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SUMMARY 

Studies have been made of the effect of sulphur contents 
between 0.02 and 0.2% on the composition of the oxides and 
oxy-sulphides produced by deoxidation of a low carbon 
(<0.04%) steel with aluminium-manganese-silicon alloys. 

The inclusions were analysed by Quantimet for size distri- 
bution and Microscan V for composition. Hot rolling of the 
suction cast bars was achieved on a 2 high-rolling mill. 
Samples were taken at 50%, 70% and 90% total reductions in 
thickness and temperature of rolling was between 800 and 
1300°C. Deformation of the inclusions was measured by 
optical microscopy. 

It was shown that at 0.56% Mn in the steel increasing sulphur 
decreased the manganese oxide content of the inclusions but 
with higher manganese contents (>1.5% Mn) little or no effect 
was observed. The average size of both the oxide and sulphide 
inclusions increased with increasing sulphur content in the 
Steel. 

The relative plasticity indices of inclusions have been 
related to inclusion size, matrix strain, composition and the 

rolling temperature. It was shown that inclusions less than 
about 2 um in diameter did not exhibit any deformation 

characteristics under all working conditions. It was also 

shown that the relative plasticty index value was lowered as 
the matrix strain increased. Spheroidisation of the inclusions 
partly contributed towards the decrease in relative plasticity 
index with decreasing inclusion size. 

Oxide inclusions rolled at the lower temperatures behaved in 

a rigid or brittle manner. There was a rapid transition from 

non-deformable to deformable behaviour over a narrow range of 

temperature. The transition temperatures for the inclusions 

were observed to be well below the liquidus temperatures of 

any of the oxide compositions. The non-deformable/deformable 

transition temperature was decreased with increasing sulphur 

content of the steel, reflecting the change in composition 

of oxides shown above. A ternary oxide (Al 0.-MnO-SiO ) 

diagram has been produced to predict the transition temper- 

atures for the oxide inclusions within the composition range 
studied. Deformation of sulphide inclusions decreased with 

increasing rolling temperatures. 

It was shown that the equations (for estimation of inclusion 

strain in a third plane if the inclusion strain in the other 

planes are known; width spread, e,; plane strain plasticity 

index, (v*)) are valid and can be useful for volume 

plasticit?® index determination. 

It was found that ductility of the steel decreased with 

increasing percentage area of both oxide and sulphide 

inclusions. Directionality was found to be pronounced in 

steels containing type II MnS inclusions. 

(Deoxidation, oxides, sulphides, rolling, plasticity-index)
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12/0 INTRODUCTION 

Two kinds of non-metallic inclusions are generally recognised; 

those which are entrapped in the steel unintentionally, and 

those which separate from it because of a change in 

temperature or steel composition. The first type originate 

almost exclusively from particles of non-metallic matter that 

are entrained in the steel while it is in the molten state. 

Tne second type is produced either in the molten or the solid 

state by the separation from the steel of oxide, sulphide or 

other non-metallic compounds in the form of droplets or 

particles, when these compounds are produced in such amounts 

(by reactions or temperature changes) that their solubility in 

the steel is exceeded. Since the latter type of inclusions 

are the products of chemical reactions within the steel, they 

are inherent constituents of it. Such inclusions cannot be 

entirely eliminated from the steel by the ordinary processes 

of manufacture. The best that can be done is to control the 

type and amount of these constituents within such limits that 

the steel is free from those inclusions which are considered 

to be injurious to final properties; or to ensure that the 

steel contain those inclusions, such as the sulphides which 

impart machinability. 

1.1 Oxygen and Sulphur in Steel 

In steelmaking most of the impurities (C, Si, Mn, P) are 

removed by oxidation. Their oxidation is usually achieved 

by either blowing large volumes of oxygen through or onto 

the melt or by the action of an oxidising slag.



The solubility of oxygen in molten iron is about 0.25% at 

1650°C. During solidification this decreases markedly and 

is only 0.0086% at 1500°C QQ), Most of the elements which 

may be present in molten steel lower the solubility of 

oxygen. When the molten steel solidifies, the excess 

oxygen is rejected from solution and combines with the 

other elements present to form oxides. If the carbon in 

the molten steel combines with the excess oxygen to form 

carbon monoxide, some of this carbon monoxide escapes but 

some gas bubbles remain trapped in the solid metal causing 

extensive porosity. This porosity can be controlled by 

adding to the cooling melt elements which have greater 

affinity for oxygen than carbon at steelmaking temperatures 

and which do not produce volatile products. This process 

is known as deoxidation. Curves for the elements relevant 

to steelmaking have been given in Fig. 1 (from Muan and 

Osborn Gy During deoxidation the additions added for 

this purpose normally form liquid oxides. 

In practice some of the oxides formed during deoxidation 

escape to the surface of the solidifying casting, but the 

majority are entrapped and remain within the metal as 

(3) that 

Tan 
inclusions. It has been suggested by Kiessling 

TS 
one tonne of ordinary carbon steel contains about 10 0 

oxide inclusions. It has been shown that about 80-90% of 

the non-metallic inclusions in an ingot results directly 

(4). from deoxidation



Like oxygen, sulphur is soluble in molten steel, but its 

solubility in the solid steel phase is very low. It is 

precipitated in the form of metal sulphides during 

solidification of the steel and the precipitation pattern 

is influenced by its strong segregation tendency. 

The stability of the different metal sulphides relative to 

the elements is indicated by the curves for the standard 

free energy of formation against temperature. A graph 

showing this for a number of sulphides important in steel- 

making is shown in Fig. 2 (from Muan and Osborn). Fig. 2, 

as well as the corresponding graph for oxides in Fig. 1, 

gives the ac? values, i.e. the conditions for the yore 

elements when the activity is unity. Furthermore, activities 

may be increased or decreased when additional elements are 

dissolved in iron by their individual interactions. The 

activity of sulphur, for example, is strongly and 

positively influenced by carbon, silicon, and phosphorus. 

The diagrams in Figs. 1 and 2 should therefore only be used 

as guidelines. 

The suiphur potential-temperature diagrams for sulphides in 

iron and steelmaking processes may be corrected giving 

equilibrium lines for contents usual in steel practice. 

Such corrections have been made by Jorgensen (S) gor the 

reaction: 

2Mn($) + S, + 2MnS(g) 

Corrected aG° diagrams have been calculated for contents of 

1% and 0.53 manganese in iron. The results are shown in 

Fig.3, where the aG° values for FeS formation from pure iron



have also been shown. It is evident from this diagram that 

the sulphur potential/temperature relationships diagrams for 

MnS under actual steelmaking conditions have been moved due 

to the lower Mn- activity in the steel as compared with pure 

Mn and are closer to the FeS equilibrium line. The 

equilibrium lines for MnS and FeS at actual steelmaking 

conditions now intersect in the temperature range 1600-1800°C 

instead of at temperatures higher than 2000°C. The 

implication of this is that the tendency for the formation 

of FeS and MnS at steelmaking concentrations and temperatures 

is about the same, but that MnS is the more stable phase at 

room temperature. In contrast, according to the AC? 

equilibrium curves (Fig. 2), FeS should never be formed 

except in Mn-free steels. 

1.2 The Purpose of the Present Work 
  

The aim of this work was to investigate the behaviour of 

oxide and sulphide inclusions during hot working and their 

effect on notch ductility. An iron melt containing oxygen 

and sulphur was deoxidised using alloys from the manganese- 

silicon-aluminium system. 

It was hoped to provide information on:- 

(i) The effect of sulphur content in the steel on 

(a) composition of the oxide inclusions, 

(b) the transition between rigid and fluid 

behaviour of silicate inclusions, 

(c) type and deformation behaviour of sulphide 

inclusions. 

(d) the distribution of sulphide and oxide 

inclusions respectively. 

Bye



(ii) 

(414) 

(iv) 

(vy) 

(vi) 

(vii) 

(viii)Test the validity of equations derived by Wardle 

The effect of manganese content in the steel on 

sulphide inclusion distribution. 

The effect of composition on the deformation of 

inclusions. 

The effect of prolonged soaking treatments at 

high temperatures on deformed inclusions in steel. 

Mechanism of fracture and dissemination of brittle 

types of silicate inclusions. 

The effect of inclusions on notch ductility of 

some of the materials investigated and their 

relationship to the plasticity index of inclusions 

in the longitudinal and long transverse directions 

respectively. 

The effect of different height to width ratio of 

the steel matrix on inclusion deformation. 

(100) 

for the plasticity of inclusions in the third plane 

if plasticity in two planes are known, i.e. the 

estimation of the plasticity of inclusions in the 

third plane from the known inclusion plasticity in 

the other two planes and the estimation of corrected 

inclusion plasticity index for plane strain condition. 

Full derivation of the equations are given in 

Appendix 3.



2.0 LITERATURE REVIEW 

Although this investigation was primarily concerned with the 

effect of sulphur content in the steel on composition of the 

oxide inclusions, and the deformation of oxide and sulphide 

inclusions, it was thought that the work would be incomplete 

if the current views concerning the main features (as 

discussed below) which have significant effect on the 

inclusion composition and deformation are not reviewed. 

2.1 Deoxidation Thermodynamics 

Numerous investigations have been carried out on the thermo- 

dynamics of deoxidation which have been reviewed previously 

(6510). However, it must be noted the data was obtained for 

elements in their standard states and single binary and 

ternary systems. Due to the short time between deoxidation, 

casting and the rapid solidification obtained in this present 

work; the validity of the above data pertinent to the present 

work is questionable. The data available (10, 12,13) has been 

used, however, as the basis of deoxidant alloy calculations 

and is reviewed briefly. 

2.1.1 Deoxidation by manganese 

Manganese alone is not a powerful deoxidiser as can be seen 

from the free energy diagram (Fig. 1). It is added 

primarily for its desired effect on sulphide inclusions, but 

it may also significantly modify deoxidation by silicon or 

aluminium. 

Korber and Oelsen (14) described the phase relations, for 

simple deoxidation by manganese and this was updated by 

Ae



(15). The oxides of iron and Fischer and Fleischer 

manganese form almost ideal solid and liquid solutions, at 

the low oxygen pressures typical of steelmaking. As 

indicated by the equilibrium constant for the reaction: 

Mn + FeO(2) = MnO(2) + Fe(2) 

An increase in manganese content of the metal increases the 

ratio of MnO to FeO in the oxide mixture and this in turn 

raises its liquidus temperature. It can be seen from the 

diagram (Fig. 4) that only a range of MnO-FeO compositions 

are liquid at steelmaking temperatures, thus showing a 

further disadvantage of manganese as a deoxidant. 

2.1.2 Deoxidation by silicon 

From free energy-temperature diagram (Fig. 1), silicon is 

seen as a relatively stronger deoxidant than manganese. 

The influence of silicon as a deoxidant has been based upon 

the equilibria reaction: 

2FeQ(2) + Si + SiO, + 2Fe(2) 

The phase relations pertinént to deoxidation by silicon 

have been analysed independently by Forward and Elliott (16) 

and Iyengar and Philbrook (17) with similar conclusions. 

The pseudo-binary FeO-Si0, diagram (Fig. 5) indicates the 

composition of the deoxidation products. The most common 

condition in deoxidation by silicon is that the initial 

metal composition lies above the hypereutectic liquidus 

surface in the region where SiO, of virtually stoichiometric 

composition is the primary deoxidation product.



Gokcen and Chipman (18) proposed that: 

(1) the activity coefficient of oxygen is reduced by 

addition of silicon, 

(2) in dilute solutions the activity coefficient of 

silicon increases with its concentration. 

From their work they concluded that for pure Fe-Si-O melts 

containing less than 2 wt% Si the change in silicon activity 

coefficient (£53) with oxygen concentration was almost 

balanced by the change in the oxide coefficient squared, 

Tie. s The equilibrium constant is given approximately 

as: 

ml _ *8i02 
Si-O é 2 

{ssi] [0] 

Since the product (£53) (£57) is approximately constant, they 

also showed that silica formation is very much dependent on 

temperature. 

The principal difference between silicon and manganese 

deoxidation lies in tne acidic nature of Sid, compared with 

the basic nature of MnO (10). This is underlined by the fact 

that ano increases and asio decreases as slag basicity is 

increased. 

A melt containing low silicon, high oxygen content ane 

the two-liquids region solidifies by monotectic reaction 

with the formation of liquid oxide globules. These have 

variable composition, ranging from silica saturation melt 

to liquid iron oxide depending on the metal composition and 

temperature. Globules trapped among the dendrite arms will 

ultimately freeze as either tridymite plus fayalite or 

=s5



fayalite plus wUstite, depending on their composition Cans 

2.1.3  Deoxidation by aluminium 

There have been a number of investiations into the deoxida- 

tion of iron-oxygen melts by aluminium (14,15,19-31) | 

Values of aluminium equilibrium constant have been determined 

2 =14 in the range 10 ~ to 10 at 1600°C. 

Lindon (r) pointed out many experimental difficulties 

encountered in the K,)_9 determination, although alumina is 

a very stable oxide. Sloman and Evans (23) found that 

aluminium addition in stoichiometric excess of the oxygen 

content produced alumina inclusions whilst additions of less 

that stoichiometric proportion gave rise to mixed oxide 

phases containing the spinel pnase hercynite, their 

composition depending on the aluminum to oxygen ratio. 

The differences in true and apparent equilibrium constant 

are thought to be due to a slow rate of approach to 

co observed equilibrium. Kawawa et al (32) and Lindon 

that the rate of dissolution of aluminium into molten steel 

is lower than the rate of dissolution of manganese and 

silicon respectively. 

2.1.4 Deoxidation by aluminium and manganese 

Manganese and aluminium oxides form the spinel galaxite 

(Mn0.A1,03), which is isostructural with hercynite and 

other spinels, and accommodates a considerable range of 

stoichiometric and substitution of other elements such as 

295



Fe for Mn or Cr for Al (95-55), Galaxite inclusions are 

observed in commercial steels lightly deoxidised with 

(36). aluminium A noteworthy feature of the binary 

MnO-Al,0, system is the range of composition that may exist 
ZS 

as liquid oxide at steelmaking temperatures (57, 38) Such 

liquid inclusions would nucleate more easily than alumina 

and would coagulate and float out more readily than solid 

products (32, 25)5 McLean (33) points out that manganese 

lowers the oxygen and raises the aluminium concentration 

for univariant transition Pow (Fe, Mn) Al,04 to Al,0, as 

the stable deoxidation product, and the formation of 

galaxite enhances the deoxidising power of aluminium at 

low concentration levels. The manganese content of 

commercial steels therefore significantly enters into the 

deoxidation reactions with aluminium in lightly deoxidised 

steed. 

2.1.5 Deoxidation by silicon and manganese 
  

It is well known that manganese enhances the deoxidising 

power of silicon at low silicon concentrations in the steel. 

Although silicon is a much’ powerful deoxidiser thm 

manganese (Fig. 1), simultaneous addition gives a much 

lower residual oxygen in solution (14) 

Hilty and Crafts (39) and Kawawa et al (32) agree that 

oxygen equilibrium content decreases with increasing 

manganese content. Walsh and Ramachandran (29) explained 

the low final melt oxygen observed by the fact that the 

deoxidation product was a manganese silicate having a 

silica activity less than unity. The primary deoxidation 

=>



product in this case is not a solid oxide but a liquid 

manganese silicate, in which the activities of both MnO 

and Sid, are lower than if either element were added alone. 

Kawawa et al 2) found that liquid inclusions may coalesce 

and float out more rapidly than smaller solid particles. 

(41) Turkdogan also has calculated the residual oxygen 

content of steels deoxidised by silicon plus manganese and 

his results agree with the earlier findings by Hilty and 

(42,43) calculated the Mn-Si deoxidation Crafts. Turkdogan 

equilibrium data for the reaction: 2MnO + Siy = 2Mny + Sid, 

For which Koi _y, is given by 

aac 
i Lavn]? . Si0, 

Ko: Si-Mn [ssi] ano   

where ano and *sio, are the Raoultion activities of oxides 

in the molten manganese oxide-silica deoxidation product. 

He also showed that above a critical [%Si] to [smn]? ratio 

for a given temperature solid silica will form (Fig. 6). 

2.1.6 Deoxidation by manganese-silicon-aluminium 

There is very limited data available for the Mn0-Si0,-A1,0, 

system (Figs. 7 and 8). Lindon (31) working on the 

MnO-Si0,-A1,0, system pointed out that the presence of 

alumina in the product of deoxidation would lead to a 

decrease in the activity coefficients of both manganese 

oxide and silica. He also indicated that manganese-alumina- 

silicate slag would equilibrate with a lower oxygen level 

for a given manganese to silicon ratio. 

SS 

 



Kawawa and Ohkubo (32) working on this system observed a 

remarkable decrease in total oxygen content immediately 

after the addition of the deoxidant. They attributed the 

low total oxygen levels to the rapid floating up of 

MnO-Si0,-Al 2 205 inclusions with a high degreeof coalescence. 

 



2.2.0 Kinetics of Formation and Elimination of Inclusions 
in) Steel 

Early studies on deoxidation of steel was dominated by 

thermodynamics aspects, although kinetic influences have 

occasionally been referred to in passing. 

Pl&ckinger and Wahlster (00,45) conducted the first extensive 

investigation into deoxidation reaction kinetics involving 

the formation, growth and separation of inclusions. They 

observed that alumina inclusions separate more rapidly than 

silica inclusions, and that agitation or stirring of the 

steel generally favours the elimination of inclusions. 

Since, the kinetics and fluid dynamics of deoxidation have 

been studied intensively (46) 

(41,47-51) 

and highlighted by recent 

review papers The sequence of events in 

deoxidation kinetics is thought to be divided into four 

elementary stages which can be studied separately (40,66, 47, 

4951-53), 

(i) dissolution and mixing of the deoxidiser in the melt, 

City mueleet on of deoxidation products, 

(141i) growth of the nuclei to inclusions of an initial 

size distribution, 

(iv) floating out of the inclusions with concurrent 

growth. 

In practice these stages overlap to a large extent and 

therefore, it is convenient that the first three steps will 

be discussed under general heading of 'formation' and the 

last step as 'elimination' of inclusions in steel.



2.2.1 Formation of inclusions in steel 

It is well known that inclusions ori-ginate from liquid 

steel by the process of nucleation and growth (41,46,49-51, 

St—2 1): For several reasons, it is difficult to apply 

classical nucleation theory quantitatively. Initial 

conditions involve fluctuation in composition and temperature 

on macroscopic scale which is dependent upon the way in which 

the deoxidants are mixed with the steel. In the case of 

9) showed the deoxidation with aluminium Olette et al 

influence of the method of introducing the deoxidant on the 

kinetics of deoxidation. The degree of supersaturation 

necessary for nucleation to occur at a finite rate is very 

sensitive to the interfacial free energy between the liquid 

steel and the inclusion phase. Due to this, the phase that 

nucleates is not necessarily the equilibrium phase. 

Homogeneous nucleation may occur in regions of high super- 

saturation formed during mixing of the deoxidant. Thus 

homogeneously formed nuclei may subsequently be carried by 

convection into regions not sufficiently supersaturated for 

nucleation but capable of contributing to growth. Substrates 

for heterogeneous nucleation may normally be abundant from 

impurities carried in by the additions of deoxidants. 

Numerous workers have contributed to the formulation and 

explanation of these concepts. 

Turpin and Elliott SS studied the application of homogeneous 

nucleation of oxide phases from liquid steel. They calculated 

the necessary critical supersaturations, and from estimated 

interfacial tensions and experimental results deduced the 

conditions for nucleation of pure silica or liquid silicates 
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in the Fe-Si-O system and of Al,0,, hercynite, or iron- 

aluminate in the Fe-Al-O system. Forward and Elliott (59) 

studied the nucleation of silica and iron-silicates during 

solidifications”), Melts containing less than about 

0.02% oxygen may not nucleate homogeneously if a silicon 

addition is mixed in. If supersaturation is achieved 

rapidly, depending on the density of particles, homo geneous 

nucleation may occur during deoxidation even in the presence 

of heterogeneous nuclei. It must be pointed out that 

neither Turpin and Elliott (36) nor Torssell, Gatellier 

and Olette (01-65) were able to achieve a sufficient degree 

of supersaturation by rapid cooling to cause homogeneous 

nucleation in Fe-Si-O melts. 

A number of investigators have observed that the nucleation 

and precipitation of silica inclusions are completed within 

a second, giving an initial distribution of inclusions of 

narrow size range of approximately 4 or 5 um diameter, 

corresponding to a population density of the order of 

107-10" per cm>, The rapid growth of nuclei to inclusion 

size has been fitted by diffusion models (4040548592555 255)) 

although Sakagami et al (>) postulated rate control by 

reaction at the particle surface rather than by diffusion. 

It has been suggested that neither Brownian Collisions nor 

Ostwald ripening contribute significantly to growth at this 

stage (41,52,66) | 

The addition of solid aluminium does not lower the dissolved 

oxygen content of liquid steel as rapidly as deoxidation by 

silicon; the size of alumina inclusions as measured by 
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Quantimet is closely distributed about a peak of 3-4 um and 

the particles do not coarsen with time as silica inclusions 

do (47749567) | (47) Gatellier and Olette explained the 

slower reaction of solid aluminium by the delay caused in 

the homogenisation of the deoxidising metal as a result of 

a layer rich in small alumina particles, holding back the 

diffusion of the deoxidising agent introduced. Schenck et 

al (68) reported that the precipitation of Al,0; was slower 

than calculated for control by diffusion, and attributed 

this to poisoning of the alumina surface. However, the 

initial rate of deoxidation depends on how the deoxidant 

and steel are mixed, and it is increased significantly if 

liquid ee of solid alumina is used (03,435 -2)7 

Sigworth and Elliott (57) suggested that the faster 

reaction is the result of a greater density of nuclei 

obtained with the more rapid mixing that is possible with 

the liquid addition. 

