Microstructural development and densification
during hipping of ceramics and metals
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Prediction of deformation behaviour during hipping
is often difficult because data on complex material
properties are required but are not usually available
from the literature. From the present work,
measurement of the deformation of a single sphere is
proposed as a direct and simple method of predicting
hipping behaviour. For C1018 steel, copper, and
AP1 nickel superalloy, the predictions made from
deformation experiments with single spheres were in
good agreement with measured hipping behaviour at
hipping densities <939, theoretical. In addition, the
creep parameters, such as the exponent n for the
power law creep relation, of the powder material
itself were measured during single sphere deforma-
tion. During hipping of C1018 in the density range
above 9027, the use of lower pressures, which is
favoured for economic reasons, showed that micro-
structural development and densification during the
final stage of hipping are determined by relatively
large pores. These large pores may result from
irregularities in the initial powder packing and are
still present when areas of initially well packed
particles were completely densified. Quantitative
measurements of this effect in C1018 were supported
by two dimensional simulations of the densification
process. Additional observations of AP1, C1018, and
W(Ni) emphasised the importance of the differential
deformation of individual particles and grain growth
on microstructural development during hipping.
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During hot isostatic pressing (hipping), plastic flow, power
law creep, Nabarro—Herring creep, Coble creep, grain
boundary sliding in the particles, and grain boundary and
bulk diffusion at the particle contacts can all contribute to
densification (Fig. 1).?”® Which of these mechanisms
dominates shrinkage and neck growth rate depends on a
number of parameters related to the powder (size, grain
size, instantaneous geometry, bulk properties, interface
properties) and to processing (pressure, temperature, time).
- The neck growth and centre approach rates have been
described by the equations given in Table 1. To ease the
engineer’s choice of hipping parameters required for
densification of a particular material, hipping diagrams
were developed some years age.”'® However, the con-
struction of these diagrams requires knowledge of a variety
of materials data, which is often not available. Because of
the tedious and time consuming character of hipping
experiments, the theoretical predictions still lack sufficient

experimental verification. In this paper a simple experi-
mental method is presented which allows prediction of
hipping behaviour at lower densities and also provides
some of the material data required for the complex
calculation of hipping diagrams.

A major application of hipping is the production of
dense and homogeneous materials. Hence, it is of
importance to be aware of effects which may lead to
residual pores or inhomogeneous microstructural develop-
ment during hipping. A special challenge in this respect is
posed by the new, economically advantageous high volume
hipping or sinterhipping systems which operate at
pressures below 60 MPa. The low pressure and the
microstructure of the materials, which are presintered to
close porosity, require an increased awareness of features
that may constitute or lead to delects,

Microstructural observations during the hipping of
C1018 steel, AP1 (a nickel base superalloy), and presintered
W(Ni) are presented; defects during hipping are found to
develop from deviations of the initial particle distribution
from ideal random dense packing, as well as from
differential individual deformation of individual particles
and from pore-grain boundary separation in the pre-
sintered microstructures.

RELATION BETWEEN DEFORMATION OF

SINGLE SPHERES AND HIPPED SAMPLES

Single powder spheres were uniaxially deformed under a
controlled load f, as shown schematically in Fig. 2. For the
calculation it was assumed that the material in the
deformation zones (dark areas) is distributed homo-
geneously on the free surface of the particles, i.e. the radius
R of the particle is increasing during deformation. The
particle radius R and the radius x of the contact area are
connected to the reduction k of the distance between the
particle centre and the contact area by the expressions

R={3R3+3(Ro—h'JRe—M}"* . . . . . (1)
‘and

x = {2[h+(R—R)R~[h+(R—R)I2P? . . ()
Table I Descriptions of densification rate, as characterised

by centre approach rate p, during hipping*
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* D, =grain boundary diffusion coefficient; D, = lattice diffusion
coefficient; G =average grain size; k= Boltzmann constant;
n = power law creep exponent; p, = effective pressure at particle
contact; T = absolute temperature; x =radius of particle contact
area; d-=grain . boundary thickness; £&,=power law creep
parameter; p=radius of curvature of neck; o4 = power law creep
parameter; £ = atomic volume.

