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ABSTRACT
The thesis deals with the studies carried out teramme the inherent problem of pure
molybdenum, which restricts its wide spread appibeaat high temperature by alloying and
coating. Two Mo based alloys were studies, whiehMo-30 wt.% W and Mo-(16-20) Cr-(4-6)
Si (wt.%) alloys. W was added to enhance the retaliyzation temperature, whereas Cr and Si
were added to prevent catastrophic oxidation of M@ The scientific and technological
challenges of preparation of these alloys were atsdied. The principle objective was (i)
preparation of Mo-30 wt.% W alloy by powder metadiical route (ii) preparation of Mo-(16-20)
Cr-(4-6) Si (wt.%) alloys by different routes suat powder metallurgy, silicothermic reduction
of mixed oxide, co-precipitation followed by redwct etc. (iii) characterization of synthesized
alloys with respect to composition, microstructurejechanical properties, oxidation
characteristics etc. (iii) study the effect of glltg elements, associated microstructure and mode
of synthesis on the properties of alloys (iv) depehent of silicide based oxidation resistant
coating over the synthesized alloy by pack cememaéchnique and performance evaluation of
the coated specimens with respect to oxidatiornvesat.

Mo-30W alloy powder was prepared by mechanicalyailp technique (MA) and co-
precipitation of Mo and W tri-oxide followed by ceduction route. The phase and
morphological evolution of synthesized powder waglied by X-ray diffraction (XRD) and
Scanning electron microscopy (SEM). Sintering kogestudies were conducted on Mo-30W
alloy powders prepared through mechanical alloymge. Both, constant rate of heating method
as well as stepwise isothermal dilatometry (SIBhteque were used for studying the sintering
kinetics. Step-wise isothermal shrinkage data weeasured and analyzed using Mekipritti-
Meng method. The shrinkage data was found to flt with the rate equation proposed in this
method and its validity was established for mectelty alloyed systems. Kinetic parameters
were evaluated and sintering was found to occuouiiin two major mechanisms operative
successively, which are grain boundary diffusiord dattice diffusion with corresponding
energies of activation as 230 and 480 kJ/ mol,aetsgely. The results have been well supported

by micro structural evaluation of specimens atedéht stages of sintering.



Studies were carried out to develop silicide basadation resistant coatings over Mo-30
W alloy substrate employing halide activated paeknentation coating process. Effect of
activator content and temperature on coating wadiedd in detail. The microstructure of the
coating revealed that the coating was free of amkpores, adherent to the substrate and
comprised of either single layer or double layepataling on the coating temperature. SEM
coupled with energy dispersive spectroscopy (ED&) used to determine diffusion profiles
for Mo, W and Si. Reciprocating sliding wear andtfon experiments were performed on the
uncoated and coated alloy. Double layer coatingveldoan improved friction coefficient as
compared to base alloy as well as a single layatecballoy. The wear tests also showed a
marked improvement of wear resistance of coatexy @k compared to uncoated alloy. The
coating was found to be wear resistant at 7N. Cyokidation tests on coated alloy were
performed at 1000C up to 50 h. The coating was found to be priatecnd no peeling off
or cracking was observed.

Mo-(16-20) Cr-(4-6) Si (wt.%) alloy was prepared t@active hot pressing method. The
primary objective of the present study was to dgvé¥o-Cr-Si alloys, which exhibit improved
oxidation resistance at elevated temperature, edupith adequate room temperature fracture
toughness. The microstructure of the synthesizéxy alonsisted of (Mo, Cr, Tipi, and the
discontinuous:-(Mo, Cr, Tiks phases with varying phase ratio depending on dngposition of
the alloy. Effects of concentrations of Cr and 8ithe evolution of microstructure, oxidation
resistance, room temperature fracture toughnessnaxe of failure of the Mo-Cr-Si alloys have
been studied. The Mo-16Cr-4Si was found to be ftermm alloy composition having highest
room temperature fracture toughness along with @wateqoxidation resistance amongst the other
synthesized alloys. Besides, effect of additioTiobn different properties has been studied for
Mo-16Cr-4Si alloy.

The Mo-16Cr-4Si alloy was also prepared from thedes of molybdenum and
chromium by their co-reduction with Si metal powdsra reductant. Exothermic nature of these
reactions resulted in the formation of consolidatednposite as a product in a single step.
Differential thermal analysis (DTA) studies werendacted to find out the onset temperature for
silicothermic reduction. The reaction kinetics o8O, system has been analyzed by a model-
free Kissinger method. The activation energy fdicagthermic reduction of Mo@to Mo was

evaluated to be 309 kJ/mole. The alloys producesillmpthermy were re-melted by arc melting



and heat treated to get a homogenous microstrudiwaution of phases and microstructures
were studied by means of XRD, SEM, and EDS anal{$ie multiphase alloy was consisted of
Mo3Si and discontinuous (Mo, Cr) (ss) phase with vaymercentage of 28%. The synthesized
alloys were characterized with respect to compmsitphases, microstructure, hardness and their
oxidation behavior.

The isothermal oxidation behavior of the Mo-16Ci-d4oy was investigated in air at
1000°C for 50h. The alloy exhibited superior oxidatioghlavior in comparison with single phase
molybdenum alloys, because of the formation of,S#@d CO; over the alloy surface. The
flexural strength and the fracture toughness deteanfrom three-point bend testing of single
edge notch bend specimens were 615+15 MP and 1007 #MPa.n? respectively. The
dominant mechanism of fracture was identified asggranular mode of crack propagation.

An alternative method was developed for measuftiegktnetics of oxidation. In this method,
apparent activation energy and the exponent retatdte oxidation phenomena can be evaluated
by conducting a single experiment. The method watet for its applicability by measuring the
activation energy for oxidation of pure Mo. It wiasind that the isothermal weight change data
of Mo from stepwise isothermal thermo-gravimetryiT@S) could be well analyzed to get
kinetics parameters according to the empirical egtgation.

dy 1-Y\"

ot =nk(T)Y (1—Y)(Tj
Further, the method was extended for evaluatiegottidation kinetics parameters for different
Mo-Cr-Si alloys. Effects of varying concentratioh® on the oxidation behavior of the alloys
were also studied.

To extend the life of the Mo-16Cr-4Si-0.5Ti allogder oxidizing atmosphere, silicide based
oxidation resistant coatings were developed, ubiaigle activated pack cementation process.
The kinetic behavior of growth of the coating wasablished and the activation energy of the
coating process was determined to be 52.5kJ/mmthdsmal oxidation tests of the coated alloy
at 1273K for 50h, revealed a small weight gainhatinitial stages of oxidation followed by no
change of weight.

Therefore, with proper allying addition coupled hwiformation of silicide based coatings

could prevent catastrophic oxidation of the Mo lolskoys at high temperature.
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Chapter-1

1.1 Introduction

There is increasing demand of materials with higingerature and load-bearing
capabilities for improved performance in energyclear and aerospace industries [1,2]. A
new generation of material systems with significemprovement in temperature capability
beyond the operating limits of the conventional esuplloys are required to meet this
demand. Such materials require an appropriate cwhbn of properties, such as low—
temperature damage tolerance, high—temperatumegtitrand creep resistance, in addition to
superior oxidation resistance.

Refractory metals such as molybdenum, tungstemjume tantalum, rhenium or their
alloys possess excellent high—temperature streogtipled with fairly good ductility and
toughness and therefore are candidate materialshiffit temperature applications [1].
Amongst these molybdenum is attractive and probahé/ most promising in terms of
strength, density, melting temperatures, compd#ibivith molten metals, high thermal
conductivity etc. [1]. However, Mo has to be alldysuitably to overcome some of the
inherent problems, which are: (a) decrease of gtherapidly at temperatures above 0,5 T
(b) very susceptible to intergranular failure ine thecrystallized state (c) catastrophic
behaviour under oxidizing environments.

Solid solution strengthening is an approach to ease the recrystallization
temperature as well as strength at temperatureeabdy T,. Tungsten is the most suited
alloying addition for solid solution strengtheningi Mo matrix [3—7]. The addition of 30
wt.% W in Mo increases the capability of the allmyretain strength at a temperature in
excess of 170TC [4].

To overcome the third problem mentioned abovengite have been made to protect
refractory metals from catastrophic oxidation eithg alloying or application of oxidation
resistant coatings. Application of coating over knewn Mo based alloys looks to be a better
and immediate solution as compared to exploringredptnew oxidation resistant alloy.
However, coating is not a foolproof solution, besmonce the coating fails for any expected
or unexpected reason, the component is likely locttastrophically. Therefore, the recent
trend in design of high temperature system is that substrate of the high temperature
components should have sufficient levels of oxwmatresistance to avoid catastrophic
damage in case the coating fails. Since, none eftisting commercially available single

phase Mo based alloys have adequate levels of toxideesistance to prohibit them from
1



catastrophic failure. Therefore, an approach lepdindevelopment of composites is being
explored, where brittle but oxidation resistanemtetallic matrix is toughened with metallic
reinforcements [8-25]. Ductile reinforcement wittlid solution of Mo and Cr, (Mo, Cf
has been utilized in this study to improve thetinee toughness of the brittle matrix of (Mo,
Cr)sSi in dual phase Mo—Cr—Si composite alloys.

The preparation of Mo—30W alloy and Mo—Cr-Si conigassis a highly challenging task
and limited information exists in the open liter&uwn the processing of these alloys.
Preparation of these alloys by the conventionalt-roakting process (arc or electron beam
melting) is a highly energy intensive process. Tdesons can be attributed to the following
facts. Firstly, very high melting points and a krdifference in the specific gravity of the
alloying components results in a number of meltingns required for thorough
homogenization. Secondly, a very high level of waathas to be maintained during melting
as the alloying components can be oxidized eveh Wit trace amount of air present.
Thirdly, a large difference in the vapour pressaféhe alloying components results in an
excessive loss of metals and difficulties in acimgwargeted chemical composition. On the
other hand, mechanical alloying/powder metallurgg emerged as an alternative route for
preparation of advance materials [26]. Preparatibralloys through this route not only
provides microstructural refinement but also impartry high degree of homogeneity in the
final product [27]. Powder metallurgy consolidatedterial generally is directly worked
mechanically (rolling, forging etc.) into the findésired shape [28]. On the other hand, melt—
cast alloys prepared by arc or electron beam reatrusion before they may be processed
further during shaping.

In the present study, Mo—30W and Mo-Cr-Si alloysehdeen prepared by powder
metallurgical route. Detailed sintering and itsekins studies have been carried out. Different
aspects of improving sinterability of the Mo—30Vibglpowder were also studied.

An alternative self sustaining synthesis route poeparation of high temperature
material is “Co—-reduction route”, where metal osidare reduced simultaneously by a
reductant, which could be anyone or a combinatiofl 0Si, Ca, B, Mg etc. and the reactions
which when triggered goes to completion becaugbedf own exothermic heat [2, 29-30]. In
the present study, attempts have been made torprbfm-Cr—Si alloys by silicothermic co—
reduction technique using Si as reductant. Thegeheomposition consisting of reductant, Si
and oxides of Mo and Cr has been judiciously adplisb achieve maximum alloy yield by



utilizing the heat of the chemical reactions effgdy. The corresponding aspects of
thermodynamic and reaction sequences have beapdindietail.

Prepared alloys have been characterized for commmosiphases, microstructure,
hardness, room temperature fracture toughness xaddtion behavior. Since oxidation is a
thermally activated process, its activation enesgynportant to be known. Various equations
have been suggested to calculate the activatiomggn®referably a minimum of four
experiments are required at four different heataigs or different isothermal temperatures,
for calculating activation energy for any thermadigtivated process by constant rate of
heating (CRH) method or isothermal heating [31].tHe present work, attempt has been
made to postulate a new methodology for determiniidation kinetics parameters in order
to reduce the number of experiments. This methdidowiespecially useful in designing new
alloys, by reducing the number of experiments neglifor performance evaluation, where
limitation of material availability, experimentafferts and cost is of concern. The proposed
method has been validated with known system and tiiized to study the oxidation of
different Mo-Cr-Si alloys. Unlike the conventionahethods that require multiple
thermogravimetric experiments, this novel methoggithe activation energy from the mass
change data obtained from a single thermogravimeiperiment.

Further, development of silicide based protectigating on the prepared Mo—-30W
and Mo—Cr-Si alloys by halide activated pack celwgon technique has been studied to
overcome the problem of high temperature oxidatiod to extend the life of the alloys at
service temperature. Effect of different pack clstnes and coating temperatures on the
evolution of phases, microstructures, coating théss and surface morphology have been

studied in detail.

1.2 Roadmap of the thesis

The organization of the thesis is as follows. Dethiiterature review on refractory
metals alloys with special emphasis on Mo alloyiissented in chapter 2. The potential
applications of Mo based alloys, bottlenecks inesplead applications and need for a high
performance composite alloy is emphasized in cltapte The effect of different alloying
additions on different properties has also beeoudsed. Chapter 3 presents the experimental
procedures for the preparation, characterizatiahparformance evaluation tests of different
Mo based alloys. Chapter 4 deals with differenteap of preparation of Mo—30W alloy
powder, detailed sintering studies and subsequerldpment of oxidation resistant coating.

3



Whereas, Chapter 5 deals with the studies on pagparof Mo—Cr—Si composite alloy and
to arrive at suitable composition, which would hatgerior oxidation resistance coupled
with comparable fracture toughness. Major findimfghe present thesis and scope for the
future work are summarized in chapter 6. The refes are included after the summary of
the each chapter. List of publications from thespre thesis are attached at the end of the

thesis.
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Literature review

2.1 Introduction
Detailed literature review on refractory metalogdl with special emphasis on Mo alloy is
presented in this chapter. The potential applicatiof Mo based alloys, their bottlenecks in
widespread applications and need for a high pedoge composite alloy coupled with
oxidation resistant coatings is emphasized. Thapten deals with the survey of important
properties of the commercially available or undevestigated Mo based alloys, their
limitations and the methodologies to overcome tmitdtions. An attempt has been made to
highlight the lacunae in the field of processingrfprmance evaluations of Mo alloys and
oxidation resistant coatings.
2.2 Refractory Metals and Alloys

The metallic elements niobium (Nb) and tantalum) (@lagroup VA, molybdenum (Mo)
and tungsten (W) of group VIA are designated agotbry metals based on the arbitrary
criteria of body centered cubic (bcc) crystal stwoe, minimum melting point of 2200K and
the ratio of melting temperature of oxide to mdial less than unity [1] . In this special
category of metals, the latest to find its entrymstal rhenium (Re) because of its high
melting point next to tungsten. Of the five (Nb,, Mo, W and Re) refractory metals Re
possesses many unique features. Its crystallogragihicture is hexagonal close packed,
does not form carbides, possesses highest stradlerfing coefficient, does not have ductile
to brittle transition temperature and above aliriparts its good qualities to other elements
when used as an alloying element. The excellenbaration of the metallurgical properties
of the refractory metals paved the way for theplaation in diverse field. Except Re, their
common areas of application are steel industry sintered carbide tools in the form of
respective ferroalloys and carbides, respectivehecific application such as that of niobium
in the field of metallic superconductor and nuclesactor, tantalum as miniature capacitor
and tungsten as incandescent filament, molybdersihreating element and cathode support
and rhenium as alloy softener bestowed them pramirgzognition. A property comparison
of Nb, Ta, Mo, W and Re is presented in Table Réfractory metals and their alloys are
capable of meeting an aggressive environment waspeact to radiation, temperature,
corrosion (gaseous and liquid metal) and stresgfolonged periods. Such materials are
therefore, being considered as high temperaturgctstial materials, for new generation
reactors like accelerator driven system (ADS), cachfhigh temperature reactor (CHTR),

advanced heavy water reactor (AHWR), fusion devif28] and space shuttles [4].
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Prominent refractory metal alloys are presented@iahle 2.2. There is an increasing demand

for materials that can maintain reliability underee-increasing temperature conditions.

Conventional super—alloys having nickel, cobaltiron—nickel as the major constituents,

meet restricted high temperature applications andd qualify the benchmark of aerospace

and nuclear industries. Generally, iron—nickelyadl§316 stainless steel) can be used up to a

temperature of 923K whereas most of the nickel @iwhlt based super—alloys can be used

up to an operating temperature of about 1273K.|1Stad nickel alloys though possess

adequate strength at room temperature, have pgbrteémperature strength and low thermal

diffusivity.
Table 2.1: Property comparison of pure refractoetals

Property Niobium | Tantalum | Molybdenum | Tungsten | Rhenum
Crystal Structure bcc bcc bcc bcc hcp
Density, g/cc 8.6 16.6 10.2 19.3 21.0
Melting Point, K 2711 3269 2883 3683 3453
Vapor Pressure at 2500K, (torf) 4 x10| 8 x 10’ 6 x 10" 7x10° | 1.3x10°
Thermal Expansion, (ppm/K) 7.3 6.3 4.8 4.5 6.2
Thermal Conductivity,
(W/m-K)
At 293K 52.7 54.4 142 155 71
At 773K 63.2 66.6 123 130
Electrical Resistivity,
(Mohm—cm) 14.4 13.1 5.4 5.3 18.5
Tensile Strength,(GPa)
At 293K 0.4-0.7 0.2-0.5 0.7-1.4 0.7-3.5 | 0.7-2.0
At 773K 0.3-0.5 0.2-0.3 0.2-0.5 0.5-1.4
At 1273K 0.04-0.1 0.1 0.1-0.2 0.3-0.5 | 0.4-0.7
Young’s Modulus, (GPa)
At 293K 130 185 330 410 450
At 773K 125 180 320 390 415
At 1273K 110 170 280 365 360
Ductile to Brittle Transition <147 <25 250

Temperature (DBTT), K




Beyond 1200K, the refractory metal alloys are thé @andidate materials for structural

purposes.

Fig. 2.1 shows the candidate materidls imcreasing operating temperatures,

shifting the selection of the structural materibktainless steel, at or below 923K, to super
alloys, Nb alloys, and Mo alloys above 923K, 1208Kd 1450K, respectively [5].

Table—2.2: Composition and applications of diffénefractory metal alloys

in

7

Alloy Designation Nominal Composition Applications
(Wt.%)

C-103 Nb—10Hf-1Ti Thrust chambers & radiation skir
Nb-1Zr Nb-1Zr for rocket and aircraft engines,
PWC-11 Nb-1Zr-0.1C piping for liquid alkali metal

WC-3009 Nb—-30Hf-9W containment, sodium vapour lam
FS-85 Nb—28Ta—-10W-1Zr electrodes. Liquid metal containg
and piping.
Ta—-2.5W Ta—-2.5W Heat exchangers, linings for
Ta—10W Ta-10W towers, valves and tubings.
T-111 Ta—8W-2Hf Hot gas valves, rocket engine
skirts, corrosion resistant valves
the chemical industry.
Mo-TZM Mo—(0.5-0.8)Ti—(0.1- Tooling materials in the
0.2)Zr—(0.013-0.02)C | isothermal forging of superalloys
TZC Mo-1Ti—0.3Zr-0.03C structural materials for HTR,
Mo-30W Mo-30W container material for molten zin

MHC Mo—1.5Hf—0.05C
W-3Re W-3Re High temperature thermo—couplg
W-5Re W-5Re Heaters etc.

W-25Re W-25Re

S,

Fig. 2.2 compares the yield strengths of Mo, Nb+EAVC-11, C-103, Mo-TZM, Mo—
14Re, Mo—44.5Re, and T-111. The vyield strengtiinoaljh not an indicator of the creep
properties of the materials, is a good measurartk the materials in term of their strength at

the operating temperatures of interest. Of note thee particularly high strengths of the
molybdenum alloys Mo—-14Re, Mo—44.5Re, Mo—-30W and-WEM, and of the tantalum
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alloy T-111 [5]. Above 1000K, the strengths of tiiebium alloys Nb-1Zr, PWC-11, and

C-103 and of pure molybdenum are all comparablemuch lower than those of the Mo

and Ta alloys.
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Fig. 2.1. Recommended operating temperature rarigetroctural materials in space
nuclear power systems [5].
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In general, refractory alloys have high creep gjtierat high temperatures and excellent
compatibility with alkali liquid metals as long asygen, nitrogen, carbon, and silicon
impurities are kept below appropriate limits, tyglig in the range of a few to 10’s ppm.

The major barrier to the use of refractory metatsl alloys for high—temperature
applications is their poor behaviour under oxidigzenvironments. The oxidation problem of
refractory metals falls into two different categsi The first category consists of Nb and Ta
which have very high oxygen solubility. Due to liigh solubility of Q internal oxidation at
low O, pressure without the formation of an external s@ald affecting room temperature
ductility and increase in strength. The second gmate includes Mo and W which have
relatively low oxygen solubility but forms volatilexides at high temperature. Therefore,
choice for selection of refractory metals and alaghould be based on the operating
environment especially with respect to the pansssure of @ Taking into the design
consideration of density, among the refractory msethlb followed by Mo are suitable
candidates for structural applications from thevabmentioned categories. The volatility of
MoOs represents a significant degradation mechanisint sunot as insidious as the oxygen
embrittiement problem of Nb based alloys at lowtiphpressure of oxygerin vacuum
molybdenum has a virtually unlimited life at higémperature. In outer space, for example,

the oxidation rate of molybdenum is insignificant.

2.2.1 Mo and Mo based alloys

Molybdenum is the most readily available, leastemgive and highest consumption annually
among the refractory metals. Most of it, howeverused as an alloying element in irons,
steels and superalloys. Mo—based mill productsmececoughly 5% of the market [6].

2.2.1.1 Extraction of Mo

Almost all molybdenum is recovered from low—gradakits of the mineral molybdenite.
Deposits mined primarily for molybdenum constititbout 33% of world output. The
remainder is obtained mainly as a by-product fromimg of large, low—grade copper
porphyry deposits. There is no known occurrenceriohary molybdenite, which is presently
being mined in India. The annual requirement ofyndenum is met by imports.

Molybdenum ore is beneficiated by froth flotatiorettmod, which yields a high grade
concentrate containing about 90 to 95% MoBhe concentrate is roasted to drive off sulfur
and a technical grade molybdic trioxide (Mf)@s obtained. Molybdic oxide is the major
form of molybdenum used by industry and the basdemnah for the production of

12



ferromolybdenum, chemicals and molybdenum metaldesswThe technical grade oxide is
produced by roasting molybdenite concentrate in theltiple — hearth furnace at
temperatures of up to 6%D. Molybdenum metal powder is produced by reduqginge
molybdic oxide or ammonium molybdate with hydrog&he purest metal powder (99.95%
molybdenum minimum) is produced from ammonium mdate. Ammonium molybdate is
produced by reacting pure molybdic oxide with ammonhydroxide and crystallizing out
the pure molybdate [7, 8].

2.2.1.2 Properties vis—a—vis Applications

Molybdenum is a silver—white metallic element wah atomic number of 42, atomic
weight of 95.95 and a density of 10200 kg/he chemistry of molybdenum is complex
since molybdenum exhibits oxidation states fromte B, coordination numbers from 4 to 8
and forms compounds with most inorganic and orgkaigds. It has a melting point of about
2,610C. Among the metallic elements, only osmium, rheniantalum and tungsten have
higher melting points. Other significant physicabjperties of molybdenum metal are good
thermal conductivity (about one half that of coppéwer coefficient of thermal expansion
of the pure metals, high strength at elevated teatpess, resistance to corrosion in a variety
of mediums etc. Molybdenum is a strong carbide fogrelement and much of its alloying
effect in steel is imparted through the formatidrcarbides. Mo has a high specific elastic
modulus (i.e. i) and good strength at high temperatures. Mo andllibys are attractive for
applications requiring both high stiffness and lemight at temperatures beyond melting
point of Ni based alloys.

Thermal conductivity of Mo is approximately 50% hey than that of steel, iron or nickel
alloys. High thermal conductivity and good eledticand chemical properties led to
application of Mo alloys in glass and zinc makingustries and heat sinks. Its high thermal
conductivity, low specific heat and low coefficiesftthermal expansion, makes Mo resistant
to thermal shock and fatigue, which is very impott@r its application in microelectronics.
Therefore, Mo is widely used in electronics, sddihte devices, X—ray tubes, crystal
growing, heat pipes, photo etched masks, etc. Mobéxgood polishing ability to optical
finish surfaces, necessary for high energy outpigh surface temperature laser mirror
components.

Mo and Mo-based alloys are commercially used fdancgrally high temperature
applications in hot equipment and hot working todl&M is the most studied, commercial
high strength, high temperature material, whiclvidely used in hot—work tool application
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such as die casting (even ferrous metals), hougixin (non—ferrous and ferrous metals), hot
piercing stainless steel tubes, isothermal forgiogls, isothermal shape rolling, hot gas
valves and seals, hot turbine components etc.

Although poor oxidation resistance is observed in a temperatures > 500°C,
molybdenum can be used for long term exposures icorarolled atmosphere. When
considering the use of molybdenum for structuralliaptions, limitations can be imposed by
a ductile to brittle transition temperature (DBTNetals that have a body—centered cubic
(bcc) structure typically exhibit generous levetdactility and toughness at a homologous
temperature (T/Tm (K)» 0.3, but brittle behavior is generally observedaatomologous
temperature of 0.1, which is near room—temperdiurenolybdenum [9]. Application areas
of Mo based alloys can be listed as:

1. In advanced nuclear power plants, new structuraénads which are superior in the
mechanical and corrosion properties to the coneeatimaterials are desired strongly
for raising thermal efficiency and also for secgrithe safety of the plant system
during a long term service at high temperatures.

2. Turbine blades

3. High—temperature forging dies.

4. Future thermionic energy converters (TEC) are etquketo operate at temperatures
above 1900 K for several years. The creep resistahthe emitter material is thus
important for the space power applications. Mo avidlybdenum alloys are
considered as a potential material for TEC appboat due to its good thermionic
properties.

5. In ITER, optical components, such as mirrors modintkose to the plasma, will
experience higher levels of radiation due to thatno&, gamma ray and particle
irradiation than in present devices. It has beenficoed that metallic mirrors, such as
molybdenum and tungsten, have a strong resistamceetitron and gamma ray
irradiation.

Refractory high Z metals such as Mo and W haveivedegreat attention as
the most promising materials for plasma facing congmts (divertor and limiter) of
advanced fusion devices.

6. High temperature furnaces

7. Glass melting and processing equipment
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2.2.1.3 Categories/ Types of Mo based alloys
2.2.1.3.1 Carbide strengthened alloys

This strengthening mechanism relies on the formatiad dispersion of fine reactive
metal carbides (HfC, TiC, ZrC etc.) in the matrin strengthen and increase the
recrystallization temperature. TZM (0.5%Ti, 0.08%ZXest Mo) is the most common and
popular example of such methodology, where the &bion of TiC and ZrC at grain
boundaries, inhibit the grain growth and grain baany failures. Other examples of carbide
strengthened alloys are shown in Table 2.3.

In TZM, molybdenum is alloyed with small amountstitéinium, zirconium and carbon to
produce a coarse distribution of carbides with stitagium and zirconium in solid solution
[10]. An isothermal section at 873°K of Mo-Ti—Zrrtary phase diagram [11] has been
presented in Fig. 2.3. It shows that Ti and Zr f@wohid solution with Mo up to a maximum
limit of 1 wt.%. There is a strong tendency of teitMo,Zr intermetallic phase formation at a

higher percentage of Ti and Zr.
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Fig. 2.3. Ternary phase diagram of Mo—Ti—Zr systeswmthermal section at 873K [11].

TZM possesses a high melting point and hence, powadgtallurgy is an alternate
economical route of fabrication. Many products dedlices are being manufactured through
powder metallurgy route, because of many assocatedntages. However, sintered material

exhibits mechanical properties, which are not vgelted for most applications. Thus, the
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desired strength and ductility has to be achieweddveral thermomechanical treatments
after sintering. Hot isostatic pressing at 1873KIrdM powder prepared by plasma rotating
electrode process and mechanical alloying has tegerted earlier [1, 12, 13]. Sharma et al.
[14] reported the studies carried out in prepanatbthe TZM alloy by aluminothermic co—
reduction of mixed oxides.

High amounts of tensile ductility are typically @pged in molybdenum—-base alloys at
low temperatures only when the grain size is fthe,oxygen content is low, and the ratio of
carbon to oxygen is high [15]. Additions of carbonunalloyed molybdenum have been
shown to decrease the overall oxygen content iralllog, prevent segregation of oxygen to
the grain boundaries to minimize embrittlement, aggllt in the formation of carbides that
strengthen grain boundaries. The presence of cqars&r) — rich carbides together with
titanium and zirconium in solution inhibits grairogith and recrystallization at high
temperature and results in higher creep resistamze strength for Mo—-TZM at high
temperatures.

The highest fracture toughness value for all moéylhuan alloys are generally observed at
temperatures between 473 and 673K and a slighedserin toughness observed in 1073
1273K [16, 17].
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Fig. 2.4. Plot of fracture toughness results asnation of temperature for TZM obtained
using the J—integral method: (a) transverse (T-igntation and (b) longitudinal (L-T)
orientation. Each symbol represents the resulta single test, and the lines connect the
points for each data set [17].

Despite a general trend for slightly lower fracttweghness values at 1073-1273K (Fig.
2.4) is observed for the molybdenum alloys, whishconsistent with the trend of results
observed for other metals at higher temperatu@seal temperature dependence for fracture
toughness values can be resolved within the daiihesat temperatures between the DBTT

and 1273K. The scatter in fracture toughness vatsas result in creep effects at high
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temperatures, use of;K,axand Kyc methods, and use of alternative specimen typeiss, bu
variation in the degree of ductile laminate fraetarechanism from specimen to specimen is
likely the most significant factor.

