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Kurzfassung

Die Nachfrage und auch die Anspriche an Materialigim verschiedene
Anwendungsgebiete wie Raumfahrtindustrie, Biomede&dhnik, Hochbau oder
Transport steigen fortwahrend. Diese Tatsache ist tceibende Kraft fir die
Entwicklung von neuen Materialien, die nach den okdérungen der Anwender
hergestellt werden.

Die vorliegende Arbeit zielte auf die Entwicklungprv Metal Matrix Composite-
Materialien auf der Basis von Titan, d.h. TitaniumMetal Matrix Composites
(TIMMCs), Uber pulvermetallurgische Techniken. Di&itan-Pulvermetallurgie
ermoglicht die Erzeugung von Bauteilen ohne nenmerte Materialverluste und ohne
den hohen Kostenaufwand, der mit der Verarbeitung Vi Uber konventionelle
Techniken vom Schmiedemetall verbunden ist, vanallveegen der sehr schlechten
Zerspanbarkeit von Titanwerkstoffen.

Es wurden Titanbasis-Matrices ausgewahlt, die raisehiedenen Materialien - TiB,
Nano-Bor, Carbon nanofibers (CNFs) und Nano-Diaerantverstarkt werden.
Zunachst wurden Ti-basierte Pulver (entweder Reinder Titaniumhydride und Ti-
6A1-4V) durch Kaltpressen und Sintern konsolidiemtd die erhaltenen Korper
charakterisiert (Harte, Dichte, Sauerstoff- unci&ioffgehalt und Mikrostruktur), um
das Sinterverhalten zu bewerten und die geeigme®tdver fir die Erzeugung von
TIMMCs auszuwéhlen. Das erarbeitete Sinterreginsehie saubere, sauerstoff- und
stickstoffarme Produkte, sofern die interstitialshh bereits tUber die Ausgangspulver
eingeschleppt wurden; in diesem Fall kann der GefMé@hrend der Verarbeitung nicht
nennenswert vermindert werden.

Danach wurden aus diesen Pulvern Ti-Basis-Verbundiaffe tGber Kaltpressen und
Sintern  sowie zwei weitere  KonsolidierungsmethoderiKonventionelles
Axialhei3pressen und Induktivhei3pressen) herdesigie Probekérper wurden wie
oben beschrieben charakterisiert; in einigen Fallwarden auch Zug- bzw.
Biegeversuche durchgefuhrt und die Bruchflachektdgraphisch untersucht.

Die Versuche zeigten, dass der Zusatz von Verstgdphasen die Verdichtung im
allgemeinen behindert, d.h. in den MMCs verbleibéhm Restporositat als in den
monolithischen Matrixwerkstoffen. Zusatz von Nanobuit Konsolidierung durch
HeilR3pressen ergab z.T. Uberraschend gute, abdreinateutig erklarbare mechanische
Eigenschaften. Bei den CNFs erwies sich die Digpargg als gravierendes Problem;
bei allen Nanophasen ist die lokale Anreicherungemursprtinglichen Partikelgrenzen
ein Hindernis. Hier ware die Verwendung entspredhiemer Matrixpulver vorteilhaft,
die aber wiederum mehr Sauerstoff einbringen wirdéne Reaktion der
Verstarkungsphasen, vor allem CNFs und Nanodiamantgar aul3er beim



Hochtemperatursintern im Bereich 1200-1300°C kerobRm; im genannten Fall
bildeten sich TiC-Phasen, die zwar ebenfalls vetstid wirken, fur die aber sehr viel
kostengiinstigere C-Trager verwendet werden kénneWWenn die
Konsolidierungstemperatur unter 920°C gehalten Wotdiben die Verstarkungsphasen
erhalten.

Insgesamt zeigte sich, dass wie generell in ddPulrermetallurgie, der Schlussel zur
Herstellung von Ti-MMCs in der Verfligbarkeit entspinend hochwertiger, d.h. feiner
und gleichzeitig chemisch reiner, Titanpulver liegt



Abstract

Nowadays the demands and requirements in the a@m®spiomedical, structural and
transport industry, etc. to materials are incregasirhis fact is closely related to the
development of new materials which are conceiveg@rasent outstanding properties
and to achieve the needs required for the final. use

The research into new materials in this work isusxl on the development of metal
matrix composite materials, in particular titaniumetal matrix composite (TIMMCS).
Here, powder metallurgy (PM) offers the possibibifycreating net-shape parts without
the material loss and cost associated with maafpimitnicate components from wrought
stock material, Ti being notoriously difficult toachine.

This work is centred on the search for suitabkntiim based metal matrices which are
reinforced by different materials (boron and carbased reinforcements).

Firstly, different titanium based powders (eithergtitanium or titanium hydride and
Ti-6Al-4V) were consolidated as metal matrix viddtcpressing and sintering. In order
to study the sintering behaviour of these mateaals to select several of them for the
fabrication of TIMMCs, a characterisation of all ¢fiem took place, involving
measurements of hardness, density, oxygen comdmnerostructural analysis.
Secondly, after the selection of the most adequatix powders, the conventional
cold pressing and sintering process in additiontwo hot consolidation methods
(Conventional Hot Pressing and Inductive Hot Prepsiwere employed for the
manufacturing of the composites. After their faftion, a rigorous characterisation
took place. Next, several comparisons of the obthnesults were carried out.

The aim of this work, i.e. fabrication via PM ofm&@iMMCs improving the properties
of the pure metal matrices, was not totally achielbecause the reinforcement material
in general did not improve the mechanical propsrtihere was a marked decrease of
densification at higher reinforcement contenst. (i20 mass% of TiB. The
incorporation of interstitials into the titanium dsal matrix from the reinforcement
material was observed for the boron based reinfioeces (10 mass% of oxygen in
nano-boron particles). The carbonaceous reinforogme particular CNFs, was not
effective because its dispersion in the titaniunseldamatrix was not optimal. On
another side, nano-diamond particles at high canagon caused the effect of particle
boundary decoration; it might be avoided using rfirstarting matrix powders.
Additionally, admixed nano-diamonds reacted wité titanium of the matrix at higher
sintering temperatures. For that reason the mongabdée processing for this
reinforcement is hot pressing below 900°C.

Generally, it was confirmed that for Ti MMCs, astlwili PM as a whole, the key to
success is the availablility of high quality, i.ene and chemically pure, matrix
powders.



Resumen

En la actualidad, las demandas y los requisitogieons por diferentes sectores de
aplicacion como el aeroespacial, el biomédico, stfuetural y la industria del
transporten estan en aumento. Este hecho esté lagjoreado con el desarrollo de
nuevos materiales, los cuales son concebidos pasgmiar excelentes propiedades y
alcanzar las necesidades del usuario final.

La investigacion de nuevos materiales en estejoasia focalizada en el desarrollo de
materiales compuestos de matriz metalica, en péatiecnaterial compuesto de matriz
de titanio (TIMMCs). Ademas, la pulvimetalurgia tit@nio (PM) ofrece la posibilidad
de crear componentes “near net shape”, esto esnm® a su forma final, sin perdida
de material ni coste de mecanizado asociados.

Este trabajo se centra en la busqueda de matriegdicas adecuadas de base titanio,
las cuales se reforzaran con diferentes mater{alaseriales de refuerzo base boro y
carbono). En primer lugar, distintos polvos denitacomo base (titanio puro CPTi, e
hidruro de titanio TiH2 ) fueron consolidados conmatrices metdalicas via
compactacion uniaxial en frio y sinterizacion. Pastudiar las propiedades y
comportamiento de sinterizacién de estos matenalamn el fin de seleccionar alguno
de ellos para la fabricacion de materiales metalice titanio reforzado, la
caracterizacion de todos ellos tuvo lugar a tradeésmedidas de dureza, densidad,
contenido de oxigeno y el estudio de su microesiras. En segundo lugar, tras la
seleccion de los polvos para la matriz mas adec)agoemplearon para la fabricacion
de los materiales compuestos los métodos de coagp@ct uniaxial en frio y
sinterizado, ademas de las dos técnicas de coasidliden caliente, convencional e
inductiva. A continuacion, todas las muestras faergurosamente caracterizadas.

En resumen, el fin de este trabajo es la fabricacia través de técnicas
pulvimetalurgicas, de nuevos materiales compued®sanatriz metalica de titanio
reforzados, mejorando sus propiedades respectanatiiz metalica pura y evaluando
las influencias de algunos factores como el poleopdrtida, tipo de material de
refuerzo y parametros del procesado. Este objetivtue totalmente alcanzado ya que
los materiales de refuerzo no mejoraron las preuies mecéanicas. El estudio del
comportamiento de distintos materiales compuestustnd una acusada disminucién de
la densificacion del material a altas concentragsotte refuerzo (20 % en masa de TiB2
). La incorporacion de diversas impurezas del riatde refuerzo a la matriz de titanio,
se observo para los materiales de refuerzo base(b0r% en masa de oxigeno en las
nano-particulas de boro). Los refuerzos carbonososparticular las nano-fibras de
carbono (CNFs) no fueron adecuados como materiatetieerzo debido a que su
dispersiéon en la matriz de titanio no fue 6ptimar Btro lado, las nano-particulas de
diamante a altas concentraciones originaron elnfiem® de “decoracion en borde de



grano”; el cual se podria haber evitado medianteselde polvos de partida mas finos.
Ademas, a altas temperaturas de sinterizaciomdos-diamantes reaccionaron con la
matriz de titanio. Por esta razon, para este tiporefuerzo el procedimiento de

procesado mas adecuado es compactacion en cg@rdebajo de 900°C.

En general, fue conformado que para Ti MMCs, cooro PM, la calve para alcanzar

resultados exitosos, es la disponibilidad de al@idad, fineza y pureza quimica del

polvo de matriz.
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Preface

Preface

This work is intended for obtaining knowledge abdhe titanium and titanium
composites, and the manufacturing process of pome¢allurgy used to fabricate these
interesting materials.

The Chapter 1 will deal with a general overview #tlthe properties of titanium and its
alloys, also a brief description of metal matrixrguosites and several manufacturing
processes for them. In particular the fabricationte of powder metallurgy will be
described in more detall in this part. Here, anraiesv of titanium as metal matrix and
the different reinforcement materials used willdaeried out. Moreover, the description
of possible fabrication routes for the manufactgrof TIMMCs will be presented in
this section of the work.

In the Chapter 2 the investigated powder metalbaigifabrication routes will be
presented. Furthermore in the Chapter 2, the ctaization techniques used for the
study of the starting materials and for the speosn&ill be described.

The starting materials used in this work will bpaged in the Chapter 3. The results of
the characterization of all the starting matenails be presented.

The Chapter 4 will summarize the experimental waditke description of each test will
be carried out in this chapter. Additionally theuks obtained after the characterization
of the produced specimens will be reported in ¢thispter.

The summary will be presented in the Chapter 5alfinin the Chapter 6 the general
conclusions will be listed.

Motivation of this work

There has been a growing interest in MMCs for usdhie automotive industries,
aerospace, and other structural applications dwepast 25 years as a result of several
processing routes being developed and due to tladahiity of reinforcements.
Additionally the attractive properties that titamuand its alloy (Ti6Al4V) offer as
metal matrix for the composite manufacturing indysare widely known. The
combination of these interesting properties and #uvantages of the powder
metallurgical process are the starting point of thork.

The motivation of this work is the fabrication affdrent titanium based composites
through powder metallurgical processes, i.e. caldsging and sintering, and hot
pressing technigque (conventional and inductive kP)rder to improve the final
properties of the specimens for demanding apptinati
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Preface

Objectives

The major objective of this research work is theaeli@pment of TIMMCs via Powder
Metallurgy (PM) in order to achieve new and intéres materials which present
attractive and suitable properties applicable todéctors of aerospace, biomedical and
transport industries.

Moreover, the evaluation of the sintering behaviolutitanium based powder materials
Is considered an important aspect which is destribb¢he first part of the experimental
part of the work. Also in this first section, thiéeet of the starting materials (impurities,
particle size, etc.) on the final properties of $pecimens is carefully examined in order
to carry out the selection of the starting matrowpers for the manufacturing of the
TiIMMCs.

Furthermore, the determination of suitable procesgarameters depending on the
powder metallurgy methods (cold pressing and sigerand two hot consolidation
processes) employed will be another interestingcttgp be studied. Thus, considering
the results obtained after the characterisationhef compacts, the evaluation of the
influence of the process parameters can be castied

The characterisation of the titanium based comedsitatrices from CPTi, TifHand
Ti6AI4V), including density and hardness measuresiemicrostructural studies in
addition to chemical analysis and mechanical ptoggewill be carried out; their results
being a important contribution to the objectivesho$ research work.

Development of the work

The present work can be explained and summarisedgh the following Figure 0-1.

In that diagram, the different steps of the develept of the work are represented.
Firstly, the search of the most suitable titaniumsdal starting powders takes place. The
reinforcement materials, boron and carbon baseticlegr and fibres, are selected to
reinforce the titanium and Ti6Al4V matrices. Moreoythe characterisation of all these
starting materials is also carried out in thistfgtep.

In the second step, optimisation and study of ifferdnt manufacturing techniques is
realised in order to produce pure matrices and dbmposites. By varying the
operational parameters and conditions, a succefgititation route for the composite
is acquired.

Next, the characterisation of all the produced spegs is performed. Measurements of
density, hardness and mechanical properties are.dadditionally, the chemical
analysis and microstructural study are realisede Tiscussions of this work are
reported using and comparing the results obtained.

Finally, conclusions are drawn out in order to nthetobjectives of this present work.

11
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Study of TIMMCs via PM

|
: l

Characterisation of
the starting materials

Pure matrices _/al Types of reinforcement materlals

* Chemical analyses
* Particle sizes
* Morphology
* Density

Study and Optimization
Process parameters

Ti & Ti6Al4V
Carbon based

J TiE2 powder || Hanofdicro Boron particl C-Nano-fibres | I Hane- Dmmmd.s

—

Manufacturing process

= Inductive Hot Pressing
* Conventional Hot Pressing
*Cold Pressing and Sintering

!

Characterisation of the specimens
* Chemical analyses

o

* Hardness and density measure
= Mechanical properties
* Microstructure sfudy

Results and Conclusions

Figure 0-1. Flow sheet for the present study of TilICs manufactured via PM.
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Chapter 1 Introduction

1 Introduction
1.1 Titanium and its alloys [1-5]

1.1.1 History of Titanium

Titanium was first discovered in an impure form\bjlliam Gregor in England, 1791.
He isolated “black sand”, now know as “ilminitatnGienite, FeTiQ).

The term “titanium” was named in 1795 by the Gernwemist Martin Heinrich
Klaproth who also discovered this element to exishe ore rutile.

In 1910, pure titanium was manufactured by M.A. tdunan American chemist.
Hunter was able to extract the metal from the aresdeveloped the process of mixing
rutile ore (TiQ) with chlorine and coke, then applying extremethp@ducing titanium
tetrachloride (TiCj), which was further reduced with sodium to fortariium in a steel
bomb. The Hunter process successfully produced duglity titanium (99% purity).
Finally, Wilhelm Justin Kroll from Luxembourg isaegnized as father of the titanium
industry.

In 1946, he developed the process currently usegréaucing titanium commercially.
This process reduces titanium tetrachloride (J)i@iith magnesium. Today, this is still
the most widely used method and is known as thell'lkrocess".

1.1.2 Basic properties

Titanium is the fourth most abundant metallic elatnen the planet after aluminium,
iron and magnesium; it makes up approximately Odd%hne earth's crust. It occurs in
nature only in chemical compounds, usually withgety and iron.

The present mineral sources of titanium are rufil@,), ilmenite (FeTiQ), and
leucoxene, which is not a valid mineral species @ntsists mainly of rutile or anatase
(it is an alteration product and mixture of Fe-Mides). Ti is also extracted from
minerals such as perovskite, brookite, sphene, @ratase [6]. The high price of
titanium is due to the solubility of interstitials Ti, which makes it tricky to produce in
sufficient purity.

As compared to other metallic structural materi@s Fe and Ni), titanium and its
alloys present the highest strength-to-densityordd]. Its coefficient of thermal
expansion is somewhat lower than that of steelklass than half that of aluminium.
Moreover, titanium has a much higher melting terapee compared to aluminium, the
main competitor in lightweight structural applicats.

The Table 1-1 shows the comparison of Ti in betweerelements as Al, Fe and Ni.

13



Chapter 1 Introduction

Table 1-1. Some of the important basic characterigts of titanium and titanium based alloys as

compared to other structural metallic materials bagd on Al, Fe, and Ni [2].

Basic characteristics Ti Al Fe Ni
Density [g/cnT] 4.5 2.71 7.86 8.9
Melting Temperature [°C] 1670 660 1538 1455
Allotropic Transformation [°C] f—a Yo
(during cooling) [882°] [912°]

Crystal Structure bcc— hex | fcc fcc— bcc| fcc

E modulus at RT [GPa] 115 72 215 200
Yield Stress [MPa] 1000 500 1000 1000
Comparative Corrosion Resistance | Very High | High Low Medium
Comparative Reactivity with Oxygen| Very High | High Low Low
Comparative Price of Metal Very High | Medium| Low High

1.1.3 Metallurgy of Titanium

1.1.3.1 Crystal structure and o/p transformation

Titanium is an element which presents allotropy; ekists in more than one
crystallographic modification. At 882°C, pure tilam exhibits its allotropic phase
transformation, changing from a hexagonal closd«paccrystal structure (hcpl(
phase) at lower temperatures (see Figure 1-2. ¢dilig of p phase) to a body-centred
cubic crystal structure (bccp phase) at higher temperatures (up to 882°C) (sped-
1-1). This transformation temperature is fhransus temperature. Its exact value is
influenced by interstitial and substitutional elet®e— there are. and 3 stabilizers,
respectively - and therefore depends on the pafitiie metal.

Beta
Body Centered
Cubic (8CC)

»>

Temperature
=
4

Figure 1-1. Beta transus temperature [4].
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The basis for the large variety of properties astdeby titanium alloys reside in the
existence of these two crystal structures. On asm@dhthe intrinsically anisotropic
character of the hexagonal crystal structure phase has important consequences for
the elastic properties of titanium and its allogsg Figure 1-3).

0.468 nm

A a

Figure 1-2. Unit cells offf phase (left) anda phase (right) [2].

The modulus of elasticit} varies between 145 GPa (stress axis parallelaatfxis)
and 100 GPa (stress axis perpendicular to thes)-dri general, commercifltitanium
alloys have loweE values tham anda + 3. The modulus of elasticity for ttffephase at
room temperature cannot be measured for pure uitamiue to its instability at room
temperature.

150
140
- |
E 30
g
w120 - I:‘r o] Sireas)
10 -
100 . .
ae age 8o° B0

Dedclination angle ¥
Figure 1-3. Modulus of elasticity E of alpha titanum single crystals vs. declination angle to the c

axis [2].

On the other hand, the study of the plastic deftionaf both phases shows the limited
plastic deformability of the hcp-phase compared to the bpditanium. The plastic
deformability increases from the hcp to the bcadtre. In Table 1-2, the two crystal
structuresapplicable to the titanium metal are summarise@ Ailimber of slip systems
is only 3 for thea phase (hcp) while it is 12 for the phase (bcc). The planes and
directions of highly dense packed atoms of fhphase (bcc) are energetically more
favourable for the plastic deformation than thenpkofa phase (hcp)

The distance between the basal planes inutpbase (hcp) is slightly larger than the
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corresponding distance i (see Table 1-2/a), therefore thed/o transformation
produces a slight lattice distortion.

Macroscopically, a slight increase in the volumehserved during cooling through the
B/o transformation temperature (start from high terapee$. Then this phase
transformation results in a expansion of volum®,&f6 approximately [8, 9].

Table 1-2. Characteristic parameters of the metalti structure types for titanium [5].

Structure | N CN | P Slip planes; | Slip system| Atom bmin/a
Type Slip directions| per unit cell | density
Indices | Nr. of slip plane
hcp 6 12 74% | {0001} 1 1x3=3 =91% 1
(c/a=1.633) {1120} 3
bcc 2 8 68% | {110} 6 6x2=12 =83% 1/273
{111} 2 =0.87
N: Number of the atoms per unit cell CN: CoordioatNumber
P: Packing density o/a: Minimal slip component

In general, the properties of titanium and its ylare determined by the volume
fractions of the two phases (see Table 1-3). Coetparith thep phase (bcc), the
phase (hcp) is more densely packed and presentsniaotropic crystal structure.
Examining both phases, the hexagomalphase has higher resistance to plastic
deformation, reduced ductility and higher creepistaace than the cubif phase.
Furthermore, ther phase exhibits anisotropic mechanical and phygocaperties, in
addition to lower self diffusion rate comparedhef phase.

Table 1-3. Properties ofa, a+p and g titanium alloys.

Properties a | at+tp P

Density + |+ -

Strength - |+ ++

Ductility -+ | + +/- - - = lowest
Fracture toughness |+ | —/+ | +/- - = lower

Creep strength + | H- |- -/+ = low- medium
Corrosion behaviour | ++ | + ++

Oxidation behaviour | ++ | +~ | - +/- = medium-high
Weldability + | H- |- + = higher

Cold formability -— |- —/+ ++ = highest
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1.1.3.2 Titanium Alloys [3]

Depending on their influence on tReransus temperature (882°C with pure titanium),
the alloying elements in titanium are usually dfgsd into neutral,a or  stabilizers.
Their additions increase{stabilizer) or decreas@-{stabilizer) thisu/p transformation
temperature. The neutral elements have only mimdluance on thisp-transus
temperature (see Figure 1-4)

B | '}
y B
B
1 M- p‘ + Ti:Ay
/ o+ Tlxﬂy a
T - . - 5"
a slabilizer (8 stabihzer neutral
|} isomorphous |} eutectoid

{AlLO.N.C) {V.Mo,Nb.Ta) (Fe.Mn,Cr.Ni,Cu,Si.H) {Zr.Sn)

Figure 1-4. Influence of alloying elements on phasdiagrams of titanium alloys (schematically).

In the group ofa-stabilizing elements are the interstitial elemestigh as oxygen,
nitrogen, and carbon. Thestabilizing elements are subdivided into two catess, 3-
iIsomorphous an@-eutectoid elements. As neutral elements, Sn anar&rconsidered
since they have (nearly) no influence on ffle phase boundary. Considering the
previous classification, titanium and its alloy® alivided into three important groups:
a, a+f andp alloys:

a and neareg alloys group:
The o alloys are exclusively alloyed with-stabilizing and/or neutral elements, and
commercially pure titanium (CPTi) is also includeere which is subdivided into four
different grades depending on the oxygen contelimiium is the main alloying
element apart from Zr and Sn. The alpha titaniuloyal contain essentially a single
phase at room temperature, similar to that of ogatll titanium.
The alloys with a fraction of-stabilizing elements less than 10% vol. are kn@sn
nearwu alloys These types of alloys have principally an allkalstructure but contain
small quantities of a beta phase because the catoposontains some beta stabilizing
elements. In this alloy type, alpha phase is stadulby aluminium, tin, and zirconium.
These elements, especially aluminium, contribuéatly to strength and also reduce the
density [10]. This class of alloys was developedhigher operating temperatures in the
compressor section of aircraft gas turbine engimbsy present higher tensile strength
at room temperature than the futtyalloys. Above approximately 400°C, they possess
the best creep resistance of all the titanium alldye final microstructure of the near
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alloys consists of equiaxed primatygrains, Widmanstéttea plates separated by the
B-phase.

The o and near: alloys are not heat treatable, have medium forlitgbare weldable,
have medium strength and good creep resistante irahge of 316°C - 590°C.

The use of pure alloy is in cryogenic applications because itiretats ductility and
fracture toughness down the cryogenic temperatures.

In the next Table 1-4 the different grades of comumadly pure titanium and several
alloys are listed in addition to their chemical gmsition and minimum yield stress
(MPa).

Table 1-4. Chemical composition and minimum yieldtsess for CP titanium and a titanium
Alloys [2, 11].

Grade or Alloy O, mass% | Fe, Other Additives 00.2

(max.) mass% (MPa)
(max.)

CP Titanium

CP Titanium Grade 1 0.18 0.20 170

CP Titanium Grade 2 0.25 0.30 275

CP Titanium Grade 3 0.35 0.30 380

CP Titanium Grade 4 0.40 0.50 480

Ti-0.2Pd (Grade 7) 0.25 0.30 0.12-0.25Pd 275

Ti-0.2Pd (Grade 11) 0.18 0.20 0.12-0.25Pd 170

Ti-0.05Pd (Grade 16) 0.25 0.30 0.04-0.08Pd 275

Ti-0.05Pd (Grade 17) 0.18 0.20 0.04-0.08Pd 170

Ti-0.1Ru (Grade 26) 0.25 0.30 0.08-0.14Ru 275

o Titanium Alloys

Ti-0.3Mo0-0.9Ni 0.25 0.30 0.2-0.4Mo, 0.6-345

(Grade 12) 0.9Ni

Ti-3Al-2.5V (Grade 9) 0.15 0.25 2.5-3.5Al, 2.0-3.0V| 485

Ti-3Al-2.5V-0.05Pd 0.15 0.25 2.5-3.5Al, 2.0-3.0v,485

(Grade 18) (+Pd)

Ti-3Al-2.5V-0.1Ru 0.15 0.25 2.5-3.5Al, 2.0-3.0v /485

(Grade 28) (+Ru)

Ti-5Al-2.5Sn (Grade 6) 0.20 0.50 4.0-6.0Al, 2.0-3.0Sn795

Ti-5Al-2.5Sn ELI 0.15 0.25 4.75-5.75Al, 2.0-725

3.0Sn
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a+p alloys group:
This group of alloys has a range in the followingge diagram from the near-alloys
to the intersection of the Ms-line (Martensiticrstemperature) with room temperature.
The o+ alloys, at room temperature, present a volumeifmaof -phase between 5%
- 40%. The chemical compositions of thhendp phases change in the two-phase field
with decreasing temperature under equilibrium coowis.
The alpha-beta titanium alloys contain both alpha lbeta phases at room temperature.
The alpha phase is similar to that of unalloyedniitm but is strengthened by alpha
stabilizing additions (e.g. aluminium). The betagh is the high-temperature phase of
titanium but is stabilized to room temperature bifisient quantities of beta stabilizing
elements such as vanadium, molybdenum, iron, ooncium. In addition to
strengthening of titanium by the alloying additipmépha-beta alloys may be further
strengthened by heat treatment. The alpha-betysalh@ve good strength at room
temperature and for short times at elevated teryreraThey are not noted for long-
time creep strength. With the exception of annedle@Al-4V, these alloys are not
recommended for cryogenic applications. The weldgbof many of these alloys is
poor because of the two-phase microstructure. AsirEi 1-5 shows, Vanadium is a
strong stabiliser of thg phase even at lower temperature.

B alloys

Qaﬂhy‘,

Near-nu ] OHP matastable f ]
T

882

Temperature [°C]

—_— Ti 20%V
wt, %V
B -stabilizing

Figure 1-5. Schematically three-dimensional phasdatram of the titanium alloys [12].

p-alloys group:
The metastabl¢ alloys have a volume fraction of more than 50%pgbhase and
finally, the singleB-alloys end the classification of the titanium gidsee Figure 1-5).
These alloys contain high percentages of bcc ptiedegreatly increases their response
to heat treatment. It provides higher ductilitytive annealed condition, and much better
formability than thex ando+p alloys. Their creep properties are limited to al®1°C.
In general they present good weldability and higlectiire toughness. Some mechanical
properties of selected titanium alloys are listethie next table (see Table 1-5).
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Table 1-5. Composition and properties of some commgal titanium alloys at room temperature

[5].

Chemical
. Tp Hardness | E Ys TS g Kic
Alloy composition (°C) | (HV) (GPa) | (MPa) | (MPa) | (%) | (MPam'?
(mass %)
a alloys
high 99.98 Ti 882 | 100 100- 140 235 50
purity Ti 145
Gradel (cpTi: 890 | 120 170- | >240 | 24
0.2Fe,0.180) 310
Grade 4 (cpTi: 0.5Fe-950 | 260 100-| 480- | >550 | 15
0.400) 120 | 655
Grade 6 (Ti-5Al- 1040| 300 109 | 827 861 15 70
2.5Sn)
Nearo alloys
Ti-6-2-4- | Ti-6A1-2Sn- | 995 | 340 114 | 990 1010 13 70
2-S 47r-2Mo-
0.1Si
TIMETA | Ti6A1-2.7Sn- | 1010 112 900- | 1010- | 10- | 60-75
L 47Zr- 950 | 1050 |16
1100 0.4Mo00.4si
TIMETA | Ti.6Al-5Zr- 1020 120 | 850-|990- |6- |68
L 0.5M0-0.25Si 910 |1020 |11
685
TIMETA | Ti-5.8Al4Sn- | 1045| 350 120 910 1030 6- 45
L 3.52r-0.5Mo- 12
834 0.7Nb-
0.35Si0.06C
a +p Titanium Alloys
Ti64 Ti-4V-6Al 995 | 300-400 | 110-| 800- |900- | 13- |33-110
140 | 1100 | 1200 |16
Ti.6-6.2 | Ti-6Al-6V- 945 | 300-400 | 110-| 950- |1000-| 10- | 30-70
2Sn 117 | 1050 | 1100 |19
Ti-6-2-2- | Ti-6Al-2Sn- 110- | 1000- | 1100- | 8- | 65-110
2-2 2Zr-2Mo2C,r- 120 | 1200 |1300 |15
0.25Si
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Ti-6-24-6 | Ti-6Al-2Sn- | 940 | 330-400 | 114 | 1000-r1100-| 13- | 30-60

4Zr-6Mo 1100 | 1200 | 16
Ti-17 Ti-5Al-2Sn- | 890 | 400 112 | 1050, 110Q0-8- |30-80
2Zr-4Mo-4Cr 1250 | 15

Metastables alloys

SP 700 Ti.4.5A1-3V- | 900 | 300-500 | 110 | 900 960 84 60-90

2Mo-2Fe 20

Beta Ill Ti.11.5Mo- 760 | 250-450 | 83- | 800- | 900 130| 50-100
6Zr-4.5Sn 103 | 1200 0

Beta C Ti.3A1.8V- | 79s | 300-450 | 86- | 800- | 900 130| 50-90
6G-4Mo-4Zr 115 | 1200 0

Ti-10-2.3 | Ti.IOV.2Fe- 800 | 300-470 | 110 | 1000-1000 | 140 30-100
3Al 1200

Ti-15-3 Ti-15V.3Cr- | 760 | 300-450 | 80- | 800- | 800 110| 40-100
3AL.3Sn 100 | 1000 0

1.1.3.3 Reactivity of titanium

The chemical reactivity of titanium is dependenbmipemperature. The reaction of the
metal with other substances proceeds more readilglevated temperatures. This
property is especially exemplified by the extreneaativity of the metal to the
atmospheric constituents at high temperatures.eHfier, the use of inert atmospheres
is necessary for hot working and for high tempeetpplications. The next diagram
(Richardson-Ellingham diagram) is used to predict the equilibrium temperature
between the titanium, its oxide and oxygen. Thiagchm is useful in attempting to
predict at which conditions T can be reduced, but only to a metal highly
contaminated with oxygen (and carbon, in case diathermic reduction). As is well
known, Titanium has a strong chemical affinity taygen, and it forms a tight
microscopic oxide film on freshly prepared surfaeésoom temperature (similar to
magnesium and aluminium). The oxide film makesniiten passive to further
reactivity. This accounts in part for the excelle@otrosion resistance of titanium in
aqueous salt or oxidizing acid solutions as well i@s above-average corrosion
resistance to mineral acids. This holds howevey ahland near room temperature; at
higher temperatures oxygen is easily dissolvetiénattice, embrittling the metal.

Pure titanium is quite ductile (15 to 25% elongatgee in Table 1-5), and it has a
relatively low ultimate tensile strength (207 MRé)yoom temperature. The ductility of
thea-phase in unalloyed Ti is very sensitive to intéiedtelements (such as C, O, N and
H)[13].
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Figure 1-6. Rivhardson-Ellingham diagram.

These interstitial elements can be absorbed duttieg different processing stages
carried out at elevated temperatures [14]. Themsmemts are known to adversely affect
the ductility of titanium. In the following grapreg(Figure 1-7 to Figure 1-10), binary
phase diagrams of titanium and the different initésts are shown. The very high
solubility of oxygen (up to >30 at%) and nitrogeup (o >20 at%) is evident; this effect
is typical for the IVa and Va elements (Ti, Zr, B¥; Nb, Ta) but rather uncommon for
other metals. Limited amounts of oxygen and nitrogesolid solution will strengthen
titanium; however they will embrittle the metalpfesent in excessive quantity. In any
case, careful control of the O and N levels arededisive importance for technical
practice. Carbon exerts a similar but less intefget on titanium, because of its much
lower solubility.
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Figure 1-7. Binary phase diagram Ti - oxygen.
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Figure 1-8. Binary phase diagram Ti - nitrogen.

Hydrogen also promotes embrittlement when presbove specified limits but, in
contrast to the other interstitials, can be easfijnoved e.g. by annealing in high
vacuum [15, 16].

The atomic radius of titanium is the cause of thlalslity of the different interstitials.
Titanium has an atomic radius of 0.147 nm; if thlie atomic radius is less than 0.088
nm the atoms occupy interstitial sites and hava B@ubility and low activation energy
for diffusion in a-titanium (see in Table 1-6).
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Figure 1-10. Binary phase diagram Ti — hydrogen.

Moreover, the activation energy for the diffusioh the interstitial increases from

carbon, nitrogen to oxygen, with values for oxygem nitrogen similar to those for
titanium self diffusion (182 KJ/mole [17] for cambcand 258 KJ/mol for Ti self

diffusion) (see in Figure 1-11). However in theldture, differing data can be found for
the diffusion of interstitials in Ti [18]. In theemt Figure 1-12 and Figure 1-13, the
influence of these interstitial elements on thehalpitanium crystal (see Figure 1-12)
and on the hardness of titanium (see Figure 1{i&3imens is shown.
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Table 1-6. Interstitial solute diameter and maximum solubility in alpha-titanium at room
temperature [19].

Element | Atomic Diameter (nm) | Maximum solubility (mass%)
O 0.120 12.5

N 0.142 6.4

C 0.154 0.25
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Figure 1-11. (Left) Arrhenius diagram of titanium self-diffusion and various alloying elements in
the beta and alpha phases of titanium (dashed lindzeta to alpha transformation temperature) [2].
(Right) Self diffusion of Ti in alpha phase[18].
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Figure 1-13. Influence of the interstitials (left: O and N; right: C) in the hardness of titanium at
RT[18].

Finally, in order to explain the high affinity oftanium metal and the interstitial

elements (e.g. H, N, O, C) previous studies wereezhout [19, 20].

Concluding, because of the strong influence ofrgtiital elements on the mechanical
properties of titanium, chemical requirements hdeen established for different

applications. Due to the high affinity of titaniulor oxygen and the inevitable presence
of oxygen in manufacturing processes of titaniurd aiIMMCs, oxygen has to be an

important element to control.

26



Chapter 1 Introduction

1.2 Powder Metallurgy

1.2.1 Introduction: Overview of PM [21]

Powder metallurgy (PM) is a processing route of ailiet materials from metal
powders, including the processing of metal powd#rs, production, characterization,
and conversion of metal powders into useful engingecomponents. The Figure 1-14
shows the three main steps of PM processing.

Powder Metallurgy Processing

size
shape
labrication

microstructure
chemistry
packing

tooling
mold sinter
roll forge
exirude hot press
testing
density strength
ductility conductivity

Figure 1-14. Conceptual flow for powder metallurgyfrom powder through the processing to the

final product.

Here, firstly the fabrication, characterizationasdification and handling of the powder
are described. In addition, also the sampling, pagitig, safety and transportation of the
powder are shown in this first section. Next follovhe processing step which
comprises the forming and densification of the persd Concluding, the properties of
the final product are studied. It involves micrastural study and measurements of
density, hardness, mechanical properties, etc.

The final properties depend on the relationshipvben the starting powder and the
consolidation procedure.

1.2.2 Powder production, preparation and characterization[22]

1.2.2.1 Powder production

The method selected for fabricating a powder depamdspecific material properties.
The fabrication techniques are divided into fourirmaategories based on mechanical
reduction to powders, chemical reactions, electiolgeposition, and liquid metal
atomization.
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Mechanical fabrication techniques:
Machining, milling, other impaction techniques andchanical alloying are included in
this group of mechanical production techniques.tidysfer of energy of mechanical
movement to the material, the mechanical disintegrdakes place.

Electrolytic fabrication techniques:

In this type of techniques the electric currentthe reducing agent. The metal is
separated from the melt salt or from aqueous elgttis depending on the material. An
important application of this technique is for f@duction of tantalum. The purity of

the powder obtained is considerably high. Howetbgse methods present some
disadvantages such as high energy cost, the gemeddtresidues from the electrolytes
and the limitation of the process to produce theéamgowders only in their elemental

form.

Chemical fabrication techniques:
Decomposition of a solid by a gas, thermal decortipos precipitation from a liquid
and from a gas, solid-solid reactive systems addateon processes are included in this
group of chemical fabrication techniques.
Generally, as reducing agents carbon and hydrogensed, in gaseous compounds or
mixture, or in their elemental form.
Commonly, the production of powder of hard materied carried out via thermo-
chemical reactions in solid, liquid, and gaseoatest

Atomisation techniques:
These techniques involve mechanical disintegratith phase change. The production
of powders by disintegration of molten materialused in different variants. Several
methods such as gas atomisation, water atomizatemtrifugal atomization and other
atomisation approaches are included in this grompthlese processes a melt is
disintegrated into droplets by using a high presgas or liquid. The solidification of
the droplets produces the powdered material.

1.2.2.2 Powder preparation

After the production, in most cases, raw powdemasufactured is not suitable for
powder-metallurgical use directly. It requires ®ofarther processed. The main series of
operations performed are: Classification by theigarsize, heating for purification or
softening, the addition of pressing agents, mixafgdifferent particle fractions or
powder types, mechanical alloying and granulation.
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The powder classification:
By screening in addition to sedimentation and cimgninethods the particle size can be
determined.

Heat treatments:

Thermal treatments like thermochemical treatmeatearentually needed, if the powder
are superficially oxidised. This happens if the devs have been produced by water
atomization or if its storage is done under unfamble conditions or for prolonged
periods, although the reduced powder presents higbactivity to oxidise. For
superficially oxidized Ti powder, however, a redwugiheat treatment is not effective
since it results in irreversible dissolution of gey in the bulk material, with resulting
embrittlement.

Lubricant agent additions:
To reduce friction between the powder and the whlthe die during pressing or to
decrease the wear of the todigyricant agentsare often mixed with the powders. The
addition of pressing agents should not exceedd2rhass% since large quantities can
cause disintegration of the green part if the kdont is still present.

Mixing:
This is necessary to achieve a uniform powder fdifferent powder fractions or to
process different powder components into a homegenpowder mixture.
For the production of sintered alloys and componnaderials, mixing of powders with
different chemical compositions is frequently us€lis is one of the most widely used
powder-metallurgical alloying techniques.
The design of the mixers employed in the indusryery different, according to forces
used to get up particle movement. This classificatof mixers is: a) Units using
gravity, b) Using mechanical forces, c) using flfmaces.

Diffusion-alloying, coating and mechanical alloying
Diffusion-alloying, coating and mechanical alloyirgf powder are techniques to
produce pre-alloyed powder with desired composition
The sintered alloys can be produced using fullygli@yed powder, if the components
of the alloy are mutually soluble.

- The diffusion alloying is the technique where powders with different cicain

compositions are firstly mixed mechanically.
Then, this mixture is heated, forming a thin diftus layer between the alloying
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element and the base powder which bonds both [e&tiogether, thus preventing
segregation. The diffusion alloying process is useaddustrial practice to produce steel
powders and bronze powders.

- The coatingof the powder particles consists in a measure#&h each particle with a
layer the thickness of which depends on the reduatlmy content and the base powder
size. By using coated powder particles, a uniforstrithution of the components in the
powder can be achieved while simultaneously avgidie-mixing. It is a important
advantage of this type of powder.

- Themechanical alloyingf the powders is the technique where high eneriljing is
employed. During the process, the high energy ldadstrong deformation of the
powders and a continuous sequence of welding, uliact and re-welding. The
homogenisation can be observed even at atomic level

The high energy intensity during the milling due tioe collision increases the
temperature of the particles locally to several drad degrees, in that cases the
diffusion can take place. Its intensity increasé wcreasing milling. The mechanical
alloying technique is widely used to produce sugdkys.

Granulation:
Powder granulation is a stage in which the pringiticles of the original powder are
agglomerated into larger secondary particles. Engployed to obtain better apparent
density and flowability, also to avoid demixing.
The different types of preparing alloyed materfaten powders can be observed in the
Figure 1-15.

e

Pre-alloyed Mixing Masteralloy Diffusion Coated
bonded

Figure 1-15. Alloying variants in powder metallurgy[23].