Nabarro—~Herring creep’-©
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1 BULK DIFFUSION
2 GRAIN BOUNDARY DIFFUSION
3 SURFACE DIFFUSION

4 PLASTIC DEFORMATION
POWER LAW CREEP

6 DIFFUSIONAL CREEP
{¥H-C CREEP)
7 GRAIN BOUNDARY SLIDING

1 Traasport mechanisms operating during hipping

The resulting pressure p at the contact zone is

f
P=-3 )
The deformation of the single sphere between two parallel
plates was transformed into an equivalent ‘hipped density’
D. Taking into account the increasing number Z of
contacts per particle during densification® the relation

Dy
2
1 —4R;3 [(7-3+ 8:6 }—’:7) hZ(SRowh)DB:l
0

was obtained, where D, is the initial relative density. It was
later found, however, that the empirical relation

h h
D=Dg+2—[1+—) . . . . . . .
0 Ro( + Ro) (5)
describes equally well the relation between the deformation
of a single sphere between‘two plates and the equivalent
hipped density.

The relation between the external hipping pressure p*
and the average force f* on a single particle during hipping
is given by®- 19

ZDh
4nR2

This relation was used to transform the force f on the
single particle into an equivalent external hipping pressure
P* =P, by setting f*=f.

D=

“4)

e e o ()

Deformation condition

Initial condgition

2 Schematic diagram of deformation of sphere between two
parallel plates
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COMPARISON BETWEEN DEFORMATION
OF SINGLE SPHERES AND HIPPED
SAMPLES

Powders with high sphericity and a narrow size distri-
bution (range <25pm) were placed in glass containers.
After evacuation to 0-1 uPa the containers were sealed and
hipped in a minihipper. For comparison, single spheres
were deformed in a precision dilatometer under loads
between 0-1 and 1 N.

Figure 3a shows the hipped density of steel Cl018
samples after hipping at 1000°C for 1 and 20min at
different external pressures. Various hipped densities
calculated from the results of single sphere dilatometer
experiments are included for comparison. The agreement
between the predictions on the basis of the single sphere
experiments and the results from the hipped samples is
excellent. A similar comparison for copper also indicated
good accuracy of the prediction, up to hipped theoretical
densities of 093 (Fig. 3b). At higher densities the
deformation of the two single sphere contacts is no longer
comparable to the deformation of the material in the
vicinity of pores in the hipped body. The hipped densities
of copper samples that confirm the data predicted from the
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a hipped densities for C1018 (particle size range 100-125 pm)
after 7 1 and W 20 min at 1000°C and calculated densities
from single sphere deformation measurements (particle size
180 pm): f=045N (p,,=40MPa), [0 lmin, O 20 min;
f=025N (p,=18MPa), @ 1 min, @ 20min; /=016 N
(Peg =8MPa), B ! min, @ 20min; b hipped densities for
copper obtained after hipping at @ 750 and O 850°C for
20 min (particle size range 150-200pm) and calculated
densities from single sphere deformation measurements
(t=20min): ¥ /=015N (p=8 MPa), particle size 180 pm,
grain size 10pm; V2 f=030N (p,, = 18 MPa), particle size
180 pm, grain size 10 pm

3 Comparison of hipped densities calculated from single
sphere dilatometer measurements and obtained after
hipping C1018 steel and copper: f and p ., describe force
on single sphere in dilatometer and equivalent hipping
pressure
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4 Hipping diagram for copper at 850°C calculated after
Arzt et al.” (mean particle size 175 pum, grain size
10 pm): plotted data show density of hipped copper
samples (850°C, 20 min, particle size range 150200 pm)

dilatometer experiments have also been included in a
hipping diagram, calculated after Arzt er al.” (Fig. 4).
The isochrones of the hipping diagram suggest a stronger
stress sensitivity of the deformation rate than that
measured. As a consequence, the hipped density after
hipping for 20 min at 850°C is much lower than predicted
in the diagram. Whatever the metallurgical reason for the
discrepancy between the hipping diagram and the
measured behaviour may be, this example shows that the
single sphere measurements are a valuable tool for
individual ‘non-ideal’ materials.

