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College of Engineering; University of California,
Berkeley, California 94720

SYNOPSIS

vThg'hot—stage of a scanning electron microsdope has been used to
observe liquid-phase sintering in the system iron—cqpper. Densificatioﬁ
behavior and mechanism of samples with spherical Fe and Cu particles have
been determined, the influence of the particle sizes_of both components
and the amount of liguid phase in this system have been investigated.
In semples with about 20% liquid phase, the densifi¢aﬁion kinetics is
that of avréarrangement process; the direct observation proves that no
rearrangement takes place. In samples with 40% liquid phese and particle
sizes of 10-20 um, some rearrangement can be found. -

1. INTRODUCTION

_ Liquid-phése sintering, i.e. sintering where'a-proportion of the
magterial being sintered is in the liquid state, ié;a'common processing
technique for 8 variety of systems, including metal compositions, cermets,
and ceramics. The sintered material usually consisté»of grains.of oné
or more phases dispersed in a matrix that is liquid at sintering tempgra—
ture. |

It is very important to understand the properties of the system
' that‘control_the densification behavior and the optical microstructure

(grain size and shape, pore size and shape) because of their effect on



N -

the properties of the final product. This undersfanding is complicated
mainly by ﬂhfee reasons: __5 |

(a) The -éxistence of at least three phases at sintering temperature
(so1id, liquid, vapor) inéreases the number of paﬁameters (esp. boundary
energies between singie phases, solubilities, quaqtities).

(b) Changing boundary energies and SOlubilitigs can change the
microstfucture during the cboling of the system téjfdém femperature,.
vwhere the'ﬁiérostructure normally'is observed. |

(e) The often very fast shrinkage after the first appearance of fhe
liquid phase makes %t extremely difficult to stop the densificatfon in
different states cf the process.

For these reasons,'mogt reséarch work has follo;éd this scheme:

(a) Determination of sintering behavior (densification, micro-
structure) ‘and qualitative explanation of the resﬁlts, using known
properties of the sthém. | |

(b) Model calculations for possible densification processes and
' conclusionion:the actual mechanism by com?arison ﬁith the measured
densification kinetics. o |

The avgilability of a hot stage for the scanﬁing electron micro-
scope (SEM) allowed ; neW~appfoach,fo the problems. Direct observation
of the sintering has‘been tried befére by hot-stage microscopy (1,2] but
the low depfh of fie#d makes it complicated. The hot stage of the SEM
provides a means for pontinuous monitoring and filming.of the mi cro-

structure during the sintering process. This allows ﬁbre detailed con-
| .

clusions on mechanisms.



2. GENERAL BACKGROUND

Sintering studies have been performed for.mén§”métefials,-a review.'
article by EREMENKO et al. [3] gives detailed deséription of the results.
The main proﬁerties of the components and the sysfem that influence the
sihtering behavior have been listed in Table I.

Tables iI and III give the proéosed sinfering mechanisms and the .
corresponding kinetics that result from model calculations. YA descrip-
tibn of these mechanisms can be found in review articles (for example
(2D or in the original literature. :

Fof the application of the SEM hot stage,.it was intended to use .
systems with a model character that have been investigated previously.
Three systems, Fe-Cu, WC-Co, and W-Cu have been chosen; the main proper-

: ties (for sintering) qf these systems are listed iﬁ Table iV. This firﬁt
part deals with the results fo; Fe-Cu.

The sysﬁém FeQCu has been often investigated and is of special
interest bofh’from a theoretical and practical point of view.

CANNON [10], KINGERY [11], end RAMAKRISHNAN [12] find during the
first ﬁinutes a time-proportional shfinkage. Kingef&'used this system
fo prove the existence of a rearrangemrent process iﬁ-the early stages of
deﬁsification,m?or which his theory predicted |

+

AL/L, n 1Y (ye<t)

This ‘densification mechanism seems to be widely accepted for Fe-Cu (9],
in spite of the fact that the properties of the sySteﬁ'do not meet the

_ requirements of Kingery's model. He assumes complete wetting of the two
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phases with a dihedral angle of 0°, so that the.liquid penetraﬁes into
the éapsxbetwéeﬁ iron partiqles. The dihearal'anéie'in £his system,'
however, has been measured a5'57° (TLble IV).. foilowing this fast densi-
fication, a second stage is reported:in which a dependence

