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ABSTRACT

Despitean increasing body of reseaydhere exists a lack of understanding about the
alloying béhaviour of PM titanium alloys Specifically, Ti6Al4V, which is the most
common alloyhas not been investigated sufficiently to understand the behavior of alloying
additions in the various forms that exist. The objective of this research was to investigate
the role of alloying addities via insitu analysis withdifferential scanning calorimetry
(DSC). Mixtures of Ti6AI4V were prepared usinguaster alloy MA) and blended
elemental BE) additions, and analyzed during sintering profilé®rme the specimens were
heated to 1200°C and heldr various amounts of time. Of particular interest was the
all otropic phase transformation t-hiatteclbur
Ti on heating and then reversing on cooling. The reverse transformation was analyzed in
detail using D& in hopes of understanding how the nature of the alloying additions and
the sintering profile affected various characterisitics of this transformation. Measurements
of the onset, end, and peak temperature of the transformation were taken, along with the
specific enthalpy and temperature span. A full compositional and microstructural analysis
was performed on these DSC specimens as well in order to corroborate the findings of the
DSC. Analysis of the binary BE mixtures of Ti6Al and Ti4V gave significansight to

the role of each alloying addition in the Ti matrix. Aluminum was found to reach a
homogeneous state within a 1hr, but significant porosity formed as a result of highly
dissimilar diffusion rates between Ti and, Areatingtitanium aluminides The binary

Ti4V mixture required significantly more thermal exposure in order to reach homogeneity,
but produced a denser product. The ternary BE Ti6Al4V mixture exhibited many of the
characterisitics of the two binary systenmi$ie measured enthalpy toAnsformation of the

BE Ti6AI4V mixture was considerably lower than both MA mixtures, due to the porosity
formedby the melting and spreading of the elemental Al additiddssults from the DSC
suggested that the use of coarse and fine MA additionsleelatively homogeneous
specimens after more that 2hrs at 1200°C. The smaller particle size of the fine MA led to
faster homogenization than the coarse, however, in both cases the homogeneity of V in the
matrix was the limiting factorUnlike the BE mxutres, the addition of Al in MA particle

did not result in the formation of porosity because it was introduced as an intermetallic.
All DSC results were supported by both XRD and SEM/EDS analyigerall, a more
complete understanding of the alloyinghavior of PM Ti6Al4V has been developed along
with a methodology for the use of DSC to analyze the sintering behastuin
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1.0. INTRODUCTION

1.1.Background

For decades engineers have seen the potential that titanium has for applications where a
high strengtito-weight metal is required. Since the 1950s, the s&aaium has seen

few applications outside of aerospace and defence applications. Titanium's inherent
strengthto-weight advantage, corrosion resistance, and biocompatibility have not been

fully exploited dueto the high cost of producing wrought titam.

Powder metallurgy (PM) offers a processing route that could potentially open up the use
of titanium to many new markets, such as masgregluction industries. PM has been
applied to other metals, particularly ferrous alloys, to reduce the cpsidiicing parts.

PM offers neanet shaping production which will reduce waste and-postessing
machining. Due to the processing of the mineral forms of titanium, PM offers additional
savings because titanium powder is an intermediary when produchogh titanium

and therefore could represent a low cost feedstock for PM manufact&rintper cost

savings are possible with the higher material utilization that is possible with PM.

Before titanium PM alloys can achieve widespread use they must lesbanical

properties which are comparable to those of wrought alloys. To date, certain properties
such as yield strength anttimate tensile strengthf PM alloys are comparable to their
wrought counter parts. However, other properties such as duatititgreep strength are
inferior. The properties can be improved by reducing porosity, developing a
homogeneous composition and minimizing contamination. Investigating the sintering
behaviour of titanium can lead to significant gains in the previousthiored properties

by maximizing the effect of the diffusion mechanisms that occur during sintering. This
can be accomplished by using thermal analysis techniques to investigate sintering of

titanium.



1.2. Sintering

The consolidation of powders is a criticesin PM. Typically this occurs in a testep
process that first involves mechanical compaction. This compresses the powder particles
both plastically and elastically into a form that should be very similar to the final shape.
Compaction can achievevary high level of consolidation and density. However, the
bonds between the powder particles are very weak and are not sufficiently strong enough
for most applications. Therefore, further densification is required to achieve the desired

properties.

Sintering is a thermally activated bonding process that allows powders to bond at points
of contact and lower their surface area. This results in a more coherent and mechanically
suitable material. There are several mechanisms for bonding that occursituienigg,

but primarily it is a result of solid and/or liquid state diffusj@h

Following mechardal compaction powder particles form a s@woiherent structure that

is held together by mechanical bonds resulting from compaction. Sintering can then be
initiated at this stage. As temperature is increased, the system acts to reduce its overall
surfaceenergy. Typically tIs is achieved through a reduction in surface areel|r

particles have a larger surface and thus, a higher surface eerggluction in surface

energy results in mass transportation at points of contact between the patrticles to
surrounding areas. This i s HKgurelwdinthes fineck
classical example of two spherical powder partidl#gmately neck growth rduces

surface area and therefore lowers energy.



=  Particle Diameter
X = Neck Diameter
= Radius o Curvature of the Neck

Figurel.21: Neck growth between two spherical powder particles [2]

Neck growth reduces porosigydcauses change in pore shape, i.e. pdedse on a

more rounded structur@s a resultthediscreteshapes of the original powdearticles

become less evident. While the rounding of the pore structure proceeds, the length of
contact between particles grows and a more coherent structure is produced. As the pores
continue to spheroidize, they become clestdind are no longer coernted to the

surface. This causes pressure within these pores to increase. Eventually the external
pressure that has caudbdse shapegores equals the internal gas pressure. At this point

the kinetics of sintering slow considerably and further irsgean density are negligible.

These changes that occur during sintering are commonly categorized in to three stages:

initial, intermediate and final and are shown schematically and describegunel1.2.2.



loose powder initial stage

intermediate stage final stage

Surface Area

Stage Process Loss Densification Coarsening
Adhesion Contact for- Minimal un- None None
mation less com-
pacted at
high pres-
sures
Initial Neck growth Significant, up  Small at first Minimal

to 50% loss

Intermediate

Near total loss

Pore rounding
and elongation

Final Pore closure, fi-
nal densifi-
cation

of open po-

rosity
Negligible fur-

ther loss

Significant

Slow and rel-
atively
minimal

Increase in
grain size and
pore size

Extensive grain
and pore

growth

Figurel.22: Discrete stages of sintering with relative changes in microstrydtjure

Mass transport is necessary for neck growth to occur. Mass transport occurs through
surface transport and bulk transport; where surface transport invodvemtlement of
atoms from one surface to another, and bulk transport involves the movement of atoms
from within a particle to the surface. Both forms of transport involve several atomistic

mechanism§l]. These mechanisms are summarizetable1.21. The transport of
4



mass can be visualised as the movement of vacancies, where the movement of mass
creates a counter flow of vacancies. Vacancy concentration is lowered by thermally
activatel mass transport mechanisms causing either their accumulation or annihilation.
This causes particles to coalesce creating neck growth and/or particle densification

depending on the mechanism that is occurring.

Table1.21: Summary of atomistic mass transport mechanisms

Atomistic Mechanism Type of Transport

EvaporatiorCondensation Surface Transport

Surface Diffusion Surface Transport

Volume Diffusion Bulk and Surface Transport

Grain Boundary Diffusion Bulk Transport

1.2.1. Evaporation-Condensation

During evaporatiortondensation, vapour from the surface of a particle condenses on a
nearby surface. The site where condensation occurs is determined by slight variations in
pressure. As this is a surface transpagthanism there is no net increase in density.
Instead, evaporatieoondensation leads to a significant decrease in surface area as
particles become rounded and particle necks grow. At the neck regions there is a
continual deposition of atoms at thesesicreating layers of growth. This reduces the
amount of surface atoms neighboring the particle neck where the evaporation occurred.

Evaporatiorcondensation is a temperature controlled mechanism following an Arrhenius

5



dependence. Increasing temperati@ads to a higher vapour pressure at the surface of a
particle, which increases the rate of evaporation. Evaporation occurs preferentially at flat
or convex surfaces, while condensation occurs at concave surfaces where the vapour
pressure is slightly l@er than equilibrium, such as particle necks. Neck growth due to
evaporatiorcondensation will continue until an equilibrium dictated by the sadigour

dihedral angle is reachéd]]. This equilibrium is expressed Byguationl.2.1.

Equationl.21

I ¢ weé+

where

dss = the grain boundary energy

osv = the solidvapour surface energy

« = the dihedral angle

1.2.2. Surface Diffusion

Surface diffusion involves the motion of atoms across the surfacpasfiele to sites

where a type of imperfection exists. Surface imperfections can include: ledges, kinks,
atoms or vacancies. In order for surface diffusion to occur the current bond holding an
atom must be broken. Once freed, the atom then must diffuke site of the

imperfection across the surface. Finally, the atom must reattach to the crystal lattice at
the site of the imperfection. The rate of these three steps is primarily controlled by
temperature. In addition, the quantity of sites wheigeirfections exist and the ease of
motion greatly affedsurface diffusiorfl]. The activation enerdgpr surface diffusion,

which is the activation energy for the slowest of the three steps, is lower than other forms
6



of mass transport. As a result, surface diffusion is the first of the different mass transport
mechanisms to initiate. The effect of sedaliffusion slows at higher temperature as the
guantity of surface imperfections decreases. Similar to evaporaimiensation,

surface diffusion increases particle rounding without any shrinkage.

1.2.3. Volume Diffusion

Volume diffusion is a mass transportechanism that is controlled by temperature,
composition, and pressure. Volume diffusion involves the movement of atoms through
the bulk of the material, and can also be termed lattice diffusion. Vacancy concentration
is an important variable for volumeffdision, and its dependence on temperature,
composition, and pressure determine the driving force for volume diffusion. Volume
diffusion is active at higher temperatuthgeto the temperature effect on vacancy
concentration. Temperature determineseipailibrium concentration of vacancies, with
increasing vacancy concentration at higher temperatures. Pressure also affects vacancy
concentration; however this is due to local variations in pressure caused by differences in
curvature of particles. Motgighly curved surfaces experience a change in vacancy
concentration away from equilibrium, such as the neck rg@ionConcave regions have

a vacancy concentration lower than equilibrium, and convex regions have a vacancy
concentration above equilibrium. This creates diffusion paths between concave and
convex regions of the material. The combined effect of temperabdrpressure on

vacancy concentration leads to volume diffusion sintering, with a sintering rate that can

be quantified by FEqu&d$22f i rst | aw as shown

Equationl.22

where



J = atomic flux

Dv = diffusivity

dC/dx = vacancy concentration change over distance

Compositional effects on volume diffusion are due to a loss of stoichiometiry. O
stoichiometric compounds contain excess vacancies to neutralize ftjargéis creates

an increasd atomic flux from phases that are-sfbichiometric.

1.2.4. Grain Boundary Diffusion

Grain boundary diffusion involves mass transport along grain boundaries, and is
prominent in most alloys. Grain boundaries form in the neck region at the sinter bond
betweerntwo particles. There is a misalignment between the crystal lattice of the two
particles. This region then acts as a pathway for atomic movement. Additional grain
boundaries exist within the powder particles, and also act as diffusion pathways.
Movemern occurs simultaneously with vacancy annihilation along the grain boundary.
Mass is deposited at the neck region for diffusion along the sinter bond grain boundary.
Transport along interparticle grain boundaries is usually between pores, causing them to

coarsen.

Several different sintering processes have been developed to address the requirements for
different applications. All of these processes are intended to progress sintering to the
desired stage while satisfying any other requirements. Presswsel@kstate sintering is

a very common sintering process and will be the focus of this report. With this form of
sintering, the material is under no external load to enhance densification pacdsistent

liquid phases evolve during the process. Botternal pressure and liquid phase

evolution are commonly used to enhance densification and sintering kinetics, but are not

a requirement to achieve high density.
8



1.3. Titanium/Titanium Alloys

Titanium is relatively exotic and expensive engineering nteélhas found applications
since the 1950s. The Soviet Union pioneered the use of titanium alloys for military
applications such as aircraft and submar[@gs These applications benefitted from
titani umds r el-@weighteatioy high tergperatwd propenigstand
corrosion resistance. The use of titanium remained limited to military applications

throughout the cold war and was classified as a Strategic Material by the US government

[3].

The expansion of titanium to other areas outsidmilitary and aerospace applications
has been limited by the cost of producing wrought titanium. Several sophisticated and
energy intensive steps are required to produce titanium. This is primarily due to the
metabs high reactivity and affinity for terstitial elements such as oxygen, nitrogen,
hydrogen, and carbdd]. Compared to the production of steel, a great deal more care
and control is required to produce titanium that is low in impurities. In spite of the cost
of producng titanium, there is a large body of work that is focusingsing titanium for
novel applications due to its superior properties. These areas include: the automotive
industry, food and chemical facilities, and biomedical applications. As a result, new
methods for producing titanium are also being developed that hope to reduce both the
cost and tim¢5].

