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New insights into influencing variables of water
atomisation of iron
B. Bergquist

drop measurements is dramatically different from the one
experienced during atomisation. Thus, it is not self-evidentTrace amounts of surfactants have an acute influence
that the same bulk concentration will yield a similaron measured surface tension of melts and may influ-
reduction in surface tension.ence viscosity. A water atomisation experiment

Nevertheless, a gas atomisation experiment performedwas performed to investigate if variations of these
by Strauss7 on copper showed a reduction of particle sizeelements could affect quality. Effects of water press-
by 15% when an otherwise pure melt was doped withure, melt superheat, and sulphur content, iron scrap
100 ppm sulphur. The reduction was almost 30% whenoxygen content, and aluminium content were studied.
1000 ppm sulphur was added.7 Klar and Shafer conductedResponses studied were particle size distribution,
a water atomisation experiment with copper doped withapparent density, flow, powder chemistry, morph-
oxygen, and found a 20% decrease in the particle size forology, green density, and dimensional change. A large
melts saturated with oxygen compared with melts preparedsulphur addition reduced the particle size, as a result
under hydrogen protection.8 Klar and Fesko also investi-of a reduction of surface tension, but the largest effect
gated surface tension effects in a water atomisationcame from changing water pressure. Higher water
experiment on copper.9 In this experiment, the effects ofpressures also resulted in powders with lower appar-
oxygen, silicon, phosphorus, lithium, and magnesiument density, lower flowrate, and reduced swelling
contents on particle formation were investigated. Theirduring sintering. An empirical water atomisation
results were the opposite of those of Strauss1 and those ofmodel is proposed. Aluminium additions reduced the
Klar and Shafer.8 Melts deoxidised with silicon had smallerpowder size standard deviation and increased the
particle size (oxygen is surface active in copper, silicon iscarbon content of the powder. A reduced powder size
not). Phosphorus added to the copper melt decreasedstandard deviation was seen also for melts with raised
surface tension and increased the resulting particle size.superheating. PM/0846
Their conclusion was that a major size effect was an
agglomeration of smaller particles.9 Formed surface com-At the time the work was carried out, the author was
pounds would then hinder small particles from joining andin the Division of Engineering Materials, Department
agglomerating. Powders atomised from melts with elementsof Mechanical Engineering, Linköpings universitet,
prone to oxidation, such as silicon, often have a narrowSE–581 83 Linköping, Sweden. He is now with the
size distribution. The theory, consistent with agglomeration,Division of Quality Technology and Statistics, Depart-
was that prevention of agglomeration avoided differentment of Business Administration and Social Sciences,
parts of the atomisation zone from developing differentLuleå tekniska universitet, SE–971 87 Luleå, Sweden.
particle sizes owing to different probabilities of collision.

© 1999 IoM Communications Ltd.

Surface tension effects
The surface tension of liquid metals under the influence of

INTRODUCTION surfactants and deoxidisers is complex; even correctly
measuring the surface tension of mercury at room temper-Producers of iron powder for PM applications strive for a

reduction of the impurity content of the powder because ature is difficult, and so measuring at and above the
liquidus temperature of iron has no doubt added to theof the harmful effects impurities might have on proper-

ties such as compressibility, toughness, transverse rupture difficulty, as reflected by the large scatter of the published
data. Oxygen and sulphur are more active in iron meltsstrength, and hot workability of sintered parts.1,2 App-

rehensions are that reductions to a very low level of surface than in copper, as stated in previous work.5 Oxygen is
present in the surrounding air, naturally dissolved in water,active contaminants (or surfactants), such as sulphur or

oxygen of the melt feedstock for water atomisation, could and may also be catalysed from water molecules decom-
posed by the liquid melt. The surface tension of iron asprove counteractive. The surface tension of iron is increas-

ingly more sensitive to variations of the group VI elements a function of oxygen at 1550°C is shown in Fig. 1. The
oxygen affinity of alloying elements and the permeabilityas the content of these approaches zero (Fig. 1).3–5 Since

surface tension is considered a predominant variable in the and stability of the formed oxides are also important for
the effect of reducing surface tension. If the atomisationcomminution of a melt, atomisation of occasionally polluted

scrap would then result in process disturbances with large chamber is filled with air, the dominant part of the oxygen
pickup is seen to evolve from the air contact of the droplets/batch to batch particle size variations, given that the

suspicions regarding surfactants are proved correct. particles.10,11
Sulphur is a strong surfactant in iron, but whether it isHowever, the time taken to form a particle during

atomisation is about four or five orders of magnitude more or less active than oxygen is a matter of debate.4,5
Moderate sulphur additions to an oxygen rich melt mightsmaller than times used to investigate surface tension. The

surface/volume ratios seen in melt atomisation and press not reduce the surface tension. Melts without oxygen,
however, would be greatly influenced by trace amounts ofand sinter size ranges, are typically two orders of magnitude

larger than those seen during normal surface tension sulphur (Fig. 1). The minimum surface tension measured
with sulphur additions is around 0·7 Pa. The minimummeasuring techniques, such as the sessile drop technique.6

The surrounding atmosphere of a droplet during sessile surface tension as a result of oxygen in the bulk is above
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332 Bergquist New insights into influencing variables of water atomisation of iron

It is therefore of interest to verify the effects of such actions
for water atomisation of iron. The discrepancies seen when
investigating the physical properties of the iron melt are
most likely a result of the difficulty of measuring correctly
at the high temperatures involved, together with the
problem of keeping the melts pure. Understandably, if it is
difficult to even measure properties during experimental
conditions, it would be almost impossible to keep them
stable in a nearly pure melt in an industrial environment.
A validation experiment was therefore performed in order
to increase the experimental data regarding the importance
of impurities and deoxidising practice on the powder
properties of water atomised iron powder.

