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KEY WORD: POROUS CALCIUM PHOSPHATES / HYDROXYAPATITE / BIOCERAMICS

PORNAPA SUJARIDWORAKUN: FABRICATION OF POROUS HYDROXYAPATITE USING
DICALCIUM PHOSPHATE DIHYDRATE AND DICALCIUM PHOSPHATE ANHYDROUS FROM
BONE INDUSTRY . THESIS ADVISOR : ASSOC. PROF. SUPATRA JINAWATH, Ph.D. 119 pp.
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Porous hydroxyapatite has been increasingly used as bone filling and bone substitute
because of its éimilarity as bone and a better biocompatibility than that of the other ceramic implants.
The implant materials need an appropriate combination between pore size and strength. This
requirement can be optimized by the application of fabrication technology. In this work, two methods,
slip casting and powder pressing were employed. A mixture of dicalcium phosphate dihydrate
(DCPD) and CaCO, was used as the casting slurry with H,0, as a foaming agent. Sintered cast
specimens with inhomogeneous phase distribution were obtained. Phase segregation was due to a
big difference in particle size and density of the slurry components. In the pressing method,
dicalcium phosphate dihydrate and dicalcium phosphate anhydrous (DCPA) powders were each
mixed with CaCO,and 0,5 wt% Ca(PO,), glass ,pressed into shape and sintered in air at temperatures
of 1200 and 1250°C, respectively. The chemical characteristics of the porous compacts were
determined using x-ray diffraction (XRD) and Fourier-Transform Infrared spectrometer V(FT—IR), while
the physical characteristics were determined using scanning electron microscopy (SEM), mercury
porosimétry and Archimedes method and the mechanical characteristics by an Hounsfield-type
testihg machine. The typical porous compacts obtained are high-purity HAP and HAP—TCF_’
composite with the following properties: interconnected micro to macroporous structure (1-200 pm. in
diam.eter) porosity in the range of 32.59-63.70%, compressive and flexural strengths of 3.93-78.13 and
2,48 -17.51 MPa, respectively. In comparison, the specimens prepared from DCPA give much higher
mechanical strength than those from DCPD. In this experiment it is found that mechanical strength of
the specimens is significantly improved by increasing the forming pressure while the addition of glass
promotes the inversion of hydroxyapatite to tricalcium phosphates.
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ansfiaudnduaasaynings ( high solid loading ) taguiANISWKLILTA ( pourabilty)
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FTULUBINT KA ( Rheology of fluid )

. B Ay X o
Newtonian flow A8 $2ULNT AT I8UNRINTAIANINNLAN L TUU shear rate

fanmnfined waznaaghifinasionnuniln pruduiiudsruing shear stress WAy shear

rate Hudumss 1 1 '
Non-newtonian flow Aanslusuasaadinaiiinanudusiugssndng shear stress

wax shear rate ik unse Fewtifulsmnniisuiuean (time dependence) ezt

AN (time independence) AIUNIYNTINA

Non - Newtonian

| | |

Time independence Time dependence

| | | |

Pseudoplastic Dilatant Plastic Thixotropic Rheopectic

(Shear thining) (Shear thickening)  (Bingham)

g?ﬁ] 2.1 FLUUNITIMALLL Non - newtonian



Pseudoplastic ( Shear thining) ANNALARARS u@ ‘wm shear rate

Dilatant ( Shear thickening ) - ponuviada ey shear rate
Plastic ( Bingham } - s luanuLiinauduiussrwdng shear rate
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k73

Rheopectic - ATNULARNTUANN A UDLEN shear rate AR
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& o— Yield Stress
Shear Thinning
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Shear Rate
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—_ \/Shear Thickening
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z Bingham
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b ear Thinning with
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Shear Thinning
Newvtonian

log(Shear Rate)
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3. msdueriueena LU R
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1. Aousuhudiamuan sl Rust (die-fil density)

2. usaBEavufinuuufing (die-wall friction)

3. A unwiunaIn1Tgnen (packing density)
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4. NNTVBNEHFVUTYNAUBBNIINUULRNA (expansion on ejection)
o =i < / "
nainTEnluinunIya ( granulation )
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AounswinadaunTys asfiausianaiaesiln1sRtarsBunsdduans fausi
( additive ) T wansiadszan (binder) ikalianuudause plasticizer iielflaunsys
nlAanastianguutlsgUlfdng (deformable) uenaIniiinIsAnaIsusaau (iubricant)ive

AALIUAT AN

nadszd1u (binder)

Iy
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failsraiunfast dneousaasa liil
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- WidnwzlasaaFensuiunsya
- Wanuuduseddundaunaya
o ¥ < P=1 ey (% tﬂ‘d .
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- grunsnwnlaaanlfing

- idenai@aunansmnuigavoresiue

dmiunaressatlszanu (Temporary binder) fnen e lunnsdnlneviall reautis

LRIUNTYARAATLUFINTIT 2-1

F1999 2-1  waTesialszanu (Temporary binder) saautfrasunsya #lddmiunisau

sUFuntasnisdauuuuia (dry pressing)

CMC | MC | HEC | ALG | PVA PA PS
Mixability / / / / / / /
Granulate structure + R / / / / —
Migration = - - - - + +
Granulate strength + ++ + / ++ / +
Compression + - / + - ++ /
Sticking to the die ar / / + -- + /
Green strength + ++ + / ++ / +
Post-dilatation = / / - + + +
Debindering behaviour / + / - / ++ /
Effect on final density / = / / - + /
++ = very good, + = good, /= neutral, -= does not meet demands

CMC = Carboxymethylcellulose, MC = Methyicellulose, HEC = Hydroxyethylcellulose
ALG = Alginate, PVA = Polyvinyl Alcohol, PA = Polyacrylate, PS = Polysaccharide

o o

L’?émmﬁqﬂs::muﬁz,i?mL%‘Lﬂ@zLﬂuﬁfv»i”ﬂmmmlunﬁsmu@mmﬁ‘lum?é’m%ugﬂ
wazanuudusaiowrn  aaduunhlasintinsuslseeniisuysnl  wazidaunsyalsl
Nanisudsgtluszudrannsdn nevunsyalaedd Spray-dry Taatnfasldeascau
agiszuing 0.5-4.0 wefimulaetiminasamniinude  uasiifenldiude alda
Leanageaa (PVA) Fedmlu hard binder uwazazAAnNIgausn (soften) dlafinnadu

plasticizer 10-50 tafitufinainuiinges PVA
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- Volumetric filling g4
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WORANgINNNgARNAI (Compaction behavior)
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Packed Spherical Granules

Detormed, Packed Granules

Pressed Compact
F Y'A"VA.@)

—_——

and interfaces

Persistent mtergranular pores

{cm3/g

Pore Volume

| T————___Intragranular

Pores

03

intergranuiar
Pores
2 i 4

0 20 50 10 20 50 100

Pressing Pressure  (MPa)

d’ d’ v o ar i [
g‘ﬂ'ﬂ 2-3 ﬂﬁ?LﬂﬂHuLLﬂﬂdLL@t@ﬂL?ﬂﬂWJ‘H@\?LLﬂi‘lé@lutﬂQ'Nﬂ’ﬁ‘QﬂLLN‘ﬂﬂ

mmﬂ‘sgﬂmmumgﬂ ( Granule Deformation)

antRIeudnUNIYALA N ANsTHIEYNEAGNLLTIAY

ATNANNEND LAZIWIATDITUINUNENUN TN TR aS

ANARAAIAI NV

Onada (1995) ldnaaasuazuanalifiuiennudrdnzesaniFunsys Ineffay

w

L‘*‘?)ﬂquﬁnsmnwé’mﬁqswdwmﬂm@ﬁﬁmmtﬁqmn ( hard ) W9t unans (medium

hard ) uazinsyanis (soft) Aauanslugilyt 2-4

D @ Hard Granules Soft Granules Medium Hardness
2 ' Granules
R N
\\\\\\\\\\ 60 60 50
\ Pressing Punch Zss «E " //v’\\ g .
250 %, 50 \ :Di 50 [feleeoeytaey
gas et § 45 % 45
selFics Dl 6 £ £
Cylindrical Die b o P

Granulated
Ceramic Powder

Low fired
density due w
incomplete
granule

crushing.

Distance across COmpact

1
1
1
1

1o deasity
gradients in
green body.

! Distance across compact
I

No cracks.

Good densily.

A (3 ) Lo [ o’ o) o
gﬂ“/] 2-4  URUBIANMULINIRAULNTYRABNLANTTNANTRARIUR ZNTINIFUINGT
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v oo o v el a G = o o o yyd
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s = nl d‘ = 2/ i rd‘ Y vor o
famsanniautiuneiaziianisulsglfedrsanysniitalifuusadugega

fRdu2a9N198m64 ( Compaction ratio, CR) lun1sdaTus1u Ae

CR =~ Vﬁl[/Vpress = Dpress/ Dﬁii
V,, A8 diussnadlairuasluuuunnst
& " 4‘ os
Vs B UTNmsuaiilegndn
Do A8 ARHMWILINNEBYNER

<4 i dl TRl (Q [ & q‘/ll alog
D, Az eAsvwkdueaierlluuuuind  (leedialidunsyanisiien D,

Ugrunnd 25-35%)
AmFunisdianasiin A1 CR Agstiaanda 2 iieeainen CR 1if1 (D, §4 )azanii

4 A w A
PrezNNUAREUNLRIUAUER ( punch ) LAY sunernAngnanet]luTuwanu

ar & o L4 . .
NMFAUBUINTUBDNAINULLURNN ( Eiection and Transfer )

. d‘ < i :a; o v ng dl s as dgl dll
Elastic energy Mgnifivet ludusuinliauinresiunudiungadaaensfaauiile
= as

1 £
aNAuRaN’INWLLANA Bun nnhasa ( springback ) T4AN springback Hazdaelunsuen

punch 88nAINTIL  WANAY springback gaxaniiullfannsonlfifianisannduaes
WsaLiu ( stress gradients ) uaviutiduluduany Ad springback Nisiaenisaaseludael

1N 0.75%
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N3N springback g4LHeeann
- molusadulunisdagaivly
k% =y = do’d‘ & a a as ol t
- msldansFuusiduvidiacududugaiull uazguni lunedaningy
anuNH glass transition 184A9Lsz@ U (binder)
v 13
AR9IN19AUTUNUANLULRNN TuetiiU taper, ANHRTRIMNIBIUULRNA
elastic energy 1BULLRANA UWAZNITNABAUVBLIMLLANA  ansuanduaziiiuidiuan
= . as d‘v Qy = [ i d‘ cl‘ -]
USUAL AN UATLNAURGWTuNeenINWULANA  Taasnsuaadungniiuldlunseuou

NI WU parafin wax, Aluminum stearate, Zinc stearate, Calcium stearate |

Stearic acid, Oleic acid, Polyglycols, Talc, Graphite, Boron nitride s

(] b4 b 74
uuazdwuinnruann1stusiingnisan
s U

1
= [

nisiaanaaauIasA I auluEsugndn  Iudeildseanisiiies

s iifia densification Wldadnane Wuualiiianisldseuaznisuanluseudnanis
a - - - Aoy o oa v e o o

wrduwmes  anunmeratewnan mavsaunsysiifudanuly  laifatsvdedn  wdwuy

FunldGouinusadaaniuge  mainaradluiuuindldanaane  eynialiaoug

azuaNInly dnsdauszudmanenasiaduiiuaNtnan (aspect ratio ) T89TUITNAN

(>2) WF8AY compaction ratio 44 ( fill density /1)

o 1 nd‘ Y @ R ) < 1 1 QD
mmm'lugﬂ‘ﬂ 2-5 WAA IHUTNNATA9I U ATRAUULLANAF AN MU LU ULD9T W

'
el = o

b 1
N neuunsninidnsdouannes (L) seduliigudnaa®) g9 Tunuiigndnacd
ANTLALUAINI Az AsuAnsTatANmLiugandt Tasauminwiuazanas

AN A THGINL LRNA

n1sanieeliurediu 2 Avae (Biaxial pressing) AT TIRAANNLANGIIIBILIG

]
=

Tne ARy LENANgARzag LT AT NGIATIMTRIILLLRNY daunisgauL

Y

' ! v t
FANIURLIAIN MWW GAAT LTSN UAIT89T Y Aauanaugli 2-6
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{n) (@)

U 26 nasnszatwmNEIILIRAINNYSEALLL (n) uLLTANLREN

(1) BULARITANIS

wananimridauingifiafuilasainauuanmiegedsn springback B9enaiin

= ' o o o & Y < A o
RMNENNG AD AHLANAINIBLANNARTIRATW NN TR N B uan Ty
AU ansnsaudtidaanisanusaduwi il Weandn springback wazetallfeuutlasdiunau

‘H@Q@W?Lal}LL[ﬂ'QLﬁ@lﬂmﬂﬂ]’?mlﬁdLLNLLﬂl%‘H\‘]"I‘U wana Nl asuaeauduanAINLANGIN

YAIANTNA
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o a ol o as
srutnwunatiflunisen

Laminations  tusaeisnLsouR NN 1eam e uisaan Ui An1eanisen (ARt

o .;’ ~ o o 1 o [ o al = = . <4
HaTuungndniiaonuudausein  dascaussaungaiull  uwazifia spingback WiBwes
e AN UL RN A

End capping anstuznsuaniuiLuy central cone-shaped separation F4nAT%
de k74 -i' o 1 o o d’lv @ 4,( A” d’d (=3 o e
VIHGVUNTAITUIIUFNLUUS punch M’muLL‘uuuuﬂLﬂﬂ‘ﬂulu‘ﬁm’mwuﬂ'ﬂ:JLL‘INLLNM@Q@@

1 H#i1 springback g9 usa@asamnd die UATHIRGY uay meuwl‘muﬂuiﬂ

So.

Ring capping 80z suAntdullL outer-ring separation B TR0
v 1
TUIUATITOLAUUENTBIAMUS punch N6A

Vertical cracks  AN®OENITANIUUULILANAINEIIUIUAUR ANISUBILLIAE 71

1
as

UFnnuduuen1esTuuiiaiia differential springback g wazinifatuTuIuni

1
ar oot

g
S U AfUTUINR N A NLTY

compaction ratio g4 bulk density YRIATNY né’mrﬁ’l UBNAIN

wraaTnsENiuIesingen dasnnsdangefituanmsiiuiy

o ad’ d’ % 1
Rl Ny leun
Iy = P a el o &~ PR .
- nsldswee vdenisusniiasannnsuasiaiseiunia luuaundiaonunuiu

PRI RG

i
o aaas

- FwaiAadiesan wnsyafifaneivg glineilisdinene wezudaduly
ugna AN BauuuRu il Beuuas s daanuge

- pvsedesinaun v ludunuiigndatednaseanioodudountnineg
a P 1 1 o ) = < lﬂl 1 9, 1
Maasainunsyaglseliadnane uazunsyadlaoswdsa e soudsgldaeng

ANYINTIUIENINNTTLAUNNIEN

Laminations I End Cappmg Ring Capping

{ 2 ' v
21l 27 FnwnizresiifiAatuialdlunedaaug
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g < <
2.1.3 nszulumsauglidaingiangu

Faguasinidgnguldgninunldluewsine THusnuae Wiy Jwsiansea (filter)

q

L=t

Tavzuaan  dudansesdwiunisiuialiiigranenmgige gunsainudeansaiiuas

q

= e R 1

SaanTiaueulg (permeadle) Tnemivl/idenfianmafiae Siduees (sensor) e
&miusingal§iFen (catalyst carriers) 1A lulsan uaz lusnawsd (automobiles) @19
Lﬁaiﬁmmﬁ@ﬁﬁgwgu uazganfanssi i sunsinlulamsiinluniaduiagignils
naununszanuaziy sy

1l 1992 Saggio” ulfamasiinfiflgnquidy 2 tszian Fa  reticulate
ceramic uax foam ceramic Fvssesszinmilannauansneiuludnenizaaddasaig
waTaN1ip

- Reticulate ceramic Ae Tanfidgnsudssznaudnedasiraiisaiiles

(interconnected void) QNABNIBLALTIN (web) 189817495730

4

- Foam ceramic AadagnNgnguttilasaiaiutasinsuunile (closed void)

X ‘ Al
Aelside (matrix) @195 8NNADLLES

SEmeduiundngsing Ngnguuieaanteithi ﬁivmﬂ‘llmmlﬂ 2%
- 7% Polymeric sponge 13 w”b*ﬁummﬁmmmumwgumimqmwﬁm (open
i d
cell) ADLUDY

- 3% Foaming aunsonantdilaseadgnauuuudlauszuunila (closed-cell)

2.1.31 miﬁ‘ugﬂa%‘ Polymeric sponge

Tutl 1963 Schwartzwalder et al " @8U18TUABUNUFIUAMFLAT Polymeric
49
sponge Asiansluurunnieany raduannnsdunadin (sponge) Geillaseairagngy
wudleaslusiasdaasansissiing ani@aendwesdiuiveanainnasdy ufatihllun
laansguvsenidveylusae? duseugavaridunullenlaeshussindures e

o d
Tilasaad s dnfiilgwgy



ar

Fandeilaraafraflunastingnaudladmunzassanisimnldlunnsadn
reticulate-ceramic uaneuiin faacinedu Waesmy (polyurethane) 1aglaa (celiulose)
walafianaalsd (polyviny! chloride) Waalsau (polystyrene) Way aninn (latex) ioel

k3
TUIATBIFNINLDITAAIMA AT T UF A MUATUI ATBI TN IUTINR AU AT EWASRN

as ar :’/ é; < Déﬁ, 1o t:{l v o 2
n1euAsauAdLNY Natnsaen et AuauiasesgwiuisiaenisTunsia b g

AIUFN UGN

14
RANWaILIN — | FTENARETUIRAN TN —p
qunaaiasluanes
l
|

=

i i, v
IARRDIAIUNNERNANHANIN

(additive)

T

v

ALY

h 4
wnldasdunde — | wnFumes

{

3N 2-8  Jumeuniswisuas Nneangulagds polymeric sponge
2.1.3.2 9% Foaming

Adé’ i nl [ o A b o/ = & =
Anildsrnausndiulsznannidlusngniinisasnis naniuaswerinefvzeans

&

Auvisetatlusan liinasanasaintd N linalasaiatly foam walslareairefidy

=

& o b2 = a lﬁ( 2 o d‘d k3
foam udatilleuuazmusianisindumediie i lddanmeiniignguausiednis

10T 1992 Minnear " nanadedasusiinafianguin 16a1ns foaming d13idenimiie
4198 polymeric Aa lagieiuiuew waslsviuuugnguilauaslla uazaransotuguiiy

gngutlarusdnaanls wazdresianisadnuinngd
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Pilar (1997) ® Fsnusauianisamiansiinatiangulisuianslunisei 2-2

ANTN 2-2 ABnnsudndanusiinaiagney dnwnz aunatesgwgy uay s hildansy

Techniques to Produce Porous Ceramics*

Process Pore characteristics Pore size Applications

Sol-gel, Microstructural 2-100 nm Microfilters, catalyst and
Gels, "~  porosity, 0-90% enzyme supports, sensors,

Sintering porosity chromatography media,

adsorbents for effluent
treatment, translucent lenses
Catalyst, filters, heat
GARSAR Round cells or 10 pm — 10 nm exchangers, light-weight
cylindrical channels, structures

5-80% porosity

Reticulated | Open cells similarto | 100 pm -5 nm Metal filtration, thermal
dodecahedrons, Insutation, low-mass kiln
70-90% porosity furniture, support for catalytic
Foaming Open or ciosed cells, | 10 um -2 nm converters
spherical shape, Same as reticulated uses

40-90% porosity

Applications of porous materials are determined by thesSe characteristics and by the

material composition, within restrictions of the mechanical properties.

