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The produc    tion of powder materials from melts is usually done by atomisation. In our research two different frits 
were successfully produced using water atomisation technique. An overall assessment of the powders showed that 
the sizes of particles and their morphologies are determined mainly by the chemical compositions of the frits and 
atomisation parameters. The sizes of the particles depend on the viscosities of the frits, which is governed by the 
melt superheating during the experimental trials, orifice diameter and interactions between droplets and particles 
during additional stages after primary atomisation, which were controlled by water pressure. The morphologies of 
the particles depend on the relationships between the times of solidification and sphereoidisation and on the inter-
actions between the particles.
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INTRODUCTION

Water atomi   sation is known to be a very useful tech-
nique for producing the powders of various metals and 
alloys with uniform particle size distributions and low 
costs [1, 2]. The low viscosities and high surface ten-
sions of metals enable intensive disintegration of those 
melts that mostly result in small, uniform and spherical 
particles [3]. The mechanism of disintegration is well-
known and can be divided into primary and secondary 
atomisation. The latter is accompanied by large interac-
tions between the formed melt drops as well as between 
the  already solidified particles. Lowering the surface 
tension acts as an obstacle against spheroidisation and 
the drops that are formed tend to solidify into irregular 
particles [4]. However, the atomisation technique is 
much lesser used for the production of non-metallic ma-
terials such as glass and ceramics [5]. Nowadays, in 
practice, the atomisation of glass is mostly applied for 
the production of glass wool and fibres. In the case of 
frits that are primarily used for enamelling, where fluid-
ity is very important, those micron-sized powders with 
spherical shapes of particles are the more interesting 
end-products [6]. Therefore, from the theoretical as 
well as the practical point of view the problem of usa-
bility is still open regarding high-pressure water atomi-
sation for obtaining the spherical particles of frits.

This paper describes research work, where the pos-
sibility of applying water atomisation was checked for 
achieving the powders of frits. The purpose of our study 

was to examine the morphologies and size distributions 
of particles depending on the processing parameters.

MATERIALS AND METHODS

The experiments regarding atomisation were per-
formed using a David Mckee atomiser type D5/2. Two 
different frits (A and B) with compositions as shown in 
Table 1 were used in the experiments.

Both frits were atomised under different pressures of 
cooling media and different orifice openings (Table 2).

Raw materials in powder forms were thoroughly 
mixed together and then smelted. Afterwards, the 
formed melt was poured into the atomiser’s tundish. 
Flowing of the melt through an opening (orifice) at the 
bottom of the tundish [7] formed a stream that was at-
omised using water under high pressure.

The lengths of flow of the frits were established by 
the flow-test method [80] at different temperatures, and 
their viscosities were calculated using the equation de-
scribed by Sogawa and Ozaki [9]:  

  (1)

where F is the flow length of the fired frit / mm, t the 
time of flow length test / min and η the viscosity of the 
frit / P. Particle sizes of the powders were determined by 
sieving; sieve sizes from 1 000 to 45 μm were used. A 
Sirion 400 NC scanning electron microscope (SEM) 
was employed to evaluate the morphologies of the pro-
duced powders.

RESULTS AND DISCUSSION

The large interaction mechanism in water atomisa-
tion is the main reason why the particles consist of 
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The forms of the particles (spherical or irregular) are 
closely dependent on the times of solidification and 
spheroidisation. In order to elucidate which form will 
prevail, the theoretical times for both solidification and 
spheroidisation were calculated using the adequate 
equations.     Solidification time was determined from the 
equation described by Nada and Nichiporenko [10]:

Table 1 XRF analysis of frits / mas. %

Frit SiO2 B2O3
1 Na2O CaO Al2O3 K2O BaO Fe2O3 MnO CoO P2O5 Sb2O3 CuO MgO F2

A1 33,21 24,00 20,24 7,36 4,57 2,50 1,02 1,41 0,77 0,55 0,71 0,25 0,43 0,75 1,65
A2 32,91 23,94 20,05 7,38 4,88 2,46 0,92 1,40 0,76 0,55 0,70 0,23 0,47 0,75 2,15
A3 33,40 23,66 20,68 7,07 4,96 2,45 0,88 1,41 0,74 0,53 0,76 0,22 0,49 0,70 1,59
A4 31,52 28,81 19,53 6,48 4,33 2,29 0,80 1,22 0,69 0,47 0,71 0,19 0,56 0,67 1,32
A5 30,62 27,14 20,74 7,13 4,38 2,53 0,96 1,33 0,76 0,57 0,70 0,23 0,37 0,71 1,45
 B1 29,35 38,20 30,86 1,47
B2 29,84 37,90 29,54 1,68
B3 29,19 38,60 30,48 1,56

1Determined by titration

Table 2 Experimental set-up 

  Frit Pressure
/ bar

Orifi ce 
opening

/ mm

Melt tempera-
ture
/ °C

Tundish tem-
perature

/ °C
A1 215 6 1 250 1 150
A2 215 5 1 200 1 132
A3 215 4 1 276 1 126
A4 100 5 1 249 1 115
A5 50 5 1 271 1 130
B1 215 6 1 417 1 128
B2 215 5 1 324 1 117
B3 50 5 1 296 1 144

Figure 1 Stages of the atomisation process

Figure 2 Viscosity curves of the two tested frits

many different forms. The process of atomisation is 
systematically represented in Figure 1.

