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bstract

sothermal NaCl sintering experiments are conducted between 500 and 790 ◦C on powders 75, 100, 150 and 400 �m in average diameter. Along with
iterature data, the results are compared with theoretical predictions for the initial stage of sintering, to draw a general picture of the process over
wide spectrum of temperatures and particle sizes. Where densification is observed, the mechanism is grain boundary diffusion of material from
oundary sources. As observed in previous work, there is a transition in dominance between this mechanism and the alternative, non-densifying,
echanism of evaporation–condensation. More detailed analysis shows that, after initial and effectively instantaneous plastic yielding driven

y the surface energy, boundary diffusion will always dominate the initial stage of sintering for the conditions of this investigation, leading to
ome (possibly very small) degree of densification. For particles above about 150 �m at temperatures within 300 ◦C of the melting point of NaCl

his mechanism will rapidly be displaced by evaporation–condensation, halting densification. An approximate equation is derived for the rate of
intering by evaporation–condensation in the presence of a finite-pressure inert atmosphere; the rate of this mechanism is found to be significantly
educed when sintering is carried out at pressures approaching atmospheric.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Sodium chloride powders have long been used as a model
ystem for the investigation of ceramic sintering behaviour; how-
ver, the system is also interesting from a practical point of view
ecause sintered NaCl preforms are used in the manufacture of
ighly porous microcellular metals or ceramics by the replica-
ion process.1

Previous work on the sintering of NaCl, reviewed below,
as provided a wide range of observations of powders of dif-
ering particle size exposed to a variety of sintering tempera-
ures, but has left some questions that need to be resolved. It
s the aim of this paper to bring a synthesis to earlier results,
dding new experimental data where conditions have not been
nvestigated, and to elucidate the behaviour of this compound

hroughout the sintering regime. The explanation of the dif-
erent types of behaviour seen, and the global picture of the
echanisms operating at each stage will be provided using the

∗ Corresponding author. Tel.: +41 21 693 4859; fax: +41 21 693 4664.
E-mail address: russell.goodall@epfl.ch (R. Goodall).
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ame theoretical approach as for the production of sintering
iagrams.

Sintering diagrams give information about the sintering
ehaviour of powdered materials. These were first introduced
y Ashby,2 and further developed by Swinkels and Ashby,3

ho included in their paper a map for the sintering of a pair
f NaCl spheres. Such a plot displays graphically the rate-
ominant sintering mechanisms that operate under different
onditions of temperature, together with the density or the ratio
f neck to particle radius for a given (uniform) initial parti-
le size. The diagrams are formed using a series of equations
hat describe the rate of particle-particle neck growth as a func-
ion of the conditions, considering different mechanisms such
s the six given in Fig. 1. By comparison of the rates pre-
icted for each of these mechanisms in different regions of the
iagram, fields of a given dominant mechanism may be identi-
ed. The plots can also contain information about the sintering
ate and the stage of sintering reached, as fully explained in

efs. 2,3.

We restrict attention here to sintering in the absence of an
pplied pressure. The application of significant pressure will
hange the operating mechanisms, and different analysis applies.
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ig. 1. The six different sintering mechanisms considered by Ashby in the con-
truction of sintering diagrams (after Ref. 2).

esearch in this area on NaCl suggests that plastic flow then
ecomes important.4

. Pre-existing data for NaCl

Several previous workers have carried out sintering exper-
ments on NaCl. Kingery and Berg5 examined small chains
f NaCl spheres of 61.5–70 �m diameter over the temperature
ange 700–750 ◦C. The rate of neck growth (measured opti-
ally) and the absence of densification of loose compacts led
hem to conclude that the operative mechanism was evaporation
rom the surface and condensation at the neck. Although not
recisely stated, these experiments were probably performed
nder vacuum. A similar experiment was repeated under argon
y Moser and Whitmore.6 The absence of any centre-to-centre
pproach of the spheres led to the conclusion that the same mech-
nism was operating for spheres of average diameter in the range
8–227 �m between 730 and 795 ◦C.

Other workers did find densification during sintering; this
annot be a result of evaporation–condensation. Morgan et
l.,7 who worked with submicron ground (and therefore non-
pherical) NaCl powder, found at 750 ◦C a volume reduction of
p to 21.6%, which they attributed to plastic flow on the basis
f a comparison with the behaviour of ThO2.