Titanium is &dundant in nature, and is the seventh most abundant metal. It is commonly
found bonded with oxygen in the mineral forms rutile and ilmenite. Titanium is extracted
from these two minerals almost exclusively by the Kroll process. This-stefiibatch
process begins with the conversion of titanium oxide to titanium tetrachlorides).TiCl

The TiCl is then purified using fractional distillation in order to remove any other
chlorides. Following this step, the TiG$ then reacted with liquid magnesiumgeén

773 to 873C [4], as showrbelow.



1ry  Ahods Alrm

The reduced titanium is a Aspongeo form wh
reactor. The titanium sponge is then formed into long electrogeeparation for

vacuum arc melting. Melting under vacuum is necessary because the reactivity of

titanium to oxygen and nitrogen. At this step alloying elements are mixed with the

sponge to produce the electrodd@$ie sponge electrode acts as the anodasalowered

towards a water cooled copper crucible which acts as the cathode. The melt then collects

in the copper crucible after the arc is struck. Double melting of the titanium ingots is

common to ensure homogeneity of the alloying elements thraitigho

1.3.1. Physical Properties

Titanium is uniquely situated between aluminum and iron alloys for many of its physical

properties.Table1.3.1 summarizes some of these pedyes.

Tablel1.31: Summary of physical properties of titanium, aluminum and iron

Titanium Aluminum Iron
Density (g/cnf) 4.54 2.70 7.87
elg/ls?i(i:iyl/u(sGoga) 115 2 215
Melting Point (°C) 1668 660 1536
Crystal Structure HCP ECC BCC
at RT
Hardness (Brinell) 120 23 86
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Pure titanium exists in two crystal forms depending on temperatei@v 883C theU

form of titanium is a Bxagonaktlosepacked (HCP) structure. Above this temperature,
termed the beta transus temperature, the structure changes tecebtagd cubic

(BCC) known as thé phase. These alpha and beta phases of titanium form the basis for
classifying different titanim alloys. Despite being an HCP structure, alpha titanium
possessesa relatively high ductility due to numerous slip systems and twinning planes.
This ductility is greatly affected by the concentration of interstitial impurities such as

oxygen and nitrogn.

Titanium alloys are classified by the predominant stabilized phase of titanium that exists

in the microstructure, these includa@mmercially pure (CPalphaalloys, betaalloys,

and alphabetaalloys. In alphsstabilized alloys, the alloying elemsrdre added to help
stabilize thdJphase and increase the beta transus temperature. Fetdiglized alloys,

the alloying additions are intended to both lower the beta transus temperature and prevent
the decomposition of the beta phase upon coolkigha-beta alloysarea mixed

microstructure where all alpha is transformed to beta during heating. During cooling,
transformation back to alpha occurs for most of the beta titanium, but some remains
retained in the alpha micrestture.Figurel.3.1 summarizes many of the common

titanium alloys including composition and beta transus temperature.
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Common Name Alloy Composition (wt%) Tp (°C)

o Alloys and CP Titamium

Grade 1 CP-Ti (0.2Fe, 0.180) 890
Grade 2 CP-T1(0.3Fe, 0.250) 915
Grade 3 CP-T1(0.3Fe, 0.350) 920
Grade 4 CP-T1(0.5Fe, 0.400) 950
Grade 7 T1-0.2Pd 915
Grade 12 T1-0.3Mo-0.8N1 880
T1-3-2.5 T1-5A1-2.55n 1040
Ti-3-2.5 Ti-3A1-2.5V 935
o+ Alloys

Ti-811 Ti-8A1-1V-1Mo 1040
IMI 685 T1-6A1-5Zr-0.5Mo-0.25%1 1020
IMI 834 Ti-5.8A1-45n-3 57r-0.5Mo-0.7TNb-0.3551-0.06C 1045
Ti-6242 Ti-6A1-25n-47r-2Mo-0.151 995
Ti-6-4 Ti-6A1-4V (0.200) 995
Ti1-6-4 ELI Ti-6A1-4V (0.130) 975
T1-662 Ti-6A1-6V-25n 945
IMI 550 Ti1-4Al1-2Sn-4Mo-0.551 975
B Alloys

Ti-6246 Ti-6A1-25n-47r-6Mo 940
Ti-17 Ti-5A1-25n-2Zr-4Mo-4Cr 890
SP-700 Ti-4 5A1-3V-2Mo-2Fe 900
Beta-CEZ Ti-5A1-25n-2Cr-4Mo-4Z1-1Fe 890
Ti-10-2-3 Ti-10V-2Fe-3Al 800
Beta 215 Ti-15Mo-2.7Nb-3A1-0.251 810
Ti-LCB Ti-4 5Fe-6.8Mo-1.5A1 810
Ti-15-3 Ti-15V-3Cr-3A1-38n 760
Beta C Ti-3A1-8V-6Cr-4Mo-4Zr 730
B120VCA Ti-13V-11Cr-3Al 700

Figurel.31: Summary of titanium alloys assified by stabilized phase of Ti [7]

Besides the general properties for all titanium alloys, there are desired properties in either
alpha, beta or alpHaeta alloys that make them suitable for any particular application. In
most cases it is necessaryditierentiate between commercially pure (CP) titanium and

alpha titanium alloys due to the desired properties that each possess.
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1.3.2. CP Titanium

The lack of alloying elements in CP titanium means it iddhest strengthalloy.
Consequently, CP titanium ot usually used in applications where excellent mechanical
properties are required. Instead, the corrosion resistance of oxidized CP titanium is its
most beneficial quality. Most grades of CP titanium require impurities (usually iron) to
not exceed 0.8t%[6]. In addition to iron, interstitial impurities such as nitragen
oxygen, and carbon are usually present in CP titanium. As mentioned earlier, titanium
has a very high affinity for these interstitial impurities, and as a result, it is very difficult
to eliminate them. While the concentrations of these interstigalahts must be kept

very low, they can still have a significant effect of the strength of CP titanium due to
interstitial strengthening. Yield strength of CP titanium can range from 175MPa to
480MPa depending on the concentration of interstitial elemdihis. increase in

strength, however, comes at the expense of ductility.

1.3.3. Alpha Titanium

As a general definition alpha titanium alloys contain significant quantities of-alpha
stabilizing elements, and minute quantities of fst#dilizing elements. Alumim and

tin are the primary alphstabilizing elements, with aluminum being the most common.

Due to the higher temperature limits of the albpleta transition, alpha alloys are the most
suited to higher temperature applications, and are generally insenghieat treatment

[7]. Weldability of alpha alloys is the best of all titanium alloys due to the higher-alpha
beta transus tempsure. Microstructure refinement of alpha alloys baaccomplished

by inducing recrystallization througtold work and annealin@]. The most important
characteristic of alpha alloys is their excellent creep resistance, even at high temperatures.

This can be further improved if very small amounts of retained betavgeallto form.
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1.3.4. Beta Titanium

Beta alloys are metastable alloys that contain significant quantities edtabtazing
elements. Betatabilizing elements include: vanadium, chromium, and molybdenum.
Retainment of the beta phase is accomplished by gumentbm temperatures above the
alphabeta transus temperature. The BCC structure of beta alloys makes them excellent
for forging. Additionally, beta alloys possess high ductility, hardenability, and
toughness. The metaskalmatureof beta alloys means that any elevated temperature
expose can cause partial transformation to the equilibrium alpha phase. This is
undesirable during any sort of forming process, but can be advantageous afterwards to

form a finely dispersed alpha phasghm the retained beta.

1.3.5. Alpha-Beta Titanium

Alpha-beta alloys arenorecomplex systems, and are intended to be a compromise

between the somewhat opposing properties of alpha and beta alloys. These alloys require
a combination of alpha and bettabilizing alloying elements, with exact chemistries
depending on what quantity of each phase is desired. The transformation to beta, above
the betatransus temperature, is intended to be a complete transformation, or nearly
complete. As a result, the transforioatback to alpha upon cooling can be carefully
controlled in order to produce a refined microstructure. The nucleation and growth of
alphais controlled by cooling rates, and by subsequent heat treatment if desired. With
rapid cooling rates, retainedthecan experience a martensitic transformdffdn This

shear transformation, designatdil, usual |y f or m$atisveryaci cul ar
similar in appearance to the pldiiee structure of the alpha phase. This martensite phase

is nonequilibrium, and is supersaturated in bstabilizing elements. During heat
treatmentthé®d phase wi | | by precpitasorf theiocoHerenbm

[7]. Figurel.32 summarizes the effect of betabilizing element concentration,

showing the relative range for each of the different classes of titanium alloys.
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Figurel.3.2: Pseudebinary section of & isomorphous phase diagrdij
1.4. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC)aghermal analysis tecligue that is used to

analyze and quantify thermal events. These thermal events can include: phase transitions,
melting events, thermal decompositiamdglass transitiofi8]. Thermal events are

measured relative to an inert referesampleduringa temperature profile. The two

samples are contained in crucibles that sit in a carrier inside a furnace. Due to the high
sensitivity, small sample specimens are preferred for this analysis (~50mg). DSC also

allows for the use of powdesamples, either as loose powders or compacted.
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Figurel.4.1: Schematic of DSC with sample (S) and reference (R) crudi®jes

The crucibles usefbr both the sample and reference side of the DSC must be made of
the same material so that the thermal conductivity is identical. It is important that the
cruciblematerial chosedoes not experience any thermal events during the temperature
program, andhat there is naa significantchemical interaction with the sample or the
sample carrier, which holds the two crucibles in the heating zone of the furnace. The
crucibles and carrier should be of minimal mass so that they have little effect on the

recoded measuremenjs].

Measurements for DSC are taken from thermocouples bonded to the sample carrier. This
induces some thermal resistance from the carrier, but eliminates any problem caused by
thermocouple interaction with the sampleemperaturand sensitivitycalibration runs

are necessary with both crucibles empty prior to adding a sample.

Typically, DSC measures heat flow in and out of the sample throughout the temperature
program. The measurement of heat flow is calculated fhe instantaneous difference

in temperature between the sample and the reference. This differs from tehdition
differential thermal analysis (DTA), where only the difference in temperature is

measured. This differential in temperature is measured Esjuationl.4.1.
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Equationl.4.1
Yy 'Y Y

Thermal events that are measured by the DSC are either endotivenare the
measured temperature of the sample lags behind the measured temperature of the
reference & is positive), or exothermic, where the measured temperature of the sample

is higher than the referencal{ is negative).

r 3
lexo

zf’\ T

A 4

Temperature

Figurel.4.2: DTA curve showing endothermic peHlO]

Figurel.4.2 shows a characteristic endothermic peak, typical of a melting event.
Determination of heat flowd@/d9 for DSC can be determined by understanding the
relative heat flow on both the sampled reference side of the carriéquationl.4.2

gives the heat flow for the sample crucible:
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Equationl.4.2

il
Qo

<o

where

dgd/dt= heat flow into the sample crucible
R= thermal resistance

Tw= temperature of the heat source

Tsv= temperature of sample

This equation can also be used for the reference side:

Equationl.4.3

ol
Qo

<l©

where

Trv= temperature of reference

Heat flow to the sample side will heat the sample and crucible in relation to the specific
heat capacity of both the sample and the sample cru€béadCsmrespectively. This is

expressed iEquationl.4.4.
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Equationl.44

where

Ts= sample temperature

This equation can also be used for the reference side:

Equationl.4.5

Q) . gy . Oy
26 ° o ° Qo

where
Tr = reference temperature

Subtractingequation1.4.4 from Equationl1.4.3 will give the differential temperaturesT,
similar toEquationl.4.1, except that it is now in terms of differential heat flow and

thermal resistance. This is showrEquationl.4.6.

Equationl.4.6

)

Y 'Y Y Y —— —
Y Qo0 Qo

If the carrier holding the crucibles is the same structure, atiddample and reference
crucibles are madef the same material arédve the same conductivity, then the
assumption thafsv = Crmis valid. In addition, the heating rate for both sides will also
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be the same, such thdifr/dt =dT¢/dt. By substituting=quationl.4.4 andEquationl.4.5
into Equationl.4.6, we can expres®l as a function of heat capacity of the sample and

reference. This is shown Eguationl.4.7.

