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"Whatever effects inclusions have, they are an inseperable
part of the composite product called steel - not only must

they be lived with, they must be exploited'.
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SUMMARY

A comprehensive review of the literature concerning the
various types of inclusions commonly encountered in commercial
'steels, has been carried out. The conditions of formation of both
sulphide and oxide inclusions have been discussed, and in particular
the -effects of the various oxo- and sulpho-phillic elements which
can be employed to modify the more usual inclusion populations.

- The effect of working on the inclusion ndorphology has also been
reviewed with particular emphasis being given to the various _
factors which affect inclusion behaviour. The behaviour of the more
common types of inclusions, during hot working, has also been
reviewed, C

The experimental work has investigated the effects of
deformation temperature and the degree of matrix strain on the
morphology of various types of silicate inclusions, dﬁring hot rolling.
The 'Relative Plasticities' of plastic inclusions were determined
and the mechanisms of fracture and dissemination of brittle non-
plastic inclusions was investigated.

It was sh’own that crystalline and glassy silicate inclusions
behaved in a 'brittle! or 'rigid' manner at lower rolling temperatures,
depending on the size of the inclusions and the reduction attempted,
but that at some critical .temperature the behaviour suddenly became
'plastic' or 'fluid'. This transition temperature was shown to be
related to the solidus temperature, in the case of crystalline silicate
inclusions, but was dependent on the temperature at which the viscosity
of glassy silicate inclusions fell below some critical value. This
latter temperature was often considerably less than the corresponding
solidus temperature.

The stability of the various types of glassy inclusions has also
been investigated and it has been shown that in those cases where
the glassy phases are unstable, complex non-equilibrium structures

may develop on extended soaking at the working temperatures.



The mechanisms »of foi’matiOn of aluminous inclusions,
produced on deoxidation with aluminium, have been investigated
and theories have been proposed to explain the various inclusion
morphologies observed. The effect of hot rolling on the morphology
of these inclusion clusters has been investigated and an explanation
for the strings of small aﬁgular alumina particles, often observed

in commercial products, has been outlined.
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. properties. However, certain sulphide and low melting point
silicate dispersions do enhance the machining properties of the
steel and are used to advantage in free machining grades,

The recognition of the harmful effects of inclusions on the
mechanical properties has resulted in a concentrated research
effort, over the last two decades, into understanding the origins of
non-metallic inclusions and their mechanisms of formation; the
effects of processing on their morphology and distribution, and the

effects they ultimately have on the properties of the steels containing

them.

1.2 THE REASONS FOR AND THE AIMS OF THE INVESTIGATION

~ Although there have been numerous investigations into the
origins of non-metallic inclusions, and the effects they ultimately
have on the mechanical propertiés, investigations into the effects
of deformation on the morphologies of the inclusions have been less
numerous. Those investigations which have been:reported have
mainly been concerned with the behaviour of sulphidic inclusions,
the behaviour of oxidic types being less well defined.

The purpose of the present study was to investigate some of
the factors influencing the behaviour of the inclusions during hot
working and to obtain fundamental information on the behaviour of
the more common types of oxidic inclusions.

The aims of the study were to provide information on :

1.- The transition between rigid and fluid behaviour of
silicai':e inclusions on increasing the temperéture of
defdrmatiOn. |

2. The mechanisms of fracture and dissemination of
brittle types of silicate inclusions.

3. The effects of prolonged soaking treatments at high
temperatures on the constitution of glassy silicate
inclusions and the effects this has on their behaviour

during subsequent working treatments.



4. The mechanisms of fracture and dissemination of
alﬁminOus agglomerates produced on deoxidation by
aluminium. |

5. = The behaviour of aluminous types modified by calcium

to produce calcium aluminate type inclusions.

Although it was originally intended to investigate the effects of
hot working on several different types of calcium aluminate inclusions,
this objective was not achieved. This was due in part to difficulties
experienced in obtaining the requisite degree of calcium reaction in
the experimental melts and also to the additional time spent
investigating the mechanisms of formation of the different particle
morphologies in the inclusion clusters produced on deoxidation by
Aluminium; a study which was not envisaged in the original research

program. °
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2. LITERATURE REVIEW

Although this investigation was concerned primarily with

. the behaviour of oxidic inclusions on hot working, it was felt that
the work would be incomplete if it did not include a review of
current views concerning the types of inclusions commonly found

in steels and their modes of oc'currence. A review of the literature
concerning sulphide inclusions is also included for the sake of

completeness.

2.1 INCLUSION TYPES COMMONLY FOUND IN STEELS

2.1.1. Sulphide Inclusions

Although the greatest variety of morphologies, compositions
and constitutions are exhibited by the oxidic types of inclusions, they
‘do not constitute the major fraction of the non-metallic inclusions
present in steels. Widdowson (1) states that a moderately clean bulk
processed steel typically contains 0.10 Wt % of non-metallic
inclusions. Of these, assuming a sulphur content of 0.015%, 0.09%
are present in the form of sulphides. Because of their greater
_ numbers the sulphide inclusions can haire a significantly greater
effect on the mechanical properties than do the oxides. Consequently
much work has been, and is being, conducted into finding methods of
eliminating the suiphide inclusions, or of rendering them less
harmful.

At 1600°C. sulphur has unlimited solubility in liquid steel
but it is insoluble in the solid state, and must be precipitated from
the metal as it solidifies. In the absence of other more stable
sulphide forming elements FeS is the precipitated phase and forms
as a low melting point eutectic in the interdendritic spaces FIG, I.
The presence of this low melting point constituent gives rise to the

familiar problem of hot shortness, and for this reason the steel



usually contains manganese, in the ratio of at least 4:1, Mn:S,
which forms a more stable sulphide than that of iron FIG. 1l4a,
and gives rise to the familiar dove grey inclusions frequently

~observed in steel microstructures.

(1) Manganese Sulphides

The morphology of the manganese sulphides depend on the
Steélmaking practice. Simms & Dahle (2) have classified these
morphologies as types I, II and III, the actual types produced
depending largely on the state of deoxidation of the melt at the time
of casting, and its alloy content.

In steels containing more than 0,02 Wt % of dissolved
oxygen, the stéel undex:goes a monotectic reaction during solidifi-
cation, producing sulphur and oxygen rich liquid globules at the
solidification front, FIG.2. According to Baker and Charles (3)
those globules formed early in the solidification sequence, contain
more dissolved oxygen than those globules produced later, and can
produce dupléx oxide-sulphide structures upon their subsequent
solidification. Below a limiting oxygen content of 0. 01% Dahl (4)
states that only the vermiform type II sulphides are formed, there
being a gradual transition between types I and II at okygen contents
between 0.02 and 0.01%. Traditionally type II sulphides have been
regarded as a eutectic structure being produced by a eutectic
reaction in the last remaining liquid to solidify, (2) FIG.2. However,
it has recently been suggested that this sulphide morphelogy is, in
fact, a co-operative monotectic form, the globular type I morphology
being the degeneraﬁ:e form, (5). The effect of aluminium, (2), in
changing the morphology from type I to type II is generally accepted
to be the action of the aluminium removing oxygen from solution.
However, Friedriksson (5) has obtained both types I and II at low
oxygen to sulphur ratios, in experimental melts, and has suggested
~ that the absence of type II from the silicon {reated steels was due to
the silicate droplets being efficient nuclei for the liquid type I

sulphides, Deoxidation by aluminium alone preoduces a solid oxide



which is presumably not an .efficient nucleant for liquid MnS. In
fact Buzek (19) has observed small alumina particles within type
IIl sulphides, on which nucleation may have occurred. Similar
particles have been reported by Duckworth and Inneson (6) and it
is possible that alumina may promote the formation of type III
sulphides, which are probably solid at steelmaking temperatures, by
providing sites of nucleation. Type II sulphides are found in steels
deoxidized by silicon, silicon and manganese, and aluminium where
the aluminium cover is low. In steels with very low oxygen contents,
as for example in correctly treated aluminium killed melts, an
idiomorphic form of manganese sulphide is formed. These sulphides
are precipitated in crystalline form directly from the melt, although
the exact nature of their formation is still a matter of some dispute.
Some workexrs believe that other elements are required before the
type III morphology will appear, (5), their action being to depress
the freezing point of the melt and to move the MnS-Fe eutectic
closer to the iron rich corner of the phase diagram, FIG.3. The MnS
is then precipitated on cooling as a proeutectic constituent. Baker
and Charles (3) have argued that if this were -th_e case then type III
| sulphides would exhibit flotation effects and become segregated
within the ingot. They also argue that by increasing the sulphur
content of the melt the type II morphology should be replaced by the

type Il morphology. Since neither of these phenomenon are observed,

these workers assert that type III manganese sulphides are unlikely
to be formed by proeutectic precipitation, and support the view that
‘this morphology results from a eutectic reaction, the s.ulphide
forming as a divgi'ced constituent. More recently Pickering (7) has
observed that the skeletal orA anchor shaped form of manganese
sulphide, found in cast irons and alloy steels, is typical of the
initial stages of a primary crystallisation and that in these cases
thé suli)hide may have been produced as a primary precipitate.
However, Friedriksson and Hillert (5) include this morphology in an

additional group they have called type IV. This type has a fishbone

-

~



or chinese script morphology which they believe results from a
normal eutectic solidification. This morphology has only been
observed unambiguously in experimental melts containing high

levels of sulphur and solidified under carefully controlled conditions.
The morphology is very similar to the type II morphology and it
would be difficult to distinguish the two types in commercial steels
containing srnall volume fractions of sulphide. However, this
hypothesis can be used to explain an anomalous observation reported
earlier by Simms (8) who found that on deoxidizing a medium manganese
steel with aluminium, type II sulphides could be converted to type III
by a moderate excess of aluminium, ‘but that witk a’ high Al excess
the morphlology reverted to one resembling type II. In terms of
Friedriksson & Hillerts hypothesis, -this reversion is simply the
appearance of the co-operative eutectic type IV morphology replaoing
they type III divorced eutectic morphology.

There is now sufficient evidence to make a generalised

~conclusion on the probablo fnechanisms of formation of the different
sulphide morphologies. The‘ type I morphology results from a normal
monotectic type reaction during the solidification sequence. The type
II morphology appears at intermediate degrees of deoxidation and may
result from a co-operative monotectic type reaction. At high degrees
of deoxidation the type III morphology is formed as the divorced
constituent of a eutectic reaction whilst the more usual co~operative
eutectic produces the type IV morphology which may often be

confused with the type II morphology.

The FeS content of the manganese sulphides initially
precipitated can be substantial, FIG.4; Salmon ~ Cox and Charles (9)
reporting as much as 20% FeS in freshly precipitated manganese
sulphides, the equilibrium Fe:Mn ratio only being approached during
subsequent cooling or heat treatment. The substitution of manganese
by other sulphophilic elements is well known and the elements
chromium, calcium, zirc0niu1i1 and the rare earth elements are all

known to behave in this way, (10, 11) FIG.14a. Chromium substituted



manganese sulphides are often found in stainless steels, and usually
appear in the idiomorphic type II morphology (7, 11, 16) and the
complete mutual solubility of chromium and manganese sulphides

has been reported (17). Substitution of manganese by calcium and
magnesium have also been reported (7, 16) but although calcium and
manganese sulphides are isomorphous, their mutual solubility is
incomplete, | manganese sulphide being able to dissolve a maximum of

12% Ca$ (27).

(ii) Sulphide Modification

During hot working, manganese sulphides behave plastically,
forming elongated thin stringers which al;e very deleterous to the
mechanical properties. Sulphide modification treatments are designed

to replace the highly plastic manganese sulphide with a less 'plastic
form and to ensure that the highly deleterous type II morphology does
not occur. Kiessling (11) states that chromium has the most effective

s olid solution strengthening effect on manganese sulphide, FIG. 35D,

" and Pickering (12) has pointed out that the sulphide inclusions present
in low manganese, high chromium stainless steels are much less
prone to form elongated stringers on hot working. However, solid
solution sti'engthening of MnS by chromium is not a practical
proposition due to the large amounts of the element required to
obtain sufficient partitioning between the sulphide and matrix. The
altérnative is to promote the formation of a harder, less plastic and
more stable type of sulphide and it is in this direction that significant
progress has been made in recent years. ‘

Accofdmg to Pickering (12) those elements used to modify
the sulphide population should satisfy as many of the following

conditions as possible,
J

(i) The element must form a sulphide more stable than
manganese sulphide,
(ii) The element should have a greater affinity for sulphur

than for oxygen, nitrogen or carbon.



(iii) The element should have a low vapour pressure at
steelmaking temperatures and should be soluble in

| liquid steel.

(iv) The sulphides produced should not form low melting
point eutectics with the steel or other phases present
and althoug’h volatile sulphides would be useful for
desulphurizing treatments, they would be of little
use for preventing the formation of thin stringers on
working. V

(v’ The addition of the element to the liéuid steel should
be capable of a controlled noﬁ-violent reaction and give
a predictable recovery,

(vi) The sulphide formed should have a high melting point

and consequently a low plasticity at working temperatures.

Arrowsmith (15) states that the objective of sulphide modification
is to produce inclusions which are resistant to rolling deformation and,
since they must not crack, they must also be small, A final require-
ment is that they must be distributed homogeneously, since clusters
of refractory globular inclusions would also produce deleterous
fragmentary stringérs on working. _

These considerations limit the choice of sulphide modifiers
to the elements of groups II, III and IV of the periodic table, the
elements of the other groups forming sulphides which are either
volatile, unstable, or less stable than manganese sulphide. The rare
earth elements of group III have been shown to have a strong modifying
potential, as have the elements titanium and zirconium from group IV
and calcium from group II (11 - 15) FIG.14a. The elements hafnium,
tantalum and even uranium have been suggested as possible sulphide
modifiers, but their expense and/or problems of hygiene limit them

to areas of academic interest (19).



