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ABSTRACT

High-energy ball milling and powder metallurgy methods were used to produce a
partially alloyed nickel and molybdenum @fNizMo composition (Ni25at.%Mo). Milled
powders were coldompacted, sintered/solutionized at 13D@or 100hsinteringfollowed by
guenching. Three transformation studvesre performed Fi r st , t hNisMo was er me t
formedfrom the supersaturatesolution at temperatureanging between 60Q and 900C for
up to 100h. The 100% stabteNisMo phase was formed at 6@ after 100h, while aging at
temperatures ranging between 850and 850C for 25h was not sufficient to complete the
transformation. TherNiMo phase was observed only at 90Gs cellular and basket strands
precipitates

Second, the reversed peNisvd eehioUadNidom@snsf or i
performed Supersatwated solid solution samplegere first agedat 600C for 100Holl owed by
guenching to form theequilibium o-NisMo phase. Afterthat the samples were heat treated
between 91%C and 105€C for up to 10hollowed by quenching Regardless of heateatment
temperature, samples ha¢sgated for shoert i mes exhi bi t ed -NiMoalorig pr eci

and within gr aNiphaseanditrcobsenédevith timd@hirdUthe transformation



from the super Nato the periteetdid twqhdse regioovas performedThe
samplesvere agedetweerD1(*C and 1056C for up to 10Hollowed by quenchingPrecipitates

o f -NiMo were observedn the U-Ni matrix as small particles and then coarsened with aging
time. In all three cases, hardness valuesreased and peaked in a way similar to that of
traditional aging, except that the peak occurred much rapidly in the second and thirthdhges.

first case, hardness increased by about 113.6% due to the development of the new phases, while

thehardnesincreased by 90.5% and 77.2% in the second and third cases, respectively.
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General Audience Abstract

Mechanicalmilling and powder processing methods were used to produ2éati%Mo
alloy. Nickel and molybdenum powders were milled for 10h, pressed, and then sintered at
130C0C for 100h followed by quenching. Three different phase transformation studies were
performel. The goal of the first study was to investigate the formatiomNitMo phase from
the solidsolutionNi at temperaturesanging between 600 and 906C followed by quenching.
The 100%0-NisMo phase was formed at 6@ after100h In the second studyhé formation of
UN i a-NiMdo fram 2-NizMo phase was performed. The heat treatments were done between
910°C and 105€C for up to 10Hhfollowed by quenching. The-NisMo phase was not stable at
temperatures betwed1(°C and 105€C. Sma | | p r e c-Niplo aloagt aadswithinfgraid
b o u n d a r-Ni phasenert obskrvedind they coarsened with timiEhe third study included
the formation ofON i a-NiMdo frdom solid solution Ni. The heat treatments were performed
between91(*C and105CC for up to 10Hollowed by quenchingP r e c i p i -Nikld veeee o f
observedn the UNi matrix. In all three cases, hardness value increased and peaked with heat

treatment times as particles coarsened. In the first case, hardness increased by3aisoududd



to the development of the new phases, whilehdrelnessncreased by 90.5% and 77.2% in the

second and third cases, respectively.
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Chapter One

1. Introduction

The materiafs microstructures arthe connedbn betweenits processing techniques and
its resulting properties.The mcrostructureof metal alloys can bemodified by mechanical
deformation or heatreatmentto improve their properties. Understanding the thermodynamics
of an alloyformation which is refleced in its phase diagram, and selecting the appropriate
processing techniqumay lead to desigra new microstructurewith excellent propertie$l].
There are many processing techniqteg have been used to modify metal alloy microstructures
to enhancehe performancand broadenits applications.These processes include but are not
limited to selective laser miting (SLM) [2, 3], mechanical alloying (MA)4, 5], ultrafast
annealing (UFA)[6, 7], and precipitation hardening, 9]. These processing techniques have
been developed either to refine the microstructure or to disperse partitdhesnmcrostructure
andbothcanlead toimproving strength andoughnessf the alloy

Typical microstructural design in metal alloysuallyincludes cooling the alloy from a
single phase region, e. gustenite to a multiple phase regigre. g.ferrite and cementite. T
kind of heattreatmentis determinedy the alloyo phase diagramith information fromthe
equilibrium phase diagram of Mo system it is possible toengineerits microstructurein
variousways. The NikMo phase diagram shovishr ee i nt er m\sMa J-NisMa, phase
a n dNiMo. In 1970, a fourth intermetallic phaS&Mo was discoveredandit is not showrin
the NFEMo phase diagramil0]. The NgMo alloy is uniquebecausat forms a solid solution at
high temperatures ana supersaturatedolid solution after quenching. Thus, the JNMo alloy
heattreaedin several ways talterits microstructuranaylead to enhanaeproperties.

The present work deals with the processinguk Ni-25at%Mo alloy (stoichiometrico-

NizMo) using mechanical alloying and powder metallurgy methods. This work also seeks to



understand the microstructurbolution during aging of the supersaturatesblid solution U-Ni

above and below the peritectoid temperature and aisswciaté hardness.

1.1. Thesis Organization
This thesisis organizedas follows. Following this introductory part is Chapter two.

Chapter two includes background information raicrostructural engineering in metal, -Nio

system, mechanical alloying, powder compaction and sintering methods, precipitation hardening,

and related work. Chapter three describes the experimental procedures as well as the
characterization techniquesnpbyed Chaptes four through sixare written as journal articls.
Chapterfoud i scusses bul k processi ng-NisMo.€Chapterveost r u
discusses reverse peritectoid phase transformation sioNalloy. Chapter six discussdie
transformation of the supersaturated+Ni solid solution in the peritectoitivo-phaseregion.

Chapter seven summarizes the cosiols, followed by a list of references.



Chapter Two

2. Background

2.1. Microstructural Engineering of Metals

The mcrostructureof most metal alloys would include multiple phases, which differ in
their properties. Designing the microstructure of the metal alloys isobitee large areas of
research todayBoth materials and the processing techniques nbestakeninto accountto
obtain themicrostructureof interest Some of theprocessing techniquethat are commonly
utilized to obtain specificmicrostructires incluce severe plastic deformation (SPIP}1, 12],
rapid solidification processing (RSP)3, 14], andprecipitation hardeninfl5, 16].

Severe plastic deformation has been usegrtoluce metal alloys withextraordinary
properties The main objective of this fabrication methoddgoroduce ultrdine grained metals,
which canbe doneby introducing an ultrdarge plastic strain into a bulk metd?7]. Several
sevee plastic deformation processes have been developed sutibhgsressuretorsion (HPT)
[18], accumulative rotbonding ARB) [19], equal channel angular pressi(lCAP) [20], and
mechanical alloying (MA)21-23]. Very small average grain size (less than 1 pum) with high
angle misorientedgrain boundaries can be produced using these megesvhich leads to
developinghigh mechanicastrength.

Rapid solidification processinmvolves rapid extraction of thermal energy during the
transition froma liquid state a high temperatureThe cooling rateissociated with this process
is in the range of 10to 1 Ks™, while the cooling rate of conventional solidification is in the
range of 107 Ks'[14]. In this processa sampleis heated up to a high temperature fofew
minutesand then rapidly quenched to room temperature. The quenching medium can be water,
liquid nitrogen, or brine solutiof24]. Rapid solidification processingasbeen used to make a

large volume fraction of stable dispersed secphdse, which improves the higgmperature

3



mechanicalstrengthof aluminumalloys [14]. This fabrication process has also been used to
improve the properties of other alloy5-28]. In the late 1960s, rapid solidificatievasused on
nickel-basel alloys to accomplish microstructurabmogemity for improved propertiesat the
time the alloy was powder processaald therconsolidated to fon engire disc componentg26].

On coppetbasedalloys, the rapid solidification process hasen use@n shapememoryalloys,
high-strength alloys, and amorphous all¢¥4].

Precipitation hardeningvas first discoveredh 1911 by A. Wilm. Wilm[29] reported
that after heating an aluminum alloy containing Cu, Fe, and Si to a temperature below its melting
point followed by quenching, its hardness increased with time at room tempefatdas. e
aim of this process is to enhance alloys strength by cohareciptatesthatimpede dislocation
movement Precipitation hardening is typically aetied by the following stepgi) solution heat
treatment, (ii) quenching, and (iii) agitgattreatmen{15]. This strengthening methaull be

furtherdiscussedn Section 2.5.

2.2. Ni-Mo Alloy System

The binary equilibrium phase diagram ofMb systemis shownin Fig. 2.1. This phase
diagram shows threequilibrium intermetallic phase®-NisMo , -NisMo, and i-NiMo. The
metastable NMo phasewas discovereth 1970by Van et al [30] andis not shownn the N
Mo phase diagrarof Fig. 2.1 Both the intermetallio-NisMo a n dNis&lo form when an alloy
with a composition ranges between 20 abdt%Mo cooled slowly fronthesingle phase region
( Mi). The critical temperatures-NisMo anda-NisMo are 870C and 916C, respectively. The
U-NiMo is a high-temperatureintermetallic phase Composition (at.%0Mo), teucture, space

group, and | at-NijMo eNigdMa, Nigvio,eandé-NMiMo ae shovn in Table 2.1
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Figure2.1 Ni-Mo binaryequilibrium phase diagrarffil(]

Table2.1 Summary of phase properties of-Mio system30].