Additionally the advantages and problems of eadh ame listed in the next table (see
Table 1-7).
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Table 1-7. Advantages and disadvantages of the difent alloying variants in powder metallurgy.

Powder variant | Advantage Disadvantage
- Poor compressibilit
- Equal distribution of alloy _ p . y
- Low flexibility (limited
Pre-alloyed elements. _
e . variety of powders
- Good diffusion properties _
available)
. - Flexibility in the composition - Segregation
Mixing .
- Low cost - Demixing
- Cheaper alloyed powder than the
Masteralloy elemental component powder. - Segregation
(e.g. FeMo, FeMn)
- Equal distribution of alloy
Diffusion elements. - Limited variety of
bounded - No demixing, no segregation powders (Distaloy)
- Good compressibility
- Very good distribution of alloy
Coated elements - Expensive powders
- No demixing

1.2.2.3 Testing and characterisation of the powders

A particle is defined as the smallest unit of a dewthat cannot be easily subdivided.
The properties of a single particle comprise ssfggape, chemistry, microstructure,
density and hardness.

The characterisation of a powder involves the keolgk of these properties in addition
to the packing, flow and the characteristics ofshdace.

Sufficient knowledge and control of properties loé tstarting materials result in more
exact and narrower tolerance range of the proeofi¢he final component.

Particle shape:
Particle shape is an important property, becausdutences the specific surface area of
the powder, its permeability and flow, and its dgnafter compaction.
Depending on the method of production, metal powasthibit a diversity of shapes
(see Figure 1-16) from spherical to acicular.
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ONE-DIMENSIONAL THREE-DIMENSIONAL

Acicular Irregular Rodiike
chemical decom- chemical decompo- Sphercal: Rounded
pos tons sihons. mechancaw atomizalion, atomization,
comminuhion carbonyl (Fe) chemical decom-
F’?Op«'[ahon posihion
rom a hiquid
TWO-DIMENSIONAL reqular Porous
Dendntc Elake atomizalion . reduc . ton of
electiolytic mechamical ‘ mt‘?;i;“ decom- onaes
comminution posthons

Anqgular
mechamcal disintegration .
carbonyl (Ni)

Figure 1-16. Powder particle shape as a function ¢fie method of production [24].

Particle size:
The particle size could be defined by the detertronaof the dimensions of a particle.
However, only spherical particles can be definedngetely (by the diameter).
Therefore, other quantifiable physical propertiethe particles are used, such as mass,
length, volume, setting velocity, or interactionthwian electric field. From these
properties, the equivalent spherical diameter eaddiermined.
The classification of the different methods for sw@@ng the particle size comprises
three groups:

a) Separation methods:

These methods are commonly used in the industisieasng and air-elutriation. The
different types of sieves used are vertically dagdahorizontal moved and stationary
sieves. The patrticles size analysis (DIN ISO 448d@ BIN 66165) obtained with a
normal sieve, shows usually a particle size >ugQ although there are special micro-
sieves that can be used to retain particle sizédlentaan Sum.

b) Sedimentation methods:
The sedimentation method (DIN 66111) involves thlewlation of the particle size and
distribution of the particles in a stationary liqui
After a pre-determined time, the particle concerdradistributed over the height of the
suspension changes (from @ G). This concentration (Cis measured by different
ways. In this way, the (&alculated is proportional to undersize partichteter (D).

c) Counting methods:
By examination of an image using metallographichods or measuring interactions
with electrical fields, the counting methods areriea out to obtain particle size and
distribution. The laser beam methods are includetthis classification group. The laser
beam analysis of particle size is based on theciptm of laser-light diffraction by
particles. This method presents high speed of meamnt. Nowadays it is very
popular.
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Surface area:
The surface area is an important property of gadicThis factor influences the surface
activity of the powder compacts during sinteringpr Rhat reason, it describes an
important driving force for material transport dwgisintering. The specific surface area
of a powder is the surface area of a 1 gram mas®ithis powder.
For measuring the surface area, two analysis tquabsiare employed: gas adsorption
and gas permeability [21, 25, 26].

Interparticle friction, Flow and packing:
The friction between particles and the flow progsriare closely related. They depend
on the surface area, the surface roughness anttipasize. A powder with large
specific surface area presents higher interparfratéion, and its flowability is lower
than that of a powder with smaller specific surfaBesistance to flow is the main
distinctive aspect of friction. Therefore, the mpt@rticle friction affects the flowability
of the powder and consequently its packing propertAlso, fine powders have a
tendency to the formation of bridges, in this whg particle flow is inhibited. The
uniform filling of the die is an important requisifor mass production of sintering
compacts. The flow properties of the powder infeesthe press speed and also the tool
designs. Powders with very small particle size hpwer flow properties, therefore
these powders have to be granulated.
The fill or “apparent” densitypp) is the density (mass/volume) of a powder whes it
in loose state without agitation. Tap density) (s the highest density that can be
achieved by agitation of the powder without exteprassure. The ratio of tap density
to apparent density is called “Friction coefficiemthich is an important factor for the
mass production of sintered components. Concludgagking properties of a powder
are affected by the size, distribution and shafe 23].

Compressibility [27]:

Compressibility or compactibility is the ability wensify a powder under an applied
load, i.e. to obtain maximum relative density ajiwen pressure. For the evaluation of
the compactibility, the elasticity and plasticitl/tbe particles have to be considered in
addition to the particle shape and surface stractihe powder itself has significant
influence on the compaction properties. That mehas powders from ductile metals

present better compactibility. The particle shapeanother important factor. The

powders with a wider particle range in the coae®sye have the best compactibility.
The addition of lubricant reduces the interpartififetion and favours the powder

compaction, however inhibits the densification ighler density levels.
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1.2.3 Powder Metallurgy Processing

There is a wide variety of forming processes tadfarm a mass of powder into a final
compact. In most cases, firstly the consolidatidags in which inter-particle
metallurgical bonds are formed takes place.

Following, an elevated temperature diffusion preaeserred to as sintering, sometimes
assisted by external pressure, completes the n@oufeg of the nearly full dense
material. However, component production does notl evith the sintering or
densification. Frequently, additional finishing ogigons are necessary to achieve the
final requisites of the application for the compuotse

Generally, the selected method for the fabricatadna components by powder
metallurgy depends on the level of performance irequfrom the part. Many
components, i.e. ferrous precision parts, are ateqwhen produced at 85-90% of
theoretical full density (T.D.), compared to otlspecimens which require full density
for satisfactory performance, such as e.g. hardntetds. However, there are some
components produced with significant and controlieekls of porosity, the porosity
being subsequently filled with other components.arBgles are self-lubricating
bearings. The wide range of consolidation techrsquen be structured depending on
the temperature employed to carry out the compaetnal shaping of the powder (see in
Figure 1-17).

Raw Materials

| Elemental or alloy metal powdelH Additives (die lubricants, graphit%)

Mixing

T

Hot Compaction % Cold Compaction

Isostatic, spraying, extrusion, sintering, Isostatic, rolling, injection mouldingj,
die compacting, pressureless die compacting, slip casting

Sintering
Vacuum or atmospherg

Optional manufacturing steps
Sizing, repressing, resintering, forgints;
Metal infiltration, oil impregnation

v
Optional finishing steps
Heat treating, tumbling, plating
Machining, steam treatment

e ot |-

Figure 1-17. Powder Metallurgy Processing Variant$§28].
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1.2.3.1 Shaping and compaction of powders at room temperate:

Cold Uniaxial Pressing
The powder is mixed with a lubricant and axialllegsed in a die. After the cold
compaction, the ‘green’ component is dimensionallyy accurate, as it is moulded
precisely to the size and shape of the die. Onaddentage of this technique is the
variation of pressed density that can occur inedéht parts of the component due to
particle/particle and die wall/particle frictionaffects, for that reason it is very
necessary to employ lubricants.

Cold Isostatic Pressing (CIP)
The metal powders are contained in a deformabléedie a rubber membrane) which is
uniformly pressed in all directions by external dhystatic) pressure. Considering the
media for transferring the isostatic pressure &die, this process is divided into Wet-
bag compaction process if this media is a liquygi¢ally oil) or Dry-bag compaction
process where the pressure media may be a gasooa éiuid for dry-bag techniques.
Here, liquids are mostly used since they generigfle pressures at very slight volume
changes. In this last technique the pressure iglradnd it is usually used for
manufacturing of cylindrical parts. As the pressgresostatic the as-pressed component
is of uniform density. Irregularly shaped powdertigées must be used to provide
adequate green strength in the as-pressed compdresittechnique is normally used
for semi-finished products.

High Velocity Compaction [29]HVC)
This is a new manufacturing process for the codatbn of PM components. The
developer of this technique is Hbogands AB (Swedam) Hydropulsor-EPM AB
(Sweden) [30]. The densification of the specimensantrolled by the impact energy.
The powder is compacted in less than 20 millisesdmyg high-energy impact. Further
densification is possible by adding multiple imgaat short as 300 milliseconds after
each other.

Powder Rolling
The densification of the powders is carried outfiigtion forces. Increasing the speed
of rolling decreases the density of the compacteg. ©ne advantage of powder rolling
is the few rolling passes required to produce ia $kip.

Slip casting

This is a forming process which does not use pres3dihe powders are suspended in
liquid, in this way the friction can be reduced.ishquid clay body slip is poured into
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plaster moulds and allowed to form a layer, the, casthe inside cavity of the mould.
The slip casting is a common process in the praolucf ceramics, and for the use in
powder metallurgy for large-scale it is not usualyitable. Wet powder pouring is a
variation of slip casting process. The powders saargpended in an organic liquid as
carrier. It contains normally binding agents. Aftke liquid evaporation, the dried
component is processed in similar way to MIM praces

Metal Injection Moulding (MIM)
Metal Injection Moulding (PIM) is a process deriviedm plastic injection moulding.
This process comsists of four main steps: mixinghdér and powder), injection
moulding, debinding and sintering.
In the mixing step, the powder is dispersed in gganic vehicle, called the binder, to
form the feedstock. It is then granulated, tramefiér and injected into the required
shape by injection moulding.
In the debinding step, the binder in the molded maremoved, commonly by heat.
Finally, the debinded part is sintered at high terafjure to achieve the required
mechanical properties. Usually, MIM is a formingpgess which does not use pressure
during sintering [31].

1.2.3.2 Hot consolidation techniques

Hot Pressing (HP)
This process involves the simultaneous applicatibpressure and temperature. Hot
pressing consists of loading loose powder intceandhich is typically made of graphite.
To reduce the reaction between the die and the @otedbe consolidated, the graphite
mould is lined with a thin foil of a low reactivityarbonaceous material, and/or a spray
is used to apply a thin film of ceramic particlesy. BN, on the surface of the graphite
mould. These measures prevent unwelcome reacteingén powder and tool.

Hot Isostatic Pressing (HIP)

The powders are usually encapsulated in a met@tintainer but sometimes in glass.
The container is evacuated; the powder is degadeedyoid contamination of the

materials by any residual gas during the consatidastage, and sealed off. It is then
heated and subjected to isostatic pressure suifidie plastically deform both the

container and the powder. As with cold isostatiesping, mainly semifinished products
are produced, either for subsequent working to lemalizes, or for machining to

finished dimensions. HIP is however also used tmirhte residual closed pores in
sintered or cast components.
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Pseudo HIP processes [22]
In order to obtain the same results as with HIP dutower cost, variants of this
manufacturing process appeared. STAMP-process, @A€ess, Ceracon-process,
Electroconsolidation, and Rapid Omnidirectional paction are examples of these
pseudo HIP processes. Due to the high cost effgctv HIP today, these processes
have virtually disappeared.

Hot Forging (Powder Forging)
This technique combines drop forging and powdesging. In powder forging, an as-
pressed and then sintered component is heatedorgiag temperature, usually below
the sintering temperature of the material, and foeged in a closed die very similar to
a powder pressing die. This produces a virtuallly fdense component with the shape
of the forging die and appropriate mechanical prige

Powder Extrusion
This manufacturing process is not normally usedired forming technique. In cases
where the appearance of oxide layers on the sudhtee powder particles limits the
sintering of the compact to full density, the u$eh® extrusion process is necessary.
Also it is employed for the further consolidatioihsemi-finished components.
Spray-deposition
The production of the solid specimens is carriedbyuimpacting of semi-solid powder
particles onto a substrate surface. This proces®risally used for manufacturing of
semi-finished components where the high coolinggsatan be used to produce
advantage microstructures and material proper@spiey process). It can be described
as a gas atomization process in which the dropletscollected on a solid substrate
before they have completely solidified.

Direct Metal Laser sintering [21]

The process basically starts with a computerizeds8Il model of a part, which the
computer slices into extremely thin layers (0.0762.254mm). This cross sectional
data is then sent to the selective laser sintamiaghine to selectively guide the laser
beam over a correspondingly thin layer of powderederial. These powders fuse or
“sinter” under the heat of the laser. Layer by tagad feature by feature the digital
solid model is recreated into a real functionalt.p&irect Metal Laser Sintering
(DMLYS) is an evolving technique for the productiohparts with complex geometry
and unique microstructure. DMLS, generally, emplaysnixture of high and low
melting-point powders, denominated as structurdll@nder particles, respectively.
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Selective Laser Sintering

Additionally, another laser sintering technique coomly used is the Selective Laser
Sintering (SLS). It is a further rapid manufactgritechnique that uses a high power
laser (for example, a carbon dioxide laser) to &meall particles of metal powders into
a mass representing a desired 3-dimensional objeue. laser selectively fuses
powdered material by scanning cross-sections getefeom a 3-D digital description
of the part on the surface of a powder bed. Aferhecross-section is scanned, the
powder bed is lowered by one layer thickness, alager of material is applied on top,
and the process is repeated until the part is ogtexqbl

Electron Beam Sintering:
The electron beam sintering technology (EBM) inesihigher power density and beam
velocity. A suitable application of this methodfas sintering high-tensile steel powder
in an economic way [4, 32]. Comparatively to SLS &MLS, EBM has a generally
superior build rate because of its higher energgsie and scanning method. A
disadvantage is the necessity to operate in highwa.
As example for EBM technique is Arcam EBM. This huet uses an electron beam gun
to melt metal powders and build solid details watithomogeneous material structure.
The parts are built by melting metal powder layg#dyer with the EBM process, and
the result is functional metal parts. The processsistandard biocompatible materials,
such as Ti6Al4V ELI, Ti Grade 2 and Cobalt-Chrore®M is typically used in the
medical, aerospace and automotive industries [33].

Spark Plasma Sintering (SPS)
The main characteristic of the Spark Plasma Simge{EPS) is also known as plasma
activated sintering. This technique is thought af@e of rapid hot pressing, implying
that the application of a uniaxial pressure is gakefor enhanced densification kinetic.
A pulsed current directly passes through the gtaplbie, as well as the powder
compact, in case of conductive samples.
The heat is generated internally, in contrast edbnventional hot pressing, where the
heat is provided by external heating elements.
The general speed of the process ensures that thbgotential of densifying powders
with nanosize or nanostructure while avoiding ceansg which accompanies standard
densification routes. Whether plasma is generatedrniot been confirmed yet. It has,
however, been experimentally verified that denatfan is enhanced by the use of a
current or field [34].
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1.2.3.3 Sintering [21, 22, 28]

ISO definition of “Sintering process”:
“Thermal treatment of a powder or compact at a tnatpire below the melting point of
the main constituent, for the purpose of increasimgtrength by bonding together of
the particles”.

The bonding together of particles can occur at eratpres below the melting point by
solid-state atomic transport. Depending on theessat materials and the temperature,
the sintering processes can be divided into twoomanmt groups: Solid phase sintering
and liquid phase sintering (see Figure 1-18).

One component systen+

Solid state sintering System with two or Reaction

more components

No reaction

Sintering

Permanent

Liquid state sintering

Transient

Figure 1-18. Sintering process variants.

The sintering process:
There is no definitive theory of sintering, conseuqly there is no specific formula to
describe the sintering process, although “masteéeisng curves” have been drafted to
describe the densification behaviour. However, dheme several models which try to
explain the different stages of the sintering pssceAn important model for the
sintering study is “The Two Sphere Sintering Mod@&B]. In this model, two spherical
particles are considered. The bonds between camjagarticles grow and consolidate
as sintering progresses.
On a microstructural scale, the bonding is showa agck formation. This formation
and growth causes the change of the propertieshédsame time, inherent structural
defects are eliminated by the bonding between adjgoowder particles. The sintering
stages are represented in the following Figure .1ki%he first and initial stage the
particle bonding is initiated at contact pointsxieén the intermediate stage, the contact
points grow into “necks”. After that the pores aeeluced. In the final stage, the grain
boundaries develop in place of the necked regions.

39



Chapter 1 Introduction

—
initial

intermediate l

final

Figure 1-19. Descriptions of the different sinterilg stages [36].

During the sintering, the particle system which teors large amounts of free energy
tends to a more stable state. The reduction ofuhiace free energy is the main driving
force in the sintering procesaGs < 0), at least in the absence of solubility@feThe
surface energy per unit volume roughly dependserirtverse of the particle diameters
(see in Equation 1-1). Therefore, smaller partibl@ge more energy and sinter faster.

E - 6Vsv

Vv D

Equation 1-1

E/V = energy release per unit of solid volume

D = diameter

ysv = surface energy

On atomic scale, two other important factors fdiee atomic motion and consequently
the growing of the necks (se Figure 1-20). On ade, ©n the convex areas the vapour
pressure is much higher than on the concave. Othanside, there is the effect of the
high vacancy concentration in the neck areas.

The next Laplace Equation 1-2 gives the steeassociated with a curved surface as:

1 1
=y(— +—
o y(Rl R2)

Equation 1-2
I' = surface tension (= specific surface energy)
Riand R = principal radii of curvature for the surface.

Considering the basic concepts of the two-spherdeman the sphere and in the neck

the surface tension is:
In the sphere» R ~ R:-R»
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O'DQ
R

Equation 1-3. Stress in the sphere

Using a circle approximation to the neck shape witadius r, where r is approximately
equal to x2/D, the curvature at the neck givesesstas:
In the necks R=x/2 and BR=-r

UD{E_EJ
X X2

Equation 1-4. Stress in the neck

Therefore, within a small distance there is a gfrdnving force for mass flow to the
neck (see in Figure 1-20). As the neck grows, theature gradient is relaxed and the
process slows down.

l a [ GC e
2 2 |
l _ ] Ooncave

X2> X1 o< 11<200 0o < oz o(neck) <o (sphere)— necks growing
Figure 1-20. Growth of necks during sintering [37].

Transport mechanisms determine how the mass flowssponse to the driving forces.
Two classes of transport mechanisms are the surf@acgport and bulk transport.
Surface transport involves neck growth without ange in the particle spacing (no
shrinkage). However, bulk transport-controlled esfiimtg causes shrinkage.

The surface transport includes surface diffusiod amaporation-condensation flow.
The bulk transport mechanisms include volume diffiasgrain boundary diffusion, and
plastic flow (see in Figure 1-21). Generally, btiknsport processes are more active at
higher temperature.

Diffusion is thermally activated (see in Equatieh)l meaning an activation energy has
to be overcome for atomic movement. Both the foromabf vacancies and the motion
of atoms depend on the number of atoms with anggremjual to or above the activation
energy.

The number of atoms with energy above the actimatizergy varies with the Arrhenius
temperature relation.
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1. Surface diffusion 2. Volume diffusion 3.Gréiaundary diffusion
4. Plastic creep 5. Evaporation- Condensation

Figure 1-21. Mass transfer mechanisms during sinténg [37].

N -E
— =€X
=)

Equation 1-5. Arrhenius equation
N/No: ratio of activated atoms to total atoms E: Aation energy
k: Boltznann’s constant T: Absolute temperature

The density of the specimens can also change dwimgring, depending on the

material and the sintering temperature. These dineal changes can be controlled by
an understanding and adjustment of the pressingsemering parameters. Increase in
density during sintering implies an overall shrig&asee Equation 1-6, assuming that
the mass does not change).

V0| _Vsintered = pgreen

shrinkage — vV

green  Psintered

Equation 1-6

Vsintered: VOlumMe of the sintered specimemsintered: Density of sintered specimen
Vgreen: VOlume of the green specimen  pgreen: Density of green specimen

1.2.3.4 Finishing and secondary operations

To increase density and hardness, improve the prepeand the accuracy or
accomplish additional shaping of the sintered psgtondary operations are required
such as heat treatments, re-pressing, re-sintamaghining, various surface treatments
(Surface hardening), re-pressing, Sizing, machinirg-burring, impregnation,
infiltration, electroplating, steam treatment etc.
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1.3 Metal Matrix Composites

1.3.1 Description of Metal Matrix Composites

A metal matrix composite (MMC) is a composite miaewith at least two phases, one
being a metal and the other/s non metallic matéusally). The metallic component is
called matrix (continuous system) and the other mmments are known as
reinforcement [38]. Reinforcement materials in MM&sg second phase additions to a
metallic matrix that result in some property impgowent, typical ones being an increase
in strength and/or Young's modulus, improvementtioé thermal, tribological or
electrical properties. Generally, most reinforceteaterials for MMCs can be fibres
or discrete ceramic particles (oxides, carbidedrides, and so on) which are
characterized by their high strength and stiffnésgh at ambient and elevated
temperatures. Examples of common MMC reinforcemangs SiC, AlOs, TiB,, B4C,
and graphite in various types (long or short fibeeno-tubes,...).

1.3.2 Manufacturing and forming methods [4, 39]

MMC manufacturing can be classified into three gzm®lid, liquid, and vapor.

Solid phase methods
- Powder blending and consolidation (powder metgify Powdered metal and
discontinuous reinforcement are mixed and then édnthrough a process of
compaction, degassing, and thermo-mechanical tegdtifpossibly via sintering, hot
isostatic pressing (HIP) or extrusion).
- Foil diffusion bonding: Layers of metal foil asandwiched with long fibres, and then
(usually hot) pressed to form a matrix.

Fluid phase methods
- Stir casting: Discontinuous reinforcement isretirinto molten metal, which is then
allowed to solidify (e.g. Al-SiC “Duralcan”).
- Squeeze casting: Molten metal is injected intoren with fibres pre-placed inside it.
- Spray deposition: Molten metal is sprayed ontomtinuous fibre substrate.
- Reactive processing: A chemical reaction ocouith one of the reactants forming the
matrix and the other the reinforcement.
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1.4 Fabrication of Titanium Metal Matrix Composites via Powder
Metallurgy

1.4.1 Introduction to TIMMCs

In the last decade, Titanium has become more irapbéas metal matrix material due to
its outstanding properties such as low density dnatbwith resistance to fatigue, high
temperature capability and resistance to corrosao, Additionally, titanium metal
matrix composites (TIMMCSs) offer a number of adges compared to its base metal
and its alloys, such as higher specific strengtld & modulus, higher elevated
temperature resistance, etc...[4]

However, they are more expensive than titanium bas¢al. Therefore Titanium
powder metallurgy (PM) provides the possibilityopéating net-shape or near-net-shape
parts without the material loss and cost assocmatddmachining intricate components
from wrought billets [40-43].

Moreover, many efforts to lower the production costthe titanium based powders
contribute to promote the development of TIMMCs Rid techniques [44-48].

This part of the work consists in a review of thates-of-the-art of several types of
TiIMMCs reinforced by several types of materials andnufactured through powder
metallurgy routes.

1.4.2 Applications and types of TIMMCs

The attractive physical and mechanical propertie$ tan be obtained with Titanium
Metal Matrix Composites (Ti-MMCs), such as high @fie modulus, strength or wear
resistance, have been documented extensively.egitan MMCs for use in the
automotive industries, aerospace, other structapplications, and biomedicine, has
increased over the past 25 years as a result efalgwocessing routes being developed
and of availability of reinforcements. Additionallyitanium powder metallurgy (P/M)
offers the possibility of creating new compositioos materials, which could be
competitive in front of the conventional material.

Furthermore, titanium based composites are ofteu we save weight by replacing
heavier steel alloys in the airframe and superalloythe low temperature part of gas
turbines [49].

In the industry of transports, the use of light pasites is increasing, and also the role
of titanium composite materials [40].

The biocompatibility of the titanium and its allogs matrices and their good corrosion
properties, are suitable to employ these compasdtierials as implants [50].
Opportunities in wheelchair and sports goods sichieycles, also for golf club and
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tennis rackets are attractive for the use of titancomposite materials [51]. Although
the size of these sectors is limited, the custormersvilling to pay excessively for these
goods.

1.4.3 Types of TIMMCs

TiIMMCs can be subdivided according to the typeedhforcement materials employed.
Thus reinforcements can be particles (Micro/ Nartfaph strength single crystal
whiskers, short fibres (Micro/Nano) or long alignedultiflament or monofilament
fibres [3, 4].

The continuously reinforced materials are expendioethat reason the use of these
composites is limited for commercial applications.

In the discontinuously reinforced metal matrix nnizils, powder metallurgy processing
plays an important role. It is applicable to thenofacturing of TIMMCs. The cast
metal matrix composites are often cheaper to pr@duan the powder metallurgy (PM).
However PM presents advantage to prepare veryreiffecombinations of material
properties. These properties of the reinforced rad$ecan be tailored for specific
applications.

In order to reduce cost and make the TIMMCs morapztitive, previous works have
been focused on the development of discontinuousinforced titanium based
composites. Thereby, the titanium matrices reirddrwith particles, whiskers and short
fibores are widely studied, in addition to their fdient manufacturing processes.
Ceramic and carbonaceous reinforcement materialSeguently used (see Table 1-8).
More recently, the use of standard or near-standetial working methods which are
utilized to fabricate metal matrix composites wigproducible structure and properties
are increasing the interest on the fabricationibfMCs.

On one hand, discontinuously reinforced compoditese been traditionally produced
by several processing routes. These techniquesbased on the addition of the
reinforcements to the matrix materials in moltenpowder form. Thus, they can be
considerate as “ex situ” or “conventional” techrequ

On another site, there are techniques in whichreéhrdorcements are synthesised in the
titanium matrix by chemical reactions between tbenpounds during the fabrication
process. They are denominated “in situ” techniqa2s53].

The properties of the composites are controlledhieysize and volume fraction of the
reinforcements as well as by the matrix-reinforcetmeterfaces.

Depending on the final application of the titanilb@sed composites, the matrices can
be reinforced by different materials to achieveréguired needs.

On one hand, the materials reinforced by ceramidighes or whiskers present
relatively favourable applications due to the lowgtcof their fabrication in comparison
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to the continuously reinforced matrices. Additidpathe properties of the materials
reinforced with these types of discontinuous reitément present relatively isotropic
properties (in comparison to the titanium matricesnforced with long aligned
multifilament or monofilament fibres) [54-56].

As an example, the addition of boron based pastiakereinforcement (T is widely
known to improve the strength of the metal matsiX,[58].

On the other hand, the use of nanofibres, in pdaiccarbon nanofibres, considerably
improves strength and stiffness of titanium andaltsys, in particular titanium matrix
strengthened with nano-carbon reinforcements [9%lese types of reinforcement
materials are extensively studied and documentgfd [5

The next shows some common reinforcement matepaldicles or fibres used with
matrices of titanium or its alloy Ti-6Al-4V, in adimbn to the powder metallurgical
technique employed for fabrication. Furthermorens@pplications of these composites
materials are simultaneously listed.

The powder metallurgy processing commonly usedHermanufacturing of TIMMCs
and Ti6Al4V-MMCs are conventional Cold Pressing aSdtering (CP-S), Hot
Pressing (HP) and Metal Injection Molding (MIM). ditionally, techniques as Spark
Plasma Sintering (SPS), Hot Extrusion (HE), Higho¢dgy Compaction (HVC) and
Equal Channel Angular Pressing (ECAP) are occabjonsed.

The specification of the type of reinforcement agtiple or fibers is also reported in the
next table. In the case of composites reinforceth wiano-diamonds particles and
carbon nano-fibers, their applications in the dédfe industry sectors are not actually
defined.

In the present work, the addition of different fencements to titanium and Ti6Al4V is
studied and evaluated.

Firstly as ceramic particles, TiBoarticles and nano-boron particles are used. ik th
way in-situ Titanium and Ti6Al4V composites are mtattured by admixing the
element. Thereafter, possible reaction betweeritdr@um based matrix and the boron
reinforcement can take place at the different simge and hot consolidation
temperatures (see Figure 1-22).

In the same way, in-situ manufacturing of the tilamand Ti6Al4V matrices reinforced
with carbon nano-fibres and nano-diamonds is chmwigt. The processing temperature
is varied in order to study the reactivity of thigartium based matrix with the
carbonaceous reinforcements (see Table 1-8).
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Table 1-8. Reinforcements used for the fabricatiorof several types of TIMMCs and Ti6Al4V-
MMCs.
Matrix |Reinforcement | Manufacturing | Applications References
Ti . . HP . . . 60-66
! TiC/ TiN MIM Solving tribological [ ]
) (particles) fretting problems
Ti6Al4V CP-S [67, 68]
ECAP
. SIC/ SgN4 SPS Aeronautic
Ti _ _ [62, 65]
(particles) HE Wear resistence
CIP
Ti TiB,/ TiB CP-S Aerospece Automotive [69-72]
TieAlay | (whiskers) Defense industry [58, 73]
Ti Hydroxyapatite | HVC Biomaterial for dental [50; 74
TieAlay | (HA- particles) | MIM implants [50, 74]
Ti Boron PM Aerospece Automotive [71, 75-77]
TieAlay | (B- particles) Defense industry [71, 75-77]
Carbon
Ti Nanofibres HP [78, 79]
(CNFs)
Carbon
Ti Nanotubes HP [78, 80]
(CNTs)
. Nanodiamonds | HP Wear resistance
Ti _ L [81-83]
(NDs- particles) | SPS Tool applications
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Figure 1-22. Binary phase diagram Titanium - Boron
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2 Manufacturing Processes and Characterisation techgues

2.1 Manufacturing Equipment and Processes

The fabrication of the TIMMCs via powder metallurg?M) was previously
documented in chapter 2 of this work.

Usually, the procedure to fabricate the compositeslves different stages from the
characterisation and selection of the raw matet@lthe final characterisation of the
composites.

As an overall view for manufacturing of the titamiwcomposites in this present work,
the next Figure 2-1 shows the different stages®fabrication process.

After the selection of the starting powder, the dewpreparation and mixing processes
took place here.

The powder metallurgical (PM) process used fomtamufacturing of the compacts was
not specified in the diagram, since three possibd¢hods were employed. Depending
on the reinforcement material and the starting maiowders used, the PM techniques
and processing parameters used were varied. Thahanéor each type of starting
powder and reinforcement materials, different cidaton conditions were employed.
Furthermore, the manufacturing of the compositasRM was only carried out by the
three proposed techniques (CP-Sintering, HP and fbiPthe fabrication of specific
composite materials (e.g. Titanium matrices reicgdrwith nano-diamonds).

Cold Pressing
and Sintering

Mixing and
powder
preparation

Starting powder
selection

1

Raw powders
characterization

Conventional
Hot Pressing

Characterization -
Results evaluation
of the TIMMCs

Inductive Hot
Pressing

Figure 2-1. Overview of manufacturing routes of theTiMMCs.

The advantages/disadvantages of the three Powdglligical (PM) techniques for
the development of the titanium based compositeslescribed.

The consolidation techniques employed for the Gation of the composites were:

- Cold-Pressing and Sintering (CP+S).

- Conventional Hot Pressing (HP).

- Inductive Hot Pressing (iHP).

In this section, a general description of thesecggses is provided. The processing
parameters and conditions are reported in the ewrpatal part (Chapter 5).
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2.1.1 Powder Treatment (Mixing)

The manufacturing process commenced with the popdgraration, mixing.

Basically the first stage is mixing of the powdererder to get a homogeneous mix.
For all the mixing, the tubular “Sintris mixer” wasnployed.

The use of cyclohexane as solvent to avoid powdglomeration, supported by
ceramic balls, was standard in all the experiment.

However, the amount, type and size of the cera@is PAl,O3 or ZrO,) and the mixing
time depend on the type of the titanium compositeitated.

Qualitatively, the most common mixing proceduresists of weighing a given powder
amount. The volume of this powder quantity showddhe same volume as that of balls
and solvent, respectively (see in Figure 2-2).

B “Solvent -

Figure 2-2. Qualitative sketch of the mixing assentp inta plastic bottle.

Next to the wet-mixing process, the powders wendepty dried. The time for this

stage was depending on the amount of solvent (6@ hours).

Finally, the dried powder was blended for a cerfaniod of time without the ceramic
balls.

This blending time varied from 15 min to 1h dep@&gdon the characteristics and
content of the mixing in order to avoid agglomeratiof the reinforcement after the
drying. After that the powders were ready to be paated.

50



Chapter 2 Manufacturing processes and Characterisation tgabsi

2.1.2 Powder Consolidation

2.1.2.1 Cold Pressing Process and Sintering

Cold Pressing
For the uni-axial cold pressing, a hydraulic pre&s50 from Jessernigg and Urban Co.
was employed. In spite of its press capacity of B80the maximum force used was 68
KN only.
The starting powder was placed into a cylindrical @2 mm inner diameter) or in a
rectangular die (55 mm x 6.4 mm section), the widlthe die was lubricated with
paraffin to facilitate the ejection of the compacsamples (“die wall lubrication”). The
dies used are shown in the next Figure 2-3.

Figure 2-3. Cold pressing die and punches. A) Cyldrical die (12 mm inner diameter). B)
Rectangular die (55 x 6.4 mrf).

The geometrical dimensions of the green compacts aecording to the die used, i.e.
12 mm diameter or 6.4 x 55mMmand 5mm of height approximately for both types of
green compact (see in Figure 2-4). This height dépen the amount of powder used.

Pressure

! 3

DO

= 9

Figure 2-4. Cold Pressing set up and geometrical miensions of the titanium green compacts.

X
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Sintering process
All the sintering process was carried out in higitwum using a Thermal Technology
Inc. furnace model Astro. It can reach®mbar nominal vacuum and 1650°C as
maximum temperature. However the sintering tempegat employed here ranged
between 1200° and 1300°C.

2.1.2.2 Hot Consolidation Processes

As already mentioned in chapters 1 and 2, hot prg$s a consolidation process which
requires the simultaneous application of pressmek temperature. In summary, hot
pressing here consisted of loading loose powddos andie made of graphite. It was
always lined with a thin graphite foil coated wittoron nitride (BN). The die
preparation was done in the same way for all thiepnessing processes to reduce
reactions between the die and the titanium basedi@s that were consolidated. The
die assembly was then loaded into the hot pressgugpoment. The equipment (for HP
and iHP processes, respectively) consisted of awacchamber, heating elements for
the furnaces and the press ram which suppliedateired load (in the z-direction) to
the punch in each process (HP and iHP).

The applied pressure was always uni-axial. A sraalbunt of pressure was usually
applied to the punch before the temperature waedaiComparing conventional hot
pressing to inductive hot pressing, some advantagdgisadvantages of each one can
be defined; they are reported in the next Table 2-1

On one hand, inductive hot pressing presents gitodess cycles and a high heating
rate in comparison to the conventional hot pressidgwever at conventional hot
pressing the load is quite superior to that allofeedhe inductive hot pressing.

Table 2-1. Comparison between the two hot pressirtgchnique used.

Process parameters Conventional Hot Pressing Inductive Hot Pressing
Heating rate Low (<20 K/min) High (<100 K/min)
Process cycle Long (> 8 h) Short (< 1 h)

Die dimensions Variety of dies (up to 200mm @)Limited (10 mm &)

Therefore, the limited dimension of the producéahium composites made the study of
their mechanical properties difficult (see Tabl@)2-This restricted characterisation of
the compacts; thus limited properties of the coripssprepared by iHP could be
measured which partially makes a comparison torgphecesses difficult. After hot

pressing (HP and iHP), the specimens were remongad their respective dies. The
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graphite foils were completely separated from tbmpact surfaces by sand blasting.
Their final dimensions varied according to the dsed. The next Table 2-2 shows the
different die geometries employed for the manufactu of the titanium based
specimens.

Table 2-2. Conventional and inductive hot pressindie geometries

Graphite matrix

Hot pressing technique : - _ — -
Section geometry Dimensions (mm) Filling height (mm)

13. 13. 4
Conventional HP S‘f‘“are 3.5x13.5
Circular @ 100 and 65 6
Inductive HP Circular @10 4

The hot pressing atmosphere for the fabricationtitainium based compacts was
vacuum 10 mbar for the conventional HP and to>tA0° mbar for the inductive HP.
This was another advantage of the inductive HPs.Vatuum level was achieved using
a special turbomolecular pumping system.

2.1.2.3 Conventional Hot Pressing

The conventional hot pressing processes were daotiein a hot press HPW 315/400-
2200-1000-PS (FCT, Rauenstein, Germany). The medigoressure applied was 30
MPa and the heating rate was 10 K/min. These donditwere fixed for all the
experiments. Also the vacuum was for all the experits close to Ibmbar. The
vacuum used was the maximum allowed by the hosprg®quipment.

Figure 2-5. Conventional Hot Pressing equipment custrian Research Centers GmbH.
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The composite geometry produced was varied depgndm the die used in each
fabrication procedure. The following images show tfeometries of the dies used to
perform the hot consolidations (see in Figure 2 kigure 2-7).

Figure 2-6. Conventional hot pressing matrix with 2 square cavities used for the development of
TiMMCs

In case of conventional HP, large plates could tmelyced with diameter of 100 mm
and 5 mm in height (see Figure 2-7). From thesesdimechanical test specimens could
be easily obtained.

> ,

Figure 2-7. Conventional hot pressing die and platefrom graphite in addition to graphite foil

coated with boron nitride powder, used for the mangacturing of larger samples of TIMMCs
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2.1.2.4 Inductive Hot Pressing

For this innovative hot pressing process, a selfianiductive Hot Pressing machine
was used.
The advantage is a high heating rate due to itsigdeeating set up (see Figure 2-8)

Figure 2-8. Inductive Hot Pressing equipment of Ausian Research Centers GmbH.

The die used for all the inductive hot pressingegikpents is shown in the next Figure
2-9.

For each one of the inductive hot pressing testsdie was always lined with thin
graphite. The number of samples produced was ystwatl specimens for one cycle
(see in Figure 2-9).

t

Figure 2-9. Inductive hot pressing die.
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Hot pressing profiles:
The next Figure 2-10 shows qualitatively the typiesnperature-time profiles for the
conventional and inductive hot pressing cycles.
Additionally the difference of the isothermal haiditime is also evident. Compared to
the 15 min holding time for inductive hot pressititg holding time of the conventional
hot pressing can be varied from 60 min to 120 rdepending on the consolidation
requirements.

Hot pressing cycles Conventional Hot Pressing cycle
10004 Inductive Hot Pressing cycle

800+

600

400+

Temperature (°C)

200+

0 T 1 T T T T T T T T T I
0 50 100 150 200 250 300

Time (min)

Figure 2-10. Profiles of the temperature (°C) vs.ime during a conventional compared to inductive

hot pressing operation.
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2.2 Characterization techniques

2.2.1 Particle size analysis

The particle size analyser used was the Maste€l@6r The measuring range of this
equipment is nominally 0.02 to 2000 um, dependingraterial properties.The used
powders were in that range. Here, the measuringcipie applied is sedimentation

method. To start the analysis of the particle sizthe powders, they were dispersed in
a liquid. Generally it was distilled water. Thatuggment has incorporated a system of
laser diffraction particle sizing. In this way, tiparticle size rage is calculated. The
results of this characterisation technique arergiaghe chapter 3.

2.2.2 Density measurements

Density of the powders
In the pycnometer “AccuPyc 1330V3.3” (Helium pycreter), the density of several
powders was measured. The results of this chaisatien are reported in the
description of the starting materials (see Tab&ad Table 3-9 in chapter 3).

Density of the compacts
The results of all the density measurements amrteghand listed in chapter 5.

- Geometrical density

In some cases (for the Cold pressing-Sinteringgs®cit was possible to calculate the
geometrical density before and after sintering frive dimensions and mass of the
compacts (see Figure 2-11).

z

o -
© 10w X

Figure 2-11. Green and sintered compacts

For the calculation of the geometrical density leé specimens, the Equation 2-1 was

used.
Py :V

Equation 2-1. Geometrical density.

pg- geometrical density of the compact (green oresett stage)
m: weight of the compact. V: volume of the contpad/4
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- Archimedes’ density:
It was measured in water, in some case using fram@ffwater-stop spray coatings, and
in other cases — if open porosity was definitelyeatt - without coatings.

a) The next Equation 2-2 was used for the calcuian water with the water-
stop coating or without paraffin.

- m*[pi-p]
m, —my

Equation 2-2. Archimedes’s equation for the calcul@on of the density.

p : density of the compact (sintered stage)

pa - density of the air a1 weight in air with out paraffin

pr - density of the distilled water gmweight in distilled water

a

Firstly, the mass of the compact is measured inAdierwards, the water-stop spray is
applied on the surface of the compact (just incidege in which the water-stop spray was
used), and the specimens are then dried. Next,nthges of the compact mass is
measured in water. If the temperature of the thstilvater is 20°C, its density is 0.998
glcnt. At the same temperature, the density of thesasrdound 1.204xI®y/cnt. Since
>>>p, andpy is near 1the previous Equation 2-4 is simplified to Equat#8.