Ammar and Budworth investigated whether different combi-
ations of particle size and temperature produced densification.8

or powder of a fixed mean diameter of 53 �m, densification
as seen for temperatures in excess of 527 ◦C under both oxy-
en and nitrogen atmospheres. At a fixed temperature of 740 ◦C
n oxygen, densification was seen for powders of mean particle
iameter of 125 �m or less, but not for powders with 180 �m
iameter or more. In later work the same authors noted that for
n unspecified coarse powder the boundary for densification was

n the 250–300 ◦C range.9

Several workers examined powders cold-pressed to differing
egrees before sintering. Significant compression can compli-
ate the situation by changing the curvature at the interparticle

s
i
b
p
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ontact region and therefore the driving force for densification.
avidge examined 1 �m powder sintered in air, and found that
ensification occurred after 16 h at 550 ◦C, but not after a simi-
ar time at 400 ◦C.10 After additional tests with applied pressure
uring the sintering process (i.e., in hot-pressing experiments),
e concluded that the mechanism of densification under external
ressure is plastic flow, in agreement with others,4,11,12 changing
o a diffusion mechanism when no pressure is applied. Tomlin-
on and Astle13 investigated the sintering of pressed NaCl of
arious size ranges in air. They found no densification in the tem-
erature range 650–750 ◦C for their size fraction 130–144 �m,
hough densification was found for all temperatures in the size
ange 44–50 �m. Powder of 2–3 �m diameter was used by Sata
nd Sakai,14 who found densification throughout their tested
emperature range of 500–700 ◦C, except under the conditions
f high-pressure compaction prior to sintering (>60 MPa), where
n expansion was seen. Further work suggested that this was due
o the expansion of closed pores coupled with grain boundary
elaxation after rapid grain growth.15 This indicates that rate
ata may not be reliable where the powders are highly pressed
efore sintering.

Thompson and Munir16 sieved a wide range of NaCl sizes,
rom <38 to 180 �m, but found that the mean particle size
ange was only 12–18 �m as a result of many smaller particles
gglomerating on the surface of the larger ones retained by the
ieves. These particles were pressed and then sintered in air at
00–775 ◦C, and in all cases some densification was observed.
he amount of densification was seen to fall off as the nomi-
al particle size increased, consistent with the idea of a limiting
ize; however, it must be borne in mind that densification in
hese blended powders will be dominated by the smaller NaCl
rains, larger grains essentially serving as non-percolating inert
nclusions that slow, but do not prevent, densification.17 Indeed,
ercolation of the larger particles is not expected in these blends
iven that smaller particles dominate in number and are stuck to
he surface of the larger particles.

All these results are plotted in Fig. 2 along with the experi-
ental data obtained here, which we describe next.

. Experimental

Much of the existing literature is focussed on the sintering
ehaviour in the temperature range 650–750 ◦C, as this is the
ange where sintering of NaCl would be most sensibly carried
ut. To explore the behaviour more widely, comparison was
equired with results from other particle sizes and shapes, and
ifferent temperatures.

The sintering of NaCl powder obtained by sieving of ground
alt (CP1 grade, Salines de Bex, Bex, Switzerland) between
3 and 90 �m grade sieves (ISO 565) was monitored using a
ilatometer. This powder had a mean particle size of 75 �m
Fig. 3a). Samples were cold isostatically pressed under rela-
ively low pressure (10 MPa), to allow free-standing cylindrical

pecimens of 10 mm diameter and 15–20 mm height to be placed
n the dilatometer. Free-standing specimens avoided the possi-
ility of interactions with a support during sintering. The pre-
ressing density was found to be 0.59 ± 0.01, which increased
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Fig. 2. Comparison of experimental data (from the literature and determined here) for the sintering behaviour of NaCl powders of differing particle sizes at different
t in va
d ed; ho
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emperatures with the predicted regions of dominance of different mechanisms
ensity. Filled-in symbols show where densification has been observed or report
xperimental data are from this work and from Refs. 5–8,10,13,14,16.
o 0.63 ± 0.01 after the pressing step. The samples were then
upported in the furnace of a dilatometer between a silica sup-
ort and a silica push rod. The pressure imposed by the rod on
he sample was evaluated to be 4 kPa and is neglected in the fol-

ig. 3. SEM micrographs of NaCl crystals used in the experiments performed
n this work: (a) as-sieved grains of 75 �m mean diameter and (b) 75 �m mean
iameter spherical grains.

l
i
m
1
h
t
m
r
u
t

d
t
l
7
4
a
t
i
t
s
a
a

4

4

o
F
t
s
F
i
t
u

t

cuum, determined by the sintering diagram equations as a function of relative
llow symbols denote experiments where no noticeable densification was found.

owing analysis. The furnace was taken to the target temperature
n air and allowed to stabilise, and then the displacement change

easured by the push-rod was recorded for a period of at least
6 h. Temperatures of 586, 630, 670 and 701 ◦C were used (at
igher temperatures deformation was found to be uneven and
o give unreliable results). The change in linear dimension was

easured throughout the sintering procedure. It was then cor-
ected to account for the thermal expansion of the material, and
sed to calculate the change in the relative sample density during
he experiment, assuming uniform dimensional changes.