The fact that homogeneous nucleation is possible for strong 

deoxidisers does not imply that all inclusions from 

deoxidation with aluminium, for example, will be precipitated 

homogeneously. Supersaturations required for heterogeneous 

nucleation are always less than those of homogeneous 

nucleation. It should be pointed out that, in industrial 

practices, heterogeneous nucleation is the more important. 

2.2.2 Elimination of inclusions 

Several investigators have contributed towards explaining 

the coarsening or coalescence, rise, and eventual elimination 

of inclusions and to clarify suspected deviations from 
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Stoke's law. Miyashita et al (69) concluded that the 

rising velocity of silica inclusions in a tranquil bath is 

in agreement with Stoke's law. The rising velocity of a 

particle not wetted by the steel may be at the most, 50% 

faster than the Stoke's velocity of a wetted particle (69,70) | 

The separation of inclusions from agitated bath is more rapid 

and the rate of elimination depends upon the crucible material. 

Torssell and Lindborg Ge developed a collision model which 

describes the observations on the growth and separation of 

inclusions. On the basis of theoretical and experimental 

results, these authors suggested schematic representation of 

their result (Fig. 9). 

Iyengar and Philbrook (70) found that natural convection 

currents caused recirculation and retention of some inclusions 

longer than predicted by Stoke's law. The ultimate removal of 

inclusions depends upon their emergence at the free surface of 

the metal or their assimilation by slag or crucible wall. It 

must be pointed out that the latter step in turn depends upon 

(Ojar Lae) 
the interfacial free energy effects and the time 

required for rupture and drainage of the metal film between 

(73) | the particle and the interface 

Turkdogan (55) using a theoretical model showed that the 

growth of oxide inclusions as they rise in the melt is 

dependent upon the number of nuclei initially produced by 

deoxidation (Fig. 10). The larger the initial number of 

nuclei, the slower the rate of elimination. Turpin and 
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Elliott (39) suggested that strong deoxidisers results ina 

large number of nuclei-formation due to high degree of 

supersaturation. Weaker deoxidants result in fewer stable 

nuclei which grew into large inclusions therefore enhancing 

inclusion separation. From Turkdogan's model, if the number 

of nuclei, Z is less than the critical value 2m, the 

relatively large inclusions float out of the melt quickly 

leaving behind swnreacted high residual oxygen in solution. 

I£ the number of nuclei, Z, is greater than the critical 

value, Zm, the inclusions attain their full growth in a 

relatively short time, i.e. the residual oxygen in solution 

approaches equilibrium value in short time. Under these 

conditions, the inclusions are small in size and hence their 

separation from the melt takes a longer time as shown in 

diagram (Fig. 11). He also showed that small inclusions did 

not float from the melt readily when a large number of nuclei 

were present because the inclusions attained a constant 

velocity within a short time due to the speed of the diffusion 

controlled reaction. 

Evolution of gas during deoxidation results in an increase 

rate of inclusion removal, due to the adhesion of gas bubbles 

onto inclusions aiding buoyancy (a phenomenon made use of in 

(74) 
the argon rinsing process although inclusions surface 

properties promote particle adhesion). 

The importance of size and composition on inclusion removal 

was shown by Herty et al 634752)7 They showed that the 

cleanest steel produced by manganese-silicon deoxidation 
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occurred when the ratio of Mn to Si was between 4 and 7 

The product composition was found to be in the low liquidus 

range of the MnO-Fe0-Si0, (Fig.12) at 35-45% Si0,, 45-55% 

MnO and approximately 10% FeO. This led to the conclusion 

that low melting point inclusions were advantageous, their 

high lewl of fluidity allowed them to coalesce and float 

out easily. 

The separation of inclusions within the MnO-Si0,-A1,0, 

system was studied by Lindon and Billington a They 

observed that the rate of separation of inclusions within 

the system increased with increasing Mn:Si and Al:Si ratios 

of the deoxidants added. Where they observed silica rich 

inclusions they observed concurrent low removal rates, 

coalescence of such inclusions being delayed due to the 

higher viscosity of silica rich inclusions. They also 

observed that fluid manganese-alumina-silicates separated 

at slower rate than anticipated by Stoke's law and 

attributed this to a low interfacial energy between the 

inclusion phase and the melt. They concluded that the rates 

of separation of inclusions increased as a result of 

increasing the melt-oxide interfacial energy, which confirmed 

PlUckinger and Wahlster results. Kozakevitch and Olette (67) 

and Kozakevitch and Lucas C2) demonstrated the importance of 

surface phenomenon upon inclusion coalescence and separation. 

Wa udby (78) pointed out that an inclusion rising through a 

liquid metal may behave in the following manner when it 

approaches the surface of the metal: 

Oe



(i) remain just below the surface without emergence in 

which case the inclusion may be pushed into the 

metal by descending currents (the inclusion 

thoroughly wetted by the liquid metal). 

(ii) escape and float on the surface (no wetting of the 

inclusion). 

C67) Bad 
It has been pointed out by Kozakevitch and Olette 

Waudby (76) that emergence can take place spontaneously 

only if it results in lessening of the free energy, Gon 

the system, AG<0: 4G. ab ete gor Vea where Ve is the 

surface energy of the inclusion, ta that of the metal, and 

Yom? the interfacial energy at the inclusion-metal interface. 

Under steelmaking conditions AG is always less than zero, 

hence there will always be some emergence of inclusions to 

the surface of the melt. Dyson (77) found that the surface 

tension of iron melt is strongly influenced by sulphur and 

other impurities in the melt (78) (Figs. 13 a and b). 

It is well known that Vg and Y_ can be determined experi- 

mentally. The metal-inclusion interfacial tension, er 

can be calculated based on an and Ye and using vector 

analysis. Thus ‘sen can be calculated from the relation: 

Mewes ee ¥ qlOS9 where @ is the contact angle between 

the liquid metal and its support. 

Kozakevitch and Olette (57) determined contact angles for 

several systems and summarised their conclusions as follows: 
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(i) when the contact angle, 9, metal-oxide is given as 

0<9<90°, primary contact between inclusions is 

possible but the agglomerates would not be stable 

because the’ contact surface would be too small. 

(ii) when 9>90°, the natural result is the spontaneous 

retreat of the metal from the space still 

separating the neighbouring inclusions after the 

establishment of the contact points, and formation 

of stable agglomerates become possible. The 

probability of this phenomenon obviously increases 

with an increase in the value of 9, thus the 

emergence of inclusions is promoted. 

A recent analysis of hydrodynamics and collisions of small 

particles in turbulent melts has been made by Linder ay 

His results confirmed some of the earlier findings. 

Recent experiments by Lindskog and Sandberg G80)" using 

radioactive silicon, have shown that in the deoxidation of 

a well stirred bath most of the inclusions are absorbed by 

the crucible wall rather than floating to the surface. 

They also found that with aluminium deoxidation, silicon 

and Renee dissolved in the melt increase the removal 

rate of alumina inclusions in alumina crucibles. 
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2.3.0 Nature of Inclusions Commonly Found in Steels 

Deoxidised by Ai-Si-Mn Alloys 

The review of some of the inclusions encountered in the 

(Mn, Fe)0-Si0,-A1,0, system will be brief. For a more 

detailed review, the reader is advised to read the reviews 

(81,82) (83) 
by Kiessling and Lange and 

(84) , 
Pickering 

Robinson The physical properties of oxide and 

sulphide inclusions can be found in reference (81), 

2205.) Silica, Sid, ; 

Several silica modifications are known. Pure silica 

inclusion is very rarely observed in steels. The following 

phases are stable at ordinary pressures: quartz, tridymite 

and cristobalite. Transformations between the phases are 

fast and reversible. Cristobalite often crystallises as 

dendrites or rosettes in a glassy or crystallised matrix 

(82) Cristobalite also occurs of various metal silicates 

as a scale around inclusions and this phase can dissolve 

several per cent of alumina and other metal oxides in solid 

solution. 

Tridymite only existsif stabilised by traces of other metal 

jons present in solid solution. This phase often 

crystallises as rather dark, thin plates in inclusions. 

Quartz phase in steel inclusions has been observed as dark 

grains which form more or less regular plates in polished 

sections. Its presence is a strong indication of the 

exogenous origin of the inclusion (i.e. refractories). 
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2.3.2 Alumina, Al,0, 
3 

—_———————————— 

The most commonly observed oxide in steelmaking is alumina 

and it is usually observed in the form of corundum 

(a-A1 05). Alumina inclusion of glassy morphology has been 

reported by PlUckinger. Rege et al (85) showed the dendritic 

nature of small clusters of alumina inclusions. This 

dendritic growth or skeletal form of alumina inclusion has 

(83,84) | Corundum since been observed by other workers 

phase in inclusions is usually pure, or contains traces of 

most other metal oxides. 

2.3.3 Iron - Manganese oxides (Fe, Mn)O 

Iron and Manganese oxides form a continuous series of solid 

solutions and they precipitate from oxygen rich melts as 

liquid phases within the miscibility gap of Fe-Mn-O system 

(Fig. 4). (Fe, Mn)O normally precipitates as single phase 

spherical globules but two phase character of these oxides 

have been reported (86) and this was attributed to the 

cooling cycle of the steel. Fischer and Fleischer (87) 

reported that (Fe, Mn)O inclusions are FeO rich when 

precipitated but increase in MnO content if the cooling rate 

is long due to the fact that during steelmaking equilibrium 

point is not reached. This was supported by Kiessling and 

Lange cr) who stated that compositional changes may take 

place upon heat treatment. The MnO rich inclusions have 

melting points above that of the steel so that they form 

angular idiomorphic inclusions and sometimes dendrites, 

while inclusions rich in FeO are still molten and form 

droplets either present originally in the melt or as very 

small liquid particles when the metal freezes. 
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2.3.4 Iron-Manganese-Alumino-Silicates [ (Fe Mn) 0-A1,0,-Si0, ] 

2.3.4.1 (Fe,Mn)0-Si0 Most common inclusions found in steels 2: 

deoxidised by silicon-manganese alloys are iron-manganese- 

silicates which are glassy and/or crystalline in nature. The 

number of phases possible within the FeO-MnO-Si0, system is 

dependent upon the oxygen content of the melt, cooling rate 

and the weight percent of silicon added, (Fig. 12 ). Low 

levels of silicon promote manganowustite, (Fe,Mn)0 inclusions, 

whereas high levels aid fayalite or tephroite inclusions 

formation. Rhodonite (MnO: $i0,) rarely occurs in commercial 

steel deoxidised by silicon-manganese alloy (83) | 

eco dee (Fe ,Mn)0-A1,0.-Si0, (Silicates): Most of the phases 

in this system have not been found to exist alone as a single 

phase inclusion, however it is usual to find precipitates of 

the phases within manganese-alumino-silicate inclusions. Tt 

is common to find manganese rich phase rather than iron rich 

phase due to the greater stability of MnO relative to FeO, 

though some iron is present within the inclusions. Phases 

observed within this system is summarised below:- 

RFhodonite, (Mn0.Si0,): . This phase is common in steel 

inclusions. Single-phase rhodonite inclusions, 

sometimes partially glassy, are often found as 

round droplets which are easily mistaken for 

pure silica. In sections of multiphase 

inclusions, the rhodonite phase is frequently 

found as broad, rather bright laths. If the 

mean inclusion composition is close to that of 

rhodonite, these laths form a-‘dense structure, 
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often with a fine precipitate of MnS in the 

grain boundaries. 

Tephroite, (2Mn0.Si0,): In multiphase inclusions, the 

tephroite phase forms banded structures. No 

inclusions with pure tephroite phase have been 

found, but silicate inclusion has been shown, 

having banded structure typical of tephroite. 

MnO in tephroite can be completely substituted 

by FeO. As an immiscibility gap is reported 

for low FeO contents, it is not possible to 

decide if the phase is tephroite with FeO or 

fayalite with MnO. It is known that this 

phase can have solid solubility for alumina 

up to 15 wt-3and the homogeneity range is between 

about 65-73 wt-% of MnO. 

Spessartite, (3Mn0.A1,0;.3Si0,): This phase forms a 

featherlike, branched phase in microsections of 

inclusions. It has the lowest melting point 

(195°C) of the different phases present in 

the MnO-A1,0,-Si0, system. This phase was only 

observed in those steel inclusions which had been 

(81,82) I steel hot worked or cooled slowly 

samples with inclusions having a glassy matrix 

near the spessartite composition range are heat 

treated below 1195°C, spessartite often 

crystallises in the matrix.



Mullite, (35A1,0,.2Si0,): Mullite has an extended 

composition range between about 25-28 wt-% 

Si0,. Depending on temperature and pre- 

history of the mullite phase, the extension 

of the composition range shows considerable 

variation. 

Galaxite, (MnO.A1,0.): The grey galaxite phase often 

Spinels: 

has a cloverleaf appearance. Galaxite is 

observed frequently in inclusions from different 

steel types as well as from ferroalloys and it 

is also common inclusion phase in chromium 

steels. 

Spinels are common phases found in steel 

inclusions and of the general formula 

A0.B,0, Gay They have various double oxides 

which show extended composition ranges. The 

spinels galaxite (Mn0.A1,0,) and hercynite 

(Fe0.A1,0.) are often observed as clusters (83) | 

Hercynite is rarely seen in manganese containing 

steels where galaxite is promoted, however, the 

MnO in galaxite may partly be substituted by FeO. 

Kiessling and Lange (82) in their review of the Mn0-A1,0,- 

SiO, system concluded that all the mean compositions of the 

inclusions are situated in that part of the ternary diagram 

(Fig. 15) which is limited by the lines L, and L,. 
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2.3.5 Sulphide inclusions in steel 
  

Sulphur has unlimited solubility in liquid steel at 1600°C 

however, in solid state this solubility is virtually nil 

and thus nearly all tne sulphur must be precipitated from 

the metal as it solidifies. In the absence of more stable 

sulphide forming elements, FeS is the phase precipitated and 

forms as a low melting point (988°C) eutectic. The presence 

of this FeS phase leads to the familiar problem of hot 

shortness. In order to prevent FeS formation, manganese is 

added which increases the melting point of the inclusions 

formed above the normal hot working temperatures. This is 

due to the stability of MnS compared to FeS. The effect of 

Manganese on solubility of manganese sulphide in hot metal 

is shown in Fig. l6c: 

2.3.5.1 Manganese sulphides (MnS) 

Tne morphology of MnS however is dependent upon the steel- 

making deoxidation practice and its alloy content. Simms 

and Dahle (88) classified the morphologies of MnS inclusions 

as types I, II and III. 

Type I: randomly dispersed globular sulphides; 

individual inclusions may be associated 

with an oxygen rich second phase. 

Type Il: fan or chain-like distribution of fine 

inclusions normally described as eutectic 

and confined to the interdentritic regions. 

Type III: randomly dispersed angular inclusions. 

Traditionally type II sulphides have been regarded as an 

eutectic structure being produced by eutectic reaction. 
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Baker and Charles Ce) studied the morphology of MnS 

inclusions in steel and reached the following conclusions: 

(1) All three types of MnS are precipitated in the 

interdendritic regions, 

(2) Type I are spherical and are associated with 

varying proportions of an oxide-sulphide eutectic. 

They are precipitated from the solidifying steel 

by a monotectic reaction, those formed first 

having a higher oxygen content than those rejected 

later, 

(3) Type II are precipitated as extensive inter- 

connected branched rods. Traditionally they are 

thought to be formed by an eutectic reaction but 

are\more likely to be a co-operative eutectic, 

(4) Type III have an octahedral morphology and are 

precipitated as a divorced eutectic. 

Below a limiting oxygen content of (0.01%), Dahl (90) 

states that only type II sulphides are formed, and there 

is a gradual transition between types I and ITI sulphides 

at oxygen contents between 0.02% and 0.01%. The effect 

( 
of aluminium ot in changing the morphology from type I 

to type II is generally accepted to be due to the action 

of aluminium on the reduction of oxygen in solution. 

2) have obtained both However, Fredriksson and Hillert 

type I and type II at low oxygen to sulphur ratios in 

experimental melts and have suggested that the absence of 

type II sulphides from the silicon treated steels was due 

to the silicate droplets being efficient nuclei for the 
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liquid type I sulphides. Deoxidation by aluminium alone 

produces a solid oxide which is presumably not an efficient 

nucleant for liquid MnS. It has been suggested that type I 

is formed by degenerate monotectic reaction zy) type II 

being co-operative monotectic reaction (89,92) | while the 

(92) 
type III is by degenerate eutectic reaction 

Small alumina particles have been found within type III 

sulphides and it is possible that alumina may promote the 

(25208 In steels with formation of type III sulphides 

very low oxygen levels, example, correctly treated 

aluminium killed steels, an idiomorphic forms of MnS is 

formed. These are precipitated in crystalline form 

directly from the melt. The form of type III MnS indicated 

that it precipitated from the melt as solid, and several 

attempts have been made to explain its formation by 

considering the influence of alloying elements on the 

Fe-MnS binary diagram (95596) (pigs, 16 a and b). The effect 

of increased aluminium, carbon, and silicon is to reduce 

the melting point of iron and increase the activity of 

sulphur. The eutectic is thus moved closer to the iron 

side of the diagram. Dahl et al (3) assumed that the steel 

composition OG) (Fig. 16a) must be to the right of the 

eutectic and thus crystalline proeutectic MnS is precipitated. 

Baker and Charles (39) argued that the explanation depends on 

the ability of the alloying elements to increase the activity 

of sulphur and hence to move the eutectic to the left of the 

steel composition and that it should be possible to change a 

type II MnS into a type III MnS merely by increasing the 
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sulphur content. Since this is not the case, Baker and 

Charles assert that type III MnS are unlikely to be formed 

by proeutectic precipitation, and support the view that 

this morphology results from a divorced eutectic reaction. 

(cz) observed a fishbone or Fredriksson and Hillert 

chinese script morphology which they believed resulted from 

co-operative eutectic reaction. This they called type IV. 

This morphology nas only been clearly distinguished from 

type II sulphides in experimental melts containing high 

sulphur. It is very difficult to distinguish between 

types II and IV sulphides in commercial steels containing 

small volume fractions of sulphides. 

There is now enough evidence to support the possible 

mechanism of the different sulphide morphologies. The 

various types of MnS inclusions are formed by the following 

reactions: 

Type I: degenerate monotectic reaction where MnS 

forms as liquid. 

Type II: co-operative monotectic reaction, where 

MnS forms as a liquid phase together with 

the solid Fe-rich phase. 

Type III: degenerate eutectic reaction where MnS 

forms as crystalline phase 

Type IV: co-operative eutectic reaction where MnsS 

forms as a crystalline phase together 

with the solid Fe-rich phase. 
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2.3.5.2 Sulphide modification 

Although sulphide modification can be achieved in steel 

this aspect will not be reviewed since the present work 

does not include any sulphide modification experiments. 

Manganese sulphides behave plastically, forming elongated 

thin stringers during hot working, which are very 

deleterous to the mechanical properties of steel. The 

modification treatment of sulphides are designed to replace 

the highly plastic MnS inclusions with a less plastic form 

and also to ensure that the highly dangerous type II 

morphology does not occur. The objective of sulphide 

modification is to produce inclusions which are less plastic 

during rolling deformation and must not crack. Thus they 

must be small and must be distributed uniformly throughout 

the steel, since clusters would also produce deleterous 

effect on the mechanical properties of the steel. 

In recent years the rare earth elements have attracted a 

considerable amount of attention from steelmakers because 

of their strong affinity for sulphur and oxygen and their 

beneficial effects in removing dangerous types of oxide 

and sulphide inclusions. The resulting oxides and sulphides 

formed by the usage of rare earths as deoxidants are less 

plastic and are normally uniformly distributed throughout 

the stcele 
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2.4.0 Deformability of Inclusions During Hot Working 
  

Introduction 

During hot working the material flows in a certain direction 

which is dependent upon the working process. Thus any non- 

metallic inclusion in the material deforms in conjunction 

with the surrounding matrix. Whether these inclusions do/ 

or not deform is dependent on a number of factors which will 

be discussed later. 

Non-metallic inclusions in steel after hot rolling may 

behave in several ways - they may be non-deformable, brittle, 

plastic or fluid. Inclusions which are brittle, plastic or 

fluid string out in the direction of imposed flow whether 

they remain disseminated or intact. The apparent deformation 

is relative to the matrix in which the inclusion is embedded. 

The undesirable effects of non-metallic inclusions on steel 

properties is known to depend on their amount, type, shape, 

size and distribution. An examination of the behaviour of 

inclusions during hot working is therefore of great importance, 

and.the problem of deformation of non-metallic inclusions has 

been the subject of several investigations (89,9718) 

2.4.1 Analytical methods of inclusion deformation 

Scheil and Schnell (28) studied the deformation of inclusions 

in steel using cylindrical steel specimens deformed ina 

press. They observed the deformation in sections parallel 

to the direction of upsetting. Assuming the as-cast spherical 

inclusions deformed into oblate spheroids (which in the 
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microsection appeared as ellipses), they measured the aspect 

ratios of the deformed inclusions as a measure of inclusion 

strain. Using the ratio of this parameter with the diameter 

to thickness ratio of the deformed steel sample, they 

defined an index of deformability of the inclusions as 

a. y 
ears ie 

an m 

where Fag major semi-axis of the deformed inclusion 

Bee oun " non " " 
1 

ane F diameter of the compressed steel sample 

bd = thickness " " ss a tf 
m 

Assessing the deformability of the inclusions in hot rolled 

2) used a similar method. In this steel bar, Pickering 

case the aspect ratios of the deformed samples were defined 

as 
3/4 

aro ole) 

where Ay and A, are the original and final cross-sectional 

area respectively. 