_ M

m, —my

Equation 2-3. Archimedes equation simplified. Meastement without paraffine or with the water-

p:

stop spray.

b) The Equation 2-4 was employed for the calculabbithe density in water

and with paraffin.
- m,
e
Pu Py
Equation 2-4. Archimedes’s equation for the calculéon of the density using paraffin
p : density of the compact (sintered stage), : meight in air without paraffin
mp : weight in air with paraffin m: weight in distilled water with paraffin
pn : density of the water (1g/cm?3 at RT) p, : density of the paraffin (0.9 g/cm? at RT)

The procedure is similar to the previously descrilbeethod. In this technique, the
application of the paraffin as coating takes plafter the mass measurement in air. The
mass of the coated compacts in air is measureer Alfiat, the weight of the coated
compacts is measured in the distilled water.
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2.2.3 Hardness measurements
For the Vickers hardness (HV10), a tester modelrff@adzu HSV-30” was used.

Figure 2-12. Schematic where in the sections of tleempacts hardness measurements take place.

The hardness measurements were carried out omeodlsoss sections of the compacts
(see in Figure 2-12). In general, the specimens weert into several parts for their
characterisation.

Afterwards, the cut surfaces were perfectly pregpapelished and cleaned, to carry out
the hardness measurements.

Depending on the geometry of the specimens, thebruwf measurements varied. The
normal number of hardness measurements was 3 dlmgeross section of the
specimens. However, larger samples required a rmiminof 9 measurements (see
Figure 2-13).

The hardness measurement was used in several taselseck if the uni-axial
compaction had resulted in homogeneous densitpiofsee chapter™.

2.2.4 Chemical analysis

Chemical analysis of the starting powders:
All the chemical analyses of the starting matenedse carried out in a LECO TC 500.
With the LECO TC 500 it is only possible to meastime oxygen and nitrogen content
of the samples. When testing titanium based powiderequipment has to be calibrated
prior to measuring the oxygen and nitrogen contents
The amount of powder tested is around 0.3 g.
Firstly, the starting powder is wrapped into agaper. Simultaneously, it is introduced
into a tin-basket.
The sample is placed in the loading area. Fromplaate it is pneumatically moved to
the graphite crucible which is then set into a pdweslectrode impulse furnace. In the
crucible the reaction of the sample with the gragplof the crucible takes place.
Through a Helium flow, the CO/CQliberated is carried out of the furnace and
guantified though an infrared detector.
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Chemical analysis of the compacted samples:
The chemical analyses of several compacts weréedaout in a LECO TC 500 and
LECO TC 600, for oxygen, nitrogen and hydrogen ents.
The measuring procedure is similar to that usedhfercharacterisation of the powders.
After the calibration of the equipment the specimare tested. For that, the maximum
weight of the samples must not exceed 0.4g. Théenmaim weight of the samples has to
be > 0.2g. To measure titanium specimens the ugedin-basket is always necessary.

2.2.5 Microstructural study

Light Microscopy
For the determination of the titanium alpha phaame,optical microscope “LEICA
DMIS000M” with polarised light for the observatiaof the hexagonal close-packed
structure of this alpha phase was used. Additignadinother optical microscope
“Reichert-Jung MeF3” was employed for the microstuwal study of the specimens.

SEM/EDX
- Equipment used:
1) An SEM Zeiss Gemini Supra VP40 was employedlyifer the characterisation of
many starting materials. The morphological studoes the powder materials and
reinforcement particles were carried out using dggipment. Additionally, a chemical
component mapping for the two Ti6Al4V powders wasried using this equipment.
Secondly it was used for the characterisationtahtum and Ti6Al4V compacts.
2) Zeiss 1540XB crossbeam equipment was usedqughd study of the composites:
The Focused lon Bean (FIB) technique was emplogedife study of the interface
between the reinforcement particle and the matrisxame of composites fabricated, e.g
nano/micro boron particles in a titanium matrix.

2.2.6 Tensile tests

The tensile properties of some composites were unedsn a tensile tester. The tested
materials were titanium and Ti-6Al-4V matrices femced with nano/micro boron
particles. Also pure matrices, without boron aduhis fabricated at the same conditions
as the composites were tested.

The tensile tests were carried out in the “Shima#l@+10TC”. The test standard was
DIN 10002-1 for measurements at room temperatufg.(Rhe crosshead speed was is
0.5 mm/min. The initial fixing length of the samplas 80 mm.

Considering the standard dimensions for the teriedg the plates were perfectly cut
(see Figure 2-13) using an electro discharge machin
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In all these plates each cut piece was numberdaeisame way; thus the samples “1”
to “5” were employed for the measurements of tengitoperties. Furthermore, the
tensile properties of these materials were measti@dthat reason the remaining parts

of the plate were simultaneously cut according he tensile test standard (it is
described in the next part).

Figure 2-13. TIMMCs plates after conventional hot pessing (for 2h at 900°C, 30 MPa and vacuum
10 mbar).

Tensile test at high temperature
To study the tensile properties of the manufactw@thposites at higher temperature,
additional tests were performed. At 250° and 450f@, tensile properties of the
consolidated composites were measured and compaitethe tensile properties of the
titanium and its alloy (Ti-6Al-4V) at the same teengture. These matrices were
manufactured on the same conditions as the conepplsites. For measurement at 250°
and 450°C, the test standard DIN 10002-5 was emaployhe test velocity was
0.5mm/min for both tests (at 250° and 450°C).
The setup for the tensile test at high tempera@25€° and 450°C) is illustrated in the
next Figure 2-4 (left). Also the special holderepresented Figure 2-4 (right)

Furnace

Figure 2-14. Tensile test setup at high temperatur@eft) and sample holder used (right).
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2.2.7 Flexural tests

The flexural properties were measured using twéediht equipments. The specified
dimensions of the compacts were varied accordirige@quipment employed.

First flexural tests:
As mentioned previously, the other samples “6”, ‘@id “A” to “D”, from the
fabricated plates (@ 100mm), were also cut. Theseveenployed for the bending test.
Other pieces were used for the hardness measurgneemt12 (between the sample “1”
and “27).
This can be seen in the Figure 2-13. The threetd@rural test was employed as
technique to measure the flexural properties ofspheximens. As test standard used was
EN 7438. The equipment employed was the machineni&tzu AG-10TC”. All the
measurements were done at room temperature (a@pf@X. The crosshead speed was
0.2mm/min. According to the flexural test used &mdrectangular cross section, the
next equations were used to calculate the flexatrahgth and maximal deformation.

il
o=F E—ILSZ[ MPa]
2 &
Equation 2-5. Flexural stress.
o: flexural stress and strain; + tlistance of support-dogs;

a: thickness; b:width;

£= 1 ]

Equation 2-6. Deformation after flexural test.
¢ deformation; f. deflection (for plastic deforrat); a: thickness;

Bending tests carried out secondly:
A method to measure the flexural properties ofgpecimens was also the three point
flexural test at room temperature. MPIF Standard "Bletermination of Transverse
Rupture Strength of Powder Metallurgy Materials"swhe standard used for these
bending tests. The equipment employed was a ual-atiydraulic press
“MICROTEST". The crosshead speed was 0.4 mm/min.
The specimens used for the three-point flexuratstegere produced through two
different manufacturing processes: conventional gressing (HP), and cold-pressing
and sintering process. On one hand, the hot catamin produced plates with 65 mm
diameter and approximately 4 mm thickness.
After consolidation, the cutting of these specimer@s done using the “Discotom-6”
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for the large slide and ,Accutom-50“ for the thiskces. On the other hand, some
specimens were directly cold pressed and sinterdde rectangular cold-pressing die
(see Figure 2-3). The final geometrical dimensivceeded the standard dimensions for
the flexural test. For that reason, the specimemkth be cut (6.4x3.5x24ninapprox
see in Figure 2-15.), using a conventional diambladle cutting machine.

[ I [
=

Figure 2-15. Geometrical dimensions for the specims to measure the flexural properties, after

cold-pressing and sintering (6.4x3.5x24mirapprox.).

To be sure that the dimensions of the compacts wgtable to carry out the test, the
next Equation 2-7 was employed.

3F [L

2wt
Equation 2-7. Transverse rupture strength calculaibn (3-point).
TRS: Transverse rupture strength (MPa) maxE= 5000 N (max. load of the equipment)
L =23.8mm w = 6.4mm t : thickness

TRS=

The calculations of the deformation and strengthk earied out using the Equation 2-5
and Equation 2-6.
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3 Starting Materials

In this chapter a detailed description of the maker (matrix powder and
reinforcements) used in the experimental work v&igi It is structured according to the
type of raw materials described.

The characterisation of all of them has been peréor in the same way. Firstly, the
oxygen and nitrogen contents of the powders mdsedaad reinforcement materials
have been analysed by LECO TC500.

In the majority of the powder materials, the pdetisize has been measured by
Mastersizer. Additionally, SEM images of all theteréals have been taken by the Zeiss
HRSEM, which is equipped with EDAX and EDS/EBSD &utors.

Finally, the pycnometer AccuPyc 1330V3.3 has bessduo determine the density of
the powders.

3.1 Matrix powders

3.1.1 Commercial pure titanium (CPTi) and titanium hydrid e powders
(TiH »)

Occurrence and price:
Considering the previous works, commercial puntitm (CPTi) and titanium hydride
(TiH2) powders [84, 85] were selected for the manufaoguof the titanium specimens.
The quality and price of these powders varied widipending on supplier, particle
size and fabrication process used for the powdsdditionally, their oxygen content
and level of other impurities affects the price.
An intensive search of suppliers was done in otdevaluate the markets for titanium
based powders and to achieve good relationshig/gueality.
In the next Table 3-1, the origin and cost per kthe titanium based powder are listed.

Table 3-1. Origin and price of the different titanium based powders ( purchased in 2006).

Type of powder | Supplier | Country Price (Purity >95%)
[ Phell A

CPTI(1) elly | US 100-200 $/kg

CPTi (2) Parameet South Korea

TiH, (3) Phelly USA

TiH, (4 Parameet South Korea

| 2 (4) 80-400 $/kg
TiH > (5) Toho Japan
TiH, (6) Chemetal Europe

Important factors increasing the price are low @tygontent and high purity of the
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powder. These, in addition to the particle sizerensonsidered for the selection of the
starting powders. Thus, two commercial titanium gerg and four titanium hydride
powders were employed as starting powders for @lddtanalysis.

Chemical composition, particle size distribution @mlensity measurements:
All the CPTi powders were of grade 4; this mearssttieoretical content of oxygen is
below 0.4 mass% (see specification for CPTi grade Zable 1-4 and Table 1-5).
However the results of the oxygen analysis werteidint. These values measured are
reported in the following Table 3-2, in additiontte particle size measurements. In the
case of the powder CPTIi(1) its particle size, tbeta was be supplied by the
manufacturer.

Table 3-2. Oxygen and nitrogen contents and partiel size distribution of all the titanium based

powders used. CPTi (1)according to the manufacturer.

Particle size distribution Impurity content
Type of powder
Gio(UM) | dho (UM) | dho (UM) O (mass%) N (mass%).
CPTi (1)* 3.33 9.99 30.00 0.59 0.01
CPTi (2) 6.65 13.75 25.63 0.45 0.01
TiH, (3) 4.60 10.12 19.61 0.77 0.15
TiH, (4) 3.97 7.82 21.73 0.62 0.11
TiH, (5) 3.77 7.19 13.48 0.62 n.d.
TiH , (6) 5.23 10.85 20.60 1.47 n.d.

Finally, the theoretical density values of the tafferent powder materials as obtained
by pycnometry are given in Table 3-3.

Table 3-3. Theoretical density values obtained byhe pycnometer and compared to the literature

values.
.| Measured density Theoretical density
Powder material 3
by pycnometer (g/cml) | (g/cn?)
CPTiGrade 4 | 4.53+0.04 4.50-4.54 [1, 18]
TiH, 3.97+0.08 3.9[86]

Powder morphology
The scanning electron microscope (SEM) was usetbserve the morphology of all the
starting powders. The SEM images of the powder waden by the secondary electron

65



Chapter 3 Starting Materials

detector.

In this way, a qualitative morphological study bétparticle was performed.

The morphology of the different titanium based pevegdis shown in Figure 3-1 to
Figure 3-6. The CPTi powders (CPTi(1) and CPTi(2)ave similar angular
morphology. In the case of CPTi (1), finer partickge observed.

Figure 3-2. SEM images of CPTi(2) starting powder.

The TiH, powders (TiH(3), TiHx(4), TiHx(5) and TiH(6)) show a fine and irregular
morphology.The TikA3) and TiH(4) powders have similar particle size distribution
(see Figure 3-3 and Figure 3-4). For both powdees fparticles (~ 4um) are observed
in addition to some larger particles (~ 20pum).

Figure 3-3. SEM images of TiH(3) starting powder.
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Figure 3-4. SEM images of TiH(4) starting powder.

The TiHx(5) and TiH(6) are the finest starting powders. They also hawveangular
morphology. However, in the TiXb) (see Figure 3-5), the particle size is within a
narrower range (~ 3-7um).

The TiHx(6), in contrast, was supposed to be the finestdeoy~2.7um) of all of them;
but also here larger particles (~ 20um) are fousdsible in Figure 3-6.

- o 3 - ' T

Figure 3-5. SEM images of TiH(5) starting powder.

Additionally, agglomerations of finer particles ggeesent in the powder T§6) such
as shown in Figure 3-6.

AL N

Figure 3-6. SEM images of TiHy(6) starting powder.
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Sintering behaviour:

The sintering behaviour was studied for the CPTIARTIi(2), TiH(3), TiHx(4) and
TiH,(5) starting powders. Due to its highest oxygenteon) the TiH(6) powder was
only used in the preliminary experimental part. Bt reason its sintering behaviour
was not measured. The other five titanium baseddposvwere cold compacted at 560
MPa. The dimensions of these green samples wegéhl&3 mm and diameter 6 mm.
This study of the sintering behavior of these ftarting powder (CPTi(1) to Tikb))
was carried out in a dilatometer “Bahr Thermo asedyDIL 802" with an Alumina
tubular carrier. The heating rate was 5 K/min up360°C, after 2 h at 1300°C in Ar.
The result of the geometrical density measuremsiisted in the following Table 3-4.

Table 3-4. Geometrical density of titanium based gren samples compacted at 560 MP@rhe data

for T.D. are available from pycnometyy

_ Geometrical green| Relative green| Density relative
Type of starting powder , 3 , )
density (g.cm) density (%) to T.D. of Ti (%)
CPTi(1) 3.20 71 71
CPTIi(2) 3.43 76 76
TiH, (3) 3.02 76 67
TiH ; (4) 3.02 76 67
TiH (5) 2.88 72 64

In Figure 3-7 and Figure 3-8 the sintering runsided in a dilatometer) of these
compacts are presented.

The two CPTi powders show lower length change & $lame temperature in
comparison to the specimens from Tildowders. The difference between the
dimensional change with CPTi and TiHespectively, are enormous.

On one side, between the two commercial pure titanpowders, the CPTi(2) was
selected as matrix powder since it presents higi@ering activity (shrinkage) in
comparison to CPTi(1). Up to 1000°C the lengthhaf green compact from the CPTi(2)
changes significantly.

Moreover, the initial oxygen content of the CPTi()0.45 mass% and thus lower than
the 0.59 mass% oxygen in CPTi(1).

On the other side, the study of the sintering privgee of the TiH powders reveals that
during holding at 1300°C the compacts from Ti@), TiH, (4) and TiH (5) don't
change their dimensions significantly. It meang the sintering of these specimens
takes place in the heating section of the sintemimgbelow 1300°C.

68



Chapter 3 Starting Materials
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Figure 3-7. Dimensional change (%) vs temperaturefdhe two commercial pure titanium starting

powders.
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Figure 3-8. Dimensional change variation (%) vs teperature of the three TiH, starting powders.

After the sintering, measurement of Archimedes ugnsf these five sintered
specimens was carried out. The values of the deasi represented and compared to
the theoretical density in the next table. Specsneom TiH,(4) and TiH(5) starting
powder present values of relative density up to 98&wever, specimens from CPTi(1)
and CPTi(2) show values of relative density beld$09 The agreement between the
change of density (Table 3-4 / Table 3-5) and tineedsional change recorded in the
dilatometer is acceptable for the TiH2 based maltetut unsatisfactory for the CPTi
based compacts; possibly there is anisotropic khg® perpendicular / parallel to the
pressing direction. Furthermore, the oxygen conétite TiH (3) exceeds 0.70mass%,
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for that reason this powder grade is not a suitahtelidate for the production of metal
matrix composites. The oxygen content after théesimy of the green compacts from
the five titanium based powders is analysed in rotdeevaluate possible reduction of
the oxygen content.

Table 3-5. Archimedes density of the sintered spauens.

Sample | T.D (g/cm?®) | Arch. density (g/cn?) | % Relative density
CpTi(1) | 4.54 4.30 94.7%
CpTi(2) | 4.54 4.29 94.5%
TiHx(3) | 4.54 4.34 95.5%
TiH(4) | 4.54 4.45 98.1%
TiH,(5) | 4.54 4.46 98.3%

3.1.2 Titanium alloy powders: Ti-6Al-4V

Oxygen content and patrticle size distribution:
After the search of suppliers for Ti-6Al-4V powdéne two most promising powders
were ordered. The selection of the powder was aatlerespect to purity and particle
size. Confirming that the previous results of t@@ier's characterisation of the Ti-
6Al-4V powders were reliable, chemical analysis gadticle size measurements were
carried out (see Table 3-6 Impurities).

Table 3-6 Impurities and Particle size distributionof the two Ti-6Al-4V powders used.

Type of Particle sizes ) (um) Impurity

Ti6AI4V dio dso dao o) N C S
powders (um) (um) (um) mass% | mass% K mass% | mass%
(Supplier)

Ti-6Al-4V (1) | 20.92 | 43.03 | 78.36| 0.50 0.044 0.043 0.0003
USA (Phelly)

Ti-6Al-4V (2) |11.16 | 29.13 | 56.29 | 0.49 n.d. n.d. 0.0022
Italy (MBN)

Powder morphology:
The morphological study of these two Ti6Al4V powslevas carried out. The SEM-
images of the two grades Ti6Al4V(1) and Ti6Al4V({2)addition to images from the
optical microscope were used for such a morphoddgitudy. The SEM images of the
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two Ti-6Al-4V powders show the morphology of thgsewders (Figure 3-9). Both
Ti6Al4V powder possess angular and irregular molginy The Ti6AI4V(2) is finer
than the Ti6AI4V(1), therefore it presents more tiplr agglomeration than
Ti6AI4V(1).

3 : 0 T R4

Figure 3-9. SEM images of the two Ti-6Al-4V powders

Moreover, in order to analyse each Ti6Al4V powddre technique of Energy

Dispersive X-ray spectroscopy (EDS) as analytieehhique is used. The chemical
composition of the Ti6Al4V(1) and Ti6Al4V (2) powde was measured. Titanium,
aluminium and vanadium as elements were detectbds fBchnique was used as
qualitative characterisation technique of the T#Alpowder. To carry out this

analysis, the powders were embedded in a resithishway, a section of the powder
can be analysed. The main focus here was to clieak powder particles in fact

consisted of Ti+Al+V (i.e. the powder was fully ptl®yed) or if admixed components
were visible. In the next Figure 3-10 and Figuré&13the aluminium, titanium and

vanadium present in the Ti6Al4V powders are illattd.

Furthermore, the following Table 3-7 shows the eahbf each element in the powders.
Both powders have almost identical compositionaltih a certain deviation from 6Al-

4V can be found. This is related to an uncertaifilthe EDS measurement.

Table 3-7. Chemical analysis of the Ti6AI4V (1) andi6Al4V (2) by the EDS detector (area scan).

Powder | Ti6AI4V (1) | TiBAI4V (2)

Element | mass% At% | mass% At%

Al 7.67 12.86 7.80 13.07
Ti 90.28 | 85.31 90.17 | 85.13
V 2.06 1.83 | 2.04 1.81]

Each colour (red for Aluminium, green for Titaniwand blue for Vanadium) represent a
specific element. The location of each one infoahsut the type of powder and how
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the alloying has been done. The results of thesestigations showed the Ti6AI4V(1)
powder as Ti-Al-V prealloy with some TiV masteralloAdditionally, the Ti6AI4V(2)
powder was observed as TiV prealloyed powder miwith Al powder.

Figure 3-10. EDX-analyse of the starting powder TiBl4V(1). Up left it is the SEM image; Mapping

of Aluminium (red colour image), Vanadium (blue); Titanium (green).

oo

Figure 3-11. EDX-analyse of the starting powder Ti8l4V(2). Upper left is the SEM image;

Mapping of Aluminium (red colour image), Vanadium (blue); Titanium (green).
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3.2 Reinforcement materials

In conformity with the extended bibliography abdtl different reinforcements for the
manufacturing of TIMMCs given in Table 1-8, titamuwiboride (TiB) and nano boron
(nB) particles, carbon nano fibres (CNFs) and ndiamonds (NDs) were employed in
this work.

By using of some nano-materials as reinforcement titanium metal matrix
composites, superior mechanical and physical pt@saewrere expected.

This significant influence on the properties ackrvthrough the use of nano-
reinforcements is due to their higher surface aosmpared to conventional
reinforcement materials. For that reason micro r@awab reinforcements were used, and
the impact of their addition to the titanium and6Rl-4V matrices was studied.

In this section, all of the reinforcing materiale @haracterised in detail; it involves the
same methods as employed for the titanium basedgrswin the next sub-sections all
the necessary information about them are repo@edsidering their basic composition
they were classified in two categories, boron based carbonaceous reinforcement
materials.

3.2.1 Boron based materials: TiB and Nano/Micro Boron patrticles.

On one hand, the particles of pitvere required with low oxygen content and a plartic
size median of 10um. After a search of a good seipdinally the TiB powder was
ordered from an Asiatic manufacturer (Minmetal).

On the other hand, it was difficult to realise tldea to introduce nano boron (nB)
particles due to a lack of powder suppliers. Finalte supplier was found.

The nano boron (nB) particles were manufacturedabfpC-Plasma process. This
process uses powder with conventional size whittoin into a DC Plasma.

The powder is then vaporized in a DC plasma, anosequent cooling leads to
condensation of the atoms. By adjusting the proceaditions (cooling conditions) the
size of the patrticle can be adjusted.

The requirement for the powder properties with eespo the size were 50 — 100 nm,
low oxygen content and protecting coating (Low dangs powder for health and
explosion). However, after a long shipment time tleeeived powder was quite
different compared to the requirements.

The main problems were the agglomeration of nambebes, the particle size
distribution and high oxygen content. The nano-Boparticles present a bimodal
particle size distribution such as observed in Fegi+12.
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Figure 3-12. Particle size distribution of boron paticles determined by Mastersizer2000.

Chemical analysis of the TiBand boron particles, i.e. oxygen and nitrogen eist
were realized by LECO TC500. Moreover, the partgile distribution was measured
by Mastersizer2000. The results are listed in tiewing Table 3-8.

Table 3-8. Chemical analysis and particle size disbution of TiB , and boron particles.” Oxygen

analysis carried out one and half year after its us as reinforcement.

Type of reinforcement | Impurity content Particle size distribution (um)
particles O mass% N mass% dip (Um) | do (UM) | cho (LM)
TiB, 2.30 0.14 5.14 16.69 81.34
Boron 10.60 0.53 0.10 0.28 24.64

Furthermore, the theoretical density of the reicdonents was measured by the
pycnometer “AccuPy 1330V3.3” as listed in Table.3Additionally, impurities of Mg
and Al were detected in the nB particles. The aiz@ quality were not as expected (see
Figure 3-14 ). The powder was not within the speaiions; nevertheless, due to lack of
other options the powder was introduced into mietaiatrices.

Table 3-9. Theoretical density values obtained byhe pycnometer and compared to the literature

values of the TiB, and boron particles.

) Density by Density in the literature
Powder material 3
pycnometer (g/cm) | (g/cnt)
TiB, 4.13 4.50-4.62
Boron 2.64 2.34

Concluding the characterisation of these reinformetsy SEM images of the TiEsee
Figure 3-13) and boron particles (Figure 3-14) waken by the Zeiss HRSEM
equipped with EDAX and EDS/EBSD Detectors.
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Figure 3-14. SEM images of boron particles.

Additional EDAX analysis shows considerable impastof magnesium (Mg) in the
boron particles. The measured points were on tlggoagprates observed around the
larger particle and in the boron particle. Thesilts are listed in the following

Table 3-10. EDAX analysis of the nano-boron parties

In the boron particle | In the agglomerates
Element

(spot 1) (spot 2)
Concentrion | (mass%) (mass%)
B 99.3 96.3
o] 0.5 0.5
Mg 0.3 0.4
Al 0.1 2.8
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3.2.2 Carbonaceous materials

3.2.2.1 Nano Carbon Fibres (CNFs)

The family of carbon nano-fibres (CNFs) offers alevirange of applications for the
aerospace, industrial and automotive industry enfibld of mechanical reinforcement,
thermal management and electrostatic dissipatiorthé case of reinforced titanium
matrices, the use of carbon nano-fibres was studgedsolution to improve their

mechanical properties [78, 79]. The characterisatibthe CNFs was carried out in a
similar way as that for the other reinforcement enats. The results obtained are
reported in Table 3-11.The geometrical descripti@hso the mechanical and chemical
properties, were taken from the supplier data sfieddile 3-12).

Table 3-11. Characteristics of the CNFs: Density bpycnhometer, oxygen and nitrogen contents by
LECO TC 500 and particle size distribution by Mastesizer 2000. Dimensions of CNFs according

to the manufacturer.

Type of Impurities Dimensions Density comparison
inf t
reintoreemen Oxygen | Nitrogen | As D. Py. density | Th. density
(mass%)| (mass%) | (m?/g) | (nm) (g/cnt) (g/cnt)
(CNFs) 0.11 0.05 20-100 80-150/ 1.95 1.8°2.1

CNFs: Carbon nano-fibres;
Py. density: density: pycnometer density;

D.nukger;

<fSpecific area

Additionally, some sketches of the structure of fibees and an SEM picture of the
CNFs are shown in Figure 3-15 and Figure 3-16 (alcg to the manufacturer).

Table 3-12. Carbon nano-fibre properties (accordindgo the manufacturer (Electrovac))

Properties of the CNFs

Young’'s Modulus 500 GPa
Tensile Strength 7 GPa.
Temperature Stability (air) | 550 - 750°C
Specific Weight 1.8 — 2.1 g/crh
Max. Current Density: up to | 1013 A/cnf
Thermal Conductivity: up to | 2000 W/mK
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Gr'a'phiﬁl:

CVD Layer

Figure 3-15. Description of the CNFs used (accordinto the manufacturer information).

The geometry of the CNFs contributes to the foramatf fibre agglomerates, as shown
in Figure 3-16. Therefore it was difficult to obtamages of isolated nano-fibres.

Figure 3-16. SEM picture of Carbon nano-fibres acaaling to the manufacturer.

3.2.2.2 Nano Diamonds

The nano-diamonds (NDs) were purchased from twelgrg. Firstly, one type of nano
diamond powder was employed (ND(1)). After the lessaf the chemical analysis, a
high content of oxygen was detected (see Table)3F8 that reason, a second type of
nanodiamond powder was purchased (NDs(2)).

The specifications of this second NDs(2) powderase reported in the next table. All
of the data are according to the manufacturer. fébeication process of the NDs(2)
was based on a detonation process.

As observed in the next Table 3-13, the particdte sif NDs(2) is lower than the size of
NDs(1). Nevertheless the NDs(1) presents highergemycontent. The next SEM
images show the morphology of each type of nanooihpowder NDs(1) and NDs(2).
At the same magnification, the particles of NDsgahnot be recognised (see in Figure
3-17).

The NDs(1) showed a spherical morphology. Someagadiameters are marked and
measured in the next Figure 3-18. For the NDs(2)at not easy to measure the
diameter from the SEM image. The agglomerates ®fridno particles of NDs(2) are
shown in Figure 3-19.
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Table 3-13. Properties of the NDs powders.*Accordignto the manufacturer.

Type Oxygen | Nitrogen | D Purity | Density | Specific
of NDs (mass%) | (mass%) | (nm) (g/m* | surface
and supplier area (nf/g)
NDs(1) 9.33 2.67 60- | - - -
(Bulgarian institute) 100*

NDs(2) 7.1 - 4-6* | 98- 3.05- |282.83
(NaBond Technologies 99% | 3.3

§ 1um o0 .

Figure 3-18. SEM images of NDs (1) powder.

Figure 3-19. SEM image of NDs (2) powder.
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4 Experimental work

4.1 Introduction

In this chapter the experimental work is describeduding the starting materials and
the manufacturing processes used. In additionchiaeacterisation technique for each
type of composite is reported.

The manufacturing of different types of compositatenials took place via different
powder metallurgical processes. Consequently, thepter was divided into three
important parts in order to achieve systematidiéy/principal objectives and to provide
a major understanding of the aim of the work.

Firstly the selection of the most promising titanibbased matrix materials was carried
out. Thereby, the testing of the starting titanilbmsed powders (CPTi, TiHand
Ti6Al4V) was realized.

This selection is based on the results of the dienigation of the titanium compacts.
The powders were processed by conventional Coldskig (CP) testing at several
mechanical pressures and in different handling apheres (air and Argon). Thereatfter,
a sintering study was performed at different terapeges and experimental setups.

In the second and third part, the fabrication @f titanium composites took place. The
most suitable titanium based powders and the twestyof Ti-6Al-4V powders were
employed for that purpose.

The manufacturing of the composites was carriedtbrdugh powder metallurgical
methods: Conventional Cold Pressing-Sintering (GP&nventional Hot Pressing
(HP) and Inductive Hot Pressing (iHP), dependinghentype of composite material to
be produced. This second and third part was defamabrding to the type of the
reinforced matrix (titanium or its alloy). The pa#dre respectively subdivided according
to the reinforcement material used (ZiBano/micro boron particles, carbon nano fibres
and nano diamond particles).

Within the classification of the composites consilg their reinforcement materials,
the whole manufacturing process of each type ofpuasite was explained. To simplify
this, diagrams show the starting materials usedtl@gpowder metallurgical processes
employed.

Finally, the characterisation techniques used ftudyeng the properties of the
composite produced are reported.

Concluding, the results specimen characterisatierrgpresented, listed and discussed
at the end of each experimental part.
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4.2 Pure Titanium Matrices

In this part, titanium specimens without reinforaahwere produced from the six types
of titanium based powders . To carry out this fegperimental part, a bibliographic
search about the processing parameters for thelkdeitson of titanium was done. The
characterisation of all the titanium compacts wegised.

The results of this characterisation were evaluated compared with regard to the
starting powder used for the production of the cactp Thereafter, the two most
suitable starting powders were selected.

4.2.1 Raw Materials

The purity of the raw materials was always a s&laatriterion at the beginning of the
experiments. That is because a high impurity cdrgeasibly results in low mechanical
properties of the compacts, e.g. causing embritterf87, 88].

The well known affinity of titanium for oxygen, nitgen, carbon and hydrogen, Ti also
being able to dissolve these interstitials in #itéde, and the tendency to contamination
is more pronounced with decreasing particle sizéhefpowder. That is why working
with titanium requires special protection from #@enosphere, and this determines the
sintering conditions [89].

The oxygen affinity of titanium is a fact that catrbe eliminated. However, at least
any increase of this oxygen content during theesimg stage can be prevented by
proper processing conditions.

In this first experimental part, the six titaniurased powders (CPTi(1), CPTi (2) and
TiH, (3) TiH2 (4) TiH(5) and TiH (6)) were employed. Their properties (particle size
oxygen content and density) were listed in the ijoies/ Table 3-2 and Table 3-3.

4.2.2 Conventional manufacturing process (CP+S)

The cold pressing and the sintering conditions wWieeed on the basis of an intensive
bibliographic search of the process parameterstherfabrication of titanium based
specimens (titanium and Ti6Al4V) via cold pressary sintering. For results see the
next table.
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Table 4-1. Compaction and sintering parameters fortthe fabrication of sintered compacts from

Ti6Al4V and CPTi powders as given in the literature

Forming Sintering
Powder / Size Pressure (MPa) T (°C) Time| Other conditions
CPTi and Ti6AIl4V starting powder
Ti “sponge” +
AllV (BE) CP. 1260° 4h Vacuum at 1.33xibar
149 um [90]
ir. Ti+Al/V (BE) | CP.
1260° 4h Vacuum
<150 um [91] 400MPa
ir.Ti + Al/V (BE) | CP. 1100°-1260° o.ah Vacuum at 1.33x10to 10*
<44 um [92] 415-690MPa | 1200°-1300° mbar
ir.Ti + Al/V (BE) | CP.
1260° 4h Vacuum
177pm [93] 415MPa
_ 1% U. CP.
80%Ti+20%HA
10MPa )
100 pm + 10 pm ond CIp 1150° 1.5h 1.33xIHmbar
[94] '
290MPa
) 1050° 30min | Heating rate Cooling rate
Ti6AI4V/HA .
PIM 1100° 45min | 5/7.5/10 5/20/40
116 um [74] . . .
1150° 60min | K/min K/min
TiC-VC-10%Co U.P 1250°-1350°
<18%Ti/72%VC | __ 13509/1400°| 1h
350MPa
[66] /1450°
Ti6AI4V CP.
1200° 2h Ar Atmosphere
74-250 pum [95] | 400MPa
Electrolytic Ti
HDH-Ti; TiH , | 250-1000MPa | 950°-13509 4h Vacuum
[96]
Ti powder [97] 278MPa 1040°-1100° 2h Vacuum
BE: Blended elemental powder production; U: Uniabx

P.: Pressing;

CIP.: Cold Isostatic Pressing;
HA: Hydroxide Apatite
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The sintering in high vacuum is regarded as a l3i@taintering condition for the
production of titanium compacts.

The sintering time was optimised from 1h used atiibginning to 2h after evaluation of
the results of specimen characterisation.

The other important sintering parameter is the tnaipire. Two sintering temperatures
were tested, 1200° and 1300°C.

To support the description of the manufacturingcpes of the titanium compacts
(without reinforcements), the next Figure 4-1 anguFe 4-2 shows the Flow sheet of
the process.

Firstly the starting powder with the highest oxygemtent (TiH(6)) was employed for
the preliminary experiment searching the optimatesing setup. The reduction of the
oxygen content after sintering of the green congpagts the goal of the first
experimental part.

Sintering
Cold Pressing | Temp.:1200° & 1300°C
(200, 380 and 560MPa Time:1h
High vacuum 10%mbar

A

Characterisation of the titanium compacts

A

Selection of the sintering setup for the next expenents:
« Ti container + Ti-sponge

* Ti container

* Al,O, container

* Al,O;container + Ti-sponge

Figure 4-1. Flow sheet of the first experiments usg the finest powder (TiH, (6)).

Due to its highest oxygen content, the finest powdéH, (6)) was selected for this
part. It was compacted and then sintered usingraifit sintering setups.

After that, the other five titanium starting powsl€iliH, and CPTi) were consolidated
using the most suitable setup previously selected.

The following Figure 4-2 describes the proceduretii@ investigations done with the
five Ti powders.
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Powderss

CPTi(1) : Sinterin

CPTi(2) Cold Pressing Temp.:1200° &9130000
TiH 5(3) (air & Argon) > Time:1h

TiH ,(4) (380 & 560MPa ) Hih n 108mb
TiH 2(5) Igh vacuum mpar

l

Using the optimal sintering setup
Ti container + Ti-sponge

l

Characterisation of the titanium compacts

}

Selection of the titanium based powder
for the manufacturing of the composites
in next experiments

Figure 4-2. Flow sheet of the manufacturing proces®r titanium compacts, using the five titanium

based powders and the most suitable sintering setup

4.2.2.1 Cold Pressing (CP)

Screening of the cold pressing pressure for theefah powder (TiH (6))
The highest oxygen content and finest titanium iaedpowder (TiH (6)) was placed in
a cylindrical die (see in Figure 2-3 and Figure.R-#Fhis titanium hydride powder was
pressed at room temperature handled in air at ymes®f 200 MPa, 380 MPa and 560
MPa in the way shown in chaptéf.3

Cold pressing of the other five titanium based paxsl
The same procedure for cold pressing was emplogedhe compaction of the other
titanium based compacts (see Figure 2-3).
The values of pressure used were 380 MPa and 568. MIRe lowest pressure
(200MPa) was not used due to the low densificatioserved after the characterisation
of the sintered specimens compacted at this pressur
These five powders were handled in air and in Atthis way, it may have a significant
effect on the final oxygen content of the sintesggbcimens. However, all the cold
compactions were performed in air.

4.2.2.2 Sintering

Screening of sintering conditions for the Ti{6) starting powder:
The importance of the sintering setup was based sinategy to limit and, if possible,
reduce the content of oxygen and of the other shted impurities during sintering of
the titanium based compacts. Hence, firstly a bletaintering setup was worked out.
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Therefore several assemblies were investigatedemteld. All the setups were designed
to reduce the contamination of the green compagisglthe sintering stage. Two types
of container, Ti and alumina, were used both witd aithout getter filling. Titanium
sponge was used as getter (see Figure 4-3).

3. Inside of Ti-container

1. Tlsing ceramic
with Ti-sponge

conlainer and Ti sponge
tiller &. “j}&
goéb 'E().
%, %
%,@
2, Using only ceramic 4,0mly the part inside of
container Ti-container

Figure 4-3. Different sintering setups for the man€acturing of titanium compacts from the TiH, (6)

starting powder.

The filling acted as a getter for oxygen and othessible impurities coming from the
furnace atmosphere.

The entire sintering process was carried out ifh higcuum (3x10 mbar indicated),
using a Thermal Technology Inc. furnace model “&&tr

Sintering temperatures ranged between 1200° an@°C3@\fter reaching the nominal
temperature, the samples were held at the chosgpetature for 1 h and then furnace
cooled to room temperature.

The assembly of the different containers with anithout Ti-sponge is described in the
next Figure 4-4.

The four variants were sintered in one single mrthis way the operational parameters
(Temperature, time and vacuum) were the same Ifthieabkintered specimens.

However there was some risk of setup interactiom, the getter in setups 2 and 4
positively affecting the results from setups 1 8ndanger of cross-effects).
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Setup 4 : Ti container + Ti-sponge

Sctup 3 : Ti container

<A Setup 2 : ALO; container + Ti-sponge

Sl g, - R

< Setup 1 : Al O, container

-
I I

ALO; support

Figure 4-4. Photo and sketch after sintering of théour different sintering setups.

After sintering at 1200° and 1300°C, the formatdtitanium oxides on the two AD;
containers was observed (see in the Figure 4-4hs@uently, the AD3; container
filled with Ti-sponge presented darker grey colsunce it was more in contact with the
titanium container and getter.

This darker grey colour could be due to titaniunidexor rather vapour deposited Ti
that had been superficially oxidized during coolifigwas not clear; however it was
evident that setups 2 and 4 are preferable.

Secondly, the sintering behaviour of different rtitem powders (powder 1-5) was
studied in addition to the optimisation of the fahtion parameters of compacts (two
different cold compacting pressures).

In this second experimental part the selected sétupr the sintering stage was
employed (see Figure 4-5).

|  CPTicontainer &

Ti-sponge filling
ALQ; «——F
supports

Molybdenum support

;‘/

Figure 4-5. Assembly selected for the sintering dffie titanium based compacts.

The results of this first experimental part (selow$ have been used in the next parts of
this research work.
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4.2.3 Hot consolidation processes

The technique employed for the first hot consolaabf the compacts was inductive
hot consolidation (iHP).

One important reason for the development of thishog was the evaluation of the
metal matrix microstructure.

Additionally, the possible reaction at high temperes (950°1000°C) between the
graphite die and the pure titanium based matricas another reason to carry out this
study. This test involved the use of graphite @lakat were in direct contact with the Ti
powders, without the protecting coating of borotridé. In this way, the reaction
between the carbon and titanium was easily possible

The next Table 4-2 shows the processing parametapoyed for the study of the
titanium based matrices without reinforcements.

The temperature varied from 800° to 1050°C. Thrienice of the heating rate at the
lower temperature (800°C) was also studied. Far shudy the powder grades CPTIi(2)
and TiH(4) were used due to their lowest oxygen contezd [&able 3-2).

Table 4-2. Inductive hot pressing parameters usedf the study of the titanium based matrices

without reinforcements.

