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SUMMARY

The deoxidation of: steel at 1600°C, was achieved
by the use of Mn-Si-Al alloys. Steels containing
silicate inclusions of various compositions were
deformed by rolling, and the deformation of these
inclusions was studied with reference to various
- parameters.

Electron-probe micro analysis revealed that the
'as cast' inclusion compositions varied with respect
to inclusion size.

The 'Relative Plasticity indices' of deformed
inclusions haw been measured and related to inclusion
size, composition, matrix strain and the temperature
of deformation. In addition attention has been
focussed upon the measurement of 'relative plasticity!
values obtained from other orthogonal planes.

It was shown that inclusions less than approximately
2 pm in diameter did not deform under any of the imposed
deformation conditions. The size of deformed inclusions
was represented by the use of the square root of the
product of their major and minor axes.

Inclusions rolled at the lower temperatures hehaved
in a 'brittle' or 'rigid' manner. There was a rapid
transition from brittle to deformable behaviour over a
narrow temperature range. This transition temperature
was often shown to be well below any solidus/liquidus
temperature encountered - within the oxide system under
study.

It was found that the value of 'relative plasticity
index' was lowered as the degree of matrix deformation
was increased. sn explanation in part has been proposed
on the basis of a change in strain rate during a multi-
pass rolling programme.

The variation in plasticity index values measured
on the various orthogonal planes has been attributed
to non-plane strain deformation, Equations have been
derived to relate measurements to the plane strain
condition,

(INCLUSIONS : DEFORMATION : PLASTICITY-INDEX : SIZE
COMPOSITION),
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] .54 ] Introduction.

Commercially produced steels contain non-metallic
inclusions, and unless expensive techniques are used to
remove these inclusions steels should be regarded as
composite materials containin: low volume fractions of
non-metallics. The presence of these inclusions may, or
may not affect the applications to which the steels are
put into service.

The types of inclusion produced by steelmaking
processaes and the behaviour of these inclusions during
processing are controlled by the type of deoxidation
process employed. Excluding exogenous and re-oxidation
products the main groups of inclusions encountered are
the oxides and sulphides which result directly from the
steelmaking practice.

During hot working processes, imclusions present
within the steel may remain rigid, crack, shatter and
disperse in a brittle manner, or deform with plastic
or fluid characteristics,

If inclusions do not deform microcracks may form
at the inclusion/matrix interface. This type of defect
may have serious consequences if the steel is in a
fatigue situation in service. Non-deformable inclusions
may elso have delgterious effects in the steel strip
industries wihzre they may cuause surface blemishes, or

act as preferential corrosion sites. Inclusions which

are brittle during proces sing may again form internal

crack defects, and it is well known that this type of



defect causes problems within the wire drawing and
tube making industries.

Inclusions which deform in a fluid manner form
large planar defects in hot rolled strip, and may lead
to serious defects when strip steel is welded i.e.
lamellar defects. Deformable inclusions almost
certainly produce some degree of mechanical anisotropy
in the final product, although internal microcracks
may be avoided,

4 knowledge of the behaviour of the type of -
inclusion present may enable the harmful . aspects of
inclusions present %to be overcome to come acceptable
degree.

In general it has been established that non-
metallic inclusions influence such mechanical properties
as, fatigve impact and fracture toughness, and a large
amount of work has been aimed at assessing these effects.
However, a knowledge of how to process steels containing
different types of inclusions may alleviate some of the

problems they cause at present.

e Present work,

From the previous section, it is clear that an
understanding of the ways in which inclusion phases
deform during brocessing may enatle inclusion types

to be tailored to processing needs, and reduce hurm-

ful effects in certain areas of steels application.

There have been numerous investigations into



the origins and formation of non-metallic inclusions,
and their effect upon mechanical properties in the
cast and processed material. However, until recently
less attention had been paid to che more specific
aspects of inclusion deformation and the factors
governirg the deformation process.

The. aim of the present work was to investigate
the deformation characteristics of inclusions result-
ing from Mn - Si and Mn - 81 - Al deoxidation. In
addition specific fields of study were to provide
information on the variation of 'inclusion relative
. Plasticity' with respect to the following parameters

(i) Inclusion composition

(ii) Inclusion size

(131} Temperature of deformation

(iv) Degree of matrix strain

During the course of investigation further
information concerning the non-homogeneous deformation
of the steel mgtrix was established. In addition the
value of relative plasticity measured on the other
orthogonal planes was sﬁudied.

It bad initially been intended that mechanical
testing of the final product be incorporated into the
work, and related to the various parameters studied.

This unfortunately was not accomplished in the time
avallable.



LITERATURE REVIEW

Sala Deoxidation

Steelmaking processes involve the removal of large
quantities of dissolved impurities from the melt. The
majority of these impprities are removed by oxidation
reactions promocted by the use of oxidising slags or
gases. a8 the concentration of oxidissble impurities
1s reduced there is an increase in the activity cf
oxygen in the melt and a large quantity of oxygen is
present in solution. The oxygen solubility in the
liquid steel is dependent upon temperature and residual
elements present after the oxidation period is éompleted.

The variation in oxygen solubility with tempersture
has been studied quantitatively (.2.3.) and solubility dzta
for the Fe-0 system is summarised in figure 2.1 . %
Oxygen solubility at 1600°C. is approximately 0.23 wh
( 4) and at the monotectic temperature of 1330°C.,

- 0.16%wt. (5. 6.7) . However, the soluhility of oxygen in
iquid steel is alweys lower than in pure iron-oxygen
melts, but is ususlly of the order 0.1%wt, ( s8) although
the actual value is dependent mainl& upon the carbon
cortent of the liquid steel. Oxygen solubility in the
solid state 1s very much lower, than in the ligquid, and
solubility measurements have produced diverse results
in the range 0.003-0.CC9wt% as detailed by Lindon ( 2 ).

If a steel melt was to be cast without deoxidation
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treatment a carbon-oxygen reaction would take place
during the cooling and solidification of an ingot.
The ensuing carbon monoxide effervescence would result
in a highly porous steel. Control of the carbon-oxygen
reaction in the production of rimming steels enables low
rcarbon ingots to be produced where the rimming action
compensates for volume contraction during solidification.
The oxygen reqﬁired for 'a controlled riwuming action is
relatively high and residual oxygen reacts with the
residual - manganese and silicon present to form
non-metallic iqqlusions. 4 large proportion of these
inclusions become trapped in the ingot. 'KieSSIing (10.)
has suggested thut one tonne of carbon steel contains
‘appr-oximatel‘y_1012—-1013 oxide inclusions, 80-90% of all
inclusions resulting from deoxidastion directly (11.),
By controlling the amount of dissolved oxygen present
by deoxidation practice end solidification techniques
rimming, balanced, semi-killed and capped steels may
be produced.

The extensive segregafion of impurities in rimming
"steels howeVer, limits their use in many engineering
applications. High quality steels requiring uniformify
of properties and composition are required to be fully
deoxidised (i.e. fully killed). This reduces the °
activity of oxygen to a level less than that required
for carbon monoxide evolution,

The removal of dissolved oxygen by the use of the
carbon-oxygen reaction has the advantage of excluding

golid oxide precipitates within the liquid steel, an



advantage utilised in various vacuum degassing ftechniques.
ouch techniques are not widely used because of economic
flactors, and there is the likelihood of iniwducing exogenous
inclusions into the metal due to the reduction of

refactory linings under vacuum conditions ( 12.).

2elolke Deoxidation processes,

Commercial deoxidation processes are aimed at
reducing the oxygen activity by the cuntrolled addition
of elements having a high affinity for oxygen, and which
are soluble in the steel. It is usual to prevent the
formation of iron oxide as & product of deoxidation,
since the presence of FeO leads to hot shortness during
subsenuent mechanical processing. It is essential
therefore to choose a deoxidant whose oxide is thermo-
dynamically moré steble than iron oxide (figure 2.12 ).
Deoxidation nractice in the steelmaking industry is very
varied, and is depeﬁdent upon the Type and requirements
of the steel to be produced. It is however, usuval to
split the deoxidation treatment into three parts.

Initially the weaker deoxideants such as ferro-
manganese are added to the steel bath nrior to and
during tapping. OStronger deoxidants such zs ferro-
silicon and ferroaluminium are added during the tapping
process. .Finally aluminium (when required is added %o
the ingot mould in top poured ingots, or to the trumpet
in the case of bottom poured ingots.

Variations to this basic theme include the use of
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silicomanganese and calcium silicide additions. Other
deoxidants such as titanium are used for specific
qualities of steel, and modifying agents such as
'mischmetal' are used as required for sulphide shape

control.

el gty Inclusion classifications.

Inclusions which form as a result of a deoxidation
reaction may be split into two categories, namely primary
and seeondary deoxidation products.. Primary products ara
those formed in the melt as the direct result.of a
deoxidant addition. Secondzry products are those result-
ing from the action of elements in the liouid and solid
state as the melt cools, and result in a decrease in
oxygen solubility, It is usual to find both primary and

secondary products in cast steels, although the primary

products have a greater time to escape to the surface

_before solidification is complete.

Inclusions may also be classified in terma of their
origin (on,4) i.e. Indigenous and Exogenous. Indigenous
inclusions are principally oxides and sulphides arising
from the primary and secondary deoxidation nrocesses out-
lined above, Exogenous inclusions are not however formed
by deoxidation reactions, but result from the enﬁrapment
of 'forei:n material' such as slag and refactory vartieles.

Exogenous inclusions are usually distinguishable from

indigenous types; the former being generally larger,



complex in structure, irregular in shepe and of sporadic
occurrence. However, Pickering ( '5.) and Morgan et al

( 6. ) have observed indigenous. precinitation upon
exogenous nuclei. 4lthough such factors complicate
simple classifications outlined above, the classification

provides a basis for the discussion of inclusion origins.

2ededals Inclusion origins.

Material charged to the steelmaking furnsce contains
oxidisable elements, carbon escapes from the system as
carbon monoxide but the other elements such as aluminium
silicon and manganese remain as insoluble oxides. These
oxideé are normally fluxed and taken up by the slzge
During the casting and teeming processes exogenous
inclusions may be picked up, in addition to the indigenous
inclusions formed by later alloying edditions.

The addition of deoxidants and alloying additions
in industriszl practice results in some degree of slag/
metal admixing prior to and during tapping. Pickering
(15.) had in fact found evidence that thé simultaneous
tapping of slag and metal results in the elimination
of numerous persistent small inclusions normally
encountered.

Reoxidation of the melt during the tepping and
teeming processes always complicates the issue in
industrial situations, and inclusion products formed

as a result (17 ) must be eonsidered.

10
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Bilels Deoxidation thermodynamics.

Zelsdeln Deoxidation equilibria.

Thére have been numerous studies concerned with
deoxidation equilibria and the thermodynamics of
deoxidation, and much of this éata has previously been
reviewed (1g-20) . However, the majority of the data
available is for the elements in their standard states
'i.e. pure substances'end simple binary and ternary
systems. The validity of such data pertginent to the
- experimental work in hand is questionable because of the
short time between deoxidising and casting (<< 30 seconds)
and the rapid solidification ( < 30 seconds) utilised in
this present work. The data available (2a%3) has however,
been used in part as the basis of deoxidant alloy -

calculation.

2,132, Manganese deoxidation.

From free energy-temperature diagrams (figure 2J1.2.)
‘manganese is seen as one of the weaker deoxidants used in
practice.. The influence of manganese as a deoxident has

been based upon the reaction
FBO(L) o ]:1:_1‘1 —_— MD.O(L) + F__'?(L)

where Mn indicates manganese-dissolved in liquid iron.
In a literature review Bell ( 4 ) concluded that
MnO and FeO were completely miscible in the liquid state.

However, it was nointed out that anly a range of MnO-FeO



compositions were liquid at steelmaking temperatures,
thus showing the disadvantage of manganese as a deoxidant
(figure 2. & 3. ).

In pure e~Mn-U melts Fe(C-MnO0 mixtures behave as
approximately ideal solutions ( 4. ) and the equilibrium

constant approximates to

’ aMnO

K =
Mny Qg

MnO

Values of the Mn-0 equilibrium constant published and
summarised by Bodsworth ( 20.) are found to be very

similar.

Silicon deoxidation hes been basedupon the silicon-

oxygen eaullibria for the reaction,
Si + 20 — 510,

It was proposed ( 24.) that the activity coefficient
of oxygen was reduced by silicon, the activity coefficiant
*inecreasing with increasing concentrations Frem their
experiments Goeken and Chipman ( 24.) found that for pﬁre
Fe~Si-0 melts containing less than 2wt% Si that the change
in silicon activity coefficient (fSi) with oxygen concen-
tration was almost exactly balanced by the change in the
oxide activity coeffecient sguared i.e. (fé)). Since the
product (fg; ) (fé,) was approximately constant the

equilibrium constant approximated to:
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Asio,

Kgip ™ =

§172 Si}f

Although silica stability is greater than that of
manganese oxide, the principal difference between silicon
and manganese deoxidation lies in the szcidic nature of
810, compared with the basic nature offifnC ( 20.). This
is ﬁnderlined by thz observations thatdiMnO increases and

aSiOZ decreases as slag basicity is increased. It has
also been shown ( 20.) that the silica reaction is more
markedly temperaturg dependent. 4s a result the °
additional deoxidation arising from the displacement of
MnO eaquilibria during coo;ing to the solidification
temperature, is less extensive then for silica.

At low levels of silicon content the equilibrium
product is not solid silica ( ¢ ) but consists of a

FeO - 8102 mixture.

2.1.3.4., Manganese -~ silicon deoxidation.

Manganese and silicon are the most common deoxidants
added to steel in the furnace and/or ladle. &lthough
deoxidation by silicon is more effective than by manganese
( 25.) (figure 2, 1.2J simultaneous addition gives a much
lower level of residuel oxygen in solution. This fsct
was shown by Korter and Oelseh ( 26.) for liquid iron -
glag systems.

Hilty and Crafts (27 ) examined manganese - gilicon

1k



deoxidation in alumina crucibles under an argon atmos-
phere and observed that oxygen eguilibrium decreased
with increasing manganese content. Bell ( 4. ) concluded
in his literature review that manganese increased the
deoxidising power of silicon. Later he showed the effect
of manganese on the sili. [ con-oxygen equilibrium in
liquid iron ( 28.), graphically illustrated in figure 244 .,
Walsh and Ramachandran ( 29. ) explained the low oXygen
values obtained by Hilty and Crafts by the fact that the
deoxidation product was a manganese silicate having a
silica activity (g less than unity.

In later work Turkdogan (25.30) calculated the manganese -

silicon deoxidation equilibrium data for the reaction

2Mn0  + Siy 2Mn, + S10p

for whichKsi-m~ 1is given by

IR A si0,,

Rs1-1n [ss1] Qo

Where clSiOg and  QMno are the Raoultian activities of
oxides in the molten manganes%?t%lica deaxldation product,
Turkdogan ( 25.) also showed that zbove a critical (%S8i)/
(',‘,%MnJ2 ratio for a given temnerature solid silica will -

form,illustrated in figure 2,1.5. .

2ele3ehs Aluminium deoxidation

Aluminium deoxidatian has been reviewed snad studied

by many workers (s, 27 31-35. ) and values of aluminium



OXYGEN (wt %)

0-08F
0-06
0-04
0-03
0:02
0-015}

SILICON, Wt-%% -

T

L]

0-01f .
g

FeO-MnO- $i0;

o 025

@5 bwmo s - e
86 05 g8 6 2 6°
[=] o
SILICON (wt *%)
015 |
deoxidation
010 roduct |
solid silica
-+
d idati
s eoxidation _|
G005 product molten
manganese silicate
| | |

050 075 10
MANGANESE, wt-°%

20105



17

equilibrium constant have been determined in the range

1077 6o B0-1 At 16009 . . Mlthobgh wlumtha ia & very

stable oxide Lindon ( % ) has poiﬁted out many experi-

mental problems encountered in the determination of

K a1-0 « 4#lthough alumina is the expected product

of aluminium deoxidation, the spinel hercynite (FeO.

A1203J is formed when the residual aluminium in the

iron is not in excess of the residual oxygen content.
Differences in true and épparent equilibrium

constant ere thought rosgibly to be dus to a slow rate

of approach to equilibrium. Lindon and Billington ( 36. )

have shown that Mn-0 and Si-0 reactions are considerably

more rapid than the Al-Oreaction. On the basis that the

simultaneous addition of mangsnese and aluminium resulted

in a close approach to equilibrium, it suggested that

manganese disblaced an Fe-Al-0 film : which normally

retarded dissolution. If a liquid product forms in which

oxide activities are less than unity theh true equilibrium

should be at lower residual levels of aluminium and

oxygen. The work of McLean ( 37.) led to experimental

~confirmation to this suggesticn

2.1.3.6. Manganese -silicon - aluminium deoxidation.

The influence of aluminium containing manganese =
silicon deoxidants has not yet been fully examined in
critical detail, However, Lindon ( 9 ) minted out that
it would be expected that the presence o alumina in the

deoxidation products would lead to a decrease in
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manganese oxlide and silica activities. He has also
pointed out that a manganese alumina gilicate slag
would equilibrate with a lower oxygen level for a
given Mn:8i ratio. There is at present however only
limited data available for the Mn0—8i02-31203 system

(38.3%) with respect to oxide activities. (figure 246, B 247)

2.,1.4. Kinetics of the deoxidation process.

Although the ability of elements to act as success-
ful deozidants '~ is dependent upon the thermodynamics
of metal/oxide systems, reaction kinetics are important
in any real system.

Early studies on deoxidation reaction kinetics
involving the formation, gowth and separation of inclusions
was carried out by Plockinger and Wahlster (4041.). They
showed that a rapid decrease in dissolved oOXygen was
associated with the formation of deoxidation products.

In addition there was a delayed and slower decrease in
total oxyzen corresponding © to the elimination of the
deoxidation products., As a progressive understanding

of deoxidation lkinetics grew ( 42.) the process was divided
into the categories of ¢

(i) Deoxidation solution.

(113 Nucleation of deoxidation products.

(iii) Growth of nuclei.

(iv) Elimination of the inclusions.

Waudby ( 43 ) has pointed out that in practical

situations these stages are not separable but overlap
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and are complicated by factors such as reoxidation znd

processing variables.

o Sy 250 5L (8 Deoxidant solution.

Levin( 44.) showed that the presence of a deoxidising
element, even below itsequilibrium content caused the
precipitation of oxides through progressive-solution.
The significance of the solution stage upon subsequent
deoxidation has bestreviewed ( 43.) on the basis of
observations,

Hetrogeneity of the alloying addition is observed
both on the macro and micro scale, although it is
observed to a greater extent in the latter.

« Olette et al ( 45.) showed for aluminium deoxidation
that the methéd of introducing the addition influenced the
kinetics of the process. It was exnlained that a slower
decrease in dlssolved oxygen observed with a solid
addition was due to delayed solution and homogenisation.
This delay they attributed to a layer of fine alumina
particles on the deox%?nt surface thereby retarding
goluticn., This observation was in agreement with
Chipman's ( 46.) earlier proposal of a stabilising film
at the interface of regions rich in oxyéen. Grethan
and Philippe ( 42.) showed that a galaxi*e (MnO.Alzst
film was observed with the addit;on of Fe-Al-Mn alloys
to a Fe-0 melt.

The above examples are considered as evidence for

the non instantaneous solution and distribution of a



deoxidant ( 43.). although this may augment the
complexities of the deoxidation process, steelmaking

(&1

practice may minimise the effect.

2ol .2, Nucleation of deoxidation nrcducts.

Since the basis of the deoxidationwrocess is to
form a new phase in the liquid iron, nucleation must
occur either by homogenous: or hetlerogeneous modes.
Homogeneous nucleation takes place without the need for
an- impurity nucleation site (and as such has been the
subject of theoretical analyses (4% )), whereas hefro-
geneous nucleation requires the provision of a substrate.

Turpin and E11iot( 4s.) applied the theory of homo-
geneous nucleation to oxide inclusions in steel, and the
critical supersaturation to vromote nucl::ction was
expressed in free energy terms.

i.e.

K

'deé‘Ihmﬂ' =  —RTIn| K']

where K isthe equilibrium solubility product and K is
the solubility oroduct for the actual components in
supersaturated solution. The value ('K:J is termed the
supersaturation ratio.

Early investigations on liquid iron-oxygen melts
by Bogdanﬁy et al (.50 used pure aluminium and ferro-
aluminium-alloys added to the ton surface of the melts.
Their work showed that alumina rich and dlumina deficient

bands were established, iron oxide being formed in the

2]



aluminium deficient zones. The presence of hercynite
(Feo.ﬂlgﬁs) was infrequently observed. Bogdandy also
calculated that a nucleus diameter was of the order of
one melecule. This indicated that inhibition to
nucleation referred to chemical regction, and that
the rate controlling stage was the formation of a
discrete alumina particle., 4n increase in the aluminium
content gave rise to & slower rate of growth of the
alumina layars.

Using a similar technique; Woehlbier and Rengstorff
( 5.) used a Fe-10% Al alloy as the deoxidant. They
reported that at 1600°C micleation difficulties were
encountered in the diffusion zones eventhough there was
a high aluminium concentration. present. In a subsequent
experiment using a less pure iron conﬁaining 0.07%
Oxygen instead .of a pure iron melt containing 0.16% oxygen
they fomd the melt tobe Partially deoxidised. They conc-
luded that & high degree of supersaturation was required
for the nucleation of glumina, but a lower degree of
supersaturation is sufficient to cause the precipitation
of alumina on small hetrogeneous nuclei without the form—
ation of hercynite. Further vork by the authors involved
the stirfing of aluminium in the upper zone of the melt.
Homogeneous nucleation resulted at the point of addition
and the resultant inclusions were carried down iﬁto the
undeoxidised portion of the melt ﬁhere they reacted with
the residnal oxygen to form hercynite.

Sigworth and Elliot ( 52.) reviewed the nucleation

of oxides in iron-silicon-oxygen alloys., They concluded

2.



that investigations of the nucleation process were limited
by experimental techniques and the lack of accurate
interfacial energy data. In their own experimental work
they found that although the supersaturation ratio
required for homogeneous nucleation of silica was high,
nucleation could occur readily when ferrosilicon wes
added. These conditions could also be achieved even in

the presence of particles suitable for hetrogeneous

-nucleation if supersaturation could be provided rapidly.

2.1.%.,2,1. Complex deoxidation.

In deoxidation with more than one deoxidant‘there
is competition between different possible precipitatable
phases (54.55, In the deoxidation of ircn-oxygen melts
(containing various levels of manganese) &nd using
aluminium as the deoxidant it was observed ( ss.) that
primary deoxidation products changed composition duiing
the course of their formation., Initially the inclusions
were very low in alumina, consisting mainly of iron and
manganese oxides. after a few seconds the aluminium
content had approached that of the spinel (FeMn)O.A1203.
At the temperature employed of 163000 these particles
were fluid and coalesced readily giving inclusions of
uniform composition. However, as time progressed the
inclusions developed two regions of varying composition,
the centre of approximately épinel composition and the
outer layers of alumina.

An increase ‘n aluminium addition was found to give

23



an increase in the alumina content of the mixed oxides.
Providing that the inclusions were liquiq composition
Homogenisation would occur, However, as'.the alumina
content increased to that of the spinel composition
solidification of the inclusions occurred.

From the evidence available Plockinger postulated
that mixed oxides nucleated homogeneously. However,
Frohberg and Potschke ( s5¢.) and Forster (57.) suggested
that nuclédation theory was contradicted if mixed oxides
nucleated first. They were of the opinion that the vhase
for which the system was dble to supply the energy for
nucleation would be precipitated first. Alumina would
nuclez=te first and the iron manganrese oxides would be
hetrogeneously precipitated upon the zlumina nuclei.
Forster ( 52.), using zirconium instesd of aluminium
observed that shortly after deoxidation inclusions consist-
ed of a zirconia core surrounded by mangano-wustite, These
results suggested that zirconia was the first product to
nucleate, and had not dissolved into the hetrogeneously
precinitated (FeMn)O.

There have been suggestions ( $4.) that in the case of
aluminium deoxidation FsO.A1203 may form the nucleus, tﬁis
being attributed to a decreasze in interfacial energy of
the melt/nucleus caused by chemical reaction between the
two phases. In addition nuclei composition was considered
to be determined by the soluble oxygen prior to deoxid-

ation ( figure 2., 8, Je
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In the case of aluminiuvm - silicon simultaneous
deoxidation,nucleation theory would predict the initisl
formation of alumina onto which silicaz would precipitate,

( 43.) & condition confirmed experimentally by Frohberg and
Potschke ( s58.). On a commercial scale the introduction of
foreign nuclei to promote hetrogeneous nucleation, and the
addition of a high manganese containing deoxidant (to reduce
the interfacizl tension of the melt/oxide), have been
advocated ( s9.) to increase the efficiency of deoxidation.
The addition of a weak deoxidiser decreases supersaturation
and promotes the formation of larger inclusions when a
strong deoxidiser 1s added later. If the degree of local
supersaturation in a melt is high a large number of small
nuclei are formed, and if low ocly a few nuclei are formed,
but these will grow. In order to aﬁtain low levels of local
supersaturation, powdered deoxidants and low alloy concen-

trations in the ferro alloys may be used ( 43.).

