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ABSTRACT 

The production of metal powders by water atomisation is a well established 

process, which can be used to produce a wide range of particle sizes. A 

careful control of the particle size distribution is necessary, to atomise 

powders with a high quality and at a low production cost. Therefore, it is 

necessary to have a substantial knowledge of the relation between 

operational parameters and the particle size, to be able to produce water 

atomised metal powders with consistent and high yields. 

The main purpose with this thesis was to increase the knowledge about 

factors which affect the mass median particle size (d50) for water atomised 

metal powders. The specific objectives with the study were to develop a 

theoretical d50 model and to investigate the relation between the particle size 

and the physical properties of the liquid metal. 

Pilot scale experiments for liquid iron showed that alloy additions of carbon 

and sulphur decreased the d50 value, at a maintained liquid steel temperature 

before atomisation. Moreover, it was indicated that the reduced particle size 

at increased %C and %S contents may be related to a decreased viscosity 

and surface tension of the liquid metal, respectively. An alternative 

explanation could be that raised superheats at increased carbon contents 

increased the total available time for atomisation, which may have 

contributed to a reduction of the d50 value. 

The theoretical d50 model developed in this work showed a very good 

correlation to the current experimental data. The model considers the 

influence of surface tension, viscosity, melt stream diameter, water pressure, 

water jet angle and water to metal ratio. This model was further used to 

analyse how the d50 value was influenced by the viscosity and the surface 

tension. A reduced viscosity from 4∙9 to 2∙1 mPa s decreased the d50 value 

with 33%. In addition, the particle size was estimated to decrease with 21% 

by decreasing the surface tension from 1840 to 900 mN m
-1

. 

 

Keywords: water atomisation, metal powders, particle size, modelling, 

viscosity, surface tension 
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1 INTRODUCTION 

The production of metal powders is a well established process, which can be 

used to produce many different products for a large number of applications. 

A classical application of water atomisation is iron powders for the powder 

metallurgy (PM) industry. Complex components are pressed and sintered by 

PM producers to high mechanical strengths and very good dimensional 

tolerances, Fig. 1.
1
 Other examples of commercial applications are silver 

powders for electrical contacts
2
, ultrafine stainless steel powders for metal 

injection moulding
3
 and steel shots used for shot cleaning and peening

4
. 

The scale of operation for the water atomisation process varies, with melting 

units from a few kilos to large scale production atomisers over 100 tons.
5
 

Metallic raw materials are normally melted in an induction or electric arc 

furnace. After final adjustments of the liquid metal composition, the melt is 

superheated to the atomisation temperature for the specific alloy. The liquid 

metal is generally poured via a tundish, to supply the water atomising jets 

with an even and controlled melt flow rate. The water jets used in the 

process are normally in the form of discrete multiple jets or an annular slit 

concentric to the melt stream.
6
 Annular and V shaped designs are frequently 

used, generally with a ‘free fall configuration’ from the tundish nozzle to 

the water jets. After the atomisation, the as-atomised powders are 

dewatered, dried and sieved to the specific particle size distribution for the 

product. 

A wide range of particle sizes can be produced with the water atomisation 

process. A careful control of the particle size distribution is necessary, to 

atomise powders with high quality and yields. It is therefore important to 

have a substantial knowledge of the relation between operational parameters 

and the particle size. Table 1 summarizes published theoretical models
7-14

, 

which describe the relation between the mass median particle size (d50) and 

operational parameters during water atomisation. Improved and more 

sensible models would further increase the knowledge and control of the 

process. 

Investigations by Ankus et al.
2
 and Dunkley et al.

10
 showed that the physical 

properties of the liquid metal can have a significant influence on the particle 

size during water atomisation. Summarized, these studies concluded that the 

d50 value decreases by about 5-10% per 100°C of superheat for alloys with a 

liquidus temperature higher than 500°C. 
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The influence of surfactants in the liquid metal on the d50 value was 

investigated by Klar and Shafer
15

 and Bergquist
13

. These studies indicated 

that a decreased surface tension of the liquid metal may reduce the d50 value 

for water atomised metal powders. In the investigation by Bergquist
13

, it 

was also briefly discussed that decreased d50 values at increased superheats 

could be related to a decreased viscosity of the liquid metal. However, Yule 

and Dunkley
4
 calculated the relative importance of viscous and surface 

tension forces in resisting atomisation for liquid metals. These calculations 

concluded that the viscosity in general should have an insignificant 

influence on the atomisation process compared to the surface tension. 

