Invited Review

Fundamental Aspects of Hot Isostatic Pressing: An Overview

H.V. ATKINSON and S. DAVIES

Hot isostatic pressing (hipping) can be used for upgrading castings, densifying presintered components,
consolidating powders, and interfacial bonding. It involves the simultaneous application of a high
pressure and elevated temperature in a specially constructed vessel. The pressure is applied with a
gas (usualy inert) and, so, isisostatic. Under these conditions of heat and pressure, internal pores or
defectswithin asolid body collapse and diffusion bond. Encapsul ated powder and sintered components
alike are densified to give improved mechanical properties and a reduction in the scatter band
of properties.

In this article, the basic science of sintering and hipping is summarized and contrasted. The current
state of understanding and modeling of hipping is then reviewed. Models can be classified either as
microscopic or macroscopic in their approach. In the microscopic approach, the various mechanisms
of densification are analyzed in terms of a single particle and its surroundings. In the macroscopic
approach, the compact is treated as a continuous medium. In hipping, although the pressureisisostatic,
shrinkage is not generally isotropic, particularly if containment is used. However, the shrinkage can
now be well predicted, provided that the material and container properties are accurately known.

I. INTRODUCTION

to nonuniform densification. There are no such problems

THE basics of hot isostatic pressing (hipping) have been
summarized previously.*?3 Hipping is largely concerned
with the removal of pores. Pores may originate from, for
exampl e, the packing of powder particles, from gasevolution
or shrinkage during the solidification of castings, from the
agglomeration of vacancies generated by creep, and by inter-
diffusion during the bonding of dissimilar materias. The
driving force to achieve densification is associated with the
reduction in surface area and, hence, surface energy of the
pores. The isostatic pressure in hipping arises from mole-
cules or atoms of gas colliding with the surface of the object.
Each gas atom is acting as an individual “hot forge.” Under
particular processing conditions, the gas atoms may be mov-
ing at a velocity of around 900 ms™%, and approximately
10% collision events are occurring per square meter per
second. These tiny atomic forges reach al surfaces of the
component, including re-entrant angles, and act reliably and
consistently, independent of shape. On average, the number
of gasatoms moving through a unit area, and their velocities,
are the same in al directions. Thus, for every surface of a
component that is being processed, the pressure is the same
and acts in a direction normal to the surface.

Isostatic pressing must be distinguished from the more
conventional unidirectional pressing. Pressure is applied
along a single axis by aram in unidirectional pressing, and
the component is contained in a die. No intervening fluid
is used to transmit the pressure; rather, it is transmitted by
contact between the solid surfaces of the ram and the die
and the component under pressure. Since friction exists
between the object and the die walls, this contributes to a
variation in pressure with position in the compact and, hence,
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with isostatic pressing. There are no rams, dies, or external
frictional forces.

When consolidating apowder to devel op aspecified shape
and size, the powder is first placed into a can or envelope
of the same shape as that specified, but of a larger overall
size. The envelope must be made from a material (such as
metal or glass) that can deform in a plastic manner at the
temperature and pressure of the appropriate hipping treat-
ment. As densification occurs, the powder compact shrinks.
The external metal or glass envelope shrinks with it to the
same extent in all directions (subject to certain limitations,
which will be discussed in Section I11) because the pressure
isisostatic. Hence, the densifying powder isformed into the
same shape as the envelope. Essentialy, the envelope and
powder undergo a photographic reduction in shape (Fig-
ure 1).

A uniform photographic reduction in shape cannot easily
be achieved with unidirectional pressing of powders, nor
can unidirectional pressing fully remove internal voids from
preformed components. In contrast, total void removal can
be achieved by hipping, and it is the isostatic nature of the
pressurewhich allows preformed compl ex shapes (e.g., those
of turbine discs) to be maintained during the process.

Typical hipping pressures and temperatures for various
materials are shown in Table | (amore detailed tableis given
in Reference 4) for comparison with yield stress at room
temperature and at the melting point (T,,). A typical hipping
pressure of 100 MPa (approximately 1000 atm) is roughly
equivalent to the pressure at the bottom of the ocean’s deep-
est trench. The gas pressure developed during a hipping
cycle is achieved partly by a mechanical compressor and
partly by heating the gasin a closed space (i.e., at constant
volume). The relationship of pressure to temperature
expressed in the ideal-gas laws starts to break down at very
high pressures, but, even so, as the temperature rises, the
pressure at a fixed volume must also increase.

The temperatures for hipping are usualy greater than 0.7
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Fig. 1—Isostatic pressing causes a photographic reduction in the shape of an encapsulating envelope and the densifying powder that it contains.

Tablel. Typical Hipping Pressures and Temperatures
Yield Stress at
Room Hipping
Melting Point Temperature Temperature Hipping Pressure
Material Tm (°C) (MPa) (°C) (MPa)

Al and its aloys 660 (Al) 100 to 627 500 100
Al/A1,O; — — 300 350

Cu and its aloys 1083 (Cu) 60 to 960 800 to 950 100
Be and its aloys 1289 (Be) 240 900 103
Nimonic and superaloys 1453 (Ni) 200 to 1600 1100 to 1280 100 to 140
Hydroxyapatite — — 1100 200
Mg/Zn ferrite — — 1200 100
TiAl — — 900 to 1150 35 to 200
TizAl — — 925 200
Ceramic superconductors — — 900 100
Steels 1536 (Fe) 500 to 1980* 950 to 1160 100
Ti and its aloys 1670 (Ti) 180 to 1320 920 100
Al,0; 2050 5000 1500 100
Al,Os/glass — — 1400 100
AlL,O4/TiC — — 1935 150
Al,04/Zr0, — — 1500 200

SiC 2837 10,000 1850 200
B,C — — 2000 200
WCJ/Co 2867 6000 1350 100

*Low-alloy steels (water quenched and tempered).

T For example, cast superall oy turbine bladesare processed
in the temperature range from 1100 °C to 1280 °C. Some
materials may contain arelatively low-melting-point constit-
uent that aids pore removal, if the hipping is carried out
between the melting point of this constituent and that of the
matrix. The relatively high temperatures during hipping are
necessary tolower theyield strength and to raisethe diffusiv-
ities in the material sufficiently for pore closure to occur in
a reasonable time. Considerable engineering demands are
placed on hot-isostatic-press processing equipment by the
combination of elevated temperature, high pressure, and
time.

The hipping process was originaly developed™ for diffu-
sion bonding of nuclear reactor components and for the
removal of porosity in hard materials (e.g., Reference 6).
However, the major commercial activity now centers upon
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the consolidation of metal powders and on the densification
of high-performance castings. Hipping is utilized in awide
range of industries, including aerospace, marine and off-
shore, power generation, automotive, medical, defense,
microelectronics, telecommunications, metal working, and
mining. Table Il shows a number of applications of hipping
together with typical examplesof materials. The applications
in Table Il essentially represent a spectrum in terms of per-
centage porosity removed by the hipping process.

Hipping can remove both macro- and microporosity.
Microporosity develops in castings owing to shrinkage
effects and gas evolution as the molten metal cools and
becomes solid. The static and dynamic mechanical properties
of castings (e.g., strength, creep, toughness, and fatigue) are
adversely affected by the presence of microporosity (e.g.,
for toughness, refer to Figure 2). Traditionally, casting pores
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Tablell.

Applications of Hipping: Aims and Examples of Materials Processed

Application Primary Aim Materials
Densification of castings to remove macroporosity and microporosity Ni- and Co-based superalloys
Ti aloys
Al dloys
steels
Cu aloys

Densification of presint-
ered powders

Consolidation of encapsu-
lated powders

to achieve full theoretical density and to avoid
excessive grain growth (difficult by conven-
tional methods)

to achieve full theoretical density and to avoid
segregation and excessive grain growth

WC-based hardmetals

SisNy, AlL,O3, ZrO,, and other advanced ceramics
Be aloys

high-speed tool steel

ceramics

Interface bonding

to bond and densify coatings
Specialized applications
optical materials

Reactive hipping

to diffusion bond similar and dissimilar materials
(overcoming problems of conventional join-
ing and uniaxial diffusion bonding techniques)

to synthesize compounds by exothermic reaction
during heating at hot isostatic press

metal matrix composites (e.g., Al-SiC)
ceramic-ceramic composites

magnetic materias (e.g., ferrites)

ceramic superconductors

Fe-TiC

bronze and steel

Ni aloys and steel

ceramic-metal bonding

Ta, Ti, Al, and W in Al housing for sputter targets

to remove pores and gaseous impurities from Zns

Sn-In-O
|lanthanates and aluminates
intermetallics, e.g., TiB, and NbsAl
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Fig. 2—Influence of microporosity on impact toughness (Jcm?) of 1 wt
pct Cr-0.25 wt pct Mo cast steel.[]

have been removed by hot working, e.g., by forging, but
this adds to the cost and changes the shape.