25 e Growth of nuclei,

A critical examination of the mechanisms of deoxidation
product growth was made by Lindborg and Torssell ( ¢c.) who
concluded the following:

(i) Precipitation and diffusional growth is completed
within seconds and results in a narrow size
distribution of about 2 pm radius.

(ii) TFurther growth to sizes 20 - 40 jm is due to
collisions

(11i) Particles floated up in agreement with Stokes

law



no
=~J

(iv) Separation of inclusions tends to take place in
three stages for high inclusion concentrations.
Namely an incubation period forming lirge
inclusions, a period of rapid separation and
finally a slow approach to equilibriunm,

Their results are illustrgfed graphically in figure
2 o 159,

Turkdogan ( 61.) has shown using a theoretical _ analysis
that the growth of oxide inclusions as they rise in the melt
is influenced by the number of nuclei initlally produced by
deoxidation (fig. 24.10.). The larger the initial number of
nuclei, the slower the rate of elimination., Turpin and
Elliott ( 4s.) also predicted that s strong deoxidant results
in @ large number of small inclusions because of the high
degree of supersaturation. Weaker deoxidants resulted in
fewer stable nuclei which grew into large products therefore
aiding inclusion separation. In Turkdogans model when the
number of initial particles (Z) wes greater than 10%em™3
inclusion growth was all but complete within 30 seconds.
However for values less than 10%em=3 the particles grew
throughout their ascent to the surface. It wss further
pointed out that therewas a critical number of nuclei to
result in equilibriun OXygen values in steel. sbove and
below this value the oxygen was above the eéuilibrium level
Kfte. 20011 ) -

Turkdogan has suggested that comrlexities of the
nucleation, growth and flotation of inclusions may be due to
variables which cannot be uccounted for in a model system.

Gas evolution during deoxidation results in an inereased
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rate of inclusion removal, due to the adhesion of gas
bubbles onto deoxidation products aiding buoyancy. (A
phenomenom made use of in the argon rinsing process (62.)
although the surface properties of the inclusions will
influence particle adhesion.)

Slag droplets may be occluded in the steel (i16.63. ),
These may react with deoxidant additions, or remove a large
number of nuclei and growing inclusions, thereby prematurely
ending deoxidation reactions.

Sluggish homogenisation of the added deoxidants (as
outlined earlier), temperature drop in the ladle, convection
currents and inclusion coagulation may all lead to comp-

licating effects.

2.1.4.4, Elimination of inclusions.

The major objectives in deoxidation practice are seen
to be to reduce the number of primary and secondary
deoxidation products present in the ingot by reducing the
oxygen level in the melt to a minimum. vecondly to

eliminate the inclusions present in the melt so that they do

not have an injudous effect upon the mechanical properties
of the product, Ailthough the thermodynamics and kinetiecs
of the process play a major role in the first objective,
inclusion elimination is governed principally by the
rhysicel properties of the inclusion and nelt,

Early studies on inclusion elimination hzd been based

unon Stokes lay.
%
it < Ml
187
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where V = rising velocity
D = inclusion diameter
g = gravitational constant
7 = steel viscosity
AP = density difference between the oxide and the
steel

This indicated the importance of inclusion size and
density differences,and effective deoxidation had been
based on these.criteria ( 9.),

Early work by Herty and co-workers (64. 65.) showed the
importance of size and composition on inclusion removal,
They showed that the cleanest steel produced by manganese-
silicon deoxidation occurred when the ratio of manganese to
silicon was between % and 7, corresponding to the largest
sizes of inclusions formed. The product composition was
found to be in the low liquidus range of the Mn0 - FeO - S5i0o
diagram (fig 2,1, 12), at 35 - h5%8102 45 - 559Mn0 and
approximately 10%Fe0. This observation led to the conclusion
that low melting point inclusions w-re advantageous. Their
high level of fluidity allowed them to coalesce, thus

~increasing the particle size and improving buoyancy. _mhis

led to a more efficient elimination of particles from the
melt,

Turkdogan ( ¢1.) showed that small inclusions did not
readily floatfrom a melt when a large number of nuclei were
present. He suggested that the small inclusions attained a
constant veloeity within a short time due to the speed of the
diffusion controlled reaction. This was contrasted with a

small number of inclusions nuclei growing as they ascended
the melt.
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Later work bylnumerous vorkers (¢6,68) however, led
to the conclusion that inclusion elimination was not
governed by a simple law of hydrodynamics such as Stokes
Law. Lindon and Billington ( 36.) examined the separation
of Anclusions within the Mn0-510,-11,03 system. They
found that separation rate of the products increased with
increasing Mn:Si end Al:Si ratios of the deoxidants used.
Where low removal rates were observed silica rich
inclusions were found to be present, coaiescence of such
inclusions being delayed due to the higher viscosity of
silica rich products. They also found that fluid manga-
nese aluminosilicates separated slower than'anticipated
by Stokes law. <+his was attributed to a low interfacial
energy between melt and product.

Lindon aﬁd Billington ( 9.) also studied deoxida-
tion by Ca-Si-Al and Mg-Si-Al alloys and compared their
results with those for tle Mn-Si-Al system.( 36.)., They
concluded that product separation rates increased as a
result of increasing the melt/oxide interfacial energy,

a confirmation of Plockinger and Wahlster's earlier work
-C 70.)supperting the influence of surface properties upon
inclusion removal, The work of Kozakevitch and O}letfe
( 71%.) has further demonstrated the importance of surface
phenomenon upon inclusion coalescence and capture at the
slag/metal interface.

In the review of Wsudby(43. ) he considered that an
inclusion approaching the surface of the liquid metal may

(1) Remain just below the surface without escaping

in which case the inclusion may be re-entrained
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into the metal % descending currents (the
inclusjon thoroughly wetted by the metal)
(ii) Escape and float on the melt surface (no
wetting of the inclusion)
Waudby has also pointed out that inclusion emergence
will occur if a reduction in surface free energy

occurs.

AGg = ZﬂD e )ﬁn s :y;ﬁl

where 2{iﬁ the surfeace energy, and the subscripts 0, M
and OM refer to the oxide, metal and oxide/metal
respectively. Under practicsl steelmaking conditions
A(}sis normally negative and thus promoting emergence.
It must also be added that surface active impurity
elements such as sulphur inflvence surface energy
values, as does the oxygen content of the melt (fig.2,1.12)
" Work (71 ) has also indicated that ¥, is devendent
upon elements present in the iron as has been shown for
" alumina (table 2.1.1. ).
In theory it is possikle to calculate dy,if Fo and
Xrn , and the contgact angle (©) relating liquid metal
on solid oxide can be measured from the equilibrium of

surface forces.
y = ¥ 2{
i.e. Xm X . COS e

However, in practice the meazsurement of contact angles is
difficult and erroncous as had been pointed out by Segal
(72 ), Contact angles have been determined by Kozakevitch

and (Qlette ( 71 ) for several systems (table 2-1-% ).
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Table 2.1.1. Values of AG =b’5 - Xm = Xm (cos® - 1) obtained at 1600°C for

sluming (after Iozakevitch and Olette )

Estimates .

Yu AG P E ¥ Jsm

Melt 8o J/m2 J/m? J/n® J/m?
Composition (erg/cm?) (erg/cm?2) (erg/cm?) (erg/cm%
Pure iron 140 1.8 -3.179 0.9 2.279
(1800) (-3179) (900) (2279)

Iron containing 133 1.73 -2.91 C.9 2,08
b C (1730) (=2910) (900) (2080)
Iron containing 140 1.39 -2.455 0.9 1.965
0.02% S (1390) (=2455) (900) (1965)
Iron containing 80 i R -0,909 0.9 0,709
0.07% 0 (1100) (=-909) (900) (709)

6t
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Xable. .24 1.2

Contact angles (After Kozakeviteh and Olette )

oolid Liquid metal Jas Contact
oxide angle
A1203 Fe-4.5%C Ar 133
A1203 Fe-5.1%31 Ar 125
Al203 Fe-12.,2%Mn AT 103
;1]_203 e He 128
h1203 Fe-3.4%C He 112
31203 Fe=3.9%C He 104
510, Fe No 115
Cal e N2 132
TiO2 e Vacuum 72
T102 fe H2 84
Cr203 Fe Ar 88
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Values of © greater than 90° indicate possible agglomeration
whereas for © less than 900 it unlikely. However, for
agglomeration of particles it is nececzgary that the two
inclusion surfaces meet (romoted by turbulence).- In the
case where e>900 the liquid surrounding the point of
contact will withdraw from the Qrea, thus lowering the
overall surface free energy.

A theoretical hydrodynamic approazch (73 ) to deoxida-
tion has shown the importance of melt turbulence in form-
ing larger particles by coalescence and collision. It
was pointed out that the rate of deoxidation increased as
the amount of turbulence increased, and the separation of
products was faster in stirred melts (an observation also
made by Grevillius) ( 74,), Lerger particles were found
to be less affected by turbulence. It was also found that
flow in the regions of the furnace wall may play an
important role in inclusion removal, particularly in the

“case of small laboratory experiments. '

Work by Ohkubo et al (75.7¢ provided a model to explain
effects associated with turbulence and furnace lining on
"separation rate which had earlier been reported by Fischer
and Wahlster ( 22). Their experiments madk in a high.
frequency furnace showed that oxide content of the steel

could be expressed as =kt
Cf = Coe

where Ci concentration of inclusions at a fime 1t
Co = maximum concentration when t=o
k = rate constant which is dependent upon the

surface area to volume ratio of the melt.
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This work however, does appear to assume that
segregation of products by flotation, according to Stokes
law is eliminated ( % ). They pronosed that inclusion
removal in an agitated bath was by reaction between the
particle and crucible material or perhaps by particle/
slag reaction in industrial situations,

In non turbulent quiescent bath conditions, Kawa wa
et al ( 78.) showed experimentally that an inclusion
concentration - time relationship may be represented by

Ak "06? AY
where n 1is the number of inclusions having a radius
greater than'ﬁ'. No and A are constants which may be
determined experimentally. :X/:is an expression releting
to the constants in Stokes law, the depth of the melt
and time. ‘

This relationship was for the situation where growth
by coalescence did not ocecur. Lindon ( s ) pointed out
that coalescence would bé expected to result in a smaller
tofal number of inclusions ( ny ). Also the number of
large inclusions would increase leading to an increase in
the slope of the |nn versus U’relationship. This increase

f%g”l-'was in fact observed by Lindon as time and, hence

coalcscence increased.

2 S Formation of glassy and partially glassy

deoxidation products.

The formation of glassy and rartially glassy deoxid-

ation products has been shown to be commonnlace for many



inclusion compositions in various oxide systems.
Kiessling and Lange ( 79.) have indicated commonly obser-
ved inclusions of a glessy nature in the MnO-SiOE—n1203
system used in the present work. It is therefore of
interest to briefly review the underlying princinles
behind the formation of glassy type inclusions by
reference to the formation of glasses in general. For
a fuller account of glasses and gluss formation reference
is made to Seward ( 80.) and Rawson (s&1.),

The definition of a glass is that o a non-crystal-
line solid fcrmed by cooling from a molten mass i.e. a
macroscopically hard (rigid) amorphous substance. Since
a glass has been regarded as_a supercooled liquid it has
been commonplace to use a viscosity criterion for solidity
( 82.), 4t temperatures below which the viscosity is
greater than 1014'6 Poise (¢n arbitrary criterion) a glass
is regafﬁed as being metastzble with respect to
-erystallisation,
. Commerial glasses and some slag compositions have
viscosities of the order 103 Poise at their liquidus
‘temperatures ( 83.) indicating that kinetic factors are
unf avourable for-the formation of stable compounds. '
Information concerning the viscosity of glasses and slags
may be plotted on phase diagrams. In binary systems an
isoviscosity curve may be drawn for a specific viscosity

oLk 6

(eege 1 Poise) as illustrated in figure 2.1, 13 ,

or in the cuse of ternary systems isoviscosity contours

may be shown at temperatures of interest (figure 2..14, )
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2.1.5.1, Phase separation and liquid immiscibility.

In some binary and multicomponent systems two
liquid phases of different composition may exist in
metasteble equilibrium i.e. liquid immiscibility. The
process by which the two phases separate from one homo-
geneous liquid is termed phase separation.

Liquid immiscibility is shown in some simple binary
oxide sycstems e.g. CMnO«SiOz), (Fe0-510,), (Cr203—8102).
As these liquids cool one or more glassy phases form.

The silica rich phase usually forms a2 glass whereas the
other phase(s) often crystallise.

It is possible in somne sys%ems (80, ) that liquid
immisecibility gaps occur below the liguidus But above
the glass transition temperature, these gaps being known
as metastable miscibility gaps. Glasses in these systems
have often been found to consist of two submicrosconic
‘phases (80.), On cooling through the miscibility gap the
supercooled liquid separates until crystallisation occurs,
or if the viscosity is sufficiently high another glass
‘Phase separates i.e. & solid is produced consisting of
two glass phases. .

Phase separation has been known to prevent good
glass formation where it would be expected. This has

been observed for the 5i0,-41,0, system ( 84) where a

3
8102—15%A1203 composition would be expected to form a
good glass., However, it has been reported that phase
separation may result inas dispersion of silica rich

glass, and an alumina rich glass whd ch easily crystallises.
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Phase separation may be promoted by the presence of

hetrogeneous catalysts ee.ge. sulphur.(so)

oI T Volume -~ temperature relationships.

It has been well estabilished that glassy inclusions
are often crystallised as a reéult of heat treatment and
deformation processes (357%), The crystallisation process
involves a volume change,which is described by Rawson
( 81.) with reference to: the volume-temperature diagram
of Jones (8s5.) (figure 2 +1.15), If the cooling rate of
the liquid ic slow and nuclei are present in the melt,
crystallisation tékes place and a volume change’ occurs
i.e. line abed, crystallisation taking place at'& .
However, rapid cooling rates give rise to supercooled
liquids, and at the glass transition temperature a markéd
chanze in the volume-temperature curve takes place.
Volume contraction follows the line of which is parallel
to the line cd.

If the glass is reheated to a temperature T just
below the transition temperature and held for a period
.of time volume contraction takes place reaching point
g which is a continuation of the line abe. 4above Tg
however no volume contraction time dependence has been

observed ( s1.),

2.1.5.3., DNucleation and growth of crystals in a glass.

With regard to nucleation and growth Rawson refsrred

readers to a series of papers by Turnbull and Cohen (Bs-8s).
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which discuss the thermodynamics of the process. However,
a qualitative representation of nucleation and growth
with respect to temverature is shown in figure 2.1, 16.
(after Macmillan ( e9,)). |
Isothermal devittification curves for some glasces
have been shown to follow a sigmoidal type of curve (s, )

represented by tle expression
| —kt"
i = %(1-€ )

Where V, is the volume of crystal phase when t=0 and h
is an exponent between 1 and 4. k is a coefficient
dependent upon nucleation freguency and crystallisation
velocity,

| ..However, the author has not been aware of similar
work in respect of glass devitrification in the regions

of the MnC-SiO2-A1203 system of interest in this present
study.

2155 Coanstitution of non-metallic inclusions in steel.

The use of deoxidising elements, and the presence
of owvphillic elementé in steel manufacture required the
broad classification of inclusions previously given
(section 2.1.2,)., However, it is also important for the
metallurgist to be aware of the constitution and morphology
of the inclusion phases he is investigating. The follow-
ing is a brief review of some of the inclusion phases
encountered when working wi th the(MnFe)O—51203ySiU2

system. For a more detailed review reference is made to
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the reviews of Pickering (90. ) ¢nd Kiessling and Lange
(79.91.) « The physical properties of oxides are summarised

in table 2.1, 3. which is compiled from reference (7% ),

I, AMumina Al1,.0O

2 3

Alumina is the most common elementd.bxide found in
commercial steelmaking and it is usually in the form
of corundum (e -A120§. When formed as a result of
deoxidisation it is generally observed as globular
clusters or dendrites and beccuse of its high melting
point it is in its primary crystallisation mode (9o. ),
The appearance of either dendritic or globular morphol-
ogies is dependent upon the degree of alumina super-
saturation and the free oxygen content of the melt. At
high supersaturation the presence of a few nuclei gives
rise to <dendritic growth and forms & skeletal network _
which has been observed by numerous workers (9322). With
ldw supersaturation and high oxygen contents'globular
clusters are encountered. This morphology is achieved
via a proposed mixed oxide route in which liquid (FeMnAdl)

oxlides are nucleated in preference to Al20 (90.)e The

3

Al in the melt subsequently reduces the (FeMn)U and thus-

retaining the original spherical”™ inclusion character.

II. ©Silica Si0

2 s h
Several modificationsof silica are known ( o1 )
namely quartz, tridymite and cristobalite. Pure silica

is very rarely found in steels and is usually associated
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Table 2.1. 3

Physical vropertie

s of phases

encountered in the (MnFe)C—SiCanﬁlEOB system

'1

Chemical M.pt hardnegs densiiy
Name Formulaue (oC) (Xp/mme (Mg/ng

Corfundumn A1,0, 2050  3000-4500 3.96
Cristobalite 0102 1723 C 1600 2,23-2,36
Tridymite 810, 1670 I 2,26-2.30
Quartz 510, 1760 n 2,52=2.65
Manganosite Mno 1850 400 537
Wustite FeO 1370 Befb |
Galaxite MnO.Al203 1560v 1500-1700 L,23
Hercynite FeO.21,03 1780 4,05
Mullite 341,03.2510, 1850 1500 3.16
Rhodonite MnO, 510, 1291% 750 3.72
Teohroite. 2Mn0, 510, 1345 950 b, Ol
Fayalite 2Fe0.5105 1205 v 4.32
Spessartite 3Mn0.41503. 1195 1000-1100 %, 80

25105
Iron
Sulphide FeS 1190 4,77
Manganese
sulphide MnS 1610 3.99

v disintegrates

" forms liquig + tridymite
v inecongruent melting point

(
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)
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with mixed oxide phases, which form glasses. Quartz
has been infrequently observed as dark regular plates
in polished sections ( 91.), usually resulting from
exogeneous sources ( 9.)., Tridymite however has been
observed in exogeneous ( ?1.) and in higlly "siliceous
deoxidation products ( ¢0.) in which it appears as thin
dark plates or laths in microsection.

Cristobalite has often been reported ( #.) as
rosettes or dendrites in glassy or semi-crystallised
silicate matrices viewed in microsection. It has,
however, been reported ( ¢3.) that these phases are not
erystalline but are nearly pure glassy silica resulting

from liquid immiscibility.

I1II. Iron - Manganese oxides (Feln)O.

Iran oxide (Wustite) and manganese ~oxide form a
continuous series of solid solutions and hence ire
treated as one inclusion type. They precipitate from
oxygen rich melts as liquid globules within the

'miscibility gap of the Fe-Mn-0 system (figure 241.79. )i
They may form as large priméry deoxidation products,

or as & fine dispersion of secondary prcducts.; Although

the occurrence of (FeMn)O precipitctes is as single
phase-spherical globules, pure Mn0O occurs as a trans-—
lucent idimorphic or dendritic phese, ( ?4. ) because of
its high melting point of 1850°C. The (FeMn) oxides

have been reported as being two phase in character ( 94.)

although this was attributed to the cooling cycle of the



Fig 21-9. The Fe-Mn-O system. {Hilty and Crafts.!!)




iteel. Fisher and Fleischer ( 9s.) stated that (FeMn)O
inclusions often were not in equilibrium with the steel
and are FeC rich when preciritated but inecrease in Mn
content if the cooling time is long. Kiessling and
Lange ( 91.) have also stated that their composition may

change upon heat treatment.

IV, Silicates.

Although silicates are often highly comvplex in
commercial steelmeking this brief review is confined
to the system (FeMn)0 - 8i0, - Al503.

(i) (FeMn)o - Si0,

Iron manganese silicatse inclusions commonly found
in silicon deoxidised steels are glassy and/or crystal-
line. Depending upon the OoXygen content, amount of
silicon gddition and cooling rate a number of phases or
mixtures of phases are possible : within the HnO-FeO—8102
system (figure 2.1.12).'

High silicon levels promote fayalite or tephroite
whereas low levels promote mangowustite (FeMn)O inelusicns,
Rhodonite (MnO.SiOz) rarely occurs and Grunerite (FeOSiOa)
has not been found to oceur: (%0. ) in commecrecial practice.

In cases of fast cooling the tendency is to form
glassy type inclusions, however, heat treztment and not
working may nromote precipitation and crystalliéation
( 9».). High silicon levels however promote glass
stability, and liquid immiscibility often leads to the

formation of duplex glasses @5 15



(ii) (FeMn)C - 8102 - 4170,

In the majority of cases of inclusions in the
(FeMn)0 - 8102 - A1203 system it is usuzl to find
precipitates within manganese alumino silicate glasses
réther than the phases existing in isolation. It is
rnormal to find the manganese rich phase due to the
greater stability of MnO:relative to FeO. However, it
is usual to find some iron present within the inclusions.
(o). .

. The aprearance of precipitates within inclusions
obaerved on microsection (described by Kiessiihg and
Lange ( 91 )) are summarised below.

gelaxite : Grey phase irregular in shape, sometimes

of clover leaf appearance.

Mullite : Usually found as rhomhic or rhombohedral

crystals often with a glassy residue at
their cantres. Mullite may also be found
as a very fine grained precipitate.

Rhodonite : This is one of the most common phases

- present in inclusions. ©Single phase
rhodonite inclusions (soma%imes glassy .and
spherical) are often mistaken for pure
silica. At high silicon contents silica
often precipitates resulting in a more or
less crystallised rhodonite matrix. In
multivhase inclusions rhodonite often forms
bright leths which form a dense structure

if near the composition of rhodonite.
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Tephroite : Tephroite has a solutility for up to
15% Al203 énd has a range of composition
65 - 73 at %MnO. It often forms banded
structures in multiphase inclusions.
Tephroite and spess.rtite are often
confused since they have similar
crystellisation patterns.

Spessartite This forms festher like branched sections

| usually observed in hot worked or slow

cooled steels. It does éppear to have
variable composition i.e. Mn0 (31 - 49wt%)
310, (30-47%), 41,03 (13 - 247%)

V . ©Spinels,

Spinels are fairly common phases observed in steels.
They all have the 30.5203 double oxide structures which
show extended homogeneity ranges (91 ). Within the Fe-Mn-
Al-Si-0 system the spinels hercynite (FeO.A1203) and
Galaxite (MnO.A1203) are often seen as small spherical
clusters ( %), Although they are usually found as
precipitates within siliceous inclusions Hercynite is
very rarely found in manganese containing steels where
Galaxite is promoted, although MnO is substituted ia
part by FeO.

Kiessling and Lange ( 91 ) wpo extensively reviewed
data on inclusions of the Mn0O - 8102 - A1203 system
(figure 2.1.18) concluded thet the mean comnositions of

MnO - 510, .~ Al,0. inclusions were situated within the

3
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regions shown by the lines of L1 and 12 in figure 2,1.18

VI . SUlTﬂ'ﬁ.dGS.

#lthough in the course of this work the level of
sulphur was approximately 0.005 wt% compared with about
0.015% in commercial practice, a very brief review of
sulphides is worth including.

Sulphur is soluble in liquid iron .nd steel, tut
in the solid state its solubility is very low. In a
pure Fel— S melt precipitates of FeS form either as
primary dendrites, or as a eutectic with iron (Eutectic:
Temp 988°C). 1In the presence of oxygen the eutectic is
lowered to about 9%000 (i.e, FeO - PFeS eutectic)., The
presence of these low melting point phases at grain
- boundaries gives rise to the phenomenon of hot shortness.

In order to avoid the formation of FeS, manganese
is' added which incresses the melting point of the
eutectics (FeO-MnO-MnS-FeS) above the normal hot

working tenperatures due to the greater stability of
MnS comnared to FeS. The form of Mns in cast steels
is however dependent upon the degree of deoxidation of
the mel. These morphologies were classified by Simms

and Dahle ( 96.) as types I, II and III.

Type I.

In steel melts containing greater th n 0.02wt% of
dissolved oxygen a globular morphology is observed with

a8 wide size distribution, Duplex inclusions often



Observed ( 97 ) with oxygen compounds, and the duplex
MnS - silicate may vary in appearance depending upon
the 5:0 ratio, Type I mar phologies are often found
in rimmed steels ( 92 ), where silicon is the main

deoxidant.

Type 1I.

In steel melts in which the dissolved oxygen content
is less than 0.0lwt% the sulphide has a fan like dend-
ritic structure (often termed grain boundary sulphide).
This consists of interconnected rods in a skeletal - é
structure 1n primary grain boundaries. This type of
morphology is found-in aluminium deoxidised steels

without an excess of aluminiun,

Type III.

