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Introduction

First-order phase transitions, which include the well-studied condensa-
tion of a vapor or crystallization of a melt, play a fundamental role in
modern science and technology. In recent years, there has been a con-
siderable increase in the number of papers dealing with the phenomenon
of nucleation caused by development of new experimental techniques for
measurement of the nucleation rate. These papers cover a great variety
of systems from astrophysics, atmospheric chemistry, material science,
biology, and other fields of science and technology.

The Classical Nucleation Theory (CNT) has had considerable suc-
cess in predicting (usually qualitatively) the experimental supersatura-
tions required to initiate homogeneous nucleation for a wide range of
molecular fluids. In some cases, a good agreement between CNT predic-
tions and experimental measurements (see, for example, {1, 2]) was re-
ported. Nevertheless, this theory is frequently in error when predicting
actual nucleation rates [3-5]. In many experiments, it was found that
the predictions of CNT differed from experimental results by several or-
ders of magnitude [6~10]. The limitations of CNT have stimulated the
search for improved theoretical models, but most phenomenological ap-
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proaches retain the basic capillarity approximation and only introduce
correction factors to it.

The problem of theoretical description of the nucleation process is
much more acute for materials with high surface tension than for molec-
ular fluids. Comparison of the phenomenological theories calculations
with nucleation data for a wide range of refractory materials showed
that these materials can be described by the nucleation theories much
more poorly than many molecular fluids {10-12]. One of the reasons
for this inability to describe the experimental results lies in the fact
that the magnitude of the nucleation rate is very sensitive to surface
tension (cubic power). However, CNT-based theories neglect the de-
pendence of surface tension on curvature and use o, to describe the
surface free energy for small droplets. Therefore, keeping in mind that
metals have surface tensions tens of times higher than most molecular
fluids, on the one hand, one should expect poor agreement between the-
ory predictions and experimental results. On the other hand, there is a
deficit of experimental data on homogeneous nucleation of metals and
other systems with high surface tension. There are papers devoted to
shock-tube measurements, gas-evaporation technique, and the upward
thermal diffusion cloud chamber [6, 10-16] but they are rather few.
This lack of empirical data is probably due to the experimental difficul-
ties to produce and control the supersaturated metal vapor. Thus, new
experimental data on metal vapor nucleation are necessary for further
understanding of the nucleation theory.

The objectives of this paper are to study experimentally Zn and
Ag vapor homogeneous nucleation; to extend CNT taking into account
the dependence of surface tension on radius; and to determine nucleus
surface tension as a function of radius for Zn as well as for other met-
als, based on the experimental nucleation data from both this paper
measurements and literature contributions.

Experimental

The main experimental results were obtained for Zn vapor nucleation.
For comparison, some measurements for Ag were also done. Further in
this section, the experimental procedure for Zn system will be mainly
described. The data for Ag nucleation were obtained in the same man-
ner as for Zn. The experiments on Zn and Ag vapor nucleation were
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carried out in a horizontal laminar-flow diffusion chamber. The nucle-
ation chamber consisted of a quartz tube with the inner diameter of
den = 1.2 and 1.4 cm in case of Zn and Ag, respectively, and an outer
oven. A flow of Ar was supplied to the inlet of the tube. Before en-
tering the diffusion chamber, the gas passed through a high-efficiency
aerosol filter. The Ar flow rate was 17 cm3/s (at room temperature and
atmospheric pressure). There was a saturation isothermal zone in the
chamber where a crucible with metal was put (to create saturated va-
por pressure), and a supersaturated vapor zone (temperature-decrease
zone), where the temperature was dropping down downstream. In the
latter zone, the vapor supersaturation S increased with the axial co-
ordinate Z. Finally, at some coordinate, the supersaturation reached
the critical value resulting in homogeneous nucleation. The saturation
temperature zone in Zn vapor experiments was varied in the range of
Taae = 750-900 K. The axial and wall temperatures were measured by
a K-type thermocouple. It was assumed that the vapor pressure was
equal to the saturated vapor pressure in the saturation zone. This as-
sumption was supported by the fact that there was a mirror-like deposit
at the beginning of temperature-decrease zone testifying that a small
decrease of temperature beyond the saturation temperature resulted
in vapor supersaturation and, as a consequence, in wall vapor deposi-
tion. Another support to this assumption is the independence of the
experimental results on the metal surface area in the crucible.

