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ABSTRACT

An analysis of the parameters involved in the sintering of lead powders
under vacuum has been made. Sintering was accomplished at temperatures be-
tween 250° and 280°C. Evaluation of surface area reduction data results in
values of the mechanism exponent N between 5.3 and 6.7, Lack of shrinkage
and the low vapor pressure of lead at the experimental temperatures lead to
the conclusion that surface diffusion is the rate-controlling sintering
mechanism. However, comparison of the experimentally measured activation
energy, 170 RJ/mol (40.7 Kcal/mol}, to that reported in the literature for
surface self-diffusion of lead showed a significant discrejwncy. Effects of
pore isolation and surface oxide layers are propesed as pos ible explana-
tions for this discrepancy as well as the deviation in the h values from
those obtained theoretically. An attempt to isolate the effect of the oxide
layer was made by sintering lead in a hydrogen atmosphere. U-der these con-
ditions, sintering is accompanied by shrinkage, thus indic4tirz the presence
of a bulk-transport process. A mechanism exponent corresponding to viscous
flow sintering was obtained. Furthermore, the calculated activation energy
for this process was in good agreement with that reported for creep in lead.
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INTRODUCTION

The investigation of the parameters involved in the sintering of lead
powder compacts is prompted by the desire to use oxidized lead powder as a
first wall tritium diffusion barrier for nuclear reactors. In order to

completely understand the diffusion mechanisms involved in the sintering of

the oxidized lead it is desirable to first gain knowledge Of those ‘nech-
ahisns which control the sintering of the ;ubstrate material, lead. A
literature search showed no prior publications on the sintering of lead,
thus an experimental determination of the kinetics of sintering of this
metal was initiated.

The first investigations into sintering as a forming process coincided
with the growing use of sintered tungsten by the incandescent light industry
in the 1920's. Until the work of Saucrwald' little was known of the mech-
anisms iﬁvolved in the process. Sintering may be defined as the heat treat-
ment of a system of particles or a porous body in which in individual cases
some or all of the properties of the system change, and in every case the , "
reduction qf free energy is;;he driving force. In the compact this free
energy may be founé in the f&rm of excess surface emergy, an energy grad-
ient due to surface curvature, and excess lattice energy due to vacancies,

2

dislocations, and internal stresses.® The reduction of free energy is

accomplished by the creation and growth of necks between particles within
the compact through movement of matter.on the atomic level.

Several variables affect the kinetics of the sintering process. These
are temperature, particle size, initial compact density, composition, and
sintering time. As the isothermal sintering time is allowed to increase
the rate of neck growth diminishes due to a diminishing thermodynamic
potential gradient between individual particles. The first effort to model

t
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this prucéss on a theoreticél basis was made by Frenkel® in 1945 and by
Kuczynski*’? in 1949, Kuczynski's majorAcontribution to the understanding
of sintering was his recognition of a multi-mechanism process where one or
more transport paths can be operaiive.

Kuczynski propased the following relationship to describe the sintering
of spherical powders:

) = Bt )
where x/a is the ratio of the neck radius x to the particle radius a as
shown in Figure 1, N is an exponent characteristic of the particular mech-
anism, t is the isothermal sintering time; and B is a mategial parameter
encompassing surface energy, atomic spﬁcing, diffusivity, particle size, and
temperature. Specific definitions of B are listed in Table 1.

Since introduction of the Kuczynski equation five independent sintering
mechanisms have been identified: surface diffusion, evaporation-condensation,
viscous flow, grain boundary diffusion, and volume diffusion. Of these the
first two do not result in shrinkage during sintering and are categorized as
surface-transport mechanisms while the remaining three, which result in
shrinkage during sintering,-are categorized as bulk-transp?r; mechanisms,
Table 1 élso lists the various values obtained for the parameters within the
Kuczynski equation. Although other value for N and B haye been obtained
those listed in Table 1 are the most widely accepted.

Application of Kuczynski's model to experimental data has proven its
usefullness in the sintering process. A log-log plot of x/a versus t results
in a straight line whose slope is the characteristic exponent N and inter-
ceﬁt is the constant B. Assuming mechanisms to operate singularly, Herring®
stated that the time necessary to achieve similiar degrees of sintering
varies with respect to mechanism and proposed that

W
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a) Surface-transport: no shrinkage
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b) Bulk-transport: with shrinkage

Figure 1 Geometric sintering models employed in Kuczynski's
equation.



Table 1 Materials parameters in sintering equations.

Mechanism B N w  Ref.
Surface Diffusion 56y 8" D
7 4 4
2" kT
+ Evaporation- Imy P 5 . .
Condensation 3 2 8
. a? a2 T/ P
Viscous Flow ¥ .
: —_— 2 1 9,4
dan
Grain Boundary 24y6*D
Diffusion . ) 6 4 10
T a" kT
480 ¥ 6% D
6 4 11
a" kT
Volume Diffusion 80y 6% D
$ 3 3
a® XT
" 23
4074 Dv .
5 3 4
a® kT

Y = surface energy, § = atomic spacing, a = particle size, k =
Boltzmann's constant, T = absolute temperature, n = viscosity,
M = atomic mass, P = equilibrium vapor pressure, d = density,

D = surface diffusion coefficient, D.. = grain boundary diff-

GB
sion coefficient, and Dv = volume diffusion coefficient,




wheré t, and t, are sintering times at which identical degrees of sintering
are achieved, A is the ratio of the particle radii a; and 3, and @ is a
mechanism characteristic constant. Values of w are also given in Table 1.

