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Ultrafine oxide powders prepared by 
electron beam evaporation 

Part 1 Evaporation and condensation processes 

d. D. F. R A M S A Y ,  R. G. A V E R Y  
Chemistry Division, AERE, Harwell, Oxon, UK 

Several ultrafine oxide powders (MgO, CaO, AI~O3, SiO2, ZrO2, CeO2, U~Os) have been 
prepared by evaporation of bulk oxide with a focused beam of electrons, followed by 
condensation of the vapour. Rates of evaporation were dependent on the temperature of the 
heated zone and the corresponding vapour pressure of the oxide, and agreed with those 
predicted by the Hertz-Langmuir equation. The microstructure of the powders was 
affected by the pressure and type of gas present during condensation of the vapour. 
Particles, which were nucleated in the vapour phase, were unaggiomerated and had an 
extremely small size (< 10 nm) which was dependent on the rate of evaporation; at very 
low rates, sizes approaching the critical nucleus (~< 3 nm) were attained. 

1. Introduction 
Ultrafine oxide powders (size < 0.1 lam) have 
extensive uses, for example, in surface coatings, 
high density ceramics, dispersion strengthening 
of metals, pigments, and catalysts. The surface 
properties and microstructure of such powders 
are important in many of these applications, and 
often depend on the method of preparation [1 ]. 
Powder production by vapour phase routes has 
progressed rapidly in recent years, with particular 
emphasis on plasma processes [2].  These 
methods can yield unaggregated particles of 
narrow size distribution and allow a greater 
control of chemical composition, phase struc- 
ture, and surface characteristics than is possible 
with conventional solid state decomposition 
processes. However, although the technical 
development of plasma processes has received 
considerable effort, relatively little attention has 
been made to study the structure and reactivity of 
molecular species formed on vaporization, and 
the mechanism of their condensation [3 ]. 

In the present study a novel vapour phase 
condensation method, for producing ultrafine 
powders (e.g. oxides, carbides and borides) on 
an experimental scale is described, in which 
bulk ceramic is evaporated with a collimated 
beam of electrons. The evaporation and con- 
densation behaviour of various oxides has been 
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investigated with particular reference to the sur- 
face properties and microstructure of the 
powders so produced. 

2. Experimental 
2.1. Powder preparation 
Powders were prepared by evaporation of bulk 
oxide with a focused electron beam, from a 1 
kW glow discharge gun, A, followed by con- 
trolled condensation in a large cube-shaped 
stainless steel chamber, B (Fig. 1). The gun, 
developed at AERE [4], had a rotating alumin- 
ium cathode, C, which allowed steady operation 
over long periods; it was connected to the 
chamber via a narrow water-cooled flight tube, 
D, which was concentric with two electro- 
magnetic focusing coils, E. 

Independent control of both the type and 
pressure of gas in the gun and chamber were 
thus achieved. The target, F, consisting of 
ceramic chips or granules, could be auto- 
matically rotated, thus continuously exposing 
fresh surface for evaporation. Powder was 
deposited on a water-cooled, nickel-plated brass 
tube, G, (diameter 0.15 m) surrounding the 
target; the fluffy deposit which normally 
formed was readily brushed-off and collected at 
the end of a run. For oxide preparations, a 
glow discharge was produced with oxygen at a 
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Figure 1 Diagram of electron beam gun and evacuable 
chamber. 

pressure of 7 N m -2 with a voltage in the range 
15 to 30 kV. The type of gas and pressure in the 
chamber markedly affected the properties of the 
powders, as will be discussed; however, oxygen, 
at pressures in a range up to N 100 N m -2, was 
normally employed. 