The excellent high temperature strength and thewoaductivity of molybdenum—base
alloys provide attractive features for componentsadvanced reactors. However, refractory
metal-base alloys react readily with oxygen ancerotiases, and molybdenum alloys are
susceptible to losses from highly volatile molybgientrioxide (MoQ) species. Transport of
radioactivity by the volatilization, migration anmd—deposition of Mo@during a potential
accident involving a loss of vacuum or inert enmiment represents a safety issue. Studies
[18] on molybdenum at lower temperatures in higiele of oxygen report: (1) parabolic rate
law at 523-723K; (2) linear behaviour above 673B); the role of Mo@ and other oxides
(MoOy), where 2 < Z < 3, between 723K and 923K; (4) higlporization of Mo@, mass
loss and oxidation rates above 923K.
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Fig. 2.5 Recession rates of TZM when oxidized i Hs].

Smolik et al. [18] experimentally measured the akimh, volatilization and re—deposition
of molybdenum from TZM in flowing air between 673&hd 1073K. They plotted the
recession rates, fractions of ‘reacted metal’ vitad and mass flux rates with respect to
reciprocal temperature. The plot for the recessab@s is shown in Fig. 2.5. The plot shows a
maximum at 923K (the rate at 923K is 2-3 times éigihan at 873K and 973K) and then
sharply increasing rates from 973 to 1073K. Thedation rate as indicated by recession,

showed an increasing trend to 923K, then a sligbtehse, and then sharply higher rates due
to high volatilization.
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This trend in oxidation rate is very similar to seoobserved for the other refractory metals
of niobium and tantalum. The irregularities arerilattted to various non-stoichiometric
phases other than Nbs or TaOs. A thin MoG; layer or an external MoQayer with a thin
sub—layer of Mo® or other oxides during the oxidation of molybdenwith air between
723K and 1043K was observed. The other oxides vegrerted as being non—stoichiometric,
i.e., MoG; with ‘Z" varying between 2 and 3. The similar cheteristics of the refractory
metals and the observations above suggest thatdkeamum at 923K in Fig. 2.5 is real and is
likely to be caused by different types of oxides.

The plot of the calculating fraction of ‘oxidizedholybdenum volatilized in Fig. 2.6
shows a marked increase above 923K. The amourtteobxide volatilized at 973K was
generally 20-33%. Tests under exposure to high ¢eatyre helium containing oxygen
resulted in embrittlement of both molybdenum anduTZlloy due to the grain boundary

weakening by the oxygen contamination [19, 20].
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Fig. 2.6 Fraction of oxidized molybdenum that vihilzés [18].

Alur and Kumar [21] analyzed the weight changesTdM resulting from isothermal
oxidation for 24 h at different temperatures. Theighit gain exhibited by TZM is of the
order of 0.001% and 27% of the initial weight ofetlsamples and at 573 and 873K
respectively. Sharma et. al.[14] have studied tkelation behavior of TZM in air and
oxygen atmosphere. Thermal plots showing the oxidgpattern of TZM alloy under the
atmospheres of air and oxygen are shown in Fig. Phé plots exhibit gradual and slow
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weight gain up to 673K due to the formation of darkwn MoQ at a sluggish rate on the
specimen surface. At 673K and onwards, there wsisagp increase in the weight gain till
1023K due to the formation of greenish yellow Md@yers at a rapid rate on the specimen
surface. The cumulative weight gain was 70-80% lwhen be attributed to the formation of
above oxide layers on the specimen surface. Howavdr023K onwards, there was a sharp
decrease in the weight due to the volatilizationvt@fO;. The cumulative weight loss was
recorded to be 40-50%. It is observed that the tathaa effect of weight change was much
higher under the atmosphere of oxygen than inHomwever, there was neither any weight

gain nor any weight loss when the TZM specimen kested under vacuum or argon.
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Fig. 2.7 Oxidation pattern of uncoated TZM alloj4].

Liquid metals are proposed to be used as coolartif temperature reactors operating
in the range of 1073-1273K. Lead (Pb) and lead—isneutectic (44.5Pb-55.5Bi) have
been the two leading candidate materials for spatiaarget and coolant because of their
high atomic numbers, low melting points and lowgsétic neutron capture [22]. One of the
key requirements of the structural material fostkind of high temperature applications is
the capability to withstand corrosion under liquidetal for prolonged duration.
Temperature—gradient mass transfer will be the numnaging type of all material
degradation phenomena in liquid metal becausergélemperature gradient in the systems.

The behaviour of the container material in theitigmetal is a function of temperature. After
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a period of operation, solubility limits are readhand the temperature—dependent solubility
results in the transfer of the container mater@aif the hottest location to the coldest location
in the flowing loop. Cathcart and Manly [23] studlitne relative resistance of 24 metals and
alloys to mass transfer in liquid lead with a tenapare gradient of 573K (773-1073K). The
results indicated that only niobium and molybdergslmwed no mass transfer, whereas the
other materials showed little to heavy mass tran§azuki et al. [24] compared corrosion
test results for stainless steel and TZM in ligondrcury. No corrosion of TZM at 873K for
2000hrs was observed. In case of stainless stieetise dissolution of Ni, Cr was observed.
Grain boundaries were attacked more compared tom gréeriors. Fig. 2.8 shows the
difference in solubility for the elements line Nie, Cr and Mo in mercury with increasing
temperature. Molybdenum shows the lowest valuesngsiothese elements. Mo and its

alloys also are known to be corrosion resistaninagéiquid metals such as Pb, Li, Na apart

from Hg.
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Fig. 2.8 Solubility of the elements in mercury dfetent temperatures [24].
Table —2.3: Important and commonly used Mo baslegsband their recrystallisation

temperature
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Alloy Nominal Composition, Wt% Trecrys.s
K
Pure Mo 100 Mo 1373
Carbide-Strengthened
TZM 0.5Ti, 0.08 Zr, 0.03C 1673
TZC 1.2Ti, 0.3 7Zr,0.1C 1823
MHC 1.2 Hf,0.05C 1823
ZHM 0.4 Zr, 1.2 Hf, 0.12C 1823
HWM-25 25 W,1 Hf,0.07 C 1923
Substitutional
25W 25W 1473
30W 30 W 1473
5Re 5Re 1473
41 Re 41 Re 1573
50 Re 47.5Re 1573
Dispersed—Phase
pPSz 0.5vol%ZrO,
1523
MH 150ppm K,300 ppm Si 2073
KW 200 ppm K,300 ppm Si, 100ppmAl
2073
MLR 0.7 La,0s
2073
MY0.55 Yttrium mixed oxide
1573

2.2.1.3.2 Solid solution strengthened alloys

The solid solution approach is the other routentraase the high temperature strength and
recrystallization temperature. It relies on additiof solid solution elements to inhibit
diffusion. W and Re are the most promising solitbson additive for enhancing the high
temperature strength of Mo.

Among solid solution strengthened alloys, Mo—30W. (%) is the most widely used in

various applications. This alloy is of commercialpiortance for its high melting temperature
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of 3103K and its chemical inertness against coveosnolten zinc. Yield strength of Mo—
30W with varying temperatures along with comparisoti other alloys is presented in Fig.
2.2. Fig. 2.9 shows the phase diagram of Mo-W sy$&5], which shows that molybdenum
and tungsten exhibit complete liquid solubility ali proportions. Mo—30W exhibits better
formability and lower density as compared to W, levliti exhibits higher strength, higher re—
crystallization temperature and better corrosiagistance against liquid metal, as compared
to Mo [26, 27].
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Fig 2.9 Phase diagram of Mo—W system [25]

Mo—-30W has gained prominence because of higheingeémperature sought for missile
aerospace and high temperature nuclear reactoicapphs. The Mo—-30W solid—solution
alloy was developed to withstand erosion or ingipimelting of rocket nozzles at higher
propellant combustion temperature. The 3105K mglpiaint of Mo—30W, 477K higher than
Mo, satisfied this criterion in several applicasorHowever, the most significant markets
developed afterward because of the alloy’s physacel chemical properties and adequate
fabricability features [28].

It is low cost, lightweight alternatives to W—basslbys. Although metallic tungsten also
provides outstanding resistance to chemical attacknolten zinc, the Mo-30W alloy is
readily machinable and capable of manufacture antaariety of wrought shape including
round bars, tubes, sheet, and plate, as well gdesmssemblies [28, 29].

The earliest and most widespread use of Mo—-30W ime mdustry was for pump
equipment, used to transfer or agitate molten metdd some control. Critical Mo—30W

pump elements are employed in various type liquiekatnpumps with outstanding service
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records; in fact, the earliest known pump compandrave seen a decade of dependable
pumping service in high purity molten zinc. Cenigél impeller-type pumps are widely
employed for molten metal pumping, and the impedleaft has proven the most crucial
pump component in molten zinc service [29].

Although the Mo-30 alloy is used in various apgimas, but very limited technical
studies have been carried out for its synthesispaoperty evaluation. Majumdar et al. [30]
have studied the feasibility of synthesis of thed8@W alloy by co—reduction route of mixed
oxides of Mo and W. Because of high vapour presstido and W, substantial loss of metal
takes place during the reduction process resuliogr yield. Mo—30W possesses a high
melting point and hence, powder metallurgy is @aarahte economical route of fabrication.
However, very few technical literatures are avddaklated to Mo—30W alloy with respect to
its synthesis via powder processing route. It isessary to understand each unit step of
powder metallurgical route for synthesis of thell

Mo—-30W alloy cannot be used in oxygen containingiasphere because of its poor
oxidation resistance at high temperature. Its diodabehaviour is only slightly better than
Mo. For utilizing its high temperature propertidteetively, it has to be prevented from high
temperature oxidation by a suitable coating. Majamet al. [30] have studied some of the
aspects of development of oxidation resistantiddi@and aluminide coating over Mo—30W
alloy by pack cementation technique. Although thesatings have been found useful for
enhancing the oxidation resistance of refractoryainaloys, these seem to be not the final
equilibrium and there exists a possibility of thestlution of the coating into the substrate
over a period of time. The role of inter—diffusion the stability of silicide coatings needs to
be studied, when the coated component is subjdotgafolonged exposure. Other issues
related to coatings shall be discussed in detdliensubsequent sub—section of coating.
2.2.1.3.3 Dispersion—strengthening- It rely on second phase particles introduced or
produced during powder processing, to increase rédséstance for recrystallization and
stabilize the recrystallized structure [31, 32]e%@ alloys have enhanced high temperature
strength. The examples of dispersion strengthel@gsare listed in Table 2.3.

2.2.1.4 Processing
Although Mo based alloys posses excellent high tratpre properties along with
favorable physical properties, the key challengmeiated with the application is to establish
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large—scale production capabilities, irradiatiofeets, expertise in fabricability and welding
apart from the problem of oxidation and developnwrguitable coatings.

Mo based alloys display ductile to brittle trarmis (DBTT), which lie above room
temperature. Therefore they are typically britlec®m temperature unless special efforts are
taken during processing. Mo based alloys are cataed into products by the powder
metallurgy process and by the consumable electr@i®ium—arc casting procesthe
powders are consolidated into finished productsmolt shapes and ingots for further
processing such as rolled into sheet and rod, diatenwire and tubing. Because of their
high melting points and ease of oxidation, refractmetals are usually worked in powder
form. The science of modern powder metallurgy (PAdjually started in the early 1900's
when incandescent lamp filaments were made fromgstem powders. Another early P/M
product was cemented tungsten carbide used in #reufacture of cutting tools. Powder
metallurgy has grown as one of the mestsatile methods of metal part fabrication because
of manufacturingoroductivity advantages, materials conservatiomlewange of engineering
properties, design flexibility, near net shape itzdduility, energy savings etc.

Complicated shapes are produced by isostatic pigessi collapsible containers,
followed by sintering in high—temperature furnacesnduction heating. However, there is a
limitation to the component size, which may be &atically pressed to uniform cold pressed
densities. Thereafter a more difficult problemhattof the sintering of the pressed material.
Most of the sintering furnaces have a temperatungdtion of about 2473K, along with
limitation of the hot zone. Sintered density of ab®0% of theoretical is generally
considered to be the minimum acceptable for sat@fg workability in the subsequent
fabrication of the billet. There are serious fum@coblems in achieving this density in large
billets, for example the disproportionately longtering time necessary at available lower
temperatures.

Hot pressing is a potent method of consolidatifgaotory metal and alloys [33—41].
But very few literatures are available on the sgsth of Mo based alloys by hot pressing
primarily because of limitation of inadequate mouoidterials. Graphite is the only feasible
material, and excessive carburization has beeripated during hot pressing in graphite.
Therefore, a suitable technology and systematidysthould be carried out to see the
feasibility of preparation of Mo based alloys byt lpwessing with the aim of minimizing

carburization and lowering sintering temperaturepplication of simultaneous pressure.
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The arc—casting process was developed for molybdeharge molybdenum ingots
have been melted, extruded, and fabricated. Bea#iike large grain size of such ingots and
the accompanying hot shortness, it has been a rsaivpractice to extrude prior to other
types of working. Extrusion breaks up and refifesds cast structure. A major advantage of
the arc—casting process is that there is no appaneih other than electrical power on the
size of the ingot that can be produced. Furnacekrge as 100 inches in diameter are
feasible. Therefore, for refractory metals the aasting process offers the best possibilities,
if very large ingot sizes are required. But the assting of the Mo-30W alloy is a
challenging task because of their large differeincgensity and vapor pressure. Vacuum arc
casting can lead to loss of Mo and achieving chahwiemposition is tough. Thus component
melting of Mo and W is technologically difficult dralso there are no technical literatures
available.

Electron—-beam melting is an even newer proces<trle-beam melting process
gained fame due to the extremely low interstit@htent of the product melted, which results
because of the melting in ultrahigh vacuum requfoedhe process. However, the electron
beam process results in extremely large grain &zger even than in arc—cast ingots. The
development of electron—beam furnaces is proceegliitg rapidly, and megawatt furnaces
capable of melting as long as 20-inch ingots aragb@roduced. Powder metallurgy
consolidated material generally is directly worketb the final desired shape. On the other,
arc—cast or electron beam melted ingots requineigixin before they may be worked further.
Alternate synthesis route should be explored fottssizing Mo based alloys, owing to the
limitation of high temperature processing faciktie
2.2.1.5 Limitations w.r.t. Application and remedies

Molybdenum is attractive and probably the most psomy in terms of strength,
density, melting temperatures, compatibility witholten Pb—Bi eutectic, higher thermal
conductivity etc. However, Molybdenum is very sysd#e to intergranular failure in the
recrystallized state (recrystallization embrittler)eand in the neutron irradiated state
(irradiation embrittlement), which are major prabke in their applications. The important
and commonly used Mo based alloys and their regliggtion temperature are listed in
Table 2.3.

The main limitation of Mo based alloys can be listes:
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1. The strength of Mo decreases rapidly at temperatab®ve 0.5 J. As a result, the
use of pure molybdenum has been severely limited.

2. Molybdenum is very susceptible to intergranulatufa@ in the recrystallized state
(recrystallization embrittlement) and in the neatroradiated state (irradiation
embrittlement), which are major problems in thgiplecations.

3. The major barrier to the use of molybdenum allayshigh—temperature applications
is their catastrophic behaviour under oxidizingissvments.

To overcome the first two problems mentioned ab@agbide strengthening, solid
solution strengthening and dispersion—strengthearmeggenerally adopted. To overcome the
third problem mentioned above, attempts have beatlento protect refractory metals from
catastrophic oxidation in high—temperature oxidizienvironments either by alloying or
application of oxidation resistant coatings. Apation of coating over the known Mo based
alloys looks to be a better and immediate remedyoagpared to investigate newer oxidation
resistant alloy, for taking care of the high tengbere oxidation problem. However, coating
is not a foolproof solution, because once the ogatails for any expected or unexpected
reason, the component would fail catastrophicdllyerefore, the recent trend in design of
high temperature system is that the substrateeotitfh temperature components should have

sufficient levels of oxidation resistance to avoatastrophic damage in case the coating fails.

2.2.1.5.1 Mo based oxidation resistant alloys

The major barrier to the use of molybdenum allayshigh—temperature applications is their
catastrophic behaviour under oxidizing environmeBis, application of oxidation resistant
coating is essential over the Mo based alloys. i@gstrich in aluminum and/or silicon
(aluminide and silicide coatings) have been dewsdopvhich, when present on the surface of
the refractory metal, oxidize and form protectivd,@and/or SiQscales. However,
diffusion of aluminum or silicon from the coatinggo the substrate often occurs and this
eventually has adverse effects on the mechaniagiepties of the substrate, as well as
depleting the protective coating. Although exteasresearch has been done in the past to
optimize coating compositions and to develop barlagers to minimize the effects of
interdiffusion, the latter objective has never beproperly realized. Another major
disadvantage of these coatings is that even pisholethe coating can lead to rapid

destruction of the substrate being protected.
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Attempts have been made in the past to improvexidation resistance of Mo by alloying.
Two approaches namefreservoir phase approachand“composite approach” have been
studied extensively to enhance the oxidation rascs.

2.2.1.5.1.1 Reservoir phases approach

This approach requires the selection of reservué@isps, which are thermodynamically stable
in the alloy, but are unstable in the presencexgfjen, so that the desired element can take
part in the scale—forming process [42]. In thatpees design of high—temperature alloys
which would form protective SiDand ALO; scales on exposure to high temperature,
oxidizing environments are promising. One way tonpote the growth of such scales is to
incorporate sufficient amounts of Si or Al in thkow substrate; typically, additions of
approximately 35-45 wt.% (all alloy compositiong @iven in wt.%) of Si or A1 would be
required to form the respective scales, in the rates®f additional protective scale forming
elements.

One example of such alloy composition contain tlagrixi of Mo, dispersed second phase
of titanium nitride and a third phase additive dfmainum and titanium. The second phase
additive must be present in an amount effectivgrmduce a protective scale, while not
significantly degrading the mechanical propertiesdecreasing the melting point of the
refractory metal. The third phase must be preserdn amount effective to suppress the
solubility of nitrogen in the refractory metal ardhance the stability of the second phase,
while not significantly degrading the mechanicagerties. A typical trend of weight change
during oxidation testing of the mentioned Mo alisyshown in Fig. 2.10The other possible

alloy system utilizing the same concept is tabalateTable 2.4.
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Fig. 2.10: The weight change during oxidation f@o tMo—15SiN,—6Si, oxidized for 50
hours at 1073K and 20 hours at 1273K

Table 2.4: Preferred compositional ranges suitidslese in high temperature oxidizing

environment

System No. Refractory Metal Second Phase Thirdnase Protective Oxide Scale

1 Mo (79-98%) SisNs (1-15%)  Si (1-6%) SiG,

2 W (79-98%) SisN4 (1-15%) Si (1-6%) SiG,

3 Mo (70-85%) CnrN* (14-22%) Cr* (1-8%) Cr.0s

4 W (70-85%) CrN* (14-22%) Cr* (1-8%) Cr.0s

5 Mo (72-97%) TiN (1-18%) Alor Ti (1-9% Outer TiGQ/Al,O; inner
6 W (72-97%) TiN (1-18%) Al or Ti (1-9%) Outer TiQ/Al,Os inner
7 Nb (72-97%) TiN (1-18%) Alor Ti (1-9% Outer TiQ/Al,O; inner
8 Ta (72-97%) TiN (1-18%) Al or Ti (1-9%) Outer TiGQ/Al,O; inner

All % are in weight percent.
* The total combined % of Cr from @\ and the free elemental Cr is at least 20%
** The total % of the elemental Al plus elementalriixture cannot exceed 10% as

the third phase
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2.2.1.5.1.2 Composite approach (Ductile phase tougting)

Inverse composites or ductile phase toughened csitegoare a completely different
class of materials, which utilize a ductile reid®ment, usually metallic, to improve the
fracture resistance of a brittle matrix. Some repbave shown that the fracture toughness of
alloys was enhanced by incorporating a ductile Mase to molybdenum silicides [43, 44].
The most studied alloy systems using a composjiecagh are three—phase Mo-Si—B alloys
pioneered by Berczik [45, 46]. The alloy considta Mo (Si) solid solution (6—Mo”) and
the intermetallic phases MBI and M@SiB, (T2). These alloys have shown potential as
oxidation—resistant structural materials for ultigh temperature applications. It is widely
accepted that the ideal microstructure of theseyslwould possess a continuowtsMo
matrix with embedded, homogeneously distributedrmetallic particles. While a continuous
a—Mo matrix is favourable for room temperature toeighg (due to crack trapping), the
intermetallic particles should improve the oxidatresistance by facilitating the formation of
a dense, protective boro—silicate glass layer enntlaterial surface at high temperatures.
Clearly, the key to achieving high fracture resis@in these materials is in making more
effective use of the relatively ductile molybdenpimse, not unlike nickel-base superalloys
where high toughnesses are obtained with a similargh fraction of intermetallic
precipitates.

The microstructures of Mo—Si-B alloys are charazter by three parameterBirst, the
morphology is important,e., whether thex—Mo phase occurs in the form of discontinuous
particles in a continuous M8i—MasSiB, matrix, or whether particles of M8i—MaosSiB, are
distributed in a continuous matrix aFMo. Second the volume fraction of the toughening
a—Mo phase is of key importancehird , the size scale of the-Mo phase is significant [47].
Fig. 2.11 (a) shows the microstructure of cast amdealed Mo-12Si—8.5B. The-Mo (the
bright phase) is distributed in the form of largamary and small secondary particles in a
matrix consisting of Mg5i and M@SiB;.
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Fig. 2.11—SEM micrographs o&)f Mo—-12Si—8.5B, arc—cast followed by annealing for
24 h at 1600 °C; ando Mo-Si—B consolidated from vacuum annealed Mo—208B
powders by hipping for 4 h at 1873K and 207 MPaK8). Thea—Mo volume fractions
(bright phase) are 42 and 34 vol.% respectively.[47

A common feature of the oxidation behavior of thafleys is an initial region of fast
mass loss followed by a region of much slower nwmsge. The initial mass loss is due to
the rapid evaporation of Mo as Mednce a sufficient quantity of Magas evaporated, the
Si and B concentration on the surface becomesdmngligh to form a protective borosilicate
film. Fig. 2.12 illustrates the fast initial weighiss for two Mo—Si—B alloys with differemnt-

Mo volume fractions. As expected, the rate of thessnloss increases as théMlo volume
fraction increases. A major difference of Mo—86-MosSiB; intermetallics, as compared to
typical structural ceramics, is the presence ofthetileo—Mo phase [47, 48].

Fig. 2.13 illustrates the pronounced increase enrdom—-temperature fracture toughness
as thea—Mo volume fraction increases. When consideringsthiéability of Mo—Si—B—based
materials for high—temperature structural applarsj several property tradeoffs must be

considered.
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Although Mo-Si-B alloy system has emerged as a&matl candidate for high
temperature applications as an oxidation resisfay [49-58], but its application will be

restricted in nuclear field where there will beancern of neutron economy. As boron is a
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neutron absorber, its use is prohibited in sucHiegtpon. Therefore alternate alloy systems
need to be studied, emulating the concept of devedmt of Mo—Si—B alloy. In this respect
Mo—Cr-Si based alloys are important because itamostCr and Si which is known to form
oxidation resistant scale [59, 60].

2.2.1.5.2 Oxidation resistant coating

The major drawback of the Mo base alloys is thew loxidation resistance at high
temperatures. The lack of oxidation resistanceus tb the formation of non—protective
molybdenum trioxideTherefore, a protective coating is necessary fgh-Hiemperature
applications of these Mo based alloys in oxidizemyironments. A large number of coating
techniques are available like cladding, physicgdoradeposition (PVD), chemical vapour
deposition (CVD), pack cementation, thermal spragting, hot dipping, vacuum plasma
coating, laser surface alloying etc. [61-80]. Eaxfhthese techniques presents various
advantages and disadvantages depending upon th@onent to be coated and the end-use
application. Although, many of these methods angrattice, however, they are not free from
limitations

For high temperature oxidation resistance, a cgaiuld exhibit following properties:

K/

+ Oxygen and metal ion diffusion should be restrictgdcoating

L)

R/
°

The coating should have a low vapor pressure atbleeating temperature,

>

The melting point of the coating should be abdwedperating temperature,

R/
%

L X4

The coating should have low reactivity with théstmate, and

L X4

It should have low reactivity with the high tempera environment

The most promising coating technique for protecimgybdenum base alloys is one
in which the coating is formed in place, i.e., anewhich the coating is metallurgically
bonded to the substrate during the coating proaedsbecomes an integral part of the base
material. Such coating exhibits most of the praperiisted above, which can be most
successfully accomplished by the pack cementatiooess.

Pack cementation is a widely applicable in—situtiogatechnique, which produces a
uniform and adherent coatings even on complex shajactures. The coating layers and the
substrates are found to be compatible with resjpeathesion, thermal expansion etc. This
method is widely used to confer oxidation resiséaan ferrous alloys as well as non ferrous
especially for super alloys and refractory metdoyal. Usually relatively expensive
aluminum or binary alloys grade reagent is usethduhe pack process with aluminum as a
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source. Pack cementation processes include alumgnizhromizing, and siliconizing.
Components are packed in metal powders in sealat-fesistant retorts and heated in a
furnace to precisely controlled temperature—timefiles. The schematic illustration of
aluminide coating obtained by pack cementationhimag in Fig. 2.14. In the aluminizing
process, a source of Al reacts with a chemicalvatir on heating to form a gaseous
compound (e.g., pure Al with NaF to form AIF). Tlgas is the transfer medium that carries
aluminum to the component surface. The gas decosspatsthe substrate surface depositing
Al and releasing the halogen activator. The halogetivator returns to the pack and reacts
with the Al again. Thus, the transfer process cw®s until all of the aluminum in the pack is
used or until the process is stopped by coolingg @bating forms at temperatures ranging
from 973 to 1673K over a period of several houts-E9].

An aluminizing pack cementation process is pradtic@mmercially for various steels
and for the growth of NiAl on Ni—base superallogs fise in turbine engines, chromizing is
used on the surfaces of water wall panels in fdasil power plants, while silicide coating
gives best oxidation resistance to refractory meal alloys. The different steps for a silicide
coating using halides and schematic illustratiothefcoated sample are shown below:
Decomposition

NHX (s)—>NH3z+HX
Formation of volatile aluminium halide
HX(9)+Si(pack)-SiX3(g) +H.
Deposition on the substrate
SiX3(g) +M —SiM

Where X is halide, generally Cl or F and M corragphto metal. The HAPC (Halide
activated pack cementation) process is a diffusmating process that involves embedding
the substrate into a sealed or vented refractonyagmer with a powder mixture called the
pack, which is then heated at 1073-1473K in art etenosphere for 8—36 hrs.
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Fig. 2.14: Schematic illustration of aluminide dogtobtained by pack cementation [39]

The powder pack is composed of a master alloy oe mlement powder to be
enriched at the substrate surface, a halide sitagar and inert filler. The HAPC technique
is a form of in situ chemical vapour deposition duexe the halide activator decomposes at
high temperature to produce volatile halide vapairthe elements. The chemical potential
gradient drives the gas phase diffusion of the hnetaalides to result in surface deposition.

Silicides coatings are known to be the best oxiatiesistant coating system for
refractory metals and alloys, which exhibit mosttie¢ requirements for high temperature
applications. The beneficial effects of silicidesatings on high temperature oxidation
resistance are twofold. First, with sufficient centration, Si can form a continuous vitreous
silica layer between the metal and scale interfabes silica layer has a low concentration of
defects, allowing it to become a good diffusionrigarand provide excellent oxidation
resistance. Second, the preferentially formed asilacts as the nucleation site for the
subsequent formation of chromia, which provideshier oxidation protection for Mo based
alloys containing Cr, such as Mo—Cr-Si alloys. Nuwne researches have been carried out to
develop silicide coatings over Mo based alloys sasfAZM [100], Mo—30W [101], Mo-Si—
B alloys [102—-105] etc.

These protective metallic coatings are basicallifusion coatings. The coating
process involves the reduction, deposition, ioerithhlange, diffusion, and the formation of
new compounds. The coatings, then, are solid saisitior intermetallic compounds, or both,

and are composed of alloys of the coating matedats the substrate. They are an integral
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part of the base metal and so bonding strengtikdslient. The properties of these kinds of
coatings can be controlled by a careful choicehef élements in the system and by proper
control of the thermodynamics and kinetics of thaction.

