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ABSTRACT

Particle size, shape, density, chemical composition and moisture content are
essential characteristics that determine the ability of powder to flow. These
factorsare mainly affected by powder production technology. Various powder
flowability measurements methods such as angle of repose, avalanche angle,
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compressibility index, flowmeters, bed expansion ratio, capillary tube and
shear test were intensively reviewed. The shear test method was found to
provide more flowability properties such as angle of internal friction,
cohesion, flow function and kinematic wall of friction than other methods.
However, studiesin titanium powder flowability have only been conducted
using dynamic angle of repose and flowmeter revealing an existing

knowledge gap that calls for more research.
© 2014 Trade Sciencelnc. - INDIA

INTRODUCTION

Titanium canbedloyed withiron, duminium, vana-
dium, molylbdenum, among other elements, to produce
strong lightwei ght dloysfor aerospace (jet engines, mis-
dles, and spacecraft), military, indudtrid process (chemi-
casand petro-chemicdss, desalination plants, pulp, and
paper), automotive, agri-food, medica prostheses, or-
thopedicimplants, dental and endodonticinstruments
andfiles, denta implants, sporting goods, jewel ry, mo-
bile phones, and other applicationg'41624,

Thetwo most useful propertiesof titanium arecor-
rosion res stanceand the high strength-to-weight ratio.
Initsunalloyed condition, titanium isasstrong assome
stedls, but 45% lighter. Therearetwo alotropic forms

andfivenaturaly occurringisotopesof thisdlement, “Ti
through *°Ti, with ®Ti being the most abundant
(73.8%)1*4. Titanium anditsalloysareclassified into
31 grades® with grades 1 to 4 being referred to as
commercidly pure (unaloyed) whiletherest arealoys
with different properties? such asductility, strength,
hardness, resistanceto corrosion, electrical resistivity
and creep resistance,

Wrought and cast titanium isavailableinthemarket
informof billet, bar, plate, sheet, strip, hollows, extru-
sions, wire, powder etc.!*®, Because of chipping and
prematuretool failure® conventiona machining opera-
tion ontitanium such asturning, milling, reaming, drill-
ing, tapping, sawing and grinding are cumbersomeand
challenging®!. Thisiscaused by thetendency of tita-
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nium metal to weld on the cutting tool aswell asthe
presence of highinterface temperatures and stresses
between thetool and thework piece during machin-
ing™®. Powder meta lurgy and additive manufacturing
processes of titanium powder are recommended?9,
while utilizing the advantages of powder forming pro-
cessl,

Howability isoneof theessential physical charac-
teristicsconsidered during powder manufacturing pro-
cess. Studieson flowability have only been conducted
on pharmaceutical powderslike Ibuprofen and other
powderssuch asdumina, soda, limestone, cement, do-
lomite, aluminum oxidetrihydrate, coa and clay!”*.
Littleresearch on flowability of titanium powder has
been conducted.

Thisreview paper focuseson characteristicsof ti-
tanium powder flow in an additive manufacturing con-
text. However, sincemany factors affect powder flow,
the characteristics of commercialy available powders
will fal withintheambit of the paper.

Titaniumin additivemanufacturing

AdditiveManufacturing (AM), previoudy referred
to asrapid prototyping*”, isaprocess of joining mate-
ridslayer upon layer tofabricate objectsfrom 3D modd
data® inform of continuousdices*. Varioustypes of
AM processes* exist, namely,

e Fused depositionmodeling (FDM): Thefeedstock
material in molten or partially molten stateisex-
truded through aheated nozzle and depositedin
themould.

e Laminated object modelling (LOM): It entail scut-
ting materia into layersusing alaser and adding
them together layer by layer to formasolid lami-
nated block.

e Sdectivelaser sintering (SLS): Powder issintered
usingalaser.

e Stereolithography (SLA): Photosensitiveresinsare
curedusingalase.

e 3D printing: Powder particlesare bound together
by aliquid binder injected by ainkjet printer car-
tridge.

Metallic powderssuch astitanium, titaniumdl oy,
ganlesssted, duminiumoxide, Slicon carbide, bronze,
nickel, cobalt, chromium“ aswell asnon metalic pow-
ders such as plastics, wax, papers, glass, polymer

Woateriolsy Science  mmm——

among othershave been used asfeedstock materiad 939
iNAM processes.

AM process producestitanium partswith complex
shapes, having net or near net shapewhichrequirelim-
ited finishing processes or none®, thus only small
amounts of materia wasteis produced“!. These pro-
duced parts, d so havegood mechanica propertiessuch
asstrength, near full density, porosity and stiff moduli
of eladticity, etc., dl of which areenhanced by sintering
processes®®. However, the drawbacks of AM pro-
cessarelimited maximum part sizeand low manufac-

turing speed.
Titanium powder production

Puretitanium powder isproduced by theArmstrong
Process* wheretitaniumtetrachloride (TiCl ) isin-
jected into aflowing stream of liquid sodium (Na+)
producing atwo phase mixture of Ti powder and the
by-product of sodium chloride (NaCl). Titanium alloy
powder isproduced mainly by either the blended el -
emental or the pre-alloying techniques, followed by
powder consolidation.

Traditiondly, titenium productionisthrough theKroll
processwhichinvolveschlorination of TiO, oreat high
temperaturesin the presence of carbon and then react-
ingtheresulting TiCl, with magnesiumto producetita-
nium sponge™3. In theblended elementa approachthe
spongefinesareblended together, then hot pressediso-
statically and sintered to near full density!?4.

Various processes are used in the production of
prealloyed titanium powder such astitanium Ti Al V
Grade 5, whichinclude;
¢ TheHydride- De-Hydride (HDH) processwhere

raw material intheform of solid scrap, billet or

machined turningsaredeaned fromimpuritiesthen
hydrogenated to produce brittle material whichis
ground inthe presence of inert argon gas™.

e ThePlasmakElectrode Process (PREP) whereTi
grade5aloy intheform of arotating bar isarced
with gas plasma?. Asthe bar rotatesthe molten
metal is centrifugally flung off, cooled and col-
lected™.

e The Titanium Gas Atomisation (TGA) process
wheremdting of titanium metd isdoneinavacuum
induction skull melted inawater cooled crucibl €2,
Themolten meta iscollected and atomized witha
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stream of high pressureinert gas™!.

e ThePlasmaAtomization (PA) processemploys3
inert gasplasmajetsto aomisetitaniumwiretoform
powderg024,

All of the above production processes produce
spherically shaped particles except for theHDH pro-
cessthat produces angular shaped particles. Spheri-
cally shaped particlescan achievefull density?!, thus
the parts produced have no porosity or void defects.

Titanium componentsproduction

Various powder consolidation methodsare used to
produce final additive manufacturing products, inter
alia,

e Meta injection or powder injection moulding
(MIM), wherethemetal powder ismixedwith poly-
mer binder to form the feed stock that isinjected
into the moul di?! after which the debinding“® is
done, followed by vacuum sintering.

e Direct powder rolling process (DPR), where pow-
der produced by e ementa processesisusedinfab-
rication of both singleand composite multilayered
sheet and plates®!.

e Laser engineered net shaping (LENS) process,
where ahigh power solid statelaser isfocused on
tothemetd to makeamedt pool@. Themetd pow-
der isinjectedinto the pool toincreasethevolume
of materia whilethe component isbuilt up layer by
layer(?],

e Hotisostatic pressing (HIP), where powdersare
consolidated closeto their relative densitiesby us-
ing hightemperature and pressure>24,

e Spark plasmasintering (SPS), which consolidates
powders closeto their maximum densities? by
application of resistive heating and pressure®.