Table 1: Models for prediction of the d50 value during water atomisation, 

see ‘List of symbols’ for parameter definitions 

Model Equation 

I 
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7 
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Figure 1:  Example of a PM steel component produced from water 

atomised iron powders, helical gear 

1.1 Objective and overview of the work 

The present thesis focused on the particle size for water atomised metal 

powders. The main purpose with the study was to increase the knowledge 

regarding the relation between operational parameters and the particle size 

during water atomisation. The first specific objective for the thesis was to 

develop a new theoretical model for prediction of the d50 value in as-

atomised powders. A second objective was to study how the physical 

properties of the liquid metal affect the particle size. 

A general overview of the thesis is presented in Fig. 2. Published models for 

prediction of the d50 value were reviewed in the initial part of supplement 1. 

Laboratory experiments for liquid iron were thereafter performed at various 

carbon contents and water pressures. These tests were used to fit and 

compare the published models to experimental data. A parameter study was 

performed in the final part of supplement 1, to investigate how the d50 value 

was influenced by some important parameters. More specifically, these 

were the water pressure, melt stream diameter, water jet angle, liquid metal 

viscosity and surface tension. 
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The influence of liquid metal properties on the particle size was further 

analysed during pilot scale tests in supplement 2. Design of experiments 

(DOE) was used to investigate how the d50 value was influenced by 

increased carbon and sulphur contents in liquid iron. Other parameters 

included in the DOE study were the water pressure, water level in the 

atomising tank, type of water jet and melt stream diameter. The 

experimental data from the pilot scale tests was finally used to further 

develop a theoretical d50 model proposed in supplement 1. 

 

Figure 2: Overview of the work 

  

Supplement 1 

Laboratory tests 

Evaluation of d50 models 

Parameter study 

Supplement 2 

Pilot tests 

Design of experiments 

Influence of liquid metal 

properties 

New d50 model 

Increased knowledge of factors affecting the 

particle size for water atomised metal powders 



5 

 

2 THEORETICAL BACKGROUND 

2.1 Factorial experiments 

The goodness of fit and predictive power for developed models during 

factorial experiments are normally estimated with R
2
 and Q

2
 respectively. 

These variables are defined as follows
16 

SS

SSSS
R resid

2
   (1) 

SS

PRESSSS
Q


2

   (2) 

where SS and SSresid are the sum of squares of Y and residuals respectively, 

corrected for the mean. The variable PRESS is the Prediction Residual Sum 

of Squares, which is calculated to obtain a cross validation of the model: 

 2

2
^

1 i

ii

i h

YY

PRESS












    (3) 

where ( ii YY
^

 ) is the residual and hi is the i
th
 diagonal element of the Hat 

matrix, X(X′X)-1
X′. 

In general, Q
2
 values above 0∙5 and 0∙9 are considered as good and excellent 

respectively.
16

 Moreover, Q
2
 and R

2
 should not preferably be separated by 

more than a factor of 0∙2 to 0∙3 for a model with a good predictive power. 

2.2 Estimation of viscosity and surface tension 

The viscosity and surface tension for liquid iron was in supplement 2 

estimated with models proposed by Hirai
17

 and Chung and Cramb
18

 

respectively. The viscosity was calculated as follows
17

: 











RT

B
AM exp    (4) 
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m

m

RT

B

MTx
A

exp

1071 6/12/13/27
   (5) 

271652  mTB     (6) 

where M is the liquid metal viscosity in Pa s, R is the ideal gas constant 

(8∙31 J mol
-1

 K
-1

), T is the liquid steel temperature in °K,  is the density of 

the alloy at room temperature in kg m
-3

, Tm is the liquidus temperature in °K 

and M is the atomic weight in kg mol
-1

. 

For %C > 0∙9, the surface tension of the liquid steel was estimated with the 

following model
18

: 

 
   OOSS

SCFe

aKTaKT

CT





1ln15301ln1070

][%756718234301913

 

(7) 

872
10013

log 
T

KS    (8) 

094
11370

log 
T

KO    (9) 

where KS, KO, aS and aO are adsorption coefficients and activities for sulphur 

and oxygen respectively. 

