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Twelve Co-Cu powder compact samples with different liquid volume fractions were
processed during microgravity liquid phase sintering on a suborbital sounding rocket and
three Space Shuttle missions. The processing times ranged from 2.5 minutes to

66 minutes. The samples exhibited dimension stability after sintering. Microstructural
evolutions such as densification, dihedral angle, contact per grain and grain growth rates,
indicated a dependency on Cu composition and sintering time. Grain growth analysis
showed a diffusion-controlled grain growth mechanism. The diffusional layer was found in
a microgravity processed 70vol%Co-Cu sample. A mechanism that explains the transient
nature of this diffusion layer is proposed and used to explain the results at other processing
times. Agglomeration and coalescence of particles were observed in this study, and the
grain size distributions were in agreement with LSEM model, which incorporates the effect
of higher solid volume fraction and particle coalescence. Analysis of the samples also
revealed considerable pore formation and metamorphosis. Unlike the Fe-Cu samples, in
which pore breakup was found, pore filling and coarsening dominate in all Co-Cu samples.
The evolution of these parameters has been used to enhance the understanding of driving
forces that contribute to the pore metamorphosis during liquid phase sintering in the Co-Cu
system under microgravity. © 2000 Kluwer Academic Publishers

1. Introduction that can not be eliminated by density matching alone.
Liquid Phase Sintering (LPS) is a widely used indus-Those effects are still presentin microgravity processed
trial powder metallurgy process. In unit gravity process-samples and are functions of particle agglomeration and
ing, density differences cause sedimentation within theeoalescence driven by surface tension, capillary forces
sample during sintering, which can produce slumpingand other interaction forces.
Sedimentation contributes to solid migration, stratifi- Liquid Phase Sintering (LPS) includes three over-
cation, non-uniform coarsening and anisotropy in thdapping stages, namely, rearrangement stage, solution-
mechanical and material properties of the sintered comreprecipitation stage and solid state stage. Grain growth
pacts [1-3]. Conducting LPS in microgravity provides ais the characteristic of the last two stages. The mod-
unique opportunity to isolate transport from sedimenta-<€ling to predict particle coarsening is technologically
tion mechanisms, thereby permitting the study of transimportant because of the dependence of properties on
port effects on macrostructure and microstructure with-microstructure [15]. In 1961, Lifshitet al. stated (the
out many side effects [4-8]. low volume fraction theory) that the cube of the aver-
The Co-Cu system has been studied in some deta#lge particle radius grows proportional with annealing
because the density of cobalt and copper are similar stime if mass transport is by diffusion [16, 17]. They
that gravitational effects in LPS are minimized [9—13]. also showed particle size distributions in the limiting
However, even with a small (about 0.8 gfjndlensity  case of long annealing times. During the last decade
difference between two phases [14], it is not possible taaumerous experiments have been conducted and theo-
eliminate buoyancy effects such as pore migration andetical approaches have been attempted to improve the
differential settling in unit gravity. These are processed-SW theory [1, 13, 18-21] with the focus on prolonged
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sintered particles. The particle growth in rearrangement The pressed compacts were reduced in a tubular re-
stage and solution-reprecipitation stage has been igactor under a flowing gas mixture of 5% kith the
nored as it is difficult to capture in unit gravity studies. balance He, following a time and temperature profile
In this paper, the recent experimental results from mi-designed to remove contaminating oxides and lubri-
crogravity processed Co-Cu samples will be presentedants. The samples were then separated by stainless
and some qualitative analysis on diffusion controlledsteel shims, stacked in a cylindrical stainless steel am-
grain growth in short sintering time will be discussed. poule and loaded into the flight furnace. For ground

processing, the sample diameter was reduced to 12 mm

and the samples loaded into alumna crucibles prior to
2. Experimental details insertion into the stainless steel ampoule.

