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Pore metamorphosis during liquid phase
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Liquid Phase Sintering (LPS) experiments have been conducted on several sounding rocket
flights, Space Shuttle missions and aboard Mir Station, where more than 100 samples were
processed for various times. Analysis of those samples revealed considerable pore
formation and metamorphosis. Pore filling and coarsening was found in most samples
while pore breakup was also found in low liquid volume samples. Pores showed bifurcated
behaviors based on their liquid volume fractions. These behaviors resulted from particle
rearrangement, particle growth and different diffusion patterns (surface diffusion and
volume diffusion) that associated with interfacial energy differences, instabilities, and grain
coarsening along the interface between phases. Low liquid volume fraction and the
presence of the agglomeration, which results in high local solid volume fraction, enhances
the volume diffusion during the process which causes the pore breakup. This paper
attempts to show pore bifurcation behavior, which produces either smaller pore by a
breakup mechanism or coarsened pore of large size. An initiation mechanism induced by
grain growth, capillary force and other weak forces is proposed and the results from
theoretical analysis and CFD numerical simulation are presented.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Liquid Phase Sintering (LPS) is a widely used industrial
powder metallurgy process. For some sintered materi-
als such as cutting tools or inserts, high porosity is con-
sidered an unwelcome phenomenon. In manufacturing
these materials, considerable efforts have been directed
towards attaining complete densification and drive the
pore volume to zero [1]. Ideally, obtaining the max-
imum density, termed the theoretical density, would
require a pore free composite. On the other hand, for
porous materials such as metal foams, hydride catalysts
and sustainable high-temperature synthesized (SHS)
materials, high porosity is desirable [2]. Achieving
high or low relative densities often leads to increased
costs and manufacturing complexity. Therefore the pore
study is crucial both practically and theoretically.

Pore metamorphosis during liquid phase sintering
(LPS) in unit gravity is very “erratic” [3]. In unit grav-
ity processing, density differences cause sedimentation
within the sample, which contributes to solid migra-
tion, non-uniform coarsening and anisotropy in the me-
chanical and material properties of the sintered com-
pacts [4–6]. Even for systems like Co-Cu who has
small density difference between two phases [7, 8],
it is not possible to eliminate buoyancy effects such
as pore migration and sample slumping in unit gravity
[9]. Processing in microgravity environment provides a
unique opportunity to isolate transport from sedimenta-

tion mechanisms, thereby permitting the study of trans-
port effects on macrostructure, pore morphology and
microstructure.

Pores are not buoyant in microgravity as they are in
unit gravity and therefore remain in equilibrium with
the solid and liquid phases during LPS. The study of
pore metamorphosis in microgravity is unique because
the origin, behaviors and lifetime of a pore can be stud-
ied. However, in microgravity, removing sedimentation
driven convection does not produce a static system. Pore
metamorphosis driven by surface tension and capillary
forces is still present in microgravity processed sam-
ples. Here the terminology of pore is subclassified as a
void when low vapor pressure exists and a bubble when
inside pressure is high [10]. The surface properties of a
pore as well as the shape of the pore are also affected by
the size of surrounding particles and the liquid flowing
around the pore.

There are three fundamental stages associated with
the process of liquid phase sintering namely rearrange-
ment, solution-reprecipitation and solid state diffusion
[5]. At the beginning of liquid formation, because of
the solubility and capillary force, liquid will quickly
flow into particle capillaries, wet the particles, cut off
pore network and isolate pores from each other. This
process leads to closed-pore structures due to the re-
duction of total interfacial energy. Pores continue to
metamorphose during the later stages of liquid phase
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sintering. In the past many powder compact samples
from the Fe-Cu, Co-Cu, W-Cu and W-Ni-Cu systems
were processed during liquid phase sintering exper-
iments aboard four sounding rockets, five different
Space Shuttle missions and twice aboard Mir station
[11–14]. Pore deformation was observed in all samples.
Detailed studies have shown that three pore deforma-
tion behaviors exist among the samples, namely, pore
breakup, pore filling and pore coarsening. In this pa-
per some results from Fe-Cu samples and Co-Cu sam-
ples will be presented to further discuss the mecha-
nism of pore metamorphosis during microgravity liq-
uid phase sintering. The understanding toward those
pore formation and metamorphosis could improve
ground-based processing and increase commercial ap-
plications of these materials both on ground and in
microgravity.

