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Near-Net-Shape Forming of Ceramic Powder under Hot Pressing
and Hot Isostatic Pressing
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Abstract

High temperature densification behaviors of alumina powder compacts were investigated under
hot pressing and hot isostatic pressing. An alumina part of valve-head shape was fabricated under
hot pressing and its forming process was simulated by finite element calculation. An alumina
powder compact encapsulated by a stainless steel container was also densified under hot isostatic
pressing. Inhomogeneous deformations during hot isostatic pressing due to the canning effect
were observed experimentally and predicted by finite element analysis.
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Table 1 Material properties for Alumina‘**'”

Material properties Value
General property
Atom volume, m* 4.25%x107%
Solid density, kg/m* 3980.0
Melting temperature, K 2320
Surface energy, J 0.9

Mechanica! property
Young’s modulus at R. T., GPa 403

Yield stress at R. T., MPa 2100
T-dependence of yield stress 0.35
Power-law creep exponent 3.0
Reference stress, P-L creep, MPa 1250
Activ. energy, P-L creep, kJ/mol 477
Diffusion property
Pre-exp. volume diffusion, m%/s 2.8x107"
Activ. energy, vol. diff., kJ/mol 477
Pre-exp. boundary diffusion, m?/s 8.6x107"
Activ. energy, boundary, kJ/mol 419

Table 2 Thermal properties for Alumina‘'®

Material properties Value
Thermal expansion coefficient, /K 9.3x10°®
Thermal conductivity, J/ m-s-K 6.0
Specific heat, J/kg-K 237.7
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Table 3 Material Properties for 304 stainless

Stee](lﬁ,zﬂ)
Material properties Value
General property
Atomic volume, m* 1.21x107%
Burgers vector, m® 2.58x107"°
Solid density, kg/m? 8000.0
Melting temperature, K 1810
Mechanical property
Young’s modulus at R. T., GPa 124.8
T-dependence of modulus 0.85
Power-law creep exponent 7.5
Dorn constant 1.2X10"
Yield stress at R. T., MPa 254.4
Yield stress at 1089 K, MPa 78.6
Diffusion property
Pre-exp. volume diffusion, m?/s 3.7x10°°
Activ. energy, vol. diff., k]J/mol 280
Pre-exp. boundary diffusion, m?/s 2.0x10°8
Activ. energy, boundary, kJ/mol 167
Thermal property
Thermal expansion coefficient,/K 18.2x10°¢
Thermal conductivity, J/m-s-K 13.8
Specific heat, J/kg-K 1213
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Fig. 4 Relative density contour plots of alumina
powder compact (a) initial shape and after

(b} 0 and (c) 100 min under hot pressing at
1500°C
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Fig. 5 Grain size contour plots of alumina powder
compact after (a) 0 and (b) 100 min under
hot pressing at 1500°C
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Fig. 6 Photograph of (a) graphite lower punch and
(b) alumina valve head shape part after 100
min under hot pressing at 1500C

7 7} el
Agg o+ M
Fig. 6-& Fojo A zbg wiB s ¥ ALe] }4-

2 sk 1500°C e % 10039 7heka ol 4]

SEX]
DESIIPEE MoiFch ol 7], Wy

| o] & ALS-

4:0.914
5: 0.957

Fig. 7 Relative density contour plots of alumina
powder compact after 0 min under hot press-
ing at 1500°C . (a) experimental data and (b)
FEM results

304 Stainless Steel Can

KO} (@) (OR

7.

