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Densification Behavior of Titanium Alloy Powder Under Hot Pressing
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Abstract

U,

Densification behavior of titanium alloy powder was investigated under hot pressing at various pressures

and temperatures.

Experimental data were obtained for densification of titanium alloy powder under an

instantaneous loading and subsequent creep deformation during hot pressing. The constitutive models of
Fleck et al. and the modified Gurson were employed for thermo -plastic deformation under the instantaneous
loading and that of Abouaf and co-workers for creep deformation of titanium alloy powder during hot
pressing. By implementing these constitutive equations into a finite element program (ABAQUS), finite
element results were compared with experimental data during hot pressing. To investigate the effect of

friction between the powder and die wall, density distributions of powder compacts were measured and

compared with finite element calculations.

F inite element results from the models of Fleck er al. and the

modified Gurson agreed reasonably good with experimental data f or densification and density distribution of
titanium alloy powder under the instantaneous loading during hot pressing. Finite element results from the

model of Abouaf and co-workers, however, somewhat overestimate experimental data for creep deformation

of powder compacts during hot pressing.

< A7) el v AR dFEHAA

. M B 5= g freld Hol Wb 7bE wHo A9

A2 FEUEE oY B FHE AT e

LE FELFH(hot pressing) T WEE e ox B7Ea AA ol Wi A7 nje 2E

e AN e H¥sd FF 2Fglol g dAelvh. 53 ne FPGFH % ¥-FA

AFE A2 5 Je B oFs 7Igolth o A deue 28 A8A T Budd ds

B 12 FEYEHS HHT 3Y HAE S TE i dF2 ofF FRHY o]F RF

e -‘?*%-iiﬂ AERY AEIAE FIT & 27} shEoy FHLE TAHE A Ao T

Aew HIoe HAFE REFLRY FANE F HE RE JAH BN Z A Frp

ol A& 7%“715 R FAl 9} T o o mebr e FEUE 4% FF AZRANE A

of oigh 3 A7 a7 EHL 21‘4 3 E FA R L= S HAS ALY £E

g dEd 22 2T ARE 12 FYU¢F Aol e HEd AoE e LaEM e
/A olgd + 3o HF l‘i—%—oiﬂ F7F 7bE o] 8% A¥ TR FARA S RaNCR

1E FE9E 4¥ fEdeadg AdA

L ERTAURAL gt 7)AF % = Z& By Ui ASe 3 dz=g 5

34, FFFHASY 71 A TGS AdE FARLS swo] Faditt A F7x gut

E-mail : korean@postech.edu sEtol A B Ala Ao & 3 A

TEL : (054)279-2164 FAX : (054)279-5899



3062 oF & oA .

& s A% o8 24 FEAES ] )
2 o] gtou} giiEy FAH RdEe F2 A
2o M9 HRY & UEE Zte B HFA
Hy AL sidsly] fs AMEEHA WPEW
e dxe B oM FHE FELRZ 1
FELEAY HAd 2 2AK] HEAE é%
717} @%D}.

T FHEFAA 78 HAY dEE dA
A FRF F oddstE FE U3 AF
g 7= olm Song B'YH Kim 2 Kim'd
o8 = Ak 2y o)F dAFME 27
it el F7bel wE d-dAA By AsS
Hota] dgkow E9r|Ze o) AYLEAA
g3 AHE AT tﬂt ‘3&8 AI7P° g8
Z 37 "R AA sy F S8l
B ogfge] vk AHA 7}% %JOEA &
S YaME AEE e B3V 24 1dE
Z71 2 FRAAY XYt FAHL Zol mHH ok
f&r:}. Shaik 3} Milliganmﬁ % ﬁéJ W =5

of

% %“E‘el ELEE=H ELE]E E*‘oﬂ 46}1 HH
Atk olF AFeNE T REe 27
AUHLE D~08 ol &% A A&t
o AA £%e 37 4HLEY D=0.6~0.7 ]
A 7hgkEe] Fotel og 2AWE TS AT A
482 wstA AT