For %C < 0∙2, the surface tension was calculated by using a model 

developed for the system Fe-S at 1550°C
16

: 

 SSFe a3651ln1951913    (10) 

2.3 Relative importance of viscosity and surface tension 

The relative importance of viscous and surface tension forces in resisting 

atomisation is determined by the ratio between the viscous energy 

dissipation and the surface energy for an atomised steel droplet.
4
 This ratio 

can be estimated with the liquid phase Weber and Reynolds numbers 

according to equation (11): 
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M

M

L

L UWe

E

E







 


Re
   (11) 

where E is the viscous energy dissipation, Eis the surface energy, U is 

the typical velocity difference across the zone during break up in m s
-1

 and 

M is the liquid metal surface tension in N m
-1

. The parameter U was in this 

work estimated with equation (12)
9
, which can be used to calculate the 

water velocity at the exit of the water nozzles: 

2/1

2










W

W
W

p
v


    (12) 

where  is a constant that considers deviations from an ideal frictionless 

flow, pW is the water pressure in Pa and w is the water density in kg m
-3

. 

2.4 Cooling time 

Estimation of the cooling time for an atomised metal droplet can give useful 

additional information about the atomisation process. An increased cooling 

time could at some conditions reduce the particle size, since the total 

available time for atomisation may increase. The cooling time for an 

atomised steel droplet from the tundish temperature down to the liquidus 

temperature was in this work estimated with a model developed by 

Nichiporenko
19

: 

)(

)(
ln

6 Steamm

SteamMM
dC

TT

TT

h

c
dt







  (13) 

where dd is the metal droplet diameter in m, ρM is the liquid metal density in 

kg m
-3

, cM is the specific heat for the liquid metal in J kg
-1

 ºK
-1

, h is the heat 

transfer coefficient between the metal droplet and the surrounding 

atmosphere in W m
-2

 ºK
-1

 and Tsteam is the steam temperature in the 

atomizing zone in ºK. 
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3 EXPERIMENTAL METHODS 

3.1 Experimental facilities 

As mentioned earlier, the atomising experiments in supplement 1 and 2 

were performed in a laboratory and pilot scale water atomiser respectively. 

Process data for these units are summarized in Table 2. The laboratory 

water atomiser is also schematically shown in Fig. 3. More specific details 

of the experimental facilities are presented in supplements 1 and 2. The 

following general procedure was used during the atomising experiments: 

Pure iron and graphite was charged and melted in the induction furnace. In 

supplement 2, ferro sulphur also was added in the furnace, just before start 

of the atomisation. Liquefied petroleum gas burners were used to preheat 

the tundish, which was red hot when the atomisation was started. When the 

target liquid steel temperature was reached for the heat, the steel melt was 

tapped into a tundish. The liquid metal was thereafter poured through a 

tundish nozzle, which distributed the melt into a V jet water atomising 

system. Nitrogen was used to flush the atomising tank, to avoid the risk for 

hydrogen explosions. After atomisation, the wet iron powder was dewatered 

and dried according to the procedures presented in Table 2. 

Table 2:  Process data for the laboratory and pilot scale water atomisers 

used in this work 

 Supplement 1 Supplement 2 

Induction Furnace 12 kg, bottom tapped 250 kg, top tapped 

Water jet V jet V jet 

Main jet angle (°) 25 26∙5 

Drying Vacuum furnace,  

13h, 110°C 

Warm air, 180°C. Finished at 

an iron powder temp. of 95°C 

Tundish nozzle 6 mm diameter DM/D0 = 0∙571 to 1 

N2 protected melting No Yes 
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Figure 3:  Experimental set-up used in supplement 1 and by Bergquist
13

 

3.2 Experimental programme 

3.2.1 Supplement 1 

Five initial experiments were carried out in supplement 1, with increased 

carbon contents in the liquid steel from 0∙5-4∙4%, Table 3. The superheat in 

the induction furnace and the water pressure was maintained at 200°C and 

17∙5 MPa respectively for these heats. Six additional trials were thereafter 

performed, to investigate how the particle size was influenced by an 

increased water pressure and superheat. Liquid iron containing 4∙7%C was 

initially atomised at water pressures from 8∙0 to 13∙5 MPa. These 

experiments were followed by 3 heats with 4∙5%C and a water pressure of 

17∙5 MPa, where the superheat was increased up to 500°C. 



