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This research was aimed to study the relations between drilling force and properties of

brittle porous material of hydroxyapatite (HA).

The hydroxyapatite powder was produced by chemical reaction (Synthesis Process)
between Ca(NO,),, (NH,),HPO,and NH,OH. The HA powder was mixed with starch powder

ranging from 1 to 5 % by velume. The mixed powder was pressed using a single action die

in uniaxial press at 2 to 10MPa and then sintered at 1100 °C with the dwell time of 3hr
followed by furnace cooling. The bulk density, %porosity, hardness, bending strength and
modulus of sintered porous HA were analyzed. The sintered porous hydroxyapatite were
drilled with the running speed of 130 to 920 rpm, feed of 0.035 to 0.14 mm/rev using
dynamometer. The diameter of the High Speed Steel (HSS) drill used in this study was 3

mm.

The results showed that the properties of the porous hydroxyapatite were ranged from
1.48-1.83 g/cm3 of bulk density, 18.68-42.49 % of %porosity, 28.28-113.42 HV of hardness, 4.00-
14.36MPa of bending strength and 0.98-2.35GPa of ‘modulus. The results of drilling force test
found that the thrust forces were ranged between 11.99:and 21.98N and the torque were ranged
between 10.36 and 14.89N.mm. The regression analytical results showed that the drilling forces
being the thrust force and the torque increased with increasing bulk density, hardness, bending

strength ‘and modulus, whereas drilling forces decreased with increasing %porosity.
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Tanwudnuaeda (Torque , Tq) WAz

~

lunisianzdanmananadny (Drilling

She

s (Thrust, Th) Asuanslugiin 2.7 azllaunisng

T, =k V™ F% D"

T, = kVEC\R /LS (2.9)

e T, 1uusedia (Torque) , Th il wusadu (Thrust force) €91
K,, Ky evq ,evh efq ,efh ;eDq use eDh HuANAF NI INHANITNARRIF A
Jan (V) iluannisarasnissandadusansaasnanddiy (f) iWudnailen way D, 1l

% 1 Ls 1 1 o/ U dzj dl Y v o
PUIAAUNIUAULNAWNTAIABN AV FI’WNﬁlﬂ]Lﬁ@’\%@tLﬂ@ﬂ%LLﬂ@xﬂﬁUﬁﬂﬁl']M@ﬂme

LFUINATUATDIHNHA

NANINM I VYU

\Pﬁﬂmamiﬂau

ABnNaIU

L\ 15908 (Tq)

11598 (Th)




17

2.6 Wugrunsineanunisulsglian

s a 41{ [ % = as ¥ |
ﬂﬁ‘ﬁ‘NQﬁﬂWﬁ‘N@ﬁ]ﬂ’]ﬂlugﬂfm&’]mﬂ@’m% ‘lﬂLLﬂ

1. NINABNATANY WTBN1TUAE (Casting)

¥
=

2. mﬁ?ugﬂﬁqmmﬁugq (Forming Using High Pressure) 1iun13vuaugy (Forging)
A1578 (Rolling)

3. n9dRdan (Machining) 1 N91anz NM3nas n13fin nsla usiu

4. nnadentlsvany (Joining)

5. Nslugtldauseiugs uargunaige laun n1s3ugilng (Powder Metallurgy)

2.7 Wugrumsantusluadsing uasnalave

o e

TunsaugingsuiailaeialiludaEanda (Powder Metallurgy) H&tyansnd
tioRe P/M TUAILUEIRIUNANNIEY AR IN198ANITINA UK AN naNneagniAdn N

o 1 a v K o o 1a vl ' ¥ ¥ =K o QQI ] ZJ/ o
M uaeaAuLaRIN N8R TN RIS NAINARINNT WAYAIHNTUdIUTUNINNNS

a

a o ]

W (Sintering) AN MAANNFaLR T ENE ARATNY g lalE s unannazans mi%m"mmﬁ
FunauFared

1. NININTan

2. nasean wazn1edn Widugidng

3. NATLNN

2.7.1 MFVRIIEG)

NFTNIBNNINNENNILNN IFUAERTUANANAUAINGLING UATANHTUT VBRI

o)
EQ
o)
Db
[w)

=y i Mg o X o o . T ¢ = \ I
1. asnendulaman Aansiendauannisian lewn Wy viselalasiaueiugidn
. o ¥ L. . . - .
weAdanmad viatnlansiw danaznizatssinaaniilugling uazaunanuauAresa s b lunisi
‘ﬂl v [ U [~ a o
- e bpannnslndasan azdudananiiagi
Aﬂl U [ v %’ 7~
- e beannnislndnglein azldsnnan
- e lFannisulansdaain aziiglseliadnane
aa a @ = o o o - ~ Ry ad a =
2. 3an3adninslata avnnlngendaudnnismie unnawnen ldannia awalnglats

#daunna (Cathode) aziianisdudaiunslany 1lsanzdagmidusonmislnfming
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3. AannsAnfuauila (Carbonyl Process) dunissansaiszesiangnguafueuuey
aanlas (Co) Mifluzedinan ol goaunivies 1u Fe(Co), uazNi(Co), Nanuunigeazanasaiunslany

£

13gnaginanas

al

4. Fanszandu lavzeenlas dwwanlnseanlad (Fe,0,) qaunsulasaanlasd (wo,)
waztuaumiinlasaanlas (MoO,) azihwisandusanisausmanszualinlalasiau avlinslansnaou

v ISl
WWNHNAUEU

2.7.2 NSEUIUNSHEAN WazanTugl

2.7.2.1 n15HAN (Mixing)

[ %

nsuaniflunsziaunimilalunstugUnansnsianusdan ez aanasa
nazuauniedn waznisnseld Taetianeserianiuniagnedniu Asiunedanaduas

vy @ X A o
paiuilaingaiy

D =< ) o X
N1NANAZlTLATEINEN NG sﬁﬂNLL‘LI‘LI[E]N"]ﬂW]@i‘]JH
1. Rotating Drum
Rotating Double Cone

Screw Mixer

A w0 N

Blade Mixer

ANNTUTI A mSLINITHaN T ldnsaslillu rsananilszanns 20 - 40

c & - > X a "
Lﬂ'ﬂﬁ‘Lsﬁulﬂ ‘IJ@\‘]WJ’]QJ@Q Imjumumimuumﬁmuum AR
P ; A, = o o o a & 9 o o A
1. #1984 (Lubricant) \iataganisa@aniungianiunideudind InadedrAnyfaen
A Ay | o SN e ) Py @ " e
a1981 Aesies AL iseneAiAuRadanTwIL uazfessswanateduuialuszudnsduneuniamn
Tnewinluldun wadariaimeoisn(Zinc-Sterate) Hyagiiton dounanlunsifindseunn 0.5 — 1 wlafifus
VRIENIARTNUNA
=® a r_'ll QI [~ Yo o o o v 1 o (%
2. a13tARA (Benders) tvaiinAuudawss liiudanuasnisdn e anesan1sdusa
Mutuden Tnadeludlfinunszuaunisen
3. a13tlasiunnnnsa atlaanisld ledusniudluian fewninisda unng
1 dl' o 1 ra s v o o o 3| ¥ ¥ ©° v ] a ]
dogTuFasnislunasesnsdanaeguaiind  Srdinsdusanuduiauudainldinslnaliazaon  Auasie

UFNFTUBIT 191
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2.7.2.2 N158A (Pressing)

nssaluduneutidn ”mmnium@%ugﬂm%@ AANITARAZFaINEANIE
Teusasu Tunaadiwannan iWuntsinlviteqdnesendanadnag mémmmmﬁj'@mﬁmﬁu
ARLILIIER v‘iﬂﬁmﬁmﬁmqwmLuiuLﬁ'umﬂ%u uazflanuudeusafieaeiiazinnisiu
sia ]

nszLunesatugLieun s deguananssaiadan i 1un nesatugl
TuudNuNeen9dng (Simple Die Compaction) Lmzmiﬁm%ugmmﬂﬂimLmﬁﬂ—mm%q
= A | = o PN L =
(Isostatic Pressing) 4lunilazaananang nsanugt luudinuwasnadnewminiu
Lf-ﬁl@qﬁmmﬁugﬂﬁﬁﬁumumm:L‘flum?‘mﬁmrﬁfmLmﬂ@ (Mechanical Presses) \Frassnlansednd
(Hydraulic Presses) uﬁﬁimmmﬁmﬁ‘ﬁ%’@ﬁmumhm?’L‘*ﬁmuwmgﬂ%’ Fasielela
1. sveizalman (Stroke) lun138mABILNeNNg
2. 9zalzdlngn WAZANNNETBINNIAREIAINNTL U TE
3. isesndeanntsnliisednlFechafieame  uasvinnssnuelifianusiniane
AT
4. srezalmsnlunnavinanusisenaivanedumney wideaudamsfidnmulélng
6 115

-8 1

nn9dacsdanlneusfiniatiging (Simple Die Compaction) 1A3a38AAE

¥ d‘ . = 2\, Y o dl o o o
ILININANAaLEN (Mechanical Eccentric Presses) uﬂu%ﬂumﬂmmmmumiﬂmmwmm
vane) Adusadaiszanm 5 - 30 AWAM13990 wegndnuiutlszuins 50 - 80 wlefidusiues
ANTNMUUULANNNG ) N9 MELATRULLTATIINIIEARIEAINNITIET UASTUINUAITHALN

Y o 1 a é’ ¥ Qy dd” d‘ dg/ ¥ dl o < a
ummmimmm 171290902 DTV RENUNU T ANIN NI HA LT ATEIE ALLLT BNIAE

(Toggle) wisairraanalalnsand umu

o ¥

AINAANIN U URINITAALAT ﬂQ’]NEﬂﬁl‘ﬂﬂI‘WN ATLIENN 2.5 WiNaa4

ng dl‘v 49{ Qw dl [ é{ vy A J =
IUNATUNUND AT L mumuwmmmugﬂumwmm NTUABNLNA (Green Compact)

k1l u

MN’WEIE]\‘]?]‘LL\‘]’TLWINW]’]NLL“INLLN?I@\‘]I?]NZQ?’N@WT]T]’]?V]L?ﬂgﬂﬂulfﬂﬂ (Inter Lock) Wwa i

1 v
Y & A o o

Usumsiaswanazussqualifng aviuscazalasnaasnisldiates asiananina 6
% Ai/ % 14 dl o a = v
FR9N19ANENILRITUIUNAN Fasldirsesnadnuunlansednd insnzlialnenlunisld

dl 1 ¥ o dl oA ¥ o /=] o ] nI/
JMUNEIINIAN LL@%I‘MLL?QIMﬂ’]?ﬂ@@ﬁVIQQﬂQW@ﬂ@"Jﬂ @ammnmmimm 5,000 mu weilmevin
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Tudaazdnsiaupanuiandinduesesnadnsisausina uidmiunisdnlualnendus) vse

NN9INASATIAANNITUSUSATIAINNIEITU LS

v
JUNAUNTAA

AN RNINNUN UM UN TR AN A9 LU TN rR L W

—_

= = v o o Y P
Nlaunaiaaudn? FnafuLRENNINNINA

vnafuainIsfuIunFas LTI nAf uLLALAY AugaszazalnIngavine

M 0D

FINAFIULULNTL FINAFIUANALTUINUDDNANNUHANA

v v 1
a ! o o o

v
13uNUNI3H AR TR LT an Tl TaaialininnisnanATIay a11au 10,000

q

w WaLflunisnamnglun1aausiu A uNTuUANARFea1IY TuetiuauIn uay

=V

o

Usandudauaasiuau lnagilsnansssunidnsnisnanazgeis 30 Tusaun Tneld

©ap

| 1 ] |
e 9 A

A % = ] a [~1 i’ 1 o ZI/ o Y o
wraauuLnaNdavae danuuud areslansadndaziudiuavuaunalug fuiuinlden
A3 NTUAMNAN A 10 TUAAWIN F9TUIIUE AT LT UNINTUTAINNITUANTALARA L1
N19ANLULLNANWITLAZAAN LLLNITHAANANIINARTZZEIN AR 150,000 — 200,000 T

T99NAVBIUN NN AzeeIAINTLTA BTN AIUAIUAILINTUAZYN THBIRINANNID

THusal3llaludaunisdntinugl uaznszuaunIamN,
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2.7.2.3 N19LHN (Sintering)

1 1%

o A o X o =2 . = Y Y
UASAINNHIUNTEUAUNN A AT UL AT UIUArl A N TN TNy
v
A ldnesanisuanin il ursnun 1l 19l s Tamils axfasuiudunaunigen Inanisles

pwFauenazliaynaressarasfafuiluiuse Sadunisiinauudsuss i

a [ %

U NITHIHAZEIRUUNRNIIENT 70 — 90 wlafidus gaumnivaanazataaasian Tnely

a

o 1

Fanat luan1uzaeauda (Solid - Phase Sintering) Rldnasnazans
e ndnennaten ailiuney mMatiRnI Ay Ae
1. NN93MTENFR (Rearrangement Shrinkage) Lﬁ@mﬁmﬁ@uﬂimmmma HATAANAN
azizavsailussidoulvd vinligesdnessndsayninanas
2. M3TuuNg (Diffusion) Lﬂu%’umauﬁmauﬁquaﬂmmmémﬂﬁﬁﬂwm:Léuﬁmﬁuaq'&’uﬁ@
mmﬂqmmﬁlu
3. nafieNanuazingula (Re-crystallization and Grain Growth) ARt I agI

o o o

lanureaNIs A uLIuE alRs9d39 (Lattice Structure)

ussenIAlunEIazgnAuAN ellesiuninifineandndu Tnaan
1Buraueandiaulumeiwasdos lunirssmeg13a 1 luT ey sudnfussanialumiay
dufgaes lulnsay lalnnau Argassnad waz wenludls (lalnau 75 wefidusd du
Tuingaw 25 e fiudlingilsuang) aneassm A ld i wimaindarawiu (Mesh-
Beltconveyors) N418NILAAaAAINE12289mH IaenisldTuanuiunuusedies ldgw
JTUNMNATUNEN TUIIUALIATNATILNILABNNINIIA WA 11U seN0L 2 G218 150
a dgj al a o (2] val a ?/ a U 1 a %’/ o
1iipll ApmantAtlasiufagainaauenlaa Aniessguuuniniaenlauaiadn anviady

aInUiuaganiaresatenin ez iinnuduiusiunan ez N lunisen

2.7.3 MauszanaldnanA AR ANEN

. \ A o = o , S Ay
1. BHWNTDY LLNuﬂi@Q‘V]VmQﬁﬂI@V&:NQ szﬂquLLm\‘iLL?\‘iLL@%WHW@LL?\?L@E@@T@@FIQ’]

1 d‘ o a aal y=R 2,, d‘?/ 9
LLNuﬂ?ﬂQWV]qﬂqﬂLsﬁﬁ‘qNﬂﬁ LL@z@qu?ﬂﬂQU@N@NUmimﬁ\i 80-97% Zﬁ’m%‘mﬂi‘ﬂ\ﬂﬂﬂzmﬂi’ammwau

dounnnldnsaslanewan usaut waziiniia

2. FwiAnslus ( Cemented carbides) ABNITIBNTNALAUANTILS WININANTUIN

v
o al o <

Tavaas wdodpaugilazinuantfin Aa Hraouudauasintan Welugthnuadasauiauudn azfeq
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v
o

inlinunssnitevfeu lneldanuupivileannasnaedlauaud wetimazlaveasidusonetin Ae

o

TPuaafazuaaNazasnNziiniaamuAslus waildann dwwianflus Wy TEnuuuwtinw Jasn
AN 7
a ' o ° @ o & a adds/ = d‘ 1
3. a5 way Iu MAanewdnpaniuaans e HARNAAINIa AT AU AL AT
1 v o 1 aca v k3 o z 1 96’ o d‘ AI
uaW UATAINITDAILANTIAANY ) 1§ wAsandunssdseFeu udntihduwanulluglunidy e

ADAENTTR luNNInae A

a

5. wilsennu Tanne@ann EAUNames NdUNANIBINAILAILAT WNFIWFLaTaAN

=

pein  AynuaNegdiaiendntes  atlszlamilunasduniusenisdnusaunsinsiinanadly e

3

Faan1sinliau AniantRnsuaesNans W lunssaionedan Ae aenlinszualwiinluanuwls uasd
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AosaNRNAL Ae nusendnFauliR
6. UaBNULEY A9UNINTIINIAMNIINEIUAS ALN WaZUNTING uaza1alNedu 7] naNEn
< v d‘ é’ =3 % % o 1 aca % Aﬂl 1 % Y @ O 1 %
Wntley Welugiefaudn seethliliaunssaitevien WaniunisavFeundafivhllanusislilsawn
¥ o 1 ,(; o % % o v a 1 o o 90/ o/ % o a o
wdnrin g nseufeuazgeaindiuenld uazuanainaziitesdnsdniugannduudadafiaunglns
o Ao
ludnseauansog

vaaa

7. wlwdn nasvausdwan iduusimananng Tnedidanadan ariamanianangs
wmanzdnddrunanaessiavznanan agiited Hnifa uwazlaueas WAt IAINann NnsNiudnaa

Tuuuup NN Faanig azlslanaiunaziasn warinisizeasaatnenaulaiduidiudnning

o

8. Audanluanliiily Fudawsie o Pldfuulnindaunan desnslddiamuant®n

'
=] o o

NUABNIANUIBNAZANAA ML UFN1NNA TINA LN AN TG LA UTUN WA IR U TAL A A

MawuiuRy SuiuTudunin uaznesupsiuiiniia Wuku Sedeunansainanaueg fuansuzsund

dwldrivlnfanszuaasy viselnianszuanss vsaansazialdldineaitanudiugsy < du uiuada au
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2.8 N159LASIZINNSIARAS (Regression Analysis)

1
aad

N139LATITENNTRADAS WIWNATANIGADHN M MIN1FUNANNANAUGTLIINS

i v
o a !

Fauds 2 wlimAe Fauilsms (Dependent Variable) ¥idaNunaAfaFandnfqnlsnaudues
(Response Variable) vikdn fudaulsdase (Independent Variable) ¥izaanaizenaniiliusa
uisnmnas (Regression Variable) AnuTkFvEennndn I manuduRusssudnadauls
Lmhﬁ%mﬂugﬂmmLmué’mmmmrﬁmmm{(l\/lathematical Model) uaziliaGanianiy

1N4uN1INANat (Regression Equation)

v
o

14 ! ] 1
ANNNIDANBEYNATINTUANTEYAVBINGNFD LN 1UIUNT TeriaeATan

wiasnxrasdayamanilduiainnimaaasd ladldinmnsunuanldnan (Unplanned

=

Experiment) iuifludayanlaininainnisdainatlsingnisaisng 4 Neguanmiianisaau

A ¥ o K = ' 1 =3 a s = a a
AN viraldudayatiunnluans LLI?I’E!EI’]\‘IVL?T']M’]N N199LANZUNIINANALAZHUILANTNINNN

a

he .
D

o

2 Y dl v dld Y1 1 4
‘lIuLN@uWN’]sL?jQLﬂ?’]%ﬁ‘ll‘ﬂ?ﬂ@‘l’]i@&l’]@’?ﬂﬂ’]?%ﬁ@@fﬁ/]?\lﬂ%fﬂ‘ﬂﬂLLUUﬂ’]ﬁ‘Vl@@@QVLfJﬂ@u@QQMu’]

(Designed Experiment) i31zinasialiluda n1sdiasny inannutlsdsouresdeyaaziiu

'
a A !

watlandas ligRiamzivininiladalainandanaudn Ay visedenansenusiasoutlsnay
AUBNTBINTINAADY THENNI9AAsIzinIsannatazg NN Id e a1 UU LR a8 91T

13uR N uaAIANNF ARSIz rd19TTad eI AU LA L s R LA WAY

o a 'S 173 1 a a d%l zl/ d’l dll

mﬁ?mmmLmﬁwmmmﬂﬂﬂiﬂhﬂmwm . ALULANED MNULUAYANNAIN
¥ -dlq dl a 'S [ %'/ dl 1 v a a o
Lmﬁsl@mmm‘wmmsluLa‘@\‘i‘ﬂ@\‘m’]a‘QLmﬁwmmmﬂﬂﬂm\mum'ﬂiﬂmﬂmmmmmwmmlummﬁ
nsdaszinisnnnes 14 §hinszdasfesnniiaiededAnysasialili

1. mstimstiaszinisoane gl nguuuaaufuiugssuda@esiner delu
Auazunliihaziaouduiusiuag. Dauddnguunasspnuduiusnldasiaoumunzaniy
> = 3 : N T AT | | N ° Y o X
doyauaniielannin wipemdnRusiuiasbifiaoanmnala 9 e waslimuozannaztinluld el
= v o ednve U T =y 4 gy
\evanguuuaasanuduiusinlstuliasag uumsuarnaasliaunsnmana o

2. pudnRugsEndsaulsnlaain n1sdiasvironnannesiy aviiuaseuazgn

Fasanzilemulsnaneadategludisesdeys MINIMINITIAMZIMNANMNANAUE NI N1shas
MUEA199F9LLsa1% AanATesaulsnaneafagneuendasianan azinliAaesaulsnui le
= = ] = > ad o o e A \
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Tunsmaaesueet 19 uuunuduenIasANANT S e IR 619 )

anaazifunnauatsuddaudauslunimaassdaulug gnaaasarlinsugduuuasas

' ' '
o [ 1 ¢ o Al ¥

1o o ZI/ =2 L dl va Qis_/ &
AMNANNUTUUBENLLUTDA mum\uﬂuummmgqmmw neasufendunaz lgduang

ANAUS Iz U AaLsBasrAufaul snauauaINIMNNzaNNgA AnngNaasdaya 1m0

NATITH

sluuvresannisaaneeudaliiu 3 szinm Tug) ) A
1. Simple Linear Regression MuA @nnisnanesfuansiennuduiusnidudunss

e = £ o o o £ o & o ¢ o & -1
TEMINFMULIRATENIEA ALAANLIRaLIAUAININAY TRILLANA04TR9ANNANAUSITI AT

yo= Byw Bx + € (2.10)

Aawlsaasy

b
o
<

Il

x = maulsnauduas

2. Multiple Linear Regression A @unisamnesfianinnudunusidudunss

2LUINIAILLIR AT THNNINNINF AL LU Ra LA ReUTas TasH uLLANAa9ANENRUE T

y = Bo+ Bx+Bxt  #Bx+e (2.11)

3. Other Linear Regression launannisaanasnigtuuumnduiusiluwunau

ANANRUS UL TNA TSN ANT k 209909R90 198492 LavFautsnanauadNeafaLlsReg Fail

y = Bo @ B1X+ l32><2+7+[3kxk+ € (2.12)

A o o a = a A o o o dy
vramNduAus iU TwaTulaannT 2 1esaudsnanauas 2 ia Al

Y N Bo+ B1X1 9 Bzxz * BMX2+ [322><2 it [312)(1X2+ = (2.13)

B9an 3Nl lun s AN dN TS lugtuuumanil azldsn sl aaugl
wunAHdNAuT ey lugduuuauduiusuuuidunseneu wdqasldisnimnaaau