(iii) Modification by Calcium Additions 2

Simms and Dahle (2) first investigated the possibility of
employing calcium as a deoxidizer for steel, but concluded that the
presence of calcium had no apparent effect on the inclusion morphology
in calcium-silicon treated steels compared with conventional silicon-
manganese killed steels. ‘In discussion of Simms & Dahle's i)aper
however, Grotts (2) presented evidence to show that calcium-silicon
treatments used to supplement deoxidation by aluminium could pro&uce
considerable improvements in ductility. Subsequent investigations
(18 - 24) provided métallographic evidence to show that calcium
additions to aluminium killed steels, minimised the tendency fo fo:.rm
type II sulphides and limited the formation of the very deleterous
alumina clusters, by replacing them with the less refractory calciurﬁ
aluminates. | ‘

. Calcium is often used in modern steelmaking for the
modification of both oxide and sulphide inclusions, being most
frequently used to eliminate alumina galaxies and type II sulphides
from aluminium killed grain refined steels.

Calcium is only sparingly soluble in liquid steel, a solubility
of 0,032 Wt % Ca being reported by Sponseller and Flinn (25) for
calcium in pure iron. Miyashita and Nishikawa report a minimum
solubility of 0.0103 Wt % Ca for calcium in pure iron at 1600°C.

- Additionally, calcium vapourizes when immersed in liquid steel, a
vapour pressure of 1. 6 atmospheres at 1600°C being reported (25).
This combination of high vapour pressure and sparing solubility
make the control of calcium additions very difficult and undoubtedly
accounts for the disagreement between early investigators into the
effects of calcium. The use of the more usual calcium bearing
deoxidant alloys such as calcium silicide, in sulphide modification
treatments, has given, and still gives, very erratic results. In
order to make calcium treatment more controllable it is necessary

to lower its vapour pressure at steelmaking temperatures, and to



increase its solubility in the molten steel. Third element inter-—
actions have been reported to increase the solubility, steels
containing 0.74% C having a calcium solubility of 0. 052% (25).
Aluminium is also reported to increase the solubility. Hilty, Crafts
and Soloman (21) have shown that barium can have a significant
influence in lowering the vapour pressure of the calcium. In
addition barium is very dense and barium-calcium alloys have the
virtue that they‘ sink rapidly to the bottom of the melt, giving a
reduced bubble size and hence increased residence time of the calcium
vapour. Barium itself has an even lower solubility in steel than
calcium and is only rarely observed in inclusions producéd by the
addition of calcium barium alloys (23). The advent of the calcium-
barium é,lloys, for the treatment of aluminum deoxidized steels, has
given a marked improvement in the contrel and predictability of
calcium treatments in recent years.,

The CaS-MnS system shows a marked solubility gap (27),
-manganese sulphide only being able to dissolve.12% CaS in solid
solution. This results in the formation of isolated particles of very
stable calcium éulphide in melts given sufficiently heavy calcium
treatments. CaS is also frequently observed as a peripheral layer
around calcium aluminate inclusions, produced by reaction of the
calcium with the less stable oxide inclusions present in the melt at
the time of the addition. Salter and Pickering (16) have postulated
that such peripheral calf:ium sulphide can be formed by the reaction
of basic admixed slag particles with aluminium added as a deoxidant.
Whilst the calcium silicate slag particles can dissolve sulphur, its
solubility in calcium aluminate is limited (28) and on reaction is
precipitated as CaS around the periphery of the inclusion. Hilty
and Farrel (13) state that the chief advantage of calcium treatment
is the elimination of type II sulphides from low carbon, aluminium
killed, grain refined steels. These workers found that a calcium level
of only 12. 5 ppm was sufficient to begin the conversion of type II
sulphides to type III. At higher calcium levels the sulphides contained

a greater proportion of CaS and formed predominantly in association



with the calcium aluminate oxide phases. Although Salter and
Pickering's explanation for this association might account for a
few instances of association it will not account for the‘preferential
association found by these workers., No really satisfactory
explanation for this phenomenon has yet been proposed. It does,
however, present an interesting possibility, since it eliminates the
sulphide as an individual pai'ticle from the microstructure. For the
same volume fraction of sulphide, the larger less numerous type I
inclusions are less detrimental to the fracture toughness than the
finer more numerous type III sulphides. Hence the association of
sulphide and oxide inclusions could provide a method for obtaining the
ductility and toughness properties usually associated with high quality
low sulphur steels, in the cheaper grades of steel containing the more
usual levels of sulphur. " Additionally, the reduction in the levels of
the tesselated stresses in the matrix around the inclusions, arising
-from this association, can give a marked improvement in the |

fatigue propurties,

(iv) - Modification by Rare Earth Additions

The rare earth elements (R, E,) have very high affinities for
both 6xygen and sulphur, FIG.' 14, and also for carbon and nitrogen,
their affinity for oxygen being even greater than that of aluminium.
For this reason steel melts to be treated with R, E. alloys must be

| fully deoxidized before the addition is made, the usu;al choice of
deoxidant being aluminium.

The types of oxide, sulphide and oxysulphide phases formed
by the R, E. elements is large and the phases precipitated in treated

steels depends largely on the oxygen and sulphur contents of the

melt at the time of the addition (29, 30) and on the RE:S ratio; complete

elimination of all MnS types only being achieved at RE:S ratios
greater than 3.0 (14, 32). Wilson (14) and Wilson and Wells (31)
have recently summarised the types of phases most frequently found

in R, E. treated steels. Small additions of between 0. 008 and 0. 020%



are reported to produce further deoxidation and to modify the
remaining alumina inclusions, forming (R.E.) Al,0, . and (R.E.)
A103 types. Manganese sulphides containing one or two per cent of
R'E are also produced, often being associated with the aluminous
phases. At R, E, levels of 0.02% the (R.E.) Al10, oxide becomes
predominant, there being very few purely aluminous types present
after treatment. The R.E, substituted manganese sulphides preduced
at this level of addition contain typically 3-5% R.E. With additions of
between 0. 02 and 0.07% the R.E. oxysulphide phase (R.E. ), 0,8
appears, and is often found associated with a peripheral R.E. sulphide
phase of the (R.E, )xSY type. Several forms of R.E. sulphide are
known to occur although (R.E.)S itself is but infrequently observed,
only appearing at high R.E, contents (14). Schindlerova & Buzek (33)
report the complete modification of the sulphides at RE concentrations
between 0. 01 and 0.02%, which is in fair agreement with Wilson's
observations. These workers (33) also found that _at. the higher RE
levels large clusters of refractory RE suiphide and oxysulphide phases
- occur, producing serious defects akin to those produced by alumina.
It is now generally accepted that it is the formation of such clusters
that impair the mechanical properties of heavily modified R, E,
treated steels, These clusters can produce severe lamination in
wrought products (12) and Davies (34) has reported that severe
bottom cone formation can occur in R.E, treated steels, which can
also result in rather la_fge local concentrations of R, E. sulphide and '
oxysulphide clusters.
The R. E alloys used in modification treatments may be
either MISCHMETAL, containing
50% Ce, 25% La, 10% Nd and 5% Pr and others
or RARE EARTH SILICIDE, containing
35% Fe, 30% Si, 18% Ce and 9% La.
In general mischmetal is preferred to the silicide since recovery of
the silicon from the latter is almost 100%. However, mischmetal is

more expensive and the final choice rests on an economic and

compositional balance.



It is interesting to note that the sulphides and 6xysu1phides

" produced from these alloys often contain R.E, ratios quite different
to the ratios in the alloys used (31), and Wilson (30) has predicted on
thermodynamic grounds the partitioning of the various elements
between the sulphide and oxysulphide phases, |

The recovery of tle R.E. in tle melt largely depends on the
method of its addition. Initially these alloys were added' directly to
the mould during teeming, to minimise losses due to refractory
reactions and stream reoxidation. Bingel and Scott (36) reported
recoveries of 60-80% using this method but found that the treatments
required to give complete modification of thé sulphides gave very
unclean ingots containing a large number of the deleterous sulphide-
oxysulphide clusters. Similar results were reported by Bennett and
Sandell (37) who also reported recoveries of 12 - 41% for additions
made during vacuum degassing. Because of the inferior cleanliness
sometimes encountered with mould additions, several attempts
involving ladle additions have been reported (14, 36, 37). Results
indicate that this practice, despite the lower recoveries (~ 30%),
results in a cleaner product and provides the most convenient method
of addition, Wilson (14) has also reported trials involving the plunging
of the R, E, alloy into the melt in order to minimise losses due to
oxidation at the surface. Lu and McLean have derived equations to
' predict the minimum R. E, requirements’ for the successful
modification of steel melts of differing oxygen and sulphur contents
(29). However, these equations do not allow for losses due to
reoxidation and reaction with the refractories and must be viewed
with caution,

With the correct levels of addition, manganese sulphides are
completely replaced by R.E, sulphides or oxysulphides. Modification
may, however, be quite inhomogeneous and frequently regions of the
ingot may still contain manganese sulphides. '

Although the R, E, elements are capable of forming carbides

and nitrides these phases have never been reported to occur in steels

-



" treated with the R.E's, Furthermore, Wilson (30) has predicted
from a thermodynamic viewpoint that they should not be formed.
This fact is of great advantage in the area of HSLA steels which
depend on the precipitation of various nitrides for their strength
properties, In these steeis sulphide modifiers which also form

carbides and nitrides cannot be used.

(v) Modification by Zirconium Additions

The addition of zirconium to fully killed steel melts results
in the formation of zirconium substituted manganese sulphides, |
which Pickering reports to be able to dissolve up to 12% Ey weight
(7). At this level of substitution the sulphide corresponds to MnZzS,,.
These sulphides show less tendency to elongate during hot rolling,
presumably due to their increased melting point. With additions in
excess of that required to give saturation of the sulphides, carbide and
carbo-sulphide phases are produced which are known to reduce the
toughness properties. Buzek et al (19) investigated the effects of
‘zirconium on the mechanical properties of steels over the range 0.02 -
0.26% Zr. These workers found that as Iittie as 0.02% Zr was
sufficient to prevent the formation of type II sulphide morphology,
whilst at 0.07% Zr the morphology was completely type III, at which
stage a minimum was reached in the anisotropy ratio of the toughness
proPertiés. Increasing the zirconium level to 0.1% led to the |
formation of Zr 38 4 28 yellow, angular particles, all the sulphide
being in this form with zirconium contents greater than C.15%.
Henderson and Little (38) found that zirconium levels above those
required for the saturation of the MnS led to the formation of the
carbosulphide phase Zr 4(3282 which had a lamellar as cast morphology.
Pollard (39) has also observed this phase in zirconium treated steels

and Henderson & Little (38) suggested that the phase rhay form grain

boundary films and hence drastically reduce the toughness properties.

The appearance of this phase limits the amount of zirconium which



can safely be added to the steel and consequently the complete .
elimination of mechanical anisotropy is not possible. ‘
| The stroﬁg affinity of zirconium for nitrogen, which even
surpasses that of aluminium, results in the formation of zirconium
nitride particles which Mihelich (40) states act as nuclei on which tte
sulphide is precipitated. In contrast to this, Buzeck (19) observed
Zr0 2 particles at the centres of the sulphide phases, suggesting
nucleation on the oxide phases. This author also found that the degree
of substitution of manganese by zirc0niu1h is affected by the carbon
content of the steel; possibly due to the partitioning of the zirconium
between the sulphide and carbide phases. Pollard (39).found that the
efficiency of the modification was also affected By the manganese
content, the degree of substitution being less, the higher the manganese
content. The increased level of zirconium required to give full
modification at these higher manganese contents led to the appearance
of the deleterous carbo-sulphide phase before full modification could be
reached, In these cases it is suggested that a reduction in the manganecse
content can be beneficial in allowing a greater degree of modification
at the same zirconium level, without the appearance of the carbo-
sulphide phase. Any loss of hardenability, due to the reduction in
manganese, could then be safely offset by a small increase in the chrOmium
content.

Zirconium treated steels, in addition to having increased
ductility and toughness in the transverse directions, are completely
free from strain ageing, strain age embrittlement and blue brittle
behaviour, due to the denitriding potential of the zirconium (40). The
additions are méde to fully killed steels, as with the Rare Earth
treatments, the zirconium being added in the form of zirconium

silicide, ferro-silicon-zirconium or even zirconium metal scrap.

(vi) Modification by Titanium Additions

It has been known for some time that the presence of

titanium in stainless steels can prevent the formation of manganese

-



sulphides., However it is only in the space of the last few years that
interest ilas been shown in the possible use of this element as a
sulphide modifier.
Titanium can form a number of sulphide, carbide, carbo-

‘sulphide and carbo-sulphonitride phases in steels. Like the other
sulphide modifiers, titanium has a high affinity for oxygen and can
only be added to fully deoxidized melts. All the common phases are
hgxégonal in structure and have been summarized as (18)

TiS 2

Ti(CN)S

| Ti3S 4

Jellinek (41) gives a general form (Ti)l__xS with either metal or sulphur
vacancies to form the various types of sulphide; in fact Tiss may be

regarded as TiS_ with sulphur atoms removed from alternate basal

planes, (18). Bezcause of its greater affinity for nitrogen than for
sulphur, enough titanium must be added to precipitate all the nitrogen
before the sulphides can be formed. Although Banks and Gladman
- obtained sulphide modification with titanium levels in excess of 0.15%
(18), Buzek reports (19) that at levels greater than 0.13% type II
manganese sulphides are replaced by needles of TiZS, which precipitate
eutectically at the grain boundaries and have the same deleterous
effect on the mechanical properties as type I sulphides. With
titanium contents below O. 13% the sulphides are of type II MnS, and
according to Buzek, contain no dissolved titanium, although a surface
enrichment of up to 15% is reported. In contrast Banks and Gladman
obtained analysis of type II MnS containing up to 3% Ti. It is reported
that the oxide inclusions in aluminium killed melts were also

modified and contained up to 22% Ti0, after the titanium additions,
whereas additions made to non- aluminium treated melts produced
Tizo3 inclusions. The high affinity of titanium for nitrogen precludes
its use from steels which depend on nitride precipitation for their
strength properties. -



(vii) Modification by Other Additions

Buzek (19) has investigated the effects of Tantalum and
Uranigm on sulphide morphology.