2.2. Tempera ture  measurement  
The "brightness temperature" of the heated zone 
was measured with a disappearing filament 
optical pyrometer, after a correction had been 
made for absorption by the window, H (cf. Fig. 
1) (which was made of thick lead glass to 
reduce secondary X-ray emission) of the 
chamber. Published values of spectral emissivity, 
E0.65,m were used to calculate true surface 
temperatures. These were taken from the data of 
Noguchi [5] for opaque specimens of calcia, 
alumina and zirconia, at temperatures close to 
the melting point. There was more uncertainty in 
E for the two oxides used in transparent form 
(Vitreosil| periclase); however, for similar 
conditions, values of N 0.2 have been reported 
[61. 

2.3. Powder  characterization 
Specimens for electron microscopy (JEM-7) 
were generally prepared in situ by deposition of 
powder onto a carbon film coating the micro- 
scope grids; the thickness of deposits was 
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controlled with a shutter, operated from outside 
the chamber. 

Crystallite sizes were calculated from X-ray 
line half widths, measured with a diffractometer. 
(A Gaussian line profile was assumed and 
standard corrections were made for the in- 
strumental broadening and doublet overlap of 
the Kcq and K~ 2 lines [7].) 

3. The evaporation process 
3.1. Experimental rates of evaporation 
Several ceramic oxides were evaporated in 
oxygen with an electron beam (at accelerating 
voltages of 25 to 28 kV) focused to a spot of ~ 3 
mm diameter. 

The rate of evaporation decreased with the 
refractoriness of the oxide (Table I), the trend 
being more dependent on vapour pressure than 
melting point (Table II) however. Since the 
sublimation of oxides at high temperature 
frequently involves simultaneous dissociation 
(Table II), these values of v.p. correspond to the 
total partial pressures of all vapour species, as 
derived experimentally and thermodynamically 
from free energy data [8]. 

3,2. Estimation of maximum theoretical 
evaporation rates 

The maximum rate of evaporation from a heated 
surface can be related to its equilibrium vapour 
pressure, Peq, given by the Hertz-Langmuir 
equation [9]: 

J = (27rMRT) -~ P~qa (1) 

where J is the flux from the surface in moles per 
unit area per unit time, M is the molecular 
weight of the vapour, and ~ is the evaporation 
coefficient (which can be assumed to be unity for 
a smooth surface of a solid close to its m.p. 
in vacuo < 1 N m-2). 

In the temperature range of interest (2000 to 
3000 K), silica and magnesia are known to 
dissociate predominantly by the following 
reactions on evaporation: 

MgO---~ Mg + �89 
SiO2 , ( l i q )  --~ SiO(gas) + �89 

Since published values of free energy, A G, for 
these reactions are available for different tempera- 
tures [10, l l]  we can calculate the evaporation 
rates as follows. 

For  congruent evaporation, the fluxes of 
each species are determined by stoichiometry as 
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N o w  

JMg(max) = 2Jo2,(max) and  
Jsio(max) = 2Jo2(max) �9 

P3~g(eq) - P~-o2(eq) = exp - -  
_ AG o 

R T  (2) 

where AG o is the free energy of  the vapor iza t ion  
reaction.  F r o m  Equat ions  1 and 2 we then have 

JMg(max) = JMgo(max) 
{2 ~ exp ( - -  AG~ 1 

= \ M ~ g  ' M+o--- ~ ] (2~RT)  ~ (3) 

s imilarly i t  can be shown tha t  
Jsio(max) = Jsio/(max) 

( 2  ~- exp ( -  AG~ 1 
= \ )4~_s~o. ~ ] (27rRT)_ ~ (4) 

Values o f  Jmax are t abu la t ed  be low (Table  III)  
for  different temperatures ,  together  with the 
app rop r i a t e  values of  - ZIG. 