%

AiusuLLAN e aNNITOANBEBNTIMNIZAN

2.9 MUIRLNLNLIURY

%

® AnTE 29ANITRFTY (1999)
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IENINIINARTZAN M 1NN IANALN 3 25 A sHA bHA waz cHA wa

q
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Andaiie bHA anwnsailaliiugiaalianuan 21 au lunnsaugd sHA aziilunnsaugll

u

UG ATEWANLTgNS wailaifigngu dau cHA avsfiesiniaasulznflaarsesdnaanu

1
a o

punazguunRgeliniilu Coralline Hydroxyapatite 1A7a48mA2NAY (Reactor) f1deann

a a

14
ANLTEIAAZITNANTIANLANEIN A1FeIReNULLATAFsTUegLseslldannTaninanuls

o

491 bHA A1NNFLENTzANTa NHZWIW 11 800 C° 8 1w, Uaz 1200 C° 8 1. Ml lAdannig

W31 500 Llm ﬁmmu‘%zgm%rmﬂmaﬂmﬁ@u@q’i’i@ﬁﬁ'\mgiummeﬁﬂuﬁﬂ@m%ﬂﬁ WA
namaaesillunazsing 2 i denatill 3 iew nudn U seduian bHA uas
feiinmseenaeadudendluluanaifien antwianisilgnaniiss bHA Tgtaasiuan
21 A1 0 TReneEnLaNgERN A aitengnananinaeln 1l fiaafaauiinmninla
Fiu Aoaiulalunainauinuanmsnseniuudauany . usdslianunsatindnased
2 nzlduldenmdaeuutuifiudauielfiaosainsndeduld wenz bHA wazan
Faianzinlidan bHAuan deualifudeudes ﬁﬁﬁq@giu%uﬁmm cHA siauslAenIs

a o ¥ a i
QWSIVL@MNQLQ@']@\‘]L@EIﬂ‘ﬂu

® nunas ansnnlay wasivaasals LEUEIR (1995)

a o o = Qv

ulasesnddaanninisdnennmuantifdnasesansasindlansandue

v
unnAlasuwsiivneenitlu 2 dau neludauusnaziduniam Ananifn1anian needans

6

Fgl NNTALATIEENTALLLUIRSIALBNT (XRD) A8n1918982ANAZ (Archimedes Method)

wazn1siAziinanaasqanssriaiannsaululasatal (SEM) douin2 lunimessunns

va a dl a
ANLALTNNANLNEA

o

UANANNLTS HAZANNIMTEN A AR AALNE Y TIaNNNANIINAADI
Tugnuusnnnlignunsausnansmindlansanduaunaladly 2 afin Ae Tiausn (TP
55) anmauzlianysnd (Not, Well Crystalline) LATIRATI2 (TP 120) ANMUTHANANYIOT
(Well Crystalline) ANNNINARBIAIUT2 T4 IEaN NN ATUNATALANANIaInTANA Vicker

4

WAz Knoop vnlaunsomiannude uazAlugdsresderesasmaindlansenuoin
nanldlueuidde Aa TP 55 HAanuuds 0.70 £0.01 GPa ArTugdawasts 20.23 +
3.80 GPa uaxA1199 TP 120 HAuuds 563 0.35 GPa AnlugAauessailAn 182.87

+12.6 GPa LaAINNIIMARBLAINLINLIY (Strength Test) MM lHaNNT0AIUIUAIIN
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FNUNIUNNTAANIEAAaNYB4TI850 iTaANWTen (K, ) AB TP 55 HA1 0.27 £ 0.03

1c

2

MPa mm"” ay TP 120 §@1 0.60 + 0.07 MPa mm”

® A.S. Ribeiro, P.B. Malafaya and R.L. Reis (1998)

[ % o a CE

Ao A= = aa X A
Lﬂu\?’]urJ@ﬂV]ﬁﬂﬂqﬂﬁﬂ??NQﬁﬂq?mugﬂQ@@ Lsﬁﬁﬁ\mﬁwmﬂmmwmﬂ%ngwqu

Tneinauadsnisugtl 2 nessdsae ldwaiinanangamy (PU) drldauimigumgiiga
-dll o EREAI VTN, o = - =
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® Kazuo Yagi, Masataka Tokuda, Keijou Suzuki and Hiroshi Yoshidome (1999)
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C @ o
3.3.2 ﬂﬂﬁ‘ﬂﬂ'&’ﬂULﬂ’ﬂﬁ‘L‘ﬁuﬂﬂ’J’lNWiu

PITUINURRIUNTZUIUANITEN BAZLERF I UaINIALAININININ AR L
e fduAANNNTU (%Prosity) Iumuﬁff‘iﬂﬁ@ﬂ%ma‘mmummﬁgm ASTM — Designstion
1 C372 - 72 (1982) Hainsnd uaznssudsniavmagensvsialiil

3.3.2.1-980 wazaunsal

[ %

an uazguUnailunimasevuidefidusiaanungy Rl
1) BT UN I LAUN 2L

2) dunandniflunzunselddue

3.) dninasauin 100 ml

4.) FNET

v 1
5) UINAY
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6.) LML 200 A9ANLIALTEIA
7)) wAsastaninuiin

3.3.2.2 N§9NAGNITNARAL

NITNADNIINARBINIAIATNNTUED (%Prosity) PBITUINUNEINAANT LT
pasia il
1) hgueuninnnsdaluinnduaiien Wunan 1 1.4
2) wtE Ll g g 24 Falu
3.) ﬁmﬁqf&mﬂﬂimﬂLmuﬁfmﬂ’wq@gisluﬁﬁ (S)
) vriushethendadaadinlan Wiaumuna  uaau

Tdasihwinlaauacudansluainid (M)

o

5) nmusaetngldenluman 110 °C 24 9.4

6.) dihudnuiaesTusetelawaduetueniA (D)

7)) HANIEAIUILAINANNNGN 3.2

amad i lunamAlefifuda ungu (%Prosity)

% P - 100 x (M -D) (3.2)
M-S
i %P = \WesEuARnINNNgI %Prosity (%)
D = i uvdseananniaeL (9)
M = vengunsdanudadagas s dan (9)
S = s AR UL o (9)

3.3.3 NMSANEUUIA UASANEHULADIFNIU

n1sANENAWIA warAnEuzgngulunuddstiazldnisiinaziainainaie

' |
dVLQ/ 2

ca @ ! ! | = =
NEAAIMNNABAIIANITTAUDLANATAULLLADINTIA (SEM) e un19TeumguIUIe LAY

AnmourgnguaeenisTugL lunuLsee

luauideilazandansiasiaeAzas Scanning Electron Microscope (SEM)

a =

2091350 Jeol Co., Ltd 14 JSM — 6400 NAutiiAsaiaddeanamans uaznatulad qin
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ANTUUNUNINNAY TRIUNBUAIRT_AAAENTANEANETN (Phosphoric Acid) A NN
U 5 % RAATUINUALLIUNEUARY (Stud) T ldanudaenes wasagindnlildessaandas
SEM WBNATLNLN LazANasasnaifiaanisiiednann Wanraninwdasnninldvnanig
a s o/ dl a d%’ Q” dl o al 49{

TATTIMNTIUIATNTY UATANHOIZINIUIINIATY vt llnmaasudaniaz lun1sugl

v

s Tl

R

¥
o K

1. w982z 2 MPa 1% wila grunHien 1100 eeAEaLTes
2. uednaugL 2 MPa 5% Uiy aaununiien 1100 aaA A d
3. u398n2ugtl 10 MPa 100% HA @niiHLEN 1100 89ANEA T4

4. 1¥n139 (Coralling)

3.4 NMSNAKAUAMANIALTINAUAIT U Hydroxyapatite (HA)

v ¥
a

Tun1smaRe UAMANTRTINA1899aATHINY HA Tlindignguluanuddeil ay

q

3| = = o a [ éjd
Lﬂumiﬂﬂmm@mmuum FINNA AN miﬂuﬂ@

1. AN

2. ANANLTILIIAR UATINAAR
3.4.1 NMSNAFAUAIINUIS

nnsnpEaUAEdluuAsaiasduntmagse A LT LAnIne §
(Vicker) danianaiduines BRI AR TR T U T UT N U T U TN LS
NNINARDIANANDIEN 3 ASEIULARLT1Y
3.4.1.1 48 uazalnsal

Fan wavpilnsaflunmmasaumnuudaluanuiae dassalil

&he
o) 8
)

AD dl 1 v a a
1. FUNUALUNIZLIUNTNILED 1WA P20 x 8 HAALNAS
N7zANENINELLAT 600, 1000 Laz1200
1nnniindy

LAF299ATUIU (Polisher)

ok~ w0

LAFRANATINAINNDS (Zwick 3212 indenter)
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6. LAFRNTNANNAZNAMNEAAWgARs1TalA (Ultasonic Cleaner)

7. ey

3.4.1.2 N§FNATNITNARAL

v
a o o

Tunnmagaumuudwurdnine sl iiduneunimaaassase ld

=De
o))
)

1. ATUINUANTZANEALBS 600, 1000 Lwaz1200 ANAGL (MHRAuwFAAe

¥ = o
ATULTEIL LLAZAUNUNL)

2. TAANENIagHuILIA 10 Lm A9etAzas Polisher autiluiiLg
3. NIANNAZANAMLEILATENIANAZ A 1RRAN T1TlA (Ultrasonic
Cleaner)
o Q’J 2 d‘ = d‘ 3 v £ %
4. YNFRIWINANALA 150 IANTALTEIALNEN 1

=

N o | A ¥ =
5. ApAqLutnaznanaalaINNIRENG N

|
Cl <

6. UNTUINUNAZALAINNLIG A2EILATEINAADLAINNLTN(ZWick) NIVWATIN

winlunisnaf 0.5 kg wazszazinanlunisng 30 Auni
7. HATBINNIVIARBLULAAS LABABNNILAD FUBLATRINA

o K
8. LUUNNHNANITNANEN

AuiugmanldlunisaiuanAia g HV taneldluaunisi (3.3) s

NIMT1§71U ASTM: Designation: E92 — 82

y L L854P 3.3)
d
de AV = ANATHS (HV)
P = uaaluniana (kgf)

d = ANRRLAYNENIAUNZUENNNIAENA (Mm.)
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3.4.2 MSNARALANNLIITIAA UazTUARE

namegaLmAIANALAR wasTugaalueuiddeiasldnmaaauiusenn
%A 3 9m (3 Point Bending) 1281¥¥193EMIN9qAT895L 15 NAGINAT TULAATNIINAASIAY

NIT 5 AT

3.4.2.1 980 uazailnsnl

[ a o [ %

an wazalnsnilunismadauaindausein wazTugdaluanuidaifag

Aa

1. B0 5 X 5 x 20 TARLLAT

G

3. N9YAENINLLLAT 600 Laz1000

4, Lﬁ?lmﬁ’]mmmmmﬂmﬂsnﬁm (Ultrasonic Cleaner)

5. Lm’é@qwmm@urﬁnmmﬁmm (Hounsfield Test Equipment.,Ltd. ':;'u H10K
o)

6. 7AgLnInMAGaLANNALAR TR 3 90

7. P1ad

3.4.2.2 N33NIBNTNARAL

N3TNRENIINAARIIAIANLTLIAAT A 3 90 uarTugdaresian ey

[ %

a til/tzl as] :’/ o z A
1 ﬂumﬁmmqmum'ﬂummiﬂu AR

o

1. Aagudnusaeiaas linauIaln AR 5 x 5 x 20 HAALIAT
TRFNEINTZANENINENLAT 600 LAz 1000 MFLAULIA 5 x 5 x 20 NARLNAT
AMNAZEAAIEILATANINANAZa1AgAI T1TA

° ¥ dl = dl o b4 L4 : % Q” =3 o/
UILILANRUN 150 ANALER LA L‘WT‘J‘V]’]GL‘VILLMQV]\?i’]@M?JMQ’]ML‘E]M@Q

o &~ W N

WTuIUNdNLATes Hounsfield Test Equipment.,Ltd. W H10K — C

(% '
a o

AnsvgLnsnimasauANLdaussinLLIL 3 anFauFaeud 15uilun 3 Point Bending

AMMUAAINLIT 1UNINAT 0.5 mm./min



6. WILAZTzer INNT 9T U UAZLAAILILVTINAa ARNNIAB S1RILATEY

NPABL

1
o

7. ANNALANIINARDY LAVATUIAINANNNTN (3.4) ax(3.5)

a o

dl o 1 < o dgj A
Qﬂ?%lﬂ%ﬂ’]?ﬂ’]%’)ﬂéﬁ’]ﬂ’]ﬂqqﬂLL‘NLLN@@SLHQWMQ gl AR

SN— Sk (3.4)
2a’
e S - ANNNLINLIAR (MPa)
P - Lmﬂmﬁﬁﬂﬁizmimqmm (N)
L = ITELYNILIINNAAIBITL (mm.)
a zZ TN EAFLA T 1 (mm.)

1%

dl o 1 o S d’j A
anan 1 lunasAaninAt lugdaluendse il Ae

PL®
E = (3.5)
481y
e E = AlNRAA (GPa)
P = wsenanvin sz ez Tnegegn (N)
L # TLELUNITNINAATBITL (mm.)

| = TuudANNRee (mm.)

y = srezinigada (mm.)

45
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[

3.5 ﬂ"l‘iVIﬂﬂ’ﬂ‘lJLLi\‘iQN nazuslinuaIn1gians ﬂﬁ}

=K a o del = =S =X dl a 5 1
n19AnEINgRnzleuddsil iWunisAneneussninadulunisansluus

[ [ %

azdan lunnmaaesazidanet 2 nquudnae Janlrn5a uazdan HA Aldannisdn
4 o

wRENAWeS Tudouresdanisranaviesiudeudasaaniiu 3 fasaaiu Asaziisnanis
o = o o A A A alg o o

Tanlun1sAnw1dansalunisiasAaunanalunnsnei 3.3 wresien dlun1sdnnsalunis
1a1¥(Dynamometer) 189131 Kistler 149272 1ATa11a12 149991319 Namsun Shizuoka
FUMSM — T 209N1ATE1IAINIINLATEINDLALIAR AMUEIAINIINAIERT NN1INENAT

= v al
wAlulagnsraauinansul?

N eaesiulds B ldiduEugugnanaesnanadnu 3 Hadwns U5y
FLAUAINNLTITAU 3 TALAS 130 460 WAZ920 rpm ATHANAL LATEMIINTTAUAA 3
sYAUAR 0.035 0.07 WaZ0.14 mm/38L AINATAL  TULARZIUN1INARBIALNINIINARDIT

¥

94;/ dl % dl % ) ! v = o/ dl A o o
3 AN LW@SLV?.I@N”@V]VL@"Q’mﬂ’W?VIﬁ@@QLﬂuLLUUQN FiaslinTauaaninaldanatfulunng

NAFALUTIAA IUNNTIAZALAAS TUATINUEUNTNAGE LTI LN TR ALans lumn 3199 3.4

LIUANTANINITNARALIA 2 1968 1AD

1. W3AU Thrust Force (N)

2. wgsla Torque (N.mm.)

F1N31991 3.3 ANTNUAANIARAT 1 lWNNINAaaedRLs TuN91AE

Satan A0U9Y UUIA LLNﬂﬁ%ngﬂ Weflmusuile | gaungiimn
(@) (mm) (MPa) (%) )
100%HA 10MPa ) (|)20X6 10 0 1100
1%Uile 2MPa 5 $»20 x 6 2 1 1100
5%Uuily 2MPa 5 $20 x 6 2 5 1100
IEaREN 10 20x20x20 1enniy
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A1379913.4 A1FNLAASAIALNNINARELT A L3R Thrust Force wazleeia Torque Tunng

e (dsuuugu)

%

a N5y 100%HA 1%kl SARIN,

0]

AUUIUTY | 1 2 3 1 2 3 1 2 3 1 2 3

n1 i 42 |25 |67 |5 66 18 |59 |30 |31 50 |32 |69

f2 (97 |44 101 [43 |60 |102 | 11 49 |68 |19 |7 51

f3 (24 |77 |4 76 |15 |47 |65 |98 |10 |79 |80 |83

n2 1 45 |78 |40 |86 |39 (87 |1 38 |95 |37 |8 52

f2 189 |23 |88 [22 |63 |29 |68 [96 |20 |71 33 |85

f3 | 41 108 | 3 64 |14 | 104 | 21 36 |82 |84 |81 53

n3 i 26 (105 |62 |70 |47 |61 12 |75 | 56 13 | 34 107

2 108 |16 |9 27 193 |72 |57 |74 |94 106 | 73 | 92

3 17 199 |46 |2 100 [28 |54 |35 |90 |6 91 55

NHLILNE) Anuasslumsaiinasulummaassdausslunisans
n1 =130 rpm f1 =0.035 mm/38u
n2 =460 rpm 2 =0.07 mm/?au
n3 = 920 rpm f3 = 0.14 mm/3au

3.5.1 MSNAFALLLIIAU

39m1s Thrust Force (N) s aniiean U R resAana991 (ARIALNU
1 [ b2 dl a '8 o dl 9/
ABNATIW) N1INAABLLINAUATdnAftLATa iU Tuinas Dynamometer 3annldlun1s

NARDLLARAIIUANT19N 3.3 FauasUdzN1LluN1ImMAZaUwaAs AN 3.4
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3.5.2 NSNARALLIILA

1
ol a

ws9m Torque (N.mm.) lulumusinistiuluseuunuaanadnu nsnaaaw
a o v A&I a '8 [ % ndl ¢ -dl
wrdnazdmsaeaTadlnunluiimes Dynamometer 3aa 7 I lun1snagauLanaliumn319n

q

3.3 dauasudzn1nelun1magauwandlumnsai 3.4

3.6 mﬁmmzﬁnamim 2NN

[ %

139 iinNaeTziiaaInNnITNAaaIsasa il

1. N139ATITUALINANNUFIEUINUIAY AT

2. NM33lATIiRR AN NG send1uadlun91any AutladamauANnIg
ERH LL@:@mz@uﬁﬁ%mm

3. MIATITVAINANTAUT sz U TN 1Ay ﬁuammuﬁﬁ%mm

v 1Y
4. e fFgumauusslunIganzdanmuIL HA gt fudantznniy

3.6.1 MFIATIZNANNTNNUEFZUINUTIAU NLUITIA

WailunisAnenrNdniusszudussau Auussliafifatulunsyuow
nsdnazdanlszatinigngu Inanstindeyan lAainnismagasLsnuL uazLsatin 19

NN7A5 9NN AN HANANUG

3.6.2 N15IATASHANMNANNUEFZNINMFILUNITIANE NuLlaagAILANNIS

1212 LWASAMANLATUNUY

HunisiimssidayansslunisianziianiainismsasinAansy lduan
ANNANAUSIZUINAUANTAN NI uazAUANTREINg AuussiiAaTulunisan:
Fapduanu HA Taelildsunsudnifagl @e SPSS (Statistical Package for the Social

Sciences) 198 1UN159LATIZE FaEN9N1TIATIZHRAAS HINIANLIN A
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¥

3.6.3 MFIATISNANNTNNUETESUINUTIIUNITIANE NUANANLATUINU

a I'g o o & = = v a
N19aATEANANAUS un19AnEM DR TN RaLss U Tane
% 1 o
9 Tpan1sasanTnszuINLN lungF ARy

WU HA WanFaumsunupuaniinga

TuAUaNTARN9 28978 TUINU HA

Augd AuIEALlzns

3.6.4 mMsidFaunauusalun1sianzI@anTuau HA

|

=K =X dd‘ (= [ a dl 1 1 a o o
Hunsdnenausslunigiaclunsiindudanatinau wslunguineanuiy

[ %

54
=) g
AT IWNNTAN

v 1 1 1
AW HA e AnuantFnunnesiueanlyl Ingnisuaumeuainnsvuyia 209usd



unN 4

NAaNITNA\aN LL@&ﬂﬁﬁ%Lﬂﬁ'ﬁSﬁ

o A au Ay o y @ 2 AN NV

neaiuuddei Ignivualidulisuduseunimasasnnduneuin liszy 13
Tuun® 3 na9Ae N198ATIZANY LAzN19TUIUTWINUY HA alindlgngu aniiadas.1 vinnnmasaunm
ANUFNINNIENIN LAZAMANTFIENNA109TART 1IN HA mnTiada 3.2 u1a3.3 ANA1AL Nagauussly

NNIANY ANNFRTR 3.4

o

Tueniddeil THutananimases lazn1simanzinanismaasseaniduriadase de

U
1. HANNIATAABUAMANTRUBINN  Hydroxyapatite (HA) Adansnd

TREAANIBEN

1.1 mm@mm@mumlzw'a\amaﬁimﬂﬂ’mgmmumm%\ﬁﬁﬂﬁ(XRD)

1.2 NANNIATIAFBUIUIABUNIAUBNNG Hydroxyapatite (HA) WA
wils

1.3 HANTTAINARALANTIUY Lngﬂmqmmm Hydroxyapatite (HA)
AN

2. HANINARBLAMANLANINILNINULIT UM Hydroxyapatite (HA)
2.1 HANINAFBLAIANNUUILUWLTAA
2.2 LANNINARALLLBFIFUAAINNNTU

2.3 HANNIANHITUIA WATANHOLTINTY

3. HANNINAAOL AANLRAITNNATBITUIY Hydroxyapatite (HA)
3.1 m@m@mmmumqmmﬁq

3.2 HANINAGBLAINUINLIIAR ez THg AR

4. NANIVAFDLILINAU LAZUNTIATINTAETEN
4.1 NaN1INAADLWINAL Thrust Force (N)

4.2 pan1nagauissia Torque (N.mm.)