Tantalum additions were investigated within the range 0. 005 -
0.58%. It was found that the mechanical properties deteriorated as
the tantalum content increased and this was found to be dué to the
formation of large numbers of yellow needles along the grain
boundaries, which were identified as tantalum carbide.

The effects of uranium were inv’esﬁgated within the range
zero to 0.28%, the type II sulphide morphology being eliminated at
uranium contents as low as 0. 02%. At levels above 0.04% spherical -

uranium sulphides were produced and gave a corresponding increase
in the mechanical properties. Although such promising initial
results have been obtained, it is unlikely that uranium can be of

use in commercial practice due to the problems of hygiene that would
be encountere‘d and to the high cost of the uranium alloys required.

Hafnium is believed to have effects similar to those of
| ziréom’.um (7, 19) but because of its prohibitive cost it is unlikely

to be of commercial application.

2.1.2. Oxide Inclusions
| The multiplicity of oxidic inclusion types found in commercial
steels makes their classification, in anything but the broadest sense,
very difficult. It is generally accepted that these inclusions are
formed as a result of deoxidation reactions, or by the reaction of a
deoxidant with pre-existing inclusions, whether these latter types
are exogenous Oxides arising from the refractory surfaces or from
the slag, or the uneliminated products of previous deoxidation
reactions. The types of inclusions formed as a result of such
reactions have compositions belonging to the system -
Ca0 - AL0, - Si0, - Mn0 - Fe0

although the oxides Mg0, Ti0 and Zr0 may also be introduced as a
result of reactions involving inclusions originating from the

refractories. In addition, the oxides of chromium may be present



in the oxide inclusions found in stainless steels, and the oxides of
titaﬁium, zirconium and the rare earths may be introduced in
steels treated with these elements (SECTION 2.1.1).

The choice of a vsuitable deoxidant is determined by the
need for a high efficiency of deoxidation and by economic considerations.
The choice for a particular steel is further limited by the need to
choose a deoxidant whose products will be the least injurious or the
most beneficial to the specific property requirements of the steel,
These factors usually limit the choice to either aluminium or silicon
based deoxidants, although combinations of one or both of these with
other elements such as manganese and calcium are also frequently
used. Ferrosilicon, ferromanganese, silicomanganese, ferro-;
aluminium, aluminium, calcium silicide and various combinations,
with or without more exotic components, are frequently used as

deoxidants.

(i) Aluminous Inclusions

Of all the deoxidation practices used, deoxidation by
aluminium is the most common. This is because of the ease with -
which the additions can be made, the speed with which deoxidation
occurs, the speed with which the aluminous inclusions produced
can be removed, but chiefly because of the low residual oxygen
concentration in the melt and the low cost and availability of aluminium
itself,

There have been a number of investigations into the
deoxidation of iron-.oxygen melts by aluminium, most notably those
of Plockinger and co-workers (42 - 45). Sloman and Evans (46)
conducted the first extensive investigation into the effects of
deoxidation by aluminium on iron-oxygen melts. These workers
concluded that aluminium additions in stoichiometric excess of the
oxygen content produced alumina inclusions whilst additions of less
that stoichiometric proportion gave rise to mixed oxide phases

containing the spinel phase hercynite, their constitution depending



on the aluminium to oxygen ratio, FIG.5. Around the same time

. Hilty and Crafts (47) presented evidence suggesting that iron oxygen
melts containing aluminium may not equilibriate with pure alumina
but with FeO-A1203 phases. However, further evidence to support
this view has not appeared in the literature.

Plockinger and his co-workers (42) investigated the effects
of aluminium deoxidation by taking suctior samples directly from the
melt at variaus intervals after making the aluminium addition. These

w orkers found that the primary deoxidation products underwent a

" marked change in composition during the course of their formation.
Initially the inclusions had a very low aluminium content, the
inclusions consisting mainly of wustite, whose composition changed
rapidly during the first few seconds after the aluminium addition,
the alumina content increasing until the spinel phase was precipitated,
FIG.5. At normal steelmaking temperatures, the spinel phase is
solid, although in the presence of manganese the phase has a lower
melting point, that of Galaxite being 1560°C. FIG. 6; in fact Waudby
(48) found that solid spinel type inclusions are not produced on
deoxidizing steel melts c0ntainihg more than 1% Mn. With further
increase in time Plockinger found that the spinel inclusions developed
a two'phase structure, the outer layers of the inclusion being rich in
alumina, the core retaining its spinel compositioﬁ.

According to Plockinger et al (42) alumina can only be
nucleated at high degrees of supersaturation, because of the high

‘activation energy of formation of the alumina molecule. Consequently
liquid mixed oxide phases are nucleated which have good coagulating
properties but which are rapidly reacted by the aluminium in
solution. Whilst ever the inclusions remain liquid their composition
remains homogeneous, but on reaching the spinel composition the
inclusions become solid and further reaction develops a rim-core
structure. Small clusters of almost pure alumina are purportedly
formed in the same way, the rim-core structure being eliminated

by the complete reaction of the inclusions facilitated by their small



size. In fact Koch (49) observed the reduction of the surface layers
of hercynite particles deliberately insertecd into a suitable iron-
aluminium melt, to a depth of 15.m , indicating that complete
reaction of small hercynite particles can occur. '

According to Plockinger's theory the aluminium deoxidant
takes a short but finite time to dissolve in the liquid metal, the
aluminium ccntent increasing in the vicinity of the deoxidant until
liquid mixed iron-aluminium oxides are precipitated. Plockinger
states that these mixed oxides are precipitated homogeneously.
However, Frohberg and Potschke (50) and Forster (49) consider that
nucleation will occur heterogeneously on solid alemina partiéles
formed at the surface of the aluminium deoxidant, upon its addition to
the melt. Waudby (48) also holds this opinion and points out that the
deoxidants already have an oxide layer on their surface before their
addition to melt, |

Plockinger (42) also reported the formation of alumina
‘inclusiOns having a spherical glassy morphology. These inclusions
are almost perfectly spherical in habit, resemBling small glassy
silicates rather than crystalline alumina inclusions. Although analysis
of this type of inclusion reveals them to be almost pure alumina, it
has been assumed by most workers (42, 48, 52) that they must have
been liquid when formed in order to develop their spherical morphology.
Plockinger (42) suggests that they may be precipitated initially as
liquid mixed oxides, their small size facilitating their rapid reduction
to form almost pure alumina inclusions whilst retaining their globular
habit. However, as pointed out by Waudby and Salter (52) any such
reaction should rapidly produce a solid reaction rim and further
reaction would then precipitate iron globules internally. Since these
inclusions are characterized by their glassy appearance and complete
absence of enclosed metal, it is difficult to accept Plockinger's postulate.
ChOuthry and Wahlster (53) have suggested an alternative ex;ﬁlanation.
These workers propose that the heat liberated on the formation of
the alumina molecules could locally raise the temperature sufficiently
for the alumina to be momentarily liquified. Again, a simple heat

balance (52) shows that the maximum possible temperature rise is



of the order of 50°C. At pfesent there is no satisfactory explanation
for the formation of this particular morphology.

Although the technique of taking suction samples directly
from the melt has been widely employed to follow the course of
deoxidation reactions, the technique must be viewed with some
caution. The method of making the deoxidant additions usually
results in a very heterogeneous distribution of the deoxidant elements
within the melt, and consequently the deoxidation reactions are very
heterogeneous. Suction samples taken at an early stage during the
deoxidation are, therefore, likely to give unrepresentative results,
the sample having been taken from a small volume in an undefined
region of the melt. The products of deoxidation obtained within the
suction samples are thus not necessarily representative of the
complete distribution.

Bogdandy (51) has investigated the deoxidation of iron oxygen
melts using a system whereby unidirectional diffusion of the deoxidant
into the oxygen rich melt occurred. The deoxidant was floated on the
surface of the melt contained within an alumina tube held vertically
within a H. F, furnace melt. Deoxidation by pure aluminium and various
iron aluminium alloys were investigated. In each case the zone of
the m;alt immediately below the melt-deoxidant interface developed a
distribution of alumina dendrites. As the holding time increased,
the thickness of this dendritic zone increased, though slowly, and
the size of the individual dendrites increased markedly. Immediately
béneath this dendritic zoﬁe was a region of low oxygen activity, as
indicated by the absence of oxide inclusions on solidification. The
remainder of the melt was substantially unaffected by the aluminium
and produced the usual distribution of secondary wustite globules on
solidification. These results conflict with Plockinger's theory, which
predicts the formation of liquid mixed oxides, nucleated homogeneously,
before the [Al] 2 [0_] 3 supersaturation, is sufficient to nucleate
pure alumina. It would appear from this latter investigation that

the homogeneous nucleation of oxide deoxidation products, in oxygen



rich melts deoxidized by aluminium, results in the precipitation

of pure alumina without the forrnation of intermediate liquid mixed
oxides. The alumina grows dendritically by the diffusion of oxygen,
from the oxygen rich liquid into the dendritic zone, the corresponding
forward diffusion of aluminium being at a slowexr rate. The non-
equilibrium liquid mixed oxide phases observed by Plockinger and

his co-workers, and by subsequent investigators (48 - 50, 52) are
possibly only precipitated heterogeneously at degrees of supersaturation
too low to nucleate alumina itself.

It is well known that alumina in contact with pure iron of low
oxygen activity has a very high surface energy, TABLE 1, Waudby
(48) has suggested that liquid mixed oxides may be nucleated in
preference to alumina because of their lower interfacial energy.
However Bogdandy (51) states that the critical nucleus size for the
nucleation of alumina, at the levels of supersaturation required, is
of the order of atomic dimensions. This would suggest that it is not
interfacial energy but activation energy which g:0ntr91s the nucleation.
In addition, the formation of pure alumina precipitates in melts of
normal oxygen activity would not be inhibited in this way, the inter-
facial energy of alumina with iron melts containing 0. 07%02 being
even lower than that of liquid silicates (54).

The advent of scanning electron microscopy (S.E.M.) has
allowed the morphologies of aluminous inclusions to be studied in
detail, (55 - 58). Re.ge et al (55) showed that small clusters of
alumina inclusions were often of a dendritic form when seen in three
dimensions. Okohira et al (57) used this technique (S.E. M. ) t‘o
determine the shapes of aluminous inclusions present in the ladle
and tundish during a continuous casting process. These véorkers
classified the inclusions they observed according to their
morphologies. Three basic forms were observed, dendritic, globular
and idiomorphic, although these types were further subdivided into
other groups. These workers concluded that the dendritic forms had
been produced by cornparatively 'long term' diffusional growth. The

clusters of spherical particles were thought to have formed by



'short term' diffusional growth and by the reduction of reoxidation
products or admixed slag particles. The idiomorphic types were
thought to be of exogenous origin. A 'dumpling" like form was

though to be composed of sintered globular types. Ooi (58) studied
‘the rﬁorphologies of alumina inclusions preduced in both stirred and
unstirre& melts. In the unstirred melts the inclusions were found

to be mainly of the dendritic type, whereas in the stirred melt few
denériﬁc types were observed, the inclusions having mostly a
globular morphology, in many cases the small globules being sintered
together into a spherical mass containing sinter porosity. These are
presumably the 'dumpling’' types observed by Okohira (57). The few
dendritic types that were observed often appeared to have their
dendrite arms amputated, and according to these workers are the

s ource of the small globular inclusions. However, the mechanism by
.which the arms are amputated is suggested to be by gradual melting
off, which is difficult to accepf in view of the high melting point of
alumina. These workers conclude that mostof the inclusions produced
by the deoxidation reactions ‘on first adding the aluminium, are
eliminated before teeming takes place. The aluminous inclusions
found in the ingot stage, it is suggested, are produced by stream
reoxidation during teeming.

Aluminous inclusions can arise from SOurcés other than the
primary products of deoxidation. In order to protect the metal from
reoxidation on its contact with the atmosphere it is usual to add
excess aluminium. This excess is also available to react with the
less stable oxides present in the refractory linings, édmixed slag
particles and oxide inclusions produced by earlier deoxidation treat-
ments.

Waudby et al (59) have reported on an extensive investigation
into the effects of aluminium additions on silicatc? inclusions present
in steel melts. These workers showed that in the case of large
highly siliceous inclusions, reaction with the dissolved aluminium

produces an aluminous reaction rim which greatly reduces the rate



of further reaction. This inhibition was found to result in the
retention of non-equilibrium products into the solidified samples.