A more  app rox ima te  calculat ion,  made  by  
insert ing the to ta l  par t ia l  pressure (of  all the 

evapora t ing  species), at  a given temperature ,  into, 
Equa t ion  1, gives evapora t ion  rates as shown in 
Fig. 2. Exper imenta l ly  de te rmined  rates o f  
evapora t ion  ( f rom Table I and  the more  extensive 
da ta  for  magnesia,  of  Table  IV) are also p lo t ted  
and show good  accord.  Thus a l though the 
tempera ture  and area  ( ~  3 m m  diameter)  o f  the 
heated zone are somewhat  uncertain,  these 
results do indicate evapora t ion  coefficients, c~, 
close to uni ty  as assumed.  

3.3. Efficiency of va po r i z a t i on  p r o c e s s  

The heats  o f  subl imat ion,  A He, of  solid refractory  
oxides to gaseous elements in groups  II  to IV lie 
in the range 400 to 800 kJ  mo1-1 [12]. The energy 
consumpt ion  for  vapor iza t ion  of  magnesia  
(AHe = 500 kJ tool -1) would  be 5.5 k W h  kg -1, 
compared  with  the exper imenta l  figure of  66 
k W h  kg -a for  example.  Thus the energy uti l iza- 
t ion is ~ 10 ~ ,  and cons iderably  less for a lumina  
and zirconia.  The ma jo r  losses, which have been 
assessed previously  [13], resul t  f rom electron 
scattering, bo th  in the  beam pa th  and at  the 
b o m b a r d e d  zone. This apparen t ly  low efficiency 

TABLE I Typical experimental data for oxide evaporation 

Oxide Input Oxygen Target Evaporation Evaporative 
power pressure in temperature* rate flux per unit 
(kW) chamber (K • 10 3) (g h -1) arcat 

(kN m 2) (tool m -~ sec 1) 
(i) (ii) 

Overall 
evaporation 
efficiency 
(kWh kg -~) 

Silica 0.75 0.03 2.2 2.6 (0.2) 53 35 14 
Ceria 1.00 0.03 2.3 2.3 (0.8) 20 4.6 50 
Magnesia 1.00 0.03 2.3 2.8 (0.2) 15 15 66 
Calcia 1.10 0.05 2.6 2.6 (0.9) 6.6 4.6 170 
Alumina 1.08 0.04 2.8 2.8 (1.0) 5.4 2.1 200 
Zirconia 1.38 0.05 2.9 3.0 (0.8) 5.5 1.7 250 

*(i) denotes "brightness" temperature, (ii) true surface temperature, calculated for e0.65gm quoted in oarenthesis. 
tDiameter of heated zone is ~ 3 mm. 

TABLE II  Vapour pressures of oxides 

Oxide Melting point 
(K) 

Vapour pressure (N m -2) at temperature 
(K • 10 -2) 

2.0 2.5 3.0 

Predominant vapour composition 
(neutral conditions) 

SiO= 2001 6 1 • 103 7 • 10 ~ SiO, SiO2 
(cristobalite) 

MgO 3070 0.23 80 4 • 103 elements 
CaO 2853 1.5 x 10 = 9.3 5.3 • 102 elements 
A120= 2290 6.1 x 10 -3 1.2 1.6 • 102 elements, AlsO, AIO 
ZrO2 2970 4.2 • 10 -5 1.3 • 10 -~ 33 ZrO, ZrO2 
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TA B LE I I I  Free energy changes for dissociation reactions during evaporation of silica and magnesia 

Temperature Free energy change, - A G ( k J  tool -1) 
(K) 

SiOm) -+ SiO(g) -~- {02 MgO(s) --~ Mg(g) -~ �89 

Maximum evaporation rates, Jmax 
(tool m -~ sec-O 

Jrnax(sio2) Jmax(MgO) 

2000 270 320 3.96 • 10 -2 7.80 • 10 -z 
2500 150 210 12.7 2.77 
3000 43 92 2.4 • 103 1.99 • 102 
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Figure 2 Effect of temperature on the evaporation rates of 
different oxides, calculated from free energy and vapour 
pressure data. Symbols denote experimental values. 
I and IS], silica; II and (3, magnesia; II and A, calcia; 
IV and V, alumina; V and ~, zirconia. 