2. Experimental details
LPS of powder compacts were conducted aboard the
Consort sounding rocket, three Space Shuttle missions
and aboard Mir Station twice. The compositions were
selected to yield different volume percent of the liquid
copper phase during sintering. The furnace module for
these flights was configured to exceed the melting point
of the additive materials (Cu in Fe-Cu and Co-Cu sys-
tems). The samples were processed for 2.5 min aboard
the Consort 4 sounding rocket, 5 min aboard STS-57,
17 min aboard STS-60 and 66 min aboard STS-65, us-
ing the Equipment for Liquid Phase Sintering Exper-
iments (ECLiPSE) flight furnace and quench system,
described elsewhere [13, 15, 16]. The processing time
for Mir samples ranged from 10 min to 330 min with
Russian Optizon furnace.

The powders were supplied and graded by Alfa (Cat-
alog #00622 for Cu, #10455 for Co) and were used
as received without further modification. Samples with
different Cu volume fraction (50, 60, 70 and 80%) were
prepared. No was or particle lubricants were used in
order to minimize contamination of the compact. They
were weighed in air and blended in a rotary mixer, the
speed of which was optimized using the relationship
RPM = 32/(cylinder diameter)1/2 [17]. The homoge-
nized powders in the mixer were then transferred into a
zinc stearate lubricated die in which the green compact
was formed under approximately 110 Mpa pressure for
one hour [12, 15, 16, 18, 21]. A carver laboratory press
was used in this process in order to obtain a green com-
pact (unsintered compact) with 70% theoretical den-
sity. The gauge pressure was elevated to two tons per
square inch (tsig) for three min followed by seven tsig
for one hour. The modicum pressure of 110 Mpa was
selected by trial-and-error to minimize forced shape ac-
commodation, compact swelling and solid skeletal for-
mation within the compact, while developing enough
structural integrity to tolerate launch loads [12, 15, 16,
18, 21].

The pressed compacts were reduced in a tubular reac-
tor under a flowing gas mixture of 5% H2 with the bal-
ance He, following a time and temperature profile de-
signed to remove contaminating oxides and lubricants.
The peak temperature is 300◦C. The samples were then

separated by stainless steel or ceramic shims. Finally
they were put into ampoules that held samples in fur-
nace and sealed in He gas chamber. The samples was
processed in vacuum aboard several Space Shuttle mis-
sions and in Mir Station.

The processed Co-Cu samples were analyzed us-
ing metallurgic microscope and Scanning Electron Mi-
croscope (SEM). The pore size was measured using
IMAGEN Video Marking and Measurement System,
SigmaScan Image Measurement System and Buehler’s
Omnimet Advantage Image Analysis System.

3. Pore formation and metamorphosis in
Cu-Fe and Co-Cu samples processed
under microgravity

3.1. Pore breakup in Fe-Cu samples
Examination of the samples taken from 30%Cu-Fe sin-
tered aboard the Consort 4 sounding rocket and in
ECLiPSE-HAB2 aboard Space Shuttle (STS-57, 60 and
63) showed that pores within the microstructure under-
went metamorphosis, where larger pores broke up into
strings of smaller spherical pores as the processing time
increased [11, 19–21]. Fig. 1 is a SEM micrograph of
30vol.%Cu sample showing that both individual pores
and networked pores. The individual pores transformed
from the initial networked pores prior to melt after 2.5
min of processing. Fig. 2 showed that the grains had
coarsened considerably for 30vol.%Cu sample after 5

Figure 1 SEM-BEI microphotograph of Fe-33Cu sample processed
2.5 min.