Equationl.4.7

yY vy oY 'Yg"Yé 6
Qo

The temperature differential is now expressed as a function of thermal resistance, heating
rate and the specific heat of both the sample and reference crucibles. By running a
correction, where both crucibles are empty, the effe€ra$ removed and chgesCs
are due to the actual sampl®]. The thermal resistance, R, is value based on several
thermal resistances within the machine, and in DTA, include#htermal resistance of
the sample because the thermocouples are in contact with the sample. Due to the
placement of the thermocouples on the carrier thermal resistance in DSC is independent
of the sample. In order to determine R, and its dependerteenperature, calibration
runs are performed using pure metallic standards. These standards are chosen based on
their melting points, falling within the desired temperature range. Once thermal
resistance is determined the DSC can measure heatdiptdt] usingEquationl.4.6.

In addition to heat flow measurements, DSC can also provide information about the
enthalpy of different thermal events. A tBSC trace deviates from the baseline,
forming peaksKigurel.4.2), the enthalpy of this transformation can be calculated,
whether it is endothermiar exothermic. This is accomplished by measuring the area
underneath the curve, with an approximation for the continuation of the baseline (the
dotted line inFigurel1.4.2). This integrated area is proportional to the enthalpy of that

particular thermal everjt0]:
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Equationl.4.8

&

o)

(@)
Q~| C-

where

aH = enthalpy change

A = area under curve

K = enthalpy calibration constant

m = mass of sample

The proportionality of enthalpy to the area under the curve Equationl.4.8 is

calculated with the known mass of the sample and the enthalpy calibration constant. This
constant is also determined from the prior calibration runs; during melting and freezing,
the enthalpy of these changes is compared to reference data. Thenagpooxfor the
continuation of the baseline is taken from the correction file, which is constantly

compared to the sample run to determine any deviations.

1.4.1. DSC for Blended Elemental (BE) and Master Alloy (MA) Sintering

The application of DS@ study sinteing mecharsmsis a relatively new area of study

for most metallic systenf41]. In the particular case of BE or MA sintering, the BE and

MA powder additions, alloy with the parent or base metal powder during heating. This
Ai-sni t udo all oying has the potenti al to introc
transformations (g. liquid phase formation) in the powder mixture. It can also alter the

phase transformation behaviour inherent in the base metal powder. These evwemg p

transformations can be identifiecid quantitatively measuréy DSC Both the
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temperatures dhe and enthalpy of &é specific transformation can thendetermined

and used to analyze the nature e$itu alloying during BE and MA sintering.

1.5.BE and MA Sintering of Titanium alloys

Titanium PM has been identified as an effective method forcreguhe cost of
producing titanium alloygl2]. Titanium produced by PM is classified into two groups
based on the type of processing: blended elementa) @BB)aster alloy (MA)and
prealloyed (PA). BE alloys are comprised of a mixture of elemental powders with the
alloying of these elements occurring during sinterifA mixtures are similar to BE
mixturesexceptthattheyalloy addition is added as a pa#oyed powder. For example
the composition of Ti6Al4V couldchievedhrough the blending of elemental Ti, Al and
V powderes (i.e. BE) or through the blending of elemental Ti powdgra prealloyed
MA powder of 60% Al and 40 % VPA powders have th#esired quantity of alloying
elements contained in the individual particlesthe case of BE and MA mixturdise
alloying process occurs durisgntering. In the cae of Pthe powdeis alloyed during

the powdeproductionstage PA powders areeportel to beadvantageoudue to a
increased homogeneity of the alloying elemeiitewever, PA alloyed powders are
significantly more expensive to producaiithe elementgbowderswhich make up the
majority of the powder content in a BE or MA mixtyi]. As such, a considerabl
effort has been put into developing titanium alloys followtimg BEor MA approach

This avenue is seen as the most promising for producingdsstitanium alloys for high

volume markets such as the automotive industry.

For industrial applications it is necessary for PM titanium to match the properties of IM
titanium, outlined in standards such as ASTM B348. In several areas BE titanium
alloys can match IM alloys, such as@Al-4V, by far the most common IM alld§4].
Historically, the fatigue strength of PM Ti6Al4V has been inferior to that of IM Ti6AI4V.

This inferior fatigue strengtivaslikely due to residual contaminants, and open porosity.
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Both of these have beéound to be detrimental to fatigue strenfitb]. But with
improvements to powder production, whitéive resulted in lower contaminant levels,

this effect has been revergdd].

Of the different steps in the titanium PM process, sintering isthetmosicomplex and

the least understood. As such, a comprehensive study to understand the sintering
mechanisms of BEHtanium is required. Significant gains in contaminant levels and
porosity reduction can be achieved by properly investigating the sintering process along
with other gains in yield strength and ductility. There are several variables that can
influence he sintering process including: alloying elements, powder processing route,

and sintering thermal program.

1.5.1. Alloying Elements

In addition to alloying elements controlling phase structure in PM alloys, they can also be
added to alter the sinterability. Bwyproving the sinterability of titaniunt is possible to
achieve higher sintered density. This is accomplished by adding alloying elements which
increase diffusion rates, either in solid state or liquid state. Alloying elements that are
added to improvéhe sinterability of titanium include: nickel, iron, and niobium. Nickel

and iron in particular are commonly used to increase the rate of densification during
sintering[17,18] These elements have significantly higher diffusion rates in titanium

than that of titanium selfiffusion, some as high as 100x faqte9]. It is expected that

these elements will homogenize within the matrix of titanuamy rapidly. This

increases the rate at which sinter bonds are created, and istheasge of neck growth.
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Tablel1.5.1: Iron content of specimens quenched from various temperatureSkeTi
[19]

Iron content of different positions, wt%
Quenched
Temperature 1 2 3 4 5
°C
950 83.3 11.8 X X X
1020 56.4 28.6 14.4 X X
1080 4.5 5.3 X X X
1120 4.9 4.9 5.1 5.0 4.9
1250 5.0 51 5.2 4.9 4.9

Table1.5.1 indicates the effective diffusion rates and the extent of homogenization of
iron in titanium. A deleterious effect can occur when the relative idt#usion rates

between two elements diffs by a significant amount. This disproportionate rate of
diffusion between two constituents can impede densificgti®20' 24]. This is due to

the Kirkendall effetwhich can cause swelling as a result of highly disproportionate
diffusion rates between a couple. One element will rapidly diffuse into the other, but due
to the slower diffusion in the opposite direction, a void space will be created.

Additional increaes in densification can be achieved through ligplthse and transient

liquid-phase sintering. The existence of a liquid phase greatly increases diffusion rates
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between powder particl¢s]. However, in some instances the existence of a liquid
phase, especially a persistent liquid phase, can limit the sinterability of an alloy.
Aluminum, nickel and sition have been identified as elements that can form a eutectic
liquid phase within the normal sintering temperature profile of titanium alloys that
contain these elements7,18,25] In these cases, the liquid phase formed during
sintering |leads to Aswellingodo, caused by
high solubility of liquid in the solid phase. This scenario causes little densification when
the liquid phase formss the liquid rapidly diffuses into the surmaling matrix The

area occupied by the liquid phase creates large pores that are very difficult to remove.
Because aluminum is used in nearly all structural titanium alloys, its tendency to form a
liquid phase and swatig during sintering i®f great caicern[26]. Analysis completed

by dilatometry has shawthat in alloys contain 5wt% aluminum there is a significant
expansion athe melting temperature of aluminuf®5]. The magnitude of this expansion
was found to increase with increasing weight content of alumintim.porosity created

by aluminum is also partly due to the highly exothermic reaction that occurs when the

liquid aluminum reacts with titanium to produce various intermetallics.

Tin has been identified as an alloying element that can improve sinterability, both directly
and irdirectly . The addition of tin helps to improve compaction, increasing the green
density of titanium compacts. Increased green density improves the sinterability of alloys
by bringing particles in closer contact with each other, allowing diffusion tarocc

sooner. Tin may also cause transient liquid phase sintering in titanium, with a liquid
phase forming above 23T [27]. This liquid phase is timeabsorbed into solid solution at
higher temperatures.

1.5.2. Powder Processing Route

The processing route for titanium powders has many effects on the finatpsodh as:

sintering kinetics, porosity, and mechanical properties. Typically, titaniunsPM
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produced using hydridelehydride powders. The powders start with the sponge produced
by the reduction with magnesium discussed earlier. In this form the titanium particles are
far too large to be useful for PM. In order to facilitate size reduction, thdgyeware

heated in the presence of hydrogen to form Tik this state the sponge is much more
brittle and can easily be milled down to the desired size. Following this, the powder is

then dehydrided under vacuum.

Figurel.5.1: Titanium HDH powder a) commercial b) planetary milled c) roller milled
[28]

Figurel1.5.1 shows three examples of titanium HDH powder. From these micrographs it
is apparent that HDH powder has an angular morphology. This is a result of cleavage

fracturedue to milling. HDH powdrs are relatively inexpensive to produce, with
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smaller particle size increasing the cost (<461). Contaminants, such as chlorine,
hydrogen and oxygen, are the most significant limitation of HDH powders. The content
of these contaminants increaseshesgowder is milled to a finer size, which must then

be reduced. As a result, it becomes cost prohibitive to pradDéepowder below

45um.

There are several novel powder processes that have been proposed in the last 10 years
[13]. Of these, the Armstrong process has matured the furthest towardsdalge
commercial productiofit3]. The Armstrong process is essentially a continuous process
based on the Hunter/Kroll press discussed earlier. Gaseous fi€injected into a

liquid stream of sodium. The sodium reduces thesf@itanium and sodium chloride.
Filtration and distillation are used to remove the sodium, leaving the titanium powder.
Prealloyed powders nabe produced witthe Armstrong process by adding the alloying

elements in chloride form to the sodium stream with thesTiCl

Figurel.5.2: As-received CP titanium Armstrong powdé&#]

Armstrong powder displays a coiflide dendritic morphology These patrticles are quite
large, up to 1mm, but are composed of smaller dsgitess than 2bn in size. This
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coraltlike structure is very advantageous for compaction. Higher green density and green
strength are achieved with Armstrong powders over HDH powder. Green strength in
particular can see marked increases with Armstfmowders due to interlocking of the
powder dendrites durg compactiorf16].

Atomization processes are a group of powder processes that can be divided into three
main groups: plasma rotating electrode process (PREmMa atomization (PA), and

gas atomization (GA). All three of these processes have been adapted to produce
titanium powders. While there are distinct differences between them, all three of these
processes produce highly spherical powders with vevyalmounts of contaminanf9].

The spherical morphology is a result of the rapid cooling rates that the powder
experiences during the proceap to 1000C/s for plasma atomization. The PREP
process involves the melting of a high purity stock bar under inert atmosphere as it
rotates at very high speed. The melting is accomplished by a plasma arc from a tungsten
cathode to the bar which is theode. As the bar melts, the droplets experience
centrifugal acceleration, and form spheres to minimize their surface area. The main
advantage to this process is that the powders are produced in a completely inert
atmosphere and make no contact with atiner material as they melt and solidify. This
creates powders of extremely high purity. Due to the fact that it is a batch process and
the need for a higpurity wrought bar as the feed material, PREP production is
significantly more expensive than ettprocesses. Gas and plasma atomization
incorporate melting with rapid cooling steps. During PA, a wire is feed into an argon
plasmawhich meltsthe wire. As the droplets fall, the@xperience aerodynamic drag
which rapidly cools them,ral causes therto form spheres to minimizéeir surface

area. Similarlyfor the GA process, a liquid stream is blasted with an argon jet stream
that disrupts the stream liquid. The droplets formed by the gas rapidly solidify as they
fall. PA can achieve purity levelsat are very similar to PREP, and as a result, PA is

also cost prohibitive for the majority of titanium PM applications. GA powder is more
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widely available and is also less cost prohibitive. It is possible to produce powders by

GA that have a particlgize distribution suitable for metal injection molding (g49.

1.5.3. Thermal Program

The thermal program, which is the temperature, heating rate and time that a specimen is
exposed to thermal energy, has a sigaiit role during sintering. Temperature is the

most significant variable, as it directly affects sintering kinetics. Typically, sintering
temperatures are chosen to maximize kinetics, without any undesirable reactions
occurring. Studying the equilibrium phase diagram for the desired system widgrov
useful information about what temperature is appropriate for sintering. This typically

ranges from 0.5 to 0.8 of the melting temperature for pure metals.

Isothermal holds are commonly used during sintering when it is necessary increase
homogeneity wiiin a specimen before changing the temperature. Isothermal holds are
used frequently at the maximum temperature of a thermal program to provide additional
time for diffusion to occur before cooling. Isothermal holds can also be used at various
points duing heating to ensure that certain reactions do not occur. Dissolution of a phase
into solid solution may prevent it from reacting unfavorably. By holding at a certain
temperature below the reaction temperature can ensure that the phase has beeah dissolve

and can not react.