5. NTAATITUNANIINAADY

5.1 NANNFAAINTUANNANAUTIZ NI U Auusdn
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5.2 NAN1TIATITTANNANTUEITMILN U aANe AutladeAduANNITanT uay
ANANT AT
5.3 NANN9IAIITTANNANAUTTEUIU lWNN9IANE AUAMANTRTWY

5.4 nanaufFauisuusslunisanzdan T HA faugy Audanlzniis

4.1 HANNTATIAAALAMANURURING Hydroxyapatite (HA) uasuauile
4.1.1 HANNSATIAFALLNAURIAITLALNIFLALUUUARISIRLANT

TUN199LAZITAREILATEY XRD (991 M 11iN197998 ABEST IHAINN1IAILATITTRINANNIT

71 3.1 uaznanisnsaday uansuns Ao duaesis@idnd fusw 20 uanslunangld 4.1 wanns
WRauauiuans HA §am91513% 1a 1sng)mei ldainn1sdanseinsedu HA nmsngussuandly

nangLn 4.2

2088

R Sd% Wh-Ragrash 3 ook gmER o3

' v T OFRTT T

L FE S e . L‘J\‘“‘M"‘-’_"‘A‘—'m‘w
5.8 15.8 5.0 35,8 15,8 55.0 65, 8 75.0 gs. @ Angle

[

74,1 wamsna A NdNRussEnd At At dNinsiuyn 20 199

Ay v o X
mwimmnmimmmwmu
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? Search Match
-3 |‘
! ﬁ
FF o
®
: ) - ﬁj ‘IE GWImlﬁlmW
e In Ef] ] 58 Bg 7R e "de
Measurad , ll ' I'l '| ;
Pea i'|".5'|'||!;' N
' ‘ | 1S ! WAL HHIL LI seee
I 40060 CalQIPCAEI0H2
|l REm i

717 4.2 uarsnan stFaumeugtuuLnsanszndng HA Namsgau fiuHA 7

o o=
ANLATITUUULAN
4.1.2 HANITAFTINEBUAUIABYNIAURING Hydroxyapatite (HA) wazHatile

mmmmimfmmwmmwmﬂwudwmm@wmmmm HA Jaunaiade 245.37

+13.7 um uazauinaynInradnutls Saunaiede 7.2 £3.39 Um uanimasasuanslunsingld 4.3

UAZ4.4 NANNTNARANTRUNALAAS LUNTAKLAN 9

n'ﬁﬂ’:‘zq'm‘lmwu’ma‘qmmmm‘lﬂm’i’an%’azwﬂwﬁ
(Particle Size Distribution of Hydroxyapatite Powder)

10.0

r
— uslansand
8.0

azwn Ins

6.0 1

In%

4,00

2.0 1

0.0

1.00 10.00 100.00 1000.00 10000.00

Particle Diameter (micron)

31/714.3 uARININNIINIZANBBBITWIADUNIA TBINS Hydroxyapatite (HA)
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NMSNFEANVDIVUIADYNATBINILL

(Particle Size Distribution of Starch)

10.0

8.0 — nautly

6.0 1

In %

4.0

2.0

0.0 T T T T 0 g T T T

0.01 0.10 1.00 10.00 100.00 1000.00

Particle Diameter (micron)

7U7 4 4 uanInaWN"INaEANERIIWIABUNA TN

4.1.3 NANTATIARDUAN U UATFUNTIVRING Hydroxyapatite (HA) uazrauila

[INNNE A LAANLATES SEM TN W2 289Ka HA ifnAsens 500 Waz1500 11

Ao o . = °o o o o = o
wazauiNNnIaseene 1000 W1 waadlugLlil 4.5 - 4.7 maNasL N1 lns U eazifunTedan e LAy
7UN39289 1 HA uazeautls Tnawudn ue HA Hdnsnizginsliuiueulaadauinlaaiedeagszuding

200 - 500 im donuthilansauziduginsanas lnadauaduriuguinga 7 - 10 tm



UM 4.6 uARININENBBINE HA NNNA281E 1500 i

54



917 4.7 wassnIntieaasNautin inaspane 1000 Wi

55
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4.2 HANITNARAUANANLANINNENINIRIIAATUINY Hydroxyapatite (HA)

3
o

nsnagaunaNtRnIanIanIngan lusnuddeills ianimaseugnianifinianig

Awsssialii

1. ANURLULL AR

2. wlafiduinanungy

3. UUNA WAZA]

AONUUINYUINNS )
RN ITNINENAY
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4.21 mmevmﬂaumwuumﬁuﬁ'aﬁ

al

TunnmaaaU AN LLBITAAL99TaATUIY HA Tladgngu uazilennds Tnoasd

anyiannn 4 1ia wiadudannaugiies 3 48 wazlynian 1 48n Ananmaaauwaa a9

4.1 waznalurisuanslugila 4.7

AT97 4.1 AT IUARNNANITNAZALANNMINLUL Bulk Density (g/cm’)

740 ANAUTIIN ANUILNINAABITN ANTLUL (g/em’)
(@) 1 2 3 ‘e SD
100%HA 10MPa 1 1.82 1.80 1.79 1.83 0.03
2 1.85 1.86 1.85
1%Hi14 2MPa 1 1.53 .52 1.53 1.52 0.03
2 1.56 147 1.53
5%uil 2MPa 1 1.49 1.48 1.46 1.48 0.04
2 == 1.56 1.48
SIEAES 1 1.52 1.54 1.56 1.62 0.18
2 1.54 1.99 1.57
Pe 183
152 148 1.62
1547 |
IR W 1
Bulk P
Density(g/
s+ |
o4
100%HA10MPa 1%uils 2MPa 5%utl4 2MPa 1lensa

gﬂﬁ 4.7 udaanaNUINANANMUIWIY (Bulk Density) 124940
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4.2.2 uamsnagauilasifunnnunguy

annmadeLefiFudANNIULEIEWIIL HA uazdynisnazinlinaaeuussly
nM9Iany 37Uk 4 98a wiazataldiuanulunimeaeunlesIEudAINngW 2 Tu ANNmMAaeeTI 3
AT TINANNINARBIUARAI AN 4.2 uaznsmluriauanslugili 4.8

FN997 4.2 A3 NUAAINANISNARAL I B ST UTAMNGY %Porosity (%)

740 SFLT WY SNAUNNINARET %ANNNTU (%)
(@) 1 2 3 ad SD
100%HA 10MPa 1 18.68 18.50 19.72 18.68 0.52
2 18.50 18.30 18.39
1%Wile 2MPa 1 30 27.40 31.98 27.87 3.28
2 24.04 25.38 24.7
5%l 2MPa 1 3352 34.36 34.33 42.49 9.56
2 ol 47.21 54.03
1z 1 82.59 | 82.00 | 86.07 83.14 4.20
2 76.21 83.34 88.60
100- -

80+

%Porosity 60

(%)

401

20+

100%HA 10MPa 1%ut19 2MPa 5%uile 2MPa enns

717 4.8 uananaluriAlafidusinanungu (%Porosity) 189340
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4.2.3 NANTANETUIALASAN UL ARITNTY

v
a

WAIAININIAATIIIL HA Aiinsaug lUdesnfaandes SEM inndsaane 200, 500

q

waz 2000 Win aztiulfdnaunn uarANHrIa9gnIuianTuIIL HA JAauuansnaiusaninglunig

Bzt Asialli

U7 4.9 lun wanaunidaunanng HA 100 wefiius usednaugl 10 MPa

al

gounnd 1100 evAaadea una 3 alue amnamuanliviudngnaunfisauaznazansagialy ws

IS <

HAENNINLIENI 5 - 10 Pm indi

U7 4.10 ilunanduanunddounannauile 1 wefiduslaeffunszeuds usaly

¥
=X

n138aTugY 2 MPa wnigugH 1100 a9A1Emaidaa Wuean 3 49lue anninuanalfiiudnligngu

nszaneagiall Huuinegsvidad 5 <10 pim

U7 411 dunnduanunideunannautls 5 wWaefifudaeiSunnsvresuds usa

anlun13ugy 2 MPa wANgungd 1100 asAgaiaaiiumgn 3 4alus anninuansliiiugn gngud

X . 1 e A
muﬁm‘lmyﬁnu LWARSNTSANEUBELVIWNNY NAUA 20 - 30 Um

sUn 412 flunananenizgngy wazlasea¥eaeadlsznae gl(n) wansnaw

denfsnunen gu@) wansnandznnissnuiog denadeissnuaen uazduiuaziauingngui 200 -

500 Um
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a

U7 4.9 LAAININTWINUNAIUNANRS HA 100% w3adnTugtl 10 MPa ligosmni 1100 a9f"aaLTa s

a

3 e g1l(n) (1) (A) AANASBENY 200 500 UAZ2000 WINAINAIAL
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77 4.10 wananaLRAuNaNEaLN1% TneiEuns uadnTugY 2 MPa I NIgauigH 1100 897

o

waLEed 3 Falua 3u(n) () (A) ANR9818 200 500 BAZ2000 WINATNANGL
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U7 4.11 wamanmauundaunannauily 5% Inetiung usadnaugyl 2 MPa wnAgouugd 1100 8961

o

aLEed 3 Falua 3u(n) () (A) ANR9818 200 500 BAZ2000 WINATNANGL
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917 4.12 uspsnmanEne wazlassa¥egnguaestznss dunen (n) wasduiu (@) innassens 50

Wi
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4.3 HANITNARAUAMNANLALTINAUBITUIIY Hydroxyapatite (HA)

Tunnsmeaeuaantifdng lunddsiliiinimaasuinaniananifidinaes

o = o o

T80 HA Tllaigngu wavtlenn3aistne A1ANuds (Hardness) ANAYINIELIAR (Bending) uazAnly

o o o

AAA (Modulus) Aniudanildiinimaaasaziluiannaztinliliinimeaeslunisdausalunisians

a v oA

tsznavliléing 4 aliasaeiuAa

X
o

1) Sapnauglandounanes HA 100% wsedntugil 10MPa N7 1100 BeANTALTEE

wWunan 3 99lug

o

2) 780 ﬁmﬂmnmummmuﬂq 1% Lm@mmﬂ 2MPa N7 1100 aeAnTaldes 1y

1981 3 Galug

o

3) YanTaRgLAINAUNANNIUTN 5% meamﬁumﬂ OMPa N7 1100 aeAnTaldes 1y

1981 3 Falug

o

4) Fanznnss

uanNInAdaLAMaNIRENarasianszaiadgnguluiuideing desialilil
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AINNITNARDUAINHNLIIAINATUIUTUINUTINNA 8 TU WAASTUNINITNAARITN 3

AT eluudaraisnasnimaassazldatauudseanun 2 A1 dsdulunimasesluusazdanasidays

VIUNA 12 A1 NANNINARBIUAAIIUANTINT 4.3 uazna Wurialugiln 4.13

A3797 4.3 ANTILAANHANIINARALANLTY Hardness (HV)

a0 iy SIUNNINARDIT ANNLY (HV)
(%u) A%aii1 REL REE 1A SD
1 2 1 2 1 2
100%HA 1 104.9 108.7 | 109.4 | 107.3 | 104.5 | 103.7 | 1134 7.7
10MPa 2 118.1 117.3 | 120.3 | 1214 | 125.1 | 120.3 2
1%l 1 88.7 92.4 108.7 92.9 95.4 108.5 | 89.8 124
2MPa 2 69.9 74.9 89.7 97.6 75.2 84.2
5%utls 1 38.2 33.2 20.7 20.4 20.6 28.8 28.2 71
2MPa 2 36.4 36.3 20.3 21.7 32.7 29.3
Ueni5a 1 218.1 236.4 | 259.1 | 244.8 | 231.8 | 259.7 | 246.3 | 22.4
2 239.7 2456 | 263.3 | 227.2 | 237.4 | 239.9
250+ = C -
200+ -

Hardnes 45,

a~ ([LI\N

100+

504

100%HA 10MPa

1%uile 2MPa

5%uiTe 2MPa

MERER]

9171 4.13 wamanamurieAtANLdN (Hardness, HV) 194340



[ a a
4.3.2 NANITNAFAUAMNLUILTIAA LL@SINQ@N

4.3.21 Nﬂﬂ’li‘l/lﬂﬂ'ﬂﬂﬁhﬂ')’]ﬂugﬁﬂtt’i\iﬁﬂ
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AINNNINARALAMNUIILTIFAAINANUIUTUNUTIUNA 20 T Ineudazdannanig

NAaeE1 5 AT AsiulunImasesianiannaarideyaniv@u 20 A1 nansmaseLansluA997 4.4

waznalurislugiln 4.14

A9 4.4 AT UAANEANIINARRLIANINUELIIA R Bending Strength (MPa)

740 SN ARBE Bending (MPa)
1 2 3 4 5 e SD
100%HA 10MPa 6.30 18.5 9.72 23.04 | 1926 | 14.36 | 6.87
1100 °C
1%uily 2MPa 10.98 | 10.80 | 14.04 9.72 1116 | 1134 | 1.67
1100 °C
5%UilN 2MPa 4.5 3.42 2.70 4.32 5.04 4 0.93
1100 °C
1ennsy 3.87 2.79 3.15 3.33 2.67 3.2 0.8
167 14.36
Bending(
HV)

100% HA
10MPa

1%l 2MPa

5%uils 2MPa

Uz

77 4.14 uanans vt ANLEeUssRA Bending Strength (MPa)




67

43.2.2 Naﬂ'ra‘wm'aqui'ﬂugﬁ'a (Modulus, GPa)

AINNMINAABINIAIANNUTTUIIAR TRl UUTUIUIIMNA 20 T tnausasTanii
NM9INAASITI 5 AT AU luNIIMAaeTagTNuNAa sl dayaTNAYN 20 A1 AINTUUINANITNARBINN

AuauNan A TuaAd Aenansluindas.4.2.2 linanimeaesuanslunsned 4.5 uaznanurialugla

4.15
ma’m‘ﬁ' 45 mmmem@mimmmuiu@ﬁm Modulus (GPa)
740 ANUIUNIINAADITN Modulus (GPa)
1 2 3 4 5 1A SD
100%HA 10MPa 2.63 2.11 1.55 2.88 2.58 235 | 053
1%uils 2MPa 1.58 1.21 1.24 0.64 0.66 1.07 | 0.41
5%uil 2MPa 1.78 0.95 0.75 0.82 0.61 0.98 | 0.46
SIEAREN 3.23 2.09 0.9 1.22 0.99 1.86 1.04
2'5_ -_Z.db - R
2_
Modulu *°]
s(GPa) 11
0.51
O_

100%HA 10MPa 1%ut19 2MPa 5%utle 2MPa 1len5s

717 4.15 uanansmuvieATugda Modulus (GPa) 284440
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4.4 Nﬂﬂﬁ‘iVIﬂﬂ’ﬂULLi\‘lQN LL@%LL?Qﬁﬂ‘H@\‘]ﬂ’]‘&‘L@'\%’?ﬂQ

luaniAdeidldvanisineg LAENAAR UL IUNNTANTI AR A TUILNUNIT
noaedluviaded 3.4 d“mﬁi%umﬂummqﬁ 3.3 Ingluan1nznisianzazuiigeiy ANIET
FALABNATNY (N, rom) WazBmAIINITHaURAAanad U (f, mm/sau) aantilu 3 szAuALaiY
A8 AINNLFITAL 130 460 LAZ920 rpm ANNATAL daugmsnistlaudiag 0.035 0.07 was
0.14 mm/78U AINAIAL ABNAINUIUIAFUEILAUTNANG 3 Hadiums a6 HSS. waalunns
\w1zdnldann Dynamometer WITNNN A Nl 2 useie Ws9AU (Thrust Force, T,)

a

duuseiifa luuuafauiuiuaenadny daiaainwsana lunistlausengdnulvdoad 99

=

AU(N) wazusade (Torque, T,) ilulsaiinsatiunuaanadiu FTINAAINNITFUIDLATRAN

Q

1 a v a a a o ] lel
el Dafuladwna(N.mm.) Nan1sneaadlssa il
4.4.1 AANITNANALILTIAU Thrust Force (N)

annmadeuisegulunnianz Tnadavieusndnuan 108 axs arndaniu
U HA wazdenn ziﬁﬁuﬁluma‘wmmiéfmﬂmﬁuamﬂLﬁ@ﬁlﬁ%’fﬂgmﬂmmuzﬁu NARDY
PAUEUNNTNAARlUANI19T 3.4 HaaanNINARBLARTlANTI9T 4.6 uazgUT 4,16 — 4.17
ﬂmﬂgd%ﬁmﬁmmmﬁ‘q@@u Lmzﬁmﬁmafﬂ@uﬁm@;ﬁu CENS I MtY LLmTﬁmgﬁu A7
HantsageLaz A ldimssinimndNiusiLAMENTRA WA 189380 deianag
Fmszinnsnanet udaainaunimisedinAgasie sz nninisussgulunisianzse

Tal



EEUH 4.6 B LARILE 160 Thiust Force (M) lurre Mamaaa s irgp e

iy

Uznia

MRFBI5

d
(3771

s0

100%HA A0k P

1

2

2

d
8771

g0

1% ufls 2MPa

1

2

2

o
3771

s0

5% ufls 2uPa

1

2

2

o
LEsEl

s0

n

1

23 .48

18.9

20 .47

20335

247

1899

2047

18.7

19.2%

1.05

0.7

159

0.7

1253

282

385

.85

582

4 51

1.14

f2

23 .48

26,35

20.47

2310

246

189

2047

2047

9.8

1.09

107

15494

15.9

13.9%

282

582

502

10.7

T.45

282

2

26.%

26.3

23.41

24

112

25.70

18.53

25.3

22.10

2.90

16.0

12,71

121

4.2

1.09

0.7

127

107

1.7

1.74

nz

1

23 .48

18.8

20.47

2035

247

2047

1593

137

1694

349

16.9

8.9

15.9

1694

1.73

107

13,1

10.7

1170

1.74

f2

2348

26.7

263

24 73

1.08

1694

16.53

20.47

172

282

18.4

1840

15.4

7.0

1.73

0.7

107

1271

1.7

1.74

3

3612

0.3

2630

0.2

4.53

3.

20.47

20.47

2473

T3

18.09

20.47

18.9

19.2

1.09

137

13,71

169

143

1.09

n3

1

30,23

26.25

26.25

2698

282

26.35

23.48

23.48

24 10

1.08

16.59

16.849

18.99

16.59

1.73

16.99

15.89

137

14.9%

1.03

f2

3912

0.3

283

3.

343

2343

2047

2345

2244

1.74

2047

20.47

18.44

19.54

1.09

164

13,7

1594

14.%

1.03

3

20,23

2043

20.47

23.73

0.63

28

233

2348

26.0¢7

2.85

20.47

189

20.47

19.84

1.09

1544

169

180

1654

1.73

WUV

nl =130rpm
nZ =460 rpm
n3 =320rpm

1 = 0035 mim Sa1
f2 = 007 o SERL

f2 = 014 rm fiad

69



70

(N)

Thurst Forces

D ;

o® Q% 005 063] 010 012 0873

ansmsilau (mm/sau)

—8—100% ws9nal0MPa —A— 1%uily us9na2MPa  —B— 5%¢uily ws9na2MF

3

NIFLAZALINY HA FHARNgW 1AYINI3981 130 rpm

3),
Z,
g D
o
L
B b
5
e
- 104
5,
0
1m 20 1) 4D 1) 1) o)) 1)) 1))
MNUEITAL |
—&— 100AI0VPa —— 1%uilv usvnn2MPa ——5%uily usInn2MP;:
gﬂﬁ 417 wAAININENTNATBIANNFITEU (rpm) ABLIeAY Thrust Fore(N) Tunsianzdan

HA #findigngu Namsnitlaw 0.07 mm/say
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4.4.2 HanIgNAFaLILsLn Torque (N.mm.)

ANNIINARULNTATUNTAE TReTATINNASIUIL 108 ATY AINdARTU

dl = 5 o ndl
37U HA NFTenal wardend mnLEUNIMAaedlun13199 3.4 NAAINNITNARBILANS 1Y
f13999 4.7 wazrglil 4.18 - 4.19 dengddiadfinmanuisey uardnsnistleudngaan

o 4 a A L7 -(1{ & o 2 ' o [
%mﬂmmumuumiuu@wu mﬂm@m@mmmmﬂmuﬂﬂq LATIEUNTIAMMUNANNUTNUL ALY

q

s

antiRfAWs9Ieedan Werian1sinsIzsinIsoanes udaaisannismeaminFnansine |4

Uszanninisussinlunisianzsalil



HE 4.7 BT aLAR L e Tarque (M. AT @ e IRE YL

i Uz 100 % HA 1% ufls 2 WPa 6% ufls 2 MPs
wamasdy| 1| 2| z|wefie| so 1| z|  zlwde| s 1| 2| 2|afa| o 1| 2| zlafe| o
m 1 |15m|1z0a| 12| 1a08| 100 fraes 1z 1172|1242 | 152 | 2o | 7az | s [ 7oe [ 102 (e [ e5a | 5ee | [ 12
2 |1eet|1sm|1e 15| 07s |1z |1e a1z | 127 | 2oe [ 952 (1218 1025] 264 [ 208 [ 508 [ 722|702 | 112
2 [1em|en|umism] 10 sl elusire| s | ez s 1ze10m] 104 128 722 [ 722 202 | 238
nz 1 |z0m|1ee|1aoe |19z 112 fzas om0z 142 722 | soe (10| ara | 194 (10| 952 [1208 |11 22 1.0
r2 1212|1172 | 0|17 197 omliom| srafinm | 127 10w | 959 | 959 {108 ] 081 [10.25] 20e [ 20e 279 | 120
eI L e e A I N I s
na [ |zem]za 0720 24|22 94 198|125 | 10|14 es iz | 18 [z e (105 | ara (10| 264 [a7a |95z [ 952 |aze | 04z
b zz7|zs 7|21 9n |2z 192 e s ir e | 188 1 s [1e (1025123 | 266 (1451010511 ] 220
ta |zaae|zioe|zsae|ze | 127 (e |7 s |1 s |eo o | 424 [1om [1a e (1522 1638 225 [1en |15z [15.04 ] 122

MHEUE ol =120rpm
nZ =460 rprm
n3 =320 rprn

1= 0035 mm fELu

f2 = 007 romn S8

f3-= 044 ronn S

¢l



Torque (N.mm.)

25 4

20 4

0.04 0.06

0.08 0.1 0.12 0.14

dmanileu (mm/aat

—2A— 100%HA 10MPa

—B— 1%uils 2MPa —l—5%uils 2MPa

73

91I7 4.18 uanInIWBNENATRNERIINITIBUFR (Mm/Fat) Aaussiin Torque (N.mm) lu

v !
N19ANETWI HA 2HANgNTH 1A9NIE98L 130 rpm

Torquc (N.mm.)

5
o
5
0- %\
5
0
1D a0 3o 40 90 a0 ™ g0 90
ANL5a9aL (rpm)
—&— 1A 10WPa —A—1%uils 2MPa —&—5%uily 2MPa

91I7 4.19 uaawNIMBNENATDIANIEITAU (rpm) fiausadia Torque (N.mm) lunsianziu

U HA 18adgngu Ndnsnisilawsin 0.07 mm/say
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4.5 ﬂ"l‘ial,ﬂ‘i'lzﬁﬂﬂﬂ’liﬂﬂ@’ﬂﬂ

v
a o A

a I's v 1 a2 'S v Y dl = 1
ﬂ’]ﬁ")Lﬁ??ﬁﬂﬂ@lu\‘ﬁu'}@ﬂuiﬁLLU\?ﬂ’]?QLﬂ?’]%Vﬁ]WNV%‘H@VI 3.6 TnaInnTuLs

a 6 o/ 1 daJ
ﬂ’]?"JLﬂ?’]ﬁ:Mﬂﬂﬁlﬂiﬂu

1. HANIAATITIAINANAUTTTNTINUIIAY AT
2. an19aATziA NN sE i1 lunIgane AulladeAruANnIsiang uas
@m@mﬁ%mm
3. LANTTIATIEUAINAN AU Iz U9 e TUN 9N ﬁuam@uu“ﬁ%mm

4. pannsufFEunenus lunnaazdanTue HA Naugy fudanlznnd
4.5.1 NAMSTAATITUAVINTNAUGTENINUTIAY NUUSITA

A o w A 9 ~ L = o
LN@HW@H@LLN@M LL@gLL?\‘]‘Uﬁ’&?'}\?ﬂ?’W\I LVIF;I‘LIﬂ‘LI@ﬂW’J::SLuﬂ’]?VlmQﬂ‘LImeﬂu

a A a 1

AU IWANIITN AN Z LI W IVNHINTY wasTinNaz AN wRea W ansnag IF

FANANTUSIEMINIMIn I ALussTiaRANANABE AV luN U Aauanslugii 4.20



75

Thrust Force(N,

ANMENITLR”

Torque(N.mm)

0 20 40 60 80 100

AN1IENINARE

317 4.20 uaasnaifaueuusnu wazissiinian19znIIaaaLLALaTY
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4.5.2 HANIFILATIENANNANNUSTZ U lUNI5Iae nuilasgAILANNIS

Py k4
112 UASATUANL P W91U

[

Wathdeyausslunisians uazamuantiRdan HA aladgwgundnld unvin

nisdAszinisannesteddeya tneldldsunsudniaguniadia 3a SPSS (Statistical
Package for the Social Sciences) dqalunisimezy Inald3sng stepwise Wuasnag

A o o ¥ ¥ a 6 o ;LJ
WwanFaklsuinmin @31@ NA LUNN9ILATIEAAIT

4.52.1 mﬁmmzﬁmsnmnﬂﬂmmLLNQ‘u (Thrust Force) nu

AMANLAUBIIAR HA TUANFWTU
1) rm"iLmﬁzﬁmmmmm@mm@u ALANNNUILLY Bulk Density (g/cmB)

dl o ¥ dlo/ | dl 4
LN@‘L&’W“II@&J@LLNQHI‘LATW‘J‘L@W;‘ﬁ‘V]"JﬂvLmuLL[ﬂ@SZQﬂ’]'w AMNANTINN 4.6 LAZUD
HAAIINUUILUULEITAR ANNFITIT 4.1 HIWIN193LAIITIINIsnanesaedeya asling

AN9ILATILITIAN9199 4.8

ANAN9I99 4.8 aza11190A3U3U LWL A HANRUS TN 19U99A U (Thrust
Force) NUAIMNUMUNLUU (Bulk Density) AINLEITALABNATTU () LAZERIINITTIAUEA ()

Tafluannisonnassal

Y, =-293.326 X,” + 997.727 X, + 0.0612 XX, 824.664 (4.1)
Lﬁﬂ Y, = g3AU Thrust Force (N)

X, = Annxiaaanasau ludae 180 19920 rpm

X, = Amgnnstlausn lutdas 0.035 190.14 mm/say

X, = Arnunudludad (glem?)