Figure 2 SEM-BEI microphotograph of Fe-33Cu sample processed
5 min.
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Figure 3 SEM-BEI microphotograph of Fe-33Cu sample processed
17 min.

min processing, most networked pores had closed, and
the pores were more spheroidized. More significantly,
several of these individual spherical pores were linearly
arranged. This suggests that they were originally part
of ellipsoidal pores that were broken up by ovulation.
Dumbbell shapes were observed as a result of neck-
ing, suggesting that these pores were in the process of
breaking up. Micrograph of 30vol.%Cu sample that was
processed for 17 min (Fig. 3) showed additional pores
arranged in linear strings, some of which were dumb-
bell shaped. The pore shapes were more spherical and
much smaller in size. This strongly indicates that pores
were breaking up and the increased processing time re-
sulted in pore of smaller sizes and regular shapes. Mi-
crograph of sample processed for 66 min showed that
the pore sizes and population did not change much as
the processing time was increasing from 17 min to 66
min. At the mean time, Pore coarsening is also observed
in samples after long time sintering. For high volume
fraction samples, pore coarsening and pore filling was
found instead of pore breakup.

To further study the pore metamorphosis with respect
to sintering time and solid volume fraction, some Fe-
Cu samples and Co-Cu samples were processed in Mir
Station along with some Ag based compacts. Process-
ing time up to 330 min and the highest solid volume
fraction is 80%. Analysis of those samples showed that
pores exist even when sample was processed in vacuum
[22].

The microstructures of Fe-Cu samples exhibited both
pore breakup and coarsening during sintering process,
based on liquid volume fraction. For low liquid volume-
fraction samples, pore breakup dominants. Fig. 4 shows
a string of pores, which was broken from one pore in
70vol%Fe-Cu sample. Fig. 5 shows a pore undergoing
breakup in 80vol%Fe-Cu sample. It can be seen that the
liquid copper is formed inside the pore to form a bridge
and broke the pore into several pieces. When this pore is
fully isolated by the liquid copper, the pressure changes
due to the surface tension will cause each small pore
to shrink. As a result of pore breakup, the densification
will be higher.

As the liquid volume increase, the pore-size increases
and the total number of pore decrease. For 50%Cu-

Figure 4 A string of pores (30%Cu-Fe, processing time 330 min).

Figure 5 A pore is undergoing breakup (20%Cu-Fe, processing time
330 min).

Fe sample, only a couple of pores left with one pore
close to 2 mm in diameter. Figs 6 and 7 shows a typ-
ical pore in 40%Cu-Fe and 50%Cu-Fe samples, re-
spectively. The densification will also be small since
pore volume increases. Fig. 8 shows the densification
of 20%Cu to 50%Cu samples after 330 min sintering.
The densification data clearly shows that highest liq-
uid volume fraction samples has lowest densification.
This is the same as densification changes in Fe-Cu sam-
ples processed in sounding rockets and Space Shuttle
missions where 30% samples showed pore breakup and
high densification, while 40% and 50% samples did not
[20].

The pore Fe-Cu samples showed bifurcated behav-
ior. Liquid volume fraction seems to be a key parameter

Figure 6 Pore in 40%Cu-Fe sample, processing time 330 min.
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Figure 7 A cylindrical pore in 50%Cu-Fe sample, processing time
330 min.

Figure 8 Densification of Fe-Cu processed in mir station for 330 min
sintering.

in pore changes. Samples with liquid volume fraction
higher than 30% showed pore coarsening dominant
whereas the pore breakup dominants for lower solid
volume fraction samples.

3.2. Pore filling and pore coarsening
Pore filling and coarsening was observed in higher liq-
uid volume fraction samples. During the initial stages of
LPS, because of the low solubility ratio, liquid copper
wets the solid particles and flows into capillary, leaving
pores in original Cu sites [5]. Since the green com-
pact has some initial porosity, about 30% [21], pores
coalesce within the compact during the melt. Fig. 9
shows a photograph of 70vol%Co-Cu sample after 2.5
min sintering. Even the solid volume was high in this
sample, the pores were well developed. These pores ob-
tain a size that cannot be destabilized by the presence
of the solid particles. These pores eventually become
surrounded by particles that distort the liquid-vapor
interface.

As the particles grow, the radius of the liquid menis-
cus between particles increases. As a result of this
growth, a pressure difference draws liquid into the pore
[23, 24], thus reducing the pore radius and increasing
densification. Pore filling in the Co-Cu system was con-
siderably more significant than that in Fe-Cu system.
Fig. 10 shows a picture of pore after pore filling.