Phase | Composition | Structure Lattice parameteh Space
(at.9%0Mo) a b C group
U-Ni Oto 28 Facecentered cubic 3.524 | 3.524 | 3.524 | "Odod
b-NisMo | 20 Body-centered tetragonal | 5.727 | 5.727 | 3.566 | "©F&
2-NizgMo | 25 Hexagonal close packing | 5.064 | 4.224 |4.448 | 0 & & &
NioMo | 20 t052.5 Body-centered orthorhombiq 2.492 | 7.475 | 3.524 | -
-NiMo |51 to52.5 Orthorhombic 9.108 | 9.108 [ 8.852 | ¢ ¢ ¢
Mo 98.9to 100* | Body-centered cubic 3.147 | 3.147 | 3.147 | "Oa & a

" At 1309C. * At 1362C

2.3. Mechanical Alloying

In 1966 at the International Nickel Companyechanical alloying (MA) was developed
by Benjamin and hiscolleagues[31]. MA is a powder processing technique tipadduces
extremely highhomogeneous materialbat start from mixed elemental powdemixtures.The
MA process has received much attention as a useful technique for processing equilibrium, non

equilibrium, and composite materidl82]. The powder particles are repeatedly eeklded,


https://en.wikipedia.org/wiki/%C3%85

fractured, and revelded through high-energy ball milling[33]. The MA process can be

successfully carried out in both higimergy mills and lowenergy mills. The igh-energy mills

includeavibratory, centrifugal attritor, and plantetype ball milk, whereas the lovenergy mills

include ball and rod millE31].

There are several factomsfecing the MA process, whiclcan makea significant

difference in the produdtphase or microstructur&he mlling parametershathave an effect on

the final constitution of the powdare[31]:

1
1

Type of mill (e.g., lowenergy andhigh-energy mills)

Milling time

Milling environment (e.g., wet or dry milling)

Charge ratio (milling mediurto-powder ratio)

Milling temperature

Type of milling medium (e.g., balls or rods)

Milling atmosphere (e.g., an inert gasgon or liquid nitrogen

The materials ofhemilling tools (e.g., stainless steel, tungsten carbide, and ceramics)

The MA process variables are not independent, and they need to be optimized to achieve

the desired product microstructure. For example, théngitime depends on many different

process variables, such as charge ratie,temperatureof milling, type of mill, etc. With

increasing the charge ratio and milling time, more energybeitransferto the milled powder

[31]. Milling time has a direct effect otine fracture and welding as well as diffusion proesss

during milling [34]. Kinetic energy of the milling balls increases the temperature, and this can

have an effect on the proce3¥e increas intemperature during milling resulits anincreaseof

the diffusivity of thecomponent in theowder[32].
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The most common materials used for the grinding mediumtuargsten carbidend
steels ¢tainless hardenedtempered, and topl The grinding mediui slensity should be high
enough to creata high impact force on the powdandmilling mediund s har dntlkaas hi gt
the powderbeing milled The density ofthe grinding medium enhances thdinetic energy
transferredto the powder. Alloyng occurs due to the impact forces tlae exertedon the
powder. Thus, it is important to leae@ough space for the milling medium and the powder to
move freely in the milling containgB82). MA of metalsis normallyconduceéd under vacuum or
in aninertatmosphere such as argon or helitanminimize oxidatior{33]. The milling medium
must be chosen carefully to reduce contaminafiom the milling mediumwhen possibléhe

milling mediumwith compositiorsimilar to that ofthe powdef31].

2.3.1. SPEX Shaker Mills

A SPEXshakemmill is one of the type of high-energy mills commonly used for
laboratory investigationdBecause of the high velocities 6 m/s) of the balls inside the viad,
SPEX mill is consideed a highenergy mill type. High impact forces can be obtained using
SPEXshakermill that is because of its high frequency (about 1200 rpm) and high amplitude
(about 5 cm) of vibration. The common sort of SPEX mill has one vial, whishcdsred by a
clamp and swung back and forth in infinity sigb as it moves. The vial containise charge
(powder and ballswith capacity about 220g of the powder. Durinthe swingback and forth
action the powder partickareflattened between the balls or between a ball and the vial walls
[31]. The dawback ofa SPEX mill is that the powder somehow cannot be folijed when itis
compactedn the vial corners. A typical SPE3hakermill, tungstencarbidevial, and grinding

ballsare shownn Fig. 22.



(a) | (b)

Figure2.2 (a) SPEX 8000 shaker mill, (b) tungsten carbide, Vithl gasketand balls

2.4. Powder Compaction and Sintering Methods

After processingthe powderis compacted and then sinter¢éal have a bulk shape.
Compaction of powderss a routethat isused inindustry to produce parts from polymers,
metals, and ceramics. In geneasa first stephe powdermixture (with a binder or lubricantis
compacted via isostatic pressing or ¢otd uniaxial compaction. Then tilempacts sintered at
elevated temperatur¢around 0.66 to 0.8% of melting temperatureand controlled atmosphere,
where diffusion mass transp@rocessebecomeappreciablg¢35].

A cold compaction process carried outusing a cold isostatic pressing (CIP) aold
uniaxial. No sinterings achievedduring ths kind of compaction because they aseriedout at
room temperaturg35, 36]. CIP utilizes the pressure of a liquid or gas that applies pressure on a
flexible rubber moldcompresing the processed powder as shown in Figga2.The main
advantage of CIP over cold uniaxial method is that high homogenoudemsggreen bulk
samples can be obtaing2b].

A cold uniaxial pressing includes pourignixture of powders and a binder or lubricant

in a steel die and then pressing the mixture between lower and upper punches as shown in Fig.



2.3b. One of the main advantages of the uniaxial pressing is the ability to press large and
different shapes. Also, the uniaxial pressaam produce parts with gh productivity but with

low quality as compared with CIB7]. Repeating compaction after sintering when the uniaxial
pressing is used that helps to improve the densificatidhe bulk materials. This approach

usedin this work.

Die fill stage Compaction Part ¢jection

- |l -
Pressurization
e

source

Green ”
compact
Flexible
mold

(a) (b)

Figure 2.3 Schematics of (arold isostatic pressing (CIP), (b) cold uniaxial pressstgps (www.
substecttom).

Hot compactionis like cold compaction but it is done simultaneouly applying a
sintering temperatur¢38]. The most common hot compaction methods are spark plasma
sintering (SPS]37, 39|, hot isostatic pressing (HIFX0], and combustion driven compaction
(CDC) [41]. The spark plasma sintering (SARSk nevy developed technique utilizing uniaxial
pressure featuring high heating rate (up to *G0@in) due toa pulse of DC currentup to
8000A. SPS makes it possible to sinter powders at a low temperature, short isothermal holding
time, and get almogtlly dense bulk samplgg2]. Fig. 2.4a shows a schematic diagram of spark

plasma sintering system.



Combustion driven compaction (CDC) utilizes released energy by igtitamaturalgas
and air. The natural gas (GHand air after combustiogeneratea sudden high pressuteat
drives the pess motion. This type of sintering technique provides imtbderate (100 to 1000
tons) to the morextreme ( 1, 000,000 tongpressures as needed for powder consolidq#ith
A schematic diagram of combustion driven compact®rseenin Fig. 24b. Hot isostatic
pressing (HIP) likes CIP except that the hisatppliedduring the pressurization, and the mold
deformsat high temperaturghaping the paf43]. Fig. 2.4c illustrates the scheatic diagram of
hot isostatic pressing. HIP is considered to be @nmost promising sintering techniqués

producing fine grains and dense bulk materials.

Gas
Pressure F met |
Graphite Electric "I~ || . Fressure

Pulsed DC

ower supply
Ignition {

Pressurized
gas (argon)
Natural Gas (CH,)
& Air at “High”
Pressure

i
|
i
|
' I Pressed part
| : One

e B\ moving ¥
part!

Steel can
container

Vacuum die

Heated
chamber Pressure Powder .| 8 )

chamber

(a) (b) (©)

Figure 2.4 Schematics of (a) spark plasma sinterifig) combustiondriven compaction, and (c) hc
isostatic pressing (www. substectim).

Sintering is a major process in the manufacture of polymer, metals, and ceramics. In
general the sinteringprocess involves consolidation by heating the compacted powder to a high
temperaturéout below the melting temperatuad the materiglsoakng for a desired length of
time, and then cooled. Durinthe sintering process, energys provided which helps th
individual powder particles to bond togetherwtisreportedthat the green compact shrinks by

around 40 vol. %, durinthe sinteringprocesg44].