EXPERIMENTAL
Experimental facility and general procedure
A modified Davy McKee D5 15 kg atomiser, located at the

1 Surface tension of iron versus impurity elements (after Höganäs laboratory, was used to perform the validation
Ref. 5) experiment. The atomiser has an induction heated alumina

ladle that contains a stopper rod to allow for bottom
1 Pa.5,12 Aluminium and silicon, by themselves, should not tapping through an 8 mm diameter nozzle. The ladle is
affect the surface tension of the melt. However, both are emptied into a graphite tundish which has a nozzle with a
strong deoxidisers, and by reducing oxygen they restore diameter of 6 mm. Propane torches heat the tundish red
the surface tension of oxygen containing melts.13 hot. The atomisation zone consists of two primary and two

Raised temperatures normally reduce surface tension as secondary water jets in a closed V jet configuration, with
the vapour pressure increases (surface tension must equal angles of 25 and 15° between jets and melt stream
zero at the critical temperature). However, the temperature respectively (Fig. 2).
coefficient of the surface tension of melt containing oxygen The charge weight was 7 kg and the charges contained
or sulphur is often positive; increases in temperature are 0·4 wt-% graphite, added as 10 g graphite and 40 g ASC
followed by increased surface tensions. Binary Fe–O melts 100.29 iron powder compacts. During the investigation,
change the sign of the temperature coefficient at about distilled water was used as the atomisation medium, and
0·002 wt-%O, and Fe–S melts at 0·004 wt-%S.4 This may the water pressure was set by water jet changes. Total
be a result of increased evaporation of the surface oxygen water flow was constant at 0·92 L s−1 during the experiment
or sulphur. as a displacement pump was used. The main/secondary

water jet configuration was selected so that main/secondary
water flow proportions remained constant. The atomisingViscosity effects
chamber was purged with nitrogen and the powder collectedIida and Guthrie6 proposed that viscosity of a dilute alloy
after settling for 60 min. A vacuum oven, heated to 110°C,should not be particularly sensitive to small chemical
was used to dry the powder. The coarsest fraction of thechanges, as it is a property of the bulk. Similar observations
dry powder (presumably a result of splashing of melt outwere made by Bazin et al.14 for an iron melt containing
of the atomising zone) was sieved off with a US standardoxygen. There are, however, investigations where viscosity
sieve no. 35, with a sieve opening of 500 mm. The equipmentwas supposedly greatly affected by the oxygen content.15
and measurements used are given in Table 1. SubsequentlyTsepelev et al.16 also found a large influence of oxygen on
powders from atomisations F74–F92 (Table 2) werethe liquid viscosity, which was greatly suppressed in iron
reduced, admixed with copper and graphite (see Table 3),melts containing carbon. Similar observations were made
and then sintered to investigate dimensional change.by Bodakin et al.17 who found that at about 0·3 wt-%C,

oxygen content had no influence on viscosity.
There are investigations where trace amounts of sulphur Variables and ranges

would considerably lower viscosity. An iron melt, with a It is well known that high water velocities reduce the
sulphur content of 100 ppm would, according to Frohberg particle size of the atomised powder, and this was selected
and Cakici,18 have 6% lower viscosity at 1550°C than a to compare water velocity to other less investigated
melt with only 10 ppm sulphur. The minimum viscosity variables. The water velocity is proportional to the square
obtained for melts containing 0·1 wt-%S is 18% lower than root of the water pressure, and as pressure was measured
for pure iron melts. Addition of aluminium to deoxidise already, this variable was chosen as a measure of water
the melt may slightly increase the viscosity, as alumina velocity. The selected levels of water pressure p are seen in
particles form. Table 2. Crucible melt temperature T is a variable that will

affect the physical properties of the powder and it was also
Prior conclusions regarding physical properties investigated (Table 2).

Surfactant behaviour was investigated partly throughSmall variations of scrap metal impurities are inevitable as
deoxidising is common practice and temperature may vary. sulphur additions to the melt and partly using a melt

Table 1 Analysis equipment and procedures

Iron powder particle size ISO 4497, dry sieving; ISO 565 T.2
Flow ISO 4490:1978
Apparent density ISO 3923–1:1979
Dimensional change ISO 4492:1993; testpiece ISO 2720:1973
SEM analysis JEOL 6400 SEM; acceleration voltage: 25 keV
XPS and ESCA analysis VG SCIENTIFIC Microlab 310–F; acceleration voltage: 25 keV
C and S content analysis LECO CS 345 IR CO2
O and N content LECO TC 136

Powder Metallurgy 1999 Vol. 42 No. 4
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Bergquist New insights into influencing variables of water atomisation of iron 333

The effects of oxygen and deoxidising practice were
investigated with two variables: aluminium content and
pure iron fraction. Melts with supposedly high oxygen level
were produced by melting approximately 3·5 kg pure iron
blocks along with the graphite containing compacts under
argon atmosphere, and then adding close to 3·5 kg of
unreduced Höganäs ASC type powder without argon
protection. These melts were not aluminium deoxidised.
Low oxygen levels were produced by melting close to 7 kg
of pure iron blocks plus graphite containing compacts
under argon atmosphere and then deoxidising the melts
with 0·02 wt-%Al for approximately 30 s before melt
release, with one exception which is mentioned below. Pure
iron fraction is defined as the fraction of iron in the melt
originating from pure iron. The oxygen contents of the
melts were not measured, but the high oxygen content
melts were notably more effervescent, an indication of a
higher oxygen content. In order to separate a potential
effect of impurities in the unreduced ASC powder compared
with the pure iron melts, one melt (F103) was molten with
switched charge order. That is, initial melting was performed
with ASC powder under a protective atmosphere, followed
by final scrap addition of pure iron blocks still protected
by argon, and then deoxidised with aluminium. It was
thought that this procedure would ensure that oxygen
content of this melt was low, but still contained impurities
from the ASC powder. Subsequent analysis of the result-
ing powder was performed with equipment according to
Table 1.