Malkiewicz and Rudnik ee) developed the concept of using 

the ratio of inclusion strain to matrix strain as the 

deformability index. They defined the deformability index, 

v, as 

where <; is the inclusion strain and ean is the matrix strain. 

Assuming that the inclusion is initially spherical and 

deforms to an ellipsoid during rolling, then for rolling of 

rod:



2zn b/a 

where bd = major axis of the inclusion 

a = minor ‘a ye . 

Ae initial cross-sectional area 

Ay = final a % ” 

In later work Maunder and Charles (104) modified the formula 

used by Malkiewicz and Rudnik, to take account of strip 

rolling or plate rolling, which is defined as 

an b/a 
2z2n H 

h 
where H = o/h h_ and hy are initial and final’ cross= 

ea 

sectional area respectively. This formula relates 

plasticity index to plane strain conditions. The formula 

used by Maunder and Charles has been used by other workers 

(842771005101 105)5 although matrix strain has not been 

measured in the same manner in all the experimental work. 

Maunder and Charles defined H» as the ratio of initial to 

final cross-sectional area, whereas Ekerot (97) defined H 

as the ratio of initial to final height fal Wake of 

compression. In idealised plane strain, these values will 

be the same, but in practice some deviation from this ideal 

behaviour can cause problems due to the non-homogeneous 

deformation of the matrix. 

The most common method of measuring inclusion strain is by 

the measurement of individual inclusion aspect ratio. 

Although this method is reasonably accurate, it has 

disadvantages of being time consuming and can be subject to 

investigator bias unless the inclusions are selected 
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(105) The advantages of this method are that the randomly 

investigator has the ability to observe whether the inclusions 

are behaving in brittle, plastic or fluid manner, and also 

observe the type of inclusion and whether the inclusions 

contain precipitates. 

In order to eliminate the subjective influence of manual 

method, Baker and Charles (103) used the advantages of 

Quantitative Television Microscopy (Q.T.M.) in determining 

plasticity indices of sulphide inclusions. Baker and 

Charles showed that inclusion true strain was related to 

its projected length in the longitudinal plane, by the 

relations ie gn (P/P,) where 5 and P are the projected 

lengths per unit area of 'as-cast' and deformed inclusions 

respectively. The inclusion plasticity index, v, therefore 

is given by: 

ee 2og.P = Log.P, 

Log. 

Unlike previous determinations of inclusion relative 

plasticity index, the aspect ratio (A) does not have to be 

measured directly. This, can, however, be obtained from 

the square of the ratio of the deformed and ‘as-cast’ 

inclusion projected lengths: 

d= b/a = (e/a)? = (72,)" 
The validity of these relationships depend on the same 

volume fraction of inclusions being present in each specimen. 

Although this is not always true, however, since P is 

directly proportional to Ny area fraction, (and therefore 

Nu volume fraction) this error can be corrected for, if the 

area fraction can be measured accurately. Where the 
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difference is due to a difference in the size distribution 

rather than area distribution, the suggested correction is 

likely to introduce errors rather than eliminate them. 

This arises because the area of the inclusions is a 

function of the square of the radius whilst the projected 

length is in simple proportion to the radius. In spite of 

this limitation, the great advantage of the Q.T.M. is that 

it enables a very large number of inclusions to be analysed. 

The determination of projected length which does not include 

the use of advanced electronic systems was advocated in a 

recent review by Gladman (106) | He showed that the projected 

inclusion length per unit area is numerically equal to the 

number of inclusions per unit length intersected by a line 

perpendicular to the plane of projection, assuming a random 

distribution of uniformly sized spheres prior to deformation. 

This assumption made by Gladman is not true in real situations, 

so the reliability of this model as an approximation to a 

true section is questionable. 

Recently Robinson (84) pointed out that from the normal 

definition used, the relative plasticity index of an 

inclusion is the gradient of the chord of the curve of 

inclusion strain, &,» versus matrix strain, em? from the 

origin through the point tel, 2) where j is an arbitrary 

point on the curve (Fig. 17a). He went on further to say 

that if the inclusion should cease to deform at some stage, 

having a 'true' relative plasticity of zero, the gradient 

of the chord would continue to have a finite value and the 
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inclusion would still exhibit an 'apparent' relative 

plasticity, vac Robinson then defined the 'true' relative 

plasticity, Vp» as the gradient of the curve e, vS e, at the 

point (ed, e}) as 

ded 
ee 
de |e 

m |-m 

The ‘apparent’ relative plasticity, he defined as 

  

Thus at zero matrix strain, the 'true' and ‘apparent!’ 

plasticities have equal values and their values are a 

maximum at this point. Robinson suggested that this is 

the intrinsic plasticity exhibited by different inclusions 

and could be used for comparing different inclusions. He 

also pointed out that the 'true' relative plasticity 

decreases rapidly compared to the ‘apparent’ relative 

plasticity as the matrix strain increases (Fig. 17b). 

More recently Wardle fc0) derived equations for the 

following: 

(i) the estimation of inclusion strain in the 

third plane if the inclusion strain in the 

two other planes are known; 

Ga) the estimation of the inclusion width spread 

from the measurement of inclusion strain in 

two planes if non plane strain conditions 

exist, and 

(iii) the plane strain corrected plasticity index. 

The equations were obtained by assuming plane 

strain conditions. 
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Gi) 

(ii) 

2.4. 

Zit. 

The inclusion strain in the various planes are 

related by the equation: 

et (xy) ; Aey(xz) + ey (y2)) 

whe re ey GY) inclusion strain in the (xy) plane 

1 a " : als " 
ey ( ) (xz) 

(yz) " " "om (yz) " 

yf 

For the estimation of the inclusion width spread, 

e,, from the measurement of ey GY) and ey (2) he 

obtained: 

2 ey = “/3teO2) - ef Gy) 
Finally he obtained an equation for corrected plane 

strain plasticity index, from the measurement of 

inclusion strains in the (xy) and (yz) planes, as 

‘ 2a Gy) + ey (y2) 
pee Se 

m 

It must be pointed out that he derived equations 

for the estimation of oa and om when measurements 

of inclusion strain were made in any two planes. 

the full derivation of these equations are given 

in appendix 3. 

.0 Factors Affecting Inclusion Relative Plasticity 

Index 

-l1 Degree of deformation 

The behaviour of inclusions in steel has been studied by 

numerous workers. It is now clearly established that the 

relative plasticity indices of inclusions decrease as the 

overall deformation of the steel increases 

107) 

(84,98-100,102,103, 

aso= 

 



A number of theories have been suggested to explain the 

observed decrease in relative plasticity of inclusion with 

(102) 
increasing matrix strain. Pickering suggested that 

crystalline mangano-wustite inclusions may work harden 

much more than the abet sceaiK increases. Since 

manganese sulphide inclusions are crystalline at hot 

working temperatures, the proposal must hold for the 

observed decrease in the relative plasticity of MnS with 

(89) 
increasing matrix strain No evidence has been 

presented to suggest that MnS and mangano-wustite do work 

harden appreciably at normal hot working temperatures. 

It was also suggested by Pickering that as the inclusions 

become elongated they offer less resistance to the flow 

of the matrix so that the interfacial forces causing their 

deformation decrease. However, it must be pointed out 

that this is applicable to those cases where the inclusions 

are weakly bonded so that interface sliding can take place. 

In the case of strongly bonded inclusions the frictional 

constraint at the interface will increase and the inclusions 

will behave as dictated by the matrix. 

Charles and co-workers (89,105,107) have proposed several 

reasons why a decrease in plasticity index should occur 

with increasing strain. They are as follows:- 

(1) the extra energy expended in creating new interface 

could be responsible for the observed reduction in 

relative plasticity, 

—30—



(2) 

(3) 

(4) 

More recently, Wardle 

in the case of inclusions initially less deformable 

than the matrix, regions of frictional constraint 

are produced at the inclusion-metal interface. 

This constraint then impedes the flow of matrix 

around the inclusion, hence impairs the deformation 

of the inclusion, 

the steel matrix in the vicinity of the inclusion- 

matrix interface becomes work hardened to a greater 

extent than the bulk matrix. The inclusion becomes 

surrounded by a shell of harder matrix which 

deforms less than the bulk matrix thus impairing 

deformation of the inclusion, 

the strain-hardening rate of the inclusion could 

be higher than that of the matrix at the temperatures 

involved. If this is the case then the relative 

flow stresses will increase, and the observed 

plasticity will decrease. 

ee using a plasticine model 

supported by experimental evidence, observed that the 

inclusion strain fell relative to the matrix strain as 

the matrix strain was increased. He also observed that 

at low matrix strains the inclusion strain was virtually 

nil but as the matrix strain was increased there was a 

rapid rise in inclusion strain until matrix strain of 

about 0.8 above which the inclusion strain decreased with 

increasing matrix strain. 
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2.4.2.2. The effect of the ratio of (inclusion-matrix) 

flow stresses 

Numerous investigators have studied the effect of the ratio 

of inclusion to matrix strength, 8, upon inclusion plasticity. 

Various relationships between this parameter 8 and inclusion 

plasticity have been reported, although the expected trend 

towards decreasing relative plasticity with increasing 

relative strength is generally agreed. 

Unkle was the first to report the importance of the parameter 

8, in the non-ferrous field. Warrick and Van Vlack (185) 

studied the influence of relative flow stresses upon the 

plasticity of second phase particles during extrusion of 

non-ferrous materials. Zeisloft and Hosford (116) deformed 

samples containing cylindrical rods and spheres. The 

material used for the matrix phase was Woods metal or lead. 

The inclusions phase was synthetic material of known flow 

stress. By plotting inclusion strain versus matrix strain, 

values of the relative plasticity (e;/e,) were obtained for 

low matrix strains which were plotted against the flow 

stress ratio, 8, (Figs. 18a and b). These workers observed 

that as the flow stress ratio tended towards zero, the 

relative plasticity tended towards 3.0, a value of 2.9 

being obtained for the case of water inclusions in Woods 

metal matrix. As the relative flow stress increased, the 

relative plasticity decreased 

Sundstrim (it) extended the mathematical analysis by 

° 2 : 
McClintock (112) on the deformation of holes, to the case 

of plastic inclusions in plastic plates. Assuming that 
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both the inclusion and the matrix behave in accordance 

with the equation of the form: 

n 
oO = o € 

° 

where o = the flow stress, Ges the flow stress att=I 

e = true strain, and n = work hardening exponent. He 

obtained a solution 

a a & 1fn 
Vio= (e,/e = 2 Sinh(1-n) /-@ * [e-vB-1] 

where v = relative plasticity at zero strain 

= inclusion true strain 

ent matrix true strain 

n = work hardening exponent of both the 

inclusion and the matrix 

8 = flow stress ratio 

This solution predicts that, for materials having low work 

hardening rates, the inclusion having inclusion-matrix 

flow stress ratio greater than two will show little 

tendency to deform, whilst inclusions which are fluid will 

deform little more than twice as much as the matrix (Fig.19). 

There is a good agreement between Zeisloft and Hosford's 

experimental results and Sundstrém's model at low ‘i values 

(Fig. 20). 

(413) (114) hot 
Klevebring using Mann and Van Vlack's 

hardness of MnS results predicted the plasticity index of 

MnS as a function of temperature. The plasticity index 

was obtained using Sundstrém's equation, he then compared 

the plasticity index with experimental data at initial 

strain and true strain equal to 2.1 given by Charles (ts) 

The results show a very good correlation as far as the 
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shape of the curves are concerned. The deviations may be 

due to the fact that hof hardness data were measured on 

pure MnS (Fig. 21). 

Gove and Charles On) recently working on both models and 

actual inclusion-matrix systems reported that all inclusions 

and second phases within an otherwise uniform matrix obey 

approximately the relationship v = 2-H; /H, (O<v<2); where v 

is the plasticity index, and Hy and H., are the hardness of 

the inclusion and matrix respectively (Fig. 22). It should 

be pointed out that the relative plasticity referred to 

here was obtained by extrapolation to zero deformation where 

strain hardening is negligible. This can therefore be shown 

to be in good agreement with Sundstrtm's model for low work 

hardening rates. 

Gay (ir6) using a model, analysed the deformation of 

inhomogeneous materials by pure amd simple shear. The 

model adopted was that of a homogeneous newtonian fluid in 

which are embedded small, circular or elliptical particles. 

He then concluded that a single elliptical particle which 

ieee with its axes parallel to the pure shear axes, changes 

shape according to the equation: 

an (2/b) = an ( 2/b,) + [5/(2R+3) Janvay/a, «+++ (1) 

where a/b = axial ratio of an ellipse 

a,b; = initial semi-axial lengths of a non-rigid 

ellipse 

R = viscosity ratio between a particle and the matrix. 

YA/2, = axial ratio of the strained ellipse. 

AS =



Robinson in his literature review converted these parameters 

used by Gay to the form normally encountered when working 

on inclusion deformation and obtained: 

2e, = 2(eq), + [5/(28 + 3)] 2eq 

where 620 3 on (7/b) = inclusion true strain 
a; 

Cag */b,) = initial true strain of the 
inclusion. 

8 = R = viscosity ratio of the inclusion and 

the matrix 

& 
1 S i ; 5 jan (YAq/22) matrix true strain 

Assuming (eid, = 0, then rearranging he obtained 

v ei/en = 5/(28 + 3) 

Figure 23 shows his results for various 8 values and 

compared with Sundstr¥m's model for the case of n = 0.8 

and Zeisloft and Hosford's results. It must be pointed 

out that Gay's model was based on a non-work hardening 

newtonian fluid matrix, thus at low temperatures this 

equation derived by Robinson will not be completely valid 

in the case of inclusions in steel though it may serve as 

a useful comparison. 

Ashok (117) recently studied the influence of interface 

adhesion upon the deformation characteristics of second 

phase particles. Ashok observed that unbonded inclusions 

of the same phase as the matrix, could have relative 

plasticities significantly less than unity whilst if the 

inclusion is strongly bonded to the matrix a relative 

plasticity of unity was obtained. He showed that there is 

a marked difference in the behaviour of bonded and 

unbonded types of inclusions. In the case of bonded 
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inclusions some deformation occurred up to high inclusion- 

matrix flow stress ratios (i.e. 8 = 6) whilst the unbonded 

inclusions showed no deformation for flow stress ratios 

greater than 1.8. 

In summary, from the results reported above, an upper 

limiting relative plasticity is exhibited by second phase 

particles with relative strength (inclusion-matrix) ratio 

equal to zero. This upper limit vary from 2.9 (Hos ford 

and Zeisloft) down to 1.7 Cor Most investigators tend 

to favour the upper limit value in the region of 1.9 to 

2.3. The influence of adhesive strength becomes 

increasingly important at higher relative flow stress. 

The deformation of unbonded inclusions becomes greatly 

inhibited but there was significant deformation of the 

bonded inclusions. This may account for the difference 

(st) (411) models on 

(110) 

between Robinson's and Sundstrdém's 

the one hand, and Zeisloft and Hosford's 

(107) 

and Gove 

and Charles' results on the other. The main difference 

between Gove and Charles', and Zeisloft and Hosford results 

lie in the region of relative flow stress ratios 0-1.0. 

This may be due to volume changes in Zeisloft and Hosford's 

results. From the results and experimental models 

mentioned, the results which are more likely to be 

representative af inclusions in steel are Gove and Charles' 

(107) Gi) 
and Ashok's results.



2.4.2.3 Temperature 

Temperature is probably the most important parameter which 

influences the behaviour of non-metallic inclusions in 

steel. The flow stress of both the inclusion and the 

Matrix are greatly dependent upon the rolling temperature. 

It has already been discussed that changes in the flow 

stress affects the relative plasticity of the inclusion to 

a large extent. 

Gove and Charles (107) developed a technique for measuring 

hot hardness of inclusions in steel. The results of 

Kiessling (118) | and Gove and Charles using hot hardness 

measurements indicated that hardness of inclusions decreases 

with temperature (Figures 24 a and b). 

The inclusions encountered in this work are MnS and silicates 

so the effect of temperature on MnS and silicates will be 

discussed below. 

2.4.2.3.1 The behaviour of manganese sulphides 

Manganese sulphide inclusions may undergo considerable 

plastic deformation, this is particularly true when MnS 

is present within a ductile matrix. The hot hardness of 

MnS has a considerable influence on the behaviour of the 

sulphides during deformation. Chao et al (119) reported 

that the hot hardness of MnS decreases at high temperatures 

(Figures 25 a and b). They also concluded that although 

dissolved calcium ions increase the hardness of MnS, the 

hardness is essentially unchanged when iron ions replace 

Mn ions but the hardness increases measurably when the 
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solubility limit of (Mn,Fe)S is exceeded and FeS forms a 

second phase. Their experiments were performed on single 

and polycrystalline MnS. The effect of MnO on the hot- 

hardness of sulphide was observed to be a minimum at 

temperatures below g00°C but its effect may be more 

(120,221) The authors significant at high temperatures 

thought the lack of strengthening by MnO may be due to 

its low solubility in MnS. The same authors observed that 

MnS deformed plastically at the hot working temperatures 

of steel production, whilst at cold working temperatures 

considerable fracture could and did occur. They concluded’ 

that this fracturing was influenced by the inclusion 

orientation, although fracturing may be initiated within 

MnS inclusions by compressive loads (120,421) Undoubtedly, 

however, the fractured inclusions served an important role 

in initiating metal failure when subsequent stressing was 

reoriented from the initial compressive pattern. 

Schiel and Schnell (98) reported that the deformation of 

sulphides was practically independent of the forging 

temperature. They did their investigation on the 

deformation of slag inclusions over the temperature range 

-80° to 1250°C. 

Later Dahl et al (90) however, observed that the deforma- 

tion of sulphide inclusions decreased with increasing rolling 

temperature. They reported that type I sulphides deformed 

to a lesser extent than type III, although both types 

exhibited decreasing deformation with increasing rolling 

temperature. They ignored type II sulphides, because they 
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were not so well defined due to the formation of long 

inclusion stringers and the joining of neighbouring 

inclusions. Dahl and co-workers observations have 

subsequently been confirmed by other investigators (89,104, 

107,122) 

(104) observed that the relative Maunder and Charles 

plasticity of sulphides appeared to be unaffected by 

differing amounts of reduction, or variation in inclusion 

size. They also noticed that above 1200°C the sulphide 

inclusions were less plastic in relation to the steel and 

deformed less. Baker and Charles (89,122) have reported 

a detailed study of the effects of temperature on 

deformation of types I, II and III manganese sulphide 

inclusions. Generally, they observed that the plasticity 

index of sulphides decreased with increasing temperature 

and that the relative plasticity decreased with increasing 

deformation of the matrix. They also reported that type I 

MnS deformed less than type III and that maximum observed 

plasticity for type I occurred at 900°C whilst for type III 

it occurred at 800°C. The deformability of type II sulphides 

increased with decreasing rolling temperature but was 

intermediate between that of type I and of type III sulphides. 

Gove and Charles (67) studied the effects of temperature 

of deformation on type I MnS inclusions, and their results 

confirmed Baker and Charles! results. Gove and Charles 

results lie well above those of Baker and Charles and 

exhibit values more in line with the expected value at 

zero strain. Some of the results they obtained are shown 

(122) 
in Figure 26. Baker and Charles also observed that 
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during rolling, rotation of the colonies into the rolling 

plane and their elongation decreased the toughness in the 

short transverse direction. They found, however, that a 

short spheroidisation treatment at 1200°C increased the 

toughness of the weakest rolled strip to that of the cast 

condition. Subsequent investigations into the effect of 

high temperature homogenisation on sulphide inclusions 

have been carried out (25-125) 

Gnanamthu et al (125) after studying the effect of high 

temperature homogenisation on sulphide inclusions arrived 

at the following conclusions: 

(1) the volume % sulphides did not change significantly 

with distance from chill, 

(2) during homogenisation of steel in which types II 

and II-III inclusions coexist, as well as iron- 

carbon-manganese alloys in which a single type 

of inclusion exists, substantial coarsening takes 

place, 

(3) during coarsening the volume % of sulphides 

remained practically unchanged, whereas their 

morphology changed, i.e. Type Ti=ty peel. 

breaking into segments and finally formed faceted 

forms, 

(4) in all cases the number of inclusions per unit 

volume of matrix decreased with time, whereas 

the mean overall size increased. 
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Murty et al (te) extended the previous work by studying 

the kinetics of early stage of homogenisation and drew up 

the following conclusions: 

G4) 

(11) 

Guid) 

during early stages of homogenisation MnS 

inclusions become cylindrical following the 

kinetics proposed by Nichols and Mullins (196) 

of the decay of circumferential pertubation 

in an infinite rod. 'Spheroidisation' or 

breaking up of each cylinder into spheres, 

occurs at later stages; 

the rate of spheroidisation below 1310°C is 

controlled by surface diffusion of the rod-like 

inclusions having a final diameter of the order 

6 
of 5 x 10 M or less; 

'Spheroidisation' of the rod-like inclusions 

mentioned above should also occur by surface 

diffusion. 