is nevertheless comparable to that reported for 
currently developed plasma processes. Values for 
silica and magnesia, for example, are close to 
those reported by Sayce and Selton [14] (14 and 
35 kWh kg -1 respectively) for powder pro- 
duction by ceramic evaporation with a 30 kW 
d.c. plasma jet in a liquid-wall furnace. Further- 
more, this latter process is claimed to be con- 
siderably more efficient than methods employing 
R.F. plasmas. A marked increase in the efficiency 
of the present process would be expected for a 
larger scale of production, employing guns of 
greater power operating at higher voltages. The 
effect of accelerating voltage, is illustrated 
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(Table IV) by the efficiency of evaporation (kg 
kWh -a) of magnesia which was increased ~-~ 10- 
fold on increasing the voltage from 15 kV (runs 
25 and 30) to 30 kV (runs 26 and 31). 

3.4. Conditions for vapour phase nucleation 
The type and pressure of gas in the chamber 
during evaporation markedly affected the nature 
of the deposited powder, especially for those 
oxides (MgO, CaO) which dissociated on 
evaporation. Powders deposited on the water 
cooled collector from an oxygen atmosphere at 
low pressure (<  20 N m -2) were more adherent 
and had a higher bulk density than the fluffy 
deposits produced at pressures in the range 30 
to 60 N m 2. In a helium atmosphere, dense 
deposits were even produced at pressures > 40 N 
m -2. These differences are illustrated in the 
electron micrographs of silica and magnesia, 
Figs. 3 and 4, deposited (on a carbon film in 
situ) at the extremes of oxygen pressure. At 
high pressure discrete particles (size ~ 10 nm) 
were produced, whereas at low pressures a 
continuous coherent structure was formed. This 
latter possibly consisted of aggregates of 
extremely small particles (<  2 nm) although the 
structure could not be fully defined due to the 
limitation of microscope resolution. The effect of 
gas pressure varied with the oxide and was least 
marked for silica. However, for oxides which 
dissociated to atoms on evaporation (MgO, 
CaO), hard adherent deposits were formed at any 
pressure in atmospheres (He, N2, Hz) free of 
oxygen (Po~ < 0.2 N m-2). These were often 
brown or black, presumably as a result of non- 
stoichiometry. They also contained extremely 
small micropores (radius < 2 nm), in contrast to 
the non-porous unagglomerated powders of low 
bulk density to be described in Part II. This is 
evidenced by the nitrogen adsorption isotherm of 
magnesia deposited in helium (33 N m -2) in 
Fig. 5. Water was desorbed from micropores on 
increasing the degassing temperature from 423 
to 673K, thus increasing the N2 uptake at P/Po 
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TAB LE IV Properties of magnesia powders prepared at different rates of evaporation 

Run Input Chamber Brightness Corrected Evaporation SB~T 
no. power (kW) pressure temperature temperature rate (g h -1) (m ~ g - l , )  

(Po2, N m  -3)(K • 10 -3 ) (K • 10 -8 ) 

Particlet X-ray 
size (nrn) crystallite 

size (rim) 

(i) (ii) 200 220 

26 1.07 50 2.2 2.6 6.5 
31 0.56 40 2.2 2.6 3.0 
25 0.30 50 1.8 2.2 0.08 270 
30 - 0.30 50 t .7 2.0 0.03 360 

15 13 I2 
11 11 

6.2 4.9 4.1 
4.6 5 4.1 4.0 

*Denotes specific surface area based on dry weight. 
tParticle size from (i) SB~, and (ii) electron microscopy. 

< 0.4, and leading to an appa ren t  increase in 
SBET f rom 34 to 140 m 2 g-1. 