Any technique such as hipping, which can be used to
remove porosity while not adversely affecting the micro-
structure (i.e., grain structure, phases present, and precipitate
arrangement), is of considerable significance, both for
improving reliability in service and for reducing scrap rates
during manufacture. Indeed, hipping can influence the
microstructure beneficially.® Figure 3 shows a typical
improvement in strength and elongation to failure, Figure 4
shows a typical improvement in fatigue life, and Figure 5
shows a typical improvement in creep life. The properties
after hipping can be comparable with those of forged
components.

Hipping not only improves average mechanical properties
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Fig. 3—Mechanical properties of Ni-Al bronze (AB2) containing 10 to 20
pct porosity, in the as-cast and hipped conditions. UTS = ultimate tensile
strength. (Data from Dr. B.A. Rickinson at HIP Ltd.)

but also can have an important benefit in reducing the prop-
erty scatter (e.g., References 10 and 11). When a number
of specimens are tested, a range of values may be obtained,
scattered about the average (Figure 6). After hipping, the
average is improved and, perhaps more importantly, the
width of the distribution is decreased. This is particularly
important where fatigue and creep lives must be predicted
as accurately as possible, so as to schedule maintenance
accordingly. In addition, the enhancement in minimum prop-
erty levels due to hipping provides the means by which the
designer can work confidently with higher design values.
The structure of the overview is as follows. In Section I,
the basic science of sintering is summarized and contrasted
with that for hipping. The mechanisms and stages of pore
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Fig. 5—Influence of hipping on creep life of Ti-6 wt Al-4 wt pct V at
399 °C.9
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Fig. 6—Transverse rupture strength of tungsten carbide hard-metal speci-
mens (WC 3.5-um 11 pct Co) before and after hipping, illustrating increase
in the average strength and reduction in data scatter with hipping.™*”

closure (i.e., densification) during sintering, i.e., when heat
is applied but no pressure, are considered. When pressure
is applied in addition to heat, the densification mechanisms
are modified. Densification mechanisms are then dependent
on the pressure, the temperature, the pore size, and the
location of the pores. The potentia effects of hipping on
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the microstructure and segregation are discussed, and the
problems presented by surface-connected porosity are aso
highlighted here. Such porosity cannot be removed by a
simple hipping treatment and, to achieve full density, it is
important to minimize the surface connection. It is possible
to overcome such limitations by the use of surface coatings
or encapsulation.

Section |11 deals with the modeling of hipping, differenti-
ating between microscopic models and the macroscopic
approach. For the microscopic approach, various workers
have developed models to deal with deviations from the
original assumptions, i.e., rangesof particle sizes, nonspheri-
cal particles, non-steady-state pressure and temperature, ani-
sotropic  shrinkage, and hipping of composites. The
macroscopic approach hasbeen particularly used in conjunc-
tion with finite-element modeling. The prediction of aniso-
tropic shrinkage is a major am. In Section 1V, recent
developments in the modeling of the effects of hipping on
microstructure, the use of in-situ sensors, and the role of
densification during theinitial transient and reactive hipping
are summarized. Concluding remarks are then given. The
focus of this review is the fundamental science of hipping.
The reader is directed elsewhere for further detail on the
practice and its applications (e.g., References 3 and 4).

[I. SINTERING AND HIPPING

A. Sntering

Sintering occurs when heat is applied to a powder or to
a body containing pores. Formal theories for pore removal
and sintering of grain-boundary cavities have been
reviewed.#12 The driving force for sintering isthe reduction
in the surface area associated with pores. The surface area
of fine powders is considerable. For example, a cupful of
powder with a particle size of 1 um has a surface area of
approximately 10% m2. If the surface energy of the powder
material is approximately 1 J m~2 (a typical value), the
surface energy of the cupful of powder is, therefore, about
1kJ.

Grain boundaries and dislocations are also regions of dis-
order and, therefore, are zones of high energy relative to the
perfect crystal in the bulk. All systems try to achieve their
minimum energy configuration and, inthelimit, for acrystal-
line material, thisis a single crystal containing no defects
(pores, grain boundaries, dislocations, etc.) whatsoever.
From a thermodynamic standpoint, the first step toward the
goa of reduced energy is for pores to be eliminated from
the system (the specific surface energy of pores is greater
than the grain-boundary energy). However, during any sin-
tering activity, the process of grain-boundary elimination
(grain growth) often begins before the process of pore elimi-
nation has been completed. This state can then inhibit further
pore removal for mechanistic reasons (see later in this
section).

Thedriving force for closure of an isolated spherical pore
can be expressed™ in terms of the pressure (p), such that

-2y
p="= (1

where vy is the specific energy (in joules per square metre)
of the internal surface of the pore and r is the radius of
curvature of the pore surface. For a spherical pore, r is the
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Fig. 7—Pore between powder particles with varying radii of curvature
around the pore surface. The broken curve shows the pore surface after
some spheroidization has taken place by redistribution of material from
convex neck surfaces to concave powder particle surfaces.

radius of the sphere, but, for amore irregularly shaped pore,
the surface can be divided into a number of regions with
different radii of curvature (Figure 7). Where the surface is
concave into the pore, the radius is taken to be positive, and
where the surface is convex, the radius is negative.

Two important points emerge from Eq. [1]. The first is
that the driving force for theremoval of small poresisgreater
than that for the removal of larger pores. Using the equation,
the driving force for a pore of 1 mm in diameter is 4 X
10" MPaand that for a1 um pore is 4 MPa. It, therefore,
tends to be the larger pores which remain toward the end
of the diffusion process.

The internal porosity in many castings arises from the
precipitation of gas.™ The internal pressure of the gas will
tend to oppose the driving force for shrinkage.[*™ As a pore
shrinks, the internal pressure of the gas will rise. The gas
may then tend to dissolve into the matrix!*® and diffuse to
a region of lower pressure, i.e., to larger pores or to the
surface of the component. Thus, large pores grow at the
expense of smaller pores. For an irregularly shaped pore,
matter will tend to be transported to concave regions of
small radiusof curvature (i.e., tight curves) from those where
the surface is more gently rounded or convex (Figure 7).
Thus, irregularly shaped pores tend to spheroidize. It should
be noted that poresin solids are often faceted, because certain
crystallographic planes have lower surface energies than
others.*1 This tendency to spheroidize is counteracted by
the fact that, where a pore sits at the meeting of two, three,
or four grains, then, provided that thermodynamic equilib-
rium is achieved, the geometry will be determined by the
various interfacial energies.[!819

The diffusional mechanismsfor removal of pores (includ-
ing vapor transport) in sintering are summarized in Figure
8, and the transport paths are identified in Table I11.[20.21.22]
Matter can be transported to fill a pore at point A in Figure
8 from agrain boundary between two particles (viathegrain
boundary itself or the lattice) or from dislocations within the
particles (viathelattice). Thesetransport paths correspond to
paths 1, 2, and 6 in Table |1l and bring the centers of the
particles (C and C') closer together. They, therefore, result
in densification. By way of contrast, paths 3 through 5 do
not cause densification, because they only involve the trans-
port of matter from one place on the surface of the pore to
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Dislocation

Grain
boundaries

Fig. 8—Pathsfor transport of matter during neck growth in sintering (Table
I11 gives transport paths to which numbers correspond). C and C' are the
particle centers, X is the neck diameter, and r is the particle radius.

Tablelll. Diffusion and Vapor Transport Paths and
Sources for Matter in Sintering (the Sink in Each Case

I's the Neck)
Mechanism Transport Path Source of Matter
1 grain boundary diffusion grain boundary
2 lattice diffusion grain boundary
3 lattice diffusion surface
4 surface diffusion surface
5 vapor transport surface
6 lattice diffusion dislocation

another. The net result is a change in the shape of the pore,
but no change in its volume. It can be seen in Figure 8 that,
asthe poreisfilled at point A, the length of the neck between
the two particles grows.