It is possible to investigate particles with particular
properties. Copper spheres of the same size but different
internal grain size (10, 40, and 180 um) were measured in
the dilatometer at 800°C (Fig. 5). Tt is obvious that the
internal grain size of the powder particles has a
considerable influence on the deformation behaviour and
on the hipping densification. It is also possible to measure
specific properties of the material, for example the creep
exponent. The slope of the straight line in the log-log plot
of deformation rate versus effective stress in Fig. 6 directly
gives the creep exponent n. For C1018 the measured value
is 4-2. This compares well with the values of 4-5 given in
the literature, which were measured by other techniques.®

The dilatometer experiments emphasise the extent of
densification during heating. During fast heating deforma-
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5 Relative deformation of copper spheres at 800°C (particle
size 2R, = 180 um, force /= 0-6 N), showing influence of
inner grain size on deformation behaviour: heating rate
30 K min~?! ‘
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6 Stress dependence of deformation rate of CI018 steel
spheres at 1000°C: particle size 2R, = 180 pm; force
S=025um

tion is mainly due to plastic deformation, whereas during
slow heating the deformation rate due to power law creep
exceeds that due to plastic deformation. Figure 7 shows the
deformation of AP1 spheres at loads between 0-07 and
0-26 N, which is equivalent to hipping pressures between 8
and 40 MPa. The predicted hipped density is in good
agreement with the values for APl at low pressures and
short isothermal hipping times reported by Mitkov et al.'?

INITIAL PARTICLE ARRANGEMENT AND
PORE SIZE DISTRIBUTION DURING FINAL
STAGE HIPPING

Figure 8 shows a sequence of microstructures of C1018
(100 pm powder) hipped to relative densities between 0-70
and 0-99. At densities below 0-9 the section shows areas of
higher and lower particle density. Most of the virtual
porosity variation is a result of the two dimensional
sectioning of the poured spheres. Some of the larger pores
may indicate, however, packing inhomogeneities which
result in a few pores that are larger than should be present
in an ideal random arrangement. At hipped densities of
0-97 and 0-99 a small number of large pores is still present.
An unetched microstructure of the sample (Fig. 8d) clearly
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7 Deformation of AP superalloy spheres during heating to
1180°C at 40K min~' and subsequent isothermal
annealing under various applied forces f: particle size
140 pm
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8 Microstructure of C1018 steel after hipping under various conditions at 1000°C: D is final relative density; particle size

range 100-125 pym

shows relatively large ( ~ 40-50 pm) pores. The fine regular
porosity has disappeared between most particles.

The pore size distribution was determined by lineal
analysis. At a relative density of 0-99, 40 um chord length
pores occurred with a frequency of ~1Y%, indicating the
presence of a small number of pores with sizes of the order
of the initial particle radius, even in a material that is often
considered as dense. The presence of comparatively large
pores at very low porosities would be expected te influence
the mechanical properties of hipped materials considerably.
The fatigue behaviour of high strength materials is known
to be sensitive to pores of this size. These residual pores
can also be found in material hipped from much finer
starting powders, such as ceramics. If the agglomerates do
not disintegrate sufficiently during the initial stages of
hipping a small number of large pores may remain in the
dense ceramic matrix after hipping. Since these large pores
are potential nuclei for crack initiation they are likely to
decrease the Weibull modulus of the ceramic materials
considerably.