Experimental design and evaluation
The experimental design chosen is given in Table 2.
Originating as a 24−1IV factorial designed experiment with

2 Outline of atomisation facility: metal is melted in bottom one centre point experiment (runs F74–F92), four extra
emptied induction furnace, poured via tundish into runs (F100–F103) were added to increase the experimental
atomisation zone where water jets disintegrates melt space spanned and to separate the possible predictor
stream variable confounding (Table 2). The run order is indicated

by the run name. The correlation between predictor
variables are given in Table 4. The correlation between

practice thought to induce or avoid oxygen in the melt. pure iron fraction and aluminium content is large (0·77),
The sulphur content was varied in four levels, no addition, and this is because they were varied in the same pattern,
or additions of 0·1, 0·2, or 1·5 wt-% respectively. The with the exception of run F103.
large surface/volume ratios of the experimental melts Before analysis, the independent variables were centred
were expected to enhance sulphur evaporation and large and scaled to unit variance. In classical regression, the
additions assured that some sulphur would be present even responses (y1 , y2 , . . . , yn ) are assumed to be a function of a
if some evaporated. Therefore, the added sulphur levels of mean and a continuous function of the predictor variables
0·1 and 0·2 wt-% are larger than levels that are ever xi and a random error e owing to measurement errors and
expected in production. The 1·5 wt-% level was chosen to unconsidered effects, that is, the observations can be
see how the atomisation reacted to extreme contents. The

fractionated into
sulphur was added as FeS, approximately 30 s before

y1=b0+b1x11+ · · ·+br i1r+e1melt release.

y2=b0+b1x21+ · · ·+brx2r+e2
Table 2 Experimental design* yn=b0+b1xn1+ · · ·+brxnr+en

or in matrix form y(n×1)=X[n×(s×1)]b[(s+1)×1]+e(n×1) , wherePure iron
Run label S, wt-% T, °C p, MPa fraction A, wt-% y is the response vector, X is the experimental design

matrix with the corresponding values of the predictor
F074 0·2 1602 15·5 0·91 0·02 variables, b is the vector of unknown predictor coefficients,
F081 0·2 1616 15·5 0·52 0 e is the error vector, n is the number of observations, and
F082 0·002 1576 15·5 0·51 0 s is the number of predictors. The best prediction of the
F083 0·001 1650 15·5 0·98 0·02 responses would use all of the information of the estimation
F084 0·001 1570 10·5 0·98 0·02

of the predictor coefficients b̂= (XTX)−1XT y.
F085 0·2 1570 10·5 0·52 0
F087 0·2 1656 10·5 0·97 0·02
F091 0·002 1643 10·5 0·48 0 Experimental considerations
F092 0·1 1610 12·5 0·77 0·01 The original intention was to test a wider range of crucible
F100 0·002 1640 12·5 0·49 0

melt temperatures than seen in Table 2. A higher temper-
F101 0·001 1644 12·5 0·98 0·02

ature was however difficult to reach owing to nozzle andF102 1·5 1646 12·5 0·95 0·02
stopper rod failures and lower temperatures led to severeF103 0·003 1648 12·5 0·39 0·02
freezeups of the tundish. The melts were released when the
predetermined temperature was reached, as measured by a*S is predicated S value, T is crucible melt temperature, P is water

pressure, and A is predicted Al value. thermocouple within the stopper rod. The narrower

Powder Metallurgy 1999 Vol. 42 No. 4
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334 Bergquist New insights into influencing variables of water atomisation of iron

Table 3 Resulting physical powder properties*

Iron Water to
Run mP , Flow, AD, D, sD , flow, iron mass C, S, O, N,
label mm sP s g cm−3 % % kg s−1 flow wt-% wt-% wt-% wt-%

F074 59·5 2·36 23·9 3·32 0·47 0·009 .. . .. . 0·06 0·187 0·33 0·015
F081 62·2 2·51 23·4 3·46 0·51 0·009 .. . .. . 0·11 0·187 0·34 0·021
F082 74·7 2·64 24·1 3·43 0·45 0·003 .. . .. . 0·15 0·009 0·42 0·029
F083 51·9 2·17 24·8 3·16 0·43 0·005 .. . .. . 0·31 0·006 0·37 0·015
F084 99·2 2·36 18·7 4·01 0·60 0·004 .. . .. . 0·32 0·007 0·23 0·012
F085 111·3 2·44 18·2 4·11 0·62 0·016 .. . .. . 0·14 0·184 0·55 0·069
F087 91·3 2·31 17·5 4·20 0·61 0·012 .. . .. . 0·27 0·176 0·23 0·014
F091 100·2 2·34 19·4 4·03 0·61 0·010 .. . .. . 0·18 0·008 0·44 0·036
F092 74·1 2·37 24·5 3·41 0·58 0·013 .. . .. . 0·24 0·091 0·32 0·023
F100 68·2 2·50 24·26 3·32 ... . . . ~0·18 ~5·1 0·02 0·008 0·57 0·014
F101 82·4 2·32 20·16 3·67 ... . . . 0·204 4·5 0·31 0·006 0·46 0·013
F102 54·0 2·30 21·55 3·32 ... . . . 0·200 4·6 0·28 0·988 0·87 0·012
F103 67·7 2·30 22·88 3·43 ... . . . 0·174 5·3 0·26 0·011 0·41 0·015

* mP is mass median particle size, sP is size distribution standard deviation, AD is apparent density, D is dimensional change, and sD is
dimensional change standard deviation.

temperature range led to some difficulties. The temperature The selection criterion determined if the predictor
variable in combination with other selected variableswas difficult to adjust precisely and the temperature

deviation from target was in one instance 24°C. A larger increased or reduced the sum of residual variation for all
scaled and centred responses obtained from all experimentstemperature range would, of cause, have reduced the

relative error. (Table 6). The smallest sum of residual variance was
obtained when all variables except pure iron fraction wereThe experimental design is not orthogonal, partly because

of the practical difficulties of setting correct temperature included; without pure iron fraction, the largest VIF
decreased to 1·17 and w to 1·82 (the eigenvalues of theand partly owing to the fact that the extra experimental

runs included to increase information were to few to obtain correlation matrix without pure iron fraction is 0·99, 0·83,
0·66, and 1·52). Thus, adding the pure iron fraction variableorthogonality. A confounding, or multicollinearity of the

predictor variables is therefore expected. The remedy of does not reveal much information about the results of the
experiment, and with the pure iron variable correlationsituations where multicollinearity is serious is to delete one

or several of the predictor variables, or to use regression with aluminium content, it adds collinearity. The pure iron
fraction was therefore excluded from further regression.methods such as ridge regression.19–21 Ridge regression is

controversial and should be used cautiously. A check of
the severity of the multicollinearity can be performed in RESULTS
several fashions. The correlation matrix (XTX where X is