ANANNTOANRYANNTA 4.1 drunsndszununisussluniaanzls  Wasainan

square, R°) #1A1 81.30 % #HANAMNAAIAAARL1ILNTUTEN104N"T (Standard Error) WinAu 2.3174

7

(R

R399 4.8 AN3NNTIAINEA NINANDLTBIUIIAU Thrust Force (N) AUANULILLL Bulk Density

(g/em’)
Dependent Variable : THRUST
Multiple R 0.902
R square 0.813
Adjusted R square 0.789
Standard Error 2.3174
Analysis of Variance
Sum of Square DF | Mean Square F Sig
Regression 536.693 3 178.898 33.31 0.000
Residual 123.521 23 5.370
Coefficients
Variable B SEB Beta t Sig
(Constant) -824.664 228.650 -3.607 .001
X, 997.727 277.745 31.560 3.592 .002
X, X, 6.128E-02 .012 461 5.109 .000
X32 -293.326 83.523 -30.854 -3.5612 .002
NNIEILIAG Y, = L99AU Thrust Force (N)
X, = Annutiananad1u Tugas 130 019920 rpm
X, = Amgnistlausn lutdas 0.035 190.14 mm/sau
X, = puvuduTad (g/em’)

o & [ ¥
n = AMUIUTALAYA (1NNL 81 TAUDYA)




78

2) N137ANTINIDANRLUBIUTIAU Thrust Force (N) Autlafiduimqs

W3U Y%porosity (%)

Herndayausenulunisiaizindnldluwiazaniog annianei 4.6 uazde
YAl fIFuFANNIUIDITARTLINY HA BHANTU ANANTNT 4.2 H1IN193LANZINII0N

4 v a -dl
DRHTINIDYA @ximm@mm AT IURANTNT 4.9

ANAN999 4.9 Aza1N190A71U 3 wL LA HANRUSTEUI19UI9AU (Thrust
Force) AuLUafidUARIIMNIY (% Porosity) A91815939LABNATIU (n) LazERIINI19Tlausn

(0 Tedluannisnnnas Al

Y, = -0.524X, + 45.144X, = 0.0207X X, + 0.0003X X, + 25.216 (4.2)
Lﬁ"ﬂ Y, = WSIRU Thrust Force (N)
X, = ANNFIADNATNY (rpm)

= ansINN5ilaumAm (mm/say)

xX X

, = wlafiFusaungu %Porosity (%)

AINANNIDADBLANNNGN 4.2 A10170UszH N 17w lun17_anZ e 15iag
a1nA1 (R square, RY) RANAITL 89.60 % NANANNAAIAAABLIUA1TUIENIUNNT

(Standard Error) winfiy 1.7625
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FN3NN 4.9 AN9NN9ILAINEN NIDANAEUAILIIAU Thrust Force (N) Alafifiusinanm

WU
Dependent Variable : THRUST
Multiple R 0.947
R square 0.896
Adjusted R square 0.878
Standard Error 1.7625
Analysis of Variance
Sum of Square DF | Mean Square F Sig
Regression 591.874 4 147.969 47.634 0.000
Residual 68.340 22 3.106
Coefficients
Variable B SE B Beta t Sig
(Constant) 25.216 1..246 20.230 .000
X, -.524 0.046 -1.043 -11.323 .000
X, 45.144 12.974 .399 3.480 .002
X, X, -2.072E-02 .021 -.156 -1.004 .326
XX, 2. 7T1E-04 .000 .629 4.509 .000
NNIEILUAG) Y, = 33RU Thrust Force (N)
X, = pruiFananadu Tudas 130 19920 rpm
X, = dmsnnstlausia lutdas 0.035 0190.14 mm/sall
X, = efdusininungu %Porosity (%)

n = AuaugAdeya (Wniu 81 7adaya)
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3) N193LATIZYNITAAN B L UBILIIAU Thrust Force (N) AUAITN U

Hardness (HV)

&l o ¥ A o P2 ' dl ¥
memmﬂﬂLm@u’luma‘tm:mmimiuummqu AMNFATINN 4.6 LAZLD
a

1aANUIN Hardness (HV)2184980 ANAN3197 4.3 11MN1391AinInAnes 1asdeya

AL lANAN19LATI LA A9 1A 4.10

ANA19199 4.10 A2A1919947UgLuLILANENTUSTTNINaUIRU (Thrust

Force) TUAINNLIY Hardness (HY) A23t3998 1108049711 () wazdns nisilausa (f) 16

(=1 [ 4 é’
Hluannsnanasfail
Y, =0.0077X + 0.061X,X, + 8.164 (4.3)
Lﬁ"ﬂ Y, = WSIRU Thrust Force (N)
X, =anuiiaeenddnu e 130 119920 rpm
X, = dp9nnstiausn lugag 0.035 090.14 mm/say
X, = AN Hardness (HV)

AINANNIINADAL ANN3T 4.3 daN90U sz unITuIa NN le 1Eiag
a1nA1 (R square, RY) AANMNAL 80.50 % NATAIINAAIALAARLIUA1TUITNILNNT

(Standard Error) winfiu 2.3165
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;113999 4.10 A1379N1T3ATIEU NNINANBLURILIIAY Thrust Force (N) AN

Hardness (HV)

Dependent Variable : THRUST

Multiple R 0.897
R square 0.805
Adjusted R square 0.789
Standard Error 2.3165

Analysis of Variance

Sum of Square DF | Mean Square F Sig
Regression 531.427 2 265.713 49.517 .000
Residual 128.788 24 5.366
Coefficients
Variable B SE B Beta t Sig
(Constant) 8.614 .930 9.262 .000
X32 7.672E-04 .000 770 8.539 .000
X, X, 6.128E-02 .012 461 5.111 .000
WRAUNEILUG Y, = W99RU Thrust Force (N)

X, = ANLFIAANA911 199 130 19920 rpm

X, = Angnistlausn lutdas 0.035 190.14 mm/sau

X, = A9NLIN Hardness (HV)

o & [ v
n = RMUIUTALAYA (1NNU 81 TAUDYA)
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4) N1TAATITINNTNANBLUBILINAY Thrust Force (N)AUAINUIILIAR

Bending Strength (MPa)

dl o ¥ dl o % ] -dl
LN@M’WI@S;IJZ\]LL?\?ﬂ‘uﬁluﬂ’]ﬂ"ﬂqﬁiﬂ']ﬂiﬂiul,m@?é@ﬂq’lﬁi AMNFANTINN 4.6 LA
ANNUINUSIAA Bending Strength (MPa) 494346 Aa1NA97199 4.4 11M1N193LAT1EIAN30A

nezvesdays azlinan1mins e luuanamnanem 4.11

ANA19199 4.11 A2A1919947UgLuLLANENTUSTTNINaUIRU (Thrust
Force) NUANMNWINUINAR Bending Strength (MPa) A20115998LABNAI11Y (n) LAZBRATINIG

tlausin (f) Ieiuannisonnasaatl

Y, = 0.0488 X+ .0613 X, X, + 8.462 (4.4)
Lﬁ"ﬂ Y, = WSIRU Thrust Force (N)

X, =anuiiaeenddnu e 130 119920 rpm

X, = apg nslaunn 1ugdae 0.035 §40.14 mm/saw
X, = ANNWA9LFIAR Bending Strength (MPa)

AINANNITNANDEY @Nﬂ’]ﬁ\ﬁ 4.4 zﬁﬁmﬁ’mﬂ?:m’]mmm?ﬂ@uiuﬂ’lﬁ‘lﬂﬂﬂgf
A ! 2. = AZ 2 dads ~ p
lasainAn (R square, R ) HANANL 80.60 % LL@:’NW]WNN@@W@Lﬂ@@uium&?ﬂ?:w}m

N9 (Standard Error) 1114 2.3073
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R399 4.11 A139N193AIEY NTNANBLITBILIIAY Thrust Force (N) AUANNLTILIIAR

Bending Strength (MPa)

Dependent Variable : THRUST

Multiple R

R square

Adjusted R square

Standard Error

0.898
0.806
0.790
2.3073

Analysis of Variance

Sum of Square DF | Mean Square F Sig
Regression 532.442 2 266.221 50.005 .000
Residual 127.773 24 5.324
Coefficients
Variable B SEB Beta t Sig
(Constant) 8.462 .938 9.020 .000
X32 4.881E-02 .006 771 8.584 .000
X, X, 6.128E-02 .012 461 5.132 .000
NNIEILUG) Y, = 3R Thrust Force (N)

X, = Anuiananad i s 18019920 rpm

X, = amsnistlausna lutdas 0.035 190.14 mm/sau

X, = AuLdaLseAn Bending Strength (MPa)

o ¥ ! o 4
n = AUIUTALRYA (1N1NU 81 TAUDYA)
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5) N193LATITUNITNANBEIIBILINAY Thrust Force (N) AuTngaa Modulus

(GPa)

&l o v dlv F% ! dl v
Watihdayaussgulunisancndnliluwsazaniay a1nn19199 4.6 uazde
yaA1TNAAA Modulus (GPa)189danTuINLW HA THANINIU ANNANTI9N 4.5 41911019

a o v ¥ a -dl
UATISUNITNANDEUBANUDY R "Qﬁi‘lﬂﬂ\l@ﬂ’]?'} AT IUANTNN 4.12

ANA19199 4.12 AzA 1919947 UgLuLLANANTUSITNINaUsRU (Thrust

o

Force) fulnma& Modulus (GPa) A2M115939UARNA3IY (n) WazansIn1stlauds (f) Taulu

u

o

v
ANNNTOADALAIL

Y, = -35.533 X2+ 0.0613 X X, + 125.175 X, 79.075 (4.5)
Lﬁ"ﬂ Y, = WSIRU Thrust Force (N)
X, =anuiiaeenddnu e 130 119920 rpm

= aps1nsilausn Tugae 0.035 §40.14 mm/sau
= Tu@ﬁ”d Modulus (GPa)

xX X

3

AINANNIDADBLANNTN 4.5 A10170Uszdun 17w lun17_anz e 15iag
a1nA1 (R square, RY) AANAITL 81.30 % HAIANNAAIAAABLIUA1TUIENUNNT

(Standard Error) winfiy 2.3174
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P399 4.12 AN99N99ATET N1snAnatvasLsnu AuTuaaa Modulus (GPa)

Dependent Variable : THRUST

Multiple R 0.902
R square 0.813
Adjusted R square 0.789
Standard Error 2.3174

Analysis of Variance

Sum.of Square DF | Mean Square F Sig
Regression 536.693 3 178.898 33.311 .000
Residual 123.521 23 5.370
Coefficients
Variable B SE B Beta t Sig
(Constant) -79.075 22.071 -3.583 .002
X32 =316, 51312 9.187 -15.151 -3.868 .001
X, X, 6.128E-02 012 461 5.109 .000
X, 125.175 30.960 15.151 4.043 .001
NNIEILUG) Y, = 3R Thrust Force (N)

X, = Anuiananad i s 18019920 rpm

X, = amgnstlausn lutdas 0.035 1190.14 mm/sau

X, = Tugﬁ’ﬂ Modulus (GPa)

o ¥ 1o ¥
AMUIUTALRYA (WNINL 81 TAUDYA)

>
I
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4.5.2.2 N153LASILWNITOANRLURILTITA Torque(N.mm.) Nu
AMANLAUDIIER HA TUANTWIU

1) NNTUATITUNIINANALTBLINTIA Torque(N.mm.) FLANNWNLULLLAA

di o v a dla/ 1 dl 14
Wathdeyaussdinlunisazndnlaluwsazanioz ananenei 4.7 uazdae
HAANNUILUNLBITAR AINA99N 4.1 NINTFatAIzinIsannasvasdaya azling

AN9ILATITIFIUAN9199 4.13

A1NE19199 4.13 azarnnsnaglluuuaonduiussrudneuseiin
Torque(N.mm.) AUAINNUILUL (Bulk Density) ANNIFTALABNATIY () LAZARMIING

tlausin (f) I uannisnnnasfatl

Y, = 0.051 XX, + 18.379 XX, + 11.052X,— 9.402 (4.6)
Lﬁl‘a Y, = ws9iim Torque (N.mm.)

X, = Annatiananad1u Tudas 130 19920 rpm

X, = apginsilaunn ludae 0.035 §190.14 mm/sau

X, = ANUUILUU Bulk Density (g/cm’)

pi Y
ANENNITDANBEANNIIN 4.6 AN szinnunisusalunisianz s wWiag
anA1 (R square, RY) RANWANL 81.70 % HATA NAAIAAARIUNNTUseNMNNT

(Standard Error) Wiy 1.6417
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A1319% 4.13 AN39NN9IANEE NNsamneaaadlseda Torque (N.mm.) AUAMNMWLL Bulk Density

(glem’)

Dependent Variable : TORQUE

Multiple R 0.904
R square 0.817
Adjusted R square 0.794

Standard Error 1.6417

Analysis of Variance

Sum of Square DF | Mean Square F Sig
Regression 277.447 S 92.482 34.315 0.000
Residual 61.987 23 2.695
Coefficients
Variable B SE B Beta t Sig
(Constant) -9.402 3.296 -2853 .009
X, 11.053 2.070 .488 5.340 .000
X, X, 5.139E-02 011 539 4.892 000
X, X, 13.379 5532 271 2.418 .024
NNIEILUR Y, =ug4iim Torque (N.mm.)

X, = anuidananadiu T 13089920 rpm

X, = Angnistlausn lutdas 0.035 190.14 mm/sau

X, = AYNVWLL Bulk Density (g/cm®)

o & [ ¥
n = AMUIUTALAYA (1NNU 81 TAUDYA)
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2) N199LATNEUNTINANeYAa9LIlA Torque(N.mm.) Autdefidusman

N3U %Porosity

Watihdayaussdialunisancndnliluwsazaniay a1nn19199 4.7 wazde
yaLafiuiAINNGU %Porosity 289945 AINAITINN 4.2 N1INNTTATIEUNTIANEELDY
doya arldnan1miinseiflunngan 4.14

k1]

INA139N 414 azaan1snasdsduuuaaindniussrudncusedn
Torque(N.mm.) fuilafiGusIAINNIY %Porosity A73LT978LABNANY (n) WAZERIINNT

tlausin (f) Ieuannisonnasaatl

Y, = 0.013X,”+115.26X,+0.062X X, = 0.985X, +25.64 (4.7)
L&i'ﬂ Y, = us9ilm Torque (N.mm.)

X, =anuiiaeenddnu e 130 119920 rpm

X, = apsn15ilaumm Tuga9 0.035 1190.14 mm/sau

X, = wlafiiusn gy %Porosity

AINANNIDADBLANNNGN 4.7 A101701U 72N 170w lun17_anzle 15iag
a1nA1 (R square, RY) RANAITL 82.10 % HAIANNAAIAAARLIUA1TUIENIUNNT

(Standard Error) winfiy 1.6617
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R399 4.14 AN39N139AIEE N1samneseeaunseda Torque (N.mm.) Auilefidusaanu

N3U %Porosity

Dependent Variable: TORQUE

Multiple R
R square
Adjusted R square

Standard Error

Analysis of Variance

0.906
0.821
0.788
1.6617

Sum of Square DF | Mean Square F Sig
Regression 278.684 4 69.671 25.230 0.000
Residual 60.751 22 2.761
Coefficients
Variable B SE B Beta t Sig
(Constant) 25.640 4.654 5.509 .000
X32 1300E-02 .005 2.252 2.487 .021
X, 115.260 49.660 258 2.321 030
X, X, 5.194E-02 .01 .545 4.899 .000
X, -.985 326 -2.734 -3.019 .006
PNELIAB) 1 = AANIIADNATIY (rpm)

= AnsN13LauFA (mm/saL)

= wafidusinungu %Porosity

= AuaugAdeya (Wniu 81 7adaya)
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3) N193LlATIzInITnAneaaa9uIsl A Torque(N.mm.) ALAIINULDY

Hardness (HV)

Wathdayaussdinlunisianzndnliluwsazaniay a1nn19199 4.7 uazde
NAAINWEY Hardness (HV)124949 a1n619197 4.3 1nvinnnsiesnzinisnanesvesdoya

azlFNAN1ILATILIT A3 4.15

AINAT997 415 az@1x8130a7d s uuuAndNAussTudncusedn

Torque(N.mm.) AuAINLIN Hardness (HV) Aa13l5930UA8NA%1% (n) WAZERAIIN19Tl0L

[ %

3
sin () IAuannisnnnasiseil

Y, = 0550 X,X, +0.0047 X, + 6.439 (4.8)
L&i'a Y, = us9ilm Torque (N.mm.)

X, =anuiiaeenddnu e 130 119920 rpm

X, = ansnnsilaunnm lugdae 0.035 990.14 mm/sau

X = A9NWTN Hardness (HV)

3

AINANNIINANRLANATIN 4.8 d1m1nlsvannunisusalunisianyls Wesannedn (R
square, R°) HAWINAL 72.30 % HArANAatsAaekliunnslsyanninng (Standard Error) Wnfu

1.9795
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A1319914.15 A1319NN9LATIEH NTaAnesaedlsadn Torque(N.mm.) fumsuda Hardness (HV)

Dependent Variable : TORQUE

Multiple R

R square

Adjusted R square

Standard Error

0.850
0.723
0.700
1.9795

Analysis of Variance

Sum of Square DF | Mean Square F Sig
Regression 245.393 2 122.696 31.313 0.000
Residual 94.042 24 39.18
Coefficients
Variable B SEB Beta t Sig
(Constant) 6.439 .867 7.422 .000
X, X, .550 .080 .35 6.839 .000
X, 4.683E-03 .001 428 3.928 .001
UNELUR Y, = wg9lm Torque (N.mm.)

X, = AnaiFananadiu 1as 130 019920 rpm

X, = angnnstlaudn lugas 0.035 040:14-mm/saL

X, = ARINLAN Hardness (HV)

o ¥ ! o 4
n = AUIUTALAYA (1N1NU 81 TALDYA)
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4) N199LATZINITNANRELRILINT A Torque(N.mm.) ALUAINHNLINLINAR

Bending Strength (MPa)

Watihdayaussdialunisancndnliluwsazaniay a1nn19199 4.7 wazde
yAANWIUIIAR Bending Strength (MPa) 289946 AINAN91971 4.4 N1MNNN39AIEINIS

nanesaesiaya axlinanisinazilunigan 4.16

INA13797 4.16 aza1N1s0asdsluuuAndnAussrudncusedn

Torque(N.mm.) AUAMMNLIILINAA Bending Strength (MPa) A1:LF290LABNA%11Y (n)

[ %

3
wazemIn1stlaudna () loidugnnisannas fatl

Y, = 4.437 XX, +0.0047 X, + 6.319 (4.9)
L&i'ﬂ Y, = us9ilm Torque (N.mm.)

X, =maiananddii ludas 130 119920 rom

X, = apg nslaunn 1ugdae 0.035 §40.14 mm/saw

X, = ANNLTI9LSIAR Bending Strength (MPa)

AINANNIDANBLANNTN 4.9 A10170U sz N 17w lunN7anZ e 1Eiag

a

a1nNAN (R square, RY) NAAIAL 73.00 % AA1AINAAIAAAaulN19UssN1unng

(Standard Error) winfiy 1.9555
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A15199 4.16 A1319NNTIATET NsaAneereadusadn Torque(N.mm.) fuAMNLiaLTasn Bending

Strength (MPa)

Dependent Variable : TORQUE

Multiple R 0.854
R square 0.730
Adjusted R square 0.707
Standard Error laaas

Analysis of Variance

Sum of Square DF | Mean Square F Sig
Regression 247.655 ® 123.827 32.130 .000
Residual 91.780 24 3.824

Coefficients
Variable B SE B Beta t Sig
(Constant) 6.319 .865 7.302 .000
X, X, 4.437 637 .739 6.965 .000
X, 4.683E-03 .001 484 4.031 .000
NNIEILUR Y, =ug4iim Torque (N.mm.)

= An39menad1 Tuetad 130949920 rpm

= fn91n13tiausm lugag 0.035 140.14 mm/3a1l

X X X

= ANWANLSIAA Bending Strength (MPa)

n = AuaugAdaya (Wniu 81 7adaya)
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5) n19aAsIEinIsnAnesalsaia Torque(N.mm.) Aulugd4a Modulus

(GPa)

dl o v a dlo/ 1 dl v
memmﬂaLmumsluma?lmzmmimuummqu AINFANTIWNN 4.7 LRZUD

yarTuAda Modulus (GPa) 184986 A1NAM9199 4.5 1191N193LAINZINIINANDY AL lAkA

u u

ATAIATIZH IUANTI9T 4.17

AINATFINAN 414 aza1N19049U U uu LA NAN A BT sTudsusedn

[ %

Torque(N.mm.) fulumaa Modulus (GPa) ARMNIEF13aLARNE31Y (n) WAZBAIINITLaURA

a

©

() Teluannisonnas Aail

Y, = 31.559XX, + 0.0047X, + 6.126 (4.10)
L&i'ﬂ Y, = us9ilm Torque (N.mm.)

X, =maiananddii ludas 130 119920 rom

X, = ansnnsilaunnm lugdae 0.035 990.14 mm/sau

X, = Tu@ﬁ”d Modulus (GPa)

ANANNINANBEANNIIN 4.10 ArnnraLlszuntunisusalunisianzls Wi

a

a1nAN (R square, RY) NAAIAY 77.40 % AA1AINAAIAAAa U lN19UssN1ung

(Standard Error) winfiy 1.7887
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P399 4.17 AN99NNT3ATIEE N1snAneataasuaaiin Torque (N.mm.) AuluAda Modulus

(GPa)
Dependent Variable : TORQUE
Multiple R 0.880
R square 0.774
Adjusted R square 0.755
Standard Error 1.7887
Analysis of Variance
Sum of Square DF | Mean Square F Sig
Regression 262..648 1 131.324 41.046 0.000
Residual 76.786 24 3.199
Coefficients
Variable B SE B Beta t Sig
(Constant) 6.126 795 7.702 .000
X, X, 31.559 3.987 .769 7.916 .000
X, 4.683E-03 .001 428 4.407 .000
RUEILIAG) Y, = w59lim Torque (N.mm.)
X, = Anuiananad i s 18019920 rpm
X, = amgnstlausn lutdas 0.035 1190.14 mm/sau
X = Tupaa Modulus (GPa)

o ¥ ! o 4
n = AUIUTALRYA (1N1NU 81 TAUDYA)
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¥

4.5.3 NANISILATIZUAMNANNUSTENINIHTILUNITLAE NUAMANTATUIIY

AINNITALATITUNITADDENLINAUANTANINNILNIN UAZAMANTFLTINS
2999480 HA 1laNgNIW A18190192N1N13UI9AU Thrust Force wazusaiin Torque Tu
[ dl' Y a o o yda‘ § o o & ]
nazuounIsazld ialiasunamanudusiug lAntau Inaainmnuduiugsendnusgly
N9y nupuaNTTRresdan asunaldainnsmauduius v 317 4.21 094.30 Tneag
utifupanduiug anetinaasuslunisaizasi
1) ARINANNUSIBILINAY Thrust Force AUAMANRTAR

2) - ANINANANUTURIUNTA Torque UAMANTRYAR

4.5.3.4 wualunuaIusIAY Thrust Force NUAMANLRAURIIAR

=

HA 1UANSNTY

u

lun19Ma190UIAINANAUS azin1INA TN NANNATUANTRTRITA0)

¥
o a

HA mﬁmﬁﬁgwgumu ARINUL LY Bulk Density (g/cm’) lafifiufaanungi %Porosity
(%) AN W9 Hardness (HV) A28 lLd4lL39A M Bending Strength (MPa) kazing 44
Modulus (GPa) lun13fiansain azaniindannaelunisiany franui3ases 130 — 920 rpm i
angn19tlausia 0.035 - 0.14 mm/a91 IUIAABNAITRIBIALEUNUAUINATS 3 HARWNAT

1A HSS wudrANANiusendeusanulunigane AurnsaNtRTuaY HA Hivsialiil
1) wua i lunnaiinusenu Thrust Force AUAIMNMUILLL Bulk Density
dl o g ) 4 1
NATUN4. 21 ULARINIMNANNANAUTULILIT LA URATITENI UINAU Thrust

Force (N). Auma nuunuiuias den (RY) winfdu 83.31%

[WaNansuna gl 4.21 arunsnagdiddniledanuanu HA aHadgngu

u

1 ¥ ! 14
ANANUWMULANNINTY AzvinHis9n 1 Thrust Force Huunliaimuunnausiae

2) uualilulun1ainausanu Thrust Force fuilafiduinaungi %Porosity
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An3U74.22 wanaNINAM AN ULILITQA AT 951919U999 1 Thrust

orce (N) fuilefidusiaaung %Porosity(% Winriy 98.34%
Force (N) i %Porosity(%) (R") 98.34%

v
a =

\Hanansaunangli 4.22 aunsaagdlddniiadanmuanu HA aliadgngudl

qQ

AaSIEUAAINNTI INNNNAL Az¥IN THWseAY Thrust Force Huualinanag
3) wualtinlunnaiiausenw Thrust Force fiumanaudia Hardness (HV)