The size and shape of Zn nanoparticles leaving the diffusion cham-
ber were studied by a Transmission Electron Microscope (TEM). The
sampling for TEM was carried out thermophoretically. The particles
were deposited on an electron microscopy grid covered with polyvinyl
formvar film. The morphology of wall deposit was studied by a Scan-
ning Electron Microscope (SEM). To this end, a thin quartz filament of
diameter 0.1 ¢cm was fixed coaxially at the surface inside the diffusion
chamber before the nucleation experiment. After the experiment, the
filament covered by the Zn deposit was removed from the flow cham-
ber, cut to pieces, and the surface of these pieces was analyzed by
SEM. Besides, size spectrum and number concentration of the aerosol
outcoming from the diffusion chamber were measured by an Automatic
Diffusion Battery (ADB) coupled with a condensation nucleus counter.
This device is able to measure aerosol concentration in the range of 10!~
10° ¢em—3 and particle size distribution in the range of 2-200 nm.
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Results

Figure 1 shows aerosol number concentration and mean particle di-
ameter as measured by the ADB at the outlet for different saturation
temperatures. Figure 2 demonstrates TEM images of particles sampled
at the chamber outlet at saturation temperature 75, = 780 K. Figure 3
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Figure 1 Zn particle concentration (a) and mean diameter d,, (b) vs.
vapor saturation temperature Ty, in the flow diffusion chamber (ADB mea-
surements)
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Figure 2 Transmission electron Figure 3 Size distribution of Zn

microscope images of Zn particles, particles as measured by ADB at the

Tiat = 780 K outlet of diffusion chamber, T.,; =
795 K

238 A. A. Onischuk et al.



[image: image4.jpg]Aerosols and Atmospheric Phenomena

Smooth deposit Powder-like deposit

200
um

Figure 4 Scanning electron microscope image of Zn deposit on the surface
of quartz filament. The filament was fixed coaxially at the surface of the flow
chamber before the nucleation experiment. Nucleation temperature is 660 K

demonstrates examples of Zn particle size spectra determined by the
ADB measurement and TEM image elaboration.

The analysis of Zn deposit formed at the surface of quartz filament
inserted to the diffusion chamber showed that there are two distinctly
separated deposition zones characterized by smooth and powder-like de-
posit, respectively (Fig. 4). The smooth deposit is attributed to the va-
por deposition and powder-like deposit to the particle deposition due to
thermophoresis. Thus, the border between the smooth and powder-like
deposit corresponds to the homogeneous nucleation. Magnified SEM
images of the smooth and powder-like deposit are given in Figs. 5a—
5c. Figure 5a demonstrates almost homogeneous deposit formed due to
vapor deposition at relatively low supersaturation ratio. This deposit
was located between the saturation zone and smooth deposit and had
mirror-like appearance. Some cracks visible in the image were formed
during the temperature decrease when the experiment was stopped.
These cracks are assumed to be a result of the difference in thermal
expansion coefficients for quartz and Zn. Figure 5b shows the deposit
formed just before the nucleation zone. It has no shining appearance as
the mirror-like deposit; nevertheless, it has a smooth enough surface as
compared to the powder-like deposit. One can see crystalline whiskers
formed at the surface during vapor condensation. Figure 5c gives an
example of a powder-like deposit formed due to codeposition of parti-
cles and vapor. Figure 5d shows a powder-like deposit formed at the
outlet of the flow chamber at low temperature. Zn vapor is depleted
at this location; therefore, the main contribution to Zn layer formation
belongs to particle deposition.
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Figure 5 Scanning electron microscope images of the Zn wall deposit:
(a) mirror-like deposit, formed due to vapor deposition at small supersatu-
ration; (b) smooth deposit, formed due to vapor deposition at relatively high
supersaturation; (c) powder-like deposit formed due to both particle and va-
por deposition in the nucleation zone; and (d) powder-like deposit formed
due to particle deposition at the outlet of the flow diffusion chamber (at low
temperature of 400 K). (a) and (b) — Tiay = 815 K, nucleation temperature
T» = 700 K, deposition temperature Ty = 730 K (a) and Ty = 690 K (b);
(¢) Toar = 760 K, T = 660 K, and Ty = 630 K; and (d) Tar = 815 K,
Tn =703 K, and Ty = 400 K