On re-heating, the reaction was observed to continue by diffusion of
the aluminium from the surrounding metal matrix to the inclusion-

* .metal interface. Reaction between the dissolved aluminium and the
less highly siliceous inclusions was found to occur much more rapidly,
resulting in the formation of equilibrium reaction products in very
short times. It is also reported that after the initial sharp decrease
in the total oxygen content of the melt, on first adding the aluminium, '
the oxygen content was quickly refurbished in those cases whexre the
aluminium addition was small. »

Pickering (60) has reported on the use of aluminium in the
production of balanced and rimming steel ingots and has shown that
the addition of aluminium, to control the extent of the rimming
action, has a dramatic effect on the types of inclusions present in
the solid ingot. The inclusions .present in the liquid metal during the
rimming period are typically iron manganese silicates, some of which
become entrapped in the solidified rim of the ingot. Upon the addition
of aluminium to stop the rimming action, Galaxite (MHO'AIZOS)’
Hercynite (FeO.AlZOB) and Alumina inclusions can be produced, the
type depending on the level of the aluminium addition. Any aluminium
- excess has the effect of reducing the less stable oxide phases in the
siliceous inclusions already present in the melt. The extent of the
reaction depends on the amount of excess aluminium available for
reaction and the length of time before the inclusion becomes trapped
in the solidifying metal. Initially the spinel phases are preduced by
reaction with the less stable iron and manganese oxides and with
sufficient amounts of aluminium the inclusion may be fully reacted to
form purgly aluminous types, Ring like clusters of alumina particles
have often been observed in the cores of rimming steel ingots and it
is now thought that these rings constitute the undispersed products of
reactions of the type just outlined.

Aluminous inclusions can also arise from the reaction of



the excess aluminium with the refractories of the vessels containing
the steel, (61). In general, the refractory erosion products produced
early in the steelmaking process have sufficient time to be eliminated
from the melt, and it is the erosion and corrosion products from the
ladle refractories and runner assemblies that constitute the major
sources of exogenous inclusions. During teeming, erosion of the ladle
nozzle is particularly severe and modern practices use high grade
nozzie inserfs, such as zirconium silicate or magnesite, in order to
minimise the effect. The build up of large alumina aggregates in the
bore of the ladle nozzle, during the teeming of aluminium killed grain
refined steels, has been frequently cbserved (1) and is a characteristic
of all deoxidizers precipitating solid deoxidation products, (13). Apart
from the constrictive effects of such deposits, they are intermittently
dislodged and can give rise to gross internal defects in wrought
product. Similar local accumulations have been observed in uphill
teeming holloware and the problem is so acute during the continuous

casting operation that various preventative tecliniques have been

deireloped .
(ii) Calcium Aluminates

Thermodynamically calcium is one of the strongest oxide and
sulphide forming elements available to the steelmaker, and its use
.in sulphide modification has ali‘eady been reviewed, SECTION 2.1.1.
(iii). Because of its strong oxide forming potential, modification
of the refractory oxide inclusions, formed on deoxidation by aluminiu.m,
is also a practical reality. FIG.14b. The difficulties of making
calcium additions, and the measures taken to minimise these have
already been reviewed.

According to Pickering (12) small additions of the modern
calcium bearing aluminium alloys can produce purely aluminous
inclusions due to losses of calcium by surface oxidation, but moderate
additions can produce calcium aluminates containing up to 30% CaO.

As can be seen from the CaO-A1203 phase diagram, ° FIG. 7 these



inclusions are liquid at steelmaking temperatures and coalesce easily

"~ to form larger more easily eliminated inclusions. Because they

are liquid they do not form the very large aggregates formed by
alumina and the substitution of alumina clusters by softer and less

r efractory calcium rich calcium aluminates provides a method of
preventing the fornuainn of the injurious fragmentary alumina
stringers usually associated with aluminium killed steel. Several
workers have also reported improved steel cleanliness by the use of
the modern calcium-aluminium deoxidants as opposed to deoxidation by
Al alone (62 ~ 64).

Because of the difficulties associatéd with adding calcium to
steel melts, Engh and others (64) have attempted to modify the
existing aluminous inclusions by injecting lime bearing slag powder
directly into the melt. Preliminary work indicates that very low
residual oxygen levels of 5 - 10 ppm can be obtained using this
technique and that the normal inclusion population is replaced by mixed
oxysulphides with high calcium contents. The removal of sulphur by
this technique is of obvious benefit, and the association of calcium
sulphide with the calcium aluminates produced can have a significant
effect in improving the fatigue properties. |

Calcium aluminates have been observed in non-calcium
treated steels resulting from the reaction of admixed slag particles
with dissolved aluminium (16). All five types of calcium aluminate have
been observed during the steelmaking process and it has been reported
that the more aluminous types are eliminated from the melt more
rapidly than the calcium rich types (16). Pickering (7) states that
the most alumirious form, Ca0. 6A1203, has the ¥ alumina structure
and because of its high melting point forms as'clusters of irrecgular
particles akin to those formed by alumina. The less aluminous forms
are most frequently observed as components of multiphase inclusions
in which calcium sulphide is frequently observed as a peripheral

phase.



(iii) Mangano-Wustite Inclusions

‘Wustite and manganosite form a continuous series of solid
solutions which are precipitated‘fr.om oxygen rich melts by monotectic
reaction, JFIG.‘ 8. The globules can occur as either large primary
deoxidation products or more usually as a fine dispersion of liquid
globules formed interdendritically during the solidification of the
ingot. They are frequently encountered in such a form in rimming
steel ingots where their composition may vary widely, depending on
the manganese content of the melt. Because of its relatively high
melting point, 1850°C. (65), pure manganosite and the more
manganiferous oxides form as transiucent idiomorphic or dendritic
crystals (66). Although they form a continuous series of solid
solutions, Fe0-MnO globules are sometimes encountered which contain
a second phase. Pickering (7) states that in many cases these second
phases are rich in manganese, the inclusion initially being precipitated

—as a solid manganese rich oxide in the molten steel. During subsequent
" solidification wustite precipitates on the solid nucleus, the cooling rate
"being such that equilibrium is not attained. The resulting inclusions
-are apparently two phased, but are in fact non-equilibrium products.
Fischer and Fleischer (67) found that the initially precipitated globules
were rich in iron, but provided that cooling was sufficiently slow
diffusional equilibrium could be approached. Yavoiskii and Haase (68)
have shown that significént changes in the composition of mangano-
wustite inclusions can take place on reheating, equilibrium often
taking several hours at temperatures between 1000 and 1300 °c. FIG.9.
This process is analagous to that reported by Salmon - Cox and
Charles (9) in the case of manganese sulphides. Sloman and Evans
(69) have reported that some duplex manganowustite inclusions
contain manganese sulphide as the second phase.
| The other oxides of iron, Haematite (Fe203) and Magnetite
(Fe304) are seldom, if ever, found as the constituents of inclusions,
and although wustite should decompose below 560°C. FIG. 8, this
reaction has not been observed in the case of non-metallic inclusions,

although precipitation may occur at sub-microscopic levels.



(iv) Silicate Inclusions

Crystalline iron-manganese silicates are often observed in
rimming steel ingots and are produced when small fragments of
entraned scum become trapped at the advancing dendritic interface
during the rimming period (60). These silicates are iron and
manganese rich, the smali proportion of silica arising from the low
silicon content normally present in these steels. Silicon in the form
of ferrosilicon and silicomanganese, is often employed to deoxidize
melts which are to be used in the production of steels requiring
good surface finishes, manganese and silicon being employed in
combination because of their synergistic effect on the deoxidation
process (22).
| The Fe0-Mn0-5i0, system is shown in FIG,10 and contains
three binary compounds in additicn to the three component oxides.
This system contains no ternary compounds. The olivine phases

Fayalite, ZFeO.SiOZ, and Tephroite 2Mn0. Si0_, are isostructural,

- belong to the nrthorhombic system, and exhibft complete mutual
_solubility (7). When present as. a primary precipitate they have a
characteristic lath like morphology (65) but are more frequently
observed as one of the constituents of a eutectic matrix associated
with primary manganowustite dendrites. The mono-silicate phase

Rhodonite, Mn0.Si0, is only partially substituted by FeO, the

2

corresponding iron monosilicate, Grunerite Fe0.Si0_, being reported

to be unstable when pure (70) although Kiessling (65) :tates that the
phase may be stabilized by Ca0 and Mg0. Inclusions containing
Rhodonite have seldom been reported.

There have been a number of investigations on the deoxidation
of iron with silicon, (71 - 78). At low silicon levels duplex crystalline
inclusions consisting of primary rﬁanganowustite dendrites in a
eutectic matrix are produced. At higher silicon levels these pass
into the olivine region of the phase system, FIG.10, and occasional
single phased inclusions of either Fayalite - Tephroite or Rhodonite
have been observed (60, 65). At higher silicon levels the productsof
deoxidation are usually glassy and are often duplex, having

compositions lying within the liquid miscibility gap which extends



right across the ternary system.

Under certain circumstances during silicon deoxidation the
inclusions can develop a 'raspberry' morphology (71, 76, 78 - 80).
These are usually observed in rapidly chilled specimens (79) and
reduced agitation is reported to favour their formation (78). They
are reported to be a form of vitreous silica (79) and are composed of
a central inclusion surrounded by smaller satellite inclusions which
are often joined to the main body. Zapffe and Simms (76) explain
their morphology as a coalescence phenomenon, whereas Turpin and
Elliott (79) and Torsell (78) postulate a growth theory. Hillert and
Hillert (80) accept the view that these inclusions are a form of
vitreous silica and argue that the rosetie precipitates frequently
observed in siliceous slags and siliceous inclusions are of the same
type. However, these precipitates have been traditionally regarded
as Cristobalite rosettes, produced by the crystallization of silica from _
the slag or inclusion, (60, 65, 81). More recently Shiraiwa (81) has
observed the précipitatiOn of these rosettes from glassy siliceous
synthetic slags, on reheating to temperatures in the range 900 -
1400°C. At temperatures below 1470°C Cristobalite is unstable with
respect to the Tridymite modification and although Fe0 and MnO are
- known to stabilize the cristobalite form (82), it is difficult to under-
stand how this form can precipitate in preference to Tridymite at
such low temperatures.

Silica can also occur in two other crystalline forms, Quartz
and Tridymite. The tridymite modification has been reported to
occur as a lath or needle-like phase in synthetic slags and complex
inclusions of exogenous origin, whilst Quartz is usually reported as
a blocky or angular phase in similar inclusions. It is, however,
unusual to find crystalline silica as a constituent of non-metallic
inclusions, it more usually occurring in the vitreous form.

The ferrosilicon, ferromanganese and silicomanganese
deoxidants used are rarely pure and often contain one or two percent
of stronger deoxidants which cé.n play a disproportionate role in
the deoxidation reactions (1, 11, 16, 83). Morgan et al (56) found

that the siliceous inclusions produced on deoxidizing a conventionally



produced carbon-manganese steel with commercial ferrosilicon

and calcium silicide could contain as much as 40% of alumina,

due to the presence of 13 Wt % of aluminium in the deoxidants used. |
The appearance of manganese almnino-silicé.tes in nominally
'silicbn—manganese deoxidized steels is well understood in these
terms. ,
‘ | The MnO-A1203—SiO‘2 and FeO-A].203-Si02 systems are shown
in FIGS. 11 and 12. The similarity of the systems is obvious, and is

" to be expected from the chemical similarity of the manganosite and
wustite phases., The systems differ in the additional binary compound

" Rhodonite (MnO-SiCZ) present in the Mn0-Si0_ systems and the

2

ternary compound Spessartite (3Mn0.A1203. 3Si02) whose iron counter-

part Alamandine is reported not to occur in slags cooled from the
liquid phase (84). Because of the inevitable presence of manganese in
commercial steels the Mn0-Al_0,-5i0

2°3 2
when considering inclusion phase equilibria. The phases present

system is the more relevant

are summarised in TABLE 2. The binary phases Tephroite and
Rhodonite and the phases Wustite, Manganosite and Silica have been
discussed previously. The binary alumino-silicate phase Mullite
(3A1203. 28102)
reactions have occurred between iron-manganese silicates and the

has been observed in the inclusions in steels where

dissolved Aluminium (59) but is more usually observed as one of the
constituents of complex erosion silicates of exogenous origin. The

spinel phase Galaxite (MnO.AIZO 3) is a common constituent in aluminium

treated steels and Pickering (60) reports that this phase can occur
as a dendritic precipitate in the silicate inclusions presenf in rimming

steels. The iron form Hercynite (FeO.A1203) is not a common

constituent due to the usual presence of manganese. The ternary

garnet phase Spessartite (3Mn0. Al 3Si02) is only infrequently

203'
observed although Kiessling (11) states that it may be precipitated
from glassy manganese-alumino silicateson heat treatment below 1195°C.

The ternary cordierite phase (2MnO. 2A120 SSiOZ) is not reported to

. 3
occur as a constituent in non-metallic inclusions.



Many steels are deoxidized by manganese and siliCOn,
where the formation of refractory oxide clusters must be avoided
or where nitrogen must not be removed from solution. In many
cases however, the deoxidizing power of these elements is insufficient
IVtO prevent the formation of secondary inclusions upon solidification.
In order to reach lower oxygen levels and prevent the formation of
secondary inclusions, deoxidants containing calcium are used to
supplement preliminary deoxidation by silicon and maﬁganese.
However, because these alloys usually contain one or two percent
of other strong deoxidizers, such as aluminium, it is unusual to find
simple manganese calcium silicates, calcium alumino silicates ‘being
the more usual form. These inclusions are usually single phased glassy
silicates, only infrequently containing crystalline phases in spite of

the great number of compounds in the CaO-A1203—SiO system FIG.13.

2
However, crystalline phases may be precipitated on extended heat

treatments.