. Processing parameters

Hot pressing } . . .

technique Temp. | Die Heating rate Holding time| Pressure Vacuum
(°C) (mm) (K/min) (min) (MPa) (mbar)
800 109 10 15 50 10
800 10 @ 50 15 50 10°

. 850 10 @ 50 15 50 10°

Inductive 5

Hp 900 10 @ 50 15 50 10
950 10 @ 50 15 50 10°
1000 109 50 15 50 10°
1050 109 50 15 50 10°
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4.2.4 Results of the characterisation techniques

For characterization of the final samples, the dengas measured at room temperature
using the Archimedes’s method in water with or with paraffin impregnation
depending on the relative density observed (bel6% 9f relative density always with
paraffin).

Hardness (HV10) and the oxygen content of sevenalptes were tested. Finally, the
microstructural study of several specimens (conguhat 560 MPa) was carried out.

4.2.4.1 Titanium specimens from TiH, (6) starting powder.

In this part, the results obtained by the char&agon of the specimens from TiK6)
are reported. As previously mentioned, the titanicompacts were cold pressed and
sintered.

This technique employed (CP+S) was described irptegious chapter"® Thereby,
just the results are shown.

Finally in a table the most representative valuedemsity, hardness, oxygen content
and the used processing parameters are summéfisedermore the microstructure of
several specimens is also shown.

Density of the specimens:
The geometrical density of the green compacts iditatd to the geometrical and
Archimedes density of the sintered specimens arerarised in the next tables.
The manufacturing parameters used for the fabocabtf the specimens are also
reported.
Firstly, the results before and after sinterin@2@0°C are shown in the following Table
4-3. Additionally, in Table 4-5 the results befanmed after sintering at 1300°C are listed.

Table 4-3. Density (geometrical and Archimedes) ahe titanium compacts from TiH, (6) before

and after sintering for 1h at 1200°C.

Geometrical density| Geometrical density| Archimedes density
Cold pressure| Tsintering . .
(MPa) CC) of green compact | of sintered compact | of sintered compact
(g/cn®) (g/cn) (g/cnt)
200 1200° | 2.68+0.01 4.38+0.06 4.55+0.03
380 1200° | 2.91+0.03 4.30+0.12 4.54+0.02
560 1200° | 3.08+0.02 4.35+0.03 4.51+0.11
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Table 4-4. Density (geometrical and Archimedes) ahe titanium compacts from TiH, (6) before

and after sintering for 1h at 1300°C.

Geometrical density| Geometrical density| Archimedes density
Cold pressure| Tsintering . .
(MPa) €C) of green compact | of sintered compact | of sintered compact
(g/cn®) (g/cnt) (g/cn)
200 1300° | 2.67+0.02 4.41+0.16 4.54+0.01
380 1300° | 2.91+0.03 4.38+0.09 4.46+0.11
560 1300° | 3.07+0.02 4.41+0.02 4.53+0.02

Considering as reference the density of commepeieg titanium 4.54 g/cinthe values
of the relative density of the specimens are catedl and reported in the next Table

4-5.

Table 4-5. Values of the relative density of the tiinium specimes from TiH, (6) at three different

pressure compacted and sintering for 1h at 1200° anl300°C.

Cold pressure| Green specimens T . sintering Sintered specimens
(MPa) Geometrical density (%) (°C) Archimedes density (%)
200 59.4+0.1 100.2+0.6

380 64.6+0.7 1200° 99.9+0.5

560 68.4+0.3 99.3+2.4

200 59.2+0.4 100.1+0.2

380 64.6+0.6 1300° 98.1+2.5

560 68.2+0.5 99.8+0.4

On one hand, the cold compacting pressure hasfact @in the density values of the
green compacts, increasing the relative green geinem 59% (at 200 MPa) up to 68%
(in samples consolidated at 560 MPa). However ptlessure values do not influence
the final values of the relative density (geometriand Archimedes density) of the

sintered specimens.

Hardness and oxygen analysis of several specimens:
The results of the hardness and oxygen analysthéodifferent sintering conditions are
given in the Table 4-6. The influence on the oxygentent, when using Ti-sponge as
getter in the different containers, is also obseaed evaluated in the next Table 4-6.
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Table 4-6. Results (oxygen content and hardness) thfe specimens from the TiH (6) powder (the

starting oxygen content of the powder was 1.47 ma&48.

Arch.
Cold pressure | Tsinering | Container Oxygen | Hardness .
i Getter Density
(MPa) (°C) material (mass%) | (HV10) 3
(g/lcm’)
380 1200 Alumina - 1.87 457 4.54
380 1300 Ti - 1.69 479 4.54
560 1300 Ti - 1.64 482 4.53
560 1300 Ti Ti sponge getter 1.24 477 4.50
380 1300 Alumina Ti sponge getter 1.45 480 4.54

In general, the hardness of the sintered specimdrgher than the theoretical hardness
(HV10) for pure commercial titanium (CPTi) gradé260 HV10). It is due to the high
oxygen content of the sintered specimens. The oxyg®tent of CPTi grade 4 is
stipulated and standardised to 0.4mass% [2]; homadl/¢he sintered samples from the
TiH,(6) present values of the oxygen content up to Ii#¥s% The compacting
pressure (380 MPa and 560 MPa) does not significaffect the oxygen content (1.69
mass%. and 1.64 mass%. respectively) of the sthigsecimens at the same sintering
conditions (1300°C using a titanium container). Bware is definitely an effect if Ti
getter is used. At the same compacting pressui@ 83a), the specimens sintered in
the alumina container without getter (Ti-spongeeggtpresent higher oxygen content
(1.87 mass%) than the samples sintered in the santainer with getter (1.45 mass%).
Also the use of the titanium container without geteduces the oxygen content of the
sintered specimens (1.69 mass%). The lowest oxygerent is observed for the
specimen sintered into a titanium container wit Th-sponge getter (1.24 mass%);
here the oxygen content drops to a level even |ldlaar that of the starting powder. l.e.

setup 4 is most suitable

Microstructural study:

The microstructural study of the sintered specimengarried out considering the
manufacturing conditions used for their producti®he influence of cold compacting
pressure on the final properties of the titaniumecamens is not significant in
comparison to the use of getter during the singeprocess. For that reason, the next
microstructural comparison is carried out accordmthe sintering setup employed and
the sintering temperature. All of the specimenseweold pressed at the maximum
pressure value (560 MPa). The images of the diften@crostructures of the sintered
specimens are shown in the ndxthler! Verweisquelle konnte nicht gefunden
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werden..

Comparison of TiH2 powder compacted at 560MPa in diierent sintering conditions

Sintering
conditions

Ti-sponge getter

1200°C
Al 203
Container

= i

1300°C
Al 203
Container

1300°C
Titanium
Container

No getter

Figure 4-6. Microstructure of the sintered titanium specimens from TiH(6) cold consolidated at

560 MPa and sintered at different sintering conditbns (sintering temperature, sintering container

material and getter) .

The previous table shows the difference betweenstmples sintered at 1200° and
1300°C using different sintering assemblies. Tiéesing temperature has a significant
influence on the porosity of the specimens. Furttoee the use of titanium getter
causes a reduction of the oxygen content on ttaé $mmples and also a visible decrease
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of porosity at 1300°C when using a titanium corgairmhis apparent difference in the
porosity between the sintered specimens at 1208°1800°C, was not in agreement
with the values of relative Archimedes density skdwn the previous Table 4-6. In
particular, the specimens sintered at 1200° predengorosity that was not
corresponding to the high Archimedes density showed

Additional microstructure study was carried outomdler to find some explanation for
the high values of hardness and density obsenadqusly.

Finally, powder impurities of Fe were detected fYAX analysis). Such impurities
can increase the hardness and density of the samplehis way, some correlation
between the microstructure of the specimens froi, T6) and the results of their
Archimedes density was justified.

At the beginning of these tests, the Fe contetiisfpowder was considered according
to the manufacturer (maximum Fe 0.05%mass.) Thesenpurities could be due to
powder fabrication process (milled powder).

Ti

o 754

o 603

30—

150
Ti
Fe
el st ket LBt bt b Lad _‘_ .

JOG. oY T T T T T T
[ ¥ 5 i \ 1.10 220 3.30 4.40 S.SOW T.T0
Ao p ¥ Energy - keV

Figure 4-7. (left) SEM image of a titanium specimerirom TiH , (6) powder. Compacted at 560MPa
in air and sintered at 1300°C for 1h, into a titanum container without getter). Result of the EDAX

analysis carried out in the titanium specimen (righ).

Intermediate Conclusions

» High oxygen content and Fe impurities due to powebrication process (fine
powder 2.7um and milled powde high hardness material

» Influence of sintering arrangement (container maltemd/or Ti-sponge getter)
— Oxygen content (mass%) reduction due to the titangetter and titanium
container

» Significant densification after sintering at 1200°and 1300°C higher
densification (around 99% was achieved)

= Slight influence of the compacting pressure oindéssification properties.
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4.2.4.2 Titanium specimens from the titanium powders CPTi(}, CPTi(2), TiH2(3)
TiH 2 (4) and TiH; (5).

The titanium specimens described in this sectioneweade from the five titanium

based powder in which the oxygen content is bel@0 thass%.

The results obtained were also compared to thogeinglol from the specimens

produced from the Ti{6) starting powder (it was handled in air).

The aim of this part is the study of their sintgrimehaviour and the evaluation of the

properties of the sintered specimens. The resitiltseocharacterisation of the samples

are shown.

Density values
The Archimedes density data of specimens from the fitanium based powders
(CP(1), CPTIi(2), TiH (3), TiH, (4) and TiH (5)) and the Tik(6) are described in the
Figure 4-8 and Figure 4-9.

47] [__1200MPa
| CT1380MPa
4.6- [ 560MPa

4,51

444 ]

Density (g/cn)

4,3-

4,14

4,014 : : : . .
CPTi (1) CPTi (2) TiH2 (3) TiH2 (4) TiH2 (5) TiH2 (6)

Types of starting powder

Figure 4-8. Density comparison of sintered specimsrfrom different titanium powders, compacted
at three different pressures sintered for 1h at 120°C with Ti-getter (TiH2 (6) handled in air and

the other five titanium powders compacted under Argn atmosphere).
The density measurements were carried out by Aretlés method in water using

paraffin coating (although this was not really resaey since high levels of density
were observed).
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] C—J200MPa
| ] 380MPa
[ 560MPa

Density (g/cn’)

4,0

CPTi (1) CPTi (2) TiH2 (3) TiH2 (4) TiH2 (5) TiH2 (6)
Types of starting powder

Figure 4-9. Density comparison of sintered specimsrfrom different titanium powders, compacted

at three different pressures sintered for 1h at 130°C with Ti-getter (TiH2 (6) handled in air and

the other five titanium powders compacted under Argn atmosphere).

The density values are shown in Table 4-7 as atibmof the pressure used for the
consolidation of the green specimens.
The reference density for commercial pure titanisn#.54 g/cm as reported in the

previous Figure 4-8 and Figure 4-9. Considering ¢blel compaction pressure 200
MPa, 380 MPa and 560 MPa, the density values aidaame listed in the next tables.
First the density table of specimens sintered 801@ is shown following the density
table of compacts sintered at 1300°C.

Table 4-7. Archimedes density of the specimens coangted at three pressure and sintered at 1200°C

with Ti-getter (TiH2 (6) handled in air and the other five titanium powders compacted under

Argon atmosphere).

Type of starting powder
(sintered at 1200°C)

Archimedes density (g/cr)

Compaction pressure used

200 MPa | 380 MPa| 560 MP:
CPTi (1) 4.37+0.03 4.43+0.02| 4.44+0.01
CPTi (2) 4.29+0.00 4.42+0.06| 4.39+0.04
TiH» (3) 4.47+0.01 4.52+0.02| 4.46+0.02
TiH» (4) 4.45+0.01 4.52+0.09| 4.51+0.02
TiH» (5) 4.47+0.00 4.37+0.15| 4.34+0.01
TiH, (6) 4.55+0.03 4.54+0.02| 4.53+0.11
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As observed previously, the cold compaction pressgoes not exert a significant effect
on the Archimedes density of the sintered specimklasvever the influence of the
sintering temperature on such density values desti(see Figure 4-10).

Table 4-8. Archimedes density of the specimens comangted at three pressure and sintered at 1300°C

with Ti-getter (TiH , (6) handled in air and the other five titanium powders compacted under Argon

atmosphere).
_ Archimedes density (g/cr)
Type of starting powder )
i Compaction pressure used
(sintered at 1300°C)
200 MPa | 380 MPa| 560 MPg
CPTi (1) 4.42+0.03 4.52+0.03| 4.49+0.00
CPTi (2) 4.41+0.00 4.41+0.03| 4.45+0.00
TiH; (3) 4.52+0.01] 4.51+0.00] 4.52+0.00
TiH, (4) 4.49+0.00 4.51+0.01| 4.51+0.02
TiH, (5) 4.52+0.01] 4.49+0.01] 4.49+0.03
TiH, (6) 4.54+0.01] 4.46+0.11| 4.53+0.02

In the next Figure 4-10 the Archimedes density @alat the two different sintering
temperatures are compared. The green samples wmgacted at the same mechanical
pressure of 560 MPa. Surprising values of densigyewobserved for the specimens
from TiH, (6), even after short sintering time (1h).

] EE=31200°C
| w77 1300°C
4,64

4,7

Ly

4,5

\

\g

\

7

4,44

4,3

Archimedes density (g/cin

4,2-

4,1+

L

L

L

L

ARRRARRR

4,0

CPTi(1) CPTIi(2) TiH2(3) TiH2(4) TiH2(5) TiH2(6)
Type of starting powders

Figure 4-10. Archimedes density of the sintered spanens from the different types of starting
powders at 1200° and 1300°. All of them were compi@d at 560 MPa in air. The specimens from
CPTi(1) to TiH x(5) were handled in Ar. The specimens from Tik{6) were handled in air.
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Hardness (HV10) measurement
The specimens sintered at 1200°C presented lowwitgdevalues than the specimens
sintered at 1300°C (see in previous Figure 4-10helans that higher densification was
achieved at 1300°C.
This information from the density measurement d&finthe optimal sintering
temperature. In particular, the specimens sintatekB00°C were more characterised in
detail in comparison to the other ones sintered200°C. Therefore the hardness
measurements were carried out just for the sintgpedimens at 1300°C.
The hardness (HV10) of the sintered specimens ttwmsix titanium based powders,
cold compacted at 380 MPa and 560 MPa, are compardde Figure 4-11. The
theoretical hardness of pure titanium commerciadgr4 is 260 HV10 [11]. This
hardness level is also given in the following Feydell.

1 1 380MPa
5004 I 560MPa

400+

300—- 1N |
200—-
100—- |_|

i |

CPTi (1) CPTi(2) TiH2 (3) TiH2 (4) TiH2 (5) TiH2 (6)
Types of starting powder
Sintering for 1h at 1300°C in vacuum

Hardness (HV10)

Figure 4-11. Hardness of samples cold compacted t@to different pressures and sintered for 1h at
1300°C Ti-getter. (TiH, (6) handled in air and the other five titanium powders compacted under

Argon atmosphere)
In addition to the hardness (HV10) of the specimarld compacted (at 380 MPa and

560 MPa) and sintered (at 1300°C for 1h), the \sabfdhe relative Archimedes density
are summarised in the next table.
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Table 4-9. Relative density (Archimedes) and hardres of samples cold compacted at two different
pressures and sintered for 1h at 1300°C with Ti-gétr. (TiH, (6) handled in air and the other five

titanium powders compacted under Argon atmosphere)

_ Hardness (HV10) Relative density (%)
Type of starting powder ,
i Cold compaction pressure used
(sintered at 1300°C)
380 MPa | 560 MPa | 380 MPa 560 MPa
CPTi (1) 324+7 33017 99.5 99
CPTi (2) 199+8 2125 97.1 98
TiH, (3) 335+12 331+7 99.4 99.6
TiH, (4) 28717 27516 99.3 99.3
TiH, (5) 33616 340+11 99 98.8
TiH, (6) A79+4 ATT+4 95.6 97.1

An additional plot of the hardness values vs. dgreid oxygen content are shown in
Figure 4-12.
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Figure 4-12. Hardness (HV10) vs. Arch. density anadxygen content, respectively, of the five
titanium specimens compacted at 380 MPa and sintegidor 1h at 1300°C in high vacuum. Hardness

(HV10) and density (g/cm?) values for CPTi are take from [3]

Chemical analysis
The characterization of the final samples showed tiere is no significant difference
of the oxygen content between the specimens hamdk@d and Ar, respectivelgee
Table 4-10. However, in all cases the surprising) smfar inexplicable fact is observed
that the green compacts contained in part dranligtioaore oxygen than both the
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starting powders and the sintered specimens, regglgc This effect was particularly
pronounced with the specimens prepared from, pibivders.

Table 4-10. Comparison of oxygen content in the gting powder, green specimens (in Argon and

air compacted at 380 MPa) and sintered specimensold compacted in Argon at 380 MPa).

Oxygen content (mass%)

Type of Green specimens handled Sintered
powder | Starting powder | . specimens, (after
In Argon In air .
handling in Ar)

CPTi (1) | 0.59 0.84 0.84 0.75

CPTi (2) | 0.45 0.41 0.44 0.43

TiH,(3) | 0.77 1.60 1.90 0.80

TiH,(4) | 0.67 1.20 1.30 0.52

TiH.(5) | 0.62 1.40 1.50 0.71

Additionally, chemical analysis was carried outtést if there was some relationship
between oxygen and nitrogen content (mass %) ofjteen specimens, vs. the use of
lubricant (paraffin) and the mechanical pressureth@ compaction (200MPa and
560Pa). The next Figure 4-13 shows approx. thetgyanot lubricant applied to the die
wall. It was approx. 50%vol. less than the usedfervious compaction (see Table 4-9).

Paraffin
\\

wiviel Paraffin. iy

Punches Punches

Cylindrical die Cylindrical die

Figure 4-13. Paraffin applied on the die walls bef® the compaction: left figure represents the
paraffin previously applied (at the beginning of tte experimental part). The figure on the right

represents the paraffin used in this last serial oexperiments. It shows approx. 50%vol. less of

paraffin.

97



Chapter 4 Experimental work

In those previous compactions, the paraffin appheas previously dissolved in
gasoline. Here, for the compaction, the paraffiis warefully applied directly on the die
walls (no use of gasoline as solvent). The die thassame for all the compaction of the
starting powder (see cylindrical die in Figure 2-Byvo starting powder were selected
for this test. One of each CPTi and Fipbwder, with low oxygen content (CPTi(2)
0.45 mass% and Ti#) 0.67 mass, see Table 4-9). Thus, the oxygennénagen
content (mass%) of green compact from CPTi(2) aitd Were analysed.

Table 4-11. Comparison of oxygen content (mass % ithe starting powder and green specimens
(in air compacted at 200 MPa and 560MPa).

Oxygen content (mass%
Type of
. 200MPa 560MPa
powder | Starting powde : : - -
No Lubricant| Lubricant | No Lubricant Lubricant
CPTi (2)| 0.48+0.08 0.49+0.08 0.52+0.110.60+0.01 0.59+0.0%5
TiH, (4) | 0.69+0.07 0.85+0.20 0.85+0.29.86+0.05 0.88+0.08

Higher levels of oxygen are always presented ingiteen specimens from TiH4).
The use of lubricant increases the oxygen conteas$%). This increase occurs in all
the green specimens (from both starting powder? (Bable 4-11). Also, it is more
pronounced at highest pressure (560 MPa) for smawnirom TiH (4) powder. In
general, the mechanical pressure doesn’t affentfgigntly on the oxygen content. The
analysis of nitrogen showed elevated content flothal green specimens from Tik#)

(> 0.100 mass%) (see Table 4-12). The use of labtiaffect slightly the nitrogen
content (mass%) independently of the starting poveshel mechanical pressure used
(200 MPa or 560 MPa).

Table 4-12. Comparison of nitrogen content (mass % the starting powder and green specimens

(in air compacted at 200 MPa and 560MPa).

Nitrogen content (mass%)

Type of :
Starting 200MPa 560MPa
Powder - : - :
powder No lubricant | Lubricant No lubricant Lubricant
CPTi

0.002+0.001 0.003+0.001] 0.006+0.008.005+0.001 | 0.006+0.00

[ =)

(2)

TiH» (4) | 0.157+0.057 0.156++0.0010.167+0.001 0.181+0.006 | 0.171+0.0411

Ending this study, after one and half year the exygontent (mass%) of starting
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powders CPTi(2) and TiH(4) are increased from 0.45 to 0.49 mass% foiGR&i(2)
(aprox. increase of 9%), and from 0.67 to 0.69 Mdas@pprox. increase of 3%).

As conclusion, the use of lubricant can influerto® dxygen and nitrogen content of the
green compact. Using 50 vol % less of lubricang, dlkygen of green compacts from
TiH (4) was reduced from 1.20 mass % to 0.86 masppda decrease of 28%).

In particular for TiH(4) specimens, there was also a variation of oxygmrient from
the starting powder (0.69 mass%) to the green cotagf.85 mass% at 200 MPa and
0.86 mass % at 560 MPa). Although in previous wagt 50 vol % more of lubricant,
such increase of oxygen (from the raw powder to gheen compacts) was more
marked.

Insignificant variation of nitrogen content (mas$ Between the starting powder and
the green specimens compacted at 200MPa and 56@MPabserved, independently
of the starting powder.(i.e, nitrogen max. 0.214ss8 measured in starting powder
TiH, (4) and max. 0.212 mass % measured in green cangiab60MPa using
lubricant). The mechanical pressure used for thepamtion of the green compacts
doesn't affect significantly the oxygen and nitrogmntent (mass%).

Microstructural study of the specimens:
Firstly, the microstructural study of the specimsmgered at 1200°C showed the lower
densification obtained at this temperature. In Fegl+14, images of titanium compacts
are shown (specimens from CPTi(1) starting powdengacted at 200 MPa and 560
MPa).
The influence of the mechanical pressure can lyhtsli observed. Visually, sample
compacted at lowest pressure (200MPa) presentgeroggprous size.
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Figure 4-14. Images of the microstructure of titanim specimens from CPTi(1) consolidated at
200MPa (left) and 560MPa (right) and sintered at 120°C for 1h in vacuum.

For the other four starting powder similar effettthe microstructure was also found.
The lowest densification was confirmed by the nstmacture study, for that reason the
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hardness measurement of these specimens (sinted#0@C) were not necessary to
determine the optimal sintering temperature fothfer tests.

By the use of SEM, the microstructures of the sedespecimens at 1300°C from the
five titanium based powders are shown in the nexiré 4-15 to Figure 4-17.

Very similar porosity is observed for both specismeinom the commercial pure
titanium powders.

Figure 4-15. Sections (SEM (SE2) images) of the gimens from CPTi(1) (left) and CPTi(2) (right)
consolidated at 560 MPa and sintered at 1300°C fdh in vacuum.

Figure 4-16. Sections of the specimens from TiH{3) (left) and TiH, (4) (right) consolidated at 560

MPa and sintered at 1300°C for 1h in vacuum.

In contrast, finer porosity is found in the speammérom TiH powders. In the case of
the sample from Tik{5) the porosity is minimal (see Figure 4-17).

Figure 4-17. Section of TiH (5) consolidated at 560 MPa and sintered at 1300%@r 1h in vacuum.
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Intermediate Conclusions

Surprising oxygen affinity of some starting powdé# the TiH, powders and
CPTi(1)) after their cold compaction.

Important influence of the impurities of the stagti powders on the final
properties of the titanium specimens (i.e., highdhass of sintered samples).
Marked effect of the lubricant used for the coldnpaction on the oxygen
content of the green compacts.

Low densification at lowest temperature (1200°Ghtesed Ti with density >
99% was achieved at 1300°C (e.g, specimens fror(4)H

Insignificant influence of the mechanical press(880 MPa and 560 MPa) on
the oxygen content of the green samples, also osifttion and hardness
properties of the sintered specimens.

Two most promising powders were selected for furthnwestigations: the
selection was carried out considering the low orygentent in each type of
powder material (CPTi and Tgj In this way, CPTi(2) and Ti}4).
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4.2.4.2.1 Hot pressed Titanium based specimens.

The previous study of the starting powders showesl tivo powders, CPTi(2) and
TiH2(4), as most advisable titanium based powder tontaeufacturing of TIMMCs
because of their acceptable oxygen content (lowggen content mass% compared to
the other starting powder of each type CPTi and,)liH

Additionally, after preliminary cold compaction ansintering experiments, hot
consolidation tests (iHP) were carried out. Difféareprocessing conditions
(consolidation temperature and heating rate, tinas aiways 15 min for these tests)
were tested in order to evaluate the behaviouitafittim specimens from these two
titanium based powder.

Thus, all the results obtained can be used asereferfor the further fabrication of the
TiIMMCs.

Then the consolidated titanium samples were cormidas non-reinforced titanium
matrices. In each of the following experimentat tegies, these titanium matrices (from
CPTi(2) and TiH(4) powders) were fabricated simultaneously (he. draphite die was
filled with a determined quantity of each startpmvder, CPTi(2) and Tik{4)).

Hence, their values of density, hardness (HV10) axyben content (mass%) can be
always compared to the reinforced composites prediuat the same processing
conditions, e.g. temperature.

These hot pressing tests were done at differenpeestures (Table 4-2). Thereafter
these titanium compacts were characterized. Theityeand hardness values of these
titanium compacts are shown in Figure 4-18 andrieiglal9, and summarised in Table
4-13.

Moreover, several measurements of hydrogen andemxggntent were also done. Due
to the size limitation in the inductive hot presisafium specimens could be prepared
with @10mm only) their mechanical properties coutd be tested.

Concluding the characterisation of these titaniuatrives, a study of the microstructure
of the specimens was carried out. Finally, InteriatedConclusions were briefly listed.

Archimedes density
A comparison of the Archimedes density of the gpecis from CPTi(2) and Ti#)
powders hot consolidated at different inductive x@ssing temperatures is represented
in the next Figure 4-18. The influence of the terapge was more significant for the
specimens from Tik{4) powder.
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Figure 4-18. Arch. Density of the titanium specimes (from CPTi (2) and TiH, (4)) made by iHP at

different processing condition (holding time=15 min high vacuum and 50 MPa).

After the consolidation at 800°C, the value of Ancbdes density was down to 4 gftm
however at 1000°C it increased to 4.25 dg/¢aprox.).

Contrary, the decrease of the heating rate involeedsiderable increase of the
Archimedes density at the temperature tested (800°C

Hardness measurement
The hardness was studied as function of the teriyerduring inductive hot pressing.
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Figure 4-19. Hardness of the titanium specimens @m CPTi(2) and TiHx(4)) fabricated via iHP at

different processing conditions (holding time=15 nm, high vacuum and 50 MPa).

In the following Table 4-13, Archimedes density ahdrdnessof the different
specimens are summarised. The different heatirgp rate also listed. At low heating
rate (10 K/min) only a run at 800°C was done.
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Table 4-13. Arch. density and hardness of the titdam specimens (from CPTi(2) and TiH(4)) made

by iHP at different processing condition (temperatue and heating rate).

Type of starting powder
Inductive HP | CPTi (2) TiH, (4)
Temp. (°C) Arch. density| Hardness Arch. density| Hardness
(g/cnt) (HV10) | (g/cnT) (HV10)
Heating rate 10K/min
800 4.03 255+3 4.32 393+12
Heating rate 50K/min
800 3.94 264+1 4.25 338140
850 4.02 24813 | 4.31 35310
900 4.16 251+4 4.30 341+13
950 4.07 240+3 4.36 33410
1000 4.27 2485 4.34 35411
1050 4.29 24915 4.38 361+11

The temperature increased the density of the sgasrfrom this starting powder while
the hardness presented approximately constantszalue

At the same heating rate (50 K/min), the effecthaf consolidation temperature for the
specimens from the other starting powder ¢{4h) was more marked for the hardness
than for the density values. However, the decrda®eK/min) of the heating rate
involved a significant increase in both propertiesjeans

Study of the microstructure and micro-hardness (HXQ)
By inspection of the titanium samples with the tighicroscope, several changes in the
microstructure were found (see in Figure 4-20 uFe 4-22).
Observing the specimens hot consolidated at 800fiCacheating rate of 10 K/min, on
one side the specimen from ) starting powder does not exhibit any informatio
about its microstructure in comparison to the spea from CPTi(2) (see Figure 4-20).
This titanium specimen (from CPTIi(2)) shows twdelént, light (1) and dark (2) grey,
phases, which were detected in the light microscdpeses two phases are also
observed at higher iHP temperatures (1000° and°ID@Mh heating rate of 50 K/min).
Moreover, the size of the light phase is increasiith the temperature.
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Figure 4-20. Microstructures of specimens from thestarting powders CPTi(2) (left) and TiHy(4)
(right), produced by inductive hot pressing at 800C for 15 min and a heating rate of 10 K/min.

The specimens from Ti##) compacted at 1000° and 1050°C show a marter{Bght
needles) microstructure which is not detected Iylitiht microscope for the sample hot
consolidated at 800°C (10K/min heating rate) (seleigure 4-21 and Figure 4-22).

1000°C

CPTi (2)

Figure 4-21. Microstructures of titanium specimensfrom the starting powders CPTi(2) (left) and
TiH 5(4) (right), produced by inductive hot pressing atl000°C for 15 min and a heating rate of 50
K/min.

1050°C 1050°C

CPTi (2)

Figure 4-22. Microstructures of titanium specimengrom the starting powders CPTi(2) (left) and
TiH x(4) (right), produced by inductive hot pressing atLl050°C for 15min and a heating rate of 50

K/min.
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The microhardness measurements are performed ipdimts marked 1 and 2, two
indentations were made per phase. Point 1) bem¢ght phase and 2) the dark one for
the compacts from CPTi(2) powder, the microhardmasasurement is done in these
two points. In the compacts from Ti@4) powder, the microhardness test was
performed only in one point because only one phes® observed. These results are
shown in the next Table 4-14.

Table 4-14. Micro-hardness of the titanium specimenin the different phase observed (see Figure
4-20 to Figure 4-22). Titanium specimens from CPTR) and TiH,(4)) fabricated via iHP at different

processing conditions (holding time=15 min, high vauum and 50 MPa).

iIHP: CPTi (2) TiH, (4)
Temperature & MicroH. (HV0.01) | MicroH. (HV0.01)
Heating rate 1 2 1

800°C & 10 K/min | 347+7 | 388+21| 408+4

800°C & 50 K/min | 406 +49 | 285+4 | 333+3

1050°C & 50 K/min | 270+3 | 246+2 | 440+16

SEM images give a little more information aboutsihdight and dark phase for the
compact from CPTIi(2), but it does not clarify thegence of two phase for compacts
from pure titanium phase. Using the SEM, significamcrostructure changes are
presented on the microstructure of the specimer®e HP temperature range
investigated is from 800° to 950°C (with the sareating rate, 50 K/min). SEM images
are taken using the BSE detector. The comparisorthef microstructure of the
specimens is shown from Figure 4-23 to Figure 4-25.

] e 53 s i {um ;| ? . 10°C/min
% s w ® A vt - “ e ¢ R

Figure 4-23. Microstructure of specimens from the tarting powders CPTi(2) (left) and TiHx(4)
(right), produced by inductive hot pressing at 800C for 15min and a heating rate of 10 K/min.

Some round pores (black) of very small (0.5um) sizeobserved in the specimens hot
consolidated at 800°C with a heating rate of 10 id/from the TiH(4) powder. In the
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case of the sample from CPTi(2) powder, the graaa s easily recognised. The next
microstructural comparison is shown according te ificrease of the inductive hot
pressing temperature in intervals of 50 K from &Q@® 1050°C and considering the
same heating rate for the manufacturing of allsgecimens (50 K/min).

Figure 4-24. Microstructure of titanium specimens fom the starting powders CPTi(2) and TiHx(4)

produced by inductive hot pressing from 800 to 95@ for 15 min and a heating rate of 50 K/min.

There is a slight microstructural change with terapee for specimens from the

107



Chapter 4 Experimental work

TiH2(4) starting powder (right). The width of the nessligrows a little. From the

temperature of 850°C to 900°C the martensitic {ligrey) structure becomes larger.
Also the grain size of the microstructure of sarmpi®m CPTIi(2) slightly increases

with the temperature.

There is no porosity in the samples produced attpker temperatures (1000°C and
1050°C). This confirms the increase of the densitythe specimens with higher

temperature.

Figure 4-25. Microstructures of titanium specimensfrom the starting powders CPTi(2) (left) and
TiH 5(4) (right), produced by inductive hot pressing atLt000°C and 1050°C for 15 min and a heating
rate of 50 K/min.

Previous investigation about the influence of thiernstitial elements such as nitrogen
and hydrogen in solid solution in titanium showetle t similar martensitc
microstructures for specimens with considerableogén and hydrogen contents [16,
98]. Based on these previous works, the effectitobgen on the microstructure is to
promote the formation of these needles of alphanitiim. This is a most interesting
observation, because this needle-like Widmanstageacture is characteristic of
titanium alloys that have been annealed above thpha#eta transformation
temperature. By the use of polarised light micrpgcdhe same martensitic structures
are detected (see Figure 4-26). The growing of ribisdle microstructure is increased
by the iHP temperature. Additionally some particle®m the metallographic
preparation are also seen on the microstructuctiiose of the specimens.
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CPTi (2) iHP800°C Til, (4) iHP800°C

CPTi (2) iHP850°C TiH, (4) iHP850°C

CPTi (2) iHP900°C

CPTi (2) iHP950°C TiH, (4) iHP950°C

Figure 4-26. Images (by polarized light microscopefrom microstructures of titanium specimens
from the starting powders CPTi(2) (left) and TiHx(4) (right), produced by inductive hot pressing
from 800°C to 950°C for 15 min and a heating ratefc0 K/min.
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As remarked, the conclusion is that nitrogen iridseblution in titanium causes this
needle formation. For that reason, in specimens feparting powder CPTi(2) such
characteristic needle microstructure was not wsilolue to the lower nitrogen
concentration (max 0.006 mass%). The influencehef high level of nitrogen and
oxygen content (masss%) is also evident in thertesmslof the specimens.

Chemical analysis
The oxygen and hydrogen contents were analysdaeititanium specimens fabricated
at the lowest and highest temperature, respectifigag in the next Table 4-15). The
specified processing conditions and the startingdes used for the manufacturing of
the samples are also listed. The nitrogen contetitese titanium specimens could not
be analysed. Unfortunately, the specimen mass avésa to enable further analytical
runs.

Table 4-15. Chemical analysis of the titanium spetiens (from CPTi(2) and TiH,(4) powders) at the

lowest and highest processing temperature (iHP fat5 min and 10 K/min or 50 K/min).

iHP: CPTi (2) TiH, (4)
Temperature & Chemical analysis (mass%) Chemical analysis (mass%)
Heating rate

Oxygen Hydrogen Oxygen Hydrogen
800°C & 10 K/min | 0.49 0.17 1 0.95
800°C & 50 K/min | 0.49 0.19 0.89 0.74
1050°C & 50 K/min | 0.44 0.07 0.81 0.50

Intermediate Conclusion

» The impurities of the starting powder such as oxyged nitrogen affected the
microstructure and hardness of the final specincensiderably.

* Increase of the iHP temperature promoted the growsitithese needle-like
Widmanstatten structures for the specimens from,(BiH Al lowest iHP
(800°C) temperature, this structure was detectsynificantly. Additionally,
the densification was in general better at high ielAperatures.

= At the same iHP temperature (800°C), the decreldeeating rate from 50
K/min to 10 K/min contributed to better densifiaati

= Higher oxygen content are observed at lowest iIHFOD{C) and heating rate (10
K/min).
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4.3 Titanium Metal Matrix Composites (TIMMCS)

Following the structure of the research work, fsaguential divisions of this section,
“Reinforced Titanium Matrices”, were defined. Therre fixed according to the type
of reinforcement materials used (kiBiano/micro Boron, carbon nano fibres or nano
diamond patrticles).

Moreover, additional subdivisions into the reinfemeent material part were considered
on the basis of the PM technique employed for thaufacturing of the composites.

4.3.1 TIMMCs reinforced by TiB , particles

TiIMMCs reinforced by TiB particles was the first composite material produicethis
work.

The stable Ti + TiBsystem is widely known and has been studied inipusvworks.
For that reason this composite material is onlydpoed here by the conventional cold
pressing and sintering process. In this way, tamitrg in the production of composite
material via powder metallurgy technique was cdraat. Because of the moderate cost
of this reinforcement material, it was use for tit@ning in manufacturing of TIMMCs.

4.3.1.1 Manufacturing processes

Beginning with the description of the compositesfrCPTi and Tik matrix powders,
a process flow sheet is presented in the followkigure 4-27. It represents the
manufacturing process of the titanium MMCs reinéatcwith particles of titanium
diboride (TiB,).

The previous determination of an optimum sintersggup and the evaluation of the
processability of all the titanium powders as mxainaterial contributed to finding the
most suitable procedure for the fabrication ofniian matrix composites via cold
pressing and sintering. Because of flexibility anaplicity, conventional cold-pressing
and sintering processing was used.

| Optimal Manufacturing Parameters |

Characterization

Matrix powders : Mixing :> Cold-Pressing :> Sintering |:> of the TiIMMCs

CPTi (2) / TiH(4) (6h and ALO, balls) (580MPa) (2h and 1300°C in &
TT high vacuum ) Results evaluation
Reinforcement
TiB;
(0%-20%wt.)

Figure 4-27. Manufacturing flow sheet for Ti MMCs reinforced using particles of titanium diboride
(TiBy).
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Powder Preparation
The manufacturing process commenced with the powagraration. At the first stage,
mixing of the powder took place.
As shown in the flow sheet (see Figure 4-27), W@ inost promising titanium powders
(CPTIi(2) and TiH(4)) were mixed with the respective amounts ofniiten diboride
(TiB,) (see in Table 4-16). The calculation of the berdntents was done considering
as theoretical density for CPTi 4.54g/cm? and fild,®.62g/cm3 [58, 99]

Table 4-16. Contents of the TiBused for the TIMMCs

TiB, content into the matrix

(%vol) | 0|0.49/ 0.98 4.92/ 9.80 14.78 19.72

(mass%) |0 0.50| 1 5 10 | 15 20

The mixingtook place during 6h in a tubular Sintris mixermgscyclohexane as liquid,
to avoid powder agglomerations, and ceramic b&ls(s) with 5 mm diameter. The
wet mixed powders were completely dried during dérk. The dried powder was the
dry blended for 30 minutes without the ceramicdailfter that the powders were ready
to be compacted.

Compaction and sintering of the TIMMCs
The consolidation was done as previously descrikedd pressing was done at 580
MPa, handling the powder in air. The die used wdmdrical (d12 mm). The final
geometry of the green compacts was a cylinder Rgpere 2-11), diameter 12 mm and
3 mm high (approx.). At the beginning, there waly dhe cylindrical die available to
produce the compacts. For that reason, only cytatisamples were produced.
The sintering parameters were selected as a i@sthié previous experiments, in which
the six titanium based powders have been testesteldre, the optimum assembly and
the high sintering temperature (1300°C) were chof®n manufacturing of the
composites. However, the sintering time was exténide? h in order to further reduce
the porosity in the final samples.

4.3.1.2 Results of the characterisation and discussions

Finally, the compacted and sintered samples weagacterized.

Geometrical density measurements before and aftirieig were carried out as well as
Archimedes’s, in addition to analysis of the oxygemntent and hardness (HV10)
measurements of several specimens. The microsteucfusome compacts was also
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studied, as were the correlations between denbdydness (HV10), and oxygen
content.

Density and hardness of the titanium composites:
The calculation of the theoretical density of tlmnposites was done considering the
values of the density described in the bibliographlge Archimedes density of the
specimens was measured in water with paraffin ignagon.
The next Figure 4-28 shows the comparison of der{tiie relative density) and the
hardness vs. the content of TiBnass%). These titanium composites were compacted
at 560 MPa and sintered in high vacuum at 1300°2fbr. For the titanium compacts
without reinforcement the sintering time was just. 1

-m--CPTi(2) starting powder
~— @ TiH, starting powder
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Figure 4-28. Density and hardness vs. content of Bj of the titanium composites from CPTi(2) and
TiH , (4) starting powder. They were compacted at 560 MPand sintered for 2 h at 1300°C.

The titanium matrices without reinforcement were canpacted at 560 MPa and sintered for 1 h at
1300°C

As the previous graphic shows, the density and reasl values for both matrices
increase markedly up to 1 mass% of JiBrom 3% to 10 mass% of the reinforcement
content the hardness increases while the denséty gightly down.

At 10 mass% of Tig the hardness of the compacts attains up to 38Q0HWdr the
composite from CPTi(2) and 370 HV10 for that frohe tTiH,(4) powder, and the
relative density levels are around 95 rel%.

Above 10 mass% reinforcement, the hardness desreasa result of lower density (75
to 90 rel%) (See in Figure 4-28).

Additionally, all the previous values of the degsifgeometrical green density,
geometrical and Archimedes sintered density) aedhiérdness of the compacts from
CPTi(2) and TiH(4) with the different TiB concentrations are also summarised in the
next Table 4-17.
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Table 4-17. Density (green density, geometrical an8irchimedes sintered density) and hardness of
the titanium specimens from CPTi(2) powder reinfored with different contents of TiB,. The
titanium matrix without reinforcement was compacted at 560 MPa and sintered for 1 h at 1300°C.