CHARACTERIZATION OFTITANIUM AND
TITANIUM ALLOY POWDERS

InMaterid Science, characterizationisdefined as
theuseof physical techniquestoinvestigatethe com-
position, interna structureand propertiesof material 9.
Research has shown that for amanufacturingindustry
tobemoreefficient initsproduction operationit hasto
embark on the use of sound prototype components?,
Inthisregard, titanium and titanium aloysaregaining

——

moreindustrial applications becausethey have better
properties, such as high fatigue strength, low density
and good corrosion resistance, than stainlesssted and
cobalt chromium aloys“.

Variousphysical parameterssuch asparticlesize
distribution, shape, chemica composition, density and
soundnessamong othersare used to characterizetita
nium powder*, however these parametersal so affect
itsflowability!>3,

Particleszedistribution

Titanium powder production methods produce par-
tideswithvariousparticleszesi.e BE 45-180um, HDH
50-300pm, PREP 100-300um, TGA 50-350pum and
PA 0-200um particle size ranges!**4l. Grainsizeand
shape affect the particle movement, permeability and
angleof friction.

Particlesizeismeasured in wet or dry conditions.
In dry conditions methods such assieving, optical mi-
Ccroscopy, transmission e ectron microscope and scan-
ning electron microscope are used, but these methods
do not measureparticlesin solutions“2. Inwet condi-
tionsinteractiveforcegpparatusand variouslaser source
methods such asdynamic light scattering and laser dif-
fraction are used® even though the latter isnot suit-
ablefor usein ahigh particle concentration sol utionl“2.
The above size determination methods are discussed
hereunder,

e Sievingmethodiscarried out accordingtoASTM
C136 wheremesh screens of reducing sizes*! and
mechanical shaker are used. Particlesizerange of
45 -710um can be determined by sieving® ine-
ther dry or wet conditions. In practice thismethod
enables particlesof varioussizerangesto be sepa-
rated easily but its magjor drawback isthat some
powder sticksto the mesh holespreventing further
separationt®*!. TABLE 1 showsamesh compari-
son for titanium powder currently being used by
the manufacturers such as Timet Powder Metals.

e Optica microscopy methods have been used to
study the structure of powder and metal §%, how-
ever they arelimited in their use sincethey have
smal depth of focus, low magnificationx 2000, their
resolution dependson wave ength of light used and,
in addition, the specimens have to be polished®.

e Transmiss on dectron microscopy has high magni-
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TABLE 1: M esh sizecomparison chart®
Netafim
Mesh  Microns Inches Millimeters Disk Object
Ring Color
3 6730 0.2650 6.730
4 4760 0.1870 4.760 Gravel startsat 4.75 mm
5 4000 0.1570 4.000
6 3360 0.1320 3.360
7 2830 0.1110 2.830
8 2380 0.0937 2.380
10 2000 0.0787 2.000
12 1680 0.0661 1.680
14 1410 0.0555 1.410
16 1190 0.0469 1.190 Eye of a Needle = 1,230 microns
18 1000 0.0394 1.000
20 841 0.0331 0.841
25 707 0.0280 0.707
28 700 0.0280 0.700
30 595 0.0232 0.595
35 500 0.0197 0.500
40 420 0.0165 0.420 Blue
45 354 0.0138 0.354
50 297 0.0117 0.297
60 250 0.0098 0.250
70 210 0.0083 0.210
80 177 0.0070 0.177 Yellow
100 149 0.0059 0.149
120 125 0.0049 0.125 Red
140 105 0.0041 0.105 Black
100 0.003%4 0.100 Beach sand (100 — 2,000 microns)
170 88 0.0035 0.088
200 74 0.0029 0.074 Portland cement
70 0.00276 0.070 Brown Average Human Hair (70 — 100)/Grain of salt
230 63 0.0024 0.063
55 0.00217 0.055 Green
270 53 0.0021 0.053
50 0.00197 0.500 Remove visible particles from liquid
325 14 0.0017 0.044 Silt (10— 75)
40 0.00157 0.040 Purple Lower limit of visibility (Naked Eye)
400 37 0.0015 0.037 Plant pollen
(550)* 25 0.00099 0.025 White blood cellg/level to achieve “optical clarity’ in a liquid
(625) 20 0.00079 0.020 Gray
(1200) 12 0.0005 0.012
Talcum powder/level to remove haze from liquid/fertilizer (10 —
(1250) 10 0.000394 0.010 1,000)/ nﬂol d spores (10 — 30 microns) | (
7 0.000276 0.007 Red blood cells (8 — 12 microns)
(2500) 5 0.000197 0.005 Bacteria (0.5 — 20 microns)
(4800) 3 0.000118 0.003
(5000) 25 0.000099 0.0025 Cigarette smoke & bacteria (Cocci) =2 microns
(12000) 1 0.0000394 0.001 Cryptosporidium (1 — 10 microns)

* Mesh numbers in parentheses are too small to exist as actual screen sizes. They are only estimations and are included for

reference
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fication of x 300,000. Itisusually used to sudy the
effectsof heating, cooling, deformation and oxida:
tion when fitted with the necessary accessories?!.
However, theequipment isfairly costly and it re-
quiresgreat careand skill to operate?.

e Scanning Electron Microscope (SEM) isused to

study surfacesof metal, plastic, ceramic and bio-
logical materialssuch asblood, tissueor livein-
sectd??. The specimensareusually prepared for
non condutive materia sby depositing athin layer
of metallic or carbon coating to avoid specimen
charging. It hasalargedepth of focusof about 300
timesthat of optical microscope. Theimagesare
formed by scanning® and areandyzed by sizedigi-
tal programmed software.
Laser diffraction and scattering method uses prin-
ciplesof Fraunhofer diffraction and Mie scattering
theory!™ to measure particlesizedistribution using
particlediameter and diffraction or scattering pat-
ternreaionship®™. Theparticlesizedigtributionis
determined fromtwo different light intensity distri-
butionsinwhich oneisgenerated by theparticles
whiletheother, isdetermined usngtheoretica sca-
tered light intensity using either Fraunhofer diffrac-
tion or Mie scattering method for particleswhose
diameter areknown™, Thistechniqueisbased on
the principlethat particles passing through alaser
beamwill scatter thelight raysat anglesrelated to
theparticlesizes, wherelarger particleswill scatter
light at narrower angles and higher intensity than
smaller particles®!. Thesizes obtained represent
thevolumetric diameter™ of theparticlewhich are
represented inform of acumul aivefrequency curve.
Parameters D10, D50 and D90 are used to repre-
sent theparticlesizerangediameters, with D10rep-
resenting the smallest, D50 the average size and
D90 the maximum particle diameter®-, However
thistechnique assumesthat particlesare spherical
in shape henceitisnot suitablefor non spherica™
particles. In addition, elongated or agglomerated
powders particleswhich aredifficult to break by
sonication aremeasured asonelarge particlelead-
ing toinaccurate particle sizerangereadings“.

¢ Inthelnteractive ForceApparatus (IFA) method“2
particlesizedistribution inthesizerange of 147-
471nm aredetermined. The processinvolvessus-

——

pending the particlesinafunctiond fluid (agueous,

non agueous solution or organic solvent) under

magnetic or electric field thusdetermining theex-
tent of particledispersion and coagul ation(“?.

Recent studiesshow that particlesizedigtributionis
mostly being determined by laser diffraction method®.
Thisisbecauseof itsability to determine particlesizes
lessthan 1pum and also gives more accurate results than
earlier discussed methods. Thecommon laser diffrac-
tion equipments in use are; Malvern master sizer
analysette (Nanotec), BT-9300H or coultier Laser par-
ticleanalyser fitted with soni cation and diffocul ant that
breaks up agglomerates®.

Particle’s shape and size is described by three axes
namely length (a-axis), width (b-axis) and thickness(c-
axis). Length istaken to be the maximum caliper di-
mens on whilethethicknessistheorthogona dimen-
sionstotheaaxisor b-axig*?. Theratio betweenthe
width and thelengthisreferred to asaspect ratio (AR).
AR givesinformation on the production process used
to produce the particles and the transportation tech-
niqueemployed®, Thetwo main methodsused to mea-
sure particleaxesarethemanua techniqueandimage
analysismethod. Inthemanual techniqueeach particle
ismeasured by hand withthe help of aDanishbox or a
caliper, though the method is cumbersome“. Inthe
imageandyssmethod dsoreferredtoasdigital Seving
uses computerswhere particlesimages are analyzed
by aready programmed softwarethat interprets quan-
titativedatafromdigital images.