B =fdAe 53 4dEE D=061 A EHE
F B9S AME3l 1 F¥YE AdE
Fystdon gy A9 d-FaA Wy
7hetE A9 A Zo| o3 XEs AsS =
Alatgth &3 UxeY FudHCdA xS Ux
E 2= HF REoFY FTR4HAHE AN A
2 FEAS F Fleck S 24 IFEA4F
Gurson-Tvergaard 9] 3}52](131610.8. = 3lale] A}
stgth.  Fleck 5179 Rde we AUUEE
e Bae] Xd3 sido) HASE AdEx
D=0.9 01%"9] S AYEEdAME Gurson-
PEA6INe] F& Fde] A
=gk 4 vk 22y ol
& BT G2dAMe ARE YEhi7
2d HEE& HaME ﬂ’gﬂ
7} %ad—.“ig zEd F5 2EAY &
€ d8= A doh @4, 7}%‘
‘%}"35’}—‘5 2o ZYET XU
Abouaf (P9 FARAE {FILAhHA A&
gto] FARA o3 Fassy A 4
g v EZHE s

sh)
N
fu)

21 7Y YN
kS

£5 g, ® OE3 Zo] Ued

SRR
e,

by = &5+ ()

A7NA, &S & 27t vY WEE Sx9 &

4 AYE SEE e £8, $39 ¥3o

2 2 ¥ o, & O&H 2ol 7+ F Ak
o, =Djey )
A7]1M, Df, £ 43 @AAFeITh
A WEE &5 v GeH Zol Hd F
At
£f :i% (3)

A7IM, © & FH Folw A Fof 2Ze ¥
ot}
g B fAE Ry Addxe #HiE
D& U3 o] vehd £ Qo
D =-Dé?, 4
AN B AdgAe ¥y dqurt 2A

3
o WMPeUAS Brhn s, e Pol & &

Do &, =0,&f (5)
047]"‘1, o, & 29 fF5H 244 5

2.2 Fleck S Gurson-Tvergaard 2| &4 35
el
Fleck 5'2-& 743 73 29 43 HE3
9 £A¥HEE st L= D=09 °|3}9
‘i}o )\"CH‘_;'—.JE-E‘—' 71—L‘ H\?_;}- A—]“&gi-]]_,] *5‘ ILE
AL 438 & v 24 35 2148 v&

3} o] AgraraiTh

®(0,D) = (fp] +[18P +§J “1=0

(D-D,)
——2c
(l—Do)

A7)M,p s} q& A% AFE (=0, /3)F FE
$2(=fs;5,/2)% HehiE P e A5 Al
M) gEgee vehdt.

[e5

©®

m

P, =297D’



T IYLHA Hew &

F¢, Tvergaard*' V% Gurson Vo] A|te Auid
5 D=09 o4 B YA 24¥Y AF
Aol A& b5 24 FF 2ANE $R

&34 2ol At

2
®(@,D) = (g‘l—) +29,(1-D) cosh(— z—ql’lj o
O

~1-{q,(1-D)}* =0

A7 M, q; 3 g 22 Tvergaard' 7o) ol 8] £
" ool AFEA q B q 9 @l 1 FE
Gurson'Vol| 9|3t AtE WP e €}

T2 F3U4E HNE 98 I Udxy B2
Aefoll N oA HEHYP olste] AYsls)
dojtes 27 F7e didllMdE A4 6)g AHES
I AYEE D=09 ool FItellA= A (7)E Al
/o2 HPZHY AlEdE JYdM EY A
HAo 2A4HE AT S ANY F# de &E5gF
g FA3AY. EF 278 71F M Y
B 739 71FoRe d&HU HelFg g
FHom olgfgk HolFfA 4 FE 4
o ¥ U o] Yetd & %

D,-D D-D
q>=( 2 D, + D, =0 (8)
D, -D, D, -D,

d714 @ # @, 42 Fleck 579 &8 27
21 (6)3 Gurson-Tvergaard &} &8 ZH4 (HE U
ety B =8oME D=0.75 ¢ D=09 E A&
AT olei st FBFFEL Y 227 ¥4F
Fotn AR sy TRl 43
A