(v) Other Silicates

Chromium and stainless steels often contain inclusions which
contain chromium oxides, the spinel Chromite (FeO. Cr203) being
frequently observed as isolated angular idiomorphs or as skeletal
networks (7). Pickering has reported that chromite dendrites can
precipitate from silicates formed at high temperatures (85). Spinel
itself (Mg0. Al

2
refractory inclusions, when they react with dissolved aluminium.

03) is often observed as a constituent in slag or

It is also frequently observed in association with calcium aluminates
when originating from a slag source, due to reaction of admixed slag
particles with the dissolved aluminium, (11,16). Titanium and
Zirconium oxides are also found, usually in small quantities, in
eroded or corroded exogenous types. The oxides produced by the

‘rare earths have been discussed in SEC'I‘ION 2.1.1.



2.2  THE EFFECTS OF WORKING ON INC LUSION MORPHOLOGY .

During hot working,zones of shear flow are set up within the
bulk of the material being deformed. Anynon-metallic inclusions
_c0ntained within these zones are subjected to combinations of
compressive and shear stresses and tend to deform in sympathy with
the surrounding matrix. Whether these inclusions actually deform,
or whether they maintain their as cast morphology, is dependant
on a number of factors, not least of which is the strength of the
inclusion relative to that of the surrOunding matrix. Inclusions
which behave plastically at the working temperature become
elongated in the direction of working, non-plastic inclusions may
maintain their original morphology or, if the shear stresses are of
sufficient magnitude, may become fractured and disseminated along

the lines of metal flow, forming long thin fragmentary stringers.

2.2.1 The Assessment of Inclusion Deformation

There have now been a number of investigations into the
‘behaviour of non-metallic inclusions during working (86 - 114) and
a method of assessing the overall inclusion deformation has been
evolved, Since it is not possible to determine the absolute plasticity
of the inclusions in situ, at the temperature of deformation, it has
been customary to assess their deformation by comparison with
the deformation of the steel, the ratio of inclusion to matrix
deformation being termed the 'Relative plasticity', 'Relative
Deformability! or 'Plasticity Index' and is given the symbol V .
The first extensive investigation into the effects of deform-
ation on the morphology of second phase particles was reported
by Unkle (86) as early as 1936, although several earlier papers had
made reference to the behaviour of second phase particles during
deformation (87 - 90). Unkle reported the effects of cold rolling
on the morphologies of the second phase in duplex alloys belonging

to the systems Cu-Zn, Pb-Cu-Zn, Fe-Cu, Cu-Sn and Al-Si. The
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parameter used to assess the deformation of the second phase was
the ratio of the fractional reduction of the second phase to that |
of the matrix, theiinitial and final diameters of the matrix and
secbnd phase grains being determined on a statistical basis by lineal

analysis, in the short transverse direction

An
h :\7
A H

H

where
h = initial diameter of the second phase grains
A h = change in diameter of the second phase grains
H = initial matrix grain size .

A H = change in matrix grain diameter

Schiel and Schnell (91) further developed this concept of
comparing the deformation of the inclusions with that of fhe steel
sample. Cyltindrical steel samples containing oxide and sulphide
inclusions were compressed, at various temperatures, and the
aspect ratios of the elliptically deformed inclusions were determined.
The ratio of this parameter with the diameter to thickness ratio of
the deformed steel sample was used as the deformability index of

the inclusions.

v . &P
(a/b)_
where
a, = Maj.or semi-axis of the deformed inclusion
bi = Minor semi-axis of the deformed inclusion
a = Diameter of the cornprgssed sample
m Thickness of the compressed sample

Pickering (93) used a similar method for assessing the

. deformability of the inclusions in hot rolled steel bar, However in



this case the aspect ratioks of the deformed samples were calculated
from the cross sectional areas of the specimens before and after
deformation. In this case the inclusions were deformed into rotary
ellipsoids and the results obtained are not directly comparable with
‘'those obtained by Schiel and Schnell which were obtained for the case
of prolate ellipsoids,

The concept of using the ratio of inclusion to matrix
deférmatiOn as the index o1 plasticity was further developed by
Malkiewicz and Rudnik (93) who showed that the true strain of the
deformed inclusions, assuming an initial spherical morphology,
could be obtained from their aspect ratio after deformation. It can
be shown APPENDIX 1 that the true strain of the deformed inclusion
is equal to the natural logarithm of the aspect ratio, multiplied by

2/3 for the case of cylindrical strain or by 1/2 for plane strain.

€, =1log (A )P

the relative plasticity of the deformed inclusion is then simply

£ ﬁ 1oge A
€m - log, H

e

)
where
& . = Inclusion true strain
i

€ = Matrix true strain
m

P

Factor of 1/2 for plane strain

or 2/3 for cylindrical strain
A = Inclusion aspect ratio after deformation

H = Matrix reduction ratio

This method of determining the relative plasticity has been
used successfully in a number of subsequent investigations and

Pickering's results (93) can be converted into this form by taking



their logarithms. Ewven though the method is méthematically c()'rrect -
it does have one or two inherent weaknesses. Firstly the inclusions
are assumed to deform into a prolate spheroid morphology whose
aspect ratio is constant in any plane perpendicular to the plane of
E the élliptic. Although this is approximately true in the initial stages
of deformation, it does not adequately describe the situation at high
strains, wheré the inclusions become irregular in form and of
variable thickness. Secondly, the method is of a highly subjective
nature, the choice of inclusions whose éspect ratio will be measured
usually being entirely arbitary, and will normally lead to a bias
towards the larger more easily measured inclusions. Finally it
has been found that the relative. plasticity varies with inclusion size
and may be fufther c0mplicéted by a ‘varia’cion in inclusion composition
with size (94). However, provided these limitations are borne in
mind, the method provides one of the more useful tools for
investigating the effects of deformation on inclusion morphology.
Malkiwicz and Rudnik (93) tried to minimize the effects of
size variation by the use of a statistical approach to their measurements,
but in order to eliminate the subjective influence of microscopica]_.
assessment, Baker and Charles (95) utilized the advantages of
Quantitative Television Microscopy (Q. TM) in determining the
plasticity indices of sulphide inclusions. These workers showed that
the true strain of the inclusion was related to its projected length, in

the longitudinal plane, by the equation, APPENDIX 2

8i - loge Pl/Po

where
Po
Pi

The projected length per unit area before deformation -

The projected length per unit area after deformation

The derivation assumes a constant volume fraction of
inclusions and is a condition not usually met in practice. These

workers suggested that such errors could be corrected for by



multiplying the Projected Length (P L) by the ratio of the average
to observed area fractions. This is equivalent to dividing each (P, L.)
measurement by the measured area fraction.
P /A
E. = log 1/ 1
e PO/A

o
where _
Ao = The area fraction in the undd7formed sample

A = The area fraction in the deformed sample

However, this correction is only applicable to those cases
where the difference in area fraction is due entirely to differencesin
the number of inclusions. Where the difference is due to a difference
in the size distribution the suggested correction is likely to introduce
errors rather than to eliminaté them. This arises because the area of
the inclusions is a function of the square of the radius whilst the
projected length is in simple proportion to the radius.

In spite of this limitation, the concept of using the projected
length has proved very reliable in predicting the effects of inclusions
on the mechanical properties, particularly in the short, transverse
direction, and assessments of steel cleanliness based on pr'ojectéd
length measurements are found to be more useful than the older more
empirical methods (96).

In a recent review by Gladman (97) a method is outlined for
the determination of projected length which does not involve the use
of advanced electronic instruments. It is shown that the projected
inclusion length per unit area is numerically equal to the number of
inclusions per unit length, intersected by a line perpendicular to the
plane of projection. However, the method is based on the assumption
of a random distribution of uniformly sized spheres, prior to
deformation, and whether this model is a reliable approximation to
the frue situation is que stionable. Even s0, the method may prove
useful as a laboratory check for the cleanliness of steel products,
pos’sibly to supplement, or even replace, the older more subjective

assessments,



2.2.2. Factors Affecting Inclusion Behaviour

(1) The Effects of Inclusion and Matrix Strength

One of the more predominant factors governing the behaviour
of an inclusion, insidé a deforming matrix, is its strength relative to
that of the matrix. The relationship between this parameter, B, and
the relative plasticity exhibited by the inclusions has been the subject
of much investigation, both experimentally and theoretically, but its
precise influence on inclusion behaviour is only now beginning to be
understood, Results reported by various workers show different
relationships between these parameters, although the expected trend
towards decreasing relative plasticity with increasing relative
strength is generally agreed, ‘ A

Unkle (86) presentedAhis results in graphical form relating
‘the relative plasticity of the second phases to the yield strength
ratio (INCLUSION:MATRIX) FIG.15. These results indicate an
upper limiting relative plasticity of the order of 1. 6 for inclusions
of zero-relative strength. Second phases of the same strength as
the matrix were assumed to deform as the matrix deforms (V = 1)
whilst phases harder than the matrix were found to deforin less, .
phases withirelative strengths of the order of 6 exhibiting almost zero
relative plasticity. _ , n

Zeisloft and Hosford (98) deformed samples containing
cylindrical synthetic inclusions of known flow stress, by both plane
strain and uniaxial compression. The materials used in the investi-
gation were soft white metal alloys of lead, tin and antimony, their
relative plasticity being determined from their aspect ratios, after
deformation, in accordance with the equations defined by Malkiewicz
and Rudnik, (93). By plotting inclusion strain vs matrix strain
values of the relative plasticity ( € i/ 8m) were obtained for low
matrix strains, which were then plotted against the flow stress
ratio ﬁ , FIGS. 16 and 17. These workers found that as the flow
stress ratio tended towards zero, the relative plasticity tended

towards 3.0, a value of 2.9 being obtained for the case of water



inclusions in a Woods metal matrix. As the relative strengths
increased, the relative plasticity decreased, being unity when the
relative strength was unity. As the relative strength approached 2.0
the relative plasticity fell towards zero.

These results are very different from those obtained by
Unkle, which were almost of a parabolic form and showed measurable:
plasticities at much greater relative strei.gths. The significance of
this difference is discussed later.

Sundstrom (99) has extended a mathematical analysis by
McClintock (100) on the deformation of holesr, to the case of a plastic
inclusion inside a plastic plate. The analysis takes the case for the
plastic deformation of an ellipsoidal inclusion in an infinite plate
deforming by plane strain, and is based on a strain hardening model
in which both the inclusion and the matrix behave in accordance with

an equation of the form, ;
. n
..O— - O‘o 8

where

The flow stress

il

The initial flow stress

]

The true strain

2 ™l q

The work hardening exponent

The analysis assumes that the work hardening exponent is
the same for both the inclusion and matrix materials, and consequently
only approximates to the real situation. The solution obtained by

Sundstrom is

2Smh(l-n!

_ §_l.l _ (1 - n)
V— Em - ,2+(ﬁ1/n-1)

where

.Q.
n

The relative plasticity at zero strain

The inclusion true strain

m
i

™)



8 = The matrix true strain

m

n = The work hardening exponent of both the inclusion
and the matrix

P = The relative strength (flow stress ratio) of the

inclusion
This result is plotted in FIG. 18 for various values of n; the
results of Zeisloft and Hosford are included fér comparison. This
solution predicts, for materials having a low work hardening exponent
( <0.3), that inclusions having a flow stress greater than twice that of
the matrix will show little tendency to deform, whilst inclusioﬁs which
are fluid will deform little more than twice as much as the matrix.
The agreement between Sundstrom's model at low 'n' values, and
Zeisloft and Hosford's experimental results is quite marked,
Sundstrom poinfing out that the experimental results obtained at low
vaiue‘s of/ﬁ , where agreement is poorest, may in fact be too high
due to inclusion volume changes occurring during the deformation.
However, during normal hot working treatments there is little, if
any, evidence to suppose that the inclusions work harden to any
extent, let alone at the same rate as the matrix, and Sundstroms
model would be expected to fit more closely those results obtained
at lower temperatures where work hardening effects are more
significant. Unkle's results, which were obtained at temperatures
where a high degree of work hardening did occur, do in fact fit -
Sundstroms result quite closely, for values of n greater than 0.6,
Compare FIGS. 15 and 18. Although there seems to be good agreement
between the experimental data and Sundstrom's model, under
conditions where work hardening is significant, the applicability of
this model to conditions where work hardening is less significant
is open to doubt, -
-Klevebring (101) has obtained theoretical values for the
relative plasticities of manganese sulphides, directly from

Sundstrom's equation, by substitution of a hot hardness ratio in place



of the flow stress ratio . The hot hardness of the sulphide was
obtained from the published data of Mann and Van Vlack (102). The
variation of the theoretical relative plasticity with temperature
obtained by this method is shown in FIG. 19 which also shows the
experimentally determined values of Gove and Charles (103) for
comparison. The agreement between the two curves is remarkable,
although some scatter in the theoretical values should be noted., The
same author also shows a similar agreement for the variation of
the relative plasticity of manganese selenide with temperature.