An3U7N4.23 waRINIINAINANAUSULLITQAUATITENII UI9AY Thrust

Force (N) Alumnauds A0 (RY) winfy 93.88%

]
A

|

=l

v
a3aATUINU HA Tnigngud

a Q

a

\HaWatanunaangili 4.23 aannsoaglada

°

ANAHUES 1N Az TUsIAY Thrust Force NuualiaiaunTusos

4) wuaTdulun91AAL39A W Thrust Force TUA3 X LTIK4I9A A Bending

Strength (MPa)

AN3UN4.24 LanIngIN AN A USULILITIAUATITTNINS U991 Thrust

g 2

Force (N) AUAINNLIaLIann 1A (R winiu 94.61%

1 v
A a a I

\HaNan3niaIngln 4.24 annnsnagdlddaiiadanmuanu HA THiadigngu &

q Q
1 ¥

1 [~1 o d? o £ = £ a =] ¥
ANAINNUTILIIAANINTL Az THL99AY Thrust Force M lEaiiuunnusas)
5) wudlinlunisinawsenw Thrust Force nulugda Modulus (GPa)

qN31/914.25 LaAaNIANANNANA RS LULLE L EUR 9521919 WI9RU Thrust

Force (N) fulugaa 8A (RY) winfiu 79.76%

IHANAN3NAINILIN 4.29 1av4.30 aunsnagilddniladandueu HA 1iin

be

o v

~ a X o o | Y a
NgWﬁ;uﬁJﬂ"lIﬁJ@@@ HINUU %wﬂmm\‘i@u Thrust Force NLLu’JIuNLWNN']ﬂ"IIuWJEI
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Thurst Forcrs (N)

30

25

20 4

15 1

10 1

y = 22.369x - 19.324

R’ = 0.8331

1% uila

2MPa 21.38

5% uile

2 MPa
100% HA

10 MPa

1.6 1.8

Bulk Density (g/cm” 3)

31I74.21 uanana WA NANAUSILIUITUAURSS 9519191390 U(Thrust Forces, N) it

wuluaAIeITanmWINY HA 71R011139991 130-920 rom 8msnnstlausin 0.035-0.14

mm/781 PUIAABNATIY IURIUANENAN 3 HaawmmAs

Thurst Forcrs (N)

30

25

20 A

15 1

10

100% HA y =-0.3877x + 28.198

10 MPa R’ = 0.9834

1% uila

2MPa

5% uile

11.99

15

20 25 30 35 40 45

%Porosity (%)

o

7U714.22 uamnena A NANRUEELEUR9Y 921979U99W(Thrust Forces) AL

a

iwafiduiaunguaasian HA 1HaRgngL NAME93a1 130-920 rpm dRsnnstlawusin

0.035-0.14 mm/281 ABNAINUIUIAEURIUALENAN 3 HaRLNAT
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Thurst Forcrs (N)

30

y = 0.1034x + 8.7143

R® = 0.9388
25 1% utle
2MPa

20

5% uila

2 MPa
15 A 100% HA

10 MPa
10
25 35 45 55 65 75 85 95 105 115

Hardness (HV)

21.38

gﬂﬁ4.23 WAAINTINANNANAUELTUAUATY 921919439 (Thrust Forces) ALAYINUTI78

Jan HA 1tiadigngu #A03159901 130-920 rpm 8msan3ilau 0.035-0.14 mm/say Aan

adIuIAE U TUAUINANG 3 HaARs

y = 0.8571x + 8.2047

30
R’ = 0.9461
25 -
1% wils

z 2MPa 21.38
o 20 A 5% uile
S
S 2MPa
- 16.7
3 154 100% HA
a 10 MPa

10

3 5 7 9 11 13 15
Bending Strength (MPa)

91171424 uanInsWANNANAUEIT LAY 951919Us99(Thrust Forces) MiANLdausssin

2193540 HA 1llalgngu NANEasaL 130-920 rpm FR9N19tlausn 0.035-0.14 mm/s1l

AaNAINUILIALEUEUALEINANN 3 HaAIRS
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y = 5.4716x + 8.665
30 1

R’ =0.7976

25

21.38
20 - 5% ufla

2 MPa

15 4 100% HA

Thurst Forcrs (N)

10 MPa

10 1

0.5 1 1S 2 25

Modulus (GPa)

71714.25 uanana A N AN LS @91 1A9I9E1M9 19099 1(Thrust Forces) ALTNAAR 299

[ %

Fan HA alladgngu Aas3asa1 130-920 rpm 8731N19TlauUER 0.035-0.14 mm/s01l

ABNATINUTALEUEIUALEINANG 3 HaAIRS
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4.5.3.2 uulunwa3usein Torque NUAMANLRUDITAATUIIY

HA 1UinNgNgY

lun13WA1sNIANNANRUS AzuLaN1INATUIRBNANNAMANTRIBITAN)

3
o a

HA mﬁmﬁﬁgw;umu ARINMUILUY Bulk Density (g/cm’) wlafifusinanungu %Porosity
(%) AN W9 Hardness (HV) A91u 491994 A Bending Strength (MPa) kazing a4
Modulus (GPa) lunnsfiansnin azsfnaniazlunisians frnnuiasan 130 — 920 rpm 7
an9n19tlausia 0.035 - 0.14 mm/391 TUIAABNATIUIUIALEUHIUAUINATN 3 HARWNAT

im HSS

1) wa iy lunTsiRaAwssdn Torque AUANUUNLULLTAR

D

AN3UN4.26 LanINIINAINANAUSLULITUA WA sednausein Torque

o A

AUANULNLULTAR & (RY) winfl 97.68%

1 v
I [ % a =

\HaNansuIa gl 4.26 arsnanagdiddniedanTuanu HA aHagwul

Q a
1 14

1 1 o & QI ag o % a = £ a K v
ANANNULUWLLTAA TWNNINTUW 2297 1iuseTn Torque Huualtiuiinausae
2) wrltinlunnsinaussiia Torque (N.mm.) futdafidusnanungy

AN3UN4.27 uaAINIINANANAUTLLTSEUAT 72U99u990A Torque
Auefiiudaungu 8 (R) Wiy 84.61%

v
a I

[Hafa19u1AIngn4.27 anunsnagdidaniledanTueu HA alialgwgud

Q Q

AafiiusiAaunguANNINTL Aaxnusain Torque Huua liNanas
3) winliuluniiaussda Torque (N-mm.) AUAMLDN

dl o o g a ¥ ! a
"ﬂ’]ﬂgﬂVI4.28 LAANNTINATNANAUS LU LITUAUAT 72199U391 A Torque

AUANLTIR (R?) WAL 74.96%

|
A o =

[Hafa1su1aIngiing.28 anunsnagdiddiniedanTueu HA alialgwgud

¥
=X 14

1 v 1
AANNLEUANNINTY azinlFusedn Torque RuuaTsAnansae
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4) wnldulunnninawsedn Torque (N.mm.) AUANNLILIAA

dl o o |8 a % U a
@Wﬂgﬂﬂ/}4.29 LAANNTINANANAUS LU UITUAUAT 721I9u391 A Torque

AUAMNLTTRR § (RY) windu 76.30%

A a [ %

[HaNA9u1AINgLN4.29 arunsnagldduiledan

T HA THANZNIUN

Q

=]

1 v 1
ANANNLELTAR ANNINTY azin1Fusedn Torque Nuwrltiuinauiog
5) wwdlinlunisinawsstin Torgque (N.mm.) fiulugda Modulus (GPa)

AN31714.30 wAAINI N A NANAUS LULLTLAUAFY 72u979us98A Torque

Tulugda 8 (R%) winriu 96.33%

\HafansnaIngili 4.30 aannsnagi o iledanTuanu HA aHagwu
N .

1 o QI 49{ o v a = £ QI
ﬂ’ﬁ:&l@]@’& WaNNNaK Az IiLgedea Torque it N IRAqe

y = 12.143x - 7.2903
20 7

R’ =0.9786

1% uile

2 PM
5% Lifla 2
15 T

> Pl 14.89

Torque (N.mm)

104 10.36 100% HA

10 PMa

1.4 1.6 1.8

Bulk Density (g/cm”3)

71174.26 uananaWANNANTUSITUA LRSS szudneusadinTorque(N.mm.) AUA MM

v & o

af 1939380 HA 3HANINgUW NIANI3I98Y 130-920 rpm dmsnnstlausin 0.035-0.14

mm/391 ABNATIUIUIAEUENUALENAY 3 HaRLAT
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y =-0.1801x + 17.607

19 _ R’ = 0.8461
1% uthy
17 '
2 MP
@ 5% uil
_ 154 T
< 0 14.89 5 P
£ -
Z 13
S
s ., L i
g i
= 100% HA 1153 1 10.36
g 10 MPa
- 1
5
15 20 25 30 35 40 45

Y%Porosity (%)

719427 uanana AN AN LS IULIT O AWR 9 seudnuselin Auiefidusiannunguaed

o

Fan HA alladgngu 1A9HI59981 130-920 rpm 8R3INT9TIaUER 0.035-0.14 mm/391l

AANAINULUIALEUENUALEINATN 3 HARLNAT

y = 0.0463x + 8.6903

19 4 R?=0.7496
17 4 1% uile
5% uile 2 MPa
€ 57 owmpa T 0 1489
Z 13 A
(0]
o [ 1153 1
5 11
= 100% HA
9 10 MPa
7 —
5
25 35 45 55 65 75 85 95 105 115

Hardness (HV)

31174 .28 uanangWANANTUSLLUEQAURSS szudneusadin AuaNLdsndan HA
TRANINIU NANNIEITAL 130-920 rpm dRsn1stlansin 0.035-0.14 mm/saL ABNATIY

AU UAUEINANG 3 HaRRs




104

y = 0.3855x + 8.4432

19 R®=0.763 _
0,
47 4 1% utly
5% utle 2 MPa
= 157 2Mpa T M 14.89
Z 13 A
[0}
g 114 [ 1153 1
S 100% HA
94 10.36 10 MPa
7
5
3 5 7 9 11 13 15

Bending Strength (MPa)

7U714.29 uanana AN AN usILILEUAS 551909UeeTn TUANLDNLINAR 193388 HA

TUANFNIY NANITII01 130-920 rpm 8RsIN3TIaUAR 0.035-0.14 mm/3aLl ABNATIL

Q

UL UALEINAN 3 HAR LIRS

y =3.0119x + 7.8425

19 R’ = 0.9633
0,
17 4 1% ik
5% utly  2MPa

= 15 - 14.89
€
Z 13 A
[0}
=)
o —_—
5 114
= 100% HA

o 10.36 10 MPa

7 .

5

05 1 15 2 25

Modulus (GPa)

911714.30 uanang WA NANAIUSLUUEAAUAT 92d1ausaTia Torque(N.mm.) fuligda
909380 HA 9Halgngu fiR0nuiEasan 130-920 rpm §nsnistlensin 0.035-0.14 mm/sau

ABNAINUTUIAEUENUAUINATS 3 HARINAT
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a

4.5.4 uamsilFauinauusalunisianzd@anduanu HA nugd nudanilsenn

aziflunisFaunguusalunisianzaesdaanay

qQ a4

5930TNR Wud1daRzn1FaHWsenu Thrust Force (N) 8ndndae HA Naugiliesdis 1,516

4

Uins nudagizniieann
A

[ %

LmﬂuﬂmV\ILwiq‘lugﬂﬁ 4.41 uazdanudndaniynfadussiin Torque (N.mm.) 81NN31940)
HA 1.7 Wi deuanslunsuviegiil 4.42 Tnaaninaniarlunisiany fironsiiasey 130 -
920 rpm N8m3IN3TlaudnA 0.035 — 0.14 mm/3aL BUIAABNAINUIWIAEURNIBARTNAN 3

NAALNAT T3m HSS

30

N
o

ust Force (N)

~Thr

o

100%HA10MPa 1%uile2MPa 5%uily 2MPa CORAL
Fanulsrzatinlgngu

o

u3tlies Nudan

4
=
gl

q

7U74.31 uaneng vl FeLeuussnu Thrust Force (N) 2833an HA T

UrNNFE9INTR
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Torque (N.mm..

30

AOUUINBUINT )
RN ITNAINENAY

rat \\ ) 129548 HA mmﬂm fudan
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4.6 ﬂ@ﬂwamswmauqmﬂuﬂﬁmm%umu HA uazdun1sNg@INIsadssanunisusslunisiang

AINN1INAFaLAANTA189TAA N17IAKINIUNITIANT KAZN1TIATIZINITNADDE

serdnansslunnaiany fuAuaNTRIedagINeuIaNN I NATAAIEaASA T sz N suselunig

2
Yo a

al
AN m@mimm@magﬂmmu

AIMNNANIINARBIAUANTATBITUINUW HA wazdandznade Tumi919914.1 D945

annsnaghiiunnanifuesianfuandluniieis. g

;197471 4.18 AN NaTUAnaNLTRvasdanul s atinigngy

%Porosity Bulk Density Hardness Bending Modulus
o 3
J8) (%) (g'em’) (HV) (MPa) (GPa)
wde | SD |wae | SD | iedw SD | wdz | SD | @Am | SD

100%HA1 18.68 | 0.52 | 1.83 | 0.03 | 113.42 7.70 14.36 | 6.87 | 2.35 | 0.53

OMPa
1%uila 2787 | 3.28 | 1.52 | 0.03 | 89.80 1240 | 11.34 | 1.67 | 1.07 | 0.41
2MPa
5%l 4249 1959 1148 | 0.04 | 28.20 7.10 400 | 093 | 098 | 0.46
2MPa

Uennfs 83.14 | 420 | 1.62 | 0.18 | 246.30 | 22.40 320 | 0.80 | 1.86 | 1.04
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AINNANIINAAA LI TUNN9A12T U HA wazdanlenn5a lun91994.6 D947

annsnagihiilusalunisiany dauanslunneena. 19

;19197 4.19 Angwaglusslunisianzaesianlazaiiaigngu Nan1nzn1sane ANETeLABNEYIIY

130-920 rpm NERsINT9Elaudn 0.035-0.14 mm/38L TUNAABNEALNUW 3 NAALNAT THA HSS.

Thrust Force Torque

A0 (N) (N.mm.)
1A SD L2l sD
100%HA10MPa 1100 ¢° 21.38 42 14.89 3.66
1%uile 2MPa 1100 c© 16.70 3.02 11.53 3.60
5%utle 2MPa 1100 c¢° 11.99 3.99 10.36 3.18
Ny 25.16 4.49 20.03 6.90

AMNHANTIATITININANLLTENINUNAU(Thrust Force) MUAMANTRIBITUINU HA

Tua1919914.8 194,12 aunsnagiifduannisinalulieanns2 Asuanalumnnsneiis.20

;13199 4.20 Angeaglanntsnaluieanna2 anniadiAsninnsnnnasdayaLInu

Thrust Force (N)

ANGL Fawtls (X) el aunslnwaliiaanng 2 R’
1 | X, = Bulk Density | g/em’ | Y,=-298.326x,"+997.727X,+0.0612X X -824.664 0.813
2 | X, = %Porosity % | Y, =-0524X,+45144X,~0.027X,X,+0.0003X X,+25.216 | 0.896
3 | X, = Hardness HV | Y, =0:0077X.+ 0.061X,X,+ 8.164 0.805
4 | X, = Bending MPa | Y. = 0.0488X.+ 0.613 X,X,+ 846 0.806
5 | X, = Modulus GPa |Y,=-35533X,"+0.0613 X,X,+ 125.175 X,~ 7.9075 0.813
RNIELUR Y, = WS9RU Thrust Force (N)
; = anuFananadnu lutas 130 §9920 rpm
X, = Amgnistlausn lutdas 0.035 190.14 mm/sau
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o

AINNANITTATIZNNIIDANBETEUINMITA(Torque) TUAMANTRIBATUINU HA Tu

191991413 094,17 ansnagihiiluanniswaluieanns2 aauanslunieeing. 21

A1397 4.21 mswaglannisindluideanns2 annisimszinisananesdeyauseiia Torque (N.mm.)

ANGTL Fiautls (X) ol annslnaluisanng 2 R
1 X, = Bulk Density | g/om® | Y, = 0.051 XX, + 13.379 X,X, + 11.052X,~ 9.402 0.817
2 X, = %Porosity % Y, = 0.013X,+115.26X,"+0.052X X~ 0.985X, +25.64 | 0.821
3 | X, = Hardness HV. | Y,=0.00004 XX, +0.32X.X_ + 8.677 0.723
4 | X, = Bending MPa | Y,=0.550X.X, + 0.0047 X,+ 6.439 0.730
5 | X, = Modulus GPa | Y, =4.437 X,X, + 0.0047 X, + 6.319 0.774
PHNEILIAB Y, = usia Torque (N.mm.)

ANMImanad11 lutag 130 14920 rpm

X
1

X, = #r9n7stausin ludag 0.035 090.14 mm/say
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AMNN193ATEiANdNTUSIEndausalunaians fupuantfvesian HA Tugdy

4.21 194.30 amnsnagthiluannisanduiusidadunss Auanslunniana 22 uaz4.23

P3N 4.22 A9 NATUANNNITUAURTS AINANANRLEIEININ9UIeR Y Thrust Force (N)

[ [

uanaNTATAR HA THANINgY

a Q

AR siankls (X) wag ANNTITUAURT R
1| X, = Bulk Density | glem’ | Y,=22.369 X, 19.324 0.833
2 X, = %Porosity % Y, =-0.3877 X, +28.198 0.983
3 | X, = Hardness HV | Y,=0.1034 X, + 8.7143 0.938
4 X, = Bending MPa = |'Y. = 0.8571 X, + 8.2047 0.946
5 X, = Modulus GPa | Y,= 5.4716X; + 8.665 0.797
NNELUG Y, = w8AU Thrust Force (N)

o

A13197 4.23 A3 NATLANNITUAUATS ANAINANTUEIENINuseTin Torque (N.mm.) LAY

A o

antRdan HA 9lnigngu

AR siaLkls (X) Wi ANNTITUAUNT R
1 | X, = Bulk Density | glem® | Y, =12.143 X, - 7.2903 0.979
2 X, = %Porosity % Y, =-0.8461X, + 17.607 0.846
3 | X, = Hardness HV | Y, 2 00463 X; + 8.6903 0.750
4 X, = Bending MPa Y, =0.3855 X, +8.4432 0.763
5 X, = Modulus GPa  1Y,=8.0119 X, + 7.8425 0.963

PHEILIAB] Y, = u39da Torque (N.mm.)
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5.1 N19RILATITING Hydroxyapatite

ANNN1IMTIAFALINEUR917 HA TRein171ae01U1a959 A8 ndaznuiN 8139
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AINN1INAAaLLIIUNN9ANE Laziiidayanininisnszinisannesing
nnstnsulssuauantRresiagusazdadn ldianimee annanisimsed azle
AUNNTANNAN1ST 4.20 T94.21 wudﬁ@mmuﬁﬁfméﬁmm HA aunsatinliiszanuinig
Wws9m L Thrust Force (N) uazusaiin Torque (N.mm.) Tunisiangls @mmuﬁﬁi@@ﬁmumm
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WU ANLIS ANudsusenn wazTugda Insannimsaminaaninldasiduuuningly
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WNEIR ANT2

lun1s3iAszinisnanes Regression Analysis Le4a1nAILENITRIAN

nsmasduiuslugUuuuinaludles A2 i ldAnangeeniunisldam fafudain
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1 1
= =

new udqasnansanaansaudstidasosiall aanen F (F Value) Ngeign uazazyinnissn

a

'
o o o A o o

fautlsnnuan llided Ay aanannaunns aunssiaumaasaulmssduiadAny (o) win

Y 0.01

dl 4 dI a o d” ¥ o
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AYNHIEATRU 130-920 rpm gRsailen 0.035-0.14 mm/saLl AU AU AN NaNABNadY

3 UAALNAT

]5,

Torque (N.

S

5%utle

2 MPa

1%utle
2 MPa

y=00B(+871Z
R =QFED

100%HA
10 MPa
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ANuLdv

711752 waninsaNdNRusszudNauseiin (Torque) MUANUTITBITAAINIY 7
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)

AYNHIEITRL 130-920 rpm gmsntlen 0.035-0.14 mm/seL TUAEURNUAUENANABNAT Y

3 UaaLpg
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Tunisiane Wedan HA aliadgngu dAnaourtiuduiiafunau azdenaliislunisiany

=l Yy a X
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1 14
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L0 TN NI
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a o
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q u

oA o
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7. andudaanunsndumtsuanuuliinaeausslunisiarzdniudan
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Aa o '

a A a o v
wezatiadigngu lunsiindansreaiiniuls

8. zn133iusanu Thrust Force Tunisianzunfgan winiu 25.16 14.49
N Anilu 1.18W12933a8 100%HA10MPa 1100 ¢ 1.5 Winaeeian 1%utl 2MPa 1100 ¢

waz 2.10 Winaeedan5%uila 2MPa 1100 ¢°
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9. drn5afiusada Torque Tun1g@1zNINNdAwintL 20.03 £6.9 N.mm An
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WAz 1.93 Winae93an5%utl 2MPa 1100 c®

6.2 URLAUBLUL

o dl o é’ wva o
ummnwmmﬂugﬂm HA NARAUADANLR Taugelun19lA1L WaznIg

o o

Amziannduiussendneusdluninane nugniantiResianlszatiniizngu udanieg

q q

1
o <

a 1 = 13 % 13 aa o ] d’j
FRELUNUINAITAZNNITNENUINNANUING HA NRINgusaAe L

a 9

= { d‘ 12 o Y ada Taaa
1. 3NN IANTINLITINS HA V]i@@?ﬂﬂ”l?@\‘lLﬂﬁ‘?%ﬁ@fJﬂﬂﬁ‘?N'}ﬁﬂgﬂ?H’Wl’]\‘I

AR A eI AT 245,37 13,17 Wm Hginseliuiuuen duiudinawmuinig

AuNN3dAAzIiNg HA Tilaunadnas waziginasinas azinlianunsnaugilian HA 7

= |d§f [<1 d’g v =R a PR3 = 1
Hgnguawialunau uazudeugvauld aelugpaiunssuainisonanlsng 50 ptm dgudng

A

naw 31AnRaneTuNIeNI9AN gl 4500 $aniy sailaniy

49

1%

2. 3neaniiuluenndeid aaxnsn ldiduuwimislunimeaeunuaniis
va a [ % dld a dl ¥ 1o | ¥ | o =
NNNENIN wazAuaNtRENNATeidnNgNTuaHnaw i Tianduseadudag HA e
1 = ' i// | o a o 1 a 1 % -i/ dl o a
atnnei1du araaziiiudantssinniasing 1y 83neasne nzided AreeuaumNn

AR

3. fayaluaideianunsnin i lunnsdiudse dsehugdan HA vivedan

Y @ [ %

e A Ao ~ ~
V]’]\?ﬂq?LLWVIEmuﬂ@uﬂ V]NEWEHLW@EL%L HQZQ@VIQLW]HVH (ANLN)



5181N152719D9

e lng

nunasansialoy uarimaesqgls tawzdh. Hardness, Toughness and Characteristics of

Hydroxyapatite. 135y ey 13N Us A1ATTaRAIERT AMLANENAERT A adnsnlunnInangy,

2538.
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Scientific and Technological

Research Equipment Centre
Building 2-3 Chula Soi 62 Phaya-Thai Rd. Phatumwan Bangkok 1033C Tel. 2188029-32, 2188101