45 with type II inclusions type III require low
OXygen contents, however other elements are also
necessary ( 92), Carton appears to promote the type
III ( 9o.) morphology as does silicon aluminium and
phosphorus ( 97,). Type II is irregular in shape and
randomly distributed in the steel, often similar to type
I in appearance. Type III is frequently encountered in
steels deadidised with excess aluminium, and forms mono-

phase inclusions.

o~
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INCLUSION DEFORMATION

24214 Introduction.

In all working operaticns there is material flow, the
direction of which is dependent upon the working process.
Thus, in the case of a material containing a dispersed
second phase the matrix dictates the movements of the
second phase in the direction of matrix flow., The
magnitude and state of stresses and strains present during
deformation will influence the behaviour of the second
phase particles, although the physical properties of the
particles and the interdependence of particle/matrix
properties govern their exact behaviour,

In the case of non metallic inclusions in steels
being worked they may behave in a non deformable, brittle,
plastic or fluid manner. In the case of the brittle
plastic and fluid inclusions there is ¢ tendency for them
to string out in the directions of imposed flow whether they
remain intact or disseminated. In the case of plastic and
flvid inclusions their degree of deformation may be related
to the deformation of the matrix, which is not possible in
the case of brittle inclusions. Hence there is the
‘possibility of relating the plasticity of an inclusion to
that of the matrix in which it is embedded,

2.2,2.

Concept of a plasticity index.

From experimental work prior to 1950 it was known that
the deformation of non metallic inclusions waa influenced
by their shape, size, number and distribution within the

steel. Although quantitative work had been performed on
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Tthe deformation of second vhases in the non-ferrous
field, (98 ) it was not until the work Scheil and
Schnell (99.) that any real quantitative work was
performed on the deformation of inclusions within steel.

Their work involved the deformation of inclusions
within cylindrical steel specimens deformed in a press.
They observed the deformation of inclusions in microsec-
tions parallel to the direction of upsetting. Assuming
that the as cast spherical inclusions deformed into
oblate- spheroids, which in microsection would he observed
as ellipses, they measured the aspect ratio of such
deformed inclusions as a measure of inclusion strain.

As .a measuré of matrix deformation they used the diameter
to thickness ratio of the deformed specimen.

The later work of Pickering (100.) was concerned with
the measurement of inclusion deformation in rolled bars.
Inclusion strain was measured from microsections parallel
to the rolling direction. As with Scheil and Schnell,
Pickering used the inclusion aspect ratios as a measure of
inclusion strain. These aspect ratios were compared to
- the reduction in cross sectional area of the original

ingot which was given by: y
2

C ek e
b steel Af
where Ao and A¢ are the original and final cross
sectional area respectively.

The comparison of inclusion aspect ratio with the a/b

ratio of the steel indicated that for a value greater than
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unity the inclusion was more deformable than the steel,
less than unity the incluéion was less deformable than the
steel.

Following the approach of Fickering, Malkiewicz and
Rudnik (1o.) defined a deformability index 3 which related
the true strain of an inclusion (&;) to the matrix true
strain (£.,)

s 1 :

A

They showed that for bar rolling the deformsbility

index could be represented by

I P S N
3 InH
where?&:is the inclusion aspect ratio and fi‘is the initial
to final cross sectional area of the bar.

They used InNwhen measuring deformability index in
order to obtain a Gaussian (normal) distribution which
aided statistical analysils, rcather than N which gave rise
to  skew . distributions.

In later work Maunder and Charles ‘used & modifiéation
of the formula used by Malkiewicz and Rudnik in order to
take account of the defarmation in strip rolling. Their

modified formula which has been used by other workers (;§

Wrath
-, .
S

relates plasticity index to plane strain conditions.
i.eO
> = 1 InA
2 InH
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However, matrix strain had not been measured in the same
way in all experimental work. Maunder. and Charles defined
( H) as the ratio of cross sectional area, whereas
Ekerot (102 ) used ( H ) to signify the ratio of initial
to final height in plane strain compression. Althouzh
these values will be the same in the treatment of idealised
plane strain, in practice problems may arise due to the
non homogeneous deformation of the matrix. Recently
Robinson ( 35) has introduced the use of a 'true relative
nlasticity index' ‘term based upon the observations that
plasticity index decreases as the matrix strain increases.
(i.e. inclusion strain is not linearly proportional to
matrix strain).

Considering a schemefic inclusion versus matrix strain

diagram e.g. figure 2,2,1.. s Robinson defined the

plasticity indices as:

(Ef'i:,azjs)
(fm; |£E|) -— —

-

Een



Apparent relative plasticity index ( 0. ) (normally
% A

referred to as the inclusion plasticity index)

P is the gradient of the chord from the origin to the

point (Em,€:1) at any value of Em

g l ﬁiéiﬂ 1&;,

From figure 221 it is clear that even if an irclusion

i.e.

ceases to deform it still has an apperent relative

plasticity.

True relative plasticity index (D)

Robinson has also defined the tangent to the inclusion
~ matrix strain curve at any given point as the truve

relative plasticity index e, which will have a value of

zero vwnen the inclusions cecase to deform .

‘:_)_r = dg;

A Em e

He also pointed out that uniess the relative plasticity
indices are qualified by the matrix strain at measurement,
the resultant indices are of little use. Schematically
the variation of inclusion rélative plasticity indices

with matrix strain are shown in figure 2.2.2. .



which indicates thatTQT.decreases Wwe Ty t.& m at a greater
rate than 3%n. He further emvhasised that as

gm =2 0 22_=>)), , and at the ordinate azis when
Em =0 Wt =V

i.e. 2
£ _ | dE:
Em A AEm 1o ve

Robinson suggested that the value of ) at&m = 0 was
the INTRINSIC V4LUE OF RELATIVE PLASTICITY (29;) INDEX
which should be employed when comparing the relative
plasticities of different types of inclusions.

'2.2 t3.
Measurement of inclusion plasticity.

The determination of inclusion relative plasticity
index is dependent upon the measurement of inclusion
strain and the confidence which may be placed on the results
obtained is dependent upon the accuracy of measurement. The
approach to inclusion measurement is either to measure a

few inclusions accurately or to meusure a large number of
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inclusions .with less accuracy.

The traditional method of measuring inclusion strain
is by the measurement of individual inclusion aspect ratios.
This method, although simple and reasonably accurate, has
the disudvantages of being tedious, time consuming and
subject to aperator bias unless_random4£1ection techniaues
are used. (10@) It does, however,.have the sdvantages
that inclusions with slight deviation from the plane of
measurement can still be measured, also the operator has
the ability to observe whether inclusions are brittle;
plastic, fluid or contain vrecipitates.

The alternative to manual counting and measurement
techniques is to use quantitative television micrbscOpes
in which the electronic image is anzlysed by computer
circuitry. Instruments ﬁsing this principle such as the
Metals Research 'Quantimet' have been used for inclusion
asseésment ( 105) and the basic modes of operation have
been reviewed by Baker (10s). Jdutomstic cuantitative
image analysing technicues have difficulty in measuring
the traditional inclusion aspect ratios, znd it has led to
the use  of the concept of projected length in the
assessment of inclusion strain.

Baker and Charles ( jo07) have shown that inclusion
true strain may be quantified using the concept of |

projected length by the expression

L, * In (E
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i

where R, and P are the projected lengths per unit aréa for
the ‘'as cast' and deformed conditiorn respectively.
The plaéticity index has therefore been represented
by :
2w logP - logpo
|Og H

Although the aspect ratio is not measured, it may be
obtained from the square of the ratio of deformed and

'as cast' projected lengths ( 108) i.e.

)

The validity of inclusion plasticity by this technique
is dependent.upon there being a constant vélume fraction
of inclusions, Although this is not the case this error
can be corrected for by area (and hence) volume measure-
ment ( 107),

Gladman (108) has shown that projected length may be
measured without the need for electronic systems.
Assuming a random distritution of monosized spheres 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. The use of such a technique is, however,

suspect due to the assumption of uniform sizes particles.



2.2. 4% Factors influencing the inclusion plasticity

index.

Early investigations into the deformation behaviour
of non-metallic inclusions ﬁgé carriedlout by Scheil and
Schnell, who reported that manganese sulphide inclusions
had the ability to deform as much’ as the steel matrix
during the forging process.

Observations on oxide, and sulphide inclusions,
deformed over a range of temperatures indicated that there
was a difference in the deformation behaviour for the two
types of inclusions. Typical results/relationships are
indicated in figure 2.2.3 .

The studies of Malkiewicz and Rudnik (10n)
cdncentéated on steels (deoxidised by manganese-silicon
and ferrosilicon plus ferromanganese) which were
subsequently hot rolled. They observed that the
deformation behaviour of the non-metallic inclusions
was influenced by such parameters as: Rolling temperature
Composition, Inclusion size and the degree of matrix
deformation.

The effects of these parameters may be observed
with reference to figures 2.2.3 & 2.2.4.

Van Vlack ( .104), in hils investigations of inclusion
behaviour during the roiling of resulphurised steels,
also reported that inclusion shape and size were factors
which muét be taken into account when considering
inclusion deformability. He also added that the length, to
width ratio of MaS inclﬁsions was an important guide to

the machinability of such steels.



22430

=)
2 4

The oxide inclusions (Fe-Mn-silicates with
unknown composition) are undeformed at
lower compression temperatures, but their
deformation behaviour becomes more similar
to that of the steel with increasing tempera-

6 8 10 20 0 60
STEEL MATRIX COMPRESSION RATIO

steel matrix at all temperatures for lower
compression ratios, but for compression
ratios higher than about 6 the sulphide inc-
lusions deform less than the steel matrix.
This difference increases with increasing

ture, independently of the pression ratio

pression ratio for the steel and should be

for the steel phase. The sulphide incl
(MnS) deform in a manner similar to the

210 Compression ratios for oxide and sulphide inclusions v. compression ratio

pared with the results from rolling. Fig.
212. From ref.214

for the steel matrix at different temperatures

67.
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The work of Pickerinz ( 100) showed that siliceous inclusions
deformed during rolling at high temperatures, but at
lower temperatures they had the tendency to fracture with
little or no deforwstion. Maunder and Charles ( 92.)
showed that there was a sharp transition in the behaviour
of silicate inclusions, from brittle to fluid, over a
narrow range of temperature. They also reported that not
only was deformation benaviour dependent upon size and
composition, but also upon whether or not the matrix was
austenitic or ferritic at the rolling temperature.

Later work by Gove and Charles ( 109.), and other
workers (E?h) has shown that the relative flow stresses
of inclusion and matrix phases are an_important fsctor to
‘consider with respect to inclusion deformation.

From the above survey it is appafent that numerous
factors influence the behaviour of non-metallic inclusions
during hot working, and these are considered in more

detail below.

2s2.8,1, The influence of inclusion and matrix

strengths.

The influence of inclusion and matrix strengths
upon inclusion plasticity have been well reported,
However, there are various relationships reported between
inclusion plasticity and the ratio of inclusion to
matrix strengths.

Ezrly work by Unkle ( 9s.) in the non ferrous field



showed the importance of relative flow stresses. In his
work on the behaviour of two phase alloys during colid
roLiing, Unkle reported that the deformation of a second
phase particle could result to a limited extent even if
the ratio of inclusions to matrix flow stresses was as
high as six.

Warrick and Van Vlack (110.) have also investigated
tle influence of relative strengths upon the degree of
deformation of second phase particles during extrusion.
Using ionic solids ( i.e. KC1, NaCl, NaF and Lif) embedded
in face centred cubic matrices (i.e. Pb, 41, Ag, Cu and
165 - 35 brass') they established a length to width ratio
for the inclusions for various ratios of matrix and
inclusion hardness. (fig.2.2.5.).

Zeisloft and Hosford (m2.) investigated the
relationship between inclusion and matrix strains using
cylindrical rods in rectanguler blocks, and spheres in
cylinders. The matrix phase they used was Woods metal or
lead. The inclusion phases were however of various materials
which gave them the possibility of‘investigafing second
hase deformation at various matrix - inclusion strength
ratios. |

Their results obtained from compressive plane strain
testing indicated, as with other workers, that the amount of
inclusion deformation relative to that of the matrix (i.e.
the plasticity index) decreased-as the ratio of inclusion
to matrix strength increased. Taking measurements of
plasticity index from the linear regions of the inclusion

strain/matrix strain curyeg they found thet & maximum
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value of plasticity index approximately equal to 2.9
occurred when the ratio of inclusion to matrix strength
tended towerds zero. In a’dition they observed that there
was very little deformation of the inclusion :phase if this
value of relative strength was greater than 2.0 - 2.5
(fig2.2.6.). The most rapid change in the value of
plasticity index was observed at a relative strength value
in the region of unity, a phenomenon encountered by other
workers.

One of the problems encountered in observing .
plasticity indices at various strength ratios,.is in fact
the measurement of the flow stress of the materials concern-
ed. However, the work of Gove and Charles (109%) has
overcome this problem, and the developmeht of a high
temperature microhardness tester by Gove (115 ) has enabled.
the matrix and inclusion hardness to be measured in situ at
the temperatures employed in the deformation process.

Experimental work performed on both model and actual |
inclusion/matrix systems has indicated thszt an approximately
linear relationship exists between inclusion plesticity
index and the inclusion to matrix hardness ratio (81826247405

The relationship that Gove and Charles propose is that:

a5 7= (—'j—'-) 0a V=

where 32 is the plasticity index; and H; and Hy are the
hardness of the inclusion and matrix respectively.

The work of these authors, as with the work of
Zeisloft and Hosford, uses the values of plasticity index

derived from the initial linear region of the inclusion/
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matrix strein curves. The values of plasticity index are
thus those at implied zero deformation, and therefore
alleviate some of the problems arising due to the change in
index with the degree of deformation. i.e.?( (intrinsic).

4 theoretical approach to the changes in the values of
inclusion to matrix strain with respect to different flow
stress ratios has been given b& Sundstrom (113 ), Basing
his analysis on the earlier work of McClintock (114 )
Sundstrom analysed the plastic deformation of an elliptical
inclusion, containéd within an infinite plate stressed at
infinity. « Both the matrix and inclusion strain hardened
at the same rate. In addition he also assumed that the flow

stresses of both phases were related to the work harden-
ing exponent (n) by the relationship:
O e o BF

where & is the true strain and Oo is the value of flow
stress at zero deformation.

Providing small strains were involved Sundstrom's

analysis reduced to:
2 = B = 2 sinh (1-n)
Ex [2 + (jB"/n -1)] (1-n)

where?B is the value of inclusion to matrix flow stress.

_ Assuming a value of n=0,25 (which is in the range 0.1~
0.25 typical for the hot working of steel (116 )) the mazimum
value of plasticity index was approximately 2.2 at a value
of B =0 and tending towards zero for values of /3 greater
than 2, 1In fact the shape of the curve at n=0.25 is in

good agreement, and shows



the basic features of that determined by Zeisloft and .
Hasford (112.) (fig2.2.9.

The sharp change in plasticity index when the value
of flow stress ratios is in the region of unity is again
observed.

McClintock (117.) has analysed a comparable situation
in which the deformation pattern of a longitudinal
inclusion under the influence of longitudinal shear,

(fig 2.2.9 ) is observed for various values of inclusion
to matrix shear yield stress ratios ( Fq/ﬁgﬂ ) Frum his
analysis bhe has shown that an inclusion slightly softer
or harder than the matrix has nronounced effcct upon the
flow field, this effect being shown diagramatically in
figure 2.2.10, _

a4 composite illustration of the variation in
plasticity index with the ratio of strengths is shown,
for the work of Warwick and Van Vlack (110 ), Sundstrom
(113 ), and Zeisloft and Hesford, in figure2.2.1l, after
Robinson (ss ), who has replotted the results of Warwick
and Van Vlack interms of relative plasticity and relative
strength.

4 significant feature of tle results of Warwick and

Van Vleck is the lower values of plasticity index obtained

in comparison to the work of Sundstrom and Zeisloft and
Hosford, This may in. fect be due to the results of
Warwick and Van Vlack referring to a 75% (reduction
area) deformation, whereas Sundstrom and Zeisloft and
Hosford infer a deformation tending to zero,

Referring back to the work of Gove and Charles (1e9 ),
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the distinct difference in the plasticity ~ relative
strength relationship, has been attributed to the
fact that an analysis similar to Sundstrom's refers to
both matrix and inclusion sirain hardening to the same
extent. However, this is an oversimplification of any
actual mechanism, and it is thought that a work hardening
phenomenon mey account for such deviations.

As can be seen from the work already cited there
is some disagreement as to what the shape of the plasticity
- relative strength curve should bew 4Applying the
relationship of inclusion - matrix stress and strains
to a very simolified case i.e. where the work done

(per unit volume (V)) by the matrix equuls the work
done by the inclusion, then

CTEE( = TmEm

e e e el

\4 N

Em SH

Viz a relationship (figure2.2.12) exists between ) and

( Ofkén*) which may be looked at ih comparison to the

theory, and the practical results already examined.
Robinsen ( 35.) in his literature reyiew has referred

to the work of ‘Gay (118.) who analysed the behaviour of
sperical and elliptical particles, deformed by pure and

simple shear inside a 'Newtonian fluid' matrix. The
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deformation of such bodies was then related to the
relative viscosities of particles and matrix.

Assuming that the relative viscositiess of the
particle to matrix was comparable to their relative
strengths Robinson converted the parameters used by
Gay to those normally encountered in working on inclusion
deformation., Assuming that the initial inclusion strain
prior to deformation was zero Robinson obtained the

relationship

3 = & = A
:E::_ \ %j3 + 3
This relationship is plotted (figure2.2,13) usihg the
very simple case of 90 = "/[3 in comparison,

It may be seen that a similarity exists with the
simple relationship at values of Br7 1.0 , However,
it is obvious that a discrepancy exists for values

7 < L.,

Figure2.2.i% nas been produced as a composite
diagram (excluding the work of Warwick and Van Vlack)
showing the range of values of ) which msy be expected
in work concerning the deforration of inclusions.

From the work cited it is clear that the areas of
greatest discrepancy in values of ) exist at values of

relative strength 2 or & unit flow stress (or hardness)

ratio.
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Consideration of relative strength values (73 )>l.0

As mentioned earlier Unkle ( s8 ) had observed some
deformation of the second phase when the hardness ratio
(i.e. ?%' ) had been as high as 6. 1In comparison the
work of Gove and Charles and Zeisloft and Hosford fiie
had shown that there w:s very little evidence to suggest
that inclusion deformation occurred at inclusion to
matrix strength ratios greater than 2.0.

In the discussion of Unkle's paper ( 98 ) it had been

suggested that the matrix flow around a second phase

particle would be influenced by the adhesive bonding

between the matrix and the second phase. At low
relative_strengths the adhesion would be relatively
unimportant since the second phase =-._ particle has
the potential to deform greater than tle matrix. However,
at high relative strengths the matrix/second phase
adhesion wald play a significant role.

If the adhesion was poor, once the stress at the
interface exceeded the adhesive stress (i.e. the matrix/

second phase bond) the matrix would be able to slide

over the interface. Hence, the second phase would not
be induced to deform to the same degree as would be the
case if there was a high degree of adhesion,

The recent work of Ashok (119) was concerned with
the influence of adhesive strength upon the deformation of
second rhase particles. Ashok'found that achesion was a

necessary criterion for''deformation when the relative

strengths (]Z; exceeded a value of 2, Experimcntally he



also showed, using copper rods in a copper matrix,
that if there was an unbonded second phase of the same
material, then this second phase particle could have
a relative plasticity index of less than the value of
unity which would be expected.

Ashok's results are summarised by figs 2,2.5 and
are compared to the results of Unkle (which have been
replotted in conventional terms by Robinson), and the
work of other authors already cited, Ashok's
results for bonded inclusions show a fair degree of
similarity with those of Unkle, and to the mathematical

model of Gay (118) and the simple relationship

» =
which assumes a bonded system.

The results of Zeisloft and Hosford,. Gove and
Charles, and Warwick and Van Vlack, (where the inclusions
are weakly bonded to the matrix) show mﬁch less deform-
ation of the second phase, and show a similarity with
the curve given by Ashok for unbonded second phases.

v flgure.  2,2.15bs

Consideration of relative strength values (73)-( 1.0

4As may be seen from figure 2,2,15b there seems to

hela great amount of uncertainty regerding the value of

plasticily index at values of ?3(_ 1.0. This uncertainty
cannot be attributable to interfate bonding, since the
tendency is for the second phase to deform greater than

the matrix. The bulk of evidence éuggests that the
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maximum value of plasticity index (i.e. when§ = 0) is
within the range 1.7 (118 ) to 3.5 ( 35.) and most invest-
igators suggest that a value in the region 2.0 - 2.3 is
to be expeéted, Experimentally, problems have
occurred In the measurement of plasticity at low values
of £, notable in model inclusion/matrix systems e.g.
water ip plasticine, whereby the second phase inevitably
leaks away during the deformation process.

The theoretical work of Rice and Tracy (i20,) may
be considered applicable to the maximum value of
plasticity index obtainable at values ofélﬂ%?O. Their
analysis predicts that in the absence of hydrostatic
pressure a void of constant volume will elongate twice
as fast as any region distant from the void. However,
the work concerning the plasticity of inclusions
has not quentified the effects of hydrostatic pressure,
although the hydrostatic pressure may be expected to be
influenced by the mode of deformation and the geometries

of specimens and work faces.

Cavitation at inclusion/matrix interfaces.

The degree to which :n inclusion will defornm is
governed in part by the relative strengths of inclusion
and matrix, which determines its plasticity index. The
plasticity of an inclusion phase, due to it being highly
deformable or non—deformable,.may lead to discontinuities
betwsen the inclusion and the steel.

Rudnik (iat) who investigated discontinuities due to



hot rolling, observed the following; and concluded that
0.5 £ 2 % 1.0 No discontinuities
0.03 & V& 0.3 Fishtail cracking

WD => 0.00 Conical ceps and hot tears frequently

observed.
Gove and Charles (105) also noted the occurrence of
racks and volds adjacent to inclusions of low deformability
Long narrow cracks were found in the direction of rolling
freruently at one side but often on both sides. They
also noted that the crack length approximated to the
product of the original inclusion diameter and the
rolling reduction, (H).(H = ratio of initial to final
thickness of the rolled material.) It was also evident
that these cracks . welded up to some degree as the matrix
was strained beyond a value of H = 3, This value of H = 3
corresponded to the maximum observed defects, which in
turn correlated with the maximum density change in steel
with respect to its reduction H ( fige,.2.16)
The importance of the formation of voids at inclusion

. /matrix interfaces is considered in more detail in
section 2,3,

2245 3
Degree of deformation

Numerous workers investigating inclusionlbehaviour
in steels, and other second phhse systems have observed
the phenomenon that inclusion (or second phase) strain
relative to matrix strain varies as the zmount of strain

incresses. Robinson ( 35 ) has stated that from a logical
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point of view, it may be expected that, assuming inter-
faclal bonding is strong, ¢n inclusion inherently less
plestic than the matrix should show an increasing rafe
of strain. Conversely, an inclusion which is initially
more plastic than the matrix should show a decreasing
rete of deformation with increasing matrix strain.
Robinson has referred to the work of Smith (122.) who
stated that an elongated inclusion will be constrained
to deform at the same rate as its surroundings,

irrespective of its viscosity relative to that of the

matrix.

However, investigations have indicated that the

~ relative plasticity index (7)) decreases as matrix
strzin increases ( ﬁﬁ% ). Pickering (w0) proposed that
the inclusions (FeO and MnS) work hardened rapidly and
teceme less susceptible to deformation as the degree of
matrix deformation increased. Howeveq;it is generally
regarded that the work hardening of inclusions is not
significant under the conditions of hot rolling.

As an alternative Pickering had sugge~ted that the
progressively more streamlined shape of the deformed
inclusions would offer less resistance to the flow of
the matrix and thus reduce interfacial shear forces.
Hovever, this argumenrt can only apply to situations
‘Where inclusions are weakly bonded to the matrix. 1In
The case of Fe0 and MnS this bonding is weak and as
such may be a contributary factor in the reduction of

plasticity index with strain.



Charles (123.) has summarised several reasons why
a decrease in plasticity index shouls occur with

progressive deformation viz,

i. Relative work hardening rste.

If the work hardening raﬁe was greater for the
inclusion phase (123.) then there is an increase in
the relstive (inclusion to matrix) flow stresses, and

the observed plasticity will progressively decrease.

ii. Matrix constraint

If the potential relative plasticity of an inclusion
is less than unity then the matrix adjacent to the
inclusion will become constrained by friction at the
interface. This constraint then impedes the flow
of matrix around the inclusion, and thus impairs the

. progressive deformation of the inclusion.

4ii., Localised work hardening of the matrix.