The nucleation rate (the number of nuclei formed in 1 s per 1 cm?®
at the axial coordinate corresponding to the boundary between the
smooth and powder-like deposit) was determined in special experiments
in which the width of the smooth/powder-like deposit boundary was
measured precisely. An assumption was made that the nucleus number
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concentration at the coordinate
7 matching the beginning of
the powder-like deposit is equal
to the outlet particle concen-
tration. The time from the nu-
cleation onset to the maximum
particle concentration was es-
timated from the smooth/
powder-like deposit boundary
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that particle deposition is gov-

erned by thermophoresis. Figure 6 Zn vapor supersatura-

tion as a function of nucleation tem-
perature. Circles — experimental data,
~ 107 em=3s=!. When the gashed h.ne — CNT pred.lctlon., solid z?nd
. otted lines — calculation via solution
tempt.erature of saturation was o g, (3) and (4) for the nucleation
experimentally changed, thelo-  13te 7 = 107 cm™%s™" (solid line) and
cation of nucleation were 102 cm~%s~! (dotted line). § =2.7 A
changed as well. As a result,
new nucleation temperature and supersaturation ratio corresponded to
the new location of nucleation. Thus, the supersaturation ratio S as a
function of nucleation temperature T,, was measured. Figure 6 demon-
strates log,, S as a function of the Zn nucleation temperature. In case
of Ag, the measurements showed that 5 =5 103 and T,, = 870 K at
the nucleation rate of ~ 107 cm~3s™1. This supersaturation ratio for
Ag is compared with the data [6] in Fig. 7. One can see a reasonable
agreement between the two sets of data.

The estimations resulted in
the nucleation rate to be

Discussion

The CNT was extended taking into account the dependence of surface
tension on curvature. Following CNT, the nucleation rate is presented
as:

(61
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Figure 7 S'upersaturation as a function of nucleation temperature. Sym-
IIJols - expaeru:lenta.l data obtained in this work and elsewhere: 1 — );‘Ta.
! —_1(1)\I cm®s™!, 610= —(1.:?7_11& (17]; 2 — Hg [18]; 3 — Cs [15); 4 — Li [10];
\a, 1_3:_}0 cm™s™, § = ~0.50 A [16]; 6 — Mg [16]; 7 — Ag
I =100 cm™s7!, § = —0.37 A [6]; and 8 — Ag, I = 107 cm®s™! 6’= —0.06 A’
(.thls work). Curves are the results of calculations via Egs. (3)—(’5) in ass;l
tion that Tolman length § is independent of nucleus radius w

where « is the vapor-to-droplet sticking rate, g is the number of mol-

ecules in a nucleus, and n, is th i i
, g e concentration of nuclei containi
molecules: ne s

w
ny, = n1Kpexp (—EB_T) (2)

whgre n is the monomer concentration, kg is the Boltzmann constant
T is the terr}pe'rature, W is the minimum work required to form a nu—,
cleus, and Kp, is the Reiss replacement factor [19):

Kr = (Sn$* \/kpTrV,)"!
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Here, n3*" is the concentration of single molecules in the saturated va-
por; V, is the volume of the drop; & is the isothermal compressibil-
ity; and S is the supersaturation ratio. The formula for W is derived
in [20, 21]. Expanding W in a Taylor series around N? = Ncﬁm, one
obtains from Egs. (1) and (2):

20(Rs)m 1 4wR3o(Rs)
I~ Kpnly 2800 ——
<Rn1 p p exp < 3k‘BT (3)

where o(Rs) is the nucleus surface tension, p is the liquid density, m
is the mass of molecule, and Rs is the radius of the Gibbs surface
of tension. Equation (3) looks formally almost the same as the CNT
formula for the nucleation rate, the difference is in the factor Kg and in
the fact that CNT involves surface tension for flat surface while Eq. (3)
uses surface tension for critical nucleus. For incompressible liquids, Rs
is related with supersaturation as

_ 20’(Rs)'m

1 i S AR
ns ksTpRs

4)

Figures 6 and 7 present data on metal vapor nucleation determined
both in this paper and elsewhere [6, 10, 12, 15-18]. Solving Egs. (3) and
(4), one can determine droplet surface tension vs. radius of the critical
nucleus from these data. The input data for the calculations are given
in Table 1.

The dependence of surface tension on the critical radius R$™ as
determined by the solution of Eqs. (3) and (4) is presented in Fig. 8.
One can see that all the metals considered can be divided into two
groups: (i) Li, Na, Cs, and Ag, and (i) Mg, Zn, and Hg. The alkali
metals and Ag are characterized by the ratio 0/0e > 1. The value of
surface tension decreases with the critical radius. One should note that
the data for Na obtained by different authors ([16] and [17]) are in good
agreement as well as the data for Ag obtained in [6] and in this work.
The plot o vs. Rs for Na is very similar to that for Li. This similarity
can be explained by the neighboring positions in the Periodic Table for
these elements. It is worth mentioning that the droplet surface tensions
for Na and Li approach to o at radius Rs =~ 8 A. The curve for Cs is
shifted to the right with regard to Li and Na which is probably related
to the fact that the atomic radius for Cs is significantly larger than that
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Table 1 Input parameters and some results of calculation

