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Densification of Titanium Diboride by Hot
Isostatic Pressing and Production of
Near-Net-Shape Components

J. Besson, F. Valin, P. Lointier, and M. Boncoeur

Hot isostatic pressing (HIP) was applied to the production of titanium diboride (TiB3) parts. Cylinders
were first produced to select the best starting powder (of two possible choices) and the processing condi-
tions. Transverse strength, hardness, and toughness measurements were carried out on the densified
products. Results were equivalent or better than data published in the literature, showing that HIP is an
efficient method of processing ceramic powders. Constitutive equations representing the rheology of po-
rous materials are presented and applied to the selected titanium diboride powder. Hot pressing and sin-
ter forging tests were carried out to obtain the parameters of the constitutive equations. These equations
were used in a finite-element program to simulate the forming of TiB2 crucibles by HIP. These parts were
actually processed using graphite or titanium inserts to produce a hollow, cylindrical part with a closed
end. Observed and calculated final shapes were compared, showing good agreement. In addition, the fi-
nite-element program allowed the calculation of residual stresses after processing, of eventual remaining

porosity. It then became possible to optimize processing routes, can, and insert geometries.

1. Introduction

It is important for the optimization of processing of complex
components by powder consolidation via hot isostatic pressing
(HIP) or extrusion to be able to model the process using com-
puter simulation techniques. This goal can be achieved by si-
multaneously developing constitutive equations describing the
rheology of powder compacts and by using simulation tools
such as finite-element method (FEM) programs. Hot isostatic
pressing has potential for the fabrication of refractory ceram-
ics, which are difficult to densify using more conventional
processes such as sintering. In addition, lower temperatures
can be used, thus allowing better control of the microstructure
(fine grain size, for instance). Use of proper cans and inserts
also allows the fabrication of complex geometries to near-net
shape, which is especially interesting in the case of hard-to-ma-
chine materials.

In the present work, titanium diboride (TiB;) powders were
used to produce near-net-shape crucibles. The methodology is
to:

e  Produce fully dense bodies by HIP to demonstrate that this
process produces materials of equal or better qualities than
standard processes

e  Study the rheological behavior of the ceramic powder and
determine constitutive equations

e  Use the constitutive model in a finite-element code to ana-
lyze density and stresses and forecast the final shape of the
part

e  Compare the calculation with actual data
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2. Rheology: Theory

Constitutive equations are presented below, which will be
used to analyze the experimental data and to simulate forming
processes such as HIP. At a macroscopic scale, the powder
compact may be considered a continuous media with the rela-
tive density (p) as an internal variable. Several descriptions
have been used to model the mechanical behavior of porous
materials. Raj proposed to separate shear deformation and den-
sification!!) and used this model in the case of alumina!?! and
nickel aluminide powders.[3! When the creep law of the mate-
rial is linear(#] (diffusion, viscous flow, etc.), it becomes possi-
ble to use the viscoelastic analogy; however, as noted by Bordia
and Scherer,’] this analogy cannot be easily used because
physical moduli are not constant. Theoretical models have also
been developed for linear viscoplastic materials,®7] for non-
linear viscous materials,[3] and for perfect plasticity.[%]

A more general, but phenomenological approach will be
used in this study. It has been proposed and applied for the
study of plastic and viscoplastic deformation of metal pow-
ders,[10-16] of ceramic powders,!17-18] and cold compaction of
ceramic powders.[!9] According to these studies, an effective
stress (Geff) can be used, which accounts for the effect of poros-

ity:

02 = 3c(p)], + fip)3 [1]
with
Iy =155 5=5-Lln@)i
2 3
and
1,=Ti(G)=06,, +0,,+0;,

1: second-order unitary tensor
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where ¢ and f are decreasing functions of the relative density
and represent the stress localization generated by the porosity;
5'is the deviator of the stress tensor 6 and represents the shear
applied to the material, and I represents the pressure part of the
stress tensor. Therefore, the effective stress can be separated
into a shear part: 3¢/, and a pressure part: f17. This allows for
the modeling of both densification and shear deformation. The
functions ¢ and fmust have the values ¢ = 1 and f = 0 at full den-
sity (p = 1) so that the effective stress O, is then equal to the
Mises equivalent stress. It is also important to notice that the
use of this kind of model implies that the basic mechanisms re-
sponsible for densification and creep (i.e., shear deformation of
the dense material) are the same; this hypothesis is, however, in
agreement with microscopic densification models proposed in
the literature.[20-211 To further develop the model, a normality
rule between the viscoplastic strain rate tensor (Evp) and the vis-
coplastic potential (Q) is assumed. The strain rate tensor is then
given by:*