10



The categories of sintering are solid solution sintering, liquid phase sintering, and viscous
sintering. Here, the focus is on solid solution sinterifige solidstate sintering process passes
through three different stages as illustsate Fig. 25. In the initial stage the powder particles
join to the neighboring powder particles without caation. At this stage, the disappearance of
the border begs to produce a neck in the points of contact between the powder particles. Grain
boundariedorm between neighboring powder particles. In this phase, the shrinkage is very low.
In the intermediatestage the growth of the neck helps to reduce the pores. Also, a larger
contraction in comparison with the initial stageseenat this stage. In the finatage the pores
turn into a state of instability, and they prefer to spread evenly over theahdtbe density of
the material reaches between 90% and 95% of the theoretical density at the end of the sintering

process

Figure2.5 Stages of sintering procelg&]
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2.5. Precipitation Hardening
Precipitation hardeningor age hardenings one of the most effective strengthening

methods, which improves the mechanical properties of metal alloys. Precipitation hardening is
the process of strengthening of an alloy by precipitdimg dispersedrecipitates of the solute
in a supersaturateahatrix [45]. Precipitation hardening mechanisms and kinetics have become
area of interest of many researchd6]. The precipitation hardeningvas first explainedby
Meica and his coworker$47]. In their study of an AlCu alloy, they observed that tladioy
hardnessncreasedafter the alloyhad been quenched from high temperature and then aged at
low temperature. They proposed that Cu atoms precigitatg as particles fromthe
supersaturatedolid-solution since the solid solubility of Cu in Adeceasesvith a decreasen
temperature. They suggested that precipitation hardening -QuA4lloys resulted from the
interference of Cu atoms with slip when grains are deformed. Precipitation harideaohgeved

by the following three basic steps andlasirates in Fig. 5 [46].

1. The first step is @ution heat treatment or homogenizati®uring this step, an alloy is
heated up to a temperature, between the solidussahds, and soaked there for an
appropriate time until all solute dissolves ifk) phase (Fig. B). A uniform solid solution

structure K) is finally produced The second precipitatesare completely dissolved

2. Quenching to room temperature is the secsteg. During this step, the solik) (s rapidly

cooled and the solutel is not able to diffuse out of thghase and the alloy is said to be

supersaturated.

12



3. Aging is the final step in thprecipitationhardening process. During this step, the alloy is
heated up again to a temperature belowstiteus temperaturend soaked there to produce a
finely dispersed precipitatdhe extra atoms dhesecond element diffuse to nucleation sites

and precipitategrow because the supersaturated phase is not stable at high temperatures

100% x solid solution
(retained upon quenching)
Solution treatment »

Quench

\ Fine dispersion of
AN precipitates within grains
‘A (retained upon cooling)

04+ K

f
vs ' 4 ‘.
1' \
A -
Step3 © 200 f
i / Equilibrium | ‘
/  microstructure f
i = 100 coarse ¢ precipitates LY
Step 2 ¥ /' at x grain boundarics Y
| o o 2

9% 95 100 Time
wt % Al

Figure 2.6 The aluminurarich end of the AICu phase diagram showing the three steps ir
agehardening heat treatment and the microstructures that are prddéted

The aim of theprecipitation hardeningrocess is to form finely dispersed precipitates in
the alloy. These precipitates impede thevement ofdislocationsby either the strains around
the precipitates zones, the precipitates themselves, ar®@otisequently, the allag said tobe
strengthenetbecause of the precipitation hardening. Atuheerngingstage the precipitates are
very small and coherent to the lattiaed deformable as dislocat®out through themwhich
leads to anincreasdn the yield stress bthe obstacleto dislocation motionas presented in Fig.
2.7. The obstacles become too strong to be shareddisfocationwhich thatleads tancreasng
the yield stress. The vyield stress will continue to increase as a result of the growing of the

precipitates peakstrength stage as shown in Fig7.2Because of the growing, the precipitates
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lose theircoherene. Ultimately the precipitatesize increase angecome completely incoherent
with its surroundinggand nordeformable as thdislocations bypasthem Thereby the misfit

strains become vergmall and the yield stress decreased the alloysoften which is the

overaging stage in Fig.2[45, 48].

Peak strength

Yield stress

Underaging
_ Overaging

Aging time / Precipitate radius

Figure 2.7 A typical onei peak precipitation hardening cung&hows the relationship betwet
yield stress and aging timecludes three stages, underaging, peak strength, and ovegjinc

14



2.6. Literature Reviews

The Ni-Mo systemhas attracted the attention of mamgearch groups becausetbé
unique ordering transformation of its intermetallic phagdsiost all the studies that have been
donein the NiMo system were carried out using transmission electron microscopy. Few works
have beerdone in this system usingiicroscopic techniques such asanning electron and
optical microscop. Here are some gslies of the microstructural evolution of the ordered
intermetallic phases in NVlo system.

Masahiko Yamamoto et al[49] studied the structural changes during isothermal
annealing of a quenched -84.4 at % Mo all oy ( n eNigWd).yhesamplésc hi o mi
were preparedby vacuummelting electrolytic nickel and molybdenynfollowed byhot-rolling
and heahg at 1300C and then quenahg into icewater. The samples werext annealed at
86(0°C for various periods of time and quenched. They reportedstairtrangeordered (SRO)
structurewas observedn the quenched sample from 13 -fegion) using transmission
electron microscopyOther researchetsad reported thathe SRO structurdormed when a Ni
Mo alloy (Ni-8 to 25a26Mo) wasquenchedrom the U-region[30, 50-56]. Yamamotoet al.[49)]
reported that vphaserof N2&4at. %Mo alloywas andealé#t 860C for 10
min, the 2-NizMo was not directly formedA metastable phase hVio was formed in a short
rangeordered matrix in the annealsdmpleat 860C for 10 min. Afterone hourof annealing at
860°C, the meteastable phase BVio ,-NifMo , aNigMo were formedas shown in Fig. .3.

In Fig. 28, a regionA consists of NMo  a +NdMobn the shorrangeordered matrix, and a
region B consists ofo-NisMo which nucleated afj r ai n b o u {plthser After $50r0df U

annealing at 86 , -NigMo was predominatefdy consuming NMo  a fNdMofphases as
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shown in Fig. 2. Upon prolonged annealing there are band regions as can be seen i®.Fig. 2

These band regiorshowthefcc lattice[49].

Figure 2.8 Micrograph of Ni2 4 . 4 at %Mo al | o y-regipn &d théneadneafed
86C*C forth aft er q u eegiorhA regipnAfconsists ol NiMo a fNdMobn the
shortrangeordered matrixA regionB consists ob-NizMo which nucleated at grain boundari
o f -phlisg49]

Figure2.9 Micrographof Ni-2 4 . 4 at %Mo al | o yregipruandtbeh andealédrab8@orl
550h A region A (bands) consists of fcc lattice. A region B consistsNitMo [49]

16



N. S. Mishra et al[56] have studied the disorderder change in a Ne5wt.%Mo alloy
in the temperature ranges between°@8@nd 886C. Nickel and molybdenum powdevgere
meltedin an arc furnace. Samples were cut and homogenized atC13601h followed by
guenching. Samples then were isothermally aged in steps©fr&Aging from 68%C to 88C°C
followed by quenching. They reported thatt®o was f or med -Ni;Mo, snd and
e v e nt tNaMol wasfovmed when the alloy was aged attemperaturebelow and above
800C. They al so concl uded -phaBea($RO} tdrNisMa phasewasf o r ma t
accomplishedby nucleation and growth, whickiassupported by Martin et §83].

H. M. Tawancy[57] studied thelong-rangeordering (LRO) behavior and mechanical
properties of NiMo, Ni-Mo-Fe, and NiMo-Cr alloys. Sampleswere cast and
homogenized/solutionized #te Uregion andthen quenched. Samples were then isothermally
aged between 600 ard 80CC for up to 1000h followed by quenching. In all alloys;Mio ,- b
NizMo , aNizio were coeexistedin the microstructures. Tawancy reported that both iron
and chromium stabiliz¢he o-NisMo p hase. ENi;d @ r a iNgMo tmaght lead to
embrittlementvhile ordering to NiMo could improve the mechanical properties.

P. L. Martin et al[58] determined the maximum temperature for the presence of coherent
(LRO) formed in N#(Mo, X) alloys, where X = Al, Ta, V, WThe amples were prepared and
followed by solution treatment and then aged betweefAC7@8d 900C for up to 10hTheyhad
f o u n d-NigMo aansurmed the coherent metastablgdi phasevhen Ta substituted for Mo.

Fig. 2.10 summarizes the coherent phasé/uswith dissolution temperature.
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Figure 2.10 Histogram summarizing the coherent phast/uswi t h di ssol ut i on-
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Tawancy et al[59] have studied the effect of a minor second phase present on the tensile
and corrosion resistance in-R¥.8wt.%Mo and less than 0.002wt.% oy (Hastelloy alloy B).
Samples were cut, hetreated (solutionized) at 1180 for 2h followed by quenching,ral aged
between 90 and 1068C f or wup t o 3h foll owed by-Niylaenchin
phase was identified using electroNiMdleff fract.
behind migrated grain boundaries during aging grain. Thigiogahas no effect on ductility and
corrosion resistance.