2.3 Abouaf £2| A2|ZT x|¥Yst =Y

gty o7 W4WAE 8 Z(power-law creep) 7
FE OEE 59 dF A4E 2PN £
B E £59 gAE ogd gl & 4 rh

é:éo(GJ = A" 9)

a

o

A71A, &, 9 o, £ 71F HHE £ (reference
strain rate)2F 7]15-& F(reference stress}el ™, A 9 n
€ Dom A9 HadE FZaAZ ALE e
123

Abouaf F(0e B Adae Ude ¢S
nxe 748 Y o, 8 A5-8Y, Ay 4 A

R E o] gz vhehuy gl 2
o;, = f(D)I] +3c(D)J, (10)

als
e
s
o
_24_:
ek
o
X
ofn

3063

A7NA, Ii=oy, I =%Sijsij s 85 =0y ‘%Gkkﬁv o]
o os, R 5, E T WAFH 2 Kronecker delta
g Jehdth, 4 (10)014 (D)E Aol ot
FA F49 U3 nxE 9 I5E el
o, (D) EAY BT g oFE F59
FETEY 8 E Jehdg. gaA, (D)9} (D)E

o8 A=)l =¥ S 2tzt o 7% 1 o F
g ZA " oy, FHEH o, © FHAY
FrE 2 (Mises stress)o] BE &

Besson ¥ Evans®& %718 2
¥ AAA EdAEERE F3E X HEE &%

o3 o) 73T
éij =DAO':‘;‘ !:%c(D)SU +f(D)I]85j:l (1

b, A (9 (100E &3t ANT WYE
£x g AME +

o

3. A

E =EY 4¥E 9% AMERE olEIA ¥
Aoz Az FYo EEly F EUTN-
6A1-4V, TLK Technik, Germany)24 olol] th3k 24|
& B Ad 2 38y 24 T Yang T
Kim"e} =&eA &8 4 gich

3.1 ElEks 38 2ol = AlH

Hely &8 399 2 ARE Az 9
he] 950 C Al 100 MPa &) 8o A7t 571t
22 4498 s8I0 g3 skt 43¢ ¥
g ApAg AlEe Az $YLS Yang # Kim"9
wio) AN FEHo] glow A S 4F
Adol v AL JAZTS Eild AT
2 VT F 950TY &9 of2 T B0
1 AL 5t o3d® sk 2 AR #EX
FE RAE 8mm, ¥o] 2mmeo| AYEE D>
0.995 o]},

32 2R DR A& AYH

el T (Ti-6AlL4V) A AjHe 12 g2
A& Ad¥e A8 AFAIIMTS  Servohydraulic
Tester)ol) ©}2F EH7I=e 8 HAEA A
E H3dlo] Sygdgon] 12 HYSH AR
#E AT HEL Kim 909 =gdA &
g Atk ¢HEA SiIC $htak AlE Alele] BhE Y
< ZEol7l Hetd HEde ®&YFE 2001
mm)S Aol 4E AYge AT S¥E
% 0.3 MPas & 7}3te WHOR 3glon, of
gl Ariet 279 dEFEEE AE AFIE



3064 F &

Aojsrge.  EH Age 1 BHVIZAA
10C/min & $2&%2 7507, 850C, 950C ¥
1050C 2 7}E9E ¥ FH31 60 MPa ©|8FY] 7}°La
Aol A FaEgtt. APLEe] =EEH AA
o 47 HA7 HEEZ 10 ¥ 5 2EE F
2g 3 A¥F LVDT 2 57

Al

E

o

o o

@ F qEL AEAth
AFEE Ao Y5 B&
2714 Badn 249 3

42 Yang 4 Kimel] 2} &) —’Ff’g

o
RIS

Ao (ki
it
2,
! o

o a8 v rlo e
Y ‘me

ki

rfo

oy

91

ne

Ay

>

il

dﬂrﬁ-ﬂoﬁi

°
S

>,

ok
41N T
K

ol

1=

Ho

H

N

i1

o

R

N

ob, i
N

Z ol
7 ok
< X
ﬂ:
o
2 e > i
_Qim\m
ol

3
o
ol
ok
Ay ;‘C‘:‘

g o

fo 12
=
.
M
f
o
mlo
:L rq.
::4
2L
i
2
ol
o0

5t *}%3}‘”‘4 ’E]