The residual pores are thought to result from small
packing faults in the initial powder arrangement. The
influence of small initial packing faults is demonstrated in
the two dimensional model shown in Fig. 9. Two particle
arrangements are shown. Three particles forming an
equilateral triangle were assumed to undergo centre
approach during hipping by removal of material from the
contact areas. One half of the removed material was spread
virtually uniformly on the free surface of the pore between
the particles. The same procedure was carried out for four
particles forming a square. At the same centre approach
the four particle arrangement still shows a relatively large
pore one third of the particle radius in size. It must be
assumed that a certain number of similar packing defects
also exist in powder compacts, i.e. in three dimensional
arrangements, even after very careful processing. As a
consequence, a certain number of comparatively large
pores has to be eliminated at the very end of the final stage
of hipping. At this stage the present models assume a much
larger number of much finer pore to be present.

DEFORMATION OF INDIVIDUAL SPHERES

Figure 10 shows the microstructure of AP1 after hipping at
1120°C for 20 min at 50 MPa. The particle size range was
between 125 and 160 um and the residual porosity <0-5%.
Figure 10a shows some particles with a much coarser grain
size than the majority of the specimen. At higher
magnification the coarse grained particles reveal a high
degree of residual sphericity, i.e. the particles appear to
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have been only modestly deformed during hipping
{Fig. 10b). The conclusion that reduced deformation of the
AP1 particles resulted in the formation of coarse grains
was supported by the microstructural development in an
‘accidental’ area of the hipping capsule. Figure 10¢ shows
the microstructure in the corner of the cylindrical steel
encapsulation. The powder particles have been only
slightly deformed due to insufficient deformation of the
steel capsule. The reduced isostatic pressure is also
indicated by expansion of the enclosed argon bubbles. The
slightly deformed superalloy particles exhibit coarse grains
compared to the fine grained microstructure of the
densified areas of the sample. A small number of particles
distinguished from the rest of the material by a very coarse
grain size was also found in hipped C1018.

The fact that all particles in the area of reduced
deformation shown in Fig. 10¢ developed a coarse grain
microstructure suggests that the differential micro-
structural development of these particles in a fine grained
matrix does not primarily result from deviations in their
chemical composition or initial microstructure. The
differential microstructural develcpment can be traced
back to differences in the deformation of individual
particles. Different degrees of deformation may arise from
particle size differences. If a larger particle is surrounded
by smaller particles, as shown schematically in Fig. 11la,

010 015 020

h/R,

9 Two dimensional densification model of two typical
particle arrangements
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a fine grained microstructure with some undeformed coarse particles; b coarse grained particle at higher magnification; ¢ area of
undeformed, coarse grained particles near corner of hipping container

10 Microstructure of AP1 superalloy after hipping at 1120°C at 50 MPa for 20 min: particle size range 125160 pm

the densification during hipping results in minor deforma-
tion of the larger central particle (Fig. 115). An arrange-
ment such as that shown in Fig. 11a can occur frequently
in normal particle size distributions. The particle size
distributions of the AP1, and in particular the C1018, were
very narrow, however, indicating that other geometrical
arrangements may also be responsible for the development
of the microstructural inhomogeneities. It is possible, for
example, that a few particles were deformed only slightly
during the initial stages of hipping owing to pockets in the
powder particle arrangement. If the surrounding matrix of
deforming particles softens owing to dynamic recrystal-
lisation the initially undeformed particle will remain as a
relatively hard spherical inclusion in a softer {with respect
to the deformation during hipping) matrix.