Recent advances in the field of sintering have both enhanced our
understanding of the mechanisms and improved the proposed sintering models
thus making interpretation of experimental data less tedious. Inherent to the
Kuczynski mod;1 is.the need to accurately measure the change in neck dimen-
sions as sintering progresses. Until recently, measurements were made using
optical microscopy. Besides being tedious this method requires a sufficiently
large number of samples to give statistical validity to th; measurements,
Therefore the need for an accurate method of deternining the degree of
siﬁtering hes received much attention. ‘

Ibrahim and Jellinek’ proposed that the change in surface area of a
compact and neck growth can be related by the follopwing:

Bs/5, = Xk (x/2)* + k,(x/2)’ (3)
where AS is the change in surface area relative to an initial value So’ and
k1 and k2 are constants, By use ;f mathematical models German and Munir®
showed that the surface area reduction has the following dependence on neck
size:

Bs/s, = K(x/a)" (4)
where K and m are both coordination number and mechanism-dependent constants,
Figures 2 and 3 show the variation with coordination number of botﬁ K and m,
respectively.® Finally by combining Equation (4) with Equation (1) one obtains:

u/N )

A log-log plot of AS/S0 versus t results in a straight line dependence where

' . b5/s,, = K(Bt)

the slope is m/N. From the calculated values of m, Figufe 3, the exponent N
can be deterni..ed,

German and Munir?’!'® have also shown that the values for the constants
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%, and kz in Equation (3) are

1
Fl = (,2278 ch ©
ky= 0.021§ NS - 0.0907 N,
for surface-transport mechanisms and
k, = 0.2607 N
1 ¢ )
k2 = -0, 0915 N

fot bulk-transport mechanisms, Here Nc is.the coordination humber of’the
pduder compact. Thus the relationship between surface area and neck size is

85/S = 0.2278 N_ (x/a)% + (0.0215 N 2 -
0 [« [ (8)
0.0907 ¥ ) (x/a)®

for surface-transport mechanisms and

(8575 = 0.2607 N, (x/a)? - 0.0915 N_ (x/a)’ (9
for bulk-transport mechanisms. Furthermore, work‘by Munir, Higgins, and
German'® has shown that combination of Equation (3) and (5) results in the
expression:

n/N

K (Bt) 0=H(Vﬂ2+ 5(#@3 (10)

where k1 and k2 take on the appropriate values for surface or bulk-transport

processes. The subscript (o) for the mechanism exponent N is placed to show '

2 non-dependence on' neck size’ or coordination number. Thus we definé
N =N _ (11)
where £ is a factor containing the dependence of N on coordination number
and neck size. Introducing this into equation (1) gives |
/)Mo = e (12)
and by defining
© Pek/Kand Q=kK a3

and rearranging Equation (10) the following expression results:

g o 10 [PG/2)? + Qx/2)*) 4)
m 1n(x/a)

This expression represents the variation of the characteristic mechanism

i
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exponent with respect to changes in particle coordination and neck growth,
Variation of experimental data from the siraight line log-log plot proposed
by Kuczynski is thereby accounted for by differences in coordination and by
the degree of growth of the neck r;gion between particles.

In circumstances where two independent mechanisms are operating simult-
aneously, German and Munir!? have shown that by taking the ratio of the rate
equations for' the two mechgnisms it is possible to distinguish the regions of

dominance of each mechanism. The equation derived is

{x,/2)
L ) (15)
(%,/2) , ’
where
B1 N2
K= (16)
By Ny

il and *2 are the rates of neck growth of the two mechanisms, and n is the
difference between the two characteristic exponents, i.e. N, - Nl' Although
this technique is applicable only to mechanisms which act independently of
each other, it does account for neck growth and is applicable to surface-tran-
sport as #ell as bulk-transport mechanisms. | . |
Many early investigators in the field of sintering assumed the driving
s

force to be the reduction of surface area in the compact, Investigators'®’!®,
using this'assumption, arrived at the following kinetic expression:

ds/dt = -ks" (a7)
where k and m are constants. Recently, German and Munir!® expressed the
eqﬁation‘in the general form

(as/5)" = ct _ (18)
where 4S = So- S, § is the instantaneous surface area, So is the initial
surface area, t is the isothermal sintering time, vy is a factor related to the
mechanism by particle cgordination,'and C is a constant related to the

t
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geometry, kinetics, and material properties of the compact.
Since Equation (17) only paitially accounted for the results compiled
through experimentation, it was postulated!® that another driving force
must become dominant at some time during the sintering process. By differen-
tiation of Equation (18) the expression .
ds/dt = ~ Cfy [soY/ (ASJY"] (19)
is obtained, This expression is the kinetic équatioﬂ for éintering when the
gradient of surface curvature is the driving force. It was thus shown that
the initial driving force for sintering is the gradient of surface curvature.
Theﬂ as neck size increases and surface curvature gradients decrease, the
driving force becomeg dominated by the reduction of surface area. Data may
then be plotted to determine which driving force is applicable, If the data
show a linear dependence in a log-log plot of dS/dt versus AS/SO then surface
curvature is the dominant driving force. If the same data show a linear
dependence in a log-log plot of dS/dt versus S then Equation (17} is applic-
able and reduction of surface area is the driving force.
| One final consideration in understanding the basic models of sintering
is the.effect-qf grain growth. Considering each sphere in the compact to be
a single grain then grain growth involves the growth of a neck between the
two graiﬁs, followed by migration of the grain boundary, and, if allowed to
continue to completion, spheroidization of the resulting particle. The migra-
tion of the grain boundary is a result of a driving force for reduction of
excess grain boundary energy. Growth always occurs in a direction such that
the boundary moves toward its center of curvature. As large grains grow at
the expense of smaller ones the average grain size increases causing a net
reduction in the overall excess surface emergy. This causes a subsequent
reduction in the rate of siutering due to a decrease in the driving force.

Furthermore, as grain growth continues pores begin to become isolated result-
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ing in a further reduction in the sintering rate. This is due to the
minimization of grain boundary-pore surface contact area and if allowed to
occur will result in an exceedingly slow sintering rate and thus a low final
density. Since isolation of pores is a function of the sintering mechanism
and rvate'®, its control may be experimentally achievable.

.+ Even though no specific reference is made in the liteYature toprevious
wrk or. the sintering of lead, several autﬁors have examined this process
for tin. An analysis of the gintering of tin may show similarities in their
kinetic behavior due to the similarity of their properties. Both metals have
low melting points [232°C for tin and 327°C for lead), both have 2,4 valence
states and are groupiv metals, and both react rapidly with oxygen at room
temperature to form stable tetragonal monoxides®’. Furthermore, both of
these metals are media for fast diffusion of dissolved Au, Ag, etc., and are
thus unlike most other metals. As early as 1921 Smith'® stated that tin, as
well as manganese, did not sinter even at temperatures approaching their
melting points. More recently, Smart and Ellwood'® attributed this behavior .

to the effect of an oxide layer, and concluded that the role of the sintering -

.atmosphere.ié impoitant espééiaily with low melting point materialﬁ. Moreover,
the work of Smart and Ellwood showed that removal of the oxide layer allowed
sintering to occur at a rate more in line with expected behavior.