In addition to the transport paths identified previously,
viscous and plastic flow may also occur along with particle
rearrangement. Viscous flow is important in the sintering of
glasses and other amorphous materials. The occurrence of
plastic flow in crystalline materials during sintering, i.e., the
transport of relatively large numbers of atoms by dislocation
dlip, has been controversial. For plastic flow to occur, the
stresses must be high enough for new dislocations to be
generated. During sintering without the application of exter-
nal pressure, thisis probably only possiblein the very initia
stages of contact formation. There is evidence of densifica
tion-rate improvements due to dislocation climb.23

Of the paths identified in Figure 8 and Table Ill, apart
from path 5, which involves vapor transport, the other paths
all involve diffusion via the pore surface, the grain bound-
aries, or the lattice. (Diffusion along dislocation pipesin the
grains may also occur.) Diffusion is thermally activated.
Surfaces are regions of relatively high disorder, and, there-
fore, the activation energy for diffusion tends to be low. The
activation energy in grain boundariesisgenerally higher, and
that in the lattice is higher still. Hence, at low temperatures,
surface diffusion dominates over grain-boundary and lattice
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Fig. 9—Stages of sintering.

diffusion. As the temperature is increased, grain-boundary
diffusion predominates and, at higher temperatures, lattice
diffusion becomes the principal route for diffusion. The
change from one predominating mechanism to another
depends on the cross-sectional area of the short-circuit paths
(i.e., grain boundaries and surfaces) available. If the material
has afine grain size, the cross-sectional area of short-circuit
pathswill be high, and lattice diffusion will only be prevalent
a relatively high temperatures.

The stages of sintering are shown in Figure 9. In the final
stage, the pores are spherical. Grain-boundary migration
can occur to minimize grain-boundary energy, leaving pores
isolated from grain-boundary diffusion routes. Removal of
such isolated poresis then relatively slow, as transport must
occur through the lattice.? Therefore, if full density is to
be achieved, it is important that grain-boundary migration
be avoided. Second-phase particles and impurities can help
to pin grain boundaries. Pores themselves also pin bound-
aries, and it is in the latter stages, when some pores are
totally eliminated, that the boundaries can break free from
surviving pores and migrate to lower-energy configura-
tions.[?! The strength of pinning increases with the decrease
in size of the pores or particles.

There arevarious methods to enhance densification during
sintering of powders without the use of external pressure.
Theseinclude*liquid-phase” sintering; “reactiveliquid” sin-
tering and “reaction bonding;” and “transient liquid-phase”
sintering and “activated sintering.” Liquid-phase sintering,
for example, may limit the temperature at which the compo-
nent is used if the low-melting-point constituent is still
present.

Densification can, to a certain extent, be achieved for
some materials by the application of pressure alone. Thisis
the process occurring in cold isostatic pressing (cipping).
The dlower the compaction speed, the more particle
rearrangement is allowed to occur and the faster the theoreti-
cal density (i.e., zero porosity) is approached. Soft particles
can deform into pores more easily than harder particles can
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and, again, the rate of approach to theoretical density is
accelerated. The pressure causes particle rearrangement by
dippage and restacking, elastic and plastic deformation at
contact points, and cold working of ductile particles. Brittle
particles may fracture under the imposed stress, leading to
comminution. At the contact points, the heat generated by
friction may be sufficiently high for local melting to occur.
On resolidification, the particles are welded together across
theinterface. High local stress can also lead to recrystalliza-
tion across contact points, again effectively giving local
welding. Welding at contact points can frustrate the achieve-
ment of the theoretical density, because further particle
rearrangement is then inhibited.

B. 2.2 Hot Isostatic Pressing

The combination of pressure and temperature can be used
to achieve a particular density at a lower temperature than
would be required for sintering alonel®® and at a lower
pressure than required for cipping. The effect of the lower
temperature is that unacceptable grain growth can be
avoided. In addition, the methods identified previously for
enhancing densification of powders by introducing additives
such as low-melting-point constituents (which may have
del eterious effects on mechanical properties) are not needed.

The surface-energy driving force for pore closure, and the
opposition to it caused by gas in pores, have already been
mentioned. For a pore of 0.1 mm in diameter, the driving
force for closure (from Eq. [1], with y = 1 I m™?) is 40
kPa. In hipping, however, the external pressure of, for exam-
ple, 100 MPa adds to and completely swamps this driving
force and amost inexorably causes any gas in a pore to
dissolve into the matrix. Gases in pores (e.g., from casting)
are invariably soluble (in contrast with the argon used for
pressurization in hipping) and the solubility of such gases
increases with theincreasing pressure within the pore, which
increases during the early stages of hipping. Under pressure,
the gas diffuses to the surface rather than to another pore,
as in sintering. The pore then collapses. It is only when a
pore reduces to a diameter of perhaps 40 nm that the driving
force due to surface energy becomes comparable to that due
to the externally applied pressure.

One potentia difficulty with hipping is thermally induced
porosity. The high external pressure collapses gasfilled
pores and gives full density. However, during subsegquent
heating without pressure, swelling can occur as gas estab-
lishes an equilibrium pressure dependent on the surface
energy. Thus, it is important to minimize the gas in closed
pores by degassing the compact and avoiding temperatures
where one of the species can decompose or react to create
avapor. This can be done by vacuum sintering to the closed-
pore condition, prior to pressurization, to avoid trapped gas.

Yield stresses decrease, for most metals and ceramics,
with increasing temperatures. The hipping conditions are
generally chosen so that the gas pressure is greater than the
reduced yield point of the material at that temperature. Plastic
flow can then occur on a microscopic scale. Under hipping
conditions, considerable particle shear occurs, and creep
processes such as Nabarro—Herring creep (diffusion through
grain interiors), Coble creep (diffusion around grain bound-
aries), and dislocation creep operate at relatively high rates.
For glasses and other amorphous materials, densification is
by viscousflow.[?] For some ceramics, such aslead zirconate
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titanate, pressure-enhanced grain rearrangement and solution
precipitation are the processes primarily responsible for den-
sification.!?®! Particle shear on extrusion can break up surface
films on particles (e.g., oxides), exposing new clean surfaces
and, hence, enhancing surface diffusion rates. Some fine
oxide particles may beretained after hipping, and decoration
of prior powder-particle boundaries may occur, leading to
degraded mechanical properties. Rapid-solidification tech-
nology in powder fabrication and clean handling procedures
to avoid contamination prior to consolidation can aleviate
these difficulties. In cold pressing, densification is retarded
by the effects of work hardening within particlesbut, with hot
pressing, the dislocation tangles and pileups are constantly
eliminated so that particles can continue to deform.

During the final stages of hipping densification, when
only isolated pores are present, the surfaces of the pores
are not simply pushed together to develop a planar crack.
Bonding occurs, because atoms diffuse in both directions
across the interface (a microscopic form of the diffusion
bonding). At this stage, pore dimensions are small (1 um
or less) and the sustain time (1 hour or longer) is more than
adequate to allow complete closure.

The major effects of hipping on microstructure are the
removal of porosity and grain growth. Changesin precipitate
distributions and changes in segregation patterns must also
be considered. For example, Smugeresky?® found that after
hipping a ferrous alloy, it tended to fracture along the prior
particle boundaries. Thisoccurred because titanium was seg-
regating to the prior particle boundaries during processing,
leading to low toughnessin the densified product. Changesin
precipitate distributions and changes in segregation patterns
involve diffusion and are, therefore, enhanced at high tem-
peratures. In addition, the high pressures might influence
phasetransformations, change melting points, and crack brit-
tle particles.

The higher the temperature, the more rapid the grain-
boundary migration. Boundaries can be pinned by impurities
or by fine distributions of precipitates. However, as the
temperature increases, impurity diffusion is enhanced and
precipitates may coarsen or dissolve, allowing boundaries
to migrate. The effect of precipitates in pinning dislocations
is also then reduced, hence, decreasing the yield stress. All
these major processes occur with conventional sintering as
well as hipping, but the advantage of hipping is that the
temperatures required for densification are lower and the
times at elevated temperature are shorter. Excessive grain
growth can then be avoided, thereby retaining the relatively
high yield strengths and toughnesses which fine grain
sizes confer.