The  proper t ies  o f  the powder  deposi ts  were 
p r o b a b l y  de te rmined  by  the type  o f  nuc lea t ion  
process.  The r ecombina t ion  of  molecules  (or 
a toms)  in the v a p o u r  phase  to  fo rm dimers  and  
t r imers  etc (which subsequent ly  leads to  v a p o u r  
phase nucleat ion)  can be visualized as a process  
involving a th ree-body  coll is ion between two 
v a p o u r  species and a gas molecule  to remove the 

excess energy, A quant i ta t ive  t r ea tment  o f  
prenuclea t ion  kinetics for  a system involving 
t r imolecu la r  coll is ions o f  oxide v a p o u r  molecules  
o f  uncer ta in  s t ructure  is evidently very difficult, 
and  the fol lowing is only a crude qual i ta t ive 
approach .  The  p rob l em can l:e tackled [15] by  
es t imat ing the lifetime, % of  a b imolecu la r  
complex  result ing f rom a coll ision o f  two v a p o u r  
molecules;  this would  be dependent  on the t ime 
the molecules  were within some small  dis tance o f  

Figure 3 Electron micrographs of silica deposited in situ from an oxygen atmosphere of (a) low pressure (15 
N m -3) and (b) high pressure (53 N m-3). 
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Figure 4 Electron micrographs of magnesia deposited in situ from an oxygen atmosphere of (a) low pressure (7 
N m -~) and (b) high pressure (,-~ 50 N m-e). 

interaction, 3. (It is normal to assume ~ ~ 0.1 
nm which would correspond to a value -r of  
10 -z~ to 10 -1~ sec.) Denoting the number 
concentration of the two vapour molecules as 
Nt and N2 and their average diameter as a~2, the 
number concentration N12 of bimolecular species 
at equilibrium is given by: 

NI2 = N ~ N ~ .  4~r&~lz e . (5) 

The rate of collisions, Z, of  gas molecules with 
bimotecular complexes is 

\ ~r/~ i (6) 

where Ng is the number concentration of gas 
molecules, at temperature T, c~e and crg the 
diameters c)f the complex and gas molecules and 
/x the reduced mass of the complex and gas 
molecule [1/F = (1/me) + (1/mg)]. From Equa- 
tions 5 and 6 we obtain: 

Z = 2~r N2.  N~ (ere + ~g)~ 
cr~ ~ ~(kT)  § F -§ . (7) 
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Thus Z is directly proportional to Ng (namely, 
the gas pressure) and increases with the molecular 
diameter of  the gas. This accounts for the 
different pressure thresholds for helium and 
oxygen ( ~  20 and ~ 50 N m -2 respectively) 
above which "fluffy" powders were obtained. 
Furthermore the collision diameter, c~e, of  an 
oxide molecule can be crudely estimated if Z is 
assumed identical at these two different pressures. 
Thus 

2 (~  + ~ e )  2 = ((;~ + ~o~) ~ 

which taking C~e and ~o2 to be 0.22 and 0.36 nm 
respectively gives ere = 0.35 nm - a realistic value 
considering the gross approximations involved. 
Equation 7 also predicts a greater probability of  
vapour phase condensation as the concentra- 
tion of vapour species (N1 and N~) increases (i.e. 
the rate of evaporation) and also as the size of  
the vapour molecule becomes larger, and would 
explain why the deposits of  silica were least 
sensitive to gas pressure in contrast to magnesia 
and calcia. 
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Figure 5 Adsorption isotherms of nitrogen at 77 K for 
magnesia powder deposited in helium (pne = 33 N m-S). 
After pumping: I, at 423 K; II at 673 K; II[ at 973 K. 
Solid symbols denote desorption. 

A chemical vapour deposition process 
probably occurs when MgO and CaO are 
evaporated in low (Po.~ < 10 N m -2) partial 
pressures of oxygen. The species which nucleated 
heterogeneously at the substrate under such 
conditions were reactive and combined chemi- 
cally with silica or pyrex glass surfaces. Control 
of the stoichiometry of powders nucleated in the 
vapour phase was also possible by reaction of 
vapour species with oxygen. Thus the stoichio- 
metry of uranium oxide powder could be varied 
from UO2 to UOa by evaporation of UO~ into 
either an inert or oxidizing atmosphere as 
described in Part II. 