Fig. 8 Finite element meshes and boundary condi-
tions for hot isostatic pressing



qberdst izt Sohbardel olg Alebe wukel By 49 79

1.0
50 MPa
09 start point G,

08

Relative Density

= Kwon»} K1m“°’01 T3 OEL—%U]\/} xg
Haol Aol viAs HFeaete] dAAE A
gsted Falglon], Fig 7(b)= 4t 38 4
of

HIP without can
07Fs0c /|  ----- HIP with can
| start point O  Experimental Data

) 0.6 1 1 A 1 L
o] ulEAF 4=0.3% 7}A ] wgulE 38 0 50 100 150
2o shabzelme TAYHAL Aol T Al L min
Ab#]oth,  Fig. T(a)oll4] Athalns wiu s ol Fig. 9 Comparison between expe.nmenta.l data f'md
o WAl H Lito N o calculated results for relative density vs. time
2o ) 4 . . -
Ful gde] WAlgh FolA shk vtor] wie 4 relations during hot isostatic pressing at

flar A
[ =
Fo Ereld shd w=4= #EE 5 9ded, 1300C
e aiL

!
o Fohn AT o 4 ek

7

pressing) 3-8l Holl Ah3-xl T"rfzii

Mz7e debiich vl ol@ FulAs xFol SR

SRR PP ST R TR Rt [SIR VIS [ I PRV WA . VR 16 0 P8 1 A

ol sl dstedon], 151709 84 A ZEciA o A%t Fig. 10 Cross sections of alumina powder compacts

A8 g a2 AbLahelch with stainless steel container during hot isos-
tatic pressing at 1300°C ; (a} initial shape

0; 'T:L ‘L}’ _lé_q‘i\— Ké‘sg‘ﬂ ] O 7 %7}0\}—{:73 _?0_233] and after (b) 20 and (C) 100 min
N VAR

|

|

|

[

H

|

|
1: 35.7 MPa ' 1:42.8 MPa
2:41.4 MPa ' 2:48.5 MPa
3:47.1 MPa ' 3:54.2 MPa
4:52.8 MPa ' 4: 60.0 MPa

5: 58.5 MPa '

5 |

|

3 |

(a) (b)

Fig. 11 Hydrostatic pressure contour plots of alumina powder compacts after (a) 0 and (b) 100
min under hot isostatic pressing at 1300°C



e 3}
S

19 4+ 71/

FEe LWL b3k e hA Sl FasQln, D:=061-] 7-olv] A7 e AaxEe 2t
() A7k S7hgtad $d z719 obyoe a2 WL AR e Aok NS AL e
Ao Al x g 6lojch (i) @7k Hohol  FE2 44 Aitoloh Fig. 9ol4] Az A9
27 FAF Ao dd o Aust dy@e go0c  ANEAR: AL Abelf Molx gomz 7kl )
ol 4ol exmolla] AlzEel (iii) obfu|u} w4 E A AdiwEe] v A e Ao s
Ao ddmAge Aeiuine] AAglel AdHst & % F AUk =, Fig 9ol 4 A EL U
23 A4 vlmd A o 238 ok £ 9lr)

Fig. 9& 1300Cel4 50 MPasgl gtidoz <7} Fig. 102 a7} %7jolsAdol 235 ~ualz)
Frhka Al Al zbell whE Aol wiste] gz AEA Ao vl A¥ae 27 gue ¥
(O eh Aabx (44, AA)ES 22 veldic, o A3 1300°C el 4] 50 MPas} qtaie g oz Hogl
714 AAbRES 27 AARe 27 G,=04 um, A7 Al 204 o 1004329 AEl4 j poAElg B

z27] AdE D,=053 5 Ay 279 gdiwe  Feiv Qe widgs Ao ghus woFE

Mises stress Temperature 5
1: 4.28 MPa 1 L71: 1298 °C

2:8.57 MPa 2: 1299 °C

3: 12.8 MPa 3:1299 °C \2

4:17.1 MPa 4: 1300 °C

5:21.4 MPa 1 5: 1300 °C

6: 25.7 MPa N 5

(a) (b)
Fig. 12 Contour plots of alumina powder compacts after 0 min under hot isostatic pressing at
1300°C ; (a) effective stress and (b) temperature

., Initial Shape

: I
r
I
I
|
Density ! Density
1: 0.757 I 1:0.885
2:0.785 I 2:0.928
3:0.814 I 3: 0.971
4: 0.842 I 4: 1.000
l
|
|
i
(a) (b