Figure 9 microphotograph of 70%Co-Cu sample processed for 2.5 min.

Figure 10 Pore filling in a Co-Cu sample.

The mechanics of pore filling has been discussed by
Park et al. As an assumption, the surrounding particles
are closed-packed and of a uniform size with liquid
menisci between them [24]. If the pore is spherical,
filling will be uniform from all sides. In the case of
an irregular pore, the region that has the smaller ra-
dius will fill first with the region of larger radius filling
later.

Those assumptions were necessary for pore filling.
However, observations with Fe-Cu and Co-Cu sam-
ples processed in microgravity showed particles were
always in different sizes. The microstructure from
short time sintering samples, such as 2.5 min samples,
showed a irregular pore was trimmed during particle re-
arrangement stage by particle and pore rearrangement,
which may not be the results from particle growth. Sam-
ples processed longer than 5 min showed that many
pores were not filled but were partly broken into two
parts of different sizes. The small size part could be
filled because of the pressure changes once brokenup
rather than the growth of particles surrounding the pore.
In this paper, a new initiation mechanism will be intro-
duced which will be used to explain the pore breakup
and pore filling that was observed in microgravity liquid
phase sintering.

Similar to particle growth, pore coarsening due to
Ostwald ripening is also observed. For different solid
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Figure 11 The pore size distribution of 70vol%Fe-Cu sample.

Figure 12 The pore size distribution of 70vol%Co-Cu sample.

volume fraction samples, as the sintering time in-
creased, the total number of pores observed decreased
and the size of pore increased. Figs 11 to 12 shows the
pore distribution as a function of sintering time and liq-
uid volume fraction. As the sintering time increased,
the total number of pores decreased and the pore size
became larger. As the liquid volume fraction increased,
the total number of pores decreased quickly because
volume diffusion of pore became more significant. The
size of pore also became larger.

As the processing time increased, the chances for
pore filling or breakup was much less. But the pore
growth during prolonged heating would be more rely
on the Ostwald ripening and the final number of pores
would be fewer and fewer. For samples processed in mi-
crogravity, the pore size would become larger (of course
some smaller one would disappear). A critical pore size
could be reached when equilibrium is satisfied. From
this point of view, together with the fact that, in most
microgravity processed samples, the largest pores are
always surrounded by particle without being filled, the
observed pore filling after prolonged sintering might
be the results of long sintering time. Because smaller
pores continue to shrink due to the volume diffusion
other than grain growth.

4. Discussion
Evidence of the pore metamorphosis from micrograv-
ity processed samples showed some snapshots of pore
behaviors, which are otherwise obscured by gravity. In
the last several decades, some studies on morphological
stability of pores have been published using Rayleigh’s

instability theory and bubble’s fluid dynamic property
[25]. Later in Moon and Koo’s study [10] on bubble
formations during solid phase sintering, mass trans-
port during sintering was considered combining with
instability theory. The study of the low Reynolds num-
ber deformation and breakup of a gas bubble due to a
non-uniform velocity field is a classical free-boundary
problem which has been of interest in fluid mechanics
for a long time. However, the bubble problem in liq-
uid phase sintering samples is more difficult to model
than the conventional bubble problem because of the
existence of particles. Recently, pore-filling theory has
been used to monitor the liquid phase sintering pro-
cess with the focus of the particles growing effects
on the shape of pore [26]. However, it ignored other
pore metamorphosis effects during the process. There
are many transport and kinetic effects contributing to
the microstructure and pore distribution seen in micro-
gravity and unit gravity processed LPS systems. These
include the solubility between the phases, wetting of
the liquid, grain boundary penetration, capillary forces,
grain growth, and non-ideal viscous effects in a coupled
solid/liquid molten phase. In addition to the above, pro-
cess variables such as particle size, solid volume frac-
tion, sintering temperature, time, atmosphere, and ini-
tial green densities have profound effects on resulting
microstructures.

The microgravity processed samples showed us a full
scene on the pore metamorphosis where pore showed
bifurcated behaviors based on their system properties.
To understand what happened during pore metamor-
phosis, let’s first look at some key factors that affect the
pore metamorphosis.