I Q o,
3% 90, 06

1 aQ (3 . ~J
=— —cS+f1,1 [2]
Ot 90, (2 :

An effective strain rate €.¢ can be defined, noting that the
viscoplastic power (w) per unit volume is equal to:[3]

w=0: gvp = poeftéeff (3]

According to Shima and Oyane, 13w is not equal to G o€ .¢r, be-
cause “a unit volume of a porous body with a relative density p
consists of a matrix material of volume p.” Using Eq 3, Eq 2 can
be rewritten as (because £, = (1/p)(9Q/00 or)):

~ éeff 3 ~ ~
MG [4]

* The notation ~ denotes the time derivative: x = %, where ¢ repre-
sents the time.
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Fig. 1 Ti-B phase diagram (a). Ti-C phase diagram (b).[22!
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G is given by Eq 1. Because it represents an effective stress
acting in the dense matrix, €,¢ can be calculated using the creep
law of the material: €, = F(G,,T), where T is temperature. It is
interesting to note that this model is equivalent to the models
proposed by Rajlll and Schererl8! when the material creeps
linearly. When the material is nonlinear, there is an interaction
between shear and pressure which implies that, for a given
pressure, an additional shear stress enhances the densification.

Thermoelastic deformation is also taken into account. The
total deformation rate is Ehe sum of an irreversible part E.,,, (Eq
2) and of an elastic part €, , which is given by (linear thermoe-
lasticity):

L 1+vae v Lo~ s~
g, = E G—ETr(o)1+aT1 [5]

where E is the Young’s modulus, v is the Poisson’s ratio, o is the
coefficient of thermal expansion, and T is temperature. Ac-
counting for elastic deformations is necessary to calculate re-
sidual stresses after processing.

3. Experimental

3.1 Powders

Two powders (A and B) were chosen initially. The chemical
analysis as stated by the supplier (Hermann C. Strack, Berlin)
is given in Table 1. Grain size is 1.9 pm for powder A and 4.2
pm for powder B.

Table1l Chemical Analysis of TiB; Powders

Composition, wt%
Powder B 0 C N Fe Ti

A... 30.7 0.58 0.15 0.05 <0.15 bal
B 30.6 0.23 0.24 0.08 <0.10 bal
1700 I' 'd
iqui
1668
N 1650
1.5
1600 [
)
- . .
1600} B Ti + Tic
1400 1 1 1 1 1 1 1
] 2 4 6 8 10 12 14 16
®) at. % C
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3.2 Encapsulation and HIP Densification

Cylindrical containers made of pure titanium were used to
densify the TiB, powders (thickness: 1 mm, diameter: 40 mm,
height: 60 mm). A eutectic exists in the Ti-B phase diagram for
an atomic concentration of B equal to 7%. The melting point is
then 1540 °C (see Fig. 1a). It is therefore necessary to prevent a
reaction between the canning material and the powder by using
graphite foils and graphite spray as a chemical barrier. The Ti-C
phase diagram is plotted in Fig. 1(b); it shows that the eutectic
point is reached at 1650 °C. Hot isostatic pressing cycles were
therefore performed at 1600 °C under a gas pressure (argon) of
200 MPa for 1 or 2 h (National Forge HIP 2000 apparatus). The
heating rate was 20 °C/min. This rapid heating rate was chosen
to quickly reduce the porosity so that full densification is
achieved even if the container becomes leaky due to partial re-
action with the TiB; powder.