If the inclusion phase is softer than the matrix,
then the adj:scent matrix may work harden to a greater
"extent than observed at any distance from the inclusion.,
Hence, the inclusion becomes surrounded by a work hardened
area of material thus impairing deformation.. Charles
showed evidence to support tﬂis case, via microhardness
measurements around an artificial inclusion (i.e. copper)

deformed in an iron matrix at 6000C. This increased



hardness around the inclusion is only slight, and this
effect may be minimised at the higher rolling temperatures
{ 55.)% .

Baker and Charles (107) suggested that reduction in
plasticity may in part be due to the creation of new inter-
face. They calculated that upon rolling to a X2 reduction
an inclusion 7 fm.in diameter the creation of new inter-
face would take approximately 1% of the total deformation
energy. However, 10% of the total deformation energy
would be taken up at a X32 reduction.

More recently Ashok(us, ) has based his argument of
reduced plasticity with increased strain upon the stress
concentration decreasing as the inclusion goes from a
sphere to @n ellipsoid. He proposed that the eguation of
Gove and Charles i.e.

v = 2_11....
be slightly modified to introduce the aspect ratio of the
inclusion ( A)

> 1T ()

From this data he obtained an emnirical value of m = 0.1.

Viz

le s8lso added that it was evident that the deformation
of second phases was dependent upon the strength of the

interface bond.
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Inclusion size

Many workers (3s5,103,124.) have reported a variation
in inclusion plasticity with size. The work of
ﬁchyiyama and Sumita (124) showed that for inclusicns
of the (FeMn)O type small inclusions deformed less than
the large ones. Pickering (100.), and Malkiewicz and
Rudnik (101) were of the same opinion, and in addition
it was found that the smaller inclusions only tended
to deform at low temperatures and large reductions i.e.
when the forces acting upon them were large.

The work of Baker and Charles (107) does predict
however, a size dependence, such that as the inclusion
size is reduced the amount of energy available for
deformation is reduced. Reduced plasticity is predicted
as a result of the greater surface area to volume ratio
of smaller inclusions. However, their work suggests
~that reduction in plasticity should oniy occur at very
small inclusion sizes (i.e. < O.l}pm) at large reductions.
They do however, add that practical observations are
comvlicated by variations in composition with size.

Recent work by Segal and Charles (125) showed that
for type III MnS inclusions less than 5 pm in diameter
deformation was size dependent (figure2.2.19. The
smaller inclusions were observed to be less deformed
thus showing the type of behaviour predicted by Baker
and Charles.

Robinson ( 35.) using a model system of globules

of perspex cement and carbon tetrachloride, (with a
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density matched to that of the salium silicate medium)
demonstrated as inclusion plasticity sigze relationship,
Simulating the deformation of inclusions within a shear
gradient, produced by the rotation of concentric perspex
cylinders,he showed the basiec features of inclusion
deformation. The globules were observed to elongate

into ellipses similar to the shapes of deformed inclusions
found in steels. The noticeable feature though was that
the laerger inclusions deformed to a greater extent than
the smaller ones. .

2.2
Temperature of deformation.

It has been well established for many years that
Ithe flow (yield) stresses of materials are dependent
‘upon temperature. It has also been shoﬁn earlier that
the deformation of 2nd phases within a 2 phase structure
is dependent upon the 2nd phase/matrix floy stresses,
Hence the way in which the flow stresses of the rhases
change with resvect to temperature influences the value
of plasticity index.

The resistance to deformation of low carbon steels
is decreased as the temperature is increased. Over the
normal hot rolling temperatures of 900 - 13009 this

vaciation is approximately linsar (fig.2,2.18 from

the results of Larke (lzm)). The work of Kiessling (127)
and of Gove and Charles (109 ) using hot hardness
measurements has shown the variation in hardness with

temperature for pure iron, steels and of various inclusion
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2.2.19
(a)

Hardness DF H
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Q 100 00 300 400 500 600 70O 8OO 300 1000
Temperature, *C

Fig. 19. Hot-hardness values for MnS, MnO-Si0Q, (rhodo-
nite) and 2 MnO-Si0Q; (tephroite) as compared with iron
and steel. From refs. [20, 21).

A Iron of high purity

B 1040 steel, 0.37-0.447, C, 0.60-0.90", Mn

C 1080 steel, 0.75-0.887, C, 0.60-0.90", Mn

D Single crystals of MnS

E MnO-Si0,, rhodonite, polycrystalline sample

F 2MnO-Si0,. tephroite, polycrystalline sample.

After Kiessling
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phases (figs 2,2.19 3

Since in this work the inclusion phases being
investigated are silicates, the focus of attention will
be upon silicates. For information on the variation
of plasticity index with temrerature for MnS and other
phases the reader is referred to the review of Robinson
359,

The early work of Pickerirg (100) and Maunder” and
Charles ( 92.) had shown that silicates exhibited vastly
different behaviour dependent upon the temperature of
working. Pickering found that st  working at low temper-
atures.siliceous inclusions either behaved rigidly or
in a brittle manner (especially if they were of a duplex
crystalline neture). At higher working temperatures
there was however a rapid transition to plastic - plasfic
/fluid behaviour. Maunder and Charles ( 92.) produced
a schematic illustration of the behaviour of silicates
(fig 2.2.20 Do

Most siliceous inclusions which are glassy in
nature show an abrupt change in viscosity over a narrow
temperature interval, the variation in viscosity fol;owing
an Arrhenius relationship with temperature( ss3. ).

i.e.

'?Z = AE

Typical curves of viscosity: versus temperature are shown
in figures 2.2.21/22 ,
Crystalline phases do not however show any abrupt

35
changes in flow stress until their melting point is neared.
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The work of Ekerot (102 ) on glassy silicates
showed this rapid change in plasticity index over a
- narrow range of temperature, typically'ESOC. He also
developed a theory to explain this phenomenon. Assuming
that an amorphous glassy phase behaved as a Newtonian
fluid, then a change in viscosity could be related to a
change in apparent flow stress.

.00

Oa=mE

where @a is the apparent flov stress, 42 the viscosity
and 2 the strain rate.

In his discussion Ekerot pointed out that if the
viscosity data of various inclusion phases was known,
non-deformable/deformable transition temperatures could
be estimated. He further pointed out that if the flow
stress ratios could be derived using §iscosity data, then
plasticity indices could be determiged using an analysis
of or similar to that of Sundstrom (11a.).

More recently however, Robinson ( 35.) has indicated
that an error exists in Ekerot's calculation of critical
viscosity. In addition Robinson stated that the form of
the viscosity equation used by Ekerot was mathematically
incorrect, though at zero strain (i.e. initial deformation)
the equation would reduce to a similar form

le€o

O = 43



Using this latter form Robinson showed that the
critical viscosity occurred at a temperature corres-
ponding to one somewhat above the glass softening point.
Using a more wigorous derivation he has shown that
ﬁalues of critical viscosity occur in the region of the
glass softening temperature. -

The work of Ekerot, Shirawa (129.) <nd Robinson has
.indicated that the softening temperatures of glassy and
crystslline silicates are inherently different. From
their work it would seem that the transition from rigid
to plastic/fluid behaviour approximates to the solidus
temperature in crystalline silicates. However, the
. transition temperature of glassy silicates is in the
region 100 - 300 + °%C below the solidus temperature.

At temperatures in excess of the transition témper-
ature Pickering (100) found that the relative plasticity
index remained at a constant value. Ekerot ( 102) and
Robinson ( 35 ) have however found that the value of
plasticity mey increase, decrease or remain constent
above this temperature.

Whereas silicate inclusions show an increase in
plasticity index with temperature, it is interesting to
note that the inclusion phases which are plastic at lower
temperatures (e.g. FeO and MnS) show a decrease in
plasticity index as temperature is increased. A
phenomenon attributed to the softening rate of the matrix

exceeding that of the inclusion phase.
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Strain rate

One of the fuctors relating to.inclusion deformation
which appears to have been overlooked by many workers is
strain rate during deformation. Strain rate is known to
vary with specimen size (1269 and it is also known to be
inhomogeneous within bulk material (129).

It i1s well known that the delormation of steel at

high temperatures is sensitive to strain rate, and for

107

example deformation by rolling the mean rate of deformation

for the matrix may be given by

£ :‘F/ D(gh,-h,) = E,

(assuming sticking friction)

f = peripheral roll speed
D = roll diameter.

hy =  entry height.

h2 = " exit height.

If it is assumed that inclusicns are also influenced
" by strain rate (102.) then .the strain rate, or change in
strain rate nay influehce the deformation behaviour of
inclusions, especially if there is g marked difference in
sensitivily to strain rate between the matrix and the
inclusions. It must also be recognised that strain rate
a:fects temperature rises within the deforming material.
For example an increase in strain rate may cause an
inclusion to become more fluid than expected as a result

of a higher temperature of deformation being attained.



The effect of strain rate should be taken into
account when comparing the data of different workers.
A 50% reducticn in height may be a chosen criterion for
investigating inclusion deformation. However, 50%
deformation may be achieved in any number of incremental
deformations and therefore numerous rates of straining.

For argument. it may be considered that if a matrix
strain hardens at a greater rate than the inclusion then
the inclusion/matrix flow stress may decrease and thus
lead to increased inclusion plasticity, Conversely
if the inclusion strain hardens to a greater extent, a
decrease in inclusion plasticity would be expected.

At present the author is not aware of any research
into the eilects of strain rate upon inclusion plasticity

other than that of Robinson ( 3s5.) whose results apparent-

ly showed that inclusions are slightly more deformable
at the higher strain rate of 0.6 cf 0.3 (figure 22.24%).

108
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R The influence of inclusions on steel propertics.

The presence of non-metallic inclusions with steels has
been long recognised as a contribut?ry factor to poor
mechanical properties. Whether in the as cast or worked
conditions it has been known that inclusions influence such
properties as strength (i120.), ductility (nz), and toughness
(13.), as well as fatigue (132.) and impact properties ( 133.),
Inclusions may be found detrimental in areas where mechanical
properties are relatively unimportunt. They may impair
surface quality (134.), or act as preferential corrosion sites
(13s).

aAlthough inclusions are regarded essentially as being
getrimental to steel propertiss, they may be benefici:l in
the area of steel machinability where they msy enhance the

machining process (136.),

23l Influence upon strength ductility and toughness.

The influence of non-metallic inelusions on the fracture
process has been confined meinly to their role in the ductile
failure mode. However, in high strength steels, and steels
'of low ductility it must be recognised that inclusions
e¢ffectively act as notches if they are cbove the critical
defect size (137.), Considering the case of fracture in

ductile materials, the process may be split into four

stages:
(i) The concentration of stress at the second phase
particle, leading to localiscd deformation.
(11) The initiation of voids around the stress

concentrations.
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(1i1)  The growth of voids from their nucleation sites.

(iv) Finally failure due to void coalescence.,

However, the gencral observations of the fracture
process are known to be influenced by varisbles which may
act on one or more of the stages, Factors which have been
observed to cause changes in behaviour include ; size, shape
and orientation of second phase ; interparticle spacing and
volume fraction, as well as the physical characteristics

of the particle and particle/matrix bond.

C I 1 e General theoretical considerations,

The early work of Goodier (13s.) showed that for a
spherical inclusion in an elastic matrixz stress concentration
Was related to Poisson's ratio. He showed that the maximunm
stress concentration wasg approximately twice the applied
stress. Eshelby (139.) later derived that the strain around
an inclusion was uniform when both the matrix and inclusion

were elastic. However, in metal systems containing non
deformable inclusion «shby (140) studied the builg up of

stresses by dislocation movements, as a result of constraint
.produced by the inclusion. These stresses would eventually
exceed the yiecld stress and localised plastic derormafion
would result,

Once stresses build up around a particle, then,
providing they are sufficiently high, void initiation will
take place., This may take Place by decohesion of the metal/
particle interface ( 141.) or by cracking of the second nhase
particle (142.), a situution which seems to be governed by

the strength of the bond between particle and matrix,
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However, void nucleation has been found depcndent also upon
the shape and orientation of the particles ( 143.),

The voids once nucleated must then grow under the
influence of the applied stress mode. Void growth models
are considered to be of two types ( u4.):-

(1) Voids may be considered to expand in a visco
elastic medium under.’action of tensile and
transverse stresses, viz the model of McClintock
(145 ).

(ii) The second model &llows voids to grow only in tre
tensile direction and to approach each other by
lateral contraction (e, K7.),

aAshby (140) showed that cavities grew in the direction
of the tensile stress, «nd that crack volume inereased
linearly with strain. However, Hellen ( 148.) has pointed out
that void growth is linear for a plastic material but is
non-linear for a work hardening material. =snother obscrva-
tion of voids and void growth by Rogers (149.), and Palmer
& Smith (150.), has been that voids tend to be concentrated
_in bands of pronounced plastic deformation. This may have
been due to the growth of void nuclei only in these regions.‘

These voids will then grow until they are of sufficient
size that localised regions between voids will yield and
coaleécence occurs until final failure. There is evidence
( 151.) which shows that the larger voids are present around
the largest particles, However, the ratio of void size to

inclusion size appears to remain constant.
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AP {0 e Factors influencing the fracture process.

2 TV T Inclusion size.

Barly attempts at mathematical models for void
initiation were carried out bylGurland and his co-workers
(145 152). Using a stored energy criterion analysis they
showed that there was a particle size dependence for void
formation, and that the larger patticles formed voids first.
Tanaka (153.) et al employing the solutions of Eshelby (139 )
also showed that there was a size relationship where the
larger particles would cavitate first.

Their analysis was based upon a rigid sperical
}nclusion in a plastically deformed matrix under uniaxial
tensile stress. They showed that the critical strain to

cavitation was given by :/

| A
Ecm'r - 73('—8:_) o<

Ya
|
'=;B (::aﬁ -

ol was the ratio: of inclusion/matrix Young's moduli and
73 was a function which embraces stored elastic enefgy.
They also caleculated a stress criterion which was size
independent. Diagrammatically their results are shown in
figure 2.3.1. .
The prediction that voids ure nucleated at larger

particles first is also held by other workers (uan—usg,
where the critical strain has again been found inversely

proportional to the square root of the particle size.
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In contrast however, the work of Brown and Stobbs( 156¢.)
using an energy criterion predicted only a weak dependence
upon particle size. Their work which took into account
plastic relaxation of the matrix resulted in the prediction

of cavitation at the small particles first viz
=
Eo ¢ PH

where V is the particle radius.

Palmer and Smith ( 150.) have suggested that larger
particles act as better sinks for embrittling impurities,
and Cox and Low (157.) have suggested a statistical basis
for size dependence. They considered that since the
majority of second phase particles are brittle they should
have cracks associated with them, and cavitation should
occur at lower strains for the larger particles.

The recent experimental work of Klevebring (15ss.) et al
and Baker (15%.) which is relevant to the research topic
under study, has shown that under hot deformation by forging
( 158) and rolling ( t%), it is the inclusions which are
greater than approximately 3‘Fm in sgize which show voids.,

. The inclusions present in the steels were silicates and
manganese sulphides respectively. However, the work of
Roesch (1s0.) using alumina particles has not shown any
relationship between size and cavitation, but these were
sintered specimens. which may have suffered interface

reactions.

2 G S e Interparticle spacing and volume fraction,

Numerous workers (133,142, 160,~~163, ) have investigated
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the influence of various types of inclusion phases of
different interparticle spacings and volume fractions on the
ductile fracture of irons and steels,

For a . monosized uniformly distributed second phase the
interparticle spacing is related to both volume and size of

particle (144)

ica. d - ro 2—]1- —_— —E——
,I 2 Vf ,‘ 3

where 1, is the void (particle ) radius and V; the volume

fraction. Although for a polydispersed system it can only
be regarded as a roﬁgh gulde, it does enable a summary under
one category.

Inoue and Kinshita (1es.) investigated the effect of
barticle size and interparticle Spacing on the ductile
fracture of spheroidised carbides and concluded that the
strain to void initiation increased as tle interparticle
spacing increased. (fig, 2,30 ). At the same
conference Brown and Embury ( 1z.) reported that the strain
to final fracture was proporticnal to volume and inter-
particle spacing. Edelson and Baldwin ( 3.) in studying
the effect of second phase particles on the mechanical
properties of alloys concluded that duetility was dependent
upon volume fraction and interdependent of particle size.
This view, based upon their own results and those of other
workers (is6s. 166.) showed that as the volume fraction
increased there was a non linear decay in the total strain
to fracture.

Pickering (1s51) in his work on austenitic steels

observed that the maximum uniform strain and total ductility
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decreased with increased volume fraction, although the
total ductility was influenced the most. He found that
the relationships for sulphides and oxides were similar
to those for Nb(CN) and Ti(CN) inclusions, and that the
relationships were similar to that obtained by other
workers. figures 2.3 3. &-2.3 4.

Baker ( 159) considered the examvnle that since .
inclusion spacing is pronortional to size it might be
expected that small inclusions would be more detrimental
than the larger ones. In his experimental work (on two
steelscontaining deformed inclusions with similar aspect
ratios, but different matrix properties) he observed
that the steel containing the smaller inclvsions was of
iower'toughness.

Kinoshita et al (t67.) have observed that ductility
decreases with an increase in the number of fine inclusions
less then 5 pm in diameter, which is to be expected ( 15%.).
The work of Gladman ( le8,) has also showﬁ that as the volume
fraction of sulphides in a C - Mn steel increases then at
high strain rates in tensile tezts the work hardening rote
"is reduced.

Argon et al ( 16%9.) have recently pointed out that.
for volume fractions less than 0,01 i.e. (1%), plastic
zones of particles do not interact and they behave :as
isolated particles. Although this im-lies that in practicel
inclusions behave as isolated particles, if gross segreation
exists localised areas may be present where inclusion

stress/strain interact.,
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2i3edelo s Inclusion morphology.

In the cuse of as cast structures, specimens ure
rornally isotropic with regeard to fracture. Deformation
of the as cast structure during hot rolling or other working
operations may result in the deformation of the inclusion
phase and lead to anisotropy in th:s fracture of stecls.

In semi killed stecls the inclusion products are likely
to be type I globular sulphides and oxides which will deform
into ellipsoids of dimensions dependent u-on the mode of
deformation. If, however, these inclusions do not deform
voids may be nucleated and grow in the directiocn of
deformation (107.), In this case the fracture procecss becomes
egsentially the growth and coalescence of voids.

In fully killed steels it is likely that skeletal
structures of n1203 and type II Mns-will be present. These
will be reorientated into the-working direction and will
produce anisotropic defects.

The presence of spinel type inc;usicﬁs which are
generally less than 25 pm have little influencénhpon the
.mechanical performance of steels, unless they are present
in steels used for critical applications; The aggiomération
of spinels by surface tension effccts or by the nresence of
a low_melting point silicate 1s much more likely to cause
serious problems,

Pickering (151.) has commented that the behaviour of
oxides and sulphides is qualitatively similar, However,
the mechanism is considered to be different. Oxides crack
readily, whereas sulphides ureld€cohcrent, and Pickering has

prescnted expressions which represent the cracking and



decohesion mechanisms in terms of particle spacing, volume
fraction, morphology and strain.

In work using elongated, c¢nd plate like sulphides
Pickering observed that an increase in volume fraction
caused an increcse in void volume for any given tensile
strain, In addition a decrease in the length to width
ratio of the inclusions with respect to the tensile axis
increased void growth rates with increasing strain. He also
observed that void coalescence would occur earlier than
expected in theory. This phenomenon he attributed to the
theory assuming uniform particle spacing, whereas in
practice local segregation will exist., Also the banding of
inclusions may give distinct planes of weakness (144,),
'Gladman et al (171.) attribute the detrimental influence of
transverse inclusions to the fact that once a void is formed,
strein is highly concentrated at the ends of the void where
a small radius of curvature is encountered. Using ‘crack
opening displacement' toughness tests Baker and Charles
(172)) have shown the influence of morphology upon CD
values2.3.5.~ 2,3.6

2.3.1.3.%, Deformation.

_ Considering materials which have undergone deformation,
inclusions may lead to the development of planar defects
(strip rolling), Vogels & Bruening ( 173,) and'Dahl et al

( 174,) investigated the differeﬁces in longitudinal and
transverse mechanical properties in commercially rolled
steels, which arose as a result of the deformation of

inclusions. Their findings were that transverse properties

were inferior,
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The importance of inclusion deformation on the mechanical
properties of stcels was shown by the use of shape control
elements ( 175, — }71), which prevented inclusions
deforming, and anisotropy was also seen to be reduced by the
spheroidisation of deformed inclusions (174), Also it was
noted that broken up stringers had less effect than those
that remained intact,

Investigation of short transverse direction properties
had received little attention prior to the last decade since
it was unususl to put this direction under direct stress in
engineering applications. Howevern with the advent of
fabricated structures in which the short transverse direction
.became stressed it was important to investigate the effect
of inclusions on short transverse properties. Work carried
out has shown that the most marked deterioration was in
toughness (152 78-180.) and this is accentuated s inclusion
deformetion is increased (15s9). Baker et al (18.) have shown
that the C.0,D, (crack opening displacement) in the short
transverse direction is influenced by inclusion aspect ratio

. (figure 2.3.6 ) and by rolling reduction (figure2.3.7 ).

The majority of studies of short transverse properties
has been hampered by the lack of materizl in that direction.
Baker et al (72)) huve found that the silver soldering of
extenéion pieces onto this type of section provides an
adequate method for C.0.D. testing. They found" that the
silver solder joint did not influence the.plastic flow zones
associated with the notech.

From numerous investigations it has been observed that



the toughness of rolled material decreases on going from
longitudinal through transverse directions.

Farrow ( 1#2) and Trigwell ( 183.) working on the present
system under study have shown that the tensile properties
of materials tested in the longitudinal, transverse and
intermediate directions were not significantly different.
Very 1little difference in strength and ductility was observed
whether the inclusions had deformed or not at various rolling
temperatures. They did however emphasise that investigations
were hempered by the use of small test pieces.

Inclusion orientation has been observed to give a more
pronounced effect in (C.C.D,) toughness tests than for
.uniaxial tensile tests. It has been shown by Smith

and Knott ( ®s.) that for free cutting steel the crack
opening displacement in the longitudinal direction is

approximately three times that of the trunsverse direction.

2.3.1.2,5, Matrix particle bond.

The strength of the matrix/particle bond should be

expected to influence the fracture process on the basis of
| void initiation around a second phase particle. The analysis

of Gurland and Plateau ( wi.) infers rupture at the matrix/
particle interface in an elastic situation. In metals
however plastic deformation proceeds to rupture and disloc-
ation movements leud to stress concentrations at the
interface ( 140.).

Most common silicates, A120 and MnS are weakly

3
bonded to the matrix ( 44) and the strain to voigd initiation

i1s approximately zero. Although it is not clear whether



stresses produced around voids are significant with respect
to initiation strains, they may influence whether or not an
inclusion fractures or decoheses. If the stress at the
jnclusion is greater than the interfacial strength decohesion
would be.expected. Howevern if this interface bond is strong
stress relief may occur by fracture of the particle (eeg.
carbides (142.) ).

In the case of non metallic inclusions where weak bonds
exist (144.) decohesion of the interface has been observed
with both deformed and non deformed inclusions ( 15%). In
the case of MnS because of its differentiacl thermal contrac-
tion propertics relative to steel (i8s5.) 1t may be regarded
.as effectively sited in holes. Hence, there is ne strain
required to initiate bond decohesion.

The work of Easterling et al (se. (87 ) has indicated
that void nucleation is related to the matrix/particle bond,
and they have suggested that the steel composition influences
the strength of this bond (87.), which may account for
observations of inclusion decohesion and cracking. However,
_ the work of Easterling was concerned with sintered powders
andin those materials such effects may be masked or over-

emphasised to some degree.

2331 e Lamellar tearing.

Lamellar tearing may be ;egarded as a specific case of
fructure in the short transverse direction, and is associated
with the welding of fabricated structures. The tear 1s the
result of planar like defects which eflfectively reduce the

cross sectional urea and therefore reduce the amount of



strain required to initiate a void,

Lamellar tearing is known to occur under T, and fillet
welds (188) where tensile strains are in evidence in the
short transverse sections. They may eclsc arise from weld
shrinkage sugmented by restraint in large structures (1s8o.),

Baker ( 152) and Watkinson et al ( 180) have shown that
short transverse toughness is impaired by inclusion strain,
separation and volume fraction ete. figures 2.2.5-2.2.8
Both workers used the C.O.D} test as a measure of toughness,
but Watkinson et al also investigated the reduction in area
of short transverse tensile test pieces, by friction welding

extensions onto the short transverse sccticns (figure2.3.9 ),

2edns Impact resistance,

It is well known that an increase in volume fraction of
inclusions leads to a decrease in impact shelf energy”(/si.
174, 189, 190, ), and Kinoshita et &l (167) have obgcrved
that impact values are decressed with increase in the
number of fine inclusions (less than 5 pm).