1.6.Current PM Ti6Al4V Literature

Current research &M Ti64AIV has diversified significantly, encompassing a wide
range of research efforts to improve the basic properties of this alloy. This research
usually focuses on improving thmterability of the Ti6Al4V system, and focuses on
three primary areas: powder chemistry/production method, compaction methods, and

thermal conditions.
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Powder morphology and chemistry are key aspects of Ti6Al4V research. Powder
morphology is a result ohe production process which itself is a result of the main

driving factors for PM Ti6Al4V. These are primarily enhancement of mechanical
properties and cost reduction. Many researchers are looking the use of either elemental
powderg15,18,30 32] or prealloyed powder$34i 36] made by a variety of production
processes. Many of these investigations used a variety of BE and PA powders in
different combinations to achieve the desired chemistry. Additionally, many use master
alloy additions, which are powders comniag two or more of the desired elements. The
use of MA additions is growing area of research for Ti6Al4V. MA additions strike a
balance between BE and PA powders. yltiger the improved homogeneity in the

green state compared with BE compacts, witielomaterial cost and improved
compaction characteristics compare to PA powders. aNty powdersare addedor

greater flexibility when dividing the bulk chemistry amongst the powder constituents.
The is particularly useful for the addition of Al, whiak an elemental addition has been
found to causing significant swelling above its melting point in a Ti mgg#k The

addition of Al in the form of a TAl MA powder can eliminate this problem by

preventng the formation of any liquid phase.

Another important area of research is concerned with use efabilthe base powder

instead of the elemental powd@B]. Despite the brittle nature of this type of powder,

high green densities are achieved. A network of very fine pores exists after compaction
which then heals during sintering. It is this finely dispersed porosity and high crystal
lattice defet concentration that accelerates mass transfer through interparticle
boundaries. The TiHs reduced under high vacuum during heating, while also reducing
other surface oxides. The remaining active Ti surfaces then rapidly sinter, and results in
lower oncentrations of O. The sintering of Biplowders can result in near fully density

(99%), however, this does result in significant shrinkage due to the hydride reduction.
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Figurel.6.1: Sintering profile fo vacuum sintering (a) and HSPT (Bp]

A second process utilizing TeHs shown schematically iRigure1l.6.1. The process is
called hydrogen sintering phase and phase transformation (HSPT). This process differs
from the sintering of Tiklby maintaining a conedration of hydrogen in solution

throughout the sintering phase. Hydrogen concentration sustained because it has the

foll owing beneficial effects on Ti 6AI 4V:
temperatur e, al |l ows ase, hmginduces areatectoid phasef G Ti (
transformation when cooling from the DbTi(

used to maintain si [87]. 8ymamtginingacettame b Ti ( H)
concentration of hydrogen in solution, the process is able to control the allothagie p
transformation. Sintering in the bedtabilized phase reduces the required sintering
temperature while also increasing the si#ffusion of Ti, Al and V. Upon cooling from

the bTi (H) region, a eutectoid @@#Hewhmmposi ti
nucl eate in the interior of the bTi (H) gr
material, removing hydrogen from solution. The resulting microstructure is highly

refined, and oxygen and hydrogen levels are lower A&V B348standard$38].

Powder compaction is great area of research for all PM materials. As the first step in the

densification of powdered materials, compaction plays a significant role in dategmin
31
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the final product. Most current research utilizes uniaxial die compaction as the method
for consolidation. Many researchers have looked outside the scope of traditional uniaxial
compaction in order to improve compaction performance. This includes#of

isostatic compactio[89,40], powder forging41], and equal channel angular pressing
(ECAP)[42i 44]. ECAP subjects the powder to severe plastic deformation resulting in

green compacts that are approach full density (99%).

Optimization of the sintering atmosphere and thermal profile is an area that shows the
most variability between researchers, particularly time and temperature. Because of the
difficulties of producing a fully homogenized material, especially with elemental
powders, many researchers choose temperatures that will maximize the kinetics and
improve diffusion rates. Typically, sintering temperatures range from 1100°C to 1400°C
[18,34,35,45,46] This considerable range in sintering temperature is partially due to
variability in the processing route that different groups choose, but also shows the
relatively nascent state of PM Ti6AI4V researcimpared to more established alloys.
Lower sintering temperatures are usually favored in order to limit effects of grain growth
while ensuring sufficient bonding and homogenization has occurred. Another benefit is
the reduced process cost of sinteringpater temperatures. Sintering atmosphere is
almost exclusively higivacuum[36]. The considerations forithchoice are primarily
concerned with the reactivity of titanium with C,N,O, and H. Sintering under high
vacuum ensures that contamination from these elements is minimal, and that any of these

contaminants contained in the powders are reduced.

The difficulties with optimizing the homogenization of aluminum and vanadium in
Ti6Al4V have noted by several researcH@&®47,48] The challenges with
homogenization both beta and algftease stabilizing elements within titanium is not
unique to Ti6Al4V, but a largdyody of work exists bewise it is very common system.
Typically this problem has been approached by looking for suitable substitutes for either
vanadium, aluminum, or both.
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Improving the mechanical properties of Ti6AI4V has focused several key process
parameters. There is a general agreement that the goal is to develop a process that results
in a near full density material with a homogenized-fyn@ined microstructure. Because
titaniumds allotropic phase ddesredpropertiesyat i on
ensuring that a uniform transformation occurs, particularly on cooling, has been an area

of focused researd®2,45,4951]. Characterization of this transformation is not unique

to PM, but is given greater importance because the additional difficulties of

homogenizing alloying elements that are introduced as powder particles. There is an
opportunity to provide great insight into the sintering behaviour of Ti6Al4V with the use

of an insiu measurement technique. There has been some work utilizing thermal

analysis techniques such as DS6], DTA [41,44,45,50] and dilatometry

[21,25,30,46,49,52] However, an opportunity exists to further investigate the akpyi

characteristics of PM Ti6AI4V with thermal analysis techniques.
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2.0. RESEARCH OBJECTIVES

The objective of this researchtsdevelop to a methodology for analyzing the sintering
behaviour of PM Ti6Al4V with thermal analysis techniques, specifically DSC. With this
methodologyit is expected that the alloying behaviour of different powder additions can

be characterized and cpared in order to determine the optimum parameters. The

differences between MA and BE blends will be analyzg® SC wi t h a focus o
U phase transformation on cooling. Addi ti

microstructural analysisna phase/chemical analysis.
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3.0. IN-SITU ALLOYING AND HOMOGENIZATION OF
BLENDED ELEMENTAL Ti6Al4V POWDER
MIXTURES

3.1. Introduction

A significant challenge to the adoption of Ti in high volume automobiles is its cost, as
outlined by Froes et al and oth¢ss34,53,54] Powder metallurgy (PM) has been

identified as a cost effective route for producifigomponent$5,34,36,5855]. The U/ b
alloy Ti6Al4V has the potential for wide application in the automotive indiS8}

There have been numerous studies on the PM processing of Ti6AI4V using both blended
element (BE) or master alloy (MA) sinteri{2p,23,31,34,51,55,56The BE (or MA)

approach compared to the sintering of-glleyed (PA) powders can offer further cost
redudions within the PM process. In this method, the alloying elements (e.g. Al and V)
are introduced through the mixing of elemental powders or master alloy powders (e.g.
60AIl:40V) with pure Ti powder. hsitu alloying then occurs during high temperature
sintering with the intent of achieving a uniform distribution of the added Al and V and a

homogeneous final microstructure similar to that present in an ingot or wrought material.

The main focus of previous work on BE and MA sintering of Ti PM alloys hasdreen

the final sintered density, microstructure and maada properties achieved the final
material. This work has demonstrated that the BE or MA powder metallurgy route can
produce components with mechanical properties similar to those achieved ghtvrou
Ti6AIl4V, particularly if a hot isostatic pressing (HIP) operation is performed to increase
the final density.

It is widely recognized that diffusion of the BE and MA alloy elements throughout the
pure Ti powder compact matrix is critical to creatingoaogeneous alloy composition

[36]. This required homogeneity insures the formation of a uniform microsteugtring
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cooling through the b to U transformati on
properties similar to those achieved through traditional ingot metallurgy (IM). As

recently poinédoutin [48] chemical homogenization in most Ti alloys which contain

both alpha and beta stabilizers, can be a complex process which is sensitive to the relative
diffusion rates of the elements involved and the method in which they are introduced (i.e.
BE versus MA). Therefore a detailed understanding of chemical homogenization is

needed to further advance the BE or MA sintering routes.

Despite the importance of mwgenization during BE and MA{situ alloying, studies

which have investigated the phenomena in detail have been ljfitedA summary of

some of these studies has been outline by Robertson and Sgtgitfdore recent

studies of microstructural development and homogeneity have also been completed
[34,51,56,57] These works evaluated homogeneity through observation of the localized
microstructural development anday diffraction pattern as a function of sintering
temperature. While these results offer valuable insahtore quantitative method of

measuring the extent and rate of homogeneity is needed.

The objective of the current work is to develop a method using differential scanning

calorimetry (DSC) capable of providing a more quantitative measurement of theaxtent
diffusion and homogenization during BE and MA sintering, as well as the rate at which it
occurs. The principle behind the approach can be explained through an examination of

the pseuddinary phase diagram for the Ti6AI4V alloy system (Begire3.11) . The b

to U phase tr ansf okl-Mtemaryaloy ibaeshrangyfunotionrofdlo f  a T
alloy content. In one extrema T+6Al binary alloy would exhibia r el at i vel y hi ¢
Transus temperature (i.e. >1000° C) and a narrow temperature range over which the

complete transformation would take place (i.e. cooling path B). On the other hand an

alloy with a high V content (eg. BAI-1 2 V) wo ul d -tdarmaug emparatlreo w b

and a wider temperature range of transformation (i.e. cooling path C). The a88y-Ti
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Figure3.11: Schematic of the transformation paths during cooling in a Ti 6 wt% Al
mixture with different Vanadium contents

In the case of a BE mixture containing elemental Al and V powder additions, it can be
assumed that, if little homogeneity has been acHiein® microstructure would consist

of Al and V rich regions. Upon cooling from the Beta region (e.g. 1200 °C), the Al rich
regions would follow cooling path B and begin to transform at high temperatures, while
V rich regions would follow cooling path C @transform at low temperatures. The net
result would be an overall phase transformation that would occur over a very wide

temperature range. As homogenization proceeded, the transformation temperature range
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would narrow and become closer to thathaf T+6AI-4V composition (i.ecooling path
A).

As will be demonstrated below, the DSC instrument is capable of measuring the
temperature range over which the b to U
function of sintering time and temperature. Tiés the potential of providindjrect

evidence of the extent of homogenization.

3.2. Experimental Methods

The blended elemental mixturesed for this investigatiowere prepared using a
hydridedehydride (HDH)CP Ti (ASTM Grade 3) powdabtained from Reading

Alloys, a pure Al powder obtained from Ecka and a pure V powder purchased from Alfa
Aeasar. For comparison purposes a prealloyed T6AI4V powder obtained from Reading
Alloys and an ingot metallurgy (IM) pralloyed Ti6Al4V rod was obtaed from

McMaster CarrThe chemical composition of all received powdand the IM rodvas
verified by an independent third party laboratory to ensure purity, including the
concentration of C, O, N, and H. Additionally, the received size fraction pbaitiers

was verified by laser particle size analysis. Thgfrdm these laser measurements are

given inTable3.21.
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Table3.21: As-received powder composition (wt%) and characteristics

Size

Powder | Fraction | %% Ti Al Vv C o) N H
(en
(mesh)
~100/
CP-Ti 106 | balancel =29 | <50 14008 0.161| 0.018] 0.013
4305 ppm | ppm
~100/
Al 110 | 0.008 | balance| n/a | 0.011|0.310| 0.004| 0.008
+325
<100
vV 325 | 25m| © o n/a | balance| 0.029] 0.530| 0.120| 0.012
PA ~100/
98 | balance| 6.11 | 4.06 |0.024| 0.163| 0.018| 0.008
TiBAI4V | +325
IM
tialy | WA | N/A | Balance| 601 | 398 |0.023|0.153| 0.013| 0.007

Three BE mixtures with compositions of-8wt% Al, Ti-4 wt% V and Ti6 wt% Al -4

wt% V using the appropriate powdersTable3.2.1 were blended with the CP Tiin a

Turbulamixer for approximately 1 hour. Consolidation of all the powders was

performed using manual uniaxial die compaction with a Carver press to 850MPa.

Licowax lubrication was appléeto the die walls to reduaeear. Sample weight and

dimensions wereecorded in both the green and sintered state. The sample$.8rara

39




in diameterand approximately 1mm in thicknefiscs were cut from the purchased

Ti6Al4V rod to a nominal thickness of 1 mm.

Thermal analysis of the sintering behaviour of the diffeRMtalloys was performed

using a Netzsch 404 F1 DSC. Samples warered in a yttri@rucibleto limit reaction

between the crucible and Ti samples. Heating was perfoameer a high purity flowing

argon atmosphere (99. 9 n®plaged beiow the hatzondtd ani um
ensure minimal contamination of the samples by impurities in the gas sfreardSC

was temperature and sensitivity calibrated using 6 standards (i.e. In, Bi, Sn, Al, Ag and

Au). Each thermal profile involved heating to T2C at 20°C/min witkeither an

immediate cooling oincreasing isothermal hold timésm 30 minutes to Bours The

samples were then cooled to room temperature at a controlled rate.