Fig. 13 Relative density contour plots of alumina powder compact after (a) 0 and (b) 100 min
under under hot isostatic pressing at 1300°C



A R A ST L

G

o}, Fig. 10(a) el =7]

of edzk Hokglad %

el el

T AR S

Wil 2041 1004
B o) of

Sl ¥ Ao FEabel v e, ¥ 4be] wigt
7hoeba s oF & ool

Fig. 11(aj s} (b= 77 1300Cel 4 237 57}
A 0F 2 10045 Aulfos wiy oy
olvb G A el Ak wvel Wde Yy
HojFz Fdfsefde Hitolw, Hge e
z7] 4% ebfch Fig el 4 43 e 24
elob Al Abolell A Eul FToll4) sbab zhe 4ot
of #&3& o + Aeh. Fig 11<a\°1 SIS s
2ElMel ofgko g Muel 4o 1

‘rL*OuLO] Thal Al g Ay A ol iziik-c-,—i’i A 4tko
& ko] Aateldl ek |
=gk Fig. 11 10083 43«7}
Aol el Enliz] A ulshel uhel A& A o

7ol gl gfe] el S Moo

77h 1300Cel 4 47k 5o

e 4 aleh

LE sulgo R nlyE kel 4

WS RESUPLI LEELE HojFE £

gte sl 4ol AHrlolch Fig. 12(a)oll 4] 48 |0
hgeh FAESHL2 Fig ll(a)el4lep 7o gt
Agt Agskel salsiv, b4 & Fa2He 4y
dlop wmajelsl W Alelo] A Ewd Hitoll 4 ks
of, mah, Fig 12(b) 245 1300Co| sute 2%
ohFulvh dga U 2x Fule Ao gles
ok 4 2lvh

- — - Experiment
— FEM result

Fig. 14 Comparison between éxperimental data and
calculated results for deformed shape of
alumina powder compact after 100 min under
under hot isostatic pressing at 1300°C

el g Aeh]

ksl gy 4 81

S

Fig. 13(a) ¢} (b)+= 1300°CH A 4 7F Erborasd

40#»91mT4»AEwgi‘w%ﬂeHmh+@

Al e AlE YRS Moz fihe s

do)] A xtolet, Fig. 1304 A& Aol mjg] it
ol Aeful7b 7pg vtorn] YA 27 At

dlsle] g dbol via wHEH S 8S o 5 vk

Fig. 145 1300°Ceol 4] A7} &vkqhasd 4 1004
F suloe R wldx] olFoll A3 e W
Pl A4S Mol AlFA(HA) S frake sl
q AT o vlszelet, o 7] A, A4l E2 4
HaldE ol # o &5k Q8% o 4 9lrh

5. 2 B

7hqbad ) od 7b Soleka Aol o ole] e

O t:
gl ot

1 Kwon# Kim®'?o] #q}
0}04 AeZ Y

v o]
%vwewhwq ENE AL
o8 ZAbEH
é - A
oF wlan AE o] vhgat

L
)

4
=

No?x'ir;’ﬁ‘
£
v I

!

i
N
BN
! ;-)«

AR T
ok 2

.;[o fo

i

2ralEl o

2
2‘_
o
ol
o
=
A
£ o
o 0%,
2
oX
nl

) z]‘{—

N
o
£2
alo

(o]
22 o
N

S ‘]
o3t
(o]

LI )
i
b

0 d‘:—_‘ ’{” E‘}'[U “tlj"%_gl
o] &3t Fate sy

Aol ol f8ap

w
o
fp L2l
S
i
oF.
of oft
x>
et ™
ol lo
W oox

o

2>

O
ofo
fial

by
il
-l
bk

'
|

o off X
01:1
o,
o
~N
>
g

o
[¢]

4 ok
3
B

gk ekt &
(93-0200-04-01-3)ell 4 2|5l od-pvl2 ezl

oo, ool 7hAbralu|ch

(1) Panda, P. C. and Seydel, E. R., 1986, “Near



82 oAt .