Particle shapeor morphology

Theshapeof aparticle, whether natural or crushed,
normally hascomplex morphol ogy andisnot uniform.
Shape is described in three methods namely form,
roundness and surfacetexturesathough, in somestud-
ies, form has been termed as shapewithout any regard
to roundnessand surfacetexturd*d. Thesemethodsare
briefly described bel ow;

e Formdependsonrdativedimensionsof thethree
axesof aparticleand isusually expressed in par-
ticleaxid ratiosand can beplotted on zingg or sneed
andfolk diagrams. Theseaxid ratiosareclassified
into four groups namely flat (disk shaped or ob-
late), sphericd (equant), columnar (rod likeor pro-
late) and flat and columnar (bladed)“.
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¢ Roundnessisthe smoothnessof aparticleand it
shows how theedges are curved (curvaturesof the
corners), usually defined by*¥;

7 Ir,
R
where

P - Roundness.
r, -Averageradii that canbefittedintoall corners.
R -Radiusof thelargestinscribedcircle.
It can & so be determined through high magnifica:
tion observation by,
B 4AT
=5z
where
P - Roundness.
A -Areaenclosed by the boundary of the particle.
K - Perimeter of theparticle.

However in practice, particleroundnessisdoneby
comparing aparticlewith standard silhouettechartsor
photographicimages*.

o Surfacetextureshowsfeaturesor theouter physi-
cal appearance of aparticle. It givesanindirect

smoothness or bumpiness (irregularity of surface

between corners). Surfacetexture givesinforma-

tion on transport mechanism and deposit setting of
sedimentg*9.

Both spherical and angular shaped titanium pow-
dersarereadily availablein themarket and havewide
industrial applications, however, other shapes like
spongefines, flakeand cord dsoexist. Figure 1 shows
themost common parti cle shapes of Titanium powders
availableinthemarket. The particleshapeisdetermined
using SEM ., Thistypeof microscoped so showsother
particle propertiessuch asgrain boundaries, sizeand
chemica composition whenfitted with Energy Disper-
sive Spectrometry (EDS)1*.

Spherical shaped particle powders have better
packing density, good flowability and asmoother mac-
roscopic surfaceé?. In addition, they haveuniform pore
distribution, good air permesbility and aresuitablefor
thermal spraying sincethey produce symmetrical and
homogeneouslayers??. The sphericity of the particle
@ isgivenbytheratio of surfaceareaof theequivalent
volume sphereto the particle surface ared™!.

C) Sponge fines

d) Fray reverse electrolytic powder

Figurel: Titanium powder shapes?!
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ticleshaveirregular shapes. Their characterigicsarelow
fluidity index, low bulk and tap density, high degree of
compression and high angle of reposeé?. Inthisre-
gard, they have poor flow characteristicsand are un-
suitablefor moulding processes such asinjection, sin-
tering and hot pressing’??. However, angular shaped
particle powdersarestill being used to produce low
tensile strength parts such as valves for production
modds, the ToyotaAltezzafamily automobile, golf club
heads and softball batg?¥ despite poor flow proper-
ties.

The propertiesof angular particles are enhanced
by spheroidization technol ogy. Thistechnology involves
converting angular shaped particlesto spherica shape?.
It employs Particle Composite System (PCS) consist-
ing of high speed rotary mixer fitted with bladesina
ring shape chamber operated between 2000 to 8000
revolutions per minute and at atemperature of 45 to
75°C for aminimum of 20 minutes®. Whenthese par-
ticlesaresintered they possess superior propertiesthan
those obtained from original spherical powder.

Chemical composition and crystal structureof ti-
tanium

Thetitanium meta isadimorphicdlotropewhose
hexagonal aphaform changesinto abody-centered
cubic (lattice) p form at 882 °C (1,620 °F)*¢, The
specific heet of thea phaformincreasesdramatically
asitisheated to thistransition temperature but then
falsand remainsfairly constant for the 3 form regard-
less of temperature. An additional omegaphaseexigts,
whichisthermodynamicaly stableat high pressures, but
ismetastableat ambient pressures. Thisphaseisusu-
aly hexagonal (ided) or trigonal (distorted) and can be
viewed as being due to a soft longitudinal acoustic
phonon of the 3 phase causing collapse of (111) planes
of atomg*2,

Theformation of alphaand betaphasesinthetita
nium aloy dependsontheamount of aloying additions
present. Alphaalloying elements stabilise the al pha
phase®? by increasing the beta transus temperature.
These dementsinclude aluminium, oxygen, nitrogen,
carbon, galium, germanium, lanthanum and ceriumi®,
However, aluminiumiscommonly used asthedloying
element up to 8% content duetoitslow density. The
aphaphaseshavehighmodulusof eadticity, tensleand

——

creep strength,

Alternatively, somealloying elementsstabilisethe
betaphasesby |owering the betatransustemperature®,
Theeementsaredivided into two groupsnamely beta
isomorphousand betaeuctoid. Betaisomorphousare
completely solubleintitanium and they included ements
such asmolybdenum, vanadium, tanta um, rheniumand
niobium®@, However, rhenium and tantalum have high
particle density hencethey are not preferred for use.

Betaeuctoid eementsarepartialy solubleintita-
nium and form intermetallic compounds by euctoid
decomposition of thebeta phase. They include manga
nese, iron, chromium, cobalt, nickel, copper, silicon,
hydrogen and silver elements®3. Chromium, ironand
silicon are commonly used. Hydrogen, on the other
hand, causesembrittlement effect (formation of cracks)
by precipitating into hydrides, thus, itscontent intita-
nium aloy isminimised. Betaphasesareeasy to fabri-
cate both inhot and cold working becausethey have
low modulusof elasticity and are corrosion resistant.

Tin, zirconium and Hafnium are considered asneu-
tral elementssincethey do not haveany effect onthe
transus temperature®3. However whentin and zirco-
nium dissolvein auminiumthey cause hardening effect
that stabilisesthea phaphase.

Titanium aloyshave been classified into four cat-
egoriesascommercidly puredloys, dphaand near a-
phaalloys, alpha-betaalloys and betaalloysd. They
arebriefly described here-under;

e Thecommerddly puredloyscontansmal amounts
of oxygen and iron and are not hest treastable since
they aresingle phasedloyd9. They haveexcellent
corrosion resistance but arelow in strength.

e Alphaalloysaresinglephasealoyssincethey do
not contain any betaalloying eements. Ti5AI2.5n
istheonly truedphaalloy. Alternatively, near dpha
aloyshave smal amountsof betaphasesupto 2%
intheir matrix and therefore, are heat treatabl €79,
They aregood in weldability, notch toughness, cor-
rosion and creep resistance.

e Theaphaand betaor dua phase alloys contain
both alpha and beta phases. They are heat treat-
ableand have superior ductility and strength prop-
ertieswhen compared to their individual phasese.
Titanium grade5 dloy fdlsintothisgroup.

e Thebetaalloyshave sufficient percentage of beta
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stabilizing elements and small amounts of alpha

phases making them heat treatabl €'9. They aregood

incold formingand offer high strength up to 700°C.

Thea phaand betaphases are determined crystal-
logrephicaly by X ray Diffraction (XRD) whilethecom-
position of alloysisdetermined by X ray fluorescence
(XRF), however, oxygen, nitrogen and hydrogen con-
tents are determined by combustion methods.

Theoverdl density of titanium dloy isdetermined
by the densities of the aloying element present. Beta
dabilizersand neutrd aloying e ementshavehigher den-
sitiesthan dphastabilizerg®2.