In view of these considerations and in acéordance with the objectives

stated earlier, an investigation of the kinetics of sintering of powder

compacts of lead was undertaken.
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EXPERIMENTAL PROCEDURE

A) Sample Preparation

To evaluate the kinetic parameters of Kuczynski's equation spherical
lead powder within the range of 10 to 20 um was used. The lead was 99.9%
pure with typical impurities listed in Table 2. It is difficult to ascer-
tzin the affect of impurities at levels in the parts per million range on
sintering experiments.

‘Specimens were first weighed into approximately two-gram samples. A
special graphite die was constructed employing a double piston action to
apply a static load across a 0.64 cm (0.25 inch) diameter piston, Figure 4.

A Tinius-Olsen presé was used to load the die to a pressure ;f i7.5 MPa (2550
psi). This pressure results in a pellet with a 0,65 cm (0.257 inch) diameter,
a height of approximately 0.76 cm (0.300 inch), and a density of about 63% of
the theoretical value for lead (11.36 gn/cm®). Specimens were then divided
into groups of four for use in inqividual tests. The groups were then placed
into an argon filled dessicator until their use.

B) Fumnage

The system is a bell-jar vacuum apparatus with a Kinney mechanical pump
and a Varian NRC/NHS-6 six inch diffusion pump with a 1500 1/sec pumping
speed (Figures 5 and 6).

The bell-jar contains a specially designed horizontal tube furnace, Fig-
ure 7, with a maximm temperature capability ;f 1500°K. The furnace consists
of ? 2.5{ em (1.0 inch) molybdenum core enclosed at 0.64 cm (0.25 inch) inter-
vals by four molybdenum heat shields, The shield separation-is maintained by
lavite insulators at the furnace ends and lavite rings at the center. Current
to the furnace is carried by a 0,95 ecm (0.375 inch) copper tube making elec-

trical contact with the molybdenum core via brass disks which are silver



Table 2 Typical impurity concentrations in the lead powders.

. * *

Element ppm Element ppm
Ga 600 Fe 25
Bi 200 Ti 10
Sn 20 Ca 9
Al 50 Mg 2
Cu 25 Ag 7/ 1

Total 952 ppm

Tested but not detected:
8, Ba, Be, Co, Cr, Mn, Mo, Na, Nb, Ni, Sb, Sr, V, Zn, 2r

* ppm = part per million

1A
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Figure 6 Schematic diagram of the bell-jar vacuum system.
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Figure 7 A close-up

of the horizontal sintering tube furnace.
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soldered to the core, Cooling water flowing through the copper tubing main-
tained both ends of the furnace at temperatures close to ambient. Brass plugs
placed at e;ch end of the molybdenum core increased the length of the constant-
temperature region within the furnace. A graphite "dee" 1.27 cm (0.50 inch)

in radis gave a flat surface on which specimens were placed. Temperature was
neasured by means of a Chromel-Alumel thermocouple which was inserted through
o « .

tpe "dee" at the center point of the furﬁaqe.

The temperature was monitored by two separate Chromel-Alumel thermo-
couple circuits, Figure 8. The first thermocouple monitors the furnace
temperature and by implementation of an L.F.E, Electronics Optical Meter
Relay Time Proportioning Module Model API909B regulates the furnace power.

This modﬁle has a capability of locking to and céntrolling temperature to
within £0.5%. The second thermocouple was used to read the furnace temperature
by the output of a Dana 3800 Digital Multimeter Voltmeter.

Lead pellets were placed on the graphite “dee" within 0.32 cm (0.125 inch)
of the monitoring thermocouples. The system was then evacuated to a minimum
vacuum of 0,13 uPa (10'7 torr). The extent of vacuum was continuously measurgd *
by a2 Consoiidated Vacuum Cdrporation 1G-101f 2.54 cm (1.0 inch) Kovar tubul-
ation vacuun ion gauge., This pauge was monitored by a Veeco Model RGB30
Tonization Gaﬁge Control. A heating rate of Approximately 50°K/min was util-
ized,

C) The B.E.T. Surface Area-Pore Volume Analyzer

The apparatus described here was at the Lawrence Livermore Laboratory
(LLL) where the surface area measurements were made. The apparatus consists
of a vacuum system, a pressure transducer, temperature monitors, sample ‘
chambers, and an interconnecting manifold system. All piping was of Monel
400, see Figure 9.

The vacuum system was comprised of a cold trap, a diffusion pump, and a

forepunp. The diffusion pump has a pumping speed of 11 1/sec with a limiting
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81



( Krypton,

Argon, . Readout
Water Vapor, —— "}
(Nitrogen) etc.). H
Adsorbate Adsorbate _] Pressure
Transducer
1 2 E
' P— To Vacuum
System
Helium
Sample 1 Sample 2 Vacuum ample Sample 4

n

To Cold Trap
and Diffusion
Pump

Figure 9 Schematic diagram of the B.E.T. surface area measurement apparatus (LLL facility).
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forepressure of 13 Pa (0.1 torr). The forepump has an ultimate vacuum of 1.33
cPa (10™" torr) giving the complete apparatus an ultimate vacuum of 13.3 mPa
(10°% torr). Pressure is measured by a null point detector??, Figure 9. It is
detected by means of a specially designed electronic manometer using dual
pressure transducer, Temperature in the liquid nitrogen regime were measured
by. thermister probes to within £0.1°K, . . .

Dy Experimental Methods

Three sintering temperatures were selected with four sintering times per
temperature. Four specimens were sintered at each time. The selected temper-
atures were 25v , 268°, and 280°C which correspond o .76, 0.81, and 0.86,
respectively, of the melting point of pure lead. The sintering time: were 30,
60, 120, and 300 minutes. As-pressed samplcs (zero sintering time) were used
as a réference in determining change in surface area as a functicn of time.