The composites were compacted at 560 MPa and singer for 2 h at 1300°C.

CPTi Th.density | Green density| Geom. After | Arch. | Hardness
+ TiB(mass%) (g/cm?) sintering density | (HV10)
(g/cm?3) (g/cm?3)
0 (1h 1300°C) | 4.540 3.67 4.37 4.45 213
0.5 4541 3.82 4.34 4.54 238
1 4542 3.89 4.37 451 254
3 4.542 3.74 4.49 4.46 289
5 4.544 3.70 4.29 4.40 307
10 4.548 3.71 4.30 4.32 379
15 4,552 3.63 3.68 4.15 260
20 4.556 3.57 3.52 4.14 245

In spite of the lower density (78% relative densithe hardness of the composite with
20 mass% of TiBis superior to the hardness of the matrix witheutforcement.

Table 4-18. Density (green density, geometrical anéirchimedes sintered density) and hardness of
the titanium specimens from TiH(4) powder reinforced with the different contents 6 TiB,. The
titanium matrix without reinforcement was compactedat 560 MPa and sintered for 1h at 1300°C.

The composites were compacted at 560 MPa and singel for 2h at 1300°C.

TiH Th.density | Green density| Geom. After | Arch. | Hardness
+ TiB(mass%) (g/cm?) sintering density | (HV10)
(9/cm?) (9/cm?)
0 (1h 1300°C) | 4.540 3.157 4.513 3.55 275
0.5 4.541 3.721 4.376 4.46 301
1 4.542 3.659 4.422 4.45 306
3 4.542 3.228 4.500 4.46 344
5 4.544 3.299 4.500 4.45 371
10 4.548 3.280 4.190 4.26 369
15 4.552 3.305 3.710 3.90 235
20 4.556 3.349 3.402 3.91 194

In the Table 4-17 a significant reduction of theometrical density of the sintered
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composite with 15 mass% and also at 20 mass %rdbreement is shown. This fact is
due to irregular geometry of the sample after simge
Smaller irregularities in the dimensions of the ples involve significant variation of

their geometrical density because of the limitadeatisions (12 mm diameter and 3 mm

high).

By increasing the TiBcontent in the titanium matrix, the specimens frbid, become

more fragile in comparison to the specimen with@imforcement. This was observed

during the handling of the samples (green and djeand also the hardness decreased
(at 20 mass% of TiB194 HV10).

Oxygen content

Oxygen analysis was done on four of the composités lowest and highest

reinforcement content. In the next table, thesaltgsre listed in addition to the mean
values of hardness (HV10) and Archimedes densitgdah type of composite.

Table 4-19. Comparison of the composites with loweand highest reinforcement content.

Arch.
Starting matrix powder | TiB(mass%) | O (mass%) , Hardness (HV10)
density (g/cm3)
. 0.5 0.44 4.54 238
CPTi
20 1.35 4.14 245
, 0.5 0.61 4.46 302
TiH »
20 1.44 3.91 194

High levels of oxygen content were, surprisinglydao far inexplicably, observed at

the highest TiB content for both starting matrix powder. In theseaf the compacts

from the TiH(4) powder the oxygen content was always highen ihathe compacts

from the CPTi(2) powder. This high oxygen contenthie composites with 20 mass%
can come from the reinforcement materials (2.30s#s

Microstructural study

In the images of the composite with 10 mass% andnaSs% of reinforcement is
observed how the porosity in the samples increabese 10 mass% of TiBLarger

pores are observed on the specimens from CPTIith) 1 mass% of reinforcement, it
confirms low densification at his reinforcement centration.
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Figure 4-29. Microstructure of specimens from CPTi2) (left) and TiH,(4) (right) matrix powders
with 10 mass%and 15 mass%of TiB,. (cold pressed at 560 MPa and sintered at 1300°Grf2h in

vacuum).

Finally, SEM images were taken in the SE mode. T¢teyw the microstructure of the
most representative specimens. In the followingufggd-30, titanium composites with
5 mass% of TiBparticles are shown. For both composites, theibligton of the TiB

is homogeneous.

Additionally, the anisotropy of the Tigneedles) is also found in the titanium matrices.
Moreover, the porosity in both titanium matricesimilar.

- Porosity

&

Figure 4-30. SEM (SE2) of microstructures of sintezd Ti-TiB, composites. Compacted from
CPTi(2) and TiH,(4) starting powders with 5mass%of TiB, respectively and sintered for 2h at

1300°C in vacuum.
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CPTi (2) + TiB, 3 mass% | & fe TiH, (4) + TiB, 3 mass%

Figure 4-31. Images of microstructures of sintered’i-TiB , composites. Compacted from CPTi(2)

and TiH,(4) starting powders with 3 mass% of TiB respectively and sintered for 2h at 1300°C in

vacuum.

Intermediate Conclusions

Due to the small size of the samples, mechanicapgsties could not be
measured and compared to the theoretical ones.

Up to 10 mass% of TiBcontent, relative density > 93% was achieved.

At 10%wt. of TiB,, a possible optimisation of time/temperature cdoliease
relative density.

High oxygen content was measured in the TIMMCssegnently high hardness
values are obtained. This influence of oxygen an ltardness was previously
documented [18].

The addition of TiB increases the oxygen content of the final comppsite
affecting its properties. (Theoretically, ther®id6 g of oxygen in 20g of Tt}
Anisotropy of the TiB.particles is observed after sintering.
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4.3.2 TIMMCs reinforced with Nano/Micro Boron particles

4.3.2.1 Manufacturing processes

Hot consolidation processes were used for the dation of TIMMCs reinforced with
nano-boron particles. The influence of the procesgarameter and condition on the
properties and microstructure of the TIMMCs was afethe objectives of these
experiments and also how the properties of TIMM@@#h wifferent nano-boron contents
were influenced by the different processes and tregiameters (e.g., iIHP temperature).
Comparisons between conventional hot pressing raghactive hot pressing techniques
were carried out considering the results obtairfet the sample characterisation.

The cold pressing and sintering process was nat fgethe manufacturing of these
TIMMCs because the main objective of this experitakpart was the optimisation of
the hot consolidation techniques for this kindehforcement material. The description
of the fabrication procedures for the titanium neas reinforced with nano/ micro
Boron particles are represented in the Figure 4r&PFigure 4-33.

Conventional Characterization
Matrix powders : Mixing :Vp\ Hot Pressing :C of the TIMMCs
CPTi (2) / TiH,(4) (16h and Zr0, balls) (800°/850°C, 30MPa, 1-2h &
ﬁ 10°C/min, 10'mbar) Results evaluation
Reinforcement ﬁ ﬁ
Nano / Micro ’ Manufacturing parameters optimization ‘
Boron
(0% - 1%wt.)

Figure 4-32. Manufacturing flow sheet of the titanim matrices reinforced with nano/micro

particles of boron (B) via conventional hot pressig (HP).

Inductive
Characterization

Hot Pressing

Matrix powders Mixing :C of the TIMMCs
0 0, o]
CPTi (2) / TiH(4) : (12h and 10, balls) : i Soraimim o &

ﬁ vacuum 10°mbar) Results evaluation
Reinforcement ﬁ ﬁ
Nano / Micro ’ Manufacturing parameters optimization ‘
Boron
(0% - 1%wt.)

Figure 4-33. Manufacturing flow sheet of the titanim matrices reinforced with nano/micro

particles of boron (B) via inductive hot pressindiHP).
The same starting powders were used for the matouiiag of compacts via inductive

hot pressing, with the main difference of a shodggle time and higher heating rate.
Also for conventional hot pressing all the powdarevcompacted in the same runs at
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the same temperature; inductive hot pressing désgmted the geometrical limitation
that in one runs just two or three type of mixirgyvaler could be hot consolidated.

Powder Preparation
The blending of all the powders was performed mdhme way in which the titanium
based matrices were reinforced with Tarticles.
The two titanium powders (CPTi(2) and T{H4)) were mixed with the respective
amounts of nano/micro boron particles (B) (see @db20). The content of boron in the
titanium matrix was selected according to the fiagplication of the material (which
necessitates warm deformation, different from trevipus composites (Ti-TiB). This
composite should be deformed via forging. For tiegtson the boron content is not
more than 1 mass% For the calculation of the reteiment contents, the density of
boron particles was taken as 2.46g/cm?3 and 4.54dfmmthe pure titanium matrix [99]

Table 4-20. Contents of nano/micro boron particlesised as reinforcement for the fabrication of
TiMMCs

Boron content in the matrix

% vol. 0.00 | 0.19 | 056 0.92] 1.83

% wit. 0.00 | 0.10 | 0.30| 0.50] 1.00

Due to the size of the reinforcement material,rtaeo/micro boron patrticles, there was
higher risk of powder agglomerations. Thereforealsen ceramic balls (Zrg) with 3
mm diameter were employed.

During 12 h the wet mixing of the powders took plaEollowing, the drying of the
mixing during 16 hours took place. Next, the powdeis again (dry) blended for 1 h
without the ceramic balls. Finally, the powders eveeady to be consolidated via
conventional and inductive hot pressing, respelstive

Hot Compaction Processes
In this part of the work, conventional hot pressargl inductive hot pressing methods
were used for the development of the titanium casitps reinforced with nano/micro
boron particles. Several processing parameters weseded and optimised
simultaneously. However, as described in the mawufsag chapter, many parameters
were constant in both hot pressing tests.
The next Table 4-21 shows the processing paramatersonditions used in both hot
consolidation processes (HP and iHP).
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Table 4-21. Processing parameters of the conventiaihand inductive Hot Pressing technique.

Processing parameters
. . Heatin Holdin
HP technique | Temp. | Die rate g ime g Pressure Vacuum
(°C) dimensions _ ) (MPa) | (mbar)
(K/min) | (min)
. 850° 100mm @ 10 120 30 10
Conventional 850°
HP 13.5x13.5mm? 10 60 30 10"
800°
_ 950°
Inductive 5
HP 900° 10mm @ 50 15 50 10
850°

The first test was carried out via conventional pigssing. By the use of the graphite
die with the 12 squares (13.5x13.5mm?) (see inrEi@u6), the total load is distributed
among the samples.

The graphite die with the 12 squares (13.5x13.5nwa3 used (in the same run), each
cavity was loaded with powders with different remdement content. In this way, all
the material compositions were hot consolidateti@same time.

However, the pressure acting on the specimens gluhia hot consolidation is not
totally homogeneous. This factor can affect thepprtes of the different samples
consolidated at the same temperature but in differavities of the graphite die.

4.3.2.2 Results of the characterisation of the samples artiscussions

As mentioned in the chapter of the characterisatieohniques, after the hot
consolidation, the samples were removed from teeadd prepared to be characterised.
Density, hardness, chemical analysis and micrastraicstudies were carried out for all
the samples.

The mechanical properties, flexural and tensilergjith were measured in specimens
with the specified geometrical dimension.

The results of the characterisation of the titanhased composites were reported and
the different manufacturing processes were compared

Concluding, several comparisons between the matnuifag techniques employed were
done, e.g. runs done at the same temperature amglthe same starting powders.
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4.3.2.2.1 Conventional hot pressing technique (HP)

The processing parameters were varied and als@dbenetry of the graphite dies.
Firstly, the smaller samples were produced. Denbkaydness and oxygen content were
measured. The use of larger graphite dies madessilple to fabricate plates with @ 100
mm from which reasonably large test specimens cbelgprepared. This means, the
mechanical properties (flexural and tensile praps)tcould be measured.

As previously mentioned, the properties of specsn@onsolidated at the same
temperature (850°C) can show variation of the meiclad properties by using different
graphite dies, on one side the die with the 12 quoavities and on another side the
larger die (100mm Q).

13.4mm 100mm

-—s

Figure 4-34. Hot Pressing test with the different s used: left it is the die with the twelve caviéis

(13.4x13.4mm2); right the cylinder die with 100 mndiameter.

The powder consolidated in the smaller square uffeore contact with the walls of
the die. Although these smaller graphite cavities aways lined with a thin graphite
foil coated with boron nitride (BN), the ratio obmtact area/volume (A/7) of these
smaller titanium composites is larger in comparigothe composites consolidated into
the larger graphite die.

There was additional effect because of scattehenférmer case (between the cavities,
see Figure 4-35).

Due to different load distributed and the inhomagmrs load received on the graphite
punches, the composites consolidated at the sampetature and from the same
starting powder and boron concentration, just tenging the high of the filling, can
present different final properties (see in Tabl883- Therefore, the composites from
different starting matrix powder,(CPTi(2) and T(#)), and also different boron
concentration presented different additional lo&lrithution because of the difference
between the filling heights before the hot presgraress.
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X

n

13.4mm

«—

Figure 4-35. Load distribution for 12-cavities graghite die by hot pressing technique (exaggerated).

TiIMMCs hot consolidated at 800°C and 850°C for 1h
After the hot consolidation of the titanium powdeth the different contents of nano-
boron, 12 samples were produced (13.5 x 13.5 x Jnifine next Figure 4-36 shows
the final geometry of the compacts produced fraisntum based matrices reinforced
with the different boron content (mass%). The “zisas the direction of the pressure.

135mm

Figure 4-36. Geometry (13.5x13.5x4mfjof the composites after HP at 800° and 850°C fdh using

the special multi-cavity graphite die (see Figure-B)

- Density, hardness and oxygen content measurement
In Figure 4-37, the relative density (Archimedesisiy with paraffin) and hardness
values vs. the boron content (mass%) of the diftef@MIMCs, are shown. In this first
HP test, four different boron contents (see in €abR0) were employed. As listed in
the previous Table 4-21, the value of the presaa® 30 MPa, and the vacuum was 10
' mbar.
In the Table 4-22 the properties of the compogiesiuced at 800°C are shown, and
next in the Table 4-23 those of the compositesidated at 850°C. The Archimedes
density, the theoretical and relative density aadihess are listed.
The addition of nano-boron particles contributedhi® increase of the hardness. It can
be related to the high oxygen content of this mritément material. Because of the high
impurity level (nitrogen mass% and oxygen mass%hefstarting powder TiiH4), the
hardness of the specimens from this titanium basedler was always higher than that
of specimens from CPTi(2).

122



Chapter 4 Experimental work

—m— HP at 850°C. (CPTi starting matrix powder)

—&— HP at 850°C. (Tikistarting matrix powder)
O~ HP at 800°C. (CPTi starting matrix powder)

~O— HP at 800°C. (Tikistarting matrix powder)
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Figure 4-37. Relative density and hardness of theomposites vs. the boron content (masspoThe

specimens were hot consolidated via HP at two temiadures.

Table 4-22. Archimedes and relative density, and th hardness of the composites with varying

boron content (mass%). The specimens were hot consolidated via HP at@TC for 1h.

HP at 800°C

for 1h Arch. density | Th. Density | Rel. density | Hardness
Matrix (g/cm3) (g/cm3) (%) (HV10)
+Boron (mass%)

CPTIi(2)

0 4.31 4.54 94.87 214
0.1 4.32 4.54 95.33 288
0.3 4.17 4.53 92.17 240
0.5 4.20 4.52 92.85 258
1 4.19 4.50 93.06 295
TiH,(4)

0 4.23 4.54 93.16 307
0.1 4.32 4.54 95.26 369
0.3 4.35 4.53 95.99 361
0.5 4.24 452 93.79 388
1 4.19 4.50 92.98 363

In general, for specimens consolidated at 800°C8&808C the composites from Tif4)
present higher hardness values than those from(€)pPhi spite of their lower relative
density (see in Table 4-22 and Table 4-23).
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Table 4-23. Archimedes and relative density, and th hardness of the composites with varying

boron content (mass%). The specimens were hot consolidated via HP at@%C for 1h.

HP at 850°C

for 1h Arch. density | Th. Density | Rel. density | Hardness | Oxygen
Matrix (g/cm3) (g/cm3) (%) (HV10) (mass%)
+Boron (mass%9

CPTi (2)

0 4.47 454 98.36 307 0.58
0.1 4.41 454 97.24 369 -

0.3 4.39 4.53 96.87 361 -

0.5 4.35 452 96.29 388 -

1 4.33 4.50 96.09 363 -
TiH, (4)

0 4.25 4.54 93.65 305 0.76
0.1 4.33 454 95.42 405 -

0.3 441 4.53 97.30 451 -

0.5 4.44 4.52 98.25 458 -

1 4.50 4.50 99.92 478 -

- Microstructural study
The next Figure 4-38 shows the microstructure ef composites from CPTi(2) and
TiH(4) starting powder with 1 mass% of boron particlHse larger size of the boron
particles can be observed as well as several potesth composites.

CPTi(2) + TiH, (4) +
1%wt. nano-B 1% wt. nano-B

Figure 4-38. Microstructures of the composites fromCPTi (2) (left) and TiHx(4) (right), with 1
mass% of boron particles, HP at 850°C for 1h. (Black=Boon particle, red=porosity; green=dark

particles from the metallurgical preparation). (Images by light microscope)

Impurities (SiC from sandpaper and.® from polishing) from the metallographic
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preparation (smaller dark particles) are preserthersurface of the composites (see in
Figure 4-38). Additionally, the polarised light noscopy (LEICA DMI5000M) was
used for the observation of the hexagonal clos&gwhstructure ofi-titanium. In this
way, the microstructural study of the specimengaés significant differences between
the titanium composite matrices. For the matricemmfCPTi(2) and Tik (4) powders,
the size of particle observed is different. On site, for the composite from CPTi(2)
the hexagonal grains of the phase could be perfectly recognised. However tier t
composite from Tik{4) this microstructure is not as clear to det&¢t0.5 mass% of
boron, the size of the particle grains is reducedahse of the boron addition (see
Figure 4-39). Even when increasing the temperatfirdie conventional hot pressing
process, the same effect of B addition on the rstcuoture is observed. Also the pure
titanium based matrices present a similar microtine after the HP at 800°C and
850°C.

CPTi(2) matrix CPTi(2) matrix + 0.5%wt. Boron
HP800°C (60min) . HP800°C (60min)

TiH, (4) matrix
HP800°C (60min)

A Sy ; ; S acd el s ]
Figure 4-39. Microstructure of the pure titanium matrix from CPTi(2) andTiH ,(4) powders (left)
and reinforced with 0.5 mass%of boron particles (right). HP at 800°C during 1h.(Use of the die

with 12-cavities).

In the next figures the microstructures of thenitian matrix, pure and reinforced with
0.5 mass% of boron particles after the HP procagsed out at 850°C are shown.
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CPTi(2) matrix e bl e L ! CPTi(2) matrix 0.5%wt. Boron
HP850°C (60min) FEE : r g HP850°C (60min)

Figure 4-40. Microstructure of the pure titanium matrix from CPTi(2) powder (left) and reinforced
with 0.5 mass%of boron particles (right). HP at 850°C during 1h.(Use of the die with 12-cavities).

TiH, (4) matrix TiH, (4) matrix + 0.5%wt. Boron [
HP850°C (60min) [He ot g HP850°C (60min) 9 .

Figure 4-41. Microstructure of the pure titanium matrix from TiH ,(4) powder (left) and reinforced
with 0.5 mass%of boron particles (right). HP at 850°C during 1h.(Use of the die with 12-cavities).

Furthermore, SEM images (BSE signal) show theiligion of the boron particles in
the titanium matrix (see in Figure 4-42).

CPTi(2)+ |
1%wt. Boron |

Figure 4-42. Boron particle in a CPTi (2) matrix. IMMCs (with 1mass% of nano/micro-boron

particles) hot consolidated at 850°C for 1h. The S# images are taken by the BSE detector.
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Moreover, the porosity around the reinforcementiglas is seen (Figure 4-43). In this
way, it confirms the slight decrease of the densftyhe titanium composites with the
increase of the reinforcement concentrations.

Boron
particle

Lt b \“ CPTi 2) matrix
_!1_4 i ! L R @.—

- -"‘M"'
Figure 4-43. Boron patrticle in a titanium matrix (CPTi(2)). TIMMCs with 1mass% of nano/micro-

boron particles (hot consolidated at 850°C for 1h)The SEM images are taken by the BSE detector.

The element analysis on a section of the compasis done by EDAX. Since the
EDAX-analysis of light element is not precise, tljgantitative technique has to be
considered as qualitative analysis here. The arealysed are numbered (see in Figure
4-42 (right). The results are listed in the nexbl€ad-24. The signal of the BSE detector
shows the dark region as elements with lower atonass, thus the boron particles are
observed as the black and round features. Impsirdre the boron particles from the
powder, such as Mg, are detected. The next talbevshhe concentration of each
element in three measurement points. The Mg caora the impurities of the nano-
boron particles (see Table 3-10).

Table 4-24. EDAX analysis on the section of TIMMC&om CPTi(2) matrix powder reinforced with
1 mass%of boron particles. (HP at 850° for 1h).

TiIMMCs from CPTi(2) (EDAX analysis)
Spot 1 (white)

Element mass % at %
B 97.99 99.18
Mg 1.63 0.73
Ti 0.38 0.09
Spot 2 (red)

Ti 100 100
Spot 3 (green)

B 36.32 71.65
Ti 63.68 28.35
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TiIMMCs hot consolidated at 850°C for 2h
After the evaluation of the results from the TIMMdager samples with defined boron
concentration were produced. 0.1 and 0.5 mass%rohbwere mixed into a Ti matrix
(from the CPTIi(2) starting powder). The charactien of these larger plates involved
the measurement of density, hardness and chemmablsss. Additionally, mechanical
properties of these composites were measured. 8dudts are shown in the next tables
and figures. Finally a microstructural study of toemposites was done.

- Characterisation of the TIMMCs at room temperat(Rd’)
First, the measurement of the density, hardnesschathical analysis was done. The
results are reported in the next table. The nitnagentent could not be measured for the
specimens from CPTi(2) with 0.5 mass% and 1 mass@@mo-boron particles due to
the same technical problem with the LECO TC 500.tRat reason these values are not
given in the next Table 4-25.

Table 4-25. Results of the characterisation of th@iMMCs with different content (mass%) of

boron. Hot pressed at 850°C.

Matrix powder _ )

Rel. density | Hardness| Oxygen | Nitrogen
boron content

(%) (HV10) (mass%) | (mass%)
(mass%)
CPTi (2)
0 98 281+7 0.60 0.013
0.1 95 287+14 0.82 n.d.
0.5 87 26670 0.80 n.d.
TiH »(4)
0 89 300+6 0.76 0.275
0.1 89 2966 0.94 0.306
0.5 91 310+29 0.95 0.200

As is observed in the previous table, high impuetyels (oxygen and nitrogen mass%)
are observed for the matrix and composites fromy(BiHstarting powder. In general,
with increasing boron content the oxygen conteatdases; this holds for both types of
titanium matrix composites. Lower densification wdzserved for the specimens from
CPTi(2) than from Tik(4) starting powder. One reason for that can bedtfierence
between their sintering behaviour (studied previgisee chapter 3).

The addition of boron particles to the titanium dzhsnatrix results in slightly lower
relative density (%) of the composites from CPTi(R)s confirmed by the SEM images
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where the porosity appears around and on the sudathe boron particles (see the
microstructural study). Although the oxygen contierttigh (approx. 0.8 mass%) for the
composite with 0.5 mass% of boron the hardnesstism high, due to the low density
of this composite. In the case of composites frah,T4), the oxygen levels go up to
0.95 mass%

This content of oxygen influences the hardnesshfese composites in spite of their low
relative density (%). In addition to the densityardness and oxygen analysis,
mechanical properties, flexural and tensile stlengere measured at room temperature
(RT) (see in Table 4-26). Three parallel measurdésnerere made for each bending and
tensile test. The tested specimens from the ptaeitim matrix were not totally broken
due to problems with the tensile testing machine.

Table 4-26. Properties of the TIMMCs with differentboron content (mass%) at room temperature.

Matrix )

Flexural tests Tensile tests
Powder

Flexural Tensile
Boron (mass%) | strength E-modulus € (%) | strength E-modulus € (%)

(GPa) (GPa)

(MPa) (MPa)
CPTi (2)
0 1681+87 | 1001 4.4 n.d. n.d. n.d
0.1 1047+294 935 1.4 437+82 121+3 0.5
0.5 538+31 7045 1 210168 10248 0.3
TiH ; (4)
0 398+34 80+3 0.7 95+24| 95+8 0.1
0.1 409130 7815 0.6 91+54| 84+40 0.2
0.5 638+14 8549 0.9 189+97 131+21 0.4

The TiIMMCs from TiH(4) matrix powder exhibited lower mechanical prajesrsuch
as their elongation (%) because of the higher génolevels (>0.15 mass%) measured.
Also the high oxygen content (> 0.8 mass%) contetuto reduce the mechanical
properties of these TIMMCs.

- Fractographic study
In the next Figure 4-44, the fracture surfaceshef composites are given. These SEM
images were taken by the secondary electron deteBémause the samples from the
pure titanium matrix from CPTi(2) were not broké#me fracture area of the pure matrix
could not be evaluated (only for the tensile test)
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However, the fracture modes observed for the cotg¢SPTi(2) matrix with 0.1 and
0.5mass% of boron) are shown in the next SEM images

FL g SR SR L IR L TG - P
% CPTi(2) matrix + 0.1mass% B
B HP850°C (120min) (RT)

-y - e T

=

Figure 4-44. Study of the fracture surfaces of th&iMMCs from CPTi(2) matrix powder with 0.1

and 0.5 mass%after the measurement of tensile strength at roortemperature. The specimens were
consolidated via HP at 850°C during 120 min.

Additionally, impurity particles were seen on thadture area of these specimens.
Many impurities were also detected in the fractarea for composites from Tit)
matrix powder.

In general, they do not present any ductile faildteconfirms the low values of
elongation obtained after the tensile test at réemperature.

- Characterisation of the TIMMCs at higher temperatur
Additionally, tensile tests were performed at higtemperatures (250° and 450°C). It
was done only for composites made from CPTi(2) mapowder. Two parallel
measurements were made for each type of mater&li(Gure matrix and with 0.1 and
0.5mass% of boron). The specimens tested came thentarger hot pressed plates.
These plates were cut according to the standareérdifon for the tensile test (see in
previous chapter 2). Additional horizontal cuttimgs carried out, too. In case of
samples without reinforcement, a thin layer fromthbsurfaces was removed to
eliminate areas potentially contaminated with O,0NC (see Figure 4-45). These
samples without the oxide layer were tested at 2a68°450°C.

5 T 0 0 e
h‘ |‘

Figure 4-45. Surface layer of the samples from CP{2) powder without reinforcement (from the

tensile pieces 4 and 5) This layer could be oxide simply dirty Ti.
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Then, two specimens of the same composition westedeat 250°C and 450°C. In the
next table, the mean of the ultimate tensile stiergnd the elongation of each
composite are summarised.

The lower values of the mechanical properties eb¢hcomposites are observed at the
high boron concentration (0.5 mass%) in Table 4R2#thermore, the matrix without
reinforcement at 250°C presented marked elongatidso it is observed for the
titanium matrix with 0.1 mass% of nano-boron pé#eticTheir elongation is still very
high.

Table 4-27. Tensile properties of the TIMMCs from ®Ti(2) matrix powder with different boron

content (mass%) at three temperatures.

Tensile test at three temperature (°C)

CPTi(2) matrix | Tensile strength (MPa) Elongation (%)

Boron (mass%) | 20° 250° 450° | 209 250°450°
0 n.d. 306+1 | 213+4 n.d.| 40 13
0.1 437482 331+17| 133+4( 0.5 21 15
0.5 210+68| 485+41 176+2| 0.2 | 4 30

Additionally after the tensile tests, hardness measents (HV30) of specimens tested
at 250° and 450° were carried out on both facetheftensile test bars, to check if
interstitials had been introduced from the punate$aduring hot pressing. Moreover,
the hardness, of one sample of pure titanium mat@PTi(2)) tested at room

temperature, was also measured.

The values of hardness are listed in the next T&l28.

It is observed that the hardness (HV30) of the ispees increases slightly with the
addition of boron. However, there are no differendeetween both faces in all

specimens, i.e. selective pickup of C or N durirg pressing is not probable; at best
integral contamination may have occurred

Table 4-28. Hardness meassurement (HV30) of the spmens from CPTi(2) starting powders

reinforced with 0.1 and 0.5 mass% of boron after tk tensile test.

Sample Hardness (HV30)
CPTiOmass% of B | Partl | Part2 | Part3
RT 291+5 | 28612 | 274+2
250°C 291+6 | 29446
450°C 283+5 | 2806
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Sample Hardness (HV30
CPTi 0.1 mass% of B| Part1 | Part 2
250°C 300+13| 304+13
450°C 302+5 | 29816
CPTi 0.5 mass% of B| Part1 | Part 2
250°C 317+39| 31336
450°C 320+35| 32346

Therefore, chemical analyses for the samples fitoenpure titanium matrix (CPTi(2))
were carried out. In addition to the oxygen conteittogen and carbon concentration
were analysed. The objective of these analyse® idetermine if there are some
important differences between the carbon, nitroget oxygen content in the samples
after the tensile test that might explain the a@utding mechanical properties of the
specimens tested at 250°. During machining of thmpse to standard test bar
dimensions, thin surface layers from some speciméhg faces to the punch surfaces -
were removed. These latter specimens were usdatiddensile test at 250° and 450°C.
Because of that, also the chemical analysis ofobrieese thin layers was carried out.
The oxygen, nitrogen and carbon contents of spewntested at 250° and 450° were
represented in the next Table 4-29.

Table 4-29. Oxygen and nitrogen content of the titsium pure specimens after the tesile test at

different temperatures.

Sample | Oxygen mass% Nitrogen mass% | Carbon mass%
Ti 450°C | 0.47 £0.01 0.013 0.058+0.008
Ti-250°C| 0.45 +0.01 0.014+0.001 0.053+0.006
Ti-RT 0.45 +£0.01 0.014+0.001 0.077+0.010
layer 0.85 +0.00 0.090+0.012 n.d.

As the previous table shows, there are not anyifgignt differences between the

oxygen content of samples tested at room temperaamd 250°C. However, the

nitrogen content is slightly higher for the thiryds removed from the specimens. This
nitrogen could come from the BN (coating necesgar{iP processing).

Thus, by removing a thin layer from the surfacditiium specimens, some nitrogen
could be taken out. The outstanding elongation wlaserved for samples with low

oxygen and carbon content.

However, the differences between the impurity cotsteare not as significant as to
consider them an influence factor in the elongation
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Finally, the next images confirm the outstandingngktion for the titanium matrix
without reinforcement. In Figure 4-46, there is @mparison between the visual
elongation of the specimens tested at 250°C (ligfit vmass%o).

0% 1%at | 0.5%
Figure 4-46. Length after tensile testing of the WMIMCs from CPTi(2) starting matrix powder

reinforced with different boron contents (0%, 0.1%and 0.5%) after tensile test at 250°C

Moreover, an additional comparison between the gsrfpom the same material, pure
titanium matrix from CPTIi(2), tested at differemniperature is showed in the next
Figure 4-47. The numbers 1 to 5 are indicating phevious location in the larger

sample (@100mm). The samples measured at RT coofidb@ broken and also

presented another thickness (samples 1, 2 andh&).samples 4 and 5 were tensile
tested at 250° and 450°C respectively.

2 ‘/;

3

4

6

T i A
s ,

7

ET

Figure 4-47. (left) Samples of CPTi (2) pure matrix after tensile tests at different temperature

(from RT to 450°). (right) Rests of the larger pla¢ after cutting of the samples for tensile test.

- Fractographic study
After the tensile strength tests at elevated temtpezs, the fracture area of the
composites was evaluated. SEM images (see in Figpi®) of these surfaces were
taken in order to study the type of fracture.
On microscopical scale, the fracture mode obsefeedhe composite is principally
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ductile. The dimples shown in the next SEM imagesficmed this. With increasing
boron content, the ductile character of the fractuode decreased (see SEM image for
TIMMCs with 0.5 mass % of boron particles) whileténded to increase at higher
testing temperature.

On macroscopical scale, for the composite with éighoron content the mode of
fracture was brittle because there was no visideiction of the fracture area.

The porosity in addition to the increase of thefi@icement particle content results in
lower ductility of the composite.

¢ CPTi(2) matrix
¥ HPS50°C (120min) (450°C)

PTi(2) matrix + 0.1mass% 5 WSS
PS50°C (120min) (450°C)

CPTi(2) matrix + 0.1mass% B
HP$850°C (120min) (250°C)
f“‘ f

T O

d CPTi(2) matrix + 0.5mass% B g
min) (450°C)

P

| CPTi(2) matrix + 0.5mass% B [
| HPS50°C' (120min) (250°C)

Figure 4-48. Study of the fracture surfaces of theliMMCs after the measurement of tensile
strength at 250° and 450°C. The specimens were colidated via HP at 850°C during 120 min.
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Comparison of relative density and hardness of TiMId produced at the same

temperature and mechanical pressure in differentaghite dies
The use of different graphite matrices for the hmessing tests involves the
manufacturing of specimens with different geomsirien one side square and with
smaller section (13.5 x 13.5 x 4f)ymand on another side larger flat-disc-shaped
specimens (@100mmx5mm). Several of these speciimares the same boron content,
0.1 mass% and 0.5 mass% However, the use of diffgraphite dies and variation of
the hot pressing time (1h or 2h) influences thealfiproperties of the composites.
Although the compaction temperature, mechanicague and the starting powders are
the same for the production of the compositesy tin@l properties change slightly. An
important reason is the distribution of mechanpralssure between the twelve punches
for the samples hot consolidated in the squardieavin Table 4-30 and Table 4-31 the
properties of the specimens with different shapes ¢onsolidated at the same
temperature of 850°C are compared.

Table 4-30. Comparison of the results of the specens from CPTi(2) with different boron content

(mass%) after HP at 850°C during 1h for the smallersquare specimens and 2h for the larger

specimens.

Matrix powder | Type of section of HP die

CPTi (2) 13.4 x 13.4 mm? 100mm @

Boron content | Rel. density Hardness Rel. density Hardness
(mass%) (%) (HV10) | (%) (HV10)
0 98 3073 98 281+7
0.1 97 369+6 95 287114
0.5 96 388+11 | 87 266+70

Table 4-31. Comparison of small and large specimerfsom TiH 5(4) with different boron content

(mass%) after HP at 850°C during 1h for the smallersquare specimens and 2h for the larger

specimens.

Matrix powder | Type of section of HP die

TiH, (4) 13.4x13.4 mm? 100mm @

Boron content | Rel. density Hardness Rel. density Hardness
(mass%) (%) (HV10) | (%) (HV10)
0 94 3057 89 300+6
0.1 95 4058 89 296+6
0.5 98 45816 91 310+29
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The values of relative density and hardness werasared from one sample of each
type of material.

The smaller specimens (13.4x13.4 mm?2) were hot eated for 1h. This time was
increased up to 2h for the larger specimens (@ b@®Bmm). Even when increasing
the holding time for the HP test, the density of thrger samples is lower. For the
larger samples the amount of powder used was arb8ddy vs. 3.5 g employed for the
smaller samples.

The BN coating can affect more the smaller specgnteecause of the larger contact
area in comparison to the larger samples.

The total contact area for the smaller specimerB2&5mni (Ac) and the specimen
volume is 546.75mm(V+). For the larger samples the total area is 1604 (A.) and
the volume is 39250miV1). It means the smaller samples present highey fafV/-.
Because of that, the nitrogen contamination is mprebable for these smaller
specimens. This fact can be the reason of thelrenigardness observed in the previous
Table 4-31.

An inadequate hot compaction could cause the vamiaf the relative density of the
TiIMMCs (larger specimens with 0.5 mass% of borortigias).

Because of that the oxygen and impurities of taeisty powder and the reinforcement
increase the hardness of the material in general.
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4.3.2.2.2 Inductive hot pressing technique (iHP)

Due to the limitation of the specimen geometry Pj the characterisation of the
samples was restricted to measurement of the hesddensity and oxygen content.
Furthermore, a microstructural study completedctigracterisation.

In one inductive hot pressing cycle, two specimares always produced at the same
time, one from the CPTi(2) and the other one froiH,{4) matrix powder with the
different boron particles contents. It is importamtobserve the powder compacts were
prepared in line here (stacked along the axis afdiltg) and not parallel, as in
conventional HP with 12-cavities die. This mearet the pressure is the same for both
compacts.

TiIMMCs were prepared by inductive hot pressingi°@and 900°C for 15 min.

At the beginning of this experimental series, twmperatures were tested, 850° and
900°C. The four boron contents used for via HP alss used for the iHP tests (listed in
Table 4-21). In the following Figure 4-49 the compan between the composites from
the two titanium matrices with varying boron cornterare presented, as is the
temperature used for the hot consolidation of tremosites (850°C and 900°C).

In the next Table 4-32, Archimedes, theoretical aeldtive density in addition to
hardness (HV10) are listed for all the material positions compacted at 900° and
950°C via iHP.

—A-~ |HP at 850°C. (CPTi starting matrix powder)
~—A—iHP at 850°C. (Tikistarting matrix powder)

--®-- iHP at 900°C. (CPTi starting matrix powder)
--®-- iHP at 900°C. (Tikistarting matrix powder)

1,00+ 500+
5\5\\ oom
TemeoT 450+ AR & ]
A ’/A,,,,,,,,,,,,,,,,,,,,,,,,,,:f:::}_té /¥ ! ST L *
< A 1
2> 0,954 = 350]
‘@ > ¢ g .-
S  Bommmmeoomonoooaaes —& L BT B A
° S A A § 3004 /’//’i, A
> o e
3 » - S 250/%
Qo A -
o 0,907 &7~ g
. A 2004
150
0185 T LI LI A L | T T T T LI T 100 T T T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10
Boron (Yoat.) Boron,%wt.

Figure 4-49. Relative density and hardness of theomposites vs. the boron content (massp6The

specimens were hot consolidated via iHP at two terapatures.

Additionally, oxygen and nitrogen analysis was ieatrout for the composites with 1
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mass% of nano-boron particles. These values weoecaimpared to the titanium matrix
values. Higher nitrogen content present in the ispat from TiH(4) with 1 mass% of

nano-boron contributed to increasing up to 450HWi® hardness of the composite.
(Th. Hardness for CPTi grade 4 is 260HV10).
Besides, by increasing the temperature the deasdit of these samples increased up

to 99.5 % (pure CPTi matrix).

Table 4-32. Archimedes and Relative density (measeiment using paraffin) and the hardness of the

composites with different boron content (mass% The specimens were inductive hot pressed
consolidated at 850°C and 900°C for 15 min.

Matrix | Boron Arch. Th. Rel. _
. , , , Hardness | Oxygen | Nitrogen
(IHP content | density Density | density
(HV10) (mass%) | (mass%)
Temp.) | (mass%) | (g/cm3) | (g/cm3) | (%)
0 4.43 4.54 98 255 0.56 0.005
. 0.1 4.39 4.54 97 297 n.d. n.d.
CPTIi(2)
0.3 4.35 4.53 96 301 n.d. n.d.
(850°C)
0.5 441 4.52 97 324 n.d. n.d.
1 4.39 4.50 97 322 1.07 0.007
0 4.10 4.54 90 370 1.26 0.190
. 0.1 4.05 4.54 89 341 n.d. n.d.
TiH »(4)
0.3 4.18 4,53 92 445 n.d. n.d.
(850°C)
0.5 4.19 4.52 93 436 n.d. n.d.
1 4.22 4.50 94 419 2.09 0.160
0 4.52 4.54 100 260 0.57 0.005
_ 0.1 4.50 4.54 99 310 n.d. n.d.
CPTIi(2)
0.3 4.46 4.53 99 323 n.d. n.d.
(900°C)
0.5 4.48 4.52 99 335 n.d. n.d.
1 4.38 4.50 97 340 0.57 0.003
0 4.20 4.54 92 380 0.88 0.158
, 0.1 4.08 4.54 90 344 n.d. n.d.
TiH »(4)
0.3 4.13 4.53 91 430 n.d. n.d.
(900°C)
0.5 4.23 4.52 94 456 n.d. n.d.
1 4.21 4.50 94 450 1.93 0.201
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Comparison of TIMMCs prepared by inductive hot psasg at 850° ,900°C and
950°C for 15 min
Comparing the results of density and hardness memsmts, the increase of the
temperature involves in general an increase indéresity of the composites. Thereby,
the temperature of 950°C was additionally tested.
The composites produced at 950°C via iHP had 04800bmass% boron (see Figure
4-50). In one iHP cycle two samples are producagheone from different titanium
based matrix (CPTi(2) and T).
The Figure 4-50 shows the values of relative dgresiid hardness of the TIMMCs. In
general, the hardness of the composites is slightlyeasing with the temperature.
Strange density values at 900°C were detectedaiticplar for 0.5 mass% of boron. It
could be due to an error occurred during the Areues density measurement.
Slight increase on the hardness values with théiaddf the boron particles is also
seen (see in Table 4-33).

o0 % wt. (Matrix powder CPTi(2))
~-m--- 0.1 % wt. (Matrix powder CPTi
—m— 0.5 % wt. (Matrix powder CPTii

o0 % wt. (Matrix powder Tit{4))
-0 0.1 % wt. (Matrix powder Tik{4;

—o— 0.5 % wt. (Matrix powder Tik{4;
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Figure 4-50. Comparison of the relative density andhardness values vs. the inductive hot pressing
temperature used for the manufacturing of TIMMCs from the CPTi(2) and TiH,(4) matrix powders
with two boron concentration (0.1% and 0.5mass% 50K/min of heating rate and 15min of holding

time.