Green preforms were produced either by cold isostatic
pressing and subsequent machining, or by directly compacting
the powder in the container. The initial green relative den-
sity was between 0.56 and 0.58. The container was outgassed at
600 °C (secondary vacuum), sealed under vacuum, welded,
and HIPed. Final densities of both powders after HIP process-
ing were measured using helium pycnometry. Under the pre-

Table 2 Young’s Modulus of TiB, as a Function of
Relative Density

Density, p .......... 0.68 0.76 0.86 0.91 0.96 1.00
E,GPa............. 141 227 392 495 563 589

Material A

Fig. 3 Fractography of HIPed materials.
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viously mentioned conditions, relative densities above 99%
were obtained.
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Fig. 2 Rupture strength of materials A and B as a function of
temperature (three-point bending).
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3.3 Mechanical Characteristics of Densified Products

3.3.1 Elastic Properties

Young’s modulus and Poisson’s ratio were measured at

room temperature by a sonic-velocity method as a function of
relative density. Results are shown in Table 2. Values obtained
on the dense material were in good agreement with those pub-
lished in the literature.!23-271 Poisson’s ratio was constant; v =

0.14.

Table3 Hardness and Toughness of Material A

3.3.2 Fracture Strength

Three-point bending tests were carried out in air for tem-
peratures between 20 and 1400 °C using polished (7-pm) rec-
tangular specimens of dimensions 20 by 4 by 2 mm. The
fracture stress Oyis related to the load (P) by:

(6]

.= FL
172 be?

where L is the span (18 mm), b is the width, and e is the thick-
ness of the sample. Results are summarized in Fig. 2 for both

25, - _ _
O - 98 mpPa

Hardness (GPa) at 20 °C.........cccocounviiinrcnrannsnceene 21 <H<23 20 -
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Fig. 5 Hot pressing test: deformation rate €, versus relative
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Fig. 4 Experimental setup of hot pressing and sinter forging op-

erations.
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density. The rapid decrease in the strain rate is due to the end of

pore buckling (p = 0.76).

(b)

Fig. 6 Pore instability model.[32) (a) Initial confi guration. (b) Particle snaps through and collapse ensues.
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powders. For temperatures near 1400 °C, the specimens were
oxidized rapidly. The apparent reinforcement at 600 °C can be
explained by viscoplastic accommodation or microcracking
near the crack tip.[281 This trend was in good agreement with re-
sults obtained by Baumgartner et al. on sintered TiB,.[?3] The
fine grain size of powder A probably explains its superior resis-
tance. Scanning electron microscope (SEM) examination of
the fracture surfaces showed that rupture was mostly inter-
granular (Fig. 3). Note also that after HIP microstructure re-
mained fine and isotropic.

3.3.3 Hardness and Toughness

Hardness was measured using the Vickers indentation tech-
nigue on material A. Measurements were not possible on mate-
rial B due to excessive chipping, which was probably related to
the coarser grains of the material.[26] Precracked bars were then
broken in three-point bending to estimate the fracture tough-
ness (K¢) according to the procedure proposed by Chantikul ez
al [P Ky is given by:

& 3
E LN74
K= o.sss[ﬁj (of P! 3)

where H is the hardness, and P; is the indentation load (4.2 kg);
ois given by Eq 6. Results are given in Table 3. The increase in
K. at 600 °C was in good agreement with the reinforcement ob-
served at 600 °C in three-point bending. Experimental data on
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Fig. 7 Functions f, ¢, (1 + C)f and (1 + C)c. For relative densi-
ties over 0.76 C = 0.
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toughness of TiB, was in good agreement with the current ex-
perimental results.[26-27]

Because material A was stronger and tougher, the rheology
of the powder and forming of parts was undertaken with pow-
der A.