Segregation can be a serious problem in casting. The
temperaturesinvolved in hipping allow segregantsto diffuse,
evening out chemical profiles on the microscale and, so,
enhancing properties. Normal hipping cycles are not usually
sufficiently prolonged for macrosegregation across an ingot
to be removed, but, even so, compositional profiles will
be smoothed.

The pressures involved in hipping (typically 100 MPa)
tend to be too low in and of themselves to cause phase
transformations. (For example, graphite can be transformed
to diamond at 1000 °C by about 2500 M Pa pressure.) Phase
transformations have not, therefore, been generally regarded
as a serious concern in hipping, athough transformations
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Fig. 10—Aluminasample after hipping at 1850 °C/12 MPa/1 h. The micro-
structure shows the fragments of material in what was originally a pore 4
mm in radius before hipping (courtesy of Drs. Sangho Lee, Jae Kyun Yang,
and Doh-Yeon Kim).

between metastable phases (e.g., from a glassy state to the
crystalline state of aceramic) might be initiated by pressure.
For materialsthat shrink on solidification (i.e., the mgjority),
pressure will raise the melting point. This effect is small, a
few degrees Celsius at most.

Hipping pressures can also crack those brittle particles
associated with porosity in ductile matrices. Such effects
can, in fact, be favorable, but underline the need for careful
control of pressure and temperature ramp rates.

The relationship between cost and hipping conditions
(temperature, pressure, and time) is not simple. The shortest
cycle is not necessarily the cheapest. In addition, potential
effects on the microstructure must be taken into account. In
general, the processing temperature (T) is greater than 0.7
Tm, Where T, is the solidus. Typical examples of hipping
conditions are given in Table . For brittle ceramics, particu-
lar care must be taken to ensure that hipping is carried out
in a pressure/temperature regime where the material exhibits
extensive plastic deformation without inducing crack propa-
gation. Al,05 specimens containing artificialy large (4 mm
radius, for example) spherical pores have been used to dem-
onstrate that such pores can be removed by aregime of 1850
°C/12 MPa/15 min followed by 1850 °C/50 MPa/30 min
(i.e., low pressure followed by high pressure), but not by
applying high pressure (50 M Pa) immediately on heating.[*!
These and similar specimens also graphically demonstrated
the dynamic nature of some pore-removal mechanisms, with
particle fragments being created as grains flow into the large
pore (Figure 10). The whole of the area shown in Figure 10
was originally the interior of alarge pore. With the applica-
tion of temperature and pressure, the area now contains
fragments of Al,05. With further treatment, the particle frag-
ments are consumed by grain growth. There have been recent
movestoward reducing cycletimesthrough hipping at higher
pressures (up to 515 MPa) than those conventionally used.
For metals and intermetallics, which densify by plasticity/
power-law creep, higher pressures will lead to accelerated
densification. However, for ceramics, which often densify
through diffusional creep, the low thermal conductivity can
limit pressurization and depressurization rates because of

VOLUME 31A, DECEMBER 2000—2987



PN
WINUT

Solid

Surface

connected
porosity

(C))

W

Solid

Coating

Pore now
effectively
internal

(b)

Fig. 11— Surface-connected porosity and its counteraction by coating or encapsulation. (a) The pressurizing medium impinges on the surface-connected
porosity as though it were an extension of the surface. (b) After coating, the surface-connected porosity effectively becomes internal and can be closed if

the pores are evacuated.

therisk of thermal cracking. In addition, for some materials,
shorter cycle times may not be advantageous (e.g., for cast-
ings, shorter cycle times lead to reduced homogenization).
Models and the hipping diagrams that arise from them (as
discussed in Section I11) can simplify and guide the choice
of temperature and pressure for hipping.

The pressurizing gas medium impinges on surface-con-
nected porosity as though it were an extension of the surface
of the object. Such porosity is, therefore, not removed by
hipping (Figure 11(a)). However, surface-connected pores
can be critical defects in many applications (e.g., dies and
rolls), and steps must be taken to minimize such surface
connections. If the object is coated or encapsulated, the
surface-connected porosity effectively becomes the internal
porosity (Figure 11(b)) and is removed by the hipping treat-
ment. The coating or encapsulating material can then be
subsequently machined or dissolved off.

One route to avoid the need for encapsulation isto presin-
ter to a state of closed porosity. This can either be done in
separate vessels (sinter + hot isostatic press) or in the same
vessel (sinter-hot isostatic press). Thelatter process has been
increasingly used in recent years for a variety of materials,
particularly for ceramics such as SizN,, sialons, Al,03, and
glass-ceramic composites. The composition of the atmo-
sphere can be better controlled by the sinter-hot isostatic
press process than by the sinter + hot isostatic press process,
to avoid potential volatilization of constituents or decompo-
sition effects. Depending on the ceramic under consideration,
very small additions of carbon, nitrogen, or oxygen to the
high-purity argon must be made. Thus, ceramics or ceramic
superconductors can be processed in an oxidizing atmo-
sphere. The difficulty with the sinter-hot isostatic press pro-
cess is that the equipment required is highly specialized,
requiring, for example, a dewaxing/debinding facility as an
integral feature and afacility to change the atmosphere dur-
ing heating. The process has only been devel oped for certain
specialized applications.
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I11. MODELING OF HIPPING

Since the applied load (gas pressure) is hydrostatic, the
deformation of the porous body is supposed to be isotropic.
In practice, the initial and final products differ in scale, but
also in shape. The factors controlling shrinkage are complex
and depend on many variables: process parameters (tempera-
ture, pressure, etc.) and material properties (e.g., powder
particle size, creep, and diffusion constants). This precludes
prediction using simple calculations. Trial and error in con-
tainer design is expensive and time consuming.

Modeling is, thus, essential in order to achieve better
performance of the industrial process; control the quality
and properties of the products; predict the final shape; opti-
mize the process; limit costs; and obtain a better understand-
ing. It must take into account the fact that hipping is a
thermomechanical process, with consolidation and heat
transfer occurring simultaneously during the heating (and
cooling). Li and Haggblad®3 have recently summarized the
two different types of models: microscopic and macroscopic.

A. Microscopic Models

The microscopic approach was pioneered by Wilkin-
son,®3 Ashby and co-workers,[33353 and Arztl3 and was
built on foundations laid, for example, by Gilman and Ges-
singer.®7 1t essentially has its roots in sintering theory and
concentrates on the local behavior of particle necks. The
various mechanisms of densification (power-law creep,
vacancy diffusion, etc.) are analyzed in terms of a single
particle and its surroundings.

For the various hot isostatic press mechanisms, constitu-
tive equations have been devel oped which predict the contri-
bution of each mechanism to densification. They are based
on the physical principles that describe the evolution of the
process and require certain simplifying assumptions to be
made to allow atractable mathematical treatment. The pow-
der particles are assumed to be equally sized, spherical, and
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Table!V. Summary of Equations for Hot |sostatic Press Densification Rate D and Effective Pressures Py
Mechanism/Stage Equation Reference
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arranged in a random dense packing. The hipping pressure
and temperature are assumed to be in steady state and the
shrinkage to be isotropic. Densification is continuous, but,
owing to the extent of the geometry changes, it is convenient
to split it into two stages, the first with open porosity and
the second with closed. During stage 1 (typically, arelative
density of <0.9), the particles are discrete and touch at
necks. Stage 2 (typically, arelative density of >0.9) begins
when the porosity ceases to be connected.*>%¢ Densifica-
tion-rate equations are summarized in Table IV.[3¥ The sym-
bols used in Table IV are defined in Table V. The total
densification rate is given by summing the densification
rates for each of the processes of power-law creep, boundary
diffusion, volume diffusion, and diffusional flow.