Fapmeinglanguarunsanan ildsisuazauiagnguiunnstaiuaiuisvingn
nfrsiulusmaniligadn Wy nasldasiannsnwnlaeantdls ( volatile, combustiple

burn-outs) Nasd L luanss 80 Wy TR wunnian win (wax) wilsiudss (potato

2%

strach) wikdn91@n (rice flour) Wiudu TRaldudduilalunisudmaminivu (foam) Tos

i
=i

Ysnnnsuarauinresssmantianiiiusnnvuadedony 1u1s  UaY N1TNSTANEINIATe9]

o v
wyueaianils

5



19

Gel-cast foam flumatialusftinsdnun n@aasingtiongu 353lun1 99
el (foaming) wisnTaYANELIALABEIIINTN (ceramic suspension) T9UsznaudIeng
=Y a =l '3 . ad‘ o U 1 . B g
VITINN @N9AUNTE N NS ( organic monomer) 417991 AN A L { foaming agent} "
WaT AN3TosNNTNIYantsia (dispersant) BauaIanNNeinuielnnnRNAa surfactant WAy
FaifaUfifisen (nitiator,catalyst) lunhsifinlwdinalagd (polymerization) Tamaainnng
L8 +

Aalnaweflamtuiinnlfiialaseaadenaluuuusdedesleadeiy (cross-linked

network) ¥ 1WIHu fisnnsudasa (soiidify) Iifulaseairvaaiignguiiudaus

1
g

. 1 | adg [~ a o d‘ v cl‘ < ‘:i b
Pilar nanaddstlumaliatihauladuiliasaniassaieiudausanldannnezion
nasfanatanndesiy armnsadsn ldiundnatsasingiangulivanatlsvion Wy 19ef

Tl azgiun Auldrunisuesled (caicined clay) lansandazwilng 1usiu



2.2 lansandazwilnslulawbsin

2.2.1. lansandarwilusidslngiangu

ol a [N o 12 ° 2 a vl . o o
lansandezwilnsinaingidangulagniinldoumaensunnd  uazlaienids

aeraunsnanlunisldidudangndmaununszgnuaciy - Ineiidamnduuumuanuiniy

q a

3+ 1
kg o a &

Wewdn  wasainlasaaieiignguardaiunszanadedaiie Haua siduiRena s nLEsny

9/ 2 o v a d{l =& n:lx [~ 92w 1 [ dl i o dy d’ a o
W16 ‘VI’IOLVLG@]ﬂq?LT’E]NEI@WlLL‘NLLNLL’&‘L’ﬂW‘iLﬁHﬂuﬁ‘iﬂ’ﬂﬂ"éﬂ@v}ﬁ@)ﬂﬁ\‘lﬂULu’t’]LﬁJ@LﬂNLﬂﬂ

ddy | (=1 = I 1 o a‘d‘ Z’/ [
TUATU Sﬁ\nﬂumﬂwumwumLmamlam@ﬂsﬁ@xwﬂmmwﬂ@nﬁmu @EIWQI?H ARNTIEINU

as

nsAnEI N BN LI TIIIAgNgRTedan Azt Ugndaiuiiaonuda fy paugna’liy
m9ei 2.3 Teelull 1971 Hulbert wazanldinEUINTIIATRIgWTUAMINZANRaNNS
G d" a‘{' <~ ’:/ = 1 o‘
wiyraaiiiaitianasduasnlaasaunseaniuadsifetisntszaine 100 Tuaseu  wax
IANIANgY 200 luasaudmiunmsmiiaainliifinanisaienssan  (osteoconduction)
nﬁ’ = o Gy c:id d’ =i dl =) t
dasantassendazwi ndiduanshiisonudse uwaslesianisdielgnguaadiauinlug)
< =3 s o ’:/ = ¥ & a 2] & v o  as .:i '
pndausaiiazen  Aviulassanderwlvdalianguragnldeuindnludouiildaunsn
Fuussnann vin 19iHu  (bone filler ) wisedanuanlugourasnsegniianisdanida s

vraiilulea ©

AN9NN2-3 Fasanntesgnguuuusiaiiasndnludeszuusingeg

Tissue Interconnection Pore Size Range
Mineralized Bone 100 pm

Osteoid 40-100 um

Fibrous 5-15 pum

v ¥
oo a e

lansantazni Insatianguin i lunnsnsunndiuiiviauuuiuiuanu ( buk ) v5e
Huunsys ((granule ) Faladinsdnmnnastgnilausumedouseiuandlunnsed

4 n‘A i’/ o 2 s i 1 o’
2-4 uaznsrugtlansandeswilnanignguiuainisaiiliuanadsderinanaliludadanis

U Ll

5 d‘ é’ 1 e 4 2 e ° 1% L o v
mugﬂ snwu@anumm@nlumm:ﬂumﬁ?mlﬂhmummm@wmmgwg‘uwmmm?

a
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. Fabbri 1994 I&savuiunsyafimunzanlunisianldaosil Buinsianuntes

sngulndthee 60% laeidl macropore 1199 150-300 luAsey uar micropore 111AYiRY

nin 5 luaseu Judndou 5- 10 % wazAn specific surface area Usznnn 0.5-0.7 m*/g

ma‘l‘ﬁmulugﬂ{,tﬂil‘éﬂ WU cosmetic restoring, drug dispensers, restoring of bone

part, liquid drainers Wlums

9199 2-4 metnlamsandezwiing / arsuesidenwasing alawg lduianugnilly

dousineresiame

Material / Form

Porosity / Pore Size { um )

Implantation / Species

HAp / granule

CP / bulk

CP/ bulk

60%HAp + 40%CP/bulk

HAp, CP/ tulk
HAp + CP /bulk

CP /oulk

HAp / bulk

HAp / granule
HAp / bulk

HAp / bulk
HAp / bulk
HAp / bulk
HAp / bulk
HAp / butk

HAp / granute

HAp / granule

/2-10, 200-600
50% / 800 — 1000
/400 - 500
/400 - 600
60% / 200 — 400, 50-100
not given
/100 -600
/1200

57-71% /30 -230
65-75% / 260 - 600

71-83% /150
40% / 30 =300
50-60% /190 -230
not given

not given

not given

50 - 60% /230

Soft tissue / dog
Alveolar ridge / dog
Alveolar ridge / dog

Spine / human
Cancellus bone / rabbit

Soft tissue / dog
Cortical bone / dog
Proximal & diaphseal

Tibiae / rabbit
Mandibular bone / dog
Cancelus & cortical bones /
dog
/ human
cortical bone / rabbit
cortical bone / rat
soft tissue / dog
femoral
condyle / rabbit

- rhandibular

ramds / rat

soft tissue / rat
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Qe o
222 mmmﬁanm@ﬂmsan%@:wﬂmm

laasandacninsiiluansusznavunaidsuiaginanazdnduaisniagsiniy
o =2 o . 2 o [ ana Y P o ' .
anwuzrasaandly polyerystaliine asinldianTiAe Sauuda (hard)  nudausans
( compressive strength ) weililsne ( brittle ) uarianmludu tensile was fracture
toughness A1 ( fracture toughness iy 1.0 MPam™ WeWeouiunsygnaeidn 2-12

2
)

(MPam™ ) Fafludesesuaifiudadinlunsinnldiuiagnaununszgn’ audsvialy

Naduredlasandarni lndiauanaliuniened 2-5

<

AN 2.5 antievaldasslassandazwilne

Property Standard value Remarks

Design density 3.16 g/om3 Ideal density, rarely achieved in

practical application

Compressive strength 100.....200 MPa
Bending strength 10 MPa max. ~ For high —density material
Modulus of Elasticity (MOE) 100 GPa max. For high —density material
Hardness 500 HV {Rec. stardard value)
Thermal expansion 11 = 10°K"
Melting point 1650°C Decompositior!
Corrosion resistance Best for Hydroxyapatite ceramic

compared to other calcium

phosphates when pH value

increases

!
=

wandauneaagsnini ldiuludaqiuiianifidnaidutesinludiunau

wisaflesannilamnuuanseannnszanlugnid 4 atnare” elastic modulus, ulimate
. . . d} d[ ¥ v o & e &

strength, fatigue life uaz mode of failure Telumsed 2-6  duanslfiiuiean®ideang

R R LRI R G I A C ARGV ST
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aedl 2-6 auTRidanalaesialleasnszanuasasusrunuaadasnasma™

Material Compressive strength (psi)* Modulus (psi)*
Calcium Phosphates
Dense 3-130 5 -15
Porous 1-10
Bone ~
Cancellous 6-9
Cortical 20 2

* 1psi = 6.9%10°Pa
= n’d‘ 2% n‘d:: G‘] ‘é/ i <~ d‘d
lansandaswi s ldnisnisunnediviauunifhiiieuwdu ( dense )  visawuLNNG
-~ o 4 9 4 v o -

wWiu 19T 1997 Suchanek® uarAnszlAsaumnazsauivaRdinataslansentos
WM ANLEEVETIaasuLLaINanuade e N fell

dmiulansanderni lnsmuFqrsuuniiouy

fracture toughness ( K, ) 0.8-1.2 MPam™ ( A@ds 1.0 MPam'” ) #%4A"

J X a 4 o
wantazananiludumnsaie porosity tRNAU

fracture energy 2.3-20 J/m’
bending strength 38-250 MPa
compressive strength 120-900 MPa
tensile strength 38-300 MPa

¥ (-
o =

v
quiiudAineszateeg udeandne  vsliillasaaniladevaneetng  wu nel

microporosity, 141R18NsY Fuderlu (impurity ) wastiu

o o o A&

dususniiRdanavaslansandarniindaiangunaiuisaldiiluiaanaunueslu

q ] a

he

Y PN[oN
- bending strength 2-11 MPa
compressive strength 2-100 MPa

tensile strength 3  MPa
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oo oAl r 9t L= Ay [ a alld
ANIATE Al IR neAnstauRidsnasesiaamainiigngy - Tasany

duusarwinsanunguiuargtineresgnuiifidessBidng  Taaunsinaiclazuans

‘ £ 4
& ar =

Tugtlraelaridu exponentiai saauni1sdneaneil
( property ) = (property ), exp (-bp)
warlFugmamnuduiusszudnapoungusiaiuaauiisaaslansandarnilvsn

Hgwgn wanaluglyi 2- 9

{3) Peclen eral
{1977}

(1}Rz0 et al
150~ {1974}

E {2} Aoki etal
>3 {1976)
£
g 100~
2 {4)Monma ¢fal
s {1978}
g 50
s
[
0 i i (4
0 20 40 80 80

Porosity (%)

§UV 29 ponudunussendnedn compressive strength il porosity aslansand

azning

mnmwﬁ 2-9 HAAINANNIVIARESTEY  Peelen (1977) Lm:ﬂmﬁﬁ'mﬂmm
compressive strength ‘ﬁﬁ’au%ﬂ@\‘i (30— 170 MPa ) UayA" bending strength Wae impact
strength @3 Lﬁ@mﬂiﬁﬁmsmuew%@mmwauﬁ%mmmmmgwgu %ﬁumu&uﬁgw'@u
ety ( macropore )ludae 150-250 luasan wazgnguaaian ( micropore) Tudaq

0.5-1.5 luarau

AIUNANITNARDITDY Monma (1978 ) wazansy  Tuaulsdlduniswnduimes

wsitluduauiiaann hydrolysis — solidified #e1 bending strength a/luae 2- 12 MPa
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= | ‘&, 23 ' b % i
waliuuini Le Huee (1995) * wazanzliAnmeusresgwiuauinlunjuasgngy

TUIPWAN  NdsBA1  compressive  TNRNNNANTANHIWLGN  gWgNIWIA MO TNa s

t

compressive strength uanndngnguasiaidn  Iaegnguauatugasinlfdianuudauss
ANAIBENITIALTIHINAGN
Liu (1997 ) *1dvinnnsdnuuaztusudnferidu exponential arunsaldlasula-

asandoznn ndimenfinnignguluda 45 - 78% usrgwiutaualuajlszunns 100-400

Tupseuld InefiF1Aungusiaonne A compressive strength azanaginauiudumnss

4 ES A
S

snugwun Al ARy sausasluninwi 2-10

40

301

10+

Compr;ssive Strength (MPa)
D
<
L

T T
0 0.1 02 03 04 0.5

Pore Size {mm)
nll o o o ' . < o a dl
E‘LI'V] 2-10 ATTHANNUTURIAN compressive strength ‘H@Qiﬂm?@ﬂ‘ﬁ@l’wqh’lW‘ﬁuﬂwa‘uwa@

a Y :
auilndursaieaunreagnIuTIa lUEIWRNEY ( p : porosity)

UANAINAMUNTUFIUAZIUNATNIULAY AN1zgLline189gwai ( pore geometry )
{ansnarad compressive strength @9AnEilne Rossi ( 1968) , Rice (1989) *° Aaudnsly
g1¥1 2-11

t = « o dld AJ 9
RIMNHANITNARAINWLN 156’]5‘@ﬂ"ﬁ@$7‘!’11’/1[5]L"H?’u\lﬂWNgW?%Wﬂ?iﬂ@Uﬂ’JﬂEW?u

] 9
]

Anwoue oblate AziAIANUWINUIIAINGIgUNULIY elipsoid WERgUiwnan  wanaanilg
Ad 1 ¥ § d‘ $os ol 1 ar ' :&I ]
waunigUinnanazamnsnsnumuse stress HFUANIY  wazdnwoizgwgumaniives
o or a{‘ dp df-g’: o A (9 o ' 1 o
AuAmaua i lunasaugl  ( netdugluuunisde ) aeaniduwindaasainonnudause

YRALE US4
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60 %
—~ 504 cllipsoid, 0,=1860 exp(-9.6p)
=
Z
- 40 A
2 o
L Sphere, o,=1950 exp(-9.0p)
. .
>
7 204 =]
g
(=%
=1 A
S 104 ) o)
o QOblate, o
0,=660 exp(-8.2p)
- 0 — T T

T
30 40 S0 60 70 80
Porosity (Vol%)

sUf 2-11 A uduiugsendng compressive strength iU porosity 2@<laasandazwang

NS NTReWUN AN e TegNIUTUANGNATY

2.2.3 medsudgesaiiniBanavasiansandazniine

el ar g

dll = v o= mnd’ v e iy o o

Wasanntansandern nsilaniinaunsadniuliniuiunie  wildedninly
srusasaniBidinalunisldunemsunnd  [9ldRoAsannuneAneielFulss

e & lL = 1 &Y o . Qd&]ﬁ/ Ollﬂli/ bLbiJ é’ |
antPidanaredlansandaniinsidaeiunateds Iansnsatldlennidndaun Wy ng
nuduansrenln@niunedmed vrassusdinatiney Wy weflatls acgiun Tanew
AFLUR  Fennaidnmousiily fibers, whiskers, platelets’ ¥iFBnIRNLALAR T NN AR
w3 bioactive glass Wlushdaelunisdumes Waswnufalussuu Ca0-P,0.-Na,0 Haad
Usznauynaailadgaseiuussaniiidndaudseneveesnszgndedlanimnanasod iy
franneldiAell biocompatibility Waz bioactivity uenanniifeiinastinlamsandazwilnsiun
4 . a & o Aﬂ' ezd? v i = 2/ a

AaaY ( coating ) uuialausysasinauiiliassaiadugngy Wi agliun fawaile
' | v
pinee] wusiu

Kanazawa (1989 ) 182784749 N1 A NE191s2na U LNSTHAD 8 AN A LA WS L

= - ¥ G| A ¢ = ] i 1 oAy
laasandazwitnedld  Tnaufausadonrasmaduaisngninundindeldnansieausd
Fena 1y TuTl 1984 Kondo uazAnie™ wiFaw frit idsznaudine CaO-P,0, uaz PO, /

metal oxide Rnlulaasandazvlng Be fit Useneusian PO, Ca0, BaO uaz ALO, lu
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$m9149% 46, 20, 32 uar 2 Tuawafudmua1sy wiguwmasy 1250°C tae frit azifianng
as d‘ :..:’1 a oo d‘a = & 0 L
m@umwgmmummzmmﬂgnm’mmmmwmﬂiam@nmzwﬂwmm’mmmmmm
B-Ca,(PO,), Tardatdaninnisinrannsy naanau Bao wia ALO, suinudndasdil

wnuit Cao fdaadudanistageansy Mnldanfidanasnduuwaze bending strength g4t

] 3 14
= e =57 a

d’ o dp d’ &

205.8 MPa lagare9 B-Ca,(PO,), Uaz a-Ca,(PO,), IAATULeIAIN frit MFNLINAATY
Wasiantieafazdasluisasaas bending strength  uaiNTWaT8Y o-Ca,(PO,), IRATUNIN
< 3 o & 1 . :,/ °’ 1 < | 4
WuAazyn AT bending strength Buansaat1inlade

Tutl 1993, Knowles uaz Bonfield” lavinnsAnmnasasnsimnuianlsznausiae
xNa,O(1-x)P,0, lar xCaC(1-x)P,0, ( x = 0.2,0.3u8% 0.5 ) slanasasantiBidnaiiladiug
lulaasendazwnlndludndau 2.5 uay 5% lagumin  FainasAnsnuIndndiuias
[ % d‘ = ot ) d’ x:l’ b3 o d‘d =i
1fiprasuiniiunaeauguu)ianasenislasuulsaa Tnavudoadanilsdau

; o a o % ;o e o o A . .

(soda type) azdinaliifianisulasuudasvalduinnifiafeuiusisnluea dan (ime
type ) laenwudnaialamsuisiaii 2.5% Nenmgil 1200°C M1lfiAe B-Ca(PO,), uasiile
Fumnumniiflu 1250 °C tiunaananes B-Ca,(PO,), daduluansiiviaredlaasendazm
Infanes  dedlidiudnfnmsnlaauma (inversion ) saslansendezmnlnslulifly
B-Ca,(PO,), uaz a-Ca,(PO,) ’Lumm wazidlaiuniadiuiu 5% Sedenasianislaoy
wannudgauugi1200°c e liBuaaedlansendeswmindaninas uazaz
wiellwdeusinaes B -Ca,(PO,), \Wegnmpigeis 1350°C  uarldndrduiiatfunmn
gasthaunluniogeauasilufii lfinaeaeB-Ca,(PO,),HArnaalasuasiianisifau

E ! .
walihily a-Ca,(PO,), snsuilagnmniigey A wiuufglauns@auiieldiy 2.5% wa

a

g o =i A t y e <z _a
1a3lansendacwd nsdfiasguuaniatosuionmgiige  willewiudu 5% deualiiinnig

a QU
k%

wWasnallilu BCay(PO,), uaz o -Ca,(PO,), §4n 1iieqniniigandn1200°C B-Ca,(PO,),
Waewlhilu o-Ca,(PO,), et1emndy Suflunaliien flexural strength A& wazen

t ] 2 3
flexural strength azstasduiLuANaLyn compositions HeRMUYNAY  HaNaINTille

avmtlsznauraatoldndan CaP Wnlndlassendazwilng (1.67) nasiAsnisasan

ATAAFIRY ABINIAA o-Cay(PO,), RARY

1u1] 1995, Santos”™ wazpldAnEINIRANLAINaaWs LasFAane 2.5 iWefiaus
Taauaalulansandarwi nsifatludninlndsngaasresvianlunisdumas EATGD

Usznavudsaanlasmmanil #a P,O,, Cal0, Na,0, ALO, uay SIO, HANAY 2, 3 1wie 461
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NAsANEINLI  AenIndmmaniiian fracture toughness 1.1-1.2 MPa.m

gala

lansandaznlnsmdumaine 2 i visllefunudnliesainiia densification guwsziia

3

anarasat  lldudinnsTnreansureslanrandeswilng  wazlsunisinludnen

3
& ars 9 i

Tuszuusiaassanenudiaan in@nszndndlansendazwilnsnuuialatunsolidnsnig

avusziunszangauazdaeliifia bicactivity 5 1lesanufaluszuunesinniiesdtsy
= kY as 5 ] d) dl k24 o ¥

nauiladneiudauaeausannlunszgndainisaiazidisuiululaseaiessninvasls

prandazwlnmlae liquid phase process  WATAINNNSANENANNURLUAEN LR

-

gunpigsinlansandacwi ndiazi/aaulll B-Ca,(PO,), uar o-Ca,(PO,), ATUANAL

q U 1)

Ca,y(PO,)(OH), —» PCayPO), —— p a-CayPO,),
InaBunnaaslnsussidasdaamanisaulularainasniaresduanusaningn