Each response was measured twice and the arithmetic
the scaled and centred design matrix) should be checked

mean presented in Table 3 was used for the experimental
(Table 4). The correlation matrix of an orthogonal experi-

evaluation. The particle size distribution is presented as
mental design is the identity matrix, with all eigenvalues

mass median particle size mP and size distribution standard
being equal to one. If a variable is confounded on several

deviation sP defined as sP¬d84·13/d50 . Dimensional change
variables, the correlation matrix might not reveal any large

was measured on five tensile specimens from run F74 to
correlations between single variables. A check of the

F92. The tensile specimens were produced from reduced
eigenvalues l corresponding to the correlation matrix is

powder, compacted at 600 MPa with 2 wt-%C, 0·5 wt-%
insensitive to such confoundings.

graphite, and 0·5 wt-%Zn stearate added, and both the
The collinearity is measured by the condition number

averages and the standard deviations are presented in
w=lmax/lmin and as a rule of thumb, if w>1000, one

Table 3.
should be concerned.21 For this design matrix (the eigenval-

Calculations for the analysis of variables are based on
ues of the correlation matrix (Table 4) are 0·90, 0·83, 1·01,

the scaled and centred predictor variable matrix X. The
0·20, and 2·06) w=10·2. Other measures of collinearity are

sum of square for the predictor coefficients is calculated as
the variance inflation factors (VIFs). The VIF measures

the sum of squared indices of the vector b̂iXi , where b̂i is
the collinearity of a variable with respect to the others. A

the ith predictor coefficient and Xi the ith column of
VIF is the diagonal element of the inverse of the correlation

X obtained from b̂= (XTX)XT y and y is the response
matrix, subsequently used for predictor coefficient calcu-

vector. Note that the sum of squares SS
b

for the predictor
lations. As a rule of thumb, a VIF >10 is a reason for

coefficients together with the residual sum of squares SSRsome concern.21 The largest VIF is 2·79 (Table 5) indicating
does not equal the total sum of squares, obtained from y.

that the collinearity of the experiment is small. Nevertheless,
This is a result of the multicollinearity still existing in the

the collinearity might be reduced if one of the predictor
design matrix and the difference is found in the row

variables was excluded, and a sequential procedure of
collinearity. The error is made when viewing the predictor

selecting the important variables for the regression was used.
coefficients as single coefficients, rather than unanimously.

Table 4 Correlation matrix of independent variables
Table 5 Variance inflation factors

S, T , p, Pure iron A,
S, T , p, Pure iron A,wt-% °C MPa fraction wt-%
wt-% °C MPa fraction wt-%

S, wt-% 1 0·18 −0·03 0·29 0·24
VIF* 1·12 1·21 1·00 2·63 2·79T, °C 0·18 1 −0·04 0·14 0·34
VIF† 1·07 1·14 1·00 .. . 1·17p, MPa −0·03 −0·04 1 0·00 −0·03

Pure iron fraction 0·29 0·14 0·00 1 0·77
* Based on all predictor variables.A, wt-% 0·24 0·34 −0·03 0·77 1
† Based an all predictor variables except pure iron fraction.

Powder Metallurgy 1999 Vol. 42 No. 4
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Bergquist New insights into influencing variables of water atomisation of iron 335

4 Estimated particle size, adjusted for water pressure,
3 Resulting particle size versus water pressure versus melt temperature

The residual error is used to test the null hypothesis that Particle size results
the coefficients are equal to zero.

Water pressure was the most influential variable regarding
With the remaining predictor variables, the prediction

median particle size (Fig. 3 and Table 7) but the null
variable matrix X is nearly orthogonal, and thus the error

hypothesis was also rejected for melt temperature and
made when predictor coefficients are considered independ-

sulphur content. Figure 4 shows the estimated particle size,
ent of each other is small. For example, the predictor

when the effect of water pressure has been removed, plotted
coefficient for the water pressure variable mP when estimated

versus atomising temperature. The temperature effect seems
separately is equal to −14·84 and −15·31 when all

reasonable and also follows observations of other research-
predictor variables are evaluated jointly.

ers.22 It is therefore considered real. Although being smaller
The null hypothesis, against which the variables have

than expected, the sulphur effect also follows presumptions
been tested, is H0 ; the predictor variable xi has no effect,

and is considered active. In Fig. 5, the estimated particle
and the corresponding predictor coefficient b̂i is a measure

size when the effects of temperature and water pressure
of random error. Confidence intervals of 95% for the

have been removed, is plotted versus sulphur content.
prediction estimates are given as b̂i±t0·025×SE (SE is

The residuals ê=y− ŷ were estimated according to
standard error). Here t0·025 is the tail area probability point

y− ŷ=y−b1X1 . The residuals for mP plotted versus run
0·025 in a Student’s t table with degrees of freedom

number are shown in Fig. 6. In units for the variables as in
according to the corresponding error estimate. Predictor

Table 2, the equation for mP in micrometres is
coefficients where this interval does not include zero or
where zero is just barely included are further examined. mP=76·67(±4·87)−7·43(±2·46)( p−12·81)
The predictor coefficients for predictor variables in Tables −0·197(±0·157)(T −1621)
(7)–(16) are scaled and centred to unit variance. If their
signs seem reasonable, they are considered active. −12·60(±12·51) (S−0·187) . . . . . (1)

Table 6 Best predictor choices for given number of predictors

Number of Residual Residual Sum of
predictor sum of degrees of residual
variables Best predictor variables squares freedom variance

0 Average 96 12 8
1 Average, p 69·75 11 6·32
2 Average, p, T 58·6 10 5·86
3 Average, p, T , S content 39·70 9 4·41
4 Average, p, T , S content, 26·19 8 3·27