Asin the case of sintering, maps can be drawn that show
the predominant mechanismsfor densification under various
conditions of pressure and temperature (e.g., References 32,
33, 35, and 36). It can be assumed the densification can be
characterized by the deformation of an “average” particle
due to the forces transmitted through its interparticle con-
tacts.*® Hence, constitutive equations can be obtained for
the densification rate due to various mechanisms. This then
alows the construction of the maps. The analysis depends
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TableV. Symbols Used in Table 1V

Symbol

Description

o

DoDoOo>

<
o

IO %

o

1effs Poeit

o4

N, Na, Np, Ne

constant in creep equation

relative density

relative density at which pores close

initial relative density

relative density due to yield

lattice diffusion coefficient

boundary thickness x boundary diffusion
coefficient

grain size

external pressure

Outgassing pressure

effective pressure on a neck during stage
lor2

particle radius

absolute temperature

molecular volume

specific surface energy

yield stress

Boltzmann's constant

creep exponent
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Fig. 13—Densification map for a superalloy powder (high chromium nich-
rome) showing relative density vs normalized pressure P/ay, for a constant
temperature of 1473 K and particle diameter of 50 um (o is the yield
stress) [

on the assumption that densification is not a particle
rearrangement process. Thisisthought to be valid, provided
the particles are sufficiently close-packed initialy. This
assumption will be returned to in Section 1V-C.

There are three variables—pressure, temperature, and rel-
ative density—and, therefore, three kinds of map. These are
shown for a densifying superalloy powder in Figures 12
through 14. In Figure 13, for instance, interparticle hole
closure for less-dense material under the highest pressures
occurs by yield involving didocation glide. This state is
completed suddenly because of the nearly instantaneous
operation of this mechanism. The material then enters the
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Fig. 14—Densification map showing the combination of pressure P and
temperature T required to obtain 99 pct theoretical density in 1 h for two
superaloy powders (high chromium nichrome) with different particle radii
(50 and 25 um).[33

state where hole closure relies on the time-dependent process
of power-law creep, where the flow rate is dependent on
some exponent of the applied pressure. The exponent is
controlled by the material and the processing conditions. It
can be as low as 3 or as high as 15. This highlights the
value of reaching high pressures in the hipping process. In
the final stages, as higher densities are approached, holes
are filled by diffusion. The variation in consolidation rate
with the external pressure is then approximately linear. In
this stage, it is important that pores should be located on
grain boundariesfor relatively fast diffusion. Thus, the parti-
cle size is an important parameter. The smaller the particle
size, thelower the compacting pressure required to produce a
given density and the faster the densification ratein hipping.

Experiments give agreement with the calculated hipping
diagrams when the material parameters are sufficiently well
known (e.g., for tool steels, refer to Reference 35). However,
the material parameters are often not known. A simple exper-
imental method has been suggested,*¥ which involves mea-
surement of the deformation of a single sphere as a direct
method of predicting hipping behavior at lower densities
(up to ~0.93 relative to the theoretical density). In the same
study, it has also been found that hipping defects are associ-
ated with deviations from the ideal random dense packing
and with differential deformation of particles.[*

The microscopic approach unites the material properties
and processing parameters into an analytical-rate equation;
it is, therefore, relatively easy to estimate their roles in the
hipping process and the effect on hipped products. Since
the microscopic approach describes the densification and
deformation behavior by analyzing the microdensification
mechanisms, it is physical, rational, and can be conveniently
modified to take account of new densification mechanisms.
However, it does not relate strain and strain rate to density
and densification rate. Thismakesit difficult to predict shape
change, particularly when the stresses contain a deviatoric
component.[3U

Various workers have extended the microscopic approach
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Fig. 15—Micrograph of a hipped sample in the early stages of consolida-
tion. Small particles tend to be heavily deformed. Some internal porosity
in the powder is also evident (lighter “interparticle” phase is a remnant of
an epoxy added during metallographic preparation). Powder is a bimodally
sized, spherical 316L stainless steel, with a nominal 4:1 size ratio and 50
vol pct small particles and is hipped at 840 °C 44 MPawith zero hold time
at temperature.[*?l Courtesy Dr. Li and Professor Funkenbusch.

to dea with deviations from the assumptions given pre-
vioudly, i.e., (1) ranges of particle sizes; (2) nonspherica
particles; (3) densification of castings rather than powders;
(4) non-steady-state pressure and temperature; (5) aniso-
tropic shrinkage; and (6) composite materials. Each of these
will be dealt with in turn.

1. Ranges of particle sizes

Nair and Tienl*® were the first to explicitly incorporate
a particle-size mixture into the calculation of hot isostatic
press mapping and densification rates and found that there
is a separate boundary for each particle size. The array of
particle centersis described by aradial distribution function.
However, the assumption of equal contact forceson all inter-
particle contacts led to anomalous results!“Y A simple
scheme was then devel oped'“? for estimating radial distribu-
tion functions, which has made modeling of systems with
varying particle sizes practical. By distributing theinterparti-
cle contact forces to produce uniform contraction around all
particles, it has been possible to maintain consistent particle/
contact sizes and geometries. Bimodal or continuous size
distributions are hipped to a higher density and show large
differences in densification rate as a function of density
when compared to “monosize” powders. Thisis mostly due
to initial packing-density differences. Smaller particles
deform more than larger ones in a mixture leading to, for
example, preferential recrystallization of small particles.
Preferential deformation of small particlesis clear in Figure
15 (taken from Reference 42).

2. Nonspherical particles

Lograsso and co-workers have investigated the hipping
of angular™® and irregular™ powders. Angular titanium
powder densified in a similar manner to spherical powder,
despite the low initial powder-packing density. The analysis
of Arzt et al.®™ provided a good basis for predicting the
behavior over the range of conditions tested.[*3 With irregu-
lar copper and yttria powders, the experimental densification
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rates were found to be higher than those predicted by Arzt
et al. Lograsso and Lograsso* developed empirical rela-
tionships incorporating the morphological characteristics
into the description of the effective pressure on the particle
contacts. Close agreement between experiment and theory
was then found.

According to Davies and Jones,®® when the powder parti-
cles are nonspherical, deviations from the standard theory
will be largest during the initial stages of densification. For
example, if the initial particles are cylinders rather than
spheres, an initial packing density can be estimated using
the result for the dense random packing of spheres and by
taking a mean of the two limiting cases of cylinders in
spheres and spheres in cylinders. This gives a packing den-
sity of 0.64. A poor estimate of the initial packing density
is, inany case, not serious, asan underestimate of the packing
density will increase the predicted plastic deformation and
initial creep rate, and vice versa, so the modeling (by the
use of the model of Ashby and co-workers33343) is|argely
self-correcting. Similarly, although the density achieved due
to the yield of cylinders may differ dightly from that
achieved with spheres, this will not significantly affect the
predictions from the model, other than at the start of the
densification process. Comparison of the experimental
results and the theory gives adequate agreement.[®!

3. Densification of castings rather than powders

Pores present in castings tend to be much coarser and
with ageometry different from those in compacted powders.
Itis, therefore, not clear whether models devel oped for pow-
ders can be successfully applied to castings. Artificia speci-
mens with large central holes can be used to mimic the
behavior of large casting defects.[*® One difficulty in then
applying the Ashby computer programi*® for producing
maps is that the program requires a powder-particle size.
For castings, the equivalent parameter might then be the
average distance between pores. I nterestingly, thelarge pores
were essentially eradicated by macroscopic plastic flow dur-
ing the initial application of pressure and not during the
subsequent isothermal part of the hipping cycle. Large artifi-
cia poresin ceramics (analogous to the large pores in cast-
ings) were found to collapse by grain-boundary sliding.[*?

4. Non-steady-state pressure and temperature

Hot isostatic pressing models have usually supposed iso-
thermal conditions and instantaneous pressurization, leading
to a well-defined initial density that is taken as the starting
point for densification by time-dependent mechanisms. In
practice, in the industrial process, heating precedes pressur-
ization, and the gradual increasein pressure at high tempera-
ture leads to yield occurring simultaneously with densifica-
tion by creep and diffusional mechanisms. The contribution
to densification of yield and creep in both pure and disper-
sion-hardened camphene have been determined,!*® and,
hence, a revised microscopic hot isostatic pressing model
was proposed to take account of the ongoing densification
by yield.

5. Anisotropic shrinkage

Temperature gradients can cause the so-called “ densifica-
tion wave.”[2%% Such temperature gradients occur particu-
larly when pressure is applied to a sample first, followed
by temperature. As heat diffuses into the powder, the hotter
surface layer densifies faster than theinterior, giving adense
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density gradients with residual porosity, and internal stresses result.[?

skin (Figure 16). The dense skin then supports the load,
particularly at the corners. In the extreme case, the inward
displacement of the surface is proportional to its distance
from the midplanes (the set of planes that are equidistant
from all surfaces) of the sample. The shape of the rectangular
bar then turns into that of a dog bone as densification pro-
ceeds (Figure 17). Heat is conducted through the denser skin
faster than through the less-dense interior, further adding
to the temperature difference between the surface and the
interior. In effect, a densification wave is developing and
propagating inward, giving alarge shape change. In addition,
the dense shell can subsequently impede the shrinkage of
the internal part of the billet and contribute to the residual
stresses.