After the completion of each individual experiment the system was cooled
by the introduction of argon gas. Each group was then marked and the surface
area measured by the B.E.T. method, see Appendix 1, Onc specimen from each
group was used to take hardness reading and to provide microstructural

‘information.
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RESULTS

Scanning electron micrograph; (SEM) of the sintered and unsintered lead
powders are shown in Figures 10, 11, and 12, Micrographs of unsintered powder
"are shown in Figure 10 while a time dependent sequence of sintered powders
is shown in Figures 11 and 12. The micrographs of Figure 11 are of powders
sintered at 250°C in vacuum at a magnification of 7500X. Time dependent growth
of the neck region between particles is evident as sintering time increases.
Figﬁre 12 shows a similiar sequence of micrographs for powders sintered at
280°C. These micrographs were taken at a magnification of 7200X. Again the
increase in neck growth with sintering time is evident. The difference in
magnification makes a direct comparison of the two figures difficult, how-
ever, careful observation of the two figures shows a noticeable difference
in the neck growth rate of pellets sintered at 250°C and those sintered at
280°C. This temperature dependence of the growth rate of the neck between
particles is encompassed within the constant B of Kuczynski's equation,

The change in the Vicker's hardness (;360 Diamond Pyramid) of the
sintered lead pellets with the isothermal sintering time is.shown in Figure
13. Plotted on a log-log scale the data of Table 3, Appendix 2, give a ‘.
straight line relationship of the type

= D
AH/H0 = At

(20)

where 8 is the change in hardness of the sintered pellets normalized to an
initial value Ho’ t is the isothermal sintering time, and A and b are
material dependent constants. The value of A and b have noF‘been analytically
related to the typical sinteriné parameters presented in an earlier section,
but could be used as an indication of sintering since b is related indirectly

to the N value in Kuczynski's equation.

Measurcment of the pellets height and density showed no significant
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Figure 10 Unsintered lead powders (SEM, 7200X)



Figure 11(a)

Figure 11(b)

Wt S

s

Vacuum sinteged lead powders
(60 min, 250 C)(SEM, 7500X)

Vacuum sintergd lead powders
(120 min, 250 C)(SEM, 7500X)
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Figure 11(c) Vacuum s1ntered lead powders
(300 min, 250° C) (SEM, 7500X)



Figure 12(a) Vacuum sinteged lead powders
(30 min, 280°C)(SEM, 7200%).

Figure 12(b) Vacuum sinteged lead powders
(60 min, 280°C)(SEM, 7200X).
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Figure 12(c) Vacuum sintered lead powders

(120 min, 280°C) (SEM, 7200X).

Figure 12(d) Vacuum 51ntered lead powders
(300 min, 280° C) (SEM, 7200%).
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Figure 13 Variation of hardness with sintering time for
lead powders sintered in vacuum and hydrogen.
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Table 3 Hardness data for vacuum sintered lead pellets.

Temperature

c)

250

268

280

Time
(sec)

As Is

1800
3600
7200
18000

As Is
1800
3600
7200

18000

~

As Is
1800
3600
7200

18000

Vicker's Hardness

T 28,5«
29,1
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change is these parameters with sintering. Typical variation in height was
of the order of 0.37% and was not a function of sintering temperature or time
(Appendii 2). This variation in pellet height corresponds to a density change
of 0.37%. These observations lead to the conclusion that a surface-transport
mechanism is operative and therefore a B,E.T. surface area analysis was made.
Results of this analysis are shown in Table 4 and Appendix % and are,plotted
ineFigure 14 with a confidence limit of 91% or better. Measurement of the
surface area reduction, As/So, was complicated by several factors. The low
surface area per unit volume of the lead powder, typically 0.20 m?/gm, made
measurement of a change in surface area difficult. In such cases Krypton gas
is usually used as the adsorbate. Additional difficulties arise from the
relatively high density of the pellets and the possible concomitant pore
isolation. This problem will be discussed further at a later point. However,
fitting these surface area reduction data to the model of German and Munir
(Equation 5) results in siopes of 0.348, 0.383, and 0.300 for the sintering
temperatures of 250°, 268°, and 280°C, respectively, For m equal to 2,02,
which corresponds to a particle coordination of seven, these slopes correspond’
fo N values of 5.8, 5.3, and 6.7 for the respéctive temperatures. It'should
be pointed out here that the generally accepted value for a surface diffusion
mechanism is N = 7, Although some of the experimentally determined N values
are significantly different from 7 lack of shrinkage and the relatively‘iow
vapor pressure of lead point to surface diffusion as the dominating mechanism.
A plot of AS/So versus in&erse sintering temperature at a constant value
of the sintering time, 60 min, is shown in Figure 15. When plotted on a semj-
log scale the slope of the line is related to the activation energy of the

process by

: |
2y (1)
L=z

vhere L is the slope, R is the gas constant, Yy is the inverse slope, m/N, as



Table 4 Surface area reduction data for vacuum sintered
lead powders.

Temperature Time AS/S0
. (°C) (sec)

250 1800 0.0702

3600 0.0855

7200 0.1256

18000 0.1506

268 1800° 0.1005

3600 0000 eeeee-

7200 . 0.2060

18000 0.2360

280 1800 0.1359

3600 0.1807

7200 0.2163

18000 0.2865
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T=280°C
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In AS/S,
3.0k
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Figure 14 The variation of surface area with sintering
time for vacuum sintered lead powders.
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Figure 15 The temperature dependence of surface area
reduction for vacuum sintered lead powders
(t = 60 min).
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defined by Equation 5, and Q is the activation energy of the process. The

experimentally obtained value for the activation energy of the lead compacts
is 170 kJ/mol (40.7 Kcal/mol). Thpse data fit the plot with a confidence
limit of 89.8%.

The effect of an oxide layer is a source of eiperimental difficulty and
concern. In order to ascertain the role played by a stable oxide layer in the
kinetics of'sintering lead a number of pellets were sintered in hydrogen.
Sintering under these conditions will ensure the reduction of the accessible
oxide layer surrounding the lead particles. No hydrides of lead are stable
at the temperatures used in this study. Preliminary resulfs of these deter-
minations are given in Table 5 and Appendix 2 and presented in Figures 16
through 19. In this case, and in contrast to the'previous e*pe;imenfs.which
were conducted in vacuum, the powder compacts exhibited shrinkage. The data
shown ‘n Figure 16 are plotted as a time functien of AL/LO, Ad/do, and Ap/pO
where L is the length , d is the diameter, and p is the density of the
pellet. If lines are impssed through the points of Figure 16 the resultant
slopes do not give a singular value which indicates a non-uniformity or
directionality of the shrinkage. However, the values of N obtained are 1.8,
2,4, and 2.6 for the axial shrinkage, radial shrinkage, and relative densif-
ication, respectively. Such values of N correspnnd to the viscous flow
mechanism (i.e. N = 2). Hardness tests made on the pellets sintered in
hydrogen at 290°C are shown in Figure 13. The slope, b of equation 20, is
significantly different from that for the vacuum sintered pellets, indicating
a change in the sintering mechanism and implying that the affect of the
surface'oxide layer is significant.