D. Schwamet al.[60] have investigated the microstructural evolution ofdMnt.% Mo
alloy. The alloy was directionally solidified by a modified Bridgrigpe technique They
reported that the microstruct u¢NeMo intermetallict ed o
lamellae and solid o | u t-Ni. cAnmixtUre of Ni-Mo , -NisMo |, aNistMo phasewas
detectedn the solids o | u tNi. Fhey fdlind that at an aging temperature of°89@ large

a mo u n-NizsMwo phasavas detected n tNhneatrix
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A number of investigations have bemportedon themicrostructural evolution of NMo
alloy, only below the peritectoid temperature (92 and mostly providel by transmission
electron microscopyn this work,designingthe microstructwe of NisMo alloy below and above
the peritectoid temperaturill be reported using optical microscopy, scanning electron
microscopy, and Xray diffraction Yet, nopublisheddatawere foundof the reverseperitectoid
phasetransformationof NisMo alloy. Our studywill provide better understanding of the

structural evolution of NMo alloy below and above the peritectoid temperature
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Chapter Three
3. Experimental Procedures

Mechanicalalloying and powder metallurgy method®reused in this work to prepare
bulk Ni-25at.%Moalloy (stoichiometric NiMo) samples.The goas$ of the experimentswere
first, to preparé the bulk Ni25at.%Mosamplesandthendo heattreatnentin various waysin
order toinvestigate the microstructural evolutiand their related hardnestNizMo alloy. This
studywas expected tkead to a better understanding of the effect of the microstructural evolution
on the hardness of pilo alloy to enhancets performance and broadés applications

Bulk samples preparatiostarted by millinga mixture of reduced Ni and25at.%Mo
powdes in a highenergy ball mill. The milled powders then we@d-compactedandsintered
followed by quenching.The kulk samples then were cut, hestated, andpreparedfor
characterizatiorusing standard metallographic techniquébaracterization startesith density
measurements,-¥ay diffraction (XRD) before and aftéeattreatmentsopticalmicroscopyand
scanningelectronmicroscoly (SEM), and microhardness testing for bulk samglefore and

afterheattreatments

3.1. Sample Preparation
Elemental powder ohickel was acquiredfrom Alfa Aesarat 149 pmsize and99.8%
purity, andmolybdenumwasalso purchasettom Alfa Aesarat 149 pmsizeand99.9% purity
All powderswere reducedn aLindbergBlue M (Model#54233Yube furnace (Fig..2) under
hydrogen gas flows at 500 for 1h and furnace cooledlhe anountof thereduced elemental
powders of Ni and Mowere measuredo form a mixture of75at%Ni and 25atoMo
(stoichiometrico-NizMo). All handling and mixingf thepowderwerecarried out in a glove box

under arargonatmosphere to minimize oxidation.
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The Ni25at%Mo mixturewas milledin a SPEX 8000 high energy shaker (Figa® using a

tungsten carbide milling vidFig 22b)wi t h tuhgsters ddfhidé/NC) balls. The charge ratio

(milling ball weight to powder weight) was 2:1. The charge weight 20gsandfour WC balls

were addeand their weightvasaround40.30g. The loading and sealing were performed in a

glove box under aargonatmosphere to minimize oxidation during MA. The whole chavge

milled for 10h. The vial was flipedand rotatd every 30 min at the firs2h to minimize welding

to the walls. After milling, theail and themilled powdemweretransferredackto the glove box.
The milled powder was coldompacted using steel mold3/4ddiamete) and auniaxial

press as shown in Fig.23 The milled powdemwas compactedt 550MPastress and did for 5

min (Fig. 3-3). The coldcompacted samplegere sinteredpressurdess sintering, at 180C for

100h in total.

Gas flow gauges

Furnace /

Alumina tibe

Figure3.1 Tube furnace ( Lindberg Blue M (Model# 54233))

After 25h at 1308C the samplevas quenched, coldompacted, and then sintered again at

1300°C for 25h followed by quenching@.his step was repeated for a totall®Ch sintering,to
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improve the density of the bulk samples. The sinteviag carried outin a Lindberg Blue M

(Model# 54233) tube furnace underdrogen and argogasedlow to minimize oxidation.

b

Uniaxial 3

Compactedgamples

Figure3.2 Uniaxial press (CARVER) Figure 3.3 Uniaxial steel mold set ancompacted
samples

3.2. Heat-treatment Steps
After sintering, thebulk samples were cut into slices with around 1 mm thick and
semicircle with diameter around 9 mm. Theattreatmens were performedin a front load
Deletchfurnaceat temperature ranges from 6@up to1050C in salt bathsTwo different salt
mixtures were usetb carry out the hedteatments. For the hetreatments between 6T and
90C°C, thesalt mkture compositiorowasNaCl 1015%, KCIl 2630%, BaC} 40-50%, and CaGl

15-20%, and theimelting pointwasaround400°C. Whetreas the salt mixture compositiowas
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BaCk 70-96% and NaCl 3@% and their melting poinivas about 800C, for heattreatmens

between 90T and 105€C. The heatreatment stepare summarizeds following:

1. Solution treatmensintering: heatingip the cold-compacted samples at IBC for 100

hoursin total,to obtainthes ol i d s olpoasei on U ( Ni )

2. Quenching: the solutiomed sampleswere quenchednto waterto form supersaturated

solid solutionU-Ni.

3. Aging: by heating up thesamples at temperatsrdetween 60T and 1058C and

soaking forthe designedengthof time and followed bygquencling into water

The purpose and the conditions of each heat treateresummarized iMrable3.1. The
full heat treatment matrixes of the heat treatment below and above the peritectoid temperature

are summarizeth Tables3.2 and 3.3.

Table3.1 Summay of the heattreatmentonditions and purposes

Heattreatment conditions Heattreatment purposes
Temperature°C) Time (houn)
600-900 0.25100 Structurale v o | u t-NigMo phask o

100 Forming theo-NizMo phase

600
I— Quenched—-I

Ly 9101050 0.05-10 Structural evolution oEN i aMiMo fram
t h &NisMo phase

910-1050 0.05-10 Structural evolution of+N i a-MiMo fram
the supersat ur-ditplease s
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Table3.2 Summay of the full heattreatmenmatrix between 80°C and900°C.

Aging

(°C)

Aging time

Temperature

Minute

Hour

15

5

10

100

600

©

650

700

750

800

850

900

© O 0| © © ©] ©

© 0 0| © © ©] ©

© O 0| © © O O

©| 0| © 0| © 6| O N

© 0| 0| © © ©] ©

Table3.3 Summay of the full heattreatmenmatrix betweer®1(°C and1050°C.

Aging

Temperature

(°C)

Aging Time

Minute

Hour

10

910

930

970

1050

8 8| 8| 8] o

8 8| 88

8 8| 88

8 8| 8| 8] »

81 8 8 8>

3.4. Characterization Techniques

To investigate theffectof the heattreatmend on the microstructural evolution tie Ni-
25at%Mo alloy bulk sampleswere characterizedThe densityof the bulk samplesvas
determined by Archimedésgrinciple The XRD was used to define the presented phases before

and afterheattreatmentsHardness testingas performean bulk samples before and aftexat
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treatmentsAlso, SEM was used to provide @assessmerdf the microstructure of the present

phases and the densification.

3.4.1.Density Measurements
The densitiesvere measurefor both green compacts artulk samples The density
measurementvas takemafter each sinteringtse p by Ar chi me.d@dddldstrates i nci p
Archimedes density determination apparatus A r ¢ h idengtyl @prdach was utilized by
taking the weight of a sample in air yy/and then in ethanoWethang) at room temperature, the
density of air ” 5y = 0.0012 g/cc and ethandlemano= 0.79 g/cc. Then the density of the green

compact and bulk samples can be determined Ejuogtion3.1[61].

* (” ethanok air) T " air (31)

For comparison, theoretical density was calculated Uusquation3.2[62]. The densities

of Ni (8.91 g/cc) and Mo (102g/cc) were used to calculate the theorétwansity using

Equation3.2.
- =———3 = 9.33¢gtm’ (3.2)
- — 8 8
whereC is the concentration of alloy elemdntt.%),and} i s t he densiThey of a

density measurements of green and sintered samples as a percentage of the theoretiegakvalue
plotted against sintering time, as presented in Fig.Thé.closeporesdensitywasnot counted
here. The density of the bulk samples increased withesimgy time.The bulk samples were

compacted again after being sinteriedmprove their densities.
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— Sample holder
(measuring
the weight in air)

— Beaker

— Ethanol

— Sieve for
immersing sample
(measuring the
weight in ethanol)

Figure3.4 Archimedes density determination apparatus
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]
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Figure 3.5 Density measurementsf green compacted and sintered sampalssa percentage of tt

theoretical value plottedvith respect tosintering time After 25h the samples were quenched,
compacted, and sinterethis step was repeatéar a totalof 100h sinterindollowed by quenching
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3.4.2.X-ray Diffraction
X-ray diffraction (XRD)was used to examine the milled powders and bulk samples
before and afteheattreatmentsX RD was done using aPW3Ha!| yti c
powder diffractometer (Fig..8). Bragg angle Z ¥ rangewas from 30° to 9C°. X-rays were
generated by Cu sourty using 45Kw and 40mA. For statistical reasons, each sample was run
twice in the diffractometer. The XRD data focused on peak broadening and siMfRBgdata

were profile fitted using X06Pert High Score P

Figure3.6 XRD ( PANal yti cal X0 Pr o P W-ra8 éodr€e, (B)initké
filter, (C) 10 mm mask, (D) lantts c at t er sl i t , ( E) celsraan{rhye
detector.