It should be pointed out that the values of relative plasticity
derived from a theoretical standpoint are those values that would
be exhibited by an inclusion as it begins to deform from thespheroidal
state, Since the relative plasticity decreases as the strainA increases,
(SECTION 2. 2. 2. (iii)), care must be taken when comparing
experimentélly determined values and those values predicted ‘
theoretically., The values already quoted from Zeisloft and Hosford
- (98) and Gove and Charles (103) do, in fact, relate to zero state of
deformation and can be legitimately compared to those values
predicted from Sundstrom's modél. Those results quoted from Unkle
(86) were calculated on a different basis and should be c0mpared
qualitatively. ’

Warrick and Van Vlack (104) have studied the effects of sample
and deformation parameters on the fracture and deformation of
included non-metallic phases. The model system used, employed the
F.C.C. metals Pb, Al, Ag, Cu and brass as the matrix phase in
which NaCl type ionic solids were dispersed as the inclusion
materials, Samples were prepared by powder metallurgical
techniques, and deformation performed by extrusion at boi:h sub-zero
and elevated temperatures, The amount of deformation of the
- inclusions was assessed in rather a complex manner, necessitated
by the change in the type of deformation occurring between the surface

and centre of the extruded bar, the surface deformation approximating



to conditions of plane strain, the centre deforming under conditions
of cylindrical strain. The matrix and inclusion hardness ware
determined at the temperature of deformation using a modified micro-
hardness testing machine. The deformation of the inclusions lying
‘along the centre lines of the extruded samples was assessed by
measurement of their aspect ratios, FIG.20, and replotting these
results in terms of the inclusion true strain, a plot of inclusion
relative plasticity vs. relative hardness is obtained which can be
compared with the results of Zeisloft and Hosford (98) and Sundstrom
(99) FIG. 21. However, it must be remembered that these results
were obtained at a matrix true strain of 1.4 (75% R, A.) whilst the
other plots relate to a zero state of strain and are thus of higher
plastiéities. The general shape of the graph thus obtained conforms
to the general form of Zeisloft and Hosfords results and Sundstrom's
model (n € 0.4) and would probably lie even nearer to them if it were
possible to correct the results for zero state of deformation. The
only area showing significant deviation lies at high values of relative
hardness where a small but measurable plasticity is present at
values of /B greater than 3.0. As with previous results, the graph
passes close to the 1:1 co-ordinates.

More recently Gove and Charles (103) have reported a method
of determining the relative plasticity of inclusions based on in situ
micro-hardness determinations, of the inclusion and matrix, at the
temperature of deformation. Various model systems were also
employed to simulate the behaviour of inclusions of relative strengths,
which were not easily obtained in real inclusion systems. By plotting
the relative plasticities of these systems, at zero matrix strain,
versus the measured inclusion relative hardness, they obtained an
empirical relationship between the relative plasticity and relative

hardness of the inclusions of the form,
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where
Y = Relative plasticity at zero strain
H, = Inclusion hardness

H = Matrix hardness
m

As can be seen from FIG. 22 these results show a linear relationship
between the relative plasticity and relative hardness, for a wide
variety of inclusion systems. It has been suggested thaf the
difference between these results and Sundstrom's model may be due
to some deviation of the real system from Sundstroms assumption

of the equality of inclusion and matrix work hardening rates (105).
However, many of the plasticity values used in this work were obtained
at relatively low deformation temperatures where work hardening
effects can be expected to be more significant, and the use of a
higher work hardening exponent in Sundstrom's equation does,' in
fact, predict a more linear relationship, curves for n = 0.25 and
0.8 being included in Fig. 22 for comparison.

Gay (106) has analysed the behaviour of.spherical :.mdﬁ
eliptical particles, deformed by pure and simple shear, inside a
Newtonian fluid matrix. The particles so treated were alsc;
viscous bodies, but their relative viscosities (Particle:matrix)
were allowed to vary between wide limits. The anaiysis derives

the relationship . :
a
a i 5 Al
log, ("/D) = log, (bi ) * (zR + 3 ) log, (Az)

/b = The axial ratio of the deformed particle

]

where

ai/ bi = The axial ratio of the undeformed particle

= The relative viscosity of the particle

1
PSR
)\; = The axial ratio of the strain ellipse

Converting these parameters to the form used previously one obtains



6 . = Inclusion true strain
( ei)o = Initial inclusion strain (usually zero)
= Viscosity ratio

A
em = Matrix true strain

5
€. - 2p+3
where

V = The inclusion relative plasticity

The result is plotted' in FIG. 23 where it is compared with
Sundstrom's equation for the case of N = 0.8. Because Gay's model
was based on a non-hardening Newtonian fluid matrix the result is
unlikely to be completely valid in the case of non-metallic inclusions
in steel, particularly at lower temperatures, but the result will
serve as a useful comparison. This result indicates that inclusions
héving a very low relative viscosity should exhibit relative plasticities
in the region of 1. 7, which is rather low when compared with measured
values. As with previous analyses a relative plasticity of unity is
obtained at unit relative viscosity. At high values of relative
viscosity the result differs significantly from Zeisioft and Hosford,
and Warrick and Van Vlack's results, relative plasticities in the

region of 0.5 being obtained as a relative viscosity of 3.0. The

1) is

similarity of Gay's result and Sundstrom's equation (for n

quite marked,

Sundstrom (N =1)



In the discussion of Unkle's paper (86) Rohn suggested that

" the nature of the matrix flow around a second phase particle was

likely to be affected by the adhesion of the particle to the matrix, and
would obviously affect the behaviour of the inclusion. In those cases
wherethe adhesion of the inclusion to the surrounding matrix is less
than the cohesion of the matrix phase itself, then the shearing si:resses.
operating in the matrix will be able to break the interfacial bonds and
some degree of interface sliding will occur. At low relative strengths,
the inclusion is already trying to deform in excess of the matrix and
the interface bonding should have little effecf. In fact in reply to
Rohn's observations Unkle presented evidence to suggest that this was
indeed the case. However, at higher strength ratios the interfacial
bonding can become of primary importance since a lack of bOnding will'
lead to a reduced relative plasticity. _

A recent investigation by Ashok (107),into the effects of interface
adhesion,has .sho';;vn that this parameter can assume as great a
significance as the relative strength in controlling the behaviour of
relatively hard second phases., This worker found that unbonded
inclusions of the same phasé as the matrix (for example copper rods
inserted into holes drilled in a copper block), could in fact exhibit
relative plasticities significantly less than unity. Only when the
inclusion was strongly bonded to the matrix was a relative plasticity
of unity obtained for a relative strength of unity. In fact, Maunder
and Charles (114) had previously commented on the observation of
sulphide inclusion relative plasticities of less than unity when Chao
(133)had shown their relative hardness also to be lesé than unity. At
even greater relative strengths significant relative plasticities wére
obtained in the case of strongly bonded second phases whilst unbonded
types exhibited rigid behaviour. Ashok's results are surmmmarized
in FIG. 24 which indicates the marked difference in behaviour of
unbonded and bonded types.

If Unkle's results are replotted in terms of inclusion and matrix

true strains FIG. 25, the gradient at & m - 0 can be used to obtain

-



a more cbnventiOnal forfn of the relative plasticity vs, relative
strength relationship FIG.26. If the form of this plot is compared

to that obtained by Ashok for the strongly bonded inclusions it will

be seen that the two curves are almost identical FIG, 24. This is

not entirely unexpected since Unklé's results were also obtained for
the case of strongly bonded second phase particles. The form of
these graphs closely resemble those obtained by Gay and Sundstrom
(A > 0.6) and it is likely that these mathematical relationships do
not apply to the case of unbonded or weakly bonded second phases
where the shear stresses are not fully transferred across the
inclusion-matrix interface. |

In summary - the investigations rieported to date indicate that
an upper limiting relative plasticity is exhibited by inclusions of zero
relative strength. Estimates of this limit vary from Zeisloft and
Hosford's experimental value of 2.9 (98) down to Gay's theoretical
limit of 1. 7 (106), a value in the region of 2,0 - 2.3 being favoured
by most investigators. It is interesting to note that in Unkle's original
work (86) a semi~quantitative expression is derived which predicts an
upper limiting relative plasticity of e, (2 7) for the case of inclusions
of zero relative strength,
At higher relative strengths, the effects of interface adhesion

‘become increasingly important, the difference in behaviour of bonded
and unbonded inclusions becoming very significant. This undoubtedly
accounts for the difference between Unkle's results and Gay (106)

and Sundstrom's (99) mathematical models on the one hand and
Zeisloft and Hosford (98), Warrick and Van Vlack (104), and Gove
and Charles' (103) results on the other. In the case of strongly
bonded inclusions significant deformation can occur with relative
strengths as high as 6.0, whilst in the case of unbonded types little
or no deformation is observed with relative strengths in excess of
2.0. The discrepancy between Zeisloft and Hosford's results and
those of Gove and Charles lies mainly in the region of relative

strengths 0 - 1. 0. This may be due to void closure causing volume



changes, in the case of Zeisloft and Hosford's results, resulting
in anomalously high relative plasticities in this region of rebtive
strengths.

Since mosi non-metallic inclusions in steel are either unbonded
or only weakly bonded to the matrix the results obtained by Unkle and
the mathematical models &eveloped by Gay and Sundstrom are possibly
not representative of the situation regarding inclusions in steel, and
behaviour more in accordance with Gove‘ and Charles, and Ashok's

results is more likely.

(ii) The Effect of the Degree of Deformation

Although the initial plasticity exhibited by an inclusion might
be quite different from that of the mafrix, as it deforms the interfacial
area, ovér which the matrix shear stresses can éct, increases and
the inclusiOn should becoeme increasingly constrained to deform to the
same extent as the matrix. Logically, it would be expected that
inclusions which afe initially more piastic than the matrix should exhibit
a decreasing rate of deformation with incfeasing matrix strain, whilst
inclusions initially less plastic should show an increasing rate of
strain, ultimately both types exhibiting the same rate of strain as the
matrix. This situation is shown schematically in FIG. 27 which is
taken from the work of Smith (108) who states that véry eloﬁgate
inclusion forms will be constrained to deform at the same rate as
their surroundings irrespective of their viscosity relative to that of
the matrix.

In the real system, however, it has been found that the
relative plasticity of the inclusions invariably decreases with
increasing strain, irrespective of its initial value, and that the final
relative plasticity, at high strains, is usually much lower than unity.
(91, 92, 93, 95, 103). The reason for the difference in behaviour
between the ideal and real situations lies once more in the low work

of adhesion of the inclusion-matrix interface. In order to constrain



the inclusion to deform as the matrix deforms thé matrix has to
transfer a shear force, via the interface, onto the inclusion. Where
a strong interface exists this can be done quite easily and the
inclusion will deform as dictated by the matrix flow. In the case of
‘a weakly bonded interface, interface sliding is able to occur and the
inclusions deform with a decreasing rate as the matrix strain increases.
In fact Zeisloft and Hosfords results exhibit the effect of increasing
matrix constraint in the case of inclusions initially moré plastic than
the matrix, although those inclusions initially less plastic exhibit

more linear behaviour FIG. 16. ‘

A number of theories have been proposed to explain the observed
decrease in relative plasticity with increasing matrix strain. Pickering
(92) postulated that crystalline mangano-wustite inclusions may work

harden appreciably more than the matrix, and thus increase their

relative strength, as the deformation progressed, If it is valid then
this proposal will also explain the observed reduction in the relative
plasticity of manganese sulphides with increasing strain (95), since
these are also crystalline at hot working temperatures. Although
dislocation structures have been observed in manganeée sulphide
inclusions (109, 110) there is no evidence to suggest that these
materials work harden appreciably at normal hot working temperatures.
In fact Moore (111) found no difference in the hardness of sulphide
inclusions before and after defor mation, although it must be noted
that this worker did experience some difficulty in obtaining accurate
hardness measurements on the highly deformed sulphides. Uchiyama
and Sumita (112) have however reported that the room temperature
hardness of mangano-wustite inclusions is increased after hot working.
Pickering (92) also suggested that as the inclusions become elongated

t hey offer less impedence to the flow of the matrix around them so that
the interfacial forces causing their deformation decrease, resulting

in a reduced relative’ plasticity. This may, in fact, be a very

important feature since the elongated inclusions will certainly offer
less disturbance to the flow of the matrix during working. However,

it must be remembered that this can only apply to those cases where



the inclusions are weakly bonded so that interface sliding can take
place. In the case of strongly bonded phases the frictional constraint
at the interface will actually increase and the inclusions will behave
as dictated by the matrix. _ |
- Baker and Charles (95) suggested that the extra energy expended
in creating naw interface could be responsible for the observed reduction
in plasticity. These workers showed that in the case of manganese
sulphide inclusions, initially 7m in diameter, the work expended in
creating new interface, on rolling, amounted to less than 1% of the
energy of deformation for a x2 reduction but almost 10% for a x32
reduction. These same workers also proposed that in the case of
inclusions initially less deformable than the matrix, regioﬁs'of
frictional constraint are produced in the matrix above and below an
éIOngated inclusion. The size of these 'dead! zones, by anaiogy' with
upset forging, increases as the area of interface increases and it is
. proposed that this accounts for the observed reduction in plasticity.
The model system used to demonstrate this effect consisted of 'hard'
inclusions of different aspect ratios embedded in layers of plasticine
w hich were subsequently defofmed. Although regions of constraint
were produced in the case of the more elongate form, this was
probably due to the adherence of the plasticine to the surface of the
synthetic inclusion, thus simulating a strongly bonded inclusion. Tﬂis
shows that the mechanism proposed actually increases the shearing
forces acting on a strongly bonded inclusion and is the mechanism by
which the plasticity would approach that of the matrix, In the case ‘
of weakly bonded inclusions it is unlikely that such regions of
constraint would be formed and in fact if a plasticine model is
constructed in which the interface between the inclusion and matrix
is well lubricated, such zones are not produced FIG. 28.
Gove and Charles have proposed a model whereby the steel

matrix in the vicinity of the inclusion-metal interface becomes work



hardened to a greater extent than the bulk matrix. The inclusion
thus becomes surrounded by a shell of harder matrix material which
deforms less than the bulk and reduces the inclusions relative
plasticity. Evidence in support of this mechanism consists of a
series of microhardness measurements made around the interface of
an aritificial copper inclusion deformed in an iron matrix at 600°C.
Although increased hardness in the vicinity of the 'inclusion' is shown,
~-the increase is slight and would probably be minimal at higher rolling
temperatures. Again the effects of inclusion-matrix adhesion in
this model were not known, and greater local work hardening would
be expected to occur around inclusions strongly bonded to the matrix.
 Overall it would appear that the effect of inclusion work '
hardening is not likely to be a significant feature of the deformation
‘behaviour and localised matrix wofk hardening around the inclusions
is probably minimal at normal hot working tempem tures., The effects
of frictional constraint at the inclusion-matrix interface would be to
- make fhe inclusions behave more in sympathy with the matrix, but
this would depend on adequate bonding between the inclusion and the
matrix. More usually inclusions are unbonded or only weakly bonded
and the effects of frictional constraint are eliminated by interface
sliding. The reduction in plasticity with increasing strain is most
probably due to the decreasing disturbance, caused by the inclusion,
to the metal flow as the inclusion becomes thinner, although the |
effect of energy absorption, due to interface creation, is likely to

.have an increasing effect at higher strains.