In the Mo-Si system, there are three stoichiomgt@mpounds, i.e. C11b structured
MoSi, (tetragonal), D8m structured N®i3 (tetragonal), and Al5-structured j%d (cubic)
[106]. Among these, Molybdenum disilicide (M@Sis most oxidation resistant because
other two slicides lack Si content to cover thd &urface by forming Si@ MoSk is a
promising candidate material for high temperatureictural applications. It is a high—
melting—point (203C0C) material with excellent oxidation resistance anchoderate density
(6.24 g/cm). MoSi,—based heating—elements have been used extenisivegh—temperature
furnaces. The low electrical resistance of siliside combination with high thermal stability,
electron—migration resistance, and excellent difiassbarrier characteristics is important for
various applicationsAlthough silicide and alumunide coatings have b&mmd useful for
enhancing the oxidation resistance of Mo basedysllthese seem to be not the final
equilibrium and there exists a possibility of thesolution of the coating into the substrate
over a period of time [107-109]. The role of ind@iffusion on the stability of silicide
coatings needs to be studied, when the coated awenpas subjected to prolonged exposure.
The major problems associated with Mol$ased silicide coatings are— problempekting
mismatch of coefficient of thermal expansion (CT&ijth substrate and oxide layer,
transformation of di-silicides to lower silicidesch as M@Siz or MosSi etc. The details of
the associated problems will be discussed one by on

One major obstacle for MoSiapplications is structural disintegration durirayvl
temperature oxidation, which is known as ‘thest"effect [L10-114]. MoSidisintegrates to
a powder when subjected to oxidizing environment678—-873K. This phenomenon was
discovered in 1955 and has been referred to as\p@Sting It has been suggested that the
cause is grain boundary embrittlement produced thgrtscircuit diffusion of @ and
subsequent dissolution into the grain—boundarysarétowever, the exact nature of the pest
effect is not clearly understood. There are twesfde oxidation reactions for MaSi

2MoSp (s) + 7Q, — 2MoG; (S) + SIQ (S) (2.1)
5MoSp (s) + 7Q, — MosSks (S) + 7SIQ (S) (2.2)

Both reactions are thermodynamically feasible, thatreaction (1) is favored, which results
in pasting between 673-873K. It is known that MeBased coatings are prone to fail at
temperatures less than 1368K, as defects indheng such as pinholes or at geometrical
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irregularities such as protrusions or sharp astnghus, if MoSi—based coatings are to be
considered for the protection of Mo based alloymting evaluations are needed at lower
temperatures.

Coating efficiency depends on the structure of udife layer. As applied to
molybdenum, the protective coating on it representggeneral the disilicide phase. However,
high—temperature operation of the refractory maiatide coating system leads to structural
transformations of the diffusive layer caused kact®ns on interface boundaries. That is, the
highest silicides turn into the lowest, which aesd effective in forming protective oxide
films. Processes occurring in the silicide coatirage diffusive in character, and their
guantitative description needs reliable data omrasil diffusivities in intermediate silicide
phases (in this case, MBIz and M@Si) at high temperatures. There are abundant idsear
devoted to silicon diffusion in the M8is silicide [115-117]. However the vast majority of
them are related to temperatures lower than metioigt of silicon. For higher temperatures
only solitary data are available in which the valegher parabolic constants for M layer
growth or/and silicon diffusion coefficient weretdemined. On the other hand, in a number
of researches [118, 120] molybdenum and siliconewased as initial reagents (Mo/Si
diffusion couple) and parabolic constants forsSie layer were determined for simultaneous
growth of MoSj and M@Siz layers. Based on several researches, the parabtdiconstants
of three Mo-silicides formed by various experiméontanditions at 1273K are summarized in
Table-2.5 and presented graphically in Fig. 2.3%al (b). After determining the parabolic
rate constant, a lifetime of MoShased coatings on three phases {Mdos;Si+T2) alloy has

been estimated and graphically presented in Fig [1.21].
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Table-2.5: The parabolic rate constants of threesvlicides formed by various experimental
conditions at 1273K

Diffusion Process Temperature Parabolic growth rate constant (cm?/s)
couples range (°C
P ge (°C) MoSi, (k'3) MosSis (k') MosSi (k')
Si/Mo Dipping of Mo 1000-1200 2.90X1071° 5.69x 1071 -t
into In—Si melts
Pack siliconizing 855-1100 5.50x10° 10 b -
CVD of Si on Mo 1200-1700 3.90x 10" 10= - -
from SiHCl;—H,
Diffusion 900-1350 1.81X1071° 4.63X1071
annealing
MosSi, /Mo Diffusion 1200-1700 b 9.18X 10713 -
annealing 1000-1400 - 1.76 X 10712 -
1360-1600 1.25X107 1=
MosSis /Mo Diffusion 1500-1715 - - 1.40X 10" 1=
annealing

* Signifies a value calculated from a reported temperature dependence.
* Signifies the absence of corresponding Mo—silicide phase.
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Another basic problem with MoSbased coatings arises from the difference
between the thermal expansion coefficients MbSL and molybdenum. During
deposition at temperatures in the range 1273 — K32Be coating and substrate are
unstressed. However, the difference betweenthémenal expansion coefficient for M@Si
(8.56 X 10°K ™) [122] and that for molybdenum (5.6 X P& ™) [122] ( as measured
from 0 to 1473K) creates tensile stresses inctaing on cooling because the MoSi
contracts more than the molybdenum substrdite. Jtresses are normally large enough to
fracture the coating because MgShas a negligible ductility below 1073K [12324] .
Although the cracks may heal on reheating to ovalibe application temperature, they will
not reseal in the temperature range 923 —1273Ks,Thwoating is needed that either has a
lower application temperature or forms oxides thidltseal the cracks on reheating.

Many cracks within the oxide scale may also be @eduby the large volume
expansion inherent to oxidation of Mg®obating. Another mechanism of crack formation is
the thermal stress from a CTE mismatch betweenokige scale and the MaoScoating
during cooling It is also seen that many defects such as poresraiclls in the oxide scale
were formed in the isothermal oxidation temperature

In order to overcome these problems, the new ogalasign strategy needs to be
considered to minimize interdiffusion reactionsmmaximize the high temperature stability of
the coating, minimize mismatch in CTE of coatingelato the substrate and oxide layer etc.
These can be achieved by suitably alloying theimgaOne attractive feature of M@3$ that
it can be metallurgically alloyed with other sitleis to improve its properties. Tungsten
disilicide (WSp), which is also tetragonal C11b, forms a compseted solution with MoSi
at all compositions. The Addition of refractoryagling elements such as W can slow down
the growth rate of (Mo,Wpis [121, 125]. The recent Kanthal Super 1900 heatleghents
can operate at an element temperature of 2173Keiit and oxidizing environments. These
Super 1900 elements are actually a solid solutioy af MoSi, and WSj. The material used
is a homogenous material with the chemical fornMiégW,Sk,. In the chemical formula, the
molybdenum and tungsten are isomorphous and canrdplace one another in the same
structure. The material does not consist of a miai the materials Mogand WS;.

Suitable alloying additions also have to be seafcte increase the spallation
resistance, self healing properties and adhesiaxioe layer formed by mostly decreasing
the viscosity of the Si@oxide layer.
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2.3 Summary

Beyond 1400K, the refractory metal alloys are thé @andidate materials for structural
purposes. Refractory metal alloys are of significaimterest for ultra high temperature
applications, because of its high melting poinghhtemperature tensile strength, superior
creep properties and above all, excellent corrosampatibility with alkali liquid metals.

The choice for selection of refractory metals alidya should be based on the operating
environment especially with respect to partial pues of Q. Taking into the design
consideration of density, among the refractory itsethlb followed by Mo are suitable
candidates for structural applications. The vatstilof MoO; represents a significant
degradation mechanism, but it is not as insidicutha oxygen embrittlement problem of Nb
based alloys at low partial pressure of oxygenvacuum molybdenum has a virtually
unlimited life at high temperature. In outer spafer, example, the oxidation rate of
molybdenum is insignificant.

Molybdenum is the most readily available, leastemgive and highest consumption
annually among refractory metals.

Alternate synthesis route should be explored fottssizing Mo based alloys, owing to
the limitation of high temperature processing fties, inherent problems such as high
vapour pressure of Mo, high melting point, dendifference between alloying elements etc.

Due to high melting point of Mo—30W, powder metadiical route is the most effective
synthesis route. However, very few technical liieras are available related to Mo—-30W
alloy with respect to its synthesis via powder pgsing route. It is necessary to understand
each unit steps of powder metallurgical route fgmtlsesis of the alloy such as powder
preparation, mechanical alloying, compaction, sintgetc.

Mo—-30W alloy cannot be used in oxygen containingnasphere because of its poor
oxidation resistance at high temperature. Its diadabehaviour is only slightly better than
Mo. For utilizing its real high temperature propesteffectively, it has to be prevented from
high temperature oxidation by a suitable coating.

Alternate boron free composite alloys such as MeSCneed to be studied, emulating the
concept of oxidation resistant Mo—Si—B alloy.

New coating design strategy needs to be considersiinimize interdiffusion reactions or
maximize the high temperature stability of the cggtminimize mismatch in CTE of coating
layer to substrate and oxide layer etc.
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Chapter—3

Experimental Procedure



3. Experimental Procedure
3.1 Introduction
Two categories of Mo based alloys were studiechengresent work. First category belongs
to solid solution strengthened Mo—30W alloy, white second category belongs to Mo—Cr—
Si—Ti composite alloy. The different methods usedthfie preparation of alloys are — powder
metallurgical route, silicothermic co—reduction amdt pressing. The products were
characterized and compared for different key prioger Based on the results, the most
suitable processing technique for respective allayss identified. In this chapter,
experimental details for the preparation of différ®o based alloys by different techniques,
characterization techniques and performance evafutgsts are described.
3.2 Equipment and Instruments

The major equipments used in the present studybeabroadly classified into two
categories: (i) processing equipments and (ii) ati@rization instruments.
a) Processing equipments
i) Planetary ball mill
i) Hydraulic press — for making green pellets
i) Arc furnace
i) Vacuum hot press
iii) Controlled atmosphere furnace
b) Characterization Instruments
i) XRD
iii) SEM
iv) XRF/EDS
v) TG-DTA
vi) Hardness tester
vii) Flexural strength (UTM)
viii) Dilatometer

Before describing the processing techniques inildstaall introduction and working
principle of variougprocessing equipmentssed in the course of the study is presented in a

chronological order.
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Planetary ball mill

The alloying process can be carried out using wffe apparatus, namely, attritor,
planetary mill or a horizontal ball mill. Howevehe principles of these operations are same
for all the techniques. Since the powders are wattled and fractured during mechanical
alloying, it is critical to establish a balance weén the two processes in order to alloy
successfully. Planetary ball mill is a most fredemused system. The ball mill system
consists of one turn disc (turn table) and two aurfbowls. The turn disc rotates in one
direction while the bowls rotate in the oppositeediion. The centrifugal forces, created by
the rotation of the bowl around its own axis togettvith the rotation of the turn disc, are
applied to the powder mixture and milling ballste bowl. The powder mixture is fractured
and cold welded under high energy impact [1].

The Fig. 3.1(a) below shows the motions of thespbalhd the powder. Since the
rotation directions of the bowl and turn disc arppasite, the centrifugal forces are
alternatively synchronized. The impact energy & thilling balls in the normal direction
attains a value of up to 40 times higher than thet to gravitational acceleration. Hence, the

planetary ball mill can be used for high—speedingl|

For all nanocrystalline materials prepared by hegtergy ball milling synthesis route,
surface and interface contamination is a major eonc In particular, mechanical
contamination introduced by the milling media (FeMC) as well as the ambient gas (trace
impurities such as £ N, in rare gases) can be problems for high—energl rodling.
However, using optimized milling speed and milliige may effectively reduce the level of
contamination. Moreover, ductile materials can faanthin coating layer on the milling
media that reduces contamination tremendously. Agheric contamination can be
minimized or eliminated by sealing the vial withflaxible “O” ring after the powder has
been loaded in an inert gas glove box. Small erpartal ball mills can also be completely
enclosed in an inert gas glove box. Besides thedaoanation, long processing time, no
control on particle morphology, agglomerates, asgidual strain in the crystallized phase are

the other disadvantages of high—energy ball milpracess.

Fig.3.1 (a) is a schematic diagram of showing pgead milling and 3.1(b) the actual
photograph of the equipment. Mixing is achievedthg high energy impact of balls; the
energy levels of balls are as high as 12 timegtheitational acceleration. Rotation of base

plate provides the centrifugal force to the grimdballs and independent rotation of bowls to
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make the balls hit the inner wall of the bowls.c®irthe bowls are rotating in alternate (one
forward cycle and one reverse cycle) directionsressierable part of grinding will take place
in addition to homogenous mixing. Bowls inner walle lined with WC and balls are made

up of WC.

Hornzontal section

Movement of the
supporting disc

Centrifugal
force

Rotation of the milling bowl

Fig. 3.1: (a) Schematic view of the motion of ttadl land powder mixture (b) Actual
photograph of the planetary ball mill used

Hydraulic press

Fig. 3.2 is the actual photograph hydraulic pressdu This equipment is used to make the
green compacts to increase the physical contasteleet the particles. This will enhance the
solid state reaction among the reactants. In thespra hydraulic power pack is provided to
give desired pressure and directional control eohidraulic cylinder. The powder is loaded
in a die set and desired force is applied throbghbiottom plunger for a predetermined time.
After releasing the force, the green pellet is tejg¢drom the die. Die set and plungers are

made up of WC.
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Cptional Rirg Cleaning Sysim

Fig. 3.2 Hydraulic Press

Arc Furnace

An electric arc furnace (EAF) transfers electrieaérgy to thermal energy in the form
of an electric arc to melt the charged materiale @rc is established between an electrode
and the melting bath and is characterized by avoltage and a high current. Arc furnaces
differ from induction furnaces in that the chargatemial is directly exposed to an electric
arc, and the current in the furnace terminals gagseugh the charged material.

William Siemens took out patents for an electric farnace in 1878 — 79 while the
first electric arc furnaces were developed by PH@éroult, with a commercial plant
established in the United States in 1907 [2,3]eE&liarc electric furnaces are very popular for
the melting of alloy in the range from a few kilagrs, for laboratory units, to in excess of
100 tonnes per batch. Typically units found in foues are in the range of 1 to 10 tonnes.

Arc furnace can be categorized into two categoriesasumable and non-
consumable. In the consumable arc furnace, thegehaaterial which is to be melted itself

acts as an electrode. Non—consumable arc furnaagpsgl with tungsten or graphite
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electrode for melting the material. Non—consumatie furnace having tungsten electrode
has been used in the present study to preparelltys.aThe present arc melting furnace

consists of a water—cooled stainless steel behijaged to a fixed base plate. The electrode
(stinger) shaft penetrates the top of the bellTae stinger is sealed at the top of the bell jar
by means of a ball joint and stainless steel bedlolhe hearth is water—cooled copper with
interchangeable top surface. Various cavity comfigans can be provided in the hearth top
surface. Light and window ports facilitate insidbservation. Clamps are provided for

operation at a slight positive pressure. Provisstomade for attachment to a vacuum pump
for evacuation prior to backfilling with inert galBig. 3.3 shows the schematic image of an

arc melting furnace used.

Tungsten electrode

Ar gas —» l l
— Ti

Copper
crucible —] u Al203 mold

}— Cooling water

]

Fig. 3.3 Schematic of an arc melting furnace

A4

Vacuum Hot press

Fig 3.4 (a) is a schematic diagram of a hot press (&) the actual photograph along with

vacuum system. Hot pressing is a high—pressure;dtrain—rate powder metallurgy process
for forming a powder or powder compact at a temjpeeahigh enough to induce sintering

and creep processes. This is achieved by the simedts application of heat and pressure.
Hot pressing is mainly used to fabricate hard antlld materials. One large use is in the

consolidation of diamond-metal composite cuttingldoand advanced ceramics. The
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densification works through particle rearrangensmd plastic flow at the particle contacts.
The loose powder or the pre—compacted part is ist miothe cases filled to a graphite mould
that allows induction or resistance heating up eémgeratures of about 2673 K under a

pressure of up to 50 MPa.

Hydraulic
cylinder

14 Graphite
hot rods

L ¥ Rigid
graphite
L e fiber
Gﬂ:gﬁ;}t ) od insulation
Power
element feedthrough

Support frame

Fig. 3.4 (a) Schematic of hot press and (b) Agitmltograph of the equipment
Controlled atmosphere furnace
Tubular furnaces were used to carry out sintering eoating experiments in controlled
atmosphere. Fig. 3.5 is the schematic of the ctett@atmosphere furnace. These furnaces
are essentially a resistance furnace with silicarbide and Mo-silicide heating elements,
which are placed outside re—crystallized alumiraetuA maximum temperature of 1873K
and 2073K could be obtained in silicon carbide 8uwtsilicide heating element furnaces
respectively. The furnace has a built—in PID terapge—controller, which enables accurate
control of the rates of heating or cooling. The penature is measured using Pt— 6%Rh/Pt—
30%Rh thermocouple. The furnace has gas inlet atidtgort. Argon was used to create an
inert atmosphere while He+4%Hvas used to create reducing atmosphere. There is a
limitation of maximum heating rate of (5 K/min) fatumina tubular furnace. Therefore an
Inconel tube furnace was used for experiments, Imichvfast heating and cooling was
required. Nichrome wire is wound around the outsifithe inconel work tube making it an

integral part of the tube furnace.
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3.3 Preparation of solid solution strengthened Mo-W alloy
3.3.1 Mechanical Alloying

Elemental powders of Mo and W with a purity of %.@nd an average agglomerate
size of 5 and 6 microns, respectively were mixethandesired composition ratio of Mo—30
wt.% W and subjected to mechanical alloying in ghhenergy planetary ball mill for
different durations from 5 h to a maximum of 25The speed of the planetary ball mill was
fixed to 300 rpm. The small amounts of samples wieken out at the interval of 5h for
characterization.

3.3.2 Sintering studies

The mechanically alloyed and co-reduced powder® wabsequently cold pressed
into green compacts of 6 mm diameter and 5—-6 mmtheat a pressure of 300 MPa. Green
densities of the samples were measured using thraeajecal dimensions. The green density
of the cold pressed specimens was around 65 %etteardensities (TD). Sintering was
done in furnace having MoSheating element in reducing atmosphere createdd»@%H
mixture gas. Green pellets were sintered at diffetemperatures range from 1673 to 2073 K
(1673 to 2073K) (heating rate of 15 K/minute) faveral hours (2 to 4 hours). After
completion, the samples were cooled down to roanp&ature and then removed from the
furnace for further characterization.

The green compacts were also subjected to dilatgniet measure the dynamic
changes in sample length during sintering for déifé heating schedules. All dilatometric
measurements were carried out in a vertical typanb mechanical analyzer (TMA) [Setsys
Evolution TMA 1600, M/s SETARAM, France] with a nmmum load (1g) condition in
reducing atmosphere (Ar—4%,H0 ml/min). Shrinkage profiles were recorded leatng
the green compacts at a heating rate of 20 K/mpn.tauthe programmed temperature
followed by cooling (30 K/min.) to ambient. One gae) already sintered up to 1573 K with
an isothermal hold period of 1 h at the maximum gerature (under the same reducing
conditions) was measured for its expansion behaegparately up to the same temperature
with the same heating cycle in order to evaluagelittear thermal expansion behavior of this
alloy. This expansion was subtracted from the aagsomed shrinkage data of green compacts
to determine the net shrinkage.

A special sintering schedule was employed for rdiogrthe shrinkage behavior using
stepwise isothermal dilatometry (SID) method. Inisthexperiment, shrinkage was

59



continuously measured while heating the green piten 298 to 973 K at a heating rate of
20 K/min. and then onwards up to 1523 K with thmeaate of heating and an isothermal
hold of 30 minutes at each 50 K interval (step)e Phogram was chosen in a manner so that
shrinkage during the non—isothermal part can bemimed as far as possible. The densities
of the sintered samples were measured both dimmaigioas well as by Archimedes
principle using water as the immersion liquid. Mistructures of samples sintered at different

temperatures were studied using scanning electroroscopy.
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3.4 Preparation of Mo—Cr-Si-Ti composite alloys

3.4.1 Hot pressing route

Elemental powder of Mo, Cr, Si and Ti having anrage patrticle size of 5, 8, 6 and 4
microns, respectively, were mixed in the desirechgosition of Me-16CF4SHO0.5Ti (wt.%

), using a turbo—mixer (MXM 2, Insmart, India makmiit. The mixed powders were pressed
uni—axially into compacts by applying a pressure260 MPa. The compacts were then
pressed in a graphite die of 25 mm diameter aewdifft temperatures from 1573K to 1923K
under 10 MPa pressure for 0.5 h to 3 h in vacuune. Aot pressed pellets were grinded from
all sides to remove the graphite (C) layer.

The cleaned pellets were weighed and density medshy using Archimedes’s
principle in distilled water. (Balance model AT 2@&¥lta Ra; supplier: Mettler Toledo).
Density was calculated by taking the ratio of weighair to the volume of displaced water.
Samples were then cut into different sizes usiagndind wafer blades. Cut samples were hot
mounted and polished with diamond slurry of 15,ntl &.25um to obtain mirror finish.
Polished samples were used for characterizatiodiestusuch as — phase identification,
hardness measurement, microscopy etc.

3.4.2 Silicothermic co-reduction route

MoO, (purity >99.9%, mesh size #300),,05 (99.5% purity, mesh size # 200) and Si
(99.5% purity, ~10um) were used as starting mdseride co—reduction campaign of MgO
Cr,0O3 has been carried out in a specially designed tvdoogen cylindrical shaped mild steel
reactor with length 0.25 m and ID 0.1 m. The reagtas internally lined with dead burnt
paste of magnesia powder, binder {8i&;) and water. During lining, a slight tapering was
provided at the bottom of the reactor to facilitdéposition of the molten alloy at the bottom.
The lined reactor was then air dried for overnightl fired at 473K to make it completely
moisture free. The charge composed of MaCr0O;3, flux CaO, heat booster and Si reductant
as well as alloying addition in requisite amoungrevthoroughly mixed in turbo mixer and
poured into the reactor cavity. The reactant metwas then rammed mildly to improve
particle—to—particle contact. A small amount ofgger mixture (containing potassium
chlorate and aluminum taken in the ratio of 2:1wmjight) was kept over the charge at the
center.

The schematic of the experimental setup is showhign 3.6 [4]. The reaction was
initiated by bringing a fresh pickled burning magioen ribbon in contact with the trigger
mixture. The reaction was quite vigorous, howevellveontrolled. It was brought to
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completion very rapidly. After adequate cooling #ily button formed at the bottom of the
charge was collected by breaking the top slag laybe co-reduction process was also

investigated by DTA/TG (setsys evolution 24, Setatastrumentation, France).
Mg ribbon
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e

Triggered mixture

+«——— Mild steel reactor

Charge mixture
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Rammed magnesia
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Fig. 3.6 Schematic of experimental set—up for catidg co—reduction experiments

As-reduced alloy samples which were obtained wetsonable good consolidation
and separation from slag were further re-meltednrarc melting furnace under an argon
atmosphere using non—consumable tungsten eledtradiater cooled copper hearth. The re—
melted samples were homogenized in inert (high puy@atmosphere at 1873K for 10 hrs.

Thermal analyses of silicothermic reduction of indiual oxides (Mo and Cr oxide)
were carried out in TG-DTA. The charges were takepowder as well as pellet form.
Thermal analysis studies were carried out at difieheating rates to estimate the activation

energy.
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3.5 Pack cementation coating process

Small specimens of dimensions 5 mm x 3 mm x 2 mme wat from the synthesized
alloy. The specimens were polished and cleaneddefinducting coating experiments. The
cleaned samples were weighed and subsequentlydpiacéhe pack. The pack powder
mixtures were prepared by weighing out and mixipgrapriate amounts of powders of Si,
Al,O3 and NHF (as activator). The pack comprising of 20Si—2.5RNH7.5Ab03 (wWt.%)
was used for this study. The packs were preparetlling the pack powders around the
substrates in a cylindrical alumina crucible of ®8n diameter and 48 mm length. The
crucible was then sealed with an alumina lid udiigh temperature cement. The cement
sealing was dried for 24 hrs at room temperatulevied by controlled heating inside a
tubular furnace under argon flow. The schematithefexperimental setup is shown in Fig.
3.7. Initial curing treatment was given at 423K hrs followed by heating at 523K for 2
hrs to facilitate further curing of the cement awdremove any moisture from the pack.
Subsequently the temperature of the furnace waesddo set temperature (1073K to 1573K)
at a heating of 4K mint and held for different durations. The furnace w@sn cooled to
room temperature at a slow rate. The coated sam@es washed in water jet to remove any
residual powder from the surface. Weight gain dmndkhess measurements of the coated
specimens were conducted. The coated samples wereomal to the coating surface and
metallographically polished touin diamond finish. The as—coated surfaces and thgscr
sections were examined for their morphology, théde) microstructure and composition
using SEM and EDS (Oxford, X—Max 80).

OC0O0O00O0O0OO0O0O0OO0OOOOOOO

Lid
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Crucible |

I Powder Mixture
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Fig. 3.7 Schematic of experimental set—up for catidg pack cementation experiment
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3.6 Characterization of the prepared alloys

3.6.1. Compositional, phase and microstructural chacterization

The bulk quantitative estimations of products weagied out by the chemical analysis using
different analytical methods such as spectrophoteme gravimetry and volumetry for
different elements. The chips from alloy buttonnfrdifferent locations were drilled out and
dissolved in aqua—regia. Analyses of the samplee wene using the dissolved aqua-regia
solution and the averages of compositions of dfiedlocations were determined. The bulk
chemical composition of the alloys were also deteech by XRF, while the quantitative
Microanalysis was carried out by EDS for evaluatoognpositional variation by observing
microstructure of respective alloys.

Synthesized alloys were characterized for theisphat room temperature by powder
X—ray diffraction method. The chemical compositioh the synthesized alloy was also
confirmed by conventional chemical analysis. X—d#f§raction pattern of the powders was
recorded on a powder diffractometer (model-PW 182)ips) with Ni filtered Cu l&
radiation, operating at 30 kV and 20 mA. All diiteon patterns were recorded in thé 2
range from 20 to 65°, with a slow scanning ratstep size 0.5°/s.

The morphology of the synthesized powders was gbdewith a scanning electron
microscope (Model MV2300CT/100, Camscan, UK). Thgstallite size of synthesized
powders was determined using X-—ray line broademhgrimary peak of the alloy and
calculated using the Scherrer equation [5]. Silsiegystal was used as an external standard

for calibration as well as deduction of instrumébt@adening.

r= ﬂ%i’;e 3.1)
B? =B - B2 (3.2)

Wherer is the average diameter of the crystallites ingf.and s are the measured
full width at half the maximum intensity (FWHM) dhe (110) reflection line from the
sample and 28.45line of the Si standard, respectivelyp 2s the diffraction angle
corresponding to the peak maximum, and the Cu K weighted wavelengthi (= 1.5406
A).

The specimens were cut and polished following steshdhetallographic techniques to
reveal the respective microstructures. The poliskathples were then etched using a

chemical mixture (Murakami’s reagent) containing~&(CN), KOH and HO in the ratio of
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1:1:10 by volume. The microstructures of etched anetched alloys were examined using

optical and scanning electron microscope (Model B&ECT/100, Camscan, UK).

3.6.2 Mechanical Testing
Hardness test

The hardness of alloys were measured in an autormatro hardness tester machine
on the mirror polished samples at several locatisisg a load of 1-5 N for 10s. At least 5
readings were taken at a fixed load and averagel were considered.
Room temperature fracture toughness test

Single edge notched bend (SENB) specimens wereéabd from the alloy samples
following the ASTM E399 specifications using anadte—discharge machine. The specimens
were grinded and polished to the final dimensiohd ooxm (W) x 3 mm (B) x 24 mm (L).

Where, W= width, B = thickness of the specimens.

1 - [ -~
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L -

.

Fig. 3.8 Schematic of 3—point single edge notchretdl{SENB) sample geometry

Both the flexural strength and the fracture tougisn@easurements were carried out
on a MTS machine, using a three—point bendinguwetst a loading span of 18 mm and a
cross—head speed of 0.5 mm/min. The schematicedahtiee point bend test is shown in Fig.
3.8. The peak load in the load—displacement cua® wsed to determine the flexural strength
(or) and the fracture toughnessdKof the samples using the respective standardtiegsa
following ASTM 399 [6] ,

o = 3P * S/IWB (3.3)

Ke =[P S f(a/W)])/(B * W) (3.4)
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flo)=3 ill‘gg_(%)("%r) [2-15—3_93%”_?(%)2]
(W) \g] 2(] +2%) (] _%)32 (3.5)

Where ‘@” is notch depth (0.8-1mm), P is the peak loBds the thickness of the

specimensSis span anf(a/W)is a geometrical factor. Equation-3 f@/¥\V' is considered to
be accurate ~ 1 % over the range0&W<1 [6] . The tests were conducted in triplicate for
checking the repeatability. The fractured samplesewobserved under SEM in secondary

electron imaging mode to reveal type of failure.

3.6.3 Oxidation Studies
Oxidation studies using conventional approach

Small specimens were cut from the synthesized sllégllowed by polishing and
cleaning ultrasonically in acetone. TG (thermograetry) analyses were carried out for
evaluating the oxidation behavior of the bare avated alloys, under non—isothermal heating
conditions in 1 atmospheric oxygen pressure withioa rate of 20ml/min. The weight
change profile was recorded up to 1273K at a hga#te of 10K /min.

The thermal stabilities were also evaluated byihgahem under isothermal heating
conditions at different temperatures and differdntations. In the isothermal oxidation
studies, the specimens with the dimensions of 506 mm were introduced into a furnace,
when the temperature of the furnace reached thevalae. Each sample was carefully
weighed before and after exposure. Reaction predocied were identified by XRD. The
morphology and the nature of the oxide layers vexamined by SEM and EDS. Oxidation
tested samples were further evaluated by visuarehton, elemental mapping of oxidized

surface and cross sectional microscopy.