27



Lattice parametes were calculatedfor sintered samples usingquation 3.3 [63]. The
diffraction angle associates with ssgdacingdny. Lattice parameter cdre calculatedvhendyis
multiplied by the square root of the sum of the squares of the values h, k, and | for each set of

planes

& =Q *MQ Q a (3.3)

wherea is thelattice parameteiQ is d-spacinghkl are planes generating the pe@ke lattice
parameter of -Nsphdséwds cacoldtedbiased an (11) and (200) planes. The

lattice parametewasused to determine the co-Mpsngithei on o
existing solubility datgFig. 3.7)[64]. A plotwasgeneratedor the composition of solid solution

U-Ni as a function of aging timfer aged samples between 83and 900C.

at.% Mo
N
o

0 'ﬂ T T T T
3.52 3.54 3.56 3.58 3.6 3.62 3.64
Lattice Parmeter [A]

Figure3.7 Atomic % of molybdenum in nickel as a function of lattice parani&r
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3.4.3.Hardness Testing
Bulk samples (before and after hétaatment) were cut, mounted, ground, and polished.
Hardnesdestingwas performedn bulk samples before and after hgaatmentto assess the
effect of the heatreatment Vickers microtardness testing was carried out usanige CO DM -
400 as shown in Fig. .8 at 100gf for 5 seconds. At leasix measurementwere takenper
sample for statistical reliabilityPlots of microhardness values of haaated samples against

heattreatment timevere generated

Figure3.8 Vickers microhardness tester (LECO BA0)

Vickers hardness isiicro-indentationhardness testn this test a diamond indent, in the
shape of a right pyramid with a square base (Bi§), uses for indenting the test material.
During measurement, a load of 1 to 1 is appliedsmoothlywhich forces the indenter into
the test material. The full load appliel for 5 or 15 seconds. After that, the laademovedand
the two impression diagonals are measukatbop test is similar to Vickers test, except that

Vickers is more sensitive to measurement errors Kravop Also, Vickers test is less sensitive
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to the surface condition thanooptest. The Vickers hardness calculatedy dividing the load

by the square area of indentatizsing the following equatiof63].

06 2 (3.4)

whereHVis Vickers hardnessFis the load in Kgf, and/is the average diagonal & AT ‘@ in

um.

square based —
pyramidal indenter

sample —

Figure3.9 Vickers indentation and measurement of impression diagomad.twi-global.con)

3.4.4.Scanning Electron Microscopy (SEM)

A FEI Quanta 600 FEG Environmental Scanning Electron Micros¢bme 310) was
usedto image selected samples, to investigate the developofetite new phases. The
acceleration voltage was 20kV, and working distances were bet&eam - 15 mm with
different magnifications. The samplegere preparedor SEM usingstandard metallographic
techniguegmounting, grinding, polishing, etching usiagsdution of FeCk 5g, HCI 100 ml, and

10ml H,O, and conductive coating
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Figure3.10 Environmental Scanning Electron Microscdp&l Quanta 600 FEG)

In the following chaptergfour through six)the resultsof this work are presented and
discussed.These baptes are writtenas journal articlesThese chapterare the enhanced
versions of alreadgublished manuscripts at MS&T and TMS proceed{6ds67]. Each chater
includes abstract, introductiorexperimentalprocedures, results, discussion, and summary.

Chapter seven comprises the summary of this work.
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Chapter Four

4. Bulk Processing and Microstr uctural %01 1 O OENisMo T /£

4.1. Abstract

High-energyball milling was used to produce teomogeneously blended and partially
alloyed elemental nickel and molybdenum oftNid composition. Alloy samples wereold
compacted, sintered/solutionized at 186r 25hand quenched to retain the sagiolution U
Ni. The cold compaction and subsequent sintering were repdéated total of 10Ch of
sinteringsolutionizationtime to achieve near full density. Aging was performed betweerC600
and 900C for up to100h,toi nvesti gate the mi c4iNigMotphasect ur al
Scanning electron microscopx-ray diffraction and hardness testingere used t@nalyze the
aged samples to study the microstructieablution and their related hardnes3he phases
observed in the aged samples weréNisMo, -Ni Mo , sol i dNi wotHeiut i on
mixtures.Cellular precipitatiorwas observeith some sampleglardness values were as high as

880 Kg/mnf in the samples aged at 800

4.2. Introduction
The NiMo system phase diagram (FiglRshows three orderednt er méNizMo] | i ¢ b
2-NizMo, a n dNiMb. The metastable Milo phasenvas observeih the 1970sby Saburi etl.,
and itis not shownin the Ni-Mo phase diagranj30]. Ni.Mo, o-NisMo, a n d-NisKo are
superstructures of thiec high-temperaturgohase There have beea number ofstudies orthe
orderi ng HNiyMot[58 ma55 b7h -NMo [68, 69], and U-NiMo [60]. Das et al.
[70], in their investigation, quenched the disordesddisMo from high temperature and then
aged below the peritectoid temperature. They reported thistoNormed first and theh-NisMo

precipitated nextthey both coexisted for some time.
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Upon prolongedaging these precipitates aseibsequentlyeplaced bythe equilibriuma-NizsMo
phase. Similar resultsere observeth studies byMisheraet al.[56, 71] of Ni-20 to 25at.%Mo
alloys. Both of the above studies were primarily TEM studies performed on very small processed
samples.

The present work deals with the processing of bulk?Bat.%Mo alloy utilizing powder
processing methods and studying the microstructural evolution during aging of the

supersaturated solsblutionU-Ni and the associated hardness behavior.

4.3. Experimental Procedures
Ni-25at%Mo alloywas preparethy mechanical alloying elemental powders of nickel of

9% % purity and molybdenum of 99.9% purity, both purchased from Alfa Aesar. The mixture
was mechanically alloyeth a tungsten carbide meuoi in a SPEX millfor 10h. The milled
powder was cold compacted in umiaxial stek mold at 550 MPa stresS.he compacted
specimens were homogenized/sintered in a tube furnace aiC18A6erhydrogenand argon
gass flow for 25h (Step 1 in Fig4.1). The cold compaction and the sintering routines were
repeated foma total of 100h sintering followed by quenchin@tep 2 in Fig.4.1), yielding a
density of 8.754 g/cc (~93.8 %). The sintered samples sectioned into 1 mm thick slices using a
diamond saw. Isbermal aging was done in salt baths at temperatures ranging fro@ &00
900°C (Step 3 in Fig.4.1) followed by quenchingX-ray diffraction was performedon all
powders (blended and mechanically alloyadyl aged samplgsptical and scanning electron
microscopes (SEM)were performedon sintered and aged samples. Vickererohardness

valueswere obtainedor all sampleaisingLECO DM-400at 10@f for 5 seconds
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Figure4.1 Partialphase diagraraf Ni-Mo systenmwith the heatreatment stepg1) sintering/solutionizec
at 1300C for total 100h; (2) quenching; (3) aging at temperatures betweé@-800°C for up to 100h
followed by quenching.

4.4. Results
XRD profilesare showrin Figs.4.2 through4.5. The blended NMo powderis shownin

Fig. 42a. Partially mechanically alloyedi-Mo powder (Fig.4.2b) formed a complete solid

solution (Fig.4.2c) after compaction and then sintering at 180for a total of 100h.The (111)

and (200)eaks of fcc Ni shiftdto the lower angles and laeae broader as the solution foed

by mechanical alloying as well as sintering, 4g2b-c. Fig. 4.3 shows the XRD patterns of
samplesagedat 600C and different aging time#t an aging temperature @00°C, the solid

solution initially transforredto a mixture ofNi,Mo, b-NisMo, and2-NisMo, and eventually to

1 0 0 4NisMo after 100h of aging as shown in Figk3ad. The st abINeMophase,
progressively forrad at 600C to completion after 100handtha was also true for aging at

650°C.
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Figure4.2 XRD profiles of (a) Ni and Mo blended powder. (Mechanically Alloyedfor 10h by using
SPEX mill. (c)Sintered/Solutionized sample at 130Gor a total of 100h followed by quenching
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Figure4.3 XRD patterns oNi-25at.%Mo alloyisothermally aged &00°C for (a) 15 min (b)
5h; (c) 25h (d) 100h

Aging at other temperatures (7@0) 750C, 800C, and850°C for 25h) always enetl up

with a solid solution ando-NisMo phasesThe XRD profiles for specimens aged &#08C and
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900C are showrin Figs.3-4 and3-5. At an aging temperature 05@C (Figs.44 ac) , + he

NisMo phase develga with reduced Mo concentration from the supersaturated 25at.%Mo.

XRD profiles in Figs.4.5 ac show aging at 90G and different aging times, where the solid
solution phasewas dominant in the end after NioMo, b-NizsMo, and 2-NizMo precipitatiors

followedb y -NiWo transformation.

g e : NisM
] ° 1 I ¢ 7-NisMo
g 850°C I | % o-Ni
2 1 " 1%
C 1 |
” o o B
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| 1
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30 4lo 510 60

Position [°2Theta]

Figure4.4 XRD profiles ofNi-25at.%Mo alloyisothermally aged atS®°C for. (a) 30 min; (b) 2h; (c)
25h.