Al content
5 Average, p, T , S content, 25·16 7 3·59

Al content, pure iron fraction

Table 7 Analysis of water pressure (MPa) variance

Degrees of Predictor Sum of Mean Probability
mP freedom coefficient squares squares F ratio level t0·0258×SE

Mean 1 76·67 76 416 76 416 1318·9 0·000 4·868
Sulphur 1 −5·10 312 312 5·4 0·049 5·067
T 1 −6·35 484 484 8·4 0·020 5·067
p 1 −15·29 2805 2805 48·4 0·000 5·067
Aluminium 1 −2·44 71 71 1·2 0·300 5·067
Residual 8 464 57·94
Collinearity 167
Total 80 718

Powder Metallurgy 1999 Vol. 42 No. 4
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5 Estimated particle size, adjusted for water pressure and
melt temperature, versus sulphur content

(a)

(b)

ALUMINIUM CONTENT [wt-%]

7 Particle size standard deviation versus a aluminium
content and b temperature

standard deviation (Table 8). Nevertheless, the two largest
6 Particle size residuals predictor coefficients, the second being melt temperature,

deserve a closer inspection (Fig. 7) where both seem active.
The conclusion is that aluminium additions and increasedThe average difference between two replicate measures of

mass median particle size was 4·37 mm, so the average melt temperatures reduce particle size standard deviation.
measurement error for one measurement would be approxi-
mately (4·372/2)1/2=3·1 mm. The error of the mean value Apparent density, flowrate, and morphology results
of two measurements would be (3·12/2)1/2=2·19 mm. The

The flowrate and apparent density (Tables 9 and 10) are
deviation of the residuals from zero, is on average, 6·0 mm;

measures largely influenced by powder morphology, as well
there are therefore other errors or effects with a total size

as by powder size. Powders from runs F74–F92 and F102
of (6·02−2·192)1/2=5·6 mm unaccounted for by the predic-

were examined by SEM and (Fig. 8) images of powders
tor coefficients.

from two of the melts using high and low water pressure
are shown. Powders manufactured at low water pressure

Particle size distribution standard deviation results had larger, but also more spherical particles.23 The other
variable settings did not noticeably change the morphology.One predictor coefficient, aluminium content, is large

enough to be considered active regarding particle size Agglomerates of smaller particles seem to build up large

Table 8 Analysis of particle size distribution standard deviation (mm) variance

Degrees of Predictor Sum of Mean Probability
sP freedom coefficient squares squares F ratio level t0·0258×SE

Mean 1 2·38 73·542 73·542 12464·7 0·000 0·049
Sulphur 1 0·01 0·001 0·001 0·2 0·691 0·051
T 1 −0·04 0·022 0·022 3·7 0·090 0·051
p 1 0·02 0·006 0·006 1·0 0·343 0·051
Aluminium 1 −0·08 0·070 0·070 11·9 0·009 0·051
Residual 8 0·047 0·0059
Collinearity 0·024
Total 73·712

Powder Metallurgy 1999 Vol. 42 No. 4
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9 Powder oxygen content versus sulphur additions

support for the visual observation that the morphology
was unaffected by these variables. The shape of powders
manufactured during run F102 (1·5 wt-%S) was comparable
to the shapes of powders from other runs. However, the
oxygen scale on the powders was notably thicker.

Powder chemistry results
The sulphur content of the powders followed the pattern
of the sulphur additions, and showed that only a small
fraction (23%) had evaporated, been removed by the
atomisation water, or remained as slag on crucible walls.
The only predictor variable influencing sulphur content of

a

b
the powder was the sulphur content variable (Table 11).

a F84, low water pressure; b F74, high water pressure
High oxygen contents of the powder correlated with high

8 Micrographs of powders from two melts sulphur additions (Fig. 9 and Table 12).
Regarding the carbon and nitrogen content of the powder

(Tables 13 and 14), the null hypothesis failed for theparticles, and this was especially true for high water
pressure runs. aluminium addition predictor coefficient. Aluminium

additions correlated with lower content of nitrogen andApparent density and powder flowrate were influenced
only by water pressure; high pressures decreased both. increased content of carbon (Fig. 10). The carbon value

observed for F74 deviates with 0·02 wt-%Al from theNote that the apparent density in Table 10 was neither
influenced by composition nor temperature, a further contents of the other runs. Sieved size fractions analysed

Table 9 Analysis of flow (s) variance

Degrees of Predictor Sum of Mean Probability
Flow freedom coefficient squares squares F ratio level t0·0258×SE

Mean 1 21·79 6174·6 6174·6 1937·3 0·000 1·142
Sulphur 1 −0·11 0·1 0·1 0·0 0·864 1·188
T 1 0·42 2·2 2·2 0·7 0·430 1·188
p 1 2·20 58·3 58·3 18·3 0·003 1·188
Aluminium 1 −0·35 1·5 1·5 0·5 0·512 1·188
Residual 8 25·5 3·1872
Collinearity −1·4
Total 6260·8

Table 10 Analysis of apparent density (mm) variance

Apparent Degrees of Predictor Sum of Mean Probability
density freedom coefficient squares squares F ratio level t0·0258×SE

Mean 1 3·61 168·98 168·98 3206·5 0·000 0·147
Sulphur 1 −0·06 0·04 0·04 0·8 0·409 0·153
T 1 −0·07 0·06 0·06 1·1 0·317 0·153
p 1 −0·29 1·00 1·00 19·0 0·002 0·153
Aluminium 1 −0·01 0·00 0·00 0·0 1·000 0·153
Residual 8 0·42 0·0527
Collinearity −0·01
Total 170·50
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11 Dimensional change versus water pressureALUMINIUM CONTENT [wt-%]
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where pW is water pressure, and k and m are constants10 Carbon and nitrogen content versus aluminium content
specific for material and plant; m is normally 0·6–0·8.22