Oxidation Kinetic studies by stepwise isothermal study

Oxidation tests were also carried out using a new#epwise isothermal method in
thermobalance to determine the oxidation kinetics isingle experiment. Specimens were
cut from the synthesized alloys and grinded to kmewrface area followed by polishing and
ultrasonically cleaning in acetone. Oxidation tesése carried out at 1 atmosphere oxygen

pressure in a thermobalance and weight changdgwsaofiere recorded at a heating rate of 20
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K/min up to the 773 K then onwards up to 1073 Khwihe same rate of heating and an
isothermal hold of 60 minutes at each 100 K interR&ases present on the surface of the
oxidized samples were characterized by X-ray diffom (XRD) in an Inel-make unit
(model MPD) with Cr—K radiation at 25 mA 35 kV. The morphology and nesuof oxides
layers were analyzed by observing the surface hadctoss—section in scanning electron
microscopy (SEM, Camscan MV2300CT/100, UK), equgpeith energy dispersive
spectrometry (EDS, Oxford, X—Max 80).

3.6.3 Wear Test

The reciprocating sliding wear and friction expegithwas performed using a computer
controlled reciprocating sliding machine (PLINT T&) that produces a linear relative
oscillating motion with a ball-on—flat configuratioh.spring loaded AlO; ball (of diameter
3/8”) sample is made to oscillate with a relativeear displacement of a constant stroke and
frequency against a fixed flat sample of the coated uncoated alloys. The variation in
tangential force is recorded and the correspondagdficient of friction (COF) is calculated
online, with the help of a computer-based data iattgpn system. According to the
commercial supplier's data, the ,8; balls have a surface roughness of Ra ~0.02 um, a
hardness of ~18 GPa, and a fracture toughness BfP&b. ni’ Before the wear tests, all the
samples and the balls were ultrasonically cleangd acetone. The reciprocating sliding
experiments were performed at a constant loadMfand 1.0 mm linear stroke, for duration
of 100,000 cycles. The influence of varying slidsgeed by varying oscillating frequency
(10, 15, 20 Hz) on the friction and wear responsas imvestigated. All the experiments were
conducted in an ambient atmosphere at room temperdB80 + 2 °C) with a relative
humidity (RH) of 40 £ 5%.
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Fig. 3.9 Schematic of the wear test set—up [7]

Subsequent to the sliding wear test, the wear epaeach of the flat samples was
measured using a computer—controlled 3D OpticafilerdCCI-MP Taylor Hobson). 2-D
depth profiles at different locations over the isigddistance were extracted and integrated to
calculate wear volume. From the measured wear wluilme specific wear rates [wear
volume / (load. Distance)] was calculated. A dethcharacterization of the worn surfaces
of the coated samples and counter—body balls wereoqpmed using SEM and optical

microscope respectively.
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Chapter—4

(Preparation of Mo—30W alloy and

development of oxidation resistant coatings)
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4.1 Introduction

Mo—-30 wt.% W alloy is of interest as a high tempeara nuclear structural material
because of its better formability, high temperastrength and improved oxidation resistance
as compared to other Mo based alloys [1, 2]. kxgensively used as components for zinc
processing, e.g. pump components, nozzles, themupteosheaths, stirrers for the glass
industry, sputter targets for coating technology. &therefore, it is a potential candidate
material for the applications where extensive liguetal handling is required.

Preparation of Mo—30 wt.% W alloy by the conventibmelt—casting process is a
highly energy intensive process. The reasons eaatthibuted to the following facts. Firstly,
very high melting points (2893 K and 3653 K for Mad W, respectively) and a large
difference in the specific gravity (10.2 g/cc artd3R g/cc for Mo and W, respectively) of the
alloying components results in a number of meltingns required for thorough
homogenization at very high temperatures nearly03R0 Secondly, a very high level of
vacuum has to be maintained during melting as tlogyiag components can be oxidized
even with the trace amount of air present in trectien vessel. Thirdly, because of high
vapour pressure of Mo at the melting point of Whstantial loss of Mo takes place during
the melting under vacuum. Fig. 4.1 shows the vianatof vapour pressure of Mo and W
with temperature, indicating a big difference opwgar pressure at a given temperature.

Mo—-30W possesses very high melting point and tbesefpowder metallurgy is an
alternate economical route of fabrication. Powdeetatturgy is the most promising
production route for commercial Mo, W and theiogi. More than 97% of Mo products are
processed by powder metallurgical route and theanmater is processed by electron—beam

melting (EBM) and vacuum arc casting (VAC).
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Fig. 4.1: Variation of vapour pressures of refragtmetals with temperature [10]

The finer grain structure of powder metallurgicabghucts is advantageous for both
the secondary processing and the mechanical prepet the finished products. However,
very few technical literatures are available ralate Mo—30W alloy with respect to its
preparation via powder processing route. It is sg@gy to understand each unit steps of
powder metallurgical route. The major unit openasicof powder metallurgical route are
powder preparation, compaction and sintering.

Mechanical alloying has emerged as an alternatwerin the recent past that has
drawn wide attention for preparation of advanceemals after its discovery by Schwarz and
Koch [3]. Preparation of alloy powder through thigite not only provides microstructural
refinement but also imparts very high homogeneityhe final product [4, 5]. Apart from
this, a significantly less energy requirement foe talloy preparation, as compared to the
conventional melt—casting technique makes this atedtonomically attractive.

Once a homogeneous alloy powder is prepared, tklemportant task is to convert it
to desired shapes with appropriate mechanical dnydigal properties. Sintering of these
powders therefore becomes utmost important durirapisag. As pointed out earlier that,
most of the molybdenum based products are prodbgeddopting powder metallurgical
processing sequences including pressing and sigtéollowed by mechanical working in
order to achieve near theoretical density and e@smicrostructure of the final product.
Understanding the sintering mechanism of these posvtherefore becomes very essential
from both applied as well as research point of viewthis regard, a prior knowledge of the

initial stage of sintering is very important to @nstand its exact mechanism. Considerable
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efforts have been made in the past to understaadkitietics and mechanisms involved
during the initial stage of sintering [6—8]. Fewdies on sintering of molybdenum [9-12]
and tungsten [13-15] have also been reported ea@iespodinov et al. [16] studied the
activated sintering of a mixture of tungsten andytmdenum powders in presence of Ni.
However, the details of exact sintering kineticsMd—W alloy powder are not available in
the open literature. In the present study, atteln@st been made to evaluate the kinetics of
sintering from both, the non—isothermal i.e. contstate of heating (CRH) method as well as
the stepwise isothermal dilatometry method.

Although, Mo-30W alloy exhibits most of the propest required for high
temperature applications, it cannot be used in emygpntaining atmosphere because of the
poor oxidation resistance at high temperature.oitislation behaviour is only marginally
better than Mo. For utilizing its high temperatpreperties effectively, it has to be prevented
from high temperature oxidation by a suitable awatiPack cementation is a widely
applicable in—situ coating technique, which produgeiform and adherent coatings even on
complex shaped structures [17-23]. In the preshapter, results on the development of
silicide based protective coating on Mo—30W alloy by haladtivated pack cementation
technique using different pack mixtures have beesented. Effect of pack chemistry and
temperature on evolution of phases, microstructuesating thickness and surface
morphology has been discussed. Performance evaiuatsts were carried out for the coated
alloy with respect to oxidation and wear.

The first part of the chapter deals with the reswib the preparation of Mo—30W
powder, sintering and sintering kinetics. The seéc@art deals with the results on the
development of oxidation resistant coating over B@# alloy.

4.2 Studies on preparation of Mo—30W alloy powder
4.2.1 Mechanical alloying

Fig. 4.2 shows the room temperature X—ray diffacipattern of the Mo—30 wt.% W
powder prepared by mechanical alloying for 15 he Hitloyed powder has been found to
have the single phase cubic molybdenum structure\asaled by a perfect match with the
literature data (PCPDF-421120).
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Fig. 4.2XRD pattern of Mo—30 wt.% W powder prepared by haggcal alloying for 15 h.
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Inset shows the variation of Mo (110) peak as a&tion of milling duration

The inset in Fig. 4.2 shows the enlarged view efdlffraction patterns corresponding
to the principle (110) peak for powders preparedhwdifferent milling duration. The
crystallite size of these powders was determineagus—ray line broadening of (110) peak
of the alloy and calculated using the Scherrer tdanj24]. Si single crystal was used as an

external standard for calibration as well as dedaatf instrumental broadening.

r= ,[:’%ii@ 4.1
B =Bn-B: (4.2)

Wherer is the average diameter of the crystallites ingfy.andfs are the measured
full width at half the maximum intensity (FWHM) dhe (110) reflection line from the
sample and 28.45line of the Si standard, respectivelyp 2s the diffraction angle
corresponding to the peak maximum, and the Cu K weighted wavelengthl (= 1.5406
A).

Gradual peak broadening and decreasing peak ityeres be clearly observed with
increasing milling time. This can be attributed &) decreasing crystallite size from 12.5 nm
for 5 h milled powder to about 7.6 nm for 25 h exllpowder as revealed by crystallite size
evaluation using peak broadening and (b) due tdugidy increasing strain in the system
with increasing milling time. Fig. 4.3 shows the NbEmage of Mo-30 wt.% W powder
prepared by mechanical alloying for 25 hours, whieheals an agglomerated form of the
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powder. The agglomerate size as measured fronSHEM images is 15+3) um. This
agglomeration is mainly due to very small crystedliwith very high surface energy being
formed during mechanical alloying. This is furtletident from the inset of Fig. 4.3, which
clearly reveals the nanocrystalline nature of th@m@pared powder. Fig. 4.4 shows the EDS
spectra of the same powder confirming the targefeeimical composition without any
notable contamination during the alloying procdsg. 4.5 presents the X—ray diffraction
patterns corresponding to the principal (110) plealas compressed green pellet and pellets
sintered to different temperatures. A shift of tteéflection peak towards higher angles (from
40.32 for powder milled for 5 h to 40.88or the compact sintered at 1200 is observed.
This indicates a reduction in the lattice parametéhe sintered alloy and can be attributed to
the (a) atomic radius mismatch between Mo & W ad djstortion of the molybdenum
lattice due to tungsten diffusion in it. A simileesult of lattice distortion of Mo is reported
by Gospodinov et al. for Mo—W system [16] due te tbrmation of W—Mo solid solution.

Fig. 4.3SEM image of Mo—30 wt.% W powder prepared throogithanical alloying (25 h
milling). Inset shows the higher magnification inreagf agglomerated particles to show the

sub—micron nature of the powder.
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Fig. 4.4EDS Spectra of mechanically alloyed Mo—-30 wt.% dWger.
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Fig. 4.5 XRD patterns of Mo (110) peak for (a) Mo—30 wt.%dheen compact, (b) sample
sintered up to 1173 K and (c) sample sintered WS#s3 K.

4.3 Sintering Studies

Fig. 4.6 shows the relationship between sinterelgperature and relative density of the

sintered Mo—30W alloy compacts made from the powmtepared by mechanical alloying

route. The sintering time was kept constant of Tie theoretical density of the alloy was

calculated, using the classical rule of mixture][@byield a value of 1197 kg/finitially

the density of compacts made from both the powdereased quickly, with increasing
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sintering temperature. Later on, above P8QQthe density increases slowly, indicating a

change in the sintering mechanism.
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Fig. 4.6Plot of sintered density with respect to sinteri@gnperature for fixed sintering time
of 3h for green compacts prepared from mechaniadlyed powder and co—precipitated

cum reduced powder.

Sintering kinetics is important to be known for iopzation of the processing of
powder metallurgical parts with different propestieSelection of optimum sintering
temperature and time, heating and cooling rategrgéiy require number of experiments.
On the basis of the sintering plot (Fig. 4.6), éhdéferent stages of sintering can be assumed
where different sintering mechanisms are dominawlifeerent sintering stages. Out of the
three stages, determination of sintering kinetichrst stage of sintering is relatively simple
because of the occurrence of more than one posgg@mting mechanism at intermediate
and final stages of sintering makes them compldéerdfore studies have been extended to
determine sintering kinetics in the initial stage the mechanically alloyed powder. In the
present study, we have attempted to evaluate thetiés of sintering from both, the non—
isothermal i.e. constant rate of heating (CRH) meéths well as the stepwise isothermal
dilatometry method. Model sintering equations ssggg by Young and Cutler [26],
originally developed by Johnson and co—workers j@&te used to analyze the shrinkage

data generated during non—isothermal constantafateeating (CRH) sintering schedule.
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Stepwise Isothermal Dilatometry (SID) is a relaiyvaew approach as compared to
conventional sintering studies and has proven #sfulness in analyzing the sintering
mechanism of fine ceramic powders [28-31]. In canlier work [32], we have shown the
utility of this approach for studying the sinteritkgnetics of submicron sized Co metal
powders. With this approach, it is possible to eat# both, the sintering mechanism and the
apparent activation energies using a single shgeldata obtained from dilatometry. The
same approach has been used to determine the Iposs@izhanism of sintering in the
present work. Observed results from SID have besmlyaed by a model given by
Makipirtti-Meng. It has been found that the modtd &qually well to explain the sintering
kinetics of alloys systems prepared through medaduailoying.
4.3.1 Sintering kinetics using constant rate of héimg (CRH) method

Model sintering equations suggested by Young anteC|{26], originally developed
by Johnson and co—workers [27] were used to andhgehrinkage data generated during
non—isothermal constant rate of heating (CRH) smgeschedule.

Johnson [27] suggested the basic sintering equatidividually for volume and
grain boundary diffusion as

526)QD, t
ol = (Tae’vj (4.3)
_( 263QbD,t
o[ “4)

wherey is the net linear shrinkagel(lo); €2, the volume of vacancy @ y, the surface
energy (J/f); Dy, the volume diffusion coefficient given B, = D% exp(-Q/RT) (m?s);
bDg, the product of grain boundary thickness and grain boundary diffusion coefficient
‘Dg’ given by bDg = bD% exp(—Qo/RT) (m*/s); k, the Boltzmann constant (J/KJ; the
temperature (K);a, the particle radius (m) and t is time (§y andQyps are the activation
energy for volume diffusion and grain boundaryusfbn respectively.

Sintering kinetics utilizing the constant rate hifating (‘CRH’ i.e. ¢ = T/t = dT/dt)
technique for the initial stage of densification5%), using different models has been
reported by different researchers. For submicraa powder systems, sintering begins even
before the steady state of isothermal part is @cho account for that, sintering has been
studied by CRH method. Above equations, originaliggested by Johnson have undergone
further modification by different research groufait of the several modifications, the one
proposed by Young and Cutler [26] however, is nyosised. The modified equations

78



individually developed for volume and grain bounddiffusion, as suggested by them are

given as equation (3) and (4), respectively.

dy)_, [ 263QD))_(Q

In(yT—de In( N j (RT] (4.5)
o dy ) _, [ 0720bDg | ( Qup,

In(yT—de—ln( o' ] (RT] (4.6)

From above equations, it is clear that the activagnergies for volume diffusion and grain
boundary diffusion are obtained from the slopethefplots betweem(yT dy/dT)versusl/T
andIn(y?T dy/dT)versusl/T, respectively.

Fig. 4.7 shows the linear shrinkage profiles of I8@-wt.% W alloy powder compacts
sintered at different temperatures with constate cd heating schedule (CRH) keeping the
rate of heating to be 20 K/min. It can be seen thatmaximum shrinkage is achieved for
sample heated up to 1573 K vyielding nearly 91%tésed density ~ 10.9 g/cc) theoretical
density of Mo—30 wt.% W alloy. It can be visiblyesethat instead of an initial expansion,
normally expected due to usual thermal expansicangfmaterial before the actual sintering

commences, a small amount of shrinkage was obse&kige sintering these compacts under

reducing atmosphere.
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Fig.4.7 Shrinkage profiles of Mo—30%W alloy powder comgagintered at different
temperatures with constant rate of heating (20 Kjrriset shows the variation in shrinkage

profile in different experiment (magnified).
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The initial shrinkage observed at temperatureewel023 K before the onset of
actual sintering can be explained as due to (iuekdn of surface contamination (oxides)
layers to metal and thus reducing the volume and/¢ry high surface energy and highly
deformed nature of the sub—micron sized powdetsalcditate their aggregation at relatively
lower temperatures and hence exhibiting shrinkdes phenomenon has been illustrated in
detail in the previous study [32]. Since the indiwal curves represent the shrinkage obtained
at the same heating rate (20 K/min), ideally aks#h should represent a single curve.
Therefore an average of all the shrinkage valuggvanh temperatures was obtained and was
used for subsequent analysis. Further, as the neogtions applicable to the initial stage of
sintering were used for analysis of sintering kotthe shrinkage data was limited to 1473
K (i.e. up to ~ 5% of shrinkage). As explained ieasithe plots ofn(yT.dy/dT)versusl/T and
In(y’T dy/dT) versus1/T, that are shown in Fig. 4.8 together, allow thécudation of
activation energy and the frequency factor for wodudiffusion and grain boundary diffusion,

respectively as presented in Table—4.1.

0.00066 0.00072 0.00078 0.00084
UT (K"

Fig.4.8Plot ofIn(yT dy/dT)andIn(y’T dy/dT)versusl/T. Grey line curve shows the least—
squares linear fit of the evaluated data.

The similarity in the two Arrhenius plots shown Hig. 4.8 suggests that the
mechanism for sintering here could be either voludiiffesion or grain boundary diffusion or
simultaneous occurrence of both [33]. Actually, tbd#fusion rate is determined by
temperature, powder characteristics and the spesifiucture of material. Further, the
diffusion rate determines the paths of diffusidmotigh the volume or the boundaries of

crystals, dislocations, or the surfaces. Volumdudibn in crystals is the most difficult
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material transport mechanism with the highest atitm energy barrier associated with it.
The path then becomes easier for diffusion throdiglocations, boundaries and surfaces
[34]. However, in the present system, the calcdlatetivation energy for volume diffusion
(190 kJ/ mole) seems to be erroneous (towards arlewle) since the reported activation
energy value for pure Mo is much higher (~400 KJ&n35]. Although Davade et al. [33]
have also reported lower activation energy fordattliffusion than grain boundary diffusion,
they substantiated the observation by the terned&inhanced boundary diffusion’.

Table — 4.1:Kinetic parameters for CRH sintering of Mo—30 wt%allby

Qes(kd /mol) Qu(kJ/mol)  bDg® (m’/s)

230 190 7.44X10

While it was initially thought that volume diffusiowas the dominant sintering
mechanism in the densification of pure molybdenurivio based alloys, studies on activated
sintering showed that the grain boundary mobilgyarded the densification process, thus
causing the apparent activation energy to be driyeno the values that appeared more in
line with volume diffusion [36]. The consensus amdhe researchers however is that grain
boundary diffusion is considered to be the domimtmtsification mechanism for most of the
Mo based alloys [36]. Our results also match witl $ame line of thought. Thus the model
employed here does give an idea about the dommachanism during the initial stage of

sintering, which is grain boundary diffusion with activation energy of ~230 kJ/ mol. Using

/RT .
), the values ofbDg were calculated at various

the expressionbD, = bDZe! ¥
temperatures and are presented in Table — 4.2vdles fall well in line with the expected
trend of increasing grain boundary diffusion ca@énts with increasing temperatures.

Table — 4.2Values of b3 were calculated at various temperatures

Temperature (K)  bDg (m’/s)

97z 3.1x1C*
1023 1.3x10%°
1077 4.5x1C%
1123 1.4x10"
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4.3.2 Sintering kinetics using Stepwise Isotherm&ilatometry (SID)

Rate—controlled sintering (RCS) of green compaets lreen developed and studied
widely for optimized densification and grain sizentrol [37, 38]. The prime feature of RCS
is the control of the sintering process accordmg specific shrinkage rate profile. It aims to
eliminate the pores in an efficient way by coninglthe diffusion kinetics of the material.
Similar to this, Stepwise Isothermal Dilatometry¥pis one more approach to understand
sintering kinetics. Makipirtti and Meng [28-32] pased a model to analyze the SID
shrinkage data. According to this model, the fawi densification functior¥, for an

isotropic sintering behaviour is expressed as

_ 3_ 3
y=YooV o b ~L 4.7)
VoV, L-L,

WhereV, (Lo), V; (L)), andV; (Ly) are the initial volume (length), volume (length)iane t,
and volume (length) of the finally densified speemm respectively. A normalized rate

equation as suggested by Makipirtti-Meng methagivien as
av_ nk(T)Y(l—Y)(ﬂjlm (4.8)
dt Y '

K(T) =k, expQ/RT) (4.9)

Herek(T) is specific rate constark,, the frequency factd®, the energy of activatioR, the
universal gas constant ands a parameter related to the sintering mechanism.

Fig. 4.9 shows the shrinkage profile and shrinkagie of the green compact
subjected to SID sintering schedule. It also shihesvariation of shrinkage rate occurring at
each isothermal step during sintering. The experiaieshrinkage curve obtained by

dilatometery is generally in the form of [27, 39]:

y =[k(T)t]" (4.10)
If volume diffusion is the only operative mechanjghen the shrinkage rate is given by

dy/dt=n (534QD, / kTa®)"t™™ (4.11)
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Similarly, if the grain boundary diffusion is opéve solely, then the shrinkage rate is given

as

dy/dt = n (214)QbD, / kTa*)™t ™™ (4.12)
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Fig. 4.9SID shrinkage profile of Mo—30 wt.% W alloy greesntpact along with the

temperature program followed for the SID experim&hie Curve in grey colour show the

shrinkage rated(l/l,)/dt} as a function of time

Fig. 4.10 shows the plot betwekrg (dy/dt)andlog t for different isothermal steps.
From the slope of the plots, the sintering expomént’ has been determined for each
isothermal step. The value afi* varies from ~ (0.2 to 0.3) up to 1073 K to 0.5t0p1473
K. It is therefore evident that for temperaturetod073 K, grain boundary diffusion (GB) is
the rate controlling mechanism. However, from thgtrstep, volume diffusion takes over as
the rate controlling mechanism of sintering. Frdme walues of intercepts, the diffusion

coefficients at different temperatures have beatuated and presented in the Table — 4.3.
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Table — 4.3Volume diffusion coefficients for Mo—30wt% W allagvaluated through SID

analysis

Temperature (K) Dy (m“/s)

90( 1.5x 1C°
1000 4.9 x 10*®
110( 1.4 x 1C€
1200 2.3 x 10°

The coefficients evaluated here are very closénéoréported diffusion coefficients
for pure molybdenum (1.6xI8 m%s) and tungsten (1.3x10 m?/s) at 1773 K evaluated by
high temperature tracer determinations [40]. Thigary close to the values obtained in this

study.
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Fig.4.10Plot oflog(dy/dt)vslog t at different isothermal steps
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Using Makipirtti-Meng model, as described earlibe shrinkage data, after fitting
into equation—4.8 is plotted in Fig. 4.11 s {(dY/dt)/Y/(1-Y)}vs In[(1-Y)/Y]. A near
straight line behavior for each isothermal zoneicais the validity of the model with
present shrinkage data of Mo—30 wt% W alloy. Théu¥sa of slopel/n and interceptih
nk(T), evaluated by least—squares linear fitting focteatraight line segment of the curve,
are presented in Table — 4.4. Parametérthat relates to the sintering mechanism takes
nearly two different average values in the measteatperature range 4$n ~ 0.2 (1373 —
1473 K) and ~0.13-0.18 (1073-1323 K). These vatuggiest that there are two different
sintering mechanisms, operative as the dominantegses over the above temperature

intervals.

Table—4.4 Kinetic analysis of SID shrinkage data of Mo—3®aWV alloy green compacts

according to Makipritti-Meng equation

Temperature 1/n n Ink(T) Regression

97:¢ 0.58¢ 1.6¢ -20.2( 0.99¢
1023 0.304 3.29 -19.37 0.995
1073 0.149 6.67 -17.23 0.994
1123 0.134 7.41 -16.12 0.991
1173 0.182 5.48 -15.84 0.992
1223 0.170 5.87 -14.48 0.988
1273 0.164 6.07 -12.82 0.992
1323 0.176 5.65 -10.85 0.991
1373 0.202 4.94 -9.05 0.994
1423 0.218 4.58 —-7.29 0.996
1473 0.259  3.85 —6.07 0.993

Fig. 4.12 shows the Arrhenius plot betwderk(T) and 1/T for the SID shrinkage
data. The curve can be best fitted into two lire@gments in the temperature ranges from
973-1173 Kand 1173-1523 K.
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Fig. 4.11 Plots of In{(dY/dt)/Y/(1-Y)yersus In{(1-Y)/Y} according to Mekipritti-Meng
equation. Variation of temperature with time issagfiown on the right hand scale
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Fig.4.12Arrhenius plot ofn k(T) versusl/T based on the data in Table 4

The apparent activation enerd®’ ‘was calculated from the slopes of each segment
and compared with that of various sintering mectrasireported in the literature [5, 7]. The
values are presented in Table—4.5. It is evideat the initial stage of sintering of Mo—-30
wt.% W powder compacts can be divided into two nsaages. The first stage (973-1173 K)
relates to sintering within the aggregates, formgumbn coalescence of the individual

crystallites and leading to neck formation throgghin boundary diffusion. This is further
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supported by the SEM image recorded on 1173 Kraidtsample that shows initial stage of
neck formation (Fig. 4.13a). The activation enevgyue calculated from the least square
regression analysis of data between 973-1173 K saueto be 230 kJ /mole. A higher

value of activation energy (480 kJ /mole) for temapere range 1173-1523 K is an

indicative of lattice diffusion as the dominant gees for mass transport. The micrograph
recorded on sample sintered at 1373 K (Fig. 4.t@arly reveals the same.

Table—4.5Apparent activation energies evaluated from SlBlysis

Temperature range Activation energy  Dominant meisinan

973-1173 K 230 kJ/mol Grain Boundary Diffusion
1173-1523 K 480 kJ/mol Lattice Diffusion

Fig. 4.13SEM micrographs of Mo—30 wt% W alloys sinteredemtperatures (a) 1173K (b)
1273K (c) 1373K (d) 1523K

It is seen from the Fig.4.9 that initially there dsstinct shrinkage rate in the
isothermal stage of 1023 and 1073 K and thereéfershrinkage rate increases gradually
with temperature. The maximum net shrinkage duangsothermal soak period occurs at
1373 K with the maximum rate of shrinkage. Thergkage rate then decreases with further
temperature increase. The gradual increase inkstg@nrate with increasing temperature is
due to enhanced thermally activated diffusion. Tiexima in the shrinkage rate clearly

accounts for all possible mass transport mechantgrasating in tandem. A further decrease

87



in the rate of shrinkage is mainly due to grainvgiorelated phenomena. With progressive
grain growth, the effective area offered by theirgtaoundaries decreases in the system.
Since the grain boundaries act as vacancy sinkéms transport from the bulk, a reduction
in it lead to events that decrease the mass transgi® and hence a reduction in the
observed shrinkage rate. Grain growth can occuy afier a certain degree of shrinkage
because the neck curvatures iargally very large and pin the grain boundarid4]. In case

of Mo—30 wt.% W, visible grain growth can be seatydeyond 1373 K as seen in the SEM
image (Fig. 4.13d).

From the above discussion, it is therefore quiearcthat the SID approach is a very
useful tool to evaluate the sintering kinetics oétallic systems and gives fairly reliable
values of the activation energies associated witferdnt mechanism of mass transport
using the dilatometry data of a single experimdriie model results are found to be

consistent with the micro structural evolutionyegealed by SEM analysis (Fig. 4.13).

4.4 Pack siliconisation

The results of the coating experiments have beemaurized in Table—4.6. First, second and
third rows show the effect of concentration of a&tor, whereas second, fourth and fifth

rows show the effect of temperature on the thicknesmposition and nature of the coating.
From the results it is seen that the activatorrd@msignificant role on the coating thickness

and formation of multilayer coatings. However, #ifect of activator was seen on the surface

morphology of the coating.

Table—4.6: The results of the coating experiments over Mo—20M¥

Acivator Temperature Thickness/Remark Coating Composition

(wt. %) (°C) (um) (at. %)
1 900 25, Single porous layer Si—65.1, M0o-28.9, WW-5
2.5 900 30, Single smooth layer Si—-65.5, M0—29.65W
10 900 32, Single curvy layer Si—66.4, Mo-28.5, W-5
2.5 1100 50, Single smooth layer Si—65.4, Mo—20/#4.9
2.5 1300 60, Double layer Si—65.9, M0o-29.5, W-4.6
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4.4.1 Evolution of microstructure, phase and interéce

Fig. 4.14a and 4.14b show the SEM images capiarbedck scattered electron mode
of the cross—sections of the coated specimen,thested at 1173K and 1573K for 6h with
2.5% activator as a representative. Cross—sectftoEdM image of the sample coated using
higher content of activator (10%) showed non-unifofwavy) interface, while uniform
interface was seen for the coated sample using a&®sator. At least 10 measurements
were taken and the average thicknesses of thengolatyers were determined. The coating
thicknesses obtained at coating temperatures of8 Idnd 1573K were 25 and 60um
respectively. No cracks were observed in the cgafayer. Single layer and double layer
coatings were observed in the microstructure ofctbeting for the sample coated at 1173K
and 1573K respectively. The quantitative microasesdyin the different layers, shows the
concentration of Si as 66 at. % in the coatingaedor sample coated at 1173K and at the
outer layer of sample coated at 1573K. Whereas;erdmation of Si was found to be 37 at.%
of the inner layer of sample coated at 1573K. 6% &i corresponds to (Mo, W)Sand 37
at. % corresponds to (Mo, V¥Bi; layer. The exact compositions of the differenfels at

different conditions are given in Table—4.7.