Microstructural examination on post DSC treated samples was perfasimgdboth a

Hitachi S4700 FEG SEM with an Oxford INCA EDS analysis system for phase

composition, and a Zeiss optical microscope. Samples were mounted in a conductive

resin and polished to a mirrbke finish using SiC papers, diamond suspension and
col oi dal silica (Struers). A Bruker D8 Adv

phase identification of as pressed and DSC heated powder compact samples.

3.3. Preliminary Results and Experimental Development

Differential Scanning Calorimetry (DSC) has besedibyMalinov et al.[50] to study

the B to U transfor mat i o mnovfetoal fodudéd dhithe Al 4 V.
effects of different cooling rates for the
use of DSC as a technique for measuring th
particular, it determined the influence of coolintgran the start (Beta Transus) and

finish (alpha Transus) temperatures and therefore transformation peak width.
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I n

order to validate the current DSC proce

Ti6Al4V sample described imable3.21 was determined for 4 separate samples. The

transformation peaks for these samples are showigure3.31. Table3.31illustrates

the various measurements performed on these peaks. A cooling rateCamdiute was

used for these experiments. This cooling rate was chosen because it allowed the DSC

instrument to establish a constant cooling rate from approximately 1075 to 675 °C which

encompassed the temperature of interest with respect fo thetmnsformation. This

constant cooling rate was important in establishing a stable baseline in the DSC signal

before and after the transformation peak. Cooling rates lower than 40 °C/minute

produced transformation peaks that were not as visible with respbet baseline level.

A cooling rate of 40 °C/minute was also included in the study of Malinov et al. so direct

comparison could be made.

DSC /(mW/mg)
(3.2]
™ exo
2.0
15
10~ _ Yz
0.5 o
0.0 "™
0.5
10 b"’"‘"“----...h_v____
-15
660 550 760 750 sf)l) BéD 960 9§D IDIDD IDI5D
Temperature /°C
Figure3.31: |1l lustration of t he TiBA4Vsamples dooledn s f or |

at 40°C/min from 1200 °C.
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Included inFigure3.3.1 is an example of the baseline construction used to determine the
area under the peak (i.eetbnthalpy of transformation), the temperature at the maximum
peak height (i.e. peak temperature) and the peak width. Peak width was determined by

the Netzsch software through a construction of a second baseline parallel to the first, but
offset a magnitue of 1% of the maximum peak height in the heat flow direction. The

lower and upper temperatures at which this 1% offset construction intersects the DSC
trace was used to determine the peak width. The beta transus temperature was determined
by the point atvhich the DSC trace and baseline construction coincide as indicated in
Figure3.3.1. The alpha transus was determined by subtracting the peak width calculation

from the beta transus temperature.

The DSC traces dfigure3.31i ndi cate that the b to U phas:¢
the Ti6AI4V ingot is very repragtible. The first row offable3.3.1 presents the

averaged values for the enthalpy and temperature measurements determined from the
transformation peaks éfigure3.3.1. The standard deviation of all measurements were

less than 1.5%. The enthalpy of transformation, beta transus, peak temperature and peak
width measurements made on Ti6AI4V by Malinov et al are also givéahle3.3.1 for

a 40 °C/minute cooling rate. Agreement with the current study is very good considering

the different measurement conditions. The TIGABY | oy of Mal i novds st
higher Al and O content than the alloy studieérigure3.3.1 (i.e. 6.59 and 0.19 wt%

respectively) whichincreass t he beta transus temperature
low oxygen containing Ti6Al4V are 945 6], which is in better agreement with the

current value. Peak width is partially determined by the thermal lag of the DSC system.
Helium was used as the process gas in the DSC experiments of Malinov, while Argon

was used irthe current study. Helium is known to decrease transformation peak widths,

thus explaining the small difference in peak width between Malinov and this sthdy.

most significant discrepancy between reference Malinov et al and the current study is the

enthalpy of transformation measurements.
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Table3.31: Average values for DSC Measur ements
Transformation in a Ti6Al4V ingot and 100% QP pressed powder.

Sample Enthalpy Peak b Tra| U Tr aj Peak
Temperature Width
(J/9) Temperatureg Temperature
(°C) ) ) (°C)
(°C) (°C)
Ti6AI4V IM 51.0 870.5 926.5 768.9 157.6
TieAI4V 27 873 970 830 140
[50]
100% CPTi 75.15 870.1 928.5 828.6 99.9

The Ti6Al4V BE powder mixtures initially contain 90 wt% of dPpowder. For this

reason it was considered important to characterise the transformation behaviour of 100%
CP-Ti powder compacts as a baseline comparib@ure3.3.2 illustrates the cooling

curves for four 100% GHi samples while row 3 ofable3.3.1 presents the average

values measurement from the transformation peakgyofe3.3.2. The phase

transformation behaviour of the @R is also very reproducible, with standard deviations

on temperature measurements of less than 0.5% and variations of 4% on the enthalpy and
peak width measurements. The beta and alpha transus temperatures agree well with that
reported byKim and Parlfor a CRTi ingot material for a similar cooling rate (i.e. 925

°C and 850°C respectively) made using resistivity measurerfdjts
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Figure3.3.2: Repeatability of Cgl'i cooled from 1200°C at 40°C/min

3.4.Blended Elemental Experimental Results

3.4.1. Initial Heating to 1200 °C

Figure3.4.1 illustrates the heating traces for the Ti4V, Ti6Al an@AI4V blended

elemental mixtures in comparison to the 100%TCPowder compact. The 100% AR

and Ti4V have similar DSC traces with no thermal events evident until the alpha to beta
phase transformation, which onsets at approximately 879 °C. Thisestolthe

published theoretical onset temperature of 882 °C for high purity Titafdibhenslightly

lower temperature measured in this study is due to the small amount of impurities in the

powders as reported rable3.2.1.
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The Ti6Al and Ti6Al4V BE samples exhibit an exothermic reaction which onsets at 565
°C. This exothermic peak is associated with the reaction of Ti and Al to form Ti

aluminide intermetallics. A doubl exothermic peak in the Ti6Al4V BE mixture

indicates that there may also be reactions between Al and V to fexmmérmetallic

phases. At higher temperatures, the Al containing mixtures also exhibit the alpha to beta
phase transformation over a siatitemperature range to that observed in the 100% CP

Ti and Ti4V mixtures. One notable measurement made from the DSC trdagsiraf

3.41is the enthalpy of transformation of the alpha to beta phase transformation for the
different mixtures (i.e. 68.8 J/g, 46.7 J/g and 42.9 J/g for the Ti4Al, Ti6Al and Ti6AI4V
respectively). Baed on the measured enthalpy of transformation for the 100%, P

all of the pure Ti powder transformed in such a way that it was unaffected by the
presence of the BE powder additions, the theoretical enthalpies for the mixtures,
accounting for the wght fraction of pure Ti powder, would be 64, 62.7 and 60.0 J/g for
the Ti4Al, Ti6Al and Ti6Al4Vrespectively. The measured enthalpy for the Ti4Al sample
is within the standard deviation of itodos
for the TiGAl and Ti6Al4V samples are significantly below the theoretical value,

indicating that metallurgical interaction between the Ti and Al powder addition begins
during heating. More specifically, the lower enthalpy for the Ti6Al and Ti6AI4V

mixtures, is an indation that the exothermic reaction at lower temperatures consumes a
measureable amount of Ti in the formation of intermetallic compounds prior to the alpha

to beta phase transformation.
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Figure3.41:Commr i son of heating traces including

elemental mixtures
3.4.2. Cooling Transformations and Microstructural Development
Ti6Al

The DSC traces shown kigure3.4.2 includes the cooling traces for Ti6Al following

increased sintering time. The cooling trace for a 1004 ¥ample is also included. In

comparison to the 100% CPi it is evident that Ut pbapeese
transformation to higher temperatures even after zero hold time at 1200 °C. This is

consistent with the fact that Al is an alpha stabilizing element. The sample with no hold

time at 1200 °C, exhibits a relatively broad phase transformation Witfhaonset

temperature and low end temperature. With increasing hold time, peak width reduces

due to a lower onset temperature and higher end temperature. The majority of change in

the phase transformation behaviour occurs within the first 30 minuteserirsg.
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Figure3.422 Compari son of the b to U transfor maf
isothermal holds: No Hold, 30min, 1 hour, 2 hours, compared to pure Ti

Optical mi crographs of Kroll s reagent etc
°C are illustrated ifrigure3.4.3. Both samples exhibit largesale irregularly shaped
porosity which was introduced at lower temperatures due to the melting of the Al powder
and its exothermic reaction with the Ti powder. Both samples also indicate a similar grain
structure with a relatively coarse platelike mit¢rosture which arises from the beta to
alpha phase transformation in these alloys during cooling. The scale of the platelike
features are more variable in the zero hold sample, which is indicative of a variable Al
contentFigure3.4.4 presents an SEM image and EDS spot analysis in a region of a large
pore in the no hold sample. These results confirm a higher Al content near the pore and a
lower Al content further away from the pore location for the zero hold sample. Mixtures
sintered for 0.5 and 1 hour exhibited microstructures similar to the 2 hour sample.
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Figure3.4.3: Optical micrograph of Ti6Al sinted with a) no holéndb) 2 hours

48



(L5064 1t ¢a

M c ®d o ®

H TOM dH D

0 T ®d PpH P

: p Py cdn P

P nen hp @

¢ odn pc @ 15.06V 12.0mm x1.00k SE(M)
aSly|lpoT pn o

Figure3.4.4: SEM/EDS chemical analysis @signated points for a Ti6Al sample heated
to 1200 °C with no hold.

Figure 3.4.5resents XRD results for an unheated, green sample and samples after

sintering at 1200 °C for various hold times. The presence of the elemental Al powder
additionisclearly i si bl e i n t he ¢rpbaseoftsedtdpC® as i s t
powder. The primary change in phase evolution as a result of sintering is the

disappearance of the Al phase and, in some cases (i.e. 30 minute hold at 1200 °C) some
minor peaks which malye associated with oxide phasésese minor peaks were not
characterisitic of any singular oxide phase, and would need further investigalibra-

Ti is the predominant phase present in all samples, indicating a complete transformation

o f  tThpbasdduring cooling. The relative peak intensities fluctuate from sample to

sample. This is expected to be due to the preferred orientation developed in the platelike
structure during the b to U t-Tipeakspbsitionsnat i on
shift slightly to higher angles in the sintered samples compare to the green sample. This is

due to the solid solution alloying of Al in the Ti crystal lattice.
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Figure3.4.5: Measured spectra by XRD for Ti6Alixture with corresponding phase
composition

T4V

Figure3.4.6 includes the cooling DSC traces for Ti4V with increasing hold time and a

100 % CPTi sample. Compared with 100% €H, the presence of V in the binary

mi xture shifts the b to U phase transfor ma
time at 1200 °C. This is consistent with the fact that V is a beta stabilizing element. The

0 hold tace for Ti4V shows the broadest peak on cooling with a low peak height. With
increased sintering time, this transformation peak shifts to lower temperatures up to 1

hour. After 1 hour and up to 2 hours, the most significant changes occur. Firstly, the
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peak shifts back to higher temperatures. And secondly, the start and end temperatures of

this peak narrow.
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Figure3.46: Compari son of t foreTi4\resulting ftbm tnecremsing f o r ma |
isothermal holdsNo Hold, 30min 1 hour 2 hours compared to pure Ti

Optical micrograpbkof the Ti4V BE mixture with a zero and 2 hour hold time at 1200 °C
are shown irFigure3.4.7. Undissolved V particles (light grey) are clearly visible
throughout the microstructure for the zero hold sample. The matrix surrounding these
particles is fairly uniform and the equiaxed grsiructure is similar to that observed in
the 100 % CPFri samples.Figure 3.4.8a) presents an SEM image and EDS elemental
map for the Ti4Al no hold, 1200 °C sample in the region of an undissolved V particle.
The image indicates and extensive interdiffuasand solid solution zone which is

penetrating to the core of the original V BE parti€igure 3.4.8) illustrates that the
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diffusion of V into the surrounding GPi matrix extends less than 100 um at this stage.
Samples sintered for 0.5, 1 and 2 haxkibited similar microstructures exemplified by
Figure3.4.7 b). At these sintering times no V particles remained in the structure and a
uniform equiaed microstructure was producelligure3.4.7 illustrates the absence of

the large scale irregular pores in the Ti4Al samples compared to the Ti6Al samples.