Parameters calculated in

Metal Input parameters assumption of & = const Refs.
T, K S I, cm™s™! R R g 5, A
Li  820-1100  400-10 107 3.2-4.9  6-23 —1.05 [10]
Na  556-670 40-10 1010 5.4-6.5 17-32 —0.50 [16]
Na 393 10° 10° 3.3 4 —0.97 [17]
Cs  420-490 240-12 107! 6.9-10.0 11-36 ~—1.6 [15]
Ag 520-770 2.10%°-6-10° 108 1.7-2.4  1-4  -0.37 [6]
Ag 870 5.10° 107 3.3 9  —0.06 [¥]
Hg 258-312 5.10°-2.10° 1¢0° 5.2-5.7  24-31  1.01 [18]
Mg 706-950 40-8 10%° 6.7-7.9  52-90  1.62 [16]
Zn  600-725 23-10 107 7.6-8.2 112-142 270 [#]

[*] — this work.

for Li and Na. Thus, there is much in common between alkali metals
and Ag.

The elements Zn, Hg, and Mg exhitit 0/, < 1. Moreover, within
the experimental accuracy, their surface tension is independent on Rs
in the studied range of critical nucleus radius. Probably, the similar be-
havior of the function ¢(Rs) for Mg, Zn, and Hg is related to the similar
electronic configurations, i.e., all these elements are from Group 2 of the
Periodic Table.

Now, an attempt to describe the present experimental data by the
Tolman equation (obtained in assumption of constant d) will be made:

Too

70s) = TR ®)
where 4 is the Tolman length; § = R, — Rs and R, is the radius of
equimolar surface. The only fitting parameter in Eq. (5) is the Tolman
length §. The results of the fitting procedure are given in Figs. 6 and 7
and also summarized in Table 1. The Group 1 elements Na, Li, Cs, and
Ag have demonstrated negative values of the Tolman length and the
Group 2 elements Mg, Zn, and Hg — positive values of §. The critical
radius RS™ is presented in Table 1 because it gives an idea about the
physical size of a critical nucleus. Table 1 shows also that the critical
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Figure 8 Surface tension as a function of criticz.:.l radius as de'termine:d
from experimental supersaturation ratio and nucleation rate (see Fig. 7) via
solution of Egs. (3) and (4): 1 — Cs [15]; 2 — 1:41 [10]; 3 — Na [16],‘4 —d
Na [17}; 5 — Mg [16]; 6 — Hg [18]; 7 — Zn (this work); 8 — Ag [6]; an

9 — Ag (this work)

size gerit is equal to several atoms for Na.(T =393 K) and Ag. .Str;ctl)i
speaking, the nucleation theory is inappllcabl‘e at the quan.tlt.atlve evte

for these cases. It is impossible also to assign any physical sens’cir ;)
the dividing surface for these small critical nuclei. Thereforg, g}.le t.o -
man length can be considered only as a formal parameter indicating
the deviation of the experimental nucleation rate from the CNT' ;'n'e—1
dictions. For Na (T = 556-670 K), Li, Cs, Hg, and Mg, the critica

size is a few tens of atoms. The division of th(:’: 'a,torns in droPlt?t tol
the volume and surface ones in such small nuclei is ra:ther conditiona
in this case. Therefore, the § parameter can be considered oqu as a
qualitative measure of the distance between the surface of tex}s.lon apd
equimolar surface for the above elements. In case of Zn, the critical size
is close to one hundred atoms. Thus, in thfe case of Zn vapor nucleation,
the value of § presents at a semiquantitative leyel the distance betweTn
the surface of tension and equimolar surface. Figure 6 demonstrates the
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calculation results for the Zn vapor nucleation rate for both I = 102 and
107 cm=3s~!. One can see that within the experimental accuracy, the
calculated supersaturation is more or less the same. Thus, this method
of calculation of 4 from the experimental data is not much sensitive to
the accuracy of measurements of the nucleation rate.

One can see from Fig. 7 that the experimental points for Li and Cs
are not in a very good agreement with the calculation results. Besides,
the data on Na and Ag determined by different authors cannot be con-
Jugated. Thus, on the one hand, the assumption § = const seems to be
too rough. On the other hand, as follows from Fig. 8, the ratio 0/0
for the elements of Group 1 changes from about 2 to almost zero with
increasing Rg, which means that & changes from high values to about
zero in the range of radii considered. The ratio 0/0c for the elements
of Group 2 does not change with radius, which means that § is chang-
ing with radius for these elements. Besides, the numerical calculation
results [22-25] show that § is a strong function of radius even for the
simplest Lennard-Jones (LJ) systems. Thus, it seems to be evident
that one should take into account the dependence of & on radius when
describing the experimental data on nucleation.