Scanning electron micrographs of lead pellets sintered in hydrogen are
shown in Figure 17. Figures 17a through 17d show micrographs of pellets

sintered at 2700, 2800, 2900, and 300°C, respectively. All pellets were

sintered in hydrogen for one hour. A significant change in mechanism appears



Table S5 Shrinkage analysis of hydrogen sintered lead pellets.

Tempgrature
e
290
290
290
270
280
300

Time
(hr),

L R R - S

AH/Ho

0.4732
0.6429
0.8393
0.3679
0.3839
0.5626

AL/Lo

0.0032,
0.0242
0.0331

Ad/d°

0.0145
0,0664
0.0776

ap/ P,

0.0350
0.1777
0.2076

14
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Figure 16 Variation of pellet 'heigh(t, , diameter, and density of lead powders
sintered in hydrogen (290°C).
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Figure 17(a) Hydrogen smtered lead powders
(60 min, 270°C) (SEM, 3000X).
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Figure 17(b) Hydrogen smtered lead powders
(60 min, 280° €) (SEM,3000%) .
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. Figure 17(c) Hydrogen singe:ed lead powders
(60 min, 290°C) (SEM, 3000X).
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Figure 17(d) Hydrogen sinsered lead powders
(60 min, 300°C)(SEM, 3000X).



Figure 18(a) Hydrogen 51ntered lead powders
(60 min, 290°C) (SEM, 3000X).

Figure 18(b) Hydrogen s1ntered lead powders
(120min, 290° C) (SEM, 3000X}.
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Figure 18(c) Hydrogen smtered lead powders

(240 min, 290°C) (SEM, 3000X).
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to take place between the temperatures of 280° and 290°C as seen from the 9!

microstructures of Figures 17b and 17¢, respectively. Scanning electron
micrographs 6f lead pellets sintered at 290°C in hydrogen for various times
are shown in Figure 18, Figures 18a through 18c represent sintering times of
1, 2, and 4 hr, respectively. Neck growth is apparent and pore closure is
evident at the longer sintering times. Figure 19 is a plot of change in hard-
ﬁiss as a function of sintering temperatu}e, see Appendix 21 The solid line
represents the best fit for all data points and the dashed lines represent

a case in which a change in mechanism is assumed between the sintering

temperatures of 280° and 290°C.
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DISCUSSION

The most apparent indication of the occurence of sintering is the growth
of the neck region between particles within a powder compact, Initial for-
mation and growth of the necks between particles of lead sintered in vacuum
is evident from Figures 10 through 12. As an example, when the sequence of
Figure 12 is compared with the micrographs of the as-pressed samples
(Figure 10), an increase in the neck dimension is seen even at t = 30 min
{Figure 12a). These observations, coupled with the absence of shrinkage,

.
indicate surface-transport as the rate controlling mass-transport mechanism
in the sintering of lead powders in vacuum. As previously stated, the differ-
ence between the magnification of Figures 11 and 12 makes direct comparison of
the two difficult. However, careful examination shows an increase in the growth
rate of the necks between particles as the sintering temperature is increased
grom 250° to 280°C. Regardless of mechanism, this is to be expected since the
value of B in Kuczynski's equation is an exponential function of the tempera-
ture through the diffusivity term.

Direct correlation of the-slopes of the lines obtained for the change of
bardness versus isothermal sintering time (Figure 13) with the sintering mech-

! ',
anism has not peen analytically demonstrated. However, fk would be expected
that as the average neck size increases the resistance to penetration by a
hardness indentor would also increase. The results shown in Figure 13 support
these expectations. A relationship between hardness and sintering time would
also be a function of the sintering mechanism. This is evident from a compar-
ison of the sintering results in hydrogen to those obtained under vacuum,

Fipgure 13. ‘
Since evaluation of the vacuum sintering data supports the conclusion

that a surface-transport mechanism is controlling, the exact nature of the
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mechanism must now be inferred. Twa surface-transport mechanisms can occur:

evaporation-condensation and surface diffusion. Since the vapor pressure of
lead in the solid state is always lower than 1.3 nPa (107! torr)?! evapor-
ation-condensation cannot be a significant mass-transport mechanism, There-
fore, it is concluded that surface diffusion is the dominant sintering mech-
anism of lead powder under vacuum conditions.

For surface diffusion sintering, the value of N obtained from K;;zynski's
equation*’” is 7. However, recent calculations by Munir, Higgins, and
German'! have shown that this value may range between 6.5 and 8.0 depending
upon the initial particle coordination and subsequent néck growth within the
powder compact. The values of N obtained for the sintering of lead in vac-
uun in this vork are 5.8 at 250°C, 5.3 at 268°C, and 6.7 at 280°C. Only the
value of 6.7, calculated from the data collected at 280°C, lies within the
range of values given above. Several possible reasons for the discrepancy
between the value of N obtained experimentally and the value obtained theoreti-
cally have been considered. They include the effect of multiple mechanism
sintering and, since the initial compact density is approximately €8%, the
posé&ble isolation‘of‘pores'within the sintering compact. Moreover, the role
of a surface oxide layer can be significant in this case. These considera-
tions wili be dealt with below.®

If mltiple mechanism sintering'? is in fact occuring the slope of the
log AS/So versus log t line varies accordingly. Lack of shrinkage during
sintering excludes any contribution by bulk-éransport mechanisms. Since the
evaporation-condensation mechanism has already been shown to be unimportant,
the possibility of a multiple mechanistic sintering has been disregarded.

The effect of pore isolation on the data collected is a consideration which
may not be easy to rule out. At densities approaching 70% of theoretical,

such as the initial densities of the powders used in this work, the effect of

pore isolation of the surface area measurements begins to be significant?®’,
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Pore isolation results in a surface area reduction which is larger than that

generated by the growth of the neck areas. If pore isolation is taking place,
the calculated value for the mechanism exponent N will be smaller than the
eipected value for the mechanism at hand. As stated above the values of N
obtained in this work range between 5.3 and 6.7 and are considerably lower

at one end of the spectrum than the expected value of 7 for surface diffusion.
Thése values indicate that the effect of bo;e isolation may‘be signi;icant on
tge surface area data collected.