3.5. Condit ions affecting particle size 
For all preparations the particle size was 
confined to a relatively narrow range below 

10 nm, and showed little dependence on the 
type of oxide produced, with the exception of 
U3Os which will be discussed in Part II. This 
feature can be ascribed to a high supersaturation 
of vapour in the immediate vicinity of the heated 
source, which results in a rapid formation of a 
large number of nuclei, and thus a consequent 
depletion of the vapour concentration [16]. The 
growth of these nuclei is thus reslricted as they 
diffuse into the surrounding volume of the 
chamber. The size is, therefore, determined by 
three factors: the rate of vapour production 
(evaporation rate), the degree of supersaturation 
and the rate of diffusion of nuclei away from the 
source. 

The dependence of the crystallite size of 
magnesia powders on the rate of evaporation 
tends to support such a mechanism. The size, 
determined for the 200 and 220 planes from X-ray 
line broadening (Table IV) diminished as the 
rate of evaporation decreased until a size of 

4 nm was reached; this apparent lower limit 
was probably imposed by surface and free energy 
considerations. Moreover the crystallite size of 
specimens collected at distances which varied 
from 50 to 200 nm from the source showed no 
significant difference, confirming that crystal 
growth was restricted to a small volume of 
vapour surrounding the heated zone. 

The lower limit in particle size of all powders is 
probably determined by the size of the crilical 
nucleus. The number of molecules in a critical 
nucleus of water at 300 K has been estimated by 
Russel et al. [17] to be ~ 100. A crude applica- 
tion of this value to magnesia gives a critical size 
of ~ 2 nm, which considering the above 
assumptions, and the general limitations in the 
determination of crystallite size by line broaden- 
ing, is in reasonable agreement with the smallest 
size observed with MgO and all other oxide 
powders produced. 

4. Conclusions 
1. Oxide powders with an exceptionally small 
particle size ( <  20 nm), can be produced by 
evaporating bulk oxide with a focused electron 
beam followed by vapour phase condensation. 

2. The rate of evaporation is dependent on (a) 
the temperature of the heated zone and (b) the 
vapour pressure of the particular oxide. Experi- 
mentally determined rates are in reasonable 
accord with those predicted by the Hertz- 
Langmuir equation. 

3. The efficiency of evaporation, with an 
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electron beam gun opera t ing  at  ~ 30 kV and ~-~ 1 
kW,  is in the range 14 to 2 5 0 k W h  kg -1 depend-  
ing on  the volat i l i ty  o f  the oxide;  i t  could  be 
substant ia l ly  improved  with guns of  increased 
power  opera t ing  at  higher voltage. The efficiency 
for  SiO~ and  M g O  evapora t ion  even with a 1 k W  
gun is, however,  comparab le  to  tha t  o f  d.c. 
arc p lasma methods  of  powder  p roduc t ion  
opera t ing  at  30 kW.  

4. Nuclea t ion  o f  oxide vapour  species occurs 
p redominan t ly  in the vapou r  phase  when the 
pressure o f  gas in the condensa t ion  chamber  is 
high ( >  30 N m-S); at  low pressures ( <  10 N 
m-2), when the mean free pa th  is long, hetero-  
geneous nucleat ion at  the  substra te  results in 
adheren t  porous  deposits .  

5. The extremely small  par t ic le  size o f  the  
powders  can be ascr ibed to a very rap id  nuclea-  
t ion and  subsequent  restr ict ion in crystal  g rowth  
caused by  a deple t ion  o f  vapou r  species. A t  low 
evapora t ion  rates part icles sizes approach ing  the 
cri t ical  nucleus ( <  3 nm)  are at tained.  
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