100 pm

Figure3.4.7: Optical micrograph of Ti4V sintered at 1200 With a) no hold and b) 2
hour hold

52



15.0kV 12.0mm x250 SE(M)

rA Ta
*‘,
f
Spectrum Ti \% Total
1 1.43 | 98.57| 100.00
2 97.32 | 2.68 | 100.00 i ®| -
3 99.04 | 0.96 | 100.00 " ,
4 99.74 | 0.26 | 100.00 )
5 100.00| 0.00 | 100.00 ‘

60pm ' Electron Image 1

b)

Figure3.4.8: SEM/EDS analysis of Ti4V sintered at 1200 °C with no hold; a) EDS map
and b) compositional profile in the vicinity of a V particle.
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Phase compositioand evolution of sintered Ti4V measured using XRD was very similar

to that determined for Ti6Al (sdgigure 3.4.9. The pressed green sample consistd bif
andV.Int he sintered sampl e sTihowever{herecisdacsmell n a n t
peak approximately at 38° which has been reported by many researchers to correspond to
retained beta pha$#8,32,59] This peak is most obvious at intermediate sintering times

and nearly disappeaas 2 hours. Some degree of retained beta is consistent with the
presence of the beta stabilizing V alloy addition. No intermetallic phase formation

occurred but a similar peak shift to higher angles occurred due to the solid solution
alloying of V in Ti.
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Figure3.4.9: Measured spectra by XRD fordNM mixture with corresponding phase
composition
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Ti6Al4V

The DSC traces for the BE mixture of Ti6AI4V with increasing hold times compared to

the 100 % CPTi sampleareshown inFigure3.410. The observedpek s f or t he b
transformation for all the BE samples have a significantly reduced intensity and a wider
peak width compared to the F sample. The onset temperature of the cooling
transformation is lower than the Ti6Al mixture while the end tempe¥asthigher than

the Ti4Al mixture. This makes sense since the Ti6Al4V mixture experiences the

influence of both V and Al. In general the change in the cooling transformation peak in

the Ti6AI4V mixture is less influenced by the sintering time and th@éeature range

over which it occurs remains relatively broad in comparison to the binary mixtures.

DSC /(mw/mg)
[5.2]
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Figure3.4.10: Comparison of the b to U for Ti6AIl 4
increasing isothermdidolds: No Hold, 30min, 1 hour, 2 hours, compared to pure Ti
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Optical micrographs of the Ti6Al4V BE mixture with zero, 0.5, 1 and 2 hour hold times
at 1200 °C are shown Figure3.4.11. Undissolved V particles (light grey) are clearly
visible throughout the microstructure of the zero hold sample, similar to that seen in the
Ti4Al binary mixture. However, unlike the Ti4Al, the surrounding matrix exhibits a
more noticeable acicular migwucture. In addition, the scale of the acicular
microstructure varies from very fine near the V particles (i.e. darkly etched regions) to

coarsely spaced platelets.

Figure3.412 presents an SEM image and EDS elemental map for the Ti6Al4V no hold
sample in the region of a partially dissolved V patrticle. The very core of the particle has
retained a pure V content. However, extensive diffusion of bioimd Al through the

outer surface of the original V particle has occurred. Surrounding the original V particle

surface is a fine, acicular microstructure noted in the optical micrograph.

Like the Ti4V mixture, the dissolution of V particles was completieer sintering for 30
minutes. However regions of darkly etched, fine acicular structure and lightly etched
platelike structures remain. These regions are expected to have different alloy content,
indicating that inhomogeneity still exists at 30 minu&sme noruniformity in the

acicular spacing exists after 1 hour, but this is not as extensive as that observed at 0.5
hours. After 2 hours the microstructure is very uniform indicating a homogeneous

distribution of the alloy elements has been achieved.
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Element | Weight% | Atomic%
AlK 454 7.83
TiK 83.06 80.81
VK 1241 11.35

Al Ka1 TiKa1 VKa1

Figure3.412: SEM/EDS analysis of Ti6Al4V BEistered at 1200 °C with no hold

It should be noted that the irregularly shaped, large scale porosity created by the presence
of the elemental Al particles is present in the Ti6Al4V BE mixture and is similar to that

observed in the binary Ti6Al sample.

Themeasured phase composition for BE Ti6Al4V in both the green and sintered states is
shown inFigure 3.4.13 In the green state, the majority of the measured peaks

cor r es p oeThvdtle alidence of the added elemental V and Al particles. A
significant feature of the XRD pattern for the sietématerials is the development of a
pronounced retained beta peak. This peak appears in the no hold sample, grows in

intensity at 30 minutes and 1 hours and then greatly reduces after 2 hours. Extensive
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retained beta would be expected if regions of theastructure contained elevated V
content. Such a region is clearly noted in the SHDS results oFigure3.4.12.

Therefore the XRD results indicatgsificant levels of inhomogeneity in the Ti6AI4V

up to at least 1 hour of sintering time. It is worth noting that the retained beta XRD peak
in the Ti4V sample was present over a shorter sintering time and at a lower magnitude
compared the Ti6Al4V BE sartgs. This suggests that the combination of Al and V

added through elemental particle additions has a detrimental affgctlissolution and
homogenization.
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Figure3.4.13: Measured spectra by XRD for6Al4V mixture with corresponding phase
composition
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Prealloyed (PA) Ti6Al4V powder

The results shown iRigure3.4.14 are a comparison of the DSC tiag traces for
increasing hold time at 1200°C for the PA Ti6Al4V powder. Unlike the blended
el ement al binary and ternary mixtures desc

peak is relatively unaffected by the sintering time at 1ZD0 There doespear to be an

increase in the enthalpy of the transformation with increasing hold time, but unlike the

BE mixtures, there is no appreciable change in the shape of the measured peaks.

The microstructure of the PA Ti6Al4V after heating to 1200 °C but mattold and

after 2 hours is shown rigure3.4.15. There are two main distinctions between the PA
powder and the BE mixtures. Firstly, the formation ofWidmanstéattemicrostructure
typical in Ti6AI4V is uniform throughout the sample. The subsequent samples sintered
for 0.5, 1 and 2 hours exhibitétentical microstructures. The second distinction is the
substantially higher porosity in these samples. The porosity is well distributed and
appears to be open and continuously connected throughout the structure.
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Figure3.414 Compari son of the b to U with PA tr
isothermal holds: No Hold, 30min, 1 hour, 2 hours, compared to pure Ti
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Figure3.4.15; Optical micrograph ofistered Ti6Al4V Prealloyed powder sintered at
1200 °C; a) with no hold and b) for 2 hours.

SEM/EDS analysis to the sintered PA Ti6Al4V samples confirmed a uniform distribution
of the alloy elements. XRD results for the PA samples as a function of sinteregre
presented ifrigure 3.4.16As with the BE mixtures above, the predominant phase
present at r ooT). Theeenssane avidenceehatia smal{ about of
retained beta and perhaps some intermetallic compounds or oxides exist in the
microstructure. Similar results were reported by Malinov for an ingot metallurgy
Ti6Al4V. Therefore, the formation of small amounts of these phases, is a result of the

complex phase transformation that occurs during cooling in Ti6Al4V. For example, the
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presege of a certain level of retained beta results from microsegregation on the scale of
theWidmanstatterstructure, and does not reflect larger scale bulk inhomogeneity that
would be expected from the incomplete diffusion of alloyingnelets in a BE sintang

process
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Figure3.4.16. Measured spectra by XRD for the PA powder with corresponding phase
composition

3.5. Analysis and Discussion

Overall the above DSC, microstructural and XRD results indicate homogenization of BE
powder additions occurs to a significant extent over a 2 hour sintering period at 1200 °C.

However, there are some trends within the individual alloys studied, whicledartier
63



understood from the summarized DSC measurements presefrigdra 3.5.1Figure

3.54. As would be expected, the Ti6Al mixture consistently exhibits a g transus

temperature, both in terms of onset and end temperature. Conversely, the Ti4V mixture

exhibits the lowest onset and end temperature for the beta to alpha transformation. The

measured behaviour of the ternary systems fell in the region éetéve two binary in

terms of start and end temperature for the transformation. The IM Ti6Al4V maintained

the most stable results in all the metrics, while all the PM systems had larger degree of

variability after different periods of sintering. Peak thisvas greater for all PM than the

IM, but this did not correlate into a higher enthalpy of transformation.
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Figure3.5.1: Onset temperature measurements made from the DSC cooling traces of the

materials othis study
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b) End Temperature
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Figure3.5.2: End temperature measurements made from the DSC cooling traces of the
materials of this study
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Figure3.5.3: Peakwidth measurements made from the DSC cooling traces of the
materials of this study
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d) Peak Area
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Figure3.5.4: Enthalpy of transformation measurements made from the DSC cooling
traces of the materials of this study.

3.5.1. Ti6Al

In order to elucidate the results gathered from DSC and other sources, a conceptual
diffusion model was developed for the progression of alloying for the Ti6Al system, and
is shown inFigure3.55.
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Primary o-Ti
pore

aTics L

Primary a-Ti—

A) B)

pore

a-Ti 55

C)

Figure3.5.5: Diffusion model for Ti6Al at A) Green state, B) NMold state, and C2hr
state

The behaviour of the DSC traces for the défarsintered states shownHRigure3.4.2

provide insight into the alloying behaviour of the Ti6Al system. In the no hold state, the

DSC trace for the b to U transformation ha
CpTi trace. The two most notable features of this measured transformatits a

extremely broad shape and the considerable shift to higher temperatures for both the start
and end of the transformation. The broad shape of the transformation suggests a non

uniform phase transformation. This is due to incomplete diffusion af fiis early

peri od. As mentioned pr ev-Tiphase hthigherA | i ncr e

temperatures. The measured onset for the transformation in this state is 1065.7°C,
indicating that regions in the microstructure exist with high Al cona&otr. This
variation in Al concentration was confirmed by SEM/ED%igure3.4.4 where a

marked change in concentration of Al corresponds withréresition from the platéke
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region (Points 21) and the equiaxed region (Points 5,6). The broad shape of the DSC

peak suggests that these variations in Al concentration result in a large temperature span
for the b to U tr ans fX®D wesetunableto locatBthet h SE M/ E
existence of pure Al in this state. Therefore, despite the variation in microstructure, at

this relatively premature state of sintering there is significant homogenization of Al. This

is due to the melting of Al which helpssttibute the element throughout the

microstructure. The phase composition changes that occurred from the green state to the

no hold state are primarily due-Ttsoidt he el i

solution.

There was less observed vaoatin the measured DSC peaks with increased sintering

after the no hold state. From the no hold state there is a significant increase in measured
enthalpy for the b to U transformation pea
heatflow also incresed significantly, with both characteristics pointing to a more

homogeneous transformati®@EM/EDS analysis confirmed that small variations in Al
concentration lead to visibly distinct variations in microstructure. Additionally, EDS

analysis showed thatcreased Al concentration was found segregated in the regions

between the plate formations. XRD analysis of the 0.5Hr state produced a similar spectra

to the no hold state, however, variations in peak intensity were observed. This intensity

variationis@ u s e d b Ty stabilizedplatéJgrowth along preferred crystal planes.

The DSC traces for the latter two states showed little variation, with no observable
changes due to the increased sintering time. This suggests that in both the 1Hr and 2Hr
statec hanges to the b to U transformation due
Measured enthalpy for the transformation had little variation between 1 and 2Hrs, as well
as peak heatflow and peak width. The microstructure seeigune3.4.3 has a coarse
platelike formation, similar to that found in the 0.5Hr state. This suggests that some
degree of grain growth has occurred up to this period, causing the indiviaes! (o
widen with increasing sintering. SEM/EDS chemical analysis of the microstructure of
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both states showed that bulk homogenization of Al was complete, with the less variation
in Al composition at the 2Hr -Tesphasdwasals&/ ar i at
noted in the 1Hr and 2Hr states, which was due to preferred orientations of the alpha Ti

transformation.

3.5.2 Ti4Vv

A conceptual model for alloying and diffusion for the binary Ti4V mixture is shown in
Figure3.5.6.

Primary o-Ti Primary o-Ti
v
— a-Ti+V
A) B)

C)

Figure3.5.6: Diffusion model for Ti4V at A) Green state, B) Mold state, and C2hr
state

Similar to the Ti6Al system, significant insight into the alloying behaviour of the Ti4V
system can be inferred from the DSC traces shovagire3.4.6. In the OHr state the
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DSC trace for the b to U transformation wa
trace. The measured peak had broadened significantly, with a temperature span of

244.7°C compared to 101°C for the transformation of the pupewder. This

broadening occurred with a corresponding marked reduction in peak heatflow. Another
observation made for the Ti4V system was the apparent shift of the phase transformation

to | ower temperatur es. -phaskstadizingeffecttofé/, t o t he
and that diffusion of V in to the Ti matrix would shift the transformation temperature

below the beta transus for pure Ti. The measured onset for the OHr state is close to the

onset for the CpTi trace, suggesting that the effewt tof lower the transformation

temperature has not affected some regions of the sample. Additionally, retained V

particles were visible in this state. This contrasts the Ti6Al system where there was no

visible remaining Al particles in the microstructurenother visual difference from the

Ti6Al system was the lack of large voids in this state. SEM/EDS analysis in

Figure3.4.8 confirmed the existenaaf retained V particles at the OHr state, however,

there was significant concentration of Ti in the peripheral areas of these V sites. XRD
analysis of this state did not detect elemental V that was found in the green state,
suggesting that the concentoat was too low to resolve the peak using the scanning
parameters for this investigation. Therefore, at this state, the site of the elemental V
particles exists with Ti diffusion into the center of these particles without any appreciable

counter diffusiorof V.