If isolation of pores is occuring the erroneous data obtained for surface
arealreduction will also contribute to errors in the calculated activation
energy of the process. Under condition of pore isclation the calculated
activation enmergies will be higher than otherwise anticipated. A simple
empirical formula®? relating activation energies of volume, grain boundary,
and surface diffusion shows that QVD/QGBD/QSD is of the order of 4/2/1 for
most metals. The literature value for the activation emergy of the volume
self-diffusion in polycrystalline lead is 120 kJ/mol (27.9 Keal/mol)?%. This
corresponds to a surface diffusion activation energy of 29 kJ/mol (7 Kcal/mol).
The experimentally obtained y;lup for the activation energy of vacuum sintered
lead is 170 kJ/mol (40.7 Kcal/mol) or roughly six times the value derived ‘
when surface diffusion is considered to be the operative mechanism. There-
fore the effect of pore isolation is again indicated as possibly accounting
for this discrepancy, At the present time no method of correcting data for
effects of pore isolation exists.

A more important consideration, perhaps, is the influence of a surface
vxide layer on the kinetics of sintering lead powders. Since Kuczynski's ‘
equation was derived for a one component system the effect of a second phase,
e.g. an oxide layer, is not accounted for. If an oxide layer exists then the

surface diffuzion process may occur by two possible methods (Figure 20). One

possible way is for the lead atom to diffuse through the oxide layer and then
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diffuse to the neck region on the oxide surface (path b in Figure 20), and

the other is for the lead atom to diffuse along the lead-lead oxide interface
to the neck region (path a in Figure 20), For the first process to occur the
diffusion of the lead through the lead oxide layer must be very rapid with
respect to the overall process. If one assumes an oxide iayer thickness of
100 R the time for diffusion, as calculated by t = XZ/DVD, where DVD is the
diffusivity for volume diffusion, and t is the time necessary to diffuse a
distance x, one obtains, at 300°C, a value of t which is of the order of

0.5 usec, see Appendix 3, A corresponding value for a 1000 R oxide layer is
of tﬁe order of 50 psec. These values are exceedingly small in comparison to
the shortest sintering time monitored El ksec}. Thus this process cannot be
ruled out strictly on the basis of kinetics. The value for {he-volume dif-
fusion activation energy of lead through polycrystalline lead oxide is

280 kJ/mol (66 Kcal/mol)®2. The value estimated for grain boundary diffusion
is then %140 kJ/mol ("33 Kcal/mol) which is close to the value obtained in
this work, It should be noted that lead diffusing through polycrystalline
lead oxide is not an accurate modél for the diffusion of lead along a lead-
lead oxide interface and a discrepancy between values of the respective
activation energies would be expected. Nevertheless, the agreement between
the calculated and measured activation emergies suggests ,that the mass- !
transport path may be at the lead-lead oxide interface.

Sintering data for pellets in a hydrogen atmosphere demonstrated the
effect of the surface oxide. The activation energy cbtained from these data
was 130 kJ/mol (30 Kcal/mol) which is roughly the value for the activation
enérgy o% creep in lead®®, Since the calculated value of N of about 2 also
indicates a viscous flow mechanism, it is concluded that lead sinters by
this mode under hydrogen atmosphere and at temperatures in the range of 76 to

92% of the melting point.

One final aspect should be noted concerning the data presented in



Neck Region

Figure 20 Proposed models for neck growth between lead
particles containing a surface oxide layer.
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Figure 17. A dramatic change in the microstructure of the sintered pellets

occurs between 280° and 290°C. With this in mind the hardness versus sinter-
ing temperatﬁre data (Figure 19) was interpreted as if there were two mech-
anisms involved (dashed lines). Although somewhat tenuous, it is possible to
assume that a change in mechanism has occured between 280° and 290°C.

The .pparent change in mechanism in the sintering of lead powders in a
hydrogen atmosphere is believed not to be related to a p0551b1e oxide reduc-
t1on or evaporation process. The free emergy of the reaction

PbO (5) + H2 (g, 1 atm) = Pb (s) + H20 (g) (21)
is negative (ranging from -50 kJ/mol to -54 kJ/mol, -12 Kcal/mol to
-13 Kcal/ 101)'7 over the experimental temperature range, see Appendix 3.
Thus the reduction of the oxide is thermodynamically possible at all of the
sintering temperatures. Furthermore, since the vapor pressure of Pb0 is
exceeding.y low at these temperatures, (1.3 nPa to 1.3 pPa, 10" ’torr to
107* tor)2%, it is not likely that evaporation of this oxide from isolated
pore surfaces can contribute to the observed shift in sintering behavior,

se~ Appencix 3.
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CONCLUSIONS

The results of sintering of 10 - 20 um sized lead powders in vacuum

(130 mPa, 10”7 torr) indicate that a surface transport mechanism is rate
controlling. Due to the low vapor pressure of lead in the solid state it is
concluded that a surface diffusion process is the operative mechanism, From
measurements ;f surface area reduction values of N for this process were
found to range from 5.3 to 6.7 for sintering temperatures between 250° and
280°C. Comparison of N to the assumed values show a significant deviation.
These discrepancies have been explained in terms of pore i;BIation for the
high green density powders.

The activation energy calculated for sinteriﬁg of lead powder in vacuum
is 170 kJ/mol (40.7 Kcal/mol). This value is nearly six times that calculated
for surface diffusion of lead, 28 kJ/mol (7 Kcal/mol). The effect of a sur-
face oxide layer is proposed as a cause for this difference. Comparison of
pellets sintered in high vacuum to those sintered in 2 hydrogen atmosphere
supports the conclusion that the oxide is influencing the sintering kinetics.
Several models are proposed.that allow a quasi-surface diffusion mechanism
to occur. Interfacial diffusion along the lead-lead oxide surface seems
plausible. A comparison.of the estimated activation en;féy for this propesed
model and the ;ctivation energy obtained in this work shows good agreement.

In hydrogen atmosphere lead pellets sinter by a bulk-transporf mech-
anism. The calculated activation energy for sintering under these conditions
wag calcylated to be 130 kJ/mol (30 Kcal/mol). This value as well as that of
the mechanism exponent N, indicate that the sintering process is controlled

by a viscous flow mechanism occuring by grain boundary sliding.