LPS of twelve Co-Cu powder compacts were conducted
aboard the Consort sounding rocket and three Space
Shuttle missions. The compositions were selected t§- Results and discussion _
yield 30, 40 and 50 volume percent of the liquid cop-3-1. Dimensional stability in microgravity
per phase during sintering. The furnace module forThe microgravity-processed Co-Cu samples were
these flights was configured to exceed the melting poinfound to retain their shape even when the liquid vol-
(1356 K) of copper. The Co-Cu samples were pro-Ume fraction was as high as 50% (shown in Fig. 1b),
cessed at 1373 K for 2.5 minutes aboard the ConsoMhereas the ground processed Co-Cu sample shows
4 suborbital sounding rocket, 5 minutes aboard STSdistortion and slumping (Fig. 1a). This was consistent
57, 17 minutes aboard STS-60 and 66 minutes aboardith the findings of numerous past studies of LPS in
STS-63, using the Equipment for Liquid Phase SinterMicrogravity [4,7]. The three-phase system remained
ing Experiments (ECLIPSE) flight furnace and quenchin equilibrium in orbit while the sample that was sin-
system, described elsewhere [22—24]. Three differerfered on the ground displayed considerable distortion
Co-Cu sample compositions were processed aboar@dnd slumping. Using the Co-Cu phase diagram, at a
each flight. temperature of 1120C, the solubility of Co in liquid
Co-Cu green Compacts were fabricated from h|ghCU is about 8.8% and the ||QU|dSO|Ub|I|ty in solid Co
purity Co and Cu powders. Co purity was 99.8% with IS about 16%. The solubility ration is thus 0.55. The
a mean particle size of 1.6 microns. The Cu powdeiigh solubility of Cu in Co will result in liquid pene-
had an average particle size of 2 micron and a puritfration into the solid without significant dissolution of
of 99.5%. The powders were supplied and graded byhe Co grainin Cu liquid, which in turns led to a closed
Alfa and were used as received without further modi-Pore structure by which all pores are trapped inside
fication. The Co and Cu powders were weighed in aithe sample. Unlike ground processed samples, where
and blended in a rotary mixer, the speed of which wagPores were driven out due to the particle settling and
optimized using the relationship RPM32/(cylinder ~ buoyancy effect, the microgravity-processed samples
diametery/2 [25]. retained the pores, thus providing a unique opportunity
The mixed powders were transferred to a die lubri-to study the pore metamorphosis.
cated with zinc stearate. A Carver hydraulic labora-
tory press was used to exert a compaction pressure of
110 MPa. This pressure and was applied for one hou8.2. Solid-liquid phase equilibrium and
to obtain a green compact with 70% theoretical den- grain growth modeling
sity, without the use of internal waxes commonly usedGrain growth occurs at the very beginning of the sinter-
to prepare LPS compacts. The compaction pressur@g process and throughout the entire sintering process.
of 110 MPa and pressing time was selected to mini-The major driving force for grain growth is the decrease
mize forced shape accommodation, compact swellingn the interfacial energy. Smaller grains have larger
and solid skeletal formation within the compact [23]. chemical potential and are more soluble in the liquid
The cylindrical compacts were of 10 mm height andphase. Therefore, smaller grains tend to dissolve and so-
18.8 mm in diameter. lidify on the surface of larger grains, enhancing grain

Figure 1 (a) Microgravity processed 50vol.%Co-Cu sample; (b): Ground processed 70vol.%Co-Cu sample.
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growth, a process termed Ostwald ripening [26]. As aparticle coarsening [2, 3,29]. The ground test on the
result, solute will diffuse from small to large particles Co-Cu system has been published by some researchers
through the solvent matrix. with different results. In ground processed samples, ag-