: .AL/LO N tl/3
seems to deécribe the results. Again referring £o Kingery's models, a
solution-precipitation process is assumed. But there again the model
uses the assumption of zero dihedral angle that leads to no parficle—
particle contacts. Microstructure observations éh@Wed strong neckgrowth
in very short times and a very fast particle growth. WHALEN and HUMENIK
[13] report that within 20 minutés the average pafficle'size changes from
-lo'um.to 30"um;

3. EXPERIMENTAL FPROCEDURE

3.1 Sample Preparation

The starting powders were spherical iron and copper that were sieved
into different size fractions. The used fractions were 10 to 20 um and
<37 m for iron, 10 to 20 ym and <kl ym for copper. Mixtures of the

. o 7
powders were prepared with 10 to 50 vol% copper and mixed in alcohol for

| | |

2k hours. |
Samples with 5/16'inch diémeter were cold-pressed with about

200 MN/mz, this resulted in green densities of about T0%. To femoVe

oxide films from the surfaces, all sémples were préfifed for one hour

at 450°C in helium-L% hydrogen.




3.2 Sintering

The:sintefing was carried out in vacuum in the hot étagé of a
scanning miéroscope. An older design of the hotngtage has been déscribed
previouslyl[lh]; Figure 1 shows the new specimen stage used in this
experiment.._This stage can reach temperatures up-f6>1700°c.7 The sample
" rests in & molybdenum cup inside the heating elemeht. The temperéture
" was determined with a thermoéouple»welded to the bottom of a flat stand
for the cup. For shrinkage measurements, the SEM was operatedvat low
magnificati_ons of gbout 100X; al@na spheres on the sample surface
éerved_as markers to determine the shrinkage. Figuré 2 shows a sample
surface during sintering with marker spheres. |

The screen of a TV set can be filmed wi£h a.céméra that allowed
continuous framing with speeds of/1 to .1 frames/second. The distances’
between the markers are measured from the film. For the cbservation of
microstructure, the SEM can be operated at magnifications up to 5000X.

- For all samples, the same heating cycle has been used. The_ﬁate?ial
wvas heated £0_960°C in 4 minutes, held isothermally for 5 minuteé, and
.was'then heated aﬁ 7.8°C/min. to 1135°C. Then the séﬁp1es were held for
45 minutes ai this temperature. |

4., RESULTS AND DISCUSSION

k1 Shrinkage .

-To find the influence of different parameters (content of liquid
phase, particle size of both pomponents), a series of experiments was
performed. Figures 3 to 6 show densification results for samples with

different combinations of particle sizes. oy
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In ail cases the densification rate increases with increasing %iqui@
~content. This is in accordance with all proposed mechanisms, because
rearrangement_(due foifewer coﬁtact ioints between Fé—Févpafticlesb
diffusion and solution-controlled pr;cesses afe_enhaﬁéed by increasing
'liquid phase content. (The very few exceptions ffdmithis behavior are
-in systems-with a high éolubility of the liquid in the solid phése.)

. Thé increase in densification with decreasing solid-phase particle
size (Fig. 7) is also expected by the models. Smaller particles (of the
same shape) have higher mobilities (for rearrangement) and need less
material transport for solution-precipitation. |

The infiuence of the size of‘the liquid formingbparticles (Fig. T)
has not'beeh réported previously. This effect can be explained as
‘follows:

After melting, thL liquid phase is distributed in the compact of
iron particles. In equilibrium, the small- pores willrbe filled with ,
liquid phasé and the large pores will be open, becéﬁ#eithe capillary
fbrcesrincrease with 1/r with decreasing pore radius..7For large:liquid
formiﬁg particles, their size determines the largest pore size, the main

‘_pdres in the compact are the spaces previously held by Cu particles.
1 | v

of different samples a?ter sintering for U5 minutes. .Even after this

| .
long time, the pores are roughly of the size of the molten particles.
Figure-9 shows samples of 80 Fe-20 Cu (both 10-20 pm) in different states
of the process. Between Qa and 9b the copper melted, the small pores in
. l !

9a have filled with Cu%and large pores have openéd; their size corre-

sponds to the Cu—particle.size. After 45 minutes sintering (94) the
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large pores.étill are present. Remarkaﬁlé is the séronglparticle growth
after this.time. | | | |

To compare with literature results and to lelow‘the usual scheme
of previous résearch, the results have been plotted'pn a loé—log—scale
(Fig. 10). . (As time zero the time for 1100°C wasVChbsen.)

