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L E C T U R E  1

SOME OBSERVATIONS ON THE KINETICS OF 
DEOXIDATION OF STEEL
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Introduction
The subject of the kinetics of deoxidation of liquid steel 

is a major study; consequently this paper will survey the 
subject briefly and then discuss in more detail those areas 
which appear to be most worthy of further experimental and 
theoretical study. Reactions resulting in the formation of 
gaseous deoxidation products will not be considered.

The "kinetics" of deoxidation could be said to be con­
cerned with the removal of oxygen from liquid steel, the for­
mation of deoxidation products and the behaviour of those 
products in the liquid steel once they have formed. Thus, the 
topics to be covered will be:
A) Nucleation of deoxidation products
B) Growth of deoxidation products
C) Floatation and associated phenomena such as:-

(i) Floatation in quiescent baths;
(ii) Effeets of convection in the steel bath;
(iii) Collision of inclusions and capture by vessel walls

Most attention will be paid to .the floatation of inclusions.
We may write a generalised equation for deoxidation using 

the deoxidant M:-
x[mJ + y [o] = (Mx0y) .............................. (1)

the reaction, and the equilibrium constant, K, for the reaction 
is given by

the activities of the deoxidant and oxygen respectively in 
solution in the liquid steel. Primed symbols indicate equili­
brium activities.

and bath surface.

The molar free energy change accompanying the formation
of the deoxidation product M 0 would be given by:- 

a Q . .x yAG = AG^ + RTln a(M 0 )x y (2 )

x 0y 
a [mJ *a [o]

*6’where AG is the molar standard free energy change accompanying

(3 )
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Nucleation of Inclusions
Application of homogeneous nucleation theory to the reaction 

given in equation (1 ) leads to the establishment of the following 
relationships, assuming that spherical nuclei are formed:-

Rate of nucleation, I = A expj N j . . . . .  (4)
kT /

Activation free energy for nucleation, AG*^ = 'j~̂ TTaim . . (5)
3 ( A G v )2

Critical nucleus radius, r = - ĝim . . . . ■ . (6)
AGv

where A is the 1frequency factor', estimated by Turpin and 
Elliott^ for deoxidation reactions, k is Boltzmann’s constant,
T the absolute temperature, the interfacial energy
between the inclusión deoxidation product and the liquid metal, 
and AG^ the free energy per unit volume accompanying the reaction 
in equation (1 ), which can be calculated from equation (2).

Using the above relationships, the amount of 'super- 
saturation' necessary before inclusions will nucleate homo- 
geneously can be calculated Sigworth and Elliott^^
used the cell:-

Pt, Air|Zr02 :CaO| 0 in Fe(Si)|Ag|W 
to add oxygen electrolytically to iron-silicon melts containing 
up to 1% Si. They followed the change in oxygen potential as 
the oxygen reacted with the Silicon, and related the super- 
saturation necessary to produce homogeneous nucleation to the 
concentration polarisation of the cell. From these experiments 
they estimated that the "supersaturation ratio":-

afsi]-aM 2 ,
a' [si] 'a' Lo]

was of the order of 80 when homogeneous nucleation occurred. 
This indicates that aj-̂ j/a1 jpj -9, if it is assumed that 
a [Si] remains constant. Alumina, with a higher valué of 
than Si02 is more difficult to nucleate homogeneously. Super- 
saturation ratios of the order of 3 x 1 0 6 have been estimated
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for the relationship:-

a M 2 a L°í 

a 'M 2 a '[pf
----- -- ~ /at 0f about 145 for aluminium deoxidation. Further

L J (3)estimates of these ratios are given by Pomey and Trentmiw/
. . (4) and Grethen and Philippe .

Supersaturation is caused by locally high deoxidant con- 
centrations near dissolving deoxidant particles, by solute 
rejection during solidification and by atmospheric oxidation 
during tapping and teeming. In this connection, it is inter- 
esting to speculate on the influence of the size of deoxidant 
particles on the localised supersaturation, and consequently 
on the rate of homogeneous nucleation. and on the size of the 
nucleated inclusions. It is perhaps of interest to try to 
calcúlate the rate of solution and mixing of different-sized 
deoxidant particles, to examine whether the size of the 
deoxidant particles is likely to have a significant effect 
on nucleation.

Heterogeneous nucleation is a fascinating source of
speculation, but data on interfacial energies in relevant
systems are very sparse. The possibility of homogeneous
nucleation of oxides with low valúes of a. , followed byirrr °
heterogeneous growth of other less-easily nucleated oxides 
on the substrates thus provided, is interesting. Straube,
Kuhnelt and Plockinger 3' reported changes of composition of 
inclusions with time as iron-manganese melts were deoxidised 
with aluminium. Very small inclusions of FeO, containing some 
MnO and A1„0„, were observed within 1 second of the aluminium

2 3

addition. These quickly changed to larger inclusions of a 
uniform composition containing about 50% A1203. Later, 
inclusions comprising a core containing A1203, FeO and MnO, 
with a puré alumina outer layer were observed. It may be pos­
sible that this phenomenon might be caused by the difficulty 
of homogeneous nucleation of A1 20 3, which grows heterogeneously 
on the substrate provided by the other less stable mixed oxides.



Growth of Inclusions
/  r " \

Turkdogan assumed a transport-controlled model for the 
growth of stationary spherical inclusions, and predicted the 
rate of growth, and henee the rate of oxygen removal, by fixed 
numbers of nuclei. He suggested that there may be an optimum 
nucleation rate. Large numbers of small nuclei might never 
leave the melt, whereas small numbers of large nuclei would 
float out too rapidly, leaving dissolved oxygen in the melt, 
and henee operating inefficiently, Fig. 1 .

Because of the dominating influence of floatation rates, 
and associated phenomena, on the efficiency of deoxidation, 
the pursuit of more accurate models than that suggested by 
Turkdogan is probably unprofitable. Growth by collision, 
agglomeration and coalescence must therefore be considered. 
Floatation and associated phenomena

This is probably the most important area for investi-
gation. Much has been written about it, but few definitive
investigations have been made. Although the formation of
deoxidation products may be completed rapidly and efficiently,
the effectiveness of the deoxidation process will depend on
the extent of the removal of the deoxidation products from the
melt before the steel solidifies.

(i) Floatation in quiescent baths
Motion of solid spheres in a fluid, neglecting

interaction between spheres and with the walls of the
container, and assuming a stagnant unstirred fluid, has
been the subject of much experimental and theoretical
investigation. A reasonable approximation to true
behaviour in laminar flow conditions is given, by the

(7)application of Stokes’ Law , as

2gr2 (p - p ..)TT ° m i .................................f- 9nm
where is the terminal velocity of the sphere, r is its
radius, p and p. the densities of the liquid steel and * m i M
inclusión respectively, nm the viscosity of the liquid 
steel, and g the acceleration due to gravity.



For typical conditions in the deoxidation of steel, 
flow would probably be laminar so that behaviour at high 
Reynolds numbers need not be considered. Inclusions 
may be non-spherical, and shape and rugosity factors have 
been proposed to account for changes in shape and surface 
roughness, but it is doubtful if it is worth worrying 
about a more sophisticated treatment than for simple 
spheres. If the inclusions are liquid, small spheres 
behave like rigid solids, but larger liquid spheres will 
float out more rapidly than the equivalent solids.
However, the máximum possible increase in U, due to this/ O \ ^cause would be by a factor of 1.5 • Surfactants,
i.e. substances which concéntrate at the surface of a
phase in a heterogeneous system, are known to reduce the
terminal velocities of liquid drops and bubbles in fluid

(9)phases , but this effect is unlikely to be significant 
in deoxidation systems. There appears to be no foundation 
for the speculation that an increase in interfacial 
energy between the inclusión and the liquid steel can 
cause a more rapid rate of removal due to a reduction in 
drag on the inclusión. Speculations of this nature were 
made when it was found that alumina inclusions were 
apparently floating out of melts more rapidly than sili-

4- * jr» * n ( 10 )cate inclusions of a similar size .
If liquid inclusions become large, for example, 

inclusions originating from slag entrapment or refractory 
erosion, their shape will deviate from the spherical and, 
if they are large and fluid enough, they will break up 
into smaller droplets.

A rough calculation based on Stokes' Law for deoxi­
dation systems indicates that inclusions of about lOym 
diameter would require about 2\ hours to float out of a 
quiescent steel bath 5 metres deep. If inclusión removal 
depended wholly on this floatation phenomenon, deoxidation 
would be a somewhat unsuccessful process. Further, there 
are many reported anomalies which indicate that undue 
attention has been paid to the subject of floatation of 
inclusions caused by differences in density between 
inclusions and steel. Recent work in Sweder/^^ has



suggested that inclusions formed by rare earth elements 
such as neodymium, which have a density approximately 
the same as that of liquid steel, are removed more 
rapidly than similar alumina inclusions, whose density 
is just over half that of steel. There are possibly 
other factors which are important in the rare earth 
experiments, but one point stands out above all others - 
the melts were inductively stirred. It is, in fact, 
difficult to imagine a real deoxidation situation in 
which the steel is completely quiescent.

(ii) Effects of convection in the steel bath
The steel bath may be stirred by natural or by 

forced convection. Deoxidant additions may be made while 
the steel is running out of a furnace into a ladle, the 
steel may be stirred inductively or by the motion of gas 
bubbles resulting from the carbon-oxygen reaction or 
introduced deliberately as an inert purge gas, or natural 
convection currents can stir the liquid steel during soli- 
dification of an ingot. The possible results of this 
stirring could include:-
(a) increased growth rate of inclusions due to increased 

rates of mass transfer of the reac&nts;
(b) changes in the rate and pattern of movement in the 

melt;
(c) changes in the patterns of collision, coalescence and 

agglomeration of inclusions;
(d) capture of inclusions by gas bubbles - a similar 

mechanism to that of mineral "flcT'tation" in mineral 
dressing processes.

It is unlikely that an increase in growth rate due to
improved mass transfer is of any significance, especially
if the floatation of inclusions can be neglected compared
with the effects of motion caused by convection.

(12)Turkdogan , m  a review paper m  1972, considered 
factors affecting the collison of inclusions - and, in 
doing so, mentioned the relevance of work on aerosols.
The number of inclusions in a steel bath following the 
addition of a deoxidant has been estimated to be of the 
order of 1 0 1 2/m3, so that the picture of clouds of oxide
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partióles dispersed in a liquid metal is probably much
more useful than the more limited view of single spheres
floating freely from a melt. Aerosols are dispersions of
liquid or solid partióles in a gas phase, and in so far
as the dispersed phase is more dense than the médium, the
analogy with inclusions is imperfect. Emulsions, in
which liquid partióles are dispersed in a liquid médium,
are perhaps a more accurate analogy, particularly when
considering the motion of the dispersed partióles in
vórtices. Bearing this in mind, it may be instructive to
examine experimental and theoretical studies carried out(13) (14)on aerosols and emulsions 5 , to consider how this
may assist in understanding the behaviour of deoxidation 
systems.

Some idea of the size of inclusión dispersions in 
relation to other disperse systems can be obtained from 
Fig. 2.

Inclusions in steel fall clearly in the size range 
group of coarse dispersions, with emulsions and coarsely 
dispersed aerosols. Fuchs^1^  points out that in this 
group of aerosols, settling under gravity predominates over 
Brownian motion, i.e. movement due to molecular motion 
in the médium. Inclusions are formed partly by chemical 
precipitation and partly by mechanical entrapment, so 
that attention can be paid to the two methods of forming 
aerosols and emulsions, namely "condensation" and 
"dispersión". The former involves precipitation, either 
by chemical reaction or a physical process such as the 
condensation of a liquid from a vapour, and the latter 
method involves mechanical break-up of the bulk condensed 
phase into small partióles or droplets.

To consider the movement of partióles in dispersions 
in convective conditions, it is clear that the prediction 
of individual particle motion is impossible, and a stat- 
istical approach is necessary. If it is assumed that 
convective transport of the médium is by "eddy diffusion", 
then the motion of the dispersed partióles will be a 
combination of this eddy diffusion of the médium, of the 
net motioh of the médium, and of the motion of the
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particle relative to the médium. There may be intense 
convection, in which the mean velocity of convection 
currents is much greater than that of the particles rel­
ative to the médium, which may be ignored.

Thus, equations could be postulated to express the 
"concentrati'on" of dispersed particles as a function of 
time and distance:

de ~ de / q \■rr = D -3— - u c, . . . . . . . . (o)dt e dx x *
where D is the "eddy diffusivity", u the velocity of theS X
médium in the x direction and c the "concentration" of 
dispersed particles at time t.

Again, in a well-stirred bath, the particle concen­
tration will remain practically constant throughout the 
vessel, except in a thin layer cióse to the walls. Trans- 
fer to the walls takes place through this layer by means 
of a process analogous to molecular diffusion. In 
considering this transfer to the "walls" of the vessel, 
no distinction is made for the moment between the walls 
of the vessel, its bottom or the upper surface of the steel 
bath. The analogy with convectional mass transfer could 
then be used:-

§£ = ki A c , .................................. (9)
where n is the number of particles impinging on the wall 
surface of area A in time t, k^ is the "impingement 
coefficient" and c the concentration of dispersed particles 
in the steel bath. In a system having a distribution of 
particle sizes, c and n would in fact have some form such 
as ^n(r).dr, where n(r)dr is the number of particles having 
radii between r and (r + dr). The use of models such as 
the film and penetration theories for convectional mass 
transfer at a boundary to quantify rates of impingement 
on the wall, may then be foreseen.

This approach might be worth developing, especially 
for use with model systems, provided some method of deter- 
mining the rate of impingement of particles on the walls 
of the vessel could be devised. Stirring of aerosols is 
known to increase the rate of deposition on the chamber
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walls, and the rate increases as the particle size 
increases. Apparently, the ratio of the number of par­
ticles depositing on the vertical walls to the number 
depositing on the bottom of the chamber increases as the
size of the particle decreases ̂ ̂  ̂ . A recent report̂ "*""̂

97of radioactive tracer studies, using Zr as a tracer 
during aluminium deoxidation of steel, claims that in 
the deoxidation of steel in an inductively-stirred melt, 
more inclusions were deposited on the crucible walls than 
in the slag at the surface of the melt. The intensity of 
deposition bears a strong relationship to the stirring 
patterns produced by the induction stirrer. Sandberg 
et al^1^  have shown that the rate of inclusión removal 
is increased exponentially as a function of the energy input 
to an inductively-stirred bath.

In this analogy with aerosols and emulsions, three 
factors have been ignored:-
(a) collision and coalescence (or agglomeration) of the 

inclusions;
(b) effectiveness of capture of the inclusions by the 

walls once impingement has taken place;
(c) the electrical charge which exists on the surface 

of dispersed particles.
(iii) Collision of inclusions in the melt

The possibility of collision of inclusions, and
their consequent coalescence or agglomeration, should
be considered if the rate of floatation under gravity
or the influence of particle size on capture by the walls
are considered relevant to the rate of inclusión removal.

(12)Turkdogan paid some attention to this, but there is 
considerable doubt about the collision behaviour of 
particles in dispersed systems. Presumably, in quiescent 
systems, collision only occurs significantly between 
differently-sized particles, because Brownian motion 
has relatively little effect on coarsely-dispersed par­
ticle motion compared with gravitational floatation.
With differently-sized particles, the active collision 
area is not simply the projected geometrical area of 
the movihg particle because the smaller particle may 
follow the flow of the médium around the larger particle.
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This seems to indicate that collision between inclusions 
moving in quiescent liquid steel under gravitational float-
ation conditions is extremely unlikely.

(17) . •Levich considers the coagulation of dispersions
in liquids and gases, and points out that if a velocity
gradient exists in the médium, particles of finite radii
can collide. Velocity gradients exist cióse to the wall
of a vessel containing a stirred melt, and locally where
turbulent motion occurs in the médium. In turbulent flow
conditions, the frequency of callisions is likely to
increase substantially in comparison with a similar
situation in laminar flow conditions. The size;. of
the inclusions is likely to be small compared with the
scale of the eddies in the turbulent flow of liquid steel,
and it is assumed that all the particles are contained
in turbulent eddies. The mechanism of contact of particles
is on a scale smaller than that of the eddies. In the
case of aerosol particles, where there is a large difference
in density between particle and médium, and where the
particle is more dense than the médium, the particles
will not be contained fully within the eddies so that
the number of collisions between particles is further
increased. In inclusion-steel systems, this will not be
true, and the inclusions can be considered to migrate
within eddies through the bulk steel in a random manner.
Levich shows that the rate of collision N between particles
is then given by a relationship of the form:-

R3 .V 2
N<c> -  vm ...................................... <10)f T\ . i L» v m

where R is the radius within which collision will occur 
if particles approach one another, V^ is the characteristic 
velocity of the fluid, nm the fluid viscosity and L is 
characteristic of the scale of the eddies. R is equal to 
2r, if r is the radius of equally-sized particles which 
de not interact electrically.

(iv) Effectiveness of collision and capture by the walls
When two particles collide, they do not necessarily 

coalesce, and if an inclusión hits the walls of the



-  12 -

vessel or the slag on the metal surface, it is not 
necessarily retained by that surface. Kozakevitch and/ -i O \
Lucas examined the necessary conditions for the
agglomeration of solid inclusions. It was known that 
although solid alumina (A120 ) inclusions may be very 
small when formed, they can agglomerate to form large 
aggregates. Titania (TiO ), on the other hand, does not 
seem to form these large aggregates. Kozakevitch suggests 
that alumina is less easily "wetted" by the liquid steel 
than titania. Fig. 3 shows the concept of the "contact 
angle" <J> in the wetting of the inclusión by the metal in 
a three-phase contact.

The valúes of the contact angles in the system 
iron/gas/oxide at the temperature of liquid steel are 
about 140° for alumina and 80° for titania. If the liquid 
metal "wets" the inclusión, it will penetrate between 
the oxide particles in the agglomerate, forcing them 
apart.

For liquid inclusions, coalescence would be favoured
by low inclusión viscosity and high interfacial energy,
o. , between inclusión and metal. Similar considerations im
must apply when the inclusión impinges on the walls of 
the vessel or on the metal surface. Solid inclusions 
which are strongly "wetted" by the metal will remain 
below the surface of the melt and will. be more likely 
to be re-entrained by a descending current. These ideas 
may explain the apparently anomalous behaviour, mentioned 
earlier, of inclusions formed when neodymium was used as 
a deoxidant. A further important consideration could be 
the behaviour of large agglomerates such as alumina 
clusters in highly turbulent conditions, and their tendency 
to be transferred to the walls of the vessel. There is 
evidence that these "agglomerates" in some cases may be 
very large dendrites, but this does not affect the need 
to consider their behaviour in the bath and at its surfaces. 
It would seem that some factor of "effectiveness of capture" 
would have to be included to make equations (9) and (10) 
relevant to the measurement of inclusión removal rates.
This "effectiveness of capture" factor might then depend
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on the physical properties and morphology of the inclu­
sions, and of the surface on which they are impinging.

There is the possibility that an electrical charge 
may exist on the surface of the inclusions, and the
effect this might have on coalescence could be estimated.

(19)Kozakevitchs  ̂ , m  a study of emulsión formation in 
slag/metal systems, mentions the possibility of an elec­
trical double layer formed at a slag/metal interface - 
with the cations of the slag arranging themselves along 
the metal surface, and the slag anions aligning themselves 
in the double layer in the slag surface. The influence 
of additions of basic oxides, such as CaO, to acidic 
oxide inclusions could be to concéntrate the cations 
from the basic oxide at the surface of the inclusions. 
Sulphide additions to oxides may also modify the structure 
of the interface. The importance of this effect might be 
that the electrical characteristics of the inclusión 
surfaces were altered, but equally, the interaction of 
the inclusions with the refractory surface of a ladle 
lining might also be affected, depending on the structure 
and composition of the refractory surface.

Improved Silicon deoxidation in stainless steels as 
a result of the injection of slag powders of low silica 
activity has been claimed^^. The product of Silicon 
deoxidation dissolves at low activity in the injected 
material, thus lowering the equilibrium oxygen content 
of the steel, equation(3)- The importance of the surface 
properties of the inclusión in the interpretation of the 
results of these powder injection experiments should be 
worth investigating.

(v ) Conclusions
The field covered in this review is characterised by 

many uncertainties, vague assumptions made as a result of 
a large number of diverse experimental programmes, and a 
good deal of blind faith. This review does nothing to 
change this situation, but there seems to be a case for 
some fairly fundamental experimental work aimed at helping 
to quantify and classify the indications which have been 
the result, and will continué to be the result in the
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future, of much research work of a more directly applied 
nature.

The following topics may be suitable for the develop­
ment of an appropriate research aimed at correcting this 
situation:-
(a) Factors controlling the motion of dispersed inclusions 

in stirred bafchs. For example, convection patterns 
caused by inductive•stirring, gas bubble stirring
and different methods of filling ladles and other 
containing vessels.

(b) The mechanism of deposition of inclusions on vessel 
walls and on slag-covered metal surfaces.

(c) The morphology and mechanism of growth of inclusions, 
and of inclusión clusters.

(d) The interfacial characteristics of inclusion/metal 
systems, with particular attention being paid to the 
effect of additions of impurities.

(e) The influence of (c) and (d) on (a) and (b).
(f) The relationship of the rate of dissolution of dif­

ferent sizes of deoxidant particles to the effective 
local supersaturation of the melt, leading to the 
possibility of homogeneous nucleation of deoxidation 
produets, and the possible effects of convection on 
this phenomenon.
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SOME ASPECTS OF THE FORMATION OF INCLUSIONS
DURING DEOXIDATION
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INTRODUCTION
Despite the large amount of work reported in the literature 

f l - 4 ') r 5 _ 9on deoxidationv J and inclusión formationv J , there is still
a need for a basic understanding of many of the reactions which
occur during deoxidation.. For obvious reasons it is frequently
difficult to carry out controlled experiments on commercial casts.
A series of controlled laboratory investigations have therefore
been made in an attempt to gain a better understanding of the
mechanisms of inclusión formation. These have involved:
1. The addition of various deoxidants to puré iron-oxygen melts 
in order to study the reactions between the added deoxidants and 
dissolved oxygen, i.e., to study the precipitation of inclusions 
directly from the melt.
2. The addition of strong deoxidants to iron-oxygen melts con­
taining appropriate initial types of inclusions. This series of 
investigations was designed to study the way in which reactions 
occur between less stable oxides and strong deoxidants to form 
more stable inclusión phases.
3. The heat treatment of inclusions resulting from the investi­
gations already outlined. This was intended to simúlate some of 
the changes in inclusión structure that might occur during the 
slow solidification of an ingot, and also during possible reheating 
processes prior to hot working.
EXPERIMENTAL TECHNIQUES

(a) Inclusions formed by deoxidation
The deoxidation experiments were performed at 1600°C in 

a 51 kg induction furnace having a magnesia lining. The base 
material used was high purity iron which melted out at about
0.16% oxygen with a very low residual content. An oxygen-rich 
melt was used so that on adding the deoxidant, a high concen­
tration of inclusions was formed for subsequent examination.

Sampling was performed by drawing off 30-40 gms of the 
melt into a 6 mm diameter silica tube attached to a rotary 
vacuum pump. The samples were water quenched to produce a 
rapid solidification and it was assumed that the inclusions 
present in the quenched samples were typical of those present 
in the melt at the time the sample was taken. In order to 
examine the initial iron-oxygen melts, a suction sample was



taken prior to the addition of deoxidant. After the deoxidant 
addition, further suction samples were taken over a ten minute 
period. In studying the reactions between existing inclusions 
and strong deoxidants, an initial addition was made to form 
the desired inclusions within the melt. A sample was then 
taken, followed by the addition of the stronger deoxidant 
and suction samples were then taken over a ten minute period 
as before.

An inert furnace atmosphere was not used in these experi- 
ments. It was therefore possible to study the effect of 
atmospheric re-oxidation of the melt on the inclusión compo­
sition throughout the sampling period.
(b) Changes in inclusions produced by heating

Specimens were heat treated in a dry argón atmosphere for 
seven days at 1200°C, and then water-quenched. This allowed 
the precipitation of phases to occur which was previously 
prevented by quenching from the liquid state.

Both the as-cast and heat treated specimens were 
sectioned and prepared for metallographic examination.
A representative number of the different types of 
inclusions were selected to illustrate the types present 
in each sample and their analyses were determined by 
electron-probe microanalysis. It should be emphasised 
that this examination was only aimed at establishing 
the types and analyses of the inclusions, and not the 
quantitative assessment of the number or volume fraction 
of the inclusions.
The deoxidants studied include aluminium, silico- 

manganese and calcium silicide, as well as more complex pro- 
prietory deoxidants such as Hypercal and Calsibar. Two major 
aspects of the deoxidation processes will be considered in 
detail. Firstly the composition and morphology of the inclu­
sions resulting from reaction between aluminium and dissolved 
oxygen will be considered, and secondly the composition and 
morphology of the inclusions resulting from reaction between 
silicates and aluminium will be discussed.

THE DEOXIDATION OF IRON-OXYGEN MELTS BY ALUMINIUM
(a) Observations on Inclusión formation

An addition of 0.5°s Al was made to the 0.169o 02 melt,
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and suction samples were taken after varying times.
Two seconds after the aluminium addition, spherical,

single phased inclusions containing approximately 10% A1203
were present in the melt, Fig. 1. These oxides also con-
tained up to 10% MnO, which originated from the base melt.
This type of inclusión was only observed in the sample takencwcitwo seconds after the aluminium addition^appeared to be fully 
molten at the melt temperature of 1600°C.

In addition to these single-phased particles, dúplex 
inclusions consisting of the spinel, hercynite, within a 
wüstite matrix were observed at the same time9 This
type of deoxidation product was again only observed in the 
sample taken two seconds after the aluminium addition, and 
was present mainly in the form of clusters, although a few, 
larger isolated inclusions were also observed. At 1600°C, the 
spinel was solid and the wüstite phase was liquid, so that 
these inclusions were capable of partial coalescence. The 
glassy, single-phased particle in Fig. 2 contained 701 Al2°3 
and yet appeared to have been fully molten prior to quenching. 
This is surprising as its composition lies in the (spinel + 
corundum) phase field at 1600°C, and it should therefore 
have been completely solid. Another major type of deoxidation 
product consisted of a central región or core having a spinel- 
like composition, surrounded by a rim containing 70%-100%
A1203, Fig. 3. These were present in the samples taken two 
and six seconds after the aluminium addition, and were very 
similar to those described by Plockinger^. It should be 
noted that globules of metal occurred at the rim/core junction.

The final type of deoxidation product observed was 
alumina, which was present in the form of showers, Fig. 4.
These were present in the sample taken fifteen seconds after 
the aluminium addition. Within these showers, the morphology 
of the alumina was often spherical, indicating that they 
probably formed via a liquid-oxide phase, and the presence 
of spherical, glassy alumina inclusions should be noted. In 
other cases, Fig. 5, the alumina had apparently precipitated 
directly from the melt with a dendritic morphology, as well 
as via a liquid mixed oxide. The difference in the morphol- 
ogies of the alumina particles in the clusters can clearly 
be seen.
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Before discussing these observations, it is necessary 
to consider the general features of the deoxidation of steel 
melts by aluminium, and in particular the work of Plockinger^ ̂ . 
Opinions differ on the precise mechanism of the formation of 
alumina inclusions, particularly the interpretation of 
Plockinger's theory of inclusión nucleation following deoxida­
tion of nominally puré iron melts, containing different manganese 
contents, by aluminium at 1630°C. Suction samples were taken 
at various times after the aluminium addition and the com- 
positions of the resulting inclusions were determined by 
microanalysis. It was observed that the primary deoxidation 
products underwent a marked change in composition during the 
course of their formation. Immediately after the aluminium 
addition, the inclusions were very low in alumina and consisted 
essentially of iron and manganese oxides. The proportion of 
the latter depended on the manganese content of the melt.
The alumina content of the inclusions then increased very 
rapidly during the next few seconds until the composition 
reached that of the spinel, (FeMn)0.Al203. During this 
period, the inclusions were in a fluid or partly fluid State 
and possessed good coagulation properties. In addition, 
microanalysis showed that each inclusión had a uniform com­
position. This situation persisted for only a short interval 
and with further increase in time, the large inclusions 
developed two regions having different compositions. The 
core of the inclusions contained about 60% A1203, 40% (FeMn)O, 
and had, therefore, a spinel-like composition in which the 
FeO:MnO ration.depended on the manganese content of the melt.
In contrast, the outer layers consisted of puré alumina.

According to Plockinger, the solution and distribution 
of the aluminium in the melt takes a definite although short
time. Within a small volume element of the melt, the aluminium 
content rises rapidly, but not instantaneously, from zero 
up to a point at which the solubility product for the forma­
tion of mixed oxides is exceeded. This occurs with very 
small aluminium contents and the deoxidation products consist 
essentially of iron and manganese oxides with relatively 
small proportions of alumina, e.g. 85! FeO, 10% MnO and 5! A1203 .
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With this composition they are liquid at the melt temperature 
at 1630°C.

As the aluminium content of the melt increases, there is 
a corresponding increase in the alumina content of the liquid 
mixed oxides. So long as the inclusions are liquid, condi­
tions are favourable for the homogenisation of their comp­
osition. Only when the alumina content increases further up 
to a valué corresponding to that of the spinel does complete 
solidification of the inclusión occur. After this stage, the 
inner core región of the large deoxidation products is no 
longer involved in a reaction with the now aluminium-rich 
melt, and puré alumina deposits on their surfaces leaving 
the cores with a constant composition.

According to Plockinger, the small puré alumina parti­
cles present in the form of clusters can also result from 
the initial mixed oxides by a similar mechanism, whereby 
the aluminium reduces the whole inclusión, owing to its small 
size, and not just the surface as with large ones. This, it 
is suggested, can explain why puré alumina inclusions often 
have a rounded shape typical of those which have been liquid 
even though their melting point lies well above the melt 
temperature. These clusters of small alumina particles can, 
however, also form directly after the melt attains a high 
aluminium level without passing through the liquid mixed 
oxide phase. That a reaction between pre-existing (FeMn)O 
rich oxides and aluminium, even in the solid State, can 
give rise to alumina clusters or aggregates has been shown by 
heat treatment experiments ̂  ̂  .

With regard to the observations already described, the 
first point to emphasise is that the rate at which nucleation 
and growth of the inclusions occurred was extremely rapid. 
Within seconds of adding the aluminium, the deoxidation 
products observed were mainly dúplex spinel/wüstite inclu­
sions, and sirgle-phased particles containing about 10%
A1203. These inclusions were fully or partially molten, and 
floated out of the melt extremely rapidly as shown by the
reduction in the total oxygen content of the melt in the
0.015% Mn steel, Fig. 6. Only when the alumina content
increased further did complete solidification of the inclusions
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occur. After this stage, the inner core of the large deoxi­
dation products was no longer involved in reaction with the 
now aluminium-rich melt, and the alumina deposited on their 
surfaces leaving the cores with a constant composition.
These results are in agreement with those of Plockinger.

The clusters of spinel/wüstite inclusions present after 
two seconds, Fig. 2, were similar in appearance to some of 
the clusters of aluminium particles present after fifteen 
seconds, Fig. 4. This indicates that such clusters of 
alumina might result from the initial mixed oxides by a 
similar mechanism, whereby the aluminium reduces the whole 
inclusión owing to its small size. An attempt has been 
made to answer the question as to whether the spinel, when 
it has become completely solid, can still react with aluminium 
in the melt. By inserting a crystalline spinel particle into 
an Fe-O-Al melt, it was shown thatthe extent of the reduc- 
tion reaction zone to form alumina was about 15 ym. This 
indicates, that in the case of large spinel inclusions, 
only partial reduction occurred giving inclusions with rim/ 
core morphologies, whereas complete reduction of smaller 
inclusions can occur to give puré alumina.

The spherical, glassy inclusión shown in Fig. 2 con­
tained 10% A1203 and appeared to have been fully molten prior 
to quenching. This is surprising as its composition lies 
in the (spinel + corundum) phase field at 1600°C, Fig. 7, 
and it should therefore have been completely solid. It has 
been suggested by other workers that the local temperature 
rise caused by the liberation of the enthalpy of formation 
of alumina is sufficient to raise the temperature of the 
precipitating inclusions near to or above that of the liquidus, 
so that they form in a fluid or viscous State. It is very 
difficult, however, to account for this in terms of heat 
transfer considerations. The reaction to form liquid alumina 
at its melting point of 2030°C from solid aluminium at 25°C 
and oxygen dissolved in molten iron at 1600°C is certainly 
exothermic as shown by an enthalpy calculation, which indi- 
cates an energy release of 241 Kcals per mole of alumina 
formed. However, if it is assumed that the heat liberated 
by this reaction raises the temperature of the melt from
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which the oxygen carne, then this rise in temperature is only 
45°C. For the alumina to be molten, there would always have 
to be a steep temperature gradient from such an inclusión 
into the melt. For this situation to arise, the rate of 
heat transfer would have to be lower than the rate of dif- 
fusion of aluminium and oxygen to the reaction surface, and 
this seems improbable. An explanation for the formation of 
liquid deoxidation produets containing 70%-90% A1203 in terms 
of the exothermic heat of reaction is therefore unlikely.

It seems more likely that the spherical, glassy inclu­
sión was a metastable reaction product. That is to say, it 
precipitated as a liquid mixed oxide having an A1203 content 
of less than 30%, Fig. 7. The aluminium content of the sur- 
rounding melt then increased very rapidly and there was a 
correspondingly rapid increase in the alumina content of the 
liquid mixed oxide. Its composition first of all moved into 
the (spinel + liquid) phase field and then into the (spinel + 
corundum) phase field. However, because of the very rapid 
rate of reaction, and/or nucleation inhibition, neither spinel 
ñor corundum was precipitated within the liquid mixed oxide, 
which on quenching formed a single phased glass. The fact 
that relatively few glassy, alumina-rich inclusions were observed 
in comparison with the many spinel/wüstite particles reflects 
the difference in the ease of formation of these two types of 
reaction produets.
(b) Thermodynamic and Surface Energy Aspects of Aluminium 

Deoxidation
It has already been stated that, the solution of aluminium 

in the melt must cause the concentration in every fraction 
of the volume to increase from zero to a valué, which on 
exceeding the solubility product, will cause inclusions to 
precipítate.For aluminium, this concentration is small, and 
if at this moment the precipitation of an inclusión occurs, 
as a result of nucleation, then this must necessarily consist 
of a mixed oxide. If nucleation occurs at a later stage 
however, that is to say with a higher concentration of aluminium, 
then the inclusions formed will be richer in alumina. Ulti- 
mately, when the aluminium content has risen sufficiently 
high, only alumina can be precipitated. Since, in addition 
to the process of solution of the deoxidant, the rate of 
nucleation is also decisive for the initial composition of 
the precipitated inclusions, various types of deoxidation
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products can always occur side by side.
According to Plockinger ’ s theory, (10) -¡-̂e liquid

mixed oxides precipítate homogeneously. Frohberg and Potschke , 
and Forster^^ consider that this suggestion is contradicted 
by nucleation theory and that nucleation will always occur 
heterogeneously. This implies that solid nuclei of alumina 
would have to form on to which iron and manganese oxides 
would then precipítate heterogeneously. Consequently, Frohberg 
and Potschke^^ have postulated that solid alumina particles 
are formed at the surface of the aluminium immediately after 
its addition to the melt, thus retarding the solution process. 
However, convection and stirring effects result in a rapid 
distribution of these surface aluminaparticles throughout the 
melt. In regions where sufficient supersaturation exists, 
iron and manganese oxides precipítate heterogeneously on 
the alumina, which then dissolves in the mangano-wüstite to 
form a fully molten oxide. This then reacts with further 
aluminium in the manner discussed previously.

Forster^^ has carried out similar experiments to 
Plockinger, using zirconium instead of aluminium. The inclu­
sions observed shortly after the addition of the deoxidant 
consisted of a core of zirconia surrounded by mangano-wüstite.
This result points to the primary formation of zirconia, which 
had obviously not dissolved in the liquid FeMnO.

For aluminium deoxidation, the free energy of formation 
of alumina is greater than the corresponding free energy of 
formation of liquid mangano-wüstite at 1600°C. Consequently, 
a liquid mixed oxide is thermodynamically unstable with 
respect to a solid alumina particle and the latter phase 
might therefore be expected to form on adding aluminium to an 
iron melt. Thermodynamic arguments, however, only apply to 
the initial and final equilibrium states of the system, and 
give very little information on either the mechanism or 
kinetics of the actual reaction. Experimental observations 
have confirmed that liquid mixed oxides do form and a satis- 
factory explanation for the precipitation of these oxides is 
therefore required. This assumes, of course, that the mixed 
oxides nucleate homogeneously and not by heterogeneous pre- 
cipitation on alumina particles. At the present time the 
validity of this assumption is uncertain.
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For homogeneous nucleation,

AG* = Iótty3 ............................. (1)
3(AGy)2

where AG* = free energy of formation of a nucleus capable of 
growth

Y = melt/nucleus interfacial energy 
AG^ = free energy change on transition of a molecule 

from melt to nucleus 
The type of nucleus which forms is the one for which AG* is 
a minimum. It can be seen from equation (1) that under 
certain conditions y3 can be a more important factor that 
AGv> that is to say the phase which nucleates is that which 
has the lowest interfacial energy with the surrounding melt 
rather than the highest free energy of formation. Although 
accurate data is lacking, it is known that at 1600°C, the 
interfacial energy between alumina and iron is greater than 
that between mangano-wüstite and iron. This suggests, 
therefore, that on adding aluminium to an iron melt, liquid 
mixed oxides can form instead of alumina because of their 
lower interfacial tensión with the surrounding melt.

Vorobnev and Levin(H) have suggested that during aluminium 
deoxidation, the formation of complex nuclei of the Fe0-Al203 
type in the liquid state is possible owing to a reduction 
of the melt/nucleus interfacial energy caused by chemical 
reaction between the two phases. The compositionsof such 
nuclei are determined by the oxygen content of the melt 
prior to deoxidation. Their results are summarised in Fig. 8 
where lines 1-5 are based on various equations derived by the 
authors. The areas A-E between the lines represent the areas 
of formation of nuclei of various compositions. A represents 
the región of unsaturated metal where the formation of nuclei 
cannot occur; B is the area of supersaturated metal where 
the supersaturation is i.nsufficient for the formation of 
stable nuclei; C is the area of supersaturated metal where 
only liquid mixed oxides can form; D is the area where liquid 
mixed oxides and puré alumina can form; E is the area where 
only alumina nuclei can precipitate. According to these 
workers, when aluminium is introduced into a melt, the processes
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of solution of the deoxidant and deoxidation occur simultaneously 
throughout the volume of the melt. The concentration of 
aluminium at any point increases with time from zero. Con­
sequently, the initial State of the system is in area A.
With increasing time, the concentration of aluminium at a 
given point reaches a valué which is in equilibrium with the©dissolved oxygen (line 1), after which the metal becomes 
supersaturated (area B). With further increase in the alu­
minium concentration, the supersaturation of the metal becomes 
sufficient for the oxide phase to separate. With a sufficiently 
high concentration of oxygen in the melt, for example, 0.05%, 
the nuclei which form will be liquid mixed oxides (area C).
If the oxygen concentration is less than 0.01% before deoxida­
tion, the oxide phase will separate in the form of alumina 
(area E).

Finally, the nature of the deoxidation reaction can also 
be illustrated by the morphology of the alumina clusters.
These can be revealed by scanning electrón microscopy of 
deeply etched surfaces. Aggregates of spherical alumina 
particles probably form via a liquid oxide phase, whilst 
dendrite morphologies most probably occur by direct precipi- 
tation of solid alumina from the melt. The main point 
emphasised by the structures shown in Figs. 9-12, is that 
both spherical and dendritic morphologies can occur together 
in the same aggregate, which illustrates the complex nature 
of the deoxidation reaction and the formation of the result- 
ing inclusions.

The Reaction between Silicate Inclusions and Aluminium
There is now considerable evidence to show that during steel­

making, the addition of strong deoxidants to the metal in the bath, 
ladle, or ingot can cause reactions to occur between the existing 
inclusions and the deoxidising additions (^)(12)(13)(16). ^ g0od 
example of this is the effect of aluminium on silicate inclusions 
formed in rimming steels . The addition of aluminium to 
balance the ingot causes an abrupt change in the inclusions at 
the rim-core junction, and is the result of both direct deoxida­
tion of the metal, and of reaction. between the pre-existing 
inclusions and the aluminium dissolved in the molten steel. Many
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complex reaction products and structures are observed depending 
on the amount of aluminium used and the time before the inclusión 
is trapped by the solidifying metal.

In order to understand more fully the reaction mechanisms 
involved, the addition of aluminium to iron-silicon-oxygen melts 
containing silicate inclusions has been studied.