Wilson et al (124) studied the effect of homogenisation on 

mechanical properties of steel. They observed that trans- 

verse ultimate tensile strength and yield strength remain 

unchanged during homogenisation whereas transverse 

ductility improves slightly. They also observed that the 

impact strength in both longitudinal and transverse 

directions improved appreciably and the variation of 

reversed bending fatigue strength with homogenisation time 

exhibited a maximum.



  

In summary, there is now enough evidence in literature to 

conclude that the relative plasticity of MnS decreases 

with increasing temperature. The plasticity of type I MnS 

is less than that of type III, but the plasticity of type 

II is intermediate between that of the type I and the type 

III. The reason for the lesser plasticity value of type 

I is thought to be due to the higher oxygen content giving 

high hot hardness. It can also be pointed out that 

homogenisation leads to coarsening of sulphide inclusions 

and this takes place by surface diffusion. 

2.4.2.3.2 The behaviour of oxide inclusions 

Since in this work the oxide inclusion phases investigated 

are mainly silicates, the review will be limited to only 

silicates. 

Among the first systematic studies of siliceous inclusions 

and their behaviour during hot rolling were those presented 

Ce and Maunder and Charles (104) by Pickering They 

observed that the behaviour of the silicate inclusions 

depended directly on their rolling temperature. Pickering 

observed that at low working temperatures the siliceous 

inclusions behaved either rigidly, in the case of glassy 

silicates, or in a brittle manner in the case of crystalline 

duplex silicates. Rapid transition from rigid. (or brittle) 

to plastic (or fluid) behaviour was observed at high working 

temperatures. Subsequent studies (100, 104,126,127) have 

confirmed these observations, although it has now been 

pointed out that transition from rigid (brittle) to plastic 

(fluid) behaviour is dependent on the inclusion composition 

(100,126)



The behaviour of siliceous inclusions during hot rolling 

could be conveniently divided into four parts: where they 

exhibited fluid, transition, brittle, and plastic 

behaviour. Maunder and Charles pice) produced a 

schematic illustration of siliceous inclusions behaviour 

(Figure 27). 

(83 
Kiessling and Lange ) attempted to show the effect of 

variation in oxide content on the transition temperature 

(Figure 28). Due to variations in the effects of 

composition on solidus and liquidus temperatures, such a 

simple relationship is unlikely, although the relationship 

may be more straightforward in the case of glassy inclusions. 

It has been confirmed, however, that the transition does 

increase with increasing silica content (127,128) 

The major factors affecting transition temperature are not 

(126) developed a theory well established, although Ekerot 

to explain this transition in terms of viscosity in the 

case of glassy siliceous inclusions which showed a rapid 

change in plasticity index over a narrow range of 

temperatures, about 25°C. Assuming that the glassy 

inclusions behave like a newtonian fluid, then the change 

in viscosity could be related to the flow stress, i.e. 

oe né where o, = apparent flow stress, n = viscosity, A 

and ¢ = strain rate. Ekerot pointed out that the transition 

temperature of various inclusion phases could be estimated 

if the viscosity data are known and that if the flow stress 

ratios could be derived using viscosity data, then using 

the analysis, the plasticity indices of the inclusions could 

be determined. 
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Recently, however, Robinson (84) pointed out that Ekerot's 

equation relating viscosity to apparent flow stress was not 

totally correct and that the correct form at zero strain 

should be a, * 4né where the symbols are as above. The 

actual form is given as: o, = 4nécoshe where « = true 

strain. Using his formula, he showed that the critical 

viscosity corresponds to a temperature somewhat above the 

glass softening point. 

Rigid - plastic transition behaviour of silicate inclusions 

over a wide range of composition has been reported by 

Ekerot eo 127) Shiraiwa et al (129) has reported the 

softening temperatures of both crystalline and glassy 

silicates of similar compositions, as measured by hot 

hardness test on synthetic slags. From the results of 

these workers it would appear that in the case of crystalline 

silicate inclusions the transition temperature will correspond 

to the solidus temperature, whereas the transition temperature 

for the glassy silicate may be 100°-300° below the solidus 

temperature. 

(126,127) | Robinson ) and Wardle (100) found that Ekerot 

the relative plasticity of silicates may increase, decrease, 

or remain constant at temperatures above the transition 

(102) observed that the temperature, whereas Pickering 

relative plasticity of silicates remained at a constant 

value above the transition temperature.



2.4.2.4 Inclusion size 

Various investigators (Sa; 400 5102), 150) have reported that 

larger inclusions deform to a greater extent than small 

inclusions. Although extensive work on the effect of size 

on plasticity had not been reported, there was a consensus 

of opinion that small inclusions exhibited lower relative 

plasticities than larger inclusions of the same composition 

(102, 107, 85,89) | Baker and Charles Ce) suggested that 

the decrease in plasticity index may be due to the greater 

surface to volume ratio of smaller inclusions. 

(ise) Robinson Recent work by Segal and Charles (84) | and 

Wardle (100) ave shown the relationship between size and 

plasticity index which agrees with the results of the 

previous investigators. 

2.4.2.5 Inclusion composition 

Inclusion composition can often be the most important 

factor in determining the behaviour of an inclusion during 

hot rolling. From the experimental work of Pickering gia?) 

(130) on iron deoxidised with and Uchiyama and Sumita 

different amounts of Mn, it seems that inclusions of the 

FeO type become decreasingly plastic, as the temperature 

increases. Furthermore, with an increase in the Mn-content 

of the (Fe,Mn)O solid solution their plasticity decreases. 

Multi-phase crystalline silicates often break up on working 

at low temperatures becoming disseminated into long 

(102,104,853) | In such cases the mechanism of stringers 

fracture is by the decohesion of the interfaces of the 

individual phases.



ti07) observed the effect of alumina on Maunder and Charles 

the behaviour of silicate inclusions and that its presence 

acted as a strengthening body whose effect depended on the 

silicate/alumina ratio, the alumina orientation and the 

temperature of rolling. They also observed that the 

deformation of the inclusions and the length of the 

stringers formed was highly dependent on the alumina/ 

silicate ratio. 

Later investigations on a wider range of inclusion types 

have demonstrated that the transition temperatures of 

silicates is related to the liquidus temperature of the 

inclusion (126,127,135) | Thus iron-manganese-silicates 

which have relatively low liquidus temperatures continue 

to deform to about 1000°C. Increasing the Si0, content 

of this type of inclusion increases its liquidus 

(133) 
temperature and silica contents above 50% lead to 

form a two-phase inclusion with the Si0,-rich phase 

surrounding the iron-manganese silicate (226,127,155) 

As a result, these inclusions behave as pure silica 

inclusions and remain undeformed even after deformation 

at 1350°C. However, two-phase manganese-silicate 

inclusions in which the SiO, is present as a minor phase 

have transition temperatures between 1000°C and 1100°C. 

2.4.2.6 Strain rate 

The influence of strain rate on the deformation of 

inclusions in steel has been ignored by most investigators, 

although it is known that the flow stress of the steel 

matrix is very sensitive to strain rate. It is expected . 

that increase in strain rate should increase the flow 
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stress of the steel which in turn will increase the values 

of inclusion deformability index. If the inclusion is 

affected more by strain rate than the matrix then the 

relative plasticity may decrease. It must be pointed out 

that strain rate affects temperature rise within a 

deforming material (134) Thus near the transition 

temperature region the effect of strain rate may be 

appreciable causing an inclusion to become more fluid 

than expected as a result of a higher temperature of 

deformation being attained. The effect of strain rate 

must be taken into account when comparing data of different 

workers. Robinson (84) studied the effect of strain rate 

on inclusion deformation and found that at higher strain 

rate the inclusions are slightly more deformable. 
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2.5.0 The Effect of Inclusions on the Mechanical Properties 

of steel 

This subject is so complex and widespread, that only the 

topics relevant to the present work will be discussed. 

However, a large amount of work has been carried out, and 

(135-138) The 
is summarised in some recent publications 

present work is concerned with notch ductility so this 

review will focus on ductility. 

2.5.1 Micro-Mechanism of Ductile Fracture 

In the last few years the role of inclusions in controlling 

the mechanism of ductile fracture has been well documented. 

There is a considerable amount of experimental evidence to 

show that second phase particles play an important role in 

the ductile fracture process by acting as sites for the 

nucleation of internal cavities. There are two main 

mechanisms by which second phase particles act as sites for 

the nucleation of voids: 

Ca) the particle can fracture under the induced 

stress system (is2) 

Ga) the normal stress on the walls of the particle 

may be sufficient to cause a breakdown of the 

a (140) 
matrix-particle cohesive bon The 

mechanism of void nucleation will depend on 

the intrinsic properties of the matrix-particle 

interface and the second phase particles (141)



Inoue and Kinoshita (ia2) observed carbide cracking as a 

nucleation process that was stress dependent and concluded 

that the strain to void initiation increased as the inter- 

particle spacing increased. 

(143) investigated ductility and ductile Kozasu and Kubota 

fracture of a structural steel and observed that in the 

course of plastic deformation, extensive cracks developed 

from cracking of sulphide and the decohesion of sulphide- 

matrix interface. Kozasu et al (144) later studied the 

ductility and ductile fracture of 1.4% copper-bearing 

steels and the results confirmed his earlier findings 

that initial stage of ductile fracture is cracking of 

elongated inclusions and decohesion of their interface to 

form elongated cracks. 

Butcher (145) also observed that voids were formed by both 

cracking of particles and interface decohesion when working 

on copper-oxygen alloys. He also found that the cracked 

particles had a larger mean size than those which failed by 

interface decohesion and that the particles which were 

still bonded to the matrix had even smaller mean size. 

Palmer and Smith (146) and Palmer, Smith and Warda (147) » 

have shown that particles as small as 50 & in diameter can 

nucleate voids in internally oxidised copper=silicon alloys. 

They concluded that there is no indication that this was 

the minimum size on which a void could nucleate but this 

was the smallest size observed.



Rogers (148) studied tensile fractures as well as sections 

of partially fractured bars and observed the following: 

(1) 

(2) 

ductile fracture of polycrystalline metals in 

tension is initiated by the formation of voids 

approximately at the strain at which necking 

begins, 

these voids grow with increasing strain and the 

crack growth takes place by the concentration of 

strain at the tip of the static crack. He also 

found that macro-inclusions need not coalesce, but 

may be linked by sheets of very small voids which 

form in shear bands between the macro-inclusions. 

This has been observed also by other workers (43, 

144,149) | (149) observed that void Cox and Low 

growth proceeds more rapidly from larger inclusions. 

They also found that tensile stress triaxiality 

does not affect the void nucleation process whereas 

increased levels of triaxial tension do result in 

greatly increased rates of void growth. 

The available evidence suggests that interface decohesion 

is the major factor for void nucleation in the case of 

sulphide particles, and further, that the interfacial 

bonding is so weak that decohesion occurs at extremely 

small strains although there is a particle size dependence 

of the nucleation strain in certain systems 
(150-153) 

Theories of ductile fracture and the effects of second phase 

particles attach importance to the three sequential events 

oe 
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(1) Void nucleation, 

(2) Void growth, and 

(3) Void coalescence. 

2.5.2.0 Theoretical Aspects 

2.5.2.1 Void nucleation 

Gurland and Plateau (140) developed a model for void 

nucleation, using a stored energy criterion, they showed 

that there was a particle size dependence for void 

nucleation and that the larger particles formed voids 

first. They formated the following relationship for 

cavity nucleation:- 

oo Ey, 3 
Cierit we fat) 

where it remote stress to nucleate void 

q = average.stress concentration factor 

= = weighted averages of elastic moduli 

of inclusion and matrix 

a = diameter of particle 

Y = the specific surface energy of the crack. 

Tanaka et al (54) also showed that there was a size 

relationship where the larger particles would form voids 

first. Their model was based on the energy calculation in 

and around the inclusion following Eshelby's transformation 

problem. They showed that there is a size below which the 

fracture strain is inversely proportional to the square 

root of the particle size and there is also a size above 

which the applied stress causes cavitation without plastic 

strain. They showed that the critical strain, to 
Sorit? 

cavitation was given by: 
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where a the ratio of inclusion to matrix Young's moduli 

8 

d 

a function which embraces stored elastic energy. 

particle diameter 

They predicted that when an inclusion is greater than 

200-3008 in diameter, cavitation will be able to begin at the 

critical strain. They also predicted cavitation around 

inclusions smaller than that suggested by Gurland and 

Plateau which is for inclusions larger than 10 um. 

Ashby (is) derived a model which showed that the strain to 

void nucleation from a particle varied linearly with the 

size of that particle. His model also predicted larger 

particles forming voids first. 

Similarly Brown and Stobbs (56) using the energy criterion 

gave a very simple estimate of the strain at which plastic 

cavitation might start: cavitation will not occur unless the 

elastic energy thereby released was greater than the surface 

energy created. Then using Eshelby's solution for elastic 

energy in the particle derived an equation for the critical 

strain at which plastic cavitation can occur. The equation 

they derived predicted that smaller particles should form 

voids at earlier strain than the larger ones which was 

contrary to their observations. 

Klevebring and Mahrs (157) used very simplified assumptions 

on the stress generation at, inclusion-matrix interface to 

determine the critical inclusion size for formation of 

micro-cracks or voids at the interface during hot deformation. 
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The equation of their model is given as: 

where K = constant, 

b = Burger's vector, 

¢ = strain, 

Q = the height of the dislocation array, and 

Cons critical stress. 

They then concluded that for every material, fracture will 

occur at a specific critical stress such that the stress, 

Ces exceeds some interfacial strength and that cracks occur 

primarily at large inclusions, and as the strain increases, 

the minimum size for an inclusion showing cracks will 

decrease. 

Sundstrém (158) applied the finite element method to the 

problem of micro-crack initiation on cylindrical (spherical) 

particles in a matrix. He obtained an expression for 

critical stress, Te, as a function of work of adhesion: 

a MG? V(W/d 
c co 

where W = work of adhesion, 

d = particle size, and 

Se the critical stress for a particle of 

diameter d, = 1 ym and for work of 

adhesion, es a1 Syme 

This model is limited to particles which are large enough 

for the application of finite element method. Toya he) 

also used a model based on complex variable method to the 

problem of micro-crack initiation and predicted that the 

critical pressure for microvoid initiation is inversely 

proportional to the square root of the radius of the 

ah om



inclusion which is very similar to SundstrUm's predictions. 

The models, observations and theories of void nucleation 

are numerous and these are only a selection of some of the 

theories, models and observations. It can be seen that 

the theories range from little or no size dependency of 

nucleation to large particles nucleating voids at lower 

strains. 

2.5.2.2 Void growth 

Void growth may be enhanced due to strain concentration in 

the vicinity of the second-phase particles, caused by the 

presence of the voids. Numerous equations can be used to 

describe void growth, each relating to circumstances 

associated with void nucleation (160) | but each of which 

depends on the strain concentration in the vicinity of the 

inclusion being directly proportional to the frontal radius 

of curvature. 

Gladman et al eo) derived a model for void growth 

(140) For the following the work of Gurland and Plateau 

case of spheroidal second phase particle with a length 

(in the direction of the major stress), 2b and width 2a, 

the rate of growth of the void with increasing true strain, 

e, is given by: 

> = [(L? + Ka*) exp 2 (e-e,)-Ka’ J? ......() 

where L = initial void length 

fs" void nucleation strain 

K = strain concentration factor



  

The initial limit of 'b' at fy depends on the mode of void 

nucleation. If the second phase cracks, then L = 0. If 

decohesion of the interface occurs then L = bo: In the 

case of decohesion the void volume includes the inclusion, 

whereas in the case of particle cracking the void does not 

include the inclusion. It is generally observed that 

most inclusions nucleate voids by interface decohesion. 

Gladman et al, assuming that all second-phase particles 

behaved in an identical manner, then showed that the total 

volume fraction of voids, f£, can be expressed as: 

f 1 

£ = £.[(1 + K/r") exp 2 (c-e,) - K/ro 2 2.9. - 22) 

where fy = initial volume fraction of inclusions 

r = initial length to width ratio of the inclusions 

K strain concentration factor. 

Clearly the details of void growth is dependent on the stress 

and strain systems. No evidence of lateral void growth has 

been observed until the onset of void coalescence, when 

small second phase particles contents are encountered. 

The importance of the model is that the elongation of voids 

results in a decrease in the lateral spacing of voids, due 

to both the increasing volume fraction of voids with strain, 

and the absence of lateral contraction of the voids. 

(162) er 
Other models have been developed by McClintock 

Tracy (163) and both models predict that void growth 

increases with increasing stress triaxiality. It must be 

pointed out that the general shape of the curves predicted 

by the various models, is supported by experimental results 

on ductility obtained by Edelson and Baldwin (ie?) on copper- 

base composite alloys. 
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2.5.2.3 Void coalescence 

Void coalescence means a relatively rapid lateral expansion 

of the voids so that lateral coalescence occurs. This gives 

rise to a macroscopic'crack which has a characteristic 

dimple feature of a ductile crack. 

Various models have been applied to describe the onset of 

coe The models the rapid growth of a ductile fracture 

take a critical void length to lateral void spacing ratio 

as the criterion for the onset of propagation of a ductile 

k (140,146,161,164) 
crac Only one of the models will be 

discussed here. 

Gladman et al (161) developed further equation (2) to 

include a critical volume fraction of voids at which 

coalescence of voids will occur. The true strain to 

failure, Eq, for cavities formed by decohesion of second- 

phase particles is expressed as: 

om Sb. SOs tn (ES Ar et et. 

where k is the critical volume fraction of voids, the 

other symbols are as described previously. 

It can be seen from the above equation that the true strain 

to fracture is related to the initial volume fraction of 

inclusions and the initial shape of the inclusions. Most 

other models define the critical void size to void spacing 

required to cause rupture, thus growth is terminated at 

some value of cavity separation and the voids then coalesce 

in a single void sheet to give final failure. No prediction 

of a particle size effect can be seen in any of the models, 
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and in fact, the Edelson and Baldwin experimental work 

appears to support this prediction (Figure 29). 

2.5.3 Matrix - Particle Bonding 

The nucleation of a void around a second phase particle has 

been attributed to the decohesion of the particle-matrix 

oe) examined the role of interface. Gurland and Plateau 

inclusions in ductile fracture and concluded that interface 

decohesion can lead to void initiation. 

Fischmeister et al Ce) determined the work of adhesion 

between particles and matrix. They found that particle- 

matrix bonding is largely dependent on the magnitude of the 

interfacial energy between an oxide and the matrix, which 

in turn is dependent on the matrix alloying elements. 

They concluded that improved interfacial energy in turn 

increases the ductility of the material. 

Knott ac pointed out that alumina, most common silicates 

and manganese sulphide inclusions are weakly bonded to the 

matrix. The stress concentration at the interface plays an 

important role in void initiation. If the stress at the 

inclusion-matrix interface is higher than the interfacial 

energy of the inclusion and the matrix, decohesion may take 

place whereas in the case where the latter is stronger the 

inclusion may relieve itself by fracturing (i.e. carbides). 

(e7) observed some decohesion at the interface Baker 

between inclusions and the matrix. Sulphides can be 

particularly detrimental because they decohese at the 

sulphide-matrix interface prior to straining (222), 108) 
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As discussed earlier Ashok (117) observed the effect of 

particle-matrix bonding on the deformation of second-phase 

particle. He observed that the deformation of unbonded 

inclusions become greatly inhibited but there was 

significant deformation of the bonded inclusions. 

2.5.4 Inclusion Deformation 

The effect of hot rolling on inclusion deformation, is 

either to increase or decrease the plasticity index 

depending on the rolling temperature. 

According to investigations on ductile fracture (143,168-170) | 

apparent phenomena associated with elongated MnS inclusions 

during the tensile deformation are the cracking of inclusions 

and the decohesion of inclusion-matrix interface at or 

around the onset of plastic instability. These damages 

become more promounced with plastic deformation. The final 

fracture takes place by the localised shearing or void 

sheet formation between neighbouring elongated cracks Oe. 

19 159) Microvoids associated with small inclusions 

(d<lum) which may be responsible for the dimples are 

observed only to a very limited extent at incipient 

Peacrure (143,169,170) 

Thomasen (171) observed that elongation, reduction in area, 

and impact strength values of the as cast specimens were 

lowered by increasing number of elongated inclusions. 

The influence of elongated manganese sulphide inclusions and 

non-metallic inclusions on ductility and ductile fracture were



(145) and Kozasu et al (144) studied by Kozasu and Kubota 

and they observed that the initial stage of ductile fracture 

is cracking of the elongated inclusions and decohesion of 

their interface to form elongated cracks. The final 

separation proceeds by microvoid formation from submicron 

inclusions less than 1.0 to 0.5 um and their coalescence. 

The shape of the inclusions are understood to impose 

geometrical conditions to accelerate the microvoid 

coalescence and that premature decohesion of sulphide-matrix 

interface is the governing mechanism in the short transverse 

direction and the transverse direction. 

Scott (172) found that the important factor responsible for 

directionality of the through thickness ductility and 

transverse impact properties is the total inclusion length 

in the direction of fracture propagation. Grange (173) 

observed that elongated non-metallic inclusions had a greater 

effect on the directionality than banding. 

) observed that fracture behaviour was Gouch and Dulieu 

governed by the deformation of the type II MnsS sulphide 

networks present in the ingot. Mihelich et al (178) found 

that property anisotropy, particularly ductility, normally 

present’ in as rolled steel can be markedly reduced by 

changing the morphology of inclusions from elongated 

stringers to discreet globular particles. 

Baker et al ee) observed that crack opening displacement 

(C.0.D.) in short transverse direction was influenced by 

inclusion aspect ratio and by rolling reduction. Smith and 
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Knott (rr) showed that for free cutting steel the C.O.D. 

in the longitudinal direction was approximately three times 

that of the transverse direction. 