To find an approximate dependence of § on Rs, the Gibbs-Tolman-
Koenig-Buff differential equation [26] was simplified and integrated
from Rs = oo, corresponding to a plane surface, to any radius Rg:

Rs

The dependence of § on radius was assumed to be governed by the
simple monotone function

§(Rs) = 7=+ des (7)

where x is constant. In a general case, y and dso can be both positive
and negative. The formula (7) gives a strong dependence on radius for
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small particles and the asymptotic approach to the value of do,. Thus,
Eq. (6) can be rewritten as:

Rs
o(Rs)  [20(Rs) [, 6(Rs) ___2_<L+500)
b= “’/ 2 'R | TR \3Rs :
00
2
2 X doo (X )
: 2 be) —2 (X )| (@
TR (2R5+5> 2 \15Rs ] ®)

Substituting Eq. (7) to Eq. (8), one obtains:

§(2Rs)

([J(QRS)]2 - %6005(1.5}25))} )

2 (T(Rs) R55(2R5)

Consider the situation when é,, <« 8(Rs) (this condi'tion corre-
sponds, in particular, to the LJ liquids [25]). Then, one will get from

Eq. (9):

IR, e

O [1 + 5(2R5)] (10)

Rs
H(2Rs) % =5 In s =

Solving Eq. (10) by successive approximations and using for the
initial approximation:

R o
80(2Rs) ~ TS In 0(1‘__’&) (11)

one finds for the Tolman length

Rs Coo l Coo 19
5(2Rs) ~ - In _U(Rs) [l+ 5 In B Rs)] (12)

In case when 6(Rs) is a monotone function and o > 6(2Rs) > 0,
one can write down an approximate relationship:

$000(1.5Rs) ~ [6(2Rs))? (13)
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The second term in the brackets of Eq. (9) is small as compared to
unity. Therefore, one can use Eq. (13) staying at the same range of
accuracy. Thus, Eqgs. (9) and (13) result in:

5(2RS) s % In () [1 + 6(2R5)]

O'(RS) 2R5
_& n Too l n Too
=2 MRy [1+41 a(Rs)] (19)

It is worth noting that Eqs. (12) and (14) are more exact formu-
lae than the Tolman relation because Egs. (12) and (14) were derived
by integration of Eq. (6) which contains an additional linear term as
compared to the Tolman’s integration procedure [26]; besides, § is a
function of radius in the present integration. The important feature of
Egs. (12) and (14) is that they do not include directly the values of X
and do. Thus, to determine the value of § at 2Rg, one only needs to
know the value of o at Rg.

As one can see from Fig. 8, at large Rs, the value of 0/0., ap-
proaches to unity, i.e., § approaches to zero for the Group 1 elements.
Therefore, Eq. (12) was used to evaluate the Tolman length from the
values of o (Fig. 8) for Ag and alkali metals. On the contrary, the
absolute value of § for Mg, Zn, and Hg increases with Rg. Therefore,
Eq. (14) was used for the latter group of elements. The plot of é vs.
Rs is presented in Fig. 9. Fach point in this plot corresponds to differ-
ent temperature, but the dependence of § on temperature was assumed
negligible in the narrow range. Therefore, one can attribute each set of
points to the mean temperature. One can see that § is indeed a strong
function of Rg. There is difference in dependencies of § on Rs between
the Group 1 and Group 2 elements. This dependence for alkali metals
and Ag is akin to that for the LJ liquids, i.e., the absolute value of §
decreases approaching zero as the radius Rg increases. The similar de-
pendence of § on radius for the LJ liquids and the Group 1 elements can
be explained by the fact that both systems are characterized by simple
spherically symmetrical pair interaction potentials. On the other side,
the Group 2 elements demonstrate increase of § with radius as in con-
trast to the LJ systems. This difference in dependence of § is probably
related to the fact that the pair interaction potentials for the Group 2
elements is governed by relatively complex functions.
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Rg/A Rg/A

Figure 9 Tolman length as determined from the data presente‘d in Fig. 8
using Egs. (12) and (14): 1 — Hg [18]; 2 — Mg [16]; 3 — Zn (this \.lvork); 4
and 5 — Na; 6 — Li [10}; 7 — Cs [15]; 8 — Ag [6]; and 9 — Ag (this work)
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