In the^first series of experiments, the inclusions present 
in the melt prior to the aliminium addition were liquid silicates 
containing about 95% Si02 and a balance of FeO, Fig. 13. On adding 
aluminium, complex reaction products were formed consisting of 
silicate inclusions surrounded by rims of alumina, Fig. 14. These 
rims were apparently formed as a result of the initial rapid 
reaction between aluminium and the small amount of FeO in the 
silicates. This mechanism is supported by the fact that small 
glóbules of metal were observed at the silicate/alumina interface.
In some cases, however, the quantity of this entrapped metal 
appeared to be greater than that expected solely from the replace- 
ment of the small amount of iron initially present in the silicates. 
An additional source of entrapped metal may therefore be proposed. 
After the initial rapid reaction, the resulting rim of alumina 
defined the position of the original silicate/melt interface.
Further replacement of the iron (or Silicon) of the silicate by 
aluminium then occurred inside the rim.

It is possible that this reaction was accompanied by a 
decrease in volume, as a result of the closer atomic packing in 
solid crystalline alumina compared with liquid silica. Conse- 
quently, voids were formed inside the rim so that iron from the 
surrounding melt penetrated through the rim in order to fill these 
voids. This would necessitate pores in the alumina rim, probably 
caused by the contraction effect.

After the initial rapid reaction therefore, the silicate 
inclusions were surrounded by rims comprising fine alumina 
crystals. This is represented schematically in Fig. 15(a). At 
first sight it appears that the alumina rim might prevent any 
further reaction. This was not the case, however, for although 
the reaction rate was very much decreased, the continual replacement 
of Silicon by aluminium occurred by a diffusion-controlled mech­
anism. In terms of a very simple ionic model, it is suggested that 
there was an overall diffusion of Silicon ions from the silicate
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inclusión to the melt and of aluminium ions from the melt to the 
silicate. This is represented schematically in Fig. 15(b). The 
important factor was probably the small size of both the Si'*+ and 
Al3 ions compared with the relatively larger O2 ions, as shown 
in Table I, which facilitated their diffusion through the alumina 
rim. In addition, the diffusion of these ions was also possibly 
facilitated by the presence of defects within the structure of 
the rim, that is at alumina crystal boundaries.

TABLE I
Elemental and Ionic Radii

Elemental radius in crystals - A° Ionic Radius - A°

Fe - 1. 24 Fe2+ - 0.80
Al - 1.43 Al3 + - 0.5 5
Si - 1.17 Si** + - 0.40

O2" - 1.35

As the reaction proceeded therefore, the replacement of
Silicon by aluminium caused the alumina content of the inclusión
to increase and the alumina rim to thicken. The extent of this
reaction obviously depended on the local concentration of dissolved
aluminium. Frequently, the Al3+ ions penetrating into the silicate
caused an enriched concentration of A I 2 O 3 in the silicate, from
which mullite needles precipitated, Fig. 16.

Heat treatment of silicate inclusionssurrounded by alumina
reaction rims caused the reaction between aluminium and silica
to recommence, although at a much slower rate due to the reaction
occurring in the solid State. Consequently, the central silicate
phase gradually became smaller and the surrounding rim of alumina
became larger. At the same time, more and more metal was deposited
between the alumina and the silicate. On completion of the reaction,
the final products consisted of rings of alumina crystals, with
no silicate present, Fig. 17. Similar formations have been
observed in rimming steel ingots after suppression of the rimming

( 12 ')action with aluminium^
In a second series of experiments, the effect of aluminium 

on silicate inclusions containing larger amounts of FeO was
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studied. These were dúplex, liquid silicates consisting of a 
silica-rich liquid (901 Si02) within an iron silicate matrix 
containing abuut 50% FeO, Fig. 18. On adding the aluminium in 
this case, the reaction was much more rapid than with the highly 
siliceous inclusions. Very few silicate inclusions surrounded 
by rims of alumina were formed. The resulting inclusions, even 
after only 30 seconds consisted mainly of alumina within an 
alumino-silicate matrix, Fig. 19. Obviously, therefore, the 
replacement of Silicon and iron by aluminium occurred extremely 
rapidly and to a marked extent. This was confirmed by analysing 
the globules of metal entrapped within the inclusions, some of 
which were found to comprise 701 Si, 30% Fe. It is suggested 
therefore, that when aluminium reacted with a viscous, highly 
siliceous inclusión according to the mechanism put forward pre- 
viously, the replacement of Silicon by aluminium and the sub- 
sequent diffusion of the aluminium in the silicate were so slow 
that an aluminous rim was formed. As a result, many reaction 
produets were observed in which mullite had nucleated at the rim 
and grown into the silicate inclusión. For the iron silicates, 
however, aluminium reacted with a more fluid inclusión and in this 
case, the replacement of iron and Silicon by aluminium and dif­
fusion of the aluminium within the silicate were much more rapid.
As a result, no time was allowed for an aluminous rim to form and 
the concentration gradients across the inclusión were not as 
great as in the previous series. Consequently, alumina and mullite 
were precipitated within the alumino-silicate, rather than only 
at the surface.

The increased ease of reaction of aluminium with iron sili­
cates compared with highly siliceous inclusions also accounts 
for the fact that in the latter case, although the entrapped 
metal globules were found to be slightly richer in Silicon than 
the surrounding matrix, no globules were examined in which the 
Silicon concentration approached anywhere near the 70% level 
found with the iron silicates.

Fig. 20 shows the morphology of a silicate inclusión sur­
rounded by an alumina reaction rim after deep-etching in bromo- 
methanol followed by examination using the scanning electrón 
microscope. Clusters of spherical alumina particles are also 
present.
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Conclusions
The work which has been described has shown that in the early 

stages of deoxidation of iron-oxygen melts by aluminium, liquid 
mixed oxides can be formed which are deficient in A1203. Subsequent 
reactions then take place, which are complex in nature, but which 
can result in the eventual formation of aggregates of alumina 
inclusions. The morphologies of these reaction products are very 
varied, and considerable further work is required before the com­
plete sequence of events can be fully understood. The nucleation 
mechanism is also worthy of further study.

Evidence has also been presented to show that reactions 
take place between pre-existing silicate inclusions and aluminium 
dissolved in the molten steel. A suggested mechanism for this 
reaction has been postúlated, but this too requires further work 
to elucidate the details more clearly. It is accepted that a 
direct comparison with commercial deoxidation practice is not 
entirely valid for two reasons:
(1) The initial melt oxygen contents were much higher than those 
observed during actual steelmaking.
(2) An inert furnace atmosphere was not used so that atmospheric 
reroxidation of the melt occurred throughout the sampling period.

Nevertheless, many of the inclusions observed in the labora- 
tory experiments were very similar to those observed during actual 
steelmaking. This was particularly so in the case of the rings 
of alumina particles observed in rimming steels treated with 
aluminium.
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SOME ASPECTS OF THE FORMATIONOF SULPHIDE
INCLUSIONS IN STEEL
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Introduction.
The formation, mo.de of occurrence and type of the sulphide 

inclusions observed in steel is an extensive topic, as also are 
the effects of sulphide inclusions on various physical and 
mechanical properties. These latter effects will be discussed 
in later chapters. The object of this chp.pter is to discuss 
the formation and conditions of occurrence of some of the many 
types of sulphides observed in steels, but excluding the 
zirconium and rare-earth sulphides which will be discussed in 
more detail in subsequent chapters. Much work has been carried 
out by controlled research prográmeles to study the occurrence of 
sulphides in steels, and this has been supplemented by further 
information obtained during commercial steelmaking and processing. 
In addition there have been reviews in the literature relating 
to sulphide formation (l)-(7).

The sulphide types which will be considered are those based 
on the elements manganese, chromium, nickel, calcium, copper and 
magnesium, most of which are observed to occur in steel, although 
some are relatively rare. The tendeney of elements to form 
sulphide can be shown by the free energy of formation diagram, 
fig 1. ^

The relative stability of sulphides, besides depending on 
their free energy of formation, is also dependant upon the 
temperature and partial pressure of sulphur and the other elements 
present. This is very clear in Fig.2., where for example MnO is 
more stable and readily formed than MnS. However, both SiC^ and 

are even more stable oxides and being normal deoxidisers 
in steel will allow the manganese to react with the sulphur, 
having reduced the presence of free oxygen very considerably. 
Henee, all these features must be remembered when considering the 
formation of various sulphides type. It must also be appreciated 
that Fig. 2 also refers to the conditions for the puré elements, 
when the activity is unity. In steelmaking this assumption is 
much over-simplified, as the molten steel must be regarded as a 
dilute solution of many elements in iron; for many of them the 
solution is far from saturated and henee activity is clearly not 
unity, but considerably less. For example, the effect of making 
manganese a solute.element on the free energy of formation of 
MnS is quite considerable, and has been calculated by Jorgensen
(3), Fig. 1.



It is very evident from this that at normal steel solidification 
temperatures, the tendency to form MnS is only slightly greater 
than the tendency to form FeS; above 1600°C the tendency is 
reversed, when the lower manganese activity is considered.
Obviously, however, whilst the difference is small at steel 
solidification temperatures, and concentrations, MnS is the 
more stable phase at much lower temperatures. In contrast, 
assuming unit activity of manganese, FeS should never Toe formed 
when manganese is present, until all the manganese has formed 
MnS. As will be shown later,confirming the results of 
Kiessling^"^, this situation is not observed in practice.

Certain elements, such as calcium, magnesium etc, will not
be present as puré metáis, but will form as oxides, usually in
the form of slag during steelmaking. Clearly, the ability of
a slag to desulphurise depends very largely upon the relative
stability of the sulphide compared with the oxide. Muan and 

( Pi )Osborn^ ' have shown curves,depicting the differences between 
the standard free energies of formation of sulphides and the 
corresponding oxides A (AG) » some of these curves are shown in 
Fig.3. This diagram can therefore be used to estimate the 
tendency for sulphide to be formed from oxide, butagain it must 
be appreciated that the diagram is based on valúes for puré elements, 
having -unit activity. However, Fig. 3. does show the tendency for 
sulphide formation relative to oxide formation, and it can be seen 
that A(AG ) is positive for most combinations of a particular metal 
sulphide and oxide.

(8)Following Muan and Osbornv ', the Ps^/Po^ ratio of the gas 
phase in equilibrium with the condensed oxide and sulphide phases 
is given by:-

log Ps„ (eq) - log Po (eq) = A (AG) ---- (i)
2.3 RT

It is clear that the partial pressure of sulphur must exceed that 
of oxygen in order that the reaction oxide-»sulphide can occur.
Vacuum melting is one instance in steelmaking where this difference 
can be increased and may therefore increase the sulphide: oxide 
ratio. Reference should also be made to the fact that strong 
sulphide forming elements can be used to desulphurise iron and 
steel.

3
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Such elements as calcium, magnesium, titanium and rare-earths 
are possible for this purpose^10\ the precipitating sulphide 
being removed to a slag. A heavily deoxidised melt is clearly 
necessary for desulphurisation as A (AG) is positive, and is 
helpful in any circtunstances.

As has already been indicated there are a number of different 
sulphides which can occur in steel, but it is appropriate to 
consider first those occurring in the Fe-Mn-S system.
Sulphides occurring in the Fe-Mn-S system

Before considering the sulphides in the Fe-Mn-S system, some 
comment on the three different forms of Mr.S which are commonly 
found in steels, is appropriate. Many explanations have been 
advanced for the mechanism of formation of the different types 
of MnS (2)(3)(5-7)^ nameiy type I, II and III, typical micro- 
structures of which are shown in Fig.4. The morphology can 
generally be described as globular, branched rod or idiomorphic 
for type I, II and III respectively, but Fig.4 illustrates the 
appearance in a two dimensional polished section. The scanning 
electrón microscope allows a much more informative examination 
to be made of these sulphide forms, and Fig.5 shows the three 
types again, examined in both deep etched and fractured samples. 
The three dimensional effeets can be appreciated and the various 
morphologies are very evident.

Because of the controlling effect of the oxygen in the steel 
on the mechanism of formation of MnS, it is necessary to consider 
the quaternary system Fe-Mr\-0-S, a part of the liquidus surface 
of which is shown in Fig.6. Type I Mn.S have been suggested to 
form by a monotectic reaction involving the miscibility gap in 
the quaternary system, those liquid inclusions which form first 
having the higher oxygen concentration. The presence of oxide 
associated with type I MnS is shown in Fig.4, and these inclusions 
are generally found in rimmed or semi-killed steels where the 
oxygen content of the liquid steel is high and the sulphur 
solubility low. Type II MnS has often been referred to as a 
eutectic form, but has more recently been suggested to occur 
by a co-operative monotectic reaction. This form occurs in 
steels which have been fairly heavily deoxidised, often by 
aluminium, so that the oxygen content is low and the sulphur 
solubility is higher.



This means that the sulphide phase precipitates as a liquid 
from the last parts of the steel to solidify, i.e. between 
the dendrites, and has many morphological similarities to 
a eutectic. Type III MnS has an angular or octahedral form, 
and their morphology indicates that they precipítate as solid 
particles from the melt. They have been suggested to be 
produced by a divorced eutectic reaction, and occur in steels 
or cast irons which have been very heavily deoxidised. The 
oxygen content is low, but due to the high aluminium content 
often used, the suiphur solubility in the liquid steel is 
lowered so that type III tends to precipítate at a higher 
temperature than type II. In general however, they form from 
residual liquid and usually are mono-phased with little or no 
oxide associated with them. They are often considered to be 
a fairly puré form of MnS.

The pseudo quaternary system Fe-FeS-MnS-ffin, shown in Fig.7, 
together with the relevant binaries, is not simple because it 
presents at the solidus surface a number of interacting and 
henee interdependent troughs and plateaux. Melford^^ has 
pointed out that there are several features peculiar to this 
system, one of which makes the Mn : S ratio at which FeS does 
not form dependent on the actual suiphur content of the steel.
If the Fe-rich córner is examined more closely, Fig.8, in conjunc- 
tion with the pseudo binary Fe-MnS, Fig.9, several very important 
points emerge. Because the miscibility gap of the two liquids 
is cut off from the iron rich córner by a eutectic valley, 
manganese cannot be used to desulphurise the steel completely. 
Furthermore, the lowest point in the eutectic valley is at a 
point T in Fig.7, equivalent to the ternary eutectic. Therefore 
if free FeS is present in the steel it can contain a molten 
eutectic liquid at temperatures above 980°C. This of course will 
tend to make a steel "hot short".

To avoid FeS formation completely - and subsequent hot 
shortness - the steel composition must lie to the manganese 
rich side of the máximum temperature in the eutectic valley,
i.e. the ridge shown in Fig.8. To the iron-rich side of this 
ridge, FeS will always be precipitated. Since this ridge lies 
askew to the Fe-MnS line, the Mn : S ratio necessary to ensure 
the formation of only MnS is relatively greater at lower suiphur 
levels than at high suiphur levels.



Henee the Mn : S ratio, much talked about in practice, is not the 
only guide as to whether FeS formation will be avoided; the 
sulphur content must also be stipulated. Por example increasing 
the sulphur level by a factor of about 3, from A-»B in Fig.8, does 
not require a proportional increase in the manganese, which only 
needs to increase from 0—»D. (1P)Work has been carried outv ' to investígate the effects 
of varying the Mn : S ratio on the sulphides formed in the 
Fe-Mn-S system. This work has been carried out at a nominal 
0.25$S level in order to obtain sufficiently large sulphides for 
microanalysis. Typical sulphides found at different Mn : S ratios 
are shown in Fig. 10, ranging from FeS, through dúplex FeS-Mn.S 
inclusions to almost puré MnS. Microanalysis and dihedral angle 
measurements of these sulphides showed a number of interesting 
features. For this level of sulphur, it was found that FeS was 
still present at a Mn : S ratio of 1.4, but was not present at 
a ratio of 2.8. It will also be realised from the pseudo-binary 
FeS-MnS system that the MnS can contain a considerable amount of 
FeS in solution, and microanalysis, Fig.11, showed that this solu- 
bility was a máximum until a Mn : S ratio of about 1.5« "fhereafter 
it decreased rapidly reaching a minimum at a Mn : S ratio between 
3 and 7. There was always some solubility of FeS in the MnS in 
the alloys examined, in the as cast condition. An increased 
amount of FeS dissolved in the MnS will lower the melting point 
of the sulphide.

It is those sulphides which occur at the grain boundaries
on which dihedral angle measurements have been carried out. The
relationship between the interfacial tensions and the dihedral

(1 p)angle, Fig.12, has been developed in some detail , but it
suffices to say that:-

Cos 0 = ^  ----------------(2)

and the limiting condition for this relationship is:-
y
1 2 ----------------(3)

otherwise Cos 0 would exceed unity, which is not possible. Henee 
when 0 becomes zero and complete grain boundary penetration
is possible. To determine the valué of 20 - the dihedral angle, 
a considerable number of individual angles must be measured, 
and a median valué obtained by plotting a. . cumulative frequeney 
curve.

6



In doing this, it becomes very clear that a unique angle does 
not exist, Fig.13, because of the shape of the curve. This is 
perhaps to be expected because the interfacial tensions will be 
orientation dependant, and this will vary between various pairs of 
grains.' It is therefore only possible to quote an average median 
valué. The variation found in the dihedral angle for both MnS 
and FeS at various Mn : S ratios is shown in Fig.14. Both MnS 
and FeS show a minirrrum dihedral angle in the Mn : S ratio range
1.5 - 2.0,and the muchlower dihedral angle valúes of the FeS 
together with its low melting temperature indicate why FeS will 
make a steel susceptible to becoming hot short, the FeS being 
much more able to penetrate between the. austenite grains.
The effect of Chromium on the Fe-Mn-S System

The pseudo ternary system FeS-MnS-CrS is shown in Fig.15, 
from which it can be seen that there is complete solubility 
between FeS and CrS and both have considerable solubilities in 
MnS. Experimental studies involved the Fe-Cr-S and Fe-Mn-Cr-S 
systems. A number of interesting features were observed.

The Fe-Cr-S system has been investigated in much less detail^ 
than either the Mn-Cr-S or Fe-Mn-S systems, and there is some 
doubt concerning the interpretation of the published diagram.

In the Fe-Cr-S system, it was confirmed that there was 
complete mutually solubility between FeS and CrS. X-Ray 
diffraction showed that only the FeS structure occurred; thus 
as no puré CrS was found it is suggested that it requires only 
a small amount of FeS to be present in the sulphide to stabilise 
the structure. In the sulphur range 0.25/0.30$, it was found 
that a Cr : S ratio of approximately 19 was necessary to obtain 
a máximum chromium content in the. sulphide. There also seems 
to be an extended solubility of CrS in MnS as predicted in the 
literature (-*-4) (15)̂  an(j compie-fce solubility has been reported^1^.

The effect of chromium on the dihedral angle is shown in 
Fig.16, where it can be seen that there is an initial small 
decrease in dihedral angle up to a Cr : S ratio of 3, thereafter 
the dihedral angle increasing rapidly up to a Cr : S ratio of 10, 
and continuing to increase up to the highest Cr : S ratio examined. 
It is clear therefore that CrS will not tend, as FeS does, to 
make the steel susceptible■to hot shortness. If the dihedral 
angles, Fig.17, are related to the ratio, Cr (sulphide)/Cr (steel),
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then the Cr-rich sulphides become clearly differentiated from 
the Fe-rich sulphides containing Cr, the dihedral angle for both 
phases decreasing with increasing ratio but the higher chromium 
sulphides showing a much greater dihedral angle than the lower 
chromium sulphides.

The sulphides were found to occur either interdendritically 
or at grain boundaries, because they solidified after the matrix.
At the higher chromium contents, whilst the CrS could solidify 
before the matrix, it did contain FeS and a eutectic reaction 
is involved at the CrS side of the Fe-CrS pseudo-binary. Thus 
it was found that a sulphide, similar in character to MnS-type II 
was generally observed. Kiessling and Lange^\ have also observed 
that in the (MnCr)S crystal structure, considerable metal ion 
vacancies can exist. This is a ;particularly important feature, 
because these vacancies would clearly tend to cause an apparent 
increase in the sulphur contents of the sulphide when subjected 
to analysis. The level of these vacancies, is indicated in 
Fig.18, from which it will be seen that the vacancies in the (Mn,
Cr)S can occur in concentrations up to 25$ of the metal atom 
fraction. Thus the composition of (MnCr)S containing a máximum 
vacancy concentration would be 19.9 wt $ Mn, 35.5 wt °¡° Cr and 
44.6 wt io S. This is an apparent increase in sulphur from the 
stoichiometric 36.7 wt $ to 44.6 wt whilst still maintaining 
the (MnMe)S structure. This compares with the sulphur content 
of 45*7 wt i° in C^S^. It is very clear therefore, that both the 
analyses of the sulphides and determinations of their structures 
are necessary to decide whether the crystal form is of MeS or the 
Me^S^ type of sulphide which has been reported by some workers" M  . 
The highest concentrations of sulphur in the inclusions observed 
in the investigation of inclusions in the Fe-Cr-S and Fe-Cr-Mn-S 
systems^^ were 44 wt $ and 42 wt % respectively, but in all 
cases X-Ray diffraction confirmed the absence of the 
structure. These higher than stoichiometric sulphur levels 
were therefore the result of metal ion vacancies.

Typical the sulphides found are shown in Fig.19, the sulphide 
colour darkening orv changing from FeS to CrS and then to MnS, 
although the difference between chromium and manganese rich 
(Mn.Cr)S is small.



It also becomes apparent from the analyses that the tendency to 
form metal ion vacancies increased with the presence of chromium 
in the sulphide, and decreased with presence of manganese in the 
sulphide, reaching a máximum of 20$ in the 0.12$Mn steel. This 
may be compared with theoretical máximum valúes of 23$ in the 
Fe-Cr-S system and 251° in the Mn-Cr-S system. The results of 
many analyses of Mn-Cr-Fe sulphides are shown in Fig.20, from 
which it can be seen that there appears to be complete solubility 
between Mn.S and CrS, as reported by other workers^^. The 
extent to which equilibrium has been achieved in the.work shown 
in Fig.20, however, has not been established by extensive annealing 
studies.

It will be recalled that in the Fe-Mn-S system it was necess- 
ary to define both the sulphur level and the Mn : S ratio at which 
only MnS would be formed, because the máximum in the eutectic 
trough was not parallel to the Fe-MnS pseudo-binary system.. in 
the Fe-Cr-S system this situation did not occur, and therefore it 
did not appear likely that variations in the sulphur level normally 
found in steel would have any marked effect on the Cr : S ratio at 
which only CrS would be formed. In the Fe-Mn-Cr-S system however, 
the vpeculiarity of the Fe-MnS psuedo-binary system might have 
been expected to have an effect, but the analyses did not appear 
to differentiate between the various sulphur levels.

The analyses of the sulphides found in these systems can be 
shown in such a way to iIlústrate how it is dependent upon the 
ratio of the sulphide forming metáis. The effect of varying 
the Cr : S ratio upon the $Cr in both (MnCr)S and (FeCr)S is 
shown in Fig.21, the solid lines referring to the chromium content 
and the dashed lines to the (manganese + iron) contents. It is 
clear that manganese is a stronger sulphide former than chromium 
and in the case of (Mn.Cr)S the curves level out so that increasing 
Cr : S ratio does not continually increase the chromium contentof 
the sulphide. On the other hand, with the manganese contents 
used, the (Fe.Cr)S reverts to (Mn.Cr)S before any máximum in the 
chromium content of the sulphides is observed.

If the chromium content of the sulphides is plotted as a 
function of the Cr : Mn ratio, Fig.22, unique curves are obtained 
for the (MnCr)S and (FeCr)S. The independent variable no't 
included is sulphur, from which it can be concluded that the
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suiphur content of the steel at these levels does not materially 
affect the chromium content of the (MnCr)S, "but is only dependent 
on the Cr : Mn ratio. The same argument holds true for the 
chromium and iron contents of (FeCr)S. The effect of the Mn : S 
ratio in the steel, and the suiphur content of the steel, upon 
the manganese content of the (MnCr)S is clearly shown by the 
dashed lines in Fig.22(a).

The effect of chromium'on the dihedral angle of sulphides 
at grain boundaries is shown in Figs. 23 and 24. The effect of 
varying Cr : S ratio, Fig.23, shows an increasing dihedral angle 
with increasing Cr : S ratio, but the effect of varying Mn : S 
ratio appears not to affect greatly the dihedral angle. There 
is however a slight indicatión that for a particular chromium 
content, increasing the Mn : S ratio increases slightly the 
dihedral angle. The effect of the ratio of chromium in the 
sulphide : chromium in the steel, Fig. 24, shows two distinct 
curves indicating manganese levels of 0.14/0.27$ and 0.97$ 
respectively. For both manganese contents, the dihedral angle 
of the sulphides decreases with increasing ratio of chromium in 
the sulphide : chromium in the steel.

Summarising the general surface energy effects of the sulphides 
present in the Fe-Cr-Mn-S system, it appears that the dihedral angle 
increases in the order FeS, MnS, CrS, (Mn.Cr)S, and that the effect 
of the sulphide : austenite interfacial energy is more responsible 
for this than is any possible effect of the alloy composition on 
the grain boundary surface energy of the austenite itself.
The Effect of nickel on the Fe-Ma-S system

Whilst this system has not been studied in detail, the effects 
of nickel seem to be small. This is not perhaps surprising 
because nickel has a lower sulphide forming tendency than iron.

Steels in the slow cooled condition were examined, containing
0.25$S, up to 0.30$ Mn and up to 12$ Ni. Within these composition 
limits a máximum of 0.6$ Ni was found in solution in the FeS, and 
none was found in the MnS. The effect of nickel on the dihedral 
angles of both (FeMn)S and (MnFe)S was also small, causing some 
increase in the angle valué with increasing Ni : S ratio.
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Observations on other Sulphides found in Steels.
(i ) Calcium Sulphide

Calcium sulphide is not infrequently found in steels, and 
is often commonly associated with slag entrappment . CaS 
occurs therefore as one phase together with a complex oxide.
Two examples of a form in which it normally occurs are shown 
in Figs.2S and 26. The CaS shown in Fig.25 is present as a 
peripheral phase, which may have resulted from precipitation 
on a pre-existing inclusión, or be due to a surface reduction 
of the oxide by sulphur, CaS forming in preference to an aluminium 
or Silicon sulphide. The X-Ray spatial images show the concur- 
rence of calcium and sulphur, together with manganese, fórming a 
(CaMn)S, which is the more common form.

The CaS is seen more clearly in Fig.26, where the sulphide 
and calcium-alumina te of the low melting point 12CaO. 7AI2O3 ’fcype» 
appear to have formed together. The two optical photographs 
show an important feature of CaS. In the case where the sample 
was prepared in the absence of water, the phase has a similar 
contrast to MnS, but when prepared with water, it blackens even 
to the extent of becoming darker than the oxide. Again the 
concurrence of calcium and sulphur is shown in the X-Ray images.

It should also be mentioned that CaS can also be formed by 
calcium bearing additions, as will be shown in a subsequent chapter, 
but this is unusual as the main aim of these additions is to modify 
pre-existing oxides.
(ii) Magnesium Sulphide

This can occur in steels to which magnesium has been deliber- 
ately added, and the particular example shown in Fig.27, has 
precipitated in association with Ti(CN) in a steel of the alloy 
600 type containing 75$Ni. MgS, like CaS, reacts with water, 
but more rapidly, and must therefore be prepared in the absence 
of water. Whilst the addition of magnesium to this particular 
steel improves its hot working characteristics, MgS is detrimental 
from the point of view of corrosion because it rapidly disinte- 
grates in an aqueous environment. The X-Ray images in Fig.27, 
show the concurrence of magnesium and sulphur in relation to the 
Ti(CN).



(iii) Copper Sulphide
(22)Copper sulphide Cu^S is reported only to occur in the

Fe-Mn-S system, when the manganese content is very low and the 
copper and sulphur contents are high. Indeed, there are few 
references to it occurring in steel. There is, however, one 
favourable situation for its formation. During the reheating 
and scaling of steel, particularly mild steel, where the residual 
copper level is sufficiently high, or where it is a copper-bearing 
steel, enrichment of this element, together with others, can occur 
such that a Cu-rich phase containing in excess of 90i<> Cu is pre- 
cipitated immediately beneath the scale and at surface grain 
boundaries. If the heating atmosphere is such that the steel 
can pick up sufficient sulphur, then the high copper and sulphur 
contents can result in the formation of Cu^S, as shown in Fig.28, 
although FeS is also very likely to form. Cu^S, unlike copper, 
does not wet or penetrate the grain boundaries and will therefore 
inhibit hot shortness.
(iv) Titanium bearing Sulphide

In steels, there is little published evidence that titanium 
sulphides occur in steel, but the possibility does not seem to 
have been systematically investigated. However, a titanium 
carbo-sulphide, Y-phase, is observed, and occurs most frequently 
in titanium stabilised austenitic stainless steels, frequently 
associated with Ti(CN), Fig.29.

Summary and Conclusions
This consideration of sulphides in steel has not been 

intended to summarise the very considerable literature on 
manganese sulphide, ñor to consider the modification of MnS 
to produce inclusión shape control. These topics will be 
discussed in later chapters. However, some new observations 
on the dihedral angle of various sulphides which can occur in 
alloy steels, has been presented together with some observations 
on the effect of steel composition on the composition of iron and 
manganese sulphides. The effect of chromium on iron and manganese 
sulphides has been dealt with in some detail, and may be relevant 
to sulphides in various types of stainless steels. Finally a 
brief discussion of the occurrence of calcium, copper and titanium 
sulphides in steel has been presented.
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L E  C T U R E  4

THE CONSTITUTION OF NON-METALLIC INCLUSIONS
IN STEEL

Synopsis

A review has been presented of some of the more salient features 
associated with the constitution and occurrence of some of the 
more commonly occurring types of non-metallic inclusions in 
steel. The main types considered are sulphides, oxides, silicates, 
calcium aluminates and the less common selehides and tellurides 
The composition, crystal type and solubility effects of the 
various phases have been described, together with relevant 
information concerning their mode of occurrence, plasticity 
etc.

Introduction
The influence of non-metallic inclusions in steel on the

properties continúes, as ind.ee'*. it has been for many years,
to be a major study by many meiallurgists. In fact it has

(1)been statedv ' that steel should be considered to be a cermet, 
containing a small volume fraction of non-metallic material.
It seems therefore that the non-metallic inclusions must be 
regarded as an integral part of the steel, and in studying 
their effects the microstructure of the inclusions must be 
examined in the same detail as has been the microstructure of 
the metal matrix.

In general, non-metallic inclusions in steel fall into 
two major categories, namely oxides and sulphides, although 
several other minor types of inclusions may also be present.
In this chapter, attention will be concentrated on the.oxides 
and sulphides. Inclusions may also be classified into three 
main groups according to their mechanism of formation:-
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(i) Primary inclusions which form by reactions in the 
liquid steel, and thus precipitate directly as 
solids or liquids from the steel before or during 
solidification.

(ii) Secondary inclusions which precipítate from the steel 
during cooling and solidification, and which also 
may be liquids or solids.

(iii) Exogenous inclusions, which may be defined as mechanically
entrained inclusions as distinct from the indigenous
inclusions formed by a chemical reaction or pre-

(2)cipitation sequence integral to the steelv .
¿Exogenous inclusions occur in many forms, but are 
generally characterised by their large size, sporadic 
occurence, often irregular shape and complex con- 
stitution and microstructure. Usually they are oxides, 
resulting from slags or refractories. However, exogenous 
inclusions may undergo reactions with the steel, and 
they may also act as heterogenous nuclei on which indi­
genous inclusions may precipítate.

By virtue of their method of formation, non-metallic inclusions 
are seldom, if ever, equilibrium products. Consequently the 
composition of an inclusión is often only the merest guide to 
its constitution in terms of the assemblage of phases of which 
it is comprised, which in turn defines its microstructure.
For example, a complex silicate may be, and often is, glassy 
or non-crystalline in the as cast condition, but if present in 
a large ingot or casting may have had time to crystallise into 
several distinct phases. A similar crystallisation of the 
glassy silicate may occur when the ingot is reheated prior to 
hot working. In addition, the composition, and henee the 
constitution of an inclusión,, may alter during reheating or
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slow cooling, by reaction with the steel This can occur in
both sulphides and oxides, and in some cases the reaction is
so extensive as to change entirely the composition from a

(3)silicate to alumina' . It can be appreciated therefore that 
the detailed microstructure of an inclusión may not be constant, 
and yet it is this microstructure and associated constitution 
which affects the properties of the steel.

Sulphides in Steel

Sulphides in steel generally comprise one or more of the
phases, FeS, MnS, CaS. Frequently there can be extensive solid

( L )solution of other elements in the sulphide' . In recent years, 
considerable attention has also been focussed on sulphides of 
titanium, z-irconium and the rare-earth metals^’̂ , in an 
attempt to minimise the detrimental effects of certain types of 
MnS inclusions on mechanical properties.

(a) Iron Sulphide - FeS

Iron sulphide, FeS, occurs in steels deficient in manganese.
Melting at 1190°C,and forming a eutectic with gamma iron at
988°C, fig. 1, the high solubility of suiphur in molten iron
but low solubility in solid iron causes the FeS to precipítate
as a eutectic during solidification, the melting point of which
is further lowered to 940°C by the presence of oxygen. Thus
FeS tends to form at grain boundaries and gives rise to the well

(7 8)known hot shortness effects' ’ . In fact, in oxide scales on
suiphur bearing steels, the binary FeO-FeS eutectic is often(4) ,clearly observed' . FeS has a characteristic ccloration, 
making it relatively easy to identify even in the absence of 
micro-analysis, and is anisotropic, having a hexagonal structure.
It has an extended homogeneity range and is best defined as _ X)S
where x can assume valúes up to 0.18^^. The lattice therefore
contains metal vacancies, and it is not surprising that considerable

(10) (11) solid solubility has been found with chromium' ', with titanium' J
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(1?) (4)and with vanadiunr . Kiesslingv ' reports some conflicting
data on the solubility of manganese in FeS, but the FeS-MnS
phase diagram indicates limited solubility of MnS in FeS but
a fairly extensive solubility of FeS in MnS, fig. 2. The
fact that there is a sharp decrease in the solubility of FeS
in MnS with decreasing temperature results in the precipitation
of FeS laths as a Widmanstatten structure in MnS. Examples of

(13) (14)this effect have been observed in cast ironsv , and in steelsv
In general, a Mn:S ratio of about 4 is required in order to
replace FeS by the higher melting point MnS, with a consequent
elimination of hot shortness. However, it has been shownv '
that in the Fe-Mn-S system, in order to avoid FeS formation the
steel composition should be to the manganese rich side of the
máximum temperature in the eutectic trough. This máximum
temperature lies on a ridge at an angle to the Fe-MnS tie line,
so that the Mn:S ratio required to prevent FeS formation is
relatively larger at low sulphur contents than at high ones.
It has also be shown that the penetration of the grain boundaries
by FeS^^, as indicated by dihedral angle measurements, is
much greater than that by MnS and more-over seems to be greatest
at a Mn:S ratio of**1.5, at which FeS still forms.

Returning to solubility effeets in FeS, a recent investigation^^
has confirmed the evidence of Vogel and Reinbach^18  ̂ that there
is complete solid solubility between FeS and CrS, despite the
apparent dissimilarity in lattice types^. However Kiessling^
does indicate that the CrS structure is related to hexagonal
symmetry, and it is perhaps not surprising that mutual solubility

(17)with FeS is extensive. The evidence suggestsv J that, as for 
the case of FeS, CrS has a metal vacancy structure. On the 
basis of crystal structure similarities, it might be expected 
that many rare earth sulphides would dissolve in FeS, as also 
would TiS, ZrS and NbS^\ Nickel has a very low solubility 
in FeS, of the order of .

(b) Manganese Sulphide - MnS

Manganese sulphide is the normal form of sulphide in many 
steels, and depending on the Mn:S ratio of the steel and the 
rate of cooling, it can contain variable and often large amounts
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of FeS in solution in the as cast state. Diffusión may then occur
during subsequent reheating, to produce MnS which is virtually
free from iron. The form of the MnS in cast steels is very
dependant upon the degree of deoxidation of the melt. In general,
as the degree of deoxidation increases the sulphide morphology
changes from the characteristic globular type I, through the
"eutectic-like" type II to the angular type III. A high degree
of deoxidation is not the solé criterion for forming type III

(19)MnS, as other elements are also necessary' . In particular 
carbón seems to be very effective in promoting the angular type 
III MnS, and this form is common in many cast irons and high 
C-Cr steels^^.

Many explanations have been given for the mechanism of 
formation of these different MnS morphologies^^ (̂ 9) (21-24)^ 
Because of the controlling influence of oxygen on the formation 
of MnS, it is necessary to consider not only the Fe-Mn-S 
ternary system, fig. 3, but also the Fe-Mn-S-0 quarternary 
system, fig. 4. A recent interpretation of the reactions involved 
indicates the following modes of formation:-

(i) Type I MnS occurs by precipitation from the molten 
steel by a monotectic reaction, the MnS formed first 
having a higher oxygen content than that formed at
a later stage during solidification. The inclusions 
form by the rejection of liquid rich in sulphur 
and oxygen, and even when the matrix of the steel 
is solid they are still liquid, and occur in the 
interdendritic regions. Because of their formation 
via an oxygen rich liquid,. type I MnS is frequently 
associated with oxide but there is little clear 
evidence that the MnS contains oxygen in solid 
solution. The oxygen is generally assumed to occur 
as MnO in a ternary eutectic with iron and MnS.

(ii) Type II MnS has traditionally been regarded as a
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(üi)

eutectic form, but is now regarded as a co-operative 
monotectic in which the MnS is precipitated as a 
liquid. The morphology however, which is in the 
form of branched rods or fan-like structures 
constrained between adjacent dendrites, has many 
similarities with a eutectic, and it would only 
require the melting point of the steel to be 
depressed by alloying for a true eutectic to occur.
The role of deoxidation in moving the alloy composition 
nearer to the Fe-MnS psuedo-binary edge of fig.4 
can readily explain the observed microstructure.

Type III MnS has an angular nature, which has been 
shown to be of octahedral form, in keeping with the 
f.c.c. structure. Again the particles precipítate 
interdendritically, and their morphology indicates 
that they are precipitated as solid from the residual 
melt. There is some uncertainty as to their 
mechanism of formation, some workers believing them 
to be a divorced eutectic brought about by the 
depression of the freezing point of the steel by
the alloying elements so necessary for their

(19) (21)formationv , whilst othersv ' consider that the
eutectic in the Fe-MnS pseudo binary is moved by
the alloying additions nearer to the iron córner of
the diagram in fig. 4 so that the type III MnS
forms as a solid pro-eutectic constituent. Some
support for the latter mode of formation is provided
by the fact that in cast irons and 1% C-Cr steels
the type III MnS is frequently in the form of
skeletal or "anchor” shaped particles, typical of
a primary crystallisation, and that the skeletal
crystal gradually filis in to assume the octahedral

(21)form. Mohla and Beectr show clear evidence for 
this, and a similar sequence of crystallisation for 
octahedral chromite inclusions has been illustrated 
by Waudby^^ . A recent paper^^has however
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identified certain objections to this hypothesis, 
namely the lack of any elimination of type III 
MnS by flotation and the inability to change type
II to type III merely by increasing the sulphur 
content. Again it has not been possible to show 
positively that type III MnS contains less dissolved 
oxygen than either types I or II.

Manganese sulphide is readily deformed during hot working.
It has the ability not only to deform less readily than the steel 

(26 27)matrixv ’ 'but also the plasticity relative to the matrix 
increases with decreasing hot working temperature and decreases 
with increasing deformation. There is some uncertainty regarding 
the relative plasticities of types I, II and III MnS. Some work 
has indicated that they all deform to virtually the same extent 
when the differences in partióle size and matrix plasticity are 
taken into account^8^, but there is a widely held opinion^^ 
that the plasticity increases as one moves from type I to type; III. 
It has been suggested that this is due to oxygen in solution 
hardening type I MnS^2^, but in view of the lack of positive 
evidence for this it may be that the MnS is dispersión strengthened 
by very small oxide particles. The low plasticity of type I 
MnS is utilised in the production of free cutting steels, in 
which type II MnS is most detrimental, but this very generally 
accepted observation may be open to some doubt Also open
to doubt may be some of the plasticity data on type II MnS, 
due to the fact that the initial morphology is vermiform rather 
than equiaxed, but there is little doubt that during hot deformation 
the type II MnS forms arrays of nearly coplanar ribbons which 
are most detrimental to transverse mechanical properties.

Being f.c.c. in structure, many sulphides are extensively
soluble in MnS. Kiessling^^ (̂ 0) (31) kas both the
solubility of varying alloying elements in the first transition 
period in MnS, fig. 5, together with the effects produced on the 
hardness of the MnS, fig. 6. The additions which harden MnS 
appreciably might be expected to decrease its plasticity, but 
there is no apparent relationship between the hardness and the



melting temperature. Although the effects shown in figs. 5 and
6 were observed on synthetic sulphide melts, experience on
inclusions occurring in steels has confirmed the general solubility

(32")effects which are indicatedw  '. For example, nickel has been
observed to have a very limited solubility in MnS in steels.
Also, chromium, the partial ternary diagram for which is shown
in fig. 7, has been found to produce a much more extended
solubility range between MnS and CrS than indicated by figs 5
or 7, as shown in Fig. 8. This tends to be in agreement with

(33)the work of Payet and Levequew  , who found complete solubility
between MnS and GrS. The presence of large amounts of chromium
in MnS also produced a metal vacancy structure in the MnS, up
to 20% vacancy concentration being observed^ which is in good
agreement with the 25% vacancies observed by Kiessling^^. So
great was the metal deficiency that the composition approximated
closely to that of the double sulphide MnS.Cr0S-,, observed by 

(L) (̂ L) (■**) 2 3’some workersv '* v »t,u-b no X-ray evidence for this
spinel type double sulphide was obtained. It should be noted
however that a relatively low manganese content,/v 3%, can virtual 1 y
eliminate chromium from solution in the MnS^-^. Frequently the
chromium rich MnS, for example in stainless and C-Cr steels, is
idiomorphic type III in morphology. This is not due to any
increase in the melting point of the sulphide, the reverse
actually being the case, but rather due to the general effects
discussed previously.