4.1. Solid volume fraction
and surface diffusion

Moon and Koo [10] studied bubble formation in solid
phase sintering and showed a surface diffusion con-
trolled bubble shape accommodation. They derived an
equation for the separation distance of pores in solid
phase sintering. Based on Rayleigh’s initial work and
the measured pore sizes following break up to λm , they
determined that the pore breakup by surface diffusion
of vacancies resulted in λm = 2.43d, and pore breakup
by volume diffusion resulted in λm = 2.94d, where d
was the pore diameter following the breakup [10]. For
a system with fluid phase, computer fluid dynamic sim-
ulations have proved that instability couldn’t simulate
bubble breakup well with extensional flow existence
[27]. However, the surface diffusion and volume dif-
fusion do exist in all LPS systems. It is obvious that
the liquid bridge shown in Fig. 7 couldn’t be the result
of liquid flowing, but is the result of surface diffusion.
For this 80vol%Fe-Cu sample, because of the liquid
wetting and solving on Fe particles (Cu have higher
solubility on Fe), and the strong capillary forces that
hold the liquid Cu from flowing into the pore, no ex-
cess liquid can be further transferred or flow into the
pore. This results in a skeleton structure and no fully
breakup of the pores even after 330 min sintering. For
70vol%Fe-Cu sample, the excess of liquid makes it
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Figure 13 Center-to-center separation distance between spherical pores
vs. diameter of pores following breakup at various processing times.

possible for pore to further breakup. Because of the
existence of particle agglomeration and relatively high
solid volume fraction in this sample, solid diffusion
does exist in 30vol%Fe-Cu samples. The governing
equation for pore breakup due to the volume diffusion
is described as [4, 10]:

∂n

∂t
= B∇2

s K with B = Dsγ ν�2

kT

where Ds = volume diffusion coefficient (isotropic),
γ = surface tension, ν = number of diffusion atoms
per unit surface area, � = Atomic volume, k = Boltz-
mann’s constant, T = absolute temperature, ∇s2 K =
surface Laplacian of K and K is the mean curvature of
the surface. Based on this equation, Moon et al. has de-
rived that for volume diffusion controlled pore breakup,
the separation distance is λm = 2.94d.

The pore separation distances for various pore di-
ameters were measured before for Fe-Cu system and
is shown in Fig. 13. Following Gupta’s treatment [28],
only those spherical pores that appear to be regularly
aligned after ovulation were considered. The data were
taken from 30vol%Fe-Cu samples processed in Space
Shuttle. The data can be interpreted as two parts. The
solid line showed the effects of volume diffusion be-
cause of the particle agglomeration and the high lo-
cal solid-volume fraction in 30vol%Fe-Cu samples,
which provide a near-solid phase sintering environ-
ment. The dashed line in that figure shows a bubble
separation mainly caused by fluid properties inside the
sample. A least square fit of the data gave a slope of
1.37d (Fig. 13). This part will be discussed in next
section.

One would expect the liquid-solid vapor results for
LPS to reside between the liquid-vapor and the solid
vapor results. It is clear from Fig. 13 that this is not
the case. The most likely reason for this deviation is the
presence of small solid particles within the liquid phase
that is in contact with the pore interface which caused
local solid sintering which enhanced pore breakup by
surface diffusion similar to what Moon and Koo has de-
scribed. These particles significantly alter the capillary

Figure 14 Agglomeration in microgravity processed Co-Cu sample, (1)
closed packed particles, (2) Liquid copper pool, (3) Loosely packed
particle zone.

force action on the pore, and consequently the pres-
sure distribution in the liquid surrounding the pore. For
higher liquid volume fraction samples, solid sintering
may also be enhanced by agglomeration of particles.