The lattice parameter was calculated based on (111) and (200) psamgihe following
equation63]:
& - I Qo (3.1)
whereQ is dspacinghkl are planes generating the pedking the existing solubility data on
the NiMo alloy system{64] andt he | at t i ¢ eNi phase @ots weéreedevelopédor U

the compositionof U-Ni phase as function of aging time a00°C-900°C; theyare presenteih
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Fig. 46. The Mo compositiondropped with aging time,dropping slowly for lower aging

temperatures 60C and650°C, and much sharper forgheraging temperatures.
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Figure4.5 XRD profiles ofNi-25at.%Mo alloyisothermally aged &@00°C for (a)30 min, (b)2h, and(c)

25h.

SEM and opticaimicroscoly wereused toexaminesinteredand isothermally agesamplesand

selected micrographare shownin Figs. 4.7 to 4.10 Fig. 4.7 shows the microstructure of the samp

compacted and sintered at 1300for 100hand quenched to room temperatufée microstructure

cont ai ne dNigraginsapprexenatelyl10 um in diameter, andcluded annealing twins.
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Figure4.6 Composition of solid solutiokNi determined fronthe existing solubility dat64] and Xray

data

Figure4.7 Optical micrograph oNi-25at.%Mo alloysinteredgolutionizedat 1300°C for 100h followe
by rapid quenchinghe microstructure showestjuiaxed and twined grains sblid solutionU-Ni phase
(the black regions are spherical voidsichant: FeGl5g, HCI 100 ml, and 10ml ©.
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Aging at 600C (Figs.4-8ac) producel 9-NisMo precipitates, mostly at grain boundaries
which gewt o event ual | i peasenAs 856G (Fid 49a), NisMo particles
inside UNi grains or near thgrain boundariesvere much larger than those at the grain
boundariesThe amount of theo-NizMo phaseincreased with aging time according toX-ray
data(Fig. 4.4). Fig. 4.9b shows the microstructure of the sample dge@5h at 85€C. Based on
the XRD data, the microstructure of the aged sample &C85¢ or 25h i-Bli aamdxbur

NizMo phasesAgingat850C f or 25h was not -digMophase.i ent t o f c

HFW | det

V
2000 kV|17.0 ym|ETD
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Figure 4.8 SEM micrographs of N25at.%Mo alloy isothermally aged at 600°C for: (a) 2h showir
microstructure ofNit wihnanseed agmwdai n BNi;Mopaloege thegriain
boundari es; ( b }Ni 5 hg r @o-Nisho gatcipitags atomg the grain boundaries;
100h consisting othe equilibium 2-NisMo phase The voidsare not includedn these smaller fields ¢
views.Etchant: FeGl5g, HCI 100 ml, and @l H,O.
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30min

Figure 49 SEM micrographs olNi-25at.%Mo alloy isothermallyaged at 850°C for(a) 30 min
showing a micNiosphaseuraen do-ii;M& aling and avithia she grdil
boundariesib) 25hc o n s i s t-Ni a g dNizflo pbase according to the XRD dafehe black
regions are void€tchant: FeGI5g, HCI 100 ml, and 10ml 4©.
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SEM micrographs of specimens aged at°@fdr 30 min,2h and 25hare showrin Fig.
4.10. Precipitatesvere found both along and within the grain boundaries. FXRD data in
Fig. 4 5ac, the precipitatesverea-NizMo up to 1h of aging (Fig4.9 a and b)andi-NiMo after
2h of aging (Fig.4.10c). Cellular structures at some grain boundawese also observedn
Fig.4.10c. It is unclear from the XRD resultat this time what the findine-up particles(basket
weave likestrands)were, but itwashighly expectedhat the fine line particlewere t-NiMo in

the U-Ni matrix.
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Figure4.10 SEM micrographs of N25at.%Mo alloy aged at 900°C for :(a) 30 min consisting of mix
of -NijMo arNd Mo precipitates al ong aneNi phdsd; §)i2n
c ons i s iNiMo grecipitates@long and within the grain boundacies-Nighase; ¢) 25h consisting
of a basketveavestrands ofrtNi Mo wi t hi n t he -lirphaseihetblack regicng ar
voids.Etchant: FeGl5g, HCI 100 ml, and 10ml D.
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Vickers microhardness measurements were performed to investgateffect of the
microstructural evolution on the mechanical properties of the alloy. Asiseeig. 4.11, the
hardness increadavith aging time in all cases; a maximum@&&0 Kg/mnf wasreachedor the
sampleaged at 80TC, except for samples agedd@®C. The rate of hardness increasgesmuch
smallerfor samples aged at low temperatures (@00 700°C), and steeper for those aged at
highertemperatures (75Q - 850°C). Like, traditional agédardening behavior, overagingnee

sooner for the highemperature aged samples, and later for low temperature aged samples, the

difference herevas thathigh temperature aged samples are harder.

=——600°C === 650°C e=te=—"700°C ={J=—750°C

—0—800°C =@®- 850°C A~ 900°C

1000
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800 -

700 -
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400 A
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200

10 100 1000 10000
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Figure4.11 Microhardness oNi-25at.%Mo alloyaged plotted against aging time.
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4.5. Discussion

After milling, Ni peaks beame broader and shétito the lower angles as shown in Fig.
4.2b. Thiswasrelated to the increase of lattice parameter of Ni due to the dissolution of Mo atom
i n-Niphase. After sintering at 138D for 100h, the (111) and (200) peaks of Ni sfiftnore
to the lower angleand weredue to the formation of a complete sedidiu i o-Mi asl$een in
Fig. 4.2c. At an aging temperature of 6@) NbMo a fNdMoformed and then eventually
1 0 0 %NisMo formed after 100h.It was reportedhat NpbMo formedf i r st aNiydllo, t hen ¢
and e v e-NigMo dormed/when the alloywas agedat a temperaturebelow and above
800°C [56]. Yamamotoet al[49] reported that when the Ni4.4at.%Moalloyguenched fr om
phase and then annealed at®5€@r 10 min a metatable phase Milo formed n a shorrange
orderedl:Ni matrix. The metsstable phases bW o ,-NijMo, and tNigMdo famed&t| e o
86C°C for 1h , and +NigMohfteld9 ha I n this wor-MsMoformed 100 ¢
at 600C after 100h. Figs4.3d and4.8 showthe XRDpr of i | e and SEMMmi cr ogr
phase, respectivelyt has been suggested that the formatiort df e  s-NigMo lfr@an tle
supersaturatesolid solution U-Ni was accomplishedy nucleation and growth mechani$4®,

56].

After agingat atemperature of 85C, the precipitated particles look different than other
precipitated aging temperatures. Small and large precipitated padfctebli;Mo along and
within the gr &aliphasdvereohsdreed at 8% foo 30 mid as seen in Fig-
9a. These p@pitated particles grew after 25h as shown in Big§b. Based on the XRD data,
mixture of the U-Ni and 2-NisMo phaseswvere detectedat a shorttime again aB50°C, andthe
amount eNfisMot phase increased with aging time, as shown in &#.Also, at other

aging temperature§Q0°C, 750C, 800C, and850°C) UN i aMiflo ghasesvereobserved
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it was notedhatt h e a mo u ANizMoophasetintreased with aging time. Aging at these
temperatures for 25tas not sufficient to form100% 2-NisMo phase. ltwas reported h a t 2
NisMo phasewvas formedat 860C after550h[49]. T h eNishlo phase possiblwasmore stable

and fornedearly atalow temperature, e. g. 680.

At 900°C, besides the solis o | ut i on p h as e-NiMd vimsdetected uptome t a | |
2h, and the solid o | u tNi wasdetécted as the dominant phase after 25h ¢%). Small
precipitated particles within and along the grain boundavezg observedas seen in Fig4.10a
and b. A cellular structure at some grain boundaries conneatiasalso observedfter 2h as
seen in Fig.4.10c. After 25h, a baskeweave like structure andcontinuoudy precipitated
particles along the grain boundariesre observed (Fig4.10d). XRD data showed that sclid
s o | u tNi wasthe dominant phase after 25h. The seldution peaks1(11) and (200) shifted
to thehigherangles with aging time. Thatasdue to the depletion of Mo from the sebdlution
U-Ni, which indicate that phase transformatiomsere happing This wasalso happenedt other
aging temperatures as seen in.Hg. Not all the observed phase can be detectedXRy
because sometimes the deteclidrnot pick up all the diffracted ray8lso, the samples were not
homogeneoushat could be du¢o the samples preparation method. The samples were cold
compacted usingn uniaxial press that sometimedgd to nonuniform densies, where the
s a mpgdudadesveredenser thathe corg72]. Thatsomehow affeedthe homogeneity of the
phase transformation in the sampl@ébis wasnoticed even at the other aging temperatures.
However, t h e-NiNMooat 9OGCtbéloov the pefitectdid temperature (9CY could be
due to the impurities inthe allpy whi ch | ed t o | ower -NiMogphakeor mat i

The hardness increabevith aging time and overagingccued as seen in Figd.11. It

was reportedhat the ordering to MVio couldincrease the mechanical strength of\ib alloys
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[57]. This mayexplain the increase in hardness at the early staggiogwhi | e or-der i ng
NisMo led to decreasing the hardne3#is was seenat samples aged &00°C when the

hardness increadeand peakdwi t h t he ¢ o mp | -BitM® aftercl00mSamplesn o f
agalat 900Cweree x pect ed t o be harder t h-BMiNophasdileut s due

thatdid not happenThis couldbe because of the grain growth and particles coarsening.