10 

 

Table 3:  Experimental programme for supplement 1 

 Test 1 Test 2 Test 3 

Heats 5 3 3 

Water pressure 17∙5 MPa 8∙0-13∙5 MPa 17∙5 MPa 

Carbon content 0∙5-4∙4% 4∙7% 4∙5% 

Superheat 200°C 200°C 300-500°C 

3.2.2 Supplement 2 
The software Modde 9 developed by Umetrics was used to design the pilot 

scale experiments in supplement 2.
16

 A 2
6-3

 fractional factorial design with 

resolution III and four centre points was chosen for the investigation, Table 

4. Investigated factors were pW (water pressure), J (water jet configuration), 

DM/D0 (relative melt stream diameter), H/H0 (relative water level in the 

atomising tank), %C (carbon content in the liquid steel) and %S (sulphur 

content in the liquid steel). Two water jet configurations were evaluated in 

the study. The water flow rate in jet A was 20-24% higher than in jet B, 

depending on the level of water pressure. Relative ratios were used for the 

water level in the tank (H) and the melt stream diameter (DM), where H0 and 

D0 represent the lowest water level and the largest melt stream diameter, 

respectively. 

Four final tests were carried out after the factorial experiments, to further 

evaluate how the d50 value was influenced by an increased melt stream 

diameter. These heats were atomised at a water pressure of 15 MPa, using a 

Fe-1%C melt and DM/D0 ratios from 0∙571 to 1. 

The steel temperature in the induction furnace was around 1620°C before 

the atomisation for all heats in supplement 2. This resulted in a variation of 

the superheat in the induction furnace from around 100 to 450°C, depending 

on the carbon and sulphur contents in the liquid steel. 
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Table 4:  Experimental programme for the DOE study in supplement 2 

Test Heat pW (MPa) J DM/D0 H/H0 % C % S 

1 D1959 8 A 0∙714 1 4 0∙5 

2 D1951 18 A 0∙714 1 0∙05 0∙004 

3 D1961 8 B 0∙714 0∙38 0∙05 0∙5 

4 D1952 18 B 0∙714 0∙38 4 0∙004 

5 D1957 8 A 1 0∙38 4 0∙004 

6 D1956 18 A 1 0∙38 0∙05 0∙5 

7 D1954 8 B 1 1 0∙05 0∙004 

8 D2134 18 B 1 1 4 0∙5 

9 D1969 13 A 0∙857 0∙69 2∙03 0∙25 

10 D1960 13 A 0∙857 0∙69 2∙03 0∙25 

11 D1953 13 B 0∙857 0∙69 2∙03 0∙25 

12 D1958 13 B 0∙857 0∙69 2∙03 0∙25 

3.3 Powder handling and analysis 

Powder samples were prepared with a spinning riffler, which was used to 

split the atomised powders to the specific amount needed for each analysis. 

In supplement 1, all atomised powders from each heat were split in the 

spinning riffler. During the pilot tests, a 5 kg large powder sample was 

prepared for each atomising experiment by slowly feeding all atomised 

powders through a powder sampler. This sample was then finally split in the 

spinning riffler. Table 5 summarizes all methods used for analysis of 

atomised powders in this work. 
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Table 5:  Procedures and methods used for analysis of atomised iron 

powders 

Property Method Standard 

Carbon and Sulphur LECO ISO 15350 

Oxygen and Nitrogen LECO ISO 15351 

Trace elements Inductively plasma 

atomic emission 

spectroscopy 

ISO 13898-1-4 

(1997) 

As-atomised particle size Sieve analysis EN ISO 24497 

Apparent density Hall flow meter ISO 3923-1 

Powder particle shape and 

morphology 

SEM - 
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4 RESULTS AND DISCUSSION 

As mentioned earlier, the main objective with this work is to increase the 

knowledge about factors which influence the particle size during water 

atomisation. In the initial part, some selected models are evaluated and 

compared to experimental data. Models II, V, VI and VII were selected for 

this investigation, Table 1. Models I, III and IV were excluded, since these 

models only consider parameters of the water jet and not properties of the 

liquid metal. The relation between the d50 value and the physical properties 

of the liquid metal is thereafter discussed during the evaluation of the 

factorial experiments. Data from these tests are finally used to fit and 

evaluate a theoretical d50 model proposed in supplement 1. 