In the case of the composites from i, they achieve high hardness for the boron
content of 0.5 mass%
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Table 4-33. Archimedes density and hardness of th@tanium composites from CPTi(2) iHP

produced at different temperature. (for all of them50 K/min heating rate and 15 min holding time)

CPTi(2) | Pure metal matrix 0.1mass%of boron 0.5mass%of boron
Matrix

Temp. | Arch. Density| Hardness Arch. density| Hardness Arch. density| Hardness
(°C) (g/cnt) (HV10) | (g/cnT) (HV10) | (g/cn?) (HV10)
850 4.31 255 4.35 297 4.40 324
900 4.32 260 4.43 310 4.28 335
950 4.45 248 4.44 316 4.44 358

Concluding, the specimens from B{#) present higher hardness for all the boron kevel
in spite of their low relative density (see in Tald-34).

This can be due to the high oxygen and nitrogentetctnmeasured, even for the
titanium base without the reinforcement (see inl@db32).

Table 4-34. Archimedes density and hardness of th&tanium composite from TiH(4) iHP

produced at different temperature. ( for all of them 50K/min heating rate and 15min holding time)

TiH 2(4) | Pure metal matrix 0.1mass%of boron 0.5mass%of boron
Matrix

Temp. | Arch. Density| Hardness Arch. density| Hardness Arch. density| Hardness
(°C) (g/cnt) (HV10) | (g/cn?) (HV10) | (g/cnt) (HV10)
850 412 370 4.05 341 4.20 436
900 4.10 380 4.04 344 4.19 456
950 4.21 360 4.23 458 4.20 465

Microstructural study
Finally, the microstructure of several TIMMCs haseb studied. The most
representative images of these TIMMCs are showhamext figure.
Polarised light microscopy was also used for theseokation of the hcpo-Ti.
Comparing the matrices from CPTi(2) and Tit#}) powders, the grain size for the
composite from CPTi(2) could be observed and tlmientation studied, on the
contrary, the microstructures of the other matriHG(4)) does not manifest any
specific orientation.
Similar particles from the metallographic prepamatiwere also detected (sand and
polishing media)
High concentrations of hydrogen could cause théilstation of 3-phase at room

140



Chapter 4 Experimental work

temperature in spite of significant content of ostygand nitrogen as alpha stabilizing
elements [15, 16].

In particularly for composites from TgHnatrix powder, the hydrogen concentration can
be more significant. The presence of [3 phase (loedyred cubic structure) is more
evident for the composites from TiK4) powder (see previous results of iHP in Table
4-15).

In previous study of hot consolidation via iHP béttwo type titanium based powder,
the concentrations of hydrogen in specimens froi, 4) were considerable (range
from 0.5 at iHP temperature 1100° to 0.9 mass%9@%@ ) compared to of specimens
from CPTIi(2) (<0.2mass% at iHP temperature 800°C).

The alpha phase (hcp) and beta phase (bcc) caistbegdished. In this way, by the use
of polarised light the orientation of alpha phase be seen; in contrast the beta phase
can not be detected visually.

On base of that, the specimen from CPTi(2) thatgted lower hydrogen content,
showed a differentiable alpha phase (by the ugpmlafrised light).

For that reason the hardness, of the composites Tibl,(4) starting powder, is higher
than in the composites from CPTi(2) matrix powdeFge nitrogen and hydrogen
contents increase the hardness of the composites.

Additionally, the same distribution of the boronrtpdes in the titanium based matrix
observed for the TIMMCs produced via convention& id also seen in the previous
images of the composites produced through iHP.

Furthermore, the addition of boron particles antteasing their content in the matrix
resulted qualitative in lower grain size, which fevourable for the mechanical
properties. However at higher boron concentratibnmass%), the oxygen content
increases (1.93 mass% of oxygen for the composiben fTiHx(4) matrix hot
consolidated at 900°C for 15 min) and also somegity is observed around the boron
particles. This can be also observed for the comgmproduced through inductive hot
pressing (see Figure 4-51). As examples in the Rigkire 4-51, some pores around and
at the surface of the boron particles are obserkkandeans, the increase of the boron
content can reduce the density of the compositen évthis composite is fabricated at
higher temperature as e.g. 950°C. The EDAX analgpi®s some approximate
chemical information about the boron particle ie tlanium matrix.( see Figure 4-52.
Qualitative line profiles of Ti, B and Mg detecteg EDAX analysis on a boron particle
in the titanium matrix (produced from CPTi(2)) iH® 850°C (15min holding time)).
Definitely, boron reinforcement is not “nano-reirdement” sincé micro-particles are
observed. This also shows and confirms that somenhmarticles have a certain amount
of impurities (Mg). Such impurity came from the oamoron particles (it was observed
previously in Figure 3-14).
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Porostty

Porosity

by

TiH,(4) matrix + 0.5%wt.Boron
Sum iHP at 950°C (15min)

Figure 4-51. SEM image (BSE) of boron particles ima titanium based matrix (from TiH »(4)
powder) produced through inductive hot pressing aB50°C during 15min.

Visually, there was no reaction between the titaniumatrix and the boron
reinforcement (this EDAX analysis was used as tptale method for chemical
information about the boron particle in the titamimatrix.).

Figure 4-52. Qualitative line profiles of Ti, B and Mg detected by EDAX analysis on a boron
particle in the titanium matrix (produced from CPTi (2)) iHP at 850°C (15min holding time)

Finally, a comparison between the microstructurethed different specimens from
CPTi(2) and TiH(4) stating powder consolidated at different iHPnhditions are
illustrated in the next Figure 4-53. Moreover, thBuence of the nano-boron addition
on the microstructure of the specimens can be apgbeel. There are important
differences between the microstructures. Samptas £PTi(2) matrix powder showed
a defined grain (alpha phase). However, for speegfiemm TiH(4) matrix powder, the
grain cannot be seen.

The light polarised microscope can be used to ifyemisually the type of titanium
based matrix used for the manufacturing of the Ti®BVI

Moreover, the decrease of the densification is alsserved at 1 mass% of nano-boron
particle.

In general for all the composites, the larger sizihe boron particles can found.

The impurities from metallographic preparation wat@ays present as SiC particles.
After an intense cleaning of the cross section, ithpurities were still present. The
efforts to eliminate such impurities did not giveyappreciable result.
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Figure 4-53. Microstructure of titanium and titaniu m matrix composites reinforced with 1 mass%

boron produced by inductive hot pressing (iHP) at dferent temperatures (15 min holding time and

50 K/min heating rate).

iHP
Temp. | Titanium based matrix
()
850
850
900
900
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4.3.2.2.3 Comparison of conventional and inductive hot pmgsiresults and
discussion

First a comparison of the values of density anditess takes place as well as of the
oxygen and nitrogen content of few TIMMCs. Conchglia microstructural study of
several specimens is carried out.

A comparison of the relative density and hardnessm the samples prepared at

the same hot pressing temperature
Considering the previous values of density and resd of the TIMMCs, several
comparisons of them were made. The reference péeawas the temperature of the
hot consolidation process.
In both hot pressing processes, the temperatuid beuproperly varied. In contrast, the
compaction pressure and vacuum conditions were segpoby the hot pressing
equipment (see Table 4-21). The processing time sesfor each manufacturing
technique in accordance with previous experimdntshe next Figure 4-54 and Table
4-35, the relative density (%) and hardness (H\&EMies of TIMMCs produced using
the two hot consolidation processes at 850°C avevstand listed. The different boron
contents used were reported in the previous Tal@@. & he holding time, heating rate
and vacuum levels have been specified previouslgdoh process (see in Table 4 19).

—=— CPTi matrix powder (Conventional +
—— TiH, matrix powder (Conventional HP)

A CPTi matrix powder (Inductive HP) 500

- v TiH, matrix powder (Inductive HP)
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Figure 4-54. Relative density and hardness of thepscimens after the consolidation by HP

(time=60min) and iHP (time=15min) at 850°C.

The previous values of relative density (%) anddhass (HV10) are also listed in the
next Table 4-35.
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Table 4-35. Relative density (%) and hardness (HVJ®f the TIMMCs reinforced with the different

boron contents, hot consolidated through conventiacal HP and inductive HP, respectively, at the

same temperature (850°C).

HP850°C (60min) (10 K/min)

iHP850°C (15min) (50K/min)

Matrix +boron (mass%) , Hardness , Hardness

Rel.density (%) Rel.density (%)

(HV10) (HV10)

CPTi(2)+ boron (mass%)
0 98.02 264 97.48 255
0.1 97.24 308 96.75 297
0.3 96.87 310 96.00 301
0.5 96.29 361 97.44 324
1 96.09 309 97.39 322
TiH 2(4)+ boron (mass%
0 95.18 305 90.32 370
0.1 91.60 405 89.20 341
0.3 93.41 451 92.28 445
0.5 94.33 458 92.69 436
1 95.95 478 93.62 419

Chemical analysis:

Oxygen and nitrogen content were analyzed for sévgpecimens, titanium based
matrices without reinforcement materials and conipssvith higher boron content.
The results of the chemical analysis of the titaminased matrices are listed in Table

4-36.

The high nitrogen content observed was for specsnisym TiH; (4) matrix powder.
This high nitrogen content was detected previotmiyhis type of starting powder.

Also the BN from the iHP die coating can contribtdgesuch increased nitrogen content,
although the main contribution came from the stgrtnatrix powder (min. 0.1 mass%).
For that reason, the specimens from CPTi(2) maiixder did not manifest high levels
of nitrogen since there was not appreciable nitnogethe matrix powder (max 0.003
mass%) and after the iHP consolidation the conagatr of nitrogen was constant
(0.005 mass% at 850° and 900°) and insignificamipawed to the specimens from

TiH,.
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Table 4-36. Oxygen and Nitrogen content of the twditanium matrices (CPTi(2) and TiHx(4)

consolidated using HP and iHP processes at differenonditions.

HP800°C HP850°C iHP850°C iHP900°C
Matrix | (60min) (60min) (15min) (15min)
powder | Oxygen | Nitrogen Oxygen | Nitrogen| Oxygen | Nitrogen Oxygen | Nitrogen
(mass%) (mass%)| (mass%) (mass%) (mass%) (mass%) (mass%) (mass%)
CPTi (2) | 0.66 0.032 0.52 n.d. 0.56 0.005 0.571 0.005
TiH,(4)  0.81 0.076 0.77 n.d. n.d. 0.191 0.878 0.158

Secondly, the oxygen content of the TIMMCs fabrecaat 850°C via HP during 60 min
was analysed. The results of the chemical anatysiompared in the next Table 4-37.
The boron content (mass%) was 0.1 mass% and 0 &fnas

Table 4-37. Oxygen content of the TIMMCs with 0.1 mss% and 0.5 mass%of boron. These

TiIMMCs were fabricated via HP at 850°C (time=60min;pressure=30MPa; vacuum=10mbar).

) _ | Boron content (mass%)
Starting powder | Pure Matrix
0.1mass% | 0.5mass%
Oxygen (mass%)
CPTIi(2) 0.515 0.82 0.63
TiH 2 (4) 0.768 1.46 1.62

Microstructures
Finally a representative comparison of microstrteguwas done for the titanium
composite reinforced with the boron particles (hass%) and consolidated by hot
pressing, conventional (HP) or inductive (iHP).
Some impurities (SiC particles) from the metallqyia preparation (after polishing)
are seen in general on the surface of all theititarspecimens.
The microstructure of the composites from CPTi(®)dpiced by different process and
conditions presents similar grain sizes (apprdxgwever for the composites from the
other matrix powder (Tik{(4)) significant differences between the microsinoes of
composites produced via HP and iHP were shown.eldggerent microstructures can
be caused by different concentrations of inteadtitiin the titanium matrix.
Considerable hydrogen, in addition to high nitrogemd oxygen content from the
starting powder, marked important difference betwtee samples from each grade of
starting powder.
In particular, residual hydrogen had more significafluence on the microstructure of
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the specimens from (Tg#4)) matrix powder.

Because nitrogen was always present in the sanfpbes this powder (Tik(4)),
nitrogen would affect in the same way all the sas{from the same powder since it
came from the starting powder). For that reasomittegen was not mainly responsible
for the different microstructures of samples fréra same starting powder (Ti4)).
However there was a marked difference between hotltonsolidation processes (HP
and iHP); it was the process time

The hydrogen from the starting powder (3{#)did not have enough time to react and
leave the titanium matrix during the short timakdP process (max.15min). the time of
the conventional hot pressing cycle, in contrasds wufficiently long to reduce the
hydrogen content from the titanium matrix. This po@enon was also observed for the
study of the titanium matrices iHP compacted aedént iHP temperatures (nextFigure
4-55).

Figure 4-55. Microstructures of TiIMMCs reinforced with 0.1mass% of boron particles and hot
pressed via conventional hot pressing (HP) and indtive hot pressing (iHP) at different

temperatures (°C).

Process and _ _
. CPTi (2) + 0.1mass%Boron TiH2(4) + 0.1mass%Boron
Temp.(°C)
HP 800°
(60min)
HP 850°
(60min)
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iHP 850°
(15min)
iHP 900°
(15min)
iHP 950°
(15min)

Intermediate Conclusion

High nitrogen and oxygen content from the starpogvder (TiH(4)) decreases
the mechanical properties of the composite material

Impurities from the reinforcement material (nanodvoparticles) are detected in
the final composites.

The addition of boron particle decreases the deasidbn and increases the
oxygen in the TIMMCs, not improving their mechanipeoperties.

Outstanding properties of the CPTi matrix at eledaemperature are observed,
the reason for this large difference to room terapuge is however not clear.

The use of different graphite dies at the samegssing parameters influences
the final properties of the composites.
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4.3.3 TIMMCs reinforced with Carbon nano fibres (CNFs)

4.3.3.1 Manufacturing processes

Due to their geometry, the CNFs as nano-reinforcenpeesent problems regarding
uniform dispersion in the matrix. In previous workwas observed that there was an
agglomeration of the reinforcement. From the beggrof the use of this type of
reinforcement, the CNFs are heavy agglomeratedancdhot easily be deagglomerated.
In spite of these agglomeration problems, CNFshosvn as outstanding reinforcement
material, for that reason it was also tested is pinesent work.

The homogeneous distribution of the CNFs in theaimetatrix is a very important
factor to achieve the desired level of mechanicaperties in the composite. For that
reason, the optimisation of the mixing process wasdatory at the beginning of the
experimental work with CNFs. For that, the pregaraand evaluation of four mixing
procedures using different processing conditions wane at the beginning of this
section.

Manufacturing of the titanium composites reinfordBdCNFs is described in the next
Figure 4-56 and Figure 4-57. Firstly, the Figur&&ishows the optimisation of the
mixing stage.

Optimization of the mixing parameters <ﬂ

ﬁ Conventional Characterization
Matrix powders Mixing . of the TIMMCs
) Timeawm [T)  HotPressing  [ZT)
1 1 ball
CPTi (2) / TiH,(4) o b ”a © (850°C, 30MPa, 1h, &

(Zr0, balls) 10°C/min, 10mbar) Results evaluation

Reinforcement
CNFs

(5%vol. / 2%wt.)

Figure 4-56. Manufacturing flow sheet of the titanim matrices reinforced with carbon nano-fibers

(CNFs) via conventional hot pressing (HP). The mirig process was optimised.

Figure 4-57 shows the manufacturing of the TiMM@snforced with CNFs and
fabricated by iHP.The optimised parameter; miximget and amount of the ceramic
balls (Myais) were also reported.

149



Chapter 4 Experimental work

Inductive Characterization

- Mixing .
Matrix powders Hot Pressing of the TIMMCs
_ _ :: M (16h & Zr0, balls I:> _ I:>
CPTi (2) / TiH,(4) 10:1 ratio) (50MPa, 50°C/min, 1@mba) &
Temp.: 850°/900°/950°C _
T r Time: 15min./5min. Results evaluation

Reinforcement ﬁ ﬂ

OINES Optimisation of the manufacturing parameters
(5%vol. / 2%wt.)

Figure 4-57. Manufacturing flow sheet of the titanum matrices reinforced by carbon nano-fibers
(CNFs) consolidated via inductive hot pressing (iHP The inductive hot pressing parameters were

optimised (Ball:Powder ratio is 10:1)

Powder Preparation
In the first manufacturing stage, mixing of the m®w took place. The amount of 2
mass% (5 vol.%) of CNFs was added to each titanhased matrix powder as
reinforcement.
By varying the time and the mass ratio balls-stgrtpowder (MaidM powded(S€E N
Table 4-38), the first optimisation of mixing wasrformed. The mixing balls were the
same type as employed for the Ti-nanoboron mixA&igo the solvent (cyclohexane)
was necessary. Furthermore, this stage was dahe same “Sintris mixer”. The slurry
(titanium based powders and CNFs in solvent) wasddfor 12 hours. Next, the
mixtures were again blended for 30 min withoutd¢beamic balls. This second blending
of the powders was carried out in order to elinenthie small cluster of dried powders
observed principally for the Tuf4). Finally, the powders were ready to be
consolidated; firstly this was done via conventioH®. After hot consolidation, the
specimens were characterised. The results of tlaisacterisation were decisive to select
the most appropriate mixing procedure. The begtedsson of the CNFs in the titanium
matrix was related to high density values. In aaisagglomerated nano fibres, porosity
due to the clusters was observed.

Table 4-38. Different combinations of mixing time ad amount of ceramic balls.

Weight ratio Mixing time (h)
10:1 16

51 16

51 8

51 32

Thereafter, the optimised mixing procedure was ufmdthe manufacturing via
inductive hot pressing of this type of TIMMCs.
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The parameters employed to produce the composiegramixture were:

- The optimal mixing time was6h

- The weight ratio of the ceramic balls wi1 (ball/powder ratio). It means that for 10
g of powders mixture, 100 g of ceramic balls areessary.

Hot Consolidation
For the fabrication of the titanium composites f@ioed with Carbon nano-fibres
(CNFs) both conventional and inductive hot pressaafpniques were employed.

- Conventional Hot Pressing:
This technique was first used to fabricate compgsitom the four different mixtures.
The graphite die used and its preparation for tReté$t was previously described in the
chapter 2 and was also used for the fabrication of the ititanmatrices reinforced with
nano/micro boron particles (see Figure 4-35).
There was the similar problem of load distributibnthis case the two starting powders
were reinforced with the same content of CNF (2%vol
To reduce this phenomenon the die preparation \wased out by filling in the way
described in the next Figure 4-58, the filling hei¢pr consolidation of TIMMCs from
TiH2(4) matrix powder being (h and from CPTi(2) (). After the hot pressing, 12
samples were produced (approx. dimensions 13.5x4M57).

Figure 4-58. Load distribution for 12-cavities graphite die by hot pressing technique for the

manufacturing of TIMMCs reinforced with 2%vol.

- Inductive Hot Pressing:
The composites were fabricated by iHP from thermatimixing. The temperature and
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the holding time of the inductive hot pressing gsxwere varied. Their effects on the
final properties and microstructures of the speasngere evaluated and studied.

The next Table 4-39 shows the processing parameterployed during each
manufacturing process.

The values of hot compaction pressure and vacuure Weeed for the whole tests in
both methods. The holding time was set accordinipéctechnique employed (60 min
for HP and 15 min for iHP).

Table 4-39. Conventional and Inductive Hot Pressingparameters. for the manufacturing of

titanium based composites with CNFs.

. _ Heating
Hot Pressing| Temperature | Holding rate Pressure | Vacuum
Process (°C) time (min) i (MPa) (mbar)
(K/min)
Conventional )
850 60 10 30 16
HP
850 15 50 50 10
Inductive HP | 900 15 50 50 10
950 15 |5 50 50 10

4.3.3.2 Characterisation of the samples and discussions

After both consolidation processes, the sampleg wamoved from the die. Following,
they were characterized.

Moreover, possible reactions between the CNFs hadtitanium based matrix were
evaluated by XRD analysis. Finally, the microstmnat study of the TIMMCs was
done.

4.3.3.2.1 Hot pressing technique (HP)

- Density and hardness
The results of the density measurement (Archimebsity using the spray “water-
stop”) and hardness (HV10) were compared in Figus® and listed in Table 4-40.
The density of the specimens from }¢#) is slightly higher than the density for
TIMMCs from CPTIi(2). The reason of that could be tfifferent load during the HP
processing. The punches to compact the TIMMCs fioHy(4) received a little more
load, thus the densification of these specimesBghtly better.
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6,042 CPTi matrix powder

5,51 TiH, matrix powder 45022 CPTi matrix powder
5.0 Y TiH, matrix powder
"1 Denity of Ti with 2%wt. of CNFs a0~
350 § §
%\ g 300_ - Hardness of titanium (HV1O
S Z 25014 N A
- ]
%’ 2 2004
c 5 1
[¢]
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) % |
1004
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| 0
Mixing time and weight ratio 'Mixing time and weight ratio
(mixing ceramic balls:mixed powder) (mixing ceramic balls:mixed powder)

Figure 4-59. Arch. Density and hardness (HV10) ofhe TiIMMCs produced after HP (850°C, 1h at

30MPa) vs. the different mixing procedures

The oxygen content of the specimens from the firiging procedure (16h and 10:1) is
also reported in the next Table 4-40.

In general, the higher hardness value of the coitgoé®m TiHx(4) matrix is closely
related to the high oxygen and nitrogen content.

Table 4-40. Density and hardness (HV10) of composi with 2 mass%of CNFs prepared by
different mixing procedures and produced via HP (tle theoretical density used for the calculation

of the relative density is 4.51g/cm3).

M'X'“g, CPTi(2) matrix + 2 mass% CNFs | TiH »(4) matrix + 2 mass%CNFs
Conditions

time; Rel. density| Hardness| Oxygen | Arch. density] Hardness Oxygen
M paiis/ M powder | (%0) (HV10) | (mass%)| (g/cm?) (HV10) | (mass%)
16h; 10:1 95.57 280 0.75 98.62 356 1.14
8h; 5:1 93.31 218 n.d. 97.09 358 n.d.
16h; 5:1 89.76 278 n.d. 95.25 299 n.d.
32h; 5:1 97.26 277 n.d. 97.30 355 n.d.

- Microstructural study
This representative study of the microstructureaddition to the previous results of
density and hardness contributed to the selectfoancoptimal mixing procedure to
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prepare further mixture of the powders.

Thus, these mixtures are going to be used for theufiacturing of the TIMMCs via
inductive hot pressing.

The next figure shows the different microstructuoéshe TiIMMCs reinforced with 2
mass% of CNFs. The suitable dispersion of the CNEes both titanium matrices is
observed for the specimens from the mixture camigdduring 16h and using 100g of
ceramics balls for 10g of powder.

Also the dispersion of the CNFs after 32h of mixtilge is acceptable; however it is
not economical since the results of density andress are more or less similar to the
values obtained after the mixing during 16h witlfdd.0(More mixing time is more cost
for the production of materials with similar aggleration and properties). Thus having
similar results, the short time is always favouealtor that reason 16h is an optimal
time for the mixture preparation.

In the next figure different sections of specimeampacted via HP at 850°C for 1h in
vacuum are illustrated. These specimens come friffareht mixing routes but the
composition of CNFs was the same in all of them.

Observing the next figure, the image of the spenirftem the powder mixed during
32h (5:1) presented the better distribution of CNFs

Only the section image showed better propertiethisfspecimens because the density
and hardness measured were very similar to theilspes mixed for 16h and with
double ball weight (10:1).Then, considering thediignas a selection factor, the further
mixing runs were carried out during 16h and usi@d las weight ratio (INisM powde)-
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Figure 4-60. Representative microstructure study (galitatively) of the TIMMCs reinforced with
the content of CNFs (2 mass%which powder mixing is carried out during different time (h) and

weight of ceramic balls (g).

Mixing time
and
ball weight CPTi (2) + 2mass%NFs TiH2 (4) + 2mass%NFs
for 5g of power
mixture

1) 16h
100g balls

2) 8h
50g balls

3) 16h
50g balls

4) 32h
50g balls
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Additionally, the next Figure 4-61 confirms the &eince of pores in the place where
the CNFs are agglomerated.

A interesting question could be if the pores obsérare really pores or parts of the
CNF clusters that had been removed during polishirfge density was calculated
before the metallographic preparation, for thasogathis porosity would not affect the
values of density previously reported.

CPTi(2) Matrix + 2%wt. CNFs
(16h mixing time with 100g balls/10g mixture)

Figure 4-61. SEM image of the topography (SE2) ofhe TiIMMCs from CPTi(2) matrix powder
reinforced with 2 mass% of CNFs. The powder preparation was 16h mixing tira and using 100g of

ceramics balls/ 10g of powders mixture; hot consalated via HP at 850°C for 1h.

Additionally in the next Figure 4-62, a CNF aggloaten is seen. These CNFs lay in a
crater observed previously on the section of th®IMCs from CPTi(2) matrix
reinforced with 2 mass% of CNFs.

Figure 4-62. CNFs agglomeration in a titanium matrk after hot pressing (HP at 850°C).

4.3.3.2.2 Inductive hot pressing technique (iHP)

- Density, hardness and oxygen content
The density (Archimedes density using the spraytéwatop”) and hardness (HV10)
are reported in the Figure 4-63.
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Figure 4-63. Arch. Density and hardness (HV10) ohie TIMMCs produced by iHP (in high vacuum

10°mbar at 50 MPa) vs. the different processing paranters.

Next, oxygen content, density and hardness of tmeposites manufactured at 950°C
are shown in Figure 4-64.

g ] B Density (g/cm?)
I 400+ [1Hardness (HV10) — ]
? 350~ —
S ] ] Hard HV10) of CPTi
53004 || (] Hardness (HV10) of CPT
<
T 2504
200 Denity of CPT
E 24 N N N N
E e{: 3_
2 £ 24
g > 14
X
ol O
0 T I T T
5min 15min 5min 15min
CPTi powder TiH, powder

Figure 4-64. Oxygen content, hardness and densityf the TIMMCs produced via inductive hot

pressing (iHP) at different manufacturing conditions (at heating rate 50 K/min, temperature 950°C

and high vacuum).
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To summarise the previous comparison, in the nakt€l4-41 the values of the density,
hardness and oxygen content of the TIMMCs arediste

Table 4-41. Density and hardness (HV10) for the coposites with 2 mass%of CNFs produced via
iHP. (the theoretical density taken as 4.51g/cm3).

Mixture iIHP Temp. | iHPtime | Rel. density | Hardness | Oxygen
(°C) (min) (%) (HV10) (mass%)
850° 15 89 307 0.57
CPTIi(2) 900° 15 96 343 n.d.
+2mass%CNF | 950° 15 98 321 0.63
950° 5 97 348 0.70
850° 15 92 403 1.54
TiH »(4) 900° 15 95 406 n.d.
+2mass%CNF| 950° 15 96 409 1.22
950° 5 94 397 1.20

The composites from Tiid) matrix powder always present the higher oxygemtent
that involves higher hardness values for these ositgs in spite of their lower relative
density.

Increasing temperature lowers this high oxygen emnfor this type of composites.
Although the short time of iHP cycle doesn't affetie oxygen content for the
composites from Tik{4), in the case of the other specimens from CHTI@ influence
of the time is slightly noticeable. These differeaavere not significant.

- Microstructure study
In the microstructures of the composites, diffeemnbetween the composite from each
matrix powder were detected.
However, the appearance of clusters of CNFs wasrebd for both titanium matrices
(see in Fehler! Verweisquelle konnte nicht gefunden werdel, which is a
consequence of the mixing problems well known filoMFs. Even after the improving
of this mixing procedure these agglomerates ane.see
Another phenomenon, which all the titanium commssghowed, was the existence of
dark regions. It was more significant on the boroethe CNFs agglomerates (Figure
4-66). Also, the influence of the holding time atied the formation of these dark
regions.
In the next figure, the section microstructureshef different specimens are illustrated
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and compared.

iHP CPTi (2) + 2mass%CNFs TiH, (4) + 2mass%UCNFs

4 » . : =

at
950°C
for
5min

at
950°C
for
15min

Figure 4-65. Microstructures of the TIMMCs from the CPTi(2) and TiH,(4) matrix with 2 mass%
of CNFs, produced via iHP at 950°C varying the holiehg time 5min and 15min. (SEM images by
BSE detector)

In the next Figure 4-66 a cluster of CNFs locatedaititanium matrix (CPTi(2)) is
shown.

Figure 4-66. SEM image of a cluster of CNFs in thitanium composite from CPTi(2) matrix with 2
mass% of CNFs (hot pressing at 950°C and 50MPa for 5miim high vacuum).
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- XRD analysis
Observing the previous microstructure images (Bekler! Verweisquelle konnte
nicht gefunden werden), the dark regions could be the result of reastioetween the
matrix and the carbon based reinforcement. In oi@@heck the existence of titanium
carbides [59], XRD analysis of several compositas done (see Figure 4-67).

4000-TP O=Ti (44-1294)
] Ti=TIXO (polypropylen foil)
3500+ G:Cgraphite(8-415)
3000
25004

(Counts

2000 Wﬁw at 950°C & 5min
15004 (CPTi) at 950°C & 5min

TI(C,N) 42-1494TiH ) at 950°C & 15min

1000,

. (TiH,) at 900°C & 15min
R T Y\ T O 2

500+

(TiH,) at 850°C & 15min
0

T T T T T T T T T T T T T T T T T T T T T 1
25 30 35 40 4 50 55 60 65 70 75 80
Figure 4-67. XR diffraction patterns of all the conposites from TiH, and one composite from CPTi

matrix compacted by iHP at maximum temperature forsmin. (20)

Thus it was found that in case of composites frakh, ot pressed at 950°C for 15min,
some TiC or TiN has been formed [100]. Here, thespnce of nitrogen from the
starting powder Tik{4) was evident. There was some reaction betweertitinium
matrix and the nitrogen at high temperature (95@@)ng 15min. Also it could be due
to the reaction between the Ti matrix and bororridet coatings. However, the
investigations were carried out on the sectionthat case the influence of the BN
coating was not appreciable. At the same tempeardiut for 5min of holding time, in
contrast, there was no signal of such reactions.

4.3.3.2.3 Comparison of conventional and inductive hot pregsi

- Hardness values and chemical analyses
In the next Table 4-42 the values of hardness agdem and nitrogen content are listed
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for the TIMMCs produced via HP and iHP at differ@nbcessing conditions. For all of
these titanium composites, the mixing parameterd@yad were 16 h and 10:1 ratio.

Table 4-42. Comparison of the properties of the TiMICs manufactured at different processing

conditions.
i Parameters Oxygen | Nitrogen | Hardness
Matrix  |Process ,
(Temp.; time) (mass%) | (mass%) | (HV10. +10)

CPTi (2)  HP 850°C; 60min. 0.75 0.02 278
CPTi (2) | IHP 850°C;15min 0.57 0.01 307
CPTi (2) | IHP 950°C; 15min. 0.63 0.02 321
CPTi (2) | iIHP 950°C; 5min. 0.70 0.02 348
TiH,(4) HP 850°C; 60min. 1.14 0.13 299
TiH, (4) | iHP 850°C; 15min. 1.54 0.17 409
TiH,(4) | IHP 950°C; 15min. 1.22 0.15 406
TiH,(4) | IHP 950°C; 5min. 1.20 0.15 397

The specimens from CPTi(2) presented lower valuesxygen content. Also the
nitrogen concentration are lower than the conceatrgnitrogen mass%) for specimens
from TiH; (4). It is normal considering the elevated lewasitrogen measured for this
starting powder.

An interesting increase of the nitrogen concerdrats observed for the specimens from
CPTi(2) in comparison to the lower contents detkatethe starting powder (CPTi(2)
max. 0.002 mass%).

This increase can be due to the hot consolidatioocgsses since powders are directly in
contact with the BN coating. However, there wasappreciable reaction between CPTi
and BN in a similar range as that between,TaiHd BN. Also, the high N level comes
from the starting powder.

- Microstructure study
In the next figure a representative microstructomparison of titanium matrices from
both starting powders (CPTi(2) and T{d)) reinforced with 2 mass% of CNFs is
shown. Additionally, the processing parametersatse reported.
The same clusters are seen for both types of catepasonsolidated through HP and
IHP. It means an optimal dispersion allows a reidacof the porosity. However it is
very difficult to achieve such optimal dispersion.
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Starting matrix powder with 2%vol of CNFs
CPTi TiH2

T,°C

n.d.

850
HP
60min

850
iHP
15min

900
iHP
15min

950
iHP
5min

Figure 4-68. Representative microstructures of thdiMMCs from the CPTi(2) and TiH »(4) matrix
with 2 mass% of CNFs, produced via HP and iHP varyig the temperature and holding time 5min
and 15min. (SEM images by BSE detector)
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Intermediate Conclusions

In general, the main problem is the agglomeratibthe reinforcement material
(CNFs). Clusters of CNFs are observed on all tke@eof specimens produced
Further improvement in the dispersion of CNFs mtiitanium based matrix can
improve the mechanical properties of the composégs better densification
Reaction of CNFs with the titanium from the matisx observed at higher
temperatures (up to 900°C)

There is an additional effect on the densificatbrthe TIMMCs because of the
use of 12-cavities.
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4.3.4 TIMMCs reinforced with Nanodiamond particles (NDs)

4.3.4.1 Manufacturing processes

In the manufacturing process of titanium based icegrreinforced with nanodiamond
particles, all the three fabrication techniquesememployed. As starting titanium based
powder CPTi (2) was always used. Because of the ¢tsggen and nitrogen in addition
to possible residual hydrogen, the Fi#) powder was not used for all these three
processes. Only for the first manufacturing pro¢esB), this TiH(4) was employed as
matrix powder. The reason was the chronology of té&. The first fabrication
technique used was iHP. The decision to use onlyi@) was taken after several
evaluations of characterisation results.

These three manufacturing techniques are repraesamtéhe next diagrams (see from
Figure 4-69 to Figure 4-71). Firstly, the produntiof the TIMMCs via inductive hot
pressing was done (see Figure 4-69).

Inductive Characterization
Matrix powders ixi . ;
p Mixing Hot Pressing - of the TIMMCs
CPTi (2) / TiH,(4) l (12h and ZrO, balls) I (900°/950°C, 50MPa. 15min, &
50°C/min, 16°mbar) Results evaluation
) | |
A Nano A Manufacturing parameters optimization |
-~ -Diamonds:~
(0% 28150t

Figure 4-69. Manufacturing flow sheet of the titanim matrices reinforced by nano-diamond

particles (NDs(1)) via inductive hot pressing.

The mixing time was increased to 12h in order trione the dispersion of the
nanodiamonds in the titanium matrix. In the secand third tests, only the titanium
matrix powder CPTi(2) was employed, and the conténtano diamond particles was
fixed to 1.8 vol% (1.43 mass%) (see Figure 4-70figdre 4-71).

| Optimal Manufacturing Parameters |

Sintering Characterization
Matrix powder MIXIng COId'PreSSing (2h and - of the TIMMCs
CPTi (2) (12h and 1O, (580MPa) 1250°/1300°C &
105mbar ) Results evaluation

1 |

| Manufacturing parameters optimization |

Figure 4-70. Manufacturing flow sheet for conventioal cold-pressing and sintering of the TIMMCs

(CPTIi(2)) reinforced by nano-diamond particles (NDE2)).

164



Chapter 4 Experimental work

In the conventional hot pressing all the processiiagameters used were already
optimised.

| Optimal Manufacturing Parameters |

Conventional Characterization
Matrix powders iXi . i
p I Mixing P Hot Pressing -‘ of the TIMMCs
CPTi (2) (12h and ZrO, balls) (900°C, 30MPa, 2h, &
i 10°C/min, 10* mbar) Results evaluation

[ Reirforcement-
NARGDAMORGS

Figure 4-71. Manufacturing flow sheet for conventioal hot pressing of TiIMMCs (CPTi(2))

reinforced by nano-diamond particles (NDs(2)) via.

Powder preparation
This stage can be divided into two subparts acogrth the chronology of the tests and
also considering the starting materials used femtlanufacturing of the TIMMCs.
Firstly two starting titanium based powders werstad (CPTi(2) and Tik{4)) in
addition to the first nano-diamond powder (NDs(bydered. The results of the
characterisation were decisive to carry out thewotivo manufacturing processes. Only
one titanium starting powder (CPTi(2)) was usednarix powder and new nano-
diamond (NDs(2)) powder had to be ordered dued@tior quality of the first one.

- Reinforced matrices from CPTIi(2) and T(#) powders with NDs(1):
First, different NDs contents were added to eactrirnpowder (see in Table 4-43).

Table 4-43. Contents of nano diamond particles (NDsused as reinforcement for the fabrication of
TiMMCs

Reinforcement content into the matrix

mass% 0.00 0.14 0.70 1.40 2.81

%vol. 0.00 0.18 0.90 1.80 3.60

The nanodiamond particles used at the beginninge viédds from the supplier (1)
(NDs(1)). The addition of this reinforcement and trowder preparation of the different
mixtures were carried out in the same way as dasgnn the previous chapter. These
different mixtures were prepared to fabricate th®IMCs by way of inductive hot
pressing.
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After the chemical analysis of this NDs(1), its lhigxygen content was revealed.
Thereatfter, just in these first test series thissfp was used. A new supplier of nano
diamond patrticles with lower oxygen and impurityntent was searched for.

In the second and third experimental series, tleeofi®ne titanium matrix powder was
employed.

The decision to use CPTi (2) and not the ;[4) was due to the higher oxygen and
nitrogen content in composites from () observed in previous composites from this
powder.

In this second and third part, the main objectias whe evaluation of the mechanical
properties of the TIMMCs reinforced using the naimmond particles.

Hence, the favourable composites were from thaitita matrix with lower oxygen
content. Also, this was applicable to the reinfareat materials NDs(2).

- Reinforced matrix from CPTi(2) powder with NDs(2)
As mentioned before, the second type of nanodianpamticles NDs(2) was added to
the titanium matrix powder CPTi(2).
The reinforcement content was 1.8 vol%. It wasaalyefixed after the evaluation of the
properties of the first TIMMCs series, in which tddferent contents of NDs were
tested.
The same mixing of CPTi (2) with 1.8 vol% of NDs{@as employed to produce the
TiIMMCs through the techniques of conventional ho#sging and cold-pressing and
sintering, respectively.

Powder consolidation
- Inductive hot pressing (iHP)
The different mixtures of both titanium based powsdeith the different nanodiamond
particle contents were hot consolidated using itidetot pressing.
The processing parameters are listed in the néxe¥a44.

- Conventional hot pressing (HP) and cold-pressinB)Y@nd sintering processes
Afterwards, the specimens from CPTi (2) with the8 Mol% of NDs(2) were
manufactured by the conventional hot pressing t-peessing and sintering processes.
For the HP, the diameter of the pressing die usasl 8 mm. For the cold pressing
process, a die with rectangular section (6.4 x 58mmas utilised. That means, larger
samples could be produced through HP and CP-sigt@rocesses in order to measure
mechanical properties, e.g. flexural properties.

The next table shows the processing parametersogetpfor the fabrication of titanium
composites with nanodiamond particles as reinfoezgrmaterial.
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Table 4-44 Processing parameters for inductive hgtressing, conventional hot pressing and cold-

pressing and sintering techniques.

i _ _ Heating
Hot Pressing Temperature | Holding time rate Pressure | Vacuum
Process (°C) (min) i (MPa) (mbar)
(K/min)
inductive HP 900 15 50 50 (!HP) 10
950 15 50 50 (iHP) | 10
Conventional
900 120 10 30 (HP) 10
HP
Cold 1250 120 10 580 (CP)| T0
Pressing and
ressing 1300 120 10 580 (CP)| To
sintering
IHP: inductive hot pressed. HP: conventional hetsped. CP: cold pressed.

Heat Treatment (HT) [11]

Heat treatment is common for Ti alloys; for plainifTis not effective. However, heat
treatment was applied here also for plain Ti matnterial as a reference. The reason
of that was to evaluate if there was any differendie mechanical properties after HT.
This heat treatment was simultaneously carried with the heat treatment for
Ti6AlI4V-MMCs (they will be described in detail fumer on). After the sintering of the
titanium compacts at 1300°C, titanium samples witheinforcement were selected for
a heat treatment (see in Figure 4-72).

800+ 2h 750°C

7004
6004 Cooling in air

500—_ 10K/min 30K/min
400

300+

Temperature (°C)

200+

100+

0 T T T T T T T T T
0 50 100 150 200 250
time (min)

Figure 4-72. Heat treatment (HT) employed for theitanium compacts without reinforcement.
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It was planned to obtain a possible improvementtled mechanical properties

(especially elongation) of the titanium specimdRsference values of heating rate and
cooling condition were taken from the bibliograpfiye previous Figure 4-72 showed
how the heat treatment was carried out.