4.6. Summary

Microstructural evolution in bulk supersaturatdli-25at%Mo during aging between
600°C-900°C and therelated hardneswerestudied.Tr ansf or mi ng t eNisMohe equ
phaseusually becan with the formation of themetastablephase NiMo  a ANibtMob The
equi | i-MizgMo formedat 600C after 100h, which nucleatet t he gr ai A bounc
Ni and thengrew with aging time.The results werén agreement with Mishra et d56] and
Martin et al.[73]. At aging temperaturagp to 8®°C for up to 25hthe phase transformatiovas
a mi xt-Nigveo oafNdAgldg for 25hwasnot sufficient tobe completely transformed
intol 0 O 9%lizMo phaseThe f or mati on o-NiMaphasewasobseevedoelyt al | i ¢
at 900C as cellular anbasketlike structuresSchematic diagram gfhase transformation &fi-
25at%Mo alloy during aging betwee600°C-900°C and different aging timeis shown inFig.
4.12 The nature of thaging resukdin similar propertiesto the traditional aging, in theense
that hardness increabsevith time, andoveragingwas observed to take placAt an aging
temperature of 60C hardness increas@nd peakdwi t h t he compl-NigMe f or me
phase. AVickersd hardnesof 880 Kg/mnf wasreached for the samplegiel at 800C for 1h

and then decreases 800 Kg/mnf with aging time.F o r mi-NiMp phiase at 90 dd not
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increase the hardness as expeetbech coud have beerdue to the grain growth and particle

coarsening.
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Figure 4.12 Schematic diagram summarizing the phase transformaftidfi-25at%Mo alloy during aging betwee@0C’C-900°C (y-axis) and
different aging times gaxis).

49



Chapter Five

5. Reverse Peritectoid Phase Transformation in Ni sMo Alloy

5.1. Abstract

The microstructural evolution and microhardness of the produbeoéverseperitectoid
reaction in NiMo alloy were studied.High-energy ball milling was used to produce a partially
alloyed elemental nickel ananolybdenum of NyMo composition, colecompacted and then
sintered/solutionized at 13@ for 100h and quenche@.h e e g u i-NisMd was formedo
isothermally at 60@. The everseperitectoid transformatiowas performedetween 914C and
105CC for up to 10h.Structural and morphological characterization of the milled powder,
sintered and hedteated samples were performed using XRD, optical and scamiingscopes
Hardness values increased quickly initially to as high as twice that afatm&fdrmingo-NizMo
intermetallic at910C but then decreased gradually with both transformatomperatures and

times.

5.2. Introduction

Microstructural design in alloys usually involves cooling the alloy from a single phase
regionto a multiple phase region, a typical example being the heat treatment of steel. It is not
common to heat upn alloy from a single phase region to a multiple phase region at a higher
temperature to design its microstructuf@is work reports on microstctural evolution during
reverseperitectoidtransformation in the NMo alloy system and their corresponding mechanical
properties. Her e, -NiaMe© WNia 6-NiMoo The mesharical alleying by o
process, cold compaction, and sintering were used to prepare bulk samples of the intermetallic,
2-NizMo, and this has alreadbeen reportef67]. In that work supersaturated-R5at.%Mo alloy

t r ans f o rNnda belawothe peritectoid temperature. XRD profiles showed that the
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solid s o | u t-Ni seguentally transformed to Mo , -NifMo and -Niz¥Moeupon 2
prolonged agingWhile there have beesomestudieson the structuratievelopment ob-NizsMo

[50, 54, 55, 67] and b-Ni;Mo [30, 74, 75 f r o 4Ni stlid solutionand G-NiMo [76-78], the
devel op mdna U-NiMof strutture is not well known. This study, thereby,aep the
study of the microstructural evolution and the related properties resulting from the

transf or-Mgwtoi oNd+ dNiMod

5.3. Experimental Procedures

An dementalblend of Ni25at.%Mo wasnechanically alloyedby milling in a tungsten
carbidemedum in a SPEX 8000M Mixer/Mill® for 10h, pressed at 550 MPa intliscsof 19
mm in diameter and 4 mm thick usirgn uniaxial stee mold. The pressed samplegere
sinteredhomogenized in a tube furnace at 13D0for 25h. The cold compaction and the
sintering routineswere repeatedor a total of 100h sintering followed by quenchi@ne mm
thick sample slices were heagated in a salt bath at 6@for 100h and then quenched form
t he e g u-iNisMolphaseuTime reverse peritectoid transformatioeie performedvith the
2-NizsMo samples in salt baths between ¥1.@nd 1056C for up to 10h followed by quenching.
Fig. 5.1 illustratesthe sample preparatiosteps (1, 2, and 3) and hdstatmentstep(4). Heat
treated samples were characterized usingay diffraction, optical and scanning electron
microscopes (SEM). Vickemnicrohardnessalueswere obtainedor all samplesusing LECO

DM-400at 10@f for 5 seconds
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Figure5.1 Partialphase diagraraf Ni-Mo systenmwith the heatreatment stepg1) sintering/solutionizec
at 1300C for total 100h; (2) quenching; (3) aging at 80Gor 100h followed by quenching; (4) he:
tNo-U-NiMo followed by quenching.

treatmenm

5.4. Results

The XRD profilesof sample preparation (milling, celtbmpaction, and sintering) and
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heattreatment (the formation of the equilibriumNizMo) are shownin Figs. 4.2 and 4.3,

respectivelyFig. 5.2 showsthe XRD profiles of heatreated samples at 9IDfrom 5 min up to

10h. Thecompletet r an s f o r maNisM oo nt-Nf walsiobserzed

t

he

smal-I

NiMo presentwasnot picked up in the XRDThe 2-NisMo peakswere detecteih heattreated

samplesup to 2h.XRD for reverse peritectoid transformations at @@nd105CFC are shown

in Figs. 5.3 and5.4, respectively. The transformation sequen@ssimilar tothe one at 91T

except that this time theNiMo peakswereobserved.
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Figure5.2 XRD patterns otthe heattreatedsample at 910°C for (a) 5 min, (b) 30 min, (¢) 2h, and
10h.
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Figure5.3 XRD patterns othe heattreatedsample at 80°C for (a) 5 min, (b) 30 min,(c) 1h, and (d)
10h.
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Figure5.4 XRD patterns othe heattreatedsample at 105 for (a) 5 min, §) 30 min, (c) 2h, and Jdh.

The microstructure of the coldompacted and sintered sample at 2@0fbr 100h and
followed by quenching, i.e., supersaturdtesolid solutionis shown in Fig. 4.7. The
microstructure of the equilibriur-NisMo, as a result of aging at 6@ for 100h is shown in
Fig. 55. The development ob-NisMo formed from solid solutionUNi was reported on
previously[67]. S ma | | preci pi iNéb &ahg apdawithini the lgrairs boundariesd of
a mi xt N e adlifdMo \@ere observed(Fig. 5.6a and b). Afterloh , -NiNlo particles

developed into small colonies opaarlitelike structure irthe U-Ni matrix as seen in Fig.6c.
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Figure5.5 SEM micrographs of N25at.%Mo alloy isothermally aged at 600°C #@0h consisting o
gr ai nNi;Ma The goidsare not includedn these smaller fields of view&tchant: FeGl5g, HCI
100 ml, and 10ml kD.
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Figure5.6 SEM micrographdNi-25at.%Mo alloyheattreated at 91T for: (a) 5 min (b) 1 h, andc)
10h These micrographs ar e ¢ o4Nido @vhite) inghe WNi mabrix
(gray). Black reigns are voidgtchant: FeGl5g, HCI 100ml, and 10ml }O.
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Selected SEM micrographs of samples Hesdted at 97C for 5 min, 30 min2h and
10h are showrnin Fig. 5.7. The microstructures in Fi%.7 show that the precipitatiomdok place
at both the grain boundaries and inside the grains and dhitycoarsen with time.As
demonstrated in the XRprofiles theU-Ni phase formadfirst followed by theprecipitation oft-
NiMo. Some regionshowed a network of interconnected high aspect ratio particlasiMo

(Fig. 5.7c), but theconnectivity disappeadwith coarsening as seen in Fig7d.
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Figure5.7 SEM micrographs oNi-25at.%Mo alloyheattreated at 970°C for (a) 5 miftb) 30min, (c)
2h, and (d) 10hThese micrographs asshowi ng t he devel op meNiMo (whife)
along and within tNh(grayg Alldlack redioasuare dcadEtchans. Feglibg, RCI
100 ml, and 10ml kD.