During the first stage or primary atomization, the 
melt breaks up into droplets, which can immediately so-
lidify and form particles. In regard to the materials with 
enough low viscosity, the droplets can be further trans-
formed. They divide, change shape etc., before they 
achieve their end forms.   Particles and droplets can un-
dergo several impacts prior to the completion of the 
process, th   ereby altering their already-formed struc-
tures in many different ways. In   the case of frits, their 
high viscosities already act as the main obstacle for pri-
mary atomisation. Consequently, disintegration of the 
melt stream is restricted. As can be seen from Table 3 
and Figure 2, frit A was more viscous than frit B. This 
directly affected the morphologies as almost no spheri-
cal particles were observed in frit A, whilst the atomised 
powders of frit B contained a high degree of spheres 
(Figure 3).

 a) b)

Figure 3 a) Frit A b) Frit B

Table 3 Results of the flow tests

Frit A Temperature
/ °C

Time
/ min

Length
/ mm

Viscosity
/ Pa∙s

800 3,00 51 38,95
900 2,50 78 10,46

1 000 1,33 84 4,12
1 100 1,00 93 2,26
1 200 1,00 107 1,57

Frit B 800 3,00 94 7,99
900 2,50 137 2,43

1 000 1,33 130 1,33
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  (2)

where, d is the particle diameter / m, ρm the density of 
the melt / kg/m3, h heat transfer coefficient / W/m2K, cpm 
the specific heat of the melt / J/kgK, Ti the initial melt 
temperature / K, T0 the temperature of the water / K, Ts 
the solidus temperature / K and ∆Hl the latent heat of 
fusion / J/kg. In the case of amorphous solidification, 
the total discharged heat during atomisation is equal to 
the difference of the heat content of the melt between 
the temperature of overheating and the glass transition 
temperature. Therefore, for solidification of frits, equa-
tion 2 can be transformed into:

  (3)

The equation by Nichiporenko was used for sphe-
roidisation time [11]:

  (4)

where, ηm is the viscosity of the melt / Pa s, γm the sur-
face tension of the melt / N/m, r1 the smallest radius of 
the initial non-spherical droplet / m, r2 the final radius 
of the sphere / m and V the volume of the droplet / m3. 
Figure 4 and Table 4 present the results of the calcula-
tions.

formed (Figure 3b). In this case, the critical radius was 
much lower as can be seen from Table 4.

In comparison to copper, where the spheres are eas-
ily made, the values of the time ratios for frits were 
much smaller.

Figure 4 Solidification and spheroidisation times

 a) b)

Figure 5 a) Frit A, b) Frit B

The high viscosity of frit A increased the spheroidi-
sation time so that the particles solidified before they 
were able to form a sphere. The ratio of tsol/tsp was for 
this case less than 1. As can be seen from Figure 4, even 
in test 5, where the pressure was reduced and favoured 
the formations of spheres, the solidification time was 
still too short, and irregular particles were mostly 
formed.For this test the critical radius had a very high 
value of d* = 988 μm, that confirmed a tendency to ir-
regular shapes at normally used atomisation parameters. 
However, for frit 2 the spheroidisation time was lower 
than the solidification time and spherical particles were 

Table 4 Time ratios and critical radii of atomisation

Frit (tsol/tsp)1 / – Critical radius2 / μm
A1 0,4 /
A2 0,4 /
A3 0,7 /
A4 0,5 /
A5 0,9 988
B1 5,0 28
B2 2,7 108
B3 5,1 27

Copper 1 000 /

1Calculated for size of particles up to 1 000 μm.
2Radius at which solidification and spheroidisation times are equal.

This indicated that in the case of frits we were theo-
retically within the zone where both times were very 
close. From the practical point of view, small perturba-
tions during the atomisation process had already re-
versed the relationship between both times. Figure 5 
confirms the above statement as the spheres were de-
tected amongst other particles in frit A, whereas in frit B 
some irregular particles were still present. Lowering the 
pressure of the dispersed media increased the solidifica-
tion time. Larger particles were formed and the degrees 
of interactions became greater. Because the particles 
were   incompletely solidified at the end of primary at-
omisation, the secondary atomisation and interactions 
between them transformed and distorted the particles. 
Moreover, as the viscosity was reduced by increasing 
the melt temperature, the fluidity increased, hence the 
particles were very flexible before they are completely 
solidified.

We observed greater interactions between the parti-
cles in the case of frit B in comparison with frit A. The 
particles were deformed, agglomerated, broken etc., as 
seen in Figure 6. Thus, when the viscosities were lower 
the interactions were greater and vice versa. Addition-
ally, as the frits are very brittle materials the interaction 
mechanism was more influential on the morphologies 
as in the cases of metallic materials.

Finally, the influence of viscosity on the sizes of the 
particles was clearly identified. The size grades for frits 
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B, which were atomised at much lower viscosities, were 
considerably lower than those for frits A (Figure 7). 
However, the end-sizes of the atomised particles were 
also influenced by the interactions of droplets and parti-
cles during additional stages after primary atomisation. 
Enhanced interactions and agglomeration at lower wa-
ter pressure increased the sizes of the particles. This 
This was clearly identified from tests A5 and B3, where 
finer particles were detected for a more viscous frit A. 
Additionally, the results of our research work clearly 
indicated that smaller orifice openings reduced the sizes 
of the particles.

CONCLUSIONS

The results from this experimental work clearly con-
firm the opportunity for water atomisation in attaining 
micron-sized powders of frits. The principal conclu-
sions of the study are:

For successful atomisation of frits, the melts need to 
be superheated to a greater extent than the metals and 
alloys because of their much higher viscosities.

The forms of the particles depend on the relation-
ships between the times of solidification and spheroidi-
sation as well as on the inte ractions between the parti-
cles after primary atomisation.

Particle sizes of powders are lower at higher water 
pressure and smaller orifice openings. However, when 
the pressure of the dispersed media is reduced, the mean 
particle size increases as a consequence of interactions 
and agglomerations.
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Figure 6 a) and b) Frit B

Figure 7 Particle sizes of the produced powders


