in mass
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of siliconized samples at 800°C was higher than that at 900°C, and there was a
correlation between weight change and thickness for all TZM Alloy samples.

£ r 06 30 T T T T 08
ke 1 [—==Thickness
ght chang Neight change
-
. 204 - - 20 04 =
g E 04 5 s g
3] @ S @
E - g E - 5
@ L 2 w =
b . 2 8 2
= = [ rF
S 028 g w0 028
] ] .
- 2 S . S
- L ]
-
0 T T T T 00 o T T T T 0o
3 4 5 6 3 4 5 6
Time (hour) Time (hour)
(@) (b)
S0 T T T 18 50 T T T T 18
= Thickness x
- pht Char 18 n @ight change 16
40 4 . 14 40 4 14
. ‘2 12
5 /m n & < . e
2 304 = 2 304 L] =
8 . 10 8 g 10 &
E 5 £ . ' §
# Los S ] 085
£ 20 £ £ 204 £
= {=] x [=]
2 08 @ 2 Fo8 @
= . = (= =
10 4 y 04 10 Los
02 Loz
o T T T T 00 0 T v T T T T T 00
3 4 5 6 3 4 5 L]
Time (hour) Time (hour)

(c) (d)

Figure 31 The relationship between mass change and coating thickness over time for
the coated TZM Alloy samples: (a) at 900°C, (b) E2 mixture at 900°C, (c) at 800°C
and (d) E2 mixture at 800°C.

The effect of using additional silicon on weight change was not obvious even though
its effect on thickness was appearent. Also, it was observed that weight gain increases
while coating thickness decreases for long hours of processing time. This was
associated with higher deposition at the edges of the samples. As experienced in pure
molybdenum samples, it is possible to have inhomogeneous deposition at the edges
even though other surfaces are smootly covered. Therefore, an inverse correlation was
observed between thickness and weight gain. Therefore, it can be conculuded that there
is a correlation between thickness and weight gain which is lost for long hours of

processing time.
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4.2.4 Surface Roughness

Surface roughness was measured to observe changes of surface morphology after
coating process. Surface roughness values were obtained by measuring 3 mm along 6
different lines from both sides of the samples. Figure 32 shows the change of surface
roughness of coated sample using two different salt mixture, E1 and E2, at 800°C.

As seen in Figure 32, the rougher surfaces were obtained after coating process for both
compositions. However, as given in the coating thickness part, thicker coatings were
obtained for 3 and 4 hours of processing time, but there was a decrease in thickness
for 6 hours. Furthermore, roughness of surfaces for 3 and 4 hours was higher than 6
hours of processing time. There may be two possible ways to explain the correlation
between thickness and roughness. Firstly, with the resulting increase in coating
thickness, there may be an increase in residue on surface that cannot be got rid of soft
cleaning process. Another possibility is etching effect of fluoride. It is known that F
ions makes an etching effect on metal surface, which leads to have a rougher surface.
Also, in this system, F~ ions leave the system as SiF4, so that concentration of F~ ions
will decrease as the processing time increase. Therefore, etching effect will be lower

for 6 hours of processing time and surface roughness may decrease.
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Figure 32 The change of average surface roughness of TZM Alloy samples that
coated in E1 and E2 mixture at 800°C.
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Figure 33 shows the change of surface roughness of coated sample after coating
process in two different salt mixture, E1 and E2, at 900°C. Firstly, the surface of
samples that coated at 900°C is rougher than those coated at 800°C. Thus, it was noted
that the etching effect of SiF4 may increase as the temperature is increased. Also, as
observed at 800 °C, there was a decrease in average surface roughness over the longer
processing time, which can also be associated to the decrease in the composition of F
ions as a result of the evaporation of SiFs. However, the final surface was rougher than
initial for both temperatures and composition. Therefore, a post surface finishing
process might be required to decrease surface roughness after coating process if a
smooth surface is desired.
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Figure 33 The change of average surface roughness of TZM Alloy samples that
coated in E1 and E2 mixture at 900°C.