I n the O0.5Hr state, further changes to the
to U transformation occurs at a | ower temp
state. T hi s -stahiigng effedis ©f Vthdwva eentertbed with increased
thermal exposure by allowing further diffusion. Peak temperature has also shifted to a
lower temperature (819.3°C vs 848.1°C) than the OHr state, with a higher heatflow at the
peak temperature. The higher heatflow at the peak temperatdue a greater portion of
the material transforming at this temperature, whereas in the OHr, the shorter
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transformation peak is the result of a more inhomogeneous transformation. An increased
enthalpy of transformation was also measured for the Gt (53.65J/g vs 64.69J/g).

In the 0.5Hr state the V sites seen in the OHr state were no longer present. The equiaxed
grain structure of the OHr state appeared to have changed little with additional thermal
exposure, however, upon closer examinatiptagelike structure had formed. This

likely occurred in the regions that had previously been occupied by the V particles.
Additionally, there was evidence of pore shrinkage and rounding, a result of densification
due to increased sintering. The disgioin of the V sites suggested increased diffusion of

V throughout the Ti matrix. Analysis with SEM/EDS confirmed that longer range

diffusion of V had occurred. Due to the smaller particle size of the V powder, there is an
inherent increase in the homogdty of the V once in is in solution. However, the long
range diffusion of V at this state had not progressed to the same extent as Al in the Ti6Al
system despite the smaller particle size. This is likely due to the slodiffetion rate

of V which would have increased the amount of thermal exposure necessary to create a
Ti-V solid solution[48]. Identification of phase composition by XRD revealed a similar
composition to the OHr state. As the characteristic peaks for V were no longer present in
the previous state, there was -Toin,|l yai.icchalhges

Therewasonlyimnn ut e c hTa with a Broadleopedk occurring at 39.7

In thefinal two states of sintering the observed variations in the DSC traces suggest
improved alloying due to the increased thermal exposure. The observed transformation
peak in the 1Hr state had the largest temperature span, increasing from the 0.5Hr state by
nearly 50°C. It should be noted that both at the onset and end of the transformation of the
1Hr state, the measured deviations from baseline were very subtle. This small increase in
heat flow at both ends of the transformation means that there ighi@tleodynamic

activity and that this represents a very small portion of the total transformation. This is
evidence of the slow diffusion of V in the Ti matrix. The observed microstructure of the
1Hr state by optical microscopy reveals a large volunwifna of platelike structure

relative to the 0.5Hr state, and the equiaxed grain structure is no longer present. Regions
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of a lighter coloured phase that have persisted in all states now havelkelateicture

within these regions. SEM/EDS analysfghese regions found a higher V

concentration, close to the desired bulk concentration, and the surrounding regions to be
lower in V concentration. The transition from 0.5Hr to 1Hr appears to represent a
significant transition for the sintering of tAéV system. SEM/EDS and DSC support

the transition in the 0.5Hr of a relatively inhomogeneous microstructure with some
regions of highv concentration to a much more homogeneous microstructure at the 1Hr
state. Variations in V concentration in the 1k#ts have less variation and appear to be
the result of two distinct regions, with the previously mentioned ligtdured phase

having a V concentration of approximately 4wt% and the surrounding darker region
having an average V concentration on 2.2warther changes occur for the measured
transformation peak in the 2Hr state. The
highest end temperature of all the sintered states. The measured end temperature of
692°C was nearly 70°C higher than thér ktate (625.6°C). The onset temperature for

the transformation was similar to the 1Hr state (898.5°C for the 1Hr state vs 893.5°C for
the 2Hr state), resulting in the shortest temperature span for the measured transformation
of the Ti4V sintered statd72.9°C for the 1Hr state vs 201.1°C for the 2Hr state). This
decrease in the temperature span of the phase transformation suggests the degree of
alloying of V is more homogeneous. Higure3.4.7, the optical micrograph of this

sintered state, shows a nearly complete gilgestructure throughout. This structure is
apparent in both of the two light and dark coloured regions described earlier.
Additionally, on irspection there does not appear to be any reduction in volume fraction
of the lighter \frich regions when compared to the 1Hr state. This is surprising because
with increased sintering it was expected that volume fraction of these regions would be
reducedas diffusion of V continued. SEM/EDS analysis of the microstructure reveals
many regions that are still below the desired bulk composition. Area scans of specific
regions of the microstructure found the composition of V to vary between 1.8wt% to
2.3wt%. Interestingly, this includes some of the lighterith regions, meaning that the

V concentration in these specific regions has decreased but there is still more diffusion
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required before a homogeneous composition is obtained. XRD analysis of bothr the 1H

and 2Hr sintered states is showrFigure 3.4.9 | n b eltconstiuesteedpylk U

of the phase composition. In the 1Hr state a small peak corresporidingvisb

observed. This is expected due to the incomplete diffusion of V resultingiainV

regions in the micr ost fTu Thispealeis rnotrolbsérvedin e a b |
the 2Hr state, further supporting the improved homogenizationtbatMvas found with

SEM/EDS.

3.5.3 Ti6Al4V BE

With an analysis of the alloying behaviour of both Al and V completed to determine the
behaviour of each in the Ti matrix, the ternary mixture was then analyzed. A conceptual
model for alloying and diffusiofor the ternary Ti6Al4V BE mixture is shown Kigure

3.57.
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Figure3.5.7: Diffusion model for Ti6AI4V BE at A) Green state, B) Hold state, and
C) 2hr state

The observed behaviour of the ternarixture was expected to show many of the
characteristics of the two binary systems. But the interaction between both elemental
additions as alloying progresses was important to understand. As Al and V alter the
transfor mat i en Hthisliveractiorris parficulgbly important. From
the green state to the no hold state the observed changes to the microstructure were
primarily due to thenelting anddissolution of Al. A similar behaviour occurred where
there was rapid melting and allog with the surrounding Ti to form Ti aluminide
intermetallics. The resulting microstructure seehigure3.4.11 contained the same
large voids caused by the megjinf Al that was seen in the binary mixture with the
majority of the microstructure consistiogplatel i kTe. Vidible V particles were also
seen in this state, with the same microstructural features that were seen #v thiedrny

mixture. In thisstate it appears that both alloying additions are acting largely
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independent of each other and that the interactions between the Al and V had not
occurred yet. The DSC trace of the no hold state is sdegune3.4.10. The measured
transformation in this state qualitatively appears to be very broad with a very low peak
heatflow. Further analysis of the transformation confirmed these observations. The
temperature span was the largest of all the measured transformations for this
investigation, while the enthalpy of transformation was the lowest. Additionally, the
measured onset temperature for the b to U
than themeasured onset temperature for the binary Ti6Al mixture in the same state
(1044.8°C vs. 1065.7°CThis lower beta transus temperature is due to the influence of
the added V The measured end temperature for the ternary mixture was markedly higher
than tie binary Ti4V mixture (780.2°C vs. 678.7°@)dicating that the presence of Al in

the ternary BE has an alpha stabilizing influence to the mixtlinese variations in
transformation characteristics suggests that the earlier predictions that thetdentas |

no interaction between the alloying elements is not correct. SEM/EDS analysrie
3.412shows a V particle in the Ti matrix at the no hold statem€htal maps of this

region show that in addition to the uniform Ti concentration surrounding the V particle,
the concentration of Al has reached a relatively homogeneous concentration considering
the amount of thermal exposure. Some diffusion of TitimoV particle region is

observed in these SEM/EDS micrographs, however like the Ti4V system, the extent of
this diffusion is limited at this state. The extent of V diffusion out into the surrounding
matrix also closely resembles the Ti4V binary mixtuvkere relatively limited

movement of V along the grain boundaries of the gikgestructure is observed. Phase
composition of this state by XRD is shownFigure 3.4.13 The key change in phase
composition from the green state to the no hold state is the disappearance of V and Al
spectra and t-hiphase.pThis @angerinpkaseccémpdsition supports the
SEM/EDS results discussed earlier, suggeshaglittle pure V exists and instead a V

rich Ti,V solid solution has formed.
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In the 0.5Hr state the measured DSC transformation trace shifted to lower temperatures
relative to the no hold trace. The onset
patticular was recorded at a lower temperature (768.8°C vs 780.2°C). Additionally, the
measured enthalpy for the transformation increased significantly with the increased

thermal exposure (38.34g vs. 25.94J/g). Optical micrographs of this state revéladed

the equi axTid grrainmas ywedr e | es s -Tpstruetwr&a | ent anc
accounted for a much greater volume fraction of the total microstructure. Close

examination of the microstructure also revealed that the V sites seen in the stateld

were no longer present. Both of these changes suggest that increased homogenization of
both Al and V has occurred during this period. Analysis with SEM/EDS also found no
evidence of the VWich regions found in the no hold state. Instead muchraeggons

with uniformly distributed V were found likely near where theith regions existed. In

this state the V was fully segreglated al on
Other areas observed by SEM/EDS, however, did not detect any appgeci

concentration of V. Instead, a uniform concentration of Al was measured. Visually,

these two different regions were easily distinguished because of the different scattering
behaviour of the Mich and Atrich regions, with the Vrich regions appearg much

brighter.
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Figure3.5.8: Sintered Ti6Al4V BE at 0.5Hr with a-¢ontaining region (Left) andéan
region (Right)

This difference in composition for observed microstructure with SEM is shotigume

3.58.

Phase

composition

anal ysi s

wi-Tfih XRD r

phase which is expected due to the elimination of thieNregions seeat the no hold

state which would have only stabilized a small concentration of the Ti, whereas now the

increased homogenization allows for a larger concentration to be stabilized to room

temperature.

With increased thermal exposure, the changes obsexwadlie 0.5Hr state to the 1Hr

state

wer e

ess

significant.

The

measur ed

with DSC was significantly lower at this state, with the transformation starting over 20°C

cooler than the 0.5Hr state. The measemd temperature of the transformation and

enthalpy not change appreciably. Therefore, the temperature span of the transformation

decreased by over 20°C as well. Despite the narrowing of the transformation temperature

span, the measured enthalpy of tlEmsformation remained nearly unchanged (38.34J/g

vs 38.13J/g). Therefore, peak heatflow increased at this state suggesting a more uniform

transformation. SEM/EDS analysis revealed a similar distribution of alloying elements to
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the 0.5Hr state, where amogeneous distribution of Al was found with inhomogeneous
distribution of V. Again V was confined to regions throughout the microstructure with

the same segregated distribution found in the 0.5Hr. The key distinction is that in the 1Hr
state these regisrwith distributed V occupied a larger volume fraction of the
microstructure. This behaviour is similar to the binary Ti4V mixture, where slow

diffusion rates of V in Ti required in excess of 1Hr to achieve an acceptable level of
homogeneity. Increasedit e n s i t-Ti phaske was measufed by XRD, which was

the only observed change in phase composition. In the final sintered state at 2Hrs, the
DSC trace for the phase transformation produced the largest measured enthalpy,
increasing t®6.63)/g. This significant increase was due to an increased temperature

span and the highest measured peak heatflow for the ternary mixture. Both of these
characteristics point to a larger bulk transformation, but not necessarily a more
homogeneous transformation. Otw&ion of the optical micrographs reveal an expected
progression in phase evol ut i dipwhichmags h a f ur
nearly absent in the 1Hr state. Indeed, in this state, it is assumed that this phase is no
longer present. The piat i kTénow accounts for the entirety of the phase

composition with certain regions showing signs of coarsening from the 1Hr state. In
addition to phase composition, comparison of the optical micrographs of the 2Hr state,
Figure3.4.11, to the no hold state reveal a reduction in the large voids that had formed
due to the melting of elemental Al. Also, smaller voids are now significantly rounded.
Therefore, theres a marked increase in the apparent sintered density after 2Hrs of
thermal exposure. This may explain the increase in measured enthalpy of transformation
by DSC. SEM/EDS analysis of the 2Hr state revealed that a marked increase in the long
range diffuson of V had occurred as a result of the increased thermal exposure. The
different regions of the microstructure that were analyzed all detected concentrations of
V, approximately 1.5wt%. This suggests that the V inhomogeneity that persisted up to
the 1H state is now somewhat alleviated, but further diffusion is still required. This
increase in homogeneity may explain the increase in the measured temperature span of

the phase transformation by DSC. Phase analysis by XRD also supports this increase in
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Vhomogeneity with t he-Tipeakawshase ietdnsitgyliea nge s t

decreased significantly from the 1Hr state.