It has also been shown that CaS and MnS are isomorphous 
and both calcium and magnesium can dissolve in MnS, but there 
does not appear to be complete mutual solubility^20  ̂ (37)^
This is to be expected in view of the great difference in ionic 
size between calcium and manganese. Up to 19% Ca can replace 
Mn in MnS.

The dihedral angle of MnS is much greater than that of 
FeS^^ and thus there is little tendency for MnS to penetrate 
along grain boundaries. The replacement of manganese by 
chromium in MnS causes a marked increase in the dihedral angle,
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and a similar but smaller effect is observed for the small 
solubilities of nickel in MnS.

(c) Calcium Sulphide - CaS

Calcium sulphide is a much more stable phase than MnS, and 
thus should form preferentially to MnS when calcium bearing 
deoxidants are used. Because CaS is less stable than CaO, the 
steel should preferably be deoxidised by aluminium prior to the 
calcium addition. There are many difficulties associated with 
the use of calcium, because of its very low solubility in steel 
and its high vapour pressure (1.6 atmospheres at 1600°C)^®^, 
but the more recently developed barium containing calcium deoxidants 
have tended to overcome these problems.

When calcium is added effectively to steel, the stable CaS 
can be formed as isolated idiomorphic partióles. It is however 
relatively uncommon to form puré CaS in steels, and frequently 
the CaS contains manganese^^ (39) Qr even magnesium^^ in 
solid solution. The most common mode of occurrence of CaS is 
as a peripheral phase around inclusions comprising one or more 
forms of calcium a l u m i n a t e (20) (39)̂

Contrary to one view expressed in the literature^^ , CaS
and MnS do not form a complete solid solution series. There is
considerable agreement^^' (37) caicium is more soluble in
MnS than is manganese in CaS, although at temperatures above
1200°C there is some indication of more extensive, and possibly

(̂ 7)complete solid solutionw ''. A summary of the observed mutual 
solubilities of CaS, MnS and FeS in 1% C-Cr steels is shown in 
Fig. 9.

It is reported that CaS is less readily deformed than MnS 
during hot working^ , and thus does not form the elongated 
sulphides which are detrimental to mechanical properties. There 
is no data on the plasticity of CaS in steel, and because the 
CaS may well be supported by associated calcium aluminates, this
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could well give a low apparent plasticity. CaS does however have 
a very high melting point of about 2500°C.

(d) Other Sulphide Phases in Steels.

Kiessling^^ has reviewed available data on many sulphides,
and it is not possible in the present paper to summarise all this
information. Attention instead will be focussed on those sulphides

(5) (41)formed by the recently developed inclusión shape control additions' '' ,

(i) Zirconium Sulphide.

Zirconium forms a more stable sulphide than manganese and
thus tends to displace manganese from MnS to form inclusions
of the type (Mn Zr)S^^ which are much less plástic than MnS
and thus do not elongate into undesirable stringers. There is 

(42)evidence' that with large zirconium additions, a ZrS phase 
with a hexagonal structure can be formed. However, it has been 
shown that with too great a zirconium addition, undesirable 
phases from the point of view of mechnaical properties, i.e.
ZrC and Zr^C2S2 > can be formed^^ (4-3) ̂ plasticity of the
(Mn Zr)S decreases as more zirconium dissolves in the MnS, up 
to a máximum of about 12% Zr replacing m a n g a n e s e . With this 
máximum replacement of manganese by zirconium, the sulphide is 
completely undeformable. No quantitative data on the plasticity 
of (ZrMn)S appears to have been determined. In order to achieve 
this optimum sulphide inclusión shape control, the zirconium must 
be added in sufficient quantity to combine with the nitrogen in 
the steel and yet leave sufficient to give adequate reaction 
with the suiphur.

The interesting feature is that eutectic type II sulphides 
are not formed, and it may be that the zirconium so increases 
the melting point of the MnS that isolated sulphides are formed, 
possibly directly from the melt during solidification. In general, 
however, the (Mn Zr) is believed to follow metal solidification.
Various authors^"^ have claimed to show zirconium sulphides in
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steel, but the positive Identification of these phases may be 
open to question.

(ii) Titanium Sulphide

It has been known for some time that titanium additions, 
for example to stainless steels, could prevent the formation of 
MnS, but little systematic work has been done on this subject 
in contrast to the attention given to zirconium additions. 
Considerable use has been made of titanium additions in the 
U.S.S.R., but only recently have steels micrcalloyed with 
titanium been introduced commercially in Europe.

Titanium can form a number of sulphides, which have hexagonal
structures, and several of which are of the general form Ti/„+ NS(46) U-x)with either metal or sulphur vacancies' . In this it resembles
zirconium, but the data shown in fig. 5 indicates that it
dissolves to a smaller extent in MnS than does zirconium. Because
of its greater affinity for nitrogen than for sulphur, enough
titanium must be added to combine with the nitrogen and leave
sufficient for sulphide modification, and to achieve predictable
recoveries the steel should preferably be killed prior to the
titanium addition. The mechanism by which titanium alters the
sulphide morphology seems to be uncertain and direct substitution
for manganese is not yet proved, although such substitution would
probably be small. A titanium sulphide may form, but most
probably a carbo-sulphide is formed of the Y-phase type^^-^ ^ ,
namely (FeMnTi^íCS)• This phase exhibits very little plasticity
when present in titanium stabilised stainless steels, but may
cause embrittlement if it forms at grain boundaries, as does the
zirconium carbo-sulphide.

Mention may also be made of the possible use of hafnium to 
modify MnS, but little is known of its sulphides which will 
probably parallel in general terms those of zirconium. Similar 
effects might also be expected from vanadium and niobium additions, 
which also form M ^ +_^S sulphides, but their stability is not
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great and there is no real evidence that they occur in current 
structural steels containing small niobium or vanadium additions.

(iii) Rare Earth Sulphides

The rare-earth lanthanides have high affinities for oxygen,
carbón, nitrogen, hydrogen and especially sulphur, cerium sulphide
being even more stable than calcium sulphide. All the lanthanide
sulphides and oxy-sulphides have melting points higher than
1800°C^^, and should therefore be ideal for producing modification
of manganese sulphide to a non-deformable type, even at the

(44)highest hot working temperatures. Recent workv ' has shown that
in steels treated with rare-earths, there are several different
forms of rare-earth sulphide. The major sulphide appears to be MeS

containing sulphur vacancies, which has a tendency to segregate
('52')into bands. Other work, ' believes the major phase to be 

MegS^ when full modification is achieved.

Care is required in using rare-earth additions, due to 
their reactivity and variable recovery, coupled with the 
tendency to segregate, which may offset any benefit from the 
sulphide modification. The steels should be deoxidised prior 
to the rare-earth addition. As far as is known, the mechanism 
of sulphide modification by rare-earths is one of replacing the 
MnS by the .rare-earth sulphide, although Kiessling^ ' states 
that there should be some mutual solubility between rare-earth 
sulphides and the sulphides of manganese, iron and calcium. 
Currently there does not seem to be any clear evidence for the 
rare-earth metáis replacing manganese in MnS^-^ .

(41)Recent evidencev ' indicates an optimum rare earth : 
sulphur ratio of 2.0 for inclusión modification, but above 
this optimum ratio deleterious carbides or even low melting 
point intermetallic compounds, Fe^Ce or Fe2Ce, are formed as 
interdendritic segregates which persist during hot working.

Because of their not too great affinity fnr nitrogen, the
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rare-earth additions can be used for sulphide modification in 
steels which owe their properties to vanadium nitride pre- 
cipitation, in which case neither zirconium ñor titanium can 
be used.

Oxides in Steels

Oxides in steels occur in four main types, namely simple 
metal oxides, silicates of many various forms, spinels 
and a variety of calcium aluminates.

(a) Metallic Oxides

(i) Iron-Manganese Oxide - (FeMn)O

The predominant oxide of iron or manganese in steel is
(FeMn)O, which occurs in rimming steels. FeO (Wüstite) and
MnO (Manganosite) form a continuous series of solid solutions.
FeO forms as spherical particles by the precipitation of a
liquid FeO rich phase in the miscibility gap of the Fe-0
system, fig. 10, and occurs either as large particles in
Fe-0 alloys containing more than 0.16% C>2 or as a network of
globules between the iron dendrites in lower oxygen alloys.
Frequently, the Wustite particles contain iron particles within 

(54) (55)themx , probably due to the rejection of iron from the
liquid FeO during cooling. At lower temperatures,a/560°C, FeO 
should breakdown to iron and Fe^O^ by a eutectoid reaction, but 
this reaction is seldom observed in inclusions.

MnO occurs as a translucent idiomorphic or dendritic 
(55)phasev , which precipitates directly from the liquid metal 

because of its high melting point of 1850°C, but the more 
normal occurrence is of the (FeMn)O solid solution»which is 
usually a single phased globule. Occasionally however, a 
two phased inclusión is observed in which a central MnO rich 
phase is surrounded by a peripheral FeO rich phase. These 
are non-equilibrium inclusions in which the solid MnO phase
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formed whilst the metal was still molten has acted as a nuclei 
for subsequent precipitation of a more FeO rich phase during 
solidification. The cooling conditions have been such that 
diffusion to form the solid solution indicated by the equilibrium 
diagram has not occurred to the required extent.

(ii) Silica - SiOp

Silica can occur in three forms^^ quartz, tridymite and
cristobalite. Quartz is rarely observed except in exogenous
inclusions of sand or refractory origin, but tridymite has been
observed as lath-like crystals in exogenous(56) an^ aiso in

(57)certain highly siliceous deoxidation products The
occurrence of cristobalite has often been reported (56) (58) (59) 
to occur as dendrites or rosettes within highly siliceous deoxidation 
or exogenous products. More recently however, it has been shown 
that these phases are not crystalline, but are a very highly 
siliceous liquid p h a s e I n  fact, the more general mode of 
occurrence of silica is as a highly siliceous, very transparent 
spherical partióle. The solubility of silica for many of the 
other oxides common in non-metallic inclusions in steel is very 
limited, and thus frequently a glassy, highly siliceous phase 
is associated in complex inclusions with. a wide variety 
of other phases.

(iii) Alumina - Al̂ O-,

The crystalline form of alumina, corundum (o í . -  A^O^) , 

is the usual form observed. It can occur in a number of 
morphologies, but because of its high melting point (2050°C) 
it is always as a primary crystallisation. Generally, when 
formed by deoxidation it is observed as clusters or groups, 
which have been shown to comprise one particle (61) (62)
and to occur as:-

(a) A dendritic form showing a very large skelatal 
network,.^^ (63) (64) (65) usually forms
at high degrees of supersaturation.
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(b) A globular cluster^^ (65) ̂ 0ften occurring at 
low supersaturations, in which the individual 
particles appear to be sintered together. This 
latter form has been shown to be produced by the 
simple sintering of alumina particles^^ , but 
other authors believe they can occur by simple 
collision between isolated particles in the molten 
steel^^. More recently, this type of alumina 
aggregate has been shown to originate also from 
nozzle blockage deposits^®) (69) ̂

Isolated alumina inclusions are less common than clusters, 
but can occur in the as cast condition possibly due to the 
mechanical fracture of the clusters. In the hot worked condition, 
isolated particles are often observed due to dissemination of 
the particles within the alumina stringers, which themselves 
originate from clusters.

Quite massive alumina particles have been observed to
(59)originate from refractory erosionv , and alumina is a frequent 

constituent of multiphased particles of exogenous origin. Also, 
because alumina is solid at steelmaking temperatures, it can act 
as a nucleus for deoxidation products in which case it may not 
be related to the constitution of the deoxidation product itself^^. 
Finally, alumina 'rings* can be formed by the reaction between 
dissolved aluminium in the steel and pre-existing less stable 
(FeMn)O or silicates(^(7®). These are typical of aluminium 
treated semi-killed steels. Space does not permit the 
consideration of the liquid FeO-MnO-A^O^ phases which form inter­
medíate to the Alo0^ during the deoxidation of steel by aluminium,

f7i — 7^5^but reference should be made to the relevant literature' .

Corundum is hexagonal and has complete mutual solubility 
with other oxides of the MgO-̂  type. This is rarely observed 
in steels due to the very great deoxidising power of aluminium.
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The P -AH^O^ form has not been reported in steels, but the T'-A^O^ 
has many similarities with the spinels which will be considered 
later, and also with the most alumina-rich calcium alumínate,
CaO.6 A1203-

(iv) Other Oxides

The inclusions formed by deoxidation with chromium are 
complex^^-^ ^ . In chromium steels, the main oxide is the 
spinel chromite, FeO. Cr90̂ , but with increasing chromium content 
a distorted spinel structure is obtained. With more than-9%
Cr, Cr^O^ is observed and disproportionates into C^O^. Recent 
studies have tended to confirm the above general sequence^®^, 
and indicate that for deoxidation of Fe-0 melts by chromium, 
the following sequence is observed:-

FeO. r2°3 ------ 7" F̂e Cr  ̂ °*Cr2 ° 3 -------7* (Cr Fe)0.Cr20^
Spinel, Cr<2.5% Distorted Spinel, Distorted Spinel,

2.5%<Cr<  8.0% Cr> 8.0%

(79)An investigation of titanium o x i d e s h a s  shown that
four titanium oxides can occur in Fe-0 melts deoxidised byTi3°rtitanium, namely TiO, c<-TÍ20->,jfand TiO^ (rutile). In addition 
ilmenite (Fe0 .Ti0 2) and a spinel were also observed, and a 
number of these frequently occur as spherical but polycrystalline 
inclusions. Of these, three forms of titanium oxides have been 
observed in steels, especially in titanium stabilised stainless 
steels or titanium treated carbon-manganese steels^®*^. TÍO2 

occurs as a spherical, relatively non-deformable phase. Ti20^ 
occurs as small clusters, and is very characteristically twinned 
as well as exhibiting clearly identifiable pleochroism. Ti^O^ 
is rather similar to TÍ2Ü^ but shows characteristic twinning 
or faulting under polarised light.

(b) Spinels - MQ. M Ô-?

Spinels are a common phase in non-metallic inclusions in 
steel, and cover a number of specific spinel phases in particular, 
although extensive mutual solubility occurs between all the 
s p i n e l s . The specific spinels which are commonly found are
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Hercynite (FeO.A^O^), Galaxite (Mn0.Al20^), Chromite (FeO.Cr^O^),
Chrome Galaxite (MnO.Cr^O,) and Spinel (Mg0.Alo0,). The spinels

 ̂ 0 (81) FeO.Al^O^ and MnO.A^O^ can occur as direct deoxidation produets'
forming small plates or clusters of partióles rather similar to 
alumina in general form. Galaxite in particular is often observed 
in deoxidation produets formed by incomplete aluminium de­
oxidation of a Dreviously killed Silicon steel, and often forms

(3)dendrites within a globular silicate in the as cast conditionw  .
As when other non-deformable inclusions occur within a plástic
silicate matrix^®^, the presence of galaxite in a silicate
tends to decrease its plasticity during hot working, by a
mechanical support mechanism. Hercynite, on the other hand,
is frequently observed together with FeO during the deoxidation
of Fe-0 melts by aluminium, but is not a common phase in steels
due to the presence of manganese which invariably leads to the

(83)formation of galaxite. Recent work' D) has also enabled the 
interfacial energy between hercynite and FeO "to be established 
(873 dynes/cm^ at 1150°C).

In chromium and stainless steels, the chromite spinel is 
very frequently observed either as isolated angular idiomorphs, 
or as groups of such crystals or skeletal networks. The 
skeletal crystals are simply the early stage of formation direct . 
from the melt, infilling of the skeletal structure resulting in 
octahedral chromite particles^8^ . Chromite dendrites are also 
observed to precipítate from silicates formed at very high 
temperatures^*^ .

Spinel, (MgO. A^O-^), inclusions usually form from slag
partióles which have reacted with aluminium in the steel.
They thus are invariably associated with calcium aluminates,
the MgO in the slag forming MgO.A^O,. which can be present
either as angular partióles or as dendrites within the calcium

(M (20) (59)alumínate inclusión' ' ' ' ' . Occasionally groups of, or 
isolated, spinel partióles are observed. There is virtually 
no mutual solubility between MgO.A^O and the calcium aluminates.
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As can be seen from some of the relevant phase diagrams, 
spinels often exhibit a wide range of solubility about the

(4)stoichiometric composition, figs 11-13. Kiessling' has
shown that hercynite and galaxite most frequently occur on
the Alo0 side of stoichiometry, and a similar effect was 3 (20)observed for spinel itself, Mg0.Al20̂ , fig. 14

(c) Silicates

Such a wide variety of silicate inclusions occur in 
steels that it is not possible in this review to discuss all 
the types which are observed. Attention will therefore be 
concentrated on some of the more common silicate types.

(i) Iron-Manganese Silicates

The relevant Fe0-Mn0-Si02 phase diagram is shown in Fig. 15. 
The iron and manganese silicates are frequently formed by de­
oxidation reactions and can show (FeMn)O globules or dendrites 
in a glassy or crystalline silicate matrix. Depending on the 
composition of the silicate, eutectics between (FeMn)O and the 
olivine solid solution series, 2(FeMn)0. Si02 can be observed, 
or primary laths of fayalite, 2Fe0.Si02, or Tephroite, 2Mn0.Si02, 
can be formed. The mono-silicate Rhodonite, Mn0.Si02, is but 
infrequently observed and the unstable counterpart Grunerite, 
Fe0.Si02, has not been reported. With higher Si02 contents in 
the silicate, two glass phases representing compositions within 
the miscibility gap are sometimes observed^8^ . Depending on the 
cooling rate, the type of inclusión in which there is no (FeMn)O 
phase may be either crystalline or glassy. Reheating the glassy 
form for hot working can then result in the crystallisation 
of the silicate phases.

(ii) Aluminium Silicates

Aluminium silicates are seldom encountered in steel because 
of the invariable presence of iron and manganese. The Al20^-Si02
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phase diagram is shown in fig.16 from which it can be seen that 
Mullite, 3 Al20y2 Si02, is the only silicate phase present.
This phase can frequently be seen as needles in an otherwise 
glassy silicate matrix in certain deoxidation products, but 
more usually where reaction has occurred between iron- 
manganese silicates and aluminium dissolved in the steel(59)(85)^ 
or in inclusions of an exogenous origin resulting from refractory 
erosion.

(iii) Calcium and Magnesium Silicates

The CaO-SiOg phase diagram is shown in fig.17. Many calcium 
silicates can form, but apart from being constituents observed 
in slag inclusions, they are seldom observed in steels. 
Kiessling^-^ however reports that a Ca0.Si02 type of inclusión 
is common in steels deoxidised by calcium silicide, but this 
observation may be open to doubt as the calcium is very difficult 
to introduce into the steel, and invariably some aluminium will 
also be present in the silicate. In fact, deoxidation silicates 
resultingfrom calcium bearing deoxidants frequently contain 
MnO and A^O^, in the calcium silicate, and are often glassy in 
nature. They can however form a number of silicate phases if 
they crystallise during reheating.

There are two silicates of magnesium, enstatite MgO.SiC^, 
and forsterite, 2 Mg0.Si02. Neither occur with any frequency 
in steels, but may be present in complex erosion products 
involving slag attack^-^.

(iv) Complex Silicates

Many of the silicates which occur in steels are complex, 
comprising the oxides Si02, FeO, MnO, A120̂ , CaO and MgO in 
varying combinations. These silicates can be either glassy or 
contain varying assemblages of crystalline phases depending on 
their composition, mode of formation and approach to equilibrium.
In addition, the inclusions may contain particles of a pre-existing 
solid phase on which they have nucleated, or phases from the 
refractory materials which are the source of many exogenous
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inclusions. It is not likely that these mechanically included 
particles will be in equilibrium with the main body of the 
inclusión. The origins of these complex silicates may also be 
very varied in that they may form due to deoxidation by complex 
deoxidation alloys, or by sequential or simultaneous deoxidation 
by single element deoxidation alloys. They may also result 
from erosion of refractories with or without the assistance of 
slag attack, or they may be simply due to mechanical entrapment 
of such steel making additions as mould fluxes, exothermic 
feeder head compounds, etc. Finally they may result from 
atmospheric oxidation of liquid metal streams.

Because of the great variability in these complex silicates, 
an attempt will be made to systematise the silicate phases which 
may be formed in terms of a few major types. The ternary 
phase diagrams to which many of the inclusions may be referred 
are Fe0-Si0 2“Al2 0^, Mn0-Si0 2~Al2 0 ,̂ Ca0-Si0 2~Al2 0  ̂and Mg0-Si0 2~ 
A^O^. These are shown in figs 18-21. It can be seen that 
there are a number of groups of common phases:-

(a) The pyroxenes which comprise rhodonite (Mn0.Si02), 
enstatite (Mg0 .Si0 2) and the iron mono-silicate, 
grunerite (Fe0 .Si0 2) which requires some manganese
to stabilise it. In these phases there is considerable 
mutual solubility, as there also is with diopside 
Ca0.Mg0.2 SÍO2 which may be regarded as a solid solution 
of Ca0.Si02 and enstatite. These phases form 
characteristic lath-like crystals.

(b) The divines, whiohngom?hrise(for0sjerite (2 Mg0.S102),
fayalite (2 FeO.SiO^J/^but not di-calcium silicate 
because of the large ionic size of Cat+ These phases 
all show complete mutual solubility and can dissolve 
up to 50% CaO. They crystallise in a typical lath- 
like habit, but often a remnant skeletal structure is 
apparent.

(c) The garnets, which comprise spessartite (3 Mno.



21

Al20^.3 Si02)> almandine (3 FeO. Al20^.3 Si02), 
pyrope (3 Mg0.Al20,..3 Si02) and grossularite 
(3 Ca0.Al20^#3 Si02). Neither the Magnesium or 
Calcium garnet phase appear on the liquidus 
projection of the relevant ternary system. All 
these phases however show virtually complete 
mutual solubility, and crystallise in a characteristic 
feathery habit.

(d) The felspars which comprise anorthite 
(Ca0.Al20^.2 Si02) and manganese anorthite
(MnO A120-j.2 Si02) and which can extensively dissolve 
in each other and take into solution quantities of 
FeO or MgO replacing MnO or CaO.

(e) The cordierites which comprise the phases cordierite 
(2 MgO.2 A120̂ . 5 Si02) and its iron and manganese 
equivalents, all of which show extensive mutual 
solubility.

All these phases have been identified in complex silicates 
together with other silicates such as gehlenite (2 CaO.Al20^.Si02) 
and ackermanite (2 CaO.MgO.2 Si02). However, to identify a 
specific phase in a complex silicate simply on the basis of 
micro-probe analytical results requires care due to the often 
extensive mutual solubilities and the wide spread of composition 
about stoichiometry. Similarly the identification of a glassy 
phase with a named crystalline phase simply on the basis of 
composition, should be avoided.

(d) Calcium Aluminates
\

Calcium aluminates are common inclusions in many basic 
electric are steels^^ (39) can ^  pro¿Uced a number 
of mechanisms such as reaction between basic slag inclusions and 
aluminium dissolved in the s t e e l (59) ̂ deoxidation with 
calcium silicide and aluminium, or the use of the complex barium
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containing calcium-aluminium deoxidants, and modification of 
alumina inclusions by the barium containing calcium-aluminium 
deoxidants.

Much work has been published on the effects of the use 
of calcium deoxidants (86-92)^ an^ j_n some cases the results
show discrepancies. The object of much of this work has been 
to replace alumina clusters and stringers by less injurious 
widely disseminated calcium aluminates and, as already discussed, 
to modify the sulphide inclusions. Calcium, when added as 
aluminium containing calcium silicide, or calcium-al uminium- 
manganese alloys is a difficult addition to control, particularly 
in carbón and low alloy steels. The reasons for this are the 
very low solubility of calcium in liquid steel^ , its high 
vapour pressure of 1.6 atmospheres at 1600°C, and the fact that 
many calcium alloys have a low density and thus float to the 
top of the ladle and react with air. The calcium is thus often 
lost by vaporisation and reaction before it has time to dissolve 
and act as a deoxidiser.

It has been observed that calcium is more predictable as
a deoxidant in stainless steels (87) (88)  ̂ reason
apparently being that nickel, and aluminium and Silicon,
considerably increase the solubility of calcium in steel^®^.
It seems advisable to pre-deoxidise the melt prior to the
calcium addition. More recently the use of barium and Silicon
in the calcium deoxidation alloys has been shown to lower the
activity of calcium and its vapor pressure so that better control

( 40)over the addition is achievedv '. It is also suggested that 
aluminium and calcium added together cause calcium alumínate 
films to be formed around the dissolving deoxidant, and having 
a relatively low melting point the calcium aluminate film collapses 
and so allows the calcium and aluminium to diffuse into the 
steel. On the other hand if the calcium and aluminium .are added 
separately, solid films of CaO and Al^O^ form around the calcium 
and aluminium rich areas respectively and retard diffusión of 
the deoxidants.
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f 9̂5)Recent workv ' has shown that when aluminium bearing 
calcium silicide is added to an iron-oxygen melt, the calcium 
rapidly boils off before it can particípate in the reactions. 
Consequently only alumina or aluminium silicates are formed 
depending upon the aluminium content of the deoxidant. Large 
amounts of calcium silicide are required before calcium 
aluminium silicates or calcium aluminates are formed. On the 
other hand the barium containing deoxidants can readily give 
calcium aluminates containing up to 30% CaO.

In order to obtain a more reproducible recovery of calcium,
Ihe calcium deoxidant may be added after a prior aluminium de­
oxidation. The calcium can then modify the alumina inclusions, 
causing the aggregates to be replaced by calcium aluminates.
In fact the calcium addition seems to be protected by the prior 
aluminium addition for the reasons already outlined. Because 
CaO is even more stable than A120̂ , and has a lower solubility 
product, some CaO will be precipitated, probably on the surface 
of the alumina particles. Both oxides are solid at steelmaking 
temperatures and any reaction to form calcium aluminates might 
be expected to be slow. As shown from the CaO - A^O^ phase 
diagram, fig. 22, some of the calcium aluminates have low 
melting points and thus a liquid layer probably forms on the 
surface of the alumina particles which acts as a sink which 
dissolves both A120^ and CaO, thus allowing modification to 
form calcium aluminate to proceed rapidly.

As shown in fig. 22, a series of calcium aluminates can 
be formed, and work has been done to investigate the range of 
compositions for each of the calcium aluminate phases^® .
The results are shown in fig.23, from which it can be seen that 
there can be quite appreciable departures from stoichiometry.
It has also been shown that calcium aluminates can crystallise 
from very low silica melts. As indicated by Fig 20, the higher 
the AlpO^ : CaO ratio in the calcium aluminate, the greater the
Si02 content of the silicate melt with which it is in equilibriumv(20)
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Very little quantitative data has been obtained on the
plasticity of the various calcium aluminates during hot working.
However, there are indications that CAg, having a y-AlgO^
structure, forms clusters of partióles rather like alumina or
spinel and is equally non-deformable. The calcium rich
aluminates also polish more readily in stainless steel, and thus
give rise to fewer line defects, whereas the harder more
refractory spinels, alumina- and calcium aluminates may be more

(94)detrimental m  this respectw  .

Other Inclusions
A group of inclusions, which together with the manganese 

sulphides, are most important in free machining steels are those 
produced by additions of lead, selenium and tellurium.

(a) Lead
Lead, whilst having some degree of solubility in liquid steel, 

may be regarded as virtually insoluble in solid steel. In the 
as cast condition, it has been shown^5) occur as separate 
particles which apparently form from the last liquid to solidify 
in the interdendritic regions, but not necessarily in contact 
with the MnS. In the hot rolled condition, however, a very 
intimate association is observed between the lead and the MnS, 
there being lead tails at the ends of each sulphide inclusión.
When tellurium is added, thephase PbTe can replace lead. It 
has also been noticed that there can be a cióse association 
between lead and complex silicate inclusions.(̂ 6)

(b) Selenium
Selenium is chemically similar to sulphur and there is

(4)complete mutual solid solubility between MnS and MnSe . Thus 
the inclusions in a low sulphur steel treated with selenium are 
MnSe but with increasing sulphur content more towards Mn(SeS).
MnSe is reported to be much softer than MnS.

As for the a-MnS structure, the a-MnSe phase has extensive
solubility ranges for various substitutionally dissolved elements

(4)(97)replacmg manganese. A study of these effects has shown
that the solubility of the first period transition metáis in 
MnSe, and their effects on the hardness, parallel closely the effects 
observed in MnS, compare figs.24 and 25 with Figs. 5 and 6.
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(c) Tellurium
The addition of Tellurium to a leaded high suiphur steel

can produce a complex series of phases which co-exist in
association with each other.(98) Besides MnS, in which it is

(27)reported that there is a small solid solubility of Te , the
phases PbTe, MnTe and FeTe can be formed. PbTe has a wide

(99-101)range of composition on either side of stoichiometryw  
which extends probably from about 20% Te to more than 50% Te.
There is also complete solubility between PbTe and PbS at 
temperatures above 800°C, but very restricted solubility below 
400°C,^<“)̂  so that in steels heated for rolling some suiphur 
might be expected to dissolve in the PbTe. PbTe melts at 922°C 
and forms a eutectic with iron at about 870°C.
Consequently there are some low melting point constituents which
might give rise to hot working problems, particularly as the
mínimum melting point in the PbS-PbTe system is at about 875°C.^^^
It has been shown that MnTe can depart from stoichiometry on the
manganese-rich side,^^ and there are suggestions that MnTe can

(27)dissolve small amounts of suiphur and chromium. MnTe
usually occurs as tails to the MnS partióles in much the same
manner as does lead. Iron telluride shows some departure from
stoichiometry on the iron-rich side, and there is no evidence of
solubility for manganese, ñor does there appear to be much

suiphur solubility in the metal tellurides. Kiessling has
(4)indicated' ' that there would not be expected to be much mutual 

solubility between sulphides or selenides and tellurides.

The addition of selenium with lead further complicates the 
situation, as a lead selenide, PbSe, can be formed^1^^ which 
produces low melting point eutectics with lead. The phase 
relationships between the sulphides, selenides, tellurides and 
lead, however, require much further work before they can be fully 
understood.

Conclusions
In this survey of some of the constitutional aspects of the 

non-metallic inclusions which are commonly found to occur in 
steel, it has not been possible to do more than highlight what 
are thought to be some of the more salient features with respect 
to current steel technology. For further more detailed information, 
and for examples of the common morphological forms of different
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inclusión phases, reference must be made to the many detailed 
monographs^^27) (56) (") (105“108) and to some of the original 
papers to which reference has been made.

It seems clear however, that a study of the way in which the 
constitution of the inclusión phases, and the thermo-mechanical 
treatments of the steels, influence the detailed microstructures 
of the inclusions, and thé inter-relation between these 
micro-structures and the effects of the inclusions on the 
properties of the steel, is indeed an enormous and forbidding 
task. Yet significant progress has been made, and continuing 
work will no doubt further this. So far, only some of the more 
readily investigated phenomena are understood. The appreciation 
of the control of inclusión constitution and morphology, whilst 
being advanced continually, is not yet sufficiently detailed to 
allow the metal-ceramic composite which is steel to be designed 
with a high degree of predictability, at least from the point of 
view of the non-metallic phases.
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L E C T U R E  5
SOME ASPECTS OF THE PLASTICITY OF INCLUSIONS DURING 

THE DEFORMATION OF STEEL

INTRODUCTION

During any form of hot or coid working, the inclusión content, 
size and t.ype has an effect on the ease of deformation and also on

(1 —1 o)the mechanical pro-perties of the steel.' Of these, the
fatigue properties' ' and the transverse ductility and impact 
behaviour are often the most sensitive to these detrimental effects. 
The behaviour of an inclusión during hot working depends very much - 
on the plasticity of the inclusión itself, the relative plasticity 
of the various phases within the inclusión, and the plasticity of 
the inclusión relative to that of the steel matrix. The frictional 
forces at the inclusion/matrix interface also play a part in the 
deformation of the inclusión, as does the temperature of hot working.

Thus the plasticity of the inclusión, compared with the plasticity 
of the steel matrix, has a strong influence on the behaviour1 of the 
steel. If the steel matrix and the inclusions are not deforming 
together during all the steel-working operations, the inclusions 
will be a potential source of future defects in the finished 
product. In contrast, inclusions may also enhance steel properties, 
such as machinability, by their ability to particípate in the 
plástic flow of the steel phase. If much more was Icnown about the 
behaviour of the different inclusión types during different steel 
forming operations, the composite product of steel/inclusions could 
be more closely tailored to the different mechanical workincr

( 3")operations, such that considerable advantages could be achieved' .
For example, it is well Icnown that at low temperatures, silicate
inclusions are relatively non-plastic and fracture rather than
deform, but at higher temperatures the3r become very plástic and
frequently can have the same or greater plasticity than the steel

( 1 1 ^matrix in which they are embedded' . The fracture and/or 
plasticity of the silicates during hot working largely Controls 
their morphology and distribution, and therefore their effect on 
the properties of the steel. There is, however, relatively little 
quantitative data available on the plasticity of inclusions, but
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what is available clearly shows that in the case of silicate
inclusions, there is a temperature,above which the plasticity

( 3 )increases markedly, Fig.1 . It has also been shown'1 that this 
temperature is quite sensitive to the composition of the silicates. 
The aim of this chapter, therefore, is to describe some of the main 
features controlling the•plasticity of silicate. inclusions and 
the formation of voids and craclcs. In addition, brief consideration 
has been given to work on the deformation of manganese sulphide 
inclusions.
FACTORS CONTROLLING THE FRACTURE OF SILICATES

The mode of fracture of silicate inclusions at low temperatures
during hot working is governed to some extent by the initial
shape of the inclusión. In as-cast material, the silicates are
usually spherical and frequently fracture along the direction of
máximum shear stress, i.e. at 45° to the rolling direction,
Fig.2(a). It is fairly common to find that they fracture more
or less diametrically, but fracture may also occur awa}̂  from the
diameter and the smaller fragments frequently rotate so as to
present a streamlined shape to the flow of the metal, Fig.2(b).
In other circumstances, small fragments can be observed to chip off
the main silicate inclusión, and to spread out down the direction
of flow of the metal, Fig.2(c), forming a discontinuous stringer
of the brolcen silicate fragments. The presence of second phase
particles within the silicate can also have a pronounced effect
on the mode of fracture. For example, the presence of spinel or t!wustite particles, which are fairly common second phases within 
silicates, causes fracture to occur along the interface between 
the silicate matrix and the second phase particles, Fig.2(d).
There is no reason to suppose that alumina particles within an 
alumino-silieate would not behave similarly, although no direct 
evidence for this has been obtained. Dúplex silicate inclusions 
containing less plástic second phases tend to fracture at lower 
deformations than single-phased glassy or crystalline particles.
The presence of these cracks in silicates, which are not easily 
filled by metal flowing into them at the low deformation 
temperature at which they form, is undoubtedly a source of craclc

I '‘¿nitiation during testing or in service.
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In general, however, the rolling oi? aii ingot is commenced at a 
high temperature at which the silicates are quite plástic, so 
that initially they deform into ellipsoids or elongated, continuous 
stringers. In rod, bar or billet they are usually cylindrical 
in section, but in fíat rolled products such as píate or strip 
they talce the form o£ óblate or prolate ellipsoids, or plate-like 
particles. As the hot working temperature decreases, the silicates 
frequently become less plástic and even brittle. This is 
particularly the case in thin section material for which the 
finishing temperature is low, as in controlled rolled píate steels. 
I£ this occurs, the elongated cylinders or plates of silicate 
begin to crack transverse to the deformation direction, Fig.2(e).
At £irst these cracks are too narrow for the metal to £low into them 
but i£ the deformation is further prolonged, or if the material is 
reheated for further deformation, then metal can fill the spaces. 
between the broken fragments, which themselves move further apart, 
Fig.2(f). The presence o£ second phase particles acts in a similar 
way to that already described for spherical silicates, cracking 
occurring at the interface between the silicate and the second 
phase. In a dúplex silicate which has been plastically deformed, 
however, the less plástic phases invariably become segregated 
towards the inclusion/metal interface, and may even protrude 
into the metal,Fig.3(a). In such a position they experience 
very large forces owing to the flow of the metal, particularly 
at low temperatures v/hen the silicate itself is not deforming.
This, together v/ith cracking at the silicate/second phase 
interface, can cause the harder second phase particles to be torn 
away from the silicate, Fig.3(a), and disseminated along the flow 
direction of the metal, giving rise to a discontinuous stringer 
of the second phase particles which is not associated with the 
original silicate, Fig3(b).
FACTORS CONTEOLLING THE PLASTICITY OF SILICATES
It is evident from Fig.1 , that temperature has a major effect on 
the plasticity of silicates. Other factors, however, are also 
important.
(a) Reduction During Hot l/orking
Plasticity valúes for inclusions relative to the steel are usuaci .y 
greater at low reductions than at hiah reductions.(3) This has been 
shown by various workers for wustite4"’̂  auntA su!pk»«t«. jnctostorvŝ
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and has been confirmed in vorlc for alumino-silicate inclusions.
The reasons for the effect are not clearly understood; there is 
great difficulty in comparing the plasticity of a small amount of 
inclusión to that of a large amount of steel matrix at very high 
reductions. A probable explanation of the observed effects is 
that vi til large def ormations, the inclusions become thinner and 
thus offer less resistance to the flow of the metal than do the 
more spherical inclusions present at lov deformations. The 
question is further complicated, hovever, by the fact that the 
surface area of the inclusión available for the frictional forces 
to act upon increases as the reduction increases, but the major 
part of that surface is parallel to the flov of the metal.
Frictional forces, viscous flov in boundary layers at the surface 
of the inclusión, and interfacial forces at the steel/inclusión 
interface need to be considered in a full elucidation of this 
effect.
(b) Particle Size

There is fairly general agreement^3 ^^^ that small particles 
are less readily deformed than larger ones. The evidence is 
mainly confined to (FeMn)o and MnS inclusions, but the results of 
recent investigations indícate that, in general, the same effect 
also applies to silicates. The explanation generally accepted 
at the present time is that the surface area on which frictional 
forces can operate is less for small inclusions than for large 
ones, and so the total deforming forces are also less. In 
addition, it is observed that small particles only start to 
deform at lower temperatures and higher deformations, when 
presumably the deforming forces are large.
(c) Composition
There can be little doubt that the composition of the silicate has
a major influence on the minimum temperature at which plasticity

( ° ̂is observed, i.e. in Fig.l. Kiessling'J' has shown schematically 
that increasing CaO, FeO and Si02 in the silicate increases the 
temperature, 0C , at which plasticity is observed, whilst increasing 
MnO in the silicate decreases that temperature. Hovever, these 
are generalisations v/hich must be treated with care, and the true 
picture is much more complicated. For ex ampie, it has been shovn^^)
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that silicates based on 2MnO.SiO become plástic at higher2temperatures than those based on 2Fe0.Si0o. It has also been 
shown that the replacement of FeO by MgO in iron silicates 
increases the temperature at which plasticity is first observed,
Fig.4.

The above brief summary indicates that the picture with regará to 
composition is not simple, and in fact there is not very much 
evidence available on which a simple hypothesis may be formulated. 
Nevertheless, sufficient evidence is available to show several 
interesting features. In the first place, it is clear that the 
silicates do not have to melt, as has sometimes been suggested, 
for them to show appreciable plasticity. The temperature at which 
the plasticity index increases rapidly can be as low as 825°C for 
soné silicates, and none of the common silicate inclusions melt 
at such a low temperature. However, it would be expected that the 
temperature at which a silicate softened sufficiently to exhibit 
measurable plasticity would be related to the melting temperature, 
and the data shown in Table 1 are talcen from the published literatura
(5).(12)(1 3).
The valúes of the solidus temperatures are not very well Icnown,
but the liauidus temperatures can be estimated with more accuracy

. (14)from published equilibriav . For compositions cióse to those 
■of tephroite (2Mn0.Si02) and fayalite (2Fe0.Si02), the solidus 
valúes are tale en as those for the binary eutectic comprising the 
olivine as one phase. The liquidus valúes for inclusión types 
3 and 4 in Table 1 have been tale en from the FeO-MgO-SiO^ ternary 
system, or the FeO-SiO^ binary, with appropriate small adjustments 
for the minor amounts of MnO and Al20o present. The solidus 
temperatures are interpolated from the relevant data from the 
appropriate binary systems. The data for inclusión types 5-8 
in Table I does not give the ratio of FeO:MnO in the (FeMn)o 
component, and the liquidus valúes are taleen from the Fe0-Mn0-Si02 
ternary system on the assumption that the FeO:MnO ratio is unity.
The solidus valúes are the average valúes between those in the 
Fe0-Si02 311 ̂ MnO-siO binary systems.
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It can be seen from Fig.5 that for the majority of the data,
there is a clear relationship between the average liquidus-solidus
temperature and the temperature for the first observable plasticity.
Two of the observations mar leed with asterislcs (inclusión types 3 and
6 in Table i) do not conform to this relationship and are for
inclusions which were diiplex, that with 20% Si0o containing

• • (<=>)wustite, and that with 50% Si02 containing trydimitev. '
Both these phases are relatively non-plastic, and would invalidate 
observations on the matrix silicate. The two observations for 
higher Si02 contents from the same worlc (inclusión types 7 and 8 
in Table i) would undoubtedly be for glassy silicates, and thus 
conform to tba^general relationship.