'

d”d? ar o =i 1% n}‘ a = & d) kg as o
mu@qm_lﬂdﬂﬂ?:nﬂum\‘imma\umwLmulﬂamﬂmazwﬂm TIADAANBAINLNTIUINE

a4 A,
AU
Knowles (1994)°waz Lopes (1998)° lé@Anmsanrdelinaluniuasdeafiu A

Anmnaduuiaiedenlunisiunes Uiulpanimdanalaasandesnalng Insudad

t
ar

G/DOLSJQ ﬂd’ W ﬁ lr:l‘ wg{:g 1 as r‘]__l“’ < = 2
AINVLULAANTTLURE WINA INBRATINTTILIAEIUL @mu@gnmm TENRUUTRTUALBILINT

ARAAAULEN TN Uazamunnil dusranasioaniiFiding
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Y aw o (% & ¢ @
223 dayaannudseneinumstugillansenferminsaiinngy

= =1

dWesannlaasanerm ndmsinhifignguiilaseaiwadradunszanass  winnzse

\H a

s M fudasmaununszanuesilu - Tanamisuwndldneasstiandgnilsludianig

wazthun awiwwiwaresnrulunaduiagintenaununszan aFunnsusy

o

gungwIuaaanauaH s zaniuiduliadniidrAngluntsi il - Gl

1
} 4

X iy Py o e o v o e 1 vy
ﬂ’]ﬁ“ﬂugﬂ‘ﬂud’]uWﬁ;uWW@dﬂﬁ?uuNm’m“ﬂU“ﬁ’au Tﬂﬁm’&lm(ﬂmﬂ’}umﬂmﬂﬁ‘ﬂmuamlﬂm%}

o

o dl k% ar ?:/ A2 o csl o [ o] dy of
wAtaR L mumw:mmm‘-}ﬂmnmmnmﬂumﬁﬁﬂmu@:wmu’mﬁmmugﬂam@nsﬁ

H
v =g

azw nsasiinaliangy Tuiudeyailiesunlfituiumreswide s

Tl 1972 white® waraneldlE38nFendn replamine form Waanaasdnenzlas
af19ae9tzaFs Taantsvn hydrothermal treatment denndy  Wdasuudadlifiulansen
) o xﬁ' ar [ v -:ll G| I s".il o‘ [ as
Farnilng  Sefasdnmuriasaiendugnuseiistssaiiauaanuiuninaestemi
o o = , o e a g A o] & ™ = o
13 iellawalvgwedmiunisasyrauiieiEia  INHIATeIgNAINetTuNIsiRenTin

gaatlensan Il s

aa . T a af % o
98 polymeric spong  unisirdeauRananiaaglagnadinaiinua ey

o = d‘ v a = nl ¥ = ar o =4
UNALRaT mimmmwmmmn'ﬁum‘wquwlm%mnwmmm@wmmamLmummﬂiﬂm

o ar A

v P o o t v PROITD. SR
A51972INDRINAFINNTUNAIRINHIRNTZLIUNITN A INFEY ToedsnasndnAtuAannT

<

POy PRPS B Pr ¥ a R o el
ﬂ’}u@uﬂwuqu\? rheoiogy PNALADTNLATEN  TILTENAU L‘LI@QH'&’)?LWNleﬁluu'&uumﬂﬂiu

k2
=

2R a 1 a [ = Z & 2 (3 1 v
nstiafaseuINaTmanfuinawe iy wazsiedlAnnuudsusaunlassadeduenu

gt

lull 1997 Shoufeng Yang *' uazamuzisisenlansandacwi lnsiasndnndgngusos
oo . o a 9 o ; ,
7% polymeric sponge iaen@anly polyurethane foam NlAUIAUBIgHILet liutae 300-800
Tuasau qusluaiervedlansanTozwi lnsnisizanainnisdsiaszisaeis wet-chemical
wasanninlddnunszuoummieannufen e 1200 asdwadug 3 delualu
UIFHINIANRAIINTY B leilaonuwguso (porosity) Useanns 10% MseLFianudun
dwdlowdy  waz 80% msaBunduniigy  Tnesuissesgwsuresduiiflugwouaua

U Ll

macropore atlutae 200-500 lupsan  uazlgwguaune micropore LanWauNRIMIAIAN
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n91 10 luaseuatuuriiiresdy macropore warlufuiniiauy T9U19989 macropore 7

2 il
ITaunalug)fieawasanisisdyaesiaitiowaznszgn gunsaunllldnrenisunnd s

)
o

o o X L. 32 W = V| P s aa .
”Luﬂmmnuu Huipin Yuan LWRSANLS LﬁLﬂ?EJN@ZW’]MEWNQWE“H@QHQﬁ foaming

o os Ly o A )
Tnensnannsansazwr indiuansassielalasaudedaenlasd (H,0,) Weanmnll 70-80°C

K} u

Fuasnualignunldiwn® 1100°C e 34alus  waan X-ray diffraction i laasand

R

awlvsiisgns  uwavlassaieeddunuiiignguiléne 1V micropore waz macropore

U E3

v 1
a

Tnti micropore agjuufinuiinsaugwiy udsINi guuiidliveaanlgnislunsysiaediy
a1 6 e wudnTugngudanlunnjresduuil fiorous tissue uaz adipose tissue @t G4

qa v @ = a X | o v a ,
wasaliiudiuaaidnuagmagsinidanmesiuaiisnmioninliiia  osteogenesis

Tunszsingld uiiulifoadnsnisfinidng

11T 1993 Shareef, Messer and Van Noort ** leianasdinmnnistugyl ssasau
ANHULLANITUAZANTUANTN (fracture) 28¢tnsanTesna Al NN RGN TONINI9HARN

Wslaan ( machinable ) 18 Taelda8augtfiaanisdn ( pressing ) waznisnuuy (slip

. dl Iiﬁ‘ Dd 3\)/ z q 1 4 s = or u-L o d
casting ) Tl ld dounanrasayniaiaauavent thunae uazsviden nauiuludada

s Auandluunugiduneunmaansgf 2-12 uay 2-13

| Coarse = Fine Water Defloccutant Binder
powdar powder {delonized) {Calgon} {Carbowax}

_..i Dispersion of fine powder ]
* L Mixed for 15h

. Preparation of powder mixture
80,50,60 wio refative Mixed for 3 h L——u w/o reiative to solids
1o fine . content

Powder cake formation
Stip dried at 100°C for 24h

|

‘Agglémerated.'powder granulation
-Crushed, moistened and rubbed -

Oversized particles crushed
and regranulaled

! Classification
Passed through a 109,250,500

and 710 um sieve

Forming Firing
Oouble-ended unlaxial- compaction Fired in air at 1250°C
in a steel die at 47 MPa for 3 h

= 4 & & e
7U¥ 2-12 dumeaunisidunduwauaugtinenisdn



Fine Water Defloccutant Binder

powder {deionized) (Calgon) -t {Carbowax)
¥ ¥

Deflocculated suspension

Wet bail milled for iSh

Stage 1 Stage II
[
55 wlo relative to fine L
Wet powder mixtures
B0,30 or 20 w/o relative —— Wet bali milled for 3h 4—— 2 wio relative to solids —
’ to fine content

Slip.-casting
Drain casting of ¢ylindrical tube
using a plaster of Paris mould

!

" Prying and firing
Dried at room temperature for 22 h
and fired in alr at 1250°C for 3 or 6h

$U7 2-13 FumeunsssesTuwNizugiasnismuuy

[nnsneassinudisaadsainisn Wlasafegnguidiv  micropore  wuwste

4 o - e A b = .
iaauazantane wazldlansandeswnsiiinuiisgnige Tnefian tensile strength g9
ganlivindu 37 MPa uag fracture toughness iU 0.8 MPa.m™  G9Tuanu@INITaN
o v WYy A oA o N S R T Ay van 2 g
nssiamnusledaeasasianeiununneg  usatsleisuAvissenligsligaunnasiide

o o A Ei: t &/ @ d‘v 3 . " °' 3 £
AiaRe Fusnuwariamisaldliluauniudn tensile stress A 1N denugn bone

contour ¥98 91 W1R1894 ( tooth root replicas)

1] 1994 Fabbri, Celotli Waz Ravaglioli” laAnmnseTenlansanTezswnlnsly
Anwiuzaaunsyalifawn micropore, macropore §1l$19 LATNIINTLANUIUNIATAITNIUN

wanzansiansisnduneamsunnd  Wesanniladusinspuaniiinasiansdensaiy

S
=1

d‘i’ dll ' 9 = o dy v .. = | as 7|
Watieseniy tenluwnnddeilfistoninsyanignwgudsran 60% uardnsouniugngu
TauazrainnsomuaNTmg uarnisnszauawneeignguls  laasisasainlansandaswn

WMFNTANINITAN LANg178UME (amino acid derivative ) Wusadscany fnisnueting

=Y

+ A i Y =y [=~1 A :// o AV o
siniasnguniitszann 80°C thalHiimlludrunauniigngy anuutdaunanniflng

U

o

Huunsyaiuidaensziaunis dripping Tululnsauman ﬁ@:lﬁwmﬂﬁﬁﬁwm:nau
snlleuuazinnisuanauadaamzunss (vibration screen) | AMMUEIUNTZLAUMINN
Awierufianamni 1170 uaz 1280°C  wnryaldannnisnineaesanmniignsuill
wansinafun  usavdeneuniit 170°C azli lansendeswalniiiac et Bqya gandy

s '

¥1280°C  Aedliaauty o ez B - Ca,(PO,), Cay(PO,),0, Ca,P,0, ialulatninaa
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Usvanns 2-20% uazpanutigraszanaadiadunarluninundumesd  dwmiud 1280 °C
¥ ] o t
dszann 25% wasldududasnanlunisdumas  unsyadldgninlunasslgnilalusis

neenfeuiausuifinienianinuasiuineanienisaioly

q. = . 34 P ae o Y o = oy aaa
Wi1995 Toryama™ Wnawiseiiuaiunisdaamzilansandezwi nfnaeisn
{381N91 mechanochemical synthesis procedure ( Kanazawa 6 W AMRINAAIHIEIAT9N
o o @ al el i
Mechanochemistry e ANHMIENWNNIEAINLATILARTEIART8uTs R Aenuasities
~ N a . = z A asy d‘ e
MNNYTUA (crushing ) N13am (pressing) N199A (rolling ) UFBIENITNNNRAUT ) Tpeas
#1731 mechanochemical lfainnisuanaiagsres CaCo , it CaHPO,2H,0 lutam
teflon Uffirendeuansluannistnesn
Ufjfensanifisn ;

6CaHPO,2H,0 + 4CaCO, ——» Ca,(PO,),(OH), + 14H,0 + CO,

i Uffi7e1 mechanochemical :
ball milling
6CaHPO,2H,0 + 4CaCO,——— Low Crystallinity hydroxyapatite
13 Wt%, 28rpm. 48h, 25°C
%uﬁQ Caicination
Calcination
Low crystallinity hydroxyapatite _— Crystallinity hydroxyapatite
_700°C, 1h
AnEaNIAaBIEuAT TR lansandeninddeeiat  leasanderwlnsidinan
dunnsuanled (calcine) % 700°C 19alne wdaiteiuaiaeilngld ammonium
polymethacrylate 3% Tatinmin Wugisdennszanasi ( defloculant ) %ugﬂimm’mmumu
11’11‘1_|LN’1“7; 1250 °C 1 ‘fi’ﬂm %umu?{lﬁﬁm flexural strength 157.2 MPa ( bulk density
303 glem®)  GeAniidilgendntunuiisianannaunalansenderalng il lfiiunng

wralnduaringllnedsnsdntszunns 50%

wananinissaslansandaswalnanignguanisasisuaniuaaeiuazaugii

WHULNG ( sheet ) TneiAT tape casting HA MU lLseA1150-200 Tupses  wasiidasaas
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ANNTUEANA 9B 60%  wsinaveagneudllidAnegflaunn micropore (1-3 luAsal )
Feinnsinenlag Arta wazanluil 1995 * Tagld caco, WumiliRafie Hnjisen
fiu dibasic calcium phosphates ( CaHPO,) Aqtififsdau Ca / P fmnzay  uealod
anannfl 1000°C HAnF0usT laniende laasendacmlnd i uasfaeeaniuenie-
aanlos TheuanenszUaunslaeniuag (transformation) gaqgndaslihihy
stoichiometric lanrandazwilnsiiiy 2 %umuﬁnﬂﬁﬁ??m
450°C
6CaHPO, + 4CaCO, ~— ¥ 3CaP,0, + 4CaCO, + 3H,0
800°C
3Ca,P,0, + 4CaCO, + 3H,0 — Ca,y(PO,),(OH), + 2H,0 +4 CO,
ANNNIIINAR
1000°C

6CaHPO, + 4CaCO, ~ ¥ Ca,(PO,)(OH), + 2H,0 + 4 CO,

ana - oA %’ (23 Lg L e'd!( o 3:/ d” & o oo
anifisenasiviniadiuasigasueulaeenladay  Teisasawailidusanm
IiAngwredasinaliidulanaiamiugwgn  Tneauinsesgwpuiuansnsnacugulésae

d} v -] d’ pE~3 I [~ d” = W
TUIPRUNTATAN CaCO3 mmmmmmng“nlmﬂ%mmmﬂn u@nmnummmmmlmm

t
=l

G3| g «i é’ k%3 <3| :'/ 3 . g o A e
Whidwauniianumnuinaulagnisdaulihudu ( lamination ) TAANUUNITZALNAR AT

o Y

1 ndl o R -;( i Ag/ d‘ v , & Z’/ t ] e
uazgiindudausunsowraulalagaugUanguaundewduduiunaunistin i

PR 1 v . prp % a & o 4 I
u@ﬂqqﬂ'?ﬁu@ﬂ\lﬂmuﬂ’7%LLNUU’7\'}WNEWEULL@Q@"INq?QLm?ﬂ@imu\irluw B LU RNAINH

oy

wuuugeld Tnanisldanssissiu (CaHPO, ) ikIunIsiLAs lgldnsRuNARes e
AMNTOATLANANMNUFIWEa A NN LTS ae st NN AN EN TSR WA 11

o Q! [ R t? o o i o
N1 ?LLﬂ@i’ﬂuﬂUVleNN']%ﬂW?LLﬂﬁ b A upnany

e

asmiaulalunisaugllassenesniIndnigwgudndanile Ae  niseanaynIa

= o = o . =Y a 3 dl‘ [ g d‘ o %
lansandazwi nsvsaunadunveamaiueynintenediuaiauinsie e dusanyinli

i v
o/ v

= i (.4 dI o t
Aagngululassabrefidesnts daauguuuiliduden Wainludunszuounimisanu

2 o ) a PR Y Ao ' & Ao = a o
??‘J%LW?JVL@@’W?W@@LN’B? LV@@IF\N@?’NVILUWE@\‘IQ’NH?@EW‘{WWNEH?WQLﬁN’ﬂuW@@LNﬂi‘uu

T4t 1997  Dean-Mo Liu* ldudnnnssiananatugillenanisdia ( die-pressing )

aunsawianlaasandesw nsndgnauiidadouuinsresgngunssataedludos 33 O
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78 % laaldanswediasda poly vinyl butyral ( PVB ) s liifiagnguauiasmiaiy

Tulnsaa¥ng ( pore-forming agent ) fnaauaaynia ( 93 luasau 188 lupsau uaz 420

1

=

Tupsau ) Wasdndouteanadiues ( 42-61%) Unsrefiuialiléivuinees macropore Hikng
i oeldusaiulun1sdnii 27 uaz 55 MPa anuan1mmaaeslfasinegd) Tunnge9gwgud
iAearnaynia PVB 1l macropore uaygiinuniauannadusuaes PVB  wananiifl

R 3 A:I 3 dl cﬁ. s d‘ [=1 dy . P!
WUIHIWBUIR micropore LHugnIubsatiesiiiradIunuiieans ( solid wall ) Haum

&t q

] [
P

Tugae 1-5 uay 15 luasen Tudlugwguinfinatn densification e ldanysnluazinazny

a9 9

a - o alal o J , a4 o o = 4
wualunisdunaiarssiiniidnsnedly polycrystaliine uaziefasuAINAUNGITY
U311me micropore anad wananiiaan lunnsfwmesiunuay fdqenidm micropore WAR

T lAnunluduaniMdananudnaAn compressive strength 2899ianulansandasnn s

§ b2
=

ST WHTIUANRUT LU exponential ALITNIATABIGNIN AIANNIT
G = O, exp (-bp)

d‘ <4 =3 d‘q/ F L o

We o AeAnLiwsdadoulTunseeegnIuyinny p

o, Aaaonuudwsaiaungusailugue

o]

@ e ga o

b AAATAINTANALS TSN B @NITTRIgNIU

1 24
o R

#3aAN compressive strength anssatadudunsemnaunntas macropore P

wananilu 1 1998 Liv™ Mdudnnisdeaiuilusi/asudanistugihily siip-casting
Tnangsisananastadlansaniesn InAninisacuAn rheology — uazifinaunAned
wesldazatatn A polyvinyl butyral ( PVB ) ludadauiazauiaiisneiu( 0.188 luasay
uay 42 lupsaw ) nanluawedingliiinnisnszanasialugiseiatsainane  anesi g

) o aal A o o 8w ) Vo \ Iy
nstuasnns  Aedinisiuanuviinldmnsseniamiuuusideaganesianisliayniane
awafnszansaassinagly  usrhiseslunniionthaneminy  wisanndunszuaunIg
ecdat

AN faulalanaialassandeswlndnignguiiacungusoetludoeg 32 - 78% o

1

(% ]

WIUTUIA macropore Bt 11T 160-200 lumsan uaz micropore Tk .nﬂngwqummﬂm
atflutas 2-20 Tapsan finilares macropore Gsdnmnsildadraiunistusuiinanisdaly
At uasileriunylUnageusutRidang Ae flexural strength WuANATLE
azsnauileunames macropore i ( AT AR PVB ) AeaBineladn

[ = . g
ANNUSUNG®Y fracture theory PNANNIT
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172
o, = K/C

K A8 fracture toughness 184340

o 4 A o a
C AR AMHENIATIRUITDNAIML ( defect)

]
&£

RINANNTSWLINAT fracture strength (0, ) \udndrunduiuaunaaesinni %

=

Tnaidnwouzaes macropore fine macro defect wasdagusaniaauile  fatuds
. ala va 9% o o a0 A °

IAT8Y macropore NHTWA vaifidenaliAtANLiwNeiu NNl EiA1aAR1A9

NI UBNAINUAPINANNUFIZUINANNNIUAI T U LANTREING  AAan’uAD

young's modulus Wl exponential function

Liu ™ lfagUsnsnasesdnsiuainisonialansendaswnnavidgwsulsae il macro-
pores NezartptasaNawazaNIsaAuAN i ifaNTRn AL T AN Asen
quAtANEaney ( elasticity lAFaENIsAUANTIA NIINTEANETUIA uazLTNIYEY

=3 fd‘ Y ] e o o v a i’/
waa LN w1 1WiAe macropore 11

a

; ] i 4 ¥
sionnluil 1999 Vaz Lopes uar Anuz ¥ MinenddeiienasAruangnguessTuud

o, Tk . ' r A
iludanignile  Toanisl435 muttiple slip-casting  ivelklfwIuasstuRRIAT9]
cﬂl ] o g | Z/ ‘Q‘d o o 9 d’ g,é’ d’ a 2 9
wyusinedu. Tneluduuenidudunianungu eiawhaldiesdeauisnasoydi s
F2 o = oA . | (% d‘ o v e
LL@:muamgwgumﬂmmum?ﬂﬁ‘:ﬂfamumﬂ AR polyvinyl polyacrylate iusanaliing
A Yoo PN L A al
sngudladunsunlasantyl doududraluiuiuitieuiuiiaemannisdiy lithium
phosphate ( Li,PO,) ilusadaslunismndumes ( sintering additive ) Feazinldmwanunld
v
Ugnileduudau
nsauglansendorwn insitigngulneds foaming fanisinannlulusindenistug
3| a 1 AQ o o’ o 1 i e & o
duanituienfiouindy  fatraduanddelutl 1999 Tne Engin® nanlansandazn
rd'd Qdd” b2 = d‘J by = s
Inevdgwgulnedsl  fonswiranaaamilsznausnanlansandazwalvsiuay  methyl
cellulose wanlmidriuaNauasarsas ultrasonic disruptor waznnislanasing  au
A utiednlusneufigaumgiiludes 50-90 °C IiTueunidnwoniy cake falild
aj' 9 a 1 =3 = & :// & .: 4:} Pt o’
guafsasnsuaztinliimnlagnsduvsd  anduendumed Fusuildiianungusa 60-