Chulalongkorn University
Fax. 2540211

Resuit: Analysis Report

Sample ID: ExP1

R |

Run Number: 4

Sample Details
Measurement Date: Wed, Sep 19, 2001 10:17AM

Sampie File: KOLASART Record Number: 4 Analysis Date: Wed, Sep 19, 2001 10:17AM
Sample Path: A:\ Result Source: Analysed
Sample Notes: Test by Pranee : Scientific and Technological Research
Equipment Center Chulalongkom University
Liquid medium : water
Systen Detans
Range Lens: 300RF mm Beam Length: 2.40 mm Sampler: MS17 Obscuration: 23.3 %
Presentation: 3OHD {Particle R.I. = { 1.5295, 0.1000). Dispersant R.l. = 1.3300}
Analysis Model: Polydisperse Residual: 0.342 %
Modifications: Active — Killed Data Channels: Low ©; High 2
Kifled Result Channels: < 0.05um; > 408.45 um.
Resalt Statistics
Distribution Type: Volume Concentration = 0.0213 %Vol Density = 1.000 g/ cub. cm Specific S.A.= 1.7887sq.m/g
Mean Diameters: O (v,0.1}= 1.23um O(v,05)= 8.67um D{v,0.9)= 61.90um
D{4,3]= 22.84um D{3,2]= 3.35um Span = 6.277E+00 Uniformity = 1.885E+00
Size_Law {um) m% Size_High (um) Under% Sizé_Tow {um) Tt % Size_High (um) Under%
0.05 0.00 0.0 0G0 6.53 6.5 772 4215
0.06 0.00 0.07 0.00 7.72 554 9.00 47.69
0.07 0.00 0.08 0.00 8.00 472 10.48 52.40
0.08 0.00 0.08 0.00 10.48 4.02 12.21 56.43
0.09 0.00 011 0.00 12.21 3.48 14.22 59.90
0.11 0.00 0.13 0.00 14.22 3.11 16.57 63.01
0.13 0.00 0.15 0.00 16.57 2.90 19.31 65.91
0.15 0.00 0.17 0.00 19.31 2.83 22,49 68.73
017 0.01 Q.20 0.01 22.49 2.88 26.20 71.61
0.20 0.06 0.23 0.07 26.20 3.03 30.53 74.64
0.23 0.28 0.27 0.35 30.53 3.21 35.56 77.85
0.27 0.70 0.31 1.05 35.56 335 41.43 81.20
0.31 0.85 0.36 1.90 41.43 3.43 48.27 84.63
0.36 0.73 0.42 262 48.27 3.40 56.23 88.03
042 0.79 0.49 3.41 56.23 3.06 6551 9108
0.49 0.99 0.58 441 65.51 2.60 76.32 93.68
0.58 0.95 0.67 5.35 76.32 213 88.91 95.81
0.67 1.09 Q.78 6.44 88.91 .67 103.58 97.48
0.78 1.07 0.91 751 103.58 1.22 12067 98.71
0.91 1.20 1.06 B.71 12067 Q.77 140.58 99.48
1.06 1.34 1.24 10.05 140.58 0.34 163.77 99.82
1.24 1.36 1.44 11.41 163.77 Q.00 190.80 99.82
1.44 1.14 1.68 12.55 180.80 0.00 222.28 98.82
1.68 0.9¢ wes 13.45 222.28 0.00 258.95 99.82
1.95 0.83 2.28 14.28 258.95 0.00 301.68 99.82
2.28 0.89 2.65 15.16 301.68 0.04 351.46 99.86
265 1.17 3.08 16.33 351.46 0.14 409.45 100.00
3.09 1.69 3.60 18.02 409.45 0.00 477,01 100.00
3.60 2.60 4.19 20.62 477.01 0.00 55571 100.00
4.19 3.89 4.88 24.51 555.71 0.00 647.41 100.00
4.88 5.31 5.68 28.82 647.41 0.00 754.23 100.00
5.69 6.18 6.63 36.00 754.23 Q.00 878.67 100.00
10 Volume % 100
90
80
70
’ 60
' 50
) 40
- 30
N
! . 20
N , 10
s ~
%‘01 0.1 - 1 ©110.0 '100.0 1000.0

Maivern instruments Ltd.
Malvern, UK
Tel:0684 892456 Fax:0684 892789

Mastersizer S long bed Ver. 2.11

Particle Diameter {(um.)

p.
Serial Number: 32734-89 19 Sep 01 10
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Scientific and Technological Research Equipment Centre Chulalongkorn  University )
Building 2-3 Chula Soi 62 Phaya-Thai Rd. Phatumwan Bangkok 10330 Tel. 2188029-32, 2188101 Fax. 2540211

Result: Analysis Report

Sample Dedils
Sample 1D: Sample 1 Run Number: 15 Measurement Date: Thu, Aug 9, 2001 9:57AM
Sample File: KOLSART Record Number: 28 Analysis Date: Thu, Aug 9, 2001 9:57AM
Sampie Path: A\ Result Source: Analysed
Sampie Notes: Test by Pranee : Scientific and Tecnological Research
Equipment Center Chulalongkom University
Liquid medium : water
“System Details
Range Lens: 1000 mm Beam Length: 2.40 mm Sampler: MS1 Qbscuration: 21.6 %
Presentation: 30HD {Particle R.i. = { 1.5295, 0.1000); Dispersant R.l. = 1.3300j
Analysis Model; Polydisperse ' Residual: 0.841 %
Modifications: None
Result SElStes
Distribution Type: Volume Concentration = 0.1354 %Vol Density = 1.000 g/ cub. cm Specific S.A.= 0.1429sq. m/g
Mean Diameters: D(v,0.1}= 13.02um D (v, 0.5)= 162.85um D (v.0.9)= 557.82um
014, 3]= 232.03um 0{3.2]= 41.98um Span = 3.345E+00 Uniformity = 1.056E+00
Size_LowW (umy T % Size_High (umj Under% Size_Low{um) n% Size_High (umj Under
C%1] U.76 4E8 078 12067 370 140,58 45,79
488 1.14 5.69 1.80 140.58 3.86 163.77 50.15
5.69 1.43 6.63 3.32 163.77 4.25 180.80 54.40
6.63 1.58 7.72 4.90 190.80 4.55 22228 58.95
772 1.60 8.00 6.50 22228 4.86 25895 63.81
9.00 1.52 10.48 8.02 258.95 5.18 301.68 68.99
10.48 1.41 12.21 9.43 301.68 5.48 351.486 7448
12.219 1.33 14.22 10.76 351.46 5.53 409.45 80.01
14.22 1.30 16.57 12.06 409.45 5.25 477.01 85.26
16.57 1.36 19.31 13.42 477.01 4.64 555.71 89.80
19.31 1.49 2248 14.91 555.71 3.82 647.41 83.72
22.49 1.66 26.20 16.57 647.41 282 754.23 96.64
26.20 1.82 30.53 18.39 754.23 2.02 878.67 98.66
30.53 1.99 35.56 20.38 878.67 1.12 1023.66 99.78
35.56 2,16 4143 22.54 1023.66 0.22 1192.56 100.00
41.43 231 48.27 2485 1182.56 0.00 1389.33 100.00
48.27 247 56.23 N 27.32 1389.33 0.00 1618.57 106.00
56.23 2.64 65.51 29.96 1618.57 0.00 1885.64 100.00
6551 2.82 76.32 32.78 1885.64 0.00 2196.77 100.00
76.32 3.02 88.91 35.80 2196.77 0.00 2559.23 100.00
88.91 3.23 103.58 39.03 2558.23 0.00 2981.51 100.00
103.58 3.46 120.67 42.49 2981.51 0.00 3473.45 100.00
0. . m— . Yolume % ‘ d _ o 100
90
80
70
60
s \
SN 50
40
- 30
e 20
T : : .
/" : 10
1.0 10.0 100.0 . 1000.0 10000.0 100000.0
Particle Diameter (um.)
Malvern Instruments Lid. Mastersizer S long bed Ver. 2.11 p. ¢
Malvem, UK Serial Number: 32734-89 09 Aug 01 10:31

Tel:0684 892456 Fax:0684 892789
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Result: Analysis Report

Sample Delalls
Sample {D: Sampie 1 Run Number: 9 Measurement Date: Thu, Aug 9, 2001 9:54AM
Sample File: KOLSART Record Number: . 22 Analysis Date: Thu, Aug 9, 2001 9:55AM
Sample Path: A Result Source: Analysed
Sample Notes: Test by Pranee : Scientific and Tecnological Research -
Equipment Center Chulalongkom University
Liquid medium : water
System Details
Range Lens: 1000 mm Beam Length: 2.40 mm Sampler: MS1 Qbscuration: 20.5 %
Presentation: 30HD. [Particle R.I. = ( 1.5295, 0.1000}; Dispersant R.i. = 1.3300}
Analysis Model: Polydisperse Residual: 0.414 %
Modifications: None
Kesu! istics
Distribution Type: Volume Concentration = 0.1300 %Vol Density = 1.000 g/ cub, cm Specific S.A. = 0.1407sg.m/g
Mean Diameters: D{v,0.1)= 13.50um D (v, ¢.5)= 160.26 um D{v,0.9)= 607.63 um
D[4, 3] = 244.69um D[3.2])= 4264um Span = 3.707E+00 Uniformity = 1,156E+00
Size_tow {um) n% Sizé_High {um) Under’ Size_Low (um) n% Siz€_High (G Under%
E%E] 072 4388 072 12057 3.59 140.58 4657
4.88 1.09 5.69 1.81 140.58 3.87 163.77 50.56
5.69 1.37 6.63 3.18 163.77 4.04 190.80 54.60
8.63 1.52 772 470 190.80 4,22 222.28 58.81
7.72 1.55 9.00 6.25 22228 4.40 258.95 63.22
9.00 1.48 10.48 7.74 25895 4.61 301.68 67.83
10.48 1.39 12.21 913 301.68 4.84 351.46 72.67
12.24 1.32 14.22 1045 351.46 5.01 409.45 77.68
14.22 1.31 16.57 11.75 409.45 5.01 477.01 82.69
16.57 1.38 19.31 13.13 477.01 4.76 555.71 87.45
19.31 1.52 22.49 14.65 SEERT 4.22 647.41 91.67
22.49 1.69 26.20 16.34 647 .41 3.44 75423 95.12
26.20 1.87 30.53 18.21 754.23 2.54 878.67 97.65
30.53 2.05 35.56 20.26 B878.67 1.63 1023.66 99.28
35.56 2.22 41.43 22.48 1023.66 0.72 1192.56 100.00
41.43 2.39 48.27 24.86 1192.56 0.00 1389.33 100.00
48.27 2.55 56.23 27.42 1389.33 0.00 1618.57 100.00
56.23 273 65.51 30.15 1618.57 0.00 1885.64 100.00
65.51 292 76.32 33.07 1885.64 0.00 2196.77 100.00
76.32 3.11 88.91 36.18 2196.77 0.00 2559.23 100.00
88.91 3.31 103.58 39.49 2558.23 0.00 2981.51 100.00
103.58 3.51 120.67 43.00 2981.51 0.00 3473.45 100.00
10, SO . \ e . Volume % Y ) : . 100
H 90
80
70
80
< 50
2N
e 40
///'
e 30
//
e : 20
e
.// T - 7 N
/ ! 10
3
0l \
1.0 T 100 ) C 100.0 . o 710000 © 7100000 ' 10€000.0
Particle Diameter (um.)
Malvermn Instruments Ltd. Mastersizer S long bed Ver. 2.11 p. 12
Malvemn, UK Serial Number: 32734-89 09 Aug 01 10:33

Tel:0684 892456 Fax:0684 892789
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Resuit: Analysis Report

Sample iD: Sample 1
Sampie File: KOLSART
Sampie Path: A\
Sampie Notes: Test by Pranee : Scientific and Tecnological Research
Equipment Center Chulalongkom University

Sample Detals

Run Number: 8
Record Number: 21

Measurement Date: Thu, Aug 9, 2001 9:54AM
Analysis Date: Thu, Aug 9, 2001 9:54AM
Result Source: Analysed

Liquid medium : water

Range Lens: 1000 mm
Presentation: 30HD

Analysis Modef: Polydisperse
Modifications: None

Beam Length: 2.40 mm

{Particle R.I. = (1.5295, 0.1000);

System Details

Sampler: MS1

Dispersant R.l. = 1.5300]

Obscuration: 20.7 %

Residual: 0.486 %

Result statistics

Distribution Type: Volume Concentration = 0.1354 %Vol Density = 1.000 g/ cub. cm Specific S.A. = 0.1370sq.m/g
Mean Diameters: D(v,01)= 14.14um D {v,0.5)= 159.58um D(v,0.9)= 623.72um
D{4,3}= 259.40 um D3, 2}= 43.78um Span = 3.820E+00 Uniformity = 1.247E+00
Size_Law {um) % Size_High (um) Urider% ] Size_Low {um) Mm% Size_High (G Under%
439 0.67 488 057 12067 3BY 14055 4663
4388 1.01 5.69 1.68 140.58 4.08 163.77 50.70
5.69 1.28 6.63 2.86 163.77 423 190.80 5493
6.63 144 7.72 4.40 190.80 4,36 222.28 69.29
7.72 1.49 9.00 5.88 22228 4.47 258.95 63.76
9.00 1.45 10.48 7.33 258.95 4.58 301.68 68.34
10.48 1.38 12.21 8.72 301.68 468 351.46 73.02
12.21 1.33 14.22 10.05 351.46 4.74 409.45 77.76
14.22 1.34 16.57 11.39 409.45 469 477.01 8245
16.57 1.40 19.3% 12.79 477.01 4.48 555.71 86.91
19.31 1.53 22.49 14.32 555.71 4.01 B647.41 90.93
22.49 1.68 26.20 16.00 847.41 334 754.23 94.27
26.20 1.85 30.53 17.85 75423 249 878.67 96.76
30.53 2,01 35.56 19.86 878.67 1.60 1023.66 98.36
35.56 2.17 41.43 2203 1023.66 0.81 1192.56 99.16
4143 2.33 48.27 2436 1192.56 0.24 1389.33 99.41
48.27 2,50 56.23 26.86 1389.33 0.00 1618.57 99.41
56.23 2.70 65.51 29.56 1618.57 0.00 1885.64 99.41
6551 2.92 76.32 3249 1885.64 0.03 2196.77 99.44
76.32 3.17 88.91 35.65 2196.77 0.17 2559.23 99.61
88.91 3.42 103.58 39.08 2558.23 0.23 2981.51 99.84
103.58 3.67 120.67 42.74 2981.51 0.16 3473.45 100.00
10. . Volume % 100
80
N B0
70
60
50
™~
. N\
- \
£ \ 40
1 4
v 30
//“
o 20
10
1.0 10.0 100.0 1000.0 10000.0 100000.0

Malvern Instruments Ltd.
Malvern, UK
Tel:0684 892456 Fax:0684 892789

Particle Diameter (um.)

Mastersizer S long bed Ver. 2.11

Serial Number; 32734-89

p. 13
09 Aug 01 10:34
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Result: Analysis Report
Sample Detdls
Sample 1D: ExP1 Run Number: 2 Measurement Date: Wed, Sep 19, 2001 10:16AM
Sample File: KOLASART Record Number: 2 Analysis Date: Wed, Sep 19, 2001 10:16AM
Sample Path: A\ Resuit Source: Analysed
Sample Notes: Test by Pranee : Scientific and Technological Research .
Equipment Center Chulalongkom University
Liquid medium : water
System Details -
Range Lens: 300RF mm Beam Length: 2.40 mm Sampler: MS17 Obscuration: 21.9%
Presentation: 30HD {Particie R.{. = ( 1.5285, 0.1000); Dispersant R.l. = 1.3300]
Analysis Model: Polydisperse Residual: 0.416 %
Modifications: Active — Killed Data Channels: Low 0; High 2
Kifled Result Channels: < 0.05 um; > 301.68 um.
Result Stafistics
Distribution Type: Volurne Concentration = 0.0170 %Voi Density = 1.000g/cub. cm SpecificS. A = 1.8991sq.m/g
fdean Diameters: D{(v,0.1}= 1.23um O, 0.5)= 10.897 um O, 09)= 6748um
D{4,3]= 2501um D{3.2}= 3.16um Span = 6.041E+00 Uniformity = 1.830E+00
Size_Low (L) % Size_High (um) Undera Size_Low (um) n% Size_High {umyj Under%
G.05 0.00 0.06 0.00 B8B83 537 7.72 3B.79
0.06 0.00 0.07 0.01 7.72 5.16 9.00 43.95
0.07 0.01 0.08 0.01 9.00 4.74 10.48 48.68
0.08 0.01 0.09 0.02 10.48 4.25 12.21 52.93
0.09 0.02 0.11 0.04 12.21 3.78 14.22 56.71
0.11 0.02 0.13 0.08 14.22 3.40 16.57 60.11
Q.13 0.04 0.15 010 18.57 3.15 19.31 863.25
0.15 0.07 0.17 0.18 19.31 3.02 22.49 £66.27
0.17 0.14 0.20 . 0.32 22.49 3.02 26.20 69.30
0.20 0.27 0.23 0.58 26.20 3.12 30.53 72.42
0.23 0.46 0.27 1.04 30.53 3.27 35.56 75.69
Q.27 0.65 0.31 1.69 35.56 3.47 41.43 79.16
0.31 0.72 0.36 240 41.43 3.55 48.27 82.71
0.36 0.71 0.42 3.12 48.27 3.48 56.23 86.19
042 0.77 0.49 3.88 56.23 3.23 65.51 89.42
0.49 0.88 0.58 4.76 65.51 2.83 76.32 92.25
0.58 0.92 0.67 5.68 76.32 2.36 88.91 94.61
0.67 1.04 0.78 &.71 88.91 1.85 103.58 96.46
0.78 1.07 0.9 7.78 103.58 1.37 120.67 97.83
0.91 1.12 1.06 B8.91 120.67 0.95 140.58 98.78
1.06 1.14 1.24 10.05 140.58 0.60 163.77 99.39
1.24 1.08 1.44 11.13 163.77 0.35 190.80 99.73
1.44 0.94 1.68 12.07 190.80 0.17 222.28 99.91
1.68 0.82 1.95 12,90 222.28 0.08 258.95 99.99
1.95 0.82 2.28 13.72 258.95 0.01 301.68 100.00
2.28 0.96 2.65 14.67 301.68 0.00 351.46 100.00
2.65 1.29 3.09 15.96 351.46 0.00 409.45 100.00
3.09 1.82 3.60 17.78 409.45 0.00 477.01 100.00
3.60 2.59 4.19 20.38 477.01 0.00 555.71 100.00
4.19 3.53 4.88 23.90 555.71 0.00 647.41 100.00
4.88 4.46 5.69 28.36 647.41 0.00 754.23 100.00
5.69 511 6.63 33.47 754.23 0.00 878.67 100.00
10 | I Volume % 100
90
80
70
60
50
) 40
30
20
10
%.01 ’ 01 ' 1.0 . 10.0 100.0 1000.0
Particle Diameter (ym.)
Malvern instruments Ltd. Mastersizer S long bed Ver. 2.11 p.
Malvern, UK Serial Number: 32734-89 19 Sep 01 10:1

Tel:0684 892456 Fax:0684 892789
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Result: Analysis Report

Sample Detais
Sample ID: ExP1 Run Number: 3 Measurement Date: Wed, Sep 19, 2001 10:17AM
Sample File: KOLASART Record Number: 3 Analysis Date: Wed, Sep 19, 2001 10:17AM
Sample Path: A\ : Result Source: Analysed
Sampie Notes: Test by Pranee : Scientific and Technological Research
Equipment Center Chulalongkom University
Liquid medium : water
System Datails -
Range Lens: 300RF mm Beam Length: 2.40 mm Sampler: MS17 Obscuration: 23.0 %
Presentation: 30HD . {Particle R.I. = ( 1.5295, 0.1000);; Dispersant R.l. = 1.3300]
Anailysis Model: Polydisperse Residual: 0.388 %
Modifications: Active — Killed Data Channels: Low 0; High 2
Killed Resuit Channels: < 0.05 um; > 409.45 um.
. Result Statistics
Distribution Type: Volume Concentration = 0.0178 %Vol Density = 1.000 g/ cub. em Specific S.A.= 1.8239sq.m/g
Mean Diameters: D{v.01)= 1.27um D{v.05)= 11.08um D(v,09)= 74.16 um
D[4, 3]= 29.48um D[3,2]= 3.29um Span = 7.030E+00 Uniformity = 2.211E+00
[~ Size_Low (um) n% Size_High (Um) Undérv Sizé_Low {um) "% Size_High {um} Undérs
005 0.00 0.06 G.00 553 533 772 38.75
0.06 0.00 0.07 0.00 7.72 5.10 4.00 43.84
0.07 0.00 0.08 0.01 9.00 461 10.48 48.45
0.08 0.01 0.09 0.01 10.48 4.08 12.21 52.53
0.09 0.01 0.11 0.02 12.21 3.58 14.22 56.11
0.11 0.01 0.13 0.03 14.22 3.19 16.57 59.31
0.13 0.03 0.15 0.06 16.57 2.94 19.31 62.24
Q.15 0.05 0.17 o 19.31 2.82 22.49 65.06
0.17 0.11 0.20 0.22 22.49 2.82 26.20 67.88
0.20 0.23 0.23 0.45 26.20 2.92 30.53 70.80
0.23 0.43 0.27 0.87 30.53 3.08 35.56 73.88
0.27 0.64 0.31 1.51 35.56 3.27 41.43 77.15
0.31 Q.71 Q.36 222 41.43 3.35 48.27 80.50
0.36 0.70 0.42 292 48.27 3.26 56.23 83.75
042 0.75 0.48 367 56.23 3.01 65.51 86.76
0.49 0.87 0.58 4.54 65.51 2.66 76.32 89.42
0.58 0.91 0.67 5.45 76.32 2.28 88.91 91.70
0.67 1.03 0.78 6.48 88.91 192 103.58 93.62
0.78 1.06 0.91 7.54 103.58 1.62 120.67 95.24
0.91 1.12 1.06 866 12087 1.36 140.58 96.59
1.06 1.15 1.24 9.81 140.58 .11 163.77 97.71
1.24 1.10 1.44 10.91 163.77 0.88 190.80 98.58
1.44 0.96 1.68 11.87 190.80 0.63 22228 99.22
.68 0.83 1.95 12.70 22228 0.40 258.95 99.62
195 0.82 2.28 13.52 258.95 0.23 301.68 99.85
228 0.95 2.65 14.48 301.68 0.12 351.46 99.97
265 1.28 3.09 15.75 35146 0.03 409.45 100.00
3.09 1.81 3.60 17.57 409.45 0.00 477.01 100.00
3.60 2.60 418 20.16 477.01 0.00 555.71 100.00
4.19 3.56 4,88 23.72 555.71 0.00 647.41 100.00
488 4.52 5.89 28.24 647.41 0.00 754.23 100.00
5.69 517 6.63 33.41 754.23 0.00 87867 100.00
10 o . N Volume % | . 100
90
80
70
60
50
.\
8 40
/ 30
. 20
~ T~ 10
.01 0.7 1.0 10.0 100.0 1000.0
Particle Diameter (pm.)
Malvern Instruments Ltd. Mastersizer S long bed Ver. 2.11 p.
Malvern, UK Serial Number: 32734-89 19 Sep 01 10:2!

Tel:0684 892456 Fax:0684 892789
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MARNUIN A

Arat1aNan1sItAsIzinIsaanaalagldlilsunsy SPSS.

v
a

1. NANNIAATIZUNIINANBLITNINUINAA(Thrust Force) MUAINUTILRITARAT Y

q

Regression

Variables Entered/Removed 2

Variables Variables
Model Entered Removed Method
1 Stepwise
(Criteria:
Probability
-of-F-to-e
nter <=
HXH #7417 40b0¢
Probability
-of-F-to-r
emove
= ;
.100).