It therefore appears, on the basis of the above evidence, that the 
minimum temperature for observed plasticity is related to the 
melting points of the inclusions. From the limited data so far 
available, this seems to be most easily described by a linear 
relationship. The evidence also indicates that dúplex inclusions 
containing a hard, non-deformable phase behave differently and 
this effect will be discussed later.
Of particular interest to commercial steelmaking practice are the 
observations on inclusión type 9 in Table I. These are from 
inclusions resulting from the addition of an aluminium-silicon 
alloy (60% Si, 40% Al) to iron-oxygen melts. This alloy has been 
used to control the balancing reaction in the ingot mould during 
the commercial production of balanced steel plates. The average 
composition of many of the inclusions thus formed lie in the low 
melting point región of the Fe0-Al20o-Si02 phase diagram.^ ̂ ^
As a result, the inclusions are extremely soft and deformable 
above about 1050°C, and are elongated into long thin stringers 
during hot worlc Fig.6(a). Similar inclusión stringers have 
been shown to cause lamination defeets in balanced steel plates 
deoxidised with this aluminium-silicon alloy. Because of their 
low solidus temperatures (^/1 080°C), some of the inclusions are 
partially melted during rolling at higher temperatures, Fig.6(b).
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If the indications from Fig.5 are valid, then there will not be any 
simple effect of a given oxide such as CaO, MgO, A^CL, Si02 etc. 
dissolved in the silicate, on its -plasticity. Rather the effect 
of the dissolved oxide will depend on how it affects the melting 
point, which may be either raised or lowered depending on the 
original melting point and composition of the silicate. Also, 
should the presence of the additional oxide give rise to a second 
phase, this will completely alter the plasticity characteristics, 
especially if the second phase is of the non-plastic type. 
Consequently it does not seem possible to generalise as to the 
effect of variations in composition on the plasticity of silicates.

Recent work'1 ' ' ' has shown that the softening temperature
is clearly related to the Si02 content for silicates in the
(FeMn)0-Al20Q-Si0o systern containing occasional small amounts of
CaO. Also, using a model relating the defornability or plasticity
index ( V  ) to the ratio of the flow stress of the inclusión to

í 1 7)tnat of the steel matrix' 11, and Newtonian flow for glassy
silicate inclusions during deformation, it is suggested that the
change in behaviour of the inclusions will occur when the flow
stress of the inclusión is equal to that of the matrix^1 ̂ .
This situation seems to occur at some critical viscosity of

7 5the inclusión, i.e. about 10 poise, and it is suggested that
a temperature at which the viscosity reaches this critical valué
will correspond to the temperature at which there is the ver}/
sharp change in the plasticity index. It should be emphasised
that this particular analysis refers to glassy silicate inclusión^,8
and crystalline inclusions do not apparently follow this general
pattern. In fact it might be suspected that in a crystalline
silicate the critical temperature 'for inclusión plasticity may, as
described earlier, be more related to the melting temperature.

(1 8)It has also been suggested^ u; that hot hardness data may be useful 
in order to determine the plasticity index of inclusions.
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(d) Second Phase Particles
Certain effects produced by a second phase within the silicate 
have already been described in relation to the fracture of the 
inclusions, and it has been suggested that a second phase within 
the silicate alters the plasticity. In fact the presence of a 
hard, ujndef ormable phase such as alumina, spinel or silica 
(trydimite or cristobalite) within a silicate can act as a 
supporting frameworlc which decreases the apparent plasticity.
This is particularly the case if the second phase is present.. 
as a dendritic slceleton, Fig.6(c). Also, when deformation has 
talcen place, it is found that the more plástic silicate is 
usually squeezed out to either end of the non-plastic phase,
Fig.6(d), or occurs as thin connecting strings between two or 
more particles of the hard phase, Fig.6(e).
FACTORS CONTROLLING' THE NUOLEATION OF VOIDS AT INCLUSIONS
It is well known that voids of a conical form are frequently 
nucleated at the ends of inclusions during rolling, particularly 
if the inclusión is behaving non-plastically. A typical example 
of such a void is shown in Fig.7(a). A similar conical void is 
shown in Fig.7(b) after deeply etching the specimen in bromo- 
methanol f ollowed.£examination with the scanning electrón microscope. 
Rudnik^^ has suggested that there can also be V-shaped cracks, 
with the closed ends podríing in the direction of rolling, and has 
illustrated a stress system leading to the formation of such 
cracks. However, careful preparation of the sections usually 
shows that the effect ascribed to a crack is due to incorrect 
polishing in which metal has flowed into the conical void, Fig.7(c). 
Similarly, the cracks described by the same worker running between 
fractured surfaces of elongated silicates are also due to polishing 
causing flow of metal into what is actually a void between the 
fractured blocks. It is possible, however, by using the stress 
system described by Rudnik, to explain the creation of the conical 
voids at the ends of the inclusions. Frictional forces tend to 
act around the inclusión surface, as shown schematically in Fig.8(a), 
the forces acting tangentially to the surface of the inclusión. As

j



a result of these forces, cracks are initiated as shown. Not 
only are there the frictional forces, but also the forces 
imposed by the flov/ of metal, Fig.-8(b). The resultant 
of these forces tends to widen the crack at its base nearest the 
inclusión so that the surface of the crack is normal to the 
resultant forcé, Fig.S(c). This creates the conical void.

Sometimos, particularly if the temperature decreases during 
rolling, a void may be created whilst the silicate' still exhibits 
some degree of plasticity. The forces deforming the silicate are 
greatest at the surface of the inclusión, so that the surface 
layers are deformed relative to the centre of the inclusión.
A fish-tail effect is produced, partly filling in the conical 
void, as shown in Fig.8(d). Often, however, this fish-tailing 
effect can be observed without any void at all.^^

More recently, a mechanism of void formation at the interface
between the inclusión and the steel matrix during hot deformation
has been proposed on the basis of the formation of prismatic( 1 q)dislocation loops around the inclusión: ' It has been possible 
using this mechanism to derive a relationship describing the 
stress required to exceed the inclusion/matrix interfacial strength 
so that voids will be formed, in terms of the inclusión size, 
strain and parameters describing the array of dislocations around 
the inclusión. This work has then been followed up by the 
development of a theory to predict the critical non-metallic 
inclusión size in iron to cause void formation during hot working^2^  
and the results appear to accord well with experimental observations. 
In iron, it is predicted by the theory that inclusions greater in 
size than 2-3jxm diameter will cause void formation at the inclusion- 
matrix interface.
PLASTICITY OF SULPHIDES
As already shown earlier, the size and shape of the inclusions are 
of major importance and their harmful influence becomes especially 
pronounced if they are elongated normal to the direction of principal 
stress. Thus in wrought steels the minimum toughness is invariably 
encountered in the short transverse direction, and Baker and Charles :
(21) have shov/n that the resistance to crack propagation in this 
direction is related to the inter-inclusion spacing, which is
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dependent upon the inclusión length per unit area.

Although the deformation behaviour of silicates is reasonably 
well established, this is not true for sulphides. One of the 
reasons for this is that they can be precipitated from the

( 22mol ten steel m  three different morpliologies, types I, II and III.
The deformation behaviour of type II and type III MnS has received 
far less attention than that of type I. The three different 
morphologies have been compared qualitatively, however, the 
deformability apparently increasing progressively from type I to
III. The results of a recent investigation into the behaviour of 
type I and type III MnS inclusions during rolling are summarised 
in Fig.9. Since both these types have an equiaxed morphology, 
they are amcho-ble to quantitative plasticity measurements, but 
this is not the case with type II sulphides which are not equiaxed 
in the as cast condition. Significant differences occur between 
the results of different workers, Fig. 9. These differences, 
it was concluded, were not due to the influence of the matrix, but 
were caused by differences in the properties of the various MnS 
types. Type I MnS, besides having a different morphology from 
the type II and III sulphides, is frequently associated with an 
MnO-MnS eutectic phase. The plasticity of the type I MnS increases 
from 1 200 to 900°C and this is indicated by the measured mean 
valúes of V . However, the true relative plasticity is obscured by 
the behaviour of the eutectic phase which is highly deformable at 
1200°C, but non-deformable at lower temperatures. Thus, at high 
oxygen contents, the characteristic sulphide behaviour may become 
dominated by that of the eutectic, and the normal increase in 
plasticity with decreasing rolling temperature may be reversed.C 0-1 ̂The free-cutting steel used by Baker et al,vc_l' had an oxygen
content of 0.029%. If this was all present as the simple MnO-MnS
eutectic, the volurne fraction of eutectic would be about 0.6%.

(23)The steels used by Moorev ' contained up to 0.06% oxygen
corresponding to a eutectic volurne fraction of 1.3%. Accordina 

( 21 )to Baker et alv , this undoubtedly accounts for the observed 
differences in plasticity and the observed sharp increase in'V at 
about 1100°C i.e. typical oxide behaviour consistent with the 
melting point of the eutectic.



Although the presence of the eutectic may account for some of the 
differences in plasticity between the type I and type II MnS below 
1 200°C, it cannot account for the difference at 1200°C. lío 
determined compositional differences between the various sulphide 
types have been establishea which could account for their 
observed differences in deformation. There is, however, consider­
able circumstantial evidence to indicate that the type I are 
strengthened by the presence of oxygen in solid solution.

According to Fig.9, the relative plasticity of the type III
( 21 )sulphides of Baker et alv ‘ is cióse to that of the single 

phase sulphides studied by Maunder and C h a r l e s Tke 
sulphide type in the latter investigation was not specified 
but they appeared globular and were assumed to be type I.
The steel from which they were precipitated was deoxidised with 
Silicon and aluminium and they contained little dissolved oxygen.
Their composition was thei’efore probably similar to the type III

(21 ) . . . .MnS of Baker et ar , thus resultmg m  similar deformation
behaviour in spite of having different as-cast morphologies and 
quite different matrix compositions.
The influence of temperature on the deformation of MnS inclusions
in steel can also be seen in Fig.9. The relative plasticity
of both the type I and type III MnS increases as the rolling
temperature decreases from 1200°C, but whereas with the
type III the trend continúes to 800°C, with the type I a máximum
is encountered at 900°C. The increase in the relative plasticity
v/ith decreasing temperature reflects an increased rate of hardening
of the matrix relative to that of the MnS. The change to a
decreased plasticity below 900°C is apparently due to the

( 21 )transformation of austenite to ferrite. '

It has been suggested that in order to minimise the harmful
effects of sulphide inclusions on fracture properties, their
elongation during rolling should be keptto a minimum. Whatever
MnS morphology is present in the cast steel, the lowest relative
plasticity is encountered at rolling temperatures of 1 200°C and
above. Thus, provided there are no deformable oxide or silicate
inclusions present, the minimum inclusión elongation and the
máximum toughness should be obtained by maintaining as high a 
rolling temperature as possible. This procedure is employed

11



in the prodviction of free-cutting steels, but in the rolling 
of médium strength structural steels at ten tion is now being 
devoted to ensuring that the finishing temperature is below 
800°C. Significant improvements in strength are achieved 
by this 'controlled rolling' technique, but it is to be expected 
that this steel will have much inferior short transverse toughness 
compared with rolling at higher temperatures, unless there is a 
very low volume fraction of sulphide, or the sulphides are of 
modified composition and properties.

Another factor determining the inclusión elongation and the 
short transverse toughness is the rolling reduction. There is, 
however, a limit to the improvement which can be obtained by 
lowering this, since a mínimum degree of deformation is necessary 
to bréale down the ingot structure in order to obtain a uniform 
microstructure, to remove microshrinlcage and improve the overall 
strength and ductility. However, it is consicered that some 
improvement in short transverse ductility will be achieved by 
limiting the degree of deformation, using continuously cast slab 
or billet as the starting material. The present trend towards 
employing largeringots results in increased elongation and lower 
finishing temperatures, and is probably a contributory cause to 
the present lamellar tearing problems.

Finally, the type III, and also the type II as-cast jTiorphology 
should be avoided. Unfortunately, increasing the oxygen content 
to greater than 200 ppm, in order to achieve type I sulphides, 
increases the total volume fraction of inclusions and results 
in problems of oxide and silicate elongation. A more promising 
way of producing less deformable globular sulphides is therefore 
by the addition of elements which form more stable sulphides than 
manganese, e.g. Ti, Zr, Ca, Mg and the rare earth elements, i.e. 
by inclusión shape control.

1 2
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L E C T U R E  6

THE PL A ST IC  DEFOitMATIQN AND FltACTUJUS OF NON-METALLIC  

IN C L U SIO N S 1IM STEEL

^  * I n t r o d u c t i o n

In steels produced by tonnage steeli'ia'M.ng processes, the non-iuetall i o
(1 )

i n e l  n s i o n s  i n u a t  b e  c o n s i d e r e d  a s  a n  i n t e g r a l  p o r t  o f  t h e  s t o o . l  J t o e l i  '  '

(2 )
) ! . ' u ¡  i . i ,  i m s  b e e n  s h o w n '  ' t h a t  e v e r y  w e t r i c  t o n n e  o í  s u c h  o t e e !

12 15
< riMi n i n r .  10 '-J.0 o x i d e  i n c l u s i o n s  a n d  e v e n  ' « o r e  s u l p h i d e  i u c l u s i o n n .  

l i D  i n / ;  t h e  h o t  w o r k i n g  w h i c h  l e  a p p l l e d  t o  a l l  s t e e l s  e x c o p t  c a o t l n ?  

t h e  j n c l u u i o n  m o r p h o l o g y  a n d  d i s t r i b u í  i o n  i s  g r e a t  1 y  m o i U C I c m I ,  a n d  ! . n  

t i u ’  i i i i í O i . )  J e d  f o r m  t h e  i n c l u s i o n s  f r e q u e n t l y  e x e r t  a  c m r ' r ' M i  I n f l . u e n e r  

n i  t h o  m e c h m i i c t t l  p r o p e r t i e s .  I n c l u s i o n s  c a n  b « ?  c l n s s i f i e d  i n t o  t v < >  

l u v s i c  t y p o a ,  o t h e r  t h a n  b y  t h e i r  c o i : » p o s i t i o u ,  o r i g i n  o r  c o n s t  L t u t i o n ,  

m v - i <:l y  i n t o  t h o s e  w h i c h  d e f o r i M  d u r i n g  h o t  w o r k i n g ,  r n d  t . l i o n c  v l i l c h  

i \ r i ¡  3 a r g e l y  u n d e f o n n a b l e .  l i y  V Q r y i n g  s u c h  p a r a m e t e r s  « w  h o t  

v ' » »  i ¡  i u ”  t e m p e r a t u r e  a n d / o r  r e ü u c t i o n ,  s o m e  i n c l u s i ó n  t y p e s  e m i  b e  

i - i i o  t o  a p p e a r  d e f o r t u a b l e  a t  s o m e  t o m p o r u t u r e s  b u t  m u l e l o r i n a l » !  e  

i ' i ' j  ( ' . v e n  b r i t t l e  a t  o t h e r  t e m p e r a t u r a s ,  o r  e v e n  a t  t h e  n e m e  t e m p e r H ; n  •< 

i j:  1. h  o  c o n s t i t u t i o n  a n d  d o g r e e  o f  c r y s t a l l i n i t y  o f  t h o  i n c l u s i o n s  

¡ y  n l t e r e d .  T h e r e  a r e  c o n s i d e r a b l e  d i f f e r o n c e s  b e t w e e n  t h o  m a . j o r  

i n e l u s i o n  t y p e s  w h i c h  a r e  p r e s e n t  i n  s t e e l s .  i-iaS C o r  e . - : n ! . » p l Q  l s  i>! u >  *

1 « ' s s  p l á s t i c  r e l a t i v o  t o  t h o  s t e e l  a t  h i g h  t e m p e r a t u r e s  t . h a u  a t  .1 m

( D í Oi.<':..peru t u r e s ' ' '  , a f a c t o r  o f  which advantuge  i s  t.Vfou In tlir* )io I.
vo I !.1.ng of free cutting steels. On the other h.rnd, mont rrf i ic>» f.̂ s »» >

(r>)
! . . i u : ! i l e s s  p l á s t i c  a t  l o w  t e m p o r a t u r e s  t h a n  a t  h  t g h  t d  i p o r a t u v c s ,  '  '

! > i h ! n n u u l l y  s h o w  a  t e m p e r a t u r e  a t  w h i c h  t h e r e  i s  a  S h a r p  t r r n s i t i o n  

C r o  ’ i n o n - p l a s t i c  o r  b r i t t l e  b e h a v i o u r  t o  p l á s t i c  b c l m v i u m - .  i ; l e s s l  i i t / ' ^
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has indicated that this temperature is increased by increasing
SiO„. CaO or FeO, but decreased by increasing MnO« This is a

2 (7)simplified concept and Waudbyw ' has shown that in many cases there is
a relationship between the plastic-non plástic transition temperature
and the melting temperati.re of the silicate. As will be shown later,
this is still a simplified concept. In addition, some inclusions such
as alumina, spinels and the more alucsinous calcium aluminates are
undeformable even at the highest hot working temperatures.

2. Some Effects of Inclusions on Mechanical Properties
It is well known that the non-metallic inclusions markedly influence
the mechanical properties of steel, and not always detrimentally.
Whilst inclusions rarely are of dimensions which exceed the critical 
size for the propagation of a running crack, even inclusions of a 
sub-critical size may be responsible for growth of a defect under cyclic 
stressing, or in corrosive environcients, so that it may exceed the 
critical defect size. Also, a concentration of inclusions ahead of / g \

¡ a propagating crack may accelerate failure, Brooksbank and Andrews' '
have shown that interaal stresses can readily be generated around

(2)inclusions, and Kiessling' ' has shown that these can alter the 
properties of the matrix around the inclusión and even cause local 
yielding. The volume of such a yielded región depends on both the 
volume fraction of the inclusions and the number per unit volume. 
Co-planar or co-linear distributions of inclusions can therefore 
lead to yielded planar regions, which can markedly affect the toughness 
or ductility, particularly in the through thickness direction in fíat 
hot rolled produets. It is well established that the inclusión 
separation is related to crack opening displacement fracture toughness(Q)weasurements' , and that the volume fraction of inclusions, and their
shape with respect to the stress direction controlsboth the toughness
and d u c t i l i t y . The effect of localised high volume fractions can
readily be appreciated, particularly if present as elongated ribbons

(11)or filaments, and this leads to lamellar tearing during welding' .
The presence of such a distribution of inclusions can lead to a warked
loss of coid formability, particularly during bending thin fíat rolled

(12) produets' }.
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Fatigue properties are also influenced by the inclusions present,
particularly in high strength steels, and increasing the volume fraction

(13has clearly been shown to decrease the fatigue life of bearing steels. ■ 
In this case, the type of inclusión is also important, non-deformable 
inclusions particularly if they act as stress raisers being particularly 
detrimentalí*^)(*5) Spinels, alumina and aluminous calcium aluminates 
are thus more detrimental than many silicate types, whilst sulphides 
can be actually^^ejgeficial and if they encapsulate the detrimental 
inclusión types, can completely offset the detrimental effectsí^^*-^

Apart from influencing lamellar trearing during welding, the liquation
of sulphides can f»rm hot tears in weld metáis and heat affected zones^)
the sulphide size being important from this point of view. Sulphides,
by acting as hydrogen traps, can however be beneficial from the point
of view of minimising hydrogen cracking in weld heat affected zones,

(17)and hairline cracking in general' . Another property in which/ / |Q\
sulphides are very beneficial is machinability, M  ' and it is often 
reported that large, slightly elongated MnS particles give better 
machinability than small highly elongated particles. In some circum- 
stances, calcium-aluminium-silicates also improve machinabilityí*9)(20)

Inclusions can also proraote the tendency for pitting corrosion in many
types of steels, and the volume fraction, number of inclusions, and
inclusión shape will markedly influence the corrosion effects observed.
Elongated inclusions can be tunnelled out during pickling and lead to

í 21)line defects in subsequently processed materials; ' Similarly, hard
undeformable inclusions have been shown to lead to undesirable polish-
ing defects in stainless sheet, particularly if the inclusions occur

í 21)as continuous or discontinuous stringers' Adjustments of the
deoxidation technique to provide smaller, more randomly dátributed, 
softer and more plástic inclusions greatly improves the polishability 
of stainless steel.
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It can be seen from this brief survey of the effects of inclusions 
on steel properties, that the type, shape, size and distribution of 
the inclusions is of the utmost importance. These inclusión 
parameters are controlled by the composition of the inclusions, which 
determine the plasticity of the inclusions, their tendeney to elongate 
or to fracture, and their <*issemination during hot working. The hot 
working parameters, such as temperature, strain, strain rate, type of 
deformation, etc, also influence the way the inclusions deform into 
elongated stringers, break up, and are disseminated throughout the 
steel. The creaction of voids during hot working, either at the 
inclusion-matrix interface, at the ends of non-deformable inclusions, 
between the phases comprising an inclusión or between cracked inclusión 
fragmente is also important from the point of view of the properties 
of the steel, and is particularly influénced by the inclusión comp­
osition and constitution, and by the hot working conditions. The 
appreciation of the importance of inclusión plasticity and fracture 
has led in recent years to atterapts to control the plasticity, part­
icularly of sulphide inclusions, by inclusión shape control employing
additions of zirconium. titanium, calcium or rare earths \f 10 1^ oo ox o/* J(ceriumf * . Much of this work has been confined mainly to
sulphides, although the use of calcium to elimínate alumina stringers 
has also been studied. There has however, been little work which 
applied the principies of inclusión shape control, by either chemical 
control of the composition, constítutional control by thermal effects 
or mechanical control by the introduction of second phase particles, 
to silicate inclusions. Some of these effects will be considered later, 
with particular reference to silicates, but it is suggested that some 
of the principies outlined and observations made, may be applicable 
to inclusions in general.
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3. The Assessment of Inclusión Deformation and Plasticity
It is not possible to determine the absolute plasticity of inclusions
'in situ' in the steel, and so it has been customary to assess the
inclusión deformation by comparison with that undergone by the steel
matrix itself. The ratio of the inclusión deformation to the steel
matrix deformation is termed the relative plasticity ( ). A common

(5)(26)(27)method used by many worlcersw  s ’ has been to determine the
aspect ratio of the deformed inclusions in longitudinal sections, 
and to compare this with the aspect ratio of the deformed metal 
specimen itself:-

v  = ---------------(i)
where a aspect ratio of inclusión
and = asPec^ ratio of metal specimen

This method assumes that initially spherical inclusions are 
deformed into ellipsoids, which at high deformations may not 
be the case.

The extensión of this concept to use true strain has been 
advocated by other w o r k e r s ^ ^ 2 ' ^ 28^ 2^ ,  in which case;-

---------------------

where :-
= inclusión true strain 

6 ^  = matrix true strain
= inclusión aspect ratio after deformation 

H  = matrix reduction ratio
|3 = a constant which is 0.5 for plañe strain in 

rolling or O e67 for cylindrical strain in rod 
drawing.
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Again this assumes that initially spherical inclusions deform
into spheroids of constant aspect ratio in longitudinal section,
which is only true for small deforiuations. Nevertheless, this
method has proved most useful for determining inclusión relative

í 3)plasticities, and it has also been sliown' ’ that the inclusión true 
strain, 6^, can be related to projected lengtli of inclusión in the 
longitudinal plañe by

= ln ----------------(3)

where = projected inclusión length per unit area 
after deformation.

and PQ = projected inclusión length per unit area 
before deformation.

This allows use to be made oí autoraated quantitative televisión 
microscopy, but is conditional upon there being an initial 
distribution of equal sized spherical inclusions, of constant 
volurne fraction. This condition is rarely iwet in practice, 
but it is possible to correct the results for variations in 
voluiae fraction by dividing the projected length by the measured 
area fraction of inclusions.

From the relationship between inclusión strain and matrix strain, 
the relative plasticity can be calculated, see equation (2),
Fig.l. Much of the publíshed data uses the siiaple ratio V a AL*, 
that is the chord of the curve in fig.l at the appropriate
valúes of £, . and 6  . This leads to a misconeeption, in thati r a
it simply averages the valué oí V  from £  = 0 to the actual _ mvalué o f & m used for the measurement of V . If the inclusión
ceases to defonn at sowe intermedíate valué of€-m , the valué of
V is still finite, and so the inclusions still exhibit apparent

plasticity when in fact they have ceased to be defonued. Thus the
saíne valué of V can be obtained fronj inclusions having very
different curves o f £. againstG .i ■ in
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A more realistic valué of is obtained from the tangent to
the curve in fig.l, i.e. This valuevaries withé-^,
but is a maxiauiii a t €1 = 0 ,  when it also equals the valuéu¡
obtained from the chord of the curve. The valué of V  d.t&m - 0 
may be terraed the initial máximum relative plasticity, and is 
used in the discussions to be presented later.

Consideration also requires to be given to the three dimensional 
shape of the deformed inclusions. Whilst in rod rolling or 
drawing, the assumption of cylindrical strain may be legitímate, 
and inclusions deform into prolate spheroids, in fíat rolling 
it is often not justified to assuwe plañe strain defonnation 
of the inclusions, which in fact undergo considerable lateral 
spread^0 \  This lateral spread has been known for many years, 
and indeed is clearly shown by many lamellar tearing phenomena.
It would appear best, therefore, if the relative plasticity, , 
can be laeasured in three dimensions. Moreover, at high strains 
the deformation and thus the shapes of the inclusions become 
very irregular, and they do not exhibit constant aspect ratios.
In fact a ’pinch and swell* affect is often observed, fig.2, and 
the measurewent of the aspect ratio in such cases is virtually 
nieaningless.

3. Factors affecting Inclusión Plasticity
(a) Thft .ef.fect of inclusión and matrix strength
One of the inore important factors which controla the relative
plasticity of an inclusión is the strength of the inclusión
relatiye to the matrix. (^)( -»*)( 32) ^ relationship between V
and the ratio •=■ (2> is shown in fig.3» where di. and 3**
are the flow stresses of the inclusión and matrix respectively.
This indscates that the inclusions may still show significant
plasticity even when 6, i.e. the inclusión has sis times the

í 31)strength of the matrix. On the other hand, some workersw  ' 
have shown that V  beconies zero at valúes o f ^ /v2, and Sundstrora^2  ̂
showed this to be the case theoretically, assuming the inclusión 
and matrix to work harden at the same rate, which is most unlikely. 
Under these conditions the relative plasticity,V , was gisen by
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where = inclusión true strain

-£*,= matrix true strain
sr ~ flow stress of inclusion/flow stress

of matrix
and K =  work hardening exponent of both inclusión and 

= matrix (assumed to be the saíne).

Due to dynamic recovery and recrystallisation during hot
working operations, it is clear that the valué of will vary
widely, and the effect of varying valúes of this work hardening
exponent on the relative plasticity of the inclusión, V , is
shown in fig.k. At low valúes of •'v- , appropriate to high
temperature deformation and little work hardening, the plasticity
tends to zero at £'v 2, in agreement with Zeisloft and Hosford^"^,
but at lower temperatures where there will be a higher valué of

(25)K ,  the analysis more nearly fits the results of Unklev ’, i.e.
V  tends to zero at This difference in behaviour can also

be related to the nature of the inclusion-matrix interface.

(b) The effect of the inclusion-matrix interface
(33)It is now appreciated that the bonding of the inclusion-

matrix interface plays an important role in controlling the 
plasticity of the inclusión. The valué of £  at which V  tends 
to zero is ^  2 for interfaces which are poorly bonded, but is in 
excess of 6 for well bonded interfaces. This clearly reveáis 
the iwportance of the interfacial bond, and with a well bonded 
interface strain can be effectively transferred to the inclusión 
which is tlieréfore constrained to deform even at high valúes of 
its flow stress relative to that of the matrix. On the other hand, 
with a poorly bonded interface, the strain is not readily trans­
ferred to the inclusión and some relative sliding occurs at the 
matrix-inclusion interface so that the matrix deforrus around the 
inclusión, rather than the inclusión itself deforming. In addition,
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the degree of interface bonding is iinportant in controlling the 
de-cohesion wiiich caá occur during deformation, and the fonnation 
of cavities at the ends of non-deformáis le inclusions. At higher 
inclusión strengths, i.e. valúes of , the effect of the inter­
face bonding is very important, as it largely Controls whether hard 
inclusions will deform. At low valúes however, the effect of 
such bonding on the inclusión plasticity is relatively uniiaportant. 
Since Hiost inclusions are relatively v^eakly bonded to the steel

( ) í ) 3.1T©matrix, it is probable that the laathematicai iuodelsw   ̂
not representativs of the frehaviour of inclusions in steel, 
especially as the work hardening rate of inclusión and matrix 
are assuxned identical.

One further factor concerning the strength of the inclusipn
on its ability to deform, irrespective of either the valué of

or of the degree of bonding of the interface,
i3 the absolute valué of 3: itself. This may be said to be the

(T5)inherent ability of the inclusión to d e f o r m , and for very 
high valúes of <¿¡. the inclusión will be inherently non-plastic 
irrespective of the other factors discussed.

(c) The nature of the Inclusión ?
From the point of view of their deformation and fractui~e 
characteristics, inclusions may be categorised as

(i) Inherently plástic inclusions such as MnS, which 
show a gradual chango in plasticity over a wide 
range of temperature, fig ,5. In the case of MnS, 
the plasticity relative to the steel decreases 
with increasing temperature.
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(il) Non-crystalline glassy inclusions which behave rigidly 
at low temperatures but become plástic at some charac- 
teristic critical temperature. Typical inclusions of 
this type are glassy silicates which become plástic at 
a critical viscosity at the non-plastic - plástic 
transition temperature. It has been shown theoretioally 
that this critical viscosity occurs at a temperature 
corresponding to the normal working viscosity range 
for glass manufacture,^'**'^ i.e. 10^-10® poises 
(105-107 Nsm“2 ).

(iii) Crystalline ionic sclids typified by crystalline
silicates, spinels, sesquioxides and certain ealcium 
aluminates. These show no plasticity and often 
behave in a brittle manner until reaching their 
solidus temperature when they assuiae fluid behaviour.
The non-plastic - plástic transition thus approxi- 
mates to the solidus temperature.

The effect of various oxides in the glassy non-crystalline and 
the crystalline silicate inclusions is often very different.
For exauiple increasing the MnO content of glassy iron-manganese 
silicates lowers the non-plastic - plástic transition temper­
ature, whilst in crystalline silicates the transition temperature 
is raised because MnO increases the (FeMn)o - Olivine eutectic
temperature. The original classification of the effects of 

(6)various oxides' ' is therefore very much siinplif ied, and in 
fact depends both on whether the inclusión is crystalline or 
glassy, and also on the composition of the inclusión. An 
oxide addition in many cases can either increase or decrease 
the solidus temperature depending on the composition of the 
inclusión in the equilibrium system»

The softening temperature of glassy non-crystalline silicates 
is commonly several hundred degrees lower than the corres- 
ponding crystalline solidus temperature. Thus the non-plastic - 
plástic transition temperature for any given silicate
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composition will depend on whether it is crystalline or glassy, 
and CaO can have a very raarked effect in this respect. It is 
possible therefore to predict the effect of various oxides on 
the non-plastic - plástic transition temperature for crystalline 
silicates (and other oxides) from a knowledge of the phase dia­
grama In the case of glassy silicate phases, the prediction of 
the effect of various oxides on the non-plastic - plástic 
transition temperature is more complex. Ilowever, a qualita- 
tive assessment can be raade from a knowledge of the behaviour 
of glass forming or modifying oxides on the viscosity. For 
example, CaO at concentrations less than ** 30?© can lower the 
viscosity of the glass by breaking down the SiO^ networks.
On the other hand oxides such as AlgO^ and CrgO^ may have ........
variable effeets depending on the basicity of the silicate 
glass. In a basic silicate they may reinforce the network 
structure ajad increase the viscosity, but in an acid silicate 
they may break down the network and decrease the viscosity.

Care should be taken in using single valúes of the plasticity 
index, particularly the initial máximum relative plasticity, 
to predict the way in which inclusions will deform. This is 
because the valué of V  decreases with increasing matrix 
strain, see fig. 1 and fig. 6. For example a fluifl silicate 
may have a much higher valué oí V at low valúes of matrix 
strain than does MnS, but at high matrix strains it will be the 
MnS which forras the more elongated inclusions.

Various other factors in the nature of the inclusión will also 
influence the relative plasticity by their effect on the 
inclusión flow stress, <£¿

.... (i) The inclusión may be solid solution hardened, whichx
will increase dLc and decrease V  . This is possibly
the reason why type I MnS, which may contain oxygen
in solution, are less plástic than type III MnS^*^.
Bimilarly. solid solution hardened has been reported

(T7)in MnS by elements replacing m a n g a n e s e ' ’, fig. 7»



12

and also in s e l e n i d e s ' '. It is observed for 
example that chromium rieh MnS in stainless steels 
exhibit lower plasticity than MnS in low alloy 
steels, and that zircomium or calcium^®^ dissolved 
in MnS also decrease the plasticity. In fact these 
latter two effects are the basis of sulphide inclusión 
shape control.

(ii) Second phase particles present in the inclusión may 
cause mechanical support and lower the inclusión 
plasticity. An alternative possibility for the 
decreased plasticity of type I MnS is that it is 
precipitation hardened by fine MnO precipitates, and 
it has recently been shown that fine FeS precipitates 
can forrn m  MnS' '. These effects may alter the 
relative plasticity in different ways, depending on 
the nature and composition of the precipitates. 
Alternatively, the inclusión may contain more massive 
precipitates of a second phase, euch as dendrites of 
alumina or spinel in a silicate matrix. These can 
be corapletely non-deformable and produce a true mech­
anical support. During the hot deformation of such 
inclusions the more plástic phase may be stripped from 
the less deformable phase, leaving separated particles 
of the harder phase as a disconnected stringer. If 
such particles are angular, they can act as potent 
stress raisers. A similar effect can be seen in the 
case of hard phases such as silica precipitated at 
the periphery of a glassy silicate, or in the case 
of aluraina-rich reaction rims around inclusions.
During deformation the peripheral phase may 
reduce the plasticity of the inclusión as a whole, 
fig. 8a, but when it is broken at higher deformations 
it can lead to angular fragments in a very plástic 
matrix, and the plástic matrix may be stripped from 
the harder fragments, figs 8 (b) and (c).

(“V7 )
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(d) Particle Size
Various authors have shown that small particles have reduced(ct 0 7 40}plasticity, or do not deform relative to larger particlesw * '* ' 
fig. 9. A recent analysis of this effect has been made in 
terrns of the energy required to create the new interface as the 
particles deform. The energy required to create the new inter­
face, per unit volume, is given by:-

E ^ T e . SinhCi ___________

V a

where Y* is the surface energy per unit area 
a inclusión true strain, and 

a = initial inclusión diameter.

This relationship can be shown graphically in térras of the 
energy required as a function of inclusión strain for different 
initial inclusión diameters, fig. 10. For initial inclusión 
diaiaeters ^  5 tlie surface energy effects are unimportant, 
but,.. £q.r inclusions of initial diameter ̂  iyurn the energy required 
can be prohibítively high. Suiail inclusions are thus reluctant 
to deform, and it is observed that the cut off below which they 
do hot deform is 2-3ytta, fig. 11. This is rather larger than 
would be predicted theoretically from equation (5)* and probably 
indicates other mechanisms which may be invoived, such as 
inclusión rotation. It is observed that above about 1̂ /iua initial 
diameter, particle size has little effect on inclusión plasticity. 
This effect of particle size suggests that inclusión shape con­
trol by inclusión size control may be possible, and indeed the 
smaller sulphides produeed during continuous casting of staall 
sections confirin this possibility.

(e) Temperature. strain and strain rate effects
Temperature has a most important effect on inclusión relative 
plasticity by influencing the relative strength ratio of the 
inclusión to the matrix. This can, depending on the inclusión 
characteristics, cause V to increase or decrease with increasing



temperature. For exornóle, MnS shows a decreasing V vith 
incj*easing temperature whereas silicatos ció not becouie deforia- 
able until some critical temperature is exceeded. At the highest 
temperaturas, V decreases again in the case of the glassy sili- 
cates because at those tesperatures the silicate viscosity 
decreases less rapidly than does the flow stress of the steei, 
<L. Thus a máximum valué of V is observed just above the non- 
plastic - plástic transition temperature for glassy silicates, 
fig. 12.

With increasing matrix strain, é ” , there is a reduction in 
relative plasticity,V , as the ' inclusión becomes more elongated. 
This is prob&bly due to an initial síiear of the inclusión under 
the relatively large couple acting at its extresaities, íollowed 
by rotation to produce a atore streamiined forra. This, together 
with the thinning of the inclusión as deforaiation proceeds, leads 
to a siaaller defonaing couplé in a lower differenti&l velocity 
gradieut across the inclusión. The effect is also seen in fíg.
12, and sose workers have attributed it to work hardening of 
the inclusión.

Theoretically, increasing the strain rate should increase thei CÍ j[flow stress of the E¡atnx, O kj, thus decreasing the ratío /¿m
and increasing the relative plasticity of the inclusión. It
has been observed that this ís not the case, at least for changes
in strain rate of'v^, possibly because CÍ is more sensitive to2.
strain rate than is ó  . A theoretical analysís of the effect 
of increasing strain rate indicates that it should increase 
the non-plastie - plástic transition temperature of glassy 
silicates and decrease their initial laaxiiauía relative plasticity. 
There are however no systeciatic data on these effeets.

(f) Hydrostatic Pressure
Hydrostatlc presstire can render brittle materlals to be quite 
deformable, and this has been referred to in explaining the high
plasticity of MnS in steel coiapared with its brittle behaviour

í 26)when isolated trow the steel matrix' '♦ Such hydrostatlc
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pressure can be developed during rolling, and although the 
effects of such pressure has not been extensively discussed 
in the literature, or investigated, it would be expected to 
increase the relative plasticity. Such factors as speciaien 
thickness, strain rate, rolling load and roll diameter, .all 
of which affect the magnitude of the hydrostatic pressures 
developed, would also be expected to influence the plasticity 
of inclusions.

4» The I-lechnisms of Inclusión Deformation and Fracture
Considerable vork has been published on the deformation of MnS
inclusions^’ ^  ^  ^, but much less has been

(5 6 7 27)done on silicates and aluminav ’ * * . The observations
which will oe referred to are concerned uiainly with silicate
inclusions of the Fe0-MnQ-SiGo, i-in0~AloG„-Si09 and calciuia
bearing types, together with some consideration of non-deformable
Alo0„ inclusions.

¿ !)

(a) Non-crystailine glassy silicates
At low teiaperatures below the non-plastic ~ plástic transition, 
these inclusions are rigid and do not deíoriu. In general, it 
is observed that spherical glassy silicates are also reluctant 
to fracture, possibly due to the absence of phase interfaces 
or cleavage planes. There is much evidence to show that the 
metal-inclusion interface decoheses, giving rise to the well 
lcnown conical voids at the ends of the inclusión, fig. 1 3  (a), 
which are characteristic of all non-def oraiable inclusions. It 
is possible that these spherical inclusions rotate during the 
deformation of the steel under the action of the couple gener- 
ated by the shear strain rate gradient.

Above the non-plastic - plástic transition temperature, the 
lower viscosity of the glassy silicates allows them to deforra 
readily, and with increasing matrix strain they continué to 
elongate, albeit at a reducing rate. At very high matrix

(3 9)strains, inclusions v/hich are cióse together tend to join upv *
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as the metal between them necks, fig. 13 (b). As the inclu­
sions elongate, an irregular deformation occurs because the 
laminar flow becomes unstable under the action of perturbations 
in the flow pattern^ ^  . This gives rise to "pinch and swell*' 
effeets, fig. 2, which are clearly observed in scanning electrón 
micrographs, figs. ík (a) - (d), and in transmission electrón 
micrographs of extracted inclusions using a lMeV microscope, 
fig. 14 (e). Eventually at the highest temperatures or 
strains the thinner sections rupture to form holes, and the 
edges of the ruptured regions thicken and spheroidise due to 
surface energy effeets, fig. l^(b). This can lead to the 
formation of sraaller, spheroidised particles which are 
disseminated throughout the metal.