4.1 Supplement 1 

4.1.1 Influence of water pressure 

It is well known that the water pressure has a very large influence on the 

particle size for water atomised metal powders.
2,7,10,21

 Laboratory tests with 

increased water pressures from 8∙0 to 17∙5 MPa were therefore initially used 

to evaluate the selected models, Fig. 4. Model VI shows the best agreement 

with the experimental results, but all other models predict too low d50 values 

at low water pressures. The results in Fig. 4 can be further discussed by 

using model IV proposed by Dunkley and Palmer
10

, Table 1. The exponent 

n is here a measure of the pressure dependence for a given atomiser and 

system. A regression analysis of the experimental data in Fig. 4 gives n = 

1∙0. This can be compared to n = 0∙8 for model VI, whose predictions also 

show the best agreement with the current experimental data. If the water 

velocity (vw) for the models II, V and VII is recalculated with equation (12), 

these models would get an equivalent n value of between 0∙48 and 0∙51. 

This explains why especially these models underestimate the d50 value at 

decreased water pressures compared to the experimental data in supplement 

1. 
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Figure 4: Experimental and predicted d50 values for various models as 

function of water pressure. Atomisation of liquid iron alloyed with 

4∙4 - 4∙7 % C 

4.1.2 Influence of viscosity 

Additional laboratory tests were carried out at a water pressure of 17∙5 MPa, 

to investigate how variations of the liquid metal properties influenced the 

d50 value. Figure 5 shows experimental d50 values versus the viscosity of 

liquid iron for heats atomised at various superheats and carbon contents. 

The viscosity data were estimated from a study by Krieger
22

.
 
The correlation 

is relatively good, where the particle size increases with an increased 

viscosity. 

The results in Fig. 5 were further analysed by calculating the d50 value as a 

function of the viscosity for the selected models. The calculations show a 

similar influence of the viscosity on the d50 value as for the experimental 

results, Figs. 5 and 6. Once more, model VI shows the best correlation to the 

experimental data. The exponent value for M in this model is 1∙0, which is 

close to the value of 0∙9 obtained by the regression analysis in Fig. 5. It was 

therefore decided to further develop model VI during the following studies 

in this work. 
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Figure 5: Relation between the liquid metal viscosity and the d50 value for 

experimental heats atomised at a water pressure of 17∙5 MPa 

 

Figure 6: Calculated d50 values versus the liquid metal viscosity for various 

models. DM= 6 mm,M = 1660 mN m
-1

, M = 6835 kg m
-3

, mW = 

50 l min
-1

, mM = 10 kg min
-1

, pw = 17∙5 MPa, = 25° 
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4.1.3 Influence of jet angle 
The influence of the jet angle on the d50 value was estimated by model 

calculations, since the jet angle was constant during all experiments in this 

work. Figure 7 shows that models V and VI predict a larger decrease of the 

d50 value at increased jet angles. 

The use of the factor sin in models V and VI has its origin from model III 

developed by Grandzol and Tallmadge
9
, Table 1. These authors assumed 

that the water velocity component normal to the liquid metal stream was 

responsible for the atomisation. However, this assumption was based on a 

very limited amount of experimental data. The large calculated decrease of 

the d50 value in Fig. 7 with an increased jet angle should therefore be treated 

with care. 

 

Figure 7: Calculated d50 values versus water jet angle, Fe-0∙5 %C melt, 

models V and VI, DM = 6 mm, M = 1834 mN m
-1

, M = 4,9 mPa s, 

M = 7021 kg m
-3

, mW = 50 l min
-1

, mM = 10∙8 kg min
-1

, pw = 12 

MPa 
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4.2 Supplement 2 

4.2.1 Factorial experiments 
Design of experiments was used to further investigate how the particle size 

was influenced by variations of the liquid metal properties and some other 

important atomising parameters, Table 4. Multiple linear regression (MLR) 

was used to develop a d50 model, based on the results from these tests. 