However, the influence on impact transition temperature
18 less. convincing, and Dahl ( 174) and Roesch (189%) indicate
very little effect, whereas Pickering (151.) has indicated
that there is some work which does show an effect. In his
mevView Pickering has obscrved that low volume fractions of
sulphides caused the transition temperature to rise, vhereas
at higher volume fructions the transition temperature was
lowered (particularly noticcable in the longitudinul test
direction, figure 2.3.12 )

v(n nnjdotr0py 1s obscrved to influence ‘he imnact behaviour
Figures 2.3.1062,311)
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of steels (151.) znd deformable sulphide and oxide inclusions
give rise to anisotropy of impact values, The planar
form of inclusions in rolled material is considered to be
anulogous ( 191.) to a composite of thin lamellar plates, and
should promote transition from cleavege to fibrous fracture
at lower temperatures due to a.relaxation in triaxiallity of
stress (192.), Walkaer and Barr ( (#2.) have shown that the
transverse upper shelf energy is reduced bty the presence of
lamellar inclusions (fig 2.3,13. ) o

Pickering ( tse.) has cormented that at low volume
fractions inclusions act as crack nucleation sites which have
the effect of increasing the impact transition tempe rature.
At higher levels of volume fraction although the number of
nucleation sites is increased, crack propagation is impeded
by the greater number of obstdcles, therefore decreasing
the transition temperature. Elongated inclusions are the
most effective obstacles to crack propagation, and this was
considered an analogous situation to the work of Embury (119t )

who hzd observed similar effects with mild sfeel Jaminates.

Ledsde Fetigue.

One of the princival -festures of non metallic inclusionsg
has been their action as stress concentrations 1n fatigue
situﬁtions. Fatigue_prOperties have been related to
inclusion content, size and composition (W3- 195 ),

Inclusion deformation characferistics have also been shown
to influence fatigue., In rolled alloy steels brittle and
non deformable inclusions were found most detrimental to

fatigue properties ( 196), andrews in a recent review ( 197)

3
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has summarised diagramatically the influence of inclusions
upon fatigue properties (figures 2.3.14).

Brookesbank and Andrews ( 198) have used and commented
upon photoelastic unalogue techniques as a means of repre-
senting stress fields around inclusions. The authors
consider thet there is some confidence i the method, on
the basis that observed stress fields agree closely with
those calculated for the.plune stress situation. They
have ulso chown that pairs or clusters of inelusions provide
a more hazardous condition than single inclusions of the
same size.

sndrews (197) in his review stated that Tessellated
§tresses arise around Imclusions and second phase particles
because of differential thermal contractions of matrix and

particle, and were of the form
& (ot —=¢) o)

where of and o{;are the thermal expansion coefficients of
the matrix and inclusion respectively. AT is the temperature
'cha.nge (negative) and¢ 1s a compliance fuctor dependent
upon elatic moduli, size, shape and inclusion distribution,
The influence of expansion characteristics upon stress
and void forming potentials is shown in figure (2.3.15 )
From this figure it may be seen that MnS is not a
stress raiser, but a potential void former. It may be
possible that the presence of sulphide shells around oxide
inclusions (as observed by Trigwell ( 183)) effectively

reduce the stress raising potential of an ineclusion
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or alleviate some of the stress by localised plastic
deformation in the shell.

In considering the influence of non-metallic inclusions
upon fatigue properties the matrix properties should te

considered. In high strength steels such as the- 1%C 1.9%Cr
crﬁRCu\

136

beering steels ( 196.) which the a small defect 1ze and little

ability to blunt cracks the presence of inclusiorsis critical

In lower strength steels the critical defect size is larger
and crack propagation is less rapid and the presence of
inclusions is less dramatic. This critical defect size may

be given

d = k(kf)S

[}

ﬁhere d

k

inclusion diameter

constant

1]

Ky is the ratio N, (without inclusion present)

- Ne (with inclusion present)

and Nf is the NO of cycles to failure, It has thesgh been
found that the preferential nucleation of voids occurs at
inclusions irrespective of matrix strength.

Fatigue properties of steels are subject to the
influences of inclusion. distribution with respect to the
presence of inclusions at the surface of a component
causing premature failure. Surface inclusions may be
contributing factors leading to the wide distribution of
fatigue test results,

Kiessling ( 10.) has suggested that the high plasticity

of MnS restrains it from acting as a crack nucleation csite



and therefore does not influence fatigue properties. He

also indicated thut inclusions with high plusticity indices
would be able to absorb some of the stresses developed at

the inclusion/matrix interface during fatigue cyecling. 1In
the light of the work of aAndrews ( 1°7) however, the less
injurious nature of MnS may be attributed to its contractimdal

characteristics.

0 Tl T Machinability.

It has been recognised ( #9%) that the presence and
properties of non-metallic inclusions influence the
machinability of steels, Where the presence of non-metallic
inclusions is beneficial economic savings may be made.,

. - Inclusions if they are to be of benefit should
initiate crack formationhand embrittle swarf by their action
as stress concentraters. slthough inclusions are encouraged
to purticipate in the increase in shear of the metal flow
zone, they should not disrupt metal flow and/or impair the
working characteristics of the tool, or abrade the work face
In addition they should ideally act as diffusion barriers at
- the rake face of the tool at the interface temperature.
How well inclusions conform to the above specificctions

is governed by numerous factors.

23 W S U Inclusion tyne and mornhology.

It is generally recognised that exogenous particles are
detrimental to machinability, vrimarily due to their being
of a refactory nature. In addition it has been reported

(t99) that the globular type MnS is preferred to typss II



and III MnS morpholgy.

2.3¢4.2. Compostion and deformability of inclusions.

Mrnganese. sulphide has been an important accevtable
indusion phase because of its highly deformable nature
over a wide range of-working témperatures. However, the
presence of duplex MnO. MnS type inclusions, lowers the
inclusion deformability.

Oxide inclusiors are normally avoided because of
their high softening/melting temperatures. However,
Trent (200) and Opitz & Konig (201.) have shown that under
certain cutting conditions deoxidation products may sct in
a similar manner to MnS. They have pointed out that some
inclusion compositions in the Mn0—8102-51203 and Cal-5i0 o=
A1203 systems deform in the steel 'flow gzone' at temver-
atures of 1000°C. Keane (199.) has indicated that with high
strength steels, where the cutting tempvératures are high, and
the deformability of MnS is low, the use of low melting

point (easlly deformable) oxides may be advocated.

2.3.4.3. Volume fraction.

It is well known that the machinability of steels is
improved by an increased sulphur (therefore increased Mng)
levels. The use of highﬂr levels of MnS in free cutting
steels led to economic swvings in areas of the engineering
industry wnere extensive machining was necessary. However,
the influence of an increased volume fraction of MaS above

gpproximately 17 has little beneficial effect (t99.).

140
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2.3.4,%, Size and shape.

It is usually the case that 'machining steels' contain
MnS as slightly elongated ellipsoids. although this is
usually due to the high temperatures employed in rolling
free cutting steels, globular type I inclusions are preferred
(202), 1In order that the inclusions should be beneficial
they must deform in the flow zone. However, elongated
inclusions show lower levels of deformubility once.they have
been deformed (202), &lso their orientation to the flow zone
makes them less effective,

With regard to inclusion size, the larger inclusions
are deemed beneficisl., Marston and Murray (203) concluded
that the beneficial effect of inelusion size was observed
with inclusions greater than 10 pr diameter. It has been
shown by Charles and his co-workers ( 18%) that beloy 5 jam
diameter the deformability (plasticity index) of Mn3

inclusions is impaired.

235, Influence of inclusions on other properties,

Work by Morinaga et al ( 204) has shown that the volume
fraction of deformed inclusions influences Erichsen and
Torsion test results on sheet material, The Erichsen #alue
at feilure was found to decrease with increase in %S (i.e.

increased vol, fractionsof Mn3), and the degree of cracking

in a torsion test incrcased with increased volume fraction,
They did point out that the main influence upon failure was
the presence of the larger srlphide inclusions. (2.3,16)
Jones et al (205) have also ecited evidence which
indicates that the bend formability of steel is reduced

by the increase in inclusion volume fraction.
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S{PERIMENTAL FROCEDURE,

3.1. Melting and casting procedures.

Jobads Selection of experimental conditions.

The experimental melting and casting rrogramme was
designed to keep a close control on the production of the
various inclusion compositions., The conditions were chosen
to provide maximum freedom from extarnal influences and to
limit the number of variables which could possibly result

from this stage in the experimental programme,

Jelid el Melt material.

The choice of a suitable melt material was based upon
two criteria, namely:-

(1) 4 high oxygen concentration.

(ii) a4 very low level of sulphur.

The former condition was imposed in order that a high
concentration of oxide inclusions could be obtained from the
addition. of a suitable deoxidant(s). In order for there to
be a high free oxygen content in the melt, the presence of
oxyphillic elements had to be avoided.

The other condition to be met, was that of limiting the
content of sulphur. It is well known ( ¢ ) that th- presence
of oxide/sulphide constituents in deoxidation products
influences the latter's character and behaviour in deformation
processes,

The material used which fulfilled these requirements
wus electrolytic iron and the corposition of which is

given in table 3.3,
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RBble 3.1.

€ S P Si Mn Al 0 Fe

0.01 0.01 0.01 0.01 0.01 0.005 0.065 Balance

Redalals Crucible material.

The governing factor concerning the choice of a
suitable crucible material was that it should not react with
the melt and/or solutes present. Recrystallized alumina
crucibles were chosen, since at the ‘residual oxygen levels
aimed for (approx. 0.005wt%) the equilibrium aluminium

concentration with that oxygen is aporox. 10'4 wt%. at this
low level it was expected that there would be little reaction

between melt and crucible even when there was no aluminium
present in the melt,

The oxygen content of the melt was kept as low as
possible in the early stages prior to deoxidation. This
was essential because the presence of greater than 0.045%
oxygen in an iron melt contained within an alumina crucible,
may lead to a melt - crucible rezaction. Hercynite has been
shown to be produced as a result of such a reaction in this

system ( 206.)



Jeleln Experimental equipment,

Sekileke Melting furnaces.

The two furnaces used in the producﬁion of the
deoxidant alloys, and in the melting of the electrolytic
iron were both linked to the same high frequency melting
unit. The melting unit contained a motor alternator set to
supply a high frequency current at o.5kHz. The maximum
rating of the unit was 15kW and power factor correction was
by switching in appropriate capacitance as required.

4 schematic vertical section of the iron melting unit
is shown in figure 3.1. The only basic difference between
this and the unit used in the production of the deoxidant
alloys was that the capacity of the deoxidant unit was 80%
smaller. In both cases the susceptors were machined from
electrode graphite, the machining ensuring that there was
a close tolerance fit when the crucibles were in place. This
prevented excessive wear due to circulating gases .

Temperature measurement was by means of two platinum/
platinum - 13% rhodium thermocouples connected to a twin pen
recorder, One thermocouple was fitted into the base of the
susceptor, thus enabling the susceptor temperature to be
monitored during the melting period. The second thermocouple
was used for immersion in the molten melt. This second
thermocouple was protected by a silica sheath, and access to

the melt was via the sampling hole in the susceptor 1lid.
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3.1.2,2. Furnace atmospheres,

It was considered necessary to prevent oxidation of
both deoxidant alloys and the iron melts. Any such
oxidation would cause the calculated deoxidant addition
to be erroneous in respect of its deoxidising capacity, and
result in inclusion compositions different to those expected.

The exposed surface of the melt was therefore protected
by a non oxidising atmosphere. The iron melts were protected
by argon flowing at a controlled rate of 2.5 litres per
minute. The deoxidant alloys however were melted under a
hydrogen atmosphere, but cooled under argon. The hydrogen

flow rate was 2,5 ltres per minute, and the argon flow rate

was 10.0 litres per minute.

3.1.3. Selection of deoxidant compositions.

The choice of leoxid.nt alloy comrositions was
primarily based upon the products of Mn - 31 and Mn - Si -
Al deoxidation with liquidus temperatures btelow 1300°C,

This ensured that the »roducts were liquid at the maximum
rolling temrveratyre of 1300°C, Figure 3.2. shows the
liquidus surface for the Mn0O - 3i0, - A1203 system at
130C7C;

The deoxidant additions required to give the desired
products were calculated assuming specific initial and final

oxygen levels, 100% utilisation of the deoxidznt elements

and appropriate solute equilibrium data at 1600%, &

detailed calculation of a typlcal deoxidant alloy is shown
in appendix 3,1 + This illustrates the idealised way in
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which oxygen in the melt is distributed between the manganese
silicon and aluminium present in the deoxidant., The total
deoxidant addition was computed fvom the individual
stoichiometric and equilibrium additions for the various
elements present in the alloy. Appendix 3.2 summarises

these values for each of the deoxidants used,

3.1.4 Preparation of deoxidant alloys.

The correct proportions of electrolytic manganese flakes
and granular silicon were intermixed and transferred to an
alumina crucible. The constituents were then melted under a
hydrogen atmosphere, When molten the susceptor 1id was
removed and the super pure aluminium (when required)
stirred in, and the 1id refitted. The hydrogen atmosphere
was then displaced by argon, and the ingot allowed to cool
under the argon blanket.

The resultant ingots approximately 200 gms in weight
were removed from their crucibles and their surfaces ground
and wire brushed to remove any adherent oxide films. They
were then crushed and groﬂnd to particle sizes less than
500 pm. The powders so produced were considered to be more
homogeneous than the alloys in lump form, which in many

instances had a coarse needle like structure observed when

the ingots were fractured.

3.1.5. Experimental melts.

3.1,5.1. Iron - oxygen alloys (melting procedure).

1.5kg of Japanese electrolytic iron was weighed out



and the majority of the charge transferred to a clean
alumina crucible. This was then placed in the graphite
susceptor. The susceptor 1id and cover were set in place and
the argon flow (2.5 lites per minute) turned on at an
initial power input to the furnace of 5kW. The susceptor
temperature was continuously recorded. When a temperature
of :6009C was reached the power input was increased to
12 - 13kw. Once  the charge was observed to be molten the
susceptor 1id and cover were removed and the balance of the
charge added, replacing the 1lid and cover after the addition.
When the charge was again observed to be molten, the power
input waé reduced to approximately 9kW, Using the immersion
thermocouple in conjunction with the susceptor thermocouple
the power was adjusted to give a stabilized melt temperature
of 1600°C,

At this temperature a sample of the iron - oxygen
melt was taken, prior to the addition of a precalculated
quantity of iron oxide (Fe203) to bring the oxygen content
of the melt up to approximately 0.09 - 0,10 wt#. Appendix
33 gives details of the addition, After a period
of approximately 5 minutes a second melt sample was taken
to determine the oxygen content of the melt at the time of
deoxidation., 4t this stage the susceptor 1id and cover were
removed and a predetermined amount of powdered deoxidant was
stirred into the melt, Ais soon as the deoxidant had dissolved,
the molten charge was immediately suction cast into a silica

tube, and the furnace switched off,



3ele5.2.  Sampling and deoxidation procedure.

Sampling of the melt was performed by drawing off
approximately 10gms of metal into a 3mm bore silica tube.
The partial vacuum required was obtained by the use of a
hand aspirator. The silica tube was inserted into the melt
via the sampling hole in the 1lid, and withdrawn 1 - 2c¢m from
the bottom of the crucible before taking the sample. By
this method samples were always taken from a similar plane
in the melt.

Deoxidant additions were made by plunging the shim
steel cartridge containing the deoxidant below the melt

surface. The deoxidant was stirred into the melt for

between 5 and 15 seconds prior to instantaneous casting.

3.1.5.3. Casting technique,

The technique of suction casting was hoped to ensure a
uniform dispersion of deoxidation products throughout the as
cast bar , and to prevent any reoxidation of the products
during casting. The suction casting apparatus consisted

of a nominally 24mm internal bore silica tube 350 - 1000mm

long attached via pressure tubing to a vacuum pump. The
partial vacuum employed was 200mm,Hg, which ensured that a
bar of material approximately 300mm long was produced. a
small amount of metal however always remained in the crucible
which was later removed. A vacuum less than 200mm.Hg.
resulted in a lower yield of cast bar, but a value much above

200mm resulted in the production of a tube.
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3.1.5.4%4, Sectioning of cast bars .

The sectioning of the as cast bars is schematically
shown in figure 3.3, for an ideal situation. Samples
taken for hot rolling were hopefully in the region of 80mm
in length, although this was dependant upon the material
yield. Samples taken for as cast metallography and
microprobe analysis were transverse sections. These
sections had a maximum thickness of 10mm in order that they
would fit into the specimen stage of the microprobe:
analyser.

3.1.6. Development of rrogramme.

Two short experimental series were made, one which
involved the addition of alloying elements to the melt,
and the second in which extra aluminium was added fo the
powdered deoxidant,

In the first series which used alloy DAl2 as the
deoxidant the variation in experimental procedure with

respect to the alloying additions was:-

Melt Code Alloy addition Comments
NI50A12 50% Ni Added as Ni pellets in the

charge material

NIAl2 1%Ni Added as Ni pellets in the
charge material

CRA12 1% Cr Added as powdered (< 500 um)
ferrochromium in a shim steel
cartridge immediately after

deoxidation and stirred
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Melt code Alloy addition Comments

into the melt prior to
casting.
Val2 %V added as ferrovanadium
as for melt Ciail2
In addition a melt using deoxidant alloy DAlY4 had
0.2% carbon {in the form of powdered graphite) added via a
shim steel cartridge directly after deozidation. (Coded Al14C).
However, a large proportion of this was lost by ignition
and apparent melt effervescence.
In the second second series of experiments, deoxidant
DALY was used with extra aluminium admixed with the powdered
deoxidant. In order to o;éerve the influence of aluminium
on product composition for a given deoxidant, extra additions
of 0.022% and 0.044% Al were made. These melts were coded
Al7 and A18 respectively.

3.2, Rolling prodedures,

3.2.1, Selection of experimental conditions.

3.2.1.1. Sample reductions,

The as cast material was rolled at 20% reduction in
height per pass. (True strain of 0,22). Thus ten passes
were required to obtain a nominal 904 total reduction
(table 3.2. ). Hovaver the first 20% reduction was
usually performed in two 10% passes. 4 rolling schedule was
derived by test rolling 25mm diameter mild steel (EN3) bars,
and experimental material st various rolling temperatures.

Thus the mill was calibrated, and appropriate mill settingsg



HOT ROLLING PROGRAMME

NOMINAL THICKNESS TOTAL TOTAL (gm)
h (mm) REDN, TRUE STRAIN
Entry p;g? Exit %Ry, 1n DO/y
25,00 1 20.00 20.00 0.2231
20.00 2 16,00 36,00 0.4462
16.00 3 12,80 48.80 0.6693
12.80 b 10.24 59.0k 0.892%
10,24 5 8.19 67.24 1.1155 -
8.19 6 6.55 73.80 1.3386
6.55 7 5.24% 79.04% 1.5617
5.24% 8 4.19 83.24 1.7848
4,19 9 3.36 86.56 2.0079
3.36 10 2.68 89.28 2.2310

20% Ra"/pass i.e. Em/pass = 0.2231

Table 3.2
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were derived for each struin increment,

E (P2 R0 Sl Rolling Temperatures.

The r.nge of tenpecratures employed during the
investigations was 60COC - 1300°C, the relevant temperatures
used were determined by the type and composition of inclusion
under investigation. In order to ensure that the material
was rolled at the required temperature a series of calibration
experiments were performed to determine the temperature drop
from the furnace to the rolls. Samples of material of
various thickness and at various temperatures were withdrawn
from the furnace. The fall in temperature 3 seconds after
removal from the furnace was measured at the centre of the
bar/strip by means of a plutinum/platinum - 13% rhodium
thermocouple. The results have been plotted in figure 3.4.

dActual transfer times were observed to vary

between two and five seconds depending on the stage of

reduction.

When working at 10009C and below, the soaking temperature
was 10°C higher than the rolling temperature, up to 504
total reduction in height, after which the excess temperature
was 20°C until the strip was 5mm thick., At temperatures
of 1100%C and above the excess temperature employed was 20°C
up to 504 reduction. Beyond 50% reduction excess temperatures
of 30°C, 40°C and 50°C were employed at 1100°C, 1200°C and
13009C respectively until the strip was Smm thick. When the

material was less than 5mm thick approximate temperatures
for soaking were estimated from figure 3.4.

No allowance was made for the cooling effects of the
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rolls due to the complex nature of heat flow. The use of
complex heat flow equations and numerous assumptions,
would have led to a result subject to large errors. Simple
calculations show that the contact time of the rolls with
a given element in the material is of the order 0.05 seconds.
In cddition there is an insulating effect of an oxide scale
layer and also heat derived from working the material.
Defornation heating effect is increased as the thickness
of the materiul decreases due to the increased rate of
deformation. Asante ( 103.) has shown that the temperature
rise is in the range 5° - 10°C for a 10% reduction in
height,

2 Y S Experimental equipment.

Sedelels Rolling mill,
Rolling was carried out using a 2 high 'Robertson!
mill, with 0,203m diameter rolls and a peripheral roll

158

-1
speed of O.42Ms = (i.e. 40 R.P.M.). Sheet asbestos insulation

was used at the roll feed in order to minimise heat loss.

302.202. Flll'na.ces.

Two furnaces were used for preheating and reheating
material between passes. Both furnaces were electrically
heated, and had the facility for partially controlled
atmospheres of 907N, - 10%H, to limit oxidation. The
larger furnace ( ~ 0.61112 hearth) had a maximum operating
temperature of 1050°C, and the smaller (~ 0,1lm%hearth)

1400°C, The smaller furnace used an Inconel support to

prevent the sticking of samples to refactories, caused by
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refactory - iron oxide fusion at high temperatures.

Both furnaces had automatic temperature control but
during heating and reheating the 'hot zone! temperature was
monitored using Pt/Pt-13%Rh thermocouples. The maximum
number of samples in the furnaces at any given time were 3 in

the larger and 2 in the smaller.

Se e de Sectioning of rolled samples.

Sectioning of the rolled material was normally parallel
to the rolling direction and perpendicular to the plane of
rolling. (i.e. the (XY) plane in figure 3 .5.)

Sectlons were occasionally taken on the (XZ) and (YZ) planes
(figure 3.5, ). During this sectioning care is needed to
ensure that the cutting does not deviate from the section
plane, particularly important on the (XZ) plane otherwise
inclusion aspect ratios are not true values. In addition it
was essential that material was not taken from the ends of
the rolled strip, because of the non representative metal
flow. (Illustrated in figure 3 .5. )o For (XY) samples
t<ken for 'probe' analysis the maximum allowvable depth in

the Z direction was 10mm.

3.2.%, Plasticine model system,

In order to obtain the homogeneous patternof
deformation of the steel matrix in these experiments, a
plasticine model system was used. Hopefully the deformation
of a plasticine composite at room temperature was indicative

of the deformation of a hot rolled steel sample,

Numerous pieces of unused plasticine were rolled to a



Fig. 3.5 ¢ Sectioning of rolled samples.
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constant thickness in a 2 high mill, using paper to prevent
sticking to the rolls. These strips were then lightly
pressed together in alternate layers to form composite
sandwiches. The composites were 25mm wide x 100mm long, their

thicknesses being detailed in tuble 3.3(below)

Expt. Initizl thickness No. strips Measured thick-
of strips ness of composite
1 1.90mm 13 24, 7mm
2 1.90mm 74 13.3mm
3 1.4%0mm 17 23 .8mm

These composite samples were rolled in the same 2
high mill as detailed in section 3.2.2.1., again’using
paper to prevent sticking. OSamples of rolled material were
taken at vurious height reductions, Sectioning of the
saﬁples in the (XY) and (YZ) planes was performed, and the
thickness (height) of each ligament measured using a _
travelling microscope. The samples were cut using a fine
copper wire or hair, coated with petroleum jelly to prevent
smearing of the plasticine interfaces. Hair was found to

give the clearest resaults.

33, Heat treatment.

3:3e1. Specimen size.

Samples of 'as cast' bars containing inclusions of
various compositions within the MnO - 510, - Al503 system

were cut into specimens 10mm x 5mm x 2mm. A small size was

chosen 1in order that they would resch temperature quickly.

Because of their size it was important that there should



be no oxidation of the samples, and for that reason a

vacuum furnace was used.

3¢3.2, Heat treatment temperatures.

Heat treatment temperatures were to cover the normal
range encountered in hot working i.e. 900° - 1300°C, Three
temperatures were chosen to cover this range i.e. 900°,

11000 and 1300°C.

3¢3.3. Heat treatment times,

In order to observe the influence of soaking time upon
the precipitution of phases within inclusions times ranging
from ¥+ - 64 hours were employed. These times were those
after the samples had reached their respective heat treatment
temperatures. The time to reach temperature was approximately

30 minutes.

3.3.4, Heat treatmert furnace,

The furnace used in this programme consisted of an
alumina crucible (100 mm x 30mm) around which was a tungsten
resistance element. The furnace.unit was surrounded by
molybdenum shields and covers, and the unit operated under
a vacuum greater than 10~ Torr. A Pt/Pt - 13%Rh

thermocouple was placed in situ with the samples and
continually monitored the furnace temperature.