TheAmerican Society for Testing and Materials
(ASTM) chemical analysis standard for cast and
wrought titanium powder (ASTM F1108 and F1472
respectively) by percentagemassisgivenin TABLE 2.

Density

Both bulk density and particle density are of im-
portancein titanium powder characterisation. Particle
density isthemass of aparticledivided by itsvolume
excluding open and closed poresand is not dependent
onthedegreeof compaction¥. Essentidly, itistheden-
gty of theindividud grainswithinthesample If thegrains
or particlescompriseseveral phases, theparticle den-
sity isthe average density of the phases present. The
particledensity isexpressed as™;

i=n

Pparticle = Z fipy
i=1

where:
f. =fractionof phasei intheparticle

TABLE 2: Titanium powder chemical analysig?

Element Al Vv Fe S o] C N H
Ti 1 max 0.21 n.a 0.15 0.08 0.05 0.013
Ti 1 typical 0.05 0.01 0.11 0.01 0.04 0.005
Ti 2 max 0.25 n.a 0.25 0.08 0.05 0.013
Ti 2 typical - - 0.03 n.a 0.19 0.02 0.04 0.005
Ti 5 max 55-6.5 34-45 0.25 n.a 0.13 0.08 0.05 0.012
Ti 5 typical 5.9 3.9 0.19 n.a 0.12 0.01 0.01 0.004

p, =density of phasei.

TheASTM standard givesthe particle density of
titanium grade5 dloysTi6Al4V as4.43 g/lcm?(Bolzoni
et al., 2012b). On the other hand bulk density isthe
ratio of themassand thevolume of asampleincluding
open and closed pores and i s dependent on the degree
of compaction. Therelationship between particleden-
sity and bulk density isgiven by

Phulk = 1- N'Pparticle

where;

n = porosity of thematerid or sample
Poarticle — dens?ty of theparticles .

P —density of thebulk material or sample

Theporosity of themateria (n) istheratio of open
and closed porasity whichisdetermined by weight mea:
surementsprior to and after dippingacompacted sample
inahighly volatilesolvent likexylol for 36 hourg®.

Different valuesof bulk dengtiesareobtained when
the powder ismeasured in different statesfor instance
when settled, packed or compacted™™ and, therefore,
has no definitevauefor aparticular powder™. Com-

pactioninvolvesmorphol ogica modification of thegran-
uleswhile packinginvolvesrearranging the powder
particles such that thereisareduction of interparticle
voidswithout changing the original particle shapeor
dimensiong'?. Bulk density showsthe product quaity
anditisavery important control parameter for volu-
metric packing machinesand during the calibration of
moisture content machineg*Y.

For powders, bulk density is determined by two
major methods. One method isto measurethevolume
of aknown mass of a powder sample by pouring it
through asieveinto agraduated cylinder whiletheother
isto measure the mass of known volume of powder
that has been passed through avolumeter into amea-
suring cup or vessel™, Bulk density is also used to
measure powder flowability using random loose pack-
ing and tapped bulk density equipment. Therearetwo
types of random loose packing densitiesnamely aer-
ated density and poured or apparent density!%.

Inthe aerated density measurement, the powder is
left to settle down under the influence of gravity by
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meansof avibratingsieveor under fluidization™ while,
in poured density measurement, the powder ispoured
into acontainer gently. From thetwo methodsdiscussed
above, thevauesof massand volumeobtained areused
to calculatethelr respective densities. Powdersthat re-
St collgpseafter being poured gently intoavessd have
strong structura strength (strong particle cohesiveness)
hence havelow bulk densities, whilethosethat collapse
eadly arestructurally weeker (freeflowing) hencehave
high bulk densities?.

Intapped bulk density measurement, the container
having random | oose packed powder samplesistapped
elther by vibrating or hitting over agiven period of time
until the powder bed stabilises at minimum volumé?,
A cohesivepowder collgpseseasily after tappingwhile
aweak or freeflowing powder showsminima consoli-
dation¥ sinceit existsin aconsolidated state naturaly.

Particle density ismeasured using amanual or a
gasPcynometer, avessd with precisaly known volume,
usingArchimedes principle®, whereasbulk densityis
determined using highly volatilexylol andaprecison
bal ance equi pped with density determination kit™.

Soundness

Soundnessor stability istheability of the powder
tores &t disntegration whenthe powder isstored, trans-
ported or whilein useasit comesinto contact with the
environment, through the absorption of moistureand
environmental gasessuch asoxygen, nitrogenand hy-
drogen. Thisphenomenon may lead to either reduction
or increaseinthe particle sizeswhich affectsthe pow-
der flow.

Powder particlesareusually surrounded by fluids
mostly air between the particles such that both the par-
ticleand thefluid are used in the computation of the
bulk property. When the powder isstored or packed
for along period, the entrained fluid escapes causing
strong chemical bondsto form between particlesre-
sulting in agglomeration (http// www.freemantech.
c0.uk). Thiscausestheformation of unwanted build
ups, cakes, bridgesand lumpsthat |eadsto poor flow
properties (http// www.freemantech.co.uk).

Fromtheliteraturereviewed, it isonly the sound-
ness of cement powder that has been determined, us-
ing weight ratios. The procedureinvolves passing the
powder through asequenceof sievesof decreasngmesh

—

under vibration!. Thequantity of materia p,; ineach
Sievetray ismeasured using high precision weighing
bal ance machine. After the exposureto the environ-
ment, the same processis repeated and new weight
measurementsp,, areobtained for each sieve. The
powder soundnessisthen determined by the percent-
age changeinweight asshown below!¥;

Degree of soundness (%) = P[‘L;p“ X 100
M

Therefore, asoundnessstandard for titanium pow-
der needsto be devel oped.

Flowability

Inthedesign and operation of powder handling pro-
cessessuch as storage, discharge, transport and pack-
ing, powder flowability isoneof theimportant factors
to be considered. Powders should posses good flow
properties. For example, when being transported from
asilo or a hopper, powders should be able to flow
eedly toavoid theformation of largeholesevolvingfrom
sgnificant bridging effect that leadstoinconsistent flow
ratesand segregationl. During pneumatic transporta-
tion the powder should be ableto expand uniformly to
avoid powder agglomeration and clumpingwhenfluid-
ized by agad®¥. Inaddition agood flow characteristic
isessentia during mixing of powdersto ensureuniform
blending and homogenous mixtureY,

Powder flowability dependsupon particles’ prop-
ertiessuch asparticlesize, shape (uniformity and round-
ness), dengity, attrition, surface coating, adhesion and
agglomeration properties, compressibility, hardness,
stiffness, strength, fracturetoughness®! and other exter-
nd factorssuch asvibration, temperature, humidity, ec-
trogtatic charge, agration, transportation, gravity forces,
surfaceforces (static and dynamic friction) and storage
time*3 | hencethe complexity of flowability models
hereunder;

For aspherical shaped particles®);

Pparticled? g€ 2 (1 + K)Fyg + kFy

Where:

Pparticle — Particle density., d - Particle diameter
(usualy thesmallest diameter D10inlaser diffraction
method); ¢ — porosity of the material.,
g — gravitational force.; K - materials contact
conglidation constant; F,, - Adhesion force between
particleswith no external normal force; F - Normal
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force applied to the powder.

Whilefor anon spherical shaped particles™!;
Pearticled® 2e8” = cmll 4 k)Fy, + kF;
where
@ — Particle sphericity
c — Proportionality constant

Powder particlesstartsto flow when the product
of the parametersinleft hand side (LHS) isequal or
greater thantheright hand side (RHS). Theparameters
inthe LHS of thesetwo flow modelsequation areeas-
ily measurableand significantly affect the powder flow
rate. Inthisregard, any increasein particledensity, sze
and materia porosity will haveadirectly proportional
effect on the powder flowability for spherical pow-
derd®l. However, if particle density istaken asacon-
stant (not easily variable), thusparticleflowability will
depend on the particle size and the porosity of mate-
riat®,

Thedifferencebetween LHS of thetwo modelsis
@* (thesguareof sphericity factor), however spheric-
ity factor isaratiolessthat unit, thustheabove modds
confirmsthefreeflowing nature of spherical shaped
particleswhen compared to non spherical particles™!.