In ground processed samples, agglomeration and co-
alescence were mainly attributed to sedimentation by
gravitational force, which led to pore evacuation and
high grain growth rate. Even in microgravity where
settling no longer exists, the agglomeration due to the
weak interaction forces still exists [29]. Other process,
such as liquid wetting particles, liquid penetration due
to the surface tension and pore filling (liquid ejection),
may also attribute to the agglomeration. Fig. 14 shows
an agglomerated particle zone is seen adjacent to a liq-
uid copper pool formed by liquid ejection in a Co-Cu
sample. A previous study [29] of LPS in the Fe-Cu
system under microgravity indicated similar behavior
that was attributed to agglomeration of the Fe particles.
Observations with different solid volume fraction sam-
ples showed a decrease in tendency on agglomeration
as solid volume fraction increased. This appears to be
reasonable because Cu has higher solubility in Co or
Fe and a skeletal structure is easy to generate in higher
solid volume fraction samples, which prohibited further
agglomeration. Also, comparing to the agglomeration
in Fe-Cu samples, the solid volume fraction for Co-
Cu to generate skeletal structure is smaller than that for
Fe-Cu samples. Combined with better wetting of Cu on
Co, faster Co grain growth and consequence less grain
number, it is reasonable to believe that pore breakup is
easy to occur in Fe-Cu sample than that in Co-Cu sam-
ple with same solid volume fraction. The results from
dihedral angle and contact per grain and coordination
number also showed the indication of agglomeration in
those samples.

The pore breakup due to the surface diffusion does
not apply to the high liquid volume fraction samples.
As the liquid volume fraction increases, the effects of
volume diffusion (or Ostwald ripening effect) become
dominant. The volume diffusion results in pore coars-
ening where small pores disappear and larger pores be-
come larger. Therefore pore fillings in prolonged sin-
tering samples may be the results of volume diffusion
too.
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4.2. Grain growth and initiation mechanism
Consider a pore that is surrounded by solid particles that
bind together by capillary force driven agglomeration
induced by the liquid phase. As the particles grow, the
radii of the liquid meniscus between particles increase.
As a result of this growth, a pressure difference draws
liquid into the pore, thus reducing the pore radius and
increasing densification [10]. It has been found that both
Fe-Cu and Co-Cu showed pore filling in high liquid
volume-fraction samples.

For the lower liquid volume-fraction samples, say
30%, non-uniform grain growth may lead to liquid flow-
ing into the local meniscus and generate interparticle
forces associated with this flow. This will result in pore
breakup. In this way some larger pores which cannot
be filled due to the large pore radius can eventually un-
dergo breakup at some point, depending on their initial
size. To verify the liquid impact effect, a CFD code on
bubble formation in a liquid system was applied to the
Fe-Cu system [30]. The governing equation is described
as:

∂�u
∂t

+ ū · ∇ ⇀
u = 1

ρ

(
− ∇ P + µ

Re
∇2 ⇀

u + ⇀

F st

)

with ∇ · ⇀
u = 0

ρ = ρ1(1 − f ) + ρ2 f

µ = µ1(1 − f ) + µ2 f

∂ f

∂t
+ ⇀

u ·∇ f = 0

⇀

F st = σ · κ(x)· ⇀
n (xs)

where Fst is the force associated with surface tension.

Figure 15 CFD simulations on a cylindrical bubble breaks up into two small bubbles under an initial perturbation in longitude direction.

The results are shown in Fig. 15 , which shows a
cylindrical bubble that breaks into two small bubbles
under a vertical flow impact to the pore. The separation
distance shows a nearly 1.2 times of the pore diameter.
The dash line in Fig. 13 shows a slope about 1.37. Given
the influence of particle or the volume diffusion, it is
reasonable to say that solid line is the result of the fluid
mechanics that associated with grain growth.

The latest microstructure study showed that the mi-
crogravity liquid phase sintering does not produce a
static system [14, 29]. Besides of particle rearrange-
ment, agglomeration occurs during the sintering pro-
cess. In the absence of gravitational force, several forces
could contribute to the agglomeration of the solid par-
ticle in microgravity. These include the capillary force
which generate liquid flow and particle movement to
form agglomerates; Brownian motion, which is a weak
force in unit gravity processing, is relative strong com-
pare with stokes force in microgrvity and could be a
major contributor to the agglomeration. These forces
could generate a strong local convection flow which
could break the pore in half.