3.4 Rheology: Experimental Procedure

Hot pressing and sinter forging experiments (Fig. 4) were
carried out in a vacuum furnace using graphite dies and pistons
under constant load. Displacement of the pistons was measured
by a linear variable differential transducer (LVDT). Tempera-
ture, load, and displacement were monitored continuously on a
computer to analyze the data. The measured displacement was
corrected for thermal expansion as well as for elastic deforma-
tion of the pistons. During hot pressing tests, the powder was
directly cold pressed in the die before starting the experiment,
and the load was maintained during heating. The die walls and
the pistons were coated with graphite foils before each test to
provide good lubrication. Samples, predensified by hot press-
ing at various relative densities, were used to carry out sinter
forging tests. Radial displacement of the sample was not meas-
ured during sinter forging; it was assumed that the radial strain
€,, was proportional to the axial strain €,;, so that:

St
rr
rr = _[ £ZZ [7]

EZZ

where €/, and €’ are, respectively, the total radial and axial de-
formation measured after the experiment. €, was used to calcu-
late the stress ¢ in the powder during the test (6 =g exp
(-2¢,,), where 0oy is the initial applied stress), but it was not
used to fitthe constitutive equations. In some cases (high stress,
low temperature), cracks and dedensification were observed
during sinter forging. Because damage was not likely to occur
during HIP, tests where damage was present were not consid-
ered when the parameters of the constitutive equations were de-
termined. For stresses below 25 MPa and temperatures above
1600 °C, damage was not observed. In this case, the total axial
strain varied between 5 and 20%, and barreling of the samples

0.5
0.4 de(e
29
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0.1 (1) /
ool @7 ) ‘ .
0.5 0.6 0.7 0.8 0.9 1.0

Relative density

Fig. 8 Poisson’s ratio of the TiB, powder (thick line) and com-
parison with experimental data for metals{11-15)and ceramics
(1) (from Ref 2) and (2) (from Ref 18).

Volume 1(5) October 1992—641



graphite

(a)

SR

TiB, graphite

titanium

(b)

Fig. 9 Finite-element mesh used for the computations. (a) Graphite core method (232 elements, 749 nodes). (b) Titanium core method (411

elements, 1260 nodes).

was negligible. This was mainly due to the fact that the radial
expansion of the sample was very limited. In all cases, the load
was maintained during heating (heating rate 20 °C/min). This
testing schedule was chosen to test the material in conditions as
close to those encountered during HIP processing (see above).

Adjustment of the parameters of the constitutive equations
was performed using an automatic curve-fitting program that
minimizes the total difference A between the theoretical and ex-
perimental axial deformation rates during hot pressing and sin-
ter forging.

_ ~theoretical __ .experimental\2
A= z(ezz €. ) (8]

experimental data

Using the previously described model, the deformation rates
are given by:

642—Volume 1(5) October 1992

. 9fc
=pl 2
{lezz p C+4fczz o
| g,,=pI'(c +/) 0, sinter forging [9]

tw1th = éeff/ceff

hot pressing

4, Rheology: Experimental Results

Experimental data were analyzed using Eq 9 and the auto-
matic adjustment program based on Eq 8. Therefore, the stress
localization functions ¢ and f were fitted together with the pa-
rameters of the creep law. Both hot pressing and sinter forging
tests must be used to determine those two functions. Curve-fit-
ting appears to be necessary to closely represent the experi-
ments and to simulate the HIP process.

Journal of Materials Engineering and Performance



Fig. 10 Density map (%) at the beginning of the HIP dwell
(graphite core).

4.1 Stress Localization Functions f and ¢

It was experimentally observed that densification during hot
pressing (¢ =50 to 100 MPa) begins at relatively low tempera-
tures (1200 to 1300 °C). In addition, densification behavior
drastically changes for relative densities over 0.76. An example
is given in Fig. 5. The same trends have been observed on an
alumina powder tested under the same conditions.[!8] This phe-
nomenon can be interpreted as follows. At low density, large
voids exist in porous ceramic preforms.[3%-311Due to local high
forces between touching particles, these voids can collapse.!32]
This results in very high densification rates. The buckling/rear-
rangement mechanism is shown in Fig. 6. To account for buck-
ling and rearrangement, Eq 2 was modified as follows:

o 1 d9Q 3 . ~
g, =— 5 (1+0O)5cs+,1 [10]
P Oy 004 (2 !