(177) (178) 
Farrow and Trigwell showed that the tensile 

properties of materials tested in the longitudinal, 

transverse and intermediate directions were not significantly 

different. They observed very little difference in 

ductility and strength, this could be due to the fact that 

the number of samples tested were not enough for them to 

obtain any conclusive evidence. 

2.5.5 Interparticle Spacing and Volume Fraction 

Various workers have studied the influence of different 

types of second phase particles with varying volume fraction 

and interparticle spacing on the ductile fracture of metals 

(180-188) 

It must be pointed out that since volume fraction may be 

related to interparticle spacing, the findings of the 

investigators tell the same story. It has generally been 

observed that increasing the volume fraction of inclusions 

markedly decreases the ductility, and to a very good 

approximation the effects of sulphides, carbides and oxides 

can be regarded as additive, and all follow the same 

general relationship which is in agreement with most of the 

(161,164) 
P models relating volume fraction to the fracture 

strain (Figure 30). 
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Gladman (186) showed that increased volume fraction of 

sulphides and oxides lowered the work hardening rate at 

high strains in tensile tests and also pointed out that 

increased volume fraction of carbide had no effect on the 

work hardening rate at high strains but significantly 

reduced the tensile ductility. 

225.60 Notch Eftect in Fracture 

The introduction of a notch produces changes which have 

important implications for the fracture of metals. its 

introduction results in a stress concentration at the 

root of the notch. Neuber (18) has given a comprehensive 

treatment of the elastic stress distribution in the 

vicinity of notches of various shapes. 

The longitudinal tensile stress in a notched tensile bar 

was found to be no longer uniform but rather, it reaches a 

maximum at the root of the notch (Figure 31). When 

yielding occurs at the root of the notch, the stress 

concentration is reduced. However, transverse and radial 

stresses are set up in the vicinity of the notch. The 

radial stress, Ty is zero at the free surface at the root 

of the notch. This situation of triple stresses (all of 

them tensile) is called triaxiality. 

The stress concentration factor, K,, which is dependent on 

the specimen geometry (the diameter of the specimen, 

diameter of the notch section, and the notch root radius) 

is defined as the ratio of the maximum longitudinal stress 

to the average stress. Peterson (190) nas published a 
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very useful compilation of diagrams for the determination 

of elastic stress-concentration factors of a variety of 

combinations of notch geometries and loading systems. 

From elastic considerations the stress concentration at the 

root of the notch can be made extremely high as the radius 

at the root of the notch approaches zero. When plastic 

deformation occurs at the root of the notch, the elastic 

stress concentration is reduced to a low value. 

The existence of radial and transverse stresses (triaxial 

stress state) raises the value of the longitudinal stress 

at which yielding occurs. For brittle material, rupture 

occurs when 

Simax = Ke * Sav © Srupture? 

For a rigid plastic material, which obeys Tresca's 

criterion, yielding occurs when: nn at, where oj 

and os are the maximum and minimum principal stresses, 

respectively at any point and t is the shear stress. 

Hill and Southwell (191) pave found a stress distribution 

(Figure 31) when plestie limit is exceeded, for a rigid 

plastic material which obeys Tresca's criterion. At the 

root of the notch (point A), the stress oy is equal to ys 

is reached and this value is : 1 
and at the point B, oiex 

given as: 

if = + 
°1max Sy °3max 

There exists a plastic zone between points A and B but the 

material remains elastic between points B and C. 

When the tensile stress gets much greater than the yield 

stress total plastification of the specimen takes place. 
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This redistribution of stresses within the specimen is 

dependent on the length of the zone AB at the moment of 

rupture and this characteristic can be termed notch 

ductility of the specimen in question. The length of the 

plastic zone AB is very small compared with the notch root 

radius (OA) at the moment of fracture if the material is 

slightly ductile. 

Sachs et al (22) have demonstrated that the increase in 

notch strength of a circumferential notched ductile specimens 

is related to the notch depth, ND (reduction in area due to 

the notch) as: 

N.S.R. = 1 + notch depth 

where N.S.R. is defined as the ratio of notched strength to 

the ultimate tensile strength of unnotched specimen and the 

notch depth is defined as: 

notch depth = Be? 

where d = diameter at the notch section and D = the 

maximum diameter of the notch tensile test bar. 

Joubert and Valentin (193) using the relationship between 

the stress concentration factor (K,) and experimentally 

determined N.S.R. values, obtained an analytical expression 

of the curves (Figure 32) which can be applied to both mild 

and maraging steel. This expression is: 

N.S.R. = exp[A(r) x (K,-1)°] 

where A(r), which is dependent upon the metallurgical 

properties of the material, is a third degree polynomial in r. 
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Hancock and Mackenzie (24) have. been concerned with the 

effect of stress state on the effective strain required to 

initiate ductile fracture in a range of materials. These 

workers used circumferential notched bars, the notch root 

radius being varied from 1.27 mm to 6.34 mm. The specimens 

were pulled in tension to the point of instability. The 

ductility was measured as: 

ep = 2 an(d,/d) 

where dy is the initial radius of the minimum section of the 

bar and d is the instantaneous radius of the minimum section 

of the bar. They concluded that the ductility of high- 

strength steels depends markedly on the stress-state.



eg) EXPERIMENTAL PROCEDURE 

Introduction 

The experimental programme of this work was designed to 

investigate the effect of sulphur on the nature of non- 

metallic inclusions and their behaviour during hot rolling 

and also the effect of non-metallic inclusions on notch 

tensile testing. 

Electrolytic iron melts containing a specific amount of oxygen 

but varying amounts of sulphur were deoxidised at 1600°C and 

then cast into bars. The 'as-cast' bars were sectioned and 

then metallographic examination, rolling and inclusion 

distribution analysis were performed on the various sections. 

Further, the rolled samples were examined for: 

(i) Relative plasticity; 

Ga determination of the inclusion composition by 

Cambridge microscan V (electron probe analyser); 

(iii) determination of the inclusion morphology before 

and after rolling by scanning electron microscope; 

and 

(iv) notch tensile testing and observation of fracture 

surfaces by scanning electron microscope. 

(100) work on the This work was a continuation of Wardle's 

deoxidation of 'almost' sulphur free melts, the nature of 

non-metallic inclusions and their behaviour during hot 

rolling. The experimental techniques used in this work 

were the same as experimental techniques used in that work.



3.1  Deoxidation Alloy Preparation 

It was decided that deoxidation alloys used by Wardle should 

be used so that the two results could be compared. 

The technique used in preparing the deoxidation alloys was 

as follows: correct proportions of lump silicon and 

electrolytic manganese flakes were melted in a recrystal- 

lised alumina crucible under hydrogen atmosphere using a 

high frequency induction furnace. Finally, correct 

proportions of super purity aluminium were added to the 

molten manganese-silicon melt and the melt allowed to cool 

under argon atmosphere. The addition of super purity 

aluminium was omitted in the case of deoxidants not 

containing any aluminium. The melts were stirred in order 

to get homogeneity and oxygen absorption prevented by 

hydrogen atmosphere. The ingots obtained from each melt 

were crushed to less than micron size and samples of each 

deoxidation alloy produced were sent for wet analysis. 

Assuming 

(a) 100% utilisation of the deoxidant elements; 

(b) appropriate solute equilibrium data at 1600°C, and 

(c) specific initial and final oxygen levels, 

the required deoxidant additions were calculated. Appendix 

(1.1) shows a detailed calculation of a typical deoxidant 

alloy. The total deoxidant addition was obtained from the 

individual equilibrium and stoichiometric additions for the 

various elements present in the alloy. The summary of these 

values for each of the deoxidants used are shown in 

appendix 1.2. 
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3.2 Experimental Melts 

3.2.1 Preparation of cast bars 

Japanese electrolytic iron was used for the cast bar 

preparation. Suppliers analysis showed an oxygen content 

of approximately 0.055% to 0.065% and sulphur content of 

about 0.007%. In order to produce the desired oxygen 

content (0.09%) and sulphur contents (0.06%, 0.1%, 0.2%), 

predetermined amounts of powdered iron oxide (Fe,05) and 

iron sulphide (FeS) were added to the molten iron. 

For each level of sulphur content four cast bars were 

produced, each deoxidised by one of the deoxidants DA12, 

DA1S, DA6, and DA7 respectively (see Anpendix 1.2). For the 

notch tensile testing experiments, the levels of sulphur 

were 0.02%, 0.1%, and 0.2%, with the oxygen level remaining 

constant (0.09%) as in the previous cases. The bars 

produced for the notch tensile testing were deoxidised by 

deoxidant Dl, D2, and D3 respectively. The experimental 

procedure was identical for producing all the bars. 

3.2.1.2 Melting procedure 

The electrolytic iron (1500 gms) was melted under argon 

atmosphere in a high-frequency induction furnace using 

recrystallised alumina crucible (Figure 33a). 

The alumina crucible was placed in a graphite susceptor in 

the high-frequency induction furnace. The susceptor was 

designed to avoid induction turbulence in the melt which 

would cause loss of inclusions on to the crucible walls. 

Temperature measurement was by means of two Platinum/ 

Platinum - 13% Rhodium thermocouples connected to a multi- 
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point pen recorder. The susceptor temperature was measured 

continuously during melting by one of the thermocouples. 

The second thermocouple was used for temporary immersion 

in the melt. When both thermocouples were in use, it was 

possible to determine directly the temperature difference 

between the melt and the susceptor by recording alternatively 

from the two thermocouples. The immersion thermocouple was 

protected by a silica sheath and access to the melt was 

obtained through the sampling hole provided in the lid. 

3.2.1.3 Sampling, addition of Fe 0, and FeS, deoxidation 

procedure and suction casting 

The charge was observed through the sampling hole in the lid 

and when the metal became molten, the power input was 

reduced from 13 kW to 9 kW at which the melt temperature 

stabilized at approximately 1600°C. 

At this point a suction sample was taken to determine the 

oxygen content of the electrolytic iron melt before any 

additions were made. This sample was designated with the 

cast number and the term 'melt out’. 

Sampling was done by using 4mm bore silica tube and a hand 

aspirator to provide the partial vacuum required in the 

tube. The tube was inserted into the melt through the 

sampling hole in the lid and withdrawn approximately 1 cm from 

the bottom of the crucible before taking the sample. Samples 

were always taken from a similar plane in the melt. 

The predetermined amounts of iron oxide (Fe,03) and iron 

sulphide (FeS) were weighed out and placed in a shim steel



cartridge and attached to the end of a silica plunging 

rod as shown in Figure 33b. The susceptor lid was removed 

and the cartridge was stirred into the melt, the silica 

plunging rod was removed and the lid replaced. The melt 

was stirred at intervals and a second suction sample taken 

after about fifteen minutes and designated cast number and 

'melt-out' + Fe,0 + Fess 3 

When the temperature had restabilised at 1600°C the predeter- 

mined amount of deoxidation alloy was added in similar manner 

as the Fe,0, + FeS addition and stirred vigorously. The 

stirring of the melt was to ensure thorough mixing of the 

deoxidisers. 

The melt was then suction cast about 20 seconds after 

addition of the deoxidant. This was done by plunging a 25 mm 

internal diameter silica tube to the base of the crucible 

whilst the top of the tube was being evacuated with a vacuum 

pump. The pump was capable of rapidly producing an adequate 

vacuum to support the column of molten iron, leaving a little 

in the base of the crucible to prevent the column from falling 

back. This method of casting was very effective in trapping 

a considerable amount of the inclusionsformed at the place or 

near the position where the formation took place. 

When casting was completed the furnace was turned off and 

the bar allowed to cool. The vacuum was released when the 

melt had solidified to some extent. The bar was then 

examined visually for any signs of unsoundness. 
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3.3 Oxygen Analysis 

The suction samples were prepared for oxygen analysis by 

removing all oxide scales which might have formed on the 

surface of the samples. 

Oxygen contents were determined by vacuum fusion analysis. 

The instrument used was the Balzer Exhalograph. Oxygen in 

the form of carbon monoxide was measured by infra-red 

absorption cell. Calibration and standardisation of the 

instrument were done by measuring quantities of pure carbon 

monoxide introduced into the analytical system. 

Samples weighing between 0.2 to 0.3 gm were dissolved in a 

molten nickel bath saturated in carbon from the graphite 

crucible. The nickel bath was held at 1750°C under a 10;° 

torr vacuum. Under these conditions any oxygen in the steel 

combined with the carbon to produce carbon monoxide. Even 

stable oxides such as alumina was reduced by carbon under 

these operating conditions. 

Three specimens from each suction sample and three from 

each of the cast bars were analysed. 

3.4 Sectioning of Cast Bars 

The bars were sectioned as shown schematically in diagram 

(Figure 34). Samples taken for 'as cast! metallography, 

microprobe analysis and scanning electron microscopy 

analysis were transverse sections. These sections had 

maximum thickness of 10 mm, due to limitation of the micro- 

probe andlyser specimen stage. Samples for hot rolling were 

about 60 mm in length. 
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3.5 Rolling Procedure 

All rolling was carried out using a two-high mill of 205 mm 

roll diameter with a rolling speed of 430 mm/sec. 

The mill settings were determined such that approximately 

10% reduction was obtained for each of the first two passes, 

then 20% reduction per pass after the initial round bar had 

been flattened. 

Wardle showed that heat loss on transfer of the bar from the 

furnace to the mill in three seconds caused a temperature 

drop of Tea7ocg depending upon the working temperature and 

the specimen thickness. The transfer times were actually 

observed to vary between two and five seconds depending on 

the reduction stage. When the working temperatures were 

1000°C and below, a super heat of 20°C was used for reductions 

up to 50% total, after which 30°C super heat was utilised. 

At working temperatures 1100°C, 1200°c, and 1300°C, super 

heat of 30°C was used up to 50% total reduction, after which 

super heats of 40°C, 50°C and 60°C were used respectively. 

Loss of heat to the rolls was ignored due to the complex 

nature of heat flow pattern. This loss was thought to have 

been fairly low due to the presence of insulating oxide 

film on the bar and the relatively short time of contact in 

the zone of deformation. One of the reasons for ignoring 

the heat loss to the rolls was the possibility that this 

heat loss may be compensated for by the heat generated from 

working. 
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The range of temperatures employed during this investigation 

was g00°-1300°C. The relevant temperatures used were 

determined by the type and composition of the inclusions 

under investigation. The first rolling temperature used was 

always 1000°c and samples were obtained at each of the 

reduction steps of about 50%, 70% and 90% total reduction. 

Metallographic examination of rolled bars at this temperature 

determined whether to decrease or increase the rolling 

temperature for the other bars to be rolled. 

The furnace was set at the rolling temperature plus the super 

heat allowance and allowed to stabilise. The bars to be 

rolled were then placed in the furnace and given thirty 

minutes to attain the furnace temperature. In order to 

flatten the round bar, the bars were first given two 10% 

reductions, subsequent reductions were about 20% reduction. 

A specimen was first cut from the edge of the strip produced 

after a reduction of about 50% from each bar for the rolling 

temperature chosen. The remainder of the sample was in each 

case reheated and re-rolled. Thus, rolled samples were 

obtained at each rolling temperature and at each of the 

reduction steps of about 50%, 70% and 90%. At least ten 

minutes resoaking time was allowed between passes for the 

strips to reach the furnace 'set' temperature. This 

resoaking time was increased to 25 minutes following the 

increase in super heat to ensure that the furnace temperature 

had restabilised after the adjustment and also after taking a 

specimen at each of the reduction steps of about 50% and 70%. 
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Furnaces: For preheating and reheating of the bars between 

passes two furnaces were used. Both furnaces had the 

facility for using partially controlled atmospheres 

(90% Ny - 10% H,) to limit oxidation and were electrically 

heated. The bigger of the two had a maximum operating 

temperature of 1050°C whilst the smaller furnace had a 

maximum operating temperature of 1400°C. To prevent the 

bars to be rolled from sticking to the refractories of the 

smaller furnace an Inconel support had to be used. Both 

furnaces 'hot zone' temperature was monitored by Pt/Pt - 13% 

Rh thermocouples although the furnaces had automatic 

temperature control. 

3.6 Metallographic Examination 

All the metallographic specimens (and also probe analysis 

specimens) were prepared by normal techniques. Polishing 

time was kept to a minimum to prevent the removal or part 

removal of inclusions. If this happened the entire 

polishing process was repeated. All the samples were 

mounted in conducting bakelite. 

3.6.1 As cast bars 

All the as-cast bars were examined for the type of inclusions 

present (single or multiphase, glassy and crystalline). 

Types of inclusions from two different parts of the as-cast 

bar were examined and compared. Similarly MnS inclusions 

types were also identified. 

3.6.2 Rolled samples 

Samples from the 50%, 70% and 90% total reductions of each 

strip were examined. The deformed specimens were sectioned 

at right angles to the rolling plane and micro-examinations 
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were performed on the longitudinal section as shown in 

diagram (Figure 35). The samples taken for micro-examination 

were always taken from the centre of the strips'width. This 

was because it was in this region that plane strain conditions 

would have most likely been encountered. Due to the fact that 

temperature abnormalities at the surface may have been set up 

during rolling, the top and bottom surfaces of the strips were 

avoided. 

Assuming the deformation to be plane strain and the inclusions 

to be initially spherical, being deformed to ellipsoids, a 

study of inclusion deformation was carried out. For each 

specimen 270 inclusions were selected at random and the major 

and minor axis of each of the inclusions were measured. The 

measurements were done by using a projection microscope at 

x1000 and measuring with a graph sheet. The accuracy of the 

measurement was to the nearest 0.5 um in the case of inclu- 

sions with diameter or major axis less than 160 um and to 

within + 4 um for inclusions greater than 160 um (inclusions 

over 160 um had to be moved in order to measure the major axis). 

Ninety oxide inclusions. (with the square root of the product of 

their major and minor axes greater than ten microns) and also 

ninety sulphide inclusions were selected at random and their 

major and ninor axes were measured to determine the mean 

deformation of oxides and sulphides at 50% total reduction for 

each of the samples rolled. 

3.6.3 Inclusion distribution analysis 

A quantitative study of inclusion distribution in four cast 

bars (A6, A7, Al2, Al15 with sulphur level in the melts at 

0.07%3S) was made using a Quantimet Image Analysing Computer B. 

From each bar two samples were taken and the examination of 

inclusion size distribution performed on each. For example, 
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steel A6, the sample taken from the top of the cast bar was 

designated A6é and the sample taken from the bottom 

designated A6/3. On each sample 280 fields were selected 

at random and examined to get a fair idea of inclusion size 

distribution. 

Non-metallic inclusions can be distinguished by separate 

discriminatory threshold levels for oxides and sulphides 

but unfortunately the Quantimet Image Analysing computer B 

used could not discriminate between the oxides and sulphides 

separately. The instrument was set on maximum resolution and 

the field size was approximately 0.23 mm by 0.19 mm. In 

order to determine the size distribution of inclusions with 

sizes between O - 6 um, the objective lens was changed from 

x20 to x40 and the field size was approximately 110 um by 

95 um. For the latter analysis, two cast bars were used 

(A6 and Al5) and on each sample 40 fields were selected at 

random and examined to get an idea of inclusion size 

distribution within the range (O - 6 um). 

By courtesy of G.K.N.,aQTM 720 was used to determine area, 

size and number of sulphide particles in three steels 

(Dl, D2 and D3) with varying sulphur contents (0.02, 0.10, 

0.20%) and oxide particle distributions separately. On each 

sample 120 fields were selected at random and examined to 

obtain the inclusion distribution in the steels. The field 

size for this analysis was approximately 0.625 mm? . 

3.7 Heat Treatment 

Samples of rolled bars containing deformed inclusions were 

cut into specimens of size 30 mm x 12 mm x 12 mn. The steels 
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used for this experiment were: 

(i) DA12 (with 0.1% sulphur in melt); 

(9) DAS12 (deoxidised by DA12 and the melt containing 

50% nickel); 

(iii) DA112 (deoxidised by DA12 and the melt containing 

1% nickel). 

All the bars were rolled at 900°C. Apart from DA12 which 

was rolled to 50% total reduction, the other two were rolled 

to 70% total reduction. 

Heat treatment temperatures were 900°, 1000°C and 1100°c. 

A vacuum furnace was used so that oxidation of specimen 

surface was prevented. In order to observe the influence 

of soaking time upon inclusion deformation or spheroidisation, 

times used were } hour, 24 hours and 72 hours. The specimen 

was placed in a recrystallised alumina crucible and the 

crucible in turn placed in the vacuum furnace. The unit 

operated under vacuum greater than 107° torr. The temperature 

of the furnace hot zone was continuously monitored by Pt/Pt 

- 13% Rh thermocouple. The major, a, and minor, b, axes of 

the inclusions were determined before and after heat treatment. 

The inclusions in the samples were oxides and sulphides. The 

spheroidisation of sulphide dielnstene were determined 

separately from that of oxides. The oxide inclusions were 

grouped in the following size range: 

(i) Yab < 5um, 

(ia) Sum < vab < 10um, and 

(iii) Jab > 10um. 

For each of the oxide groups and also sulphide inclusions, 

ninety inclusions were selected at random and the major and 
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minor axes measured before and after heat treatment to 

determine the extent of spheroidisation. 

(100) 
3.8 Verification of Wardle's Equations and 

Variation of Height to Width Ratio 
  

The size of specimens for hot rolling was usually 200 mm x 

13 mm x 13 mm. The specimen had to be surrounded by the 

welded mild steel support shown in diagram (Figure 36). 