6. Hipping of composites

The role of areinforcing phase in a composite (it can be
in the form of particles or of fibers) is to constrain the
deformation of the surrounding matrix, making it stronger
and more creep resistant. However, it is just as effective in
constraining the displacements that lead to densification, so
that sintering mechanisms, for example, are restrained.>”
Hipping may help to overcome the constraining forces.

Uniaxial consolidation a room temperature of two
deformable metal powders (1100 Al and Pb-5 pct Sh) con-
taining various amounts of spherical steel inclusions illus-
trate that the inclusion phase offers little constraint to matrix
deformation at V; < 0.20, but rapidly increasing constraint at
larger V; values.® There are two constraining mechanisms.
First, the matrix must be deformed more within the compos-
ite, because of the excluded volume associated with the
packing of particlesand inclusionsof different sizes. Second,
the inclusions form a continuously touching network (pre-
dicted by the site-percolation theory and direct observation
of deformation flats on steel spheres) that supports a portion
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Fig. 17—The densification of tool steel samples. The left sample was
heated before it was pressed, so that the temperature was uniform during
hipping, giving amost no shape distortion. The right-hand sample was heat
treated and pressed at the same time, giving temperature gradients and
severe shape change.ld

of the applied stress and, thus, partialy “shields’ the
deformable phase from the total applied consolidation pres-
sure. These results are reinforced by those for hipping of
composite powders.*252 The partitioning of deformation
between the soft matrix and harder inclusions leads to
increased deformation of the softer material.

As far as continuous-fiber metal matrix composites
(MMCs) are concerned, the case of hipping of a unidirec-
tional continuous fiber—reinforced composite has been
treated from a microscopic point of view,® based on the
approach of Wilkinson®3 and Ashby and co-workerg35:3]
for the simpler problem of hipping of spherical powders.
The complex problem isbroken downinto six, much simpler,
subproblems, and the contributions to densification are
summed. Densification maps can then be produced.

The local residua stresses in a unidirectiona fiber—
reinforced MMC made of an elagtic fiber and a thermo-
viscoplastic matrix have been predicted using an axisymme-
tric micromechanical model.’® Slow cooling rates from the
hipping temperature under sustained hydrostatic pressure
give reduced residual stresses because of inelastic deforma-
tion of the matrix along the cooling path. These theoretical
predictions do not appear to have been experimentally tested
as yet.

In the development of the microscopic approach, micro-
mechanical models for densification have been combined
with empirical kinetic relationships for both grain size and
interfacial reaction-layer thickness during the hipping of

METALLURGICAL AND MATERIALS TRANSACTIONS A



~

Micro-
mechanical

S

densification part

Continuum-
mechanical
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physical Vapor deposition (PVD)—coated Ti-matrix compos-
ite fibers.[®® The relative density was very sensitive to the
small grain size of the PVD matrix. For the system investi-
gated (Ti-6Al-4V-coated SIC monofilaments), diffusion-
accommodated grain sliding was considered to be the domi-
nant densification mechanism. Again, experimental testing
of these predictions has not yet been reported.

The creep of metal-like organic compounds such as succi-
nonitrile and camphene, which contain a dispersed phase of
fine hard alumina particles, has been investigated to find
the effects of the reinforcement on densification.*® The
hard particles generate a friction stress, and this can be
incorporated into the set of densification equations. There
are some discrepancies between the predictions and the
experimental results. As the relative density increases, the
effective pressure decreases from extremely high values at
the onset of densification to the applied isostatic pressure
in the limit of full densification. The effective pressure gives
riseto an effective stress, causing densification, which, there-
fore, also decreases with increasing relative density. The
discrepancies may be due to the way in which the relevant
creep equations include this effective stress.

B. Macroscropic Models

1. General comments

In contrast to the microscopic approach, the macroscopic
approach treats the powder compact as a continuous
medium.®Y Figure 18 illustrates the difference.®® Constitu-
tive equations describing the macroscale deformation of
porous materials are obtained by modification of plastic
theory for solid materials>~% These do not take into
account particle rearrangements and interparticle sliding and
rely on the assumption that the particles are initially densely
packed. Solving the equations gives the density distribution
and final shape of the component. A yield function has been
proposed for a porous material at room temperature.®d This
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was extended to high temperatures using a viscoplastic
model of power-law creep.[®d The deformation and stress
distributioninapowder compact under hipping could then be
studied using finite-element analysis.*? The finite-element
modeling of powder consolidation has recently been
reviewed.® Such simulations operate by examining the
behavior of a computer-generated array of particles or
“nodes’ using finite elements and depend on having an
adequately sized array to characterize the real macroscopic
system. It should be noted that the use of finite-element
modeling is not restricted to the macroscopic approach; it
can be combined with the microscopic understanding.

I'n the macroscopic approach, i.e., acontinuum mechanical
model, the general plasticity theory for solids is modified
for a porous continuum, and a constitutive equation is con-
structed that relates the strain increment to the stresses. In
the equation, there are some important coefficients that have
to be determined experimentally. The values of these coeffi-
cients obtained under certain experimental conditions may
not be extrapolated to other conditions. The reason for this
is that, according to hipping theory,[3>3 the densification
rate is controlled mainly by a rate-governing mechanism
that depends on the density and hipping conditions. For
example, values of the coefficients obtained under high pres-
sure and low temperature, where power-law creep is the
governing mechanism, may not be applicable in conditions
of low pressure and high temperature, where diffusion mech-
anisms usually control densification. This feature makes the
macroscopic approach empirical and difficult to combine
with a new densification mechanism. However, the contin-
uum mechanical model can predict the shape change caused
by hipping and is convenient to use for a powder component
with a complex geometry, because it has a more concise
formulation and fewer parameters are involved than in the
microscopic approach.

As an example of what can be achieved, quite-accurate
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Fig. 19—Predicted deformed geometry contrasted against three sets of
actual measurements of pressed parts.[®8]

results (Figure 19) have been obtained®8¢%7 with finite-
element modeling, using the macroscopic approach with the
governing equation for the macroscopic viscoplastic poten-
tial (®) of a porous powder compact acting as a compress-
ible, continuous medium:

=S+ b(B)p* — c(B)

Here, Sis the magnitude of the deviatoric stress tensor, 8
is the relative density, p is the pressure as a function of
the Cauchy stress tensor, and the deviatoric stress(s) of the
powder is /2/3a, where o is the tensile yield stress. The
functions b(B) and c(B) are determined experimentally for
each material. Elasto-plastic and compressible viscoplastic
models are used for the container and powder materials,
respectively. The thermal and density dependence of the
mechanical and thermal properties of the powder are taken
into account. Figure 19 represents the result after one itera-
tion. Starting with an experience-based container design,
the container geometry is successively refined based on the
difference between the target geometry and that predicted
by the modeling. For axisymmetric components, three to
four iterations are typically enough to converge to a success-
ful design.

Finite-element model's have been reviewed™ for hipping.
The normal modeling procedure includes the definition of
constitutive equations, either from experimental dataor from
microstructure-based models, and the integration of these
equationsin afinite-element code, which alows the simula-
tion of the consolidation. In some articles, comparison of
the results with a real component is sometimes given, but
the validation may be rather incomplete. The comparison
of modelsisalso rather difficult, since constitutive equations
may have various mathematical formulations and be based
on different experimental results. Furthermore, numerical
integration techniques vary from one code to another.