90% TWATBIIHIN 100-250 lumsen  Inadrnnsamauananswgusa lfifaanadfey

T DN R A Y N
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wlatBunnuazaudnduses methyl cellulose Fuanugninlinaaausiaeds three-point

bending waz 1A fracture strengths @t e 5-10 MPa

Yang wa Wang > TddAneasnistugdlansenderwilnsniigngu 3 38 Ao nedn
RANIUAEN ( uniaxial pressing ) mﬁugﬂ‘lmﬂn'mmuu ( slip casting ) sz H,0,
. aa] o = ad 174 B a
foaming TAsnrdauuLiAnnaneg laldneresnafiwes iy -polypropylene, starch,
acrylic resin_ nandunelansandarwrlng inlldatuglfiguiuily discs avndumnlawe
Rwef FFnsinuuy Mndlaasendazwiininaniunautls (strach ) s8asine 1y potato,
. ar 1 as | 4 . aa J
wheat waz tapioca dndauineiu wsamiiuaiaerudawadluluaMifuaedaleu Weld
@ . . g’/ 5 v 3 = & o .
1fian1s consolidation A nuuKIuNszUUNsAufaulanafiues §14s H,0O, foaming
W 1,0, Brornidudu 6, 3 war 1% Tnaiuslansandesmiindiiasluansazans H,0,

Fanniauanly ultrasonic bath atAtuuNglaa iauvuin 70°C azlslansandazwilngd

Y

Y

PRFNTUNAIRINNSHNTUINGEN 1200°C

UNEANMTANHINITTUIUNL 3 FENUTT  TENIPTAUGTNIAMULYL ANNTDALAN

s

ANHNgURaRaanaugLdLas uInTeagngulddasarswefwe il udoniin IR agwg
o o a Ty o ¥ o o a

(porosifier) o Teasnefwesivatiazilaauudasliiiugnpunidnmuzgliaien

as a’ I ] :‘/ tg dy i ac o

i Inedndouresgniuilnsagwiuisnuaresduanuauglingnismiungandidsnisdn
asd L. [ ! L7 74 4 (= Il 1

WazAanas H,0, foaming WudnAraudinduses H,0, Neuazhiinadeglseuazaun

Ay el LA P =

PDIIWGI  IWGUTLHN aspect ratio Mg UATIWIATRIWIUNTUIAGTNTTINY 1000

Tuasan Feuansliidudinstugufeedsnuanseiuiinssedneur 1o agnguauan i
RINNTNAREY biaxial flexural strength ( ASTM F394) 1a3tuaulansandasni

o T ) 0L | A2y 4 :
sffsuniswn Fuuituglinanisdandacpaungusioludes 14.2-52.2% fiAnlugae
4 - a4y o X

38-5.76 MPa FaWLANAANNLIULINTATAARIMLL exponentially L HETWINIHIHIWWLLY

d’ ‘e ar o as d 1 e; 1 os [~ o d‘d I +

Fenanadesiueuddaniiuen nanuanaindimnunguiasiiluiiaduniinaat1auinsie

aniAdana  guseuazauIaresesgnuitnadiAnduiy dananaluiadaz 2.2
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UNN 3

nsyinaed

3.1 IRULATEITLAN

as

ARFIL
HANAR AR INEAAIUNTINNNATIAATAWIINNsENARSHAu sz nauATuaY
HadlATIEd XRD Avlunantsveaasiade 4.1 gnianlfilludngiulunisdansile

waadaunaawalalawsn  warlausadaunasnuanlania  Walfiluaissarulunig

=] =i &
wirenlansandarw e

aaaRAld 1B
- nemlussn (69.0 - 70.0% Actual Analysis, J.T Baker )
- gnsavanowenTuil ( 35% NH, , BDH AnalaR )
- 8z4lnu ( Actual Analysis. J.T. Baker )
- LARMELNANTULUA ( >99%, Fluka)
- Tuluwesdosvasmiainiulawsn ( Ca(H,PO,),.H,0, Riedel-de-Haen AG)
- ansazanglalasiauilefeanlas (duduisw)
- dispex N40 (Ammonium salt of polycarboxylic acid )
- Indalfiainlssiau ( PVP, MW 40000)
- ‘iwaif;ﬁmmn@am{ ( PVA, MW 115,000, degree of hydrolysis 87%, BDH)
- uwARENAREIn ( Formosa Organic Chemical Industry Co.,Ltd)

- Ivdeiaulnanaa ( granule, MW 4000)



3.2 38n1INARDY

ac 2 CF| :’/ t ¥ o | = o dil
Asnsnaseslfuaneaniuiureudepuariiinaueduununflneagiall

TR
_ FUATIEIANHIUEIANY
DCPD , DCPA >
ta whia Ca(PO,), > < CaCo,
UANAN

G—— Ftlsvanu, arsuseny

i
| | o o
. AATITURNBIUSLRANE
paste anas —b
1
AArehsnEuzants €@ UNTYA Tlufa
A3 WLy
N FUFIDENS
TBUAIBEN
i laansaunize wnlagnsdunae
EWNTUmnes

ENTUNES

AT RN H USRS

F FUIUNAILEN FUSUNAIUEN %

FATITFANTLTANIE

gUA 31 dumeunisnaseslaeagy
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3.2.1 nsRaAszilauaaidanvasnalalainss (DCPD) waslauaatdeas
Hagiinuaulansa (DCPA)

Tauweadsunagamslalames (OCPD) wazlawnaidauvesinueulanda (DCPA)

1
=3

Faarz i lnein TR AUNIEUNIUAZINTNTWN A 140LummﬂﬂzaﬁﬁlunimiuM?nu@zmnmxn@u

q

sosuenluiiaulansanlas saudtres gnal (1999 ) Hduneusisiagifuunugilugn

3-2

s

ImnAL + HNO,

;

imaudan + 1w

Il

NI8Y

v

asazanela

!

AN NH,OH

( N3ttt DCPA Tanu¥eu 80°C Tuéne)

|
v

ANFZNBY

e

[RENAN

4

aliuialy desiccator

v
o/

717 32 dumeunisissan DCPD way DCPA
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3.2.2 M9LATENLALARLITENINAT AR R

f
o a =

ABmssiseNANatIes ugues (1996)  wilwenddetiBuanluluweaduseans
il ( CaH,PO,),H,0) laasinldauin 100 aspasduaiialanndy deudill
A as A ] b2 GI/ . i = L4 ?‘// -]
waglmTludhanafiin 7 550 ssmugadas wavudld 2 daluienunis antutinly
vaanludienws 1 iinignmgll 1050 esmigadasuasud lingnmpin 2.5 daluaudanin
D] o dll - o o 8 v o 1 i &
aanarnanadulnaunsifie idwiniuisazuan udorildus feudunzinsawas

200 % ( 75 luAsen)

3.2.3 nsaugiduau

= e

ool oy
Tunnsmeaasilliminisauglson 2 35 el
n1saugdinanisiniu ( Slip casting )

na‘ = = = as =
FuannssTanaler  leanisuananlalasdsureaminlalawmsniuuAade
AnFuaws ludndiui indipenanesdlawsan lansandezwilnd ( Stoichiometric
. ﬁ' = a‘ [~ §_a o ar ci{/q bd‘
hydroxyapatite ) iananideenisuaneanuiduiadasesees Cao (lusnddailldyn car
s 1.63) uRaTsATsNEugiee punaNiUu A LN T e reaude 60
wefidudlaanaa nowlfidniuaintiusinansidaeliiAnnisnszatssia 1Hun dispex N4O
& ar = dﬁ’ 1 or a‘ ‘3 A b4 Aﬂ'
uddepnuniinfatiunnianetaanssanamiinauy  (defloculation  curve)  pineilATad
Rotational Brookfield Viscometer (model RVTD AO 4184, spindle no.4 ) NAuETey 50
sausau® e Buana s iiianienszanesianngea  udadiu PVP (1ilefinus tne
1 ¢ (3 . )Ail dlg y o/ d’ v dlﬂ‘d v o t&' 2,
198) Faeldaonuudusauntueuiaugl  Tuuansoniu Waldaaesnaudaniuiliedoy
nadulalasiaunlefeantas (aanududu 35 Wefiawd) 10 waefmuslaniBuansly.
awes v lddanilaiausyiWnilafioomnil 70-80 eeAna i Fuatseann 20-25
al [y o o A - 9y @ o ~ e
W udamaduuunanamesiul  WeBuutudinenannuuy  tnldenduimesn 1200

AR LT A
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DCPD + CaCO,
1

v

UANAN

¢ & @nsdenszaNtsa  fasrany

= =
MTUHNALRDT H.O

272

é R

Trliia 70-80 °C

I
I

v

WAILLUNARLART

v

A’ NLL

.

LNTNaT

v
[

U7 3-3 dupeumawTENTuIBiaynISLLY

m‘ﬁugﬂimﬂmﬁﬁm {( uniaxial pressing )
- NTLATHNLNALNTYR

¥ DCPA ¥ia DCPD wnuarausenfiuuaadesarfuemalusmsdauiivldiin
laprandazwnlng  Fnufuaadanmnziaawia 0 was 5% laeuqs, Ca-Stearate 0.5%
Tatias Walluansdianseay  wimnuanaudouRausenaal planetary mil delsr
zﬁqummﬁ'ﬂmeué’qﬁwmumlﬁmémmﬁmmsﬂimw%nﬂ?@’luiﬂs‘q antwda PVA
1.2% taenarasansilusa binder ( 14 PVA lugdansavanaaanuidudues lnusan uasdl
PEG 25% Tntunaues PVA L plasticizer Uaz foamer ) SaumenldTudnensadne

paste  urlUnaninsusiudlaunsyalngnisAngunafaanisseuinuRTLN TS RIEIU
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k7
! &

YUNAUNIYAFE HuLas 35w (500 lumnsau ) 9%t 50wa (300 Tumsaw ) 90 lafigus
TAEN9A WAZRIUUES 50 1 A197 140 e (105 luasau ) 10 Wafiaudlneus unsya
109 paste  7lldnemanainTalfuminly 2 f?mﬁ"aqumm‘%uiﬁmm%um*mw
aingua loauanuiagludas 5 -12% szl innsAnmanTRunsyanaunisd

sulsialusiade 4.3

- meTugdIunu
WNTYATEY paste NAYUANANTUUAZHUNIIMENNILET Wnvian1sdnTugll
FOtASEIB A LEATRAN ( Hydraulic pressing machine , ENERPAX model nc. ESE-373-00

o

SEFS 20) TuuuLRuWninsaaieas ( stainless die ) (g% 3-5)

Tunsdinseenisgnguauin e 19nnda 100 luasau ) AlaensFEsunsya
PEG Hanwourgiianaudnrwialagseudiuazunsaiues 50 wy A9 100 w1 ( 1un0g
Tuga9 150 -300 luasau Ananaluglind-6 ) naniuunsyates paste neutthlda lae
oo tg 14 421 Qs’ 53| o nd‘ dl' 3 oAy & d‘ 1} o/ 2/ -:il'
MudsiiimsTugU iy 2 dnwniz( 31U 3-6) iNeneseuaRIFinaNsAneiu fell
naaauANuiwedn ( compressive strength ) Tusnuluwiensanszuen aunm
' s o A ar dy 2, as i & ]
Wurnuaudnane 6.5 Haamns wazertugllviflaunadnmdiuduinugudinaiasaniy
879TUINY LENI0S 1.9-2.0 AMNNIATFIUNTINAGBL compressive strength Vialal ' usasin

A s 7 3 o a’
nltlunnsemlenn 59 MPa (0.26%) Uay 118.12 MPa (0.4 s1u)

nadauANLIwSIAA ( flexural strength ) Fuwewiluuvia@ivaeuauatszann

4.4 * 4* 44 TR (’Sémmmumwmmgm ASTM C1161-94 Reapproved 1196) 134

sunldlunisdn Toun 50.1 MPa (0.9 /) , 66.8 MPa (1.2 51) uay 835 MPa (1.5

as

51%4)

1 4 E 4
o (

TN TBATUINULFARETURZNNINTEA 2 Savne Aa TuATIusnasdAnaLsafuLzmnnd

1 v 1
80% ABdLTIAURERIN1TAe AT s 15 Funfudatden . Guealuuanasademanusui

Y Y
ABINIT IUATILAL
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DCPD/DCPA + CaCQ,

i’ 4 uffa (Ca(PO,),) 0-5 % lneiming
LANAN

v 4—— fntlszanu

= 3| 3
wizesiiuininya

.

wiin

;

AL

L

wrlawednesd ! wnFuwmef

1 & 2 k4
97 34 dumeuniswsnsTuwulnenisdnTug

() ()

91l7 3-5 wuuiu ( die ) Tanehldenaug

Y

(N} neAaU compressive strength (1) NAAU flexural strength
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(n)

U7 3-6 Fuwnuntuginanieds
(N) TFUINUNARDL compressive strength

(1) Fwnuneda flexural strength

. a ~ Py
- NITLN b RRNSAUN T LASLEN T UENBS TUINY

FuauAdiunistuglinlleulumnaui 80 esraaidas 24 g uaounll
winlun iy ( Vecstar furnace VF2/Prog)  Iaansauvisdnidusindszarutivgumngil 550
= k4 a = [} = 1Y & :I/ %9/0/ . =
asrEades foudns 2 semgaiaasient wild 2 auantulidngm 3 asnaadus
! QA ar = 1 Ql
AAWNTING 850 a9ANIAITEA (§IUMNRN CaCO, aR18sauastin CO,) wald 1 au. uazii

gD 1200 uaz 1250 BeAnadea feadnsmnwazinawt s 2 .

dtﬂld

lunsaifinaiin PEG  ludunisiwnladansduvisdasiinnsacaumam ilnauen

=

I Ao Mddnsnsmn 1 ssraadeasaunit Tudosgumgi 200- 550 asAaaTad uay

dsnsuglingnmnil 410 asaEaiFua 2 23, Tuu)idaiiiatsanaindiiseinis

wnlugieeansdunise waz PEG Al Teuanslu DTA curve g7 4-7
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3.2.4 NFIATIZRANHUSLANIZUASNAFAUANUALTING
as oA o P d’ as ] -:l/
agUdnwuzianie anTRidnauasisnisnAnmfsselii
as ' o Qacy e < <
RIBENY ANVUSLAWI/ANTFLDINS AEMsiATeINa

T -4 -X-ray diffractometer, XRD*

( PHILIPS PW1390/10)

-21519 1U1RaYN"A -Scanning electron microscopy,

SEM ( JOEL: JSM-6400)

CaCO, - ManseangIuIneYniIA - -Centifugal Particle  Size
Analyzer

{ Shimadzu SA-C'P2))

- 3U9 WwneynA - SEM (JOEL JSM-6400)
PEG 1n7ua - naulaeuulag - Differential Thermal Analysis
G LRGN Thermal Gravimetry ,DTA,TG

( NETZSCH STA 409)

- 2UIA FUIN - Stereo microscope
DCPD, DCPA - Wl - XRD*
- 7199 2unneYNA - Centifugal Particle Size
Analyzer

- SEM (JOEL JSM-5410LV)
asflszneuinll - Inductively Couple Plasma , ICP

( Mineral Assay and Services )

win Ca(PO,), - -XRD*



FARENg ANUUTANY/ANTTTNE  FEM9hAsasia
%umuéugﬁimﬂ - ila -XRD*
NITNLLLNAY - Tnseainaqanin - SEM (JOEL: JSM-6400)
N9 gunes
Waunsyariaunig 1A g9 - stereo microscope
nMsTumas -Flow rate - ASTM B213-80
~ (NIAKUIAN 9) |
-Filled density - ASTM B212-89
(n1AUaN |)
-Tap density - ASTM B527-93
(MANUIN a)
Waunsyandanistumes  -ia - XRD**
{areaiiqania - SEM (JOEL: J5M-5410LV)
%umu‘%wgﬂimmsﬁm - bulk density, - ASTM C20 80a
PAINTTUNDT % porosity (A1ARUAN T )
- e - XRD**
- Werdudansy - Fourier-Transform Infrared

Spectrometer , FT-IR
( Perkin Elmer 1760X)
- BUNA URE - mercury porosimetry

NNINTERNAUIAINIU  ( Micromeritic9320 )

- WA JUT9ENgY - SEM (JOEL :JSM-5410LV)
uarlnsaaineqania
- autiAdang -Hounsfield (HIOKM/523)

-compressive strength

- flexural strength - ASTM C1161-94 (N1AKNWIN 1)

* 20 4-20° Range 4%10% ¢fs, Scanning Speed 2 °/min, -time constant 1 sec

28 4-20° step angle 0.02°, count time 0.6 sec. CuK,, radiation A =1.5405



o
Uny 4

NALAZILATIZTRARNITVIARAY
= d ar [ %4 r-% & b4
4.1 N'ﬁﬂ'\?(ﬂﬁ')qqLﬂ‘i"lg%@ﬂ‘}&‘WZLﬂWﬁg'}ﬁQﬂﬂ RISHAINY

4.1.1 TWRALANAARIUNITHANALARIAUIINNTTAN

- Ww
=3 d’dv

tndngaugaidnen niundimagenllnmatiasziiadon XRO uaadlugin

'y

al o

4-1 WU4IAN (peak) mnm%umﬁunﬁmmmﬂm JCPDS ( AAuuan A, ) 189 DCPD ( 09-

0077) uaz § DCPA (09-0080)tluat]

D A-DCPA
D-DCPD

5o ss 46 di az 40 38 36 s34 32 30 28 26 20 22 20 15 15 14 12

a

gUN 41 nadwaedd XRD 1049R0 AU

q

- 91379 uazawRaYMA

2
o =

wdngaui i linszanesaluingu udaildd@nmdon SEM wudieynall

q

anwnuzfluui ( bar-like particles) uanefiagLla 4-2

b

li2BKU

¥l 4-2 nwndne SEM 1993mgRiu
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L4
412 wAREENAGTURLUA ( CaCO,)

- BUNA NITNTTINLVUNADYNA WaEFHTIeaYNIA

11 CaCo, Mﬁnmm?ni:mmmmwmﬂrﬁqmﬂ?‘m Centrifugal Particle Size
Analyzer ( Shimadzu SA-CP2) NaNMFIAIEY meqlugﬂﬁ 4-3 UAZ 4-4  WULY TUIRBYNA
@f;_uilwﬁq\'z%uwi 3-40lumsan Wneiunsdaulugy (Usvunns 36.5 wlesinus) @f_ui?i’nmmﬂs:mm
25 Tupsan uarasnnsviBuniazani 50 Lﬂ@éﬁfﬁuﬁﬂﬁ‘umm 25 lupsey et caco,
AnwIsing SEM (gﬂﬁ 4-5) wudﬁﬁnﬂmzﬂummﬁumﬁn?mﬁjﬂmmu ( prismatic ) luszuw

rhombohedral inzdauiy wasiiawinauniaedailszains 20 Tuasay

100 <
. 30 4 /
LY
g‘:; 80 -
L‘Ea: 70 %
3 60 /
; 50 ~
% 40 4
%
c 30 A
ER
2 ]
’:l 10 T
0 T —T T T Y — T
1 10 100
mmmﬁut\hug{uﬁnmq {luAtau)
P
gﬂﬂ 4-3 nN1INge mwmm@gmmmmmmm Ca(303
40
35 4
e 30 4
=
- 254
[~
=2 20 A
~4 B:iE
&
=
& 10 A
5 4
o L T w7 L] LSRR § v T T T T v 1.7

1 10 100

auaduinugudnens (luasau) -

$UR 4-4 NITNIZANEINIABUNIAYEY CaCO,
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10 um

319 4-5 nawdgain SEM 284 CaCo,

413 Twawenaulnanas (PEG)
anstAll  H(OCH,-CH,),OH

- anuglis ‘
111 PEG Aiunisdnzunsaunzuns IWAnmawnaussansueglinedion
n&®4 stereo microscope WAANASILN 4-6  anglaziindndnmruizgiiaes PEG luulanay

lafawineliugae 150-300 lumsay

1 mm



< 2
- mswlasuniladanainsau ( Thermal change, DTA/TG )
uunsya PEG luAnmnisnlasuulsannal@nduaseiliiie Wannsfeusog

DTA uay TG Hidmnsnis acuden 10 esraadaasieny ludasgoanil 20-1050 aamn

=) . [ 4#’
SIAEA WLTTHNNNA air NARIWERS NN 4-7

16.81- 8.8
8.8k .
- 1 8.8
48.][-
7,0 -19.8
-3.0- ~
oul -8 |
® F ]
2.1 -ms &
gl 3
o - _ﬂ.ﬂ §
g -Ta.a}- |
-£8.8}- 5.8
8|
.k -648.8
~183. B~
-118.E}~ -78.8
9.8 - 5.8
8.8}~ E
-18. .8 k
N s H 8@
268 -
-3.8} .
L bl [«
A ~4 5.8 4
*® E ] *
a '5“: 4-18.8 X
-70.8- ] ?—:«
9 E 3
-£0.8}- ]
..ga,g:. L\QR ‘L -_—-15.5
Y D! L) DR e S T -4.2 1
~168.8- ]
. 395.1 . 1 ;
[4. 1 a4 " l | 'S 1 PO { ol oot ] L I i n i

€ 169 288 388 406 506 588 o8 63§ S0  186B  t1@8
Temperature C

(1)
P
2N 47 na DTA/ TG 204 PEG Unsya
3NN DTA/ TG Wudn PEG tAan1sun nslsausitasa nmniitlszainns 200 a9
aadsalusull dnliRediemeamefeu antinlitsiasgnugiidszanm 500 a9

walmed felsrunnidesas 99 1eednsiaaneFin

50
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414 leawasdannamnnlatainsen (DCPD)

- g
DCPD MsisrulivinliAwsziidasion XRD fuandlugli 4-8 wudafindifia

%ummﬁumf@mmﬁ’m JCPDS 29¢ DCPD

4500

[counts ] o

4000 o D : DCPD

3500 A
3000 -
2500 A
2000
1500 4 7

1600 D o

{
B ‘{L b,

B D io e Y 4
L LJMJUUJ'»]J 5 M e ’j\h\,’m
40

=

FYRNTY,V L, WY,
0 ‘lll['r‘l]fT]lTT[ 71](‘1‘1]‘ l)l]'l-‘l“|l||l‘l|‘lll1‘|l
10 20 30 50 60 f21] 74

T

R.