where C is a coefficient depending on the relative density,
which accounts for low density buckling. The physical phe-
nomenon responsible for deformation while the pores are buck-
ling is supposed to be the same as the mechanism responsible
for final densification (high density). This mechanism is likely
to be diffusional creep. The porous structure creeps so that par-
ticles move until the pore becomes unstable and collapses. Lo-
cal stresses acting between particles are responsible for both
movements generating interpenetration of particles (stage I of
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densification!2!1) and shrinkage of voids (stage II) and move-
ments resulting in void collapse. Therefore, it is consistent to
use Osr (Which accounts for local stresses) to describe densifi-
cation by pore buckling as well as stage I and II densification.
C accounts for the accelerated macroscopic deformation due to
buckling. The curve-fitting program gives the following ex-
pressions for f, ¢, and C:

f=111.9(1 - p)1t-04
c=1+[159(1-p)}!-3>
C = 10.85(0.76 — p)? exp (4.72p) [11]

where (x) is equal to 0 x < 0 and to x if x > 0. Therefore, for den-
sities above (.76, rearrangement does not occur. fand c as well
as (1 + O)fand (1 + C)c are plotted in Fig. 7.

An insightful parameter is the plastic Poisson’s ratio v, de-
fined as the ratio of the radial deformation rate to the axial de-
formation rate during sinter forging:

1c-2f
v ==
P2 c+f

[12]

For p =1, the material is incompressible so that v, = Yas Vv, is
also usually considered to be greater than O because it is un-
likely to observe a radial shrinkage during forging.!4! The Pois-
son’s ratio is shown in Fig. 8. The Poisson’s ratio of the TiB,
powder is systematically smaller than the values reported on
metal powders in the literature. On the other hand, these results
are close to what was observed on alumina.[2181(See Ref 18 for
the calculation of v, for data given in Ref 2.) These data show
that v,, is very close to O for relative densities between 0.5 and
0.9. Therefore, the radial expansion during sinter forging will

be very limited, as has been observed.

4.2 Creep Law

The creep law of the material is supposed to be given by:

Efp =A exp (~Q/RT)ogy [13]

where Q is the activation energy, and 7 is the stress exponent. A,
Q, and n are used as fitting parameters. The least-square adjust-
ment procedure gives the following results:

A=875,000 s MPa™
0 =480 kJ - mol™!
n=135

Experimental data on creep and densification of TiB2 is very
limited. Koval’chenkol33] reported an activation energy of 610
kJ - mol~! for a powder of commercial purity and of 480 kJ -
mol~! for a powder containing 0.1 wt% Fe; the stress exponent
is equal to 2. The test temperature was between 2100 and 2400
°C and stresses between 5 and 15 MPa. The same stress expo-
nent was reported for a (Ti,Cr)B2-base alloy processed at lower
temperatures.[34] Results obtained by Finch ez al.[25] show that
densification near full density can be obtained at 1600 °C using
a pressure of 35 MPa and a holding time of 2 hr on a powder
having a 2- to 10-pum grain size. Clougherty et al.[35] obtained
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(a)

(b)

Fig. 11 Stress maps (MPa) at the beginning of the HIP dwell (graphite core). (a) Pressure (/1/3). (b) Shear (¥3J;) (graphite core).

similar results at 1600 °C with higher pressures (1500 to 2000
MPa), but shorter holding times (6 to 18 min). The current ex-
perimental results are in relatively good agreement with the
findings of Koval’chenko er al.[33:34) and the densification ki-
netics observed by Finch et al.[25] Low stress exponents are
usually found in ceramic because diffusional creep, rather than
dislocation creep, controls the deformation mechanisms.[36]

5. Simulation of HiIP/Near-Net-Shape Forming

TiB; crucibles were made with powder A. They consisted of
a cylinder with an internal hole with a closed end. To avoid ma-
chining (especially drilling of the central hole), HIP was used to
produce the crucibles to near-net shape. The central hole was
produced using an insert; two methods were considered: a
graphite core and a titanium core.[37] Both techniques were
analyzed by simulating the forming process using the finite ele-
ment method (FEM). The main problems encountered during
processing were: (1) poorly controlled deformation of the pow-
der due to stiffening effects of the can and of the insert,38-40}
and (2) residual stresses after cooling due to thermal expansion
mismatch between the canning material, the powder,