This had the added advantage that it prevented excessive 

heat loss from the specimen both during handling and rolling 

and generally stabilised the specimen temperature. 

Furthermore, it ensured that the deformation was typical of 

the central region of a rolled plate since any edge effects 

were minimized. Whilst the size of the specimen remained 

the same, the height to width ratio of the supported 

rolling specimen (Figure 36) was varied. The height to width 

ratio used were 0.5, 1.0, 1.6 and 2.0. The rolling 

temperature used was 1000°C and the specimens were given 50% 

total reduction. The type of steel used for this experiment 

was DAl2 with sulphur level of about 0.21%. The deformation 

of the inclusions in the steel was determined by measuring 

the major and minor axes of the inclusions. The deformation 

of the inclusions was determined in all the three planes 

(Figure 37) for each of the various height to width ratio 

in order to verify the equations derived by Wardle (as shown 

in appendix 3). The effect of variation of height to width 

ratio on the deformation of inclusions in all the three 

planes were also studied. 
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3.9 Chemical Analysis 

Two samples (one sample from the top, and the other from the 

bottom, as shown in diagram (Figure 34)) of each of the as- 

cast bars were analysed for manganese, silicon, aluminium, 

carbon and sulphur by gravimetric techniques. 

3.10 Electron Probe Micro-analysis 

The composition of inclusions found was analysed by electron 

probe micro-analyser. About twenty inclusions were selected 

at random from each sample and analysed for iron, silicon, 

manganese, aluminium and sulphur. Oxygen was calculated on 

stoichiometric ratios. The specimens used were those that 

had been used for micro-examination in the as-cast condition 

and those specimens obtained after 50% total reduction. 

All the samples were coated with a thin vacuum deposited 

carbon film (about 300 & thick). This was to prevent the 

inclusions from building up an electrostatic charge under 

the influence of the electron beam. The samples were 

degreased and cleaned ultrasonically prior to coating. 

Failure to do this resulted in the contamination of the 

electron gun and specimen systems which can cause a drastic 

loss in resolution of absorbed and backscattered electron 

images. 

Both of the instruments' spectrometers were used in analysing 

the inclusions composition. Iron and manganese content were 

analysed with a lithium fluoride crystal, whilst silicon and 

sulphur were analysed on the other spectrometer using a 

P.E.T. crystal. Aluminium was analysed with a R.A.P. crystal 

which meant there had to be a crystal change to R.A.P. 
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The P.E.T. crystal was changed to R.A.P. when it was 

necessary to analyse for aluminium Sulphur and aluminium 

used the same spectrometer, hence resetting of the 

spectrometer Bragg angle from sulphur to aluminium peak and 

vice versa for alternate analysis respectively. The analysis 

was done by comparing scalar counts for each element against 

those obtained from pure standards of each element. In the 

case of sulphur the standard used was FeS. 

All inclusion analyses reported in this work were obtained 

using an accelerating voltage of 15 kV. The analyses of the 

inclusions were done at random, however inclusions less than 

10 um were avoided due to problems of beam penetration. Line 

or area scans were used in order to obtain an approximate 

mean composition of the inclusions. 

3.11 Scanning Electron Microscopy 
  

In order to obtain a three-dimensional picture of the as-cast 

inclusions and the deformed inclusions, all specimens 

examined optically were again examined using scanning electron 

microscope. The unit used for this work was a Cambridge 

Stereoscan 150 fitted with a Kevex which allowed a 

qualitative appraisal of the elements present within an 

inclusion or precipitate. The inclusions were viewed 'in situ! 

in a deeply etched matrix. 
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3.11.1 Specimen preparation 

The specimens which were already mounted in conducting 

bakelite were pOlished and then etched by submerging in a 

boiling mixture of 5% bromine in methanol. (Specimens were 

left submerged in the solution for about 15 minutes). After 

removal from the solution the deep etched specimens were 

repeatedly washed in methanol before drying. 

The specimens were coated with gold by a gold sputtering 

technique. The deeply etched samples were stuck to the stub 

with non stringing clear adhesive. Electrical contact between 

stub and specimen was made by the application of 'silver dag' 

(a suspension of silver in a volatile solution). 

3.12.0 Notch Tensile Testing 

Notch tensile test pieces were machined from the nine types 

of steel produced by deoxidising the melts containing different 

sulphur levels (0.02%, 0.1% and 0.2%) with deoxidants Dl, D2 

and D3. All the samples were rod rolled at 1000°c and were 

given about 50% total reduction. 

Three circumferential notches with different root radii were 

machined. For each root radii three specimens were machined, 

thus producing a total of nine specimens for each steel. The 

dimensions of the notches are as shown in diagram (Figure 38). 

The notch root radii of the specimens, r; the maximum 

diameter of the tensile test bar, D; and the diameter at the 

notch section were measured by a shadowgraph. The elastic 

stress concentration factors, Ky were then obtained from 

standard diagrams (190). 
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Two No. 14 Hounsfield tensile test pieces were machined from 

each of the steels so that uniaxial stress-strain data for 

each of the materials used could be obtained. 

3.12.1 Testing procedure 

The circumferentially notched tensile specimens were strained, 

under tension, in a Mand precision tensile machine. The 

cross-head speed was 0.2 mm/min., and the extension of the 

specimen was measured by electronic strain gauge; attached on 

either side of the notch section (on the maximum diameter of 

the specimen) and assuming that all the extension takes place 

in the notch region. The extension was recorded against the 

corresponding applied load on a chart recorder. The maximum 

load and the load at the point of fracture were recorded. 

The fracture surfaces were examined under a scanning electron 

microscope for the types of fracture, voids and appearance 

of cracks. 

3.12.2 Further developments of the notch tensile testing 

experiments 

Furthermore, notch tensile test pieces were machined from 

three bigger steel ingots produced at Round Oak Steelworks. 

The ingot size was about 450 mm x 150 mm x 150 mn. The 

steels were deoxidised by deoxidants Dl and a new deoxidant 

D4. The deoxidant Dl was used to deoxidise one melt 

containing 0.1% sulphur and 0.2% oxygen. The deoxidant D4 

was used to deoxidise two melts, one containing 0.1% sulphur 

and 0.2% oxygen whilst the other melt contained virtually no 

sulphur but the same oxygen level as in the previous one. 

As-cast samples were obtained so that circumferential notches 
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could be machined from them. The rest was then rolled at 

1200°c to 50% total reduction. Specimens were machined from 

both the longitudinal and long transverse directions in the 

rolled steel plate as shown in Figure 39. 

Again three different root radii were machined and for each 

root radii two specimens were machined. Again the dimensions 

of the notch tensile specimens were measured by a shadowgraph 

and the elastic stress concentration factors determined as 

previously. 

Two No. 14 tensile test pieces were machined from each of the 

steels for the determination of uniaxial stress-strain data. 

3.12.2.1 Testing procedure 

The testing procedure was virtually the same as in previously, 

except that 5 tonne Instron tensile machine was used in this 

case and a strain gauge was attached to the notch section to 

measure the change in diameter across the notch root. 

3.12.2.2 Strain and stress measurements 
  

In the circumferentially notched tensile test pieces, the 

strains were measured as the change in diameter across the 

notch root. The effective plastic strain is 

5 = 2 In (d,/d) 

where d, = initial diameter of the notch section 

d = diameter of the notch section after straining 

The true stresses in the notch tensile bars were measured as 

the ratio of instantaneous load to instantaneous area of the 
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notch section. Using Bridgman's oe stress analysis in a 

pre-notched tensile specimen; the radial stress oy. = hoop 

a do 2aR er 
ago eeeeeR 

radius and d is the radius of the minimum cross-section and 

stress o ) where Ris the notch root 

ris the radial co-ordinate. Axial stress, o,, = 9, + a3 

the stress complexity factor, (o,,/¢) in the central 
max’ 

region of the bars is defined as 

ss =e a 
Coro) ete = /3 + Im (d/2R + 1) 

This stress complexity factor, (CO was compared with 

the strain to failure, Ege 

3.12.2.3 Measurements of void sizes and the number of voids 

per unit area 

A series of random photographs were taken of the central area 

of each fracture surface. The magnifications and beam angles 

were noted so that accurate quantitative measurements could 

be made later. For this work, the beam angle was 0° and the 

magnifications were generally x200, xS00 and x2000. 

Two sets of measurements were made from the photographs of 

the central area of the fracture surfaces. 

(1) The size of voids on the photographs were measured and 

compared with strain to failure. 

(2) The number of voids per unit area for each fracture 

surface examined were also determined by counting 

the number of voids on a photograph and dividing 

the number by the true area of the photograph. This 

measure could also be expressed as the average 

nearest neighbour which is defined as the square root 

of the ratio of the true photograph area to the number 
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of voids on the photograph. The results were compared 

with the applied plastic strain to failure.



EXPERIMENTAL RESULTS 

4.0 Analysis of the Japanese Electrolytic Iron 

The Japanese electrolytic iron used had composition as 

shown below: 

TABLE 4.0 (Electrolytic Iron Composition) wm wt. & 

C S P Si Mn Al 0 

0.01 0.01 0.01 0.01 0.01 0.005 0.055-0.075 

Balance iron 

4.1 Oxygen Analysis 

The analysis of total oxygen contents in the melt before 

and after Fe,0, and FeS addition and also the total 

oxygen content for the 'as cast! bars are shown in 

  

  

  

  

table 4.1 

TABLE 4.1 

Total Oxygen Analysis 

Sulphur 
content Melt out Melt out +Fe,0,+Fes VAS case! ebar 

Melt % (Ons) (O_ $) (O23) 
. T Tt 

A6 0.07 0.074 0.150 0.050 

A6 OL 0.078 0.149 0.045 

Ao 0.20 0.070 0.143 0.048 

AT 0.07 0.068 0.147 0.055 

A7 0.10 0.065 0.156 0.041 

AT 0.20 0.070 Ontow 0.058 

Al2 OLO7, 0.068 Onis 7 0.087 

Al2 0.10 0.074 0.143 0.092 

Al2 0.20 0.068 0.145 0.082 

A15 0.07 0.070 0.144 0.038 

ALS 0.10 0.067 0.148 0.056 

A1S 0.20 0.072 0.146 0.046 
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TABLE 4.1 (Cont'd) 

Total Oxygen Analysis 

  

  

  

Sulphur 
content Melt out Melt out +Fe,05+Fes "As cast' Bar 

Melt 4 (0.,.%) (0. %) (0, 8) 

DI 0.02 0.073 OuLoL 0.055 

D1 Om O.072 0.141 0.098 

D1 0.20 0.068 0.138 0.082 

D2 0.02 0.072 0.152 0.031 

D2 0.10 0.078 O11 52 0.058 

D2 0.20 0.075 QoL 0.054 

DS 0.02 0.062 0.129 0.038 

D3 0.10 0.071 O12) 0.055 

D3 0.20 0.067 0.125 0.043 

  

4.2 Chemical Analysis 

Table 4.2 shows the results of the chemical analysis of the 

‘as cast! bars. The chemical analysis of the deoxidants 

used are given in table 4.3. 

TABLE 4.2 

Chemical Analysis of ‘as cast' bars 

Actual composition % by weight 

  

  

  

Melee S Si Mn Al 

Aé 0.031 0.069 0.61 1.61 - 
A? 0.032 0.069 0.43 2.51 - 
Al2 0.030 0.069 0.28 0.52 0.005 
A1§ 0.030 0.069 0.22 1.26 <0.001 

A6é. 0.034 0.100 0.61 1.64 - 
A7 0.029 0.113 0.43 2.59 
Al2 0.032 0.100 0.32 0.52 0.005 

Al$ 0.033 0.098 0.26 1.26 <0.001 

RemMO OG mONNoO Orcs 1-51 = 
A7hO-06 O.19i Oe 2.50 = 

Al2 0.06 0.190 0.32 0.49 <0.01 
AUS 0.06 01185 0.20 1.16 <0.01 
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Melt 

TABLE 4.2 (Cont'd) 

Chemical Analysis of 'as cast' bars 

Actual composition % by weight P x g 

  

  

  

  

  

Cc S Si Mn Al 

D1 <0.01 0.030 0.26 0.44 0.010 

D2 0.01 0.030 0.38 0.98 0.010 

D3 0.02 0.022 0.32 1.80 0.005 

D1 0.03 0.100 0.22 0.41 0.005 

D2 0.03 0.100 0.33 0.99 0.005 

D3 0.03 0.099 0.44 t55 0.012 

D1 -0.06 0.19 0.44 0.47 0.009 

D2 0.07 0.19 0.26 0.97 0.008 

D3 0.06 0.18 0.43 Lesa: 0.007 

Dees 0.08 0.11 0.55 0.89 0.015 

D4** 0.06 OudZ Trace 1.27 0.10 

Al2,* 0.02 0.23 0.22 0.39 0.003 

Al2,* 0.03 0.22 0.24 0.40 0.007 

Al25* 0.03 0.23 Ore 0.38 0.005 

Al2,* 0.03 0.21 0.26 0.40 0.008 
  

ee 

Melts used for the verification of 

Wardle's equations 

Melts from Round Oak Steelworks 
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TABLE 4.3 

Deoxidation Alloy Composition 

  

Aimed For Analysed 

Alloy 4Mn. «$81. SAL $Mn Si SAL 

A6 Toa e kee gaeo7 se 
(72.05) (28.37) 

AT 85.90 14:10 96.99 13.01 - 
(84.70) (16.82) o 

Al12 58.45 $027 1 2.28 62.21* 35.69 2.10 
(58.85) (37.62) (2.23) 

Als 81.47 16.87 1.66 83.89* 14.68 1.34 
(81.26) (17.04) (1.92) 

  

DL $8.45 39.27 2.28 Ge 25% 56409: 2.10 

D2 71.38 27.05 1. 5 70.998 27570 Ae OL 

DS 85720 Uo. 79 0.91 83.10 16.61 0.61 
  

ii By difference 

Values in brackets are the values obtained by Wardle. 

4.3 Metallographic Examination 

4.5.1, ‘Asvcast'’ inclusions 

4.3.1.1 Products of deoxidation alloys A6 and A7. 

The melts based on deoxidants A6 and A7 were all deoxidised 

by Mn-Si alloys. In the melts containing 0.07% sulphur, the 

majority of the oxide inclusions observed were glassy 

(Plate 3) and appeared to be single phase silicates even 

though there were significant amounts of opaque oxide 

inclusions. Some of the small oxide inclusions (v5 um) had 

MnS cusps or rings around them. Many of the small inclusions 

(<5 um) observed were sulphides. These inclusions could not 

be analysed quantitatively because the 'probe' beam would 

excite the matrix (steel), but x-ray pictures revealed that 

they were MnS. These sulphides were type I MnS inclusions 

(Plate 12). 

aoe



As the melt sulphur content increased to 0.1% and 0.2%, 

the majority of the oxide inclusions observed were opaque 

(Plate 1) and appeared to be single phase silicates whilst 

very little or no glassy silicates were observed in these 

melts. Again the small oxide inclusions (this time 

~ < 10 um) had MnS cusps or rings around them and the 

sulphides observed in the melts were type I MnS. 

4.3.1.2 Products of deoxidation alloys Al2, Al5, Dl, 
D2_ and D3 

These melts were deoxidised by Mn-Si-Al alloys. In the 

melts Dl, D2 and D3 containing very low sulphur (% 0.02%S), 

the majority of the oxide inclusions observed were glassy. 

These inclusions were easily identifiable, due to the 

appearance of concentric rings on the inclusion surface. 

It must be noted that few opaque (single phase) and/or 

heterogeneous oxide inclusions were observed. The sulphides 

observed in these melts were type I MnS inclusions. 

At higher sulphur contents (0.07%, 0.1% and 0.2%), the 

majority of the oxide inclusions observed in melts Al2, 

AlS, D1, D2 and D3 were opaque and/or heterogeneous 

(Plates 2, 4-6). Plates 7-10 show the effect of increasing 

sulphur content of the melt on glassy inclusions in the 

steel. Again the sulphides observed in these melts were 

type I MnS inclusions. 
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4.3.1.3 Products of deoxidation alloy D4 

The melt D4 was deoxidised with Al-Mn alloy. The majority 

of the inclusions found in this melt were type II MnS 

inclusion (Plate 11). It must be noted that very little 

or no oxide inclusions were observed in this melt. 

4.3.2 Inclusion size analysis 

The results of the inclusion size analysis are represented 

in Figures 40-51. The results of the size distribution 

studies on the sample of each of the deoxidation alloys have 

been averaged and the graph of the number of inclusions 

greater than a given size that can be expected to be found 

in a field of 1 mm? in the 'as cast' sample is plotted 

against the size. The results are shown in appendix 2 

(tables 4.5-4.7). 

4.3.3 Rolled Structures 

4.3.3.1 Melt A6 (sulphur levels of 0.07, 0.10, 0.2%) 
  

It must be noted that the inclusions in the melts containing 

different levels of sulphur exhibited very similar structures 

at all the temperatures involved. The Oxy-sulphides and the 

oxides behaved in a similar manner. 

The oxide and oxy-sulphide inclusions present in the samples 

hot rolled at 900°C and 1000°C did not deform plastically, 

even at higher reductions. No glassy inclusions were 

observed after hot rolling, all the inclusions observed 

after rolling appeared opaque or heterogeneous. At 50% 

matrix reduction, however, some of the large oxide inclusions 

fractured and 'fish tail' cracks or voids (Plate 13) were 
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present. At 70% and 90% matrix reduction, the fractured 

particles tended to form discontinuous stringers behind 

the fractured inclusion. At these rolling temperatures 

the MnS inclusions appeared readily deformable. 

At 1100°C, some of the large oxide inclusions deformed in 

a plastic/brittle manner (Plate 24). During examination of 

these inclusions on the S.E.M., it was revealed that they 

showed the formation of internal voids even at 50% matrix 

reduction (Plates 14-17). 

However, at 1200°C and 1300°C, the large oxide inclusions 

had deformed considerably and some of the oxide inclusions 

had joined together. At 1200°C, the oxide inclusions 

showed internal cracking (Plates 18 and 19) but at 1300°C, 

the oxide inclusions behaved in a fluid manner (Plate 20). 

It must be pointed out that MnS precipitates were clearly 

observed in the oxide inclusions at rolling temperatures 

of 1200°C and 1300°C whilst nothing was observed at 1100°c. 

(Plates 21-23). The deformation of MnS inclusions appeared 

to decrease with temperature increase. 

4.3.3.2 Melt A7 (Sulphur levels of 0.07, 0.10 and 0.2%) 

The oxide and oxy-sulphide inclusions present in the 

samples (A7 containing 0.1% S and 0.2% S) hot rolled at 

900°C exhibited no deformation even at higher matrix 

reductions. At 50% reduction, the large oxide inclusions 

fractured and 'fish tail' cracks were present and at 

higher reductions the fractured particles tended to form 

discontinuous stringers behind the fractured inclusion. 
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Some of the oxide inclusions in sample (A7 [0.1% S]) 

rolled at 1000°C were deformed (Plates 25 and 26) but the 

other oxide inclusions present remained undeformed. It 

was observed that the undeformed inclusions contained 

fine precipitates whilst the deformed ones were single 

phase. At 1000°C, the oxide inclusions in the sample 

(A7 0.2% S) showed very little or no deformation even at 

higher matrix reductions. It was observed that some of 

the undeformed oxide inclusions had voids created at the 

ends of them. 

The: oxide inclusions in the A7 samples (with sulphur levels 

0.07%, 0.10% and 0.20%) behaved in plastic/brittle manner 

(Plate 24) at the rolling temperature of 1700°C.-on 

examining these inclusions on the S.E.M., the formation 

of internal voids were observed (Plates 14-17). 

The oxide inclusions in the same samples: (A7 0.07% S, 

0.1% S and 0.2% S) deformed plastically when rolled at 

1200°C and 1300°C. The oxide inclusions behaved in a 

fluid manner at these two temperatures. It must be pointed 

out that at these two temperatures, MnS precipitates were 

clearly observed in the oxide inclusions whilst no 

precipitates were observed at 1100°C (Plates 21-23). 

The MnS inclusions appeared to deform to a lesser extent 

as the rolling temperature increased. 
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4.3.3.3 Melt Al2 (Sulphur levels of 0.07%. 0.1% and 0.2%) 

(i) Melt A12 (0.07% S) 

When rolled at 900°C, it was observed that the large oxide 

inclusions (>10 um) with resolvable precipitates in them 

exhibited little or no deformation (Plate 27) whilst the 

single phase oxide inclusions deformed. It must be pointed 

out that the majority of the inclusions showed little or no 

deformation. At rolling temperatures of 1000°C and 1100°C, 

no precipitation was observed in the inclusions. At 1000°C, 

some of the large oxide inclusions behaved in a brittle 

manner but the others deformed plastically. When rolled at 

1100°C, all the large inclusions deformed plastically. 

It was observed that MnS inclusions deformed plastically 

at all the three rolling temperatures. 

(ii Melt A1l2 (0.1% S and 0.2% S) 

When rolled at goo°c, majority of the oxide inclusions 

deformed plastically but a few oxide inclusions were not 

deformed (Plates 28 and 29). S.E.M. Kevex revealed that 

the undeformed inclusion contained high silicon (Plates 

39-41). The oxide inclusions present in the samples 

rolled at 900°C were all deformed plastically and some of 

the inclusions were joined (Plate 30). At higher matrix 

reductions the inclusions exhibited necking and joining 

of inclusions, and some of the more plastic inclusions 

showed roping characteristics and were splitting (Plates 

31-36). Plates 31-36 show the effect of increasing matrix 

reduction on inclusion deformation. At rolling temperatures 
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of 1000°C, 1100°C and 1200°C, the oxide inclusions 

exhibited considerable necking and deformed/fracture 

characteristics. 