2119 4-8 wAUATIZE XRD 284 DCPD

4

- 91979 WAZANTNITANLIUIABUNA

11 DCPD l/Anwnisnszansaunasauansiugfl 4-9 uas 4-10 wudazuae
= :’/ i 2 ‘ (=1 ! &d' 3 i '
aynAReaus 2 D9 40 luaseuw  wiaflwiseawsdnuaclugindr 10 lupsan Tauawis

<

aynadoulued (Uszinn 35 wefidud ) Haundszanng 15 Tuasey wazfiLfuaazan 50
wefifuiuatizana 12,5 luasau et DCPD Tuvanisfinundas SEM fuuanslugld
4-11(n) wugnaynARaneslueiy ( plates) Winllu agglomerate innziuiiungy udle
trhlinliiRenisnsvanesluweanagedsnaganialatia fagld-11(a) wudﬂ.mémﬂ?;t,ﬂw,wiu
Wannsuenfulaunamiodszinn 3 lueseu %'«,mmd’m,‘;mmmmiunjmmmwmmsmw

muﬁmﬂiémﬂmﬁ@’mm?m Centifugal Particle Size Analyzer Lﬂu‘ﬂu’]m'a‘lgﬂ’lm‘n@\‘lagglomerate



100 £

90
—
g 80
B 70
a2 60
% 50
§ 40 4
g.so_
& 20 4
10 -
0 - —
1 10 100

sundusinugudngise (lusse )

717 4-9 nrsnezantawIsLLUENIMATANT89 DCPD

Buod (efiow’)
]

gumdusiaugugnan (Tuaseu )

717 410 n1InsTAtBINIAERNIATRY DCPD

52
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gﬂﬁ 4-11 HIWaNe SEM 299 DCPD () agglomerate (m)@gmmﬁ@mzmﬂﬁa

s ’ =
-aeAlsznauLai

uan1911 DCPD limsaadiasisiesdtlsznatimiiuazaisiuitlausingds ICP fa

Wi luAN TN 4-1 WUFIERTEIUARY Ca/P WAL 1.13  T9N1NN97 stoichiometric 224

DCPD ( Ca/P 11y 1)

ANTNT 4-1 (AR TIaIALsznauNIaANI8s DCPD

. ansrdrulagnsanas CaP

mﬂlmﬁfau ( impurities)

il

MgO (%) 0.02
Fe,0,(%) 0.14
Zh {(ppm) 73
Cu {(ppm) <20
MnO (%) <0.01
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415 laussitannasinawaulansa (DCPA)
N

DCPA Tidainsnzilsni i Aimsziinadion XRD Auanalugldl 4-12 wudn

ANFRATUANALNTANIAIFIN JCPDS 983 DCPA

A: DCPA
. A
2
A A A a
A .Y
WUAMMWWWMMM ittt
60 56 ' 52 ' 48 a1 40 36 = 32 28 22 20 e 12

g7 4-12 wadtAsei XRD 289 DCPA

- 53U UK NITNEVUINBYUNNA

11 DCPA lAnminisnszansauasauanslugili 4-13 uay 4-14 wudnauna

aynalsiaus 1 D9 40 Tuesew TeeEnisnszansainsudadugasidnndussliuginin 5
Tuasew uasfiiBunmazan 50 awinagilssunm 7 luasay Geaunadnndt DCPD  1ilain

DCPA luinnnsfinmsng SEM sauanslugi 4-15 (n) wudrayniedldnwaiziiuuiuuaciin

e

n1s agglomerate wnnzdeuiuilungn  Fudedr i iiianisnszanesluieanasadsing
aanflalla gt 4-15 (1) wudreynaliswinedalsrinm 1 luasan Taansdinisnseane
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4.32.1 HAURINISANLAL Ca(PO,), Wazamuni lun1sduinas

aa, LA
- ANUAMEMENIWLRS AN RTINS

FusruETaNann DCPD w3a DCPA uanfiu CaCo, MiAuuie Ca(PO,),
0 war 5 wWefiwuflagnes uasBNLNIYaT8Y PEG (polyethylene glycol) daaugtlfatiusg
4 50.1 MPa  Hunisinlaanstuviseldlunisiugd wssinBumesngnimgi 1200 uaz
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DCPA $a&22us98% 50.1 MPa Fwinasi 1200 uas 1250 a1 gatde s

LRIV R axnyim DCPD _ DCPA
‘c) | OwWt% | 5wi% | SWi%+PEG | Owt% | 5wi% | 5wi%+PEG
1200 | Bulk density | 1.60 1.72 1t 1.80 1.87 1.45
(glcm’)
Apparent 47.35 | 46.60 63.72 39.87 | 36.17 51.94
pOorosity(V.%)
Flexural st.* | 8.36 8.05 T 2.48 16.32 | 15.84 3.69
(MPa) +0.36 | +0.51 +0.28 +1.72 | £0.82 +0.86
1250 | Bulk density | 1.74 | 1.75 1.18 - - -
(g/em’)
Apparent 4718 | 44.59 58.03 - - -
pOrosity(V.%)
Flexural st. * | 14.71 | 7.828 2.79 - - -
(MPa) +1.12 | £0.73 +0.50

* YININARBLANUU 5 Faaeing NzAUANNETaTL 95%
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[N

QT AN DCPD DCPA
(°C) Owt% | Swit% | SWi%+PEG | Owt% | 5wt% | Swt%+PEG
1200 Bulk density 1.57 1.61 1.17 - 1.86 1.87 1.39
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Compressive | 20.59 | 24.36 3.93 ©64.88 | 76.54 4.50
strength*(MPa) | £2.89 | £3.19 +0.24 +5.02 | £8.65 +0.97
1250 Bulk density 1.63 1.66 1.18 - - -
(g/em’)
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POrosity(V.%)
Compressive | 21.77 | 27.94 4.78 - - -
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DCPD/1200C

B DCcrPa/1200C

Flexural strength(MPa}
IS

0%-50.1MPa 5%-50.1MPa 5%-PEG-50.1MPa

3191 4-25 Flexural strength 289 DCPD U8¥DCPA Waifiuiia WasPEG Sadns

WI9AS 50.1 MPa LHATWNasN 1200 adAmalTea

100

80 -
g 80 o
2 10
£
5 60 DCPD/1200C
2]
7 '1 =
o %0 DCPA/1200C
3) 40 -
8
E’ 30 4
8 20 4

10 }

0 -
0%-59MPa 5%-59-MPa 5%-PEG-53-MPa
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{A113Nd19994 absorption bands 114494 1000-1200 cm™ N

NI WUTIAIENANN DCPA Nua 5% Fumnedd 1200 admaidos udn
lugUfl 4-35 wwdn absorption bands AiRaTuAdEiLedlansenTarIIng wsENEnIs
Waelifly Top Taafinnsvnduataas band lugdastssanns 630 cm™ waEnIsUEnEY8g
929 1000-1200 cm” Teaenndasiumaann XRD (U7 4-20n) Ae wuwlandnidulanasen

dewi vl uaziiia B - Ca,(PO,), Wandas wananidunamiudiidasanudszannd 3570
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29,30
)

cm 'fifia absorption band 999 O-H duad 719l Lope (1998)°7 uaz Knowles. (1994)

asunednilpeainniadinuiaazliuinlg oH group maeanniassairereslansendaswilngd
= i | ¥ - A 1 i i

waziiannaauradulasueadouwasin  wanainiing CO,” Adasanunlseunn

1400 cm’”’

L.

al

NIONTUINUTIFIENATN DCPD WWNWY 5% Tuinedi 1250 avAitsidas(qUi 4-34)

1 &l

WUIANHUZA9Y absorption bands WiiaTuRidumiaaNRse AN ErAd e e

¥ .
=3

Iosupaidenreams’ uazainua XRD (517 4-31 n.) wlandniisau Aa o - Ca,(PO,),
waziliaraslansandazwilnsnu B- Ca,(PO,), Uusagdae Teanwa IR WU absorption

band ARG O-H group 189 lansandezmn nsandeandaeainniidszunn 3570 cm”

uansAnmlATIRTNqaNIANY SEM

b

uareanainLiselasai1eaanIATeTuuRdwes uanilugly

14
gl R

S 4:'4‘ o 1 dl = toa ¥ { dl =i a % =
4-36 04 4-38 LN@W]FJ‘Uﬁ‘z‘WQ’N‘VILﬂNLL@ﬁVLNLﬁlNLLﬂ‘J WUINHBNNITIANUNINTDULNBTALU

d o A

Wiusetsiansute aunIARANIIAaNITaNTBEEIaIN liquid phase T8940 LaTLHaLAN

=]

ool nstuasATuEwREai (gUN 4-38, 4-39, 4-40) thuflwinsunimenseiulug)

) 1
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Y gIIAANT msseasieunIAiinaINNITumeianas  AndugiirarloaTeuing

a4

G
¥
gl

FnaT

(W) sessieveuniy

9U%  4-36 AW SEM 999%1411 Flexural AILsiaauann DCPA fR#28sas 50.1 MPa. 34

e

el 1200 eaaaidaa A1dag8ne 5000 1 (0) 0%wt Ca(PO,), (1) 5wi% Ca(PO,),
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P v ~ ny. i = o Y o =
gﬂVl 4-37 AW SEM 19911811 Flexural ﬂl,[ﬂif;lll“ﬂﬂ DCPD ARAIBLINAY 50.1 MPa Tu

2N 1200 9A1lafiTaa 1AsT878 4500 i1 (1) 0 wi% Ca(PO,), (1) 5% wt Ca(POy),

U7 4-38 MW SEM 289T19% Flexural MaTaNANN DCPD ( 5wt% Ca(PO,),) fnsaeiiss

#1450.1 MPa 31057 1250 asAaaiiad Aasuene 4500 i

U7 4.39 AW SEM 9895311 Compressive TIstsan DCPD ( 5wi% Ca(PO,),) 64
FaELs 59 MPa Fumedi () 1200 esaaaidas  (9) 1250 aeAcIadad A6

Qe 2000 LN
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917 4-40 nW SEM 289191 Flexural sisenan DCPD Andaeugisiu 50.1 MPa
(OWt% Ca(PO,),) Twmasfi  (n) 1200 aernigaidad  (9) 1250 a9 galTad N8

481981 5000 1

4.3.2.1 aanaausenulunisanaugyl

e aany
- AHUANENTWUATENL ALBINR

nn1sans luiade 4.3.2.1 wudnindsuioluFunn 5 wt % Suanls
FrusuTsiaania DCPD way DCPA il compressive strength Qﬁu Tumenauiuny
dmsFuuAlulBunns 5 wt % Fumedi 1200 esrwra@ag  TlEM AN flexural
strength Qd%uﬂﬂ%‘]ﬁﬁﬂé’]ﬁﬂg agdwlsimuniaFnuialinainliiia B-TCP ‘%uﬁlmﬁm
anumnRFumes asfodly o - TCP uaz BTCP Wihunnige Adlémnisuiasduanuilsl
sufaia DCPD ez DCPA infiuined 1200 asenigaidun Tmmﬁmmﬁu‘lumiﬁmﬁugﬁ
L‘ﬁ@ﬁﬂm?ﬁammmumﬁuﬁi@mmﬁﬁhﬂ 5o AruFiuenmagey fiexural strength il
WINAEANN 50.1 MPa iy 66.8 WAz 835 MPa  MINAIAL  WATAIUIL compressive
strength fislsaduann 59 MPa 1611 118 MPa wdniinliwaen bulk density , %apparent

porosity  wAz@NITFENA tasauanalumed 4-6 uaz 4-7
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A19997 4-6  ANTTRNI9ANLAIN WATAN flexural strength 989U URLFTENAN DCPD/

DCPA (Owi% Ca(POB)Z)ﬁLLNc%’wmj FLnaf 1200 aaATALTE

ar

an] DCPD | DCPA

50.1MPa | 66.8MPa | 83.6MPa | 50.1MPa | 66.8MPa 83.5MPa

Bulk density 1.60 1.62 1.67 1.80 1.84 1.86
(g/cm3)
Apparent 47.35 | 47.05 45.15 39.87 38.51 37.35

Porosity(%V.)

Flexural 8.36 - 874 9.78 15.32 16.96 17.51
strength* (MPa) +0.36 +1.23 +0.20 +1.72 +0.59 £1.77

* PANINARDY 5 Fet sy ALAMNIAaTY 95%

ANT197 47 aNtTRANI9NIBNIN LAZAN compressive strength 2891 HLFRINANN

a} o t = rdl =
DCPD/ DCPA ( Owt% Ca(PO,),) NMNAUANT TuUINeN 1200 eATIATES

aa

At DCPD DCPA

59 MPa 118 MPa 59 MPa _ 118 MPa
Bulk density 1.57 1.67 ©1.86 1.82
(glem’)
Apparent 48.90 44.86 36.57 32.59
Porosity(%V.) |
Compressive 20.59 26.09 . 64.88 78.13 -
strength*(MPa) +2.89 +3.38 +5.02 +10.37

* YAN1INARAL 5 FaatinaisLsuANNTaiu 95
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AINNANIINARBINLINITRNLIARlUNgEm Y 1H flexural uae
compressive strength 28981UR LiFNLT2RS DCPA uar DCPD HAgely Ta@anades
fiuAn %apparent porosity WAz bulk density A8 LHaLTIALIUNIEAGITY %porosity AAR
A" bulk density zgﬁu

d‘ T as [ d’ [ ] Qy nd' = L7 < ¢d‘ 1

nussulunnedanminiunugn Tuanunsseuan DCPA TiAtA nudlsaigands
DCPD luniavagenyia 2 wuu leasuinndiszunnd 1ind@ sy flexural strength bas
tszunnd 211 & 45U compressive strength 9 IAUINATEINTNAGELIYA 2 wuLHnauely

stununsduandluglf 4-41unz 4-42

25

LipcpD

7 DCPA

Flexural strength(MPa)

50.1 MPa 66.8MPa 83.5MPa

U 4-41 Flexural strength 289 DCPD U8y DCPA Nusefiusing Twmashi 1200 agen

=
RISk

DCPD
DCPA

compressive strength (MPa)

8
H

59MPa 118.12MPa

317 4-42 Compressive strength 184 DCPD 4z DCPA AUgasiusnee Fumas 1200

BDIFANI RS
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%

AINMNENY SEM gUfi 4-43  29TuauisEeaNaIn DCPA daTugyl
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. % o P o oo o o o X
NARAL compressive strength  #1T8ILLIIAY 59 MPa LﬁﬂjiW]EIUﬂﬂJV‘@ﬂmugﬂﬂLL?\ﬁmuLWNmu

(118 MPa Fwmasi 1200 esaaaioa wudinsesuiiugaauinnlilasairaianig

@  ar o 2 '

é{ =4 2 ar [~3 o ] 1 o [ ' dl i
sosmiulduiuiuiuladn gawadngndn wigzuialunidiasatusinauugdsellnm
useAA  UATARARRDITUNATBINTANENANTRNIMAIN A9 4-7 ) iHBUNAUENTY %

51 o =1 i 4 ' @ e v
porosity 8A&3 bulk density 474 Y11 lAmuTauseTuaugeu uazazdunadiuindndos

o e

W9AU 59 MPa wusnwznisnananginaedlaasandozw ingndadany  Tnaaniy

= ==

. a A a by 1‘4 o al o d’/ (=3 dl d‘
MNU?LQMQ‘J‘;NN@ﬂ@’]S_J’]?ﬂLﬂ@lﬂ@ﬂ?g LENLINAW 118 MPa HAanNATULANNIN AHNDH

| { ¢
&K al

o ar o X A o ' a o
ﬁwmmmmmﬁmﬁu qﬁ;ﬂ‘ﬂ 4-44 %Lﬁu@ﬂwmm@mmmmmﬂmmnﬁmﬂummu WA R
2 ' o o ~ é’ ' d"d t =K <3
FLWLﬁu’]WLLTQ@u%QﬂLWN?IH" L‘V]’\‘MNN@ﬁ@ﬂ']?tm"ll@ﬂm@ﬂgﬂm&l

18Ky X2.008 18Km T18723

(%

UN 4-43 NW SEM 2189%1497% compressive LATUNAN DCPA ( 0wt% Ca(PO,),) 4a7

WNAW () 59 MPa (%) 118 MPa  @uwas 1200 a9l EalTeaa nadene 2000 i

P iy - ) o o
gﬂ‘w 4-44 1w SEM 189113 compressive LATENAN DCPA ( Owt% Ca(PO,),) 2w

WA (N) 59 MPa () 118 MPa Tuwas 1200 asd L maiad N1aavene 10,000 N
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nageaLssAuluNIeEasieTuwIuAGaL flexural strength Taa AR Y

)

AalssuRNIunNsdasaiuaecassaFaneluudua (U9 4-45) il antBidanals

v | . 1% ' N | s
49 UazllanFeuAEussnIN T uTIETENAIN DCPD (317 4-46 ) waz DCPA dn#ils

suLaTEIFwMe Mg nnianate (U7 4:45 1. ) wudndusuieisanain DCPA azlilase

’ 1
o oo

afendnuinndiiesanntawiseyniaiidnndt uariantmaeaunsyalunisdasainngd

(A13197 4-3 ) W liRanTRdenaigandn DCPD

o 4 P
917 4-45 N1 SEM 2@9%19% Flexural (i38dANN DCPA 8afiusasu (n) 50.1 MPa

al

(%) 83.5 MPa. @unas 120084 a8 NNaauene 750 win

.y
e 'l - - A gemdh | Bl
1SkyV X7Sae 18km 318736

71/ 4-46 AW SEM 1898 Flexural W6iTeANn DCPD §0Tiusadu 83.5 MPa Fu

WaF 1200 29ANTATEHA NIRITENE 750 LN
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917 4-47 A SEM uamagnguna g aesduanunszauann DCPD

( 5wt% Ca(P0,),) 1ix PEG Sadaeiisasis 50.1MPa Funasi 1200 aeA11aiies

anglil 4-47 wameliiutiogngunnalugiiszanns 200 Tuaseu luduanudain
anwedwes ( PEG ) Miingniniudesnll  Tnadnwoizgiiresgwoniaouulagls/ls

naNwHauLNIa PEG mauwn (JUR 4-6) esannusasiulunisdnaugy

4.3.2.3 MFANMITUIA NISNTTALVUIATBIGHTU  WAL% porosity gl

mercury porosimetry

X :
FgutinshedetiuauunegasidiinisAnmawin n1snszana1in e

porosity el mercury porosimetry panananalunise 4-8

ISR 4-8  HANTANHIIHIAURSNIINITANLLUIATWIUGRELAIT mercury porosimetry

FIYBEiNg TENGT uuni (°C) | aumdueinu % porasity
(MPa) @uﬂ'ﬂmqmﬁﬂ
(4VIA), pm.