644—Volume 1(5) October 1992

and the insert. TiB; has a thermal expansion coefficient of
8.3 1070K-L127)

5.1 Finite-Element Computation

The constitutive equations were used in a FEM simulation
program to model the deformation of cans filled with powder
during HIP. The program used Zébulon software developed by
the Centre des Matériaux de I’Ecole des Mines de Paris. Algo-
rithms used in the program were presented elsewhere.[!1] Ele-
ments used for the calculations were isoparametric triangles
(six nodes, six Gauss points) or rectangles (eight nodes, nine
Gauss points). The computing strategy was based on an im-
plicit scheme.!!l] Incremental strains and displacements re-
mained small, and the geometry was updated after each time
increment. Due to the small size of the samples, the temperature
was supposed to be uniform in the container and equal to the
gas temperature. The HIP pressure was imposed on the free sur-
faces.

5.2 Graphite Core Method

A graphite insert was introduced in the powder compact to
obtain the hollow cylinder. The bottom of the insert was ma-

Journal of Materials Engineering and Performance



(a)

(b)

Fig, 12 Stress maps (MPa) after cooling (graphite core). (a) Pressure (/1/3). (b) Shear (¥3J,) (graphite core).

chined to a half sphere to avoid cracking after cooling. The top
of the insert had sharp edges and cracks propagated. The tita-
nium can was neglected and the graphite insert was modeled as
a pure thermoelastic body (Young’s modulus, 9800 MPa; Pois-
son’s ratio, 0.07; thermal expansion coefficient, 3.10-6K-1).
The FEM mesh used for the computation is shown in Fig.
9(a). Figure 10 represents the map of densities at the beginning
of the pressure and temperature dwell (200 MPa, 1600 °C). A
gradient of densities existed (0.80 < p <0.90). Figure 11 repre-
sents the map of pressure (/;/3) and shear (V3J;) at the same
time. The pressure in the powder was lower than the external
applied pressure, but it was much higher in the insert (=500
MPa) so that the global mechanical equilibrium was main-
tained. Shear reached a maximum at the interface between the
graphite core and the powder. Pressure and shear gradients gen-
erated by the insert accounted for the density gradient. At the
end of the HIP dwell, full densification was achieved in the en-
tire sample; pressure was uniform and shear was close to zero.
Both constituents (graphite and TiB) were subjected to re-
sidual stresses after cooling. Figure 12 represents the stress
maps after cooling. Neither the graphite core nor the ceramic
accommodated the thermal mismatch by plastic flow to reduce
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residual stresses. On the other hand, the low Young’s modulus
of graphite allowed the core to deform easily so that tension
stresses in the ceramic remained less than the experimental
fracture stress thus allowing safe crucibles to be produced.
Near the sharp edge of the core, stresses were very high so that
a “cup/cone”-like fracture occurred.

5.3 Titanium Core Method

Creep, plasticity, and thermoelastic (Young’s modulus,
Poisson’s ratio, thermal expansion coefficient, thermal conduc-
tivity, and specific heat) data for the canning material were
taken from the literature.[3641) A graphite insert was also intro-
duced at the top of the container. The FEM mesh is shown in
Fig. 9(b). The actual final container is shown in Fig. 14. The
density map at the beginning of the dwell is represented in Fig.
13, showing a large density gradient that is related to the pres-
sure gradient (Fig. 15). The shear stress was large close to the
noncreeping graphite insert, but very low in the titanium, which
flows easily (Fig. 15). During cooling, the outer thin titanium
shell yielded easily. The inner core had a larger coefficient of
thermal expansion than the surrounding TiB; ceramic so that
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Fig. 13 Density map (%) at the beginning of the HIP dwell (tita-
nium core).

debonding occurred. The graphite foil facilitated debonding.
Modeling of debonding was not carried out. An estimation of
the stresses can be calculated considering a hollow elastic body
surrounded by a perfectly plastic shell (see Ref 42).