4.3 Oxidation Tests
4.3.1 Oxidation Test for Pure Molybdenum Samples

Pure molybdenum sample coated at 900°C for 6 hours was preferred because it had
higher di-silicide layer thickness among the pure molybdenum studies. First of all,
uncoated sample was tested at 800°C for 6 hours under the oxygen atmosphere in order
to observe oxidation behavior of pure molybdenum and weight loss of the sample.
During the test, dry air was supplied to the system at a rate of 5 It/min. Uncoated

molybdenum sample was oxidized and evaporated completely.

The coated pure molybdenum sample was subjected to oxidation test at 800°C for 6

hours under the same conditions. SEM image of the section of tested sample is shown
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in Figure 34. The weight loss of the tested sample was less than 10%. This shows that
molybdenum di-silicide formed on pure molybdenum sample, as shown in Figure 35,

was protective against oxygen at 800°C for 6 hours.

WD mag HV HFW — 50 pym ——
7.5 mm |2 000 x| 20.0kV | 149 pm METU - METE

Figure 34 SEM image of the section of oxidized pure molybdenum sample at 800°C
for 6 hours.
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Element Wt % At & K-Ratio Z A F

SiK 34.28 64.05 0.2791 1.1202 0.7161 1.0150
MoL 65.72 35.895 0.4757 0.9109 0.7946 1.0000
Total 100.00 100.00

M o

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 keV

Figure 35 EDS analysis of oxidized coated pure molybdenum sample at 800°C for 6
hours.

4.3.2 Oxidation Test for TZM Alloy Samples
Selected samples were tested in high-temperature oxygen atmosphere to investigate
the oxidation behavior after silicide coating. For the test, TZM Alloy sample coated at
800°C for 4 hours was preferred since it has the thickest silicide layer reached among
the results obtained from TZM Alloy studies. Oxidation studies were conducted at 800
and 1200°C for 1, 3 and 6 hours.

Firstly, uncoated TZM Alloy sample was tested under oxygen atmosphere at 800°C
for 6 hours to see the weight loss and formed phases, and also to compare the results
with the oxidized coated sample. Dry air was supplied to the system at a rate of 5It/min.
The weight loss of the uncoated sample was approximately 60%, which shows how
molybdenum is susceptible and weak against oxygen at high temperature environment.

Also, molybdenum oxide phase formed on the surface as shown in Figure 36.
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Figure 36 SEM image of the section of oxidized pure TZM Alloy sample at 800°C
for 6 hours.

The coated sample was oxidized at 800°C for 6 hours. SEM image of the section of
tested sample is shown in Figure 37. Firstly, the weight loss of sample was 12%, which
indicates that coating was protective against oxygen at high temperature environment.
The coated layer was detected as MoSi»> using both EDX and X-ray diffraction
analyses, whose silicon and molybdenum concentrations 66 and 33 at% after oxidation
test, and consistent with molybdenum di-silicide. Also, a lighter colored layer was
observed above the di-silicide layer as shown in Figure 37. High silicon and very low
molybdenum concentrations were detected by EDX analysis performed at this region.
Therefore, it was thought that this layer was silica which formed as a result of
oxidation. Also, X-ray diffraction analysis was performed to confirm the formation of
silica, and result is shown in Figure 38. It is proved that formed phase on di-silicide
layer is oxidation protective silica and this silicide layer is protective against oxygen
at 800°C.
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Figure 37 SEM image of the section of coated TZM Alloy sample after oxidation test
at 800°C for 6 hours.
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Figure 38 X-Ray Diffraction result of coated TZM Alloy sample after oxidation test
at 800°C for 6 hours.