Theabove modelswhere developed under theas-
sumptionsof ideal conditions such asthereisacon-
stant inter-particle distance between particles of the
same powder, however in practicedifferent production
batcheshavedifferent materia propertiesthusit isrec-
ommended each batch to be tested separatel y'* to
determineitsflowability.

Ingenerd, fine particles <100 pm are more cohe-
sveand, therefore, lessfree-flowing thanlarger, denser
particles which are non cohesive and permeable.
However, theflow properties of fine powdersareim-
proved by blending it with dry nano size materia that
actsasthe flow additivel® thusreducing the van der
waalsforces. When fine particles <10 pm are aerated
and forced toflow, they behavelikefluidsand areable
to flow through holes and round corners unlike the
coarse particlesthat interlock upon each other hence
resisting theflow (http// www.freemantech.co.uk).

Therefore, prediction of powder flow propertiesde-
pendsonthe material flow properties, equipment pro-
ng characteristics, handling and processing condi-
tions such as static and dynamic head, consolidation,

aeration level, absorbed moisture and the el ectrostatic

charge present. Some of the common problems en-

countered in powder processing industry are (http//
www.freemantech.co.uk);

e Blockagesonthehopper or bindischarge.

e Changesof powder density dueto aeration.

e Weight variation caused by irregular powder dos-
ing operation duetotheentrained fluid.

e Agglomeration caused by particle coalescence.

e Particle attrition due to the wear and tear of the
moving particlesinaconveyor.

e Segregation caused by non cohesive powdershav-
ing different bulk densitiesand particlesize.

e Consolidation caused by highleve of compaction
inthesilo or hopper during storage or transporta-
tion.

e Effectsof moisureinthepowder causing poor flow
properties.

e Controlling of thefluidized powder which behaves
asafluid.

e Poor plant design that makesthe powder toflowin
anirregular pattern (firstin, last out).

The powder flowability affectsthe quality of the
find product. For instancein high speed drug tabletting,
uneven flow causes capping and lamination defectd™®
whilein powder metdlurgy productsare produced with
sections havingimperfectionsand voidsor porosity™*.

Several experimental methods for powder
flowability measurement areavail able, and the choice
of method depends on the specific property to be mea-
sured®l. Sometechniquesdeterminetheflow ratewhen
the powder isin astatic state (stored) while othersde-
termineflowability inadynamic state (transported)=.
Traditionally methods such as angle of repose, com-
pressibility index and funnel s have been used to mea-
sure powder flowability. With advancementsin tech-
nol ogy, avalanche angle and shear test methods have
been devel oped athough thelatter hasal so been used
inthesilo and hopper design!*®. Currently, the most
common methodsin useareangleof repose, avdanche
angle, compressiveindex flowmeters, bed expansion
ratio, capillary tube and shear cell tests. The experi-
menta resultsobtaned from the abovementioned meth-
odsareusudly modelled using computer softwarepro-
grams such as Matlab and student t test!*3.
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Angleof repose and avalancheangle

Theangleof reposeis, asshowninFigure 2, the
angleat which aconical pileof powder maintainsits
stability. The angle of reposeisrelated to the rate of
powder flow asshownin TABLE 3. Itisassumed that
lower anglesof repose materialsareindicative of lower
inter-particleforcesand moreflowablematerial. Ma-
terialswith ahigh angle of repose may still flow uni-
formly, but requireagreater amount of energy input to
maintain steady motion. Decreasing the particlesizes
of powdersresultsin poorer flow properties®, sug-
gesting that finer powdershave higher anglesof repose.

o

Figure2: Satic angle of repose®
TABLE 3: Flow property!™®

Flow property Angle of Haus_ner Carr’s
repose (°) ratio I ndex

Excellent 25-30 1.00-1.11 5-15
Good 31-35 1.12-1.18 12-16
Fair 36-40 1.19-1.25 18-21
Passable 41-45 1.26-1.34
Poor 46-55 1.35-1.45 >23
Very poor 56-65 1.46-1.59
Very very poor >66 >1.6

Known methods of determining the anglesof re-
pose both in static and dynamic states are described
briefly. In static angle of repose, powder ispouredina
fixed height funnel abovetheflat base or thefunnel is
filled with powder then rai sed gradually to allow the
powder tofall out?3. Picturesof thepilearetaken us-
ingadigital cameraand anaysed by animageanaysis

—— ¥

program, when the powder heap has build up until fur-
ther addition of powder slidesdown thedope®d. The
angles measured on theright and left hand sides of the
pileareaveraged to get asingle static angle of reposa™.,
Alternatively the powder heapisformed onacircular
support of diameter b and the heap height his mea-
sured. Theangleof repose; o isthencaculated from

Zh -
tan o = ?[231 asshowninFigure?2.

Thedynamic angleof reposeismeasured whenthe
powder isinmationinatiltingtableor acircular rotat-
ingtumbler (arevolving cylinder). Thepowder formsa
fixed bed that rotates with the supporting edges of the
cylinder until it reachesapoint that it can no longer sup-
port itsweight making it to collapsg“. Themaximum
angle attained before collapseisknown asavalanche
angle®y,

The dynamic angle of reposeis devel oped when
thefixed bedrisesinducing athinragpidly flowing layer
of material where particledecd erateand returnto the
fixed bed“. Previous experiments have shown that
Froude’s number given by the following expressioni®,

R:_ , WhereR istheradiusof thetumbler, ,, is

E, =

the rotational speed and g isthe acceleration dueto
gravity, offersreliable prediction of powder flowt*. To
obtain acontinuousflow of thethinlayer powder the
Froude number for titanium powder should be be-
tween s x 107* and 5 x 10~? . Data obtained from
rotating drumtumbler experimentisnon-dimensiondisd
by Froude numbert“,

However, itisinappropriate to extend results ob-
tained from static eval uation processto dynamic pro-
cessand vice-versa. Since stati ¢ technique determines
powder stability properties(storage) whereasdynamic
technique determines dynamic properties (transporta-
tion), therefore both static and dynamic processes
should becarried out independentl yt3.

Compressibility index

TheHausner Ratio (HR) and Carr Index (Cl) are
determined using pour bulk density (untapped) and
tapped density. The powder isgently loaded into acyl-
inder through afunnel and weighed to calculate Bulk

Density (BD). To determine powder tapped density
(TD) thecylinder istapped or mechanically raised and
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lowered at aset distance until aconsistent volumeis
reached that correspondsto the maximum packing den-
sity of thematerial. Thetwo ratiosare determined as
shown by thefollowing expressiong®),

_1D = TO-ED :
HR = — and €1 p O 100H

TABLE 3 showsHR and ClI flow property values.
Theaccuracy of theresults depends on both the equip-
ment sensitivity* and the operator’s precision while
taking thereading®.

Flowmeters

Powder flow through orificeor afixed funne isde-
termined by using either Hall flowmeter or Carney fun-
nel equipment. Asper ASTM B213 standard®®, Hall
flowmeter hasafunnel diameter of 0.1inchesandis
used to measureflow rateand density of fredy flowing
metal powders. Carney funnel hasfunnel diameter of
0.2inchesand measuresnon freeflowing meta . The
funnelsused in both processesare similar and thusin-
terchangeable. Therefore, to carry out thetest only a
density cup and one complete stand arerequired.