Experimental and calculated final shapes are shown in Fig.
16. Good or excellent agreement was found, particularly con-
sidering the shape of the TiB; crucible. Observed differences
can be accounted for by the presence of the protective graphite
foil or by slightly inaccurate machining of the green bodies.
The final shape was also compared to the shape forecasted by
simply assuming that the densification is isotropic (Fig. 16b).
Differences are larger, but still remain small compared to the
size of the ceramic part. This shows that the influence of the ti-
tanium core on the densification of the crucible was very lim-
ited; titanium roughly behaved like an incompressible fluid
between 1500 and 1600 °C. During densification, the titanium
core is extruded out of the ceramic and produces a bulge (Fig.
16¢). The calculation overestimates the bulging effect. Several
hypotheses could, however, account for the rounding of the
bulge during holding at 1600 °C: (1) weight of the structure, (2)
surface diffusion, or (3) partial melting.

646—Volume 1(5) October 1992

Fig. 14 Final container (titanium core).

6. Concluding Remarks

Powder compacts and crucibles of pure TiB, were HIPed at
1600 °C under 200 MPa to full density. The rheology of the
powder was investigated, and the mechanical properties of the
dense product were measured. The following results were ob-
tained.

The dense materials have mechanical properties (toughness,
hardness, and rupture strength) that are equal to or better than
the properties published in the literature obtained on similar
materials processed by sintering or hot pressing at higher tem-
peratures, lower pressure, with or without sintering addi-
tives.[23-27 Hot isostatic pressing appears to be an efficient way
to produce high-quality ceramic.

The rheological behavior of the TiB; powder was compara-
ble to what has been previously observed on alumina.[2-17.18]
‘This behavior drastically differs from what has been measured
on metallic powders.[10-14.21]

Crucibles (cylinder with an internal hole) were produced us-
ing two different techniques. A graphite insert was used to pro-
duce the central hole. In spite of the large thermal expansion
mismatch between the graphite and TiB3, a sound part can be
produced due to the low Young’s modulus of the graphite. A ti-
tanium insert was also used to produce the central hole. Resid-
val stresses after processing were very limited due to both
debonding between the titanium core and the ceramic and plas-
tic yielding of the outer thin titanium shell.

The FEM calculation was used to simulate the densification
process; estimations of density gradients during processing and
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(a) (b)
Fig. 15 Stress maps (MPa) at the beginning of the HIP dwell (titanium core). (a) Pressure (/;/3). (b) Shear W 3J2).

Table 4 Comparison of Computed and Observed Final residual stresses were calculated. Experimental final shapes
Dimensions (mm) were compared with predicted ones, showing good agreement
, (see Table 4). It was shown that the titanium insert has a very
Initial _ Observed Computed limited effect on the densification of the TiB; powder. On the
Graphite core other hand, nondeformable inserts such as graphite play an im-
External diameter ... 398 38 3.1 portant role.
54.4 46.0 459
finim 174 12.7 12.9 References
Titanium core
iﬁgﬁ;ﬁfg’fi&fé? """"""""" - %g:g };:2 igg 1. R.Raj,J. Am. Ceram. Soc., Vol 65 (No. 3), 1982, p C46.
Height (hole)......cocveerenecerccecraonans 35.0 29.0 29.4 2. K.R. Venkatachari and R.Raj, /. Am. Ceram. Soc., Vol 69 (No. 6),
External smaller diameter (crucible) ... 40.0 32.6 325 1986, p 499-506.
External larger diameter (crucible)...... 40.0 37.0 36.9 .
L 74.0 60.0 60.5 3. P.C. Panda, J. Lagraff, and R. Raj, Acta Metall., Vol 36 (No. 8),

1988, p 1929-1939.
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Fig. 16 (a) Final calculated part. (b) Comparison of the calculated (dashed line) and the experimental (solid lines) final shape of the cruci-
ble using FEM analysis (right) and isotropic shrinkage hypothesis (left). (¢) Comparison of the calculated (dashed line) and the experimen-
tal (solid lines) final shape of the bulging part of the container (FEM calculation).
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