Simpler experiments were additionally performed on pow-
ers of mean particle size 75, 100, 150 and 400 �m, examining
he changes in dimensions of powder preforms sintered for at
east 24 h in a graphite-coated alumina crucible at 500, 600 and
00 ◦C under flowing argon. Small quantities of the 75, 150 and
00 �m powders were also melted in the flame of a propane torch
fter preheating in air, and solidified in-flight in air (details of
he process can be found in Ref. 18). As seen in Fig. 3b, spher-
cal powders were thus produced, allowing comparison with
he sintering of the less regular angular particles (Fig. 3a). A
mall number of samples were also cold isostatically pressed
t 5–10 MPa before sintering, and were mounted and polished
fter different sintering times to observe the change in structure.

. Results and discussion

.1. Experimental results

The observed densification or non-densification behaviours
f all the sintering experiments performed here are indicated on
ig. 2. Examples of micrographs of polished 2D sections through

he pressed and sintered compacts of both 75 �m NaCl (that did
how densification) and 400 �m NaCl (that did not) are given in
igs. 4 and 5, respectively. With the former, the density increase

s evident, as is the rounding of the pore surfaces. With the latter,

he particles show some rounding; however, the density remains
naffected.

These results are consistent with the majority of the litera-
ure, although the results for powder of 75 �m mean diameter
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ig. 4. Optical microscope images of polished 2D sections through NaCl pref
nd sintered for (a) 0 h, (b) 2 h, (c) 9 h and (d) 25 h at 755 ◦C. Dark phase is Na

how densification very close to the region on the map where
ingery and Berg did not find any.5 The difference is likely to be
ue to the experimental conditions, as suggested by Ammar and
udworth.8 Indeed, as will be shown below the presence of gas
t one atmosphere pressure slows the evaporation–condensation
rocess. Hence, this mechanism is slowed in the present experi-
ents compared to those of Kingery and Berg, whose equipment

eatured a vacuum capability which was in all likelihood used.6

t was also suggested by Ammar and Budworth that the friction
etween the spheres used in Kingery and Berg’s experiment and
he glass slide they were placed on may have reduced the centre-
o-centre approach of the spheres.8

In all cases the same behaviour was observed with spherical
owders as with the angular particles although, where densifica-
ion occurred, there was often a greater total change in density

easured after sintering with the angular particles. This suggests
hat, although the dominant mechanism is not affected on a large

cale, sintering proceeds initially at a slightly higher rate for the
ngular particles. This is probably because the small, irregular
nitial contacts between rough particles at first sinter faster than
he smooth contacts between spheres of similar volume.

t
t
(
i

initial powder 75 �m, cold isostatically pressed at 6 MPa, initial density 66%
ht phase is mounting resin.

The data gathered using the dilatometer allow an analysis
f the process to be carried out. The sintering map discussed
ater suggests that, apart from some effectively instantaneous
lastic yielding, time-dependent densification occurs under the
onditions of all the experiments by grain boundary diffusion
f material from the grain boundary across the neck between
articles; Ashby gives the following equation for the rate of
intering by this mechanism19:

d�

dt
= 129δbDbγs�

kTa4

�2(2� − �0)

� − �0
(1)

here a is the initial particle radius, � is the relative compact
ensity at time t and �0 is the initial relative compact density
� = ρ/ρ0 and �0 = ρi/ρ0, where ρ is the powder compact den-
ity, ρi is the initial compact density and ρ0 is the density of

he non-porous material, all in kg m−3). �0 was taken equal
o 0.63, the initial relative density of the cold-pressed powders
close to random dense sphere packing). Other terms are defined
n Table 1, where their values are also given. Eq. (1) may be inte-
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ig. 5. Optical microscope images of polished 2D cuts of NaCl preforms, initial
or (a) 0 h, (b) 8 h, (c) 27 h and (d) 76 h at 755 ◦C. Dark phase is NaCl, light p
orrespond to pits emanating from the particle surfaces.26

rated to yield:

1

�0
− 1

�
+ 1

�0
ln

(
�

2� − �0

)
= 129δbDbγs�

kTa4 t. (2)

herefore, plotting the left hand side of this equation against time
hould yield straight lines where sintering occurs by boundary
iffusion. It is demonstrated in Fig. 6a that this is the case for the
intering data found using the dilatometer, indicating that this
echanism is indeed responsible for the densification observed

n these experiments. Further analysis is possible, as the activa-
ion energy for grain boundary diffusion is contained in the term

b. Taking the slope of each of the straight lines in Fig. 6a and
lotting the natural logarithm of (slope × temperature) against
/T should yield a straight line with slope -Q/R. This graph,
hown in Fig. 6b, gives an activation energy of 150 kJ mol−1,
ery close to the literature value of 155 kJ mol−1.20

The data of Ammar and Budworth can be used as an addi-

ional check for slightly different conditions. Their data, Fig. 7a
replotted from Fig. 1 of Ref. 8), are collapsed onto a sin-
le curve by the multiplication of the time by exp (−Q/RT)
ith Q = 155 kJ mol−1, Fig. 7b. This once again confirms

n
r
t
i

er 400 �m, cold isostatically pressed at 10 MPa, initial density 72% and sintered
is mounting resin. Note that pores are visible within the NaCl particles; these

hat grain boundary diffusion is the operating densification
echanism.

.2. Construction of the sintering diagram

Relevant equations and parameters allowing the derivation of
intering mechanism maps for NaCl are given by Ashby and co-
orkers.2,3,20 Basic equations for the rate of neck growth driven
y each of the six mechanisms depicted in Fig. 1 are given in
ef. 2. In later work, Swinkels and Ashby introduced additional
oundary conditions for the equations, describing the contri-
utions of these different mechanisms. For example, the flux
f material diffusing to the neck from grain boundary sources
Mechanism 4) is required to be in balance with the rate at which
his material is distributed by surface diffusion, and the result-
ng change in the local neck curvature must be accounted for in
he driving force.3 While increasing the rigour of the equations,

umerical methods become required for their solution. As the
ange of conditions considered here is wide, the precision of
he earlier equations of Ref. 2, which give analytical solutions,
s sufficient. Additional potential densification mechanisms are
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Table 1
The properties of NaCl used in constructing the diagram

Property Value Ref.

Shear modulus at 300 K, G 1.51 × 1010 Pa 20

Temperature coefficient of G, tG −0.73 20

Yield stress at 300 K, σy 33 MPa 27

Tempeature coefficient of σy, tσy −0.95 27

Surface diffusion pre-exponential, Ds0 2.51 × 10−2 m2 s−1 3

Surface diffusion activation energy, Qs 217 kJ mol−1 3

Volume diffusion pre-exponential, Dv0 2.50 × 10−2 m2 s−1 20

Volume diffusion activation energy, Qv 217 kJ mol−1 20

Boundary diffusion pre-exponential, Db0 7.77 × 10−1 m2 s−1 20

Boundary diffusion activation energy, Qb 155 kJ mol−1 20

Core diffusion pre-exponential, acDc 4.9 × 10−19 m4 s−1 20

Core diffusion activation energy, Qc 155 kJ mol−1 20

Vaporisation pre-exponential, Pv0 2.97 × 10−10 Pa 3

Vaporisation activation energy, Qv 182 kJ mol−1 3

Dorn constant (power law creep), A 660 20

Power law creep exponent, n 3.6 20

Surface thickness (=Burgers vector), δs 3.99 × 10−10 m 20

Boundary thickness (=2 × Burgers vector), δb 7.98 × 10−10 m 20

Surface energy, γs 0.28 J m−2 3

Atomic volume, � 4.49×10−29 m3 20

Theoretical density, ρ0 2170 kg m−3 28

Dislocation density, N 1014 m−2 3

Melting temperature, Tm 1070 K 20

Fig. 6. Sintering data for 75 �m NaCl powder determined in this work, plotting
(a) the Ashby �-based parameter for sintering controlled by grain boundary
diffusion against time to produce straight lines, and (b) the natural logarithm of
the straight line gradients multiplied by the temperature against the reciprocal
temperature, allowing the activation energy to be estimated.

Fig. 7. Sintering data for NaCl powder of mean diameter 53 �m under oxy-
g
c
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en from Ammar and Budworth,8 showing (a) their data, and (b) their data
ollapsed onto a single curve by multiplying the time by exp (−Q/RT), with
= 155 kJ mol−1, the activation energy for grain boundary diffusion in NaCl.

lastic flow of the powder particles, by power law creep or plas-
ic yielding. Similar equations for the rate of neck growth also
xist, as discussed in detail below.