LN
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APPENDIX 1
. .

a) The B.E.T. method.

b) Representative data sheets for surface area measurements of vacuum
sintered lead compacts.
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Appendix l-a: The B.E.T. method,

The rate of condensation of gas molecules onto an adsorbed layer is
related to the rate of evaporation from that layer. By summing for an
infinite number of layers the following expression is obtained:

P 1 ¢-1

n
+

®/p,) (a-1)

V, B P VC Ve

where Va is the volume of gas adsorbed at pressure P, Vm is the volume
adsorbed when the entire adsorbing surface is covered by a moriomolecular
layer, PS is the saturation pressure of the gas, and C is ; constant, PS
is actually the vapor pressure at a given temperature of a large quantity of
gas condensed into a liquid. '

Since Equation A-1 is expressed in a linear form a plot of data for
P/ [Va(Ps- P]] versus P/PS gives a straight line the slope of which is
(C-1/V C and the intercept of which is I/V,C. This allows V_to be calcu-
lated by several measurements. From this information and knowledge of the
physical dimensions of single molecules of the adsorbant, the surface area

of the adsorbing solid may be calculated. = - .

Final calculation of the surface area is made by use of the expression:

Voo 23 |'vd v V.
= (Pl-Pz)-( + 1)(;’2-?)
W, 760 W le T T, &
S 1
vS 2 2
- "T— o (PZ - Pe ) (A—Z)
L} [ s N

where Vs' Vi, and Va are, respectively, the volume of the free space about
the sample, the volume of interconmecting tubing, and the volume of the gas
removed by adsorption, Ws is the sample weight, Py is the equilibrium pres-

sure, ¢ is the perfect gas law correction, Vd and Td are the volume and



temperature of the distributing manifold, V, and T, are the volume and 54

temperature measured at an intermediate time, P and P, are measurements of
the pressure at times t; and t, , and v, and T, are the volume and temper-
ature of the specimen during the test.

A plot of Va/wS versus P2/PS,_where Ps-is the saturation pressure,
yields an adsoption isotherm. This allows V. to be calculated by back sub-
stitution of values into Equation A-1. . : . .

Once a value for Vm has been established the specific surface area is
calculated by: '

S x 1072% x 6.023 x 102°

SW = (A-3)
22,414 x 10° (slope + intercept)

where the slope and intercept are those of Equation A-1 and S is the area
2
covered by one molecule of the adsorbant in R
For the measurements made on the lead compacts of this study, krypton

gas was used as an adsorbant., For these measurements

2
21.0 § at 77%

S=
o =3x10° (mmig) !
Vy = 2414 n

Thus the final expression obtained is

5,643 '
s = m?/gm (A-4)
{slope + intercept)

Use of the above expression result in an instantaneous surface area and
when compared with an initial value, So' represents the change in surface

area of the compact.
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Appendix 1-b: Representative datz sheets for surface area measurements

of vacuum sintered lead compacts.
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APPENDIX 2

Preliminary data for 99,9% pure lead sintered in vacuum.

Preliminary hardness data for vacuum sintered lead pellets.

Instantaneous surface area data for vacuum sintered’ lead pellets.
Data for lead pellets sintered in a hydrogen atmosphere.
Preliminary data Yor the hardmess of hydrogen sintered lead pellets,



Appendix 2-a: Preliminary data for 99.9% pure lead sintered in vacuum.

Time Sample Mass  Volume p sp L L,
(hr) (gm)  (en®) (gw/en®) (cm) (ct)
T = 250°C
1/2 1 1.93  0.251 7.69 67.7  0.759 0.749
2 1.84  0.236 7.80 68.6  0.704 0.704
3 1.94 0,253 7.67 67.5  0.759 0.757
4 1,92 0.243 7.90 69.6  0.726 0.726
L [ ] -
1 1 1,92 0.248 7.74 68,2 0.741 0.740
. 2 1.82  0.233 7.81 68,8  0.698 0,696
3 1.95 0,254 7.28 64.1  0.760 0.760
4 1.92  0.248 7,74 68.2  0.743 0,740
2 1 1.92 0,248 7.74 68.2  0.741 0.740
2 1.93 0,250 7.72 68.0  0.748 0.748
3 1.86  0.240 7.77 68.4  0.719 0.716
] 1.85 0,240 7.73 68.0  0.720 0.718
5 1 1.96  0.253 7.75 68,2 0,740 0.740
2 1.89 0,244 7.75 68.1 0,730 0.730
3 1.85  0.239 7.74 68.1 0,715 0.715
4 1.87  0.243 7.69 67.7 0,726 0.726
T = 268°C
1/2 1 1.94  0.250 7.76 68.3  0.749 0.748
2 1.89 0,246 7.68 67.6  0.739 0.734
3 1.87  0.241 7.78 68,5  0.731 0.720
4 1.85  0.239 7.74 68.1  0.720 0.714
1 1 1.90  0.245 7.75 68.3 0,736 0.733
2.. 1.93  0.252. . 7.68 L 67,6 0.755 -0.754
3 1.88 0,245 7.67 67.5  0.732 0.732
4 1.89 0,247 7.67 67.5  0.740 0.739
2 1 1.86 0,243 7,65 67.4  0.724 0.724
2 192 0.:51 7.65 67.3  0.749 0.749
3 1.91 0,251 7.65 67,0  0.748 0.747
4 1.82  0.238 7.67 67.5  0.712 0.711
5 1 1,89  0.247 7,67 67.5  0.744 0.732
2 1.88  0.244 7.70 67.8 0,732 0.728
3 1.90  0.251 7.57 66.6  0.750 0.749
4 1.95 0,256 7.34 67.2  0.771 0.756



Time Sample Mass  Volume p %o Ll LZ
I (gm)  (cv’) (gw/em’) (cn) (ci)
T = 280°C
1/2 1 1.89 0.246 7.68 67.6 0.741 0.735
2 1.98 0.256 7.75 68.3 0.773 0.765
3 1,89 0.245 7.71 67.9 0.738 0.732
4 1.86 0.240 7.77 68.4 0.726 0.718
1 1 1.89 0.244 7.75 68,2 0.738 0.729
2 1.99 0.259 7.70 67.8 0.779 0.772
3 1.87 0.243 7.72 67.9 0.729 0,725
4 1.86 0.242 7.71 67.8 0.731 0.724
2 1 1.91 0.247 7.75 68.2 0.742 0,738
2 1.93 0.251 7.69, 638.3 0.733 0.726
3 1.88 0.243 7.76 68.3 0.733 0.726
4 1.90 0.247 7.69 67.7 0.737 0.737
5 1 1.80 0.248 7.68 67.6 0.749 0.742
2 1.88 0.246 7.64 67.3 0.736 0.734
3 1.89 0.247 7.65 67.4 0,740 0.737
4 1,86 0.244 7.64 67.3 0.732 0,728
Unsintered
1 1.85 0.242 . 7.64 67.3 0.723
2 1.88 0.246 7.64 67.3 0.736
3 1.88 0.248 7.60 66.9 0.742
4 1,85 0.245 7.57 66.6 0.733
By 1.97 0.256 7.69 67.7 0.756
6 1.88 0.244 7.70 67.8 0.729
7 1.95 0.258 7.58 66.7 0.772
8 1.85 0.256 7,64 67.2 0.265



Appendix 2-b: Preliminary hardness data for vacuum sintered lead pellets.