It was expected that molybdenum rich phase (MosSis) forms between substrate and
molybdenum di-silicide by mutual diffusion [87]. However, it was not encountered by
the scans made with SEM. Also, MosSiz was not detected in X-ray diffraction analysis
as seen in Figure 38. In order to make sure whether MosSis formed or not, EDS line
analysis and EDS mapping were performed through a line that lies from molybdenum
di-silicide to the substrate. However, concentration profile did not change as shown in
Figure 39. Furthermore, EDS mapping was performed on substrate and coating region,
and MosSiz phase was not encountered, and accumulation of silicon and molybdenum
atoms were homogeneous as shown in Figure 40. Therefore, there was no evidence to
prove formation of MosSis. The reason might be lower operation temperature (800°C),

which could be insufficient to form this phase by mutual diffusion.
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Figure 39 Silicon and molybdenum dispersion results obtained by line analysis in
scanning electron microscope.
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Figure 40 The EDS mapping results: (a) SEM image of the region EDS mapping
performed; (b) distribution of molybdenum atoms and (c) distribution of silicon
atoms.

Another oxidation study was performed at 1200°C for 1 hour. SEM image of the
section of the oxidized sample for 1 hour is shown in Figure 41. As shown in SEM
image, there was a contrast difference between substrate and molybdenum di-silicide.
EDS analysis showed that MosSis phase formed as expected, and upper layer was

MoSi, as shown in Figure 42. It was proved that transition layer is MosSiz whose
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silicon and molybdenum concentrations are 60 and 40 at%, which is consistent with
MosSis.
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Figure 41 SEM image of the section of oxidized coated TZM Alloy sample at
1200°C for 1 hour.
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EDAX ZAF Quantification (Standardless) EDAX ZAF Quantification (Standardless)

Element Normalized Element Normalized

SEC Table : Default SEC Table : Default

Element Wt % At % z A F Element Wt % At % 2 A F
SiK 34.34  64.11 1.1201 0.7049 1.0148 SiK 15.82  39.10 1.1660 0.6459 1.0212
MoL 65.66 35.89 0.9107 0.7861  1.0000 MoL 84.18 60.90 0.9557 0.8936 1.0000
Total 100.00 100.00 Total 100.00 100.00

Mo
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 xev 6.00 7.00 8.00 keV

Figure 42 EDS analysis of silicide layers: (a) taken from region 1 in Figure 39 and
(b) taken from region 2 Figure 39.
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Also, EDS line analysis and EDS mapping were performed. As shown in Figure 43,
transition region, MosSis, is obvious, and molybdenum atomic concentration decreases
gradually. First, concentrations stabilizes at molybdenum rich region, MosSis, than
stabilizes at silicon rich region, MoSi,. Then, atomic % of molybdenum decreases and
silicon increases. Finally, MoSi> phase exists whose molybdenum and silicon

concentrations are 66 and 33 at% respectively.

Furthermore, existence of molybdenum rich phase is more evident in EDS mapping
results. As shown in Figure 44 b, molybdenum atom concentration decreases from
substrate to the surface. Likewise, silicon atom concentration increases from substrate
to the surface as shown in Figure 44 c. The reason for existence of molybdenum rich
phase is that the increase in oxidation-test temperature increases the mutual diffusion

between molybdenum substrate and MoSiz, and MosSis forms.
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Figure 43 Silicon and molybdenum dispersion results obtained by line analysis in
scanning electron microscope.
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Figure 44 The EDS mapping results: (a) SEM image of the region EDS mapping
performed; (b) distribution of molybdenum atoms and (c) distribution of silicon
atoms.

Formation of glassy silica on molybdenum di-silicide as a result of oxidation could not
be detected by EDS analysis even though high silicon concentration was obtained, and
a light colored layer was seen as shown in Figure 44 (a). Therefore, X-ray diffraction
analysis was performed to prove silica formation. As given in Figure 45, formation of

silica layer was observed in addition to MoSi, and MosSis.
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Figure 45 X-Ray Diffraction result of oxidized coated TZM Alloy sample at 1200°C
for 1 hours.
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The last oxidation study was performed at 1200°C for 3 hours. SEM image of oxidized
sample is shown in Figure 46. Formation of MoSi2 and MosSiz phases are proved using
EDS analysis as shown in Figure 47. Also, a light colored layer was detected at outer
surface during the scans around the sample. As a result of X-ray diffraction analysis
of sample, SiO> formation was confirmed in addition to MoSi> and MosSis, which is
shown in Figure 48.
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Figure 46 SEM image of the section of oxidized coated TZM Alloy sample at
1200°C for 3 hours.
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EDAX ZAF Quantification (Standardless)
Element Normalized
SEC Table : Default