We look only at Stage 1 behaviour. This corresponds to the
tage at which the structure still consists of particles connected
y necks, before the pores become spherical. We do so because,
n all the experiments performed or reviewed here, it is the initial
intering behaviour that has been recorded, and also because
nly Stage 1 sintering is of interest for replication processing
f microcellular materials. We also assume that the grain size in
he powder is not significantly smaller than the particle diameter;
his is simply because such is generally the case in ordinary salt
owders. We focus for now on sintering in vacuum, and then
elax this assumption in the last section.

For monosized spherical powder compacts, the relation
etween relative neck radius and compact density in Stage 1
intering is:

x

a
= 1√

3

[
� − �0

1 − �0

]1/2

(3)
here x is the neck radius, a is the particle radius, � the pow-
er compact relative density and �0 the initial relative density
f the compact.21 For random sphere packing �0 is typically
.54–0.643; here, the mean loose powder packing value observed
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ith the angular salt powder, 0.59, has been used. The end of
tage 1 corresponds roughly to � = 0.9; the maximum value that
/a can take during Stage 1 is thus around 0.5.

To determine the dominant mechanism, the following equa-
ions for the rate of each mechanism treated by Swinkels and
shby (1–6 in Fig. 1) are evaluated and compared2:

˙1 = 2DsδsFK3
1 (4)

˙2 = 2DvFK2
1 (5)

˙3 = PvF

(
Ω

2πρ0kT

)1/2

K1 (6)

˙4 = 4DbδbFK2
2

x
(7)

˙5 = 4DvFK2
2 (8)

˙6 = 4

6
K2Nx2DvF

(
K2 − 3Gx

2γsa

)
(9)

here F (a group of parameters) and K1 and K2 (curvature dif-
erences driving some of the mechanisms) are given by:

= γsΩ

kT
(10)

1 =
(

2(a − x)

x2 − 1

x
+ 2

a

)

×
(

1 − x

0.74a − ([ρ0 − ρi]/3ρ0)1/3a

)
(11)

2 =
(

2(a − x)

x2 − 1

x

)
(12)

emaining terms of these equations are defined in Table 1, which
lso gives the values used in the calculation.

These equations suggest3 that for NaCl only two of these
riginal six mechanisms will dominate within the ranges con-
idered: (i) grain boundary diffusion from grain boundary
ources (Mechanism 4), which will lead to densification, and (ii)
vaporation–condensation (Mechanism 3), which leads to neck
rowth without densification.22 Additional mechanisms may be
onsidered, however.

One alternative deformation mechanism is creep. While
oble creep via the grain boundaries is unlikely to contribute

ignificantly for a powder where the crystal and particle sizes
re similar, power law creep may. To test this, the equation for
he densification rate of a powder compact by power law creep
iven by Helle et al. is used21:

˙ = 5.3(�2�0)
1/3 x

a

[
ε0

σn
0

] (
P

3

)n

(13)

here P is the densification driving force expressed as an applied

ydrostatic pressure applied to the system, n is the power law
reep exponent, and the terms in the square brackets, ε0 and σn

0 ,
re terms describing the power law creep behaviour. Other terms
re as defined previously. In conjunction with this, the equation

t

a
d
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inking the densification rate and the neck growth rate given by
ilkinson and Ashby23 may be used:

�̇

�
= 3

2

ẋ

a
(14)

his gives, for the rate of neck growth by power law creep:

˙PL = 3.53
(�2�0)

1/2

�0
x

[
ε0

σn
0

] (
P

3

)n

(15)

n alternative expression for the quantity in the square bracket is
iven by Frost and Ashby by adapting the classical Dorn equa-
ion for power-law creep. This is designed to better describe
ower law creep over a wide range of temperatures and
tresses,20 incorporating both diffusion via the lattice and dislo-
ation cores:

ε0

σn
0

= ADeffGb

kTGn
(16)

here A is the Dorn constant, and b is the Burgers vector. Other
erms are as defined previously, with the addition of Deff, an
ffective diffusion coefficient formed by combining the coeffi-
ients of lattice and core diffusion (Dv and Dc):

eff = Dv

[
1 + 10

b2

(σs

G

)2 acDc

Dv

]
(17)

here ac is the cross sectional area of a dislocation core. The
ffective pressure P driving the creep is that due to the surface
ension of the solid alone, derived by Ashby as19:

= 3γ

a
�2

(
2� − �0

1 − �0

)
. (18)

alculations of the rate predicted using Eq. (15) with Eqs. (16)
nd (18) over the range of conditions considered in Fig. 8 show
hat, within this range, power law creep never becomes the dom-
nant mechanism. Mechanisms 3 and 4 of Swinkels and Ashby
Fig. 1) thus remain the two dominant time-dependent sintering
echanisms for single-crystalline NaCl powders in the temper-

ture range considered here.
An additional mechanism that will have an effect is plastic

ielding. As already discussed, research indicates that this mech-
nism may contribute significantly to the deformation occurring
hen pressure is applied at high temperatures, i.e. in hot pressing
perations.4 Ashby notes that densification by plastic yielding
s quasi-instantaneous, and gives an equation for the density that
ill be reached for a particular applied pressure, P, before any
ther mechanism sets in19:

yield =
(

(1 − �0)P

1.3σy
+ �3

0

)1/3

(19)

here terms are as defined previously, or as in Table 1, where

heir values are also given.

For the sintering case there is no externally applied pressure,
nd so we use Eq. (18) for the pressure between two particles
ue to the surface energy. As calculations show, plastic yielding
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Fig. 8. Stage 1 sintering diagrams for sodium chloride, indicating the effect of changing the particle radius a ((a) 1 �m, (b) 10 �m, (c) 100 �m and (d) 1000 �m) on
t ation–
t pressu

c
w

�

w
s
a

m

F
a
c
(
i
f
l

he position of the regions of dominance of the grain boundary diffusion, evapor
he equation has been considered for the conditions of vacuum, 1 atm inert gas

auses little densification without applied pressure; therefore,
riting � ≈ �0 in the right-hand side of Eq. (18), Eq. (19) gives:

yield ≈
(

2.31γ

σya
+ 1

)1/3

�0 (20)

hich can be used with the data in Table 1 to calculate the den-

ity reached by initial plastic yielding driven by surface tension
lone.

The lines of transition in dominance between these three
echanisms with neck size and temperature are plotted in

i
t
l
d

condensation and plastic yielding mechanisms. For evaporation–condensation
re, and 10 atm inert gas pressure.

ig. 8 for four different values of the initial particle radius,
. It is seen that plastic yielding indeed causes, with parti-
les of a small diameter, at most a modest density increase
even for particles of 0.1 �m diameter, the initial plastic yield-
ng density increase at room temperature is only to � = 0.63
or a �0 of 0.59). Where noticeable, plastic yielding is fol-
owed by grain boundary diffusion. The effect of plastic yield-

ng is essentially nil with larger radius particles; in this case
he condensation–evaporation mechanism dominates in the
ater stages, following initial densification by grain boundary
iffusion.
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.3. Comparison of data with theory

The conclusion of Swinkels and Ashby that Mechanisms 3
nd 4 are the only ones to dominate over long time scales thus
grees both with theory and the observation made here that,
here densification is observed, the behaviour is consistent with

he equations for grain boundary diffusion (see above, Section
.1).

The boundary between the dominance of boundary diffusion
Mechanism 4) and evaporation–condensation (Mechanism 3)
s shown in Fig. 2 for relative powder compact densities of 0.6,
.61, 0.65, 0.7 and 0.9 (corresponding to x/a ratios of 0.09, 0.13,
.22, 0.30 and 0.50, respectively), using, as before, an initial
elative compact density, �0 = ρi/ρo = 0.59. The plastic yielding
imit cannot be simply indicated as a region on Fig. 3, as the
ensity attained by this mechanism varies with both particle
ize and temperature. It should therefore be remembered that,
or submicron diameter particles, plastic yielding under Eq. (20)
ay specify the lowest density (or x/a ratio) line that will apply.
or a ≥ 1 �m, on the other hand, this density is no larger than
.6, leaving Fig. 2 unaffected.

Interestingly, the equations indicate that grain boundary dif-
usion will be initially dominant for all particle sizes and tem-
eratures. This is because the evaporation–condensation mecha-
ism contains a curvature difference term (Eq. (5)), whereas the
oundary diffusion mechanism depends on a curvature differ-
nce squared (Eq. (6); although these two curvature differences
orrespond to different physical features, numerically they are
ery close until the neck is large). Past this initial stage, how-
ver, boundary diffusion-driven densification does not always
emain dominant, particularly for the larger particle radii (see
he lines for ρ/ρo = 0.6 or 0.61 in Fig. 2). Densification then
tops because evaporation/condensation reduces significantly
he neck curvature, in turn removing the driving force for grain
oundary diffusion.