The classical LSW theory predicts that the averageglomeration and coalescence were mainly attributed to
radius increases asymptotically as the cube root of timesedimentation by gravitational force, which led to pore
However, application of this theory is only valid for a evacuation and high grain growth rate. The agglom-
vanishingly small volume fraction of dispersed phaseeration in higher solid volume fraction samples may
in the absence of any convective contribution to masgause the local solid volume to exceed the limit where
transport and other conditions [27, 28]. So far most LPSsolid skeleton formation occurs. This may lead to simi-
composites were processed in unit gravity and therefortar grain growth rate for different solid volume fraction
affected by the density differences between the composamples.
nents. In addition, most ground experiments have been Even in microgravity where sedimentation driven re-
limited to low solid volume fraction [9—12]. The micro- arrangement is minimized, agglomeration due to the
gravity samples discussed below have high solid volweak interaction forces still exists [30]. Other process,
ume fractions from 50vol%Co to 70vol%Co. The effect such as particle wetting, liquid penetration due to the
of composition and processing time on the grain sizesurface tension, pore filling, or liquid ejection also at-
for these samples is shown in Fig. 2. The data were fittribute to the agglomeration. Fig. 3 shows an agglom-
ted to a first order function that represented the best fiterated particle zone adjacent to a liquid copper pool
In those figures, the cube of the grain sizes is plottedormed by liquid ejection. Observations on different
againstthe processingtime. The linear grain growth rateolid volume fraction samples showed a decrease in
shows diffusion controlled grain growth. The rate of tendency on agglomeration as solid volume fraction in-
grain growth increases with decreasing volume fractiorcreased. This appears to be reasonable because Cu has
of the liquid phase. This was consistent with previoushigher solubility in Co and a skeletal structure is easy
LPS studies of prolonged sintered samples that showetd generate in higher solid volume fraction samples,
an increase in the rate of grain growth with increasingwhich prohibited further agglomeration.
grain contact. The interesting part of those figuresisthat Given the extent of agglomeration, diffusion con-
the extension of the three-grain growth lines convergesgrolled grain growth appears to be affected by the local
on a single point (Fig. 2). The grain size at this point issolid volume fraction. For a first approximation, the
larger than the grain size of the green compact (unsinsolid volume fraction can be calculated by an equa-
tered compacts). This suggests that, solid state sinteringpn derived by Germaat al. [31], relation the volume
began before the melt and, secondly, there is a criticdraction of solid, the three-dimensional coordination
temperature where grain growth in solid-state sinternumber and dihedral angle:
ing is independent of the solid volume fraction. An
examination of Fig. 5 shows that the grain growth rate \j; = —0.831+ 0.806N, — 0,0555|\|C2 + 0,0017a\|c3
increases as the liquid volume fraction was decreased. 5
This indicated that a smaller §eparat|on distance (small —0.355N, cos(g) + 0.0080:{ Ne cos(g)}
length scale) between the grains enhances the mass flux 2 2
between particles and thus increases the ripening rate.

The settling of solid particles in unit gravity compli- where Vs is the volume fraction of solidN. is the
cates the experimental evaluations of coarsening thehree-dimensional coordination number, and g is the
ories. Effects of slumping and particle settling alsodihedral angle. This equation was developed using
contribute to the anisotropic sintering which results incomputer simulations of idealized liquid phase sintered
uneven local solid volume fraction and non-uniform microstructures. The calculated solid volume fraction

Grain Growth Rates of Co-Cu Samples
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Figure 2 The effects of sintering time and solid volume fraction on grain Figure 3 Agglomeration in microgravity processed Co-Cu sample.
growth of Co-Cu samples. As shown in this figure, three grain growth(1) Closed packed particles; (2) Liquid copper pool; (3) Loosely packed
lines converge on one point. particle zone.
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TABLE | Calculated solid volume fraction of sintered Co-Cu samples

Initial Solid Volume Fraction 70vol.% Co 70vol.% Co 70vol.% Co 70vol.% Co
Processing Time (minutes) 25 5 17 66
Calculated Solid Volume Fraction 0.848 0.846 0.829 0.770
Initial Solid Volume Fraction 60vol.% Co 60vol.% Co 60vol.% Co 60vol.% Co
Processing Time (minutes) 25 5 17 66
Calculated Solid Volume Fraction 0.778 0.779 0.779 0.765
Initial Solid Volume Fraction 50vol.% Co 50vol.% Co 50vo0l.% Co 50vol.% Co
Processing Time (minutes) 25 5 17 66
Calculated Solid Volume Fraction 0.749 0.744 0.760 0.677
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Figure 5 Effects of solid composition and sintering time on contact per

Figure 4 Effects of solid composition and sintering time on dihedral grain of microgravity processed Co-Cu samples.

angle of microgravity processed Co-Cu samples.

after agglomeration is shown in Table I. Those numbergrease in this number is a result of grain growth in the
can be used as a local solid volume fraction. later stages of LPS.