As the deformation temperature decreases, the glassy silicates 
which were plástic at higher temperatures, becorae non-plastic 
as they pass through the transition temperature, and begin to 
fracture. If the inclusions have been only sligiitly deformed 
before the temperature falls below the ti’ansition temperature, 
they tend to become crusheds to crack generaliy and to shear, 
fig.!5(íi). The sheared fragments frequently separate as metal 
is intruded betveen them, fig,15(b), and the íragments rotate to 
achieve a streamlined flow effect fig.l5(c). It is observed that 
it is often the thinner ends of elongated glassy inclusions which 
show the crushing effeets, and the fact that some oí' the crush 
cracks are arrested before passing through the entire inclusión, 
fig,15(a), tends to indícate that even below the non-plastic-plastic 
transition temperature there is still some plasticity residual in 
the glassy silicates which allows blunting of the crack tip. In 
tbe case of very elongated glassy silicates which are deformed 
further below the transition temperature, these begin to break up 
by the fomiation of transverso fractures, fig.15(d), possibly due 
to the shearing action generated by the compressive roiling forces. 
This is clearly shown by scanning electrón micrographs, figs 15(e) 
and (f), and it can be seen that rotation of the fractured blocks 
also occurs. An interesting íeature of glassy silicates deformed 
at temperatures well above the transition temperature is their 
ropy appearance, which £s indicative of a swirling effect due to 
internal plástic flow within the silicate glass.
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(b) Crystalline .Silicates
Observations have been made on the fracture characteristics of 
various crystalline silicate inclusions of the rhodonite, tephroite, 
spessartite and cordierite types. Crystalline silicates can form 
directly in the as cast condition, or can be produced by de-vit- 
rification of glassy silicates during heating prior to rolling or durinj 
the rolling process. It has been observed that hot deformation 
frequently enhances the devitrification or crystallisation of glassy 
silicates. The üiorphology of the silicate crystals is frequently 
that of interlocking laths of the silicate within the original 
inclusión, be it either spherical or elongated. The whole inclusión 
may coiuprise silicate crystals, or these may be embedded in residual 
glass, or in a eutectic which coinprises one or more silicates and/or 
(FeMn)O. As has been described previously, the crystalline silicates 
only become plástic (or fluid) at their solidus temperatures, and in 
the case of eutectic structures such temperatures are lower than the 
melting point of the crystalline silicates themselveg. Thus it is 
often observed that crystalline silicates occur in a fluid matrix 
within the inclusión.

In the as cast condition, the spherical crystalline silicates 
fracture when rolled at temperatures below the non-plastic-plastic 
transition. The usual conical voids are produced, and the fractured 
fragraents rotate to produce a streaialined effect and are dissetninated 
as stringers, fig.16. Providing the temperature is high enough, 
metal uay intrude into the cracks, see fig.ló(a). When rolled at 
high temperatures above the transition temperature, such inclusions 
raelt and behave in a fluid cíaaner. However, as the temperature of 
rolling decreases, the elongated fluid silicates often crystallise 
and it is observed that when the inclusions comprise entirely of 
silicate crystals, fracture tends to occur along the crystal 
boundaries. Initially voids are foiraed at the silicate crystal 
boundaries which are clearly shown by transraission electrón micro- 
graphs using a 1 MeV microscope, fig.!7(a). These voids are 
analogous to the cavities produced at metal grain boundaries during 
hot working. It is probable that they forja by grain boundary sliding, 
and as fracture progresses the voids link up and complete fracture 
occurs on the silicate crystal boundaries, fig,17(b). The crystals 
appear to slide off along their boundaries, fig,17(c), until they 
become completely separated, fig.l7(d)> and when the temperature is 
low enough metal is not intruded . between the silicate crystals.
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At higher temperatures or large matrix strains, the individual silicate 
crystals become completely separated, forising a discontinuous stringer 
of silicate laths which often have rotated to present a streamlined 
profile to the metal flow, fig.í7(e).

In many cases however, the inclusión does not consist entirely of 
silicate crystals, and especially when defornsation has caused 
partid crystallisation in defomied inclusions the silicate crystals 
occur in a fluid or plástic matrix. The low viscosity matrix then 
thins down between the silicate crystals, fig.l8(a), and eventually 
tears apart, fig,18(b), thus allowing the crystals of silicate to 
slip off each other, fig.l8(c). The fluid silicate between the 
crystals frequently forjas a eutectic structure on subsequent cooling. 
Eventually the individueil silicate crystals, with their accompanying 
fluid tails, become isolated from eacli otlier, fig.lS(d), and the 
optical isicrostructure aiay show a discontinuous stringer which gives 
the misleading irapression that the elongated silicate has been 
mechanically fractured in a brittle nianner, fig.l8(e).

(c) Dúplex inclusions
The dúplex inclusions which were exaisined cotnprised (FeMn)O particles 
of very low plasticity in a plástic non-crystalline or a eutectic 
(FeMn)O-silieate matrix. In the as cast condition, and after defor­
mation at low temperatures, fracture was often observed along the 
phase interfaces, fig.19(a) with the usual forraation of conical 
voids and the rotation of the fractured fragaents. Erosion of the 
less plástic fragments occurs, fig,19(b), to forai long stringers, and 
intrusión of metaj^may occur into the cracks, or the fractured particle 
may contain very ni any voids or discontinuities.

Deformation at higher teoiperatures above the silicate non-plastie- 
plastic transition temperature often shows the effect of mechanical 
support of the inclusión by the more rigid phase, fig.19(c), but with 
increasing deformation the plástic silicate becomes stripped off frora 
the rigid undefonaable particles, figs,19(d) and (e), and the plástic 
silicate often ruptures to produce discontinuous stringers, fig,19(f). 
This effect is clearly shown by scanning electrón microscopy, fig.20. 
The plástic silicate may, if it was actually líquid at thc deformation 
temperature, forrn a eutectic on subsequent cooling, fig.2ü(c). These 
effects clearly illustrate the differential plasticity between the
phases in dúplex inclusions, and generally are similar to those 
already described where an inclusión is dúplex but coraprises a
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a crystalline silicate within either a plástic non-crystalline 
silicate or a fluid silicate liquid.

(d) Rigid Inclusions
By far the ¡aost coinmon rigid inclusión is alumina, which is non- 
deformatale even at the highest metal deformation temperatures.
Similar effects are observed with the more aluminous calcium 
aluminates, or with spinels, and sometimes with very highly 
siliceous inclusions. The effects which will he described refer 
to alumina, which can occur in two major forma in as cast steel, 
namely dendritic and sintered globular aggregates.

A typical dendritic alumina partióle is shown in fig.2l(a), and 
deformation at all temperatures results in the fragmentation of the 
dendrite by the fracturing of the dendrite anas, fig.2l(b), so that 
the partióles are spread' out into a dessiminated stringer. At low 
strains, the thinner. necks where the dendrite arias branch are broken, 
but later the whole dendrite becomes fragmented, fig.21(c).

A typical sintered globular alumina aggregate is shown in fig.22(a).
If sueh an aggregate is well sintered, it has been observed to resist 
fracture until matrix strains in excess of 1.0. When fracture does 
occur, it takés place predominantly at the skntered boundaries of 
the alumina particles comprising the aggregate, fig.2 2 (b), and also 
to a more liuiited extent across the sintered grains theiaselves, fig.22(c) 
The more loosely sintered aggregates completely disintegrate and 
become widely disseminated, but the more highly sintered aggregates 
tendtoform dense stringers comprising polyhedral alumina particles, 
figs. 22(d) and (e). In alumina stringers produced from both 
dendrites and sintered globular aggregates, depending jan the 
temperature at which the metal has been deformed, the stringer may 
be riddled with cavities between closely adjacent particles, or at 
the ends of more isolated particles, or metal may hsve been able to 
intrude between the particles and so elimínate in large measure the 
cavities.
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5. Concluding Observations

The preceding discussion of the factors which influence the 
plasticity andjRechanisms of deformation and fracture of non- 
metallic inclusions in steel has shown how the control of these 
factors can markedly alter inclusión raorphology and distribution. 
This is of great importance, as it has also been shown how many 
of the properties of steel are controlled by the morphology, size 
and distribution of the inclusions. Consequently, if it is 
required to tailor the inclusions so as to minimise their 
detrimental effects and utilise their beneficial effects to the 
full, detailed consideration must be given to the plasticity 
of the inclusions and the way in which they fracture and are 
disseminated throughout the steel during hot working. For 
example, whilst controlled rolling of high strength low alloy 
steels can optimise the basic microstructural features to obtain 
good general toughness and ductility with high strength, the 
controlled rolliiig^process can produce a very undesirable 
inclusión morphology and distribution which leads to low 
through thickness ductility and toughness and susceptibility 
to lainellar tearing. Consequently there has been the need to 
introduce techniques for the shape control of both sulphide 
and aluminous inclusions, mainly by controlling their plasticity.

Various possibilities exist for controlling inclusión plasticity 
and fracture. JTheu«.composition of the inclusions can be adjusted 
by the steelmaking and deoxidation process to obtain specific 
plasticity characteristics, but due cognisance should be taken 
fif the very different characteristics of inclusions of the 
same composition in the glassy non-crystalline and in the 
crystalline conditions. Particularly, it must be appreciated 
that the non-plastic-plastic transition temperature is much 
higher for the crystalline silicates than for glassy silicates.
The particle size of the inclusions, as influenced by the 
solidification conditions is also important, and it is possible 
to control to some extent the particle size either by composition 
control or by the use of such processes as continuous casting. 
Cooling rate also can influence the constitutien of the inclusions 
in térras of the phases which they comprise.
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The processing variables during hot working are also very 
effective in controlling inclusión plasticity, both for 
sulphides and silicates. In the case of glassy silicates, 
the teiaperature with respeet to the non-plastic-plastic 
transition will be important, and it should be borne in taind 
that during hot working the teiaperature may decrease through 
the transition range. Thus glassy silicates may first be 
plastically elongated, and later uiay be fractured. Much more 
work is required to define the effect of co&position not only on 
the plasticity of glassy silicates, but also on the transition 
temperature. Moreover, originally non-crystalline glassy 
silicates iaay have their deformation and fracture behaviour 
significantly altered if they crystallise either during soaking 
for hot deforciation, or during the deformation itself. In the 
latter case, the effect of the inclusión strain and the strain 
rate could be raost important. During hot working, at tetaperatures 
below their solidus, crystalline silicates fracture, or if 
embedded in a plástic silicate isatrix, the plastric matrix may 
tilín down thereby allowing the crystalline fragiaents to separate 

’-o disseiainated into a stringer. The temperature at which 
this occurs, and the total deformation applied to the steel, 
will determine the extent to which disseraination occurs. More­
over, the teaperature and strain will determine to \*hat extent 
voids are produced between fractured fragmenta and/or at the 
ends of inclusions. Such voids can have raost detriraental 
effeets, and every effort should be taade to ensure that the 
processing succeeds > in closing them by welding or by intrusión 
of ¡aetal into the cracks.

In many cases, the presence of long elongated inclusions is 
detrimental to mechanical and other properties. It is the 
function of the current technology of inclusión shape control 
to reduce the plasticity of inclusions and thus prevent highiy 
elongated morphologies.
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Whilst it can be apprecíated that apart from changing the 
coiaposition of the inclusions by the steel xaaking practico, 
the actual mechanical processing can produce a measure of 
inclusión shape control, it aust also be borne in raind that 
naéchanical support by crystalline silicates or by the more rigid 
non-deformable inclusions in otherwise plástic inclusión matrices 
may also present, or delay, inclusión elongation. The effects 
of many of the phenomena which have been described are, how^ver, 
difficult to control in ternas of produeing eífective control 
of the inclusión morphology and distribution. Considerable 
further work is required before they are fully understood, 
but the current stage of of understanding allovs certain 
general principies to be used when considering the best way 
of effectively utilising processing to ensure the least 
detrimental effects froci the inclusions which are indigenous 
to the steel. In using the information currently available 
on the plasticity and fracture of inclusions to the opt irauiii 
however, the particular properties required from the steel, and 
the effect of inclusions on these properties tsust be fully 
appreciated.
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L E C T U R E  7 

INCLUSION SHAPE CONTROL

THE NEED FOR INCLUSION SHAPE CONTROL

The raechanical properties of s ¡:eels, particularly the 
ductility or charpy impact shelf energy valúes, are 
profoundly influenced by the míount or volume fraction of(1-5)non-metallic inclusions, their shape and distribution.

The properties which are most greatly influenced by the 
non-metallic inclusions, are those which involve ductile 
failure, i.e. the opening up, growth and coalescence of voids 
within the metal with increasing strain. The nucleation of 
such voids also probably depends on the nature of the forces 
causing bonding at the matrix-particle interface and the 
actual ability of the particle to resist cracking, together 
with the ability of the steelparticle composite to resist 
the propagation of such cracks.

It is well known that the major factor which influences the 
total ductility during, for example, a tensile test, is the 
volume fraction of second phase particles, the ductility 
decreasing with increasing volume fraction of particles. To 
a first approximation, the nature of the particles appears 
irrelevant, fig 1, although a more careful analysis of the 
effects indicates this not to be entirely true.^ Other 
things being equal, the inclusions, both oxides and sulphides, 
exert the major influence, the greater the volume fraction of 
inclusions the lower the ductility.

A similar effect of inclusions is observed for the charpy 
shelf energy of low alloy steels,^ ^  fig 2, and in fact 
there is a very cióse correlation between total ductility
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and charpy shelf energy,^ fig 3.

It is also well known that the total ductility and the 
charpy shelf energy are very dependent upon the direction 
of testing,(1)(6)(8)(9)(l0)(11) and that this anisotropy of 
properties is a conseguence of the elongation of the in­
clusions into elongated stringers or fíat plates or ribbons, 
figs 4 and 5. Elongated (prolate) inclusions tested 
parallel to their length give much higher ductility and shelf 
energy than do plate-shaped (óblate) inclusions tested perp­
endicular to their planar dimensions. This gives rise to the 
well known decrease in through-thickness ductility in plates
of structural steel, and is also related to the phenomenon of(12)lamellar tearing in welds. v In fact, in the field of
lamellar tearing, it has been shown that very large planar
inclusions give the worst effects followed by large ribbons,
elongated groups or clusters, elongated single inclusions
and small non-elongated single inclusions giving the best 

( 12 )results. This really emphasises the importance of both
shape and local volume fraction, i.e. the distribution of 
the inclusions.

It should not be supposed that it is only the planar
inclusions which cause problems. Elongated sulphides have
been well established to give more anisotropy in the impact
properties compared with rounded sulphide inclusions, and
recent work has shown that there is a linear relationship
between log Crack Opening Displacement and log inclusión
length, fig 6, and there is a hyperbolic decrease in

(12)% R of A with increasing inclusión length. Very
recently it has been shown that there is a linear relation­
ship between the Crack Opening Displacement and the

(7)inclusión separation, fig 7.

In addition, in hot rolled strip materials which are formed 
into sections by longitudinal bending, elongated sulphide 
inclusions can result in longitudinal cracking along the 
inclusions, whilst bending normal to the rolling direction



- 3 -

gives excellent bends. In many applications such as
chassis sections for lorries, longitudinal bending is 
essential, and thus elongated sulphides are most detrimental.

It is clear therefore that the presence of heavily deformed 
elongated or plate-like inclusions, be they either sulphides 
or oxides, are very detrimental and should be avoided. Also 
elongated stringers of, for example, or calcium alumín­
ate or spinel, are also detrimental and if they can be 
replaced by more isolated spherical oxides, the properties 
will be greatly improved. The same situation applies for 
silicate stringers, which are also detrimental.

Because steels contain a much larger volume fraction of 
sulphides than of oxides, it is generally agreed that the 
sulphides provide the main problem, and there is thus a 
need to alter the shape of sulphides away from planar or 
elongated types. A less urgent requirement, at present, is 
to alter the oxide inclusión shape, but as either complete 
control over the shape of sulphides is achieved, or as the 
economic reduction in the suiphur content becomes realisable, 
then there is little doubt that oxide shape control will 
become more important. The need for a full understanding of 
the mechanism of sulphide and oxide shape control, and the 
need to develop suitable inclusión shape control methods which 
can be applied to a wide range of steels is therefore clearly 
apparent.

THE DEFORMATION OF INCLUSIONS TO FORM PLANAR ARRAYS

The deformability of inclusions depends on their plasticity 
relative to the steel during hot working. The subject 
therefore impinges on that discussed in previous chapters, 
and must be discussed separately for sulphides and oxides 
because their behaviour is so different. Schematically the 
resistance to deformation relative to the steel can be 
depicted as in fig 8.

(a) Sulphides
The main form of sulphide in steel is MnS, which is much more

( 6 }
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deformable relative to the steel at low temperatures than at
(1G)

high temperatures. This is a result of the different
rate of change of the plasticity of MnS and steel with 
increasing temperature, as indicated schematically in fig 8. 
MnS occurs in steel as three distinct forms depending upon 
the degree of deoxidation of the steel, namely types I, II 
and III. These have been described in detail in earlier 
chapters.

There is some controversy concerning the relative plasticity
of these three forms of MnS. Some work has shown them to
deform to the same extent, especially when the different

(17)initial particle sizes are taken into account. The more
widely held opinion however, is that the type I inclusions 
are much less plástic than either types II and III, which 
form extremely thin, elongated stringers. (18) . rp̂ is has 
been suggested to be due to the oxygen content of type I-MnS, 
which hardens the MnS and causes it to be less plástic than 
the purer forms of MnS, types II and III„ However, some of 
the data concerning plasticity,particularly of type II-MnS, 
may be open to doubt due to the fact that the initial part­
icle size is not equiaxed, but rather vermiform.

In general however, it is observed that the type I-MnS form 
much less elongated stringers than type II-MnS, and in thin 
strip or píate materials, in which the rolling temperature 
can become rather low, very thin MnS stringers are formed 
due to the greatly increased plasticity relative to the 
steel, Fig 9. These obviously are detrimental to transverse 
ductilities and impact shelf energies, particularly in the 
case of initially type II-MnS because, occurring initially 
as co-operative monotectics, they form arrays of co-planar 
or almost co-planar ribbons or plates which are extremely 
detrimental.

It is clear therefore that any move to reduce the plasticity 
will be beneficial, and how this can be done will be 
discussed later.
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(b) Oxides
In Silicon killed steels, the major oxides are silicates of
iron, manganese, aluminium and calcium, depending on their
origin. Silicates behave very differently from sulphides in
that they are much more plástic than steel at high temp-
eratures, and thus form long, and sometimes very thin
stringers, especially if they are glassy silicates, i.e. non-
crystalline. However, with decreasing temperature, they lose
plasticity over a very narrow temperature range, at some
temperature characteristic of their chemical composition, or
physical nature, fig 10. Below this temperature, they are
virtually non-plastic and tend to fracture if the deform-

(15)atxon is sufficiently rigorous. Kiessling has presented
a relatively simple picture of the factors controlling this 
temperature at which plasticity is lost - CaO and A^O^ 
increase it whilst FeO and MnO decrease it. Waudby(19) has 
shown that this is incorrect, and that the plasticity 
transition temperature may be related to the melting point, 
fig 11. On the other hand, Ekerot^20  ̂ has shown that the 
temperature dependence of viscosity is very important, and 
that the change in plasticity occurs at a temperature 
related to the glass transition temperature. It might be 
anticipated however, that each of these factors may play a 
role, and that viscosity is important in glassy silicates, 
but that this might not be so for crystalline silicates or 
for glassy silicates which are devitrifying due to the 
temperature, or the strain activation, during hot working. 
Some interesting possibilities for controlling the inclusión 
shape of silicates therefore are open to investigation.

In heavily aluminium killed steels, the inclusions may be:

(i) Globular Al.,0- clusters formed at low degrees of
(21)super-saturation during deoxidation, or due to the

breaking away of nozzle blocking agglomerates during 
(2 2 )teemmg.

(ii) Dendritic A1-0-. masses formed at high degrees of
(21) (23)super-saturation during deoxidation.
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(iii) Various calcium aluminates, which will have melting 
points dependent on the CaO/A^O^ ratio, and formed 
by direct deoxidation by Ca-Al-Si alloys or by 
reaction of Aluminium with calcareous slags entrapped 
in the molten steel. These can range from a 
similar poínt to A^O^, i.e. CaO.GA^O^, to a much 
lower melting point,and therefore probably a more 
plástic,3CaO. A ^ O ^ .

(iv) Various spinels formed from a variety of deoxidation 
or other inclusión reactions, but which will tend to 
behave similarly to A^O^.

We can consider briefly the A^O^, because it is virtually 
non-deformable at all temperatures, but tends to fracture 
and form elongated discontinuous stringers during hot 
working. When present in quantity, these are very prone to 
cause poor transverse properties and great anisotropy of 
ductility and charpy shelf energy. In addition, if low 
rolling temperatures have been employed, the metal may not 
have filled in between the fractured fragments, and the 
discontinuous stringer may be riddled with voids - a very 
undesirable state of affairs. It can therefore be appre- 
ciated that replacement of Al-^O^ aggregates in the as-cast 
metal, by more widely disseminated separate particles, even 
if they have rather more plasticity than the A^O^, would 
probably be very beneficial. How this can be achieved will 
be discussed later.

Finally, to return to a further consideration of the 
differences between sulphides and silicates. Sulphides tend 
to be most heavily elongated at low working temperatures, if 
they are MnS. Consequently, controlled rolling procedures 
to produce optimum strength and ductility or fracture 
toughness may be just the processing which will cause the 
most deleterious MnS shape and distribution. Henee the need 
to alter the plasticity of the sulphides or to eliminate 
them more successfully from the steel. On the other hand,
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once the sulphide problem is overcome, the silicates, or 
alumina, will tend to become more important. Low rolling 
temperatures would be beneficial from the point of view of 
low plasticity, but fracture may occur and lead to 
detrimental effeets, especially with alumina. It is clear 
that different forms of oxide are required which give more 
widely dispersed inclusions which will have low plasticity 
and yet will not fracture.

METHODS OF EFFECTTNG INCLUSION SHAPE CONTROL

The object of inclusión shape control is the realisation of 
one of the features for which metallurgists have been 
striving for many years, namely to "tailor" the composite 
metal-ceramic which is steel so as to achieve the best from 
both the non-metallic and the metallic portions. As the 
objectives are somewhat different with respect to sulphides 
and to oxides, it will be convenient to consider each 
separately.

(a) Sulphides
The aim is to cause the sulphides to have a lower plasticity 
and to prevent the type II arrays from forming. By consider- 
ing how MnS itself may be modified, it is possible to suggest. 
some simple alternatives:-

(i) the MnS may be made more puré, and so have a higher 
melting point, i.e. produce type III rather than 
type I or II. The puré MnS is very plástic and henee 
very elongated inclusions will form, although groups 
in co-planar arrays may be prevented.

(ii) the MnS may be physically stiffened, as in type I 
inclusions by either oxygen in solution or by the 
formation of fine precipitates of oxide within the 
MnS. Such a procedure can only be used with 
virtually undeoxidised steels, or very lightly de- 
oxidised steels, and so is not compatible with the 
requirements of fine grain, precipitation
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strengthening, etc which are required in many low 
alloy high strength steels.

(iii) the MnS may be solid solution hardened by using
eléments which dissolve in MnS and strengthen it very

(15)considerably. Kiessling has shown which elements 
are capable of this effect, fig 12.

It is interesting that chromium is very effective in 
increasing the hardness of MnS, and in high chromium stain- 
less steels which are low in manganese, elongated MnS is 
seldom seen in quantity. It is one of the features of 
inclusión shape control by Zirconium, that (ZrMn)S is formed, 
which is much less plástic than MnS and presumably much 
harder.

In order to alter the type of sulphide to one which has a 
lower inherent plasticity, often with an increased melting 
point, the following are the requirements. The addition 
element must form a sulphide of lower free energy of form-(9)ation than MnS. There are many such elements, fig 13, 
but factors such as the physical properties of the sulphide, 
cost, availability, ease of handling, solubility in steel 
etc, must be assessed before their practicability can be 
determined. The addition must also have a much less 
affinity for oxygen, nitrogen, carbón etc, than it does for 
sulphur. Thus AG^ (Sulphide-oxide), AG^ (Sulphide-nitride) 
and AG^ (Sulphide-carbide) should be as large a negative 
valué as possible. This obviously restricts the possible 
additions, which should dissolve readily in steel at steel- 
making temperatures and should not boil off at such 
temperatures, i.e. it should have a low vapour pressure.
The sulphide formed must not form a sulphide eutectic with 
steel, or with any other phase in the steel. Also the 
sulphide should not be volatile, although this could be 
useful in producing desulphurisation effects - e.g. Na2 S. 
Finally the sulphide formed should have a high melting 
point and consequently a low plasticity, and the addition 
must be capable of a controlled, non-violent reaction with
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the molten steel and have a predictable recovery.

These considerations limit the choice of inclusión shape
control additions very considerably, fig 13. Alkali
sulphides such as Na2 S can be discounted because of the
volatility and reactivity of the elements, or because of
scarcity and cost. Alkali-earth sulphides are possibilities,
but the elements have low solubility in steel, whilst
sulphides such as BeS and MgS are too volatile. Of these
only CaS is a real candidate. Rare earth sulphides,
particularly CeS, produced by Misch metal additions
containing rare earth metáis, or by rare earth silicide
additions, are very real possibilities. Group IV(a)
sulphides such as titanium and zirconium are also very real
possibilities, and whilst the Group V(a) element niobium is
reported to be a weak sulphide former, its possible use
cannot be dismissed. In fact, in stainless steels, both
titanium and niobium in types 321 and 347, have for long
been known to prevent or minimise the occurrence of MnS.
In fact titanium forms a very non-plastic carbo-sulphide,

(25)Y phase, and there is reason to believe that niobium may
form an analogous phase. Clearly this opens up another 
possibility, namely that instead of forming a stable non- 
plastic sulphide, the shape control addition may be capable 
of combining with sulphur in a ternary or more complex 
compound containing such elements as carbón, nitrogen, 
oxygen and sulphur.

Finally, it may be that the addition agent forms a sulphide 
which precipitates on a non-plastic oxidic phase and thus is 
supported and prevented from exhibiting plasticity. This can 
be achieved when MnS encapsulates Al^O^, but this mechanism 
is difficult to control. A better example is CaS, which 
frequently forms a peripheral rim around calcium aluminate 
inclusions, or encapsulates alumina. In a¿¿ition,
calcium lowers the solubility of sulphur in steel and thus 
forms primary CaS precipitates.
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There is, of course, the possibility that the simplest 
remedy is to lower the suiphur content of the steel, and so 
decrease the volume fraction of sulphides. There are many 
methods of doing this, either initially in the iron or later 
in the steel, but it is reported that attempts to produce 
suiphur contents lower than 0.01% in tonnage steels are un- 
economical.^

Of all the possible sulphide modifying agents, rare earths, 
zirconium, titanium and calcium are currently being used for 
inclusión shape control, and the effects of these will be 
considered later.

(b) Oxides
The problem in the case of oxide inclusions may be somewhat 
different for silicates than for alumina,

In the case of silicates, it is necessary to decrease the
plasticity. This can be achieved by increasing the melting

(19)point of the silicates, or by increasing the glass
transition temperature of a glassy inclusión.
Obviously it should be possible so to tailor the deoxidant 
composition that the correct silicate composition of higher 
melting point is achieved. But there are problems, in that 
being less fluid, it is likely that coalescence and growth 
may occur less readily. Thus the steel may show inclusión 
shape control but may contain rather more inclusions. Any 
benefit may therefore be vitiated, because lowering the 
volume fraction can make as much difference as changing from 
transverse to longitudinal testing on ductility or shelf 
energy. The modifying agent must also have a greater 
affinity for oxygen than the deoxidants giving rise to the 
original inclusions.

The question of whether the silicate should be glassy or 
crystalline is also worth consideration. It seems that a 
crystalline silicate would tend to remain less plástic than 
a glassy one to higher temperatures, although the possibility
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of fracture might be greater. The crystalline silicates 
might be expected to be near to stoichiometric silicate com- 
positions, and particularly should not be too rich in Si02, 
but richer in CaO and A^O^.

Finally, it may be possible physically to support a silicate 
by a hard, non-plastic phase, and thus reduce the plasticity.
This in fact has been observed where the silicate contains 
a second phase within it; the second phase being A1~0-,

(27) (28)spinel or calcium aluminates of the more refractory types.
The question of fracture of the particles however needs to 
be considered.

In the case of alumina inclusions, which form clusters and 
thus alumina stringers in rolled material, the requirement is 
to alter the inclusión type and therefore the morphology. By 
using a combination of calcium and aluminium deoxidation, it 
is possible to form mixed oxides of the calcium aluminate 
types, which are much less prone to form clusters and which 
also are relatively non-plastic. The plasticity varies with 
the composition of the calcium aluminates. There are problems 
however with the use of calcium deoxidants, as will be 
discussed later.

SULPHIDE INCLUSION SHAPE CONTROL

The methods currently employed are either to strengthen the
MnS by introducing into it elements which decrease its
plasticity, or to replace MnS by a more refractory non-
plastic alloy sulphide. Schematically it can be shown that
as the degree of deoxidation increases, the plasticity of the

(6 )MnS increases, fig 14. The plasticity is lower for low 
Mn:S ratios than for higher ratios, and this might be a 
deoxidation effect or an effect of iron dissolved in the MnS. 
Possibly FeS precipitates within MnS, may be as very small 
particles, and lowers the plasticity. As alloying elements, 
particularly titanium, zirconium, rare earths or calcium 
replace manganese in MnS, the plasticity decreasing virtually 
to zero when the MnS is completekjreplaced by the alloy 
sulphide.
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(a) Zirconium
Zirconium is usually added to a deoxidised steel as zirconium
silicide, ferro-silicon-zirconium or even zirconium metal
scrap. ̂  ^  ^  (29) Because zirconium has a high affinity
for nitrogen (AG^ = -230 KJ/mol @ 1600°C) it will react with
nitrogen even in Al-killed steels. Consequently it cannot
be used with steels which depend for their properties on the
precipitation of fine nitrides, i.e. vanadium containing low
alloy high strength steels. It is however widely used in
the currently popular niobium steels. With increasing
zirconium in the melt, zirconium dissolves in the MnS, forming
(ZrMn)S which have very much decreased plasticity and the
plasticity decreases as the substitution of zirconium in the
MnS increases. It seems that a máximum amount of ^12% Zr
can dissolve in the MnS. On reaching this saturation limit, it
is reported that ZrC and Zr.C9S9 are formed, the latter as

(8) (30)films at the grain boundaries.

With máximum zirconium in the MnS, the sulphides are comple- 
tely undeformed, but there is no actual data on the quanti- 
tative effeets of zirconium in MnS on the plasticity of the 
sulphide. There is also a suggestion that, at high 
zirconium contents, a zirconium sulphide can be produced, but 
more work is required to confirm this. The interesting 
feature seems to be however, that the type II sulphides are 
not formed, and it appears that zirconium so increases the 
melting point that isolated sulphides are formed, possibly 
directly from the melt during solidification.

The effect of zirconium on the longitudinal and transverse 
charpy shelf energy valúes is shown in fig 15. It can be 
seen that the transverse shelf energy increases with in­
creasing Zr content more than does the longitudinal shelf 
energy, i.e. the anisotropy decreases. However, there is an 
optimum zirconium content, above which the shelf energy 
valúes decrease. This optimum is stated to be associated 
with the start of formation of ZrC and Zr^C2S2 which are
reported to cause embrittlement, possibly due to the large

(8)grain boundary partióles cracking.
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The anisotropy cf shelf energy is never entirely removed by 
zirconium, in contrast to rare earth additions, and the ratio 
of longitudinal : transverse shelf energy is decreased from
o. 2.6 to 1.6 at the optimum zirconium content, fig 16, which 
increases with increasing sulphur content. This dependence 
of the optimum zirconium content on the sulphur content is 
to be expected, but because of the high affinity of zirconium 
for nitrogen sufficient must be added to combine with the 
nitrogen and leave enough over for optimum sulphide modifica­
tion.

(b) Titanium
Although titanium has been well known to modify sulphides, a
typical example being in 321 stainless steél, there have been
few studies recently, and little systematic work such as has
been done on zirconium additions, although recently titanium
bearing high strength low alloy steels have been devel- 

(31)(32)(33)oped. Because of its greater affinity for
nitrogen than for sulphur, enough titanium must always be 
added to combine with the nitrogen, as well as leaving 
sufficient for sulphide modification. Also, in order to 
achieve a good and reasonably predictable recovery, the 
steel must be fully killed prior to the titanium addition. 
There is an even more pronounced tendency for TiN to 
segregate into bands and stringers than for ZrN, and this 
can undo all the good provided by sulphide modification.
The mechanism of modification brought about by titanium is at 
present uncertain, and direct substitution of manganese in 
MnS is not yet proved. Titanium will also form TiC or more 
commonly Ti(CN), which also tends to segregate, and the 
complex carbo-sulphides of the form (Ti Fe Vü\) ̂ C2^2 > may 
well produce similar embrittlement to the analogous 
zirconium phase. In general, therefore, the reactivity of 
titanium may render its control as a sulphide shape control 
addition somewhat difficult.

(c) Rare Earth Additions
The rare earths, lanthanides, can be added to steel either 
as:
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(i) Misch metal - 50% Ce, 25% La, 10% Nd, 5% Pr + others
(ii) Rare earth silicides - 35% Fe, 30% Si, 18% Ce, 9% La,

4% Nd, 2% Pr etc.

The rare earths have very high affinities for oxygen, 
hydrogen, carbón, nitrogen and suiphur, particularly for 
suiphur and oxygen, where CeS and Ce20^ have very negative 
AG^ valúes. All the oxides, sulphides and oxysulphides of 
the rare earths have very high melting points, fig 17, and 
are therefore ideal for producing sulphide shape 
control,^ ^  ^  being very resistant to plástic
deformation even at the highest temperatures.

Due to the high reactivity of rare earths, especially with
oxygen, steels must be deoxidised prior to their addition,
and even so the best recoveries are only of the order of 

(34)70-80%. Oxidation of liquid metal streams in air can
also result in large agglomerates of oxides, nitrides, sul­
phides, which can form massive l a m i n a t i o n s . I n  fact, 
much care is required in the addition of rare earth, because 
although the sulphide might be adequately modified, the 
laminates mentioned previously will be as bad or worse than 
any alumina stringers.

The mechanism of shape control is one of replacing the MnS 
by a rare earth sulphide. As far as is known, the rare(35)earths do not appreciably replace Mn in MnS. Being of
high melting point, and very sparingly soluble in steel, the 
rare earth sulphides form idiomorphic particles, which being 
of low density, tend to float and so produce some de- 
sulphurisation.

Recent evidence has shown that there is an optimum rare(9)earth : suiphur ratio for sulphide shape control. fig 18.
A ratio of ^2.0 gives the highest transverse charpy shelf 
energy valúes, and in fact the anisotropy is very nearly 
completely eliminated, a longitudinal : transverse charpy shelf 
energy ratio of o>l.l being achieved at the optimum ratio.
In general therefore rare earth additions are more beneficial
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than zirconium in eliminating anisotropy in the shelf energy 
valúes, fig 16.

Above the optimum rare earth : sulphur ratio, the decrease in 
transverse charpy shelf energy valúes may well be due to 
deleterious carbide or even intermetallic compounds (Fe^Ce 
or Fe2Ce) being formed in the interdendritic interstices of 
the as cast structure, which persist as segregates in the 
rolled plates etc. Because of the not too great affinity of 
rare earth for nitrogen, the -AG^ valué being similar to that 
for A1N, rare earths can be used as sulphide shape control 
additions in low alloy high strength steels which owe their 
properties to vanadium nitride precipitation.

(d) Calcium
The free energy of formation of CaS at 1600°C is ^-343 K J  /mol 
but for CaO it is about -502 KJ” /mol. Thus for effective 
sulphide modification, the steel must be very effectively 
deoxidised by aluminium. There are many difficulties in the 
use of calcium because of its low solubility in steel,

and the fact that it boils off rapidly at 1600°C. Thus, 
the effect of calcium modification by alloys such as calcium 
silicide is most erratic, although more predictable when the 
more recently developed barium-containing hypercal or calsibar 
are u s e d . (36) T^e reasons for this will be discussed 
later in the section on oxide modification.

Contrary to the view expressed by Hilty and P o p p , C a S
does not form a series of solid solutions with MnS although
both have the NaCl structure. Due to the large ionic
diameter of Ca++, there is a marked solubility gap, and MnS
can only dissolve about 13% Ca replacing m a n g a n e s e . (24)
Thus the highly stable CaS is formed whenever calcium is
effectively added to the steel, and occurs as isolated
particles in some cases. It is very resistant to plástic
deformation. In general however, the CaS is frequently
observed to form a peripheral rim to calcium aluminate 

(24)inclusions, when of course it is supported by the calcium
aluminate and cannot deform. No quantitative data is known



- 16 -

on the plasticity of CaS.

No data seems to be available on the anisotropy of ductility 
or charpy shelf energy properties in steels which have been 
sulphide shape controlled by calcium.

OXIDE INCLUSION SHAPE CONTROL

Very many investigations have been reported on the action of 
calcium in modifying oxide inclusions, mainly from Russian, 
Germán and Japanese sources. The results show often wide 
discrepancies, but in all cases the object has been to rep- 
lace A^O^ clusters and stringers by less injurious, widely 
disseminated calcium rich oxide inclusions. The present 
discussion attempts to summarise only some of the more well 
substantiated findings and to present some views on calcium 
deoxidation and oxide inclusión modification.

Calcium is a difficult element to introduce into liquid 
steel in a controlled manner. It is generally agreed that 
its effects in carbón and low alloy steel are erratic. The 
reasons for this are that:-

(37)(a) Calcium has a very limited solubility in steel, of 
the order of ^0.03% at 1600°C, fig 19.

/ o Q \(b) Calcium has a high vapour pressure, of 1.6 atmos- 
pheres at 1600°C, fig 20.

(c) Many calcium alloys are light and rapidly float to the 
top of ladles, react with air and thus never really get 
into the steel.

Thus in view of its low solubility and high vapour pressure, 
the calcium is often lost by vapourisation before it has time 
to dissolve and act as a deoxidiser.

It has been observed that calcium is more predictable as a 
deoxidant in stainless steels because nickel increases markedly
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the solubility in molten steel. So do aluminium and 
Silicon, and to an even greater extent than nickel. 
Consequently it is advisable either to pre-deoxidise the 
melt or to add aluminium and Silicon with the calcium, as 
often is the case in many calcium bearing deoxidation 
alloys. These alloys should also be as dense as possible to 
prevent them floating, and should be kept as low down in the 
ladle as possible until they melt and react, i.e. allow the 
ferrostatic head to counteract the high vapour pressure.

More recently it has been discovered that barium added to 
the calcium bearing deoxidant will very effectively lower 
the activity of calcium and also decrease its vapour 
p r e s s u r e . V a r i o u s  commercial alloys have been developed 
using both barium and Silicon to lower the activity of the 
calcium, a typical composition being 10% Ca, 10% Ba, 22% Si, 
40% Al, 18% Fe. These alloys are reported to give better 
control of the deoxidation in that the calcium is more 
uniformly distributed throughout the melt. It is also 
suggested that the large amounts of aluminium and Silicon 
dissolved locally when the alloy additions are made, raises 
the solubility of calcium appreciably. A rather improbable 
explanation also is that when aluminium and calcium are 
added together, there are films of calcium aluminates 
formed around the aluminium-calcium rich areas local to the 
deoxidant, but these collapse because they have fairly low 
melting points, and thus do not prevent the deoxidants 
diffusing into the steel. On the other hand, if calcium and 
aluminium are added separately, solid A^O^ or CaO films 
form around the regions where the respective metáis dissolve, 
retard diffusion, and inhibit the beneficial combination of 
the aluminium and calcium.

Experience tends to show that when calcium silicide alone is
added, or Ca-Al-Si alloys, the calcium rapidly boils off
before it can take part in the reactions. Consequently
only Al-O-, or aluminium silicates are formed depending on

(39)the aluminium content in the deoxidant0 It requires
very large amounts of calcium-silicide before calcium-
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aluminium-silicates are formed, and calcium aluminates are 
apparently rarely if ever observed. Using the barium 
containing deoxidants, small additions may give only 
alumina, as the calcium is rapidly used up, but larger 
additions give calcium aluminates which can contain up to 
30% CaO, and are CAg, CA2 or CA. Consequently, although CaO 
has a lower free energy of format.ion than does A^O^,
(-480 KJ/mol for CaO and -420 KJ/mol for A^O^) a joint 
deoxidation can take place which causes calcium aluminates 
to form instead of the alumina clusters. These are of course 
primary inclusions. It must be remembered that highly 
aluminous CAg can form clusters and may be equally as detri­
mental as A^Og itself.