Fig. 5.8 shows microstructures at transformation temperatiof 1050C. In this case
the precipitate formed haspeanutike shapeand also coarsex with time. These evolutions
affeced the mechanical properties of the alloy as revealedFip 5.9. The Vickers
microhardness value for all heatated samplesised very quickly from468 Kg/mnf for the
transforminga-NisMo intermetallic in five minutes to as high as ab®7 Kg/mnf for the

sample which transfored at the lowest temperature of 00 Overall, the hardness decrehse

with heattreatment temperate as well as time.
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Figure5.8 SEM micrographs of hedteated specimens at 1050°C for (a) 5 min, (br3@, (c)
2h,and (d)5hThese micrographs ar e s hMNNMoi(whie) ipan @
Ni matrix (gray). Black regions are voidstchant:FeCk 5g, HCI 100ml, and 10ml #D.
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Figure5.9 Microhardness of hedteated samples plotted against Fleaatment time.

5.5. Discussion

The XRD patterns of the sampl e pr efMrati on
were discussedn Section 4.5. T h e-NiMb phasewas not detectedat 910C that could be
because of the small volume fraction present. The-solidl u tNi peaks sbittdto the higher
angles afte2h at 910C wasevidencet hat t he Mo cN wasdegreasirgtandb n i n
erhancead the formation oft h eNiMO phase The microstructural development at CQs
shownin Fig. 5.6a-C . TN phase forred first then thel-NiMo staredto precipitate along
and within the gNiaAfter 10b of uheatl ieatmentthe mitrostidcture
develogdinto a pearlitdike structure ofi-NiMo in the U-Ni matrix asshownin Fig. 5.6¢ This
microstructural development ratbthe hardness to as high as at@@if Kg/mnf.
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The U-NiMo phasewas detectedat 970°C, and 105C°C a n d-Ni pkaks shifed to the
higher angles afte2h of heat treatmentAt a heattreatment of 97TC , t-NiMo betan to
precipitate al on g -Ni.Upenpgplomedmedteatrentdaanixiure f fine f U
line upt-NiMo particle pasket strandsn the U-Ni matrix wasobservedand it coarseed with
time as shown in Figs.7¢c-d. The phase transformation at 1050vas similar to the one at
970°C, except that small and large precipitated partiieerevealedand theydid coarsen with
time as seen in Fig.8c-d. The lower the transformation temperature the finemeostructure
and the longer the transformatioves allowed to proceed, the coarser the microstructure as
shown in Figs 56 and 5.8. Also, hardness decreabavith heattreatment temperature as
microstucturecoargnedas seen in Figh 9.

The development athe intermetallici-NiMo phase isnot understood yetand there is
nat enough published data its structural evolutiarD. Schwam et al.60] reported that in the
Ni-4 7wt . %Mo -Mil Moyphddsie wias f or me d-Naselidgolatibne r mi t t
mat r i x . -Nilsolid-solutien m&trix NiMo , -NisMo |, aNisblo were observed that
madethe microstructure of NMo alloy very complicated. Because of that complexity, most of

the studies in the NVlo systemhave beemlone using transmission electron microscopy.

5.6. Summary
Bulk Ni-25at%Mo alloy was prepared usimgechanical alloying and powder metallurgy
methods.The bulk samples then were aged at°@00f or 100h to f®NsMo t he e
phase.After that, he microstructural evolution and the corresponding microhardness of the
product of reverseperitectoid transformationfao-NisMo to UNi and G-NiMo phaseswere
studied Thereverse peritectoitkransformationsvere performedat temperatures rangirfgom
910°C to 1050°C for up to 10h. The transformation to iHéi phase alwaysccumed first
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followed by the precipitation of thé&NiMo phase both along and within grain boundaries, with
structures ranging from pearlitée at the lower transformation temperatures to pebkeitat
the higher transformation temperatur8shematic diagram of theghase transformation oddi-
25at%Mo alloy during heat treatment betweer092-1050°C and different heat treatment times
is shown inFig. 5.10. The microhardness increased very rapidly peaking #&fter minutes

before dropping wittheattreatmentime as the microstructure coarsened.
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Figure5.10 Schematic diagram summarizing thlease transformation atNisMo (Ni-25at%Mo alloy)
during heat treatment betweer8C-1050°C (y-axis) and different heat treatment timeafs).
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Chapter Six

6. Transforma tion of Supersaturated J|-Ni Solid Solution in the
Peritectoid Two Phase Region

6.1. Abstract
A supersatur at e o stbichidmetscoNiMot coroppsitiof Was
produced using mechanical alloying and powder metallurgy methods and isothermally aged
between910C and 1050C for up to 10h. Regardless of aging temperature, samples aged for
short times exhibi-NieMosmahsepalangi daradewi Dhii W
Ni phaseThe wlumeof precipitates increased and coarsened withgaggmperature and time.

Initial hardness wakigh but dropped with aging time as the precipitated particles coarsened.

6.2. Introduction
The nature of the NMo system phase diagram makes it possible to process a

supersaturated alloy out of the peritectoid corifion of Ni25at%Mo. This makest possible
for the alloy tobe agedn the twoephasehigh-temperatureegion above the peritectoid isotherm
similar to the traditional aging below the eutectic or eutectoid isotherm. It is of interest to study
the microsructural evolution during the aging process and the associated mechanical properties.
Bulk samples of the supersaturated allmre preparedy first mechanically alloying elemental
powders of the NMo composition, followed by cold compactiaintering and quenching. The
processing steps for the allaye schematically shown Fig. 6.1 and the details can be found in
an earlier reporf67]. While there have beesomes t udi es on the structur e
NizMo [50, 54, 55, 67] a n dNisklo [30,74, 75/ f r o4i Us ol i d sNiMoly7678on and

no previous studiesere foundn the twaphase region.
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The subject of this work wake microstructural evolution and the related microhardness

resul ti from the transf or mait iton eodf-WNi sliH pberrisuant

ng

NiMo.

6.3. Experimental Procedures
Reduced elemental blend of -Rbat.%Mo was mechanically alloyedfor 10h. The
mechanical alloying was carried out in a SPBBOOM Mixer/Mill® in a tungsten carbide
medum. The nilled powdes thenwerecold-compacted and sintered in a tube furnace at T300
for 25h. The cold compaction and the sintering routines were repéateal total of 100h
sintering followed by quenching (step 1 and 2 in Bid). Sintered samples then were cut and
isothermally aged in salt baths at temperatures ranging froAC3@0d.050C for up to 10h (step

3 in Fig.6.1). X-ray diffractionwas perfomedon samples before and after aging.
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Figure6.1 Partialphase diagraraf Ni-Mo systenmwith the heatreatment stepg1) sintering/solutionizec
at 1300C for total 100h; (2guenching; (3) aging at temperatures betweeri®105CC for up to 10h
followed by quenching.



Optical and scanning electronicroscoes (SEM)wereperformedon sintered and agedmples.
Vickers microhardness valuegere measuredor all samplesusing aLECO DM-400 with a

100 gf and5 second dwell time.

6.4. Results
X-ray diffraction profiles ofblended NiMo powder, 16 mechanically alloyegpowder
and sinteredbulk samplesare shownin Fig. 4.2a-c. RepresentativeXRD profiles of aged
samples at 9TC, 970°C, and105C°C are showrnn Figs 6.2to0 6.4. As expected, the two phases
UN i a-NiMo wereidentifiedw i t -Ni bdihg the dominant phase at all aging temperatures.
Th e -Ni(peaks at alheat treatmentemperaturesvere doubledafter 5 min of transformation,

but disappea&dthereafter
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Figure6.2 XRD patternof Ni-25at.%Mo alloyaged at 91 for: (a) 5 min, b) 30 min, (c) 2h, and §d
10h.

67



z & .
= o , <& % o-Ni
g g0C ® 3-NiMo
Ho™ Jo
" &
© \ . A
o &
o e A
&
k4
(a) ® & J\j\
35 40 45 50 55 60
Position ["2Theta)

Figure6.3 XRD patternsof Ni-25at.%Mo alloyaged at 90°C for: (a) 5 min, b) 30 min, (c) 2h, and }d
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Figure6.4 XRD patternsof Ni-25at.%Mo alloyaged atl050 C for: (a) 5 min, b) 30 min, (c) 2h, and }d

5h.
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The microstructure of the sintered and supersatutafedis shownin Fig. 6.5. It had
annealing twins andequiaxed grairs, nearly 110 pum in diameter. Backscattered SEM
microstructures for samples age®atrC, 970°C, and 1050C are showrnin Figs. 6.6t0 6.8. At
910°C, theprecipitatesveredifficult to discern after 5 min (Figs.6a). After2h, theywerestill
fine buthads pr ead t hr ou g h eéNy &ind théneparsged afieml@ h as Seenlin
Fig.6.6b-c. The microstructural development in samples ag&@¥@&C and 1058C was similar

to that at 9OxC, except that coarsenimgasmore rapid

Figure 6.5 SEM micrographof Ni-25at.% Mo alloy sintered at 13T for a total 100h followed b
guenching consisting of annealing twins augliaxedgrains (the black regions are voidgjchant:FeCk
5g, HCI 100 ml, and 10ml J@.
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