The effect of composition and sintering time on the Based on LSW theory, the asymptotic normalized
dihedral angle measured in the Co-Cu system is showpatrticle size distribution of the solid phase can be pre-
in Fig. 4. The dihedral angles increase with processinglicted. However, the assumption of vanishingly small
time. As would be expected, the initial values for the solid volume fraction makes it improper for high solid
dihedral angle are higher for the samples with highewvolume liquid phase sintered samples. Davi¢sal.
liquid volume fractions. The interesting observation ismodified the LSW model to include the effect of solid
that the dihedral angles appear to converge to an equirolume fraction and the encounter of particles, which
librium value of about 55 consistent with similar ob- is call LSEM model [32]. Their predicted distributions
servations in studies using the Fe-Cu system [4]. were wider than those predicted by LSW model and the

The effects of composition and processing time ondistribution is proportional to the solid volume fraction.
the number of contacts per grain were shown in Fig. 5Based on LSEM model and solid volume fraction, the
The three dimension coordination number can be calpredicted solid volume fractions are plotted for all 12
culated from contact per grain values using equatiorCo-Cu samples with the measured particle size distri-

given by German [31]: bution. Figs 6, 7, and 11 show the grain size distri-
bution as a function of solid composition for samples

Cyq processed for 66 minutes and Figs 8—-11 show the grain
Ne = m size distribution as a function of processing time for

70vol%Co-Cu samples. In comparing with LSW, the
particle size distributions based on LSW model are also
jplotted. It can be seen that the LSW model doesn’t cor-

decreased with increasing volume fraction of liquid relate well with the measured patrticle size distribution

as would be expected. The number of contacts peWh”e the LSEM model does. This is consistent with

grain displayed little change during the initial stages Ofsugllar obﬁervatllons In the I_:eE:Cugystem [I3O].th .
LPS under microgravity. However, the microstructure PU€ totheagglomerationin Co-Cusamples, the grain

of these samples from the initial stages of LPS showeé’rowth appears to be driven by diffusion anq grain co-
the existence of liquid pools (Fig. 3). This is also in- alescence, which can be expressed as [19]:

dicative of agglomeration that ensures consistency in

the number of contacts per grain. Any substantial de- R® - Rg = (kg + ko)t

where Cq is the value of contact per grain and @ is
the dihedral angle. The number of contacts per grai
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Figure 6 Grain size distribution of 50vol.% Co-Cu sample (processing Figure 8 Grain size distribution of 70vol.% Co-Cu sample (processing
time 66 minutes). time 2.5 minutes).
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Figure 7 Grain size distribution of 60vol.%

. - Co-Cu sample (processing Figure 9 Grain size distribution of 70vol.% Co-Cu sample (processing
time 66 minutes).

time 5 minutes).

whereRy andR is the average grain size before and af-

ter sinteringkg is the diffusion coefficient anki is the the Co particles must dissolve to saturate the Cu-rich
coalescence coefficient. However, detailed microstrucPhase, a rapid process. While this process is occurring,
ture ana|ysis shows that two kinds of diffusion mech_SOIid-State diffusion is OCCUrring within the Co grain to
anisms exist for short sintering time. Fig. 12 shows aform the solid solution. In addition, Ostwald Ripening
SEM photograph of Co grains processed in micrograv.oCCUrS from the |IqUId matrix during the gI’OWth phase.
ity for 17 minutes. Two diffusion layers exist which Forsuch systemwith a substantial solid-solution phase,
were never captured in either very short or prolongedhe grain growth rate function may need to be expressed
sintered samples. The two different layers shown byn some form such as:

different gray scale are separated by dark grain bound-

aries. X-ray diffraction studies indicated different Cu R — RS = (Kd1 + Ke)t + kgat’

compositions between the two layers and between the

inner core and outer liquid phase regions. The outewhere Ry and R is the average grain size before and
layer has a higher Cu concentration than the inner layegfter sinteringkyz is the diffusion coefficient of cobalt
Comparing to the Co-Cu phase diagram, one possiblan copper kg is the diffusion coefficient of copper in
explanation is that the outer layer is formed by solutioncobalt and. is the coalescence coefficient, ahis the
reprecipitation and inner is formed directly from Cu-Co time for copper to saturate cobalt.

solid-phase diffusion forming the solid solution phase. To model this behavior, we applied the shrinking core
Examination of the phase diagram shows that initially,model [33]. Assuming a spherical cobalt particle with
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where Cy is the Cu concentration at boundagy,is
the dimensionless parametge=r/R., T is the dimen-
sionless timeT = Dt/R?. The diffusion coefficient of
cobaltin liquid copper is #968x 10~° m?/s [36] while
the diffusion coefficient for copper in solid cobalt is ap-

Figure 10 Grain size distribution of 70vol.% Co-Cu sample (processing proximated as D05 x 10~14 m?/s. Using these diffu-

time 17 minutes).
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sion coefficients, it takes less than one second for cobalt
to saturate the liquid copper by dissolution, while it
takes 33 minutes for copper to reach 95% saturation
in cobalt particle using a 20 micron initial diameter.
This suggests that, during liquid phase sintering, right
after liquid formation, the liquid copper became sat-
urated with cobalt very quickly, decreasing the initial
diameter of the cobalt particle. Then copper atoms start
to slowly penetrate into the cobalt particles. For very
short time sintering (less than 5 minutes), no layers
was observed since they may be too thin. In addition,
for samples after 66 minutes of sintering, only a ho-
mogeneous fully saturated cobalt layer was observed.
These findings support our mechanism.

3.3. Pore metamorphosis

Unlike Fe-Cu samples, where pore breakup dominated
in short time sintering<5 minutes) and pore coarsen-
ing in longer time sintering=17 minutes), pore fill-

ing and coarsening were observed in Co-Cu samples.
During the initial stages of LPS, because of the low

Figure 11 Grain size distribution of 70vol.% Co-Cu sample (processing solubility ratio quuid copper wets the Co particles dis-

time 66 minutes).

Figure 12 Diffusion layers in a Co grain (70vol%Co-Cu sample, pro-
cessing time 17 minutes).
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solving them. Since the green compact has some initial

porosity, about 30%, pores coalesce within the compact
during the melt. These pores obtain 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.

Consider a pore that is surrounded by solid particles
that bound together by capillary forces induced by the
liquid phase. As the patrticles grow, the radius of the lig-
uid 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 den-
sification. The mechanics of pore filing have been dis-
cussed by Park [9, 10], using ground processed Co-Cu
and Fe-Cu as experimental systems. Fig. 13 shows a
representative microstructure of two filled pores simi-
lar to those observed by Paek al. A given pore size
requires a critical particle size to induce pore filling.
Grain growth and the initial particle size would there-
fore be important factors controlling pore filling and the
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—~ too0f y=13828x+382685 | .~
"’g — monly used to record densification. The normalized vol-
5 o umetric shrinkage (densification) for the Co-30%Cu,
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The densification data for Co-50%Cu samples shows
that the sample sintered for 2.5 minutes exhibited the
maximum amount of swelling. However, an increase in