The cooling rate was calculated to be approx. (3®iK). Thereafter, the specimens
were characterised in parallel with the other speais prepared without heat treatment.

4.3.4.2 Characterisation of the specimens - results

4.3.4.2.1 Inductive hot pressing technique (iHP)

- Density, hardness and oxygen content
The Archimedes density was measured in water ubiegvater-stop spray. The results
are represented in the following Figure 4-73.
For the determination of the relative density, tiheoretical density considered for the
nano-diamond particles was 3.52gfcm

500+
1,00+
W [
!.\E 4504
o i
2> 0,954 S 400 .
c L
3 [ S o 3504 | -
) 3 )
é ° ) % n
a S = -]
T 0,90 o g 300
@x —o— CPTi matrix powder (900°C) —+ {1/
Co —o— TiH, matrix powder (900°C) 2508
] ---m--- CPTi matrix powder (950°C) u
-~ TiH matrix powder (950°C) 1/
o854—+—"v——v—+-+—v+—v+—+1—++— 200-4+———+7—+7T——7T 7171
00 05 10 15 20 25 30 35 00 05 10 15 20 25 30 35
Nanodiamond powder %vol. Nanodiamond powder %vol.

Figure 4-73. Relative density and hardness (HV10)fdhe TiMMCs produced after iHP (in high

vacuum 10°mbar at 50MPa) vs. the different nanodiamond contels.

The oxygen content of both titanium based matriffesm CPTi(2) and Tik(4)
powders) compacted at 900° and 950°C was analysed.

Furthermore, the oxygen content of the TIMMCs wath vol%. of NDs fabricated at
the same temperature was measured. These resufisegented in Table 4-45.

The addition of the reinforcement has a significafitence on the oxygen content of
the composites. Due to the nano-size of the dianparticles, the oxygen content is
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high. Thus, the incorporation of the nanodiamomdthe titanium matrix considerably
increases the oxygen content of the titanium spesn This is observed for the
different types of TIMMCs (from both matrices).

The increase of the processing temperature redtlbesoxygen content of the
composites.

The hardness is closely related to the oxygen obrwé the sample. It is clearly
observed on the composite from CPTi(2) matrix.

Because of the low oxygen content of the pure ititmnmatrix without nanodiamond
particles, its hardness is approximately the themiehardness for titanium grade 4 (see
in Table 4-45).

Table 4-45. Arch. density, hardness (HV10) and oxgg content after inductive hot pressing at
950°C for 15min. (Theoretical density for nano-diarond particles 3.52g/cri)

iIHP.Temp. | NDs Arch.density | Th.density | Rel. density | Hardness | Oxygen

950°C (vol%) | (g/cnt) (g/cn) (%) (HV10) | (mass%)

Matrix

CPTIi(2) 0.00 4.46 4.54 98 237 0.41
0.18 4.46 4.54 98 314 n.d.
0.90 4.44 4.53 98 339 n.d.
1.80 4.49 4.52 99 353 n.d.
3.60 4.47 4.50 99 392 0.63

TiH,(4) 0.00 4.13 4.54 91 401 0.42
0.18 4.07 4.54 90 334 n.d.
0.90 4.21 4.53 93 400 n.d.
1.80 4.30 4.52 95 460 n.d.
3.60 4.18 4.50 93 445 1.04

- Microstructural study
The microstructures of the most representativeispats are shown in the next Figure
4-74.
The specimens were fabricated through inductive gressing at the same process
temperature and holding time. The content of naaoidnd particles was varied.
In general, after the metallographic preparatiomesgarticles are on the surface, even
after intensive cleaning.
These impurities are observed and can cause prslitenetect the NDs location in the
metal matrix.
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iHP at 900°C (15min)

Matrix | CPTi (2) Tikb(4)

CPTi(2) matnix TiH, (4) matrix
iHP9O0°C (15min) iHPOOO°C (15min)

+ NDs || CPTi(2) matrix + 0.18%vol. S TiH, (4) matrix + 0.18%vol. NDs

~ iHP900°C (15min) : iHP900°C (15min)
0.18 : : : :
vol%

+ NDs| | CPTi(2) matrix + 1. TiH, (4) matrix + 1.8%wvol. NDs
18 | iHPO0O°C (15mi iHPO0O°C (15min)

vol%

Figure 4-74. SEM images of the microstructure of TMMCs from CPTIi(2) and TiH »(4) matrices
with different NDs contents, produced by iHP at 908C during 15 min.

Many pores are found in the samples from ;{4)l matrix (in black circle). Moreover,
several clusters of nanodiamond particles are sieerboth titanium matrices.
Differences between the matrices are also evi@&ight needle structures are observed
characteristic for composites from T4) matrix powder. The short processing time
(iH-time) was not enough to eliminate all the hygko from composite matrix. For that
reason, some residual hydrogen in addition to itregen from the starting powder
(TiH2(4)) contributes to growth of these needles. Thérimmérom CPTIi(2) does not
show any grain structure. However, in the micragtrce of the matrix from Tik{4) is

a martensitic microstructure [13, 98] is slightigible, thus it justifies the high values
of hardness as well. The same structure was olikepveviously after the iHP
consolidation of titanium matrices (without reifement) due to the higher hydrogen
and nitrogen content measured.
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4.3.4.2.2 Cold pressing and sintering at 1250° and 1300°C

After the consolidation and sintering of TIMMCs nmiarced with 1.8%vol. of NDs,
their characterisation took place. Additionallyrel specimens of CPTi pure matrix
produced via CP+S (sintered at 1300°C for 2h) e treated. The objective of this
heat treatment was to find some difference betweespecimens. These specimens are
CPTi matrix without HT, CPTi matrix after HT andMMCs reinforced with 1.8%vol.

All of them were sintered at 1300°.

Moreover, properties of all the samples sinteret?&0°C and 1300° are compared.

- Density and hardness measurements
The average values of density and hardness oftdreum specimens cold compacted
at 560 MPa and sintered at two temperatures (1260°1300°C) are represented in the
Figure 4-75. The Archimedes density was measuridg) tise water-stop spray.

I CPTi Matrix (CPTi(2))
B CPTi Matrix (CPTi(2)) with 1.8% vol of NDs (2)

500-
5,0+
4.9 450
4,84 =)
€ 4,71 S
£ 47] 2 400-
— —'
% 45 TS g 350
i 900% =
S 441 R3S S
' KRR T
| 1 RRX 300+
4,34 XS
: RS oo d- o :
4,2 ?i:?i 0% 2504 Hardness of CPTi grades
T RRXN] 000!
4,14 35S gogede!
|
4,0 200
1250 1300 1250 1300
Sintering temp. (°C) Sintering temp. (°C

Figure 4-75. Average values of Arch. density and mdness of the TiIMMCs cold compacted at 560

MPa and sintered at two temperatures.

By increasing the sintering temperature, the dgrmdithe TIMMCs reinforced with 1.8
vol% of nanodiamond particles increases while thelhess is approximately the same
for both sintering temperatures (1250°C and 13Q0PB2 hardness differences between
titanium matrix reinforced and the pure titaniumtrixa(CPTi(2)) are significant. An
increase (approx.) of 30% for both reinforced iiiam matrices is observed, considering
260 HV10 as theoretical value for the titanium (ocoencial purity titanium grade 4).
However, the density of these specimens decreagefcantly.
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- Chemical analysis and mechanical properties
By the use of a die with the specified dimensidhg, geometry of the samples was
sufficient for flexural tests without any machiniogeration. The average values of the
properties of the composite with 1.8 vol% (NDs) aheé titanium matrix (without
reinforcement) are presented in the next tablethEumore, oxygen analysis of several
specimens was carried out. These results and ftegural properties are listed in the
next table.

Table 4-46. Properties and oxygen content of titanm specimens and TIMMCs with 1.8 vol% of

NDs(2) particles, compacted at 560 MPa and sintereat two temperatures.

_ Flexural Arch. | Th. Relat.
Starting T E , _ .| Hardness| Oxygen
strength density | density | density
Powders (°C) (%) 3 4 (HV10) | (Yowt).
(MPa) (g/cn?) | (g/lem’) | (%)
CPTIi(2) 1250 538 1.7 | 4.43 4.51 98 287 0.57
CPTi(2)
1250| 457 0.6 | 4.25 4.49 95 337 0.86
+NDs(2)
CPTIi(2) 1300/ 1228 29| 4.46 4.51 99 297 0.59
CTi(2)+HT 1300]| 893 1.2 | 4.24 4.51 94 324 0.73
CPTIi(2)
1300/ 848 0.9 | 4.47 4.49 99 349 0.73
+NDs(2)

HT: Heat treatment

- Microstructural study
In Figure 4-76, the microstructure of the TIMMCatsred at 1250° and 1300° is shown.

CPTi (2) matrix + 1.8%vol.NDs
CP+8 at 1250°C (120min)

CPTi (2) matrix + 1.8%vol. NDs
CP+5 at 1300°C (120min)

Figure 4-76. Microstructure of TIMMCs from CPTi(2) reinforced with NDs particles (1.8 vol%)

and cold pressed (at 560 MPa) and sintered at diffent temperatures: left image of TIMMC at
1250° and right at 1300°C.
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For these composites from CPTi(2) powder, it issgme to observe the alpha grains.
Also several impurities are usually seen on théaserof the TIMMCs after polishing.
In the next SEM images the reaction between theoceand the titanium matrix can be
observed.

The formation of TiC is detected after the sintgriof the composites at 1250° and
1300°C. Due to admixed nano-diamond particles efirgj was observed in the section
of these TiIMMCs.

The carbonaceous reinforcement and titanium from mhatrices resulted in the
formation of TiC (at 1250° and 1300°C).

The reduction of the porosity with the increasdhs sintering temperature is seen in
the next figure.

It confirms the results of the Archimedes densitg Aardness of the composites as well
as the improvement of the mechanical properties.r€hatively large TiC areas indicate
that some agglomeration of nano-diamonds that edagith the Ti of the matrix had
occurred.

| CPTi(2) matrix + 1.8%vol. NDs | I | CPTi(2) matrix + 1.8%vol. NDs
CP+S 1250°C (120min) — | CP+S 1300°C (120min)

Figure 4-77. SEM images (BSE) of the microstructuref TiIMMCs from CPTi(2) reinforced with
NDs particles (1.8 vol%.) and cold pressed (at 58@Pa) and sintered at different temperatures: left
image of TIMMC at 1250° and right at 1300°C.

4.3.4.2.3 Hot pressing technique

TiIMMCs produced by hot pressing at 900°C for 2h.
- Density, hardness, chemical analysis and mechapiwglerties
The values of relative density (%) and hardness1(®)\of the pure titanium matrix and
the titanium matrix reinforced with 1.8 vol%. of N[2), fabricated via HP at 900°C for
2h, are shown in the following Table 4-47.
The results obtained after the bending tests (sapter 4) in addition to the oxygen and
nitrogen content of the specimens are also listéthble 4-47.
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Table 4-47. Properties of TIMMCs fabricated via HPat 900°C for 2h. The matrix powder was

CPTIi(2) and the reinforcement concentration was 1.80l1%. of NDs (2).

Startin Relative Hardness Flexural Oxygen | Nitrogen
g density strength | € (%) & g
Powders (HV10) (mass%) | (mass%)
(%) (MPa)
CPTIi(2) 99.7 31343 996+13| 1.8 0.51+0.18.022+0.012
CPTIi(2)+NDs(2) | 98.5 3771 631+64| 1.3 0.68+0.19.056+0.036

- Microstructural study
The nanodiamond particles are not easy to be @etdst SEM; however there are some
areas in the microstructure of the composite whieeg could be observed. In the next
Figure 4-78 these areas can be seen. Additiontlg, porosity is related to the place
where NDs are detected.

CPTi(2) matrix + 1.8%vol. NDs us{ Spot1
HP900°C (120min)
1.0
KCom)
1.3
37
i

T T T T T T
200 400 6.00 B.00 1000  12.08
Energy - keV

Figure 4-78. SEM image (BSE) of the microstructuref TIMMC from CPTi(2) reinforced with NDs
particles (1.8 vol%.) and hot pressed at 900°C fadzh.

Intermediate Conclusions

= High oxygen content of the nano-reinforcement dbates to increase the
oxygen of the composite, i.e. decreasing the machlaproperties of composite
material.

= Addition of nano-diamonds increases significantly hardness of composite.

» The temperature of manufacturing of titanium masiceinforced with NDs has
to be 900°C maximum to avoid reaction between @mfrthe matrix and the
carbonaceous reinforcement.

» CP+S is not recommendable to produce TiIMMCs read@drwith nano-diamond
particles. To achieve a good densification, thecgssing temperature has to be
>1000°C. At this temperature there is reaction betwTi from the matrix and
the nano-diamonds (nano-diamond clusters).

» Heat treatment of CPTi matrix does not improve riechanical properties of
this material, as expected.
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4.4 Ti-6Al-4V MMCs

As is well known, the titanium alloy Ti6Al4V predsmattractive mechanical properties.
In specific, e.g. aerospace, applications, becati$égh requirements for strength and
fatigue resistance, the Ti6Al4V alloy is used iast®f CP Titanium [2]. The use of this
titanium alloy as matrix for the development of netanium based composites offers
an interesting area to be investigated. In thisegrpental section, the two starting
Ti6Al4V powders described in the chapter 3 are @ygdl for the manufacturing of

TiIMMCs. The reinforcement materials used were jusi, the nano/micro boron and
the nano-diamonds (ND(1) and NDs(2)). In geneta, same fabrication techniques
were used for the development of the Ti6Al4V MMCEhe experiments were

performed in the same way and under similar pararsets the TIMMCs. Thereby the
details of the tests are not extensively explaindtis experimental part.

4.4.1 Ti-6Al-4V MMCs with nano/micro Boron

4.4.1.1 Manufacturing process

Similar to TIMMCs reinforced with nano-boron paléis, Ti6Al4V-MMCs were also
fabricated reinforcing the matrix with the same owworon particles. The
manufacturing processes of the Ti6Al4V MMCs witmaamicron boron particles used
are represented in the next Figure 4-79 and Figu8®. Chronologically, the first
fabrication of Ti6Al4V-MMCs was carried out via iKlBsing different boron contents.

Inductive Characterization

Matrix powders f the TIMMC
_ Mixing P Hot Pressing - of the Ti S
Ti6Al4V (1
(@) - (16h and ZrQO, balls) &

(850°/900°, 50MPa, 15min,

Ti6AI4V(2) 50°C/min, 105-10%mbar) Results evaluation
“Réinforcement.- 1 | |
“Naro / Micio | Optimisation of the manufacturing conditions |
R = el (T,
0% - Adewt)

Figure 4-79. Manufacturing flow sheet of the Ti6AlI& matrices reinforced using nano/micro

particles of boron (B) via conventional hot pressig (HP).

Afterwards, only hot pressing (HP) was used for mh@nufacturing process for the
Ti6Al4V MMCs with nano/micron boron particles. TBame processing conditions for
the TIMMCs were used for the Ti6Al4V MMCs. The reaswas to compare the

influence of the same reinforcement material irfiedént titanium matrices. Because of
that, the same parameters and hot pressing camslitvere used for the manufacturing
of Ti6AlI4V-MMCs. Since the starting powders weret fally homogeneous, iHP can

be expected to result in less homogeneous matdhiats HP, esp. for powder (2). The
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best route from that viewpoint would be CP+S, thi$ is not recommendable if the
boron reinforcement is to be retained as boron

Matrix powders Conventional Characterization

Mixing - of the TIMMCs
Ti6Al4V (1 - P Hot Pressing -1
@) (16h and ZrO, balls) &

(800°/850°C, 30MPa, 1-2 h,

Ti6AI4V(2) " 10°C/min, 10'mbar) Results evaluation
“Reinforcement - I l
: JN:a:n‘QI[ Mic:rlo‘: : | Optimisation of the manufacturing conditions |
[ BOrOR
(0% = A%ewt)

Figure 4-80. Manufacturing flow sheet of the Ti6Al4/ matrices reinforced by nano/micro particles

of boron (B) and consolidated via inductive hot presing (iHP).

Powder Preparation
As mentioned before, boron particles were addedeweral concentrations to each
Ti6Al4V matrix powder to fabricate the TIMMCs. Theesoncentrations were shown in
the previous Table 4-20. The mixing stage was edrmut in the same way as described
for the titanium based MMCs. The optimal time ofxmg, solvent and ceramic balls
employed were also the same.

Hot Compaction Processes
The consolidation of the composites was carried wsihg the two hot pressing
techniques. The procedure was the same as despr&@adusly in the previous chapter
2. Moreover, the processing parameters and conditieported in the next Table 4-48
are similar to the parameters used for the hot alatetion of the TiIMMCs from
titanium based starting matrix powders.

Table 4-48. Processing parameters of the conventiainand inductive Hot Pressing techniques.

, , Processing parameters
Hot pressing technique Hoatl
: eatin
Ti6AI4V (1) and (2) Temp.| Die size ate g Holding time| Pressure Vacuum
starting powders °C mm min MPa mbar
gp CC)  mm) iy | (i) (MPa) | (mbar)
. . /850 | 100@ 10 120 30 0]
Conventional hot pressing B
(HP) 850 13.5x13.5 10 60 30 10
800 | 13.5x13.510 60 30 10"
Inductive hot pressing 900 | 10Q 50 15 50 10°
(iHP) 850 | 10Q 50 15 50 10°
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4.4.1.2 Results of the characterisation of the samples ardiscussions

Density, hardness, chemical analysis and micrastraicstudy were carried out for all
the samples. The mechanical properties, flexurdltansile strength were measured in
specimens with the specified geometrical dimenésee chapter 2).

4.4.1.2.1 Conventional hot pressing technique (HP)

In the same way as the TiIMMCs have been fabricatied HP, the processing
parameters and conditions were varied for the HM&FAMMCs. Also, different
geometries of the graphite dies were employed. [Bmsamples were produced by the
use of a graphite die with twelve square secti@ee (Cchapter 2). The density and
hardness of all the compacts produced were meadtuethermore, in several of them
the oxygen content was analysed. Using larger geaples, additional samples were
produced. This means, the mechanical propertiesyifl and tensile properties of these
Ti6Al4V MMCs could be tested.

Ti6Al4V MMCs hot consolidated at 800°C and 850°C 1dn:

- Density and hardness measurement
By the first hot consolidation, 12 samples (13.58%8mnY) were produced. Figure
4-36 shows the final geometry of the fabricatedAl4&/ MMCs with different boron
contents (see Table 4-20). The processing condgitbdrihe hot consolidation are listed
in Table 4-21. The density and average hardnesepresented in the following Figure
4-81 .The density of all the specimens was detexthiyy the Archimedes method using
paraffin for impregnation.

Ti6AI4V (1) at 850°C HP
TiGAI4V (1) at 800°C HP

— v Ti6AKV (2) at 850°C HP

1004 v TIGAI4V (2) at 800°C HP 550;
| z 500- s l T
b 0,95— AR - — 4004 i \\\ // . ’l/
G ; e = 1.0 Tr&)reucaj Ti6AI4V hardness (HV10)
o 2 v & 350~ T
g X v @ 300 T T T
¢ 0,90 o ") g —
I S 250
& £ 200
0,85- 150-
T T " T " T " T " T " T " T T T "1 100-"""""""""""
0,00,1020,304050,60,70,80,91,0 0001020304 0506070809 10
Boron content (%owt.) Boron content (%owt.)

Figure 4-81. Density and hardness of the two typesf Ti6Al4V matrices with different boron

content (mass%) at two HP temperatures (800° and 850°C).
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As mentioned previously, the specimens consolidatatie same temperature (850°C)
can show variation of the mechanical propertiesqigifferent graphite dies. The
powder consolidated in the smaller square suffemernontact with the walls of the die.
This could affect the properties significantly. €galuate it, an additional hardness
study was realised, for the Ti6Al4V MMCs specimensduced via HP at 850°C.

The hardness measurements were done at 17 poimiseirsection of the specimen.
Figure 4-82 shows the position of the indentatiom{s on the section of the samples.
15 points were in the longitudinal line, and tworsmoneasurements were taken in the
transversal direction (direction of the uniaxiakgsure). The hardness values of 15
points are represented in the following Figure 4-83

L=13.5mm

d=4mm I

Figure 4-82. Local hardness measurements on the sea of the specimens.

550+

] v m-- TiIGA4V (2) matrix
500 o I 2 A A A S —-0-- TI6A4V (2) matrix + 0.1% wt. of boron
as0] ¥ —*'Wf;ffX" ’ﬁiji%—'ﬁi~'$—"‘°"‘>li$ifjj$f7'ﬂi BB @ — 4~ TiBA4V (2) matrix + 0.3% wt. of boron
] _/‘»/o A o ® ~m -y TiBA4V (2) matrix + 0.5% wt. of boron
é‘ 400- @’5”0 A Abd A ] S —&— TiIBA4V (2) matrix + 1% wt. of boron
2 3500 0 B b . Ti6A4V (1) matrix
5t 1A~ B N Ti6A4V (1) matrix + 0.1% wt. of boron
@ 3004 “Aog TiBA4V (1) matrix + 0.3% wt. of boron
% 2504 Ti6A4V (1) matrix + 0.5% wt. of boron
T 1 Ti6A4V (1) matrix + 1% wt. of boron
2004
150
100
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Measurement point on the sample section

Figure 4-83. Local hardness measurement in the loitgdinal direction of the Ti6Al4V MMCs.

The value of hardness on the other two points aedhtardness measurement in the
central point, for each specimen, are shown irFibare 4-84.

As the figures show, the hardness of the compoBibes Ti6Al4V (2) is always higher
than the hardness of the composites from Ti6Al4V (1
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480 G e O o TiBA4V (2) matrix

460+ . —o— Ti6A4V (2) matrix + 0.1% wt. of boron
S 4401 T -&-- TiBA4V (2) matrix + 0.3% wt. of boron
Z 420] -y~ TiIBA4V (2) matrix + 0.5% wt. of boron
I 200 o —&- Ti6A4V (2) matrix + 1% wt. of boron
e ] o —o- Ti6A4V (1) matrix
S 3807 - — o Ti6A4V (1) matrix + 0.1% wt. of boron
T 360+ —a&—Ti6A4V (1) matrix + 0.3% wt. of boron

3404 O— —v— Ti6A4V (1) matrix + 0.5% wt. of boron

320. V— — o TiBAA4V (1) matrix + 1% wt. of boron

300 T T T

8'_1 ' 8 8.2
Measurement point on the sample section

Figure 4-84. Local hardness measurement in the traversal direction (z-axis) for the Ti6Al4V
MMCs.

- Microstructural study
The microstructures of the pure matrix and the amsitp with 1 mass% of boron
particles is represented in the next Figure 4-8t morphology of the boron particles
is easily recognised. Additionally, some porosiyabserved in the composites and
matrices hot consolidated at 800°C (see in Figu8b d4nd Figure 4-86).

¢ TieAl4V (1) + 1 mass% boron Ti6Al4Y (2) + 1 mass% boron &
| HP800°C (60min) : HP800°C (60min)

Figure 4-85. SEM images (BSE) of a Ti6Al4V compostfrom Ti6Al4V(1) (left) and Ti6AlI4V(2)
(right) powder with 1mass% of boron. HP at 800°C ad 1h.

guw R L IRy LTI T

g TicAl4V (2) + 0.3 mass% boron
i HP800°C (60mir)

boron. HP at 800°C and 1h.
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EDAX analysis on the section of several specimeas warried out. Some impurities
were observed on the section of specimen from HWEAL) matrix powder. These
impurities could come from the manufacturing precesthe powder in addition to the
powder preparation. The results of the EDAX analgse shown in the next tables.

Table 4-49. EDAX-analysis in two spots on the seoti of the specimen from Ti6AlI4V(1) powder

with 1mass% of boron. HP at 800°C and 1h

Element | Spotl (circle) Spot 2 (triangle)
mass% At% Mass% at%

Al 3.69 6.57 6.84 11.57

Sn? 3.51 1.42

Ca? 0.24 0.29

Ti 75.48 75.67 87.47 83.34

V 14.51 13.67 5.69 5.10

Cr? 2.57 2.38

Table 4-50. EDAX-analysis in two spots on the seoti of the specimen from Ti6Al4V(2) powder

with 0.3mass% of boron. HP at 800°C and 1h.

Element | Spotl (rectangular) | Spot 2(triangle)
mass% At% mass% at%
Al 11.13 18.22 4.17 7.21
Ti 84.80 78.24 86.96 84.67
V 4.07 3.53 8.87 8.12

This microstructural study verifies the values aied for the hardness and density
previously. The addition of boron particles incesashe porosity. Moreover, the
difference between both matrices is shown in tHevweng table. The matrix from
Ti6Al4V (1) shows the grain size more clearly inngmarison to the matrix from
Ti6AI4V (2). The temperature positively affects ttiensity of the matrices. In case of
the matrix from Ti6Al4V (1) this effect is more prounced. At lower temperature, the
porosity is markedly higher. Furthermore, the samgurities are commonly found for
these specimens. The following figure shows a ssr@tive comparison of the
microstructure of the section of Ti6AI4V-MMCs reanted with 1 mass% of boron
particles. Additionally, the pure Ti6Al4V matrix @mpared to the reinforced matrix in
order to determine some possible changes in theostiocture due to the boron
addition.
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HP . :

. . Ti6AI4V matrix
Temp. | Ti6AI4V based matrix i
. + 1 mass%of boron particles
CO)
800

| 50m |

800
850
850

Figure 4-87. Comparison of microstructures of the AI4V matrices and composites reinforced
with 1 mass% of boron produced by hot pressing (HPat different temperatures (60min holding
time and 10 K/min heating rate). . The polarised ht microscope was used to take the images of the

specimens.
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Ti6Al4V MMCs hot consolidated at 850°C for 2h
For the manufacturing of larger Ti6AI4V MMCs platés1% and 0.5%wt of boron
content was used. The fabrication of these spesmes carried out in the same way
than for TIMMCs plates. The same parameters wese taisted in addition to the same
graphite die (@100mm). Also the cutting and prepamnaof the samples for mechanical
properties test were performed in parallel to tHdMCs.
Concluding, a microstructural study of the compssitand the matrices without
reinforcement takes place.

- Density, hardness measurement and chemical analysis
Firstly the measurement of the density, hardnedstlag oxygen and nitrogen analysis
of the specimens are carried out. The resultsegrerted in the next Table 4-51.

Table 4-51. Density, hardness, oxygen and nitrogerontent of the TIMMCs with different boron

content (mass%).

Matrix powder _ i _

Relative density| Hardness| Oxygen | Nitrogen | Carbon | Sulfur
boron content

(%) (HV10) (mass%) | (mass%) | (mass%) | (mass%)
(mass%)
Ti6AI4V (1)
0 99 400+3 0.33? 0.008 0.03 0.002
0.1 99 4167 0.63 0.040
0.5 98 4169 0.72 0.063
Ti6AI4V (2)
0 99 47248 0.94 0.016 0.93 0.001
0.1 99 486+12 0.747? 0.019
0.5 98 50148 1.01 0.012

As is seen in the previous table, the highest hemsli(501 HV10) value is found for the
composite with the highest oxygen content (1.01 s¥#gs This composite was
manufactured from the matrix Ti6AI4V(2) reinforcadith 0.5 mass% of boron

particles.

Concluding, it may be supposed that the oxygenerdritom the boron particles affects
significantly the properties of the composites; ibus not really proven. There is not a
good correlation between boron addition and finalgen content. Therefore, it is not
only the oxygen from boron that has to be consdleAglditional oxygen analysis is

necessary to evaluate this fact.
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- Mechanical properties measured at room temperature
The mechanical properties, i.e. tensile and fleixpraperties, of the Ti6AI4V-MMCs
from the starting matrix powder Ti6Al4V(1) and TiBA/(2) were measured at room
temperature. The results are listed in Table 4-52.

Table 4-52. Properties of the Ti6Al4V-MMCs with different boron content (mass% at room

temperature.
Matrix )
Flexural tests Tensile tests

Powder
Boron Flexural E-modulus Tensile E-modulus

& (%) € (%)
(mass%) | Strength (MPa) (GPa) strength (MPa) (GPa)
Ti6AI4V (1)
0 1397+34 106+5 1.6 1084+14 136+3 0.9
0.1 1244+60 1063 1.5 632+123 111+20 0.6
0.5 1150+63 10348 1.6 603+68 113+1 0.5
Ti6AI4V (2)
0 817180 107+4 1.1 411+43 128+4 0.3
0.1 659176 1077 0.8 329+41 13243 0.2
0.5 610472 109+3 0.7 291+37 13745 0.1

- Mechanical properties at higher temperatures

The same tensile test equipment as used for theMUOM was employed for the
Ti6AI4V-MMCs. The same temperatures (20°, 250°C d60°C) as used for tensile
testing of the Ti-MMCs were also used for the T@*IMMCs. In order to evaluate the
effect of the boron addition on the mechanical props of the Ti6Al4V composites,
the pure matrix material was also tested. Furthegmuefore the tensile tests at higher
temperature, several specimens of the pure matere imeat treated. This treatment
consisted in annealing the specimens for 2h at@%0% cooling in air. The same
cooling rate as for titanium specimens was usedHterTi6AI4V samples This heat
treatment was also described in the Figure 4-72 dlhjective of this heat treatment
was to observe any variation on the mechanical gstigs and also microstructure of
this titanium alloy samples. The results of thestientests performed at three
temperatures are shown in the following Table 4-53.

Table 4-53. Tensile properties of the Ti6Al4V-MMCsfrom Ti6AI4V (1) matrix powder with

different boron content (mass% at three testing temperatures. How many paralletests?
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T. Ti6AI4V (1) Ti6AI4V (1) Ti6AI4V (1) with Ti6AI4V (1) with
(°C) | after HT without HT 0.1% wt. of boron, | 0.5% wt. of boron,
without HT without HT

UTS € E UTS |¢ E UTS ¢ E UTS |¢ E

(MPa) | (%) | (GPa) (MPa) (%) (GPa)l (MPa)| (%) (GPa) (MPa)| (%) (GPa)

20 952 0.8| 133 1084, 0.9 136 1084 0.8 111 632 0.6 113
250 | n.d. n.d.| n.d. 766 6.5| n.d. 811 6 n.d. 837 6.7 nd.
450 | 532 7.7 n.d. 525 58 n.d. 586 7 n.d. 671 8.8 n.d.

HT: heat treatment. It was previously describediting rate 10K/min; at 750°C during.
2h and cool in air (approx. 30K/min) UTS: ultimadmsile strength (MPa)
e.. Elongation (%) E.: E-modulus (GPa)

Compared to the elongation of TIMMCs from CPTi(2atnx with the same boron
content (see in Table 4-20) the specimens fromTile&l4V(1) do not exhibit any
visible elongation after the tensile test at 250%€e in Figure 4-88). However,
measurement at 450°C shows that the deformatiorthef specimens increases
considerably from 0.6% at room temperature to 8a8%b0°C.

. femssay

. =y vy
O%wi 0.1%'\& [0.5%wt
Figure 4-88. TIMMCs from Ti6Al4V powder with differ ent boron content after tensile test at 250°C

A comparison of the deformation after the ten®l& bf the matrices from Ti6AI4V (1)
without reinforcement, is shown in the next Figdr89. Also the heat treated matrices
are shown after the tensile tests. The heat tredtr(id.T.) that was previously
mentioned implies 10 K/min up to 750°C, 2h holdiimge and cooling in air (30K/min).
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Figure 4-89. Deformation of the pure matrix from titanium alloy (Ti6Al4V (1) ) after tensile tests at
different temperatures (20°, 250° and 450°C). TT: Mtrix heat treated.

- Fractographic study
In Figure 4-90 a boron particle can be clearly siethe metal matrix. It shows that
there is no reaction between the boron particle tardmetal matrix. Some porosity is
also present around the boron particles.

O e TR L A i

fTi6A14V (1) + 0.1%wt. Boron 250
HPR50°C (120min)

TicAl4V (1) + 0.1%wt. Boron
HP850°C (120min)

Figure 4-90. Fracture surface of the composite fronTi6Al4V (1) matrix with 0.1 mass% of boron

particles. Difference between both images: left b$E and right by BSE detector.

4.4.1.2.2 Inductive hot pressing technique (iIHP):

The characterisation of the samples involved theasuwement of the density, the
hardness and oxygen analysis. Moreover, the mrodstal study of several Ti6AI4V-
MMCs was carried out.

Ti6AI4V-MMCs inductive hot consolidated at 850°C @®00° for 15min.
The same temperatures tested for TIMMCs, 850° 808 were used for the inductive
hot consolidation of the Ti6Al4V-MMCs.
The four boron contents used for the reinforceahtitm based matrices are listed in the
Table 4-21.
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Figure 4-91. Relative density and hardness of the i@Al4V composites vs. the boron content

(mass%). The specimens were hot consolidated via iHP at/b temperatures.

Chemical analyses of several specimens were rdalise

The increasing of the oxygen content with the aolditof the nano/micro boron
particles was evaluated. The nitrogen content Wss analysed simultaneously. The
results of these chemical analyses are presentéé iiollowing Table 4-54.

Table 4-54. Oxygen content of Ti6Al4V-MMCs producedvia iHP at 850° and 900°C with different

boron content.

Matrix powder | iHP Temp.(°C) | Boron (mass%) O (mass% | N (mass%
0 0.3? 0.006
Ti6AI4V (1) 1 0.79 0.024
850 ' :
_ 0 0.66 0.016
TiBAI4V (2)
1 1.46 0.020
0 0.66 0.013
Ti6AI4V (1) 0.1 0.84 0.014
1 0.45? 0.005
900
0 1.19? 0.023
Ti6AI4V (2) 0.1 1.850 0.039
1 1.200 0.014

Microstructural study
The study of the microstructure of the compositesnf Ti6Al4V powders was carried
out. In the next figure, SEM image (BSE) of a smttof Ti6AI4V(1) matrix without
reinforcement is showed. Additionally, the reswdftsEDAX-analysis in different four
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spots are illustrated the next figure.

b
Spot 1
40mn : : . Ti Al =
Ti6Al4V (1) +1HP900°C (15min) : S
s
1.3 Ti 14 =
b

224 Spot 2 B Spot 3 = Spot 4

4]

d 0.3 v 0.3
o1 3 al
no| 8 B Ti
sn J i l
= 0.0 - - . - 0.0 ; ;

. T T T
L 2.00 -L;m G.lllﬂ a_;m 10’_00 2.00 4.00 5.00 8.00 10.00
Energy - keV Energy - keV

Figure 4-92. SEM-image (BSE) and EDAX-analysis initferent spots marked in the previous of
boron particles in a Ti6Al4V-matrix (from Ti6Al4V ( 1) powder) produced through inductive hot
pressing at 950°C during 15min.

The spot 1 (yellow) and spot 2 (red) show severglurities from the starting powder.
Also, in these two points there are Vanadium emdcaireas.

There is some contamination of Sn. The impuritytipiar from the metallographic

preparation is observed in the spot 4 (blue). Tow 8 shows main component of the
Ti6Al4V alloy.

Moreover, an SEM image of a matrix from Ti6Al4V(fginforced with 1 mass% is

illustrated in the next figure. The same impuritea® observed in addition to the
dispersion into the matrix of the boron particlafter iHP consolidation at 950°C for

15min lower porosity. The black regions observedthe boron particles.
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| Ti6Al4V (1) + 1 mass% nano-boron .
1iHP950°C (15min)

Figure 4-93. SEM image (BSE) of boron patrticles im Ti6Al4V-matrix (from Ti6Al4V (1) powder)
produced through inductive hot pressing at 950°C dting 15min.

Intermediate Conclusion

= The compacts from Ti6Al4V(1) matrix powder presémwer oxygen content,
however some impurities are observed in the fioatgosites.

= The boron reinforcement contributes to increaseoitygen in the composites. It
is clearly observed from the mechanical tests.

= The adequate dispersion of the nano-diamond pestislachieved.

= There is decrease of the densification of the TA6#AMMCs at higher boron
concentration.

= The addition of boron particles promotes inter-gtanfractures, decreasing the
ductility of the composite.
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4.4.2 Nano diamond particles (NDs)

4.4.2.1 Manufacturing of the samples

At the beginning, the fabrication of the Ti6AI4V roposites reinforced with nano
diamond particles was carried out using two type$i6Al4V powder from different

suppliers. The first manufacturing process usedtlier Ti6AI4V was inductive hot
pressing.

Inductive Characterization

Matrix powders
Mixing : of the TIMMCs
Ti6Al4V (1 - P Hot Pressing "
@) (12h and ZrO, balls) &

(900°/950°C, 50MPa, 15min,

Ti6AI4V(2) I 50°C/min, 10°mbar) Results evaluation

| Reinforcemeént
y e

FF

Nano' .~~~ ’ Manufacturing parameters optimization ‘

Figure 4-94. Manufacturing flow sheet for inductive hot pressing of the Ti6AI4V matrices

reinforced using nano diamond particles (NDs(1)) dP).

’ Optimal Manufacturing Parameters ‘

Convectional Characterization

Matrix powders Mixing Hot Pressing - of the TIMMCs
Ti6AlI4V (1) (12h and ZrO, balls) &

(900°C, 30MPa, 2h,
10°C/min, 10'mbar) Results evaluation

- Reinforcetnent” -
1 Néhpl Diéf\ﬁdhdsf ;
V- A3%Wt.(1:8%vol.)

Figure 4-95. Manufacturing flow sheet for hot presmg (HP) of the Ti6Al4V matrices reinforced

using nano diamond particles (NDs(2))

’ Optimal Manufacturing Parameters ‘

Sintering Characterization
Matrix powders Mixing Cold-Pressing (2h and -' of the TIMMCs
TieAI4V (1) (16hbe;rl1lc;)2r02 (580MPa) 1250°/1300°C &
105mbar) Results evaluation

1 |

’ Manufacturing parameters optimization ‘

Figure 4-96. Manufacturing flow sheet for cold presing and sintering of the Ti6Al4V matrices

reinforced using nano diamond particles (NDs(2)).
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4.4.2.2 Characterisation of the samples

4.4.2.2.1 Inductive hot pressing technique (HP)

- Density, hardness and oxygen analysis
Archimedes method was used to measure the derfsibedri6Al4V-MMCs in water
using the water-stop spray. Hardness measuremensereral oxygen analyses were
done. The results of these measurements are rapedsa the following Figure 4-97
and Table 4-55.

Ti6AI4V (1) iHP 900°C
—v— Ti6AV (2) iHP 900°C
Ti6AI4V (1) iHP 950°C
rrrrrr + TiBAV (2) iHP 950°C

o 500-

1,00 R : PSS

%@s&@ 450 PR S
] - PO S

350-
J

250 /
4 T

2004 Y

150-

# 4

0,90

Relative densit
Hardness (HV10)

0,85-—— 100

T T T T T T T T T T T T T T T T T T T T T T 1
00 05 10 15 20 25 30 35 40 00 05 1,0 1,5 20 25 30 35 40
Nanodiamond content (%vol.) Nanodiamond content (%vol.)

Figure 4-97. Relative density and hardness (HV10)f the Ti6Al4V-MMCs produced after iHP (in

high vacuum 10°mbar at 50MPa) vs. nanodiamond content.

The oxygen contents of both titanium based matrjoesn Ti6Al4V(1) and Ti6Al4V
(2) powders) compacted at 900° and 950°C are listede Table 4-55. Moreover, the
oxygen content of the Ti6AlI4V-MMCs, produced witt6%vol. of NDs at the same
temperatures, was measured and reported.

Table 4-55. Oxygen content of Ti6Al4V-MMCs producedvia iHP at 900° and 950°C with a nano
diamond particle content of 3.6% vol. Theoretical @nsity of NDs 3.52g/crh

i iHP NDs Arch. density  Hardness | Oxygen
Matrix powder 3
Temp.(°C) | (%vol.) | (g/cnT) (HV10) (mass%)
0 4.40 372 0.448
Ti6AI4V(1)
900° 3.6 4.24 384 0.791
_ 0 4.40 417 0.718
Ti6AI4V(2)
3.6 4.43 481 0.971
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TiBAI4V(1) 0 4.37 367 0.505
950° 3.6 4.33 437 0.599

TiBAI4V(2) 0 4.38 410 0.652
3.6 4.31 489 0.906

- Microstructural study
The study of the matrices shows difference betwberspecimen from the Ti6Al4V (1)
matrix and Ti6AI4V (2). Some impurities are obsehan the surface of the specimens.
In the matrix from Ti6AlI4V (1) powder, by the usétbe BSE detector, the different
phases can be identified the light grey phase bisieghase with the elements of high
density (Vanadium).
In case of the composite from Ti6AI4V (2) powdeistdark and light phases are not
easy to recognize. In this powder (2), Al enriclegias would be expected, but there are
not observed.