Substrate

Fig. 4.14a and 4.14b BSE images of the cross—smotibthe coated specimen, heat treated at
1173K and 1573K.
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Table: 4.7: The exact compositions of the different layerdiierent coating temperatures

Coating Average composition ( At. %) Ratio of Mo to W
Temperature Outer layer Inner layer Outer Inner layer
layer
900°C Si—65.5, M0-29.0, W-5.5 —_ 5.27
1300C Si—65.9, M0-29.5, W—4.6  Si—36.04, M0-49.7, W-13.9 6.41 3.7

Fig. 4.15shows the BSE image and corresponding Ei@Sscan over the interface of
sample coated at 1573K. From the line scans iesrly seen that the concentration of W is
higher in the coating region as compared to thetsate. However, the average composition
of the coating layer does not show an increasbearconcentration of W. To understand this
anomaly, point analysis was carried out along titerface at several locations at fixed gap.
Fig. 4.16 and Fig. 4.17 show the concentrationilgr@iong the interface determined from
point analysis of the sample coated at 1173K antBKSespectively. From the profile it is
seen that concentration of both Mo and W decreasethe coating region while the
concentration of Si increased. Therefore, the tedUEDS line scan shown in Fig. 4.15 was
found to be erroneous. The line scan carried outhis study is basically a qualitative
technique, where the abundance of particular Xerargy, rather than its intensity is plotted
with distance along a line. It cannot differentidetween two elements having very close
characteristic X—ray energy. Fig. 4.18 shows thecspm of coating region that shows that
the Si K, line (1.7398 keV) and the W Mine (1.7744 keV) are very close and merged.
Therefore, the individual concentration profileWwfand Si shown in Fig. 4.15 is actually for

the combined profile of W and Si.
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Fig. 4.15: BSE image and corresponding EDS linen soeer the interface of sample
coated at 1573K, which shows the formation of deu&yer of (Mo,W)Si coating
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Fig. 4.16 Concentration profile along the interfaetermined from point analysis for the

sample coated at 1173K
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Fig. 4.17 Concentration profile along the interfadetermined from point analysis for the
sample coated at 1573K
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Fig. 4.18 Spectrum of coating region
The mechanism of pack cementation coating is kntavibe governed by the inward
diffusion of Si flux into the substrate. Howevdrthis were to be true, the Mo to W ratio in
the substrate and coating (silicide) should be sdmeontrast, the ratio of Mo to W was
found to have increased in the coating region agpewed to substrate as shown in the Table—
4.8. Further, the ratio of Mo to W in the coatingcreased with increase in coating

temperature. A higher ratio of Mo to W in the cogtregion indicates that the coating was
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formed not only because of the inward diffusionSafbut there is also a role of outward
diffusion of Mo. To understand the exact mechanim, process needs to be studied from
the formation of the very first layer. In the pagkmentation technique, the primary driving
force for diffusion of the halide vapors from ther®undings to the metal surface is the
chemical potential gradient. First of all, activatdH,F dissociates into NfHand HF at about
573K and subsequent reactions between HF and @igdse the formation of the vapors of
SiF, SiF;, SiF, and SiF. The coating process is primarily dictdigdhe formation, migration
and finally dissociation of Si— fluorides. Actuglffirst of all, a monolayer of any of the three
silicide is formed due to the dissociation of silicfluoride (either of Sik SiF, SiF,or SiF)

to Si. The Formation of three different types titgles can be shown as [42]:

3(Mo, W) + Si = (Mo, Wi @)
5(Mo, W) + 3Si Mo, W)Sk (b)
(Mo, W) + 2Si = (Mo, W)Si (©)
(Mo, WSk + 7Si = 5(Mo, W)Si d)

Immediately after the formation of first layer dlicgde, the silicon layer and (Mo, W)
are separated by the silicide layer. For the read proceed further, either (Mo, W) or Si
must diffuse through the silicide layer.

Silicon is the dominant diffusing specie in theildigles such as — Tigi VSi;, NbSp
and TaSi [43, 44]. Since these disilicides and (Mo,W)8ave similar structures, Si is
expected to be the dominating diffusing specie@Mo,W)Sk also. The crystal structure of
these disilicides is shown in Fig. 4.19. MgBhase has a body centered tetragonal, C11b
structure with 6 atoms per unit cell [45]. The tadiunit cell consists of different layers of
Mo and Si; each Mo layer followed by two layersSf A Mo atom is surrounded by 10 Si
atoms, while a Si atom is surrounded by 5 Si amMo5atoms. The silicon atoms have only
silicon as nearest neighbours, therefore the sildifusion could take place through a silicon
vacancy mechanism. While the metal atoms cannbisdifby a single vacancy mechanism,
since the metal atoms have only silicon atoms asesé neighbours [43, 44]. Mo should be
practically immobile unless it diffuses becausetttg concentration of different kinds of
defects. Therefore, if the first layer formed isilitide, coating should be governed by

inward diffusion of Si flux into the substrate.
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Fig. 4.19: Crystal structure of disilicides

On the other hand M8i; has a body centered tetragonal (BCT) structuré B8#
atoms per unit cell. Since there are only 2 Si-8ids compared to 8 Mo—Mo bonds in the
structure, higher diffusion rate of Mo would be egfed for equal concentration of vacancies
in the structure. Therefore, if the second layenétal rich silicides, such as (Mo,¥8)s;, one
would expect higher diffusion rate of Mo. Althougtihe calculation of tracer diffusion
coefficients indicates that on an average Si iatm03 times faster than Mo, but Mo would

not be immobile as in the case of disilicide [45].

Since the ratio of Mo to W in the coating regisrfound to increase in the coating
region, (Mo,WjSis is expected to be the first layer formed at meia€on interface. Since,
the diffusion of Mo is higher than the diffusion @ at a given temperature; Mo would
diffuse outwardly rather than W to enhance coaimghe silicide-Si interface. This is
important to mention here that, in the absence of\ttie alloy, the role of outward diffusion
of Mo in coating formation could not have been im=al. The prediction of formation of
(Mo,W)sSiz at the first instance is also corroborated throtighthermodynamic data. Since
Mo is the major constituent, thermodynamic dataMmiybdenum silicides should be well
applicable for (Mo, W)-silicides as well. All theseactions shown through equation—(1) to
(4) are feasible for Mo and can take place spotasig. However, the generation of b

is the easiest, with the lowest Gibbs energy chahgen in Fig. 4.20 [42].
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Fig. 4.20: Gibbs energy change Vs temperaturegaction 1-4

4.5 Hardness studies

Fig. 4.21 shows the plot of micro—hardness as atifmm of the distance across interface for
the sample coated at 1300. The Vickers micro—hardness values of the (Mo, @/pBase
found to be 1250 + 30 Hv for both the samples, althie hardness value for (Mo, ¥8);
phase ranged between 726 + 20 Hv. Fig. 4.22 shiogvprfiles of Vicker’s indentations at a
load of 25gm, which shows the variation of indeptatsize at coating and substrate. It is
clear that the diagonals of indentations at sutesaee longer than the diagonal of indentation
at coating, yielding lower hardness at the same.loa
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Fig. 4.21 Plot of micro—hardness as a functionisfashce across interface for the sample
coated at 1573K

Fig. 4.22 Profiles of Vicker’s indentations at swat and coating

4.6 Friction and Wear Behavior

The frictional behavior of the coated (at 1173K d%¥3K) and uncoated samples were
investigated during reciprocating sliding againstlamina (AbO3) ball (3/8”Dia) at sliding
frequency varied from 10 Hz to 30 Hz, keeping othariables (100 000 cycles, 1 mm
amplitude, and 7 N load) constant. The evolutioradfficient of friction (COF) against the
sliding distance for all three samples are showrFig. 4.23, while Fig. 4.24 presents
variation of average COF with sliding frequencygRlar fluctuations in frictional curve of
Mo-W alloy were observed, which are more prominenting initial sliding. Such
fluctuations in COF can be attributed to the wedrrideformation and stick slip behavior
during sliding. For MoSicoated samples frictional curve are much staldeating smooth
sliding. However average COF in both the coatedpsesnwere in narrow range of 0.47—

0.42. As sliding frequency is increased this baad further narrowed. General tendency of
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reduction in average COF with increased slidingjdency was noted in all the samples.
Single layered coating has shown reduced frictioeffecient as compared to double layered
coating. It is generally realized that relative motof ceramic/ceramic wear debris can
reduce friction by accommodating sliding and absaybthe deformation energy. Such

contact also leads to lower real contact area agpaced to ceramic/metal contacts.
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A typical 3D depth profile of the wear scar of Mo—allloy is presented in Fig. 4.25.
Variation of wear rate of alumina ball and flat gdenwith change in sliding frequency are
presented in Fig. 4.26(a) and Fig. 4.26(b) respelsti It can be noted that the wear rate of
the uncoated Mo-W alloy is significantly higheradit sliding speed as compared to coated
samples. It was also observed that the wear ratenobated Mo—W alloy reduced with
increase of sliding speed, whereas the wear ratated samples increased with sliding
speed. The wear rates of both the coated samples feand almost equal at all test

conditions.

X % X=1618mm
= Y = 0.9585 mm
Z=2375pm

Fig. 4.25 Typical 3D profile of wear scar
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In order to understand the wear mechanisms, thegtaphical observations of the worn
surfaces were made using SEM (Fig. 4.27a to 151Q).4-27 (a) indicates microcracks and
large region of spalling along the sliding direation un—coated Mo—-W alloy sample. The
wear debris particles were located around the wgear, and some amount of compacted
debris could be found on the worn surface. Reptatea worn surfaces of the coated
samples show mild abrasive grooves (Fig. 4.27 fbl) Eig. 4.27 (c)). The presence of crack
networks and mild abrasion is noticeable on thenvgurface shown in Fig. 4.27 (b). There

was no evidence of any transfer of material fromdbunter body to the samples.

Fig. 4.27 SEM images of the worn surfaces (a) utecb®o—W alloy (b) Mo—W alloy
coated at 1173K (c) Mo—W alloy coated at 1573K
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Sample coated at 1573K shows less surface cracllssarface de—lamination as
compared to sample coated at 1173K. Apart fromkcragtwork, SEM image of sample
coated at 1573K also indicates material pullouhglthe sliding direction. Therefore, coated
sample having a double layer (coated at 1573K)aesensrack resistant and less prone to de—
lamination as compared to single layer coated saunjlere were no evidences found for de—
lamination between inner and outer layer, when éxadhthe cross sections of the coated
samples. Fig. 28a and 28b shows the cross sedtithre @oated sample after wear test. The
double layer coated sample clearly shows the rblth® inner layer in resisting cracking
propagation. On the other hand, crack propagatedipded to the substrate in case of single
layered coated sample. The (Moag®8f} inner layer contains more metallic concentration
[Mo and W] (as compared to (Mo,W)pi and therefore expected to have better fracture
resistance in comparison to (Mo,W)Si

Besides, the coated sample having a double lseexpected to be less prone to
delamination during thermal cycling because of mimation of mismatch of co—efficient of
thermal expansion of substrate and coatings. THestress resulting from the mismatch in
co—efficient of thermal expansion (CTE) between dbating and substrate can cause cracks
in the coating, if they reach or exceed a critiadle (the strength of silicides).

Crack propagated
to substrate

S5um

Fig. 4.28a and 4.28b Cross section of the coateghlsaafter wear test

4.7 Oxidation test

Cyclic oxidation tests were carried out for coasathples at 1273K in flowing air for 50h.
The samples were kept for 10 h at each cycle. TWwaeno chipping or peeling—off of the
coating material from the coated surface at the anithe heating cycle. Maximum weight
gain (4x10° kg/nf) was observed for the sample which was coatedl@BK using 2.5%

activator, suggesting the excellent protectivernésbe coating against oxidation.
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4.8 Summary

1.

Sintering kinetics of sub micron sized Mo-30 wt.%allby powder prepared through
mechanical alloying was studied by both, constatd of heating (CRH) and stepwise
isothermal dilatometry (SID) technique.

Sintering in this alloy occurs through two dominamechanisms with average
activation energies of 230 and 480 kJ/ mole cooedmg to grain boundary
diffusion and lattice diffusion, respectively. Thesults are found to be consistent
with the microstructural evaluation as studied EpSanalysis.

Furthermore, the diffusivities calculated in thisudy agree well with previous
reported values by high temperature tracer detextioins.

To protect the Mo-30W alloy under oxidizing atmosp) silicide based oxidation
resistant coating were formed. Double layer coatingsisting of (Mo,WgSi; and
(Mo,W)Si, was formed at coating temperature of 1573K, wieesaagle layer coating
consisting of (Mo,W)Siwas formed at coating temperature below 1573K.

The hardness values of the (Mo,W)Bhase ranged between 1250 + 30 Hv for both
the samples coated at W and 1306C, while the hardness value for (Mo, 38
phase ranged between 726 + 20H\v.

The wear rate of un-coated Mo-W alloy is signifittg higher at all sliding speed as
compared to (Mo, W)gicoated samples. Although wear rate of both coséeaples
is almost equal at all test conditions, double lay@ating formed at 130 showed
improved crack resistance.

Double layered coated alloy showed excellent oldatresistant under cyclic
oxidation test at 1273K for 50h.
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Chapter—5

(Preparation of Mo—Cr—Si composite alloy and

development of oxidation resistant coatings)
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5.1 Introduction

Design of high temperature material having propsrsuch as high temperature oxidation
resistance, strength, creep resistance on onedrahtbom temperature facture toughness on
the other is a challenging task in material scieMaximum operating temperature capability
of superalloys has risen significantly, but evelyuafaces melting point limitation of major
alloying element e.g. Co, Ni. The next choice fsa&ory metals and alloys, because of their
high melting points and their high temperature rgjte. The major barrier to the use of
molybdenum based alloys for high—temperature agfidios is their catastrophic behaviour
under oxidizing environments. The oxidation problemrefractory metals falls into two
different categories. The first category considtdlb and Ta which have very high oxygen
solubility. Due to its high solubility of & internal oxidation occurs at low,(pressure
without the formation of an external scale and affg room temperature ductility and
increase in strength. The second category incldvieand W that have relatively low oxygen
solubility but form volatile oxides at high temptne. Therefore, choice for selection of
refractory metals and alloys should be based orofigFating environment especially with
respect to partial pressure of.daking into the design consideration of densatyong the
refractory metals, Nb followed by Mo are suitabdendidates for structural applications from
the above mentioned categories. The volatility afQdl represents a significant degradation
mechanism, but it is not as insidious as the oxygabrittlement problem exhibited by Nb
based alloys at low partial pressure of oxygen.

To improve the alloy oxidation resistance, addgioof Al, Si, Cr or their
combinations are required because they form stabtk protective oxide scales —,8k,
SiO,, or CrO;3 respectively. Alloying with Cr, Al, Si has not beeery successful because of
the need for a high level of addition of alloyinigraents to form external protective scale
that allow brittle intermetallic phase such as ahides and silicides to form. However,
recent success with multiphase system, especiaby3%-B alloy, has paved the path for the
future research in this direction. The multiphapproach has led to the study of the systems
that provide a high level of freedom in selectirggnpositions of the constituent phases in
order to obtain a more favorable balance of highpterature strength, creep, good oxidation
resistance and at the same time damage tolerailitg phrticularly at lower temperatures.
This class of alloys are also known as refractogtamnintermetallic composite (RMIC). In
this category, Mo—Si—B alloy system has been studiensively, in which the more ductile
Moss phase is reinforced with M8i (A15) and M@SiB, (T2) phases [1-17]. Efforts have
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also been made to enhance further the room temyperdtictility, fracture toughness [18],
phase stability [19] and high temperature oxidatiesistance [20, 21] of these materials with
alloying additions of Ti, Zr, Al, Ce, Hf etc. Mukphase structure gives the extra degree of
freedom of variation for achieving desired propestiFor Mo, Si is the most important
alloying element which results in various combioatbf desirable multiphase system. Less
than 10 wt % of Si concentration in Mo, form a tywbase structure of Mo +M8i. The
concentration of Si needed for establishment oél&-lsealing and protective layer, can be
reduced significantly by the addition of a thir@mlent such as Cr. Cr forms a solid solution
with Mo and increases the oxidation resistance.[&2], Mo—Cr-Si ternary alloy system
emerged as a promising candidate possessing gooperges for high temperature
applications [23]. However, a very little informati is available in the literature on the
processing and the properties of Mo—Cr-Si alloys.

Once the alloying elements are selected, thenseaoknown design parameter is
alloy composition. The ratios of the volume ratfatlze two constitutive phases (Matrix Mo
and silicides) change according to alloy composgjowhich are the deciding factor for
oxidation resistance and fracture toughness oélllogs. Hence, it is not possible to choose a
single alloy composition that exhibits both gooddation resistances at high temperature as
well as fracture toughness at room temperaturereftwe, optimization of the composition is
necessary for achieving targeted properties. Bagetthe experience of Mo—Si—B alloys, the
consensus is that about 30% of volume ratio of s@ghase is required for adequate room
temperature fracture toughness along with high &Fatpre oxidation resistance of the
RMICs. Therefore, the composition of the Mo—16Cri~48s chosen from the ternary phase
diagram which has 30% of volume percentagedog.5.1 shows the phase diagram of Mo—
Si and ternary Mo—Cr-Si.
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Fig. 5.1: Phase diagram of Mo—Si and Mo—Cr-Si syste

The RMICs are synthesized using both the in—sitth e ex—situ processes. The
materials produced by the in—situ method show soipeharacteristics; for instance, better
adhesion between the intermetallic phase and thexmzhase, formation of more stable
intermetallic phase, improved fatigue and creepstasce, uniform size distribution of the
dispersed phase particles etc. [24]. The evolubibthe microstructure, which consists of a
matrix and the reinforced precipitates, dependsctly on the processing route used for
synthesis of the in—situ composite. Several pracgsgechniques, which include spark
plasma sintering [25], self-propagating high—terapge synthesis [26], hot isostatic
pressing [27, 28], arc—melting [29] etc. have bseocessfully used to prepare the silicide—
based composites.

Arc melting and powder metallurgy routes are thevemtional techniques adopted to
synthesize molybdenum based multiphase alloys. Meryat is difficult to achieve good
consolidation with homogeneity in alloy compositibp arc melting technique due to high
melting temperatures of alloying components. Seffppgating high temperature synthesis
(SHS) route has also been used frequently for ymehesis of different intermetallics (
MosSi3, MoSk) but mixtures of Mo and Si powders in the progmrtcorresponding to M&i
(~9 wt % Si) could not be ignited for SHS reacttonproceed, even after preheating the
charge [30]. Another alternative self sustainingitegsis route for synthesis of high
temperature material is “Co-reduction synthesise'balso known as ‘Thermite smelting’. In
this process, metal oxides are co—-reduced simultesiye by a reductant which could be
anyone or a combination of Al, Si, Ca, B, Mg etnd dahe reactions which when triggered
goes to completion because of their own exothermeiat [31-33]. Thermite process has
many distinct advantages over other melting prasessich as relatively high proportion of

metallic products, low processing cost, fast pregase, high energy may or may not require
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external heating from high—temperature furnaceilfiety of batch size etc. Therefore, an
attractive and affordable alternative can be predily thermit smelting as compared to the
conventional methods for producing ceramic compss#énd intermetallic compounds. The
essential feature of “Co—reduction synthesis rolik SHS process is a single step process
and the heat required to drive the chemical readicsupplied from the reacting constituents
themselves. Once ignited, extremely high tempeeat(adiabatic temperature) can be
achieved due to the highly exothermic reaction @eding in a short time. This technique has
been successfully utilized for making commerciaiyportant molybdenum based alloys such
as TZM and TZC [32-33].

Hot pressing is another possible route to syntkesimposites in—situ [34]. It utilizes
high—pressure, and low—strain—rate for forming &ger compact at a temperature high
enough to induce sintering and creep processes.

Since the ratio of volume ratio of the two congivwe phases (M@ and silicide) is the
deciding factor for the oxidation resistance and fitacture toughness of these alloys. No
alloy composition would have good oxidation resis@at high temperature as well as good
fracture toughness at room temperature. One apptoaaullify the oxidation response of the
different alloy compositions is through the apgiica of coating [35, 36]. Pack cementation
is a widely used in—situ coating technique, whicbdoces uniform and adherent coatings
even on complex shaped structures. The substratétha coating layers formed by this
method are compatible with respect to adhesiomptakeexpansion etc. due to the formation
of the in situ metallurgical bond [37-40].

This chapter covers the different aspects of swmhef Mo—16Cr-4Si alloy by
reaction hot pressing and co—reduction smeltingprtiggie using Si as reductant. Further
study has been extended to examine the effectrgingaconcentrations of different alloying
additions on the key properties such as oxidatiesistance and the room temperature
fracture toughness. Detailed characterization etidvith respect to evolution of
microstructure, fractography and oxidation behawiave also been carried out. Evolution of
phases, microstructures after hot pressing ancbthermic reaction were studied by means
of XRD, SEM and EDS. Besides, MgeS3iased coatings were developed over the optimized
alloy substrate, using the halide activated packesgation technique. Oxidation behaviour

of the alloys was studied with and without the potive coatings.
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5.2 Studies on hot pressing

Fig.5.2 (a) shows the relationship between hot singstemperature and relative
density of the sintered Mo-16Cr-4Si alloy, for anstant sintering time of 3h. The
theoretical density of the alloy was calculatedngshe classical rule of mixture [41] to yield
a value of ~8470 kg/fn During the hot pressing at 10 MPa load, initiaihe density of
sample increases quickly, with increasing hot pngseemperature. Later on, above 1800K,
the density increases slowly, indicating a probatfi@nge in the sintering mechanism.
Similarly, Fig.5.2 (b) shows the variation of réat density with respect to time at 1873K.

There is no significant increase in density aftér& sintering time.
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Fig. 5.2 (a): Plot of sintered density vs tempa®tfor fixed sintering time of 3h.
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Fig. 5.2 (b) The plot of sintered density vs timd 873K
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Spectrum 3

Fig.5.3: SEM images of hot pressed Mo-16Cr-4Siyallsintered at 1873K and 10MPa load
and the corresponding EDS sepctrum
Fig.5.3 shows BSE image of Mo-16Cr-4Si alloy, sideat 1873K and 10 MPa

pressure and corresponding EDS spectrum. The nigobgre of as sintered alloy consisted

of two different contrast regions, namely white addrk due to different chemical
compositions in these regions. The quantitativeroaicalysis in those regions was carried
out by EDS for evaluating compositional variatidine detailed chemical compositions of
these phases are shown in Table-5.1.

Table-5.1: Average compositions of the differerdg@s of the alloy

Phase Mo wt.% Cr wt.% Si wt.%
A 83.37 14.98 1.29
B 76.37 14.65 8.98

From the composition, it is seen that the firstgghgphase—A) appearing light (white)
is made up of a solid solution phase, basicallimofand Cr with small amount of Si. The
concentration of Si in the second (phase—B, appgalark) is 25 at.%, which indicates that
the phase B is basically M®i type intermetallic phase, which was also condidnby the
XRD analysis. The XRD pattern of the sintered ali®yshown in the inset of Fig.5.5. The
XRD result confirms the presence of peaks corredipgnto elemental molybdenum and
MosSi. The slight shift of the Mo and M8i peaks are observed because of the lattice
distortion caused by the formation of a solid solutof Mo with Cr and Si. The peaks

corresponding to elemental Cr or Si (or their coomuts) are not present.

112



Fig.5.4 shows the BSE images of the alloys sintettei673K, 1773K and 1873K,
revealing the growth of the second phase and Bigows the influence of the hot pressing
temperature on the average size of the silicids@ljphase—B), showing a sigmoidal growth
behavior. When the temperature is lower than 17%BK,silicide phase grows slowly, and
thereafter, it grows rapidly and then graduallyilumtfinally reaches a constant size. The
phase ratios (volume percentage) of the two canistt phases were calculated using the
ternary phase diagram of Mo—Cr-Si [23]. The volupercentage of phase—A was also
determined using image analysis software as wethasually by intercept method, with the
microstructures taken at different locations anddidfierent magnifications. The average
volume percentage of phase—A has been found teduma 28% for the sample hot pressed
at 1873K, which is consistent with the value presticby the ternary phase diagram of Mo—
Cr-Si.

Avg. size of silicide phase (um)

1573 1623 1673 1723 1773 1823 1873
Temperature (K)

Fig.5.5: Plot of growth of silicide phase with timaset shows the XRD pattern of sintered

alloy hot pressed at 1873K
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Phase ratio (volume percentage) was calculated é&gnm of the Lever rule utilizing the
ternary phase diagram. The volume percentage ofithoareas (phase A) of the alloy was
also determined by using image analysis softwareedsas manually by intercept method
with microstructure taken at different location aaddifferent magnification. The volume
percentage of phase A was found out to be 28%,hikiconsistent with the phase diagram.
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5.3 Studies on Silicothermic co—reduction
Numbers of thermite smelting experiments were cotetlion 100g alloy scale with an aim
to achieve targeted alloy composition with excelldag—metal separation and higher yield.
The basic thermite charge was composed of oxidernrédiates of Mo&) CrO; and
reductant Si taken in their appropriate ratio tepare a molybdenum based alloy of
composition, Mo-16Cr-4Si (wt.%). The results of thmelting campaign have been
summarized in Table-5.2.

Table-5.2: Results of silicothermy co—reduction exgiments

Exp no. Charge composition Alloy composition Remark
@) (Wt%)

MoO, Cr,O; Si CaO KCIQ Al X Q Y Mo Cr Si
(wt%) (kcal/kg)(wt%)

1. 10vr 233 35 00 23 1W.0 566 75 80.23 1410 5.67 B
2. 107 233 37 50 25 1150 560 78 80.22 13.98 5.80 A-B
3. 10 233 37 50 30 13 530 85 80.12 1391 5.98 A
4. 100 240 35 50 25 11 230 70 80.15 1450 5.35 B
5. 100 240 33 100 30 130 0572 76 80.15 1490 4.95 A-B
6. 100 25.0 30 100 36 160 0595 85 80.18 15.70 4.12 A
7. 100 250 28 10.0 36 160 0580 80 80.20 1590 3.90 A

X— Excess Silicon taken over stoichiometric amount
Q- Specific heat of the charge
Y- Alloy yield, A— Good slag metal separation, Beor slag metal separation

In the context of thermite smelting, it is appregpei to mention here that the specific
heat of the overall charge is critical to acconipliee smelting operation with good slag
metal separation, as heat evolved from the chemeeaitions of the reactants is utilized for
melting as well as consolidation. Hence, the verst fstep in the feasibility of thermite
semelting should be thermodynamic calculation feathof the reaction and adiabatic
temperature rise. From thermodynamic point of vieambination of fairly large negative
value of free energy and enthalpy changks @nd4H") are desirable for a chemical reaction

to proceed autogenously. In this connection, themsbal reactions involved in the present
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thermite smelting campaign and the correspondieghibdynamic data are indicated below
for their thermal consideration.

MoO; + Si = Mo + SiQ; AH® = =77 kcal/molAG® = —91.2 kcal/mol (5.1)
2Cr0O; + 3Si = 4Cr +3Si9  4H®=-112.6 kcal/molAG® = —122.2 kcal/mol (5.2)

It is evident from the above thermodynamic datat theth the reactions are
thermodynamically favourable. In a metallothermiceduction smelting, the chemical
reaction, in order to proceed autogenously witlciefit slag—metal separation and higher
alloy yield, a large amount of thermal energy iuieed equivalent to 600—1000 kcal-kgs
predicted by Hall and Dautzenberg [42—44]. In thespnt case, combined specific thermal
energy of the above reactions was found to be ar&00 kcal kg, that falls short from the
recommended range. Hence heat booster in the foarcbhemical mixture of KClgand Al
in the ratio of 2:1 by weight was added to the gkao improve the thermal yield of overall
charge. Heat booster acted as per the followingticea

KCIO3 + 2Al = KCI + Al,Os (5.3)
An enormous amount of heat (specific heat = 17HIskikg) was yielded by this reaction and
proving to be an ideal choice as heat booster amtimgr such as (NaN©I, etc).The basic
aim of adding heat booster is to raise the adialiathperature () of the overall reaction.
Thus the amount of heat booster to be added islelédiyT,q which is calculated by the

following thermodynamic equation:

DH g5 =D 1 (BH), (5.4)
Tm TB Tad

AH = [C,dT+AH, + [C,dT+AH, + [C,dT (5.5)
298 T Ta

whereAH,gg is the heat of reaction of the system atk98H andn; are the molar heat of
products formation and the mole coefficient of prod; Cps, Cy and Cy, are the heat
capacities of solid, liquid and gaseous state oflpcts;Tm andAH,, the melting point and
heat of melting of productgjs and4Hg the boiling point and heat of boiling. The calcath
Tag for the thermite experiment without heat boostas\iound to be below 1273K which
was insufficient for effective slag— metal sepamatand satisfactory yield. During thermite
smelting for obtaining excellent slag metal separatany two of following approach can be
adopted:
(a) Increase of the specific heat of the reactantsssto achieve highef,q to such an
extent so that both metal/alloy (matrix) and slagltmwith superheat of at least of
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373K above the melting temperature. In this ligstiate, due to the density difference
of metal and oxides (oxides being lighter float oweetallic phase) excellent slag
metal separation is achieved.