Time Filar Reading Vicker's Hardness
(hr) (ave)
T = 250%
As Is 4.94 28.5
1/2 4,51 20,1
1 4.25 . ) . 25
2 , 4,10 . 29.9
5 3.55 30,9
T = 268%
As Is 3.98 30.0
/2 3.56 30,9
1 3,25 31.5
2 N 2.98 32.0
5 2,62 32,6
T = 280°%
As Is 3.98 ' 30.0
1/2 3,45 31,0
1 3.15 31.7
2 2,87 32.2
5 2.56 32.8



Appendix 2-¢c: Instantaneous surface area data for vacuum sintered 70

lead pellets,

Time Surfage Area AS/So
(hr) (m*/ gm)

T = 250°€

1/2 0.165 0.050
1 0.182 . 0.086 .
2 0.174 ‘ 0.126
5 0.169 0.151

T = 268°C

/2 0.179 0.100
1 0.172 0.136
2 0.164 0.176
5 0.152 0.236

T = 280°C

1/2 0.172 0.136
1 0.163 0.181
2 0.156 0.216
5 0.142 0.286

For calculation of the activation =nergy of the process the following
data was used

Temperature Inverse Temperature AS}So
o : e
250 ’ 1.811 x 1073 . 0.144
268 1.848 x 1072 0.170

280 1,808 x 10°° 0,216
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Appendix 2-d: Data for lead pellets sintered in a hydrogen atmosphere.

Tempsrature Time Initial Dgnsity Final Dez3xs ity
(o (br) . len/en’) (gn/cm)
270 1 7.856 7.935
280 1 7.846 7.978
290 1 7.798 8.071
290 2 7.747 9.124
290 4 7.745 5.353
300 1 7.895 8.973
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Appendix 2-e: Preliminary data for the hardness of hydrogen sintered
lead pellets.

Temperature Time Filar Units Vicker's Hardness

) (hr)

270 1 5.12 15,3

280 1 4,94 . ) 15.5

290 1 479 16.5

290 2 4.5 18,4

290 4 4,29 20.6

300 1

4,65 17.5
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APPENDIX.3

Calculation of the diffusion time for lead through lead oxide.

Calculation of thg vapor pressure of lead oxide for the temperature
range between 2507 and 290°C.

Calculation of AG for the reaction

PBO () + Hy (g) ¥ Pb (s) + H ()
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Appendix 3-a: Calculation of the diffusion time for lead through lead-

oaide
t = x¥ Dyp
x, = 100 §
x, = 1000 R
Do = 10% cmZ/sec*

K ]
Q = 27.9 Keal/mol
R =1.98 cal/mol

T = 300% = 575.15%

=)
n

v = Dy &xp(-Q/RT)
10° exp{ -27900/ 1.98 x 573.15) cm?/sec

2.103 x 10°% cm?/sec

For x

]
bl

t = (107%)2/ 2,103 x 10°° sec

5 x 1077 sec = 0.5.psec
For x = x

Ttos (107%)% 2,103 x 107° sec

5x 10 % sec = 50 psec

*
Askill, J., Tracer Diffusion Data For Metals, Alloys, and Simple Qxides,
IF1/Plenum Data Corporation, New York, ..Y., (1970)




Appendix 3-b: Calculation of the vapor pressure of lead oxide for the 7S

tepperature range between 250° and 200°C.

From the Handbook of Chemistry and Physics:

log) (v.p.) = -(0.2185 A/T) + B

where v.p. = vapor pressure (torr)
. A = heat of vaporization = 52862.2 cal/gm mol .
B = 8,502627
T = temperature (absolﬁte]

-

2.655 x 10717 torr

8 250°C vip.

260°C = 6.890 x 107 torr
270°C = 1,726 x 1072 torr
280°% = 4,183 x 107*2 torr
290°% = 9.824 x 1072 torr

Therefore: At temperatures used in this experiment the vapor

.« . pressure of lead oxide is aluays lower thap 107! torr.



Appendix 3-c: Calculation of AG for the reaction

PO (s) + H, (g) ¥ Pb (s) + B0 (g)

From the J.A.N.A.F. Thermochemical Tables

[s]
Element AHf 298 T H; _ 329. §¥
(Keal/mol) ) (Kcal/mol) (cal/mol)

. Pb 0 400.0 0.664 « 17.398
500.0 1.337 18,898

. 600.0 ~  2.027 20.157
Pbo -52.410 400.0 1.158 18.928

' 500.0 2.368 21.626

600.0 3.369 23.940

H, 0 400.0 0.707 33.247
500.0 1.406 34.806

. 600.0 2.106 36.082

H)0 -57.798 400,0 0.825  47.484
500.0 1.634 49.334

600.0 2,509 50,891

G=H-TS

AG = G(prod) - G (react)

EO

0 0
- H
298 sta(Pmd] zss(react)

-57.798 + 52.410 Kcal/mol

1"

-5.388 Kcal/mol

G= ij deT‘+ jH 0 CPdT - [j?bo deT * j:{ C dT] o a®
2 27 298

0 0 0 0
-7 [%Pb * S0~ (Sppo * SHZ]] ,

S e a————



664 + 825 - 1158 - 707 - 5387.9
- 400 (17.399 + 47,484 - 18,928 - 33.247)

e 400% 4G

-10.85 Kcal/mol

e 500°% 4G

1337 + 1654 - 2368 - 1406 - 5387.9
- 500 (18.898 + 49,334 - 21.626 - 34.806)

-12.07 Kcal/mol

@ 600K 4G = 2027 + 2509 - 2368 - 1406 - 5387.9
- 600 (20.157 + 50.891 - 23.940 - 36.082)

1

By a statistical linear regression:
*

AG = (-1.185 x 107% 'T) - 6.115 Kcal/mol

R = .9995

Therefore: o
@ 250°C AG = -12,31 Kcal/mol

260 = -12,43
270 = -12.55
280 = -12,67
290 = 12,79 )
300 = -12,91

and the AG for the reaction is always highly negative and will be driven

to the right for the above temperature range.