4.3. Pore filling and coarsening
The pore filling mechanism presented by Kang et al.
[31, 32] are still valid for the pore changes dur-
ing solution-reprecipitation stage. However, since vol-
ume diffusion also dominate in solution-reprecipitation
stage and solid sintering stage, some smaller size pore
will be filled mostly because of volume diffusion rather
than grain growth. On the other hand, the meniscus
changes due the local grain growth may generate a
convection flow due to the capillary force, which may
change the local surface tension can cause larger pore
break up.
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The pore size will continue to grow based on volume
diffusion at the expense of smaller pores. The equilib-
rium pore size is associated with process pressure and
temperature. The Kelvin equation can be used to ap-
proximate the equilibrium pore size. The surface free
energy change for a bubble with radius r is [33, 34]:


Gsurface = 4πr2γ

where γ is the interfacial tension. The free energy
change of maintain a bubble with radius R is given
as:


G = − 4πr3 
Gv

3
and 
Gv = kT ln α

O
= RT

ν
ln

P

P0

where O is the molecular volume of bulk phase, ν is the
molar volume. The total free energy change required to
maintain a bubble of radius r is:


G = 4πr2γ − 4πr3

3ν
RT ln

P

P0

This equation shows a maximum in 
G occurs at
some intermediate value, RC . Fig. 16 illustrates the vari-
ation of 
G with r using Fe-Cu liquid phase sintering
as an example. At the maximum, d(
G)/dr = 0. If a
Fe-Cu sample is processed in near vacuum condition,
the calculation yields a critical radius of 1200 micron.
The examination of sintered Fe-Cu aboard Mir Station
showed the largest pore diameter of 2 mm after 330 min
sintering, which is very close to the equilibrium pore
size.

The samples processed in Argon environment (sam-
ples processed aboard Sounding Rockets and the Space
Shuttle), the results would be a little different. However,
the pore coarsening via volume diffusion mechanism is
the same.

4.4. Densification
Densification is an important aspect of all LPS man-
ufacturing operations. The elimination of pores and
the production of a fully dense compact are the goal

Figure 16 Change in free energy
G, with radius r of a spherical bubble.

Figure 17 Densification of Co-Cu samples at different sintering time.

of all powder metallurgical processes with the excep-
tion of the production of porous materials. Because of
the existence of pore in microgravity-processed sam-
ple, the liquid phase sintering theory for microgravity
processing would be mainly associated with pore mor-
phological changes. Lee et al. [26] has tried to describe
the liquid phase sintering theory via pore filling theory
using the ground-processed samples. The analysis of
our microgravity processed samples showed that pore
morphological changes are not limited on pore filling,
but are the combination of pore filling, pore breakup
and pore coarsening. Using the pore size distribution in
Figs 11 and 12, the pore metamorphosis theory can be
derived.

Here, the normalized volumetric shrinkage (densifi-
cation) for the Co-Cu samples and for Fe-Cu samples as
a function of time is presented in Figs 17 and 8. It clearly
shows that the pore filling via initiation mechanism is
the major cause of densification. The initial densifica-
tion drop is due to the low solubility ratio that generates
swelling effect during the rearrangement stage of liq-
uid phase sintering. Then the densification increased as
more pores are filled. Fe-Cu samples processed in Mir
Station showed that highest liquid volume fraction sam-
ples has lowest densification because pore coalescence
and coarsening is more dominant based on bifurcation
theory, which is similar to what have found in Fe-Cu
samples processed aboard Sounding Rockets and the
Space Shuttle.

5. Conclusion
Examples of pore morphological changes in
microgravity-processed samples are presented in
this paper. Pore showed bifurcated behaviors based on
their liquid volume fraction. For low liquid-volume
fraction samples, the initiation mechanism is valid for
pore breakup via volume diffusion mechanism. Grain
growth during liquid phase sintering would generate
local pore filling. Together with the instability and
weak force effects, the pore will break up due to the ini-
tiation mechanism. The large pore breakup via irregular
dumbbell shape must be the results of initiation mech-
anism. Ostwald ripening of pore occurred throughout
the entire process, though a equilibrium pore size
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exists based on Kelvin theory. With the help of particle
growth, which provided more excess liquid, pore con-
tinued to metamorphosis. Pore breakup and pore filling
in Co-Cu and Fe-Cu sample lead to high densification.
Combined with pore coarsening, the morphological
changes define the liquid phase sintering theory in
microgravity.
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