DCPD (0%Ca(PO,),) 83.5 1200 1.34 46.65
DCPA (0%Ca(P0,),) 83.5 1200 0.70 38.57
DCPD (5%Ca(P0,), 50.1 1250 2,26 58.42

+ PEG)
DCPD (5%Ca(PO,),) 59 1250 1.61 44,63
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PRIy ) ., PRy o ) YA o e
QAINUATNLANLI% porosity 7iLHaN3E mercury porosimetry IndLALSiLAS
. i ] A . { <
999 Archimedes AINNANIVARBINHUNA ( #1379% 4-4, 4-5 UAY 4-6 ) Teugnlfidiu
drAuuilaungusngusrlasai e g uIuIA N uTIUUAWaY  WANATEITWIA
o . dl < i

RALTBIGWIUAIN mercury porosimetry (R1319H - 4-8) lugwinaunmdnetlutoei-2
lupsan (38 mercury porosimetry azAuIngwuuLLLunsenszuan te v Aa Bn1as
TBIGNTU Az A AaNuiRY uazAmnaaduugudnatsain 4v/A ) Failuauintesg

\dnq et sendeeyniaiidenseufinainnszuaunisduned (3UN 4-36, 4-37,4-38) uay

a

AINNIH SEM (101 4-39, 4-43, 4-45, 4-48 n) AxwugngunHauaelugie 10-30 lursew

agseTufinain CaCo, ¥uffstnfiu DCPD/DCPA Waflufinavgasenld  wsluanis

o)

NTTANLUUNAT HA1NAE mercury porosimetry (Aaetierasniuanslunimuwan 2) 1
mewm’Lumm Sagnsnesing 1é9n1sm porosity Tnendnnasresiandilseni az

Suanniipadusiesenasdnllunuideginawaivgfiganey  uanilefiuuseiuty

Usanfiazudliunundagiidnas  uslanndnenclassairanieqaniagesdueiuain SEM

(U7 4-48) azifiudngnquamalnnfegludas  10-80 lunseuazgndenseudangniuiisa

q
k4

= 3 <4 | 4 o g ar ijz - ¥ ' 3 S PR o
Wevruadn wiewiuperiaviaiundd neck Asulsenasiasinugidn-mantinauy

2 o I N Y o = v wu . A A A
Az lddsglun  Tesfedldussiugalunisilsenasgniudaly usesusiuaseddaiuin
padusuguinaeiildidurespdniy  Wedsandwgdniaeseudnliunuiideguny

Funasaasseniuglugifiazgnaeanusmuidugesgidn (neck) Aanudiiffunnsuegidnil

49 Lm”mmeu'\m@\?wa‘mimq;Juﬂsmm@ AN

F9@HNT0NE12 LHIINITMINITNTEAIBTUIAFNTUIDITUAIUTINTUATRIGWIUT
P ] [ % ' N s = o GI , t=l| v 5|
CIaHABNLLANANNUNINURTRNANWIUSILUARLIN ﬂ?’zﬂwimztﬂumsm‘zmwu’zmmg
a 4 &y P
wiudagludnawiadnvind  Aeliannsaninisnszansaunatesgwguynawanielu

Tuuldl wsilie % porosity Inaisanudagnsies™ (sanmisgaunalugluasian)
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12em JF168716

ﬂﬂ 4-48 AW SEM LAmN mfammm&mymmiwmmm mnmwwuiu‘numu (DCPA, 0 wt%

Ca (PO 3, B BAALILIAY 83.5 MPa f’ﬁummm 1200 B4ANTALEEIR )

(N) FNIUTWIANAN 10-30 luA2a1 NNIA9TEME 20006917

|
o

(m)iWiuﬂJmmLaﬂmmwamwmmmmnmqlumw (n) NN1A99818 500097

4



|
UNn 5

fg9iluanisnaang

o as &/ ,3 v = =Y & ot o

nudaiAnmnstuglassandacwi lnsaiiangusodsnisuuy waEnI9en
Ineldnanaealfainasarunssunseandndnniuarssesiulunisdunsed DCPD  uas
DCPA udatinunnaniu CaCO,Memnsdau Ca / P IndAseiulansandaznilng (1.63 Tne
Tug) aanuanisAnaunsoaglsnail

1. msrugllasmsmuuy uazlWuiadan H,0, wudiadil (slip) Asisouan
DCPD i CaCO, Feilanunuiuiuiazsnseyniaiseiudeudiann  Tlawisoas
Aoupuungdy Iiiaasduiiabeniuls (homogeneous) awinliiianisueniiludung
wWasaunasTumas

2. msaugllnunisdnannsawistulansendecwt infatianguiiaunguluga
32.59- 63.70 Wafifus laedlgnguauiadn ( 1-2 luaseu ) iNaliesannszuaunst
wad 2u1anas (10-3011Asen ) aanfiaiifiaanliizenaes CaCo, uazgauatugy (
100-200 tupsaw ) awnweRwes (PEG) wignunlwlieanly  Fuswiwonldldan
compressive strength WAz flexural strength 444 WML 78.13 MPa ey 17.51 MPa a1y
9 e/ ‘ﬂl § Q“ ¢ ] ej & o b 4 ar o o/ 2 = td‘
avoy Fududineglutomarnsnldiduiaamaunuls flusenuddasmonisdneded 4
( uaziBaauin2s)  wananiiusuninegwguludos 1- 30 ueseu dadnifluauna
989 micropore T4 mesopore A1N1TNATHAVIEANLAIALEATaNEe( machinable )lsdnatag
TAansusndy  dWasanfanuudenniuhl®  uwazainnsdnmnavasuiofibe
goannidumaes uar usesulunisdndugy wud

a v q @ i nd‘ o l,:/

- nsEswi LN Swt% luetteiATENAINYIa DCPD uaz DCPA
W1TNesi 1200 svraadad azinalunisiiuA Compressive Strength egnedsiau
wAinany flexural strength ¥asuan uazwudnufedaddunisiia TCP (o uaz B TCP) 1ile
Winguninisundumeidy 1250 aemigaidas A1 compressive UaT flexuratl strength

o i d‘ oA 1 d? dd’ = 2 1 ] . é’ |
1a3at9 N lRNuTagaay doulunstininuiaonudnAl compressive strength 911
4 wsiAn flexural strength anas T9ananarlddnnisfamases TCP lutFunnuiiinay

4{ = ¥ N o 1 ] cL N
Lmqmmuqﬁuﬁmm flexural strength 4ALRWAIIAT compressive strength
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- Lﬁ@'ﬁﬁmﬂﬁ'mmﬁuiunﬂsé’mﬁugﬂ%uﬁfmﬂwﬁiﬁL?mLLf’Tq Fendniaeanag
Nongaas TCP (a1n 50.1 111U 66.8 WA 83.5 415U flexural stength Wazann 59 L1l 118
MPa #1131 compressive strength) Imﬂ‘v‘hmmﬁum@{ﬁqmmﬁ 1200 29ANTALTeE Wy
’J'Wi’mfn'ml,l:"ﬂ\m?\‘i%\i compressive WA flexural strength @i\‘f‘%u

- AINNNINARBINLINATNANRUSTTUINAT compressive WAL ﬂéxural
strength BT R LRI e T T exponential function fiuAIMNGW™ ( %porosity)

(ANNTTRazNTIHLEATlANANAN A )

1
S al a

3. NIMANIAN PEG unsys Mt liguundumesiaanunguiage uazigngu

18 o 2 3 e o d‘ QJ‘; s ] s
gua A arauiRdanafldnunn wazlduansnatuann
£ A 1 ﬂl ﬂ! ]
NUILABRBINUEULR

1. msrugdlaensouuuihiddinsuiund Wanim@nsha  Gedrldiad
ananslansendazwilndlagnse azvinlddnandinasldasGususiinnan e
= o d‘ k2 2/ 1
annfaulsnazsaspauguesndiuin
‘;’ nd‘ v as =i lé’ Qo = e A
2 Funuwgun sausoasUiuaunereagnguliiiaunaluglu Insflantifidansg
#nls Ieunisldmaliansauglviuaiadnadn  Wu not pressing, hot
isostatic pressing, cold isostatic pressing 1usu
1 &§ v L] = LY ] ¥ o) as
5. nasvwuannaluadly  unsldeu lassenderwilnasfafiongy  Wwldidusio
nsaq vira lilulasaiae infiitrate win ld@duussald luaesiunngsy

o ,:’ 12 . . =] & 1 tal Scia . R
4. nsinTwaslunegeuluuaanuia (in vitro ) vire Tuseanadalidsn { in vivo)
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Dx: 3,072 Dm: 3.120 SBE/FONM 5 140147, 3R
33.484%> 8 [ T 51.252% & 4 1 ©
'.6a2s 2 7 34.371* 65 2 2 O Hl.460 B O 3 a
I ; 1.e29 A Slgn:=~ 2V
o nop er 34,994 6 O 114 s2.616* 4 3 3 O
Rof: Dane‘s Systom of Mineralogy. 7th ., Il. 684 (1951) 38121 B 2 2 3 52 9447 25 2 ©20
35397 12 2 10 s3.312+ & 3 018
Z%. P06+ 6 31 3 1 54405 B S5 O &
Color: Colarisss, whitc, gray, yoilow 37.328% 10 4 211 s3. 114~ & 4 112
Sampis obtétned by hoating & commoercial anmple. Nearly A7.8850% S 32 @ S SE.139% & 2 3 i<
iscsuuctural with cerite. PSC: bR 1. Validatod by asiculatad zZ9.400% 104 1 Oi8 36591 & 2 2 Im
<0.058+% 4 1 33 37.439% & & 2 H

pattcrn 42-3I77. Mws: 310,18, Volumol<CTD]: 3520.81.

29 Int h l
37.5587~ -~ 5 ] -
s@.s13% 32 S 1 7
GO D70 - 1 H 8
60807 4 2 a2z
s1.56P 4 & 9 o
$3.443% & 1 S 11
3. GTT - QO =20
G3.236~ -3 o 518
ES . 016 - 3 “ k-3
G6.280- & 0S5 2 6
GT7. 471 -~ 1 3 a4

1996 ITPrDE-Intormational Contre for Diffraction Data. All rights resorved.




97

Wavolongih— 1.54056

04-0777
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Calcium Oxide 32.195% 34 DI T
37.360' 100 2 0 0
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Reff Winohell, Microscopic Character of Artificlial Inorg. Solid
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Colar: Coloricss
Paitorn at 27 C. CnO sampie mixad with potrolatum. CAS #:
1305-78-8. Ca C O3 obtained from J.T. Baker Chemical
Company and hoatod as 923 C in Pt crugible for 1 hour.
MNBS analysis ahows rbout Q.21%% MgO, G.1%6 Ba, and no
athor impurity ovor 0.04%4, C) MNa typa. Hallto group,
poriclase subgroup. Alza culled: burmnt lime.Alsc calisd:
caloia.PSC: oFE. To replace 1~1160, Deletnd by 37-1497.
Mwi: S6.08. Volume[<D): 111.802Z.
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ql& b Designation: B 213 - 90

Standard Test Method for
Flow Rate of Metal Powders’
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This standard is issued under the fixed designation B 213; the number immediatelv following the designation indicates the vear of
original adoption or. in the case of revision, the year of dast revision. A aumber in parentheses indicales the vear of fast reapproval. A
superscript epsilon (¢} indicates an editonial change since the last revision or reapproval. B 213

1. Scope

1.7 This test method covers the determination of the flow
rate of metal powders and is suitable only for those powders
which will flow unaided through the specified apparatus.

1.2 This staridard may involve hazardows materials, oper-
ations, and equipment. This siandard does nat purnort to
address all of the safety problems associated with its use. It is
the responsibility of the user of this standard to esta. lish
appropriate safeiy and health practices and determine the
applicability of regulatory limitations prior to use.

2. Significance and Use

2.1 The flow rate of a metal powder determines the rate of
filling of a die cavity in the pressing of sintered metal parts or
bearings. High flow rates (fow flow times) are usually desired
for high productivity. The test method may be part of the
purchase agreement between powder manufacturer and P/M
parns producers, or it may be an internal quality control test
for powder blended by a parts producer. It ts commonly
applied 1o ferrous powders and copper base alloys, but may
be used on other powders as well. The test is not applicable
to wet or pasty mixtures of metal powders, since thev will not
Tow through the funnel and are not cemmonly used in P/M
processing.

3. Apparatus

3.1 Powder Flowmeter Funnel—A standard flowmeter
funnel? (Fig. 1) having a calibrated orifice of 0.10 in. (2.54
mmj in diameter.

3.2 Stand’—A stand {Fig. 1) to support the powder
flowmeter funnel.

3.3 Base—A level, vibration-free base tc support the
powder flowmeter.

3.4 Stop Waich.

3.5 Balance—A balance suitable for weighing accurately
10001 g

4. Test Specimen

4.1 The test specimen shall be 50 g, weighed to the nearest
0.1 g

! This test method is under the jurisdiction of ASTM Commiitee B-9 on Metal
Powdgers and Metal Powder Products and is the direct responsibility of Subcom-
mittee B09.02 on Base Mcia! Powders.

Current edition approved Feb. 23. 1990. Published Aprii 1990. Originalty
published as B 213 - 46 T, Last previous edition B 213 - 83.

* The powder flowmeter funnel. density cup. and stand are available from
Alcan Powders and Pigments, 90t Lehigh Ave., Union, NJ 07083-7632.

S. Procedure

5.1 The test specimen shall be tested as sampled. It should
be noted, however, that moisture, otls, steanc acid, siearates,
waxes, elc., may aiier the characteristics of the powder.

5.2 Carefully load the test specimen into the {iowmeter
funnel while keeping closed the discharge orifice at the
boutom of the funnel by placing a dry finger under it. Take
care that the short stem of the funnel s filled.

5.3 Start the stop waich simultaneously with removal of
the finger from the discharge orifice and stop 1t al the instant
the last of the powder leaves the funnel. Record the elapsed
Jtime in seconds.

6. Report

6.1 The clapsed time shall be multiplied by the corection
factor (see Note) and the result reported in seconds io the
nearest second.

NoTe —The manufacturer supplies the funnel calibrated as foltows:
Using the procedure described in Section 5. the flow rate of stendard
150-mesh Turkish emery is determined. The avesage of five determina-
tions (the extremes of which shall not differ by more than 0.4 s} is
stamped on the bottom of the funnel. The correctiorn factor of the
unused funnel 18 40.0 divided by this number. }t 1s recommended thay
the facior be periodically verified by the user by determining. by the
above method, the flow rate of the standard 150-mesh Turkish cmery.®
If the flow rate has changed from that stamped on the instrument. the
new correction factor will be 40.0 divided by this new flow rate. Before
adopting the new correction factor, however. it 1s recommended that {he
cause of the change be investigated. if the flow rate has increased. it is
probablc that repeated use has burmished the oanfice and the new

" correction factor may be used. A decrease in flow rate may indicate @

plaung of soft powder upon the orifice. This should be carcfuliv
removed with the aid of a pipe cleaner and the caiibration st rerun. the
new correction factor being calculaied if required. 1t is recommended
that the use of a funnel be discontinued after the flow rate of the
standard sample has increased such that the time of fiow is less than 37
s. The manufacturer's experience indicates that, under conditions of
almost continuous daily use, a decrease in time of flow of 3 s should be
expected afler 5 vears of service.

7. Precision and Bias

7.1 The precision of this test method is presently being
determined by Subcommittee B09.02.

* Sundardized No. 150 emery grit is ro longer being sold. in thosc instanccs
where the user desires 10 verify the correction {ac1or and does not possess the No.
150 emcry grit. the funnel may be returned 10 Alcan Powders and Pigments. 901
Lehigh Ave., Union, NI 07083-7632, for re-calibration and re-certification. It is
recommended that verification be done a1 Jeast annually depending on frequency
of use.
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FiG. 1 Flowmeter Apparatus

The American Sociely for Testing and Materials takes no position respecting the validity of any patent righls asserted in connection
with any item mentioned in this standard. Users ol this standard are expressly advised that determination of the va'dity of any such
patent rights, and the risk of infringement of such rights, are entirely their own respeonsibility.

This standard is subject {0 revision at any lime by 1he responsible technical commitiee and must be reviewed every live years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed lo ASTM Headquarters. Your comments will receive careful consideration al & meeting of the responsible
technical committee, which you may atiend. If you feel that your comments have nof received a fair hearing y.»u should make your
views kaown to the ASTM Commiitee on Standards, 1916 Race St., Philadelphia, PA 19103.
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qg‘”ﬁ Designation: B 212 — 89 (Reapproved 1995)¢

Standard Test Method for

Apparent Density of ‘Free-Flowing etal Powders®

This standard is issued under the fixed designation B 212; the number immediately following the designation indicates the year of
onginal adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
supzrscript epsiton {¢) indicates an editorial change since the last revision or reapproval.

This standard has been approved for use by agencies of the Department of Defense. Consult the DoD Index of Specifications and
Standards for the specific year of issue vhich has been adopted by the Depariment of Defense.

1 NOTE—Keywords were added‘_cdi(oﬁall)- in Septeimber 1995,

1. Scope

1.1 This test method describes a procedure for deter-
mining the apparent density of free-flowing metal powders
and 1s sunable for only those powders that will flow unaided
through the specified Hall floswwmeter funnel.

1.2 This standerd does not purport i6 address all of the
safety concerns, if any, associated with its wuse. It is the
responsibility of the user of 1his standard 10 establish appro-
priate saferv and health practices and determine the applica-'
bitity of regulaiory: timitations prior to use.

2. Summary of Test Method

2.1 A volume of powder 1s permitted to flow into a
container of definite volume under controlled conditions.
The weight of powder per unit volume is determined and
reported as apparent density.

3. Significance and Use

3.1 This test method provides a guide for evaluation of
the apparent densiiy physical characienstic of powders. The
density measured bears some relationship 1o the weight of
powder that will fill a fixed volume press cavity when parts
are being made. The degree of correlation between the results
of this test and the quality of powders in use will vary with
each partcular application.

4. Apparatus

4.1 Powder Flowmeter Funnel>—A  standard
fliowmeter funnel (Fig. 1) having a calibrated onfice.

4.2 Density Cup?—A cylindrcal cup (Fig. 1) having a
capacity of 23 = 0.05 cm?.

4.3 Siand3>—A siand (Fig. 1) to support the powder
flowmeter concentric with the density cup so that the bottom
of the powder flowmeter odfice is | in. (25 mm) above the
1o0p of the density cup when the .apparatus is assembled as
shown in Fig. 1.

4.4 Base—A level, vibration-free base to support the
powder flowmeter.

Hall

! This test method is under the jurisdiction of ASTM Committee B-9 on Mctal
Powders and Metal Powder Praducts and is the direct responsibility of Subcom-
mittee B09.02 on Base Metal Powders.

Current edition approved fan. 27. 1989, Published March 1989. Onginally
pobiished as B 212 - 46 T, Last previous edition B 212 - 82,

= The flowmeter funnei. density cup. and stand arc zvatladble from Alcan
Soweder and Pigments. Division of Alean Aluminum Corp.. 901 Lehigh Ave..
Union, N1 07083.7632.