Bed expansion ratio (BER)

Powder isloaded into aclear acrylic vertical pipe
to acertain depth then using adry compressed air. At
supefica veodity, thepowder isfluidized fromthebot-
tom of the pipe, to makeit homogenous®Y. The super-
ficia gasvelocity isreduced to aconstant valuea low-
ing thebed to settle down, a which point thefirst read-
ingistaken. Thenthegasflow iscut off and the second
readingisdone. Theratiosof thetwo readingsare com-
puted. For particlesize below 30um the BER should
be between 1.4 to 1.5in order to achieve sufficient
fluidization, whilefor larger particlesthetol erance of
the BER isreduced to compensatefor the reduced spe-
cific surfaceareaof the particles!.

Capillary tube

Thisisasimple method wherethepowder isdis-
charged through acapillary tube. Itssengtivity ishigher
than other methods. However, if thepowder hashigher
inter-particleadhes onforces, bridging occursinsdethe
capillary making it difficult to take any measurements
evenwiththehelp of vibration.

Recently, a vibrator shear tube to measure
flowability has been devel oped™. It hasa piezod ec-

tricvibrator, glasstube and ametallic bottom. The vi-
brationistransferred directly to the particlesinthe nar-
row gap between the vibrating tube edge and theflat
bottom surface’®. The particlesexperience high shear
forces that overcome friction and adhesion forces.
Thereforethe particlesare ableto passthrough the gap
as both static and dynamic measurements are taken,
athough errorsduetointerference occur.

Shear test

Shear test method on the powder is carried out
using efther direct or indirect methods. The operation
principle usedin thedirect method equipment iseither
linear, ring or rotationd whiletheindirect method uses
axia cells. Powder rheometer shear testersareeither
linear or rotational, for instance FT4 powder rheom-
eterisrotationa , Schulze shear tester isaring typewhile
Jenike shear tester islinear. Thesetypesof shear testers
arecurrently being used to determineflow properties
in theindustry®™. The above methods use the same
operation principlehowever Jenike shear testeriscom-
monly used intheindustry®®” becauseit obtainsflow
function used in predicting flowability of bulk materid.
A Mohr circleisconstructed from different values of
shear stresst and normal stress ¢ obtained during pre
shear (consolidation) and steady state flow inthe shear
call (shear step) thusgivingyieldloci whereflow prop-
ertiessuch asangleof internd friction, cohesion, flow
function and kinematic angle of wall friction aredeter-
mined. Theinverseof flow functionisreferred to as
flow index FF_that showsconsolidated powder strength
to be surmounted before flow occurs™ .

Theclassfication of powder flowability by flow in-
dex isshownin TABLE 4. From thistable, ahigher
angle of interna friction signifies that the material
flowability is(smooth) easy, steep dopeand high co-
hesion values show that theflow of the powder is poor
(hardest), whilehigher valuesof flow index showsthat
the flow is easier’®®, The major drawback of Jenike
shear testisthat it requiresacertainlevel of expertise
sincethemovement of shear stressislimited® andtime
consuming™®3,

Discussion and summary

AM processisapreferred manufacturing method
becauseit produces sma | amountsof waste. Addition-
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TABLE 4: Flow index!”

- Very . Easy Free
Flowability = Hardened cohesive Cohesive flowing _flowing
Flow
. <1 >1to<2  >2to<4  >4t0<10 >10
index (FFC )

ally, the parts produced have near net shapes, andin
addition, their properties can beimproved further by
the sintering. Titanium powder particles produced by
Blended Elementa (BE) approach are spongy- likein
shape, whilethose produced by Pre-Alloyed (PA) are
spherical except those produced by HDH method that
areangular. Mostly spherica particlesareusedinAM
process becausethey have superior flow characteris-
tics, smooth macroscopic flow and areableto achieve
near or full density®. To this end, there are
gpheroidization techniquesthat convert angular particle
shapeto spherical. However, the cost of production of
BE and PA manufacturing processesistoo high?y. This
hasled to the devel opment of other new technol ogies
that rely ondectrolytic reduction of titanium dioxideto
titanium powder having fine homogeneous particles.
Successinthistechnol ogy will enabletitanium powder
to compete effectively in the market with other metal
powders.

Titanium powder isconsolidated by various meth-
ods. Laser engineered net shaping (LENS) and direct
powder rolling (DPR) areused mainly for additive manu-
facturing to produce partsfor medical implantsand
aerospace structures. Inthemetal injection moulding
processabinder ismixed with the powder before be-
inginjected into themould. However, itisnot possible
toremoveall the binder during the debinding process
thusintroducingimpuritiesin the powder. Further con-
solidation of the powder isdoneby hot isostatic press-
ing and spark plasmasintering. Hencethe parts pro-
duced by thismethod are used in areaswheretensile
andimpact propertiesarelessimportant. To avoid con-
tamination of the powder these processesare conducted
inthe presence of inert gassuch asargon.

Titanium powder isclassfied either ascommercidly
pure(CP) titanium or titanium aloy. Thechemica com-
position (especialy intermsof O, N, H contents) de-
terminesthe powder grade. For CPtitanium, oxygen
level determinesthepowder gradeaswell asthetensile
strength. By mass, grades 1 and 4 hasoxygen level of
0.18% and 0.4% respectively, however asthe oxygen

——

level rises, so doesthetensile strength. Oxygen and
nitrogen regul atethetens e strength of themateria by
forming phasealloys, but they cause embrittlement
whentheir levelsarehigh (exceeding thelimitsshownin
TABLE 2). Highlevesof hydrogen content inthealloy
causeshydrideto precipitate; hencethealloy product
easily cracks when subjected to stress. The level of
dloying dementspresent inthe composition determines
whichtypeof phasewill beformed whether alpha, beta
or aphaand beta phases. However, since one of the
advantagesof thetitanium aloy islow dengity, careful
sdection of dloyingdementsisrequiredtomaintain low
density. Inaddition, anincreasein powder density will
also increasethe cost of transporting the powder.

Fromtheliteraturereviewed, particledensity isde-
termined by apcynometer. Bulk density indicatesthe
porosity level sand theway powder particlescoalesce
upon settling, consolidation or compaction. Materias
withlow dengity are more cohesive (not freeflowing)
because they have strong structural bonds between
particleswhered semateridswith highbulk dengty have
weaker structural bonds hencethey arefreeflowing™.

Research hasshown that particlesize, shape, round-
ness and moisture content are the major factors that
affect flowability. Spherica shape particlesflow better
than angular onesthat are produced by grinding. High
moisture content and particlessizesof <100 um (which
tend to beroundin shape), cause particlesto havehigh
cohesion dueto theincrease of van der waalsforces
between particles*® and thisleadsto poor flow prop-
erties. Moreover, particlesizeinfluencesflowability
morethan particle shape .

Howability isalso affected by theway the powder
ispacked, transported and stored which determinesits
soundness. Inthisregard, asoundness standard needs
to bedeve oped. In addition the quality of the product
produced dependsontheflow of powder tothe mould.
A uniformflow produces sound componentswhileun-
even flow produces componentswith defectssuch as
imperfectionsand voids*l. However, the powder pro-
cessingindustry isstill being faced with powder han-
dling and process ng chd lengeswhich requiresolutions.

Hausner ratio and Carr’s index use the same prin-
cipleof compressibility to determineflowability. The
lower the compressibility ratios, the better flow char-
acteristics. However, the accuracy of the resultsde-
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pendsentirely onthe operator, when us ng the powder
and taking thereadings (without errors), and theequip-
ment sengitivity isusudly ignored.

For theangl e of repose, good powder flow prop-
ertiesoccursbetween 25° - 40° whileangles>40° have
poor flow propertiesasshownin TABLE 2. Both static
and dynamic processesare conducted independently.
Static processdeterminesflow stability whereelsedy-
namic process determines both massflow rateand par-
ticleflow®. Thisisbecause the two methods do not
subject the powder to the same stress states®Y.