Element Wt % At % K-Ratio Z A F

SiK 33.10 62.83 0.2268 1.1085 0.6069 1.0184
MoK 66.90 37.17 0.6110 0.911z2 1.0023 1.0000

Total 100.00 100.00

MoL

8.00 10.00 12.00 keV

Figure 47 EDS analysis of oxidized coated TZM Alloy sample at 1200°C for 3
hours.
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Figure 48 X-Ray Diffraction result of oxidized coated TZM Alloy sample at 1200°C
for 3 hours.
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The weight losses of the samples oxidized at 1200°C for 1 and 3 hours were very close
to each other, which are 14% and 12%. Firstly, the weight loss was almost same level
as the test which was done at 800°C. Increasing test temperature is thought to be the
reason why weight loss is the same since protective silica formation increases on the
surface. Although increasing temperature accelerates oxidation of molybdenum, silica
layer grows up on the surface instantly, and volatilization of molybdenum stops. Also,
test at 1200°C, the weight loss in 1 hour study was slightly more than 3 hours. It was
thought that MoOz volatilizes initially, and then silica layer covers the surface.

Therefore, silica layer grows, and volatilization does not occur anymore.
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CHAPTER 5

CONCLUSION

Molybdenum di-silicide was successfully coated on pure molybdenum and

molybdenum alloy (TZM) using molten salt method.

In pure molybdenum studies, coating thickness varied between 10 and 25 microns. The
effect of temperature on coating thickness was not observed for shorter processing
time, however; it was apparent that increasing temperature and processing time
increased coating thickness. The weight gain of coated samples showed
correspondence with coating thickness. A considerable effect of salt composition on
coating thickness and quality, using E2 and E3 mixtures, was not observed. The change
in silicon amount in salt mixture using E2 to supply more silicon through the system
was not at desired level, and it did not have an impact on coating thickness. Another
attempt was made to increase coating thickness by using E3 mixture in order to
stabilize F~ ion and silicon amount in molten salt, and it did not increase coating
thickness positively. Therefore, it was concluded that amount of silicon and fluoride
in the system was sufficient and efficient to develop silicide coating.

In molybdenum alloy (TZM) studies, coating thickness reached out nearly 60 microns.
It was evident that increasing temperature does not increase the coating thickness.
Moreover, the coating thickness increased up to a certain point when processing time
was increased for both temperatures, and then there was a decrease in thickness of
silicide layer. The reason for this decrease was dissolution of silicide layer in molten
salt since molybdenum was detected in the residue salt mixture that was taken from a
longer processing time. As in pure molybdenum samples, weight gain of coated
samples showed agreement with thickness, however; surface roughness of coated
samples was higher than initial for both pure molybdenum and TZM alloy samples.

Therefore, surface finishing process could be needed after process.
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The silicide coated TZM alloy samples were picked up for oxidation tests at high-
temperature oxygen environment to observe the oxidation behavior of molybdenum
di-silicide. Silica layer covered whole surface as a result of oxidation test performed
at 800°C, and there was no phase formation other than silica. However, MosSis phase
formed between substrate and MoSi> in addition to silica as a result of test performed
at 1200°C since increasing temperature increased mutual diffusion. Also, non-coated
sample was oxidized to compare, and its weight loss nearly reached out 60% at 800°C.
Even though there was a weight loss in coated samples after oxidation test, it remained
at about 12% level. Furthermore, the weight losses of the samples which were oxidized
at 1200°C for 1 and 3 hours remained at 14% and 12%, respectively.

Suggestions for Future Work

The di-silicide layer on molybdenum and TZM surface can be developed further in
terms of coating thickness.

The final surface after deposition process was rougher than initial for both
temperatures and compositions. Therefore, it’s suggested that a post surface finishing
process should be required to decrease surface roughness after coating process if a

smooth surface is desired.

The electrolytic deposition could be tested for alternative silicon sources and to
increase coating thickness.
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Figure 49.1 Mo-Si phase diagram [89].
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