-Net-Shape Forming of Magnesia-Alumina
Spinel/Silicon Carbide
Ceramic Bulletin, Vol. 65, No. 2, pp. 338 ~341.
(2) Akmoulin, I. A, Djahazi, M., Buravova, N. D.
and Jonas, J. J., 1993,
Procedures for Manufacture of Ceramic Yttria

Fiber Composites,”

“Superplastic Forging

Stabilized Tetragonal Zirconia Products,” Mat.
Sci. and Engrg., Vol. 9, pp. 26~ 33.

(3) Chen, I. W and Xue, L. A, 1990, “Development
of Superplastic Structural Ceramics,” J. Am.
Ceram. Soc., Vol. 73, No. 9, pp. 2585~2609.

(4) Schwartz, M. M., 1992, Handbook of Structural
Ceramics, McGraw-Hill Inc.

(5) Reed, J. S., 1988, Introduction to the Principles
of Ceramic Processing, John Wiley & Sons, Inc.,
New York.

(6) Besson, J. and Abouaf, M., 1991, “Behavior of
Cylindrical HIP Containers,” Int. J. Solids and
Struct., Vol. 28, No. 6, pp. 691 ~702.

(7) Xu, J. and McMeeking, R. M., 1992, “An
Analysis of The Can Effect in Isostatic Pressing
of Copper Powder,” Int. J. Mech. Sci., Vol. 34,
No. 2, pp- 167~174.

(8) Li, W. B., Ashby, M. F. and Easterling, K. E,,
1987, “On Densification and Shape Change dur-
ing Hot Isostatic Pressing,” Acta Metallurgica,
Vol. 35, No. 12, pp. 2831~2842.

(9) Aada, Z71ed, 1996, “Alebs] Hake] 1@
st A8 (1) — FARA} g, Rk A
3=%4, #1941, #1035, pp. 2555~2566.

(10) Aeday, 7716l 1996, “Alelnl Fbe] S
Aalgh Ay (2) —=dgE aelLel vpikel o
gk " gk ksl =, A9, Al10%, pp.

2567~2577.

(11) Shepard, L. M,

27

1990, “Automotive Perfor-
mance Accelerates with Ceramics,”
Bulletin, Vol. 69, No. 6, pp. 1012~1021.

(12) Kuhn, L. T. and McMeeking, R. M., 1992,
“Power-Law Creep of Powder Bonded by Iso-

" Int. . Mech. Sci., Vol. 34, No. 7,

Ceramic

lated Contacts,
pp. 563~573.

{13) Sofronis, P. and McMeeking, R. M., 1992,
“Creep of Power-Law Material Containing
Spherical Voids," J. Applied Mech., Vol. 59, pp.
S88 ~s95.

(14) Helle, A. S., Easterling, K. E. and Ashby, M
F., 1985, “Hot-Isostatic Pressing Diagrams :
New Developments,” Acta Metall., Vol. 33, No.
12, pp. 2163~2174.

(15) Coble, R. L., 1970, “Diffusional Models for
Hot Pressing with Surface Energy and Pressure
Effects as Driving Forces,” J. Appl. Phys., Vol.
41, No. 12, pp. 4798~ 4807.

(16) Frost, H.]. and Ashby, M. F., 1982, "Deforma-
tion-Mechanism Maps, The Plasticity and Creep
of Metals and Ceramics,” Pergamon Press., U. S.
A.

(17) Ashby, M. F., 1990, “Background Reading,”
HIP 6.0, Univ. of Cambridge., U. K.

(18) ABAQUS User’s I and II Manual, Hibbit,
Karlsson and Sorensen, 1992.
(19) Dorre, E. and Hubner, H.,
Springer-Verlag, New York.
(20) Lewis, J. R., 1977, “Chapter 19. Physical Prop-
erties of Stainless Steels™; pp. 720-40 in Hand-
book of Stainless Steels. Edited by Peckner, D.
and Bernstein, I. M., McGraw-Hill, New York.

1984, Alumina,