Factors with a significant influence on the d50 value are presented in Fig. 8, 

where the error bars correspond to a 95% confidence interval. The relative 

water level in the atomising tank (H/H0) and the water jet configuration (J) 

were excluded from the model. This since no measurable influence was seen 

on the d50 value for these properties. The goodness of fit and predictive 

power for the MLR model was very high, with R
2
 and Q

2
 values equal to 

0∙98 and 0∙93 respectively. The MLR model is presented in equation (14): 

][%3210][%0360234003703212log
0

50 SC
D

D
pd M

W 

      

(14) 

The water pressure showed the largest influence on the particle size during 

the factorial experiments, Fig. 8. Calculations with equation (14) using the 

centre point values in Table 4 also illustrated that there was a significant 

effect by alloying carbon and sulphur to the liquid steel. Increased carbon 

contents from 0∙05 to 4% decreased the d50 value by 28%. Similar 

calculations for sulphur indicated that the d50 value was reduced by 31%, at 

increased sulphur contents from 0∙004 to 0∙5%. The influence of the relative 

melt stream diameter was more uncertain, but still significant at a 95% 

confidence interval. Additional tests were therefore performed after the 

factorial experiments, to confirm the results from the DOE study. Similar 

results were obtained during these tests as for the factorial experiments. The 

d50 value increased with an increased relative melt stream diameter, Fig. 9. 
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Figure 8 Scaled and centred regression coefficients for d50 data, factorial 

experiments: Number of experiments = 12, Degree of freedom of 

residuals = 7, R
2
 = 0∙977, Q

2
 = 0∙927, Residual standard 

deviation = 0∙036, Confidence level = 0∙95 

 

Figure 9: Relation between the d50 value and the relative melt stream 

diameter 



19 

 

4.2.2 Influence of liquid metal properties 
The results from the factorial experiments were further analysed by 

estimating how the surface tension and viscosity of liquid iron was 

influenced by increased contents of sulphur and carbon. Calculated surface 

tension and viscosity values are presented in Figs. 10 and 11, respectively. 

The viscosity was estimated with equation (4) and the surface tension with 

equations (7) and (10). These calculations indicate that the decreased 

particle size at increased contents of %C and %S observed in Fig. 8 mainly 

was caused by a decreased viscosity and surface tension value, respectively. 

 

Figure 10: Calculated surface tension at 1550 °C based on equations (7) 

and (10), for liquid iron alloyed with sulphur and carbon 
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Figure 11: Calculated viscosity using equation (4) at 1550 °C, for liquid iron 

alloyed with sulphur and carbon 

The relation between the physical properties of the liquid metal and the 

particle size can be further discussed by evaluating the influence of the 

superheat on the d50 value during the atomisation. It was earlier estimated by 

using equation (14) that alloy additions of 4% carbon to liquid iron 

decreased the d50 value by 28%. This increased carbon content also 

corresponded to a raised superheat from around 90 to 430°C. Summarized, 

this corresponds to a reduction of the d50 value by 8% per 100°C of 

superheat. These results are in agreement with previous studies by Ankus et 

al.
2
 and Dunkley et al.

10
, who noticed that the d50 value decreased with 7-9% 

and 5-10% respectively per 100°C of superheat. 

The estimated influence of the superheat on the d50 value in this work may 

be explained by a decreased viscosity at increased carbon contents, Fig. 11. 

However, an alternative explanation could be that the total available time 

for atomisation increases at increased superheats. This can be illustrated by 

calculating the cooling time from the tundish temperatures down to the 

liquidus temperatures for an atomised steel droplet with equation (13). 

Figure 12 shows estimated cooling times at 5 different metal droplet 

diameters for tests 2 and 4 in supplement 2, Table 4. The calculated cooling 

time was around 17 times longer at a 4∙22%C content compared to a 

0∙22%C content. 
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The rounder particle shape for test 4 compared to test 2 further indicated 

that the cooling time was significantly longer at high carbon contents, Figs. 

13 and 14. It can be speculated that the total available time for atomisation 

was increased at higher carbon contents, since the superheat was raised at 

increased carbon contents in supplement 2. This may have improved the 

secondary atomisation of primary atomised ligaments and thereby reduced 

the particle size. 

 

Figure 12: Calculated cooling times for liquid metal droplets from the 

tundish temperature down to the liquidus temperature, test 2 and 

4, supplement 2 
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Figure 13: Scanning electron microscope investigation, test 2, heat D1951, 

0∙22 %C, particle size of 75-106 m, supplement 2 

 

Figure 14: Scanning electron microscope investigation, test 4, heat D1952, 

4∙22 %C, particle size of 75-106 m, supplement 2 
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4.2.3 d50 model 
The results from the factorial experiments and the tests with increased 

relative melt stream diameters were used to further develop the theoretical 

d50 model proposed in supplement 1. This model is presented in equation 

(15), with calculated exponents relevant for supplement 2 

400

710

210460330

50
sin

















M

W

W

MMM

m

m

p

D
kd




  (15) 

The superheat was not directly considered in this model. The influence of 

the liquid metal properties on the d50 value was instead modelled by the 

surface tension and viscosity. Figure 15 shows calculated d50 values with 

equation (15) compared to experimental data for all experiments in 

supplement 2. The correlation is very good with an R
2
 value of 0∙976. 