Ternovoy has presented a mathematical model relatingfor aluminium, carbon, sulphur, oxygen, or nitrogen only
surface tension and viscosity to particle size.24showed an increase in oxide content for small particle

sizes, indicating that only oxygen was accumulated on
mp=k

v0·35M G1·24M
c0·15M D1·03M r0·56M r0·25W n0·07W u0·96W sin(a)0·96GW

. . (3)the surface. This was later verified by AES and XPS
measurements.

where indices M and W indicate metal and water
respectively, D is melt stream diameter (m), v is viscosityDimensional change results
(m2 s−1 ), r is density (kg m−3), c is surface tension (N m−1),The predictor coefficients for dimensional change are found
G and u are mass flowrate (kg s−1 ) and velocity (m s−1 )in Table 15; dimensional change was only measured for
respectively, and a is the apex angle.reduced powders F74–F92. High pressure atomisations

An empirical model was presented by Kishidaka25decreased dimensional swelling during sintering (Fig. 11).
Sulphur additions correlated with an increased dimensional

mP=k CDMrM (uW−uM )

vM D−0·57 CDMrM(uW−uM)2
cM−cW D−0·22change standard deviation (Fig. 12 and Table 16).

DISCUSSION ×AGW
GMB−0.043 . . . . . . . . . (4)

Particle size results
Water pressure The models by Grandzol and co-workers have often been
The present results may be used to compare presented quoted, first presented as particle size being merely a
formulae found in the literature. An often stated formula is function of a constant, divided by water jet velocity.26–28

The model was later modified to acknowledge the impactmp=kp−mw . . . . . . . . . . . (2)

Table 11 Analysis of sulphur (wt-%) variance

Degrees of Predictor Sum of Mean Probability
S freedom coefficient squares squares F ratio level t0·0258×SE

Mean 1 0·144 0·2684 0·268 393·5 0·000 0·017
Sulphur 1 0·267 0·8556 0·856 1256·8 0·000 0·017
T 1 −0·006 0·0004 0·000 0·0 1·000 0·017
p 1 0·002 0·0001 0·000 0·0 1·000 0·017
Aluminium 1 −0·002 0·0000 0·000 0·0 1·000 0·017
Residual 8 0·0054 6·811×10−4
Collinearity −0·0104
Total 1·1196

Table 12 Analysis of oxygen (wt-%) variance

Degrees of Predictor Sum of Mean Probability
O freedom coefficient squares squares F ratio level t0·0258×SE

Mean 1 0·426 2·361 2·361 169·9 0·000 0·075
Sulphur 1 0·134 0·215 0·215 15·5 0·004 0·078
T 1 0·032 0·012 0·012 0·9 0·380 0·078
p 1 −0·005 0·000 0·000 0·0 1·000 0·078
Aluminium 1 −0·065 0·051 0·051 3·7 0·092 0·078
Residual 8 0·112 0·0139
Collinearity −0·047
Total 2·704
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Bergquist New insights into influencing variables of water atomisation of iron 339

in accordance with the presumed surface tension effect,
but also in accordance with the presumed viscosity effect.25
The experiment does not allow for a direct determination
whether surface tension or viscosity is responsible for the
reduced particle size. The effect of sulphur additions up to
0·2 wt-% is small and would not have been detected as
active if the effects were calculated on these and zero
addition runs alone. For the largest addition, a reduced
particle size was clearly seen. The maximum effect of
sulphur on viscosity reported by Frohberg and Cakici18
was seen already at 0·1 wt-%S, an addition that did little
to alter particle sizes of the powder. As only the highest
sulphur level notably lowered particle size, this shows that
viscosity has little effect, as do other investigations where
surfactants had little effect on the viscosity.14

If the effect of an addition of 1·5 wt-%S is a surface
tension effect, an estimate based on binary iron–sulphur
investigations would have concluded that the surfaceSULPHUR CONTENT [wt-%]
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tension for 0·2 wt-%S would be approximately 45% lower
12 Dimensional change standard deviation versus sulphur than for a pure melt (Fig. 1). A further increase in sulphur

content content to 1·5 wt-% would lower the surface tension to an
additional 20%. Thus, most of the decrease in particle size
would have occurred already at 0·2 wt-%S.energy of the water as being important as a sine term was

According to calculations in the Appendix, the diffusionadded to the denominator
rate of sulphur is sufficient for equilibrium segregation of
sulphur to the surface of the droplets to take place. ThemP=

k

uW sin (a)
. . . . . . . . . . (5)

water jet consists of only 2 vol.-% water,22 the rest being
steam or gas sucked into the jet. If the jet contains enoughOne observation is that the 48% increase in water pressure
oxygen to lower the surface tension, only very high sulphurand water energy was accompanied by a decrease in
contents would lower it further (Fig. 1). This was seen inparticle size by 39%.
the present work as well, indicating that the particle sizeThe results of the present work suggest an m value in
effect owing to the high sulphur addition is a surfaceequation (2) equal to 1·25. The speed of the water jets uw

is proportional to water pressure, uw=w(2pW/rW )1/2, where tension effect.
r is the density and w is a constant. If the contribution of The different behaviour of water atomisation compared
melt velocity is ignored, the equivalent water pressure with gas atomisation is thus the atomising medium. The
exponent m (from equation (2)), would be equal to 0·34 in water jets lower surface tension and make the process
equation (4). The equivalent water pressure exponent m, robust against alloying impurities. The oxygen effect should
equals 0·48 and 0·5 in equation (5). In the present work, also explain the smaller particle sizes seen when the
equations (3)–(5) underestimate the effect of water pressure. atomising chamber is filled with air instead of protective
The exponent 0·8 suggested by Dunkley is within the atmosphere.29
confidence limit, and is proposed here.22 The linear particle size model, equation (1), predicts that

1·5 wt-%S would reduce the diameter of a 78·74 mm particle
Sulphur by 22%, thus the area of formed particles increases by

29%, calculated as if the particles were spherical. SurfaceIt is shown that there is a sulphur effect on particle size as
particle size decreased with large sulphur additions. This is tension measurements of Fe–O melts are limited to oxygen