WA &7 8k
. aFE §E 7Hd
100C/min &} SEEERE
o é?ﬁic | meatd Al
4% 2y o"EH7} HJEE 10 ¥ AE 258 A
3 3 w3k YE(single action pressing) HA ol &
& ¢4€L ekt dwE qEFe AF #A
o] ARl B2 % ozt o] d
g4 "ot

ra
alt
2
tio
> 2
2
ke

%
ofN
=2
>
N+
M
o
ok o
o
29
ot
mlm

B
M i
s
mlo
J,,,

> e ot
o
38

331 G-HAM e ot 12 FEHYUS
Ay
AreoAd A 8§ mm & 11.28 mm ¢ T3 &

7t 2g 3} 6g 9 ElEbE §F £TS £g° % %7
272 9% D061 ¢ o] AIFAE TEUT
1 F 750C, 850T, 950C F 1050CoA HI 60
MPa olste] 7k} WslelN 242 %_mfa $94
I 03 MPas = 93 sl {458 Ed A
A2 Az U3 AP Z—loﬂ g8 5
A Ao mEAHe 23 dg AUU=E FId
bt 2xo] wWE AHY XYIHE FABIA
1:}. 01-%5] Hul— )dﬁ-l;‘q]‘— 1‘8:30]],\-] 7;1‘,“ ;?; 0}
Zdol| 93le] AEA Y HYWUEZE

e FEYRE F BY AYA yrd gy
U ¥¥XE f@asdye] Ass was] ¢
Sl A0 Aussl d2 AL clgdd

B =FdAMe=
Yang & Klm(7)°] :r"isl' E]E}'B” ‘{}T—:L e 234
7 & (Rockwell Hardness)t A2 o] 43 #AAE
o] gdtgth, 4 (12)& Yang &} Kim"o] F#3 ¥
By F B2 4349 234 B ¥ A=y
(HRB)# Adidxe BAE Vel

- d 71 H

D =0.005124-HRB +0.44311 12)

7hte E7to] WE AHUYF HdEE X
2 337] 95t AZAo] 1128 mm ¢ AHE 9
olo] A®”ZE olFE vt HudH ANHSE
600T 2| O}EL Bo7)olA 2 AEet ojdd &
% Add de dvksiith. dntd dHe] ot
04 AHx}7ke] 7¥A o] 7}E 1.41 mm, Al E 1.458 mm
¢l % 80 MY AAE WEAR Had A|HAA
A7 g QAZA wdsle M2 4 ), A=
10 Mg & 40 A AEE ARG ®=3 AH
o 2gE HEE RASH7] Hste AEe ¥,
Z7 2 oY FEe F3 duFos HAIHU

332 3|z XUt olst 12 SHAE
Ay

750C, 850°C 2 950CelA 71+ o] 30 MPa &
60 MPa ol &% Fo Hx 2 AI7A AAdEE
S st} Gurdk ¢hEol 9% Elegw £y Ag
T (A3} E ZAREIEGS. 259 ¢ fAA
7+e gstAEA zH A#He A AzEE A
2 93y B AFAE Azxsigc. 71dE
SAF APy AUds 2¥x= speg 7
Aol AL v R HEgoZ FE AHY
o AgdE 23 EZ ARG AA dde
st AR A 0] JHE 141 mm, *ﬂi 1.685
mm ¢ & 64 /]9 ARE UEUD Hdd F &
oA ZAA7 A2 dZdEA vdstd 7}; 4 74,
Az g MY & 32709 AEE AU A7)
A 2% AgAUse ¢, 7 2 oldRES
73 dAnFes FANY Hlmi}%itk