 

Figure 15: Calculated d50 values for equation (15) versus experimental data 

in supplement 2 

Table 6 summarizes estimated exponent values for this work and previous 

published d50 models. A negative exponent value means that the d50 value is 

reduced, when the specific parameter is increased. The exponents for the 

water pressure for equation (15), models VI and VIII are within the interval 

proposed for flat water jets by Dunkley and Palmer
10

. In addition, it is 
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interesting to notice that the calculated exponent value for equation (15) is 

identical to the value proposed in model II by Kishidaka
8
. 

In general, all models in Table 6 predict that the particle size increases with 

increased surface tension and viscosity values of the liquid metal. The 

calculated exponent values for the surface tension and viscosity for equation 

(15) are lower than proposed by Bergquist
13

 and in supplement 1, but closer 

to the values suggested by Kishidaka
8
. Moreover, the mW/mM ratio was 

estimated to have a significantly larger influence on the d50 value in 

equation (15) compared to all the other models. The experiments in 

supplement 2 included several tests with water to metal ratios below 4. This 

may explain the more negative exponent value for equation (15), since 

previous investigations
10,23

 have reported that the d50 value drastically can 

increase at mW/mM ratios below 3-4. 

Table 6: Calculated exponents for equation (14) compared to previous 

models, see ‘List of symbols’ for parameter definitions, S1 and 

S2 = Supplement 1 and 2 

Model II IV V VI VIII Eq.(15) 

Year 1972 1986 1994 1999 2012 2012 

Ref. Kishid. 

(Ref.8)
 

Dunkley 

(Ref.10) 

Ternovoi  

(Ref.11,12) 

Bergq. 

(Ref.13) 

S1 

(Ref.20) 

S2 

pW - -0∙7 to -1∙2 - -0∙80 -0∙98 -0∙71 

DM 0∙21 - - - 0∙21 0∙21 

mW/mM -0∙04 - - -0∙04 -0∙04 -0∙40 

M 0∙22 - -0∙15 0∙80 0∙80 0∙33 

M 0∙57 - 0∙35 1∙00 0∙93 0∙46 
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5 CONCLUDING DISCUSSION 

The present study shows that theoretical models can be useful tools to 

estimate how operational parameters influence the d50 value for water 

atomised metal powders. Published models for prediction of the particle size 

during water atomisation were reviewed and evaluated in supplement 1. 

These models showed in general a relatively good agreement with 

experimental data, Figs. 4-6. In addition, laboratory experiments in 

supplement 1 indicated that the particle size increases with an increased 

viscosity of the liquid metal, Fig. 5. 

Factorial experiments were performed in supplement 2, to more specifically 

determine how the d50 value was influenced by variations of the liquid metal 

properties and some other important atomising parameters, Table 4 and Fig. 

8. The results from these experiments were thereafter used, to determine 

exponents for a theoretical d50 model proposed in supplement 1, equation 

(15). Figure 15 shows that there was a very good correlation between the 

predicted d50 values with equation (15) and the experimental data in 

supplement 2. 

In addition, the factorial experiments showed that alloy additions of carbon 

and sulphur to liquid iron reduced the d50 value, at a constant liquid steel 

temperature before the atomisation, equation (14). It was indicated that the 

reduced particle size at increased carbon and sulphur contents was related to 

a decreased viscosity and surface tension respectively, Figs. 10 and 11. 

The influence of the surface tension and viscosity can be further analysed by 

calculating the ratio between the viscous energy dissipation and the surface 

energy according to equation (11). A value of WeL/ReL = 1 would mean that 

the surface tension and the viscosity are of similar importance during the 

atomisation process. The WeL/ReL ratio was estimated to have values 

between 0∙2 and 0∙8 for the experiments in supplement 2. This further 

indicates that both the surface tension and the viscosity may have influenced 

the atomisation process in this work. 