Frequently however, in order to get better recovery of the 
calcium, and to modify pre-existing A^O^ inclusions formed 
as primary deoxidation products or as products of air 
oxidation of liquid metal streams, the calcium alloys are 
added after aluminium deoxidation. In fact this is often 
found to be the best method, as the calcium seems protected 
by the prior deoxidation, and rather surprisingly, modifi- 
cation of the primary A^O^ inclusions clusters is often 
observed. The solubility product for CaO will be lower than 
that for A^O^ so that some CaO can precipítate. It 
probably precipitates on the surface of the pre-existing 
A^O^. CaO melts at 'v2570°C and A^O^ melts at ^2020°C, so 
both are solid, and any reaction might be expected to be 
slow. But at the CaO-A^O^ interface, fluxing to form very 
low melting point compounds such as C^2 (^1400°C) will 
occur and this liquid layer will act as a sink which dissol- 
ves both CaO and A^O^, with the result that liquid calcium 
aluminates will form and thus modification will be, and is, 
achieved.

Not only does the calcium, when correctly applied, produce 
modification of the oxides and inclusión shape control, it 
also produces cleaner steel, with obvious benefits. In 
addition it tends to produce CaS instead of MnS, and the CaS 
associates with the calcium aluminates in the manner previously
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discussed. Wahlster has shown that calcium modification 
increases the toughness of Steel plates,^^ bút the 
results do not indicate how much of this benefit is due to 
oxide modification, sulphide shape control or simply a 
general increase in cleanness. They do show, however,- that 
the anisotropy of tensile ductility and charpy shelf energy 
decreases with the improved steel cleanness resulting frora 
the correct use of calcium treatment.

At present, there do not seem to be any very clear indica- 
tions of the plasticity during rolling of either calcium 
aluminates or the more complex calcareous silicates.

THE EFFECT OF INCLUSION SHAPE CONTROL ON THE IMPACT 
PROPERTIES OF STEELS

Whilst it is well known that inclusions markedly decrease 
the charpy shelf energy, and that inclusión shape control is 
very beneficial in minimising the anisotropy of this 
property, the effects of inclusions on the impact transition 
temperature are by no means so clear cut. Various effects 
have been reported, the majority indicating that there is 
little or no effect of inclusión volume fraction on the 
impact transition temperature, but occasionally some reports 
are found of an increase in inclusión volume fraction raising 
the transition temperature. This might be expected because 
cracked carbides can produce this effect,^ (H)(41) an^ 
cracked oxides might be expected to behave similarly. The 
effects might be expected to be small as the overall volume 
fraction of oxide is small. The nature of the inclusión/ 
matrix bonding forces will also have an effect, as yet un- 
known.

Recent experimental evidence has shown that for sulphides, 
increasing the volume fraction of MnS first increases the 
impact transition temperature and then decreases it, in 
either longitudinal or transverse testing, fig 21. This 
may account for the uncertain effect of inclusions on the 
impact transition temperature, and a tentative reason for
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the observed effect has been suggested.^ Evidence^ has
also shown that by eliminating these MnS fibres by zirconium
inclusión shape control, the impact transition temperature
can increase by as much as ^50°C and recently a similar

(42)effect has been observed for rare-earth modification.
This may well be because the crack arresting or dividing 
characteristics are removed. Also there is evidence, as 
already suggested earlier, that excessive shape control of 
sulphides by zirconium can give embrittling ZrC and 
Zr^Ü2 S2 films, which as for carbide films, may also increase 
the impact transition temperature. ^  ZrN may also
cause crack initiation effects.

Thus, whilst certainly being beneficial in terms of charpy 
impact shelf energy, and particularly its anisotropy, some 
care should be exercised in using inclusión shape control 
where the arrest of a running crack is essential, i.e. 
where a low impact transition temperature is required.
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L E C T U R E  8
THE FORMATIONOF NON-METALLIC INCLUSIONS DURING ELECTRIC ARC

STEELMAKING
Introduction
Inclusions i n  steel frequently have very detrimental effects 
on the mechanical properties, it being well known that the 
general ductility is decreased by increasing amounts of 
either oxides or s u l p h i d e s ^ ^ )(3). The very injurious 
effects of oxide inclusions 011 the fatigue properties of 
bearing steels, and on the notch toughness of high-strength 
steels is also well appreciated ) (5) (6) . However, it must 
not be supposed that inclusions are invariably harmful. 
Manganese sulphides, for example, can be particularly 
beneficial v/ith regard to the free-machining properties of 
steel^^®) and also with respect to hydrogen c r a c k i n g ^ ) .

The aim of the steelmaker is therefore to ensure adecúate 
freedom frora the most injurious types and distributions of 
inclusions. In order to do this, it is necessary to 
understand the origin of the inclusions, particularly those 
of oxide type. It is the object of this paper to describe 
some of the effects of process variables during steelmaking, 
tapping and teeming on the formation of non-raetallic 
inclusions, v/ith particular emphasis on oxides. Details of 
the techniques used have been published elsewhereí1 ^
Occurrence of inclusions during the steelmaking process
The steelmaking processes investigated were the double-slag 
basic electric-arc production of 0.6 5-0.70>oC, 1l;bC-Cr and 
low-carbon 2^Ni-Mo steels. ■ The double-slag process can be 
conveniently divided into two stages, namely the oxidising 
period in which oxygen lancing was usually used, and the 
refining period under a reducing high-basicity slag to 
effect sulphur removal and achieve specification.
(a) The oxidising period
The inclusions present at melt-out, a coid charge being used
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in all cases, were mainly manganese-aluminium silicates 
resulting from the oxidation of the charge. As the boil 
progressed, the Al^O^ and MnO content of the silicates 
decreasedf Figs 1 and 2 , as the aluminium and manganese were 
oxidized out of the charge. The most interesting feature of 
the composition of the silicates was the Progressive 
increase in their CaO content during the boil, Fig 3.
Silicon was also oxidized out of the bath, but the SiC>2 

content of the silicates did not change appreciably through- 
out the oxidation period, because inclusions formed by 
oxidation nucleated on existing inclusions in the bath and 
were eliminated to the slag by the turbulence during the 
boil, but this same turbulence caused slag particles also 
to be mixed into the bath. Thus, the turbulence created by 
the boil can account for the increased CaO content of the 
silicates being produced by the entrainment of slag in the 
bath. Further confirmation of the role of the slag in 
forming the inclusions present during the oxidation period 
is given by the observation that, when considerable 
turbulence was created by charging material, a sample taken 
immediately afterwards always showed large numbers of the 
highly calcareous slag inclusions. Also, as occasionally 
happened, when slag had to be removed during the boil, the 
bath was partially deprived of its slag cover and the metal 
surface oxidized to produce iron-manganese silicates, and 
these were entrapped in the bath by the turbulence. 
Consequently, a specimen taken immediately after such an 
intermedíate slagging-off contained simple iron-manganese 
silicates which were free from CaO.

While it is clear that slag entrapment accounted for an 
ever-increasing proportion of the inclusions throughout the 
boil, there was not a 1:1 correspondence between the 
composition of the slag and that of the calcareous silicates 
at the end of the boil. In fact the inclusions were richer 
in MnO and SÍO2 and less rich in CaO, and this can be 
explained on the basis that oxidation products tended to 
nucleate on entrapped slag particles.
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The size of the silicate inclusions tended to vary 
systematically throughout the boil, being largest at the 
start of the boil when the reaction was most vigorous, and 
decreasing in size towards the end of the boil when the 
turbulence was subsiding.Superimposed on this general 
trend, there was also a marked effect produced by the vigour 
of the boil, as indicated by the average rate of carbón 
removal, Fig 4. As the rate of carbón removal increased, so 
the size of the slag-based silicates increased. This effect 
cannot increase indefinitely because eventually with very 
great turbulence, the particles of slag v/ill be so large 
that they will separate almost immediately and never be 
detected. Also, with very turbulent boiling the energy will 
be sufficient to create the surface area associated with 
small particles, and henee the slag will be more effectively 
'emulsified'. Consequently at very rapid rates of carbón 
removal, smaller particle sizes may again be detected.
There was evidence for this in some work done on the 
oxygen-injected basic open-hearth (AJAX) process, as shown 
in Fig 4. At the most rapid rate of carbón removal, smaller 
silicates were in fact observed, but as the rate of carbón 
removal decreased towards the end of the boil, the particle 
size increased and was in agreement with the trend observed 
for the boil during electric-arc steelmaking.

When the initial charge to the furnace contained some 
chromium, in a low-alloy steel, it was observed that 
individual small particles of spinels were formed during 
the oxidation period. At melt-out the spinels were mainly 
galaxite, MnO.A^O^, formed by oxidation of any aluminium in 
the charge, but also containing some C^O^ replacing A^O^. 
With increasing time during the oxidation period, the 
aluminium and also the manganese in the charge were removed 
by oxidation, and the composition of the spinels moved 
rapidly towards that of chromite, FeO.C^O^. At the same 
time, chromite inclusions were also seen to be associated 
with silicate inclusions. Two forms were observed, one 
being a fairly large angular chromite within a silicate 
containing onlv a trace of chromium. It is suggested that
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the silicates coalesced or nucleated around these fairly
large spinel particles. The other form showed chronite
dendrites precipitated from a complex silicate containing
12-15% C^O^. It seems clear that in this case considerable
Cr90-, had been dissolved in the silica, yet the solubility

(12 )of in SÍO2 is very limited. This solubility can
be increased by the presence of other oxides in the 
silicate, but only at a temperature of about 1800°C. It
is suggested, therefore, that oxygen lancing had caused a 
very high temperature locally, and in these conditions the 
silicates had been able to dissolve sufficient to
result in the precipitation of chromite dendrites on 
subsequent cooling.

Finally, the compositions of the sulphides also showed 
changes during the oxidation period as the manganese was 
oxidized out ofthebath. This caused a progressive change 
from (FeMn)S to virtually puré FeS, Fig 5.

The evidence that slag-based inclusions were picked up 
during the oxidation period, while being mainly obtained 
during experiments on electric-arc furnaces, was also 
confirmed during some limited investigations on the oxygen- 
lanced basic open-hearth process. There was a progressive 
increase in the CaO content during the oxidation period,
Fig 6. Whilst it is not suggested that the inclusions 
present in the bath during the boil will persist and appear 
in the final product, there is ampie evidence to show that 
the type of inclusions can be closely related to the actual 
processes occurring during this period of steelmaking.

(b) The refining period
At the start of the refining period in double-slag basic 
electric-arc steelmaking, the oxidising slag is removed and 
the bath is deoxidized. This causes a pronounced change in 
the inclusions, and the deoxidation processes can be 
conveniently classified under the following three categories.
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(i) Silicon deoxidation:
At the start of refining, before deoxidation, the inclusions 
present were calcium-manganese silicates persisting from the 
oxidation period. Silicon deoxidation was effected either 
by the use of calcium silicide or ferrosilicon. The 
addition of calcium silicide led to a pronounced change in 
the silicate inclusions; those being produced by deoxidation 
contained up to 40% A^O^, owing to the presence of about 
1 %̂ Al in the calcium silicide, Fig 7. The added ferro- 
manganese also increased the MnO content of the silicates, 
and dilution effects greatly lowered the CaO and SiC>2 

contents of the silicates even though calcium silicide had 
been used. The inclusions still contained ^ 15% CaO, 
however, owing either to the calcium deoxidation or to the 
nucleation of deoxidation products on small, pre-existing 
slag globules. Providing no further deoxidation alloys 
were added, the silicate composition gradually reverted to 
a lower A^O^ and MnO content and a higher CaO and SÍO2 

content, as the first formed silicates were removed to the 
slag and were replaced by further silicates picked up from 
the hearth, banks, and possibly the slag. Any pick-up of 
oxygen would also give rise to deoxidation products, i.e. 
silicates. The effect of aluminium in the predominantly 
Silicon deoxidation alloy in causing the formation of 
highly aluminous silicates was clearly established by the 
similar results obtained in a number of investigations.
That slag contributed to the silicates is shown by the fact 
that when ferrosilicon alone was used for deoxidation, the 
silicates still contained CaO. They also contained 
appreciable A^O^ owing to the ferrosilicon containing more 
than 1% Al. However, the CaO content at the end of refining, 
when ferrosilicon had been used, was 20-25% compared with 
almost 50% when calcium silicide was used. It seems 
therefore that some CaO is being introduced into the 
silicates from the calcium-bearing deoxidant.

Another feature observed was the gradual increase in the 
A^O^ content of the silicates if additions of the aluminium
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bearing Silicon deoxidation alloy were made progressively 
throughout the refining period in order to bring the steel 
to specification, Fig 8. If such an addition was made 
immediately before tapping, the alumina content of the 
silicates increased sharply, even though immediately before 
the addition the content of the silicates was less
than 2 %.

The aluminous silicates which also contained CaO, particu­
larly if formed in quantity by a late addition of ferro- 
silicon or calcium silicide, could be retained in the bath 
long enough to be tapped into the ladle, and also have been 
found in the final product where they can give rise to 
problems with respect to quality. These inclusions were 
often quite large, and they appeared to increase in size 
with increasing A ^ O ^  content. If selected ferrosilicon
was used for deoxidation, which contained very little 
aluminium, the A ^ O ^  content of the silicates was greatly 
reduced, as also was their size, and fewer quality problems 
were encountered. Consequently it was found beneficial to 
use Silicon deoxidants containing a minimum of aluminium, 
and to ensure that no such deoxidant was added late in the 
refining period.

(ii) Simultaneous Silicon and aluminium deoxidation;
When ferrosilicon and aluminium were added simultaneously 
at the start of refining, a number of effeets were observed. 
A joint deoxidation by aluminium and Silicon gave rise to 
manganese-aluminium silicates, the composition of which 
depended upon the local environment in terms of the alumin­
ium and Silicon concentrations. On the other hand, the 
aluminium and Silicon each could accomplish its own de­
oxidation to produce alumina or silicates respectively in 
regions rich in aluminium or Silicon. These two types of 
inclusión have been observed simultaneously in the bath 
immediately after the joint deoxidation, but such co- 
existence is very temporary because circulation within the 
bath usually takes these primary inclusions into regions of 
different deoxidation environment. If the alumina particles
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enter an environment of predominant Silicon deoxidation, 
manganese aluminium silicates can precipitate around them. 
Alternatively the silicates can move into an aluminium 
deoxidation environment, and reaction can occur to give a 
silicate rich in so that mullite or alumina can pre­
cipítate from the silicate. If such a reaction goes to 
completion, almost all the silicate can be converted to an 
alumina aggregate. In some circumstances coalescence can 
occur between a shower of alumina and silicates, giving 
rise to very irregular silicates enveloping one or more 
alumina particles.

The complexity of these reactions leads to the resulting 
inclusions having a wide range of composition and morphology, 
but the most important observation is that large amounts of 
alumina were not formed. Consequently, the rapidity of 
deoxidation was decreased because the aluminous silicates 
were less readily eliminated to the slag than alumina. In 
fact, it is suggested that the elimination of existing 
inclusions, and the formation of new ones from slag 
entrapment, oxygen pick-up, etc, is a continuous and dynamic 
process.

As the aluminium is consumed, the A^O^ content of the 
silicates should decrease throughout refining, and such was 
the observed effect, Fig 9. The CaO content increased 
however, indicating the role of slag in providing nuclei for 
deoxidation products, and in this case no calcium-bearing 
deoxidant was used. The band of results shown in Fig 9 is 
probably due to variability in the initial state of 
oxidation of the bath, and also to variable rates of oxygen 
pick-up and reaction of aluminium. Because of the dynamic 
effect of continual removal of inclusions to the slag and the 
formation of new inclusions from oxygen pick-up, the A^O^ 
content of the slag increased throughout refining and was 
at a higher level with increasing aluminium used in the 
deoxidation process, Fig 10.
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(iii) Aluminium deoxidation before Silicon addition:
If aluminium deoxidation was used before the ferrosilicon 
or calcium silicide, alumina showers were produced, and the 
average A^O^ content of the inclusions increased sharply,
Fig 11, to ^ 80%. The inclusions formed, apart from alumina 
produced by direct deoxidation, comprised spinels and cal­
cium aluminates, the latter originating from the pre- 
existing inclusions of slag origin which reacted with the 
aluminium addition. Providing an adequate aluminium addition 
was made, the subsequent addition of silicon-bearing ferro- 
alloys did not produce any silicate inclusions. A similar 
series of changes was also observed when ferroaluminium was 
used instead of aluminium. Because the alumina thus produced 
was fairly rapidly eliminated to the slag, and no silicates 
were formed, a very clean bath was produced. If, however, 
the initial deoxidation reactions had to a large extent used 
up the aluminium added, any oxygen pick-up will result in 
silicates being formed, and calcium-bearing silicates from 
the slag were also observed. On the other hand, if the 
aluminium addition had been sufficient to leave an adequate 
aluminium content in the bath, further oxygen pick-up 
resulted in the formation of more alumina particles, and the 
slag inclusions reacted to form calcium aluminates and 
spinels (MgO.A^0̂ ) . The aluminium content in the bath can 
persist for various lengths of time, depending on the 
amount of aluminium added, the original oxygen content 
before deoxidation, the amount of oxygen pick-up during 
refining, and the extent of reaction between the aluminium 
in the bath and the refining slag. A high oxygen content at 
the end of the boil, i.e. a very low carbón content, can 
cause a very much decreased aluminium content and necessi- 
tate the formation and elimination of a larger volume 
fraction of alumina, which takes time, and thus the primary 
deoxidation may be neither uniform ñor complete when the 
ferrosilicon is added.

The presence of an adequate aluminium content preserves a 
clean bath, but the effective aluminium decreases with time 
during refining, and eventually silicates are formed unless
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steps were taken to add further aluminium. As the 
aluminium decreased in effectiveness, so the A^O^ content 
of the inclusions decreased. The greater the aluminium 
content, the higher was the A^O^; CaO ratio in the calcium 
aluminates. An addition of aluminium later, during refining, 
readily restored a fading aluminium content, Fig 12. The 
presence of aluminium to the end of refining therefore 
preserves a clean bath containing a minimum of inclusions, 
which also ensures that a minimum of inclusions are tapped 
into the ladle. Consequently, it is suggested that alumin­
ium should be added as early as possible during refining, 
and always before the Silicon. Also, more aluminium should 
often be added if the refining period is inadvertently ex­
tended.

The role of slag inclusions even in the relatively 
quiescent refining period has already been mentioned, and a 
possible cause for their entrapment has been suggested. The 
fact that any disturbance or turbulence created in the bath 
can cause admixture of slag into the bath has been observed 
on many occasions. Immedidately after such disturbance of 
the bath, an increase in the CaO content of the silicates, 
in a process not primarily deoxidised by aluminium, was 
frequently observed. Two particular causes of such entrap­
ment were identified with additions of slag-forming 
materials and ferroalloys, and with mechanical stirring of 
the bath, Fig 13.

In general, the inclusión size decreased progressively 
throughout the reducing period, Fig 14. The silicates
in a silicon-deoxidation practice were always much larger 
(45 ym) than the alumina, spinel, and calcium aluminates 
(5-15 ym) in an aluminium-killed practice. The reason. for 
the decreasing inclusión size is that at the start of ref­
ining the super-saturation was relatively great, so that 
each inclusión had ampie opportunity to grow more than 
later in refining, when the supersaturation was small and 
due only to oxygen pick-up.
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The sulphide inclusions also readily reflected the steel­
making process, particularly the ferromanganese additions.
The sulphides at the start of refining were mainly FeS, but 
their manganese showed a parallel increase with the ferro­
manganese addition until mainly MnS was observed.

Effect of tapping on the inclusions in the ladle

(a) Launder erosion produets
Several effects have been observed during tapping. The first 
was the pick-up of launder erosion produets during tapping 
down a siliceous (gannister) launder. The result was large, 
highly siliceous globules which invariably contained 
partióles of silica rich glass and these occurred in the 
metal stream issuing from the end of the launder, in a 
silicon-killed steel. These inclusions can contain a little 
CaO from slag glaze on the launder. It might be argued that 
they were due to oxidation of the launder stream, but this 
is not believed to be so because replacing the siliceous 
launder by a magnesite launder completely removed this type 
of inclusión. In an aluminium-treated steel, however, 
launder erosion produets are much less prevalent owing to 
reaction with the dissolved aluminium.

(b) Effect of siag-metal mixing
During tapping, the major effect was produced by tapping 
through the refining slag in order to promote more effective 
desulphurization. This has always been observed to result 
in the occurrence of large inclusions, which undoubtedly 
originate from the admixture of the slag with the steel 
during tapping. Two distinct types of inclusions were 
observed in the ladle immediately after tapping, depending 
upon whether the steel was Silicon killed or aluminium 
treated.

In a silicon-killed steel, not treated with aluminium, the 
inclusions in the ladle invariably comprised large calcium- 
rich silicates originating from the slag, as shown by the 
cióse correspondence of the analysis of the inclusions and
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the slag, Fig 15. Also, the inclusions in the ladle were 
always considerably larger than those in the furnace imm­
ediately before tapping, Fig 16, and always occurred in 
much greater amounts.

In an aluminium-treated steel, while slag inclusions were 
picked up during tapping through the slag, these reacted 
with the aluminium dissolved in the steel to form quite 
large calcium aluminates containing MgO.A^O^ spinel 
particles. Again, the size of these calcium aluminates was 
very much greater than that of the inclusions occurring at 
the end of the refining period, Fig 17.

Despite the improvements which can be made by varying the 
deoxidation procedures during the refining period to improve 
the cleanness of the steel when it is tapped, much of this 
improvement can be rendered useless if the metal is tapped 
through the slag in an attempt to produce lower sulphur 
contents.

(c) Effect of limiting slag-metal mixing
It has been suggested that in order to disperse slag into
30 ym diameter globules, the slag would have to fall some
30ft in order to acquire the energy necessary to generate

(14)the new surface area. As the slag seldom falls half
this distance, it was suggested that slag entrapment was not 
likely. However, the evidence of the inclusions present in 
the ladle all pointed conclusively to large numbers of slag 
inclusions being present in the steel, and ampie energy is 
available to render this feasible if the total energy of the 
tapping stream is considered.

On the basis of a very simple calculation it can be shown 
that the size of the slag-based inclusions should decrease as 
the amount of slag tapped with the steel decreases. Evidence 
for this was obtained. In seven experiments using normal 
slag-metal mixing, the mean máximum inclusión size was 
'v 90 ym, whereas in two experiments with very restricted
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slag-metal mixing it was ^ 60 \im. It can also be concluded 
that the number of larger slag-based inclusions will 
decrease, while there will also be a larger number of very 
small slag-based partióles. This conclusión was also 
verified by considering the ratio of slag based to other 
inclusions, with sizes greater than 25 ym:

On the evidence that a restriction of slag-metal mixing 
produces fewer of the larger inclusions, it would be expec- 
ted that for a constant amount of oxygen pick-up and 
precipitation of deoxidation products on the slag inclusions, 
more dilution of the CaO content of the inclusions should be 
observed when slag-metal mixing is restricted. This also 
was observed, as shown by the following results:

It can be seen, therefore, that a cleaner steel, containing 
many fewer of the larger inclusions, can be produced in the 
ladle if the slag and metal are not mixed during tapping.

Inclusions present in the ladle

During tapping, and also during teeming, oxidation of liquid 
metal streams occurs. Thus further inclusions are produced 
either from the deoxidants already present in the steel or 
from deoxidants deliberately added to the ladle.

In a silicon-killed practice, the aluminium in the silicon- 
addition alloys entered the deoxidation products and greatly 
increased the A^O^ content of the silicates, Fig 18. These 
more highly aluminous silicates were quite large and as they 
were formed in the ladle had a greater opportunity to enter

Ratio:- 
slag:other inclusions

Normal slag-metal mixing
Very restricted slag-metal mixing

2.28
0.87

Normal slag-metal mixing
Very restricted slag-metal mixing

% CaO in inclusions 
35 
21
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the ingot. Wherever possible ferrosilicon additions to the 
ladle should be avoided in a silicon-killed steel, and the 
implementation of this suggestion led to a marked improve- 
ment in cleanness.

In an aluminium-killed steel, in which an addition of 
aluminium was also made to the ladle, the mixing of slag and 
metal during tapping resulted in the formation of calcium 
aluminates from the reaction between the slag and the 
aluminium in the steel. The A^O^tCaO ratio of the calcium 
aluminates increased with increasing amounts of aluminium 
added to the ladle, Fig 19, changing from CaO.A^C^ through 
CaO^Al^O^ to CaO.SA^O^. With increasing A^O^rCaO ratio 
in the calcium aluminates, their particle size decreased,
Fig 20. The reason for this is that CaO.A^O^ and calcium 
aluminates less rich in A^O^, melt at temperatures below 
the ladle temperature, and thus are molten and can coalesce 
and grow to form larger particles. On the other hand, 
CaO^A^O^ and CaO.GA^O^ are solid and thus form much 
smaller particles.

During a holding period in the ladle, the larger inclusions 
can float out into the ladle slag. However there is always 
the danger that the longer the steel is in contact with the 
ladle lining, the more tendency there will be for ladle 
erosion products. Due to cooling in the ladle, further 
deoxidation products are precipitated, and as the steel is 
cooled MnO precipitates in larger amounts than SÍO2. 
Consequently the Mn0:Si02 ratio of the deoxidation products 
in a silicon-killed steel increased with increasing time in the 
ladle.(11)

In an aluminium-killed steel, the calcium aluminates in­
creased in A^O^ content as the time in the ladle increased,
Fig 21. The effect is due to the larger size of the less 
aluminous calcium aluminates which allows them to float out 
more quickly leaving the smaller, more aluminous, calcium 
aluminates in the steel. Such a flotation effect was
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confirmed by the marked increase in the content of the
ladle slag with increasing time.

Investigations have been made into the effect of vacuum 
degassing on the inclusions present in the steel There was 
no evidence that there was any dissociation of the very 
stable alumina or calcium aluminates under vacuum, but the 
size of the inclusions definitely decreased, Fig 22. This 
was simply due to the holding period of 9-14 min brought about 
by vacuum degassing, which allowed flotation of the larger 
inclusions, aided by the evolution of gas and the associated 
turbulence during degassing. At the same time, the A^O^iCaO 
ratio of the calcium aluminates increased during degassing, 
due to the flotation of the larger, more calcareous inclusions 
during the vacuum-degassing period.

Inclusions present during teeming

(a) Silicon-killed basic electric-arc steels
The inclusions were both deoxidation produets of the mangan- 
ese aluminium silicate type and calcareous slag-based inclu­
sions. During teeming there was a pronounced tendeney for 
the inclusions to increase in A^O^, Fig 23. This was 
believed to be due to progressive contamination with ladle 
refractory erosion produets. The upper and lower limits of 
the band shown in Fig 2 3 probably represent the extremes of 
ladle-lining condition. Further evidence for the contamin­
ation with ladle erosion produets is that the TiC>2 content 
increased with time, TiC^ being a tracer in these refrac- 
tories. Ladle refractory erosion can have a major effect on 
the cleanness assessment of a steel, and can override all
attempts in the steelmaking process to produce a clean

(15)steel. Ladle linings maintained by a sprayed gannister
coating give rise to many more erosion produets than either 
bricked or rammed linings. These ladle erosion produets 
also frequently contained a little CaO, due to the ladle 
glaze being contaminated by slag.

Using a simple flotation model for inclusions in the ladle,
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the máximum size of inclusions of the silicate type can be 
predicted at any time in the teeming process. This is
shown by the full line in Fig 24. The máximum observed 
particle size should increase with time during teeming, and 
this is in fact observed. The largest calcium-rich slag- 
based silicates were never bigger than the predicted máximum, 
but the largest ladle erosion Products were very considerably 
greater than the predicted máximum size. The probable 
reason for this is that ladle erosion products were 
produced continually throughout teeming in a wide spectrum 
of sizes and at a time dependent upon the local softening 
of, and scouring action on, the reaction layers. Conse­
quently, flotation models cannot readily be used to predict 
their sizes, which are often much greater than would be 
predicted. It was observed that while ladle holding allowed 
flotation to occur, the extra time for which the steel was 
in contact with ladle refractories could give rise to more 
erosion products. The conditions for forming the minimum of 
erosion products are therefore complex, involving critical 
interactions between holding time, teeming speed, temper­
ature, and above all the initial condition and type of 
ladle lining.

(b) Aluminium-treated basic electric-arc steels
In steels which have been heavily killed by aluminium, the
occurrence of silicate inclusions which are clearly ladle
erosion products is by no means so readily observed, because
reaction occurs between the silicates and the aluminium dis-
solved in the steel, tending to form alumina and spinels and
even calcium aluminates from the CaO often present in erosion
products. Nevertheless, high A^O^ silicate erosion products
were observed in samples taken from the ladle stream, when
they had less time to react with aluminium, but not in the
ingot.itself when the reactions had probably gone more or
less to completion to form A ^ O ^  etc. Inclusions of this
type have been observed in laboratory investigations into
the reaction between silicates and aluminium dissolved in

(16)the steel. It is suggested that they probably represent
nozzle and stopper erosion products which have not had
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sufficient time for complete reaction before the sample was 
taken, and this is to a large extent confirmed because they 
contained no CaO, which would have been present had they 
originated from ladle glazes. This does not imply that 
ladle refractory erosion does not occur, but rather that 
such erosion products have time to react with aluminium during 
their stay in the ladle. Very occasionally highly siliceous 
partióles typical of nozzle drip were also observed.

There was no systematic variation in the content of
the erosion products during teeming, probably because they 
varied in at the time of their formation, and the
analysis would further be randomized by variable reaction with 
aluminium dissolved in the Steel. There was, however, a 
tendency for the largest erosion products to increase in 
size as teeming progressed, Fig 25, and this was particularly 
observed towards the end of teeming, and when teeming was 
inadvertently prolonged. This shows the detrimental effect 
of an increasing time of contact between Steel and 
refractory on the formation of erosion products.

In addition to erosion products, there were also calcium 
aluminates and alumina present during teeming. The alumina 
particles, and the calcium aluminates of the CaO^A^O^ 
type were very small in size (less than 5 ym) throughout 
teeming, and together with MgO.A^O^ spinels, were formed 
by reaction between entrapped slag and the aluminium added 
in the ladle. The main source of alumina however was direct 
deoxidation or from the pick-up of oxygen during teeming.

(c) Runner erosion
The runner brick assembly in uphill-teemed ingots has long 
been recognised as a source of non-metallic inclusions, which 
originate from the erosion of the aluminosilicates by high- 
manganese steels. Such erosion products are very readily 
observed in silicon-killed steels, but for the reasons 
already discussed with regard to ladle erosion products, they 
are not so readily observed in heavily aluminium-treated 
steels. Nevertheless the reaction products between
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aluminosilicate runner assembly erosion products and alumin- 
ium in the steel will contribute to the total inclusión con­
tent of the steel. The surface layers of aluminosilicates which 
have been in contact with steel can contain appreciable amounts 
of alumina. It is clear that where such erosion problems are 
likely to occur, particular attention should be paid to the 
quality of the runner bricks. In this respect, the use of an 
aluminium-killed steel may be beneficial in breaking down the 
large erosion silicates into smaller and possibly less 
injurious alumina and spinel inclusions, besides possibly 
decreasing the extent of erosion.

Inclusions which are formed in the ingot
Perhaps the most deleterious place in which inclusions can 
be formed is in the ingot, because they will then have the 
least chance of escaping from the steel.

(a) Rimming Steels
The oxygen required in the solidification of rimming steel
ingots is more than that available in the liquid steel
teemed into the ingot mould, and must be supplied from the
atmosphere at the turbulent surface of the ingot. One
source of such oxygen is the scum which forms by atmospheric
oxidation on the surface of the liquid metal in the ingot
mould, and large masses of scum can be engulfed in the

(17)solidifying ingot. Some large inclusions comprised
(FeMn)0 dendrites in a silicate matrix and an examination of 
the scum from the ingot reyealed that it had virtually an 
identical structure. (17)

(b) Ingot head tiles, fluxes, etc
The use of insulating tiles in the ingot head of killed 
steels has long been practiced, and occasionally a tile may 
become dislodged and fall into the ingot mould where it dis- 
integrates and forms a large number of siliceous inclusions.
In the rolled product these form a large segregate of 
elongated silicates which obviously produce a quality- 
control problem. These might be classed as mechanically 
introduced inclusions, and usually can be readily avoided.



- 18 -

(c ) Deoxidants added to ingot moulds
In balanced or semikilled steels, a technique which can be 
used is to add sufficient deoxidant to the raould so to 
regúlate the gas evolution that a balanced condition results, 
Such a practice is not perhaps the best because it forms 
fairly large amounts of deoxidation products in the mould, 
and ladle balancing is a more effective method to produce 
clean, balanced steel. Various methods of mould balancing 
have been investigated. In the first, in which an aluminium- 
silicon alloy was fed into the mould to regúlate the rimming 
action, a large proportion of defective material was rejec- 
ted owing to inclusions formed directly by mould balancing. 
Before the addition of the deoxidants to the mould, the 
inclusions were primarv deoxidation products of manganese 
silicate or (FeMn)O, but after the aluminium-silicon 
deoxidant had been added they were very fluid manganese- 
aluminium silicates, and frequently of large size, Fig 26.
The mechanism of their formation is either by a direct 
deoxidation reaction with dissolved oxygen, which must take 
place to control the rimming action, or by a reaction between 
the added aluminium and Silicon and the pre-existing 
inclusions. When the rimming reaction ceased, these 
manganese-aluminium silicates then segregated into the 
bottom third of what behaved as a killed ingot, and gave no]rise to the typical bottom cone segregation of inclusions.

Another practice investigated was in uphill-teemed steel 
which was poured as a rimming steel and the last metal was 
treated with aluminium to produce a killed or stabilized 
steel core within a rimmed periphery. In the rimmed 
peripheral layers of the ingot, the inclusions were mainly 
(FeMn)O or silicates, but in the core of the ingot they 
abruptly changed to aluminous silicates or alumina clusters, 
depending on the amount of aluminium used, Fig 27. These 
aluminous inclusions were formed by direct deoxidation, and 
by reaction with existing inclusions.

(d) Exothermic feeder-head compounds
The use of exothermic feeder-head compounds, which contain
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free aluminium in a thermite mixture, can lead to unusual 
inclusions in the ingot. For example, in a silicon-killed 
1 Mn steel, groups of large alumina inclusions were ob­
served in the upper part of the ingot, although no aluminium 
had been used at any stage during their manufacture. The 
alumina inclusions occurred at positions down to 30% from 
the top of the ingot, and were directly attributable to 
aluminium deoxidation of the top of the ingot by the free 
aluminium in the exothermic feeder-head compound. Apparent- 
ly convection currents within the solidifying ingot were 
capable of drawing the inclusions down into the body of the 
ingot.

A second example, which illustrates the rather complex 
effects which can be observed, concerned the formation of 
dúplex MgO.A^O^ spinels with calcium-aluminium silicates, 
in the tops of ingots of a basic electric medium-carbon 
steel. At no stage in its manufacture had this steel been 
treated with aluminium, and the ferrosilicon used for de­
oxidation had been specially selected to contain a low 
residual aluminium content. The steel had, however, been 
tapped through slag in order to achieve a low sulphur 
content, and a very effective exothermic feeder-head 
compound had been used. The presence of the calcium- 
aluminium silicate associated with the spinel indicated that 
entrained slag was partially responsible for the inclusions, 
and it was also suspected that the exothermic feeder-head 
compound played a part in their formation. Experiments in 
which non-reactive feeder-head compounds such as vermiculite 
were used, showed a marked decrease in the frequency of 
occurrence of the detrimental inclusions but did not entirely 
eliminate them. However, very effective restriction of slag- 
metal mixing during tapping, coupled with a non-reactive 
feeder-head compound, virtually eliminated the inclusions,
Fig 28. It is suggested that slag inclusions were entrained 
in the steel during tapping and some also passed into the 
ingot during teeming. As they floated up to the top of the 
ingot they reacted with the exothermic feeder-head compound 
to entrap spinel particles within the calcium-rich silicate
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from the slag, which also became enriched in aluminium due 
to the free aluminium in the exothermic compound. The 
reason why the use of a vermiculite insulating layer did not 
entirely eliminate the inclusions is that vermiculite can, 
at high temperature, break down to form MgO.A^O^ spinel, 
which was entrapped by slag. The lower frequency of 
occurrence of the inclusions using a non-reactive compound 
pointed to the added effect played by the exothermic 
reaction either in promoting the reactions or in helping the 
entrainment of inclusions into the main body of the ingot.

The use of oxidic materials to help in promoting good 
surfaces, adequate feeding, etc, in ingots may be expected 
to lead to some complex inclusions from time to time.
For example, a mould flux can react with an exothermic 
feeder-head compound and impair its performance, and the 
reaction products could then be entrained in the ingot. 
Further reactions could also be envisaged with the feeder- 
head tiles giving very complex oxide inclusions. It 
therefore seems necessary that in future it will be required 
for such materials as mould fluxes, feeder-head compounds, 
tiles, etc, to be mutually compatible so as not to impair 
each others performance and, moreover, so as not to form 
exogenous inclusions which might be detrimental to the 
quality of the steel.

General Conclusions
An attempt has been made to summarize some of the informa­
tion obtained concerning the effect of variations in the 
steelmaking, tapping, and teeming processes on the inclusions 
formed in steel. By using the information such as has been 
outlined, it has been found possible to bring about 
significant improvements in the cleanness of steels.
In general it is the very large inclusions which provide the 
greatest quality-control problems, particularly if they occur 
as segregates. The relative average volumes of the various 
types of inclusions can be taken as an index of their likely 
deleterious nature:
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Diameter . Relative 
Type of inclusión: ym Volume
Alumina, spinel, and CaO^A^O^
(other than clusters) 5 1
Other calcium aluminates 27 160 
Secondary deoxidation products
(Si-killed Steel) 32 260 
Primary deoxidation products
(Si-killed Steel) 49 940
Erosion silicates (Al-killed Steel) 64 2100
Erosion silicates (Si-killed steel) 107 9800

These figures clearly show that it is the primary silicate 
deoxidation products and the erosion products which are 
likely to cause the most problems. Steps can be taken to 
eliminate deoxidation silicates by varying the deoxidation 
practice, but it is clear that a considerable effort 
requires to be devoted to eliminating refractory erosion 
producto
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THE EFFECT OF INCLUSIONS ON THE MECHANICAL
PROPERTIES OF STEEL
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1. INTRO PU CTION
Tho dependence of laechaiiical propertics or, the micro- 

structure has been known for many years, but the quantitative 
relationsliips betvcon microstructure and properties initiated 
by Gensanier et al in the mid 19^01 s was stiraulated by tho

r> *>developnient of the IIall-Potch“ rclatxonslúp in the laid 1.950* b. 
Since that time, there havo been considerable developnients in 
the effects of microstructuro on inechanicnl properties. \«orlc 
on strength-structure relationships vas broadened to cover 
inipact properties, and in recent years attontion has been 
focussed on tho effects of nácrostructure on ductility, trfiich 
is an irnport ant property in connection vith metal foraiing 
operations such as bending, and is also related to toughness 
as ©:spressed by the fully ductile shelf energy.

It is the purpose of the present paper to outline 
the basic theories of ductile fracture, indicating the itaportant 
featvires of the microstructure, and to illustrate the effeets 
of inclusions on itaportant mechanical properties. Ductility 
properties which are liniited by plástic instability rather than 
by ductile failure account for the insensitivity of certain 
forinability criteria to the inclusión content.

2. THEORY 0F~DUCTILE FRACTURE
The ductile fracture process involves the f ornmt ion 

of cavities in the material, the gro-wth of these cavities 
during straining, and the coalescencc of cavities during the 
final catastrophic failure.
2.1 Cavitv Nucí o at i 02?.-----tt. r-̂- r .. .