Flowmetersrequirewell trained operatorsand, in
addition, they are unsuitablefor flow measurement in
high moisture content powder. Bed expansonratio and
capillary tubemethods determine powder flow rateonly,
whereasshear test methods (Powder rheometer, Schulze
and Jenike shear testers) determinevariousflowability
propertiessuch asangle of interna friction, cohesion,
flow functionand kinematicwall of frictionwhich are
also usedin siloand hopper design. However, they are

difficult to operateand time consuming.

The summary of these flow measurements meth-
odsispresentedin TABLE 5. Fromtheliteraturere-
viewed, Matlab and student t-test software programs
have been used to model results obtained from the
flowability measurement methodsdiscussed inthepre-
ceding paragraphs.

Of all the literature reviewed, research on
flowability on titanium powder has only been con-
ducted using flowmetersand dynamic angle of repose.
Theliteraturereviewed did not indicate why the other
methods of flowability were not used may be dueto
thenotionthat flowmetersgive satisfactory resultsand
arecogt effective. Furthermore, thereisno flowability
test which hasbeen universaly accepted asbeing both
reliable and easy to use. Thisleavesknowledge gaps,
althoughitisnot clear why thisisso. Thereforethis
work recommendsthat the shear test method be ex-
perimenta ly investigated with respect to titanium pow-
der.

TABLE5: Summary of flowability measurementsmethods

Flow measur ement

S/No. method Remarks
1 Angle of repose and The two methods give results which are less accurate.
Avalanche
2. Compressibility index The accuracy of the results depend on the equipment sensitivity and the human operator
Results obtained are affected by the degree of moisture content, thus they are affected by the
3. Flowmeters - "
environmental conditions
4, Bed expansion ratio The processis difficult to control since fluidized powder behaves like fluid
5 Capillary tube Freguent occurrence of powder blockage in the capillary tube during the test especially when
testing small particles
6 Shear test This method gives more accurate results, although large amounts of sample material isrequired to
' carry out the test. Additionally, skilled operators are required to carry out the tests.
Very littlework hasbeen doneon titanium powder
CONCLUSION flowability. Infact, titanium powder flowability hasonly

Flowability of powder depends on particle size,
shape, density and moisture content. Static and dynamic
processes are conducted i ndependently and are used
to determineflow stability and massflow rate or par-
ticleflow, respectively. Various methodssuch asangle
of repose, compressibility index, flowmeters, bed ex-
pansionratio, capillary tube and shear test method are
used to determine powder flowability, however shear
test methodsgivesadditiond flowability propertiessuch
asangleof internd friction, cohesion, flow functionand
kinematicwadll of frictionwhichareasousedinsiloand
hopper design.

been studied using dynamic angle of repose and flow-
meter revealing an existing knowledge gap. Morere-
search needsto be donein titanium powder flow pref-
erably, using shear test method. Results obtained by
shear test method could befactored into devel opment
of titanium powder soundness standard.

ACKNOWLEDGMENTS

Thisresearchwork isjointly supported by Aerosud,
CUT, CSIR and Vaal University of Technology. The
author wishestothank Mr AndriesUysand Mr Marius
for their contribution towardsthisresearch, in addition

Au Tudian Yourual



MSAIJ, 11(7) 2014

PK.Nzu et al.

253

Review

Prof. Deon deBeer for providing research fundsthrough
Hub and Spokes.

REFERENCES

[1] E.C.Abdullah, D.Geldart; The use of bulk density
measurements as flowability indicators, Powder
Technology, 102, 151-165 (1999).

[2] R.S.Amano, PK.Rohatgi; Laser engineered net
shaping processfor SAE 4140 low alloy steel, Ma-
terials Science and Engineering, 528, 6680-6693
(2011).

[3] ASM-International; Materials Characterization,
Metals Park, Ohio, (1986).

[4] ASTM International; Annual Book of ASTM Stan-
dards, ASTM International, West Conshohocken,
PA, (2006).

[5] L.Bolzoni, E.M.Ruiz-Navas, E.Neubauer, E.Gordo;
Inductive hot-pressing of titanium and titanium al -
loy powders, Material Chemistry and Physics, 131,
672-679 (2012a).

[6] L.Bolzoni, PGEsteban, E.M.Ruiz-Navas, E.Gordon;
Mechanical behaviour of pressed and sintered tita-
nium alloys obtained from prealloyed and blended
elemental powders, Journal of the Mechanical
Behaviour of Biomedical Materials, 1429-38,
(2012b).

[7] S.A.Cagli, N.B.Deveci, H.C.Okutan, A.A.Sirkeci,
Y.E.Teoman; Flow property measurement usingthe
Jenike shear cell for 7 different bulk solids, Pro-
ceedings of European Congress of Chemical Engi-
neering (ECCE-6), 16 — 20 September 2007,
Copenhagen, Available at http://www.nt.ntnu.no/
users/skoge/prost/proceedings/ecce6_sep07/up-
load/147.pdf (Accessed 15 December 2012),
(2007).

[8] P.PChoi, J.S.Kim, O.T.H.Nguyen, Y.S.Kwon;
Ti50Cu25Ni20Sn5 bulk metallic glassfabricated by
powder consolidation, Materials Letters, 61, 4591-
4594 (2007).

[9] Cdiforniatest 214; Method of test for the sound-
ness of aggregates by use of sodium sulfate, State
of Californiabusiness, transport and housing agency;,
Department of transportation, division of engineer-
ing services, transport laboratory, (2008).

[10] P.Canu, A.Santomaso, P.Lazzaro; Powder
flowability and density ratios: the impact of gran-
ules packing, Chemica Engineering Science, 58,
2857-2874 (2003).

[11] C.E.Davies, S.J.Tdlon, N.Brown; Continuousmoni-

—

toring of bulk density and particle sizein flowable
powders and grains, Chemical Engineering Re-
search and Design, 83(A7), 782-787 (2005).

[12] J.M.Donachie Jr.; Titanium. A Technical Guide,
Metal Park, OH, (1988).

[13] E.Emery, J.Oliver, T.Pugsley, J.Sharma, J.Zhou;
Flowability of moist pharmaceutical powders, Pow-
der Technology, 189, 409-415 (2009).

[14] Encyclopadia Britannica; Titanium, http://
www.britanni ca.com/eb/article-9072643/titanium,
(accessed on 15 November 2012), 1245-1261
(2006).

[15] Z.Essen, Bor, E.Tarhan, S.Bor; Characterization of
loose powder sintered poroustitanium and Ti6AI4V
aloy, Turkish J.Eng.Env.Sci., 33, 207-219 (2009).

[16] E.O.Ezugwu, Z.M .Wang; Titanium alloysand their
machinability - A review, Journa of Materials Pro-
cessing Technology, 68, 262-274 (1997).

[17] S.Fathi, PDickens; Jettability of reactive nylon
materials for additive manufacturing applications,
Journal of Manufacturing Processes, 14, 403-413
(2012).

[18] R.Freeman; Measuring the flow properties of con-
solidated, conditioned and aerated powders — A
comparative study using apowder rheometer and a
rotational shear cell, Powder Technology, 174, 25-
33 (2006).

[19] R.E.Freeman, J.R.Cooke, L.C.R.Schneider; Mea
suring shear properties and normal stresses gener-
ated within arotational shear cell for consolidated
and non-consolidated powders, Powder Technology,
190, 65-69 (2009).

[20] A.Fritz, D.H.P.Jonathan, O.Michadl; Gamma Ti-
taniumAluminideAlloys, Wiley-VCH, onlineISBN
978-3-527-31525-3, (2011).

[21] FH.Froes; Developmentsintitanium P/M, Ingtitute
for Materials & Advanced Processes (IMAP),
University of Idaho, (2000).

[22] GGal, Y.Yufen, J.Lan, Z.Xin, W.Yunxin; Particle
shape modification and related property improve-
ments, Powder Technology, 183, 115-121 (2008).

[23] D.Geldart, E.C.Abdullah, A.Hassanpour,
L.C.Nwoke, |.Wouters; Characterization of pow-
der flowability using measurement of angle of re-
pose, China Particuol ogy, 4(3-4), 104-107 (2006).