the processing time to 5 minutes resulted in a rapid in-
crease in densification. Further increases in the process-
ing time resulted in a decrease in the rate of densifica-
tion that reached a value of only 40% after 66 minutes.
The densification of Co-40%Cu after 2.5 minutes of
LPS is significantly higher than that of Co-50%Cu.
However, after 5 minutes of LPS, the densification rates
extent of pore filling would be dictated by the rate of for the Co-40%Cu and Co-50%Cu are comparable.
grain growth, solubility between the phases and initial The densification rates in the Co0-30%Cu do not
sizes of the pores. Comparing the grain growth rateghange much with time indicating that the rearrange-
in Fe-30%Cu and Co-30%Cu samples in microgravityment phase of LPS lasted for only a short period of
see Fig. 14, a grain growth constant of 14.8 and 138 isime when compared to the Co-50%Cu sample. The
found for Fe-30%Cu and Co-30%Cu, respectively. It issimilarity in the densification rates for the Co-30%Cu
most likely that this difference is responsible for the dif- and Co-50%Cu samples after 17 minutes suggests that
ferences in pore behavior observed in the two systemshe dominant factor in the densification of Co-Cu oc-
Further work on the pore metamorphosis in micrograv-curs in the later stages of LPS.
ity will be presented soon to clarify the mechanics of Several factors are relevant to the observed dif-
these differences in behavior. ferences in the densification behavior, particularly in
Similar to particle growth, pore coarsening due tothe early stages of LPS under microgravity. Consid-
Ostwald ripening is also observed. For different solidering the mutual solubilities of Co and Cu, swelling
volume fraction samples, as the sintering time in-would be expected in these samples following melt-
creased, the total number of pores observed decreas@ty of Cu and wetting of the Co particles. The initial
and the size of pore increased. Pore filling in the Co-Cwswelling would be followed by the rearrangement phase
system was considerably more significant than that irof LPS. Densification results indicate that rearrange-
the Fe-Cu system [4]. ment is significant in Co-50%Cu sample as compared
to the Co-30%Cu and Co-40%Cu samples. A previous
study [30] of LPS in the Fe-Cu system under micro-
3.4. Densification gravity indicated similar behavior that was attributed
Densification is an important aspect of all LPS manu-to agglomeration of the Fe particles. It appears likely
facturing operations. The elimination of pores and thethat a similar agglomeration phenomenon is responsi-
production of a fully dense compact are the goal ofble for this initial rapid increase in the rate of densifi-
all powder metallurgical processes with the exceptiorcation observed in the Co-50%Cu sample. Agglomer-
of the production of porous materials. Higher densifi-ation appears more pronounced in samples with high
cation also implies higher amounts of shrinkage durvolume fractions of liquid since particle mobility is the
ing processing. The normalized linear and volumetrichighest. Another relevant factor is pore filling which
dimensional changes\L /Ly and AV/Vy are com-  would also be expected to cause rapid densification in

it 10 20 30 40 50 60 70
Processing Time (minutes)

Figure 14 Grain growth comparison between Fe-30%Cu and Co-
30%Cu samplesy(is the cube of grain radius,is the sintering time).
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the early stages of LPS. However, this would be highly 7.
dependent on the Co particles attaining the critical grain
size to induce filling as discussed by Park [9]. Diffu-
sion would dominate densification in the later stages of
LPS and, as observed in this study, does not contribute
significantly. 9.

8.

10.

11.
4. Conclusion

The effects of composition and sintering time on vari- 13
ous properties of microgravity processed liquid phasaa.
sintered Co-Cu samples was presented, such as densi-
fication, pore metamorphosis, grain size, grain growth
rate, dihedral angle, contact per grain and grain sizé
distribution. The uniquexg environment enables the 16
mechanistic and kinetic studies of grain growth and
pore formation. Cobalt grain growth during LPS in 17.
microgravity shows a diffusion-controlled mechanism.
The cube of grain size is proportional to the sintering, o
time. The solid volume fraction and sintering time af-
fect the grain growth rate and the patrticle size, whichzo.
is different from some ground sintering results [13].
The diffusion layer was observed during the analysis’
for the first time, which provide direct evidence for the
diffusion controlled grain growth. The shrinking core
model can be used to model the diffusion processing
during short time sintering and more studies needs to
be done in order to fully understand this phenomena?
Pore fillings and pore coarsening was also observed,,
Combining with pore behavior in Fe-Cu samples, A

new pore metamorphosis mechanism may be in effect.
25.
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