During straining at room teiuperature, the nucleation 
of cavities is often observod to occur cither by particie



cracking, Figure 1, or by decohosion of the pnrticle-raatrix 
intorfaco. In tho case of a Carbide sucli as Xncicllnr cementite 
in a ferritic ¡uatrix, the cavitation procoss is coí-auonly one 
o£ Carbide cracking. In tho case of inclusions such as sulphides 
and oxides, cavitation co;nraonly occurs by decohosion of the 
interface betweon the inclusión and tho aiatrix, Figuro 2, 
although the inclusión itself mny suffer subsequent datnage by 
virtue of secondary (conipressivo) strains. Ají interesting 
experimental observation is that interface decohesion associated 
vrLth non-nietallic inclusions occurs at very striall strains, 
suggesting that the interface has a low mechanical strength.
0n tho other hand, cavitation at ceraentite x^articles genorally 
occurs at relatively high strains, v.-hether tho cavitv is formed 
by decohosion of tho carbide/ferrito interface or by carbide 
cracking. These observations lead to the concept of a void 
nucíeation .strain, € Q , and there is evidence to suggest that 
the Carbide cracking at least is stress dependent.
2.2 Cavity Growth

The strain concontration in the ¡iiatrix near a void has 
been assurned to be sirailar in forra to the stress concentrations 
occurring at discontinuities and has been assumed by Gurí and 
and Plateau^ to be inversely proportional to tho frontal ratíius 
of cvirv ature, u, as indicated in Figuro 3« The void strain 
db;is rolated to the overall change in strain d} by -

de = éb/\o
vhere a and o are principal dimensions of the inclusión 

as shovn in Figure 3» oaid k is a strain intensifi catión factor 
basically dependont upon the work hardening characteristics of 
the matrix. Integrating equation 1 gives -
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where L is the initial longth of the void at tho void
initiation strain £ . In the caso of particle cracking, L = 0.o
and for decohesion L = bQ. Transposing equation 2 gives -

b s  [C L2 + ka.2)  -  k a - ^ J _ _ _ _ _ _ _ _ _ _ _ _ _ _ £2 )

IT it is assumod that all partidos of a given type 
and shapc v/ithiu a given matrix bchavc identically i. o. a rao del 
system, then the voluiuc fraction of voids, f, can be evaluated 
from the fact that each void grows at a similar rato, and the 
appropriate valúe of L is substituted, then the fraction of 
voids can be expressed by -

J.
•f = f c  £ ( l  + k/m 2) e  2 (-€  ‘  e o ) -  U /r ^ J ______

for particle decohesion, and -

f  - f 0 »3 k ^  ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ( ^ )

Tíiierc r is the axial ratio of the inclusions (r = b/a)
and f is the initial volurue fraction of inclusions.o

The model given is more appropriate to a system 
involving uniaxial tensión where the void elongates but shows 
limited tendencies to broadening or narrowing. In different 
stress systetas, the rate of void growth could differ if the 
void showed dimensional changes perpendicular to the principal 
strain.
2.3 Gavity Coalesccnco

There is little direct evidence of the features 
•vsiiich control the onset of void coalescence, but theoretical 
approachos llave involted sosno concept of a critical ratio of 
void sise to void spacing. Aif this ratio is diroetly proportional 
to the voluino fraction, then the criterion is equivalcnt to



postulating a critical volunto fraction of voids, 0, for internal 
necking of thc ligaíncnts botweeu voids and the cossation of 
mocroacopio plástic defonnation, i.o. rupttsro. --a tha hnsis 
that there is a critical voluiao fraction, 0 t oquations •'* 
becoiae ~

e T  -  ♦ i  tn m a )2 * W rfiW í a ) z  *L (í + k/(l * k/rz)
for dccohesion, and

¿T * ^  f4 r2 + i
9 kf0'

---------------.(íft.)

__________ (Sb)

for partido cracking. It should bo noted that vjhen the volwne 
fraction of voids, f, attains the critical level, 0, thon the 
strain becomes the ruptura strain £,p. Experimental obscr- 
vations have clearly establishod that the volume fraction of 
partióles and tho shape of partidos have iraportant effeets on 
the strain to fracturo, tho strain to fracture decreasing v/ith 
increasing f and r« Both thc theory raid tho oxporimental 
resulta of odelson and Baldwin° indicate that partido size haa 
no significant effect on ductility.

The shortcomings of tho theory become rcadily apparont 
Víhen considoring tho dopondence of ductility {reductiora of area 
in tensilo tosting, asid mro dravring) on tho stress stato.
A moro comprehensivo ti'oatoient of the effeets of stress stato

non tho ductile rupture procoss has boon publishod but the 
prosent troatmont i a considored adequato írom thc st andpoint 
of the significance of tho nietallurgical structure.
3. 2XPIvR.IME?4TAL odservatioks
3.1 Inclusions

An ejqaeriaental evaluation of void growth and coaloscence 
used forritic specimens containing srulphides deformad to varioua
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1ovéis of strain at room temporature prior to notching, cooling
to - 19^°C and fracturing by impact. Tho voids forxied during 
room temperaturo straining can bo observed in thc cloavagc 
facets, Figure h, Tho voluirse fraction was estimated by point 

counting on the cleavage surfaces* Typical results are shoim in 
Figure 5» Tho effocts of initial volunie fraction of inclusions 
and partióle shape werc studied and their effocts on the 
evolution of voids casi bo clearly secn. The devclopment of the 
voids shovrs reasonable agreement vri.th cquntion 'í(a) ivhcn k = 2 
in the initial stages of void growth. At more advanced stages 
of straining, tho voluine fraction of voids increasos at a 
groater rato than vould bo expected from equation ;i(a} . This 
may be attributed to premature void coalcscence resulting from 
localisod clustering of inclusions, and may in part be dúo to 
tho fact that sonie lateral grovth of voids talces place when 
the triaxial stresses inórense due to neeleing of the tensile 
specimeno The evaluation of the critica! volunto fraction of 
voids in equation 5(a) is invalidated by thc accelerated void 
grovth, but indicated a critical voluiao fraction of cavities 
of about 4/í as obtained fro;n extrapolations of equation h(a) 
to the fracture strain. Due to the deviations observed, it is 
certain that thc critical volurae fraction tri.ll be in exccss of 

Exaüiination of a specimen in which a macroscopic ductile 
crack had been initiated, howover, suggcsted that the void 
fraction ahead of the macroscopic crack (assessed from an 
exaraination of cleavage induced propagation) was certainly 
less thíüi EO/Í, Figure G. Theoretical studies by McLintock^ 
have indicated that a critical cavity fraction of about lü'/í 
woult? be expected in both tensile or shear fractures»
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3.2 Intoraction with Carbides
Cavities forined by decolle sien of tbo inclusion/saatrixti-

interface saay interact with cavities forraod by other :a©ch anisas 
such as the cracking of peariitic cesnontite, Figure 7- The 
ductility ultimately attained by reducing tho inclusión contont 
vould thoreforo approach tho valuó set by tho carbiclos. Dotails 
of tho offocts of carbides on ductility can be found in 
reference 8.
3 . 3  Cffects of Inclusión Distribution

SigrJ.fi caíit variations in tho strain to fracture taay 
arise from variations in the distribution of a given voluine 
fraction of partidos of a given shape. The inclusions ntay show 
a microscopio heterogeneity as shotm in Figure 3. The micro- 
scopically local high concontration of sulphides, Figures S(b) 
and (d), vrould be expectod to give a critical fraction of voids 
at quite low strains*

Additionally, due to soloctive freezing of ingots* 
and aacro-segrogation, considerable variations in ductility can 
occur within an ingot due to the variations in inclusión 
contont on a niacroscopic scalc.

VJhilst it is generally true that tho inclusión 
distribution is largely detersained by the solidification events, 
in lovr sulphur stcols, dissolution and rcprecipitation of the 
manganese sulphides can give rise to faceted fractures typical 
of overheating. The faceted fractures contain raany ductile 
dirnple3 rihen oxamined at high r.iagnif i catión, Figuro 9« The 
faccts result frosn precipitation of tho sulphides on the coarse 
austenite grain boundaries.



4. EFFECTS OF INCLUSIONS ON PROPKKTIES
It is iniportant to acknovrledgo that thc mnjor effocts

of inclusions on mechanical properties are observer1 ir.
conncction with fracture proccsses. Thus, significant offeets
of inclusions aro noted in conncction with tensile ductility,
ductility in triaxial ductilc fracture, and situations víiero
the energy required for rupture is aasessed, as for exairole in
the ductilc shelf oncrgy of notched isapact tests. Inclusions
have little effoct on yield strongth, tensile strongth, or
tcnsilo elongation; tlieso properties are depontíent upon the
initiation of plástic deforantior?. or upon plástic, instábility
criteria associated with vrork hardening chnractoristics. The
situation is illustrated in Figure 10. Only soverely reduced
fracture ductility -would causo fracture to procedo the onsot
of plástic instábility in thc uniaxial tensión tests. In
biaxial tensión, however, the instábility strains are niuch
higher and somc cffects of inclusions on the extensión, have 

qbeen observed" .
Iiowever, the tnajor factors, as aientioned j’reviously, 

are those associated T-rith ductilc rupture such as the Charpy 
d\ictile shelf energy (D.S.E.), bendability, and general 
taeasures of ductility. Consmercially iniportant properties 
offected by inclusions includc:-

(i) transverso bendability - as in chassis iaexábors 
for auto no ti ve v.~o ríe.

(ii) transverso shelf energy - required in order to 
ensure adequate resistance to fracture in, for 

exarole, line pipo material.
(iii) short transverso (through- thicicnes») ductility 

to onsuro adequate rosistanco to 1amollar 
tearing, -which is largcly a phenomenon of
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ductilo tears in tlic plano of a shcoi ox' plato 
rcsulting frota the strosses producod in 
constrained weldnients. 

k.1 Transvorge Bendability
Tho presence of olongated inclusions in ntool strip 

and the effc-cts of inclusión shape on cavity sroirth, outlined 
earlier, sivc riso to anisotropy of ductility ■> The offects of 
elonsated nianganese sulphido inclusions on tho longitudinal 
and transverse ductility are illustratod in Figuro 11. T..:hilst 
the qualitative aspects of ductilo fracturo thoory can bo 
invoked to e:q>lain these results, a diroct quantitative 
cvaluation is not possiblo dtie to tho shapo of tho partidos. 
The partidos can proporly be troatod as prolate spheroids 
•when tested in tho longitudinal diroction, but oro not óblate 
spheroids víion tho tensilo axis is nortea! to tho major axis 
of the p rol ato spheroid.

Tho inrportcmce of transverse ductility is seen in 
applications í.iiere trnnsvorsc bending is carried out, as in 
automotive chassis raoíiibcrs, CoiiJnierci al test procedures involve 
the uso of a saiaple of steol crit acros3 the vidth of strip.
This is foent arouad fomiers of various radii; tho transverse 
foroiability is given as a ratio of tho raijiimutn bend radius to 
tho thickness of the strip. Tho test can be roatío extreraely 
critical by ttsing sampios vith shoarod edges, the burr of the 
shoared edge facing tho outside of the bend. Cracks forr.i 
fror.i tho burr of tho sheared edge and propagate across the bend 
sur face as shown in Fi.o-ure I2(a). In practice, tho chassis 
tuembor oay be rojected or ni ay ttad cr so expensive reclamation 
treatrsent if cracking occurs during transverse bending.

In order to produce steels v;ith good transverse 
properties, it is clear from the theoretical considerations
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that either the inclusión content must be reduced or the 

inclusión shape must be changed so that the cavity growth is 

reduced during transverse bending. Considerable attention 

has been given to the use of sulphide modifying additives
1.0 i  1such as zirconiuin or titanium, or rare earths (ceriuin etc) ’ 

which harden the sulphides eithei' by substitution of the 
modifier for manganeso in the manganese sulphide e.g. titanium, 
or by the formation of a different sulphide or oxy-sulphide 
e.g. raro earth sulphires or oícy-sulphides. The stiffening 
of the sulphides prevents their deformation during hot rolling 
and consequently the v/rought material contains roughly 
spheroidal sulphides rather than the highly elongated ones.
The modif i catión of the sulphides in this way gives riso to 
very marked improvements in transverse bendability vith 
little or no effect on the longitudinal property. Reniarlcable 
transverse bend properties have been attainetí by sulphide 
modificatión and it has provecí possible to develop higher 
yieltí strength forraable steels that can be bent almost fíat 
without any edge cracking occurring, Figure 12(b).
4.2 Transverso Shelf Energy in Notchcd Invpact Testing

The ability of a steel to arrest a propagating ductile 
fracture in a lino pipe is rclated to the energy absorption 
per miit increase of fracture length. This is meastired by the 
energy absorption in a fully dxictile fractxtre in the notchcd 
bar inipact test. The effect of sulphide volume fraction on 
the ductile shelf energy (D.S.B.) in the Charpy V-notch 
impact test is shotm in Figure 13. The effeets of sulphides 
on the D.S.D. are similar to those observod in the case of 
ductile fracture strain. The similarity is due to the fact 
that the energy absorption largely reflecta the plástic 
deformation involved in tearing the notched speciocn. The
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effects of test orientation in relation to tito orientation of 
the inclusións aro clearly secn and again the ductility is 
reduced by testing with tho longitudinal axis of tho inclusions 
lying in the plano of the fracture and normal to the principal 
stress axis.

It can be soen frota Figure 13 that there is sorae offset 
of the sulphide content on the impact transition teraperature, the 
impact transition tensperature being reduced at high sulphide 
contents in tho caso of the longitud!nally orionted specimens.
The effect of sulphides may be to reduce the intensity of the 
secondary principal stress by causing delajaination. This is a 
similar effect to that observed by Etnbury and Petch in the case 
of composite impact specisnens, particularly in the crack 
dividing composite. Separations are fortaed normal to the ¡Main 
fracture surface. This reduces the stresses developed parallel 
vdth the notch root asid thr ■ eby lowera the raajor principal flow 
stress thus malcing plástic doformation more preferable to 
ele avago and lowering the inipact transition t eiaperature. This 
mechanisnt is not confined to effects of inclusions, but applies 
in many circurestanees vhen the short trnnsverse strength of a 
plato material is reduced in rclation to the inatrix strength.

The effect of inclusión modifiers on the D.S.E. is woll 
documonted, and a typical effect of modification is shovm in 
Figuro l4. Increasing the ceriuxu content increases the 
transverse shelf onergy until at a cerium to sulphur ratio of 
approxifixately 2.0 the material becoraes isotropic, with the 
longitudinal and transverse shelf energies being almost equal.
The effect of sulphide modification on the longitudinal shelf 
encrgy is rolatively slight, ríhilst optiraura additions of 
inodifier can typically double the transverse D.S.E. Excessive
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ndditions of rare earth alloying elements con produce a decrease 
in the transverso D.S.E., vhich has been attributed to the 
reoxidation of elements such as ceriuia, due to their exceedingly 
high affinity for oxygen. This leads to a high inclusión 
contont, the rcfractory oxides foraúng clusters in the plañe of 
the strip or píate. Excesses of titaniura or zirconium have 
similar effeets, although whether the effect is a rcsult of 
reoxidation, of alloy strengthening, or of embrittlement by 
intermetallics, is not clear.

Interesting víork has been carried out by Baker and
i 3Charles . on the effeets of inclusions on toughncss using 

pre-cracked C.Ü.D. tests. Tliis test raeasures the local strain 
at the tip of the crack either for the crack to propagate into 
the speciroen or for the crack to develop into on unstablc 
condition. It is a very si tai lar test to the Charpy test in 
that it caii involve very high strains to rupture although 
tho strained región is constrained by the sharpnoss of the 
notch ¿and the spociiaen geoiaetry. Baker and Charles related the 
C.O.D. to tho projected length of the inclusions. The 
correlation vras very good Figure 15, although the projected 
length variations wore introduced by changing the volucic 
fraction of inclusions and the shape of the inclusions. These 
have been shown to influence the strain to fracture, and it 
■5-,-ould appear that the projected length measureiaent próvidas a 
rntional raeasure of both of these paranieters. However, the 

use of projected length measurenjents icaplies a significant 
effect of inclusión size, %¿hich has not yet been conclusively 
deiaonst rated• Evidcnco or¡ tliis point is conflicting, and 
suggests that aixy effect would be sisal!.



The concept of projected length as a rationalisation of 
both voluino fraction and shapo factorg is uscful in indicating 
tlie offects of directionality. As shotm in Figuro í(:, the 
projocted length varíes accordiiig to tho direction of 
projection (irrespective of thc plañe of section), and tho 
tensile ductility in anisotropic material, such as plato, is 
obviously a function of the tost orientation and oxplains the 
general inferiority of tho transversa ductility in anisotropic 
vjrought raaterials.

Basically, the tr¡msvorso bondability and transverso 
ductilo sholf energy aro both roflcctions of thc strain to 
fracturo in the transverso direction.
•'i*3 Through Thicknoss Ductility and Lamollar Toaring

It is clear from the precoding section that the 
projected length raoasured in the throttgh-thickness direction 

in píate naterials t-ri.ll be higher than in other directions if 
the inclusions aro deformed in proportion to tho chango in 
lengths of the principie diincnsions of steel during íiot rolling, 
seo Figure lG. It is al so true that, under theso circuzn atancos, 
tho through-thiclcnoss (or short traiisverse) ductility will be 
uiuch lowei’ than the transverso (or long transverso) ductility, 
v.iiich vrill bo lower than the longitudinal ductility. In certain 
npplications, liigh stresses aro applied to tho through thickness 
dimensión, as for oxntaplo in T~joint weldiaents v?here cracking 
occurs in the highly restrained portions whon the inclusión 
projocted length is high. A classification of tho relativo

«j /j,effeets of inclusions has been givon by Farrar and Dolby. * 
iloiaedies for lataellar tearing may involvo eithor a reduction 
in inclusión content, principally through sulphur control, or a 
ruodif i catión of inclusión shapo, by producing inclusions which



- i fi -

do not deform during hot worlcing using rare-earth additions, 
titaniuni, or sirconium. In somc cases botl remedial actions 
raay be applied siraultaneously, but in order to coraply vith 
quality control procedures e.g. 20% roduction of area in a 
through thickness test, the use of a singlo reiacdy is more 
usual. The lov-3ulphur approach has resulted in nn etxamination 
of de-suiphurising methods and suiphur contents of 0.006 \rt% are 
not unusual, in fact suiphur cont ents of 0.002 \rt% have been 
attained in coauacrcial produets. .With shape control additions, 
considerably higher suiphur contonts can be tolornted e.g*
G.010-0.015 . but caro has to be talcen to prevent re- 
oicidation of the highly reactivo alloying additions during 
steelmalcins and casting, othervrise the oxide produets can be 
equally as disastx-ous as unaiodified siilplúdos. One £'0 aturo 
which liraits the suiphur content of modified steols is that 
the arnount of the- modifyin" agent required for complete 
tuodifi catión increases as the suiphur content of the steel is 
Increased, T ere is therefore an optimum suiphur content vjhich 
vri.ll be associated with a Riinirauin cost deriving from the costs 
of d e sulphuri snt i on and the cost of the sulphide modifying 
agent.

Considerable interest has centred on the relativo 
merits of d e sulphuri 3 at i o n and of inclusión shape control, 
either method boing capable of producing the necessary through- 
thickness ductility, In the long tena, the dominance of either 
approach raay depend on the relativo cost’s of the two treatments, 
but also, as further rosearch is carried out, there may be 
other te ch.nl cal advantages attaclxlng to one approach or the 
other. For exntnplc, it has been reported that very lovr snlphur 
steels are prone to underbeatí cracking resulting from hydrogen



embrittleraent. T« higher sulphur stcels the hydrogen is trappod 
at thc inclusions* Modified steels raay at some future timo be 
shown to llave advantages in this respect, but the out come is 
by no aioans cortain.
!i, k Fracture Toughness

Tho applicatión of fracture tnechanics concepts to 
’brittle* materials is relevant not only to fractures involving 
cloavage, but al so to tiloso involving dúctil e fracture víhere the 
ductility is highly localised and ductile rupture occurs id.th 
little macroscopic plasticity. Such fractures are termed 
•brittle' becauso they do not involve macroscopic plasticity, 
even though the failure mechanism i3 basically a ductile 
failure snechanism. Laiaellar tearing is porhaps a classic 
illustration of this situation* Iíovever, tho appli catión of 
fracture iaechanics as a criterioxi of fitness for purpose does 
require that the fracture toughnoss, Kr„» be controlled.X ̂

13Duliou and Gouch , have shown that the basic features 
of inclusión distributions váoich control ductility also affoct 
¡■IjC valúes in ultra-high strength steels iviien fracture occurs 
by tho ductile rupture inechanis:.a. Increasing tho volume fraction 
of inclusions decreases tho K r~ valué, and the K__ valué exhibits 
a degree of anisotropy that is directly comraensurato -with the 
effeets of inclusión anisotropy on tho ductile fracture process
i.e. transverso proporties are inferior to longitudinal 
proporties v;iion elon&atod inclusions are presont. In similar 
materials, there waa little evidence of any anisotropy of 
propertios when failure occurred by the cleavage node as a 
rosult of higher strength (reduced tompering treatment) or 
coarser grain size. Those effeets aro illustratod in Figures 17 
and 1 8 .
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The effocts of inclusions on mcchanicr.l propor*ties aro 
of major significance when the ductile fracture process is 
involved. Such properties include tensile ductility (reduction 

in arca), bendability, ductile shelf energy, and, in ccrtain 
cases, fracturo toughnes3.

The effocts of inclusión contení, partido shape, 
and partióle distribution, on the ductile fracture procccs have 
been considered in soiae detail. Phononjenologically, tho effects 
of these variables can be described in seini-quantitative torios, 
but the iraportant effeets of stress state have yet to be rationalised 
in térras of their effeets on strain to fracture. Increasing the 
volume fraction of inclusions or decrcasir.g the frontal radius 
of curvature (wxth x'espect to tho principal stress axis) decreasos 
the strain to fracturo. Clustering of inclusions can also be 
detrimental. However, there is littlo tíirect evidence of any 
significant effect of inclusión si se 'per se' on the strain to 
fracture. The effeets of inclusión control and of inclusión 
shape control on the transverse bendability and diictilo shelf 
energy have been illustrated. Effocts of inclusions on the 
impact transition teauperature have beon considered in tenas of 
the effeets of inclusions in relaxing the lateral stresses in 
a triaxial stress systern.

Attention is dravn to the lacic of cffect of inclusions 
■when failuro is controlled by plástic instability (a foature 

of the raatrix charactoristics) rather than by ruptura.
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THE EFFECT OF INCLUSIONS ON RECRYSTALLISATION
AND GRAIN GROWTH
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INTRODUCTION

Finely distributed second phase partióles are known to influence 
recrystallisation and grain growth in a vi de range of metallic 
systems. At one time, the effects o£ aluminium on grain grovth 
in Steel v/ere attributed to the presence o£ alumina partióles, 
but current views are that the affect is due to the finely 
distributed aluminium nitride partióles. It is of interest 
therefore to consider the properties of particulate distributions 
that are required to produce significant effects on grain grovth 
and recrystallisation, and to assess the distribution of 
inclusions in the light of these requirements.

THEORETICAL ASPECTS OF GRAIN GEOWTH

The basicconcept for the inhibition of grain grov/th by second 
phase partióles is the reduction in energy resulting from the 
elimination of grain boundary area, v/hen a particle occupies a 
position on the grain boundary. 'When the boundary is moved 
away from the particle, energy has to be supplied as grain 
boundary area is created.

(a) The Pinning Forcé

Attention has been given to the uinning forced exerted by the 
particle as the boundary is moved^ . Certain assumptions are 
rnade concerning the local equilibrium, Fig.1 , in that the boundary 
will be normal to the particle surface at the point of contact, 
and the boundary will flex so that the pinning distortion is 
inversely proportional to the distanee from the particle.
Using these concepts, the pinning forcé, i.e. the rate of 
increase in energy with respect to boundary displacement, 
vas found to be about 4r/)f , where^is the grain boundary energy 
and r is the radius of the pinning particle. This is a lov/er valué 
than v/ould be obtained for a rigid boundary, in vhich case it v/ould 
be 6r*Y, but slightly higher than the valué of TT r f  that v/ould be 
obtained from classical soap froth models, where some flattening



of the boundary is permitted. However, the theories.all show a 
pinning forcé which is directly proportional to the particle 
radius, r, so that large partióles are associated with large 
pinning forces. This forcé is far greater than could be provided 
by thermal excitation at temperatures where grain growth can 
occur, and it is clear that the driving forcé for unpinning 
derives from a source other than thermal excitation.

(b) Grain Growth as an Energy Source

Grain growth occurs because the energy contained in the form of
grain boundary area decreases with increasing grain size.
Using the concept of a tetrakaidecahedral grain of 'radius* R,
where E is the lialf distance between opposite hexagonal faces
of the tetrakaidecahedrorv, in a matrix of tetrakaidecahedral
grains of 'radius* R_, two contributions to energy changes

ri )have been identified' '. The surface area of the growmg 
grain increases, thereby increasing the energy of the system, 
but this is offset by the decrease in grain boundary area, and 
therefore energy, as the matrix grains are consumed. The-energy 
change per unit area of advancing interface, S, is given by:-

E = S|*(2/Z - 3/2)Eq . ..................... (1 )

where Z is the grain heterogeneity and is equal to R/E0, 
and S is the grain boundary displacement. This equation indicates 
that the energy of the system will decrease progressively as 
the grain grows, only when E/Rq is greater than 4/3. When E/Rq is 
less than 4/3, a metastable state is inaicated. It should be 
pointed out that the above rnodel assumes that all the grain 
boundaries have the sanie surface energy, which is not unreasonable 
for an aggregate of grains with high angle boundaries.
(c) The Total Energy Change
As there are 2rnv partióles per unit area of interface in a system 
with randomly disti'ibuted second p’iase particles, v/here r is the 
particle radius and nv is the number of particles per unit volume, 
the energy release per particle, E, due to grain growth is given by

E = 2S')rn"r2 (2/Z - 3/2)3RQf .............. (2)
where f is the volume fraction of particles.
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The total energy change is obtained by adding the unpinning 
energy. A Computer evaluation of the total energy change shov/ed 
that the energy barrier to grain grov/th could still be very large 
even v/hen the driving forcé, dE/dS, for grain grov/th is considered, 
until the driving for’ce is approximately equal to the pinning forcé.
A critical particle sise, r* , for this condition can be obtained by 
equating the pinning forcé and the driving forcé. Mathematically, 
r* is defined by the equation:-

i* = 6R0£/rr(3/2 - 2/z) .........................(3)

As the pinning forcé is proportional to r and the driving forcé
2per particle is proportional to r , unpinning is favoured by 

coarse particles at any given volume fraction. Thus, v/hen the 
particle size, r, exceeds the critical particle size, r*, as a 
resu.lt of Ostv/ald ripening, grain grov/th mil commence. It should 
be emphasised that the critical particle size equation (3) defines 
the condi tion at v/hich grain grov/th can proceed, and does not give 
any indication of grain grov/th Icinetics.

(d) Theory and Experiment

Experimental assessments of the particle sizes associated v/ith 
the onset of grain coarsening in steels containing A1N and/ Q \Nb(CN) have been made^ . The particle sizes v/ere found to agree 
v/ith the theoretical predictions v/hen Z valúes v/ere betv/een and
2, commonly about 1.5* Particle shape did not appear to have any 
significant effect v/ithin the limits investigated. Although this 
valué of Z is in agreement v/ith the range of grain sizes observed 
in many polycrystalline materials, experimental v/ork on the advance- 
ment of a planar interface into a polycrystalline aggregate, i.e. 
when Z is infinitely large, has supported the critical particle: 
size equation(3),
(d) Implications of the Grain Coarsening Theory
As pointed out earlier, the criterion established in equation(3) 
describes a go/no go situation, i.e. grain grov/th v/ill or v/ill not 
occur, and fine particles are more effective than coarse particles 
in inhibiting grain grov/th at a given volume fraction. The actual 
critical particle size depends on the volume fraction of particles, 
f, the matrix grain size, RQ> and the grain size heterogeneity, Z.
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The dependence of the critical particle sise oñ the grain size
heterogeneity factor, Z, is very pronounced, r* varying from
1 .3 R f at Z = OC to 12 RQf at Z = 1.5. The number of particles
of a given size required to pin a planar advancing boundary would
therefore exceed the number required to pin a grain 50% larger than
the matrix grains by a factor of about one thousand. The
sensitivity of the coarsening criterion to grain size heterogeneity
has important implications on the mode of grain coarsening. The
observed temperature and time dependence of grain growth may be
attributed to the lcinetics of particle coarsening. As the
particles coarsen, the grain with the highest Z factor will be the
first to cornmence growing, and as it grows, the increasing Z valué
will cause the existing particles to become less of an obstacle
to growth. Other grains of smaller initial Z valué must await
further particle coarsening before they are unpinned. For example,
a arain v/ith Z = 2 starts to arow when r = 4R f, whereas a graino
v/ith Z = 1.5 must v/ait until r = 12 RQ£> i.e. the particles are 
three times larger. Thus the mode of growth under these circum- 
stances is basically that of secondary recrystallisation, i.e. a few 
grains grov/ing to abnormally large dimensions in a matrix of fine 
grains. At higher temperatures, solution of the particles permits 
normal grain growth. The result of these effects is that the 
grain size of the coarse grain structure developed just above the 
grain coarsening temperature can often exceed that observed after 
coarsening at much higher temperatures, as shown in Fig.2. A 
further interesting feature of Fig.2 is that the size of the fine 
grains is not controlled by the particles, and is established as a 
consequence of the nucleation frequency of austenite grains in the 
ferrite/carbide matrix on heating through the cr'itical range.
(e) Calculation of the Grain Coarsening Temperature
Grain coarsening temperatures can be calculated for any given 
volume fraction of particles, matrix grain size,and heterogeneity, 
provided that the solubility of the particles and the lcinetics of 
particle coarsening are known^. An illustration of the 
calculation is given in Fig.3. The critical particle size 
decreases v/ith increasing temperature due to solution of the 
precipitates. The actual particle size increases v/ith increasing 
temperature and time, due to Ostv/ald ripening. Grain coarsening 
will occur when the actual particle size, r, exceeds the critical 
size r*.
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Such a calculation is valid only when the partióles are freshly 
precipitated. In practice however, the most insoluble partióles 
may not be the most effective'type of partióle because very 
insoluble partióles \'/ill be precipitated at very high temperatures 
and may therefore rapidly grow to a supercritical size, for example 
during soaking for hot rolling. They may therefore be ineffective 
during the thermal cycle during which maintenance of a fine 
grained structure is important. A practical example of this 
effect is observed in high aluminium steels, as indicated in 
Fig.4. The high aluminium content confers such a high degree 
of stability on the aluminium nitride that coarse partióles are 
developed during soaking, and these reduce the fraction of small 
partióles that can be developed at lower temperatures during 
normalising. Thus increasing the aluminium content above a 
critical level results in a lowering of the grain coarsening 
temperature.

EFFBCTS OF SECOND PHASE PARTIOLES ON RECRYS TALLISATION
tKe.The effeets of second phase partióles on^recrystallisation of coid

worked materials are vei?y deoendent on uarticle size and distribution.
(a.)Qualitatively the effeets can be summarisedv 1 as follows :-

(a) Numerous fine second phase partióles retard or 
inhibit recrystallisation of the coid. worked matrix.

(b) The presence of coarse second phase partióles can 
accelerate recrystallisation of the coid worked 
matrix.

(c) There is evidence for a range of second phase partióle 
distributions which are not fine enough to retard 
recrystallisation, and yet v/hich are not coarse enough 
to cause acceleration of recrystallisation.

(a) Quantifetive Aspects of Retardation
The fine second phase partióles that are observed to cause 
retardation of recrystallisation have a size and volume fraction 
that \70uld effectively stabilise the sub-grains in the deformed 
structure. Coid worked metáis frequently show the development 
of a cellular dislocation substructure which, on recovery, becomes 
more clearly defined to give the sub-grain structure, the sub- 
grains being separated by low angle sub-grain boundaries. The
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nature o£ recrystallisation nuclei is still the subject o£ 
some speculation, but may occur by sub-grain boundarv 
migration in a manner analogous to grain growth. A size 
advantage has been postulated for the selective growth o£ 
certain sub-grains, v/hich provides the direct equivalent of the 
grain sise heterogeneity.

The rnatrix sub-grain radius is of the order of 0.5-1 *0̂ *̂ With a 
heterogeneity factor of Z = 1 .5, the critical partióle radius 
for sub-grain pinning is 6nm(6oS ) for a volume. fraction of
0 .0 0 1(0 .1%), and 3nm(3oS) for a volume fraction of 0.0005(0.05%).
The partióles used in normal austenite grain refinement are 
commonly in excess of 1 00& diameter and are ineffective in 
stabilising the sub-grains. In fact, they are also ineffective 
in retarding recrystallisation. The partióles observed to 
retard recrystallisation are extremely srnall. An example 
of vanadium carbide partióles and their effect in pinning the 
sub-grain boundaries is shov/n in Fig.5.

Sub-grain coalescence, attributed to rotation of one of 
a pair of sub-grains to give a single large sub-grain which is 
then assumed to grow by boundary migration, implies dissociation 
of a sub-grain boundary into its constituent dislocations. These 
move away to other sub-grain boundaries, and it is interesting to 
note that the partióle distributions that are capable of sub-grain 
pinning are also capable of restricting dislocation movement,
i.e. are responsible for a significant degree of precipitation 
hardening . Thus the observed retarding effect of fine partióles 
v/ould be expected iresspective of v/hether nucleation occurs by 
sub-grain boundary migration or by sub-grain coalescence.

An example of the inhibition of recrystallisation commonly 
utilised in commercial steels is observed in the hot rolling of 
niobiunv steels, where the austenite recrystallisation is drastically 
retarded^^j it should be pointed out that whilst the inhibition of 
recrystallisation can be explained in terms of an effect of strain 
induced precipitation of Nb(CN) in the austenite, the effect could 
in part be due to an effect of niobium in solid solution.
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(b) Quantitative Aspects of the Acceteration of Recrystallisation

There are a number of ways in which second phase partióles may affect 
the kinetics of recrystallisation to give an acceleration of the 
process. Refinement of the grain size prior to coid working is 
known to give such an acceleration due to the increased nucleation 
rate resulting from the increased number of prior grain boundaries, 
which are potent nucleation sites. The introduction of second 
phase particles may enhance the work hardening rate and thereby 
increase the stored energy of coid v/ork, which is the driving 
forcé for recrystallisation, again causing acceleration of the 
recrystallisation process. These are indirect effeets of second 
phase particles, and are a consequence of the effeets of the particle 
on other microstructural features which are important to the 
recrystallisation process.

However, there is evidence of a direct effect of second phase 
particles in causing accelerated recrystallisation. This 
results from nucleation of recrystallised grains on the interface 
between the particle and the matrix. Direct observations of this 
effect are confined to Harge second phase particles. It is clear 
that the particles must be at least as large as the critical 
nucleus size, and must be larger than the cell or sub-grain size 
of the coldworked matrix. Thus, the particles directly responsible 
for accelerated nucleation and recrystallisation are generally 
coarse particles in excess of 1-2 ûm diameter.

(c) Particles of Intermedíate Size and Distribution

It is clear from the foregoing discussion that there are particles 
which are too fine to accelerate recrystallisation and are not 
fine enough to retaind recrystallisation. Such particles may 
not affect the recrystallisation kinetics, but could affect the 
normal grain growth which follows the recrystallisation process,
The grain growth effeets have already been dealt with quantdfettively. 
In materials which rely on ferrite grain coarsening to attain 
adequate softness for coid forming operations, the presence of such 
intermedíate particles can be troublesome due to the inhibition of 
grain growth.
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EFFECTS OF INCLUSIONS

The general effects of second phase partióles on recrystallisation 
and grain grovth are summarised in Fig.6. The diagram is constructe 
on the basis of the grain boundary pinning equation, with Z = 1.5. 
The inter-relatioh between rnatrix grain size, particle size andv«>lum< 
fraction is shown, and can be usea to establish the stability of 
matrix grains of a given sise for a given volume fraction of 
partióles of specified size. If the grain size of the matrix 
exceeds that shown in Fig.S, then the grain structure will be 
stable. If, on the otlier hand, the grain size is less than shown 
in Fig.6, then grain coarsening will occur. Alternatively, 
specified particle sizes and matrix grain sizes can be used to 
predict the volurne fraction necessary to ensure grain refinement.

The particle c'.iaracteristics utilised in commercial grain refined 
steels, and those observed to retard recrystallisation are 
indicated. The effects of inclusions on recrystallisation and 
grain growth can be defined in relation to these effects.
(a) Recrystallisation
Typical inclusión contents and sizes are indicated in Fig.6.
The particle sizes are totally incapable of effecting any 
inhibición of recrystallisation with sub-grain sizes of 1 -2yura.•
(b) Grain Growth
In general, the particle characteristics of the inclusión 
distributions observed in commercial steels are incapable of 
maintaining fine grain sizes of less than 20j*.m. Reference to 
Fig.6 indicates that inclusions v/ould only be effective in 
pinning grain boundaries when the matrix grain size is of the 
order of I00yu-m or more, since the inclusión content of steels is 
generally low, of the order of 0.1% to 0.3% by volurne, and the 
inclusions are large in terms of pinning particle sizes. Thus, 
inclusions cannot properly be regarded as grain refining particles, 
as they can only inhibit grain growth in an already coarse grained 
structure. However inclusions could be responsible for the very 
wide range of coarse grain sizes seen in steels of varied inclusión 
content after austenitising at temperatures in excess of 1100°C



With very large volume fraction*of inclusions, as occur in high 
sulphur free cutting steels, however, some degree of grain 
refinement can be introduced.
(c) Secondary Recrystallisation

As previously pointed out, secondary recrystallisation, or 
abnormal grain growth, is frequently observed as a consequence of 
particle coarsening and the selective unpinning of a few of the 
coarser grains in the microstructure. This effect is associated 
with one of the few benefits that can derive from the presence of 
inclusions, i.e. the use of manganese sulphide inclu.sions to control 
the texture development in high Silicon transformer steels^). 
Although the solubility of manganese sulphide in steel is not 
established precisely, the use of steel containing 0.02% S v/ith
0.04-0.10% Mn enables substantial stilphide solution to occur 
during soalcing for hot rolling. Sulphide precipitation occurs 
during subsequent thermal cycles to give fine particles. The 
Goss texturej (11 0) £00l3fis developed dumping a high tempera ture 
anneal at 1100-1 200°C, v/hen the sulphide particles coarsen and 
abnormal grain grov/th is observed, giving a coarse grained 
structure with grains up to 1 0 mm diameter. Although the use of 
other additives such as altiminium, titanium, etc, have been used 
to promote the secondary recrystallisation process, the grain 
ori.ented Silicon steels currently rnanufactured are predominantly 
based on the inhibition of primary recrystallisation by manganese 
sulphide.
SUMMARY
An account has been given of the theory of the effects of second 
phase particles on grain growth and recrystallisation. The 
theory of grain grov/th predicts the circumstances under which 
secondary recrystallisation will occur. A summary diagram has been 
presented which indicates the particle sizes and volume fractions 
required to inhibit grain growth and recrystallisation. The 
effects of inclusions are described in relation to this diagram.
In general, inclusions are too coarse, and are present in 
insufficient proportions, to inhibit grain growth, except in 
materials with an already coarse matrix grain size. The case of



grain oriented high Silicon transformer steels is given as an 
alrnost unique example o£ the use of sulphide inclusions as a 
means of promoting secondary recrystallisation and thereby 
promoting the formation of the desired Goss texture.
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THE NEED FOR INCLUSION ASSESSMENT

Introduction

For many years, both steelmalcers and steelusers have been 
aware that non-metallic inclusions can materially influence 
the performance of Steel during service. Whilst much 
attention has been concentrated upon the deleterious effects, 
it must also be remembered that several important beneficial 
effects can be produced by inclusions. The ever increasing 
demands for higher quality steels has necessitated not only 
the control of the occurrence of inclusions, but also the 
need to quantify the size and distribution of the inclusions 
both for quality control purposes and also to ensure that 
the effects on mechanical and other properties can be predicted 
and foreseen.

Consequently, for many years, non-metallic inclusions have been
assessed in Steel, and a visual comparison with standard charts

(1 )was the basis for the technique used; ' The unsatisfactory
nature of this method need not be elaborated upon, and whilst
it was possible to distinguish very clean steel from very dirty
steel, the method of examination was very subjective and the

(o)agreement between operators was extremely poor,v ' mainly due 
to the coarse steps between graded fields, the very subjective 
nature of the technique itself and also operator fatigue and 
pre-knowledge.

Nevertheless much worlc of a quality control nature, and also 
aimed at developing improved steelmaking practices to produce 
cleaner steel, has in the past used this type of assessment. 
Clearly there was a need for more precise methods of assessment 
and many quantitative and semi-quantitative techniques were 
developed and used. These were extremely laborious, and the 
number of samples counted was kept to a minimum with a resulting 
deterioration in the statistical accuracy. It has only been with
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the development of rapid, automatic and non-subjective counting 
techniques, that it is possible to begin to place reliance on 
the inclusión assessments which are made. Even with the 
increased speed and accuracy which is possible, the problem 
of ensuring that every potentially dangerous inclusión has 
been detected still remains to be solved. A 100%, non- 
destructive technique is required, which is applicable to 
"on line" inspection on the mili. The future in this 
respect probably depends on whether the work on quantitative 
ultrasonic assessment techniques can be brought to fruition.

Much attention has been paid to improving the quality of steel 
by removing the inclusions, and indeed much progress has been 
made in producing clean Steel. Particular attention has 
been paid to removing the larger and more deleterious types 
of inclusions, again with some success. However, it is certain 
that within the foreseeable future, mass produced tonnage 
steel will still contain appreciable numbers of inclusions. 
Consequently, inclusions should be regarded as naturally 
occurring constituents, and rather than engaging in activities 
designed to decrease the total inclusión content to lower and 
lower levels, with a consequent decrease in the return on the 
effort involved, it will be necessary to learn how to adjust 
their size and distribution, as well as their type, so 
as to make the most of their beneficial features and ensure 
that their harmful effects do not lead to potentially dangerous 
situations.