Table 13 Analysis of carbon (wt-%) variance

Degrees of Predictor Sum of Mean Probability
C freedom coefficient squares squares F ratio level t0·0258×SE

Mean 1 0·204 0·5402 0·5402 76·1 0·000 0·054
Sulphur 1 −0·002 0·0001 0·0001 0·0 0·908 0·056
T 1 0·002 0·0001 0·0001 0·0 0·908 0·056
p 1 −0·029 0·0098 0·0098 1·4 0·274 0·056
Aluminium 1 0·067 0·0537 0·0537 7·6 0·025 0·056
Residual 8 0·0566 0·0071
Collinearity 0·0013
Total 0·6617

Table 14 Analysis of nitrogen (wt-%) variance

Degrees of Predictor Sum of Mean Probability
N freedom coefficient squares squares F ratio level t0·0258×SE

Mean 1 0·022 0·0064 0·0064 40·5 0·000 0·008
Sulphur 1 0·001 0·0000 0·0000 0·0 1·000 0·008
T 1 −0·005 0·0003 0·0003 1·9 0·205 0·008
p 1 −0·005 0·0003 0·0003 1·9 0·205 0·008
Aluminium 1 −0·008 0·0009 0·0009 5·7 0·044 0·008
Residual 8 0·0013 1·579×10−4
Collinearity 0·0003
Total 0·0094
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340 Bergquist New insights into influencing variables of water atomisation of iron

Similar to the effect on particle size, run F102 was the
only experiment suggesting an oxygen content increase
when sulphur was added; contrary to the particle size effect,
the oxygen effect was unexpected. As oxygen is also a
strong surfactant, it cannot be excluded that the sulphur
effect seen was brought about by an increased oxygen
uptake, owing to the sulphur additions. The powder from
this run was heavily oxidised with visible oxygen scales
(Fig. 13).

T emperature
The temperature effect was present, with and without
sulphur. A presumption made about the temperature was
that there could be an interaction between it and sulphur
content. In Fig. 4, the estimated particle size when the
water pressure effect was removed is plotted versus melt
temperature. The sulphur content of each experiment is
indicated by the greyscale of the dots. If a negative13 Micrograph of particles from F102
temperature–sulphur content interaction existed, higher
temperatures would reduce the sulphur effect, and this isconcentrations up to 0·1 wt-%. It is reasonable to suspect

that it is difficult to reach concentrations beyond this range. not seen, as the effect of the 1·5 wt-%S addition was present
at one of the highest investigated temperatures.At this concentration, surface tension would be around

1·1 Pa. Surface tension of Fe–S alloys at 1·5 wt-%S is near The modest temperature difference had a comparatively
large impact on particle size. An increase in temperature0·8 Pa. This difference is comparable to the difference of

the surface area of the formed particles, assuming spheri- from 1570 to 1640°C in equation (1) would reduce particle
size by 16%. The largest reduction of surface tension thatcal shapes.

If the reduced particle size is an effect of reduced surface may be assumed to be a result of this temperature change
can be calculated with the temperature coefficient obtainedtension, and if the surface tension is reduced by 30%, the

particle size mP is proportional to the surface tension raised for pure iron. The temperature coefficient dc/dT has been
established to be −0·34 mPa, which for an oxygen saturatedto the power of 0·8. Since the error bands of the sulphur

effect is almost as large as the effect itself, the error bands melt with a surface tension of approximately 1 Pa at
1570°C, would mean a reduction of surface tension of 2·4%of the exponent estimate is even larger. Klar and Shafer

water atomised copper with different oxygen contents.8 when the temperature is raised to 1640°C.4 For the surface
tension measurements with surfactants, the temperatureWith increasing oxygen content, the resulting particle size

decreased from 38 mm at an O content of 0·02 wt-%, down coefficient has been reported to increase and ultimately
change sign, and if this is true for water atomisation,to 33·2 mm at 0·55 wt-%O, supporting the presumption

that surface tension and/or viscosity are/is important. surface tension would be larger at the higher temperature.
In the same temperature interval, a reduction of viscosityComparing the models, in equation (2) mP is proportional

to c−0·15M and in equation (3) it is proportional to c0·22M . of approximately 10% could be expected.6 The larger
change of the viscosity compared with surface tensionFrom the exponent, it is clear that the model by Kishidaka

is in better agreement both with current results and with would easily explain the difference observed in particle size.
In equation (3), mP is related to v0·35M and in equation (4)the results of Klar and Shafer, but the exponent seems to

underestimate the surface tension effect. In the present to v0·57M . Assuming that the temperature effect seen is a
viscosity effect, equation (4) is in better agreement withwork, it is proposed to be 0·8.

Table 15 Analysis of dimensional change (%) variance

Dimensional Degrees of Predictor Sum of Mean Probability
change freedom coefficient squares squares F ratio level t0·0258×SE

Mean 1 0·541 2·635 2·635 6244·1 0·00 0·0131
Sulphur 1 0·015 0·002 0·002 4·7 0·10 0·0137
T 1 −0·002 0·000 0·000 0·0 1·00 0·0137
p 1 −0·072 0·042 0·042 99·5 0·00 0·0137
Aluminium 1 −0·009 0·001 0·001 2·4 0·20 0·0137
Residual 4 0·002 4·220×10−4
Collinearity 0·000
Total 2·681

Table 16 Analysis of dimensional change standard deviation (%) variance

Degrees of Predictor Sum of Mean Probability
sD freedom coefficient squares squares F ratio level t0·0258×SE

Mean 1 0·0089 7·15×10−4 7·15×10−4 89·6 0·00 0·0018
Sulphur 1 0·0029 6·55×10−5 6·55×10−5 8·2 0·05 0·0019
T 1 0·0007 3·90×10−6 3·90×10−6 0·5 0·52 0·0019
p 1 −0·0020 3·31×10−5 3·31×10−5 4·1 0·11 0·0019
Aluminium 1 −0·0012 1·18×10−5 1·18×10−5 1·5 0·29 0·0019
Residual 4 3·19×10−5 7·982×10−6
Collinearity −3·50×10−6
Total 8·58×10−4