The MnS inclusions deformed plastically at all the rolling 

temperatures involved. 

4.3.3.4 Melt AlS (Sulphur levels of 0.07%, 0.1% and 0.2%) 

(i) Melt A15 (0.07% 8) g 

When rolled at 900°C, all the oxide inclusions exhibited 

little or no deformation even at higher matrix reductions 

(Plate 37). At S0% matrix reduction, majority of the 

large oxide inclusions present in the samples rolled at 

1000°C behaved in a brittle manner but some of the large 

oxide inclusions deformed plastically. It was observed 

that at 703 matrix reduction virtually all the large oxide 

inclusions were deformed. 

All the oxide inclusions were deformed plastically when 

rolled at 1100°c (Plate 38) except very small oxide 

inclusions (v2 um) which remained undeformed. 

The MnS inclusions were observed to exhibit plastic 

deformation at all the rolling temperatures involved. 

ii) Melt A15 (0.1% S and 0.2% S) 

All the oxide inclusions exhibited little or no deformation 

when rolled at 900°C. The oxide inclusions present in the 

samples rolled at 1000°C exhibited plastic deformation but 
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at a higher rolling temperature (1100°¢)), the oxide 

inclusions exhibited deformed/fracture characteristics. 

The MnS inclusions deformed plastically at all the rolling 

temperatures. 

4.4 Microprobe Analysis of Inclusions 
  

The results of the microprobe analysis of inclusions are 

summarised as Mean ‘as cast' compositions for oxide 

inclusions greater than 10 um diameter (Appendix 2, 

table 4.8). Individual inclusion analysis for both the 

‘as cast' and inclusions in rolled samples are tabulated, 

a copy of this table is obtainable at the Department of 

Metallurgy and Materials office. 

Figures 52-58 show the individual 'as cast’ inclusion 

analysis (inclusion diameter > 10 um) indicating the ranges 

in 'as cast' inclusion composition. The Mean ‘as cast' 

inclusion compositions are shown in figures 59-61. The 

graphs were produced by scaling of results to give 100% 

total oxide (that is including sulphur). Figures 62-64 

show the graphs of the mean sulphur content of the ‘as cast! 

oxide inclusions plotted against the sulphur content of the 

melt. Generally it was observed that the sulphur contents 

of the 'as cast' oxide inclusions (produced by decxidation 

with Mn-Si-Al alloys) were low whilst the sulphur contents 

of the 'as cast' oxide inclusions (produced by deoxidation 

with Mn-Si alloys) were fairly high comparatively. It was 
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also observed that increasing sulphur contents of the melts 

changed the composition of the oxide inclusions considerably 

when the manganese content of the melt is low (ives O2S63):- 

The individual oxide inclusion compositions after rolling 

are shown in figures 65-72. These diagrams show the effect 

of composition on deformation of oxide inclusions. The 

mean sulphur content of the oxide inclusions after rolling 

are plotted against rolling temperature (Figs. 73-76). A 

minimum sulphur content of oxide inclusions was observed 

after rolling steels A6 and A7 at 1100°C whilst no 

significant minimum was observed in steels Al2 and Al5. 

Plates 42-58 show the x-ray pictures revealing qualitatively 

the distribution of the elements in oxide and sulphide 

inclusions. 

4.5 Deformation of Inclusions 

The deformation of inclusions was expressed in terms of the 

relative plasticity index, v, which is defined as: 

arta bial 
Shier “phage 

where b = major axis of inclusion 

a = minor axis of inclusion 

hy = initial height of specimen 

h = final height of specimen 

The results of:the inclusion deformation studies are shown 

in figures 77-123. These results indicate that there is a 

definite reduction in relative plasticity index with 
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increasing matrix reduction. The results also show that 

deformation of inclusions is dependent on size. It must 

be pointed out that the plasticity indices refer to the 

(xy) section or longitudinal plane and the inclusion 

size is given by /Yab. 

Figures 124-127 show the mean plasticity index of MnS 

inclusions in steels A6, A7, Al2 and A15 plotted against 

rolling temperature for different sulphur levels in melts. 

All the results show the same general trend that the 

plasticity index of MnS inclusions decreases with 

increasing rolling temperature. 

The mean plasticity index of oxide inclusions (/abz10um) 

in steels A6, A7, Al2 and A15 were plotted against rolling 

temperature for different sulphur levels in the melts 

(Figs. 128-131). The graphs show that there is an effect 

of sulphur on the oxide inclusion transition (non-deformable/ 

deformable) temperature, for the oxide inclusions in steels 

Al2 and Al5 whilst there is virtually no effect on the 

transition temperature of the high manganese steels A6 and 

A7. The mean deformation of both oxides and sulphides are 

tabulated in table 4.9 (Appendix 2). 

4.6 Heat Treatment 

Some of the results of the heat treatment experiments are 

shown in figures 132 and 133. From the results it is 

evident that spheroidisation of inclusions does occur but 

the extent of this spheroidisation is dependent on size 

and time. It was observed that the small inclusions do 
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spheroidise more than large inclusions. When the 

homogenisation time was kept constant (72 hours) and the 

homogenisation temperature was increased, it became 

evident that while the sulphides stopped spheroidising 

the smaller oxide inclusions (<10 um) did spheroidise to 

a greater extent as the homogenisation temperature increased. 

The results are tabulated in tables 4.10 and 4.11 (Appendix 2). 

Plates 59-64 show S.E.M. pictures showing the effect of 

spheroidisation. 

4.7 Verification of Wardle's Equation and the Effect of 

Height to Width Ratio on Inclusion Deformation 

The results of this set of experiments are given in table 

4.4. From this experiment it became evident that there is 

little or no significant difference in the inclusion 

deformation when the height to width ratio of the specimen 

to be rolled is changed. From the results it is conclusive 

that the equations derived by Wardle can be used to 

estimate the inclusion strain in the third plane if the inclusion 

strains in the two other planes are known. 
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TABLE 4.4 

  

  

  

  

Height to width ratio = 0.5 

Inclusion Estimated 

Plane of Type of strain value of 

Measurement inclusions ey ee. oes) Nl ex (xy) 

Longitudinal Sulphides 0.69 O.11 0.02) 45 0.76 

OxidesVab<Sum 0.68 0:17 0.03 745 0.66 

"  S¢¥ab<10 0.88 0729" 0.03, 46 0.84 

" Yab>10 1.20 0.14 Q.01 90 1.24 

Long Sulphides os. 0.43 0.06 45 

TransVers© S0xidesvap<> 1.202 1 02840.05 145 

"  S<v¥ab<10 1.55 Q.35 0.05 46 

"  Yab>10 Sat 0.26 0.03 90 

Short Sulphides G19 0.17 (0.03 46 

Trausvets°  Gxidesvap<5 O05). 90-08) (0.0145 

"  S<V¥ab<10 0.12 Q.14 “0.02 46 

ve Yab>10 0.36 OL.50 “OvO3. ot 

Height to width ratio = 0.5 

Inclusion strains Estimated values 

  

  

  

used in the Type of vit e 

estimation inclusion pe = 

ey (xy) and Sulphides ot 0.43 

1 OxidesVab<5 1.28 0.41 

ey vs "  S<¢¥ab<10 1.60 0.45 
"  Yabe10 2.18 0.61 

ey (xy) and Sulphides 1.24 0.33 
Oxidesvab<5 1.30 0.43 

ey (xz) "  5<¥ab<10 1.64 0.51 
" Yabr10 2.14 0.56 

ey ye) and Sulphides 1.38 0.38 
1 Oxides /ab<5S 1.26 0.42 

Cy ix) " §<¢/ab<10 1.56 0.48 
" Yab310 2.21 0.58 
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TABLE 4.4 (Cont'd) 

  

  

  

  

  

  

  

Height to width ratio = 1.0 

Inclusion Estimated 

Plane of Type of strain value of 

Measurement inclusion ey Sup sees. ON ey xy) 

Longitudinal Sulphides 0.56 0.23 0.02 90 0.81 

OxidesVab<5 0.04 0:09 0.01 90 0.06 

" §<v¥ab<10 0.30 0.39 0.04 90 0.40 

" fYab210 1.09. G.30 0503. 5.90 1519 

Long Sulphides 1230 0555 (0.04) 90 

Tem se ree oxidecyab<5 6.06. O17 Fo.0e eT 
"  5<Vab<10 0.70 Op, 25510..05)) 90 

" fab210 2.2.26 6.45 40.05 ~ 90 

Short Sulphides Ges 0.44 0.04 90 

Transvers@ © (Oxidesyab<s 0.05 0.09 0.01 90 

" $<Vab<10 0.09 Q.135 ~O.01 90 

" Yab210 OC1Z O.16* 0202;--90 

Height to width ratio = 1.0 

Inclusion strains Estimated values 

used in the Type of we ‘ 

estimations inclusion pe £ 

ey XY) and Sulphides aa 0.49 

1 Oxides /ab<S 0.07 0.01 

ey (Y2) "  S¢Yab<10 0.63 on 
i Yab210 2.14 0.78 

ey (xy) and Sulphides 0.93 0.17 

Oxides /ab<5S 0.05 0.01 

ey (xe) a 5</ab<10 0.54 0.14 

2 Yab210 2.05 0.65 

ey (v2) and Sulphides 1.41 0.33 

Oxides Yab<5 0.08 0.00 

ey (x2) uy S<Vab<10 On TZ 0.20 

Yab210 2.24 Oo7TL 
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TABLE 4.4 (Cont'd) 

Height to width ratio = 1.60 

Inclusion Estimated 
Plane of Type of strain vajue of 
Measurement inclusion ey S-D. Sib. N ey (XY) 

Longitudinal Sulphides 0.63 0.19 0.03 45 0.74 

Oxides /ab<S 0.06 0.07 0.01 45 0.10 

iy 5<Vab<10 0.70 0.26 0.04 41 0.68 

Ma Yab>10 1.19 O217 0.02 . 90 1.27 

Long Sulphides 130 0.355 70.05 45 

Transverse Oxides /ab<s 0.13 0.14 0.02 45 
Ly 5</ab<10 1.24 0.39 0.06 44 

i Yab>10 Zod 0.33 (0203 90 

Short Sulphides OnL7, 0.16 0:02 45 

Transvers® oxides vab<5 0.07 0.12 0.02 45 
ie 5<Vab<10 OnLZ 0.105 0.0L 47 

hi Yab210 0-20 OV 6. Or Oe) 90 
  

Height to width ratio = l. 

Inclusion strains Estimated values 

  

  

  

used in the Type of wo . 

estimations inclusion pe 2 

ey (XY) and Sulphides 1.24 0.45 
Oxides Vab<5 0.22 0.05 

et (ye) yy " 5<7ab<10 1.28 0.36 

Yab>10 2.28 0.76 

ey GY) and Sulphides 1.14 Oren 
Oxides /ab<S 0.08 0.01 

Lxe) fy " §</ab<10 1.29 0.39 

"  Jab>10 2.20 0.66 

ey (v8) and Sulphides 1.34 0.38 

‘l Oxides /ab<5 0.16 0.02 

ey (x2) Wo isevab<10. 1.26 0.37 
"  Yab>10 2055 0.71 
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TABLE 4.4 (Cont'd 

  

  

  

  

  

  

  

Height to width ratio = 2.0 

Inclusion Estimated 
Plane of Type of strain vajue of 
Measurement inclusion ey S.D. S.E. N e, xy) 

Longitudinal Sulphides 0.61 OsdS 40502 82 0.61 

Oxides Vab<5 0.03 0.06 0.01 -— 45 0.03 

- 5</ab<10 0.05 O.12; 0.02 — 46 0.06 

a Yab210 Teo 0.29 205059 75 be aie 

Long Sulphides 1.10 0.35 0.04 90 

eae a Oxides Yab<5 0.05 0.09 0.01 45 
vy 5</ab<10 0.08 Ooddg OLO2. 946 

af Yab210 2.20 0268 0207 90) 

Short Sulphides Onn 0.19" (0.02 390 

Bears vers’) Oxides ab<3 0.01 0.05 0.01 45 
i‘ 5</ab<10 0.03 OOF 270.01, S46 

ie Yab210 0.04 On 107000 gag 0 

Height to width ratio = 2.0 

Tmelusion Estimated values 

strains used 
for the Type of ) e hy 
estimation inclusion P ; 

ey (XY) and Sulphides 12 0.33 
1 Oxides /ab<5 0.05 0.01 

ey (v2) "  S</ab<10 0.09 0.02 
be Yab>10 Zao 0.73 

ey (xy) and Sulphides 1.12 0.33 
1 Oxides /ab<S 0.05 0.01 

ey (x2) "  S¢/ab<10 0.08 0.01 
‘§ Yab>10 Sek 0.71 

ey (72) and  Sulphides he Ovs5 

Oxides /ab<S 0.05 0.01 

ey (x2) 1  5¢¥ab<10 0.09 0.02 

Mi Yab>10 2.14 One 
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4.8 Notch Tensile Test 

The measured values of the notch geometry were used to 

calculate the elastic stress concentration factors (K,) 

using the standard curves published by Peterson (190), 

The specimen geometry were as follows:- 

Diameter of specimen 10.00 mm 

" Diameter of notch section 5.00 mm 

The notch root radii used were as follows:- 

r = 1.00 mm 

= 0.26 mm 

= 0.175 mn 

= 0.16 mm 

0.125 mm 

The notch strength was calculated as the maximum load 

divided by the notch section cross-sectional area. The 

notch strength ratio was determined as the ratio of the 

notch strength to the ultimate tensile strength of 

unnotched specimen, The ultimate tensile strength for 

the alloys of steel D was obtained from tensile test 

carried out on unnotched Hounsfield tensile test pieces 

and the values are tabulated in tables 4.12 and 4.13 

(appendix 2). 

In order to verify the equation (NSR = exp [A(r) + (K,-109] 

published by Joubert and Valentin (195) relating the 

elastic stress concentration factor (Ky) to the experi- 

mentally determined values of N.S.R. , the experimentally 

determined values of N.S.R. were plotted as log, N.S.R. 
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against (K,-1)5 (Figs. 134-142 and 146-149). For each 

notch root radius, the slopes of the curves in the above 

diagrams were measured in order to relate them to the 

metallurgical properties of the steel. (Table 4.14} 

appendix 2). 

The total extension to fracture was plotted against the 

Area fraction of oxide and sulphide inclusions in the steels. 

The results are as shown in Figures 143-145. 

The stress-strain curves for the 'as cast', longitudinal, 

and long transverse specimens of steels D1* and D4 are 

shown in Figures 150-155. 

For all the samples tested, the examination of the centre 

of the fracture surface revealed that the fracture was in 

ductile mode except the 'as cast' samples (D1* and D4) which 

revealed cleavage fracture. S.E.M. pictures of the fracture 

surfaces encountered in the experiments are shown in 

plates 65-67. 
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5. DISCUSSION OF RESULTS 

5.1 Composition of Deoxidation Products 

5.1.1 The effect of Mn:Si ratio (Deoxidant) on 
deoxidation product compositions 

The initial oxygen contents of melts aimed for was 0.09 wt% 

but the measured level of initial oxygen contents of the 

melts prior to deoxidation were within the range 0.11 to 

0.15 wt% (table 4.1). 

Various Mn-Si and Mn-Si-Al deoxidation alloy additions with 

different Mn:Si ratios were made to the melts. It must be 

pointed out that the maximum aluminium content of the melts 

after addition of deoxidant was approximately 0.012 wt%. 

Generally, it appears that as the [$Mn]:[3Si] ratio increased 

the N? onoy 2% (si0 ) ratio increased (Table 5.1). This agrees 

with Wardle's (108) results. 

The effect of sulphur on the ¥* (ino) *N(si0,) ratio will be 

limited to the steels Dl, D2 and D3 only because the same 

master deoxidant alloy was used for the deoxidation of each 

of the steels whilst different master (deoxidation) alloys 

were used for the other steels in table 5.1. It can be seen 

from table 5.1 that generally the N’ (ino) *Nsi0,) ratio 

decreased as the sulphur content of the melt increased. This 

effect seems to be less pronounced as the [%Mn]:[%Si] ratio 

of the deoxidant is increased. The reason for this decrease 

in ¥? no) *8(si0,) ratio is due to the fact that as the 

sulphur content of the melt increases, more manganese is 

required to tie up the sulphur to form manganese sulphide, 

thus decreasing the amount of manganese oxide in the oxide 

inclusion composition in the low manganese melts, whilst in 
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TABLE 5.1 

RELATIONSHIP BETWEEN [$Mn]:[%Si] (DEOXIDANT) RATIO AND 

  

  

  

  

  

  

  

  

  

2 s N aino)*N¢sio,) RATIO OF DEOXIDATION PRODUCTS 

NA, 
MnO) 

Sulphur 4 = ating) 

content C8Mn] [sun] Nesio ) 
of melt % Al [%Si] [3si] 2 

Melt 4 Addition Deoxidant Deoxidant Product S.D. S.E. N. 

DL 0.02 0.022 1.49 0.84 0.17 OUT 0.003) 33 

0.10 0.022 1.49 0.84 0.13 OLS 0005 920 

0.20 0.022 T.49, 0.84 0.13 0032, 0.007 23 

D2 0.02 0.022 2.64 2.64 0.45 -028 0.006 19 

0.10 0.022 2.64 2.64 0.42 -070 0.010 20 

0.20 0.022 2.64 2.64 0.42 -050 0.012 20 

D3 0.02 0.022 Bees 10.55 On71 074 0.017 20 

0.10 0.022 S28 10.55 On71 041 0.009 20 

0.20 0.022 5.28 10.55 0.65 3054 0.012. 19 

Al2 0.10 0.022 1.49 0.84 0.14 -014 0.003 30 

0.20 0.022 1.49 0.84 0.14 -021 0.005 20 

A1lS 0.10 0.032 4.83 Too OQeo5 -020 0.005 15 

0.20 0.032 4.83 fe eer 0.68 075. 0.015 25 

A6 0.10 a 2.75 5.30 0.68 0.061 0.014 18 

0.20 = 2.75 5.30 0.78 0.083 0.019 20 

A7 0.10 = 6.09 17.40 0.88 -053 0.012 20 

0.20 = 62.09 17.40 1.08 ~154 05032 235 

  

= So



the high manganese melts there is enough manganese to cope 

with the sulphur increase without affecting the oxide 

inclusion composition to a greater extent (Figs. 52-61). 

The analysis of the melts containing aluminium showed 

pronounced deficiency in the observed alumina content of 

the oxide inclusion composition compared with calculated 

values of total oxide formation (Table 4.8). 

The observed values of silica contents in the inclusions 

were higher than the target composition of the oxides whilst 

the observed values of manganese oxide contents in the 

inclusions were lower than the corresponding calculated 

values. The final oxygen content before the addition of 

deoxidation alloy exceeded the target oxygen content of 

0.09 wt%. 

The most active deoxidant in the deoxidation alloy is 

aluminium (Fig. 1), thus the formation of alumina is 

completed, before the silicon and manganese can combine 

with the remaining oxygen. The remaining oxygen will be 

higher than expected to satisfy stoichiometric requirements 

and the equilibrium amount for the silicon and manganese 

hence the production of more silica or manganese oxide 

could occur. The increase in the amount of silica or 

manganese oxide might have resulted in an apparent decrease 

in the percentage of alumina observed in the oxide inclusion 

composition. The observed decrease in manganese oxide 

content of the oxide inclusions composition is due to the 

fact that some of the manganese in the melts being tied up 

with the sulphur to form manganese sulphide inclusions. 

=116=



The deficiency in the alumina content of the oxide inclusions 

composition could also be due to alumina rich inclusions 

agglomerating, coalescing, and floating out to the top of 

the bath faster. Wardle (100) observed that the inclusions 

at the uppermost section of the cast bar had higher alumina 

contents. It must be noted that alumina rich inclusions have 

(197) ana thus can float out at a high interfacial tension 

faster rate. Even though sulphur does decrease the surface 

tension of iron melt, it appears that its effect on the 

emergence of alumina rich inclusions may be small. 

For the melts containing no aluminium, the most active 

deoxidant is silicon. Hence the formation of silica will 

near completion before the manganese starts to combine with 

the remaining oxygen. Because the oxygen is higher than 

expected there is an increase in manganese oxide content in 

inclusions and a decrease in silica content. The deficiency 

of silica is not as pronounced as the alumina and this may 

be due to the separation rates. 

5.1.2 Variation of inclusion composition with size 

In order to examine the variation in composition with respect 

to inclusion size, the inclusions were analysed using an area 

scan of the centre of the 'as cast' inclusions. To eliminate 

errors in the analysis, the thickness of the area scan was 

kept to a minimum (~ about 2mm). It was also important that 

variations due to matrix excitation were eliminated by making 

sure that the diameter of inclusions examined were not less 

than 10 um. Qualitative analysis by x-ray distribution of 
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elements in numerous large oxide inclusions (diameter >10 um) 

showed little or no variation of Mn, Si, and Al in the 

inclusion (across the diameter) whilst it was clearly 

visible that the oxide inclusions were surrounded by thick 

sulphide rings (Plates 42-45). This characteristic is quite 

pronounced in inclusions of steels deoxidised by Mn-Si-Al 

deoxidation alloys. The sulphur dissolved in these inclusions 

was very small whilst the inclusions of steels deoxidised by 

Mn-Si deoxidation alloys dissolved larger amounts of sulphur. 