4.5 Balance, having a capacity of at least 200 ¢ and a
sensitivity of 0.1 ¢

5. Test Specimen

3.1 The 1test specimen shall consist of a volume of
approximately 30 1o 40 cm? of metal powder.

3.2 The test specimen shall be tested as sampled. Note.
however, that moisture, oils, stearic acid, stearaies, waxes,
etc., may alter the characteristics of the powder.

6. Procedure

6.1 Carefully load the test specimen into the flowmcter
funnel and permit if to run into the density cup through the
discharge orifice. Take care not to move the density cup.

6.2 When the powder completely fills and overflows the
periphery of the density cup, rotate the funnel approximately
90° in a horizontal plane so that the remaining powder falis
away {rom the cup.

6.3 Using a nonmagnetic spatula with the blade held
perpendicular 1o the 1op of the cup, level off the powder flush
with the top of the densitv cup. Take care 10 avoid jarnng the
apparatus at any time.

6.4 Afier the leveling operation, tap the density cup lightly
on the side 10 settle the powder 10 avoid spilling in transier.

6.5 Transfer the powder 1o the balance and weigh 10 ihe
nearest 0.1 g ‘

7. Calculation

7.1 Calculate the apparent density as {ollows:

Appareni density, g/cm?® = weight in grams X 0.04
8. Report

8.1 Results shall be reported as apparent density 10 the
nearest 0.01 g/cm?.

9. Precision and Bias

9.1 The following criteria should be used to judge accept-
abilitv of the results at the 95 % confidence level.

9.1.1 Repeatability—Duplicate results by the same oper-
ator should be considered suspect if they differ by more than
09 %.

9.1.2 Reproducibility—The results submitted by each of
two laboratories should not be considered suspect unless they
differ by more than 6.0 %.

10. Kevwords

10.1 apparent density; Hall fiowmeter funnel; metal pow-
ders
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Metric Equivaients

n. mm
1/10 2.5
178 3.2
1 25

.

FIG. 1 Flowmeter Apparatus

The American Socrety for Testing and Materials takes no position respecting the validity of any patent rights asserled in connection
with any item mentioned in this standard. Users of this standard are expressly advised that determination of the validity of any such
patent rights, and the risk of infringement of such rights, are entirely their own responsibility.

This standard is subject lo revision at any time by the responsible technical committee and must be reviewed every five years and
il not revised, either reapproved or withdrawn. Your commenis are invited either for revision of this standard or for additional slandards
and should be addressed {0 ASTM Headquarters. Your comments will receive carefuf consideration at a meeting of the responsible
fechnical committee, which you may attend. If you feel that your comments have not received a fair hearing you should make your
views known (o the ASTM Committee on Siandards, 1916 Race St., Philadeiphia, PA 18703.
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NANUIN 1

Standard TﬂsL fWethod for

Detcrmination of Tap Density of Metallic Powders and

Compounds’

This standard ic izued under the (ixed designation B 327; the number immediarety following the designation indicates the vear of
original 2doption o7, in the case of revision. the year of last revision. A oumber in parcntheses indicates the year of last rezpproval, A
superscnpt epsilon (¢) indicates an editenal change sines the last revision or reapproval.

1. Scope

1.1 Tais west method specifies a method for the determi-
czuon of tap density {packed density) of metaliic powders
apG compounds, that is, the density of a powder that has
bezn 1apped, 10 settie conients, in a container under specified
conditions.

1.2 This standard does not purport to address all of the
sarety problems. i’ any, associated with its use. I1 is the
responsibility of the user of this standard to establish appro-
Jriate safety and health practices and determine the applice-
ciiuy of requlaiory limitations prior 16 use.

2. Referenced Documents

I ASTM Standards:

212 Test Method for Apparent Densitv of Free-Flowing

Meual Powders®

215 Pracuce for Sampling Finished Lots of Metal

Powders”

B 243 Terminology of Powder Metallurgy?

B 529 Test Method for Apparent Density of Powders of
Refractory Metals and Compounds by Scott Yolumeter

B 417 Test Method for Apparent Density of Non-Free-

Flowing Me:z! Powders?

703 Test Method for Apparent Density of Metal Pow-

gers Using the Amold Meter”

Wt

b

tw

3. Significance and Use

3.1 This test method covers the evaiuation of the tapped
density physical characierstic of metallic powders uné com-
oounds. The degres of correlation between the results of this
_.2si metnod and the quality of powders in use will var- with
cach parucular appiication and has not been fully deter-
mined.

4. Apparatus

+.1 Balance, o.'approp'iznc capacity an accuracy io sazisfy
1h: rccuxremcms shown in Table 1.

2 Graduated Glass Cylinder, calibrated 1o contain )OO
c.—“ at 20°C, the height of the gradumed ponilon being
approximately 175 mm. The graduations shall be at 1 cm?

! This specrlicztion is under the jurisdiction of ASTM Commince B-9 an Mctal
Powders and Mceial Powder Products and is he direct Tespoasibitity of Subcom-
mittee BOS.03 on Refractory Metal Powders.

Current edition agoroved Dee 15, 1993 Published Aprl 1994, Onipinadly

puc!xshod 2 B 527 - 70. iast previous cdition B 527 - 85 (1991)."
= Annule Book of ASTM Standards. Yol 02.05.
3 Corning No. 3046. Pyrex brand has been found suitable.

TABLE 1 A-_ccuracy and Capacity of Balance
Cyimder Canacity, om®  Apparent Density, gfom?  Mass of Test Portion. g
100 Tl >t 100 = 0.5
100 . <1 50 = 0.2
25 = >7 100 = 0.5
25 2107 30 =02
25 < =01 &

intervals, thus allowing 2 measuring accuracy of = 0.5 cm’.
For apparent densities over 4.0 g/gm?, do not use the 100
cm’ cylinder.

4.2.1 Aliernatively, the following may be uszd:

4.2.1.1 Graduated Glass Cytinder, calibrated 0 contain
25 cm? at 20°C, the height of the graduated portion being
approximately 135 mm. The graduations shall be at 0.2 cmo®
intervals.

4,212 A 25cm’® cvlinder shall be used for powders of
apparent density higher than 4 g/cm3, in particular Jor
refractory metal powders, but may also be used for powder of
fower apparent density.

4.3 Tapping Apparatus,® which pcnmts the mopmg of the
graduated cylinder against a firm base. The tapping shall be
such that 2 densification of the powder can take place
without any loosening of its surface favers. The stroke shail
be 3 mm (0.118 in} and the tapping frequency shall be
between 100 and 300 wps/min. An example of 2 tapping
apparatus is shown in Fig. 1.

5. Test Specimen

:'.! For the quantities of powder requircd for each tesu se2
ble 1. Obtzin test powder samples according 1o Practices

In gcneral the powder- should be tesied in the as-
recc‘ved condition. In certain instances the powder may o2
dned. However, if the powder is susceptible to oxidation, the
drving shall ke place in a vacuum or in inernt gas. If the
powder contains volatile substances, il shail not be dried.

5.3 The test shall be carried out on three test samples.

6. Procedure

6.1 Clean the inside the wall of the graduated cylinder
(5.2) with a suitable ciean brush or, if necessary. by rinsing
with a solvent, such as acctone. If z solveat is uscd.
thoroughiy drv the cviinder before reuse.

© The following have been found suitable: Shandon Southern Instrumenty, Inc..
TYap-Pak Volumeicr Model JELST? (Masaufactured by §. Engeismann AG. or
Ludwigshafcn 9. R West Germany), 515 Broad Sucet. Scwickly, PA 1514
Vankd Indusines. Vanderkamp Tap Density Tesier, 3 Meridian Road, Edison.
NI 08820: Quanuachrame Corp.. Dual Autowp, 6 Acrisl Way, Syossct. NY 11791
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place {sec Note 1).

NOTE i—in pmdioc. e minimum number oi wars. A, such that no
further chaggs in wniums takes place would e determined. For all
further tests on the same type of powder, the cylinder would be subjecied
o 2N 1aps, except where general experiencs and accepuance have
established a specific number of taps (no less than A 1aps) as being
satisfactory. For fine refractory metal powders, 3000 taps has been found
10 be satisfzctory for all sizes.

6.4 If the tapped surface 1s level, read the voiume directv.
if the tapped surface is not level, derermine the ape volume
by calculating the mean value between the highest and the
lowest reading of the apped surface. Read the final volume
10 the nearest 0.5 cm® when using 2 100 cm?® cyhinder and to
the nearest 0.2 cm® when using a 25 cm? cylinder.

7. Calculztion
7.1 The tap density is given in the following squation

M
Pr= ‘—
v .
/—-—Graduallegome;a:uring wbhere:
me H - -
o Pt = 1ap density, g/fem?,
25 i M = mass of powder, ¢, and
'V = volume of tapped powder, cm’.
8. Report

8.1 Report the following iniormation:

8.1.1 Reference 10 this test method,

8.1.2 All derails necessary for identfication of the test
sample )

8.1.3 The drying procedure, if the powder hes been dried,

8.1.4 Cylinder capacity; mass of test poruor and method

used,
8.1

Holder with guide

0.110 1 .000
inches

7,
3102 mmn

j

.5 The result obuained,

8.1.6 All operations not specified in this tzst method or
regarded as optional, )

8.1.7 Deizils of any occurrence that may have affecied the

E result.
! Cam

FiG. 1 Example of Tapping Apparatus 9. Prec‘smf‘_and Bius - R .
9.1 Precision and bias .cannot be stated at this ume
6.2 Weigh. to the nearest 0.1 g the mass of the .tcst because "?‘is il m::{_'nod covers a broad rarge of powders
poruon as indicated in Table !, using a balance (4.1). and mxatcd denes:
8.3 Pour the test portion into the graduated cylinder. ~ 10. Keywords
Take care thar a level surface of the powder is formed. Place
e cvlinder in the tapping apparatus (4.3}, Tap the cylinder
unul no further decrease in the volume of the powder takes

{Height of siroke)

Anvil {steel}

10.1 apparent density; bulk density; density; density ratio;
mewal powders; packed density; powder metallurgy; tap
density

The American Society for Testing and Materials takes no position respecting the validity ol any patent riQhts assened 11 CoONnection
with any dem mentioned i ihis stangard. Users of this siandarG are exoressly advised thal defermination of iha validity of any such
patent rignts, and the risk of ininngement of such nghts, are entxely thes own (8sponsibility.

This standard is subject 1o revision at gny time by the responsible lechnical e and must be reviewed every five years and
H riol revised, gither reapproved of withdrawn, Your comments sre invited efther for revision of this slandard or far additiona! s1endesas
and shouid be gddressed 10 ASTM F ters, Your s will receive carelul consideration et & meetirxy of the responsidle

recnnice! commmee, which you may atiend. if you feel that your comments have nol received a fair hezring you Should make your
views known {0 the ASTM Commtee on Standards, 1916 Race SL. Philscelpnia, PA 16103,
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MANUIN o

1 AMERIAN NATIONALi
STANDARD

Standard Test Methods for

ASTM C 20 - 80a

APPARENT POROSITY, WATER ABSORPTION, APPARENT
SPECIFIC GRAVITY, AND BULK DENSITY OF BURNED
REFRACTORY BRICK AND SHAPES BY BOILING WATER'

This standard s issued under the fixed duxgr\dnon C 20 the number lmdelaxc.) following the designation indicates the year
of original adoption or, in the casc of revision. the year of last revision. A number in parcmhuu mdlcﬂu the year of last

r;apprmal

i. Scope

I.1 These methods cover the determination
of the following properties of burned refractory
brick:

1.1.1' Apparent porosity, ]

1.1.2 Water absorption, " g

1.1.3 Apparent specific gravity. and

1.1.4 Bulk density.

1.2 These methods are not apphcabm 10 re-
fractories attacked by water.

1.3 The values stated in inch-pound units
are 10 be regarded as thé standard.

2. Sampling and Test Specimens

2.1 For each test, select at least five brick or
shapes at random as being representative of the
lot.

2.2 When testing 9-in. (228-mm) straight
brick, use a quarter-brick specimen obtained
by halving the brick along a plane parallel o
the § by 2- or 3-in. {228 by 64 or 76-mm) face
and along a plane parallet to the 4-% by 2-%: or
3-in. (114 by 64 or 76-mm) face. Four of the
surfaces of the resultant quarter-brick specimen
include part of the original molded faces.

2.3 When testing other refractory shapes,
cut, drill, or break from each shape a specimen
having a volume of approximately 25 to 30 in.*
(410 10 490 cm®). The specimen shall include
interior and exterior portions of the shape.

24 Remove all loosely adhering pamcles
from each specimen.

3. Dry Weight, D

3.1 Dry the test specimens (o constant weight
by heating to 220 to 230°F (103 wo 110°C) and
determine the dry weight. £, in grams to the
nearest 0.1 g.

3.2 The drying procedurc may be omitied
only when the test specimens are known to be
dry, as may be the case with samples taken
directly from Kilns.

3.3 The drying of the specimens (o consiant
weight and the determination of their dry
weight may be done either before or afler the
saturation operation (Section 4}. Usually the
dry weight is determined before saturation;
however, if the specimens are friable or cvi-
dence indicates that particies have broken loose
during the saturating operation, dry and weigh
the specimens afier the suspended weight, S,
and the s2turated weight. ¥, have been deter-
mined. as described in Sections 5 and 6. Use

-this second dry \Aclﬂhl in all appropriate cal-

cufations.
.

4. Saturation

4.1 Place the test specimens in water and
boil for 2 h. During the boiling period, keep
them entirely covered with water, and allow no
contact with the heated bottom of the cop-
tainer.

! These methods are under the jurisdiction of ASTM
Committee C-8 on Refractories and are the direct responsi-
bility of Subcommittee C08.06 on Physical Propertics.

Currenteditionapproved Aug. 1, 1980. Published October
1980. Originallv published as C 20 - 1§ T. Last previous
edition C 20 - 80.
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4.2 After the boiling period, cool the test
ecimens to room temperature while still com-
etely covered with water. After boiling keep
e specimens immersed in water for a mini-

um off12 hbefereweighing?

Suspended Weight, S

5.1 Determine the weight, S, of each test
secimen after boiling and while suspended in
-ater in grams to the nearest 0.1 g.

5.2 This weighing is usually accomplished
vy suspending the specimen in a loop or haiter
f Awg Gage No. 22 (0:643-mm) copper wire
wng from one arm of the balance. The balance
:hall be previously counter-balanced with the

vire in place and immersed in water to the
same depth as is used when the refractory
specimens are in place.

6. Saturated Weight, W

6.1 After determining the suspended weight,
blot each specimen lightly with a moistened
smooth linen or cotton cloth to remove all
drops of water from the surface and determine
the saturated weight, W, in grams by weighing
in air to the nearest 0.1 g. Perform the blotting
operation by rolling the specimen lightly on the
wet cloth, which has previously been saturated
with water, and then press only enough to
remove such water as will drip from the cloth.
Excessive blotting will induce error by with-
drawing water from the pores of the specimen.

7. Exterior Volume, V

7.1 Obtain the volume, ¥, of the test speci-
mens in cubic centimetres by subtracting the
suspended weight from the saturaied weight,
both in grams, as follows:

V.em*= W~ 3§

Note 2-—This assumes that | cm” of water weighs
I g. This is true within about three parts in 1000 for
~water at room temperature.

8. Volumes of Open Pores and Impervious Por-
tions

8.1 Calculate the volume of open pores and
the volume of the tmpervions portions of the
specimen as follows:

Volume of open pores, cm” = W — D

Volume of impervious portion, em”® = S

110

C 20

9. Apparent Porosity, P

9.1 The apparent porosity expresses as a per-
centage the relationship of the volume of the
open pores in the specimen (o its exterior voi-
ume. Calculate P as follows:

P.% = (W - D)/V]x 100

10. Water Absoprtion, 4

10.1 The water absorption, A, expresses as a
percentage the relationship of the weight of
water absorbed to the weight of the dry speci-
men. Calculate A as follows:

A, % =[(W— D)/D] % 100

i1. Apparent specific Gravity, 7
i1.1 Calculate the apparent specilic graviiy,
T..of that portion of the test specimen which is
impervious to boiling water as follows:
T'=D/D~5)

i2. Buik Density. 8

12.1 The bulk density. f. of a spectmen in
arams per cubic centimetre is the quotient of
its dry weight divided by the exterior volume,
including pores. Calculate B as follows:

B.g/cm* = D/V

12.2 This method of determining bulk den-
sity is useful for checking bulk density values
obtained by direct measurement of Methods
C 134. Test for Size and Bulk Density of Re-

- . . . 2
fractory Brick and Insulaiing Firebrick.”

Nott 3—While it is more accurate than the direct
measurement method, and generally gives higher
values (bv about 0.02 10 0.04). the direct measurement
method s better suited for plaat and field tesuing.
Since it is a less tnvolved technique. The present
method is preferable for specimens that are branded
deeply or irregular in coniour.

13. Report

[3.1 For each property, report the average
of the values obtained with at least five speci-
mens, and preferably the individuat values also.

13.2 Report apparent porosity and water ab-
sorption results to one decimal place. and ap-
parent specific gravity and bulk densily results
to two decimal places.

Note 4—When values are reported for water ab-
sorplion but not for porosity, it is suggested that the

? Annual Book of ASTM Standards. Part 17.



111

b c20

report shalf also give the results for bulk density. This 14, Precision and Accuracy
makes it possible to calculate the corresponding ap- L
parent porosity values as follows: 14.1 The precision and accuracy of these

P %=AXB methods are being investigated.

The American Society for Testing and Materials takes no position respecting the validity of any patent righis osserted in
connection with any item mentioned in this standard. Users of this standard are expressly advised that determination of the validity

of any such patent rights, and the risk of infringement of such righlx. are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical commiltee and must be reviewed every five years
and if nof revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional
standards and should be addressed to ASTM Headquarters. Your comments will receive careful consideration at a mecting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing sou should
make your views known to the ASTM Committce on Standards, 1916 Race St.. Phi[adelphia. Pa. 19103, which will schedule a
further hearing regarding your comments. Fuiling saiisfaction there. you may appeal 1o the ASTM Board of Direciors.
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Qg{;? Designation: Cx11631# 94 (Reapproved 1996)

Standard Test Method for

Flexural Strength of Advanced Ceramics at Ambient

Temperature’

This standard is issued under the fixed designation C 1161; the number immediately following the designation indicates the year of

. A number in parentheses indicates the year of last reapproval. A
. superscript epsilon (¢) indicates an editorial change since the last revision or reapproval.

original adoption 6r, in the case of revision, the year of last revision

1. Scope

1.1 This test method covers the determination of flexural
strength of advanced ceramic materals at ambient tempera-
wure. Four-point-¥s point and three-point loadings with
prescnibed spans are the standard. Rectangular specimens of
prescribed cross-section sizes are used with specified features
in prescribed specimen-fixture combinations.

{.2 The values stated in SI units are to be regarded as the
standard. The values given in parentheses are for informa-
tion only.

1.3 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

-

2. Referenced Documents

2.1 ASTM Standards:

E 4 Practices for Force Verification of Testing Machines?

E 337 Test Method for Measured Humidity with a Psy-
chrometer {The Measurement of Wet- and Dry-Buib
Temperatures)®

2.2 Military Standard:

MIL-STD-1942 (MR) Flexural Strength of High Perfor-
mance Ceramics at Ambient Temperature® :

3. Terminology

31 Defiitionst e,

3.1.1 flexural strength—a measure of the ultimate strength
of a specified beam in bending.

3.1.2 four-point-i/s point flexure—configuration of flex-
ural strength testing where a specimen is symmetacally
loaded at two locations that are situated one quarter of the

overall span, away from the outer two support bearings (see
Fig. 1).

3.1.3 three-point flexure—configuration of flexural strength
testing where a specimen 1s loaded at a location midway
hetween two support bearings (see Fig. 1).

' This test method is under the jursdiction of ASTM Committee C-28 on
Advanced Ceramics and is the direet responsibility of Subcomminec C28.01 on
Ivaperties and Performance.

- Current edition approved July 25, 1994. Published lcbruar) 1995. Onginally
pu‘\hshod as C 1161 - 90. Last prcuous edition C 1161 ~ 90,

* Annual Book of ASTA{ Standurds, Vol §3.01.
' {nnual Book of ASTAf Standards. Vol 11.03.