2 Stepwise
(Criteria:
Probability
-of-F-to-e
nter <=
NXF . | .050,
Probability
-of-F-to-r
emove

§- =
.100).

a. Dependent Variable: Y1

Model Summary

Adjusted Std. Error of
Model R R Square R Square the Estimate
1 7702 .593 .576 3.2802
2 .897° .805 789 2.3165

a. Predictors: (Constant), HXH
b. Predictors: (Constant), HXH, NXF
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ANOVAC
Sum of
Model Squares df Mean Square F Sig.
1 Regression 391.228 1 391.228 36.361 .0002
Residual 268.986 25 10.759
Total 660.214 26
2 Regression 531.427 2 265.713 49.517 .000P
Residual 128.788 24 5.366
Total 660.214 26
a. Predictors: (Constant), HXH
b. Predictors: (Constant), HXH, NXF
c. Dependent Variable: Y1
Coefficients?
Standardi
zed
Unstandardized Coefficien
Coefficients ts
Model B Std. Error Beta t Sig.
1 (Constant) 11.133 1.117 9.968 .000
HXH 7.672E-04 .000 770 6.030 .000
2 (Constant) 8.614 .930 9.262 .000
HXH 7.672E-04 .000 770 8.539 .000
NXF 6.128E-02 .012 461 5.111 .000
a. Dependent Variable: Y1
Excluded Variable$
Collinearit
y
Partial Statistics
Model Beta In t Sig. Correlation | Tolerance
1 N 4392 4.633 .000 .687 1.000
F .3062 2.681 .013 .480 1.000
NXN 4232 4.333 .000 .663 1.000
FXF .3072 2.685 .013 .481 1.000
NXF 4612 5.111 .000 722 1.000
H -.6672 -.692 .495 -.140 | 1.793E-02
NXH .3942 2.969 .007 .518 .705
FXH .3428 2.286 .031 423 623
2 N 224 1.831 .080 .357 .494
F .052P 462 .648 .096 .651
NXN .198P 1.627 117 321 .514
FXF .057P .502 .620 .104 .658
H -.667° -.990 .332 -.202 | 1.793E-02
NXH .071bP .496 .625 .103 414
FXH .043P .314 .756 .065 .446

a. Predictors in the Model: (Constant), HXH

b. Predictors in the Model: (Constant), HXH, NXF
c. Dependent Variable: Y1



2. NAN13I3AIZINNINANBETENINNLINTIA(Torque) AUANNMUNILUUTAAT AT

Regression

Variables Entered/Removed

Model

Variables
Entered

Variables
Removed

Method

NXF

FXB

Stepwise
(Criteria:
Probability
-of-F-to-e
nter <=
.050,
Probability
-of-F-to-r
emove
>ra

.100).
Stepwise
(Criteria:
Probability
-of-F-to-e
nter <=
.050,
Probability
-of-F-to-r
emove
==

.100).
Stepwise
(Criteria:
Probability
-of-F-to-e
nter <=
.050,
Probability
-of-F-to-r
emove

>=

.100).

a. Dependent Variable: Y2

Model Summary

Adjusted Std. Error of
Model R R Square R Square the Estimate
1 .6962 .484 .463 2.6471
2 .878P 771 752 1.7999
3 .904° .817 .794 1.6417

a. Predictors: (Constant), NXF
b. Predictors: (Constant), NXF, B

c. Predictors: (Constant), NXF, B, FXB
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ANOVAZ
Sum of
Model Squares df Mean Square F Sig.
1 Regression 164.256 1 164.256 23.441 .0002
Residual 175.179 25 7.007
Total 339.435 26
2 Regression 261.686 2 130.843 40.389 .000P
Residual 77.749 24 3.240
Total 339.435 26
3 Regression 277.447 3 92.482 34.315 .000°
Residual 61.987 23 2.695
Total 339.435 26
a. Predictors: (Constant), NXF
b. Predictors: (Constant), NXF, B
c. Predictors: (Constant), NXF, B, FXB
d. Dependent Variable: Y2
Coefficients?
Standardi
zed
Unstandardized Coefficien
Coefficients ts
Model B Std. Error Beta t
1 (Constant) 9.536 .759 12.558 .000
NXF 6.633E-02 .014 .696 4.842 .000
2 (Constant) -10.016 3.603 -2.780 .010
NXF 6.633E-02 .009 .696 7.121 .000
B 12.144 2.214 .536 5.484 .000
3 (Constant) -9.402 3.296 -2.853 .009
NXF 5.139E-02 .011 .539 4.892 .000
B 11.052 2.070 .488 5.340 .000
FXB 13.379 5.532 271 2.418 .024

a. Dependent Variable: Y2



Excluded Variabled

Collinearit
y
Partial Statistics
Model Beta In t Sig. Correlation | Tolerance
1 N -.1362 -.657 .518 -.133 .494
F 2574 1.475 .153 .288 .651
NXN -.1232 -.605 .551 -.122 .514
FXF .2584 1.492 .149 .291 .658
B .5364 5.484 .000 .746 1.000
BXB .5354 5.465 .000 .745 1.000
NXB .0062 .028 .978 .006 .510
FXB 4012 2.507 .019 .456 .665
2 N -.136° -.976 .339 -.199 .494
F 257 2.302 .031 433 .651
NXN -.123b -.897 .379 -.184 .514
FXF .258b 2.333 .029 437 .658
BXB -7.704P -.804 .430 -.165 | 1.054E-04
NXB -.157° -1.130 270 -.229 487
FXB 2710 2.418 .024 450 .633
3 N .196¢ 1.051 .305 .219 .226
F -.596°¢ -.637 .531 -.135 | 9.304E-03
NXN .179¢ 1.021 .318 .213 .257
FXF -.035¢ -.065 .949 -.014 | 2.952E-02
BXB -7.704° -.883 .387 -.185 | 1.054E-04
NXB .145¢ 770 .449 .162 .228

a. Predictors in the Model: (Constant), NXF

b. Predictors in the Model: (Constant), NXF, B
c. Predictors in the Model: (Constant), NXF, B, FXB

d. Dependent Variable: Y2
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=0 Vickers Hardness of Metallic Materials®

This standard is issued under the fixed designation E 92; the pumber immediately following the designation indicates the year of

original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (¢} 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 which has been adopired by the Department of Defense.

€1 Note—Editorial changes were made throughout in August 1992,

1. Scope

1.1 This test method covers the determination of the Vick-
ers hardness of metallic materials, using applied loads of 1
kef to 120 kef,? the verification of Vickers hardness testing
machines (Part B), and the calibration of standardized hard-
ness test blocks (Part C). Two general classes of standard tests
are recognized:

1.1.1 Verification, Laboratory, or Referee Tests, where a
high degree of accuracy is required.

1.1.2 Routine Tests, where a somewhat lower degree of
accuracy is permissible.

1.2 This standard does not purport to address all of the

safety problems, if any, associated with its wuse. 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 pricr tc use.

2. Referenced Documents

2.1 ASTM Standards:

E 4 Practices for Force Verification of Testing Machines?

E 140 Hardness Conversion Tables for Metals (Rela-
tionship Between Brinell Hardness, Vickers Hardness,
Rockwell Hardness, Rockwell Superficial Hardness, and
Knoop Hardness)®

E 384 Test Method for Microhardness of Materials®

3. Terminology

3.1 Vickers hardness number, HV~-a number related to
the applied load and the surface area of the permanent
impression made by a square-based pyramidal diamond
indenter having included face angles of 136° (see Fig. 1 and
Table 1), computed from the equation:

HV = 2P sin (a/2)/d? = 1.8544P/d?

where:
P = load, kgf,
d = mean diagonal of impression, mm, and

f

! This test method is under the jurisdiction of ASTM Committee E-28 on
Mechanical Testing and is the direct responsibility of Subcommittee E28.06 on
Indentation Hardness Testing.

Current edition approved July 30, 1982, Published December 1982. Originally
published as E 92 - 52 T. Last previous edition E 92 — 72 (1977).

2 A procedure covering Vickers tests using applied loads of 1 gf to 1000 gf (1
kgf) may be found in Test Method E 384, Test Method for Microhardness of
Materials, appearing in the Annual Book of ASTM Standards, Yol 03.01.

3 Annual Book of ASTM Standards, Yol 03.01.
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a = face angle of diamond = 136°.

3.2 Vickers hardness test—an indentation hardness test
using calibrated machines to force a square-based pyramidal
diamond indenter having specified face angles, under a pre-
determined load, into the surface of the material under test
and to measure the diagonals of the resulting impression
after removal of the load. )

3.2.1 Vickers hardness tests are made at test loads of 1 kgf
to 120 kef.

3.2.2 For practical purposes the Vickers hardness number
is constant when a square-based diamond pyramid with a
face angle of 136° is used with applied loads of 5 kgf and
higher. At lower test loads the Vickers hardness may be
load-dependent. In Table 2 are given the Vickers hardness
numbers for a test load of | kgf. For obtaining hardness
numbers when other test loads are used, the Vickers hardness

[P @

a= 136°
i . between
opposite foces

>

2

FIG. 1 Vickers Hardness Test (see Table 1)

TABLE 1 Symbols and Designationis Associated with Fig. 1

Number Symbot Designation
1 B Angle at the vertex of the pyramidal in-
denter (136°)
2 P Test load in kilograms-force
3 d Arithmetic mean of the two diagonals d'*

and g2

st st 2



number obtained from Table 2 is multlphed by the test load
in kilograms-force (Table 3)..

Note 1—The Vickers hardness number is followed by the symbol
HV with a suffix number denoting the load and second suffix number

indicating the duration of loading when the latter differs from 10to 155,

which is the normal loading time.
Example:
440 HV 30 = Vickers hardness of 440 fneasured under a load of 30 kef

hesz,. ...

vy
\
TR

o

e

applied for 10 to 15 s.
440 HY 30/20 = Vickers hardness of 440 measured under a load of 3
kgfapphed for 20 s

33 vertf catton—chcckmg or testmg to assure conform.
ance with the specification *

3.4 calibration—determination of the values of the signif.
icant paramsters by comparison with values indicated by a

reference instrument or by a set of reference standards.

TABLE 2 Vickers Hardness Numbers
{Diamond, 136° Face Angle, Load of 1 kgf)

Diagonal of Vickers Hardness Number for Diagonal Measured to 0.0001 mm
fmpression,

mm 0.000C 0.0001 0.0002 0.0003 0.0004 0.000S 0.0006 0.0007 0.0008 0.0008
0.005 74 170 71290 68 580 66 020 63 590 61 300 59 130 57 080 55120 53270
0.006 51510 49 840 48 240 46720 45270 43 890 42 570 41310 40 100 38950
0.007 37 840 36790 35770 34 800 33 850 32970 32100 31280 30 480 29710
0.008 28 970 28 260 27 580 26 920 26 280 25670 25070 24 500 23 950 23410
0.009 22890 22 390 21910 21 440 20990 20 550 20 120 19710 19 310 18 820
0.010 18 540 18180 17 820 17 480 17 140 16 820 16 500 16 200 15800 15610
0.011 15330 15050 14 780 14 520 14 270 14 020 13780 13 550 13320 13030
0.012 12 880 12670 12 460 12 260 12 0660 11870 11 680 11500 11320 11 140
0.013 10370 10810 10 640 10 480 10330 10170 10030 9 880 9737 9598
0.014 S 461 9327 9196 9 068 8843 8820 8699 8 581 8 466 8353
0.015 8242 8133 8026 7 922 7819 7718 7 620 7523 7 428 7335
0.016 7 244 7 154 7 066 6979 6895 6 811 6729 6 649 6570 6493
0.017 & 416 6 342 6 268 6 196 6125 6 055 5986 5919 5853 5787
0.018 5723 5660 5598 5537 5477 5418 5360 5303 5247 5191
0.019 5137 5083 5030 4978 4927 4877 4 827 4778 4730 4683
0.020 4 636 4530 4 545 4 500 4 456 4413 4 370 4328 4286 4 245
0.021 4205 4165 4126 4087 4 049 4012 3975 3938 3902 3 866
0.022 3831 3797 3763 3728 3696 3 663 3631 3599 3567 3536
0.023 3505 3475 3.445 3416 3387 3358 3329 3 301 3274 3246
0.024 3219 3193 3166 3140 3118 3083 3064 3039 3015 2991
0.025 2967 2943 2920 2 897 2874 2852 2 830 2 808 2786 2764
0.026 2743 2722 2701 2681 2661 2641 2621 2601 2582 2563
0.027 2544 2525 2506 2488 2470 2452 2434 2417 2398 2382
0.028 2365 2348 2332 2315 2299 2283 2267 2251 2236 2220
0.029 2205 2190 2175 2160 2145 2131 2116 2102 2088 2074
0.030 2060 2047 2033 2020 2 007 1993 1980 1968 1955 1942
0.031 1330 1917 1905 1893 1881 1869 1857 1845 1834 1822
0.032 1811 1800 1788 1777 1766 1756 1745 1734 1724 1713
0.033 1703 1693 1682 1672 1662 1652 1643 1633 1623 1614
0.034 1604 1595 1585 1576 1567 1558 1549 1540 15831 1522
0.035 1514 1505 1497 1488 1480 1471 1463 1455 1447 1439
0.036 1431 1423 1415 1407 1400 1392 1384 1377 1369 1362
0.037 1355 1347 1340 1338 1326 1319 1312 1305 1298 1291
0.038 1284 1277 1271 1264 1258 1251 1245 1238 1232 1225
0.039 1219 1218 1207 1201 1195 1189 1183 1177 1171 1165
0.040 1159 1183 1147 1142 1136 1131 1125 1118 1114 1109
0.041 1103 1098 1082 1087 1082 1077 1072 1 066 1061 1056
0.042 1051 1046 1041 1036 1031 1027 1022 1017 1012 1008
0.043 1003 g8 994 988 985 980 975 971 967 962
0.044 958 853 949 945 941 936 932 928 924 820
0.045 816 812 908 904 900 896 892 888 884 880
0.046 876 873 869 865 861 858 854 850 847 843
0.047 839 836 832 829 825 822 818 815 812 808
0.048 805 802 798 795 792 788 785 782 779 775
0.049 T 772 769 766 763 760 757 754 751 748 745
0.050 742 739 736 733 730 727 724 721 719 716
0.051 713 710 707 705 702 699 696 694 691 688
0.052 686 683 681 €78 675 673 670 668 665 663
0.C33 660 658 655 653 650 648 645 643 641 638
0.054 636 634 631 629 627 624 622 620 617 615
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L oidoT e oo TABLE. 2.0 Continued:- 050§,

Diagonal of BpT ¢ w2970 yickers Hardoess Mumberfor Disgonal Measured 4o 0.0001 mm
mm 0.0000 0.0001 00002~ " 0.0003 0.0004 00005 00006 00007 0.0008 0.0009
0.055 613 611~ 809 - .1 606 604 602 T 600 598 596 593
0.056 591 589 587 585 583 581 579 577 576 573
0.057 571 569 567 565 563 561 559 557 555 553
0.058 551 549 547 546 544 542 540 538 536 535
0.058 633 531 529 527 526 524 522 520 518 516.8
0.060 515.1 513.4 5117 510.0 508.3 506.6 505.0 503.3 501.6 500.0
0.061 498.4 4986.7 495.1 483.5 491.9 480.3 488.7 487.1 485.5 484.0
0.062 482.4 480.9 479.3 477.8 476.2 4747 473.2 471.7 470.2 468.7
0.063 4672 465.7 464.3 462.8 461.3 4599 458.4 4570 455.6 454.1
0.064 4527 451.3 449.9 448.5 4471 445.7 444.4 443.0 441.6 440.3
0.065 438.9 437.6 436.2 434.9 433.6 4322 4309 429.6 428.3 427.0
0.066 425.7 424.4 42341 4218 420.6 4193 418.1 416.8 415.6 4143
0.067 4131 4118 . 410.6 409.4 408.2 407.0 4058 4046 403.4 402.2
0.068 401.0 3999 388.7 3975 33966 395.2 384.0 3828 391.8 330.6
0.069 389.5 388.4 387.2 386.1 385.0 3839 382.8 381.7 380.6 379.5
0.070 378.4 377.4 376.3 375.2 374.2 3731 372.0 3710 369.9 368.9
0.071 367.9 366.8 365.8 364.8 363.7 362.7 361.7 360.7 359.7 358.7
0.072 357.7 356.7 355.7 354.7 353.8 352.8 351.8 350.9 349.9 3489
0.073 348.0 347.0 346.1 345.1 344.2 3433 3423 341.4 340.5 339.6
0.074 338.6 337.7 336.8 335.9 335.0 334.1 333.2 332.3 331.4 3305
] 0.075 329.7 328.8 327.9 327.0 326.2 325.3 3245 323.6 322.7 321.9
: 0.076 321.0 320.2 319.4 318.5 317.7 316.9 316.0 315.2 314.4 313.6
0.077 3128 312.0 3111 3103 309.5 3087 307.9 3072 306.4 305.6
E 0.078 304.8 304.0 303.2 302.5 301.7 300.9 300.2 299.4 298.6 2979
1 0.078 2971 2396.4 285.6 294.9 284.1 2934 2927 2918 291.2 230.5
0.080 288.7 289.0 288.3 287.6 286.9 286.2 2854 284.7 284.0 283.3
E 0.081 282.6 281.9 281.2 280.6 2789 279.2 2785 277.8 2771 276.5
‘ 0.082 275.8 2754 274.4 273.8 273.1 272.4 271.8 2711 270.5 269.8
‘g 0.083 268.2 268.5 267.8 267.2 266.6 266.0 265.3 264.7 264.1 263.4
; 0.084 262.8 262.2 261.6 260.9 260.3 259.7 258.1 258.5 257.9 2573
4
: 0.085 256.7 2561 255.5 2549 2543 26837 253.1 2525 2519 2513
5 Q.086 250.7 2501 24386 2430 248.4 2478 2473 2467 2461 2456
i 0.087 245.0 244.4 2439 243.3 242.8 2422 2416 2411 240.6 240.0
0.088 239.5 238.9 238.4 237.8 237.3 236.8 236.2 235.7 235.2 234.6
3 0.089 234.1 233.6 233.1 232.5 232.0 231.5 231.0 2305 230.0 229.4
0.090 228.9 228.4 2278 227.4 226.8 226.4 2259 225.4 2243 224 .4
0.081 223.9 223.4 2229 2228 222.0 221.5 221.0 220.5 220.0 218.6
0.092 2181 218.6 218.1 2177 2171 216.7 2163 215.8 2153 2149
0.093 214.4 2138 2135 213.0 2126 2121 2117 211.2 2108 2103
0.084 209.9 209.4 209.0 208.5 208.1 207.6 207.2 206.8 206.3 205.9
0.085 2055 205.0 2046 204.2 2038 2033 202.9 202.5 2021 2016
0.096 201.2 200.8 200.4 200.0 189.5 189.1 198.7 198.3 197.9 1975
0.057 971 196.7 196.3 195.9 1965 195.1 184.7 194.3 193.9 193.5
0.098 193.1 192.7 192.3 191.9 1915 191.1 180.7 190.4 180.0 183.6
. 0.089 189.2 188.8 188.4 188.1 187.7 187.3 186.9 186.6 186.2 185.5
?
]
:
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- TABLE .3 Decimal Polnt Finder for Use with Table 2
vAnexan1p5eofdetetm¢nabonofhardnessnwnbersfollowsmemble

. DagmalLengm

mm

Vickers Hardness (HV}
1-kgf Load

0.005
0.006
0.007
0008
0.008
0.010
0.020
0.030
0.040
0.050
0.060
0.070
0.080
0.090
0.100
0.200
0.300
0.400
0.500
0.600
0.700
0.800
. 0.900
1.000
1.100
1.200
1.300
1.400
1.500
1.600
1.700
1.800
1.900
2.000

.74 200
51500
37 800
29 000
22 900
18 540
4 640
2060
1158
742
515
378
290
229
185.4
46.4
206
11.6
7.42
5.15
3.78
290
2.29
1.85
1.53
1.29
0.10
0.946
0.824
0.724
0.642
0.572
0.514
0464

Example—Using a 50-kgf test load, the average measured diagonal length =

0.644 mm.
in Table 2 read:

HV = 447 at 0.0644-mm diagenal fength at 1-kgf load.

Using Table 3 determine:

HY = 4.47 at 0.644-mm diagonal length at 1-kgf load.

50 X 4.47 = 224 HV for 50-kg test load.

A. GENERAL DESCRIPTION AND TEST PROCEDURE FOR VICKERS HARDNESS TESTS

4. Apparatus

4.1 Testing Machine—Equipment for Vickers hardness
testing usually consists of a testing machine which supports
the specimen and permits the indenter and the specimen to
be brought into contact gradually and smoothly under a
predetermined load, which is applied for a fixed period of
time. The design of the machine should be such that no
rocking or lateral movement of the indenter or specimen is
permitted while the load is being applied or removed. A
' measuring microscope is usually mounted on the machine in
such a manner that the impression in the specimen may be
readily located in the optical field.

4.2 Indenter:

4.2.1 The indenter shall be a highly polished, pointed,
square—based pyramidal diamond with face angles of 136° =
30 min.

4.2.2 All four faces of the indenter shall be equally
inclined to the axis of the indenter (within %30 min) and

meet at a sharp point, that is, the line of junction between
opposxte faces shall not be more than 0.001 mm in length &
shown in Fig. 2.

4.2.3 The diamond should be examined periodically and
if it is loose in the mounting material, chipped, or cracked, it
should be discarded or reconditioned.

Note 2—The condition of the point of the indenter is of consider-
able importance where the test load is light and the impression is small.
It is recommended that the point be periodically checked by examining
an impression made in a polished steel block. Under 2 magnification of
600X or more, using a vertical illuminator, any chipping or rounding of
the point can be detected and the extent of the defect measured with 2
filar micrometer. It is recommended that a diamond pyramid indenter
should not be used for tests in which the maximum length of such &
defect exceeds 5% of the length of the impression diagonal. :

4.3 Measuring Microscope—The divisions of the mij
crometer scale of the measuring microscope or other meg-
suring device shall be so constructed that the length of the;
diagonals of an impression in a properly surface—ﬁmshed

k:
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0.001 mm max. TABLE 4 Correction Factors for Use in Vickers Hardness Tests
Made on Spherical Surfaces
Convex Surface Concave Surface
dfo* Correction Factor djp4 Correction Factor
0.004 0.995 0.004 - 1.005
0.009 0.890 0.008 1.010
0.013 0.885 0.012 1.015
0.018 0.980 0.016 1.020
0.023 0.975 0.020 1.025
0.028 0.970 0.024 1.030
0.033 0.965 0.028 1.035
0.038 0.960 0.031 1.040
0.043 0.955 0.035 1.045
0.049 0.950 0.038 1.050
0.055 0.945 0.041 1.055
FiG. 2 Junction of Indenter Faces 0.061 0.940 0.045 1.060
- 0.067 0.935 0.048 1.065
specimen (see 5.1.2) ean be measured to within £0.0005 mm 0.073 0.930 0.051 1.070
or £0.5%, whichever is larger. 0.079 0.925 0.054 1.075
0.086 0.920 0.057 1.080
: 0.093 0.915 0.060 1.085
ecimens
5. Test Sp . . 4 0.100 0.910 0.063 1.090
5.1 The Vickers hardness test is adaptable to a wide
variety of test specimens ranging from large bars and rolled 0.107 0.905 0.066 1.095
sections to minute pieces in metallographic mounts. In g'gg g:ggg ggg? Hgg
general the backs of the specimens shall be so finished or the
specimens shall be so clamped that there is no possibility of 0.130 0.890 0.074 1.110
their rocking or shifting under the test load. The specimens g'li? g-ggg g-gg 1;83
shall also conform to the requirements given in the following : ’ ; -
5.1.1,5.1.2, and 5.1.3. 0.156 0.875 0.082 1.125
5.1.1 Thickness—The thickness of the test specimen shajl g-lsg 8'%3 8.82; 1.130
be such that no bulge or marking showing the effect of the - : - 1135
foad appears on the side of the specimen opposite the 0.185 0.860 0.089 1.140
impression. In any event the thickness of the specimen shall 0.195 0.855 0.091 1.145
be at least one and one half times the length of the diagonal. 0.206 R85 0.094 1150
When laminated material is tested. the thickness of the 4D = diameter of cylinder.

individual component being tested shall be used for the d = mean diagonal of impression in miliimeters.

thickness-diagonal length relationship.