(b) Fluidity of the slag phase should be increasedhao ltetter separation of metal and
slag is accomplished within a very short spanmétin molten condition, as the time
for whole mass to remain in liquid state is venprs.

In the present case, thigy of the present batch size was raised2673K by the addition
of 25 g KCIQ along with required amount of Al, which is well at@othe melting
temperature of both alloy and slag, $i@he thermodynamic data used in the calculation of
Tagare given in Table-5.3 [45].

Table-5.3: Thermodynamic data used to calculate adbatic temperature rise

Element/Compound  Sp. Heat capacity, Heat of Fusion, H;, Melting Point

Cp (kJ/kg/K) (kd/mole) (K)
Mo 0.25 37.48 2617
Cr 0.46 21 1857
Si 0.70 50.2 1410
SiIO, 0.73 9.6 1728
Al>,03 0.88 25.5 2040
KCI 0.69 26.53 772
Al 0.90 10.7 660

It is worth mentioning here that, apart from thethevolved from the main reduction
reactions, other small exothermic reactions forftrenation of molybdenum and chromium
silicides further added heat to the total spedigat of the reaction. It is not known which
silicides form and in what proportion, hence, fog sake of computingsg, it is assumed that
the entire Si was consumed in the reduction proaedsn the formation of M&i phase.

In the present reduction smelting campaign,,$$Qhe main slag phase having a high
melting temperature of 1923K. For utilizing secapgproach for better slag metal separation,
CaO (lime) was added to the reactants to form anwmsiting slag phase with SjOlt is
evident from the binary phase diagram of S86d CaO as shown in Fig.5.6, that a number of
compounds are formed with the combination of Sa@d CaO at different temperature and

composition. However, the slag phase correspontbnthe composition 2CaO. Sithas
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lower melting temperature of 1673K. Hence, CaO wdded accordingly to achieve the

above slag composition.
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Fig.5.6 The phase diagram of CaO—5iO
The alloy yield of 75% was achieved in the firspexment as per the Table-I using
only stoichiometric amount of MoQOCrO3; and reductant Si. It is clearly visible in the Fi
5.7 that the traces of slag particles are embedud¢de metal matrix indicating poor slag—

metal separation.

"“":‘E_“?..M_ 4
¥

Fig.5.7 SEM image showing (a) Poor (b) Excelleagshetal separation
This is because of inadequate specific heat ofg¢eting mass thus resulting in lower
Tag. In metallothermy, it is customary to use excessluctant in the charge over
stoichiometric amount to increase the yield of fheduct by leading the reaction to
completion [32—-33]. Therefore in the second expentm(Table-5.2), 5% excess Si over

stoichimetric amount, 5g CaO were added along tiéhdesired amount of heat booster to
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keep the specific heat in the desired range. Aljhatlne yield increased marginally but the
corresponding slag metal separation has been fooirise only good. It was noticed in
experiment No.3 onwards, that further increasehen lieat booster in the charge improved
overall specific heat and thus resulted in sigaificincrease in the alloy yield with excellent
slag—metal separation. The alloy composition cpoading to the stoichiometric amount of
reactant with heat booster and CaO was evaluatedhéyical analysis and the composition
was found to be 80.12 Mo-13.91Cr-5.98Si (wt.%) weébpect to the target composition of
80 Mo-16Cr—4Si (wt.%). Immediate formation of malgmum and chromium silicides
during smelting using free Si which is to be usedeamuctant, the Si content was found to be
more in the synthesized alloy than the target amotin get the desired composition further
experiments were required. In the next set of erparts MoQ (|), CrOs (1), CaO, Si and
heat booster were added in required quantity. Kirzed alloy composition 80 Mo—-16Cr—4Si
was achieved with more than 80% vyield and excelidsg metal separation. A clear slag—
metal demarcation and their regions of occupane\ckrarly illustrated by the SEM image as
shown in Fig.5.7b. It is appropriate to mentionehtrat the final product is obtained without
having any traces of Al. Al was added in the stmigketric quantity as per reaction given in
eguation-5.3, which is highly thermodynamicallydeable. Hence Al has very little chance
to join the alloy phase. KCI is volatile which vajpes at Tyg whereas there is strong
tendency of AIO; to form a low melting phase with SiO

The charge composition taken in experiment no.— separately heated in TG—-DTA
as well as in a resistance heating furnace to materthe temperature required to trigger the
exothermic reactions. The charge (composition a&xm no. —1 in Table-5.2) was placed in
an alumina crucible and heated up to 1773K witheating rate of 1&/min. At 673K the
reaction ignited and in the short span, reactiontvigo completion. In contrast the mixture
of stoichiometric amount of MoQCrO3 and Si, in absence of heat booster needed 1673K to
trigger the reaction. Fig.5.8 shows the DTA/TG gtotabove reactant mixture, which shows
a large exothermic peak at 1673K. As the meltinmtpof Si is 1683K, which indicate that
the triggering temperature may have coincided withmelting of Si. Inset of Fig.5.8 shows
the DTA plot during cooling, which is almost flabrcoborating the fact that the exothermic
peak is due to non reversible reaction only, whmey be either reduction of Me®@r CrO;

by Si as reductant.
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Fig.5.8 DTA/TG plot for mixture of Mog Cr,O3 and Si, showing the sharp peak near the
melting temperature of Si is due to triggeringeduction reactions. Inset of Fig shows the
DTA plot during cooling
As the free energy valuaG°is73is —172.8 kcal/mole and —73.5 kcal/mole fop@zr
and MoQ respectively, GIOs is more stable than MgOThus the reaction Mo Si = Mo
+ SIO, (reaction—1) is the first to get triggered theacteon 2CsO; + 3Si = 4Cr + 3Si9
(reaction—2). Thereafter remaining Si melt is expécto react with Mo to give Mo$i
Fig.5.8 also shows the TG plot which reveals thatd is no mass loss during the reaction
which is expected, since there is no volatile sgea the reaction involved as the TG-DTA
experiment was done under inert atmoshphere usgigpgure He gas. Although above co—
reduction reactions (given in equation— 5.1 & @®) thermodynamically favorable but the
activation energies are very high. A high tempertis therefore required to trigger the
reaction. Once ignited the reaction proceeds toptetion in a very short span of time as the
kinetics at that temperature is expected to be Vasy. From thermodynamic calculation
using equation—4 and 5, thieq of reaction given in equation-5.3 (KGG3 Al = KCI +
Al,O3) reaches about 1773K with charge composition @sngin experiment no.—6 in Table—
5.2. Thus reaction shown in equation-5.3 is thst fio take place which then raises the
temperature of charge to desired temperature ¢ggerithe next reaction i.e. reduction of

MoO, and then GOs in series the same sequence.
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5.3.1Kinetcs of silicothermic reduction

As the major constituent of these alloys are Merdfore the thermodynamic and
kinetics study on the feasibility of reduction ofolypdenum oxides by Si is utmost
important. In the present study, the thermodynaasipects of reduction of molybdenum
oxide to molybdenum by metallothermy process haenlbdescribed. The overall chemical
reaction involved in the silicothermy reduction kwitorresponding free energy and enthalpy

data arendicated below.
MoO, + Si = Mo + SiIQ (5.6)
AHozgg =-3234 kJ/mOMGozgs = -320.3kJ/mol

It is evident from the above thermodynamic datat tha reaction (5.6) is
thermodynamically favourable and exothermic in ratuThe reduction process was
investigated by DTA to determine the reductioniatibn temperature and mechanism of
silicothermic reduction.

Commercially available Mo@(purity >99.9%, mesh size #300) and Si (99.5%tpuri
average particle size~10um) were used as startatgrials. Thermogravimetric studies for
investigating reduction process were conducted gudiG—DTA equipment. The charge
mixture consisting of Mo@and reductant Si (10% by wt. excess Si over stombiric
amount) were thoroughly mixed and about 30 mg ehtked powder were heated up to 1600
°C with different heating rates of 8, 12, 15 andKZfin in pure Ar atmosphere. Excess
reductant (Si) was added to accomplish completaatezh of MoQ by compensating any
loss of reductant (Si) due to its oxidation or vialaion. Helium was used as carrier gas and
argon was used as protective gas for the furnaamber. The chamber was evacuated up to
10 mbar after charging the sample followed by fillimg with required carrier gas. Charge
components for silicothermic reduction experimem&e used as loose powder moderately
packed as well as in the pellet forms for condggcsiicothermic reduction experiments. The
pellets were prepared by hydraulic pressing usingressure of 100 MPa. As-reduced
products were characterized for their phases ahr@mperature by powder XRD, SEM and
EDS.

Fig. 5.9 indicates TG—DTA plot showing resultsredfluction reaction between MgO

and Si carried out in inert atmosphere at a heatitegof 15 K/min.
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Fig.5.9 Typical TG—DTA plot of reduction of Moy Si taken in powder form. Inset shows
a typical TG—DTA plot of reduction of Mofby Si taken in the pellet form

The plot exhibits two peaks, one exothermic pead @ther endothermic peak. The
endothermic peak was formed as a result of metiingn—reacted Si, while formation of an
exothermic peak at 1603K can be attributed to #ueiction reaction between Me@nd Si.

It is reported in the literature that any metaleothic kind of reduction, either
aluminothermic or silicothermic or any other typer@edox reaction, is usually triggered by
the exothermic heat made available by oxidatioexafess metal/reductant (Si, Al etc). It is
also demonstrated by Sarangi et. al.[46] that raxtien took place for aluminothermic
reduction in absence of,Qor in argon atmosphere. It was because of absehdeat
available by lack of oxidation of reductant (Sihieh essentially needs,O However, the
reduction of MoQ@ to Mo by Si in inert atmosphere was confirmed bRDX shown in
Fig.5.10. The XRD plot shows Sj@s the slag phase and Mo as the metallic phagé&. FL
shows the back scattered SEM image and corresppied analysis of the product after
reduction which reveals basically oxygen rich regislag phase) and oxygen depleted region
(metal phase). Thus, the exothermic peak in theSFgappears due to the reduction of
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MoOs,. Since the reduction experiments were carried ouhént atmosphere, exchange of
oxygen atoms from the contact points of Madd Si particles is the only way for oxidation

of Si, which can promote the next reactions.

* +Si0,
o MoO2
v Al
& * Mo
* B Mo Si
S 5

| "Nww

Pellet form

Relative Intensity

Powder form
T 'I T ‘I T T l T r T l T '| T 'l T 'l T T [ T 'l T l T

30 35 40 45 50 55 60 65 70 75 80 85 90 95100
20

Fig.5.10 XRD of the product after reduction of g&)letized reactant and (b) powder reactant
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Fig.5.11 Back scattered SEM image and the EDS sisaby the product after reduction
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Corresponding TG plot (Fig.5.9) demonstrates atisoaus weight loss during
reduction indicating formation of some gaseous ehashe only possible gaseous phase in
this system could be the formation of volatile ghad SiO (Silicon mono—oxide) as per
chemical equation (5.7) and (5.8) and due to itetization, the cumulative weight loss
would be around 28%. By analyzing the TG plot ihagiced that the weight loss incurred is
about 20%, which substantiates the fact of fornmaid SiO at contact points between
particles. The balance weight loss equivalent to &#b be attributed to the fact that some
fraction of SIO formed is apparently used in reducand balanced fraction of SiO vaporized
to yield 20% weight loss during TG experiments. Jhie reduction goes into completion
following a series of steps instead of single eiguats shown in equation—(5.9) and the
probable mechanism of reduction can be understoodollowing set of equations as

mentioned below.

MoQO; + XSi — MoO, + XSIO (5.7)
MoO,_+(2—x)Si— Mo+ (2—x)SiO (5.8)
MoO, + 2Si0— Mo+ 2SI (5.9)

All the above reactions are thermodynamically fielasat 1533K as the free energy changes
are negative. The free energy values used in ticalations are tabulated in Table-5.4.

Table-5.4:Thermodyanamic data for the different compounds (Wlere j=4.185)

Compound AG® (J/mole) Temperature range (K)
MO, —138,547.43j+40.622]T [48] 925-1533
MoO, 140500j+4.6jTlogT-56.8jT [47] 298-1533
Sio, — 216817j + 56.07]T—4.37jTlogT [47] 700-1700
Sio — 101592j + 22.43) T-2.69jT logT [49] 298-1685
Sio —25806.45j—19.02T [50] 298-1685

The role of gaseous phase in the process of reduaias corroborated by the fact
that there was only partial reduction when the ta#amixtures were pelletized. Inset of Fig.
5.9 demonstrates the TG-DTA plot showing the resoiitreduction experiments conducted
for a reactant mixture used in the form of pelletaaheating rate of 15K/min in Ar
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atmosphere. The plot shows only a single endotleepeak, which was identified as melting
of un—reacted Si. Although no exothermic peak waseoved, however partial reduction of
MoO; to Mo by Si was confirmed by XRD as shown in FdL0. The XRD plot shows peaks
corresponding to Si§) un—reacted Mo®and M@Si phases. Since the sample quantity used
was very small as compared to the size of the XRihimum sample holder, so the peak of
Al was also detected. Excess reductant (Si) wasdhddentionally as stated earlier, however
Si was not detected in the XRD plot. The excess&y have been consumed during the
formation of solid solution with Mo [51] or formatm of Mo;Si phase in case of loose
powder reactant mixture and reactant mixture irféie of pellet respectively.

Basically present silicothermic reactions haveegas, solid as well as liquid
components involved in the entire redox processvéder, charge mixture used in pellet
form has very limited permeability available as pamed to charge used as loose powder
pack. Therefore, the reduction reaction was onlyfioed at the surface level or at discrete
locations at different time, and could not propagdirough the charge properly making the
reaction very sluggish. This has resulted the @adtep as shown in equation-5.9 to occur
only partially. Therefore, the corresponding shexpthermic peak was not detected. Partial
reduction of MoQ@ to Mo by Si was also confirmed by XRD as showfig. 5.10.

In addition, the exothermicity of the rgBan given in equation-5.6 (along with 10%
excess Si) is sufficient to promote the reactiotogenously, however to compensate the loss
of Si in the form of SiO during reduction proces® had to add additional 10% excess Si.
The excess Si acts as a heat sink and reducepéabiis heat (total exothermic heat per unit
mass) considerably. Therefore, overall reductiornhia case (pellet form) is only partially
successful. However, in case of loose charge pgwhderreaction took place uniformly all
over the surfaces including exterior as well asriot parts. Hence, in this case the reduction
was comparatively much successful.

In the context of metallothermic smelting, itappropriate to mention here that the
specific heat of the overall charge is critical aocomplish the smelting operation. The
specific heat of the charge used in the presenererpntal campaign is about 2071kJ/kg
which is below the recommended range of specifiat healue (2520-4000 kJ/kg) for
reduction reaction along with good slag— metal sstjgn [32—33].

Silicothermic reduction has also been carried ioutir atmosphere, but due to
formation of highly volatile species, M@Qollowed by its rapid volatization, resulted in
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heavy loss of the reactant which limits the expenis to be done in thermo—balance. So,
further studies have not been pursued.

Fig. 5.12 show the TG-DTA plots for reactant mrgesifor the heating rates of 8, 12
and 15 K/min showing reduction temperatures at 15391 and 1603K respectively.
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Fig. 5.12 Exothermic peak locations for reductioMoO- to Mo at different temperatures

and heating rates

Although reduction reaction indicated in equat®®- is thermodynamically
favorable but the activation energy appears to igh Hue to solid state reaction. A high
temperature is therefore required to initiate #aection. Once triggered, the reaction proceeds
to completion in a very short span of time as theetics at that temperature is very fast.
Thus, the prior knowledge of activation energyefpful in such reactions. For the kinetics of

thermally stimulated solid—state reactions, thiofaing formula has been widely accepted:

da _ _Q
ot —Aexp{ R_I_jf(a) (5.10)

wherea is the extent of reaction, t, the time, R, thevarsal gas constant, T, the temperature,
f(a), the kinetic model function, and A and Q are appt pre—exponential factor and

apparent activation energy, respectively.
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In this study, model-free approaches were usekinatic evaluation. Model—-free
methods allow evaluation of the Arrhenius paranseteithout choosing the reaction model
f(a). The widely used approaches for thermally actigtatransformation processes in the
solid state can be investigated by non—isothermpérmments if several measurements with
different heating rates [52] are the isoconverdionethods according to Friedman [53] and
the integral isoconversional method according teskiger [54] and Ozawa [55]. For non—
isothermal analysis at constant heating rate, naetivation energy, Q, can be derived using
Kissinger equation, which depicts the relationdtepveen heating rate and peak temperature
[54, 56-59].

In[T—”zj =i+c (5.11)
B ) RT,

Where,B = heating rate, Jis the peak temperature, Q is the activation gnekgs
pre—exponential factor and c is constant. Fromstbpe of plot In(‘|;2/[3) vs 1/T,, activation
energy can be estimated. In the present work,réifteheating rates (8, 12, 15 and 20 K/min)
were used. The peak position is influenced signitigaby the heating rates. The activation
energy for the reduction of Mgy silicon was derived from the slope of plot sinaw Fig.
5.13.
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Fig. 5.13 Arrhenius Plot for the estimation of aation energy

The value of activation energy was found to be 3@08nkle. On the other hand the

activation energy for reduction of Mg@ Mo by hydrogen has been reported to be 185
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kJ/mole by Majumdar et al. [60] and 98.6 kJ/moleKBnnedy et al. [61]. The activation
energy value for reduction of Moy Si, determined in this study is higher than the
activation energy of reduction of Me@y hydrogen, because in the later case reductant,
hydrogen being in a gaseous phase can easily periteaugh the pores and channels which
facilitate easier reduction unlike the solid stadeluction process such as metallothermy.
Hence higher activation energy would be requiredréduction of oxide powder with metal
powder. The rate controlling step in this case i@ither formation of SiO or its diffusion
through the regime of Mo—oxide particles. The ation energy required for the oxygen
diffusion into the Si substrate is estimated to1B®&kJ/mole [62].However, the activation
energy calculated in the present study [309 kJ/mislanuch higher than the activation
energy required for the oxygen diffusion into the sBbstrate. Thus, the probable rate
controlling step can be predicted as the diffusib8iO in the Mo—oxide particles.
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5.3.2 Composition and Microstructural characterisaton

5.3.2.1Bulk compositional analysis

The bulk quantitative estimations of as reducewels as arc melted alloys were carried out
by the chemical analysis using different analytinathods such as spectrophotometery,
gravimetry and volumetry for different elements.eTthips from different locations of the
alloy button were drilled out and dissolved in aguegia. Analyses of the samples were done
using the dissolved aqua-regia solution and thaages of compositions of different
locations were determined. The results of analgéithe as—reduced alloys obtained under
different experimental conditions are presentedlable-5.1. The final composition and
analysis process of the remelted alloy has beeriatgul in Table-5.5.

Table-5.5: Bulk composition of the alloy and analyis process

Element Wt percentage Analysis process

Mo 80.10 Spectrophotometery, Gravimetry
Cr 15.80 Gravimetry, Volumetry

Si 4.10 Gravimetry, Spectrophotometery
Al Not detected Spectrophotometery

5.3.2.2 Microstructure and Micro compositional anaysis

Backscattered SEM micrographs of (a) as reduced@ncemelted and homogenized alloy
were shown in Fig. 5.14. The microstructure of educed alloy was consisted of three
different contrast regions, namely, grey, white abldck due to different chemical
compositions acquired in those regions. The quetivé microanalysis in those regions was
carried out by EDS for evaluating compositional ia@on with contrast and the
corresponding analysis results were shown in T&bte— The black colored region was
actually formed by Cr rich (Mo,G4$i phase where the average content of Cr was around
18%.
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. Phase B

Phase A

Fig. 5.14SEM image taken in BSE mode of Mo—16Cr-allely (a) As reduced (b) Remelted
and homogenized at 1873K for 10 hour

Table—5.6: Details of microanalysis of alloy at df€rent conditions

Condition Si(wt.%/at.%) Cr (wt.%/at.%) Mo (wt.%/at.%) Volume percentage
As reduced-Phase A 1.89/5.77 8.98/14.78 89.12/79.46 55
As reduced-Phase B 7.96/21.52 8.45/12.34 83.59166.1 27
As reduced-Black region 7.91/20.15 17.74/24.4 75385 18
Heat treated1600-Phase A 1.24/3.84 8.12/13.74 882512 28
Heat treated1600—Phase B~ 8.25/21.77 11.18/15.95 57/82.28 72
Grey region at Phase A 7.09/19.09 11.57/16.82 43 -
White region at Phase A 0.86/2.68 9.4/15.76 891/8/8 -

On subjecting homogenization treatment, the blagkon was found to disappear indicating
redistribution of Cr uniformly throughout the matriAs compared to as—-reduced alloy, the
microstructure of homogenized alloy was consistédwm phases as revealed by back
scattered SEM image. The first phase (phase—A¢app light (white) was made up of a
solid solution phase basically by Mo and Cr contgjraround 1.8 at% Si. The second phase
(phase—B), appearing dark (grey) was made up of@Nibi intermetallic phase. The XRD
pattern of the remelted alloy obtained under optmexperimental condition has been
indicated in Fig. 5.15. The well defined peaks =Bildted in the XRD plot conformed to
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elemental molybdenum (with shifting of peaks) amel tninor peaks matched with the phases
of MoSiz. A shift of Mo reflection peak towards higher amgfrom 40.5% for pure Mo to
41.77) was observed. This was due to a reduction irldttiee parameter of the alloy which
can be attributed to the atomic radius mismatcmipdietween Mo & Cr and distortion of
the molybdenum lattice by diffusion of Cr in it. &lslight shifting of the Mo peak is due to
the solid solution with Cr and presence of Si witthe Mo rich region. However, peaks

corresponding to elemental Cr, Si and Al (or itepounds) were not observed.
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Fig. 5.15 XRD pattern of remelted and homogenized-MCr—4Si alloy

Elemental mappings of the remelted alloy of contpns 80.18M0-15.70Cr—4.12Si were
depicted in Fig. 5.16. The maps were consistdabeically Si rich area (appearing dark) and
Si depleted area (appearing light). Cr is almosfoumly distributed in the matrix. The
content of Si in the Si rich area was found to Bent % (stoichiometric content of Si in of
MosSi) confirming the XRD result. The content of Si$n depleted area was ~ 1.2 wt. %,
which is basically Mo rich area. The overall Si tsnt in the alloy was 4.12 wt. %. On
further increase in magnification and correspondimigroanalysis, it was seen that within
Phase—A (Mo rich phase), traces of Si rich area® \weesent at random as shown in Fig.
5.17 (a). Qualitative elemental line scan indicatwariation of composition of phase—-A was
shown in Fig— Fig. 5.17(b). Utilizing the ternarigse diagram in Fig. 5.1 (b), phase ratios
(volume percentage) were calculated by means ofether rule. The volume percentage of
Mo rich area was also determined by using imagéysisasoftware as well as manually by
intercept method with microstructure taken at dédfeé location and at different
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magnification. The average volume percentage ofriglo area was found to be around 28%
for remelted and homogenized sample, which is stersi with the ternary phase diagram of
Mo—-Cr-Si. BSE image of alloy and corresponding s$atad image produced by image

analysis software based on difference of contragite microstructure yielded 28% of bright

phase (shown in blue in Fig. 5.18). The phase tatian important parameter in designing
RMIC as the oxidation resistance and creep strergthone hand, and room—-temperature
fracture toughness, on the other, vary in mutuagigosite way on the volume fraction of the

Mo (ss) phase. In this regard several propertyetfid must be considered.

Fig. 5.16 (a) BSE image of homogenized Mo-16Cr-ally and (b), (c) and (d) are the

elemental maps of Mo, Cr and Si respectively
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Fig. 5.17 SEM image taken in BSE mode of remelteabmogenized Mo—16Cr—4Si alloy
showing Si rich areas (black) within phase A, Hgpahows the elemental variation across
the line of phase A qualitatively
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The composite density was calculated using thesidalsrule of mixture to yield a
value of 8390 kg/rh In a separate step the densities were measuceddang to Archimedes
principle and were found to be 8240 and 8350 Rgfon as reduced and remelted cum
homogenized samples respectively. The density ofedsced sample was equivalent to
around 98% of theoretical density, due to presesicpores (about 2%) generated during

synthesis which was also seen in Fig—5a.

g

Fig. 5.18 BSE image of remelted + homogenized M&#18Si alloy (left) and

corresponding simulated image (right) produced mmage analysis software based on
difference of contrast in the microstructure
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5.4 Mechanical Properties
5.4.1 Hardness test

The average values of hardness of phase A and Biéohot pressed Mo—16Cr—4Si
alloy at 3N load are 6800 + 15 MPa and 11300 = 1PaMrespectively. Whereas, the
variation of hardness of silicothermically reduddd—16Cr—4Si alloy with applied load has
been shown in Fig. 5.19. Therefore, the hardnes®ipressed alloy is lower as compared to
the alloy synthesized by silicothermic route. liajgarently because of presence of oxygen
impurity as an interstitial in the product of sdtbermic co—reduction route. It is noteworthy
to mention here that the oxygen content was 0.8n%h @01% for the alloy prepared by
silicothermic and hot pressing route respectivélye oxygen content was reduced to 0.3%
after remelting of reduced alloy, so the hardness,shown in Fig. 5.19. Since the hot
pressing was done under vacuunl@mbar), there is a minimum chance of picking up
oxygen. From the plot (Fig. 5.19) it is seen thatboth cases, hardness decreases with
increasing load. In Fig. 5.19, all the data areHardness of silicide phase. The profiles of
Vicker indentations at a load of 3 N, showing tleiation of indentation size at different
phases were shown in Fig. 5.20. It is clear thagainals of indentations at phase A (solid
solution) is longer than the diagonal of indentatet phase B (silicides), yielding lower

hardness at same load.
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Fig. 5.19 Plot of hardness for as—reduced and aftedirhomogenized alloy as a function of
load
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Fig. 5.20 Profiles of a Vickers indentation at adoof 3 N, showing the variation of
indentation size

This phenomenon is observed also in ceramics46d8]bulk metallic glasses [64]. It
is also seen that above a critical load, some @rgckt the corners takes place. No cracking
at faces have been observed. Cracking acts asipatise mechanism and thus lowers the
value of hardness. For higher loads, above 3 Ngkerare always observed around the
indentations, thus it is the “critical load for cking”. For brittle materials (poor toughness),
this critical load is of importance. Indeed thetiation of a crack is associated with the
creation of a long crack and the failure of theistiure (poor resistance to crack propagation).
The profiles of Vickers indentation at a load oN3long the corners and the faces at both

phases are shown in Fig. 5.21.

Fig. 5.21 Profiles of a Vickers indentation at admf 3 N (a) at Phase A (b) at Phase B

No pile—up is observed around indentation at pl&asehile a clear-500 nm high
pile—up is present along the faces of indentatigphase A. The pile up is due to the plastic
flow of the material, showing the evidence of dutgtiof phase A. The fracture toughness

increases due to the crack arresting capabilifghafse A, which is clearly seen in Fig. 5.21
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(b). Crack intercepts by the primary Mo phasedairnthe catastrophic fracture through the
formation of unbroken ductile—particle ligamentstire crack wake [65-68]. The fracture
toughness of the system can be enhanced by thengeesf the ductile phase; it is either by
crack blunting, branching, deflection or combinati®f these. Crack deflection or branching
alters the loading mode (I to mode II) so crackpagation is hindered resulting in increase in
fracture toughness. Due to the crack hindrance. iglb) and plastic deformation (Fig.
5.21a) of the Mo—phase, together with crack dabBleciand interfacial de—bonding the
toughness of the alloy is expected to enhance.
5.4.2 Room temperature fracture toughness test

The SENB tests for determining fracture toughnesseveconducted in triplicate for
checking the repeatability. The room temperatwrutal strength and the fracture toughness
of the hot pressed Mo-16Cr-4Si alloy determinedédr + 15 MPa and 10.7 + 0.5 MP&™m

respectively.
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Fig. 5.22: Load displacement curve exhibited by ¥8cr—4Si alloy during bending test
The load displacement curve during the test is shiowig 5.22, which indicate some
ductility beyond a strain of 0.032. Fig. 5.23 shathe fracture surfaces of the alloy after
bending tests at room temperature. The predomifraicture mode for the alloy was
transgranular cleavage consisting mainly quasivelga where the fracture facets were not
appeared as well defined planes. This fracture noodesponds to the silicide (Mo, €3)

phase while (Mo,Cg) phase exhibits a significant percentage of interglar fracture.
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Fig. 5.23: SEM image of fractured surface of Mo—&645i alloy after bending test
Fig. 5.23 also shows the presence of micro porésgshnacts as site for blunting the
propagating cracks, adding to enhancement of fradioughness. Application of vacuum
during hot pressing, help in escaping of chemisibdpeeses, oxygen impurity causing further
increase in density during sintering and reduce dbgregation of silica along the grain
boundaries during cooling. In—situ composite of @o-Si, synthesized in this manner is
expected to possess excellent mechanical propeattiesto the elimination of detrimental

silica layer observed with pre—alloyed powders.
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5.5 Oxidation studies

TGA plot for oxidation during continuous heatindldéaved by isothermal holding at 1273K
is given in Fig. 5.24, which shows initial stageoaidation behaviour of the alloy in flowing
air. Initial mass gain is mainly due to the formatof MoG;, Si0,, Cr,O3 and later mass loss
is due to vitalization of Mo@ In the plot, the rate of change of weight losglteto decrease
with time, indicating some resistance offered by #iloy against oxidation. Longer soaking
time is required to reflect the preventive natufealtioy against oxidation. So, Isothermal
studies at different temperatures have been caoti¢dn horizontal furnace in flowing air.
The data of weight change per unit area with tiol#ained during isothermal oxidation at
different temperatures are presented in Fig. 9ta5.seen that initially the rate of change of
mass loss was high but with time the oxidation raéereased substantially due to the
formation of protective Si@and CyOs layer over alloy surface. Formation of %i@nd
Cr,0O3 phases has been confirmed by XRD analysis of ceirdxide layer of the composites
after 50 h, as shown in the inset of Fig. 5.26.sTihdicates that the sample surfaces are
completely oxidized and covered with thick Siénd CsOs only. The EDS analysis of the
oxide scale shows the presence of Si, Cr and Ospaakl these observations corroborate the
XRD analysis.