From.thése plots, two essential conclusions can 5e drawn:

(1) The'results are in general agreement with pfevious résearch.

(2) Resuits that show an sbrupt change of slope from 1 to 1/3 cannot
be verified; It seems rather reasonable to assume a change in slope'in
a smooth curve. |

4.2 Densification Mechanism

Compafing the densification kinetics with the different models, it
must be conclﬁded that the first part of the denéification is a re-~"
arrangement process, foilowed by & slower mechanism. For 80 Fe-20 Cu
during the first 40 minutes, the whole densification fpllows rearrange-
ment kinetics.v-

Iﬁis'éould not be verified in direct observatidﬁ. Figures 11 to 13
. show SEM pictures of samples with 20 and 40 vol% Cu during.the sintering
process. In the samples with 20% Cu, no sign of a Ehénge of the relative
positions of the iron spheres can be found; in.samples with 40% Cu
A(particle size 10-20 uﬁ) some relative movement takes place (Fig. 13).
This can bé'seen better in a continuous film.

;Another result that strongly contradicts a rga&réngement process is
the heckgrowth during the heaiing of the samples to the melting tempera-

ture (Fig.v9a), After melting the liquid phase does not penetrate into
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these necks. This béhavipr can be predicted theorgtically_for a system
-with a dihedral anglevff nearly 309 gnd can_beAéaniimed-in microéféph$~-”
(Fig. 9b, 9c) For hﬂgher amohnts of liquid phasé -the number éf solid
neighbors and thus the probability for the formatlon of a rigid skeleton
decreases. |

The hot-stage observations and the micrographs seem to prove that
~ the densifiéation in this system (liquid content 20%) is completely by
a diffusion process. No rearrangement can'be'found, and the strong
particle growth and change of particle shape éorreéﬁpnding to the shape
of the neighbors (see Fig. 9d) are hints for a solution-precipitation
process. ‘Tﬁe,change in particle shape to give é.close packing makes a
proéess similar to that proposed by Kingery fS]'probable. He asSumed
‘that near contact points the chemical. potential and thus the solubility
aré increasgd due to s£resses originated by the capillary forces.

This result allows the conclusions that it‘is not possible to find
fhe densification mechanism in a non-complete wetting system by compar-
ing the sintering kinetics with the results of existing model calculations.
The main reason for the different behavior seems to be that even in cal-
cualtions for ﬁon-comp%ete wetting systems, a regular array of solid
spheresiwith uniform’pbrosity is assumed. In real sfstems there is
always a dlstrlbutlon of pore sizes and thus a dlstrlbutlon of the liquid
phase where small pores (that would result in a large caplllary pressure)
are closed and large pores are open. A better fit of the model calcula-

tioné can be expected where the liquid-forming phasé has a very small

particle size compared to the solid phase;




5. CONCLUSIONS

Diréét ébservation of sintering processes inlthé héﬁ sﬁagg of'a.

scaﬁning electorn microscopg can give two impréveméﬁts compared.tb con-
ventional techniques: at iow magnifications thé déﬁéification can be
determined evén for very fast shrinking samples:wifhbut the disadvantages
. of dilatomeffy, and at high magn{fications the microstructure can be -
obgerved continually at sintering temperature.

The determination of liquid-phase sintering in the system Fe-Cu
showed that the densification rate ié in generaljagfeement wifh previous
results, but. the continuous determinaﬁion of shrinkaéé proved that the
densification is not, as previously assumed, a proééss with two‘distinct
staggs and.anvabrupﬁ change in the time-dependence but rather a smooth

~transition with continudusly changing'slope.

The observation 6f microstructure showed thaﬁ'in_this system for
lower amounts‘of liquid phase, no rearraqgement in-the early stages of
densification can be found. This could:bé expecﬁed«ffém earlier data on
neck end particlefgroﬁth'and the wetéing behaviortof_FeTCu,.but it con-
.tra.d.icts tﬁe' densification kinetics and its explan._ati.on by model calcu-
lations. New calculations for noh—complete wetting systems regarding the

v g@tual pore-size distribution séem to be neceSsary,' ’
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‘Table I.

Main influences on liquid phaseisintering

- Property

' Influence

Property of the solid phase

Particle size and shape

Properties of the liquid-forming
phase

(a) Particle size and shape (?)