(iii)  Other Factors

Temperature

The temperature of deformation is probably the single most
important parameter controlling the behaviour of included phases. |
The flow stress of both the matrix and the inclusion materials are

very dependent on the working femperature and depending on how



these values change with respect to each other with changing
temperature, the relative plasticity will be affected accordingly. The
effect oflworking temperature on the behaviour of the various inclusicn

phases is discussed in SECTION 2. 4.
Inclusion Size

Pickering (92), Malkiewics and Rudnik (93), and Uchiyama and
Sumita (112) have all reported that larger inclusions tend to display
greater plasticities than do smaller inclusions. AAlthoug-h little
systemé.tic work on the effect of inclusion size has been reported,
there is a consensus of opinion that small inclusions exhibit lower
relative plasticities (103, 105, 113). More recent evidencé (94) indicatés
that the relationship between inclusion size and relative plasticity may
not be so simple, and may be further complicated by a systematic
variation in inclusion composition with the size.

Baker and Charles have suggested that the greater surface to
volume ratio of the smaller inclusions may be the cause of their

‘reduced plasticities.
Inclusion Constitution

. Inclusion constitution can often be of paramount importance in
determining the behaviour of an inclusion during hot working.. Multi-
phase crystalline silicates often become fragmented on working at
low temperatures (92, 113,114) becoming disseminated into long .
fragmentary stringers. In such cases fracture often occurs by .the
decohesion of the interfaces of the component phases, although trans-
granular fracture also frequently occurs, (92). In some glassy
silicate inclusions, hard internal precipitates may be formed and at
“high working temperatures the plastic silicate may be completely
sti‘ipped from the precipitate, producing long tail-like discontinuities
extending into the surrounding matrix (92, 95, 114). Alternatively,
where finer more numerous precipitates are formed, they may acf
as mechanical supports and leé.d to a reduced plasticity, (92, 114).

In some cases a highly siliceous glassy phase may be formed, due to



- the composition lying within a liquid misciability gap in the phase
system; where the siliceous phase is precipitated as an envelope

around the inclusion-matrix interface, the inclusion will be rendered
non-plastic to much higher temperatures, unless the rim should become
fractured, (141, 142). A similar situation arises when a silicate rim
surrounds a sulphide inclusion (95). At low temperatures, where the
sulphide has its greatest relative plasticity SECTION 2.4.1, the

silicate rim acts as a mechanical support and prevents the inclusion de-
forming. At high temperatures however, the silicate softens, SECTION
2.4.2, and is stripped from the more rigid sulphide, forming the

long tail-like discontinuities previously mentioned.
Strain Rate

Although the flow stress of steel is known to be very sensitive
to the strain rate, at hot working temperatures (115) the effects of
this parameter on the behaviour of non-metallic inclusions during
hot working, has largely been ignored. It is tc be expected that -
increasing the strain rate, which increases the flow stress of the
matrix, will give increased values of relative plasticity, due to a
reduction in the value of the flow stress ratio . However, should
the inclusién have a greater strain rate sensitivity than the matrix,
the relative plasticity may in fact be reduced at the higher strain
rates, although this would depend on the rate of strain of the
inclusion itself rather than that of the bulk sample. Overall the effects

of strain rate are likely to be complex and are at present unresearched,
Hydrostatic Pressure

The importance of hydrostatic pressure in rendering apparently
brittle substances plastic has been known for many years. Schiel and
Schnell (91) referred to the unexpected plasticity of manganese sulphide
inclusions, a substance which is usually quite brittle when isolated from
its piastic matrix, The reason for this plasticity is undoubtedly the
hydrostatic compression to which the sulphide is subjected during

rolling. Although the effects of hydrostatic'pressure on the behaviour



of inclusionshas not been extensively discussed in the literature,

it can be expected to have an effect on inclusion plasticity, and
factors such as specimen thickness, rate of deformation, rolling load
and roll diameter, all of which affect the magnitude of the hydrestatic
.pressure, can also be expected to affect the relative plasticity

exhibited by the inclusions.

Matrix Composition

Since the flow stress of a steel is a function of its composition,
inclusions of the same composition and“size can be expected to behave
differently when present in steels of different compositions. Although
this fact is quite obvious, it is frequently overlooked when the results

of different workers are being compared.

2.2.3 Rigid Inclusions and the Formation of Interface Discontinuities

During the hot working of steel it is now well established that
matrix discontinuities, in the form of small conical voids, are often
produced in associatiOnk with the interface of the more rigid types of
non-metallic inclusions.

Rudnik (116) has investigated the formation of these dis-
continuities and concludes that they are a feature of the deformaiion
of inclusions having relative plasticities ofless than 0.5. Although
this worker reports the presence of other defecis, such as hot tears
and cracks, in association with the voids, these are not unambiguously
identified and may well have been a feature of the polishing technique
used in preparing the microsections. A possible mechanism for the
formation of these voids is also presented. It is suggested that the
magnitude of the shearing forces generated at the inclusion~metal
interface are sufficient to break the inclusion -metal bOndé, causing

~surface flow of the inclusion and giving rise to a fishtailing effect
with an associated conical void, FIG. 29.

Because of its significance to the process of ductile rupture,

the formation of voids at second phase particles has received much

attention. The stress at which voids are initiated has been shown by



Brown and Embury (117) to be very dependent on the strength of
the particle-matrix bond, and Fishmeister, Easterling and Navara
(118, 119, 120) have shown that minor quantities of alloying elements
can affect the initiation of voids by affecting the work of adhesion of
the second phase particles. Sundstrom (121) has shown that the
critical stress for void nucleation, at constant work of adhesion,
decreases as the particle size increases thus favouring void initiation
at the larger less well bonded inclusions. This worker's results
indicate thét in the case of very weakly bonded particles, such as
non-metallic inclusions, small changes in the work of é.dhesi_on, such
as might be obtained by small changes in alloy coantent, can éignificantly
affect the void forming potentié]. For the case of the more strongly
bonded phases, significantly greater changes in bond strength are
required to cause a similar change in the void forming potential, FIG. 30.
Klevebring (122) has reported the existgnce of a critical defect
size below which voids are not nucleated, although it must be remembered
_ that this size is not constant and is lowered by an increased stress or
by decreasing the work of adhesion of the interface. Thé observation
of a decreasing critical size with increasing matrix strain may well
be a consequence of the increased stress level producéd in the thinner
specimen, although this theory does in fact predict a dependency, of
the critical inclusion size, on the matrix strain. More recently
Klevebring (123) has reported that the critical inclusion size reaches
a minimum value at matrix strains in the region of 0.5 - 0.8, above
which the critical size again increases. It is also reported that the
critical size for manganowustite inclusions (~ 4um ) is about twice
that of glassy silicate inclusions (~ 2um), the difference being
reported to be due to the difference in the work of adhesion of the
two types of inclusion. On the basis of his results Klevebring states
that the ratio of the works of adhesion of Silicate-Fe and (FeMn)O-Fe
is 2 to 3. The temperature of deformation is reported to have only
a small effect on the critical inclusion size (122), although a

significant difference between the behaviour in the austenite and



ferrite regions is exhibited, the critical inclusion size in the
austenite region being somewhat larger than in the ferrite region.
This may well be an effect due to a small change in the work of
adhesion of the inclusions as predicted by Sundstrom (121).

The formation of conical voids during working leads to a
decrease in the density of the steel, and provides an indirect method
of observing void formation. Gove and Charles (103) have reported
on éﬁch a method used to follow the course of void formation during
-the hot rolling process. These workers showed that during the early
stages of deformation the density of the steel decreased quite markedly
FIG. 31 but eventually reached a minimum value after which the density
began to increase. The initial decrease in density was shown to be
due to the formation of conical voids which, according to these workers,
grew to approximately one sixth of the volume of their associated
inclusions. No explanation for the increase in density at the higher
strains is given but is presumably due to the closing up of voids
produced in the early stages of deformation. At these higher reductions
a greater hydrostatic pressure is produced wit‘hin the strip and Austen
and Avitzur (124) and Thomason (125) have shown that this can inhibit
the formation of conical voids, and will thus tend to clc;se up those
voids produced at an earlier stage in the deformation, The inflection
in the plot of density vs matrix strain, at low strains FIG.3{, is
stated to indicate the closing of pre-existing voids. However, since
Klevebring has already shown that the critical inclusion size for void
formation is large, at these low matrix strains (123), the inflection
---may more simply be explained by the absence of void initiation due
to the absence of inclusions of the appropriate size. Void initiation
only occurs when a strain is reached where the critical size approaches
that of the mean inclusion diameter present in the steel. At higher
strains the critical size again increases, voids are no longer produced,
and the increased hydrostatic pressure begins to close up the voids
already formed. It is interesting to note that the matrix strain at
which the minimum density is reached is also the strain ét which

Klevebring predicts the minimum critical inclusion diameter.



A number of investigations have produced dislocation theories
which predict the formation of voids at second phase particles (126 -
132) but the majority of these are concerned with the behaviour of
dispersion strengthened alloys, deformed at room tempereture, and
are not really applicable fo the high temperature deformation of

materials in which cross slip is a significant feature.

2.2.4 The Deformation Behaviour of the More Common Inclusion Types

(i) The Behaviour of Manganese Sulphides _

| Manganese sulphide, in common with Mg0 and other NaCl-type
structures can exhibit considerable plastic deformation when embedded
within a ductile metal matrix. The hardness of the sulphide with
respect to the matrix is the most significant feature controlling this
behaviour, and Chao et al (133) have reported the effect of temperature
on the hardness of polycrystalline and single crystal manganese
sulphides. These forms are reported to exhibit no significant
difference in behaviour FIG. 32, although both exhibit a slower rate of
decrease in hardness, with respect to temperature, than do various
types of plain carbon steel FIG.33. The manganese sulphides present
in ste.els are rarely pure, SECTION 1L.1.1, and these workers also
investigated the effect of temperature on the hot hardness of various
FeS-MnS compositions, The FeS-MnS system is shown in FIG. 4 frOm
which it can be seen that manganese sulphide can contain up to 72% FeS .
in solid solution at 1181 OG. This solubility is however, much reduced
on cooling and precipitation of FeS occurs. The hardness of the
FeS5-MnS solid SOluthnS were found to be slightly greater than for
MnS itself, and is not entirely unexpected since the d1fference in ionic
size between Fe' & and Mn' " is in the region of 9%. However, the
hardness of those Sulphi'des which contained precipitated FeS were
found to be considerably greater than that of pure MnS. FeS has the
NiAs hexagonal lattice type and it is pos.si.ble that the precipitates

produced are initially coherent and produce coherency hardening of



the sulphides. Recent evidence would seem to support this view,
coherenc‘y iringes having been observed on H,V.E.M. examination

of extracted type I manganese sulphides (109). Although precipitation
hardening may be a reality at lower temperatures it is unlikely to

‘be effective at normal hot working temperatures where strengthening
is more probably due to solid solution effects. The effect of MnO on
the sulphide hardness was found to be minimal at temperatui‘es below
800°C, although its effect may be more significant at higher |
temperatures. The lack of strengthening by MnO was thought to be
due to its low solubility in MnS, resulting in it forming grain
boundary precipité.tes within the sulphide, which were reported to
render the sulphide brittle, The same authors have also studied the
effects of working on the deformation and fracture of oriented single
crystal manganese sulphides (134, 135). It was found that the manganese
sulphides deformed plastically at normal hot working temperatures,
but on cold working exhibited considerabie fracturing which was
influenced markedly by the orientation of the sulphide.

Schiel and Schnell (91) referred to the deformation of manganese
sulphides in their investigation of the deformation of slag inclusions.
They reported that the deformability of the sulphides (probably type I)
was practically independent of the forging temperature over the
range -80 to 1250°C. Dahl (4) however , found that the relative plasticity
of the sulphides decreased as the rolling temperature increased, and
also showed that the behaviour of the sulphides differed from one type
to another. He reports that type I sulphides are deformed to a lesser
degree than type III sulphides, although both types were feported to
exhibit decreasing deformation with increasing rolling temperature.
The behaviour of the type II sulphides was not so well deﬁned due to
the formation of long inclusion stringers, by the joining of neighbouring
particles, as a result of their vermiform nﬁorphology.

Dahl's findings are quite consistant with Chao's hardness
data (133), and subsequent investigations (95, 114) have confirmed

these findings. One possible explanation for Schiel & Schnell's



erroneous conclusion may have been the limited deformation to which
their specimens were subjected.