The number and size of inclusions in steel

( o )Kiesslingw ' has pomted out that every metric ton of steel
12 15contains 10 -10 oxide inclusions. The same number of 

sulphide inclusions also are present. The size of these 
inclusions can vary widely, as also does their distribution 
in the ingot, and the following table indicates some of the 
important size distribution effects. Assuming that the 
steel contains 100 ppm of oxygen as spherical A^O^ particles 
of specific gravity 4.0 and uniform size, the following 
relationships have been shown(3)^



3

Inclusión n o. of inclusions Volume of Steel Mean distance
diameter per metric ton per inclusión between
jmm inclusions

1000 105 1 .3 cm3 1.1 cm
100 10^ 1.3 mm3 1.1 mm

1 0  1 O1 1 1 . 3 x 1 O^um3 1 1 0  / i m

1 1 0 1 4  1 . 3  x  1 0 3p  11 j im

10"1 1017 1.3 ylAm3 1 .1 y*m
-2 20 —  ̂ ^

1 0  ¿  1 0  1 . 3  x  1 0  °jJim0 O . n y x m

1 0  £  1 0 2 3  1 . 3  x  1 0 5 S 3 1 1 0  2

The magnitude of these figures can be judged by the fact that, 
every foot of 5cm square bar will contain 150,000 inclusions 
of 100/*. m diameter. Such inclusions, i.e. of l00yu«v,diameter, 
would be typical of the size of silicates formed from erosion 
of ladle refractories and runner bricks, and each would 
appear 1 Ocm in diameter on a projection microscope screen 
at a magnification of 1000 diameters.
It is also instructive to consider the sizes of typical 
inclusions which originate from various sources. ' In the 
as cast condition, these can vary from 5yu m diameter to over 
100yxm diameter, as shown by the following data:-
Type of inclusión Diameter Mm Volume^

AlgO^; Ca0.6Al203, Spinel 5 1

Other calcium aluminates 27 1 60
Secondary deoxidation silicates 32 260
Primary deoxidation silicates 49 940
Erosion producís in Al-lcilled 
Steel 64 21 00
Erosion produets in Si-killed steel 107 9800
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Clearly, i£ as fracture toughness and stress concentration 
considerations indicate, it is the large partióles which may 
prove disastrous, the assessment method must have a high 
degree of certainty for detecting them. The effect of the 
inclusions on properties is not however most clearly indicated 
by their diameter in the as cast ingot, because in practice 
they will occur in rolled or other hot worked produets, and 
will appear with different degrees of elongation. According 
to the shape of the product, the inclusions can occur either as 
elongated fibres or as fíat plates, and the ratio of length 
to breadth to width will depend upon the mode and extent to 
which the Steel has been deformed, the temperature and the 
nature and size of the inclusions themselves.(^>6,7)

Many silicate inclusions can deform very readily at high
temperatures, but behave in a brittle fashion at low

(8)temperatures. Kiessling'1 ' has indicated that for silicates 
an increase in SiO^, CaO or FeO increases the temperature at 
which the inclusions become highly plástic, whilst the opposite 
effect is observed with increasing MnO. This is^very simplified 
picture, and more recent work^^ has shown that there is an 
approximately linear relationship between the melting point of the 
inclusions and the temperature at which the inclusions begin to 
behave very plastically, Fig.1 . At high temperatures where high 
inclusión plasticities are observed, the plasticity index can 
exceed unity. More recent work^10  ̂has shown that for glassy 
silicates, the temperature at which the plasticity increases 
sharply has been shown to depend on the viscosity, and to be 
clearly related to the Si02 content.

Consider therefore an erosion silicate lOOyum in diameter in a 62cm 
square ingot, being rolled at high temperatures to a 5cm square 
billet. The inclusión would then be 1.5 cms long, and in 1 ,25cm dia 
bar it would be about 30 cm long. This of course assumes that the 
inclusión has not broken up. These lengths begin to assume some 
significance when fracture toughness properties are considered, 
and consequently it becomes necessary to ensure not only that such



inclusions are detected, but also that their size can be 
adequately assessed.

Role of inclusions on critical defect sizes

In recent years, the concepts of critical defect sizes in
relation to the catastrophic low ductility fracture of steels
have received increasing attention. VThilst not elaborating
on the subject of fracture toughness, suffice it to say that
if a defect exceeds a critical size, the stress concentration
at the tip of the defect is sufficiently great to cause the

(3)propaga tion of a running crack. Kiessling'* ' has calculated 
this critical defect size for stresses equal to the yield 
stress of a number of materials, and it can be concluded that 
this critical size is the borderline between inclusions which 
are harmless and those which are potentially dangerous. This 
threshold seems to be, Fig.2, in the range 0.2-1 .Omm for 
inclusions intersecting the surface, and 1 .0-5.Omm for inclusions 
which occur internally. These sizes are generally larger than 
the spherical inclusions observed in the ingot, which are rarely 
greater than 0.2mm, i.e. 200yw m. One might conclude that 
inclusions are not likely to be deleterious from this point 
of view, and that there is little need for the development of 
sophisticated techniques to assess inclusions. However this 
would not necessarily be a correct conclusión becouse:
(a) The defect defined by the inclusión may grow under 

conditions of cyclic stressing, ie fatigue crack 
growth may occur and so allow a super-critical crack to 
develop from a sub-critical inclusión defect size. A 
knowledge of the rate of fatigue crack growth as a 
function of stress amplitude in materials of different 
metallurgical condition would then allow the defect 
size which would not allow a critical crack size to be 
developed within the Service life, to be assessed.

(b) Under corrosive conditions, such as lead to stress corrosion 
cracking, the defect size could be reduced to about 1/36
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of its valué in static non-corrosive environments. 
Consequently a surface inclusión of 6-30yum could 
prove super-critical, and this is quite within the 
range of inclusión sizes observed.

(c) There may be a concentration of inclusions ahead of a 
propagating crack, which will accelerate failure.

(1 1 )In addition, recent work by Brooksbank and Andrews ' ' 
has shown that internal stresses can be generated 
around inclusions due to differences in the thermal 
expansión coefficients of the inclusión and the matrix. 
They categorise the inclusions in terms of whether they 
have stress raising characteristics or the ability to 
form voids at the inclusión metal interface, according 
as to whether their coefficient of expansión is less than 
or greater than that of steel, Fig 3. The important 
feature of this work is that the properties of the matrix 
around the inclusions may be greatly altered, and indeed 
localised yielding can occur.v> ' It can also be shown 
that the volume of the steel which has yielded ¿s very 
dependent on both the volume fraction of inclusions and 
the number per unit volume, and with high 02 contents and 
fairly closely spaced particles, over 50% of the matrix 
may in extreme cases be deformed. More important however 
is the fact that if the inclusions are deformed and are 
arranged co-linearly, then planar volumes of the material 
can be 100% deformed, thus leading to very different 
properties in that planar región, Fig 4. This can have 
a major influence on through thickness properties and the 
tendency to crack during the longitudinal bending of hot 
rolled strip.

This effect of co-linear inclusions naturally is related 
to the plasticity of the particles, and thus the design 
of rolling or other hot forming practice must be per- 
formed with the possible effect on the inclusions in 
mind. It may be, therefore, that controlled rolling
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which gives an inherently tough, ductile structure, 
may introduce the worst possible defects into the steel 
through the distribution brought about in the inclusions.
It seems necessary to employ methods for assessing 
inclusions not only for their size and distribution, but 
also in terms of their shape.

The effect of deformation on inclusions
Some of the first observations on the possible introduction

of cracks into steel by inclusions during hot rolling were made
(1 2 )in relationship to the fatigue properties of bearing steels v 

Subsequent work has been more specific in describing the effects 
which can briefly be summarised as follows.
(a) Oxide inclusions
Some oxides, name.ly TiN, Al^O^ and the very alumina rich 
calcium aluminates or spinels may be considered to be non- 
deformable. Consequently the development of cracks or voids 
around the inclusions during hot worlcing largely depends on 
the temperature, the higher the temperature the less likely 
are cracks or voids to develop because the steel is sufficiently 
plástic to flow around the inclusions. Particularly in the 
case of alumina and spinels the inclusions in the as cast con­
di tion occur as skeletal growths. During rolling these 
fragment and form the typical alumina stringers in the rolled 
condition, comprising groups of disconnected partióles which 
often occur as co-planar or co-linear groups. As fracture of 
the inclusions occurs, if rolling is carried out to low temper- 
atures the alumina stringers may be riddled with voids, and 
these could produce very severe defects, Some very poor through 
thickness tensile ductilities in aluminium killed steels may be 
associated with these effects.

Other inclusions such as silicates and the more calcareous 
calcium aluminates behave in a highly plástic manner at high 
temperatures, * (?) can ^ave plasticities similar
to or greater than that of the steel. Consequently highly 
elongated silicates are produced, but as the temperature is
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lowered the plasticity falls drastically, and the inclusions,
instead of deforming, crack. This often occurs by shearing
at 45° to the direction of deformation, or by fragments chipping
off the silicates and being distributed down the flow lines of
the steel. If, as may occur in some controlled thermo-
mechanical treatments, the temperature of the steel is
progressively lowered it may pass through that at which the
inclusions start to lose plasticity. This can result in the
silicate stringer being fractured, and if the steel is still
sufficiently plástic it may flow into the voids between the
segmented particles. Some of the rectilinear blocks may rotate
to produce a streamlined profile to the metal flow, and remnant
plasticity can cause fishtailing at the ends of the inclusión
segments. Alternatively, if the metal temperature is too low,
or fracturing occurs at the end of the deformation process, the
metal may not flow into the cracks thus formed, and the defects
thus created could be very deleterious. If the deformation is
wholly carried out at low temperatures, voids open up at the
ends of the spherical silicates, which themselves may or may
not crack. These voids, wñich were first observed in bearing 

('] 2)steels^ ' , occur because the inclusion-metal mterface can be 
decohesed. It can be appreciated that an elongated, cracked 
and decohesed silicate could give extensive planar defects 
which might exceed the critical defect size.

Apart from cracking and decohesion which can occur during 
hot working, oxides may also crack during coid deformation, 
i.e. during fabrication, Not only can this give rise to 
failure or fracture during fabrication, but even if this 
should not occur, the defects thus introduced may give rise 
to premature failure during Service, for example by a fatigue 
crack nucleation effect accelerating the achievement of a 
critical defect size by fatigue crack growth.

(b) Sulphide inclusions
Sulphides do not show the plastic-brittle transition 
typical of silicates. Rather they tend to show a decreasing
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plasticity relative to the Steel as the temperature- of 
rolling increases, ie the Steel softens more rapidly than 
the sulphide with increasing rolling temperature. Thus high 
rolling temperatures produce less elongated sulphides; a 
fact which is made us of in the production of what is often 
believed to be the optimum sulphide shape in free cutting 
steels.

There is also an effect brought about by the deoxidation
employed in the Steel, increasing deoxidation changing the
MnS particles from the globular type I variety through the
type II form to the idiomorphic type III sulphide. The
oxygen concentration in the sulphide decreases as the type
changes from I to III, and the particle size is smallest
with type II sulphides although these occur in aggregates
of many individuel sulphide particles. The deformation
mechanisms are complicated by changes in inherent plasticity
brought about by the varying oxygen content of the sulphide,
and also by the effect of varying initial particle size.
However recent work has indicated that:

(i) The purer the MnS, ie with respect to oxygen, the more
plástic it becomes, ie plasticity increases from Type I
to type III^^*

(ii) The type II sulphides tend to form planar, or near
planar, arrays of highly elongated sulphides in hot

(1 3)rolled producís^ J
•

and
(iii) The lower the rolling temperature, the more heavily 

elongated are the sulphides, eg, in hot rolled strip. 
Consequently the presence of these heavily elongated 

planar groups of sulphides give rise to more nearly critical 
defect sizes, and indeed are very detrimental to toughness 
and weldability, as will be shown later.
Very little evidence is available on the effect of alloying 
on the sulphide plasticity, at least with respect to elements 
dissolved in the MnS. The work of Kiessling on the hardness of 
MnS containing elements substituting for manganese^"1 ̂  may be
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indicative of effects which can be used to control plasticity. 
Work on Zr, Ce or Ca additions^1 ̂  ̂’ 0^) has shown how it 
is possible to prevent the highly elongated stringers of MnS 
from forming, either by lowering the plasticity of MnS by 
substituting Zr for Mn in (MnZr)S or by forming cerium 
sulphides. The improvement in toughness and ductility will 
be referred to again.

Another feature which is of importance in the deformation
of sulphides is the fact that at room temperature they

( 1 1 ^invariably have a decohesed interface with the steelv .
This is important from the point of view of their behaviour
during coid deformation and fabrication, as the voids are
already present and available for growth prior to strain being 

(1 7} (1 8)applied'’ . However, coid deformation can also cause
the elongated sulphides to craclc transversely. Again these 
features may affect both formability during fabrication and 
also the serviceability of the fabricated part.

It is clear therefore that not only does one need to 
be able to obtain a ̂ uantitative assessment of inclusión 
size and distribution, but also of shape and preferably with 
respect to the shape of inclusions of different compositional 
characteristics. The need for such assessments will be 
elaborated upon in the next section.

The effect of inclusions on mechanical properties
This subject is so widespread and complex, that only a brief 
description of a few of the relevant phenomena can be given. 
However a very large amount of work has been carried out,

(-1 ) (1 Q ̂  ( ?0 )and is surmnarised m  some recent publications ^
(a) Ductility
There is a well known relationship between the volume
fraction of second phase particles, which includes inclusions
and the total ductility as measure by the strain at fracture

(21 } (2 2 )m  a tensile test' 1’ v , Fig 5. The ductility is very 
adversely affected by an increasing volume fraction of
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inclusions. In addition the shape of the inclusions markedly 
affects the ductility, Fig.6, a sulphide píate tested across 
its thickness giving much lower ductility than a sulphide 
fibre tested longitudinally. This is the essence of the well- 
known laclc of ductility in the through thickness direction 
in plates, and the basis of lamellar tearing in welds. The ductilit 
of material is controlled by the ease with which voids can nucleate 
and grow. Sulphides are particularl}' bad because they are

( 1 1 )decohesed at the sulphide/metal interface prior to strainingv .
On the other hand, carbides are by no means so detrimental as 
the interface does not apparently decohese and a certain stress,
i.e. strain, must be reached before the carbides crack. Thus 
the ductility is higher, as much strain has occurred prior to 
the voids being nucleated, Fig.7. It might be inferred that 
certain oxides would behave in a similar manner, as they crack 
in preference to the interface decohesing. The role of the 
interface and its energy is thus important, as also is the 
shape of the inclusión. The recently developed methods for 
inclusión shape control have been very effective in improving 
ductility, and henee formability. The inclusión assessments 
needed therefore include not only volume fraction measurements, 
but also inclusión shape measurements. In addition it is 
very necessary to ensure that the local segregates of inclusions 
are piclced up with great certainty. The position in the ingot, 
especially in killed steels, plays a major role in determining 
the volume fraction and size distribution of inclusions^^ ^, 
and consequently the assessment procedure must be capable of 
rapid operation in order to obtain a representative measurement 
as a function of position of the section in the ingot.
(b) Toughness
There is considerable evidence that large Carbide particles, which 
crack during straining, can initiate brittle cracks, and increase 
the impact transition temperature^ ®̂  (25)̂  T^e e£fec-¡- 
inclusions on impact properties is also well documented, it being 
known that increasing inclusión content of either o x i d e s ^ o rC1 7)sulphidesv 11 will decrease the charpy shelf energy valué, Fig.8.



The effect of inclusions on the impact transition temperature is 
not so clearly defined, some evidence indicating very little 
effect^ ̂  (2 )̂ whilst other evidence indicates a clearly 
defined effect^2"̂ . Recent evidence^ ̂  indicates that the 
effect of inclusions, particularly sulphides can be complex 
in terms of their effect on the impact transition temperature, 
and under some circumstances can lower the transition temperature. 
This is an area where further evidence is necessary to obtain 
quantitative relationships, but it might be anticipated that 
many oxide inclusions will craclc, and in the same way as 
carbides, will increase the impact transition temperature.

Some interesting effeets of sulphide inclusions on a
(n\fracture toughness parameter have been shown; ' which indícate 

a linear relationship between the logarithm of the crack opening 
displacement and the logarithm of the inclusión length per 
unit area, Fig.9.

Recent studies have shown how Zr, Ca or rare earth additions
can materially improve the charpy shelf energy^"1 ̂  by changing
the sulphide morphology from elongated stringers (often co-planar
in plates) to rounded non-deformable particles. Such inclusión
shape control is most effective on the through thiclcness or
transverse properties, but there is also some evidence that the
replacement of elongated inclusions by spheroidal types can(1 7 )increase the impact transition temperature^ .

In view of the fact that the shape, and particularly the length
of the inclusions has a very great influence on the toughness
of materials, the plasticity of inclusions is obviously of
major importance. Particularly aggregates of planar, heavily

(1 ̂ )elongated inclusions are lilcely to be most detrimental' . 
Consequently the need will be to assess not only volume 
fraction, but also the length:width ratio, and to couple this 
with a discrimination with respect to the composition of the 
inclusión. The need for rapidly assessing variations in these 
parameters for the inclusions in different parts of the ingot 
is also apparent.

1 2



(c) Fatigue

There is much evidence to show the detrimental effects of
non-deformable oxide inclusions, and TiN on the fatigue

(2 8 —32 ^life of high strength bearing steels.v J The major
effect seems to be produced by the A1„0„ and TiN inclusions, as

3 (11 )these tena to have major stress raismg potential; ' Indeed this
( 'ihas been illustrated' ’ and it is possible that some of the effect 

attributed to A1„0„ may well have been partially resulting¿. J
from calcium aluminates which also are potent stress raisers.
The general effect of oxides on the fatigue life of bearing( qq]steel is shown in Fig.lCr , and the detrimental effect of large(o p \oxides is indicated in Fig.11' . An indication of the 
major influence of Al„0o in decreasing the fatigue life is/ n «i N 3shown in Fig.12' . However more worlc is required before
the quantitative relationships can be evaluated, although

( 31 )Murray and Johnson' ' have developed regression equations 
relating fatigue life to a measure of the number of alumina 
or silicate inclusions present.
The effect of sulphides is most interesting, as they have

( 8 ) (11 )no detrimental effect'' ' ' , and indeed because of their
ability to counteract the stress raising potentialities of

f 1 1 )alumina or other oxidesv , it seems that if the oxide is 
encapsulated by MnS, then the deleterious effect can be

(11 ̂completely removed. A calculation by Brooksbank and Andrews' ‘
reveáis that an oxygen:sulphur ratio of 0.4 would just eliminate
the internal stresses around the assuming complete
encapsulation by MnS, and evidence to support this general

( 3)idea has been presented by Enekesv , Fig.13.

It seems clear therefore that sulphides are by no means 
detrimental in this respect and that, in deciding the 
inclusión assessment methods required, one feature is the need 
to measure the degree of encapsulation of oxide by sulphide.

13
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(d) Welding

Perhaps the major effect of inclusions during welding, which 
apparently applies to both oxides and sulphides, is on the 
susceptibility to lamellar tearing. This is a manifestation, 
in the field of welding technology, of the effect of inclusions 
on ductility, in particular through thickness tensile 
ductility. An excellent review paper^34  ̂has shown that the 
tendency to lamellar tearing increases with increasing 
inclusión size, and as the inclusions tend more towards the 
large planar morphologies which may occur in plates 'taken 
from the bottom of large ingots. This indicates that the 
composition, particularly with respect to the plasticity 
of the inclusión and the influence of rolling conditions, 
is most important. Consequently attention to overall 
inclusión content and inclusión shape control should help 
towards a solution of this problem. The problem is largely 
one of localised high volume fractions of inclusions of 
planar form.

Sulphur, and the liquation of sulphides seems to be a prime
feature leading to the formation of hot tears in the weld

i 3 5)metal and heat affected zones m  a wide range of steelsv . 
Consequently the size of sulphides, which will influence the 
liquation behaviour, will presumably affect the tendency for 
this hot tearing phenomenon.
Finally, there is evidence that the incidence of hydrogen
cracking in heat affected zones can be reduced by increasing
the sulphur content, i.e. the sulphide inclusión content^3 '̂.
This is apparently a similar phenomenon to the reduction of hair
line cracking in steels brought about by an increased sulphur 

( 37)contentw  . The beneficial effeets occur with sulphur
contents in the range 0.01/0.04%, but higher sulphur contents
increase the tendency for liquation cracking in welding. A
possible explanation of this beneficial effect of sulphide

(11 )inclusions is that, as shown by Brooksbank and Andrewsv ', 
the voids produced at the interface of MnS inclusions results 
in a high internal void volume which acts as an internal sink 
for hydrogen. The possible production of voids created around



inclusions by hot rolling in certain temperature ranges may 
also be a contributory effect.

Again it would appear that in this field, there is a need 
for quantitative inclusión assessments, not only with 
respect to size, shape, and volume fraction, but also with 
respect to inclusión composition.
(e) Machinability
The beneficial effects of manganese sulphide inclusions
on the machinability of steel has long been appreciated, and

( 81 ( 3 8 ̂Kiessling^ ' and Trent^ ■ have summarised much of the available
information. Sulphides can act as internal lubricants, as
chip breakers and can also deposit MnS layers on the surfaces
of Carbide tools, thus minimising'tool wear. It is often
believed that- the MnS inclusions should be large, and have
a small length: width ratio for optimum machinability, Fig.1s4,"
and use is made of the plasticity of MnS inclusions relative
to the steel to bring this about, by rolling at high temperatures.
The effect of deoxidation on the size and shape of the MnS
particles should not be overlooked, and the observed correlation
of shape with machinability may only be a reflection of the
degree of deoxidation, which might have a major effect in its
own right. There is however considerable evidence that the
machinability increases with increasing volume fraction of sulphid
(39), and it seems clear that more work to quantify the inter-
relation between sulphide inclusión parameters and machinability
is required.

Oxides have often been thought to be detrimental to machinability, 
and in large measure this is the case. However, certain types 
of Ca-Al-Silicates can improve machinability^0^ ^  ̂ , but only 
at the higher cutting speeds when the increased tool tip 
temperatures cause these silicates to become quite plástic 
and to form protective layers on Carbide tools. More work to 
investigate whether other oxidic types of inclusions behave 
similarly would probably be worthwhile.

1 5
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(f) Qther properties

Amongst the many other properties influenced by inclusions,
attention may be drawn to polishability and corrosion. Line

(42) b e e ndefects in polished stainless steelv J have/shown to be the 
result o£ hard undeformable inclusions, which also lead to 
major polishing defects. Such inclusions are frequently 
of the spinel or alumina type, or even the more refractory 
calcium aluminates. By so adjusting the deoxidation and 
other steelmaking parameters to produce smaller, more 
randomly distributed, softer and more plástic inclusions, 
improved polishability may be brought about. Similar 
line defects can be introduced by large stringer inclusions 
resulting from exogeneous refractory erosion producís 
in high manganese stainless Steel.

The presence of sub-surface inclusions, which are tunnelled 
out during pickling, can also lead to line defects^2 ,̂ and 
this is but a special case of the effect of inclusions on 
corrosion. The presence of inclusions can, by electro- 
chemical effects, promote the tendency for pitting corrosion 
in stainless steels^^.
Some concluding observations
It is clear that non-metallic inclusions have a marked 
effect on man}/ properties which are vitally important to 
the Steel user. Much work has been done in starting to 
relate the many parameters, which can be used to describe 
inclusions, to the mechanical properties. Much still requires 
to be done however, not only to understand the mechanisms by 
which inclusions affect various properties, but also to establish 
quantitative rslationships which will enable the properties 
to be predicted. Even more important is the fact that it is 
not possible to predict the way in which inclusions are distributed 
and/or segregated in steel ingots, ñor the precise way they will 
react to hot and coid working processes.
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The needs for inclusión assessment therefore fall into two 
categories. The first is the need relating to the quantitative 
understanding of the effect of inclusions on properties. This is 
really a research need, and the ability to measure objectively, 
accurately and rapidly the many parameters associated with the 
inclusions is a primary requisite. Such parameters include 
the volume fraction, size distribution, shape distribuíion, 
continuity of stringers, etc, and to obtain such measurements 
for the different types or compositions of inclusions which may 
occur in steel; these. types and composition differences may occur 
simultaneously in the same series of specimens. Considerable 
progress has been made towards these objectives with the continued 
and rapid development of quantitative image analysing microscopy, 
but the ultimate research tool would probably be the development 
of a technique using the methods currently being developed but 
with the signáis being provided by the X-rays generated from 
compositional differences in inclusions, i.e. by a micro-probe 
analysis technique.

The second need is a result of the fact that it is not sufficient 
just to know that such a type, or distribution, or volume fraction 
of inclusions will produce any .specific property. Control of the 
properties is the key to the problem, and how effectively the 
properties can be controlled by control of the inclusions is of 
absolute importance.

This is essentially a production control problem, and in this case 
it is very important that no potentiálly dangerous inclusión or 
distribution of inclusions, escapes detection. This requires 
100% inspection, which must therefore be non-destructive. It must 
also be sufficiently rapid to keep up with production from a modera 
mili, and it goes without saying that the need is for objective, 
accurate and easy operation. These are stringent requirements, and 
not yet able to be approached. Perhaps the most promising field is 
that of automated ultrasonic inclusión assessment.
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METHODS FOR THE A,-: -’SSMENT OF NON-METALLIC
INCLUSIONS IN STEEL

NOPSIS

An account is given of tlj*:• current State of the techniques 
of Inclusión Counting. i; • dence X & presented to show that 
the widely used chart counts are oí: very doubtful validity. 
The development of quantiiative image analysis instrument­
aron is outlined, and tlv-, results of experiments to assess 
the accuracy and reproduo.i bility of the data from such 
instruments is presented. It is concluded that modern in- 
struments of the QuantimcS: 720 and 360 types are capable of 
giving an accurate asses."'̂ :nt of inclusions present in a 
sample and that they shou m-'I allow an assessment to be made 
of the extent of the sampiing problem in the application of 
inclusión counting as a quality control technique.

INTRODUCTION

The occurrence of non-metallic inclusions in Steel and their
effeets on Steel properti'-'s have been discussed in previous
chapters, and the need fe inclusión assessment has been
clearly illustrated. As long ago as 1929 workers were
debating the same topics and were coming to the conclusión
that it was necessary to have techniques which were capable
of assessing the inclusión content of Steel.^  It was only
after a further six years that a technique was developed for

(2)inclusión assessment which achieved fairlv widespread use. 
Much development work has been done since that time, but it 
is a sobering thought that despite technological advances 
there are still no B.S.I, or I.S.O. standards relating to 
methods of assessment.
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The purpose of this chapter is to review methods of 
inclusión assessment, to comment on their effectiveness, and 
to report on the present 'State of the art'.

The Requirements of a Testing Technique
To be effective, any assessment technique has to give 
accurate and henee repeatable information about the content, 
distribution and morphology of each type of non-metallic 
inclusión present within the material under test. Un- 
fortunately, because virtually all techniques are either 
destructive, expensive or time consuming, they have to rely 
on sampling procedures. Thus, not only must the actual 
measurements made be accurate and repeatable, but the sample 
examined must be representative of the material under test.

Óbviously, if the non-metallic inclusions were randomly 
distributed throughout the bulk then the sampling technique 
would be relatively unimportant. Unfortunately, such 
conditions are rarely met due mainly to the presence and non- 
systematic distribution of exogenous oxide type inclusions 
within steel, and a good sampling technique is, therefore, a 
necessary pre-requisite to accurate assessment.

This has resulted in the development of two types of 
assessment, one based on optical metallography ̂  ^  ^  and 
the second on other techniques.^ At the present time
cleanness is generally assessed by optical metallographic 
techniques, but such counts can be susceptible to large 
sampling errors and, in some instances, freedom from large 
macro-inclusions has to be checked using other tech­
niques. ̂  (12) Whilst such non-optical tests, which 
include step machining, magnetic testing, fracture tests, 
radiography and ultrasonic techniques, give val.uable inform­
ation they tend to be limited in application and, apart from 
ultrasonic techniques, can only be considered as back up 
methods.

In the absence of a universally accepted non-microscopic
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method, attention will be concentrated on a discussion of 
current optical metallographic techniques.

OPTICAL METALLOGRAPHIC TECHNIQUES

Although a large number of different assessment techniques 
are in current use, these fall into two main groups. Of 
these, the chart or indirect method in which a microscope 
field is compared against a standard chart is probably the 
most widely used, mainly because it is simple and quick to 
carry out.^ On the other hand, direct methods in
which specific parameters of the inclusions present are 
measured are time consuming and are, therefore, unsuitable 
for most quality control purposes.

For either method to be of practical use it has to be 
capable of giving accurate results within acceptable known 
limits. Otherwise the assessor would be unable to decide 
whether any measured difference was significant or was 
entirely due to statistical variation. Thus, in discussing 
methods of assessment, it is essential to consider their 
effectiveness in terms of accuracy and henee repeatability.

(a) Indirect Techniques
Within the U.K. the most widely used chart counts are the

(2) (131Fox and J.K. type counts. The Fox Count, Fig 1, is
the simplest, because the observer has only to make one
comparison for each microscope field and does not have to
distinguish between the various types of inclusión that might
be present. In principie this involves the operator
determining the best fit for 60 consecutive fields. Of the
60 fields the number corresponding with each grade is multi-
plied by the grade number. The suiíi of the product of all
fields is the inclusión content, i.e. the Fox Count. The
usefulness of this method is limited, and other chart counts
are available in which the inclusions present in any field
are classified into type. Such counts incorpórate a more
comprehensive range of grading for each inclusión type in
their standard charts. Typical examples of this type of

I
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count are the SAE, Diergarten, Timken, General Motors, ASTM(13)and the J.K. methods. J.K. count for example distin-
guishes sulphides from oxides and divides the latter into 
morphology, type and width, Fig 2.

In 1968 the B.I.S.R.A Inclusión Assessment Group published
the results of investigations intended to establish the

(3)accuracy of such counts. A number of observers assessed
the same specimens under identical conditions. Five observ­
ers examined three specimens in a pre-determined but random 
order. Each repeated his count on each specimen three times 
during the day but during this time was unaware of any 
previous counting results. Each test surface had been marked 
prior to the exercise to ensure that the observers all 
assessed exactly the same traverse. There were no sampling 
errors, and all the errors discussed were therefore either 
inherent in the count or were operator errors.

(i) The Fox Count
A statistical examination of the results obtained 
using the Fox Count, together with similar results 
obtained within one Works is shown in the following 
table:-

Accuracy of Fox Count (95% Confidence Limits)

National Exercise Works Exercise
No. of Counts/ No. of Counts/ 
per operator per operator

No. of Operators 1 2 1 2
1 ±60 ±58 ±32 ±31
2 ±46 ±43 ±23 ±22
3 ±40 ±36 ±19 ±18

Thus if two operators, selected on a national basis
count a given specimen once, the above table indicates 
that if the mean of their two counts was 100, then 
there is a 5% chance that the true valúes would fall 
outside the range 54-146. For operators from one works
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only the range would be 77-12 3, thus, although the 
error was in fact lower, the magnitude was still very 
large.

It is interesting to compare these predictions with
results obtained in an exercise carried out between

(17)seven works within one large organisation.

Results from Seven Works 
(After Hardy)(17)

Sample 1 9 13 21 25
Mean Count 131 113 132 100 .113

Limits -39
+66

-42 
+ 30

-64
+86

-63
+44

-29
+30

Predicted Accuracy (3 Operators - 1 Count) based on
(3)BISRA assessment

National Exercise (5 Works) ±40
Within one Works +19

Whilst the results obtained tended to be higher than 
those predicted from the BISRA exercise, this would be 
expected since there were variables present which were 
eliminated in the BISRA work, e.g. different micro- 
scopes. Different microscopes have been shown to have 
a major influence on inclusión count results. From
such results it can only be concluded that the accuracy 
of this count is such that it has little practical 
application.

(ii) The J.K. Count
This count is more sophisticated than the Fox Count 
because, as stated previously, the operator is required 
to classify into types and to use a greater number of 
field classifications. The operator has, therefore, a 
larger number of judgments to make, each of which will 
have its own associated error. For example, the
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operator decides the type, then decides which width 
grade and finally decides the best fit according to the 
chart.

In fact, both the BISRA work, and more recent work 
carried out in BSC,showed that observers did not 
agree on the classification into types, and this had a 
major effect on the results relating to oxide 
inclusions, Fig 3. The accuracy of the manganese 
sulphide assessments from these casts were:-

J.K. Count

(95% Confidence Limits)

No. of Operators National 
(1 count each) Investigation

Within :

1 ±62.5 ±60.
2 ±47.0 ±44.
3 ±41.0 ±38-<

Once again it is interesting to compare
with results reported by the seven works
previously:-

JoK. Count
Results from Seven Works

Specimen No. 1 2 3
Mean Count 127 97 145
Range r +5 8 r + 3 

*-57 i- 2
r+50
l-42

Predicted Error + ., 
(BISRA)

Within 1 
Works
±69. 3 
±54.1 
±48.0

i 5
156 133
+52 r+48
-74 * -43

The good agreement obtained between the various 
investigations indicated that the errors associated 
with these counts are large, and as for the Fox Count, 
it is difficult to justify the use of the J„K. Count.
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(b) Direct Techñiques
In view of the lack of correlation of results obtained using 
chart methods with properties and service performance, it is 
not surprising that investigators have tended to devise other 
techniques based on classical quantitative metallographic 
techniques.

These invariably measure one or more parameters, and relate 
them to some measure of distribution. Most counts measure 
one or more of the following:-

(a) area fraction
(b) number in a given area
(c) number on a given length of traverse
(d) size distribution of widths
(e) size distribution of lengths
(f) aspect ratio.

Typical examples are the Berg and LT counts, Fig 4.^ “̂  (16)

Tests on such techniques have indicated that the errors 
present are lower than those associated with chart counts, 
Figs 5 and 6, and that meaningful correlations can be 
obtained with properties and performance. The accuracv of 
the LT technique is illustrated in the following table:-

Lineai Traverse Count 
No/cm (10 cm Traverse X90)

Operator 1 2 3 4 5 6 7 8 9 10 11
Sample 1 4 5 5 6 5 - 3 4 6 4 5
Sample 2 5 6 11 7 5 - 6 7 6 6 7
Sample 3 8 8 9 8 8 - 8 10 10 7 8
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Operator
Speci-
men

Type 1 2 3 4 5 6 7 8 9 10

MnS 1.9 1.5 3.6 5.3 2.2 1.5 3.6 3.1 3.5 3.8
4 Silicate 4.4 4.6 5.9 9.6 7. 7 9.9 4.8 6.6 6.4 7.5

Dúplex 0.9 0.1 0. 4 2.0 1.5 0.7 0.6 1. 3 0. 4 1.0
TOTAL 7.2 6.2 9.9 16.9 11.4 12.1 9.0 11.0 10. 3 12 o 3

Obviously such counts are preferable to the more subjective 
chart counts, but unfortunately they are by nature tedious 
and time consuming. For example, a Berg count might take 1 
hour and an LT count \ hour. Thus, whilst they have been 
used to good effect in research projects, they are in most 
cases unsuitable for works quality control purposes.

USE OF AUTOMATIC IMAGE ANALYSING TECHNIQUES

The direct technique used to assess inclusión content are 
all essentially methods of image analysis, but using manual 
techniques. Since the major disadvantage of such techniques 
was not lack of accuracy, but speed of carrying out the test, 
it is not surprising that considerable attention has been
given to methods of automation and a number of attempts have

. (4) (11) (12) (19) (20) been made to develop automatic Instruments.
The first commercially available instrument was the Metals
Research QTM model A which was developed and marketed in 196 3.
This used a TV camera to sean the optical image and record
certain inclusión parameters. The principie of detection is
shown in Fig 7. The experience gained resulted in 2nd and
3rd generation Instruments, the Quantimet B and the Quantimet
720.

During this development period, other manufacturers, realising 
the potential of this type of instrument used the same 
principie to develop other models. At the present time there 
are five models available.

Whilst the QTM Model A indicated that the technique had some 
promise, its limitations were so severe in terms of resolution,
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the parameters measured, time taken, and lack of sensitivity, 
that it was not possible to distinguish oxides from sulph­
ides without resorting to etching techniques and the use of 
a double count. It had little or no market appeal.

The second generation instrument, the QTM Manual Model B,
Fig 8, was a major step forward and was capable of measuring 
oxides and sulphides separately, and of giving information 
on the area, number and particle size distribution.

Early triáis were promising, and evaluations indicated that 
instruments were capable of giving repeatable and accurate 
measurements and, in certain instances, could be programmed 
to do chart type counts, Figs 9-14.

Work in France confirmed that over a period of three years 
from 1969-72, using the QTM Model B and a Zeiss Micro 
Videomat, area measurements obtained were repeatable to ±5%. 
They also showed that good correlation and repeatability of 
results were obtained on size measurements of partióles 
above 4um. Below this size the results were found to be 
influenced by the resolution of the microscope used.

In the USA, an experiment using 1 operator and 2 samples 
indicated an accuracy of ±10%. However, despite this 
promise the instruments were extremely slow and did not 
lend themselves to quality control work. A major problem was 
that the instrument only had a line to line memory, thus if 
the instrument detected a signal in the next line down within 
a preset distance, it assumed it was the same inclusión, and 
if any given line failed to detect an inclusión, then 
múltiple counting occurred and was unavoidable when irregular 
shaped stringers were sized. A similar problem occurred when 
parts of an inclusión were too thin to be resolved.

As indicated earlier, in order to overcome the slow speed, 
the instrument was fully automated and recording systems 
were incorporated to replace the measuring indicator. In
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effect this cut down the inter-field time. Unfortunately 
the introduction of full automation required the detection 
control to remain set during the count. Since the operator 
could no longer adjust between fields, the actual setting 
became very critical and this, together with problems rel- 
ating to focus and variation in tube sensitivity across a 
fieId, created a number of temporary problems.

In addition>at this point the limitations of analogue 
measuring systems became apparent, in that it was found 
that instruments which, to the operator, were functioning 
correctly could in fact be recording erroneous results. It 
was also found that the warm-up period for instruments was 
variable and in some cases rather lengthy.

Nevertheless, these problems were minimised and a Model B 
was, in fact, and still is used for Quality Control work in 
one Works. This is programmed to measure total lengths and 
frequency of occurrence of inclusions, within specified 
length ratings.

Further developments in the form of the Ouantimet 720, Fig
15, which had the built in reliability of a digital logic 
system,removed these problems. The digital logic employs a 
system which breaks the monitor image down into individual 
picture points and only counts and detects phases whose 
anti-coincidence point lies within the line frame. In 
addition all information is stored during analysis, and is 
readily retrieved at the end of the analysis. The use of 
advanced Computer units broadens the scope of assessments 
possible, and the most sophisticated versión can:-

1. Detect and measure the parameters for a number of 
different phases separately, over a large range of grey 
levels.

2. Measure area and size on area.

3. Measure perimeter, and size on perimeter.
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4. Measure and size on width.

5. Measure and size on length of individual inclusions, 
or can count adjacent inclusions as stringers.

6. Measure oxides within sulphides separately from similar 
inclusions not associated with sulphides.

7. Overeóme problems associated from internal reflections 
from within a phase.

8. Recognise shapes and patterns.

9. Automatically focus.

10. Compénsate for variation in detection across a field.

Provided that the latter device is used, then the results 
obtained have been shown to be extremely good. For example, 
one evaluation indicated that three operators obtained res­
ults of 0.494, 0.506, 0.480% area on the same sample. The 
accuracy of the size distribution is shown in the following 
table:-

0 - 1 ^  lh ~ 3h 3\ -  6%

543 391 163
565 404 172
519 336 162

The warm-up period was found to be approximately 15 minutes, 
and over a period of 40 days a standard specimen containing 
30% of a phase was measured within the range 29.9 - 30.1%.
In a further test, a sample containing 0.325% of Non- 
Metallic Inclusions was tested on each of 15 consecutive 
days. The results obtained indicated a variation of ±0.025% 
and that there was no more than 1% variation in the percent- 
age of the inclusions falling into each of the 5 size ranges 
measured.



- 12 -

However, some expertise is required to programme and 
operate the instrument threshold setting and, despite 
automatic focus and punch tape facilities, it tends to be 
unsuitable for quality control work due to the time factor. 
This all important time factor was no doubt the stimulus 
for the development of the Quantimet 360, Fig 16. To 
obtain acceptable times, new systems and some compromise 
had to be made. The makers having no doubt been influenced 
in their choice by the requirements of the count currently 
being used for high quality materials.

Apart from high speed logic systems, Metals Research have 
developed and incorporated automatic focusing, auto- 
detection, preset thresholds, electronically enhanced 
resolution, a synthetic internal standard and a red print 
out facility when parameters exceed a pre-determined 
specification. The combination of these systems has prod- 
uced an instrument which has the required speed and accuracy 
at the expense of flexibility and, for the first time, a 
fully automatic instrument requiring little or no operator 
expertise.

Experiments using the Quantimet 360 have shown that:-

1. Measuring static areas, the errors when measuring 
sulphide is ±3% and ±5% when measuring oxides.

2. It is possible to measure at a rate of 22 fields/sec / 
without impairing the accuracy.

3. It is possible to assess specimens containing stringers 
>l%ymwidth within an error of 5%.

4. The instrument is stable.

Thus in the Quantimets 720 arid 360 the metallurgist has for 
the first time instruments which are capable of giving 
accurate assessment of the inclusions present within an
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image.

Given this tool, it should now be possible to evalúate the 
extent of the sampling problem, and henee to determine the 
future of optical metallographic techniques in assessing 
inclusión contents.
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