3.5.4 PA Powder

Due to the inherent nature of the PA powder, the DSC traces for all sintered states
exhibited a similar behaviour. fgeneral, the peaks for all sintered statdSigure3.4.14

could be characterized as broad, with low enthalpy. There was no significant variation in
peak temperaturer onset temperature. This indicates that the metallurgical effects that
caused these variations in tBE mixtures were not occurring during the sintering of the

PA powder. The high degree of homogeneity of the PA powder in the green state
eliminates nany of the diffusiorbased problems that occurred during the sintering of the
BE mixtures. End temperature was the only variable that showed any significant
variation as a result of increased sintering. This suggests that despite the excellent
homogeneit in the green state a considerable amount of thermal exposure is necessary to
achieve necessary V diffusion. The low measured enthalpy for the phase transformation
in all states is likely due to the poor observed density of the final sintered prodluct. |

both the No HoldFigure3.4.15and 2Hr state, there is considerable open porosity in

these micrographs compared to Bie mixtures. XRD results fogach sintered state

support the findings with DSC. Phase composition in all states remains very constant, no
distinguishable variation. SEM/EDS analysis of the sintered states revealed a very
homogeneous composition, with all measured regions withategptable margin of the
desired bulk chemistry. Therefore, the sintered PA powder can be characterized by a
very high degree of chemical homogeneity. However, the final product in all states was

significantly less dense than either MA mixture.
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3.6  Summary and Conclusions

A methodol ogy for the use of DSC tToeofanal yz
PM titanium alloys has been developed. Additionally, the effect of elemental alloying
additions of Al and V, both in binary and ternary mixtutess been investigated using

the DSC with varying sintering times at 1200°C. The homogenization of these alloying
additions was analyzed with DSC, with particular attention paid to the cooling trace after
sintering with no hold, 30min, 1Hr and 2Hrs. @Angparison of these BE mixtures with a

PA Ti6Al4V powder was also made to understand the characteristics of each type of

system. In addition to DSC, optical microscopy, XRD and SEM/EDS were also utilized

in this investigation.

DSC measurements of the phasmsformation of the different powder mixtures

provided invaluable insight in the behaviour of the specimens as a function of sintering
time. Further characterization with other analysis techniques corroborated the observed
alloying behaviour seen withSC. Once a baseline was developed using IM CpTi, the
different systems were investigated.

As expected, the addition of Al and V resulted in a phase transformation that oaturred
higher and lower temperatures respectively. The behaviour of the }i§&hs can be
characterized as rapid homogenization resulting in the formation of large voids with an

initial two phase structure. The two phase region becomes a singlikgagucture as

Al becomes fully homogenized after 1Hr of sintering time. ZS&€al ysi s of t he
transformation on cooling transformed from the early sintering stages where a very broad
peak with higher onset and low end temperatures were recorded, to a more pronounced
peak with an onset temperature of 1054.6°C and an enthiai®y/#9J/g after 2Hrs.

The Ti4V system can be characterized by much slower diffusion kinetics compared to the
Ti6Al system. In the no hold state SEM/EDS analysis found evidenceichVegions
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which stabilized a-Ts Wdhincreased sintering tinfetomgert i on o
range V diffusion did occu;+Tiinoiaplatel t k@ tUr ans
solid solution. The volume fraction of this phase structure increased with increasing

sinter time. After 2Hrs complete diffusion ofhad occurred however achieving the
desired bulk composition would require add
to U transformation on cooling showed cont
of the system improved with increasing sintgrtime. As homogeneity improved the

trace changed from a broad and short peak to a narrower and pronounced peak, with a
decrease in onset temperature from 923.4°C to 893.5°C from the no hold state to the 2Hr

state.

The elemental Ti6AI4V mixture exhibitedany of the alloying behaviour of the two

binary systems. There was rapid alloying of Al with the surrounding Ti to form
intermetallics creating large open pores, and slow diffusion of V. The measured
transformations in the first three sintered states \very low enthalpies, with very large
temperature spans. The rate of alloying of Al and particularly V appeared to be slower
for each elemental addition in the ternary mixture than in the respective binary mixtures.
At the 2Hr state complete diffusiari both alloying elements had happened but the
desired bulk composition had not been achieved, and therefore, additional sintering time
would be required. The measured enthalpy of transformation in the 2Hr state was
56.63J/g.

The PA exhibited excellent baviour in terms of the measured transformation by DSC.

No distinguishable changes in the transformation peak occurred as a result of increasing
sintering time. Complete homogeneity was verified by SEM/EDS and XRD. However, a
low enthalpy of transformenn in all states and this is likely due to the high quantity of
porosity that existed in all states. Additionally there was not a significant observed

reduction in the porosity of these sintered specimens.
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In the pursuit of a fully homogenized PM Ti6Aldy means of a BE powder mixture, a
better understanding of the role of each alloying addition during the sintering of the
specimen has been developed. Key aspects of a BE system based on this investigation
include: the dissolution and formation of titam aluminides during heating, particle size

of both alloying additions, particularly V, and a sintering time in excess of 2 hours at
1200°C to ensure a fully homogenized specimen. The use of DSC has been shown to
greatly aid in the development of PM syste and in this case Ti6Al4V, by allowingin

situ analysis of the heatflow characteristics.
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4.0. IN-SITU ALLOYING AND HOMOGENIZATION OF
TIGAL4V USING AL:V MASTER ALLOY POWDER
ADDITIONS

4.1. Introduction and Experimental Methods

This chapter containsa@ntinuation othe previous studypf Chapter 3nto the

guantitative measurement of the extent of diffusion and homogenization duntegng

of Ti6Al4V powder compactsThis investigation will focus on role of MA additions and
theinfluence of MAparticle size. Using the same methodologyhaf previoushaptey
differential scanning calorimetry will be used to provide quantitative measurements
during sintering. I n parti cul abeanalyzdde D
in order to deteninethe extent ohomogenizationParallel microstructural and XRD

examination will be used to validate the DSC results.

The master alloy powder blends used for this investigatene prepared using@P Ti
(ASTM Grade 3) powder and a binary 60 wt% alonamh 40 wt% vanadiuriviA. In

addition to the MA blendan ingot metallurgy (IM) prealloyed Ti6Al4V rodas sourced
for comparative experiments. All powders used for this investigation were supplied by
Reading Alloys asieved and packed under argBoth commercially pure CHi and
Ti6AIl4V pre-alloyed (PA) powders were produced using the hyedieleydride process

(HDH), while theAl:V master alloys were produced by a thermite process.

The chemical composition t¢ifie IM rod was reported in the preugchapter. The
chemical composition of the €H and MA alloy powdersvas verified by an

independent third party laboratory to ensure purity, including the concentration of C, O,
N, and H. Additionally, the received size fraction of all powders wafeehy laser

particle size analysis. Thegdfrom these laser measurements are giveraivie4.11.
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Table4.11: As-received powder composition (wt%) and characteristics

Size d
Powder| Fraction (i:on Ti Al Vv C o) N H
(mesh)
-100/
CP-Ti 106 | balancel 20 | <59 | 9008 0.161 | 0.018 | .013
4305 ppm | ppm
-100/
60_/40 73 0.014 | 58.6 | 41.0 | 0.028| 0.111 | 0.0044| 0.04
Al:V
+325
60/40
-325 24 0.031 | 59.0 | 39.8 | 0.046| 0.250 | 0.0044| 0.010
Al:V

Two size fractions of the MAdéo = 24 and 70 pumwere blended with the CP Tiin a
Turbulamixer for approximately 1 hour to produce tW@Al4V compositionblends.
Consolidation of all the powders wasfoemed using manual uniaxial die compaction

with a Carver press to 850MPa. Licowax lubrication was agpliehe die walls to
reducewear. Sample weight and dimensions were recorded in both the green and
sintered state. The samples w&r@ mm in diameterand approximately 1mm in
thicknessThermal analysis of the sintering behaviour of the different PM alloys was
performed using a Netzsch 404 F1 DSC. Samples sugtered in a yttri@rucibleto

limit reaction between the crucible and Ti samples.tinigavas performednder a high
purity flowing argon atmosphere (99. 999 %)
the hot zone to ensure minimal contamination of the samples by impurities in the gas
stream Each thermal profile involved heating to 12Q04t 20°C/min with either an

immediate cooling or increasing isothermal hold tifmes1 15 minutes to Bours The

samples were then cooled to room temperature at 40 °C/min. A selection of samples were

also heated to temperatures between 850 °C and 2filéwed by rapid cooling.
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Microstructural examination on post DSC treated samples was performed using both a

Hitachi S4700 FEG SEM with an Oxford INCA EDS analysis system for phase

composition, and a Zeiss optical microscope. Samples were moutedmauctive

resin and polished to a mirrbke finish using SiC papers, diamond suspension and

coll oidal silica (Struers). A Bruker D8 A

phase identification of as pressed and DSC heated powder compact samples.

The previous chapter presented the development of a DSC method, based on the analysis
of the b to U phase transformation during
homogenization during BE sintering. The same technique will be also be used to analyze
Ti6AlI4V MA sintering in this study.

4.2.Results
4.2.1. Initial Heating

It is postulated that ksitu alloying and interdiffusion between the Al:V MA and-CTP

powders could begin during initial heating up to 1200°C. To investigate this possibility

an examination of the initial DSC heating traces of the MA mixtures in coropanghe

100% CRPTi sample was completed. The-TiU to b tr
compared to both MA mixtures is shownRigure4.21. Measurements of the onse

temperature, peak width, end temperature and enthalpy of transformation obtained from

the DSC peaks are givenTiable4.21. It should be noted that the datalable4.2.1 is

the average of up to 14 separate sample measuatenThe standard deviation of the

enthalpy, peak width and end temperature measurements was in the range of 5 to 10%,

while onset and end temperature had a standard deviation of less than 1%.

All powder compacts have very similar onset temperatureiratige of 877 to 879 °C

which, given the variability of the measurement, is in agreement with the value of 882 °C
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for pure Ti. The 100% CHi represents only 90wt% of the MA mixtures and therefore
the initial enthalpy of transformation of the Ti6Al4V bbésnishould be reduced to 60 J/g.
This is the case for the Ti6Al4V coarse MA mixture but not for the fine MA blend. In
addition, the DSC trace for the fine MA mixture exhibits an exothermic shift in the
baseline prior to the alpha to beta phase transfoomathile the coarse MA mixture
exhibits an exothermic peak in the temperature range of 1050 to 1200°C. These

differences compared to the pure-CRrace are expected to be due to metallurgical
reaction between the MA particles and Ti matrix.

DSC /(mW/mg) o oL
Exothermic shift CRTi + fine MA
0.1
-
0.0 20 o~
041 CRTi + coarse MA / I -
0.2 eas E” / :"..& .
2 ) CRTi Exothermic peak
03] | :
06] 1 3
1~
- W N tol transformation
0.8 \
600 700 800 900 1000 1100 1200

Temperature /°C

Figure4.21: Change in transformation behaviour with the addition of 60/40 AlV MA to
CP Ti during heating to 1200°C
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Table4.21: DSC Measur ement san$famation duegngiditiat o b Phas
heating for CPTi and master alloy blended Ti6Al4V mixtures.

Enthalpy Peak Onset End Peak

Sample Temperature| Temperature, Temperature| Width
(Va) (C) (0) €0 | O
100 % CPTi 73 904 879 930 77
Ti64 with 72 um MA 59 902 878 926 75
Ti64 with 24 um MA 54 890 877 924 75

The cause of these differences in the DSC traces was investigated by heating the blends
to four different temperatures of significance, followed by rapid cooling (i.e. nominally
100 °C/minute). From the traiesmations observed iRigure4.21, these temperatures

were chosen to represent the onset, peak, and end temperature for each MA trace (i.e.
850, 900, and 950 respealy). Following cooling, the samples were mounted and
polished and their microstructure observed.

Optical micrographs presentedfrigure4.2.2 a), b) and c) show the extent of diffusion
between the Ti matrix and the coarse MA patrticles as a function of the peak ietrrupt
temperature. At 850°C (i.€igure4.22 a) the microstructure exhibits isolated MA
particl es s uTimabiy AtdP@OtNdI®50 °Caan intekmediate layer appears
between the coarse MA particles and the Ti matrix
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Figure4.2.2: Optical micrographs of CP Ti + Coarse AlV MA heated to a) 850°C b)
900°C c) 950°C and CPFi fine MA heated to d) 850°C e) 900°C f) 950°C
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