The small density changes that take place in these early
tages of sintering could easily be missed experimentally, either
ecause it is small compared to the experimental sensitivity,
r because it might occur during heating up of the sample,
efore the initial measurement has been made. Thus, at the larger
article sizes, where the evaporation–condensation mechanism
apidly comes to dominate, no densification will be apparent.
his was indeed the case in our own experiments on 400 �m
iameter salt for all temperatures, and for the 150 �m diame-
er salt at 700 ◦C. At lower temperatures the latter salt showed
ensification; this is in agreement with the shape of isoden-
ity mechanism transition lines in Fig. 2. One also notices that
tage 1 densification is predicted to reach completion (i.e., that
oundary diffusion will remain dominant up to ρ/ρo = 0.9), at
ll temperatures provided the initial particle diameter is below
.5 �m.

Overall, there is thus good agreement between theory
nd experiment, including the new data presented here. The

xceptional result of Davidge, showing no densification even
or a very fine powder below 400 ◦C, is best explained by
he much reduced rate of any mechanism at this temperature.
he equations indicate that the dominant mechanism will be

J

w
t

eramic Society 26 (2006) 3487–3497 3495

rain boundary diffusion from boundary sources at 400 ◦C;
owever, the predicted rate of densification is so low that it
hould take roughly 3600 h for there to be a 0.1% increase in the
ensity (a value probably close to the resolution in Davidge’s
xperiments) for particles 1 �m in initial diameter. It is thus
ikely that the conclusion of Davidge was reached, not because
here was no mechanism for densification, but rather because
ensification was too slow to be observed.

Examination of the experimental results in Fig. 2 shows that
ignificant, measurable densification is only observed within
easonable timescales at temperatures above about 0.7Tm. It is
lso clear from the plot that to obtain a fully sintered solid pow-
er of the smallest diameter possible should be used, ideally less
han 7.5 �m as, for this diameter and below, all temperatures of
intering will lead to the completion of Stage 1.

For the sintering of larger powders, as could be used in NaCl
reforms for the production of metallic or ceramic foams by the
eplication method, once a certain density is reached densifica-
ion will stop. For such applications this may not be a concern,
s the aim is to leave space between the particles which may
e infiltrated with material to produce the foam. The change to
vaporation–condensation could in fact allow useful tailoring
f the foam structure since this mechanism, while not driving
ensification, still influences the shape of the necks between the
articles.

Where higher density is required using large particles (e.g.
00 �m NaCl particles with a goal of 0.8 relative density)
nother procedure, such as isostatic pressing (either hot or cold)
ould be required. Alternatively, control could be obtained using

he ambient gas pressure during the sintering experiment, as we
how in the next section.

.4. Effect of gas pressure

We now relax the assumption that sintering is conducted in
acuum. We thus consider the influence of ambient inert gas on
he kinetics of the evaporation–condensation mechanism.

Eq. (6) was implicitly derived under the assumption that the
ate of atomic species condensation along the neck surface is
ate limiting, the time for transport of solid phase atoms across
he gas phase being negligible. With a finite-pressure sintering
tmosphere (such as air), atom diffusion across the gas phase
ould become rate-limiting.

The transport path of atoms from the powder surface to the
eck region at inter-particle contacts is complex; to simplify the
roblem, we recognize that the characteristic diffusion distance
s the neck radius ρ. This is reasonable, as there is a much larger
urface area of the particles that will be evaporating material to
aintain the equilibrium partial vapour pressure, and the closest

egion to the neck will be found at a distance of ρ (see Fig. 1).
inking the concentration gradient to the pressure with the ideal
as law, PV = NkT, Fick’s law writes:( )

Diffusion = Dg

Pv − Pδ

kTρ
(21)

here Dg is the diffusion coefficient in the gas phase, Pδ is
he partial vapour pressure of the solid phase molecules in the
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as along the neck surface and all other terms are as defined
reviously. Calculation of the mean free path using kinetic theory
f gases shows that it is significantly less than ρ for all conditions
here evaporation–condensation might dominate if the ambient
ressure is larger than about 1000 Pa (0.01 atm). Under these
onditions diffusion will not be in the Knudsen regime. Dg can
hen be estimated from the kinetic theory of gases24:

g = 2

3

(
k3

π3m

)1/2
T 3/2

Pd2 (22)

here d is the diameter of the diffusing species (assumed equal
o the cube root of �), P is the pressure of the gas and other terms
re as defined previously. Similar expressions for the diffusion
f gas in a mixture and more accurate formulas (such as the
hapman–Enskog theory) exist, but the accuracy of Eq. (27) is

ufficient for the present calculation since it provides a good
stimate of Dg up to 10 atm pressure.24