Powder Metallurgy 1999 Vol. 42 No. 4
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Bergquist New insights into influencing variables of water atomisation of iron 341

current results. Takeda and Minagawa,29 saw a 50% Effects on dimensional change
reduction of particle size for water atomised copper powder The reduced swelling exhibited for powders manufactured
when increasing melt temperature from 1100 to 1300°C, a with high water pressure should reflect an increased
difference accompanied by a 10% decrease in surface sintering rate owing to the larger surface/volume ratios for
tension, but a 30% decrease in viscosity.30 Taking the these powders. The increased standard deviation seen for
surface tension effect, with the exponent 0·8 found here, powders with added sulphur is questionable; it is probably
into account, the exponent for viscosity would have to be 2 a random effect.
in order for such a large reduction of particle size to occur.
In this experiment, an exponent of 1·35 would be the best SUMMARY
estimate. Owing to the large errors involved, the proposed

The energy required to create new surface area when a
viscosity exponent is 1, a more conservative estimate closer

melt is comminuted into particles is related to the surface
to equations (3) and (4).

tension and viscosity of the melt. In the investigation,
influences of surface active elements that greatly influence

Proposed water atomisation model the surface tension of a melt, are studied regarding their
effect on water atomisation. The investigation was per-A modified formula is proposed, based on equations (1)
formed by varying aluminium content, melting under argonand (2), with the adjusted exponent for water pressure, and
or under air, melting iron powder or pure iron, and byconsidering also the effect of impacting angle, agreed upon
adding sulphur. The studied responses include particle sizeby both equations (3) and (5)
distribution, apparent density and flow of the powder,
carbon, sulphur, oxygen, and nitrogen powder content, andmP=k

c0·8M vM
p0·8W sin a AGW

GM
B−0·043 . . . . . . (6)

dimensional change of reduced powders admixed with
2 wt-%C and 0·5 wt-% graphite.

The water/metal ratio term is from equation (4). The
The results show that surfactants had small effects

exponent is small, and this is consistent with the observation
compared with the change of water pressure. A higher

that small water/metal ratios lead to coarser powders, but
superheat of the melt also reduced the particle size. There

ratios above 651 appear to have a small influence on
was an effect of a 1·5 wt-%S addition on mass median

particle size.22
particle size, and it is concluded to be a result of change in
surface tension, but smaller additions did little to change

Powder size standard deviation results particle size distribution. Higher water pressures also
resulted in powder with lower apparent density, lowerThe standard deviation of the size distribution was smaller
flowrate, and reduced swelling during sintering. Aluminiumfor aluminium additions and for melts with high superheats.
additions reduced powder size standard deviation andIt is well known that water atomisation of melts with high
increased carbon content of the powder.contents of elements forming strong oxides often exhibit

narrow size distributions. Standard deviations of Fe–Si and
Ni–Cr–B–Si alloys may be as low as 1·6–1·8, and it is CONCLUSIONS
speculated that compounds formed on particle surfaces are The particle size was reduced for additions of sulphur, and
responsible for this.22 Alumina is stable at the atomising this is related to the decrease in surface tension. The effect
temperature, it is not water soluble, and would thus remain was seen only with large additions, and it is concluded that
on solidified powder if alumina surface layers were oxygen within the water jet already lowers surface tension
responsible for such behaviour. Powders with added enough to engulf any effects of trace amounts. This would
aluminium were studied with AES and XPS (ESCA) be especially true when atomising in air.
electron beam analysis, but no trace of aluminium was A narrowed powder size distribution was noted for runs
found on the surfaces, only a FeO scale approximately with aluminium additions. It is speculated that inner
150 nm in thickness. Alumina particles are probably formed oxidation and heterogeneous nucleation were responsible
in the interior as a result of internal oxidation. A speculation for this behaviour.
consistent with the agglomeration theory is that formed Aluminium additions and protective atmosphere during
alumina particles permit a faster freezing by acting as melting resulted in powder with more carbon and lower
inoculants. The requirements for internal oxidation (a high nitrogen content. It is concluded that carbon loss occurred
diffusion rate of the oxygen and a low aluminium during melting in air, and that aluminium nitrides formed
concentration) are fulfilled. A temperature dependence, as might explain the lower nitrogen content.
suggested by Fig. 4b, is consistent with findings of other The exponent for water pressure in equation (2) is
researchers.31,32 concluded to lie in the range of 0·8–1. It is also concluded

that the exponent for surface tension is positive, as in
equation (4).Powder chemistry

No effect on powder oxygen content was seen as a result
APPENDIXof aluminium additions or argon practice during melting.

This is probably because oxygen pickup mostly occurs The small effects of sulphur on particle size and on surface
tension may be analysed in terms of cooling rate andafter droplets have formed, something also seen when sieve

profiles where analysed; only oxygen content differed diffusion, in order to estimate how much of the sulphur
may accumulate on the surface of a spherical droplet. Thenotably between small and large size fractions. The decrease

of nitrogen content seen for deoxidised powders could be prevailing disintegration mechanism theory, originally sug-
gested by Grandzol27 for water atomisation, is that thea result of aluminium nitrides being formed in the melt, or

because the protective argon atmosphere prevented nitrogen melt is broken up by impacts of water droplets. Subsequent
impacts split the melt droplets until solidification.33 Untilpickup. Nitrogen pickup would occur during melting.

Except for run F74, the analysed carbon content was the droplets have solidified, agglomeration of melt droplets
may occur.lower for melts molten under argon and with aluminium

added. Lowered oxygen content induced by aluminium and A general assumption can be made that the diameter of
the droplet investigated is 100 mm. Thus, it has approxi-by melting under argon would lead to less carbon monoxide

or dioxide formation. The deviation of run F74 cannot be mately twice the volume of a droplet equal in size to the
average size from the laboratory experiment (sieve analysis).explained by deviations noted in the laboratory journal,

but it is still considered to be an outlier. This droplet is selected as it is interesting to see whether

Powder Metallurgy 1999 Vol. 42 No. 4
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