* Available from Standardization Documents. Order Desk, Bldg. 4, §ccuon D,

*k! Robbins Ave., Philadelphia, PA 19111-5094,
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4. Significance and Use

4.1 This test method may be used for material develop®
ment, quality control, characterization, and design dam‘-
generation purposes.

4.2 The {lexure stress is computed based on simple beam
theory with assumptions that the materal is isotropic and_
homogencous, the moduli of elasticity in tension and com-; |
pression are identical, and the material is linearly elastic. The'® 5
average grain size should be no greater than one fiftieth oi;,:,
the beam thickness. The homogereity and isotropy assump‘fv
tion in the standard rule out the use of this test for-s-
continuous fiber-reinforced ceramics. )

4.3 Flexural strength of a group of test specimens 15%
influenced by several parameters associated with the te
procedure. Such factors include the loading rate, test eaviis
ronment, specimen size, specimen preparation, and tcst”ﬁ
fixtures. Specimen sizes and fixtures were chosen to prowdef
a balance between practical configurations and resuiungm
errors, as discussed in MIL-STD 1942 (MR) and Refs (1) auqu
(2).5 Specific fixture and specimen conﬁgurauons wergs
designated in order to permit ready comparison of dataf
without the need for Weibull-stze scaling.

4.4 The flexural strength of a ceramic matenal is depen-%
dent on both its inherent resistance to fracture and the»-‘f
presence of defects. Analysis of a fracture surface, fractogz
raphy, though beyond the scope of this test method, is hlghlyu
recommended for all purposes, especially for design data as%
discussed in MIL-STD-1942 (MR) and Refs (2-5).

=
=

5. Interferences

5.1 The effects of time-dependent phenomena, such as™
stress corrosion or slow crack growth on strength tests !
conducted at ambient temperature, can be meaningful even '’

for the relatively short times involved during testing. Such

influences must be considered if flexure tests are to be used ;
1o generate design data.

5.2 Surface preparation of test specimens can introduce -
machining flaws which may have a pronounced effect on -
flexural strength. Machining damage imposed during spec--
imen preparation can be either a random interferilig factor, .
or an inherent part of the strength charactenstic to be:
measured. Surface preparation can also lead to residual |
stresses. Universal or standardized test methods of surface |
preparation do not exist. 1t should be understood that final
machining steps may or may not negate machining damage *

* The boldface numbers in parentheses refer 1o the refercnces at the end aof this
test method.
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A y

Note—Configuration:
AL =20 mm
B: L = 40 mm
C:L=80mm

FIG. 1 The Four-Polnt-Vs Point and Three-Point Fixture

Conﬁgﬁsraﬁon

introduced during the early course or intermediate ma-
chmmg

6. Apparatus

6.1 Loadmg—Spemmcns may be loaded in any suitable
testing machine provided that uniform rates of direct loading
can be maintained. The load-measuring system shall be frec
of initial lag at the 1oadmg Ia ﬁgsed and shall be equipped
with a means for retmmng g read-out of the maximum load
applied to the specimen. The accuracy of the testing machine
shall be in accordance with Practices E 4 but within 0.5 %.

6.2 Four-Point Flexure—Four-point-!/4 poit fixtures
(Fig. 1) shall ha%"éﬁf)‘ff)x\iﬁéﬁai"po iding spans as shown in
Table 1.

6.3 Three-Point Flexure—Three-point fixtures (Fig. 1)
shall have a support span as shown m Tabie 1.

6.4 Bearings—Three- and four-point flexure:

6.4.1 Cylindrical bearing edges shall be used for the
support of the test specimen and for the application of load.
The cylinders shall be made. of hardened steel which has a
hardness no less than HRC 40 or which has a vield strength
no less than 1240 MPa (~180 ksi). Alternatively, the
cvlinders may be made of a ceramic with an elastic modulus
between 2.0 and 4.0 X 10° MPa (3060 x 10° psi) and a
{lexural strength no less than 275 MPa (~40 ksi). The
portions of the test fixture that support the bearings may
need to be hardened to prevent permanent deformation. The
cylindrical bearing length shall be at least three times the
specimen width. The above requirements are intended to
ensure that ceramics with strengths up to 1400 MPa (~200
ksi) and clastic moduli as high as 4.8 x 10% MPa (70 x 10°
psi) can be tested without fixture damage. Higher strength

TABLE 1 Fixture Spanc
Configuration - Support Span (L), mm Loading Span. mm
A 20 10
8 40 20
C 80 40

TABLE 2 Nominal Bearing Diameters

Configuration Diameter, mm
A 20to 25
8 4.5
Cc 9.0

TABLE 3 Specimen Size

Length (L,}. min,

Configuration Width (b}, mm Depth (d), mm o
A 20 1.5 25
B 40 3.0 45
Cc 8.0 6.0 90

and stiffer ceramic specimens may require harder bearings.
. 642 The bearing cylinder diameter shall be approxi-
mately 1.5 times the beam depth of the test specimen size
employed. See Table 2.

6.4.3 The beaning cylinders shall be carefully positioned
such that the spans are accurate within #0.10 mm. The load
application bearing for the three-point configurations shail
be positioned midway between the support bearing within
+0.10 mm. The load application (inner) bearings for the
four-point configurations shall be centered with respect to
the support (outer) beanings within £0.10 mm.

6.4.4 The bearing cylinders shall be free to rotate in order
to relieve frictional constraints (with the exception of the
middle-load bearing in three-point flexure which need not
rotate). This can be accomplished by mounting the cylinders
in needle bearing assemblies, or more simply by mounting
the cylinders as shown in Figs. 2 and 3. Note that the
outer-support -bearings toll outward and the mner—loadmg
bearings roll inward.

6.5 Semiarticulating-Four-Point Fixture—Specimens pre-
pared in accordance with the parallelism requirements of 7.1

1may.be.tested.in a semiarticulating fixture as -iliustrated in

Fig. 2. The bearing cylinders themselves must be paralle! 16
each other to within 0.015 mm (over their length).

6.6 Fully Articulating-Four-Point  Fixture—Specimens
that are as-fired, heat treated. or oxidized often have slight
twists or unevenness. Specimens which do not meet the
parallelism requirements of 7.1 shall be tested in a fully
articulating fixture as illustrated in Fig. 3.

6.7 The fixture shall be stiffer thar the specimen, so that
most of the crosshead travel is imposed onto the specimen.

7. Specimen

7.1 Spccimeh Size—Dimensions are given in Table 3 and
shown in g4, Cross=sectional dimensional tolerances are
+0.13 mm for B and C specimens, and £0.05 mm for A. The
parallelism tolerances on the four longitudinal faces are
0.015 mm for A and B and 0.03 mm for C. The two end -
faces need not be precision machined. v

7.2 Specimen  Preparation—Depending upon the in-
tended application of the flexural strength data, use one of
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TEST SPECIMEN

ix / Ki
Nove 1:
Configuration L, mm
A 20
8 40
c 80

Note: Bearing Cylinders are heid in place by
fow stiffness springs or rubber bonds.

Note 2—!.oad is applied through a ball which permits the toading member to tilt as necessary to ensure uniform kading

FIG. 2 Schematic of & Semiarticulated Four-Point Fixture Suitable for Flat and Peraliel Specimens

the following four specimen preparation procedures:

7.2.1 As-Fabricated—The flexural specimen shall simu-
late the surface condition of an application where no
machining is to be used; for example, as-cast, sintered, or
1njection-molded parts. No additional machining specifica-
tions are relevant. An edge chamifer is not necessary in this
instance. As-fired specimens are especially prone to twist or
warpage and might not meet the parallelism requirements. In
this instance, a fully articulating fixture (6.6 and Fig. 3) shall
be used in testing.

2122 Applzcauon—Matched Mac!wzmg—"[’hc specimen
shall have the same surface preparation as that given to a
compenent. Unless the process is proprietary, the report
shall be specific about the stages of material removal, wheei
- grits,.wheel-bondingzand ghe amauntwof-materal. removed
per pass.

1.2.3 Customary Procedures—In instances where a cus-
tomary machining procedure has been developed that is
completely satisfactory for a class of materials (that is. it
induces no unwanted surface damage or residual stresses),
this procedure shall be used.

7.2.4 Standard Procedures—In the instances where 7.2.1
through 7.2.3 are not approprate, then 7.2.4 shall apply.
This procedure shall serve as minimum requirements and a
more stringent procedure may be necessary.

7.2.4.1 All grinding shall be done with an ample supply of
appropriate filtered coolant to keep workpiece and wheel
counstantly flooded and particles flushed. Grinding shall be in
at least two stages, ranging from coarse 1o fine rates of
material removal. All machining shall be in the surface
grinding mode, and shall be parallel to the specimen long
axis shown in Fig. 5. No Blanchard or rotary grinding shall
be used.

7.2.4.2 The stock-removal rate shall not exceed 0.03 mm

(0.001 in.) per pass to the last 0.06 mm (0.002 in.) per {acc.

Final (and !ntermomatc) finishing shall be performed thhﬁ
diamond wheel that is between 320 and 500 grit. No i
than 0.06 mm-per face shall be removed during the fipa
finishing phase, and at a rate of not more than 0.002
(0.0001 in.) per pass. Remove approximately equal stog
from_opposite faces.

7.2.4.3 Materials with low fracture toughness andg
greater susceptibility to grmdmg damage may require’ fmei
grinding wheels at very low removal rates.

7.2.44 The four long edges of each specimen sball@
uniformly .chamfered at 45°, a distance of 0.12 '+ 0.03 mmi&s
shown in Fig. 4. They can alternatively be rounded with3
radius of 0.15 = 0.05 mm. Edge finishing must be comp@
rable to that applied to the specimen surfaces. In paruc
the direction .of machining shall be parallel to the s
long axis. If chamfers are larger than the tolerance )
then corrections shall be made to the stress calculation (1
Aliernatively, if a specimen can be prepared with an edgé)
that is free of machining damage, then a chamfer is n@

- required.

7.2.5 Handling Precautions—Care should be exermsed
storing and handling of specimens to avoid the mtroductl
of random and severe flaws, such as might occur if specxmc
were allowed to impact or scratch each other.

7.3 Number of Specimens—A minimum of 10 spe@.
shall be required for the purpose of estimating the mean. A
minimum of 30 shall be necessary if estimates regarding thQ G
formn_of the strength distribution are to be reported (fotiv
example, a Weibull modulus). The number of specimens |
required by this test method has been established with the?
intent of determining not only reasonable confidence hmltfg :
on strength distribution parameters, but also to help dlSCCm“
multiple-flaw population distributions. More than 30 speCl'*
mens are recommended if multiple-flaw populations arc
present. -
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TEST SPECIMEN

™ L g
Note 1:
Configuration L, mm
A 20
8 40
C 80

SPECIMEN

Note 2—Bearing A is fixad so that it wili not pivot about the x axis. The other three bearings are free to pivot about the x axis.

--F1G.- 8- ‘Schematic of a Fully Articulating Four-Point Fixture Suitable for Twisted or Uneven Specimens

8. Procedure

8.1 Test specimens on their appropnate fixtures in spe-
cific testing configurations. Test specimens Size A on either
the four-point A fixture or the three-point A fixture. Simi-
larly. test B specimens on B fixtures, and C specimens on C
fixtures. A fully articulating fixture is required if the spec-
imen parallelism requirements cannot be met. An alternative
procedure with a D specimen is given in the Appendix.

8.2 Carefully place each specimen into the test fixture to
preclude possible damage and to ensure alignment of the
specimen in the fixture. In particular, there should be an
equal amount of overhang of the specimen beyvond the outer
bearings and the specimen should be directly centered below
the axis of the applied load.

8.3 Slowly apply the load at dght angles to the fixture.
The maximum permissible stress in the specimen due 10
imtial load shall not exceed 25 % of the mean strength.
Inspect the points of contact between the bearings and the
$§pecimen to ensure even line loading and that no dirt or
comtamination is present. If uneven line loading of the
specimen occurs, use fully articulating fixturces.:

8.4 Mark the specimen to identify the points of load ap-
plication and also so that the tensiie and compression faces

can be distinguished. Carefully drawn pencil marks will
suffice.

8.5 Put cotion, crumbled tissues, or other appropriate
rhaterial arotind specimen to prévent piecés from flving out
of the fixtures upon fracture. This step may help ensure
operator’s safety and preserve primary fracture pieces for
subsequent fractographic analysis.

8.6 Loading Rates—The crosshead rates are chosen so
that the strain rate upon the specimen shall be of the order of
1.0 x 1074 s, '

8.6.1 The strain rate for either the three- or four-point-44
point mode of loading 15 as follows:

«=6dsjL?
where:
€. = sirain rate,
TABLE 4 Crosshead Speeds for Displacement-Controlied

Testing Mechine

Configuration Crosshead Speeds, mm/min
A 0.2
B 05
C 1.0
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1504 0.05 mm __]_/ SEE DETAIL A ’ ' 3

A I 7410015 mm] 459+ 5° :2%

b— 25 mm MiN ——] 015 £ 005 ms
- = 2.00t 005mm TYP, 4 PLACE‘
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EZ_EB— ALTERNATE METHOS
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S " s 1 : 3304013 mm -
I TAT0.05 mim [ //}8]0.03 mon}
_B_

FIG. 4 The Standard Test Sp-edmens 2

FIG. § Surface Grinding Paraliel to the Specimen Longitudinal
Axis

d = specimen thickness,
" s = crosshead speed, and
L = outer (support) span.
8.6.2 Crosshead speeds for the different testing configura-
tions are given in Table 4.
8.6.3 Times to failure for typical ceramics will range from
3 to 30 s. It is assumed that the fixtures are relatively rigid
and that most of the testing-machine crosshead travel is
imposed as strain on the test specimen.
8.7 Breakload—Measure the breakload with an accuracy
of 0.5 %.
8.8 Specimen Dunenscon—Detcrmmc the thickness and
width of each specimen to within 0.0025 mm (0.0001 in.). In

order to avoid damage in the critical area, it is recommﬂnde
that measurement be made after the specimen has broken z
a point near the fracture ongm It is highly recommended t
retain and preserve all primary fracture fragments fo
fractographic analysis.

8.9 Determine the relative humidity in accordance wit!
Test-Method E 337.

8.10 The occasional use of a strain-gaged specimen 1
recommended to verify that there is negligible error in stress
in accordance with 11.2.

9. Calculation . o
9.1 The standard formula for the strength of a beam &1
four-point-Vs point flexure is as foliows:

_3PL - e
TR 1

where:
P = breakload,
L = outer (support) span,
b = specimen width, and
= specimen thickness.
9.2 The standard formula for the strength of a beam 11
three-point flexure is as follows:

S‘:....‘ ('\.

44

9.3 Equations 1 and 2 shall be used for the reporting ¢
resulis and are (he common cquations used for the {lexur
strength of a specimen.

Note | —It should be recognized however, that Eqs 1 and 2 do zc
necessanily give the stress that was acting directly upon the flaw the
caused faiture. (In some instances. tv caample, for fracture mirror €
fracture toughness calculations, the fructure stress must be corrected fc
subsurface ongins and breaks ourside the gage leagth.)

0%



117

{h c 1161

Note 2—The conversion betweea pounds per square inch (psi) and .

megapascals (MPa) is included for convenience (145.04 psi =

i MPa;
therefore, 100 000 psi = 100 kst = 689.5 MPa.)

1. Report

10.1 Test reports shall include the following:

10.1.1 Test configuration and specimen size used.

10.1.2 The number of specimens (n) used.

10.1.3 All relevant material data including vintage data or
villet identification data. (Did all specimens come from one
pillet?) As a minimum, the date the matenal was manufac-
tured shall be reported.

10.1.4 Exact method of specimen preparation, including
all stages of machining.

10.1.5 Heat treatments or exposures, if any.

10.1.6 Test environment including humidity
Method E 337) and temperature.

10.1.7 Strain rate or crosshead rate.

10.1.8 Report the strength of every specimen in
megapascals {pounds per square inch) to three significant
figures.

10.1.9 Mean (5) and standard deviation (SD) where:

(Test

3 (S — 3V’
1
{n—1)

10.1.10 Report of any deviations and alterations from the
procedures described in this test method.

11. Precision and Bias

1L.1 The flexure strength of a ceramic is not a determin-
istic quantity, but will vary from one specimen to another.
There will be'anzinherent statistical .scatter-in. the .results for
finite sample sizes (for example, 30 specimens). Weibull
statistics can model this variability as discussed in Refs (%)
and (6-10). This test method has been- devised so that the
precision.is-very high and the bias:yerydo:
inherent varability of strength of the matcna]

11.2 Experimental Errors:

11.2.1 The experimental errors in the flexure test have
been thoroughly analyzed and documented in Ref (1). The
specifications and tolerances in this test method have been
chosen such that the individual errors are typically less than
0.5 % each and the total error is probably less than 3 % for

Ky

the..

309

four-point configurations B and C. (A conservative upper
limit is of the order of 5 %.) This 1§ the Maximum possible
crror in stress for an individual specimen.

11.2.2 The error due to cross-section reduction .associated
with chamfering the edges can be of the order of 1 % for
configuration B and less for configuration C in either three or
four-point loadings, as discussed in Ref {(i}). The chamfer
sizes in this test method have been reduced relative to those
allowed in MIL-STD-1942 (MR). Chamfers larger than
specified in this test method shall require a correction to
stress calculations as discussed in Ref (I).

i1.2.3 Configuration A is somewhat more prone to error
which is probably greater than 5 % in four-point loading.
Chamfer error due to reduction of cross-section areas is
4.1 %. For this reason, this configuration is not recom-
mended for design purposes, but only for characterization
and materials development.

11.3 An intralaboratory comparison of strength values of
a high punty (99.9 %) sintered alumina was held (7). Three
different individuals with three different universal testing
machines on three different days compared the strength of
jots of 30 specimens from a common batch of matenal.
Three different fixtures, but of a common design, were used.
The mean strengths varied by a maximum of 2.4 % and the .
Weibull moduli by a maximum of 27 % (average of 11.4).
Both vaniations are well within the inherent scatter predicted
for sample sizes of 30 as shown in Refs (1), (7}, aud (9).

i1.4 An interlaboratory comparison of strength of the
same alumina as cited in 11.3 was made between two
iaboratories. A 1.3 % difference in the mean and an 18 %
difference in Weibull modulus was observed, both of which:
are well within the inherent vanability of the matenal.

11.5 Ad interlaboratory comparison of strength of a
different alumina and'of a silicon pitride was made between
seven international laboratories. Reference (7) is a compre-
hensive report on this study which t&stcd over 2000 speci-

generally consnstcnt ‘with analy“acai predictions of Ref (9).
For a material with a Weibull modulus of 10, estimates of
the mean (or characteristic strength) for samples of 30

“specimens’ will hAVESTErEicient of variance of 2.2 %. The .

coeflicient of variance for estimates of the Weibull modulus
is 18 %. '

12. Keywords

- 12.1 advanced ceramics; flexural strength; four-point -
flexure; three-point flexure
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(Nonmandatory Information)

X1. ALTERNATIVE PROCEDURE

X1.1 An alternative procedure is given in the following
paragraphs. This alternate procedure may be used when the
procedures in the main-text are not suitable.

X1.2 Fixture Spans—A support span of 38.10 mm (1.5
in.) shall be used for three- or four-point loading, and a
loading span of 19.05 mm (0.75 in.) shall be used for the
four-point loading.

X1.3 Bearing Diamerer—A bearing diameter of 4.5 10 5.0
mm diameter shall be used.

X1.4 Specimen Size—The specimen size D shall be as
given in Fig XI1.i. The width is 6.35 mm (0.25 in.); the

thickness, 3.18 mm (0.125 in.) and the length greater t.ha_ngs
mm (1.8 1n.}. e

X1.5 Crosshead Speed—Crosshead speed shall P g‘j
mm/min (0.02 in./min).

X1.6 All other testing procedures and tolerances, J_e,as
specified in the main text for the B configuration. Al

X1.7 Precision and Bias—Data on precision and bix
obtained during an interlaboratory round robin s'tudy'of{‘&
flexure strength of a sintered silicon nitride will be publigiyeg
soon. This study was conducted as a subtask of a 13'
International Energy Agency (IEA) round robin effect’ HlL
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FIG. X1.1

The ARermnative ‘D' Test Specimen
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