R

ass Change (mg/mm?)

(M) ednyedociie]

Time (Min.)

Fig. 5.24: TG plot showing the oxidation behaviotithe Mo—-16Cr—4Si alloy sample
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Fig. 5.25 Specific weight gain vs. time plot of M&Cr—4Si—.5Ti alloy at 1073, 1173 and

1273K in air.
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Fig. 5.26: SEM image of the oxidized surface at3K7or 5hr and 50 hr of exposure. Inset
shows the XRD pattern of oxides formed upon oxatativer alloy surface

Upon exposure to air at elevated temperature, atfitbt instance, the surface is
covered with competitive oxide formation of Mo, &rd Si. Simultaneously the oxide of Mo
starts to vaporize from the oxide—gas interfacayiteg behind the porous oxide layer.
Supply of Q from the atmosphere through the flawed outer lagstinues, due to increase
in porosity. This causes inward diffusion of @nd precipitation of small gd; and SiQ
particles behind the oxide scale while the extestale grows and accordingly the metal—
oxide interface recedes. As the reaction proce€d€); and SiQ particles are linked and

agglomerated by lateral growth to form a completel® layer of Cr and Si. Thus, once a
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sufficient quantity of Mo@ has evaporated, the Si and Cr concentration onstinface

becomes high enough to form a protective layerregdiurther oxidation. In the present case,
the morphology of the oxide scale consists of nyaoXides particles. SEM of the surface
after oxidation at 1273K for 5 and 50 h has beas@nted in Fig. 5.26. The surface was
crack free but porous at 5h but with time coagal@agglomeration of oxides takes place,

which try to close the pores with time and makesdkide layer more protective.
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5.6 Effect of varying concentrations of alloying aditions on different properties

5.6.1 Oxidation behaviour

To study the influence of concentrations of Cr &nan the oxidation resistance of the Mo—

Cr-Si alloys, different alloys with varying conceaattons of Cr and Si were prepared by

reactive hot pressing. The alloy compositions aatgressing conditions are tabulated in

Table5.7. TG plots for oxidation of alloy 1 and 9 duriogntinuous heating followed by

isothermal holding at 1273K are shown in Fig. 5@Rjch shows initial stage of oxidation

behaviour of the alloys.

Table-5.7 Different alloy compositions, hot pression conditions, their theoretical and

sintered densities and weight change upon oxidation

Exp. No. Mo Cr Si Hot pressing time Theoretical  Sintered Ko Amg/mnf/sec

(alloy) At 1873K,10MPa  density(g/cc) density(g/cc) (MPa*m“?) (x 10%)
1 80 16 4 300 min 8.49 8.24 10.5 -1.620
2 79 16 5 240 min 8.24 8.03 9.8 -1.220
3 78 16 6 180 min 7.98 7.82 7.4 -1.160
4 76 20 4 270 min 8.35 8.14 8.4 -1.310
5 75 20 5 240 min 8.09 7.92 7.5 -1.398
6 74 20 6 180 min 7.93 7.81 5.5 -0.977
7 72 24 4 270 min 8.19 7.99 8.45 -1.392
8 71 24 5 240 min 8.04 7.87 5.2 -1.022
9 70 24 6 180 min 7.81 7.69 5.0 -0.950
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Fig. 5.27: TG plots showing the oxidation behawaballoy-1 and alloy-9

A common feature of the oxidation behavior of b# alloys is an initial weight gain,
which is mainly due to formation of oxides of Mor @nd Si, followed by mass loss due to
volatilization of MoQ. Once a sufficient amount of M@@vaporates from the surface, Si
and Cr concentration on the surface become highgimto form a protective Sgand CsOs
film. From the plot in Fig. 5.27, it is depictedaththe rate of change of weight loss tends to
decrease with time, indicating some resistancaadféy the alloy against oxidation. Longer
soaking time is required to reflect the preventiature of alloy against oxidation. Therefore,
isothermal studies at different temperatures haenbcarried out in horizontal furnace in
flowing air. The data of weight change per unitaaagainst time, obtained during isothermal
oxidation at 1273K for alloy—1 and alloy-9 is pnetsal in Fig. 5.28.
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Fig. 5.28: Specific weight change vs. time ploalddy—1 and alloy—9 at 1273K in air. Insets
show the SEM images of the oxidized surfaces

It is seen that initially the rate of change ofssdoss is high but with time the
oxidation rate decreases substantially, due tofdhmation of SiQ and CyO3 layer over
alloy surface. Upon exposure of the alloy tpdD elevated temperatures, at the first instance,
the surface is covered with competitive oxide faiiora of Mo, Cr and Si. Above 903K,
MoOs begins to grow over the scale surface at a fagter and growth continues up to 998K
[71]. The vapor pressure of Mg@Oncreases significantly at 998K, and Mg®egins to
vaporize from the oxide—gas interface, leaving behhe porous oxide layer. Supply of O
from the atmosphere through the flawed outer laysttinues due to increase in porosity,
which leads to further oxidation of the substrataterial. The Gibbs free energies of the
formation are —523.5 and —678.3 KJ/molef@ Cr,O3 and SiQ respectively at 1273K. Both
oxides are thermodynamically stable and readilynfby exposure of air or oxygen at higher
temperatures. With time, @3 and SiQ precipitates are linked and agglomerated by latera
growth to form a complete oxide layer of Cr andX3RD pattern of surface oxide layer of
the alloys after 50 h are shown in Fig. 5.29, wHermation of cristobalite phase of Si@nd
Cr,0O3 were confirmed in both the alloys. Therefore tlxéde scale consists of mixture of
SiO, and Cs0s.
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Fig. 5.29: XRD pattern of oxidized surface formgubn oxidation over the surface of alloy-1
and 9

Fig. 5.28 shows weight loss profile during isothalmoxidation at 1273K, for alloys
having different (Mo,Cg volume fraction. The weight loss increases asvtleme fraction
of (Mo, Cr)sincreases. Apart from the change in volume fractb (Mo,Cr)s other factor
such as porosity, relative concentration of Cr 8nch outer film, temperatures of exposures
etc. affect the oxidation behavior. Thereforesitifficult to identify the individual effect of
alloying elements on oxidation behavior, but theadgenerated through this study will guide
the research in proper direction with respect tgesof alloying additions.

Fig. 5.30 shows graphically, the effects of differeoncentrations of the alloying
elements on the oxidation behavior. The relativepes of the linear graphs indicate
significance of the concentrations of Cr and Siitalts on the oxidation behavior of the
alloys. From the slopes of the different segmeffitglats, it is seen that the weight change
due to oxidation is more sensitive for the allogwvihg Cr content between 16-20 wt.% in

comparison to 20—24 wt.% for all the three levéISio
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Fig. 5.30: Effects of concentrations of the allagyielements on the oxidation behavior
at1273K for 1hr.
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5.6.1.1 Kinetics of oxidation

Thermal oxidation problem restrict the widespread af molybdenum and its alloys
as a structural material, although the high tentpezamechanical properties are promising.
Therefore understanding the kinetics of oxidatisnof utmost importance. Considerable
efforts have been made in the past to understamditietics and mechanisms involved in
oxidation of Mo and its alloys [69—73]. Since oxida is a thermally activated process,
activation energy and the governing rate laws argortant to be known. The activation
energies for the oxidation of metals are relatedh®ir band gaps, heats of formation,
electronic conductivity of the oxides formed [74]datheir work functions [75, 76]. Band
gap, electronic conductivity of the oxides, workdtion etc. of the metals can be altered by
suitable alloying additions, which can increase dhgvation energy, resulting improvement
of the oxidation resistance. Thus, determinatiorth&f activation energy for oxidation is
important in correlating with the above physicabgerties and understanding the oxidation
behavior of metals and alloys.

Various equations have been suggested to desdnibeoxidation kinetics and
calculate the activation energy [77]. Preferablyrfexperiments are required at four different
heating rates or different isothermal temperatui@scalculating activation energy for any
thermally activated process by constant rate ofimgdCRH) method or isothermal heating
[78, 79]. In this respect stepwise isothermal tregravimetry (SITG) would have an
advantage, because in the single experiment activahergy could be found out, using the
analogies for evaluating sintering kinetics frorapstise isothermal dilatometery (SID). SID
is a relatively new approach as compared to comwaattsintering studies and has proven its
usefulness in analyzing the sintering mechanisroesdmic [80—84], metal [85] and alloys
[86].

In the present study, we have attempted to imthibertethodologies of SID, for using
SITG method to determine oxidation kinetics of nbalgnum and proving the applicability of
the novel method. Further, SITG has been used ¥aluating the oxidation kinetics
parameters for oxidation resistant Mo—16Cr—xSiyallavhere x= 4, 5 and 6 wt.%. No such
data of oxidation kinetics parameters of Mo-16Ci—afoys are available in the open
literatures.

Commercially available pure molybdenum strip of wnoarea was cut from a sheet,
and used for oxidation test at 1 atmosphere oxygessure in a thermobalance using
alumina crucible. Samples were heated at a headitggof 20 K/min. up to the 523 K then
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onwards up to 673 K with the same rate of heatimd) @ isothermal hold of 60 minutes at
each 50 K interval (step). At higher temperatules/¢nd 673 K) a quantitative estimation of
oxidation rates of pure Mo is complicated becausthe high vaporization rate of MO
Therefore, oxidation study for Mo was limited up 683 K to avoid any interference of
weight gain with the vaporization of MgO
5.6.1.1.1 Theory
In general a study of the oxidation behavior of aggtem begins with some measurement of
the extent of conversion of the original systenoxale as a function of time t under selected
condition of temperatures and oxygen pressure. Therdata are analyzed to yield a rate
law. The conventional equation for oxidation kinstis generally described as:

x™ =kt (5.12)

Where X' is the oxide film thickness or the mass gain doeoxidation, which is
proportional to the oxide film thickness, t is timeisothermal holdk is the rate constant and
‘m’ is the exponent related to the oxidation medsiam In wider applicationX is a specific
measurement which may be weight change, oxygenuagotson, thickness of oxide layer,
recession of the metallic system or some combinaifdhese. The conventional kinetic laws
stated above to characterize the oxidation kingscbased on simple oxidation models.
Practical oxidation problems usually involve mucbrencomplicated oxidation mechanisms
than considered in these simple analyses.

In this study the specific measurement is weighange determined by thermo-—
gravimetry (TG). To analyze any type of stepwisgthsrmal data, “dynamic and relative”
changes with respect to different steps of isotlatmlding should be considered [80]. So,
for SITG experiments, ‘X’ should correspond to dyma relative weight change. An
equation to describe “dynamic” relative specificigit change with time can be written as
in equation-5.13, assuming that the total expogpedic area (A) of the sample remain

constant during the process.

x= W) ey -t )" (5.13)
(Wf W )
Where,
K(T) = k, expQ/ RT) (5.14)
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Where § is the time at which the given isothermal stegtastedw,, w, andw; are the
initial weight, weight at particular time ‘" and eight of the samples when oxidation is
completed respectivelk(T) is the specific rate constant which obeys the é&mris law K,
the frequency factoQ, the apparent activation enerdy, the universal gas constant amd
is a parameter related to the oxidation mechantmation—5.13 can further be modified to

include fractional oxidation function (Y) as,

Vvt_Wo — Y — _ n
o w Ty T KO (5.15)

Where, the fractional oxidation function, Y candefined as:

Y = W —w,) (5.16)
(Wf _Wo)

The value of fractional oxidation function, Y vasirfom 0 to 1. Equation—5.15 is fairly

reasonable for the initial stage of oxidationtteschange in a growing process (growth of

oxides or weight change) should be proportionk(®)t]". A normalized rate equation can

be written as equation-5.17, by taking derivatind aliminating (t —d).

dY_ _ ﬂ 1/n
S Snkmva Y)( S j (5.17)

Equation-5.18, become linear by taking log on bath ef equation-5.17,

In{%/Y(l—Y)} :%In[(l;Y)}Hn[nk(T)] (5.18)

The plot ofln {(dY/dt)/Y(1-Y)Mersudn[(1-Y)/Y] where Y can be known from equation-5 as
Wo, W, andw; are all experimentally determined using SITG. Pplee in the form of a straight
lines during the isothermal steps, indicate thea&quo is well valid to the case under
investigation.
5.6.1.1.2 Kinetic analysis of Mo by SITG measuremen

Using the above model, the weight change data qfd¥ter fitting into equation—-5.18
is plotted in Fig.5.31 alm {(dY/dt)/Y(1-Y)}s In[(1-Y)/Y]. A near straight line behavior for
each isothermal zone indicates the validity of madel for the oxidation data of Mo. The

values of slopesl/n’ were 0.94, 1.08, 0.81, 0.91 and intercejsnk(T) were —9.5, -9.2, —
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7.8, =5.7 at isothermal sections of 523, 573, G&B&/3 K respectively, evaluated by least—
squares linear fitting for each straight line segtaef the curve with regression parameters
better than 0.998. The inset of Fig—1 shows thenéwius plot ofln k(T). The apparent
activation energyQ’ was calculated from the slopes of linear fit dodnd to be 135+6
kJ/mole. The result obtained was in good agreemaht the previously published results
reported by Gulbransen et al. [71] and Vijh [74hese they reported the value of activation
energy for oxidation of pure Mo to be 151 and 148/rkol respectively, proving the

effectiveness and validity of the model.
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Fig.5.31: Plots on{(dY/dt)/Y (1-Y)Nersudn{(1-Y)/Y}for pure Mo. Variation of
temperature with time is also shown on the righmchscale. Inset shows the Arrhenius plot of
In k(T) versusl/T yielding activation energy for oxidation
5.6.1.1.3 Oxidation studies and kinetic analysis dflo—16Cr—xSi alloys based on SITG
measurement
Sintered densities of all the three hot presseayslwere found to be > 96% of
theoretical densities. Fig.5.32a and b show the SiElges taken in back scattered mode
revealing the microstructures of sintered Mo-16Gi—4and Mo-16Cr—6Si alloys
respectively. The microstructures consisted of thifferent contrast regions as white and
black due to different chemical compositions acegiiin those regions. The phase-A,

appearing white was made up of a solid solutionsphaasically of Mo and Cr containing
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small amount of Si. The phase—B, appearing blackwade up of (Mo, Cspi intermetallic
phase. The volume percentages of phase A are 28n@&83% respectively for the alloy
having 4, 5 and 6 wt% Si.

7
Phase A

Fig.5.32:BSE-SEM images of the two phase (a) Mo—16Cr-4Si(lephMo-16Cr—6Si alloys
showing difference of contrast for different ph@séMo rich) and B (Si rich)

Non-isothermal TGA studies for oxidation have fiogten carried out to determine
the onset of temperatures at which weight lossas &tking place i.e. the temperatures at
which volatization of Mo@ surpass the weight gains due to the formation xitles
constituents. TGA plots for oxidation during comtrus (non—isothermal) heating up to
1273K are given in Fig. 5.33, which shows initiglge of oxidation behavior of the alloys in
flowing O,. Initial mass gains are mainly due to formationosides of Mo, Cr and Si,

whereas later mass losses are due to volatilizafidmoOs.
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Fig. 5.33 TG plots showing the non—isothermal oxidation h&h& of Mo—16Cr-4Si and
Mo-16Cr-6Si alloy

0 | 1073K S

(=]
T

In[(We-wo )/ (we-wy)]

T73K .

o
T

In(t-t,)

Fig. 5.34: Plot ofn[(w—we)/(Ww—w)] Vs In(t—t)
151



Based on the findings, stepwise isothermal heagigedule has been selected. Fig.
5.34 shows the plot dh[(w—ws)/(W—w)] Vs In(t—t,) using equation—5.13. The linearity at
each isothermal steps shows the validity of the ehpdoposed. Fig. 5.35 shows the plot of
fractional oxidation function (Y) with time for Md&6Cr—4Si alloy during the isothermal
steps. It has been seen that the maximum weightwgas observed during the soaking at
700°C. Weight loss was observed during heating the &ameyond the heating schedule
shown in Fig. 5.35. So, only weight gain data haeen considered in the whole SITG
analysis. The weight change data for Mo—16Cr—4I8ys| after fitting into equation—5.18 is
plotted in Fig. 5.36.
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Fig. 5.35: Plot of fractional oxidation function \6f Mo—16Cr—4Si alloy with time. Heating

schedule is also shown in the plot
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Fig. 5.36: Plots oin{(dY/dt)/Y (1-Y)Nersudn{(1-Y)/Y}for Mo-16Cr—4Si alloy. Inset shows

the fractional oxidation rate as a function tempeea

A near straight line behavior have been seen fah daothermal section which
indicates the weight change data is well fittegotesent model. It is seen from the inset of
Fig. 5.36 that there is increase in rate of frawloweight gain with increase in isothermal
holding temperature gradually with time up to 973TKe maximum net rate of weight gain
was recorded during an isothermal soak period ofmitute at 1073 K. The rate of weight
change then decreases with further soaking persodean in the inset of Fig. 5.36. The
gradual increase in rate of change of weight wittreasing temperature is due to enhanced
thermally activated diffusion © The maxima in the oxidation rate accounts forpalssible
mass transport mechanisms operating in tandemrwdte, decrease in the rate of weight
change is mainly due to two reasons—firstly, thenftion of protective oxide layer which
inhibit diffusion of G through oxide layers. The continued chemical reacbf oxide
formation thus slows down and so the rate of chanfeweight. Secondly, due to
simultaneous volatization of MaOthe net rate of weight change decreases.

The Values of slopel/n and interceptIn nk(T), evaluated by least—squares linear
fitting for each straight line segment of the cufeeall three alloys have been presented in
Table-5.8.
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Table-5.8 Kinetic parameters of SITG oxidation dateof three alloys

Temp. 4% Si 5% Si 6% Si

(K) 1n  Innk(T) 1/n Innk(T) 1/n  In nk(T)
773 0.95 -17.90 1.1 -14.35 1.3311.96
873 1.2 -14.61 1.21 -11.71 1.689.67
973 1.1 -11.79 1.15 -8.98 1.167.55

1073 145 -8.10 1.32 -6.27 1.735.47

Arrhenius plots betweem k(T) and 1/T for the SITG data for the three alloys are
shown in Fig. 5.37. The apparent activation enéfgywas calculated from the slopes of
straight lines and found to be 167, 191 and 24m&l¥ for the alloys having 4, 5 and 6 wt.%
Si respectively in the temperature range of 77331R7 Thus, the activation energy for

oxidation increases with increase in the conceotraif Si in the Mo—Cr-Si alloys.

-5.0 B
e
75 e
-10.0 4
T 125 4% Si
E 1
-15.0 A 5% Si
-17.5
1 6% Si
-20.0 4
0.9 1.0 1.1 1.2 1.3 14

1T x 107 (k1)

Fig. 5.37: Arrhenius plot dh k(T) versusl/T yielding activation energy for oxidation of the
alloy Mo—-16Cr—xSi alloys having x=4, 5, and 6 wt.%

From the Table-5.8 it is seen that the paramefet, ‘Which relates to the oxidation
mechanism takes nearly same values in the measmgxbrature ranges for individual alloy,
which shows the similarity of oxidation mechanigdere it is worthy to mention that the
‘1/n’ is different from the exponentT described in equation—-5.12. The slopen’ldannot
predict the oxidation rate laws (parabolic, lineanbic or other oxidation rate law) as
possible by exponentt. However since the slope 11/is related to oxidation mechanism, it
would take different values for different oxidatiomrechanism. The values of filhas been
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found higher for higher isothermal step and lowerc&tent which indicates that lower
values of ‘1A’ correspond to a relatively more complex oxidatmenomena.

SEM images of oxidized surfaces of the Mo—16Cr-atfsi Mo—16Cr—6Si alloys after
stepwise oxidation schedule are presented in EiBB8aband b respectively, while back
scattered electron (BSE) image of the correspondilnys before oxidation are also shown
in the respective insets. The oxidized alloys eiéib a uniform and continuous oxide
surface. XRD pattern of the surface oxide layethefalloys confirmed the formation of SIO
and CpOs; phase. Fig. 5.39 shows the XRD pattern of the sarfaide layer of the Mo—
16Cr-4Si alloy. The surfaces were crack free buby® and the morphology of the oxide
scales consisted of mainly of particulates. Theopsrnature of the oxide layer is seen in
SEM image in Fig. 5.38 (a), while dense oxide sesilgeeen in SEM image in Fig. 5.38 (b)
revealing better oxidation resistance of the Mo—+:®&GSi alloy. Since, Mo-16Cr—4Si alloy
consists of 28% Mgphase against 23% for Mo—16Cr—6Si alloy, the oxidatesistance is
inferior. Thus, volume percentage of M@hase plays the decisive role in providing
oxidation resistance of the alloys.

Phase A —>

1 y , ! ] ,
il . ‘_‘ ! o8 . ]
- 43 . j' ._'—. ‘% - ‘< : ? r n ‘,’" x -

Fig. 5.38: SEM image of the oxidized surface for pi@ssed (a) Mo—16Cr—4Si alloy (b)
Mo-16Cr-6Si alloy. Insets show BSE-SEM images ofesponding alloys
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Fig. 5.39: XRD pattern of oxides formed upon oxiolatover Mo—16Cr—4Si alloy surface

In summary, oxidation kinetics of Mo and Mo—-16Cr+affoys were studied by SITG
technique. The model was found to fit well with theight change data of both Mo and Mo—
16Cr—xSi alloys and hence validated its usefulfies®xidation studies of metal and alloys
to evaluate the oxidation kinetics and gives famdliable values of the activation energies
using the thermogravimetry data of a single expenim Effect of Si on the oxidation
resistance was evaluated. The activation energyfowasl to be 167, 191 and 247 kJ/mole
for the three alloys having Si 4, 5 and 6 wt.% esspely.
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5.6 Effect of varying concentrations of alloying aditions on
5.6.2 Fracture toughness

Different alloys with varying concentrations of @nd Si were prepared by reactive hot
pressing, to study the influence of concentratioh<r and Si on the room temperature
fracture toughness of the Mo-Cr-Si alloys. The yallmmpositions and hot pressing

conditions are tabulated in Table-5.7. The roompenature fracture toughness values of the
nine alloys are presented in Tak3e9.

Table-5.9 The room temperature fracture toughnessalues of the nine alloys

Alloy Mo Cr Si Ko (MPa.m’™)

1 80 16 4 10.5
2 79 16 5 9.8
3 78 16 6 7.4
4 76 20 4 8.4
5 75 20 5 7.5
6 74 20 6 5.5
7 72 24 4 8.45
8 71 24 5 5.2
9 70 24 6 5.0

The maximum and minimum flexural strengths are tbtm be 650 MPa and 375

MPa for alloy—1 and alloy-9 respectively. The lahsplacement curves of the alloy-1 and
alloy—9 during the tests are shown in Fig. 5.4@eta show the SEM images of fractured
surfaces of both the alloys after bend test at reemperature. The predominant fracture
mode for both the alloys was transgranular cleavagesisting mainly of quasi—cleavage.
This fracture mode corresponds to the silicide @4RSi phase, while (Mo,Cg phase
exhibits a significant percentage of intergranuleacture. Fig. 5.41 shows qualitative
elemental line scan over the fracture surface lolyal, indicating variation of composition
as well as fracture mode. The scan actually encesgsatwo—phase region, which are “Si
rich” and “Mo rich”. The content of Si in the Sich area was found to be 10 wt %
(stoichiometric content of Si in of M8Bi while the content of Si in Si depleted area wds?2
wt. %, which is basically Mo rich area. The diffeces in the fracture modes of the two

phases are clearly visible in the SEM image offtheture surface shown in Fig. 5.41. The
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fracture toughness of the system can be enhanc#tkelpyresence of the ductile phase; either
by crack blunting, branching, deflection, creatéxgra surfaces by tearing or combinations of
these. Crack deflection or branching alters theemfdoading (mode | to mode II), therefore
crack propagation is hindered resulting in increms&acture toughness. Due to the crack
hindrance and plastic deformation of the Mo rictag#y together with crack deflection and

interfacial de—bonding the toughness of the allag wnhanced.
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Fig. 5.40: Load displacement curves of the allogrd alloy—9 during bending test. Insets
show the SEM images of fractured surfaces of tloyshfter bend test
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Fig. 5.41: Line scan over the fracture surfacellofyal, showing the variation of Mo, Cr and
Si along two phase region
Fig. 5.42 shows graphically, the effects of differeoncentrations of the alloying

elements on the fracture toughness. The relatiopesl of the linear regime indicate
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significance of the different alloying additions.om the slopes of the different segments of
plots it is seen that the fracture toughness isengensitive (i.e. changes in fracture
toughness) for the alloys having Cr concentratietwieen 1620 wt.% in comparison to 20
24 wt.% for all three levels of Si. Also, the frat toughness is more sensitive for the alloy
having Si concentration betweer%wt.% in comparison to-B wt.% for all three levels of
Cr.
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Fig. 5.42: Effects of different concentrations loé alloying elements on the fracture
toughness

The effect of Si on the fracture toughness is dierelated to the phase ratios of the
constitutive phases. As the Si concentration irsgeathe volume percentage of silicide (Mo,
Cr)sSi phase also increases, results in decrease dtufeatoughness decreases and vice—
versa. Cr forms a solid solution with Mo and ina@#he resistance of dislocation movement.
Thus, there is an increase in flow stress causedhbymisfit in atomic sizes, resulting
decrease in toughness.

Cr improves the oxidation resistance of the allbyssacrificing room temperature
fracture toughness. Marginal improvement in oxmlatiesistance, but a significant decrease
in fracture toughness is observed for the alloytaiommg more than 16 wt.% Cr. It is not
possible to choose a single alloy composition éxdtibits both good oxidation resistances at
high temperature as well as fracture toughnessaah temperature. Therefore, optimization

of the composition is necessary for achieving t@deproperties. Mo-16Cr—4Si alloy
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exhibits adequate oxidation resistance and fracturghness, which can prevent catastrophic

failure under oxidizing atmosphere and impact logdi

5.6.3 Effect of addition Ti on Mo—16Cr-4Si alloy

After understanding the effect @bncentrations of Cr and Si on the properties of
alloys, effect of Ti concentration has also beeisid. Addition of Ti changes the properties
of oxides, which improve their oxidation resistatgelowering oxidation rate and increasing
spallation resistance [23]. However, this may apphyy for small concentration alloying
additions, which do not change the nature of thdexxin the scale. Therefore, the content of
Ti was varied from 0.25 -1 wt. %, keeping Cr anciSL6 and 4 wt. %. Three alloys having
compositions of Mo—-16Cr-4Si—0.25Ti, Mo—16Cr—4Sid0.5nd Mo-16Cr-4Si—1Ti were
prepared by the same method as described eanaatuFe toughness and oxidation behavior

of the three alloys are shown graphically in Fig3%
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Fig. 5.43: Rate of weight change after oxidatiod an1273K and fracture toughness for the
Mo-16Cr-4Si-xTi alloys, where x=0.25, 0.5 and 1 %t
From the Fig. 5.43, it is seen that there is notimeffect of Ti above the content 0.5 wt.%

on both fracture toughness and oxidation rate. ThMie—16Cr—4Si—0.5Ti alloy shows
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optimum fracture toughness and oxidation resistaBebaviour of Mo—16Cr—-4Si—0.5Ti has
further been studied in details to compare with Me-Si alloy.

The load displacement curves of Mo—-16Cr—4Si—0.9yaluring the SENB test is
shown in Fig. 5.44. Inset of Fig. 5.44 shows thé&/3Bage of fractured surfaces of the alloy
after bend test at room temperature. The fracturghness of the Mo—-16Cr—4Si—-0.5Ti alloy
(10.7 + 0.5 MPa.i¥) is much higher than the silicides Mo or Cr (~3 &%), mainly due
to the crack arresting capability of the discontus (Mo, Cr, Tigs phase. The fracture
toughness of the system could be enhanced by toepioration of the ductile phase; it is
either by energy absorption by the deformationuaftide phase or crack blunting, branching,

deflection or combinations of these processes.