3k, Quantitive analysig,

3.4.1. Compositional analysis.

3.4.1.1. Chemical analysis,

Analysis of total oxygen content was carried out using
@ vacuum fusion technique. The instrument used was a
'Balzer Exhalograph E4l! which is described by Ramsey et al
( 202), Samples of steel weighing about 0.2gm weres abraded,
degreased and dried. Tﬁe Samples were then dissolved in a
molten nickel bath ¢ontained within a graphite crucible held
at 1750°C under 'a vacuum of 10'“Torr. Under these conditions
any oxygen present in the sample (even the stable oxides
such as alumina) are reduced by carbon,

The oxygen in the form of carbon monoxide was measured
by am infa-red absorption cell. Standardisation and
calibration of the instrument Wwas made by metering quantidie s
of pure carbon monoxide into the analytical system.

Analysis of the other elements present in the steel and
deoxidation alloys was by standard grawimetric techniques.

3.4.1.2, Inclusion analysis,

Inclusion compositions were determined 'in situ! by the
use of a 'Cambridge Microscan 5' electron probe microanalyser
The instrument was equipped with two spectrometers, and under
normal operation in detecting for manganese, iron, aluminium

and silicon, only two crystals were used in the measurement

of radiations ,



i.e. LiF was used for detecting Mn and Fe.
R.A,P. was used for detecting Al and Si.

The detection of nickel, chromium and vanadium also
required the use of the LiF crystal. However the detection
of sulphur required the use of a P,E,T. crystal. This meant
when measuring sulphur in inclusions a crystal change
operation was required.

The specimens to be analysed had previously been
polished for micro-examination. However, it was essential to
ensure that the samples were degreased and ultrasonically
cleaned prior to coating with a thin layer of carbon

( ~ 200 3) in a Vacuum coating unit. Failure to do this
resulted in the contamination of the electron gun and
specimen systems. Contamination caused a drastie loss in
resolution of absorbed and backscattered electron images,
important when looking for/at precivnitates in inclusions.

The standards used in the comparison of count rates
were pure metals, excépt when measuring sulphur counts, in
which case and FeS standard was used. Using metal rather
than metalic oxiﬁe standards had previously been shown to
give consistently acceptable results. (!32)

In all cases oflinclusion analysis reported, an
accelerating voltage of 15kV was used. The use: of 15kV was
however a compromise. Using a higher value of 20kV gave a
greater number of counts, at the eipense of excitation of a
larger volume of material. This effectively increased the
minimum size of inclusion which could be analysed with
confidence. A lower voltage (e.g. 12kV) although it excited

less volume of material, it was approaching the threshold
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potentials of the lighter elements, thus impairing sensitivity
and accuracy of measurement, The minimum size of inclusion
which could be-measured with some confidence at 15kV was
approximately 5 Jam, although measurements on inclusions
greater than 10 )Jm was preferred.

absorption, atomic number and fluorescence corrections
were apvplied to the apparent elemental analysis by the use of
a suitable computer programme. ( 208.) The output of this
programme was in terms of wt% oxides. These results were
normalised to 1C0% total oxides where necessary in order to
facilitate the plotting of results on ternary graph paper.

The presence of a thin film of carbon, to prevent the
electrostatic charging up of the inclusions under the influence
of the electron beam, did have the disadvantage of impairing
optical viewing. This meant that the direct obser?ation of
inclusion hetrogeneity could not be done. It was therefore
necessary to produce either an absorhed or reflected electron
image to check for hetrogeneity. In addition X-ray images
and line scans were used to detect variation in elemental
concentration.

If the inclusions were of a glassy nature and with no
visible hetrogenity, spot analysis at the centre of the
inclusions was used. If however the inclusions were
hetrogeneous, line or area scans were used in order to

obtain an approximate mean composition.
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3.4.2. Metallography.

3.%.2,1, Preparation of microstructures,

Conventional polishing techniques using silicon carbide
papers were employed, followed by polishing on 6‘Fq 1 pm
and 1 pm diamond impregnated pads. Care was needed to
prevent inclusions falling out of the polished surface. It
was therefore essential to keep the polishing time to a
minimum. Although some inclusions inevitably fell out and
scratched the polished surface, this technique was preferred
to electrolytic polishing. Electrolytic polishing has the
disadvantage of preferentially attacking the inclusion/
matrix interface, and thus making it 11l defined, which
1hterferes with the measurement of inclusion azes. It may
even lead to the smaller inclusions falling out,

Etching the polished structure was not employed because
of inclusion/matrix preferential attack. The only time
etching was used was in the observation of conical voids
around inclusions, and matrix flow. In this case a repeated
polish etch technique was used. In almost all cases samples
were mounted in cénducting bakelite, since they would later

be used in the microprobe analyser.

3.4.2.2. Inclusion size and area distributions,

All the as cast bars were subject to quantitative size
and asrea distributuions, samples being taken from the positions
indicated in figure 3. 3. « The quantitative examination
was performed using a 'Metals Research Quantimet - series B!
image analysing computer, with a manual stage operation.

Inclusion size distribution waa measured by counting the
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number of particles exceeding given diameters, and area
distributions were in % area.

Juantitative measurements were made using the X5(0.15N.A.)
and X20 (0.5 N.4.) objectives, and the monitor magnification
was calibrated using a stage micrometer. The resolution of
the system was in the range % - 2 pm dependent upon the
objective used, and measurements were made for up to 600

fields, again dependent upon the magnification.

3.%.2.3. Aspect ratio analysis.

Sections from the rolled samples at various temperatures
and reductions were taken for aspect ratio determinations.
The sections and areas limited to inclusion measurement are
illustrated in figure 3.5. . aspect ratios were measured
on a'Vickers projection microscope' at x1000 magnification,
and the major and minor axes were measured to the nearest
O.SJPm using millimetre lined graph paper. The major axis
of inclusions greater than 150 po in length were however
measured to the nearest 5 p@, since these inclusions had to
be moved in order that their length could be measured. It
must be added that not every deformed inclusion was measured.,
Two or more inclusions in very close proximity influence each
others behaviour, and were avoided. Also the aspect ratios
of inclusions showing bending and folding are difficult to

determine and unless the variations in inclusions showing

bending were slight they were avoided. Inclusions showing
folding were not measured. A note was also made of non
deformable inclusicns and the frequency of brittle behaviour

wag noted in some instances.
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Inclusion strain wss measured on the assumption that the
inclusions were initially spherical and that the mode of
deformation was 'idealised' plane strain leading to triaxial
ellipsoidgs.

Using these assumptions, the estimated values of inclusion

strain in the Y direction on the various planes were measured

as :
Ey(XY) = % InM(XY)
Ey(XZ) =  InA(X2)
Ey(¥Z) = InN\YZ)

The measurement of the major and minor axes (a, b)
also provided an approximation to the size of the inclusion
prior to deformation ( Do ).

i.e. D,= Jaxb
when measurement was on the (XY) plane.

Plasticity index determinations have heen based upon

the formula,

€y (inclusion)
:;7 e LSl
Eny (matrix)

where 8y is the inclusion strain above, and €my is the matrix

strain in the y direction given by the expression
= ho
€my = In /ht

where ho and hf are the initial and final heights of the
sample respectively,

On this basis the aspect ratios for between 10 and 200
deformed inclusions per sample were measured for inclusion

sizes of 1 jam upwazrds. The mean plasticity index of all the



deformed inclusions on the (XY) plene was given by the

formula.
e n
P = 1lnA = 20CInX)
210%ne)  2n1n("ne)

3.9. Electron metallography.

although the majority of this work was concerned with
optical examination, electron metallograrhy w.s performed in
order to obtain a three-dimensional picture of deformed
inclusions. The unit used for this purpose was a
stereoscan fitted with a 'Kevex' energy dispersion analyser
which allowed a qualitative appraisal of the elements present
within an inclusion or precipitate. In all the work reported

here an accelerating voltage of 20kV was used.

3.5.1. Preparation of samples.

The maximum size of szmple which would fit into the
specimen stage of the stereoscan was 10mm x 10mm, if the
specimen was to be rotated. The height of the specimen was
also restricted to less than 10mm, and the szmples
approximately 5mm in height were used throughout.

Deformed inclusions were viewed either 'in situ' in a -
deeply etched matrix, or as extracted particles adhered to
a stereoscan stub. 1In both cases the sample preparations
were similar. The required specimen sections were taken

from polished semples and submerged in a boiling mixture of
10% bromine in methanol. In the case of the deeplyetched

specimens they were left in the solution for 20 minutes,



whereas the samples requiring extraction were left for
approximately 1% hours.

After removal from the solution the daepbetched
specimens were repeatedly washed in methanol prior to drying.
In the case of the 'extraction' samples, the solution was
removed from the hot plate and allowed to cool. Su%equently
the majority of the liquid was removed by pippette and the
residue washed with methanol and allowed to stand. This
procedure was repeated sever.l times until there was no
discolouration of the added methanol. By this method only
the large inclusions remained in the residue. This residue
was then washed, filtered and allowed to dry on the filter
paper.

These fine residual inclusions were made to adhere to
the stereoscan stub by lightly smearing the stub with
faclally secreted grease @ technique sucessfully ﬁsed for
metal powders ( 20%) ) and pressing the stub lightly onto the
residue on the filter paper. The deeply etched samples
were stuck to the stub with non stringing clear adhesive and
cured for 20 minutes at 40°. Electrical contact (in this
instance) between stub and sample was made by the application
of 'silver dag' (a suspension of silver in a volatile
solution).

~s with microprobe. analysis the samples were required to
be coated with a conducting medium. This was accomplished by
a gold sputtering technique, which gave better results than
carbon coated specimens., However, even with the gold sputter-
ing technique several inclusions charged up to some degres,
presumably due to the failure of complete contact between

the base of the inclusion and matrix of the stereoscan stub.



EXPERIMENTAL RESULTS.

.l Analysis of starting material.

The Japanese elctrolytic iron used as the basis of

all melts was of the composition shown in table Llbelow.

Table L.l. Electrolytic iron composition.

(o S P Si Mn Al 0

0.01 0.01 0.01 0.01 0.01 0.005 0.055/0.075

Balance Iron
4,2

Oxygen analysis,

Table 4.2, shows the total oxygen contents of the
electrolytic iron, including the melt prior to any Fez 03
or deoxidant addition (M.0.), the melt after the addition
of the Fe203 charge (M.0. + Fe203) and that of the 'as
cast' bar after deoxidation.

Figure L4.l. shows the change in total oxygen of
the system from ‘charge' to 'as cast! bar, and also
indicates the mean total oxygen contents st each stage
indicated above,

From the analyses it would appear that the melting of
the Japanese electrolytic iron resulted in the pick up of
aprroximately 0.017% oxygen. This was probably the result

of removing the susceptor 1id and argon cover, in order to



Table 4.2

Total oxygen analysis

Melt M.0. O:% H.O.fF6203 BAR 04%
O+%

A3 0.090 0,128 -
Ak 0.097 0.10% 0.111
A5 e 0.081 0.109 -

A6 0.071 0.10% 0.086
A 6(2) - 0.091 -

A7 - 0.109 0.076
A8 - 0.127 0.08%
A 9 - 0.156 0.149
A10 - 0.113 0.095
All ~ 0,111 0.072
Al2 - 0.109 ' 0.088
Al3 - 0.102 0.083
Alk - 0.093 0.055
Al5 - 0.115 0.046
Al16 - 0.106 -

Al7 - 0.102 -

Alb = 0,118 =
CRal2 = 0.105 -
val2 - 0.094% =

+ Melt rnot used in subsequent experiments.




Table 4.2 (cont.)

Analysis of Electrolytic iron samples

Sibal. i). 0.078%
ii), 0.056%

i11). 0.069%

Mean total oxygen contents

Electrolytic M. 0. H.O.+Fe203 BAR
iron n=3 n=4 n=19 n=11
0.058 0.085 0,110 0.086

L/i3
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add the balance of thg charge. In this period the melt
surface was exposed for between 15 and 30 seconds.

The results indicate th:t the oxygen content as
measured in the bar was lower than the melt prior to
deoxidation (M.O. + Fe503). This indicated that the 'as
cast' bar analysis was not a very useful guide to the
oxygen present, attributable to the flotation of oxide
products to the top of the bar.

43
Deoxidant alloys.

Deoxidant alloy compositions and the weight percentage
addition made to each melt are given in table 43,
Calculations of alloy compositions are given in appendix
3ele & 3.2,

oL
Melt and inclusion analyses.

Chemical analysis of the 'as cast' bars are given in
table 4.4, Microprobe analysis of inclusions are
summarised as 'mean as cast! compositions for inclusions
greater than 10 um diameter (table 4.5, ). Individual
inclusion analysis for all inclusion sizes in both the 'as
cast' and rolled specimens are tabulated in appendices 4.1.
and 4, 2, respectively,

Figures 4.2. & 4.3, show the mean as éast

compositions plotted on the binary Mn0O - SiO2 and ternary



DEOXIDATION sLLOY COMPOSITION
ALLOY AIMED FOR ANALYSED ﬂ%%ﬁ
Mn% Si% Al% Mn% Si% Al% wt%

DA3 100 - - 99.9 - - 2.00
DAL - 100 - - 99.9 - 1.02
D6 73.31 26.69 = 72.05 28.37 - 2,63
DA7 85.92 14.08 - 84,70 16.82 - 3.32
DAB 90.80 9.20 - 89.21 10.72 - 4,84
DA9 76 .67 22,62 0.71 75.90 21.78 0.72 1.69
DA10 83.67 15.67 0.64 83.27 14,69 0.59 1.81
DAll 91.2k4 8.17 0.58 84.30 7.78 0.52 2.23
DAl2 58.45 39.27 2.28° 58.85 37.62 2,09. 0.96
DA13 71.9% 25.93 2,13 71.06 27.02 2.16 1.08
DA1kY 85.41 12:.87 1.72 84.37 11.85 1.83 1.40
DA15 81 .46 16.87 1.66 81.26  17.04 1.70 1.92
DA16 51.30 46 .40 2.28 58.45°  39.05 2.50 1.13

* By Difference Table 4.3
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Table L.kt

Chemical analysis of 'as cast' bars

]

Melt Mn A %Al %C %S %other

A 3 1:37 0.03 Trace <0.01 Trace -
AL <0.01 0,99 4£0.0065 <£0.01 N/D -
A6 1:57 0,57 " " Trace -
A 6(2) 1.31 0. 50 8 ! “ -
&7 2.39 0,37 4 /D N/D -
A 8 3.67 0.34 0.015 L 3 -
A9 0,64 0.10 L " " o
410 0.79 0.03 <Q.005 ! " -
All 1.67 0.08 %0.C10 " " o
Al2 0.36 0.21 " " L P
Al3 0.45 0417 " L " -
A13X 0.36 G.09 0.012 " " =
Alk 0.68 0.02 " <0.01 Trace -
Al4(2) 0.77 0.11 <0.005 L 0.001 -

Al14C 1.05 0.09 <0.010 0.03 Trace -

Al9 v | 0.29 0,12 <0.01 " -

Al6 0.41 0.23 0.013 i " -

Al17 0.78 0.20 <0.005 " 0.0C2 -

Al 0.79 0.20 " 0.015 " -
NIsl2 0.5% 0.29 i <0.010 0.001 0.96N1
CRALZ . 0,37 0.32 L " " 0.60Cr
Val2 0.48 0.32 L ¢.015 " 0.91V

NI50412 0.36 0.27 " £0.010 " 49,1611




Mean 'as cast' inclusion compositions. Table 4.5

Melt Oxide X0% Range 9.0, Sk N;

A3 FeO 3.7 Al iz 2 0085 0509w
MnO 96.3 95.9 - 96.6 0,23 0.C9

Al FeO~ 5.0 1.8« 2.5 025 008 1)
Alzoé 2.1 Yud =i 3.0 0,89 : 0,18

SiOé 95.7 9%.8 - 96.5 0,52 0.16

A6 FeO 1.4 Ocl = 3.0 " 0.85 019 19
MnO~ 55.7 51,9 - 64.3 2.61  0.65
41,05 0.2 oo O D TR L e 1
SiOé 42,7 35.0 = 46,1 3,10 0,71
46(2)| Feo” 3.0 0.0« 11,3 342 1.08 10
MnO 53.5 W87 57,6 361 1%
A1263 0.6 B.0= 2.7 * 0.8 - 0429

Si0, 42,9 39.6 - 44,5 3,22 1.02

A7 Fe0 3.5 0.1 = 16,7 MW.56. 1,16 15
Mn0~ 60.9 520 - 62.7 3.46  0.89
Al03 0.3 0.l - 0.6 0,13 «i0.03

105 35.2 30.6 - 37.8 2.3+  0.60

A8 FeO 1.1 0. = 1.7 0Ol 0,12 12
MnO 60.6 55.6 = 64,6 2,47 0.71
A1203 182 0.2 = 1.9 0,48 0.14%

510, 37.1 34.0 - 42,9 2,31 0.67




Table 4,5 (cont.)

Melt Oxide X0% Range S.D. SE. N;

A9 FeO 32 €. =232 . 0.88 0.7 .27
Mn0O 48.3 39,0 = 55.6 4,32  0.83
Algd; 9.0 2.1 - 19,0 4,74 0.91
5105 41.5 38.9 - 45.4  1.95  0.38

A10 Fe0’ 23 Yol = MY 00,73 017 18
M0 56.8 46.9 - 63.8 W.58 ' 1.08
41,03 5,2 Yol wi16:5  3.65  0.86
810, . 35.7 | 27 -1 3,970 0.93

A1l FeO’ 1.8 06« Il 102 0.22 22
MnO~ 58,2 B35 = 66,1 . 3.8 0.82
41,0, 6.2 1.2 - 18.2 L,0%  0.66
5105 33.8 29.7 - 42.1 4.36  0.93

A12 FeO 2.5 0.8 =986 - 1.7% ' 0,28 39
Mno® 32.1 95 3w B2 1 .55 0.73
A1263 14.3 8all = 200> 2.70 . - 0.%3
5105 51.1 43.3 =63.0 4,58 0.73

a13 FeO 2.0 0:6-w-1.3 i3 .88 - 38 .no
Mno”~ 40.6 30.2 - 56.0 L4.48 0.95
111263 9.5 3.2 = 15,9 2,9% 0.63
$105 47.9 44,3 - 56,0 3.14% 0,67
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Table 4,5 (cont.)

Melt Oxide X0% Range S.D. Sk N;
A13X | Fe0’ 7.7 BoSi=ic 85 n0L99 a3 6
Mn0~ 41.0 35.3 - 45.0 3.75 1:93
A1263 3.2 2,1 % 4.2 0.8 ¢ 0,36
Sio; 48.1 L6 - 50,0 b BT . 108
AlY FeO~ 1.8 0?7 = 3.1 - 0567 0.13 16
Mno~ 47.1 41.9 - 54,8 2.72  0.53
R R 6.1 - 23.7 3.7%  0.73
SiOé 39.9 27.8 = 41,4 2,63 0.52
A14(2)| FeO 2.5 1300k B 2 09T g o8 e
MnO 53.2 37.% - 58,4 5.95  1.88
Alzoé 8.0 2.1 .~ 35.3 9.69.  3.06
5105 36.3 25.0°=39.5 - 407 ““1.29
A14¢ | FeO 0.8 Oy L8 L3027 4 0,07 18
Mn0~ 49,1 42,8 - 52.1 . 2.91  0.20
Alzdg 10.8 8.1 = )53 Liaeh " grgE
8105 303 0 36 - s [ 1lgy ela
Al5 Fe0 1.6 09 =S50 < 0.397 B2 30
Mno’ 45.3 R SR R 0.95
(sect) Algo; 17.3 4.3« 2250 2.0 0,93
(1) | 8105 35.8 31.9°%= B1,5 = 3.31 1.05




Melt Oxide X0% Range S.5. SE. N

Al5 Feo' 0.9 0.2 = 2,2 043 0.07 40
(sect) MnOI ,+9ol+ I+1-9 2 53-5 2.09 0.33
(2) 31263 12.1 6.2 - 356  3.35 0.32
510, 37.6 1.7 ~ 4061 192,98 ' 03k

Al5 Fe0' 1.1 D6 =" 1,7 042 0,13 10
(sect) | Mn0” 48,7 42.0 = 50.7 1.39  O.h%
(3) | M0 12.5 7.9 .= 15,0 - 2.97 10.87
510, 37.7 Bk <803 1.6 .5

A15 FeO 1.4 e, T LR R T
(sect)| MnO’ 49,2 48.0 -50.6 0.81 0.26
(5) Alde 10.7 0.0 = 4i2 . 1.7% - J0.55
8105 - .. 38.7 35.7 - 40,1 1.50  0.47

A16 Fe0~ 2.4 1.8~ M5 0,85 ‘g1 o6
Mn0” 33.1 32.5'~ 3y " g ke G640
£503 15,0 | 10,9 ~19.3 2,16 2,16
5105 49,5 455 = 52,3 1.81 1.81

Al7 Feoi 3a7 1.5 - 22.5 4,08 0.82 24
Mno W03 F st < 535h %21 T0.65
0y 240 7.7~ 39.8 7.2 1.b5
8i0; 32.0 19,2 = 38,1  5.11 1.0%




Table 4.5 (cont.)

Melt | Oxide X0% Range S.D. SE. N

Al8 FeO 1.7 1.1 - 2,6 0.% 0.11
42.2 7.81 1.48
300.,0  3%.17 2.68

Mno 36.5 30.6
A1203 35.6 23.8

8405 « 262 -1 213 < 3B.9 Gy e
NIAl2 | FeO® 2.2 1.6 = 8.8. 1.22 0.20 39

MnoO’ 30.8 28.% = 32.3 0,68 0.11

Alzoé 18.4 9.3 - 26.7 4,98  0.80

31oé 48.6 41.8 - 54.7 3.21 0.51

NI(50) | FeO 1.5 La 2l a0 a9 0,08 50
A12 Mno” 23.2 20,5 - 25.8 1.5%  0.22
A1.0s ‘o249 | “11.0.- 17.8 ~1.00 - 0.8k
810,  60.1 | 53.2-65.5 3.00 0.2
NiO 0.5 0.3 - 0.9 ©0.09 0.01
CRAL2 | FeO 0.6 0.2 =~ 1.1 0,21  "0.0h |25
Mn0 32,7 31.3 - 35.5 1.15  0.23
Alzog 15.7 8.9 =326 3. 11 150,62
510, 50.3 41.2 - 56.5 2.97 0.59
Cry03 0.7 O.% ~ 1% .30 - 0.06
vile | Feo 0.6 0.3 "0,8% 0,15 0050 g
Mno 31.5 207 ~733.3 T3 4038
A1,03 20.7 4.3 = 32 16,00 2.00

510, 46 .l 37.7 = 516 s.@a s 1.7k
V,0¢ 0.8 0.5 = 1.5 10,30 0,10
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Fig. 4-3 MEAN AS CAST INCLUSION COMPOSITIONS.
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MnO - 810, - A1203 systems. FeO contents are incorporated
in the MnO content. Individual 'as cast' inclusion

analysis ( > 10 ym diameter) are shown in figures 4.4.

to 4.6. indicating the ranges in ‘'as cast' compositon.

Inclusion size distribution and area content._

The results obtained from quantitative metallography

of the 'as cast' samples are shown in tables 4.6. to

L.8. . The symbols used are:-
N = No. of fields examined
Ap = Field size (mm2)
Ap = Total area of specimen examined (mm2)
Ni% = Mean area percentage of inclusions
O, = OStendard deviation of results.

The standerd deviation quoted must only be regarded
as a rough guide to the dispersion of results since the

majority of the results do not show a true Gaussian
distribution.

It had been hoped that the suction casting technigque
would lead to a uniform dispersion of inclusions in the

'as cast' bar. However, figure 4.7 shows that the re is a

concentration of inclusions in the top section of the bar
and also a random distribution of groups of inclusions
throughout the length of the bar. This indicated that the
top section of the bar was not a good guide to inclusion
distribution throughout the bar.

With regard to suction cast bars, there were a few

latent features which are not shown in figure 4. 7.
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Table 4.6 Inclusion size distribution (%20 (0.50 N&) Objective)

No. inclusions =>Do (.um)

Sample| Np ) S 10. 15 20" e 30 35

act(0.5u

Res )

A3 150 616 5¢9 2ol 0.9 O.h 0.2
AL 140 1198 7247 3.5
A6 140 531 17,6 56 345 248 2.8 2.8 2%l
A 6(2)] 268 h52 4.0 1.2 0.7 0.5 0.4 0.k 0.2
47 140 377 374 8.5 6.3 6.3 6.3 6.3 6.3
A8 140 L6E 75.9 2el 0.7 0.7 0.7 0.7 0.7
A9 140 937 ) 4.9 2.1 1.4 0.7 0.7 0.7
Al0 140 570 27«5 6.5 6.3 6.3 Sub 39 3D
All 140 669 18.3 72 6.3 5.6 5.6 5.6 4.2
12 140 706 56.6 9.2 7.1 5.6 4.9 8 2.8
413 140 629 38.1 14.1 6.5 6.3 6.3 4.9 4.9
A13X 1034 9.0 2.8 {0 1.0 0.6 0.6 0.2
A1k 140 422 49 . 4 14,8 0.2 7.8 740 el 6.3




Tinle k.,

6 (cont.)