(b) Viscosity

CommohAproperties

(a) Wetting behavior (characterized
by contact and dihedral angle)

(b) Solubilities
Liquid.in solid

Solid in liquid

(c)_Quantities

(d) Green density

(e) Relative melting{peints

e

Mobility of the particles for -
rearrangement
Necessary diffusion for solutlon—

prec1p1tatlon.

Pore size after melting for large
liquid-forming particles.

Viscosity of whole sarple (re-
arrangement). _
Penetration into crevices between
solid particles.

Capillary forces for densification.
Penetration into gaps between solid
particles (rearrangement and solu-

tion—precipitation); :

Amount of liquid phase changes
during sintering.

Solution of necks.
Solution-precipitation process.

Viscosity of sample (rearrange-

 ment).

Porosity after rearrangement.
Ability of solid particles to
rearrange (interlocking). o
Neck-growth of solid phase during

heating.
Change in apparent partlcle size.




Table II.

Proposed sintering mechanisms and kineties .

(
¥

Author Ref. ' Process Kinetics Assumptions
Price et al. (8 "heavy alloy mechanism"
' ‘& "0Ogtwald ripening" : .
Kingery 5] rearrangement AL/L n g1 y<<1 complete wetting
: ' h/3 1/3 zero dihedral angle
solution-precipitation (a)AL/L 42 spheres for solution-pre-
1/5 cipitation-process
AL/Lo n t prisms "solubility of solid
112 - in liquid
(v) ~ r ot/ spheres - —
n t1/3 prisms
(a) diffusion-controlled
, (b) solution-controlled
Cech (6] viscous flow AL/L°'= Ki (log t - log to) entrapped gas in
‘ ' ' pores,
= Ko (t" -.tK“) _pores close at tK
+ Kj tl/3 - term.3 for gas
. v ) ‘ di ffusion
Hoge and Pask (1] solution-précipitation see Table III " sphere model -
Fischmeister [8] solution-precipitetion time exponent .3125 to .333 sphere model

et al.

chenging with liquid volume,
dihedral angle end shrinkage

-z‘[-
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TABLE OF EXPONENTS

Y81/Y1v f

h_ o g2
Sl t Rb y -z
.o
Zero Dihedral Angle
Initial stage 0.243 -0.977
‘_Combination of initial and
final stage ‘
4.4% liquid 0.246 &
20% 1iquid 0.268 *
Final stage large
liquid volume 34.3% ’ '
No back pressure 0.362 -1.45
With back pressure 0.282 - =1,13
Dissimilar particles
Ratio 2:1 0.255 -1.019
5:1 0.304 =1.215
.20:1 0.372 - -1.488
Non Zero Dihedral Angle
o j .
Johnson's model YsllYlv 0.01 0.437
: - *®
YallYlv 3.00 0.448
\ - -
Coble's model YBI/Y1v 1.00 0.464 | 1.390
3.00 0.475 -1.425

*Not determined



Table

IV. Important pfopert;_[es of three systems for LPS

T (liquia) ' o S Solubility
- System - ‘Contact angle . Dihedrel angle solid in
a T, (s0lid) S ) - IR liquid
" Fe-Cu .19 0° (H) (9] o 2r° [9] 5%
V-Cu .37 30° 1150°C (H2) - - . no
| 0° 1350°C [16] |
WC~Co .60 0° (vac.) [15] | probsbly 0° IR
: _ ' (see disc. in 9) LoZ

- ’]I-



FIGURE CAPTIONS

Fig.>

Fig.

1.

2.

fls—

Specimen stage of the SEM-hot stage.

Sample surface with alumina marker spheres.

Figs. 3-6. Densification curves for iron-copper, different combinations

_Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

10.

11.

13.

of particle sizes.

Densification of TO Fe-éO Cu as a function of particle sizes.
Microstructuré after sintering for U5 minutes as a function of
the particle sizes and the amount of liquid phase.
Microstructures of samples 80 Fe-20 Cu (10-20 um) in different
states. (a) before melting, (b) immediately after melting,
(¢c) 5 minutes after ﬁelting, (d) 45 minutes after melting.
Volume shrinkage as a function of time for different samples
(including literature results).

SEM hot stage pictures of a sample 80 Fe-20 Cu (both 10-20 um)
in different stgtes éf the heating and sintering process.

Dto. for a sample 80 Fe-20 Cu (Fe <37 ym, Cu <hb ym).

Dto. for a sample 60 Fe-20 Cu (both 10-20 um).
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t = 36.0 min. T = 1090°C + = 37.8 min. =l 170528
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that its use would not'infringe privately owned rights.
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