500

400 - B

300 - kI

Load (N)

200

100

0 T T A T T y T L) »
0.00 0.01 0.02 0.03 0.04 0.05 0.06

Displacement (mm)

Fig. 5.44: Load—displacement curves of Mo—-16Cr—4%i-during bending test. Insets show
the SEM images of fractured surfaces of the albdtex bend test

The chemical compositions of the two phases of M&++4Si—0.5Ti alloy are: Si—
1.19 wt.%, Cr—14.98 wt.% , Ti—0.46 wt.% and baaMo for phase A and Si—8.96 wt.%,
Cr-14.45 wt.%, Ti—0.33 wt.% and balance Mo for gh& The addition of Ti has not
improved the fracture toughness significantly. Hegrea marked improvement was seen
with respect to oxidation resistance. Weight lossimout 150 mg/chis observed during
isothermal oxidation at 1080 after oxidation for 50 hoursyhich is lower than the weight
losses exhibited by alloys-9 (250 mgfRmand alloy-1(400 mg/cfl, showing noticeable
improvement in oxidation resistance by adding Tiaasalloying element. Fig. 5.45a and b
show the cross section of the Mo-16Cr-4Si-0.5Toyaample oxidized at 1273K for 1 hr and
corresponding EDS line scan respectively, showiregvariations of the elements. From the

line scan it is seen that the oxide layer consifsslica and cromia.
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Fig. 5.45: (a) Cross sectional SEM image of the M@r-4Si-0.5Ti alloy sample oxidized at
1273K for 1 hr (b) corresponding EDS line scan
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Fig.5.46: Elemental maps of the oxide region of te-16Cr-4Si-0.5Ti alloy sample
oxidized at 1273K for 5 hr.
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Fig.5.47: (a) Cross sectional SEM image of the M&#14Si-0.5Ti alloy sample oxidized at
1273K for 10 hr (b) corresponding EDS spectruntleroutermost layer.
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Titanium oxide was found to be concentrated atititerface, which may be the
probable reason for the high spallation resistasfcthe oxide layer. Fig. 5.46 shows the
elemental map of the oxide region, showing the etepi of Mo from the outer layer from
the Mo-16Cr-4Si-0.5Ti alloy sample oxidized at 1R7fdr 5 hr. Because of the depletion
Mo, the outer layer becomes porous, but rich withe@d Si. Actually, after evaporation of
sufficient amount of Mo, the oxide layer becomehriwith Si and Cr, making the alloy
oxidation resistant. Fig. 47 (a) shows the crosdi@sal SEM image of the Mo-16Cr-4Si-
0.5Ti alloy sample oxidized at 106G for 10 hr and Fig. 47(b) shows corresponding EDS
spectrum for the outermost layer. The EDS specshiaws the presence of broad peaks of Si
and Cr along with oxygen, while the concentratidiMo is negligible. The XRD result also
depicted that the oxide layer consisted of onlycailand cromia. Thus, from the cross
sectional examination of the oxide layer, it isrsé®at initially the oxide layer is porous and

gradually the layer become denser and preventlinefeom further catastrophic failure.
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5.7 Development of oxidation resistant coating
Small specimens of dimensions 5 mm x 3 mm x 2 mmewet from the Mo—-16Cr-4Si—
0.5Ti hot pressed alloy for conducting the coagmgeriments. The specimens were polished
up to 1um diamond finish followed by ultrasonic aleng. The optimization of pack
chemistries for the formation of silicide coatinigave been reported earlier in chapter—4.
Based on the experience of coating on Mo-30W allbg, coating experiments were
conducted at different temperatures from 1073K583K for 6 h keeping pack chemistry of
20Si-2.5NHF-77.5Ab03 (Wt.%) fixed.

Fig. 5.48 shows the BSE images of the cross-esecbf the specimens coated at 1073
K and 1373K for 6h. No cracks are observed in thating layers. The inner layer of the
coating shows fine grain structure, while columgeains are seen in the outer layer. This

indicates that the grain growth occurred paratighe direction of the diffusion.

Coating

Fig. 5.48: Cross—section of the coated samplegusiating temperature at 1073K and
1373K
The microstructure of the coating layer considtghree regions, namely white, grey

and black. White and grey regions have been idedtiés silicide phases having higher
concentrations of Mo and Cr respectively, while bt@ck sub—micron sized particles have
been identified as Si rich phase. The sub—micraedsiparticles are found dispersed
uniformly, within the (Mo, Cr)Si layer, when seen at high magnification (Fig. 5.5)e
average compositions of the different contrastaegiwithin coating are tabulated in Table
5.10.
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Table-5.10: Average compositions of the differentantrasts regions within coating

Phases Mo (at. %)Cr (at. %) Si (at. %) Ti (at. %)

White 14.20 10.04 75.16 0.6
Grey 3.51 24.57 71.61 0.31
Black 2.5 4.5 93 Nil

Overall 16.26 11.26 72.08 0.4

The Mo and Cr rich regions exist in the microstwetof the coating layer due to
partitioning of CrSi and MoSj as shown in the isothermal section of the phasgraima of
Mo—Cr—Si proposed by Ageev [87, 88] shown in Figo5.1t is noteworthy to mention here
that there were no such Cr and Mo rich regiondiérmicrostructure of the substrate. This is
coherent to the phase diagram of Mo—Cr-Si (Fig9%.#hich predicts that partitioning of
CrSk and MoS;j takes place in the system containing higher Si.

wt%
Fig. 5.49: Isothermal section of Mo—Cr-Si ternamage diagram at 1573K [88]
From the phase diagram of Cr-Si [89] shown in Bi$0, it is noticed that Crgis

not a line compound; instead the concentration ioinSCrSk increases with increasing

temperature. Si concentration of coatings formetl5at3K is 72 at.% , which is higher than
the stoichiometric value of 66 at. % for (Mo, CpSkig. 5.51 shows the qualitative line

profile in the coating region of the sample coaed573K.
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Fig. 5.51: Qualitative line profile in the coatiagea (Coating temperature =1573K), which
shows that wherever Cr is more, Si is also mogetlshows the same three dimensionally
where the intensity is shows in arbitrary unit

The line profile reveals that the concentrations$Soare more in the Cr rich regions
(grey regions in Fig. 5.51), corroborating the fdet Si concentration in CrSis more than
66 at.%. Since at the temperature of coating faonatsolubility of Si in CrSi is more,
excess Si is expected to precipitate on coolingeHthe precipitation takes place as sub—
micron sized dispersoids. The EDS examination sitsxwed very high silicon concentration
in these dispersoids shown in Fig. 5.51. The oldatesistance of this type of coating is due

to the formation of silica and chromia layer. Moren Si rich dispersoid is expected to
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enhance the oxidation resistance of the coatin@diyng as reservoir of Si to form silica
layer.

5.7.1 Kinetics of growth of coating

In pack cementation process, the chemical potegtéadient is the main driving force for the
diffusion of halide vapors from the surroundings ttee substrate surface in the pack.
Activator, NH,F dissociates into NHand HF at temperatures above 573K, and subsequent
reactions between HF and Si lead to the formatiothe fluoride vapors such as ifSiF;,

SiF,, SiF depending on the local activity for moleculaorine. The following reactions are

likely to take place during the pack cementatioocpss.

NHsF (s) — NHs(g) + HF(9) (5.19)
NHs (9) — N(9) + 3H(9) (5.20)
4HF (g) + Si(s) — Sim(g) + 4H (g) (5.21)
3SiF (g) + Si(s) — 4Sik(g) (5.22)
2Sik(g) + Si(s)— 3Sik(g) (5.23)
SiR(g) + Si(s) — 2SiF (g) (5.24)

The standard free energies for the formation ofeceht fluorides are —-1428.3, —1028.6,
—-627.2 and -152.2 kJ/mole for iFSiF;, Sik and SiF, respectively [37]. Amongst the
fluorides, Sig and Sik are very stable, while the vapor pressure of Siieary low. The
metal deficient fluorides SiFand Sik; are assumed to be depleted species and their
deposition is thermodynamically unfavorable, rattiey carry fluorine back to the pack to
re—form the lower fluoride species, which suppogpakition. On the other hand, partial
pressure of SiFis the maximum in the temperature range chosdineipresent experimental
campaign [38]. Therefore, the coating process imindictated by the formation, migration
and finally dissociation of SThe most probable type of reaction for the siizong of the

alloy using NHF activator can be illustrated as:
4 Sikx(g)— 3Si + 2Sik(Q) (5.25)

This is a disproportionation type reaction, whelewaer halide (Sik) reacts with the active
metallic surface to form a higher halide by depogitSi [90]. The coating (silicide) front

moves inward enriching the substrate with Si amsdllte in the formation of a silicide layer.
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Tortorici and Dayananda [91, 92] reported that$ldayer could not form below 1623K, due
to the nucleation difficulties, and the growth rateMoSiL was much faster than that of
MosSiz in the temperature range of 1123-1623K. The ptassnlts are consistent with these
earlier results that the phase formed in outerrlegsyef MoSp type.

The thicknessh) of the coating layers, obtained at different swatemperatures and
the corresponding weight gainm)( are given in Tabkb.11. These results indicate the
existence of a linear relationship € 5.19 x 10* m —7.02 x 10% R?=0.9989) between
coating thicknesshj and weight gainn).

Table-5.11: Coating thickness and weight gain at fierent coating temperatures
Temperature (K) 10731273 1373 1573

Coating thickness (um) 80 160 200 450

weight gain (kg/m) x 10° 15.8 33.1  40.3 87.7

Therefore, for the pack siliconizing process, relship between the coating

thicknessesh) with the processing parameters is governed beduation—5.26 [37]

k
h= T—}h/ZWSli/ZWMFtllz (5.26)

Wherek;, is a constant at constant temperatuvég,andWyr are wt. % of Si and activator

respectively. The variation & with temperature can be given by,

E
K, = - Ze
h koexl{ RT) (5.27)

Where,E; is the activation energy for the coating growtbqgass, and is a constant. Finally

substitution of kin equation—5.26 yields

E
h= %W;’z\NMJm exp{— Rfl'j (5.28)
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This is the ultimate kinetic equation for the cogtgrowth process, relating the growth rate
of the coating with temperatur@)( time ¢) and pack composition such as 8¥f) and

activator content\ir). Equation—5.28 can be rewritten as:

Yo ) = _ Ea 1
In(T hj ~=+Ink, +In(Wst) +In( (5.29)

At constant values of, Ws; and Wy, the activation energy of the silicide coating wtio
process can be obtained from the slope of thd™f If) versus 1T plot. Keeping the other
parameters constant, the temperature of the coatiogess was varied from 1073 K to
1573K to determine the activation energy. The pamkposition used for these experiments
were fixed as 20Si—2.5NJH—77.5Ab0; (wt.%) and soaking time (6h) was kept constant for
all the experiments. Fig. 5.52 shows the linearofitthe plot for In T*? h) vs 1. The
activation energy obtained from the slope of timedr fit is 52.5 + 5.15 kJ midl Similar
activation energy was determined for the pack ceati@m coating process on a molybdenum
base TZM alloy [38].
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Fig. 5.52: Arrhenius plot of InT¢? h) Vs 1/T for Mo—16Cr—4Si—0.5Ti alloy
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5.7.2 Performance evaluation

Fig. 5.53 shows the TG plot for oxidation duringntouous heating followed by

isothermal holding at 1273K for the coated sampl®wing a small mass gain due to the
formation of SiQ and CsOs layer. Fig. 5.54 shows the isothermal oxidatiohaweour of the
coated Mo—-16Cr-4Si—0.5Ti alloy at 1273K for 50hwring the isothermal oxidation at
1273K, a marginal weight gain of 3x2tkg/nt is noted at the initial stage, followed by no

change of weight, indicating the protective natfréhe coating.
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Fig. 5.53: TG plot showing the oxidation behavibthe sample with and without coatings
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Fig. 5.54 Isothermal oxidation behaviour of thetedaalloy for 50 h at 1273K
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There was no chipping or peeling—off of the coatimgterial from the coated surface
after oxidation. Fig. 5.55 shows the line profifetlee coated and then oxidized sample along
the interfaces, showing qualitative variation offetient elements across the cross section.
The line profile shows the presence of Ti in thedexscale, due to which the spalling
resistance of the oxide layer is expected to im@roMo change is observed in the
composition of the (Mo,Cr)glayer even after oxidation at 1273K for 50h.
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Fig. 5.55: BSE image of cross section of the coatadple after oxidation and the qualitative

line profile across the cross section
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5.8 Summary

The major findings of the present studies can lbensarized as:

1.

The present investigation demonstrates the techf@aaibility of preparation of Mo
based in situ composite alloys by reaction hot 9ingsand direct silicothermy co—
reduction of mixed oxides of molybdenum and chramiu

In the co—-reduction technique alloys were made single step with alloy yield of
more than 85% by judiciously utilizing the heattbe reactions and experimental
parameters.

Differential thermal analysis (DTA) studies condattto find out the onset
temperature for co-reduction reaction. The ignitte@mperatures for mixture of
stoichiometric amount of Mof) Cr,O; and Si have been found to be 673K and
1673K with and without heat booster respectively.

Thermal studies have been carried out for the temtuof molybdenum oxide using
silicon as reductants. The activation energy ferrédduction of Mo@by silicon was
evaluated to be 309 kJ/mole.

XRD analysis of the reduced mass confirmed the &bion molybdenum as the
metallic and SiQas the slag phase after silicothermic reductioMo®..

The silicothermic reduced Mo—-Cr-Si alloys was ideld by a ductile refractory solid
solution phase of Mo and Cr containing 0.9-1.9 v@P&and an intermetallic matrix of
(Mo,Cr)sSi

Sintered density of more than 98% of theoreticalstty was achieved for the alloy
Mo-16Cr-4Si—-0.5Ti at hot pressing temperature of318 under 10 MPa pressure
for 3 h in vacuum.

Hot pressed Mo—-16Cr-4Si—-0.5Ti alloy consisted dtietile refractory solid solution
phase of Mo, Cr and Ti containing 0.9-1.9 wt% Sil @m intermetallic matrix of
(Mo,Cr,Ti);Si. The volume percentage of the discontinuous (@19,Ti)ss phase was
28%. The room temperature flexure strength andrémgture toughness of the alloy
were 615 + 15 MPa and 10.7 + 0.5 MP&respectively.

Due to the crack hindrance and plastic deformatbrthe (Mo, Cr, Ti)s phase,
together with crack deflection and interfacial derdling the toughness of the alloy is

expected to enhance.

10.The Mo—-Cr-Si alloy exhibited better superior oxidatresistance as compared to

single phase Mo alloy. When oxidized at elevatethperature above 1073K
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11.

12.

13.

isothermally, the alloy shows an initial weightdosf the alloy in the form of Mo
After sufficient evaporation of Mo from the surfadbe Si and Cr concentration on
the surface becomes high enough to form a protetdixer against further oxidation.
A new method for determining oxidation kineticspioposed. Oxidation kinetics of
Mo and Mo-16Cr—xSi alloys were studied by this teghe. The model was found to
fit well with the weight change data of both Mo aMd—16Cr—xSi alloys and hence
validated its usefulness for oxidation studies cdtath and alloys to evaluate the
oxidation kinetics of and gives fairly reliable uak of the activation energies using
the thermogravimetry data of a single experimeritedE of Si on the oxidation
resistance was evaluated. The activation energyfaasd to be 167, 191 and 247
kJ/mole for the three alloys having Si 4, 5 andt®4&wespectively.

Effects of the different concentrations of the wlhg elements — Cr, Si and Ti on
room temperature fracture toughness and high teatyrer oxidation resistance were
studied.The effect of Si on the fracture toughness andaid resistance is directly
related to the phase ratios of the constitutivespha As the Si concentration
increases, the volume percentage of silicide (M0);sSC phase also increases,
resulting in decrease in fracture toughness acelwersa. Cr improves the oxidation
resistance of the alloys by sacrificing room terapane fracture toughness. Marginal
improvement in oxidation resistance, but a sigaificdecrease in fracture toughness
is observed for the alloy containing more than 18uCr.The addition of Ti has not
improved the fracture toughness significantly. Hegrea marked improvement was
seen with respect to oxidation resistance.

Mo-16Cr-4Si-0.5Ti was found to be the optimum wllmmposition for achieving
highest room temperature fracture toughness amioagalioys studied, along with

adequate oxidation resistance at 1273K.

14.The fracture toughness of the silicothermic reduadémly was slightly higher than the

hot pressed alloy because of higher density aret firstribution of Mgs phase in the

matrix.

15.(Mo, Cr)Sp based coating was developed, which showed extelsidation

resistance at 1273K provided by reservoir of Sie &btivation energy of the coating

process was determined as 52.5kJ/mol.
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Concluding Remark

Sintering kinetics of sub micron sized Mo—-30 wt.% &Woy powder prepared through
mechanical alloying was studied by both, constaté rof heating (CRH) and stepwise
isothermal dilatometry (SID) technique. The obsdregperimental results demonstrated that
the activation energy values calculated by SID wetland CRH method are in good
agreement. SID shrinkage data were analyzed byetdiownal and Mekipritti-Meng method
to evaluate the sintering mechanism and activagioergies. The Mekipritti-Meng model
was found to fit well with the shrinkage data of M® wt% W alloy powder and hence
validated its usefulness for sintering studiesltafya. Sintering in this alloy occurs through
two dominant mechanisms with average activationrggee of 230 and 480 kJ/ mole
corresponding to grain boundary diffusion and ¢attiffusion, respectively. The results are
found to be consistent with the microstructural lexon as studied by SEM analysis.
Furthermore, the diffusivities calculated in thismidy agree well with previous reported
values by high temperature tracer determinations.

To protect the Mo—30W alloy under oxidizing atmosgd) silicide based oxidation
resistant coating were formed. Effects of activatontent and temperature on coating were
studied. Double layer coating consisting of (MosBhand (Mo,W)Sj was formed at coating
temperature of 1573K, whereas single layer coatomgisting of (Mo,W)Siwas formed at
coating temperature below 1573K. The hardness sabfghe (Mo,W)Si phase ranged
between 1250 + 30 Hv for both the samples coate2D@C and 1306C, while the hardness
value for (Mo, W3Si; phase ranged between 726 + 20Hv. The wear rata-afoated Mo—-W
alloy is significantly higher at all sliding speed compared to (Mo, W)Scoated samples.
Although wear rate of both coated samples is alraqsal at all test conditions, double layer
coating formed at 130% showed improved crack resistance. Double layeceded alloy
showed excellent oxidation resistant under cychiclation test at 1273K for 50h.

The present investigation demonstrates the techiieiasibility of preparation of Mo based
in situ composite alloys by reaction hot pressimg airect silicothermy co-reduction of
mixed oxides of molybdenum and chromium. In the@dudction technique alloys were made
in a single step with alloy yield of more than 8%#6 judiciously utilizing the heat of the
reactions and experimental parameters.

Differential thermal analysis (DTA) studies condagttto find out the onset temperature

for co-reduction reaction. The ignition temperasufer mixture of stoichiometric amount of
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MoO,, Cr,O3 and Si have been found to be 673K and 1673K withwithout heat booster
respectively. The thermodynamic and kinetics aspetiexothermic reactions were studied
by TG-DTA. Thermal studies have been carried outlie reduction of molybdenum oxide
using silicon as reductants. The activation endogythe reduction of Mo@by silicon was
evaluated to be 309 kJ/mole. XRD analysis of treuced mass confirmed the formation
molybdenum as the metallic and %i@s the slag phase after silicothermic reduction of
MoO.. The silicothermic reduced Mo—Cr-Si alloys waduded by a ductile refractory solid
solution phase of Mo and Cr containing 0.9-1.9 w8land an intermetallic matrix of
(Mo,Cr)sSi

Sintered density of more than 98% of theoreticalsity was achieved for different alloys
at hot pressing temperature of 1973 K under 10 pteasure for 1-3 h in vacuum. Effects of
the different concentrations of the alloying eletsen Cr, Si and Ti on room temperature
fracture toughness and high temperature oxidagsistance were studiedlhe Mo—16Cr—
4Si—0.5Ti was found to be the optimum alloy composi for achieving highest room
temperature fracture toughness along with adeguatiation resistance at 10U

Hot pressed Mo-16Cr—4Si—0.5Ti alloy consisted afiugtile refractory solid solution
phase of Mo, Cr and Ti containing 0.9-1.9 wt% Sd aan intermetallic matrix of
(Mo,Cr,Ti);Si. The volume percentage of the discontinuous (@t9,Ti)ss phase was28%.

The Mo-Cr-Si alloy exhibited better thermal stabpilis compared to single phase Mo
alloy. When oxidized at elevated temperature aldd@/&K isothermally, the alloy shows an
initial weight loss of the alloy in the form of M@QAfter sufficient evaporation of Mo from
the surface, the Si and Cr concentration on théaserbecomes high enough to form a
protective layer against further oxidation.

An alternate method for determining oxidation kiogtis proposed. Oxidation kinetics of
Mo and Mo-16Cr-xSi alloys were studied by this t@glie, where stepwise isothermal
thermo-gravimetry (SITG) data were analyzed to kgeetics parameters according to the

empirical rate equation.
av_ nk(T)Y(l—Y)(ﬂjlm
dt Y
The model was found to fit well with the weight cgardata of both Mo and Mo-16Cr-xSi

alloys and hence validated its usefulness for dxadastudies of metal and alloys to evaluate

the oxidation kinetics of and gives fairly reliablalues of the activation energies using the
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thermogravimetry data of a single experiment. Eff#fcSi on the oxidation resistance was
evaluated. The activation energy was found to b 181 and 247 kJ/mole for the three
alloys having Si 4, 5 and 6 wt.% respectively.

The room temperature flexure strength and the dractoughness of the Mo—-16Cr—4Si—
0.5Ti alloy were 615 + 15 MPa and 10.7 + 0.5 MP&mespectively. Due to the crack
hindrance and plastic deformation of the Mo—phadsgether with crack deflection and
interfacial de-bonding the toughness of the alleyekpected to enhance. The fracture
toughness of the silicothermic reduced alloy waghtlly higher than the hot pressed alloy
because of higher density and finer distributioéaoks phase in the matrix.

Effects of the different concentrations of the wlhgy elements - Cr, Si and Ti on room
temperature fracture toughness and high temperatidation resistance were studied. The
Mo-16Cr-4Si-0.5Ti was found to be the optimum allmymposition for achieving highest
room temperature fracture toughness along with @atecpxidation resistance at 1600

Hot pressed Mo-16Cr-4Si-0.5Ti alloy consisted aluatile refractory solid solution phase
of Mo, Cr and Ti containing 0.9-1.9 wt% Si and atermetallic matrix of (Mo,Cr,T§5i. The
volume percentage of the discontinuous (Mo, Crssphase was 28%. The alloy exhibited
superior oxidation behavior in comparison with #nghase molybdenum alloys. The room
temperature flexure strength and the fracture toagh of the alloy were 615 + 15 MPa and
10.7 + 0.5 MPa.i¥ respectively. Due to the crack hindrance and jglatformation of the
(Mo, Cr, Tiks phase, together with crack deflection and inteafae-bonding the toughness
of the alloy is expected to enhance.

The fracture toughness of the silicothermic redualéamly was slightly higher than the hot
pressed alloy because of higher density and firserilslition of Mgsphase in the matrix.

(Mo, Cr)Sk based coating was developed, which showed extealledation resistance at
1273K provided by reservoir of Si. The activationeryy of the coating process was

determined as 52.5kJ/mol.
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Scope for further research

The present study opens up directions for furtesearch in the field of development of high
temperature material and coating of structural nedte Some of these are listed below:

1.

In this work, only hot pressing and pressurelestesng was used for densification.
Advanced processing technique, i.e. Spark Plasmir8ig (SPS) and hot isostatic

pressing (HIP) can be attempted in future for thesification of these alloys.

Creep and fatigue behavior of the developed MoiCb&ed alloys need to be
studied.

In this work, room temperature fracture toughness$ was carried out for the Mo-Cr-

Si based alloys. Fracture toughness tests at elkt@mperature could be performed.

The oxidation tests in this study have been cawigceither in flowing oxygen or air.
Oxidation behavior of the alloys under more aggwessenvironment such as in the

presence of moisture, toxic gases etc. need tajered.

Recent studies showed that the addition of theearth elements lanthanum (La) and
yttrium (Y) improves the oxidation resistance o thaterial significantly in a wide

temperature range. The effect of the addition efrdre-earth elements is another area
of research.

In the present study, silicide coating has beenoeg@ over Mo-30W and Mo-16Cr-
4Si-0.5Ti alloys. Molybdenum alumino-silicide Mo(SAl), is reported to exhibit
good oxidation resistance at high temperatureshanaest disintegration at the

intermediate temperatures. The development of ositepcoating consisting of
alumino-silicide over the Mo-30W and Mo-16Cr-4Sb0i alloys could be studied.
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Replies to the queries of examiners

Comment: As a candidate material, Bhaskar has clearly poimd out the biggest
competitor of Mo is Nb. Would appreciate a summarytable comparing relative
merits/demerits of the two alloy system

Reply: A table for comparing the Nb and Mo baséayalhas been added

Properties Nb Base Alloy|Mo Base Alloy
Density ++ +
DBTT ++ +
Ductility +++ +
Weldability ++ +
High Temperature Strength + ++
Liquid Metal Corrosion + +++

Oxidation Resistance —

With Coating + +++

Without Coating ++ +
Thermal Conductivity + ++
O2 Solubility + ++

Comment: Figure 2.4 needs to be changed with a better figurdhe same applies
to figure 3.3, 3.9. If the original figure is not @od enough, please replace it with
appropriate schematic.

Reply: I have replaced the figures (2.4, 3.3, By@gither schematic or better figures.
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Comment: How did you obtain figure 4.1? Is it your own data?Then more
details are needed. If it is from literature; thendetails must be given.

Reply: Figure 4.1 is taken from literature. Theerehce is now added (Ref:
http://www.plansee.com/).

Comment: The initial shrinkage (Fig 4.1) is extremely intersting. Please
comment further on the two possibilities mentioned.

Reply: Model equations proposed by Young and Cutler &ehining the activation
energy of initial stage of sintering were used rion isothermal shrinkage data. The
shrinkage data was limited to 1473 K (i.e. up t&% of shrinkage). The plots of
In(yT.dy/dT) versus 1/T and In(y’T dy/dT) versus1/T, that are shown in Fig. 6
together, allow the calculation of activation enemnd the frequency factor for
volume diffusion and grain boundary diffusion, resfively. The similarity in the two
Arrhenius plots suggests that the mechanism faesng here could be either volume
diffusion or grain boundary diffusion or simultansooccurrence of both. Actually,
the diffusion rate is determined by temperaturewgsr characteristics and the
specific structure of material. Further, the diftus rate determines the paths of
diffusion, through the volume or the boundariescoystals, dislocations, or the
surfaces. Volume diffusion in crystals is the masfficult material transport
mechanism with the highest activation energy baassociated with it. The path then
becomes easier for diffusion through dislocatidimajndaries and surfaces. However,
in the present system, the calculated activatiargynfor volume diffusion (190 kJ/
mole) seems to be erroneous (towards a lower sithee the reported activation
energy value for pure Mo is much higher (~400 KJéhadAlso the activation energy
for the self diffusion of Mo and W are in the rangfe350 KJ/mole. Thus the model
for the initial stage of sintering employed hereeslgive an idea about the dominant
mechanism during the initial stage of sintering,icihis grain boundary diffusion
with activation energy of ~230 kJ/ mol.

Comment: Many of SEM images (example 4.13) are substandardannot you do
something to improve them?

Reply: Figure 4.13 along with other substandardirkg have been replaced with

better SEM images.

Comment: Putting the EDS spectrum in several places does nagally serve any
purpose.
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Reply: | have deleted many EDS spectrum from tlesithwhere there were other
evidences present for chemical analysis.

Comment: | believe from the 3D wear profiles, more meaningfudata could be
obtained. Did you try?

Reply: | agree with the comment. | have tried tadfout more information from the
3D wear profile. | have found out wear depth, staape, wear volume etc. from the
3D profile. These are incorporated in the thesis.

Comment: Typos need to be corrected. For example fig 5.8 pithaet” instead of
“heat”.

Reply: | have done proofreading to eliminate thpot/ and other mistakes and
corrections were made wherever required.

Comment: The picture of Mo and SiG;, (slag phase) is bit simplistic-what about
other reaction products? Please expand further ongor and excellent slag-metal
separation further.

Reply: The co-reduced product consists of two paoise is metallic and other is non
metallic (slag). The reduced metallic mass beirnaviee settled down or partitioned,
because of density difference (in the molten st&#)the other reaction products go
in to the slag phase.

In the reaction campaign the reactant were: M&D KCIG;, Al, CaO

The probable reactions are:

MoO, + Si = Mo +SiQ
KCIO3 + 2Al = KCI + AlL,O3
SiO, + CaO = CaSi@

Comment: A discussion, from existing knowledge, on the imprements in
oxidation resistance and fracture toughness (with [ying additions) will be
appreciated.

Reply: A discussion part is added on the improvemsén oxidation resistance and
fracture toughness with alloying additions and sdme been summarized in the
tabular form as:
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Exp. No. Mo Cr Si Hot pressing time Theoretical Sintered Ko Amg/mnf/sec
(alloy) At 1600°C, density (g/cc) density (MPa.nt?) (x 10%
10Mpa
1 80 16 4 300 min 8.49 8.24 10.5 -1.620
2 79 16 5 240 min 8.24 8.03 9.8 -1.220
3 78 16 6 180 min 7.98 7.82 7.4 -1.160
4 7% 20 4 270 min 8.35 8.14 8.4 -1.310
5 75 20 5 240 min 8.09 7.92 7.5 -1.398
6 74 20 6 180 min 7.93 7.81 5.5 -0.977
7 72 24 4 270 min 8.19 7.99 8.45 -1.392
8 71 24 5 240 min 8.04 7.87 5.2 -1.022
9 70 24 6 180 min 7.81 7.69 5.0 -0.950
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