Benchmarking to compare models is, thus, important. A
major international research program was initiated in 1994
to carry this out for hipping,”*# and the results were
reported in 199784 and in further articles (e.g., References
85 and 86). The groups involved are shown in Tables VI
and VII. To obtain the material parameters, two methods
have been proposed. One is based on the continuous mea-
surement of a characteristic dimension of the cylindrical

2994—VOLUME 31A, DECEMBER 2000

specimen,[#87 for example, by using an in-situ dilatometer
(Figure 20). The density variation can then be estimated
based on hypotheses about the sample geometry and can
thickness. Alternatively, interrupted hipping tests can be car-
ried out and the density measured after each test.[®d The
difficulty with thisisthat the densification cannot be stopped
suddenly and is till active during the temperature and pres-
sure unload. The most convenient experiment to study the
behavior of the material under deviatoric stress is a simple
compression test, i.e., uniaxial compression with no lateral
pressure. Constant-displacement-rate tests can be carried out
on specimens of different densities, and the stationary stress
is obtained as a function of strain rate and density.’ Die
compression tests cannot be directly interpreted, because the
lateral pressure is generally unknown.[®d Triaxial pressing
may be used, asit allows independent axial and radial press-
ing.[” However, accurate strain measurement may be diffi-
cult in such systems.[®

The report of the 1997 workshop on the benchmarking
study™® does not give a summary comparison of the results
of the different finite-element method (FEM) simulations.
Thekey articlesare References 89 through 94, but the results
are not given in such aform that, for example, one diagram
of final shape can be placed over another to compare the
quality of the fit. There is a comparison of two different
modeling approaches in Reference 94. However, what is
clear is that good agreement between numerical simulation
and experiment can be obtained. For example, the results
of Reference 93, obtained using athree-dimensional simula-
tion for a three-dimensiona part, are shown in Table VIII.
Figure 21 shows all the dimensions measured in the valida-
tion work. The table shows theinitial values for three repre-
sentative dimensions (A, B, and 1), their final measured
values, and thefinal simulated values. For a160 mm original
dimension (A), thesmulation is 143.027 mm, in comparison
with the measured final dimension of 143.561 mm, giving
agreement to within 1 mm on this length scale. The model
used Abouaf’s viscoplastic equation.[®d Various articles in
the workshop proceedings propose refinements to this,
including Reference 91, where, above 700 °C, it is proposed
that the inelastic strain rate must be decomposed into a
viscoplastic part, represented by Abouaf’s equation, and a
nontime-dependent plastic part. If Abouaf’s viscoplastic
model is used alone, the experimental densification isunder-
estimated. Sanchez et al ¥ also suggest that the rheological
functions for use in Abouaf’s equation must be determined
by an iterative procedure. This arises because the rheol ogical
functions are usually determined by assuming that the mean
pressure in the sample is homogeneous and equa to the
applied pressure. However, numerical modeling shows this
assumption to be false. The applied pressure is not fully
transmitted to the powder, because of the container stiffness.

Good agreement (to within 1 pct) between the FEM simu-
lation and a hipped component with a core has been obtained
by Svoboda et al.,[828>88 as shown in Figure 22.

There has been recent work on bringing together themacro
and micro approaches,®4 essentially introducing the rate
equations of densification into the microscopic constitutive
equation. The resulting equation in Reference 31 is poten-
tially as important as Hooke's law for elasticity and the
Prandtl—Reuss equation for plasticity. It can, in principle,
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TableVI. List and Activity of the Teams Participating in Experimental Testing for International Benchmarking Study of
Hot Isostatic Press Modeling™
Organization Country Team Leaders Tests Reference

CEREM, Grenoble France Dellis and Bouaziz iHIP 72
Crucible Research us Eisen DHIP 68
University of Pohang Korea Kim iHIP, HF, and HP 73
Ecole des Mines, D’ Albi France Levaillant HF
University of Karlsruhe Germany Oberacker DHIP 74
Carnegie-Médllon University us Piehler HTP 75
LNT, Moscow Russia Samarov and Sedliverstov iHIP and HF 76
Laboratoire 3S, Grenoble France Bouaziz, Stutz, and Ouedraogo HF 77
University of Lulea Sweden Svoboda and Haggblad DHIP 78

Abbreviations: iHIP—interrupted hot isostatic pressing; dHIP—hot isostatic pressing with in-situ dilatometric measurement; HF—hot

forging; HP—hot pressing; and HTP—hot triaxial pressing.

TableVIl. List of the Teams Participating in the International Benchmarking Study of Finite Element Simulation of
Hippingt™
Organization Country Responsible Worker Tests Reference
University of Pennsylvania us Aravas Abaqus *
Indian Institute of Technology, Kanpur India Bhargava hdc *
Bulgarian Academy of Sciences, Sofia Bulgaria Bontcheva hdc *
CEREM, Grenoble France Bouaziz, Dellis PreCAD 72
Ohio State University USA Jinka Allform 79
IFAM, Bremen Germany Khazami-Zadeh Abagus 80
University of Pohang Korea Kim Abaqus 73
Defence Metals Research Laboratory, Kanchanbagh India Ramakhrishnam hdc *
LNT Russia Samarov, Seliverstov hdc 76
Ingtitute of Problems in Materials Science Ukraine Shtern hdc 81
University of Lulea Sweden Svoboda, Haggblad Nike2D 82
MATSY S, Arlington us Zarah Prosim 83

Abbreviations: hdc home developed code.
*No reference for published work on Hipping available.

be used for isostatic or nonisostatic loads. A numerical
method is necessary for solving the equation, because of its
complexity. Results of applying the equation are due to be
published soon.

2. Anisotropic shrinkage
Three factors have an impact on the shape of the final
article:®

(1) temperature gradients,

(2) inhomogeneity in the body being hipped, e.g., density
gradients, and

(3) the load-bearing capacity of the container wall and
welds.

These al introduce a deviatoric stress, even though the
load applied during the hipping cycleis hydrostatic. Indeed,
it has been argued that a small deviatoric stress superposed
on a relatively large hydrostatic load can significantly
increase the predicted densification rates.[%!

As mentioned earlier, temperature gradients can cause a
densification wave.[*! The ratio between the velocity of the
temperature front and that of the density front has been
determined,“ and the dependence of the densification-wave
effect on the nonlinearity of the rheological properties of the
matrix-phase materials was analyzed using a macroscopic
approach.®® It was shown that the densification wave
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appears under high degrees of nonlinearity only. The densifi-
cation wave might be avoided by nonuniform heating of
the billet, but there are considerable practical difficultiesin
achieving this. The FEM under isothermal and nonisother-
mal conditions has shown that the latter leads to a noniso-
static pressure.[®

For inhomogeneity in the body being hipped, e.g., density
gradients, billets could be prepared with inhomogeneously
distributed porosity!® to combat the resulting shape change.
However, again, there are significant practica difficulties.

The influence of the container is most important in
determining the final shape of the article.[!°! The shrinkage
anisotropy is accompanied by the appearance of the devia-
toric stress component in the porous volume. This problem
has been studied for pressing of a powder cylinder in a
long tube, without considering the influence of the container
bottoms.[*%2 The deformation of the container has also been
analyzed on the basis of shell theory.l1%%4 |t was demon-
strated that the axial shrinkage of apowder isaways smaller
than the radial shrinkage,[’®! as observed experimentally
for alumina powder(®"1% and for copper,*°Y provided that
thermo-elastic effects can be neglected. This is essentially
due to the fact that the can supports a larger load in the
axial direction, compared to theradial direction, during plas-
tic deformation.[*%4
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Fig. 20—Scheme of an in-situ hot isostatic press dilatometer.[4

TableVIII. Initial Values, Final Measured Values after
Hipping, and Simulated Values after Hipping for
Representative Dimensions A, B, and | on the Three-
Dimensional Part in Figure 21[%3

Initial Value Measured Find ~ Simulated Fina
Dimension (mm) Value (mm) Value (mm)
A 160.807 143.561 143.027
B 230.990 206.324 205.232
I 76.987 68.250 66.626
C R H
L
Y AN
= dG
/- '\
D y <
=
L~
v y
» B

Fig. 21—Three-dimensional part for validation of simulationin comparison
with measured final dimensions after hipping.[®¥ The letters A . . . | repre-
sent dimensions of the part measured in the validation. Table VIII gives
the initial values for representative dimensions A, B, and |, the measured
final values, and the simulated final values. D and G are on through holes.
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Fig. 22—Comparison between initial undeformed geometry (left side of
the figure), resulting geometry from the simulation (right side), and that
from the inspection. The result of the simulation is shown by FEM mesh.
Bold lines show the initial shape of the container and the core; dashed
lines show the result from the inspection obtained using CMM.[

The behavior of the container and its interaction with the
powder/component must be an inherent part of the develop-
ment of modeling. Several of the articles identified in Table
VIl include such considerations. For hot deformation pro-
cesses, the nonlinearity of the viscous-plastic properties of
not just the powder, but aso the container, should be taken
into account. The FEM provides the fullest analysis of the
deformation of the powder-container system.[2%6-111 A modii-
fication of the variational principle for determining the field
of unknown kinematic parameters (velocities and displace-
ments) has been suggested, along with the idea of using
different wall thicknesses for the lateral and end walls in
order to control the shrinkage anisotropy.l®>'* The ratio
between the container-wall thicknesses should be propor-
tional to the ratio of the dimensions of the internal space of
the container in the directions perpendicular to the walls.
Other workers are also developing FEM simulations.