FINAL STAGE SINTERHIPPING OF W(Ni)
Final stage sintering starts when the break up of
interconnected pore channels leads to isolated pores which
lie along junctions between three or four grains.'*> During
the final stage of sintering densification {pore shrinkage)
and coarsening (pore coarsening and grain coarsening)
occur simultaneously. Shrinkage occurs mainly by migra-
tion of vacancies from the pores along the grain boundaries
to vacancy sinks (grain boundaries and free surfaces).
During grain growth pores either remain at the boundaries
or become separated and ‘trapped’ inside the grains. Pores
that are trapped usually shrink at much lower rates than
pores which are at grain boundaries, since bulk diffusivity
is much smalter than grain boundary diffusivity. The
separation of pores and grain boundaries usually starts at
densities >90%. Totally closed porosity, however, is
expected at densities >93%. As a consequence, pore—grain
boundary separation may occur during sintering in a
sinterhip treatment, as shown for W(Ni) in Fig. 12a. As
shown in Fig. 12b, the application of 200 MPa at 1400°C
changes the microstructure dramatically: all pores were
eliminated in the wake of migrating grain boundaries. It
can be shown that in W(Ni) densification by other
mechanisms (e.g. power law creep, which is most
frequently observed in other systems and which depends on
the bulk diffusivity) is small compared to pore shrinkage
by vacancy transport along the grain boundaries and their
subsequent elimination.’?

The pore-grain boundary breakaway diagram shown in
Fig. 13 can be used to explain pore-grain boundary
interaction during sintering and hipping. There are two
regimes where pores can remain attached to the grain
boundaries. Pores which are immobile but large enough
retard the motion of the boundary (pore control in
Fig. 13).137!% In the boundary control regime pores are
small enough to move with the grain boundaries without
impeding their motion. The intersection of the two pore—
boundary interaction regimes leads to a pore-boundary
separation region with G* as the smallest grain size where
grain boundary-pore separation occurs.

(a)
(b)
! A1
|h2 * R‘ (RZ
=1 R

a before contact deformation; b alter contact deformation
and centre approach

11 Schematic diagram of deformation behaviour of small
particles in contact with larger particles
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a after sintering at 1400°C for 60 min; b after hipping
treatment at 1400°C for 60 min at 200 MPa

12 Microstructure of W-0-15Ni after
subsequent hipping

sintering and

The final stage of W(NIi) sintering is characterised by
extensive grain boundary-pore separation since grain
boundary diffusion' is dramatically increased by the
presence of nickel at the grain boundaries. This also results
in increased grain boundary mobility. When the samples
are subjected to high hydrostatic pressure, as during
hipping, the surface and grain boundary diffusion
constants remain essentially constant, but the applied
pressure gives much steeper vacancy chemical potential
gradients and results in faster vacancy flow toward the
grain boundary sinks. As a consequence, pores which come
into contact with 4 moving grain boundary during hipping
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boundary—pore interaction, consisting of contact between
migrating grain boundary and pore followed by migration to
breakaway position

13 Pore-grain boundary separation during final stage of
sintering and hipping

shrink in a short time interval ¢, to a size at which
boundary control becomes dominant, If this time interval
is shorter than the time which elapses before the contacting
grain boundary migrates to a breakaway condition
complete elimination of the pore will occur during further
migration under the boundary control regime conditions
(Fig. 13b).

SUMMARY

Measuring the deformation of single spheres is a useful
method for predicting the hipping bebaviour of new
materials and reducing research and development costs.
Some of the creep parameters can be determined
quantitatively by the same method.

During final stage hipping at densities >98% a small
number of relatively large pores, about one third the
particle radius in size, are still present.

During hipping, some fraction of the particles undergo
only minor deformation. It was found for AP1 superalloy
that these particles possessed coarse grain sizes, whereas
the more heavily deformed particles displayed a fine
microstructure.



During the final stage of hipping nickel doped tungsten,
complete pore elimination occurs when pores come into
contact with grain boundaries migrating as a result of
normal grain growth. The absence of power law creep
allows description of the pore-grain boundary separation
condition in terms of a critical time interval ¢, which
elapses between the first contact of the grain boundary
with the pore and the instant when the grain boundary has
moved into the breakaway position.
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