U ! Example 1. Convex Sphere:

5.1.2 Finish—The surface of.lhe specimen should be so Diatcter of sohers, D — 10 mm
prepared that the ends of the diagonals are clearly defined Load = 10 kef
and can be read with precision of 0.0005 mm or £0.5% of Mf{a“ dia(g)o;ml of impression, 4 = 0.150 mm
the lengtl} of lhej diagonals, \vf_lichever is. larger. Cz}re shou_ﬂd F ro{n Dﬂbyéssg/ ;:dg,oi?\lls - 824
be taken in specimen preparation to avoid tempering during From Table 4, by interpolation.
grinding, or work-hardening the surface during polishing: 1 ;r%fggglg?sgﬁ?; o T = g!908%_[ v 10

5.1.3 Alignment——The.speCImen should b.e SO prepared or Example 2. Concave Cylinder, One Diagonal Parallel to Axis:
mounted that the surface is normal to the axis of the indenter Bi)ameter of cylinder, D =35 n;(mr

ithi o i ily i ad = 30 kg
within ilA of angle. This can readl.ly' be accompllsped ‘by Mean diagonal of impression, s mm
surface grinding (or otherwise machmmg) the opposite side d/D = 0.415/5 = 0.083
of the specimen to parallelism with the side to be tested. E‘mm "{ag}eséz and 3,1 _va . =2 %20375

. X . . . rom 1iaole 6, correction factor = 1.
5.1.4 Radius of Curvature—Until further investigative Hardness of cylinder = 323 x 1075 = 347 HV 30.

work is accomplished to determine the effect of the radius of
curvature on readings, due caution should be used in inter-
preting or accepting the results of tests made on cylindrical 6. Verification of Apparatus

surfaces. 6.1 The hardness testing machine shall be verified as
NoTE 3—A method recommended by the International Organiza- specified in Part B. . .

ton for Standardization for correcting Vickers hardness readings taken 6.1.1 Two acceptable methods of verifying Vickers hard-

on spherical or cylindrical surfaces is given in Tables 4, 5, and 6. ness testing machines are given in Part B.

NoTE 4—These tables give correction factors to be applied to Vickers
hardness values obtained when tests are made on spherical or cylindrical
surfaces. The correction factors are tabulated in terms of the ratio of the
mean diagonal 4 of the indentation to the diameter D of the sphere or ]
cylinder. Examples of the use of these tables are: 7.1 Magnitude of Test Load—Test loads of 1 kegf to 120

7. Procedure
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TABLE 'S Correction Factors for Use in Vickers Hardness Tests TABLE 6 Cormection Factors for Use in Vickers Hardness Testy

Made on Cyfindrical Surfaces Made on Cylindrical Surfaces 3
{Diagonals at 45° to the axis) {One diagonal parallel to axis) :
Convex Surface Concave Surface Convex Surface Cancave Surface
dp4 Correction Factor dp* Correction Factor dp4 Correction Factor daipA Correction Facty
0.009 0.995 0.008 1.005 0.009 0.995 0.048 1035
0.017 0.990 0.017 1.020 0.019 0.990 0.053 1.040
0.026 0.985 0.025 1.015 0.029 0.985 0.058 1.045
0.041 0.980 0.063 1.050
0.035 0.980 0.034 1.020 0.054 0.975 0.067 1.055
0.044 0.975 0.042 1.025 0.068 0870 0.071 1.060
0.053 0.970 0.050 1.030 0.085 0.965 0.076 1.065
0.104 0.960 - 0079 1.070
0.062 0.965 0.058 1.035 0.126 0955 0.083 1.075
0.071 0.960 0.066 1.040 0.153 0.950 0.087 1.080
0.081 0.955 0.074 1.045 0.189 0.945 0.090 1.085
0.243 0.940 0.083 1.080 j
0.090 0.950 0.082 1.050 0.087 1.095
0.100 0.945 0.089 1.055 Concave Surface 0.100 1.100
: 0.109 0.940 0.097 1.060 0.103 1.105
v, . 0.105 1110
: 0.119 0935 0.104 1.065 K Corection Factar 0.108 1115 g
0.129 0.930 0.112 1.070 0.111 1120
0.139 0.925 0.119 1.075 0.008 1.005 0.113 1.125
0016 - . 1020 0.116 11300 -
0.149 0.920 0.127 1.080 0.023 C1015 0.118 1135 :
0.159 0.815 0.134 1.085 0.030 1.020 0.120 1.140
0.169 0.910 0.141 1.090 0.036 1.025 0.123 1.145
0.042 1.030 0.125 1150
0.179 0.905 s et 4 D = diameter of cylinder. E
0.189 0.900 0.155 1.100 . | of impression i il
0.200 0.895 0.152 1.105 = Mei agonal impression in milkmeters. g
g'}gg 1::2 measurement._be made with the impression centered &
0183 1.120 nearly as possible in the field of the microscope. -:j.
8.2 In the case of anisotropic materials, for examplé
g':gg Hgg materials that have been heavily cold worked, there may bea
0,207 1135 difference between the lengths of the two diagonals of the
impression. In such cases, the test specimen should b¢
0.209 1-‘43 reoriented so that the diagonals of a new impression are
0.216 1.14
e 150 approximately of equal length. )
AD = diameter of sphere. . b
d = mean diagonal of impression in milimeters. 9. Accuracy 4
9.1 The accuracy of the Vickers hardness method is 2
kgf may be used, depending on the requirements of the test. function of the accuracies of the test force, indenter, and

Although tests on homogeneous materials indicate that the  measuring device. The condition of the test and supporf
Vickers hardness number is nearly independent of the test  surfaces and support of the test piece during application of
load, this condition will not be present in cases where there is  the test force also affect accuracy. Under optimum condx‘
a hardness gradient from the specimen surface to the interior  tions of these factors the accuracy that can be expected is tht
of the specimen. The magnitude of the test load should equivalent of 4 % of the Vickers hardness number of th
therefore be stated in the test report (Section 11). standardized reference hardness test blocks (see 18.2). Undet
7.2 Application of Tesi Load—Apply the test load and less than ideal conditions the reduction in accuracy, when
release smoothly without shock or vibration. The time of — required, can be established empirically by employing statis
application of the full test load shall be 10 to 15 s, unless  tical methods.
otherwise specified.

o 7.3 Spacing of Indentations—The center of the impres- * 18, Conversion to Other Hardness Scales or Tensile Streng]
" sion shall not be closer to any edge of the test specimen or to Values
, u}j éﬁ;?e‘;é?fig isstlﬁn é}*}agiz:(;;flmffe?g:l En?ntl;::gsgix:) (3) On\i];:;f 10.1 There is no general method for converting accurat
: 8 : > Vickers hardness numbers to other hardness scales or tensil

jaminated material is tested, a bond surface shall be consid-

5 . . . strength values. Such ¢ ima
ered as an edge for spacing of indentation calculations. g s onversions are, at best, approxi

tions and therefore should be avoided, except for sp&l
cases where a reliable basis for the approximate conversw
8. Measurement of Impression has been obtained by comparison tests.

8.1 B_oth diagonals of the imprcs'sion shall bc_measured NOTE 5—Standard E 140 give approximate conversion values
and their mean value used as a‘ba51s for calculation of the specific materials such as steel, nickel and high-nickel alloys,
Vickers hardness number. It is recommended that the cartridge brass.
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shall mclude the foliowmg information:
t., ll 1. l The Vickers hardness number, -

11.1.2 The test load used (see 3.2.2, Note 1), and

11.1.3 The loading time, if other 1han 10to 15s(see3.2.2,
Note 1),

12, Precision and Bias

12.1 Due to the wide variety of materials tested by this
method and the possible variations in test specimens, the
precision of this method has not been established. The
accepted practice is to utilize the information in 9.1 when
establishing hardness tolerances for specific applications. The
precision of this methed, whether involving a single oper-

~ ator, multiple operators, or multiple laboratories, can be

established by employing statistical methods.

B. VERIFICATION OF VICKERS HARDNESS TESTING MACHINES

13. Scope

13.1 Part B covers two procedures for the verfication of
Vickers hardness testing machines and a procedure that is
recommended for use to confirm that the machine has not
become maladjusted in the intervals between the periodical
routine checks. The two methods of verification are:

13.1.1 Sepamtc verification of load application, mdcmcr
and measuring microscope.

13.1.2 Vertification by standardized test block method

13.2 The first procedure (13.1.1) is mandatory for new
.nd rebuilt machines.

13.3 The second procedure (13.1.2) shall
verifying machines in service.

be used for

14. General Requirements

14.1 Before a Vickers hardness testing machine is verified
the machine shall be examined to ensure that:

14.1.1 The machine is properly set up.

14.1.2 The indenter holder is mounted normally in the
plunger.

14.1.3 The load can be applied and removed without
shock or vibration in such a manner that the readings are not
influenced.

14.2 If the measuning device is integral with the machine,
the machine shall be examined 10 ensure that:

14.2.1 The change from loading to measuring does not
influence the readings.

14.2.2 The method of illumination does not affect the
readings.

14.2.3 The center of the impression is in the center of the

dd of view.

15, Verification

15.1 Separate Verification of Load Application, Indenter,
and Measuring Microscope:

15.1.1 Load Application—The applied load shall be
checked by the use of dead weights and proving levers, or by
an elastic calibration device or springs in the manner
described in Practices E 4. Such dead weights or other
loading devices shall be accurate to 0.2 %. Vickers hardness
testing machines shall be verified at a minimum of three
applied loads including the test load specified. A minimum
of three readings should be taken at each load. A Vickers
hardness testing machine is acceptable for use over a loading
range within which the machine error does not exceed 1 %.

15.1.2 Indenter—The form of the diamond indenter shall
be verified by direct measurement of its shape or by
measurements of its projection on a screen. The angle
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between opposite faces of the pyramid shall be 136° +
min. All four faces shall be equally inclined to the axis of the
pyramid within £30 min. The four faces of indenters used
for laboratory, or routine tests, shall meet at a point no more
than 0.0l mm in length (see Fig. 2). The four faces of
indenters used in calibrating standardized hardness test
blocks, shall meet at a point in which the line of junction
between opposite facesis no more than 0.0005 mm in length
{see Fig. 3). The quadrilateral that would be formed by the
intersection of the four faces with a plane perpendicular to
the axis of the indenter shall have angles of 90° &+ 12 mip.

15.1.3 Measuring Microscope—The measuring micro-
scope or other device for measuring the diagonails of the
impression shall be calibrated against an accurately ruled line
scale (stage micrometer). The errors of the line scale shall not
exceed 0.05 pm (0.00005 mm) or 0.05 % of any interval,
whichever is greater. The measuring microscope shall be
calibrated throughout its range of use and a calibration factor
chosen such that the error shall not exceed £0.5 %. It may be
necessary to divide the complete range of the micrometer
microscope into several subranges, each having its own
factor.

15.2 Verification by Standardized Test Block Method:

15.2.1 A Vickers hardness testing machine used only for
routine testing may be checked by making a seres of
impressions on standardized hardness test blocks {Part C).

15.2.2 A minimum of five Vickers hardness readings shall
be taken on at least three blocks having different levels of
hardness using a test load or loads as specified by the user
with the test load applied for 12 s.

15.2.3 Vickers hardness testing machines shall be consid-
ered verified if the mean diagonal for five hardness impres-

0.0005 mm max.

FIG. 3 Junction of Indenter Faces
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sions meets the requirements of 17.2.

16. Procedure for Periodic Checks 'by the User

16.1 Verification by the standardized test block method
(15.2.2) is too lengthy for daily use. Instead the following is
recommended:

16.1.1 Make at least one routine check each day that the
testing machine is used.

16.1.2 Before making the check, verify that the zero
reading of the measuring apparatus is correctly adjusted.

16.1.3 Make at least five hardness readings on a standard-
ized hardness test block on the scale and at the hardness level
at which the machine is being used. If the values fall within
the range of the standardized hardness test block the ma-
chine may be regarded as satisfactory; if not the machine
should be verified as described in 15.2.2.

17. Repeatability and Error

17.1 Repeatability:

17.1.1 For each standardized block, let d,, d,, --- ds be
the arithmetic means of the two diagonals of the indenta-
tions, arranged in increasing order of magnitude.

17.1.2 The repeatability of the machine under the partic-
ular verification conditions is expressed by the quantity ds —
d;.

17.2 Error:

C. CALIBRATION OF STANDARD HARDNESS TEST BLOCKS FOR VICKERS HARDNESS MACHINES

19. Scope

19.1 Part C covers the calibration of standardized hard-
ness test blocks for the verification of Vickers hardness
testing machines as described in Part B.

20. Manufacture

20.1 Each metal block to be standardized shall be not less
than %4 in. (6 mm) in thickness.

20.2 Each block shall be specially prepared and heat
treated to give the necessary homogeneity and stability of
structure.

20.3 Each block, if of steel, shall be demagnetized by the
manufacturer and maintained demagnetized by the user.

20.4 The lower surface of the test block shall have a fine
ground finish.

20.5 The test (upper) surface shall be polished and free of

scratches which would interfere with measurements of the
diagonals of the impression.

20.5.1 The mean surface roughness height rating shall not
exceed 4 pin. (0.0001 mm) center line average.

20.6 To ensure that no material is subsequently removed
from the test surface of the standardized test block, an
official mark or the thickness at the time of calibration shall
be marked on the test surface to an accuracy of +0.005
in.(£0.1 mm).

21. Standardizing Procedure

21.1 The standardized hardness test blocks shall be cali-
brated on a Vickers hardness testing machine verified in
accordance with the requirements of 13.1.1.
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17.2.1 The error of the machine under the particular v
ification conditions is expressed by the quantity d — d, whe,
d=(d +dy + - d5)/5, and d is the reported me,
diagonal of impressions on the standardized hardness
block.

18. Assessment of Verification

18.1 Repeatability—The rcpeatability of the machine ve; 1
ified is considered satisfactory if it satisfies the conditigyl
given in Table 7. .

18.2 Error—The mean diagonal for five impressig
should not differ from the mean diagonal corresponding ,
the Vickers hardness of the standardized test block by mgd
than 2 % or 0.5 pm (0.0005 mm), whichever is greater,

TABLE 7 Repeatabifity of Machines

Range of . 3
Standardized The Repegtabrﬁty of Examples of Equivalents i1l
the Machine Should ; -
Hardness of Test be Less Than: Hardness Units :
Blocks ©5s Than:
100 to 240, incd 4% of 48 B at 100 HV; 16 at 200 wy'
Over 240 to 600, inc! 3% otd~d 18 at 300 HV; 36 at 600 1y’
Over 600 2% of d48 28 at 700 HV
=(dy +dz + ...+ dg)/5.

3
2 1n all cases the repeatability is the percentage given or 1 um {0.001 n
whichever is the greater.

P

21.2 The mechanism that controls the application of]oa
should either:

21.2.1 Employ a device such as a spring to reduce Lh
velocity of indentation of the indenter during the period (
indentation, or '

21.2.2 Emplov a device to maintain a constant velocmz
indentation of the indenter,

21.3 The full load shall be applied for 12 s.

22. Number of Indentations

22.1 At least five and preferably ten randomly distribut
indentations shall be made on each test block.

23. Measurement of the Diagonals of the Indentation

23.1 The illuminating svstem of the measuring mic
scope shall be adjusted to give uniform intensity over -
field of view and maximum contrast between the indentat
and the undistributed surface of the block.

23.2 The measuring microscope shall be graduated to r-
0.001 mm with estimates made to the nearest +£0.0002 o

23.3 The measuring microscope shall be checked b
stage micrometer, or by other suitable means, to ensure 1
the difference between readings corresponding to any
divisions of the instrument is correct within +0.00035 m:

23.4 Tt 1s recommended that each indentation be n
sured by two observers.

24. Repeatability

24.1 Let d,, d,, +--d, be the mean values of
measured diagonals as determined by one observer, arra
in increasing order of magnitude.
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24.2 The repeatability of the hardness readings on the
plock is defined as (d;o ~ 4,), when ten readings have been
made or 1.32 {(ds — d;) when five readings are taken on the
block.

35, Uniformity of Hardness

25.1 Unless the repeatability of hardness readings as
measured by the mean diagonals of five or ten impressions is

er- within the limits given in Table 8, the block cannot be

ms regarded as sufficiently uniform for standardization pur-
* pOSES.

ons

5 1o 26. Marking

42

3
i

€
5

o,

~ens

GF brvosaiess) 88 - E4F 2 miclisngizad
~ TABLE 8 Repeatability of Hardness Readings
Range of Standardized Hard- -

&
kY

3

- The Repeatabliity of tha Test Block
ness of Test Block Readings Shall ba Less Thar:
10010240, i 177 Y T L 1 3. g ofdRs

, Over24010600ipd, - 1., v 2 %ofgAs
COverg0gn ¢ ¢ o Fhian 2 1.5% of dAs8

Ad=(dy +dy + ...+ d)/n.

"lnaucesesmerepeatabaity mapememagegivmorlpm(oom omy,
whichever Is the greater.

26.1.2 The name or mark of the supplier,

26.1.3 The serial number of the block, and

26.1.4 The thickness of the test block or an official mark
on the top surface (see 19.6).

ore 5. . . - .
26.1 Each_ bk’c“‘ shall be marked with the follomng. - Note 6—All of the markings except the official mark or thickness
26.1.1 Arl_thn?ctlc mean of the hardness values found in should be placed on the side of the block, the markings being upright
the standardization test (see also 3.2.2, Note 1). when the test surface is the upper face.
. - The Amarican Soclety for Testing and Materials takes no position respacting the validity of any patent rights asserted in connaction
3 3 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 responsibllity.
I HY This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
L HY

# not revised, efther reapproved or withdrawn. Your comments are invited either for revision of this standard or for addtional standards
and should be addressed to ASTM Headquarters. Your comments will receive carefu! consideration at a meeting of the rasponsible
technical committee, which you may attend. If you fael that your comments have not received a fair hearing you should make your
mm), ] views known to the ASTM Committes on Standards, 1916 Race St., Philadeiphia, PA 19703.
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Designation: C 373 88 (Reapproved 1994)
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standa"d Test Method for

Water Absorptlon, Bulk Densnty, Apparent Porosity, and S 'H _
Apparent Specuflc Gravity of Flred Whiteware Products '
This s!andard is issued under the fixed designation C 373 the number 1mrnodxa(cly fol!cmng t.he dcsxgnauon mduzles thc year of

original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval, A
superscnpt epsilon {¢) indicates an editorial change since the last revision ar reapproval.

1. Scope

1.1 This test method covers procedures for determmmg
water absorption, bulk density, apparent porosity, and ap-
parent specific gravity of fired unglazed whiteware products.

1.2 This standard does not purpori to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establisiy appro-
priate safety and health practices and determine the appiica-
bility of regulatory liniitations prior to use.

2. Significance and Use

2.1 Measurement of density, porosity, and specific gravity
is a tool for determining the degree of maturation of a
ceramic body, or for determining structural properties that
may be required for a given application.

3. Apparatus and Materials

3.1 Balance, of adequate capacity, suitable to weigh accu-
rately to 0.01 g.

3.2 Oven, capable of maintaining a temperature of [50 £
5°C (302 % 9°F).

3.3 Wire Loop, Halter, or Basket, capable of supporting
specimens under water for making suspended mass measure-
ments.

3.4 Container—A glass beaker or similar container of
such size and shape that the sample, when suspended from
the balance by the wire loop, specified in 3.3, 1s completely
immersed in water with the sample and the wire loop being
completely free of contact with any part of the container.

3.5 Pan, in which the specimens may be boiled.

3.6 Distilled Water.

4. Test Specimens

4.1 At least five representative test specimens shall be
selected. The specimens shall be unglazed and shall have as
much of the surface freshly fractured as'is practical. Sharp
edges or corners shall be removed. The specimens shall
contain no cracks. The individual test specimens shall weigh
at least 50 g.

5. Procedure

5.1 Dry the test specimens to constant mass {I{ote) by

! This test method is under the jurisdiction of ASTM Committee C-21 on
Ceramic Whitewares and Related Products and is the direct responsibility of
Subcommittee C21.03 on Fundamental Properties.

Current edition approved Sept. 30, 1988. Published November 1988, Originalty
published as C 373 ~ 55 T. Last previous edition C 373 - 72 (1982).
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heating in an oven at150°C (302°F), followed by coohng in a’
desiccator. Determine the dry mass, D to the ncar&ct 001g:

Note—The drying of the specimens to constant mass and thef
determination of their masses may be done either before or after the
specimens have been impregnated with water. Usually the dry mass 1s-
determined before impregnation. However, if the specimens are friable!?
or evidence indicates that particles have broken loose during thc,
impregnation, the specimens shall be dred and weighed after the
suspended mass and the saturated mass have been determined, in’
accordance with 5.3 and 5.4 In this case, the second dry mass shal} bc
used in all appropriate calculations.

5.2 Place the specimens in a pan of distilled water and boil'i
for 5 h, taking care that the specimens are covered with water
at all times. Use setter pins or some similar device to separate
the specimens from the bottom and sides of the pan and
from each other. After the 5-h boil, allow the specimens ta
soak for an additional 24 h.

5.3 After impregnation of the test specimens, determine
to the nearest 0.01 g the mass, S, of each specimen while
suspended in water. Perform the weighing by placing the
specimen in a wire loop, halter, or basket that is suspended
from one arm of the balance. Before actually weighing,
counterbalance the scale with the loop, halter, or basket in
place and immerse in water to the same depth as is used
when the specimens are in place. If it is desired to determine
only the percentage of water absorption, omit the suspendec
mass operation.

5.4 After the determination of the suspended mass or afte:
impregnation, if the suspended mass is not determined, blo
each specimen lightly with a moistened, lint-free linen o
cotton cloth to remove all excess water from the surface, anc
determine the saturated mass, M, to the nearest 0.01 §
Perform ~the < blotting ‘operation by rolling the specime:
lightly on the wet cloth, which shall previously have beer
saturated with water and then pressed only enough to rt
move such water as will drip from the cloth. Excessiv
blotting will introduce error by withdrawing water from tk
pores of the specimen. Make the weighing immediately aft¢
blotting, the whole operation being completed as quickly ¢
possible to minimize errors due to evaporation of water fros
the specimen.

6. Calculation

6.1 In the following calculations, the assumption is mac
that { cm?® of water weighs 1 g. This is true within about
parts in 1000 for water at room temperature.

6.1.1 Calculate the exterior volume, ¥, in cubic cen
metres, as follows:

V=Ai~§
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®  §.1.2 Calculate the volumes of open pores Vgp and

impervious portions ¥jp in cubic centimetres as follows:
p=M—-D: _
=D=5 = ”
6.1.3 The apparent por051ty, £, exprmcses, asa percent, the

relationship of the volume of the open pores of the spocxmcr;
to its exterior volume. Calculate the apparent porosity*as

follows:
P = [(M ~ D)/ V] X 100
6.1.4 The water absorption, A, expresses as a percent, the
relationship of the mass of water absorbed to the mass of the
dry specimen. Calculate the water absorption as follows:
A = [(M — D)/D] x 100
6.1.5 Calculate the apparent specific gravity, 7, of that
portion of the test specimen that is impervicus to water, as
follows: ‘
T=D/(D~358)
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.6.1.6 The bulk density, B, in grams per cubxc centisnetre,
ofa specimen is the guotient of its dry mass divided by the
exterior volume, mcludmg porcs Calculatc thc bulk density
as follows - ’

b . s

~ <. ‘B=DV

7. Report

7.1 For.each property, report the average of the values
obtained with at least five specimens, and also the individual
values. Where there are pronounced differences among the
individual values, test another lot of five specimens and, in
addition to individual values, report the average of all ten
determinations. '

8. Precision and Bias

8.1 This test method is accurate to +0.2 % water absorp-
tion in interlaboratory testing when the average value
recorded by all laboratories is assumed to be the true water
absorption. The precision is approximately + 0.1 % water
absorption on measurements made by a single experienced
operator.

The American Society for Testing and Malerials fakes no position respecting the validity of any patent rights asserted 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 to revision at any time by the responsible technical committee and must be reviewed every five 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 to ASTAM Headquarters. Your comments will receive careful consideration at a meeting of the responsible
technical committee, which you may attend. ¥f you feel that your comments have not received & fair hearing you should make your
views known to the ASTM Committee on Standards, 1916 Race St., Philadeiphia, PA 19103.
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