Good agreement is claimed (although no actual dimen-
sions are supplied, so it is difficult to compare the results
with other workers) between experimental data for hipping
of aumina-powder compacts and FEM calculations,[*?
using the constitutive equations for grain growth and diffu-
sional creep from References 113 and 114 and those for
power-law creep from References 115 and 116. Kuhn and
McMeeking!**® suggested a constitutive model to analyze
the creep behavior of metal-powder compacts, which have
relatively low densities (D < 0.9) under general loading,
by approximating the contact deformation of metal-powder
particles. Sofronis and McMeeking!'®! dealt with the higher
densities (D > 0.9) under general loading by finite-element
analysisfor ahollow sphere. If the alumina powder is encap-
sulated, the container causes nonuniform densification and
shape change, but has little effect on the densification rate.

Similar work has been carried out for copper powder.[**")
The agreement is reasonable for density predictions (although,
again, no shape predictions are given), provided that the stress
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ishydrogtatic, but not if deviatoric stressesincrease. A possible
explanation for the disagreement may betheirregular size and
shape of the copper-powder particles. The theory is based on
monosized spherical powder particles.

3. Macroscopic approach for composites

The FEM predictions have been compared with experi-
ments for foil-fiber-foil and tape-cast monotapes.[**8119 For
foil-fiber-foil layups, there is an important influence on the
consolidation time of interface friction—shear factors, and
the consolidation time is sensitive to small variations in
hipping temperature and material flow properties such as
strain-rate sensitivity. These factors were less important for
the tape-cast monotape layups.

For modeling, there are two issues for consideration in
the deformation behavior of fibre-reinforced MMCs:

(1) anisotropic mechanical (in particular, viscous) proper-
ties, and

(2) large imperfections (large-scale pores), which influence
the shrinkage kinetics during hipping.

From atopological point of view, theseimperfections (for
example, those arising for the MMC if a fiber is missing
from the array) cause “ heterogeneity of the void phase,” i.e.,
the porous structure becomes bimodal. Pores of different
scales have different shrinkage intensities and can hinder
the densification of each other.l***! The problem has been
taken further using the continuum theory of sintering as a
theoretical basis.[120121

IV. OTHER RECENT DEVELOPMENTS

A. Modeling of the Effects of Hipping on Microstructure

A method has recently been developed*?? to model the
dynamic behavior of powder metallurgy (PM) superalloys
during hot isostatic pressing. The power-dissipative effi-
ciency during the hipping process was related to the relative
density and the strain-rate sensitivity index. The research
workers carried out isothermal constant-strain-rate tests and,
hence, predicted the microstructural evolution of the PM
Rene 95 alloy during hipping. The results suggest that hip-
ping in the temperature range from 1100 °C to 1120 °C and
adgrain-rate range of 107#to 1073 s~ may eliminate residual
dendrites and ensure consistent microstructures and proper-
ties, in good agreement with practical experience.

This is an area that warrants further attention, because
the microstructure is critical to the properties of the hipped
product. The microstructure (e.g., grain size and existence
of prior particle boundaries) cannot be predicted from the
macroscopic approach.

B. In-Stu Sensors

The use of in-situ dilatometers for continuous measure-
ment of dimensions during hipping has already been men-
tioned (Figure 20 of Reference 74 and Section I11-B-1).
Proposed systems rely on measuring the vertical displace-
ment.[’#123 |n contrast, eddy-current sensors are generally
arranged to detect achangein diameter.[102:124126] They oper-
ate on atwo-coil technique, in which a primary coil induces
a uniform electromagnetic field of variable frequency and
a secondary coil senses the perturbation to this field by the
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sample. At high frequencies, because of the skin effect, the
perturbationsto thefield are controlled only by the geometry
of the component and not by its electrical conductivity.
Hence, it is possible to measure a component’s dimensions.

The development of such in-situ sensors has provided
a means for evaluating models (e.g., Reference 101). The
difficulty with dilatometers and eddy-current sensors is that
interpreting the signal to obtain information on densification
relies on the sample having a simple geometry.

Stubbs and Dutton*?”) have recently developed an ultra-
sonic sensor that is capable of emitting and recelving ultra
sonic energy at >900 °C and >150 MPa and can measure
workpiece deformation during hipping. A reliable sensor that
could provide information on the actua consolidation of the
material would save hipping time and cost. Further, hipping
runs could beterminated as soon as consolidation iscompl ete,
reducing undesired effects due to holding the materials at
elevated temperatures for extended periods of time.

C. Importance of Densification during the Initial
Transient

In several earlier sections (e.g., sections I11-A—-3 and 4),
the importance of the initial transient conditions as the hip-
ping pressure and temperature are approached wasidentified.
Thisis further emphasised by recent experimental work,[*%¢!
showing that a major proportion of the densification of
hipped Ti-6Al-4V powders occurs in the transient period.
Thisis due to particle trandlation and rotation. In Reference
128, it was shown that smaller particles deform substantially
more than larger neighboring particles, and this deformation
contributes to the continued shifting motion of large parti-
cles. In addition, porosity in the samples is always cusped,
never spherical or cylindrical, in contrast to the assumptions
in most FEM simulations. It was concluded that the micro-
scopic models do not accurately describe the interparticle
geometry in stage 2 and so do not accommodate the observed
particle movement in early stages. The observed behavior is
only partially addressed by static continuum (macroscopic)
models and is not adequately addressed by static and
dynamic continuum maodels, which do not incoporate granu-
lar flow behavior. Despite these comments, however, there
has been a degree of success in modeling shape change with
both microscopic and macroscopic approaches.

D. Reactive Hipping

When the synthesis of a compound occurs during heating
to a hipping temperature, this is termed reactive hipping
(e.g., Reference 129). For example,™ TiB, can be formed
from amixture of Ti and B powders encapsul ated and heated
in a hot isostatic press to 700 °C, under a pressure of 100
MPa. The exothermic reaction is then ignited using a heated
wire implanted in the compact. Rapid self-heating occurs,
and the compact densifies under the combined action of its
own heat and the external pressure. Fine-grained products
can result. Various compounds have been produced in this
way, including NbAl;, NbsSn, FeAl, NizAl, MoSi>-SiC,
TiAl, and Al 05-TiC.

As yet there, has been no attempt to apply hot isostatic
press FEM modeling to reactive hipping. Reactive hipping
could lead to the processing of materials and composites
that will greatly expand the use of hipping.
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V. CONCLUDING REMARKS

The basic science of hipping has been summarized. Mod-
els of hipping have been explored, differentiating between
microscopic and macroscopic approaches. The effects of
having arange of particle sizes rather than monosized parti-
cles and having nonspherical particles have been discussed.
The densification of castings, rather than powders, and the
effects of non-steady-state pressure and temperature have
been described. Particular emphasis has been given to aniso-
tropic shrinkage, as thisis a major issue for industrial prac-
titioners. The application of hipping to MMCs, and models
thereof, has also been included.

There has been an explosion in modeling activity in the
1990s, to some extent supported by experimental data and
developments (e.g., the use of in-situ sensors to monitor
shape change and densification). However, the technology
is constantly evolving with, for example, innovations in
rapid cooling and reactive hipping and with little attempt as
yet to take these into account in the models. In addition,
questions have recently been raised about the mgjor role
that particle rearrangement during the initial transient may
play in densification. Further, for those applications requir-
ing containment, there is a need to identify which models
alow the container dimensions and material specifications
to be most reliably identified. What is clear is that hipping
is afar more “dynamic” process than originally envisaged,
with particles shifting around in the initial stages and major
plastic flow. In this respect, it is quite distinct from sintering
without pressure.

A magjor area for development is the prediction of the
effects of hipping on microstructural features such as grain
size and precipitate distributions.
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