Fl

4. En A IHE

=R EleE I (Ti-6Al-4V) e
FEAHA ALF AFE ZAEI fla}‘#
e RS fI8 LMoY AHHoZ 1Y
3 Z 7igEe kel wE E-dan |
ol «lﬂ ANHe xd3}t Aol Fleck TV
Gurson-Tvergaard >8] FAZ AL {3tQ 43
A =Z2aW  ABAQUSYY  AMEx MEFH
UMAT o #H&s5on 7148 §xo m& A
=z "3 M= Abouaf T'¥o] AU HE
Wi Fex FARAS MHEPHE CREEP o A&
3Tt

f4
d o rht

41 2R 12 o=

Azt 571t 242 AzxE Hey @8 2A
AlHML 750°C, 850°C, 950TC E 1050CoA LA &
23 £% 03 MPass 2 7H8t 4% £3F &4



1 FELHA Heby ¥ 22 x93 A% 3065
HYE BAES T3t} Fig. 1 <+ o 7} LE oA . 1-D 0.87
T 4E -4 WEEe ¥AE dehyy ' °<D>=‘+0~6[D_D] (15)

ARAE &9 Ludwik o Aoz veld
F ek F

76.5+121.3(g2)%" MPa at 750°C

20.7 +87.65(gF )***° MPa at 850°C a3
[o JN
"1 9.18+23.0487 )3 MPa at 950°C

2.2+14.06(%)%1% MPa at 1050°C

EEly 3 Buo gz xds e 9
3 4% A9 wHa 9wy 32T 25 g 7
Dom 45 A £ Yang 3} Kim™e] 73 A2 A}
£33k

42 12 FHAYZE

Helg 8 29 71ty Frld mE ne
FEYE A5 E ANE]) AR A4 IE
274 MAA do9 AFied g 7 q: © Becker
Tl T 249 1.25 % 095 S ZH7H ALk
o B fI8LNA T7HE 7 2Ro4
9 HeE &8 2AY 58S 4 13)9 A
HE AHE3R O™ Abouaf TP mwl ZgA
o UEFSF D)Y c(D)E Yang F Kim o)
T3 4 (148 (155 AHEs 0

1 D 0.78
f(D)=0.29) — 14
N
160 |- Dense Ti-6A1-4V 750°C
oS

ol
o
¥

-
N
(=]
o
o
S
°
9]

Stress, MPa
|

0 005 01 015 02 025 03 035
Plastic Strain

Fig. 1 Uniaxial stress-plastic strain response for
dense titanium alloy at various temperatures

Table 1

Fig. 2 = 2% A¥A9 433 e Y45
Ao AlRE HeaA Az AAZAS v
Aot AlHe X $E Fo] 222 mm, AE 11.28

Upper Punch

1
|
o]
Powder
L~
d >

Die

/

o o o

! 1
_—

Fig.2 Finite element meshes and boundary
conditions for titanium alloy powder during
hot pressing

0.90
F Ti-6Al-4Y
085 - Exp. FEM
750°C o (p=0.3)
080 - i S
BS0°C & e (1=03)
D075 |

0.70

0.65

060 T ; ‘ : ' ;
¢} 10 20 30 40 50 60 70
Pressure, MPa

Fig. 3 Comparisons between experimental data and
finite element calculations by the model of
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Mechanical properties of titanium alloy powder®"

Material properties

Titanium alloy powder (Ti-6A1-4V)

Young’s modulus [GPa]
Shear modulus [GPa])

104.94-0.052079 x T  at

-196TC <T<1050C

42.634-0.020985 x T at -196TC <T<1050C
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after 400 s under constant pressure of 60 MPa
during hot pressing at 950 C
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Fig. 12 Finite element calculations for hydrostatic stress contour plots of titanium alloy powder compacts (a) at
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Fig. 13 Finite element calculations for Mises stress contour plots of titanium alloy powder compacts (a) at 950C (b)
after 0 s and (c) 400 s of pressure holding time at 1050°C during hot pressing under 60 MPa
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Fig. 14 Comparison between experimental data and a
finite element calculation by the model of Fleck
et al. and the modified Gurson for the deformed
shape of a titanium alloy powder compact
during hot pressing under 60 MPa at 950C
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