Maunder and Charles (114) found that the relative plasticity
of the sulphides in a commercial 3% ton, 0.2% C killed steel ingot,
decreased with increasing rolling temperature, although these results
may be complicated by the presence of more than one type of sulphide
in the ingot (9). Baker and Charles (95) have reported an extensive
investigation into the effects of deformation on types I aﬁd IIT manganese
sulphides. It is shown that type I deform to a lesser extent than the
matrix during hot rolling, the relative plasticity decreasing as the
rolling temperature increased. The deformability of the type III
sulphides was found to be somewhat greater, and was equal to that
of the steel matrix at 800°C, although this again decreased with
increasing rolling temperature. Gove and Charles (103) have also
reported on the behaviour of type I sulphides on rolling, although in
this case their relative plasticities at lower working temperatures were
- reported, | |

The results reportvevd by these workers are summarised in
FIG.34. The results of Maunder and Charles, and of Baker and
Charles, in the case of type I sulphides, show the same overall general
trend, although the latter's results lie at somewhat lower values. This
is surprising in view of the fact that Maunder's results were taken at
a matrix strain of 2.1 (88% reduction) and would be expected -to have
lower values than measﬁrements extrapolated to the case of zero
matrix .strain, as in the case of Baker's results. This may, however,
be due to the use of Quantitative television microscopy in determining
the relative plasticity, in the case of Baker's results, which will
include the behaviour of very small inclusions exhibiting much lower
plasticities than the larger types. It must be noted, however, that
Maunder and Charles reported that the overall reduction of the
specimens did not significantly affect the relative plasticity and that
the effect of inclusion size was negligible. Gove and Charles'
results lie well above those of Baker and Charles, and exhibit values

more in line with those that would be expected, at zero strain, on the



basis of Maunder's findings. Baker's results, for the case of the type
I sulphides have not been corroborated, but it is likely that these too
are lower than would be obtained by optical determination, for the

same reasons; although the smaller size of the type III sulphides may
reduce the difference. v

The effects of deformation on type II sulphides has also been

reported by Baker and Charles (136). Because of its morphology, it

is not possible to determine the relative plasticity of this sulphide

type, in the manner used for globular forms, and the assessment is
largely qualitative. These workers found that the as cast sulphide

rods were flattened during deformation, but more importantly that the.
whole of the sulphide colony became rotated into the rolling plane,

and markedly reduced the fhrough thickness properties of the rolled
material, It was found, however, that a short reheating to a temperature
in the region of 1200°C would begin to spherodise the deformed sulphide
rods and could refurbish the as cast mechanical properties, Subsequent
investigations (137 - 139) have shown that such heat treatments not only
spherodise the eIOngated sulphides, but also pr‘oduce particle coarsening
effects, both of which serve to increase the strength andAtoughness
properties and reduce the anisotropy rétiO. |

There is now sufficient evidence in the literature to conclude

that the relative plasticity of manganese sulphides increase from type 1
to type III, that of type II being less well defined but possibly either
intermediate to i:ypes Iand III or similar to type III. The reason for

the decrease in plasticity is thought to be due to the higher 0xygen
content of the type I sulphides giving increased high temperé’cure hardness.’
However, since it is not possible to determine the oxygen content of

the manganese sulphides directly by Electron probe micrdanalysis, due
to the masking of OKe¢ lines by MnL«x , this postulate is circumstantial,
being based on the higher oxygen content of the steels in which type I
sulphides are formed. Unfortunately, the FeS content of the sulphides
on which the relative plasticity is assessed, is only rarely quoted

.in the literature, even though, in view of Chao's results (133), this

also will have an effect on their plasticity. The FeS content of type I
sulphides is likely to be higher than that of types II or III, due to



the effect of the oxygen content, although extended heat treatments
may reduce the FeS level and may subsequently affect the relative
plasticity. The effect of FeS on the solubility of Mn0 in MnS is not
well known, but if it should increase the sclubility, the combined
solid solution hardening effects of FeS and Mn0 may explain the
.decreased plasticity of type I. The effects of FeS and Mn0 on sulphide
plasticity are currently unknown and these effects are now under

separate investigation (140).

(ii) The Behaviour of Other Sulphides

The solid solution strengthening effects of elements other
than iron in manganese sulphide, at high temperatures, have not been
investigated. Although Kiessling (11) FIG. 35 gives data for the hardness
of MnS containing various amounts of the transition elements from the
first long period, these results were obtained at room temperature on
-quenched specimens and may have little significance to their high
temperature effects., Chao did report hot hardness results for manganese
sulphide containing 1% CaS in solid solutioa (133) F IG. 32 which showed
that the hot hardness up to 800°C was greater than that of pure MnS.
However, at higher temperatures the hardness appeared to decrease
rapidly and the hardening effect became unclear. It is likely that
greater strengthening, leading to much reduced plasticity, can be
achieved by larger amounts of CaS in solution, the solid solution limit
being around 12%. Calcium sulphide itself, having a melting point in
excess of 2500°C (11) is likely to be non-plastic at working temperatures,
as evidenced by the lack of mechanical anisotropy in calcium modified
steels.

There has been no s’ystématic investigation of the effects of
rare earth treatments on the deformability of the sulphides, reported
in the literature. The occurrence of both undeformed and elongated
inclusions, often in the same microstructure, in rare earth treated
steels is thought to be due to variable or incomplete modification of
the sulphide population, but it has also been suggested that this may
be due to the presence of sulphide and oxysulphide phases of different

relative plasticities (35). There is, however, evidence to show that in



such cases the more elongated types are richer in manganese, and
that in general the su.lphidves are more plastic than the oxysulphides
(31). More recently Banks and éladman (18)- have obtained evidence
indicating that complete modification by R.E. treatment produces
sulphides and oxysulphides which exhibit little or no deformation on
working.

The effects of titanium and zirconium on sulphide plasticity
are also ill defined, although Banks and Gladman (18) did report that
the behaviour of manganese sulphide itself is relatively unaffected
by the small amount of titanium able to-dissolve and that sufficient
titanium must be added to ensure that the MnS is completely replaced
by the non-plastic Y phase (Ti(CN)S) in order to obtain the benefits of
Titanium modification. The effects of zirconium on the plasticity of
MnS has not been quantified, although its effect in reducing the
mechanical anisotropy in wrought products is well knéwn (19). The
appearance of the carbo-sulphide phase Zr 4C 2S 5 at higher zirconium

levels, as a eutectic or grain boundary precipitate, results in a marked

increase in the anisotropy ratio of the wrought steel. Pollard (39)
observed that although the carbo-sulphide phase itseif was non-plastic,
the eutectic or grain boundary precipitate colonies rotate during |
deformation and become aligned in the rolling plane, in much the same
way that type II sulphide colonies rotate (136) and give similarly

deleterious effects on the mechanical properties.,

(iii) The Behaviour of Silicate Inclusions

In steels silicate inclusions may occur as either spherical
glassy particles, which frequently éOntain precipitated crystalline .
phases or second glassy phases, or they niay be complex crystalline
inclusions containing a number of different phases. Whatever their
form all silicate inclusions exhibit similar behaviour with respect to
working temperature. Pickering (92) found that siliceous inclusions
behave either rigidly, in the case of spherical glassy silicates, or in

a brittle manner in the case of crystalline duplex silicates, on working



at lower hot working temperatures, but that both types exhibited a
rapid transition from rigid to plastic (fluid) behaviour, over a
narrow temperature range, at higher working temperatures.
Subsequent investigations (114, 141, 142) have confirmed these findings,
4a1though it is now recognised that the temperature of transition from
rigid to fluid behaviour is a characteristic of the inclusicn composition
(141). Kiessling (113) has attempted to relate the transition temperature
to the variation in oxide content FIG. 36. Such a simple relationship
is, however, unlikely in view of the variation in the effects of
composition on solidus and liquidus temperatures, although the relation-
ship may be more straightforward in the case of glassy inclusions.
It has been established, however, that the transition temperature does
increase with increasing silica content, its value being in excess of
1300°C, (113, 142), in the case of highly siliceous types, ( > 95% 5i0,).
. “The principal factors on which the transition temperature

depend are not well established although Ekerot, (141), has developed
a theory to explain this transition in terms of the inclusion viscosity,
in the case of glassy siliceous inclusions. In such cases the inclusion
stress~strain relationship is postulated to obey Newtonian' flow, and is
described by the equation :-

o =€
-where

0 = The apparent flow stress

E

4Assuming that the transition from rigid or brittle behaviour

The viscosity

The strain rate

occurs when the matrix and inclusion flow stresses are equal, then
accérding to this author‘, for a typical strain rate of 200 s-l- and a

matrix flow stress of 15 Kp. — (1.5 MN.m_z), the inclusion and
matrix flow strengths are equal when the viscosity of the inclusion

is 107 5 poise, (3.16 MN.s. m-z). Although the glass softening



temperature is defined in the literature as the temperature'at which
the viscosity falls to 107' 6 poise, (5.75 MN. s.m-z), and would seem
to correspond to the concept of a transition in behaviour, the
derivation of the critical viscosity is incorrect. Subétituting the
values given for the strain rate and steel flow stress in the above
equation, yields a value of 0,75 x 104 N. s.m-2 (v 104' 9 poise), for
the critical viscosity, and not the value claimed by the author.
Additionally the form of the equation used is not mathematically
correct. In the case of Newtonian flow, the relationship between the

apparent flow stress and the viscosity, is of the form:-

dv
I r&

where

~

The shear yield strength

The velocity gradient acting across the
inclusion '

- The equaﬁon used in the calculation above uses the strain rate (é )
in place of the velocity gradient and the yield strength (O ) in place
of the shear yield strength. The equation is thus not mathematically
correct: it can be shown for the case of simple shear, that the strain

rate, ( é ) is related to the velocity gradient by the equation:-

dv. _ - 1
dx-zECoshE

where
]

€
&

and this gives the stress~strain relationship of the form :

The strain rate

The true strain

T = 2/4(, € Cosh €
However, fdr zero strain, i.e. the initial deformation, Cosh E =1

and the equation becomes :

¢= Z/xé

The yield strength is related to the shear strength by the equation :

o=27



and the stress~strain relationship becomes

O=4 /Lé
Even using this corrected form of the equation, substitution of Ekerot's
values for (O ) and ( é ) gives a vaiue for the critical viscosity of
only ~ 0.2 x 107 N.s.m™ 2, (105> poise). The value of 15 Kp. cm" 2,
(1. 5 MN. m-z), quoted as the flow stress of steel during hot working is
obviously incorrect, a value of 103 Kp. cm-z, (100 MN.m-z), being
more realistic, (115). Substitution of this value, at a strain rate of
200 s-l, into the corrected equation gives a value of 0.5 MN. s.m..-2
(106° 7 poise), for the critical viscosity, and corresponds to a
temperature somewhat abové the glaés softening point, It will be
seen in SECTION 4. 4.1 that a more rigorous derivation of this
relationship in fact leads to values of critical viscosity in the region
of the glass softening point.
~Ekerot (141, 142) has reported the rigid-plastic transition

behaviour of silicate inclusions over a wide composition range, and
Shiraiwa (81) has reported the softening temperatures of both
crystalline and glassy silicates of similar compositions, as measured
by high temperature hardness tests on synthetic slags». If the observed
transition temperatures are compared with the measured glass softening
. temperatures, TABLE 3, it will be seen that the inclusions apparently
transform from rigid to plastic behaviour at temperatures 100 - 300°C
above the measured softening temperature.

| In the case of crystalline silicates, Shiraiwa shows that their
softening temperatures lie some 100 - 200°C above the corresponding
glass softening temperature FIG, 37 and it is to be expected that the
rigid-plastic transition for crystalline silicate inclusions will occur
at a' correspondingly increased temperature. From these findings it
would appear that in the case of crystalline silicate inclusions the
critical temperature for the rigid-plastic transition will correspond
to the solidus temperature of the silicate concerned, whilst the
critical temperature for the corresponding glassy silicate may be
some 100 - 300°C lower,

At higher temperatures the behaviour of the inclusions is less



well defined. Pickering (92) found the relative plasticity to be
unchanged at temperatures above the traasition, whilst Ekerot (141)
reports fhat the relative plasticity may increase, decrease Or even
remain unchanged as the deformation temperature is increased
further. In view of the fact that the inclusion viscosity and steel flow
strength are unlikely to alter in such a way that their relative strength
remains unaltered, some change in relative plasticity is to be expected.
Because of the relationship between the apparent flow stress
and the strain rate, for these fluid inclusions, their behaviour is
likely to be very sensitive to the effects of the strain rate,SECTION
2.2.3., This parameter will not only affect the value of the relative
plasticity exhibited, but will also affect the transition temperature.
It must also be remembered that Ekeroi's results (141, 142) were
obtained from samples reduced 50% by plane strain and that values of
rel‘ative plasticity at this reduction will necessarily be diffeljent
from values obtained at other reductions. Unfortunately it is not
-possible to extrapolate these results to the case of zero strain, in
order to obtain a value of maximum relative plasticity, but since values
as high as 2.2 are reported at this reduction, it is not unlikely that
values in the region of 2.5 = 3,0 would be obtained for the relative
plasticity at zero strain. These values are greater than those obtained
by Gove and Charles (103) and those predicted by Gay (106) and Sundstrom
(99) and are more in line with those predicted by Unkle (86).

(iv) The Behaviour of Other Phases

Manganowustite Inclusions
The behaviour of iron manganese oxides on hot working is
~ not well defined, reports by Pickering (92) and Uchiyama and Sumita
(112) being the only references in the literaiure containing results
specific to manganowustite types.

Pickering reports that the relative plasticity of wustite

inclusions decreases with increase in rolling temperature, FIG. 38
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