Table 6 showed that all published d50 models in general propose that the d50 

value increases with an increased surface tension and viscosity of the liquid 

metal. This is in agreement with the experimental results in the present 

study. However, the exponents for the surface tension and viscosity have a 

relatively large scatter in the different studies. One possible explanation to 
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this could be that it is difficult to measure these properties, which have 

resulted in a large scatter between published data for liquid metals.
17,24,25

 

Another source of uncertainty is the extremely oxidizing gas atmosphere 

during water atomisation. It could be possible that the local surface 

oxidation during water atomisation may change the physical properties of 

the liquid metal, since oxygen is a very strong surfactant in liquid iron
24

. 

This could also have influenced the scatter seen for the viscosity and surface 

tension exponents in Table 6. 

Besides the viscosity and surface tension, the total available time for 

atomisation could be another factor that may have influenced the particle 

size. Calculated cooling times for atomised metal droplets from the tundish 

temperature to the liquidus temperature indicated that the cooling time was 

significantly longer at high carbon contents in supplement 2, Fig. 12. This 

since the superheat was raised at increased carbon contents. It can therefore 

be speculated that the reduced particle size at increased %C in equation (14) 

also could be explained by an increased available time for atomisation. This 

may have improved the secondary atomisation of primary atomised 

ligaments and thereby reduced the particle size. 
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6 CONCLUSIONS 

This thesis has focused on the particle size of water atomised metal 

powders. The main purpose with the study was to increase the knowledge 

regarding important factors which influence the particle size during water 

atomisation. The specific objectives with the study were to develop a 

theoretical d50 model and to investigate how the physical properties of the 

liquid metal influenced the particle size. The thesis included model 

calculations, laboratory and pilot scale atomising tests of liquid iron. 

The study shows that theoretical models can be useful tools to estimate how 

operational parameters influence the d50 value. The proposed d50 model in 

supplement 1 showed a very good correlation to the experimental data in 

supplement 2. 

In supplement 2, alloy additions of 4%C and 0∙5%S to liquid iron decreased 

the d50 value with 28 and 31%, respectively. It was indicated that the 

reduction of the particle size at increased carbon and sulphur contents was 

related to a decreased viscosity and surface tension, respectively. 

It may also be possible that the reduced particle size at increased carbon 

contents in supplement 2 was caused by an increased available time for 

atomisation. Alloy additions of 4%C to liquid iron increased the superheat 

in the furnace from around 90 to 430°C. Model calculations indicated that 

this raised superheat resulted in around 17 times longer cooling time for 

atomised droplets, from the tundish temperatures down to the liquidus 

temperature. It can be speculated that the significantly longer cooling time 

at large superheats may improve the secondary atomisation of primary 

atomised ligaments. This could contribute to a reduction of the particle size. 
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The influence of operational parameters on the d50 value was also 

investigated by model calculations and results from the laboratory and pilot 

scale tests. Based on these studies, investigated parameters were estimated 

to have the following influence on the d50 value: 

i. water pressure: large effect, a 45-50% decrease for pressures from 8 

to 18 MPa 

ii. jet angle: large effect, a 45-50% decrease for jet angles from 15 to 

30° 

iii. viscosity: medium effect, a 25-35% decrease for viscosities from 7 

to 4∙5 mPa s 

iv. surface tension, medium effect, a 20% decrease for surface tensions 

from 1840 to 900 mN m
-1

 

v. melt stream diameter, small effect, a 10% decrease for relative 

diameters (DM/D0) from 1 to 0∙57 

The large estimated influence of the water jet angle on the particle size 

should be treated with care. This since its strong effect is only supported by 

the proposed models
9,11-13

, which are based on a very limited amount of 

experimental data. In addition, the presented results for the viscosity and 

surface tension will be seen as provisional. This since there is a relatively 

large scatter between experimental data in the literature
11,16,25

. 
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7 FUTURE WORK 

Finally, it can be concluded that detailed additional studies are required to 

further describe the complex phenomena related to water atomisation. 

Several areas have to be investigated in more detail, to be able to develop 

more sensible equations for the particle size. An interesting future research 

area could be to investigate how the particle size is influenced by the 

interaction between the water jets and the liquid metal stream. In addition, it 

is recommended to further study the relation between the d50 value and the 

physical properties of the liquid metal. An interesting approach could be to 

select a specific alloy system and carry out detailed measurements of the 

liquid metal viscosity, surface tension and density. Carefully planned water 

atomising tests should thereafter be carried out for this system, to further 

investigate how the d50 value is influenced by variations of the liquid metal 

properties. 
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