No. inclusions =Do (_um)

Sample | N O 5 10 15 20 25 30 35
Al4(2) 563 193 2.9 NS 1.4 1a2 y 4% o 0.6
A14C 150 610 D0 & 245 » il )l | 0.6 O.b 0.2
Al5 273 162 Bl 3.6 2.8 2.1 1.5 1.3
Al6 180 731 21.0 i, 0 2.5 1.8 141 0.7 0.5
A17 354 1745 5l 3.6 2.3 1.8 1.3 0.9
Al18 154 599 28 .4 7.9 3.9 35 3.0 3.0 3.0
NIAl2 |[170 796 42,8 10,5 el 3.9 3.1 2.8 2.k
NI5CA12| 161 471 25.6 4.9 2.0 1.4 1.0 0.8 0.8
CRAl2 |150 698 14.8 el 2¢5 251 1:5 1.5 1.3
VAl2 224 1046 35.9 8.5 5.2 37 2.6 2.0 2.0

=

D



Table 4,7 Inclusion size distribution (X5 (0.15NA) objective)
_ Inclusions >Do .mm~2
Sample Np 40 60 80 100 120 140 160 180 200 220 240
A 3 400 0.02 - - - - - - - - - -
AL 100 0.01 - - - - ~ - - - - -
46 100 0.18 - - - - - - - - - -
A 6(2) 400 0.25 0.05 0.01 - - - - - - - -
i 400 0.43 110259 0 I8 0.14 D12 0.0b 0.05 0.05 0.05 0. -
A8 400 0.43 0.25 « 0 .08 0.06 0.03 0.03 0.02 0.01 - - -
A9 400 0.39 0.10 Q.03 0.03 0.01 0.01 0.01 - - - -
Al10 300 0.36 1019 012 0.09 0.08 0.08 0.05 0.05 0.04 0.03 0.03
all 350 0.42 + 0.07 0.05 C.01 - - - - - -
Al2 350 0.76 + 0.19 0.C2 0.01 0.C1 - - - - -
Al3 400 0.78 0.45 0.21 0.18 0.13 0.08 0.05 0.03 0.02 0.01" 1001
A13X 160 0.64%4 0.39 0.19 0.07 0.05 0.03 0.03 0.C3 - - -
All 350 2.28 1.4% 0.76 0.20 0.19 0.14% 0.11 0.11 0.07 0.05 0.04

6T



Table 4.7 (cont.)

No. inclusions Do .mm™=

sample Np 40 60 80 100 120 140 160 180 200 220 240
A14C 40 | 0,61 -0.25 0.1%  0.08 0.05  0.04%  0.03 0.02 Byl - 0.01 0.01
Al4(2) |4%00 | 0.51 0,23 0,18 0,1+ 0.09 0.08 0.08 0.08  0.06 0.05 0.03
A15 350 | 047 0,29 0.29  0.18 0.08 0.0  0.03 0.03 0.02 0,01 0.01
Al6 350 | Q.52 10527 0.180ESNCOSSENE0. 02 0.02 0.02 - - - -
Al7 300 0.55 0.29 0.15 0.10 0.10 0.09 0.08 0.07 0.05 0.0+ 0.0k
418 168 | 1.20 0.46 0.28 OioNRR Ol oD R S N0.21 | 0.2) 0,19 0.19 0.lo
NIAl2 [18% | 1.15 0,43 0.18 0.12 0.10 0.06 0.06 0.02 0.02 0«025 0,01
NI50A12(400 | 0,83 0.15 0,10 0,05 @ 0,0  0.01 - - - - -
CRAl2 (400 | 1.16 0.39  0.20 0.10 0.07 = 0.07 @ 0.05  0.0% 0.0+ 0.03 0.01
VAl2 4oo | 0.71 0.21 = 0,09 0.03 0.02 0.01 0.01 - - - -

c6T



Table 4.8

Sample :gg <38
&3 0.29 0.16
AL 0.52 0,27
46 0.48 0.55
A 6(2) 0.19 0.25
A7 0.52 0.76
A8 0.39 0.39
48 0.32 0.25
£10 0.66 1.51
All 0.38 0.69
Al2 0.66 0.57
Al3 0.k2 0.59

al3%K 0.31 0.46
ALk 0.73 1.20
A14(2) 0.37 0.49
A1%(C) 0.36 0.25
A15 0.55 0.67
A£15 ' 0.39 0.27
al? 0.45 0.65
A 0.57 1.91
NIAl2 0.67 1.05
NI50412 0,57 0.38
CRa12 0.55 0.69
VA12 0.38 S

Np = 200 (0.15 OBJ) Agxay =

O
L8
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There was some evidence to suggest that some of the
large inclusions are. broken up during the casting process
(Plate 4.|. Dprobably due to turbulent conditionms),with
the possibility of forming stringer like inclusions with
their major axis parallel to the bar axis. ' A number of
small inclusions have also been observed in the peripﬁ%al

regions of the bar.

Plasticity index analyseés.

Plasticity index analyses have been calculated for
the various melts at different rolling temperatures at a
nominally similar reduction (i.e. a matrix height true
strain of 1.12) table 4.9,

The symbols used:=-
= Matrix height true strain
= No., of fields examined
= No. of measured deformed inclusions
= Mean inclusion strain
Mean plasticity index
= . Standard deviation

= Standard error

agq elﬁ‘lﬁ ﬁg‘
I

Plasticity indices refer to the (XY) section plane

and values of » have been measured for inclusions with

Jab (i.e. /Major x Minor axes) greater than 1 jum, 10 pm
and 20 pm (given by 1+, 10+ and 20+) respectively.

Although G, and ©3 have been quoted for most data it may '

only be regarded as a rough guide when applied to i)1+,
due to the skew distribution of results associated with

[ab >1 jm,

=t
O



PLATE 4.1

INCLUSION ToKEN FROM MELT Al5
SHOWING BRE+K UP DUE TO
TURBULENCE DURING THE SUCTION
CASTING PROCESS

X200
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Table 4,9 Melt A3

Rolling Matrix No, of Size No. Incs. Mean Inc. Mean Plas. Std. Std.
Temp °C Strain Fields Range in Range Strain Index Devn, Brror
Em ne (aana > £ o b I3
800 1.16 200 - - - - - e
900 1.14 200 - - I8 - - i
1100 1..19 200 < - A - ” <
1300 112 200 - - - - - -
Melt A4
900 1.19 200 - - - o . A
1100 1028 200 - - - - - i

1300 1.12 200 b ke % - - =




Table 4.9 (cont.) Melt A6

Rolling Matrix No. of Size No. Incse. Mean Inc, Mean Plas. Std. Std.
|Temp ©C Strain Fields Range in Range Strain Index Devn. Error
900 1.1% 400 - - - - - -
1000 1.13 400 - - - - - -
1300 1.12 100 1+ 8 1.03 0.92 0.38 0.13
10+ 8 1.03 0.92 0.38 0.13
20+ 7 1.18 1.05 0.13 0.05
Melt A6 (2)
800 145 500 - - - -~ - -
900 L.13 500 - - - - - s
1100 1.16 500 1+ 22 0,41 0.47 0.19 0.01
10+ 9 0.63 0.5% 0.16 0.05
20+ 7 0.65 0,56 0.18 0.07




Table 4.9 (cont,) Melt 46 (2) (cont.)

Matrix

Rolling No. of Size No. Incse. Mean Inc. Mean Plas. Std, Std.
Temp ©C Strain Fields Range in Range Strain Index Devn., Error
1200 1.16 150 1+ 52 0.72 0.62 0.37 0.01
10+ 16 1.14% 0.98 - -
20+ 15 1,13 098 0.31 0.02
1300 .13 150 1+ 128 0.62 0.62 0.29 0.01
10+ b & 1.4% de27 0.22 0.06
20+ 7 1,44 1.28 0.26 0.10
Melt A7
900 % i 400 - - - - - b/
10C0 1,10 400 1+ L - O.41 0.25 0.13
10+ - 0.30 0.38 0.2?
20+ 1 o OOOLP - -

N0z



Table 4.9 (cont.)

Melt 47 (cont.)

Rolling Matrix No., of Size No. Incs. Mean Inc. Mean Plas. Std. Std.
Temp ©C Strain Fields Range in Range Strain Index Devn, Error
1100 1.19 200 1+ 19 0.71 0.60 0.29 0.07
10+ 6 1.07 0.90 0.06 C.03
20+ 5 1,08 0.91 0.06 0.03
1300 1.12 100 1+ 32 0.72 0.6k% 0.31 0.31
10+ L 1,18 1,05 032 0.16
20+ 3 1.32 1.18 0.19 0.11
Melt A8
900 1.13 400 - - - - - -
1000 1,10 100 1+ 71 0,69 0.63 0.41 0.05
10+ 1k 1.01 0.92 0.53 0.1%
20+ 2 0.03 0.03 0.02 0.02
| 1300 1ed3 100 1+ 32 0.72 0.6k% - -
10+ L 1.24% 1.10 0.07 0.03
20+ 2 1.30 115 0.02 0.01




Table 4,9 (cont.) Melt A9

Rolling Matrix No. of Size No. Incs. Mean Inc. Mean Plas. Std, Std.
Temp °C Strain Fields Range in Range Strain Index Devn. Error
900 1.16 400 -~ - - * - - s
1000 Il 400 1+ 56 0.3% 0.34 0.32 0.04
20+ 6 0.43 0.39 0.41 0.17
1300 1.16 150 i 50 0,67 0,69 O.41 0.06
10+ 17 1.33 1:15 0.26 0.06
20+ 13 136 3 B 0,20 0.06
Melt Al0
900 1.16 400 - - - = - .
1000 1.1% 200 1+ 12 : 0.1k 0.12 0.3% 0.03
10+ 6 0.04 0.04% 0.03 0.01

20+ 2 0.03 0.03 0.01 0.01




Table 4.9 (cont.)

Melt Al10 (cont,)

Rolligg Matrix No. of Size No. Incs. Mean Inc, Mean Plas, Std., Std.
Temp C Strain Fields Range in Range Strain Index Devn. Error
1300 1,16 150 1+ 32 0,67 0.58 0.33 0.01
20+ 1,48 128 0.24% 0,10
Melt All
900 1.16 400 - - - - - o
1000 1.12 150 1+ 14 1.26 e 0,28 0.02
10+ 7 0,83 0.7% 0.48 0.18
20+ - - - e =
1300 1.16 150 1+ 32 0.59 0.51 0.32 0.01
10+ 8 1,16 1.00 0.19 0.07
20+ 6 1.28 1.10 0.10 0.0k4




Table 4.9(cont.) Melt 412
Rolling Matrix No. of Size No. Incs. Mean Inc. Mean Plas. Std, Std.
Temp o] Strain Fields Range in Range Strain Index Devn, Error
800 1.26 100 1+ 45 0.59 0,46 0,25 0.01
10+ 14 - - - -
20+ 7 - - - -
9C0 1,20 180 1+ 52 1.03 0,86 0.23 0.01
10+ 16 - - - o
20+ 7 - - - -
1000 1.1% 100 1+ 116 112 0.99 0.19 0.02
10+ 11 - = - 2
20+ 7 - - o W
Melt Al3
800 1.24% 100 1+ 88 0.27 0,22 (O R 0.01
10+ 12 0.37 0.30 0.13 0.0%
20+ 5 0,30 0.2% 0:31.3 0.06




Table 4.9(cont.)

Melt Al3 (cont.)

Tomp B8 Gieeir. Flelaain et s Devn. . Bicer
850 1.19 250 1+ 84 0.56 0.%7 0.20 0.02
10+ 13 0.70 0.59 S 0.03
20+ 2 0.66 0,55 0.02 0.01
9C0 1.19 i) 1w 29 0.89 0,74 0,27 0.05
10+ 17 0.51 0,43 0.23 0.06
20+ 1T 0.37 0.31 0.1% 0.0%
1000 1.16 150 1+ 115 1.06 0.92 0.16 0.01
10+ 15 1,15 0.99 0.21 0.06
20+ 10 1,12 0.97 0.25 0.08
Melt A13X
600 1.12 400 1+ 5 0,16 0,14 0.12 0.05
10+ 1 0.01 0,01 - -
20+ 1 0.01 0.01 - -

(Ao



Table 4,9 (cont,) Melt Al13X (cont.)

Rolling Matrix No, of Size No, Incs. Mean Inc. Mean Plas. Std. Std.
Temp ©°C Strain Fields Range in Range Strain Index Devn. Error
700 Yed2 380 1+ 31 0.68 0,61 0.20 0.03

10+ 20 0,70 0.63 0.13 0.03
20+ 1l 0.68 0.61 0.07 0.02
800 113 240 1+ 39 0.66 0.58 0.11 0.05
10+ 5 0.75 0.66 0.56 0.25
20+ 0.86 0.76 0.56 0.25
900 1.53 220 1+ 13 0.72 0.6k 0.19 0.05
10+ 0.98 0.87 0.26 0.09
20+ 0.97 0.86 0.25 0.10
1000 1.13 150 1+ 8k 0.86 0,76 i -
10+ 23 Al By 1.04 0.41 0.09 |
20+ 16 1.34% 1,21 0,22 0.06 |
1100 1.13 30 1+ 110 0.58 0,51 " 0,29 0.03
10+ 9 1.08 0.96 0.17 - 10.06
20+ 5 1,15 1,02 0.1k 0.06




Table 4.9 (cont.)

Melt a1k

Rolling

Matrix No. of Size No, Incs. Mean Inc. Mean Plas. Std. Std.
Temp ©C Strain Fields Range in Range Strain Index Devn. Error
900 1.78 100 1+ 16 0.18 0.1l 0.18 0.01
10+ 13 0.48 0.27 0.13 0.04

20+ 8 0.45 0.25 Q.11 0.05

950 1:82 100 5 11 1.29 1.07 0.51 015
10+ 8 1.45 1.19 0.50 0.18

20+ 6 1.78 1.46 0.09 0.04%

1000 1.09 150 1+ 115 1.56 0,92 0.21 0.02
10+ 32 1.03 0.95 0.16 0.03

20+ 14 1413 1,04 .13 0.03

Melt A1kC

600 1,12 400 1+ 0.09 0.08 0.09 0.05
10+ 2 0.02 0.03 0.01 0.01

20+ 2 0.02 0.03 0.01 0.01




Table 4.9(cont.)

Melt AlY C (conb)

Rolling Matrix No. of Size No. Incs. Mean Inc. Mean Plas., Std, Std.
Temp ©C Strain Fields Range in Range Strain Index Devn, Error
700 1,12 400 % 36 1.12 1.00 0.36 C.06

10+ 26 1.28 1.1k 0.2% 0.05
| 20+ 14 1.45 1.22 0.10 0.03
800 1.13 FCC 1+ 16 0.59 0.52 0. 44 0.11
10+ 7 0.27 0.2% 0.19 0.17
20+ 0.08 0.07 0.06 0.03
900 1,13 350 1+ 1X 0.63 0.56 0.45 0.1k%
10+ 3 1.2% 1,10 0.27 0,16
20+ - - - - W
1000 1.13 230 1+ 22 1.06 0.94% 0,40 0.09
10+ 1.36 1.20 0.33 0.11
20+ 5 1.50 1.33 0.24% 0.11




Table 4.9(cont.)

Melt Al5

Rolling Matrix No, of Size No. Incs. Mean Inc. Mean Plas. std. Std.
Temp ©C Strain Fields Range in Range Strain Index Devn, Error
900 1.20 600 g, 1k 1.43 1.19 0.41 0.11

10+ 1k 1.43 1.19 0.41 0.11
20+ 13 1.43 1.19 0.43 0.12
1100 1.16 60 1+ 107 0.85 0.73 0.32 0.03
10+ 12 1,44 1.24 0.17 0.05
20+ 6 1.58 1.36 0.07 0.05
1300 1.11 50 1+ 105 0.81 0.73 0.38 0.0%
10+ 76 1.42 1.28 0.16 0.02
20+ 3k 1.%9 1.3% 0.1k 0.02
Melt Al16
800 1.16 600 1+ 98 0,32 0.28 0.12 | 0.01
10+ 51 0.36 0.31 0.13 0.02
20+ 19 0.24 0.21 0.09 0.02




Table 4,9(cont,) Melt 416 (cont.)

Rolling Matrix No. of oize No. Incs. Mean Inc. Mean Plas. atd. - Std.
Temp ©°C Strain Fields Range in Range Strain Index Devn, Error
850 1.16 200 1% 180 1.17 1,01 0.35 0.03

10+ 38 1,43 1.23 0.14% 0.02
20+ 21 1.40 L2k 0.15 0.03
900 = 113 500 1+ 37 1.09 0.97 0.37 0.06
10+ - 10 1.4k 14,27 = =
_ 20+ 7 1.51 1.3% - -
1100 s @ 380 1+ 98 Q.63 0.54% 0.32 0.03
10+ 11 137 1,17 = -
20+ 6 1.52 1.35 - -
1300 113 1C0 1+ 155 0.63 0.56 0.33 0.03
10+ 42 1.21 1.07 - -
20+ 25 1.31 - 5

1.16




Table 4,9(cont,) Melt Al7

Rolling Matrix No. of Size No. Inc, Mean Inc, Mean Plas. Std. Std.
Temp oC Strain Fiells Range in Range Strain Index Devn. Error
750 1.15 200 1+ 69 0.4k 0.38 0.15 0.02

10+ 22 0.32 0.28 0.15 0.03
20+ 9 0.26 0.23 0.10 0.03
800 1e13 400 1+ 7 ds31 1.16 0.12 0.05
10+ 7 1.31 1416 0.12 0.05
20+ 7 1.31 1.16 0,12 0.05
850 132 250 g 7 1.23 1,10 O.14 0.05
10+ 7 1.23 1.10 0.1k 0.05
20+ 6 121 1,08 0.15 0.06
900 1.13 200 1+ 12 1.20 1.06 0.17 0.05
10+ 12 1.20 1.06 0.17 .05




Table 4,9(cont,)

Melt Al7(Cont.)

Rolling Matrix No, of Size No., Incs. Mean Inc. Mean Plas, Std. Std.
Temp °C Strain Fields Range in Range Strain Index Devn, Error
1000 Y.13 1+ 4 1.25 b N 0.04 0.02
10+ .25 i 1 B 0.04% 0.02

20+ 4 1.25 Lell 0.0% 0.02

Melt 418

750 1.16 400 1+ Ll 0.23 0.20 0.25 0.04
10+ 9 0.16 O.1k4 0.20 0.07

20+ 2 042 0.36 0.42 0.30

800 1,14 410 1+ 5 1:38 L2l 0.10 0.04%
10+ 5 1.38 i Pt 0.10 0.0%

20+ 5 1.38 1.21 0.10 0.0k4




Table 4.9 (cont.) Melt 418 (cont.)

Rolling Matrix No. of Size No., Incs. Mean Inc. Mean Plas, Std. Std.
Temp °C Strain = Fields Range in Range Strain Index Devn. Error
850 1.13 600 1+ 10 0.69 0.61 0.5% 0,17

10+ 10 0.69 0.61 0.54% 0.17

20+ 9 0.76 0.67 0.54 0.18

900 153 630 1+ b 1.4%1 125 0.14% 0.07
10+ L 1.41 1.25 0.1k 0.07

| 20+ n 1,41 1:25 0.1k 0.07

1000 1.13 350 1+ 5 1l.32 1,17 0.23 0.10
10+ 5 1,32 1.17 0.23 0,10

20+ 5 1.32 1.17 0.23 0,10




Table 4.9(cont.)

Melt NIal2

Hollige Matrix No, of Size No. Incs. Mean Inc. Mean Plas. Std. Std.
Temp C Strain Fields Range in Range Strain Index Devn, Error
800 1.1% 220 1+ 242 0.54 0.47 0.23 0.02

10+ 65 0.38 0.33 G.20 0.02

20+ 33 0,22 0.19 0.13 0.02

850 .18 500 1+ 176 1.10 0.98 0.29 0.C2
10+ 82 1.20 P07 0.21 0.02

20+ 43 1.15 1,03 0.19 .03

900 1,12 500 1+ 47 1.37 1,22 0.24 0.0%
10+ 36 1,42 1.27 015 0.03

20+ 22 1.46 1.30 0.09 0.02

100C 1.1 100 1+ 184 1.17 1,04 0.35 0.03
10+ 82 1.48 sk 0,20 0.02

20+ 43 1,51 1.3% 0.20 0.03

et



Table 4.9(cont.)

Melt NI 50412

Rolling Matrix No. of Size No. Incs. Mean Inc. Mean Plas.,. Std. Std.
Temp ©C Strain Fields Range in Range Strain Index Devn. Error
750 ) 15 G § 200 1+ 50 4 0,04 0.04 0.02 -
10+ 22 0.0k4 0.04 0.02 -
20+ 10 0.03 0.03 0.01 -
800 ;P 200 £ ) 8 0.08 0.07 0.06 0.01
10+ 38 0.08 0.07 0.0k 0.01
20+ 14 0.07 0.06 0.02 0.01
850 1.12 100 e 115 0.33 0.30 0.15 0.02
10+ 46 0.33 0.30 0.11 0.02
20+ 16 0.36 0.32 0.09 0.02
900 1.1k 100 1+ 152 0o3% 0.30 0.21 0.02
10+ 69 0.32 0,28 017 0.02
20+ 36 0.35 0,31 0.20 0.03
1000 1.13 70 1+ 175 0.96 0.85 0.36 0.03
10+ 93 1l2 0.99 0.31 c.03
20+ 29 1.3% 1.19 0,15 0.03|




Table Y%.9(cont,)

Melt NIS0Al2 (cont.)

Rolling Matrix No. of Size No. Incs. Mean Inc, Mean Plas., Std. .Std.
Temp °C Strain Fields Range in Runge Strain Index Devn. Error
1100 1.09 117 1+ 261 0.93 0.85 0.37 0.02
10+ 51 1.33 1,22 0.21 0.03

20+ 16 1,40 1,28 0.18 0.04%

Melt CRAl2

750 ° 1.17 100 1+ 37 0.2 0.36 0.17 0.03
10+ 31 0.36 0.31 0,12 0.04

20+ 5 0,22 0.19 0.04% 0.02

800 1.15 50 1+ 145 0.78 0.68 0,28 0.02
10+ 33 0.71 0.62 0.15 0.C3

20+ 19 (G 0.38 0.20 0.02

850 1,1% 500 4 51 1.39 1.21 0.21 0.03
10+ 37 1.45 1.26 0.12 0.02

20+ 15 1.46 1.27 0.15 0.03

91lc



Table 4.9(cont.)

Melt CRA12 (cont,)

Rolling Matrix No, of Size No. Incs. Mean Inc. Mean Plas, Std. Std.
Temp ©C Strain Fields Range in Range Strain Index Devn. Error
900 1.16 370 1+ 116 0.76 0.66 0.47 0.0k
10+ 35 1.25 1.08 0.39 0.07

20+ 11 1.60 1.39 0.1k 0.0k

1000 1.16 70 1+ 125 0.97 U.84 0.38 0.03
10+ 26 1.47 1.27 0.18 0.0k%

20+ 10 1.52 1.31 G.17 0.03

Melt VAl2

800 1.1k 120 1 133 0.40 0.35 0.16 0.01
10+ 39 0,22 0.19 0.12 0.02

_ 20+ 15 0.08 0.07 0.03 0.01

850 1,15 170 1+ 135 0.91 0.79 0,37 0.03
10+ 58 1l.21 3.05 0.23 0.03

20+ 19 1.39 1.21 0,10 0.03




Table 4.9(cont,)

Melt VAal2 (cont,)

Rolling Matrix No. of Size Na., Incs, Mean Inc, Mean Plas. Std. Std,
Temp °C Strain Fields Range in Range Strain Index Devn, Error
9C0 Y16 250 1+ 116 1.03 0.89 0.39 0.0k4

10+ L7 1,37 1.18 0.11 Cc.02
20+ 17 1.43 1.23 0.09 0.0%
1000 1.1% 40 1+ 130 115 1,01 0.32 0.03
10+ 21 1456 1.37 0.18 0.04
20+ 14 1.65 1.45 0.17 0.03
1100 1.10 52 1+ 259 0.73 0.66 0.40 0.02
10+ 36 1.29 117 0.13 0.02
20+ 12 1.2% 1.13 0.10 0.03




Individual values of plasticity index hcve also been

plotted against inclusion size (given by [zb

4,7
Metallographic examination (As cast).

Typical examples of inclusions found in the as cast

bars resulting from the deoxid.tion treatments are shown in

plates 4.2 to 4,12 « The majority of inclusions

observed were of a glassy nature

Manganese deoxidation (Melt A3).

Products of deoxidation resulting from a 2% manganese
addition were greyish bluelin appearance. The small
inclusions were often idiomorphic in appearance and often
found grouped together. The analysis of the
inclusions showed that they were zlmost pure MnO (96%)

although some FeO (~L4%) was detected (Appendix 4,1, )

Silicon deoxidation (Melt Al).