As in the derivation of Eq. (6) by Kingery and Berg, the
angmuir formula gives the flux of material condensing at the
eck25:

Condensation = C′(Pδ − Pρ) (23)

here Pρ is the partial vapour pressure in equilibrium with the
eck with radius of curvature ρ. Parameter C′ is given by:

′ = α√
2πmkT

(24)

here α is a parameter describing the proportion of the condens-
ng species that remain on the surface and are not re-evaporated
0 < α <1), here assumed to be 1; m is the atomic mass of the
ondensing species.

Combining Eqs. (21) and (23) to eliminate Pδ, one obtains:

= C′
[
Dg(Pv − Pρ)

kTρC′ + Dg

]
, (25)

hich, in the limits of Dg � C′ and Dg � C′ reduces to Eqs.
23) and (21), respectively.

As the rate of neck growth is equal to the flux multiplied by
he atomic volume, we can write:

˙ = ΩC′Dg�P

kTρC′ + Dg
(26)

here �P = (Pv − Pρ) is the difference in solid species partial
ressure between a flat surface (neglecting the particle surface
urvature compared to that of the neck); as in the derivation of
q. (6) this is obtained from the Kelvin equation5:

P = ΩγPv

kTρ
(27)

ith all terms as defined previously.
Eq. (26) thus represents the extension to an inert gas sintering

tmosphere of the expression derived for vacuum by Kingery and

erg, Eq. (6).

As the ambient pressure increases, diffusion becomes
ncreasingly rate-limiting (Eqs. (22) and (26)). This in
urn will shift the lines dividing the dominance of the

a
i
N
s

eramic Society 26 (2006) 3487–3497

vaporation–condensation from other mechanisms; these have
een drawn on Fig. 8 for vacuum, for atmospheric pressure, and
or an applied inert gas overpressure of 10 atm. As seen, pressure
an have a significant effect on the evaporation–condensation
echanism, effectively eliminating it from the map for 10 �m

adius particles, and significantly reducing the region of domi-
ance for 100 and 1000 �m.

Since the evaporation–condensation mechanism does not
esult in densification while grain boundary diffusion does, the
eduction of the rate of the former mechanism when sintering in
nert gas will essentially preserve the driving force for densifi-
ation by grain boundary diffusion. Using a finite-pressure inert
intering atmosphere such as open air will therefore enable an
nhancement in the extent of densification that can be attained;
his is particularly true when sintering at lower temperature,
ig. 8.

This conclusion is corroborated by experimental data in
ig. 2: if, indeed, Kingery and Berg’s experiments were con-
ucted in vacuum, densification was to stop at roughly 65%
elative density according to theory, Fig. 2. In the present experi-
ents, conducted in air under atmospheric pressure, more signif-

cant densification is predicted, Fig. 8; this was indeed observed,
ig. 2.

. Concluding remarks

The behaviour predicted by the sintering diagram equations
or NaCl at different conditions of particle size and tempera-
ure is shown to be consistent with experiment, including data
n the literature and new data presented here. This leads to the
onclusion that, after a small amount of densification by plastic
ielding arising due to the surface energy forces, the initial sin-
ering of NaCl powders is dominated by only two mechanisms
cross a wide range of particle sizes and temperatures, namely
vaporation–condensation, yielding no densification, and grain
oundary diffusion from grain boundary sources, yielding den-
ification.

After very limited densification caused by plastic yield-
ng, at the start of sintering grain boundary diffusion will
lways be the dominant sintering mechanism. Where the pow-
er size is large, in practice above a value around 150 �m
hat decreases with decreasing temperature, densification stops
n vacuum after only a small amount of dimensional change
ecause the dominant mechanism for most of the sintering time
s then evaporation–condensation. For smaller powders, typi-
ally around 100 �m and below, or when sintering under inert
as, grain boundary diffusion remains dominant for longer,
nabling significant, if not complete, densification of powder
reforms.

For conditions where densification is observed, fitting the
ata to known relationships and calculating the activation energy
onfirm that grain boundary diffusion drives the sintering pro-
ess. Decreasing the sintering temperature increases the density

t which densification ceases but also decreases the rate of sinter-
ng. A more interesting practical method to drive densification of
aCl may, rather, be to sinter in an atmosphere at finite pressure,

uch as open air.
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