[24] S.Grenier, T.Brzezinski, FAllaire, PTsantrizos; VPS
deposition of spherical Ti-based powders produced
by plasmaatomization, Thermal spray: meeting the
challenges of the 21st century proceedings of the
15th International Thermal Spray Conference in

— P plericly Science
ﬂuVWMW


http://www.nt.ntnu.no/
http://
http://www.britannica.com/eb/article-9072643/titanium,

254

Characterization of titanium powder flow: A review on current status on flowability

MSAIJ, 11(7) 2014

Review e

Nice, France, 25-29 May 1998, ASM International,
Oh, 935-939 (1998).

[25] GE.Grigoryev, A.E.Olersky; Thermal processes
during high voltage el ectric discharge consolidation
of powder materials, Scripta Materiaia, 66, 662-
665 (2012).

[26] D.W.Harby, T.E.Ollison, G.R.Townsend,
J.M.Ulmer; Servicelearning: A comparative study
onthe compression strength properties of 3D-printed
rapid prototyped components utilizing various manu-
facturing build parameters, The technology inter-
face, Department of Industrial Technology, Univer-

sity  of Central Missouri, http//
www.freemantech.co.uk (accessed on 3/5/2013),
(2007).

[27] C.W.James, A.S.Edgar Jr.; Progress in structural
materials for aerospace systems, Acta Materialia,
51, 5775-5799 (2003).

[28] O.Johari, S.Bhattacharyya; The application of scan-
ning electron microscopy for the characterization
of powders, II'T Research Institute, Metal Research
Division, Chicago, (1969).

[29] O.Katja, 1.Mirja, N.Jouko; Effect of operational
parameters and stress energies on the particle size
distribution of TiO, pigment instirred mediamilling,
Powder Technology, 234, 91-96 (2013).

[30] M.Krantz, H.Zhang, J.Zhu; Characterization of
powder flow: Static and dynamic testing, Powder
Technology, 194, 239-245 (2009).

[31] C.Leyens, M.Peters; Titaniumand TitaniumAlloys,
Wiley-V ch, Cologne, Germany, (2003).

[32] S.Lim, R.A.Buswell, T.T.Le, S.A.Austin,
A.GF.Gibb; T.Thorpe; Developmentsin construc-
tion-scal e additive manuf acturing processes, Auto-
mation in Construction, 21, 262-268 (2012).

[33] K.Liu; Somefactors affecting sieving performance
and efficiency, Powder Technology, 193, 208-213
(2009).

[34] L.X.Liu, I.Marziano, A.C.Bentham, J.D.Litster,
E.T.White, T.Howes; Effect of particle properties
on the flowability of ibuprofen powders, Interna-
tional Journal of Pharmaceutics, 362, 109-117
(2008).

[35] G.Lumay, F.Boschini, K.Traina, S.Bontempi,
J.C.Remy, R.Cloots, N.Vandewalle; M easuring the
flowing properties of powders and grains, Powder
Technology, 224, 19-27 (2012).

[36] T.Marcu, M.Todea, |.Gligor, PBerce, C.Popa; Ef-
fect of surface conditioning on the flowability of
Ti6AlI7Nb powder for selectivelaser melting appli-

cations, Applied Surface Science, 258, 3276-3282
(2012).

[37] S.Matsusaka, H.Maruyama, Y.Liu, M.Yasuda,
|.M.Zainuddin; Devel opment of vibration shear tube
method for powder flowability eval uation, Powder
Technology, 217, 548-553 (2012).

[38] N.Mostafa, H.M.Syed, S.Igor, GAndrew; A study
of melt flow analysis of an ABS-Iron compositein
fused deposition model ling process, Tsighua Science
and Technology, 5, 338, 29-37 (2009).

[39] I.Oh, N.Nomura, N.Masahashi, S.Hanada; Me-
chanical properties of porous titanium compacts
prepared by powder sintering, Scripta Materialia,
49, 1197-1202 (2003).

[40] M.V.Oliveira, L.C.Pereira, L.M.Reis; Processing
and characterization of titanium sponge with dif-
ferent levels, Congresso brasileiro de engenhariae
cienciados materiais.15 a19 de Novembro de, Foz
do iguacu, PR, Brasil, available at http://
www.metallum.com.br/17cbecimat/resumos/
17cbecimat-311-016.pdf (accessed 3 August 2012),
(2006).

[41] A.Otsuki, GDodbiba, T.Fujita; Measurements of
particle size distribution of silicananoparticles by
interactive force apparatus under electric field,
Advanced Powder Technology, 21, 419-423
(2010).

[42] A.Otsuki, GDodbiba, T.Fujita; Measurements of
sizedigtribution of titanium dioxidefine particlesin
a highly concentrated non-agqueous suspension by
using particle self-assembly under an electricfield,
Advanced Powder Technology, 23, 517-522
(2012).

[43] R.Paul, S.Anand; Process energy analysis and op-
timization in selective laser sintering, Journa of
Manufacturing Systems, 31, 429-437 (2012).

[44] N.A.Pohlman, A.R.John, Mathew, J.Gonser; Char-
acterization of titanium powder: Microscopicviews
and macroscopic flow, Powder Technology, 228,
141-148 (2012).

[45] N.Poondla, T.S.Srivatsan, A.Patnaik, M.Petraroli;
A study of microstructure and hardness of twotita-
niumalloys. Commercialy pureand Ti-6Al-4V, Jour-
nal of Alloysand Compounds, 486, 162-167 (2009).

[46] R.Ricerri, PMatteazzi; PIM processing of cellular
titanium, Internationa Journa of Powder Metd lurgy,
39, 53-61 (2003).

[47] A.T.Sidambe, |.A.Figueroa, H.G.C.Hamittom,
|.Todd; Metal injection moulding of CP-Ti compo-
nentsof biomedical applications, Journal of Materi-

Watarioly Science  mmm—
A VWMW


http://www.freemantech.co.uk
http://
http://www.metallum.com.br/17cbecimat/resumos/

MSAIJ, 11(7) 2014

PK.Nzu et al.

255

Review

a sProcessing Technology, 212, 1591-1597 (2012).

[48] S.Tafesse, J.M.R.Fernlund, F.Bergholm; Digital
sieving-matlab based 3-D imageanalysis, Engineer-
ing Geology, 137-138, 74-84 (2012).

[49] K.Takeshi; The method to determine the optimum
refractive index parameter in the laser diffraction
and scattering method, Advanced Powder Technal .,
12(4), 589-602 (2001).

[50] Timet Powder Metal's; Mesh size comparison chart,
(2012).

[51] H.O.Toru, A.Takashi, PIl; Production of titanium
powder directly fromTiO, in CaCl, through an elec-
tronically mediated reaction (EMR), Journal of Phys-
ics and Chemistry of Solids, 66, 410-413 (2005).

[52] H.O.Toru, O.Takashi, M.Yoshitaka; Titanium pow-
der production by performreduction process (PRP),
Journal of Alloys Compounds, 364, 156-163 (2004).

—— ¥

[53] B.Vayre, F.Vignat, F.Villeneuve; Designing for ad-
ditive manufacturing, 45" CIRP conference on
manufacturing systems 2012, B.V.Elsevier, Procedia
CIRP, 3, 632-637 (2012).

[54] A.R.H.Vinicius, E.B.Cesar, R.M.Cosme; Produc-
tion of Ti-6%Al-7%Nb alloy by powder metallurgy
(P/M), Journal of Materials Processing Technol ogy,
118, 212-215 (2001).

[55] A.PWebb; Volume and density determination for
particle technologists, available at: http://
www.anime.micrx.com/Repository/Files/
Volume_and Density determinations for_Particle
_Technol ogists.pdf (accessed on 20 October 2012),
(2001).

— Pt icly Science
ﬂaVMnW


http://
http://www.anime.micrx.com/Repository/Files/