Deoxidation by silicon resulted in the formation of

almost pure glassy silica (4ppendix 4.1!. ) products.
These tended to be spherical in nature, although necking
and joining is evident in plates 4.2. and 4.3.

Manganese + Silicon deoxidation.

Melts 46, A6(2), A7 and A8 were all deoxidised by
Mn - Si alloys. &lthough the majority of inclusions were
glassy some hetrogeneous inclusions were observed. Melt

46(2) appeared to contain a higher proportion of

no

D



PLATES 4,2 & 4,3

COALESCING GLASSY SILICATES FROM
MELT al4. DEOXIDISED BY 4 1%

(MELT WEIGHT ADDITION) OF SILICON.

X400
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hetrogeneous inclusions containing pure silica precipitates
observed as silica rosettes or spotsin section, similar %o
those observed for melt 413X @lates'4.4.&.5. )

The higher manganese inclusions sometimes contained a
light predpitate phase within a darker grey matrix
(plate 4.6. ) and opaque inclusions with no resolvable

precipitate infrequently occurred.

Manganese + silicon + aluminium deoxidation.

Melts A9 to Al6 contained a very high proportion .of

glassy inclusions, melts A14(C), Al5 and Al6 appeared to
contzin glassy inciusions only. Hetrogeneous inclusions

from the higher silicon melts Al2, Al3 and Al3(X) had

precipitates of silica an@/or rhodonite inclusions, although

opacue inclusions were also found (plates 4.7. to 4.9 A
The melts of higher manganese contents i.e. AlO, All

and 414 if not glassy contained inclusions which
precipitated rhodonite (plate 4.10. ).

Melts Al7 to Al8 which were deoxidised with the same
deoxidant as in al%, but in the presence of additional
aluminium gave rise to either glassy inclusions or
hetrogeneous inclusions of alumina with a glassy matrix
(plate Lo 1, ). It was mainly the small inclusions

which were of a glassy nature, and the large inclusions
often appeared to contain white regions (plate W4.12, )

which were found to be areas of iron and or iron oxide.

as an oversimplified generalisation it appeared that

it was usually the larger inclusions which contained the
precipitates. .
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PLATES 4.4 & 4.5

ABSORBED ELECTRON IMAGE PHOTOGRAPHS
SHOWING TWO PHASE INCLUSIONS TAKEN
FROM MELT (Al3X)

PHOTOGRAPHS SHOW LIGHT PRECIPITATES
OF SILICA WITHIN GLASSY MATRICES

X1000






PLATE 4.6

TWO PHASE SILICATE INCLUSION
TAKEN FROM MELT (A7)

X750

PLATE 4.7

GLASSY INCLUSIONS TsKEN FROM
MELT (Al2) DEOXIDISED BY

Mn - AL - Si DEOXIDANT.
THERE APPEARS TO BE A SECOND
PHASE PRECIPITATION WITHIN
THE LARGEST INCLUSION.

X750
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PLATE 4.8

INCLUSION FROM MELT (Al2) SHOWING
NON-GLASSY CHARACTER.

X800

PLATE 4,9

OFAQUE INCLUSIONS FROM MELT (412)
WHICH APPEARS TO CONTAIN VERY
FINE PRECIPITATES

X750

ro
PO
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PLATE 4,10

GLASSY AND PRECIPITATED INCLUSIONS
TAKEN FROM MELT (alk)
X570

PLATE 4,11

IWO PHASE AL203 - SILICATE
INCLUSIONS T.KEN FROM MELT
(A18)

X105



4.10.

4,11.
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PLATE 4,12

LARGE TWO PHASE 41505 - SILICATE
INCLUSION, CONTAINING WHITE AREAS
WHICH ARE Fe/(FeO)RICH

%210
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The melts deoxidised with the same deoxidant as in
melt Al2, but which had alloying additions present (i.e.
melts NIAl2, NI50A12, CRal2 and VAl2) all the inclusions
were glassy. Plate 4.13. shows the typical glassy
nature of such inclusions, which are analogous with the
glassy inclusions found in melts A4 - A18,

48
Metallographic examination (Hot rolled samples).

The behaviour of inclusion phases when rolled at
various temperatures have been compiled into tabular form
(table 4.10.) rather than expressing repetitive statements.
This table relates the general characteristics of the
larger inclusions found within the mid plane (XY) section
&t a matrix height true strain of approximately 1.2 (70%

reduction). Their behaviour has been coded viz: and

characterised in figures.
G refers to glassy inclusions
0 refers to opague inclusions
P refers to inclusions containing resolvable
precipitate
Non deformable inclusions (N.D.)
. X Iindicates that the inclusions were observed to be
non deformable
Brittle inclusions (B) (figure 4.8. )

Deformed inclusions (D) (figure %.9. )

With regard to the smaller inclusions it was usual to

observe that they had either deformed or not. There was no

directly observable evidence that inclusions less than 5 Jam
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Behaviour of inclusions upon rolling, Table 4,10

(General characteristics - larger inclusions).

Melt Rolligg Inclt Inclusion Behaviour
Tem pe
g % ND B D
A3 800 0 X - =
900 0 X - -
1100 0 2 - 2
1300 0 & - -
Al 900 G X -
1000 G X - -
1300 G X -
A6 900 G X - -
0 % - -
P :‘{ 1.2-3 -
1000 G X " -
0 X - =
P x 1.2.3 -
1300 G - 1.2.%
P - 1.20""
A46(2) 800 G X - -
900 G X - =
P X - -
1100 G - 3.2
P et 102
1200 G - 1.211{'
1300 G "" 2-""
A7 900 G X -
0 X - .
" X 1483 -
1C00 G X - 1
0 4 - -
P X 1243 -
1100 G - 1.2
P L 1
1300 G - 1.2.%
P - 1.2.""
A8 900 G ) 4 - -
0 5 4 L1 -
P X - -
1000 G - 1
0 X o ot
P X 3.4 =
F l.2.4




Table 4,10

Inclusion Behaviour
ND B

Incl®
Type
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Table 4,10

Melt

Rolling
Temp©C
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Fig. 4.8

Brittle inclusicns.

: @ cracked/shattered,
2e @ chipped.
3. OBQ fractured.
>
4, SOV 7= disseminated.
Fig. %9
S Deformed inclusions.
s DA o slightly deformed.
e T well deformed.
3¢ & T, H6Ck and/or fracture.
e N deformed + fracture .
Be tailing of plastic phase

from precipitate,




had undergone brittle fracture, even when their larger
counterparts had done- so.

Occasionally with small well deformed inclusions there
was some evidence of type (4) deformable behaviour.

| The behaviour of small inclusions for various inclusion
compositions and rolling temperatures has been examined for
several melts (table 4.ll. ) on a deformable/non deformable
basis. This behaviour may also be obtainéd from the data
presented on inclusion plasticity. (table 4.9, i =

Plates Y.l4. to 4.23. show examples of non deformable
énd brittle behaviour of inclusions, when rolled at 900°C
(a temperature where this behaviour seems prevalent for
the inclusion compositions under investigation).

From these figures it is observed that when an inclusion
does not deform there may be a tendency to form conical
voids in the direction of matrix flow (yltes  4.14 & 15)

If the inclusions behave in a brittle manner they may
crack, shear or disseminate into the rolling direction,
plates 4.16.—.23 illustrate these characteristics.

Unfortunately it is not always true that for a given
temperature inclusions within a given section will behave
in & similar manner. plate “.23.shows an example of
@ deformed inclusion in the proximity of un ineclusion
which has sheared (An observation which is discussed later).

4 similar situation is shown in pjste %.24 , Three
inclusions in proximity are seen to exhibit totally

different behaviour, whilst also showing that inclusions
within the same melt may have different compositions.

Inclusions which were observed to be plastically deformed



Table L4.11

Relationship between number of deformable inclusions

(1-20 um) and rolling temperature.

Rollin Np1 * —Nﬁ-— Np1 -2
Melt Temp. (1-20um)  Ng¢ N¢ (1-20) mm
A12 800 38 100 0.38 32
900 L5 180 0.25 21
1000 109 100 1.09 90
NIAL2 800 209 220 0.95 79
850 143 500 0.29 24
900 25 500 0.05 L
1000 141 100 1.41 117
NI50A12 750 21 200 0.11 9
800 37 200 0.19 15
850 99 100 0.99 82
900 116 100 1.16 96
1000 146 70 2,08 173
1100 245 117 2.09 174
CRAl2 800 126 50 2.52 209
850 36 500 0.07 6
900 105 370 0.28 24
1000 145 70 1.64 136

. 1 Field = 0-012 mm?2




Table L4.11

NDI

NpI ND1
Rollin =2
Melt Temp.© (1-2q“nﬂ N¢ N¢ (1-20)mm
VAl2 800 118 120 0.98 82
850 116 170 0.68 57
900 99 250 0.39 33
1000 116 40 2.90 241
1100 247 52 k.75 394
A13X 600 u 400 0.01 1
700 20 380 0.05
800 34 240 0.1k4 12
900 6 220 0.03 2
1000 68 150 0.45 38
1100 105 30 3.50 291
A1N4C 600 1 400 0.01 0
700 22 400 0.06 5
800 11 400 0.03 2
900 11 350 0.03 3
1000 17 230 0.07 6
Al6 800 79 600 0.13 11
850 159 200 0.80 66
900 30 500 0.06 5
1100 92 380 0.24 20
1300 130 100 1.30 108
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PLATE Y4.1k%

NON DEFORMABLE INCLUSIONS, SHOWING
CONICAL VOIDS IN THE ROLLING DIRECTION.
TAKEN FROM MELT A6. ROLLED AT 900°C

TO A HEIGHT TRUE STRAIN OF €, = 1.1k

X400

PLATE 4.15

CONICAL VOID PRODUCED IN THE ROLLING
DIRECTION.

. TAKEN FROM MELT A7. ROLIED AT 900°C
€np = 0.69 ( 50% ).

X200
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4.14.
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PLATES 4.16 & 4.17

BRITTIE INCLUSIONS WHICH HAVE
CRACKED AND SHOW MATRIX PENETRATION
INTO THE CRACKS.

4,16

FROM MELT A7 ROLLED AT 900°C. TO

a MaTRIX TRUE STRAIN OF 1.2 (70%)
X200

.12

FROM MELT A8 ROLLED AT 900°C., TO

A MaTRIX TRUE STRAIN OF 1.2 (70%)

Z400
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PLATES 4,18 & 4,19

INCLUSIONS WHICH H.VE BEHAVED IN
A BRITTLE MAFNER WHEN ROLLED AT
900°C .

4,18

FROM MELT 47 ROLLED TO 4 MATRIX

HEIGHT TRUE STRAIN OF 0.69 (50%)
%200

.19

FROM MELT A9 ROLLED TO & MATRIX

HEIGHT TRUE STR&IN OF 1.2 (70%)
X400



4.19.
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PLATES 4.20 & 4.21

INCLUSIONS ROLIED 4T 900°C. TO 4
M.TRIX HEIGHT TRUE STRAIN OF 2.23(90%)

FROM MELT A6
X400

4.21

————

FROM MELT A7
X200






PLATE 4,22

BRITTLE INCLUSION FROM MELT A9
ROLLED AT 900°C. TO A MATRIX
HEIGHT TRUE STRAIN OF 2.23(90%)

X400

PLATE 4,23

TWO INCLUSIONS FROM MELT All
SHOWING DISTINCTLY DIFFERENT
BEHVIOUR THE SMALIER INCLUSION
HAS DEFORMED, WHEREAS THE L ARGER
HA4S SHEARED AT APPROXIMATELY 45°
TO THE ROLLING DIRECTION.
ROLLED AT 900°C TO 4 MATRIX HEIGHT
TRUE STR.IN OF 1.2(70%)

X400

no
T
ro
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4.23.
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THREE INCLUSIONS WITH CLOSE
PROXIMITY SHOWING DIFFERENT

BEHAVIOUR WHEN ROLLED AT 850°C.
THESE INCLUSICNS aLSO BXHIBIT
DIFFERENT COMPOSITIONS AS
INDICATED BY X-R~Y SCANS FROM
THE MICROPROBE ANALYSER.

4,24 (a)
(b) MN - X RAY

.

X RAY

(e) ol - X RAY

(d) AL - X RAY

X 500

INCLUSIONS TAKEN FROM MELT Al7
ROLLED TO 70% TOTAL REDUCTION
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at rolling temperatures below 900°C sometimes showed signs

of inclusion fracture when rolled at 900°C

Plates 4,25, to 4.34. show the general character-
| istics of inclusion behaviour at various rolling temperatures
Although the figures shown are those for melt Al13X (where
a large number of inclusions contain silicé precipitates)
they appeared to show the similar characteristics observed
for other glassy type inclusions.

At low rolling temperatures the inclusions had not
deformed ( plates 4.25. to 4.26. ). 4n increase in
rolling temperature led to the presence of both plastically

deformed inclusions, and inclusions which show both
plastic and brittle characteristics ( plates 4,27, to_28.
An increase in temperature cavsed the
inclusions to deform in a plastic manner, to some degree,
although the presence of precipitates within the glassy
rhase was observed to retard plastic deformestion (plates u.
.29, to k.32, ). At temperaturés above the plastic/
fluid transition temperature inclusions may exhibit
undulating matrix/inclusion interfaces. (plates 4.34.&.35.)
Plates 4.36. to 4.37Z show examples of initially
glassy inclusions which were rolled in the *plastic!

temperature ranges, where it may be observed that there

is non uniformity of inclusion strain with respect to

inclusion size ( Plate 4 .37, ) also that precipitation

within an inclusion will irhinit its deformation (plate 4.3¢)

even at 90% reduction.

at temperatures well in excess of the plastic fluid



PLATES 4.25 & 4,26

INCLUSIONS FROM MELT Al3X
ROLLED AT 600°C. TO 4
MATRIX HEIGHT TRUE STRAIN
OF 1.2(70%)

X210 =
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4.26.
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4.35.




PLATE 4,36

MELT Al2

Cn = 2.3 (90%)
ROLIED AT 800°C.

PLATE 4.37

MELT Al2

o = 1.2 (70%)
ROLIED AT 800°C

X 400

X400

267
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transition temperatures some fluid inclusions appecared
to neck and break up.-(plate 4.35.)
.1_1...9

Stereoscopic examination of rolled structures.

Plates 4.38. to 4 .40. show examples of deformed
inclusions, extracted from the central region of the strip
formed on rolling melt Al3X at 11009C to a height
strain of (1.2), and show the general shapes of inclusions
after deformation at tempercztures above the plastic/fluid
transition temperature.

Plate 4.41. shows the a and b axis of a deformed
inclusion from melt All4 rolled to a strain of 1.2 at 900°C.
This figure shows the presence of large precipitates
protruding from out of the surface of the matrix of the

inclusion. $maller cuboid shaped holes can be seen in the

surface regions of the inclusion. These are presumed to
show the regions where smaller precipitates have been
extracted from the inclusion matrix, due to the action of
the brominol solution. However, the shape of these holes
should be compared to the electron image photographs of
melt Al4 plate +.%la . These cuboid holes can again be
seen in plate 4.42. which is the a - D section of the
inclusion. It is also clear that the surface of the
inclusion phases cannot be regarded as totally smooth, but

contain undulations.

Plate '+ ,41b shows a inclusion from melt 418 which
had been deeply etched. In this plate it can be seen that
the deformed inclusion is highly Jagged due to t he presence

of angular alumina precipitates. This figure does contrast



PLATES 4,38, %.39 & 4.40

STEREOSC AN PHOTOGRAPHS SHOWING
EXAMPIES OF DEFORMED INCLUSIONS
FROM THE CENTRAL REGION OF A
DEFORMED BAR.

MELT A13X
€n = 1.2 (70%)
ROLLED AT 1100°C

INCLUSIONS WERE EXTRACTED FHOM
SAMPLES DEEP ETCHED USING A

10% EROMINOL (BROMINE IN METHANOL)
SOLUTION.

4,38 X230

4,39 X550
4. 40 X600
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PLATE 4.41 (a)

STEHEOSCAN PHOTOGRAPH OF
DEFORMED INCLUSION FROM THE
CENTRAL REGION OF A DEFORMED
BAR,

MELT Alh
ROLIED AT 900°¢,
Em = 1.78

X 830

(ETCHED IN 104 BROMINOL)

272,
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PLATE 4,42

STEREOSCAN PHOTOGRAPH' OF AN
INCLUSION FROM A DEEP ETCHED
(10% BROMINAL) MATRIX

MELT All

En = 1.2 (70%)

ROLLED AT 950°C.

PLATE (b) B AN ENLARGEMENT OF THE
TOP L.H.S. OF THE INCLUSION IN (a)

(a) X0.6K
(b)  X2.,4K
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with the much smoother appearance of the inclusions
encountered in melts where less aluminium and hence fewer

particles were present.

4e10

Heat treatment.

Optical examination of samples from melts A7, All, Al2,
Al3, All4, A15, heat treated at temperatures of 900, 1100,
and 130000 for various times showed that in most instances
Some chags 1n the initial glassy structure had taken place.
However the effect observed for a given sample varied,
some inclusions showing signs of precipitation, and others
remaining glassy. It must however be added that in the
'as cast' state a few inclusions with precipitated phases
were observed, and as a result would mask the effect of
heat treatment to some degree.

The times employed i.e. 1, 3, 8 and 16 hours at
temperature showed only slight differences in inclusion
structure, the ohservations again being impaired by the
variability of the precipitation phenomenon. 1In general it
appeared, subjectively3 that as time at temperature
increased fewer glassy inclusions were observed. For a
given time at temperature it appeared thet precipitates
were larger at llOOOC than at 90000. However at 130000 it
was evident that the majority of inclusions were of a glassy
hature when compared to the inclusions at 900 and 1100°cC.
In table 4.12, the influence of heat treatment upon inclusion
microstructure is shown albeit after 3hrs and 16hrs, the 1

and 3 hr samples appear indéstinguishable, as did the 8 ang
16hr samples.



Plates 4 .43. —56.are fairly representative examples of
inclusions after heat treatment, from which it is

evident that a variation in behaviour with regard to
precipitation occurs within any given sample.

Plates 4.57 & .58. are X-ray photographs of precipitated
inclusions found in melt AlL4 after heat treatment at
1100°C for 2 hours . These plates illustrate the
presence of sulphur at the periphery of inclusions
adjacent to manganese rich precipitate area.

Plates4.59. — .65, are electron images of heat
treated inclusions showing precipitate phases. Analysis
of these inclusion phases (Appendix 4,3 ) and phases
present within inclusions resulting from Mn - Si and
Mn - Si - Al deoxidation in this investigation have
indicated that'the only phases apparently present are:
Silica, alumina or Rhodonite. However, the size of
precipitate is highly variable, as indicated in
plate 4.63.



Melt. Temp. °C

A7 1300
1100
900

TABIE 4,12

Soaking Time.

3 hrs.
Small inclusions 10 um glassy
Large inclusions often opaque
and contain precipitates. Some
show the presence of reaction
rims,
As 1300, reaction rim less
evident. Some inclusions
appear to contain small white
areas, possibly iron globules.
As 1100 and 1300°C. Presence

of white areas less evident.

. 16 hrs.
Comparable with 3 hrs.
However, precipitate size

appears slightly larger.

As 3 hrs.

As 3 hrs.



Melt Temp. °C
A1l 1300
1100
900

TABIE 1, 15 (cont.)

Soaking Time.

3 hrs.

Small inclusions 10 jum glassy
10 - 20 pm inclusions appear
opaque. Above 20 um some
inclusions appear to contain
globules of Fe.

As 1300°C, although

there appears to be the
presence of MnS cusps at the
inclusion steel matrix
interface.

As 1300°C,

16 hrs.

As 3 hrs.

As 3 hrs.

As 3 hrs.

c

e}



Melt

Al2

Temp., ©C

1300

1100

TABLE }.|. & 12

(cont.)

Soaking Time

3 hrs.

With the exception of a few
large inclusions > 50 um, all
appear glassy. The large
inclusions appear to contain
fine precipitates.

Larger number of small
inclusions appear to contain
a precipitate phase, and some
MnS cusps are evident. A
large number of inclusions have
appeared to remain glassy.
Less evidence of reaction rim

than encountered in melts A7

and Alk,

16 hrs.
As 3 hrs. However all
inclusions appear
glassy with few

exceptions.

Fewer glassy inclusions
Inclusions 10 um appear
opaque, often containing

precipitates.

hB<C



TABLE 4,12 (cont,)

Melt Temp ©C. Soaking time.
3 hrs. 16 hrs.
Al2 900 Essentially very little As 3 hrse.
difference to 1100°C.
Al3 1100 2 hrs.
(only) (only)

Smaller inclusions 20 um in
the main appear to be glassy
However, the larger inclusions
frequently observed to

contain precipitated phases.



Melt Temp. O

Alk 1300

1100

900

TABIE L4.12 {(econt.)

Soaking time,

3 hrs. _ 16 hrs,
Small inclusions appear glassy As 3 hrs,

(i.e. 10 um). 10 - 20 pum
inclusions appear opaque. 20 um
precipitation observed, (some large
precipitates ). However a large

number of inclusions appear glassy.

As 130000, although the presence As 3 hrs. except that
of MnS cusps observed. Reaction fewer glassy inclusions
rims also evident. are evident.

As 130000, however fewer glassy As 3 hrs.

inclusions observed.

C

olo¥4



Melt. Teﬂlp- oc
Al5 1300

1100

900

TABLE 4,12

(cont.)

Soaking time.

3 hra.

All inclusions appear glassy
with the exception of a few
large inclusions which appear
opague.

Small inclusions glassy.
Larger inclusions often appear
opague, signs of .very fine
precipitate. Some small white
areas evident as in A7 and All.
Small inclusions glassy.
Majority of large inclusions

are opaque and/or contain

small precipitation.

16 hrs.

As 3 hrs,

As 3 hrs.
Reaction rim only

evident at 1100°C.

As 3 hrs.



PLATES 4,43 - L4.45

OPTICAL MICROGRAPHS OF HEAT
TREATED INCLUSIONS

MELT A7
HEAT TREATED AT 1100°C. FOR
3HOURS.

X570
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4.43,
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PLATES 4,46 & 4,47

HEAT TREATED INCLUSIONS SHOWING
MNS CUSPS

MELT All

HEAT TREATED AT 1100°C FOR
3 HOURS

X570
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4,51,

1,52,
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PLATE 4,54

MELT' A15
HEAT TREATED AT 1100°C. FOR
3 HOURS
X570

PLATE 4.55

MELT Al3
HEAT TREATED AT 1100 C FOR
2 HOURS
X400

PLATE 4.56

MELT A14C

QUENCHED FROM 820°, AFTER
BEING HELD AT TEMPERATURE
FCR 1 HOUR

X570
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4.54.

.56,



PLATE 4.57

MICROPROBE ANALYSER X-RAY MICROGRAPHS
MELT Al4
HEAT TREATED AT IT00°C. FOR

2 HOURS

(a) SI - XRAY

v -
1

(b) XRAY
(¢) MN - XRAY
(d) AL - XRAY

X800
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MICROPROBE =sNALYSER X- RAY

PLATE 4,58

MICROGR~PHS

MELT Alk

HEAT TREATED AT 1100°C. FOR

2 HOURS.

(a)
(b)
(c)
(d)

S1
MN
AL

XRAY
XRAY
XRAY
XRAY

X800

300
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MELT A13
HEAT TREATED AT 1100°C FOR
2 HOURS

PLATE 4,59

TRIDYMITE PRECIPITATES
(93%510,, H%A1203, 2%Mn0, 1%FeO0)

WITHIN 4 MATRIX
(55%510,, 11%A1503, 324Mn0, 1%Fe0)

ABSORBED ELECTRON IMAGE
X800

PLATE 4.60

BACKSC ATTERED ELECTRON IMAGE OF
THRLE PHASE IKCLUSICON
X800

PLATE 4,61

BACKSC ATTERED ELECTRON IMAGE SHOWING
RHODONITE ~PPROX 52%8102, 42%Mno, 4%A1203
2%Fe0, and 8i0,
WITHIN 4 MATRIX OF COMPOSITION APPROX
48%8102, 37%Mno, 14%A1503 1%Fe0

X1600

£

no
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PLATES 4,62 - 4,65

MELT A1k

HEAT TREATED AT 1100°C FOR

2 HOURS

PRECIPITATES OF RHODONITE COMPOSITION
PLATE 4.62 X800

ELATE 4,63 X800

BYPICAL sNALYSIS OF BOTH SMaLL AND
LARGE PRECIPITATES

4655102, 50%Mno0, 1%A1203, 2%Fe0

PLATES 4,64 and 4,65 X800

PRECIPITATES TYPICALLY
47%510,, 50%Mn0, 2%A1,03, 15Fe0

MATRIX
58%510,, 24%Mno, 17%A1503, 1%Fe0
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