Ti6AMV (1) iHP900 (15min) Lo & Ti6AI4V (2) iHHP900 (15min)

Figure 4-98. SEM images (BSE) of the microstructuref the different Ti6AI4V matrices without

reinforcement, consolidated via iHP at 900°C duringl5min.

Also the influence of the nano diamonds particles the microstructure of the
composite is evaluated (see in Figure 4-99)

5

™ - -

- 5

Ti6AI4V+ 0.18%vol NDs y At
= iHP900 (15min) =

-~ ¥

Figure 4-99. SEM images (BSE) of the microstructuref the different Ti6AI4V MMCs with the

lowest and higher reinforcement concentrations (08%vol. and 3.6%vol.) consolidated via iHP at
900°C during 15min.
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The addition to the nano diamond patrticles affelots density slightly. However the
value of the hardness increases significantly.

One possible reason for that could be the formabbiC, because of the reaction
between the titanium from the matrix and the naarba@naceous reinforcement.

The phenomenon of the particle boundary decorasiaribserved for 3.6 %vol. of NDs
in the metal matrix.

This effect of the particle boundary decorationsemuthe decrease of the mechanical
properties. For that reason the selection of fig@rting matrix powder is very

important, although this would result in higher gen levels.

Ti6AlAV (1) +?6';;Zm§ _ VA Element mass % at %
HESS0°C L L) C 11.97 32.95
i | 0 4.41 9.11
Ga? 2.78 1.32
Al 1.64 2.01
Ti 77.71 53.65
vV 1.50 0.97

Figure 4-100. (left) SEM imagen from a FIB sectiomof Ti6Al4V-MMCs reinforced with 3.6%vol. of
nano-diamonds (iHP at 950° for 15min). (right) EDAXanalysis in the spot 1 on the section of the
composite (Ti6AI4V(1) with3.6m%vol. of NDs(2)).

4.4.2.2.2 Cold pressing and sintering at 1250° and 1300°C

The dimension (approx.) of the samples after theesng at 1250° and 1300° was cross
section of 55 x 6.4 mfr{section of the rectangular die) and height 3.5rappfox. the
filling high of the rectangular die).

Firstly, the Archimedes density and hardness of gpecimens was determined and
compared at the two temperatures (1250° and 130@d@rwards, their mechanical
properties (flexural tests) and oxygen content vmeeasured.

- Density and hardness measurement and mechanicpépres
The average values of density and hardness of i6&l4V MMCs cold compacted at
560 MPa and sintered at two temperatures (1250°1800°C) are presented in Figure
4-101. The same die size as used for the cold ipgesd titanium matrix reinforced
with NDs (1.8vol%) was employed to produce the TBAMMCSs at a NDs content of
1.8vol%). Therefore, the samples produced weralskaitfor flexural tests. The average
values are presented in the next Table 4-56
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[ Ti6AI4V Matrix (1)

A 7' [ Ti6Al4V Matrix (1) with 3.6% vol of NDs (2)
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Figure 4-101. Average values of Arch. density andandness of the Ti6Al4VMMCs cold compacted
at 560MPa and sintered at two temperatures (1250° &300°C).

Table 4-56. Flexural properties of the Ti6AI4V-MMCs with 1.8% vol. of NDs, cold compacted at
560MPa and sintered at two temperatures (1250° anti300°) for 2h.

Starting Flexural strength Arch. Density | Hardness
T.(°C) € (%)
Powders (MPa) (g/cnt) (HV10)
Ti6AI4V 1250 | 392+147 0.9 4.13 305
Ti6AI4V+ND | 1250 | 860+168 1.2 4.11 352
Ti6AI4V 1300 | 1383+153 2.3 4.23 318
Ti6AI4V+HT | 1300 | 92775 1.8 n.d. n.d.
Ti6AI4V+ND | 1300 | 856+194 0.80| 4.23 386

HT: Heat treatment

Table 4-57. Properties and oxygen content of titanm specimens and Ti6AI4VMMCs with 1.8

vol% of NDs(2) particles, compacted at 560 MPa ansintered at two temperatures.

i Flexural Arch. | Th. Relative | Hardness
Starting _ _ _ Oxygen
T (°C) | strength | € (%) | density | density | density | (HV10)
Powders 3 3 (Yowt)
(MPa) (g/cm”) | (g/lcm’) | (%) + std.
Ti6Al4V 1250 | 341 0.6 4.14 4.45 93 296+12 0.71
Ti6AI4V+ND | 1250 | 758 1.3 4.19 4.43 95 364+7 0.63
Ti6AI4V 1300 | 1585 1.9 4.23 4.45 95 318+20 0.56
Ti6AI4V+HT | 1300 | 892 1.6 4.45 4.45 100 293+1 0.80
Ti6AI4V+ND | 1300 | 631 1.1 4.21 4.43 95 38743 0.60
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- Microstructural study
In the Figure 4-102 the different microstructurdstize matrices with and without
reinforcement are shown.
At both temperatures (1250° and 1300°C) some pgrasidetected in the matrices
without nano-diamonds.
However, this porosity is not observed for the cosie sintered at 1300°C
Moreover, the reaction between the titanium from mimatrix and the reinforcement is
evident after the sintering of the composites fothbtemperatures. It confirms the
increase of the hardness with the addition of raimdorcement.

Ti6Al4V(1) matrix ¢ Ti6Al4V(1) matrix + 1.8%vol NDs
CP+8 1250°C (120min) CP+S 1250°C (120min)

Ti6A14V(1) matrix Ti6 Al4V(1) matrix + 1.8%vol NDs L
CP+S 1300°C (120min) CP+S 1300°C {120min)

Figure 4-102. Microstructure (SEM images BSE) of th Ti6Al4V (1) pure matrices and MMC
reinforced with 1.8 vol% of nanodiamond particles dter sintering at two different temperatures,

1250° and 1300°C. Similar microstructures are showim the literature, e.g. Leyens-Peters p.15

4.4.2.2.3 Hot pressing technique (HP)

The larger plate of Ti6Al4V matrix with and withonanodiamond particles was hot
pressed.

The NDs(2) content was 1.8 vol%. The relative dgn&b) and hardness (HV10) of the
Ti6AI4V matrix and the Ti6AI4V matrix reinforced ungy 1.8vol% of NDs(2),
fabricated via HP at 900°C for 2h, are shown infdllewing Table 4-47. The results of
the flexural tests (see chapter 4.) in additioth® oxygen and nitrogen content of the
specimens were also listed in this Table 4-58.
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Table 4-58. Properties of a Ti6Al4V-MMCs fabricatedvia HP at 900°C for 2h. The matrix powder

was Ti6Al4V (1) and the reinforcement concentrationvas 1.8 vol%. of NDs (2) particles.

Startin Archimedes | Rel. Hardness Flexural Oxygen | Nitrogen
g density density strength | € (%) Yo 9
Powders 4 (HV10) (mass%) | (mass%)
(g/lcm’) (%) (MPa)
Ti6AI4V (1) | 4.42 99 394+4 1042483 1.9+0.3.56+0.05 0.079+0.040
Ti6AI4V (1)
4.43 100 451+1 717477, 1941  0.51+0.00.042+0.028
+NDs(2)

- Microstructural study
In the following Figure 4-103 the microstructure tbb composite produced after hot
consolidation for 2h at 900°C is shown. Some ptyasiobserved as well as impurities
from the metallographic preparation. The distribntof the nanodiamond patrticles in
the matrix could be slightly seen around the gbaiandaries.

TisAl4V(1) matrix 25
HP900°C (120min) e

Figure 4-103. SEM image (BSE) of the composite froMi6Al4V (1) with 1.8 vol% of NDs produced

by conventional hot pressing for 2h at 900°C.

Intermediate Conclusion

= Ti6Al4V(1) powder has lower oxygen content thanAl#®V(2) starting powder.

= Depending on the type of nano-diamonds, the oxygament in the final
composite can be increased or not. NDs(1) predagter oxygen content of
oxygen than NDs(2).

» Finer starting matrix powder can reduce the eff@cthe particle boundary
decoration. This effect causes decrease of the anexdl properties.

= By increasing the sintering temperature, the dexadibn of the composites is
better.

» To produce Ti6Al4V-diamond composites, the CP+S cpss is not
recommendable because of the reaction between TH6€ manufacturing of
TiC reinforced composites, cheaper C sources than-diamonds are available.
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5 Summary

In this chapter 5, the discussions of the resuftshes work are summarised. An

overview of the most interesting results is alseegiand commented in this chapter.
Additionally, open questions are summarised.

This chapter is describing the different factorat thave impact on the properties of the
composites. These factors are the starting matesed (type of the matrix powder and
type of reinforcement material) and the consolatatiechniqgue employed (type of

manufacturing process, parameters tested and pgediss used for the consolidation).
As studied before, all of them present some inftlgean the specimens produced (on
the microstructure and mechanical properties).

Ending this chapter 5, the main achievements sfilrk are summarised.

5.1 Influence of the starting materials

The starting material has an important influence tbe final properties of the
composites produced. The quality of the raw madtéoiaygen, nitrogen, impurity level,
etc.) and also the reinforcement for the metal imatlay an important role. For that
reason, sound characterisation of all the startiaterials had to be performed.

The selection of the most suitable starting powdepends on the desired final
properties of the composite material. This is exlato the final application of the
composite material.

5.1.1 Influence of the matrix powders

In order to obtain composite materials with low g&g content and outstanding
properties, the search and testing of differentenmt powders (CPTi, Tik and
Ti6AI4V) as matrix powder are considered as impartasks at the beginning of this
work.

CPTi and TiH powders are used as starting powders to produEeldin titanium
matrices. Previous studies show Fipowder as an interesting alternative to produce
titanium compacts [84, 85]. For that reason, foukt,lpowders from different suppliers
have been tested as matrix powders in additiow®oQPTi powders.

Beginning the experimental work, the conventior@tigressing and sintering process
is used for the manufacturing of pure titanium meas from the six different titanium
based powders. Changes of the mechanical pressuréhd cold compaction and
sintering parameters (temperature and time) allog&v comparison and study of the
behaviour of the powders. The development of thjgeemental part is performed in
order to find the most suitable matrix powders (oheach type of material powder,
CPTi and TiH ) for the fabrication of the TIMMCs.

The TiHy(6) is the starting powder with the highest oxygentent (1.47 mass%) and
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has also the lowest particle size (mean diamet@m]. This powder was used to
determine an optimum sintering assembly that cavemt the increase (or possibly
even lower) the oxygen content in the final titanigpecimens. Because of its high
oxygen content, this Ti}6) is used only for this first task.

By the use of matrix powders with lower particlezesi(such as TiK{5)), the
densification observed in the microstructure (se&igure 4-17) is better than for the
coarser matrix powders. Nevertheless, the contédnbxygen in the compacted
specimens is higher, as a result of the largeriBpsarface area.

Considering the results of the characterisatiothefstarting powders and the sintered
titanium specimens, the decision was to use CPTa(®) TiH(4) as the two most
promising powders for subsequent experiments.

The values of hardness (HV10) and oxygen contemthfese two powders are close to
the theoretical ones (CPTi grade 4). In the neguifg 4-12, the lowest oxygen content
is seen for the compacts made from powder CPTE@mparing the specimens made
from TiH, powder, the titanium compacts from L({H) presents a hardness and oxygen
content close to the theoretical values for the iGffade 4. It was decided to use the
CPTi(2) and TiH(4) powders as matrix powder for the manufactudghthe TIMMCs.

400 CPTi (1)
3804 = CPTi(2)
8 3604 A TIH2 (3)
=] ] .
> 30 ¢ TH,(® s 4
= 0] * TH,6) R 1
o ] p
c 3004 %‘
° 1 e °
@ i ®
T 2807 Hardness of titanium HV10) e
260+ -
1 e]
2404 g
2204 |D:_
2004 § O
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T T T
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Oxygen content % wt.

Figure 4-12. Hardness (HV10) vs. oxygen content ttie five titanium specimens compacted at 380
MPa and sintered for 1h at 1300°C in high vacuum. Hrdness (HV10) and density (g/cm3) values

for CPTi are taken from the literature ([3]

One specific phenomenon observed for the,TSkarting powders, and the green and
sintered compacts made from these powders, isdhiation of oxygen content in the
different states (powder, green compact, sinteaeapée). There is a significant increase
from the starting powder to the green compact (frbid,(4) starting powder 0.67
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mass% to 1.30 mass% of the green compacts). Thesguation of this high oxygen
content is observed for the sintered specimensI{fds(4) as starting powder from 1.30
mass% in the green compacts to 0.52 mass% in thteredl specimen). This
phenomenon could be related to the handling optiveders.

The use of excessive paraffin as lubricant (did Wwirication with paraffin has been
applied) for the cold compaction increased the exygontent of the green compacts,
but apparently the paraffin residues are then remaduring sintering.. There is an
important “Open Question” how this effect occursdietail, but it is not of practical
relevance.

Higher content of nitrogen in the starting powdeg.(0.1mass% for Tik{4)) affects
considerably the final properties, hardness, machhproperties and microstructure of
the titanium specimens.

The influence of this high nitrogen in additionresidual hydrogen in specimens from
TiH2(4) powder contributes to the formation of needte-I Widmanstéatten
microstructure. Therefore, manufacturing of titaniatomposites (TIMMCs) from Til
involves the production of a TIMMC with higher haess than the TIMMCs from CPTi
powder.

In the study of the titanium based matrices (predwda iHP), the microstructure of the
matrices from TiH (4) is similar to a martensitic microstructure ikh the range from
800° to 1050°C for 15min). That microstructure qawssibly explain the higher
hardness values of these composites.

The oxygen content for the Ti6Al4V powder types6@iKAV(1) and Ti6AI4V(2)) is
very similar (0.5 mass%). However, oxygen analgsisws the higher oxygen content
for the composites from Ti6Al4V(2). Probably becawd its smaller particle size, the
Ti6Al4V(2) powder is more sensitive to oxygen dgrsubsequent processing.
Consequently, the higher oxygen level affects diyedbe mechanical properties of the
composites produced from this grade of matrix pawdes, lower mechanical
performance.

In summary, it is important to carry out a goodes@bn of the adequate raw material
since the sintering behaviour and properties afectdd by impurities (e.g. oxygen,
nitrogen, and hydrogen, particle size). Concludingorder to produce TiMMCs the
CPTi(2) powder is the most appropriate grade, dsd the Ti6Al4V(1) powder to
fabricate Ti6Al4V-MMCs.

Recommendatiorin further works with titanium and its alloy as pdev materials, low
levels of nitrogen and oxygen should be used. Thplayig of TiH, powder for the
manufacturing of TIMMCs is not recommendable beeaseme residual hydrogen
causes worse mechanical properties; also the higtiegen levels are detrimental.
Additionally, the use of finer starting powder coduhvoid the effect of the particle
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boundary decoration (principally observed for nammmonds particles). This effect
causes decrease of the mechanical properties s@ng®rcing phases that are not
evenly distributed but concentrated at the formaatige boundaries do not strengthen
but in fact weaken the material.

5.1.2 Effects of TiB, and boron particles on the properties of the titaium
based composites

TiB, reinforcement
Only the two most promising commercial titanium aritl, powders are used here as
matrices reinforced by the addition of Biparticles.
These composites are fabricated via cold presgib§@MPa and sintered during 2h at
1300°C. For the sintering, the optimal sinteringesasbly is employed.
By the addition of TiBand boron particles, an improvement of the hardisesbserved
up to a determined concentration (10 mass%). Bdasvcontent the behaviour of the
composite is better in that respect (high dendiboaand hardness). For contents >10
mass% of the reinforcement the hardness of the osi@pdecreases considerably,
mainly as a result of a reduced densification.
The characterisation of this type of reinforcem&mws that this powder presents high
oxygen content (2.3 mass%).Thus at higher contefik, (20 mass%), the oxygen
content of the composite is significant higher §lm3ass% for the composite made from
CPTi(2) and 1.40 mass% for the composite made Tribha). Thus, the addition of TiB
particles might be supposed to cause the incorparatf additional oxygen into the
titanium based matrix and is also related to lodemsification (this is observed on the
microstructure of the composites). As a consequeaicthis low densification, the
hardness of this type of composites is decreased.

Nano-Boron patrticle reinforcement

The manufacturing of the composite reinforced byaaboron particles is done for the
matrices from CPTIi(2) and T but also using the Ti6Al4V(1) and Ti6AI4V(2)
starting matrix powder. The nano-boron particles @sed as reinforcement material in
order to improve the mechanical properties of ttamium based matrices. The quality
of the nano-boron powder ordered here is not satisfy to carried out the
manufacturing of the TIMMCs and Ti6Al4V-MMCs. Tharger particle size (in fact
micro-powder in state of nano-powder) and higheygex content have a marked
impact on the final properties of the compositeenats. The final results show that the
addition of this type of boron particle (micro-pelds in state of nano-boron particle),
even using lower concentration (0.1 and 0.5 masd®&@s not improve the properties of
the final specimens. It is far away from the ohjexof this work.
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The main idea for this low content is to obtain atenial with significantly improved
mechanical properties, being able to be forged dbe@irmed) at the same time.

In the TIMMCs from CPTIi(2) powder, the optimal bargontent is 0.1 mass% The
hardness at this concentration increases for theposites produced via HP (at 800°
and 850°C) and via inductive hot pressing (8500° @Md 950°). However this does not
happen in the case of TIMMCs produced from J#H powder via iHP (850° and 900°).
At 0.1 mass%, these TiIMMCs present an inexplical@erease of the hardness. This
behaviour is not clear until now. The behaviourttod composite from Ti6AI4V is in
general similar to the TIMMCs from CPTi(2) matrith¢ hardness increases with the
boron particles addition).

On the other side, a similar increase of the hasline qualitatively observed for all the
TiIMMCs produced by HP and iHP (at 950°C) from J({#) powder and CPTi(2).

The oxygen content of this boron powder is quitghhiprobably because of the
formation of boric oxides at the surfaces. Consatiyeadditional oxygen is added to
the titanium base. The influence of this higher gety content is seen on the final
mechanical properties of these composites.

In the smaller specimens produced (by HP at 80@°&50°C and iHP at 850° and
900°C), the higher hardness values even at lowitgetesn be a consequence of this
higher oxygen content.

The larger dimension of the TIMMCs and Ti6Al4V-MMG@sinforced with 0.1% and
0.5 mass% of boron (fabricated via HP at 900°Clforallow the measurement of the
mechanical properties (tensile and bending prog®rof these specimens.

The mechanical tests carried out at different teatpee show the behaviour of the
composites at these temperatures (20°, 250° an®Ci58t room temperature, the
results show lower mechanical properties (tensikngth and: of these composites.

In the next Figure 5-1 and Figure 5-2, the mostasgntative mechanical properties
(tensile strength) of these specimens are compared.

Depending on the testing temperature, the compositsle from CPTi(2) and
Ti6Al4V(1) powders show different mechanical prapes. Also the influence of the
boron concentration is observed on the tensile gotegs. Higher ultimate tensile
strength is observed at room temperature for the puatrices. When increasing the
testing temperature up to 250°C, the compositels &b mass% of boron offer better
properties than the pure matrices tested at the samperature (250°C). This happens
for both types of composite matrices. Thus, dependion the testing
condition/application condition the behaviour oé tbtomposite are better than the pure
matrices. Comparing the elongation, the titaniumtrima(without reinforcement)
presents the better(%) when testing the specimen at 2508G 22.50%), in contrast
the matrix from Ti6AlI4V (1) does not present sudbngation at the same testing
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temperature. Carrying out the tensile test at 456p€cimens from Ti6Al4V(1) exhibit
better elongation properties than the pure mairhe comparison of the composites
from CPTIi(2) matrix and Ti6AI4V(1) matrix, respeatly, is represented in the next
Figure 5-1 and Figure 5-2.
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Figure 5-1. UTS vs. the testing temperature (20°5R° and 450°C) for different boron content sof the
TiIMMCs and Ti6Al4V-MMCs.
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Figure 5-2. Elongation vs. the testing temperatur€20°, 250° and 450°C) for different boron content
sof the TIMMCs and Ti6Al4V-MMCs.

The results, after the tensile test for the TIMMEER250°C, show excellent elongation
values for the pure CPTi matrix (>20%) and for tamforced matrix with 0.1 mass%
boron (>15%). At 450°C, the elongation of these tmaterials, pure CPTi and
reinforced matrix with boron 0.1mass%, decreasdw Ibwest elongation for the
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TIMMCs is observed at room temperature. These t®sué similar as previous results
reported by Zwicker [18]. They are shown in th&tribustration.
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Figure 5-3. Influence of the oxygen content and theéemperature on the tesile strengh and

elongation of titanium [18].

Concluding, the microstructural study shows théed&nces between the matrices and
the morphology of the reinforcement materials. Tgwosity related to the boron
particles is always present in all the compositsforced with these particles (see in
Figure 5-4).

By EDAX analysis, impurities of magnesium (Mg) dmetboron particles could be
detected. Concluding, in general for all the TiMM@sd Ti6AI4V tested, the

mechanical properties at higher temperature arerbfetr the composites than for the
pure matrix. The high oxygen content of the comiessis related to the addition of the

202



Chapter 5 Summary

boron particles. The incorporation of boron paescimplies the incorporation of Mg
impurities to the final composite. Finally, goodsjgersion of boron particles in the
metallic matrix is a positive result observed fbe ttomposites. This can be observed
for example in the Figure 4-35.

%wt. Boron |

Figure 4-42. Boron particle in a CPTi (2) matrix. TIMMCs (with 1mass% of nano/micro-boron

particles) hot consolidated at 850°C for 1h. The S# images are taken by the BSE detector.

Recommendationn general boron addition, especially micro/naonecon, has a marked
effect on the microstructure increasing the poyodih further works, TiB and B
particles should present lower oxygen content. A@otecommendation is the use of
nano-boron of higher purity (not Mg impurity) farrther investigations (if available).

5.1.3 Effect of the carbonaceous reinforcements

The motivation of using carbon nano-fibres and rdianonds is always to improve
the properties of the matrix. The addition of naeimforcement material to a metal
matrix is an interesting way to get better compmositaterials, not only mechanical
improvement but also that of further propertieshsas wear resistance, etc.

The main difficulty of this kind of reinforcementsarbon nano fibres (CNFs) and nano-
diamond (NDs) particles, is their tendency to agwoate in a matrix. Therefore the
dispersion plays an important role; even by usimgrisive dispersion processes clusters
and agglomerates are observed in the composites.

Thus, around these clusters some porosity is forrdedreasing the density of the
composite material. Therefore with increasing cotragion (vol%) of these nano
reinforcements (CNFs and NDs), the influence ondiesification of the composite is
worse. Many agglomerates can cause a higher ppingtie composite.

Comparing both types of reinforcements, the NDseaser to disperse in comparison
to the CNFs. However the nano-diamond particle® tagher oxygen content.

Another problem is the reaction between the cardouh the titanium from the matrix
during the sintering or the hot pressing processgs.the formation of TiC, the
TIMMCs presents higher hardness; however the adgast that the nano-fibres in
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principle offer as reinforcement are lost (seeiguFe 5-5).

TiH, (4)
matrix

TiH, (4)
matrix

Figure 5-5 SEM image of a CNFs cluster into the Tik{4) produced via iHP during 5min at 950°C.

Moreover, the addition of CNFs or NDs can incretiee oxygen content of the final
composites compared to the original content inrttagrix powders, independently of
the type of starting matrix powder. This effech as strong as for the boron patrticles.
The mechanical properties show the effect of theodemmonds on the deformation (%)
and flexural strength (MPa) of the specimens. Tétéeb properties are observed for the
pure matrices. By increasing the sintering tempeeatthe behaviour of the composites
and the matrices become better.

Table 5-1. Summary of the flexural properties of tle pure matrix and TIMMCs and Ti6Al4V-
MMCs reinforced with 1.8 vol% and sintered for 2h & different temperatures (1250° and 1300°C).

Matrix Sintering at 1250° | Sintering at 1300°
o(MPa) TRS| € % | o(MPa) € %
CPTi 560 1.62 1228 2.88
CPTIi+HT n.d. n.d.| 866 1.51
Ti6AI4V 392 0.94| 1383 2.32
Ti64+HT n.d. n.d.| 927 1.78
CPTi+ND (1.8%uvol.) 409 1.68783 0.82
Ti6Al4V+ND (1.8%vol.) | 860 1.21]| 856 127

Furthermore, the ND addition inhibited grain growf to a certain concentration level
(1.8 vol%); above this concentration the appearaicgossible agglomerates around
the grain boundaries lowers the densification ie ttomposites. In this way, the
microstructural evolution is affected significantly this addition of NDs, in particular
for the composites from CPTi powder (see in Fighré). The same effect on the
microstructure caused by the NDs addition is olestim the composite from Ti6AI4V
(1) powder.
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Figure 5-6. Microstructure of pure titanium matrix and TiIMMC reinforced with 1.8 vol% of NDs.

Both specimens produced simultaneously via iHP att®°C for 15min.

Recommendation:CNFs are presented in several publications as wgopd
reinforcement material; however the problem of dispn in the metal matrix limits
their use for TIMMCs. The many agglomerations caaseadverse impact in the
porosity of the composite materials (decreased ifiestson). Before using CNFs as
reinforcement material, their dispersion has tanfygroved.

On another side the nano-diamond particles aratanesting reinforcement material for
TiIMMCs. However, at higher concentration of nanardond particles, the effect of
particle boundary decoration is more marked. Thlisce decreases the mechanical
properties of the composite. During sintering ab2and 1300° the admixed nano-
diamond patrticles reacted with the Ti from the ma{C+Ti—TiC). The phase TiC
improves the strength of the matrix. However tlisan expensive way to obtain a
reinforced titanium matrix. The addition of othearlsonaceous particle material (i.e,
graphite) would be a cheaper and simply way toeaghihe same reinforced titanium
matrix. Nano-diamond particles are an expensive@@seiement material, for that reason
it is recommendable to use consolidation tempeeatbelow 900°C. Then the optimal
manufacturing processes will be hot pressing method

5.2 Influence of the manufacturing process

The manufacturing process employed for the prodocbf a composite is directly
related to its final properties. Three powder nietgical techniques have been used
here for the production of different composite mats. At the same time, each
technique has to be optimised according to the tgpecomposite and its final
requirements. The variation and optimisation ofdH#erent processing conditions is an
important task. Thus, the influence of the manufacy processes on the final
properties of the composites plays an essential fal producing composite materials
with better behaviour.
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5.2.1 Cold pressing and sintering technique

- Compaction pressure
The pressure for the cold compaction has an irfegnit influence on the final
properties such as the hardness and density dihtélespecimens.
At the beginning of the experimental work, six diffnt titanium based powder were
compacted at different mechanical pressures. liicpéar, the TiH(6) was cold pressed
at three compaction pressures and the other faveitim based powder were compacted
at two. There was not any influence of the mecltadnicessure on the density and
hardness of the titanium specimens. Only the miarogire of the sintered samples
shows slightly less porosity. For that reason irs tlvork the higher values of the
pressure (560 MPa) is used.

- Handling of the powder
The compacts made from powder which was handletdrior argon, respectively, did
not show any difference after the sintering process in their oxygen content.
Therefore the handling of the powder in this worksvgenerally carried out in air.

- Sintering setup
The first experiments were carried out in ordeoptimise the sintering stage. The aim
of this first work was to find an optimum sinterisgtup which allows the reduction of
the oxygen content in the compacts. This setupistnef a titanium container filled
with titanium sponge as getter. Then, using thisable sintering set up, the oxygen
content in the final compacts does not increases iha positive effect achieved on the
final mechanical properties.
Even using that optimal sintering set up, if thertstg powder presents high oxygen
content (TiH(6) has 1.47 mass% oxygen), the final content gfjer in the specimens
cannot be reduced totally. Because of that, inrést of the work for the sintering
process the most suitable sintering assembly wadoged.
Furthermore, the powder with the highest oxygentemn(TiHx(6) has 1.47 mass%
oxygen) was not used further.

- Sintering temperature
The results of hardness and density after thergugt@rocess at 1200°C (used only for
titanium compacts), 1250°C (used only for compasitanforced with NDs particles)
and 1300°C are compared. The values of hardnesdearsity are better for specimens
sintered at 1300°C. Therefore, to fabricate titaniopompacts and titanium based
composites the optimum sintering temperature i199G0
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- Sintering time
The temperature and time are closely related toh#rdness and density values. The
same effect of the temperature on these propesfitise compacts and composites is
also observed for the sintering time.
The short sintering time tested was 1h and thedonge was 2h.
After the sintering for 1h at 1200°C, the microstunal study of the compacts revealed
high porosity. Even at 1300°C several pores wernectkd, hence the time was
increased to 2h.

Recommendationthere is some influence of the lubricant on thggax content of the
final specimens. For that reason, excessive uédatant for the cold pressing process
should be avoided.

Additionally, the suitable sintering temperature fitanium specimens is 1300°C.
However, for reinforced titanium matrix with carl@meous materials as CNFs ans NDs
should not be sintered at this temperature if tha&ction between Ti and C is not
desirable. In case where the TiC would be desitecan be obtained just by mixing
titanium based powder with some cheaper carbonacewmierials and sintered at this
temperature (1300°). Time depends on the volumkeotamples (shorter time ,approx.
1h, will be sufficient for smaller samples)

5.2.2 Conventional hot pressing technique

Many factors have to be considered in this procé#ss, hot pressing parameters
(temperature and time) applied as well as the giaple used, are the most important.
Other factors, such as the mechanical pressurdetiing rate and the atmosphere, i.e.
high vacuum, were the same for all the experimeants.

- Hot pressing die
After the production of specimens from the samerimand mixture powder, by the use
of two types of graphite dies (smaller die: 13.5%b%f; larger die: 100mm®),
different values of the properties (hardness (HVa@Y relative density (%)) and
oxygen content (mass%) are found.
Using the die with twelve cavities (dimension ofeopavity is 13.5x13.5mfjy the
advantage that this die offers was the productidncamposites with different
reinforcement concentration in one singly run dngtat the same nominal parameters..
However due to the smaller dimension of the cavitg, powder was more in contact to
the walls of the cavity. It was always lined witlthan graphite foil coated with boron
nitride (BN). The probability for contamination aimaller samples is higher. This
problem could be solved using the larger dies (180amd 65mm Q).
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Moreover, the use of a larger graphite die was ssag for the production of
specimens to test their mechanical properties.

Also the mechanical pressure during hot pressing m@ exactly the same for the
samples produced in the larger dies and the smalldre twelve cavities. This factor
affects also the final properties of the speciménsthermore, if the filling of the 12
cavities was not exactly adjusted for the differpatvder mixes — which is extremely
difficult -, different effective pressures could le&pected, higher compacts taking a
larger fraction of the total load (see also below).

- Hot pressing temperature
The increase of the hot pressing temperature iegolisually an improvement of the
density and hardness properties of the samplegeTibealso some exception for the
hardness values.
Then, the main effect of the temperature is obgkediging the microstructural study
and it affects the densification of the composifEse range of temperatures tested is
from 800° to 900°C. At 800°C (only used for comtessireinforced with boron
particles), the porosity in the specimens produeédthis temperature was quite
pronounced. For the same starting materials, a@%0e densification of the final
samples increased. In the case of the compositedoneed by carbonaceous
reinforcements, the phase diagram for Ti-C presaht820° the reaction temperature
between titanium and carbon. The carbon comes filmenreinforcement materials.
Thus, to avoid the reaction between the titaniuntrimmand the C-reinforcements the
hot pressing temperature has to be below this lev@20°C.

- Holding HP time
Concluding the influence factor of the hot presgingcess on the final properties of the
specimens produced, the hot pressing time is regorin the first production of
composites via hot pressing, the graphite die wightwelve cavities was used. Due to
the smaller size of the samples, the holding tieguired was just 1h. However, the
results of the density values were not satisfactGonsequently for the next production
cycles, the holding time was increased. The optirahle of time is 2h.
In general, there is a close relationship betwéensize of the HP die and the holding
time, such as longer holding time for larger die.
Recommendatior:arger graphite die is better to the smaller ineorid characterise the
samples (on larger samples, mechanical properie®e measured).
There is a problem for the twelve cavities die teddato load distribution (see Figure
5-7. If the cavities are not filled with the sangpé of powder, each powder batch — and
thus the according graphite punch - has differenglt. Hence, each powder receives
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different load because of the different punchegliteiThis is represented in the next
Figure 5-7. The main recommendation is to use éimeespowder and filling height for
12-cavities dies always.

X

n

13.4mm

Figure 5-7. Load distribution for 12-cavities graphte die by hot pressing technique.

5.2.3 Inductive hot pressing technique

The inductive hot pressing process offers shortecime and high heating rate as the
advantage in comparison to the conventional hosgimg process. However this iHP
technique has important restrictions of the geoynefr the die used. The smaller
dimensions of the heating chamber do not allowuieof larger dies.

However, the iHP temperature, the holding time #redheating rate play an important
role on the final properties of the samples.

- Inductive hot pressing temperature
Possibly, the temperature of the iHP process isnthst important parameter to vary.
The effect of its changes can be clearly observenh fthe properties of the samples.
The hardness and density values as well as theostiocture of the samples are
affected by changes of the iHPT.
Additionally, variations of the iHP temperature amve variations of the impurity
content (Oxygen, hydrogen and nitrogen). In genevhen increasing the temperature
the oxygen and hydrogen contents are lower.
Important differences are seen for the specimeaom fiTiH, matrix powder. The
increase of the iHP temperature implies noticeahbnges of the microstructure, such
as the formation of martensitic microstructure. Dwethe high cooling rate, the
formation of this structure can be originated.
Also, hydrogen as impurity (from the starting powdean contribute to the formation
of this martensitic microstructure as well as te tigher hardness values.
In general, for all the samples produced via iHie,density and hardness are positively
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affected by the increase of the temperature.

However, the same problem as for HP, i.e. the teatpes to produce composites with
the carbonaceous reinforcements (CNFs and NDgJs@spresent in iHP process. The
reaction between the titanium from the matrix amel different types of reinforcement
has to be avoided. As advantage, due to the skol time, higher temperature than
920°C (reaction temperature between Ti-C) can stede

- Inductive hot pressing time
The time used normally for the iHP tests was 15, mithough 5 min was also tested for
a few samples. The oxygen content of the sampleduped via iIHP with a holding
time of 5 min were at higher levels.
This reduction of the time to 5 min was insuffidi¢a eliminate the hydrogen of the
starting powder in the matrix. Thus, the hydrogencentration in the samples from
TiH, was higher. Also higher oxygen content was andlysethese specimens.
The advantage of this 5 min is considerable redocbtf cycle time to produce a
composite material; however the impurity contensw@o much to achieve good levels
of mechanical properties. For that reason, the tisezl for iHP was 15min.

- Inductive hot pressing heating rate / cooling rate
Two heating rates, 10 K/min and 50 K/min were twdta the fabrication of titanium
specimens.
Using a heating rate of 10 K/min to 800°C, therangmprovement of the densification
comparing to the values after the heating rate GK&mnin (at 800°C). Under these
conditions, oxygen and hydrogen content for themasnproduced using 10 K/min are
higher than using 50 K/min.
Concluding, the main advantage of this iIHP techaituthe short cycle time and it is
related to the use of high heating rates. Therefiorall the rest of the iHP tests, the
heating rate was fixed to 50 K/min.

RecommendationThe manufacturing of TIMMCs from TiHmatrix powder is not
advised because of the short processing time. Rasitydrogen is observed in the
composites from this matrix powder (TA4)). Due to this and additional impurities
such as oxygen and nitrogen, the final compos#esat present better properties.

By increasing the temperature of the iHP procdss,densification of the composites
are better; however reaction between the reinfoecgn(i.e, nano-diamonds patrticles)
and the titanium of the matrix can take place.
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6 General conclusions
Considering the starting materials (Ti base powdard reinforcing phase)

The selection of an adequate starting matrix povidethe development of a
composite is the first step to obtain the desiregtimanical properties of this
composite. The influence of low impurity levelsull discernible from the
final properties of the compacts prepared from difeerent titanium starting
powders.

Compacts prepared from TiHinatrix powder exhibited higher oxygen, nitrogen
and hydrogen content and consequently higher hasdredues in comparison to
the composites from CPTi matrix powder.

The addition of reinforcement in defined concemratdifferently affects the
mechanical properties of the composite, dependm¢he content. The particle
size and impurity of the reinforcement particled dibres have important
consequences on the final properties and micrdstieiof the TIMMCs.

There is a strong influence of the addition of f@icement with high oxygen
content on the final TIMMCs, increasing its oxygamtent.

The addition of the boron and TiBeinforcements increases the hardness of the
TiIMMCs in spite of the decrease of the densityhs specimens up to certain
contents.

Outstanding mechanical properties are observedhrcomposites reinforced
with boron particles at 450°C for the compositesfrTi6AlI4V matrix and at
250°C for the composites from CPTi matrix. The ogador this surprising
behaviour is however not yet clear.

Considering the manufacturing processes

Applying a suitable sintering procedure lowers tixggen content in the final

compacts, thus having a positive effect on thd fimlechanical properties.

In general, by increasing the temperature of thewufaturing process, the
density and hardness of the specimens increasethendxygen content is
slightly reduced.

The increase of the holding time resulted in amease of the density for all the
composites. However, such longer time at higherpgature could promote
reaction between the titanium matrix and the regdgments.

The use of different hot pressing dies caused fsigni differences of the final

properties between composites from the same pomtkeas.

The mechanical pressure affected principally thasdieation of the green

samples produced via cold pressing, but not rexltite sintered ones.

The good dispersion of the reinforcement materiaisparticular CNFs, is
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essential for improving the densification of the mpmwsites. However,
eliminating the clusters present in the CNFs wat auhieve because of the
difficulty to disperse the CNFs.

As general conclusion for the manufacturing of MWICs and Ti6Al4V-MMCs by
powder metallurgy processing, the starting powdfnseach matrix type) with lower
impurity content are optimum to be used as matowqer.

In this work, the most promising powder is the QRYito fabricate TIMMCs and
Ti6Al4V(1) to Ti6AI4V-MMCs. Thus, the oxygen conceation in the composite will
be lower. It means, the mechanical properties lvélbetter. Each powder metallurgical
route present advantages and disadvantages, howlexeuse of one or the other
technique depends on the composite requirements.
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providing education and training

Personal skills and
competences

Mother tongue

Other language/ Self-assessment
European level (*)

English

German

French

Social skills and competences

Organisational skills and
competences

Additional information

Annexes

May 2007
Processing of advanced materials (accreditation)
Composites materials

KMM Network of Excellence (www.kmm-noe.org),
Imperial College, London, UK.

September 2005
Powder Metallurgy summer school (accreditation)
Training in powder metallurgy

EPMA European Powder Metallurgy Association (www.epma.com),
Aachen, Germany.

From 1998 to 2004
Chemical and environmental Engineer (accreditation)
Chemical industry and Environmental formation and training. Quality environmental control

Centro Mediterraneo (www.ugr.es/~cm)
Universidad de Granada, Spain.

Spanish
Understanding Speaking Writing
Listening Reading Spoken interaction | Spoken production

C2 Mastery C2 Mastery C2 Mastery C2 Mastery C2 Mastery
Effective Effective

C2 Mastery C1|  Operational | C2 Mastery C2 Mastery C1  Operational
Proficiency Proficiency

A1| Breakthrough | A2 Waystage A1| Breakthrough | A2 Waystage A1 Breakthrough

(*) A1Common European Framework of Reference for Languages

Communication skills in multicultural and international contexts, ability to rapid integration into
international work environments, gained after long stays in various countries of the EU. Facility to
present and defend arguments in English, German and Spanish, demonstrated at various conferences
and lectures (Prize for best poster presentation at the conference JUNIOREUROMAT 2008, session
2. (Www.dgm.de/past/2008/junior-euromat) ).

Availability to travel. Ability to establish and work with networks of contacts at the international level,
gained from participating in projects with more than ten European partners. Capacity to organize
social events gained after working as a Conference assistant.

Industrial and academic certificates recommendations available upon request.

[1-5] Work presented in different conferences:

1. Montealegre-Meléndez, |. et al., Estimation of an optimizing manufacturing of Ti and Ti-6Al-4V
MMCs via Hot Pressing., in Materials Science and Engineering. 2008, DGM: Niirberg.

2. Montealegre-Meléndez, I. et al. Microstructural and mechanical properties of TIMMCs under the
influence of raw powders and processing conditions in Junior Euromat. 2008. Lausanne.

3. Montealegre-Meléndez, I. et al. Influence of the Hot Pressing Parameters on Mechanical and
Microstructural Properties of TIMMCs. in Euro PM2008. 2008. Mannheim: EPMA.

4. Montealegre-Meléndez, I. et al. Fabrication of Nano-reinforced TiIMMCs via PM, in 17. Symposium:
Verbundwerkstoffe und Werkstoffebunde. 2009, DGM: Bayreuth.

Poster presentation:

5. Montealegre-Meléndez, I. et al. Sintering behaviour and properties of TIMMCs. EUROMAT 2008,
Nirnberg.
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