It must be pointed out that the thick sulphide ring persisted 

in the case of the inclusions of steels deoxidised by Mn-Si 

alloys although the inclusions dissolved a greater amount of 

sulphur. Generally, the smaller oxide inclusions had much 

thicker sulphide rings around them. 

Inclusion compositions within melts deoxidised by Mn-Si and 

Mn-Si-Al deoxidation alloys showed little or no systematic 

change in composition as the inclusion size increased [ (from 

10 um onwards) (Figs. 156-160) ]. It was observed that 

inclusions less than 10 um in diameter showed variations in 

composition. This variation may be partly due to matrix 

excitation which may cause an apparent increase in FeO 

content and decrease in MnO, Sid, and A1,0; if present. It 

was also observed qualitatively that the sulphur content of 

the oxide inclusions increased as the inclusion size 

decreased. 

An explanation of this increase in sulphur content of the 

oxide inclusions in the case of smaller inclusions may be 

based on 
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(1) early removal of inclusions, and 

(2) matrix excitation. 

From thermodynamic data (Figs. 1 and 2), it can be seen that 

oxide inclusions are more stable than the sulphide inclusions 

present in steel. It is therefore expected that the sulphide 

phase would form later in the solidification process and 

would most likely nucleate on the oxide inclusions present 

in the steel. It has been shown that initial products of 

deoxidation have both time and ability to coalesce @) and 

thus these inclusions are normally the largest in the system 

and they do emerge from the melt at a faster rate. The small 

oxide inclusions which are formed in the latter stages of the 

deoxidation process and hence act as nucleating site for the 

sulphide inclusions which are the last to form. The other 

possible explanation is that during the analysis of smaller 

oxide inclusions, it is more likely to excite the thick 

sulphide ring around the inclusion hence the increase in 

sulphur content of the inclusion as the size decreases. 

5.1.3 Sulphide inclusions morphology 
  

In all the steels under present investigation, the sulphide 

inclusions observed were all type I MnS inclusions (Plate 12) 

except steel D4 which produced type II MnS inclusions (Plate 11). 

Increasing the sulphur level in steel can lead to replacement 

of type I with type II MnS inclusions. The sulphur level at 

which this occurs depends on the carbon, oxygen, silicon and 

Manganese contents (201) It ds generally accepted that 

oxygen plays a very important role since an increase in the 

concentration of this element (Q) produces type I MnS 
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inclusions in both low and high sulphur alloys. It will be 

recalled that the aimed for oxygen was 0.09 wt % but the 

actual determined oxygen was between 0.11 and 0.15 wt % and 

therefore the melt had excess oxygen compared with the 

oxygen required by the calculated deoxidation alloys. 

Increasing the sulphur content of the melt to a maximum of 

0.2 wt % will therefore not be able to change the morphology 

of the type I MnS inclusions observed in the steels to 

type II MnS inclusions. 

The final oxygen content in steel D4 melt before deoxidant 

addition was not determined because it was not done at the 

University. The final oxygen content in steel D4 melt 

before deoxidant addition was assumed to be 0.2 wt % because 

it was air melted. The amount of aluminium added for 

deoxidation was such that it would combine with the assumed 

final oxygen content (v 0.2 wt%) to form alumina. 1 wt’ 

manganese was added as an alloying element. In this steel it 

was more likely the residual oxygen in the melt after 

deoxidation would be very low, hence type II MnS inclusion 

morphology were seen in D4. 

The effect of aluminium in changing the morphology from 

type I to type II MnS inclusions is generally accepted to 

be due to the action of aluminium on the reduction of oxygen 

in solution (91), 

Plates 77-79 show the distribution of both sulphide and 

oxide inclusions in some of the steels under present 

investigation. Plate 79 shows how the sulphide form during 
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solidification of the steel matrix. This reveals that 

sulphur concentrates at the solidification front and thus 

precipitate out of the last melt to solidify. 

5.1.4 Effect of sulphur content of melt on oxide inclusion 

composition 

From figures 52-61, it appears that for low manganese melts 

the composition of the oxide inclusions were affected by the 

increase in sulphur content of the melt whilst no effect on 

oxide inclusions in high manganese melts was observed. The 

effect of increase in sulphur changing the oxide inclusion 

composition is demonstrated by steel D1 (~ Mn = 0.5 wt’) 

(Fig. 56). 

A possible explanation for this is that in low manganese 

melts, the presence of sulphur in the melt greatly decreases 

the activity of manganese as compared to high manganese melts. 

As the sulphur content increased,the activity coefficient of 

manganese in the melt decreased and thus the manganese oxide 

formed will be less than expected, Therefore, the manganese 

in the low manganese melts becomes less involved in the 

deoxidation process because some of the manganese combined 

with the sulphur present to form manganese sulphide inclusions 

whilst in the case of high manganese melts there is enough 

manganese to take care of the sulphur increase and also take 

part in the deoxidation process without changing the oxide 

inclusion» composition. 

It was observed that the 'as cast’ oxide inclusions in the 

steels deoxidised with Mn-Si alloys had higher sulphur 

dissolved in the oxide inclusions and this increased with 
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increasing sulphur content of the melt (Fig. 63) whilst 

very low sulphur contents were observed in the 'as cast’ 

oxide inclusions in the steels deoxidised with Mn-Si-Al 

alloys at all levels of sulphur in the melt ( (Figs. 62 and 

64), (Plates 42 and 46) ]. This may be the reason why no 

glassy inclusions were observed in all the steels when the 

sulphur content of the melt was increased. 

The increase in sulphur content of the iron-manganese- 

silicate inclusions may be because of greater sulphur 

diffusivity and solubility in them as compared to iron- 

manganese-alumino-silicate inclusions. Kiessling and 

Lange (3) observed Rhodonite inclusion surrounded by a 

scale of manganese sulphide which was also finely precipi- 

tated in the inclusion matrix in aluminium free melts. It 

must be noted that the 'as cast' oxide inclusions which had 

high sulphur contents were in the Rhodonite and Tephroite 

region of the Mn0-Si0, system. Kor and Turkdogan (198) 

observed that sulphur diffusivity and solubility in liquid 

iron-silicate was quite high. A possible explanation for 

the low sulphur contents observed in the 'as-cast' inclusions 

in steels deoxidised by Mn-Si-Al alloys may be based upon 

the lower solubility of sulphur in the liquid iron-manganese- 

alumino-silicates than the liquid iron-manganese-silicates. 

The explanation for the higher sulphur content in the iron- 

manganese-silicate inclusions than expected may be due to 

the precipitation of sulphide simultaneously with the 

production of deoxidation products. Thus oxygen and sulphur 

are precipiated almost at the same time from the liquid steel. 

The resulting inclusions were either a result of primary 
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precipitation of both sulphides and oxides from the liquid 

steel often in duplex form or a sulphur and oxygen-rich 

silicate was formed. In the inclusions, manganese sulphide 

is precipitated from the silicate melt when the temperature 

falls, followed by crystallisation of the oxide component 

(manganese-silicate). 

5.1.5 Inclusion distribution 

The aim of the suction casting process was to obtain uniform 

distribution of inclusions within the 'as cast' bar. It is 

interesting to note the actual distribution of inclusions” 

(Figs. 49-51). The diagrams suggest a good degree of agree- 

ment of inclusion distribution between the top and bottom 

positions of the ‘as cast' bar. As seen the top of each 'as 

cast' bar contains more large inclusions than the bottom of 

the bar. This is expected to some extent, since there is a 

finite cooling period in which inclusion flotation takes 

place due to relative density effects. This also agreed with 

the fact that particles grow during their ascent in the melt 

by coalescence or agglomeration (Plates 68-71). 

Lindon Cy applying Fullman's equation, found that the 

number of particles per unit volume (Ny) was of the order of 

10’ cm7>. He assumed that Noe 107 em? represents the 

approximate nuclei concentration. Applying this value to 

Turkdogan's diffusion model, he obtained a value 1.4 seconds 

for 99% desaturation. Lindon calculated the maximum value 

of r; (r, = instantaneous radius of a growing inclusion) for 

complete oxygen desaturation and obtained ae 3.27 um from 

the Turkdogan diffusion model by assuming ae 0.62 Ny 
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(r, = radius of the spherical diffusion cell). This shows 

that solute diffusion does not seriously limit the particle 

growth rate and also that very little growth occurs because 

of the large number of nuclei present. These results 

supported Turpin and Elliott's (56) predictions of local 

supersaturation resulting in formation of large numbers of 

small particles. 

Inclusion sizes exceeding 3.27 um, however, are not 

accounted for by this nucleation and growth mechanism. The 

observation of inclusions greater than 3.27 um in the present 

work may be explained by assuming that coalescence or 

agglomeration of particles takes place. This agrees with 

(7,100) Evidence results obtained by other workers 

supporting growth by coalescence can be found in figures 

49-51 (Plates 68-71). These diagrams show curves which are 

similar in form to that expected from the equation derived 

by Kawawa et al (202) from observed inclusion size distri- 

bution obtained from a quiescent bath. The equation is as 

follows: n = Noe where n is the number of inclusions per 

unit area having radius greater than y, and No and A are 

constants. 

The distribution of sulphide and oxide inclusions were 

determined separately. 

5.1.5.1 Sulphide inclusion distribution 

From metallographic data (Figs. 43-45 and Tables 4.5-4.7), 

it appears that sulphide size distributions were influenced 

by the sulphur content of the melts. The size distributions 
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were investigated in terms of number of inclusions greater 

than a given diameter per unit area and as shown in the 

previous section this can be influenced by the position 

from which the samples were taken from the 'as cast' bar. 

It must be noted that in this instance the samples were 

taken approximately 9-10 cm from the top of the bar so 

that sulphide distributions in samples from the various 

melts could be compared directly. 

Generally, it was observed that the number of sulphide 

inclusions greater than a given diameter per unit area 

increased as the sulphur contents of the melts increased 

(Figs. 43-45). This effect was more pronounced in the 

low manganese melts (i.e. Dl 10.5% Mn, and D2 v1.0% Mn). 

The role of surface phenomenon on the emergence of sulphide 

inclusions has not been widely investigated. It should be 

noted that the emergence of inclusions is favoured by: 

(a) a high interfacial tension, Yom 

(b) a high surface tension, Yon? of the liquid metal; and 

(c) a low surface tension, Yen of the oxide. 

It is generally accepted that the surface tension of the 

iron melt decreases as the sulphur content of the iron melt 

increases CG) This implies that in high sulphur melts the 

emergence of inclusions will be impaired. It is known that 

the surface tension of oxide inclusions which are of practical 
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interest appears to be always lower than that of iron with 

low oxygen and sulphur contents (7)) If it is assumed 

that the surface tension of sulphide inclusions are always 

lower than that of the iron bath with low oxygen and sulphur 

contents, then the sulphide inclusions should be able to 

emerge out of the bath hence resulting in only the small 

sulphide inclusions being left behind in the melt. 

The studies of surface tension of MnO-Si0,-A1,0, slags at 

1600° ¢ by Gthler (197) revealed that the values lie in the 

range 0.3 to 0.5 Joules /m? and Kozakevitch and Olette (67) 

found the surface tension of solid alumina to be 0.9 Joules/m?. 

Although no data on sulphide surface tension are known as a 

first approximation it is assumed that the surface tension 

of solid sulphide inclusions to be about 0.7 Joules/m2 and 

that of liquid sulphide inclusions to be equal or less than 

0.5 Joules/m?. The sulphide inclusions in the present 

investigation are more likely to be liquid sulphides at 

1600°C because Type I MnS inclusions were observed in nearly 

all the steels investigated. When the sulphur content of 

the iron melt was increased, to say 0.2%, the surface tension 

of the iron melt would be reduced to about 1.0 Joules /m? and 

the interfacial tension between the sulphide inclusions and 

the iron melt would be reduced but would be high enough to 

allow emergence of some of the sulphide inclusions. It 

should be noted that the separation rate of the sulphide 

inclusions in the higher sulphur iron melts would be slower 

than”the lower sulphur melts. The slower rate of separation 

of the sulphide inclusions in the high sulphur melts, gives 

the sulphide inclusions more time to grow and hence more 
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and larger sulphide inclusions should be expected in the 

high sulphur melts (i.e. 0.2% S). 

In the higher manganese melts (D3 12% Mn) the effect (the 

number of sulphide inclusions greater than a given diameter 

per unit area increasing with increasing sulphur contents 

of the melts) was not as pronounced as in the case of the 

low manganese melts. The reason is that the presence of 

higher manganese reduces the solubility of sulphur in the 

iron melt and thus reducing the effect of sulphur in reducing 

the surface tension of the iron melt. The rate of emergence 

of the sulphide inclusions will therefore not be very 

different hence there will be a less significant difference 

in the sulphide size distribution. It is evident from the 

diagrams (Figs. 41 and 42) that as the manganese content of 

the melt increases the number of sulphide inclusions less 

than 3 um increases. This may be due to the fact that 

Manganese is a strong sulphide former, and the presence of 

high manganese in the melt enhanced the formation of a lot 

of sulphide nuclei and hence led to the formation of a lot 

of small sulphide inclusions as shown in the diagrams. 

5.1.5.2 Oxide inclusion distribution 

From the diagrams (Figs. 46-48), it appears that sulphur has 

an effect on the oxide inclusions size distribution. As the 

sulphur content of the melt increased the number of oxide 

inclusions greater than a given diameter per unit area 

increased. The reason for this phenomenon can be explained 

using similar arguments to those used for the sulphide 

inclusions, that the increase in sulphur content of the melts 
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decreased the surface tension of the iron melt thus 

reducing the rate of emergence of the oxide inclusions. 

This would enhance the growth of the oxide inclusions, 

hence the melts containing high sulphur contents would 

exhibit more larger oxide inclusions because in low 

sulphur melts the larger inclusions have the chance of 

escaping to the surface of the melt. 

Figures 46-48 exhibit the effect of manganese on the size 

distribution of oxide inclusions. Generally it can be 

seen that as the manganese content of the melt increased 

the number of larger oxide inclusions in the melts decreased 

(the manganese levels being: Dl 0.5% Mn; D2 %1.0% Mn; 

D3 ~2.03 Mn). The explanation for this is that high 

manganese melts (2.0% Mn) results in high supersaturation 

and hence more nuclei being formed and because of the short 

time for the melt to solidify they cannot grow into large 

inclusions even though some amount of coalescence do take 

place. 

In summary, it appears from the diagrams (Figs. 43-48) that 

the size distribution of both sulphide and oxide inclusions 

are influenced by the sulphur contents of the melts. It 

would seem that the degree of growth of the products of 

deoxidation was not encouraged when the manganese content of 

the melt was high. This could be attributed to the fact 

that the high manganese melts resulted in high supersatura- 

tion, thus the formation of large numbers of small inclusion 

because the solidification time was very short.



5.2 The Effect of Hot Rolling on Deformation of Inclusions 

5.2.1 The variation of inclusion mean plasticity index 

with temperature 

The variations of the inclusion mean plasticity index with 

temperature for both aides) (/eto10 um) and sulphides are 

presented in table 4.9 (appendix 2). These are shown 

graphically in figures 124-131. Generally,erapid transition 

from non-deformable to deformable behaviour (for oxide 

inclusions) was observed over a narrow range of temperature 

(~100° C). The observation was in agreement with numerous 

investigators who have studied the deformation of silicate 

inclusions over a range of temperatures (84,100,102,125,127) | 

The exact transition temperatures could not be determined 

for the different compositions encountered due to shortage 

of materials but the figures do give the transition temperature 

within 100° C range. 

Generally, it was observed that the deformation of the 

sulphide inclusions decreased with increasing rolling 

temperature which is in agreement with results obtained by 

(89,105,104,107) | t+ was observed Charles and Co-workers 

that increase in the sulphur content of the melt had no 

effect on the deformation of the sulphide inclusions. 

The following discussion is separated into three parts and 

the effect of sulphur on the transition temperature of the 

different silicates are discussed in each section. 

(i) Melts AG and A7 (deoxidised with Mn-Si alloys) 

(ii) Melt Al2 (deoxidised with Mn-Si-Al alloy) 

(iii) Melt A15 (deoxidised with Mn-Si-Al alloy).



5.2.1.1 Melts A6 and A7 (deoxidised with Mn-Si alloys) 
(Different sulphur contents of melts 10.073, 
0.10%, and 0.20%) — 

Generally the deformation of both oxide and sulphide inclusions 

in these melts was not affected by the increase in sulphur 

contents of the melts. 

At deformation temperatures of 900°C, and 1000°C the majority 

of the iron-manganese-silicate inclusions exhibited rigid 

behaviour, giving rise to the usual conical voids (Plate 35)) 

at low matrix strains (150% total matrix reduction). 

Generally few of the larger oxide inclusions which were 

fractured at lower strains produced stringers at higher 

matrix strains (903 total matrix reduction). Very few of 

the large iron-manganese silicates deformed when rolled at 

1000°C (Plates 25 and 26). It should be pointed out that 

the glassy inclusionswhich were observed in the lower sulphur 

melts did not retain their glassy appearance after hot rolling. 

The rapid transition from non-deformable to deformable 

behaviour occurred on increasing the rolling temperature 

from 1000°C to 1100°c (Figs. 128 and 129) is a characteristic 

behaviour of majority of the silicate inclusions which has 

been reported extensively in the literature (84,100,102,104, 

126,127) The transition temperature of 1000°-1100° C lies 

well below the solidus temperature. This observation is in 

agreement with other investigators (e4, 100,120) and may be 

due to rapid change in the silicate viscosity over a narrow 

range.



A quite striking change in behaviour of oxide inclusions 

was observed when the samples were rolled at 1100°C. The 

jron-manganese-silicate inclusions were deformed in a 

plastic/brittle manner with characteristic internal voids 

in the deformed inclusions (Plate 21) examined by, projection 

microscope. Scanning electron microscope (S.E.M.) revealed 

that the inclusions were crystallised (Plates 14-17). 

This latter behaviour may be due to the precipitation of less 

deformable silica (cristobalite) particles in a more deformable 

matrix. During deformation the silica (cristobalite) 

particles already formed were pulled apart and the remaining 

deformable inclusion matrix stretched out between the 

separated crystalline silica fragments, Generally this 

(64) results. He observed observation agrees with Robinson's 

this phenomenon during the rolling a steel sample (deoxidised 

by Mn-Si alloy) at 1275°C. 

At a deformation temperature of 1200°C; the iron-manganese 

silicate inclusions behaved in a plastic manner. These 

inclusions, by S.E.M. examination revealed that the inclusions 

exhibited plastic/brittle deformation of a different kind 

(Plates 18 and 19), with the inclusions showing cracks 

parallel to their major axes. 

The iron-manganese silicate inclusions rolled at 1300°C 

behaved plastically (fluid). The composition of the inclusions 

lay very near or within the liquid region of the Mn0-Si0, 

system (at 1300°C) and at this temperature the inclusions 

exhibited fluid behaviour (Plate 20).



The sulphide inclusions showed a general trend of sulphide 

inclusion deformation decreasing with increasing rolling 

temperature irrespective of the sulphur content of the melts 

( Figs. 124 and 125). 

The sulphur dissolved in the oxide inclusions was high at 

all temperatures except at 1100°C (Figs. 73 and 74). Plates 

21-23 show the types of inclusion phases observed at rolling 

temperatures 1100°C, 1200°C and 1300°C respectively. MnS 

dendrites and fine crystallised MnS can be seen in the iron- 

manganese-silicate inclusions in the samples rolled at 

temperatures of 1200°C and 1300°C whilst no MnS could be 

seen in the iron-manganese-silicate inclusions in samples 

rolled at 1100°C. 

Generally, it was observed that the amount of sulphur dissolved 

in the oxide inclusions was at its minimum when the samples 

were rolled at 1100°C (Figs. 73 and 74). This behaviour was 

well defined when the mean inclusion composition was within 

the Rhodonite region. The solubility of sulphur in the 

Rhodonite matrix at the steelmaking temperature can be high 

depending on the sulphur content of the steel melt, on 

solidification the sulphur dissolved in the Rhodonite matrix 

precipiated finely in the matrix. This confirms Kiessling 

and Lange's (3) observations of finely precipitated MnS in 

Rhodonite inclusion matrix. 

The reason for the observed minimum sulphur in the oxide 

inclusions is due to the fact that at 1100°C the silica 

content of the oxide inclusions was observed to have increased, 
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supporting the proposition that silica precipitated in the 

oxide inclusions in samples rolled at 1100°c (Figs. 65-72) « 

The silica precipitated in the oxide inclusions in samples 

rolled at 1100°C would be pushed to the centre of the 

inclusion because they were less deformable whilst the 

deformable Rhodonite matrix stretched to fill the gaps 

between the silica precipiates and the edges of the inclusion. 

Since all the analyses were carried out at the centre of the 

inclusions, the sulphur dissolved in the inclusion would 

appear to be lower than usual. 

The mean 'as cast’ oxide inclusions compositions are given 

in table 4.8 (appendix 2). 

In summary, it was observed that both oxide and sulphide 

inclusions deformations were not affected by the increase 

in sulphur content of the melts. The transition from non- 

deformable to deformable behaviour occurred with increasing 

rolling temperature from 1000°C to 1100°C. The character- 

istic behaviour of oxide inclusion at 1100°C was due to silica 

precipitation and this brought about the observed decrease in 

sulphur content of the oxide inclusions. Sulphide inclusion 

deformation decreased with increasing rolling temperature. 

5.2.1.2 Melt Al2 (deoxidised with Mn-Si-Al alloy) 

(a) Melt Al2 (0.07% S) 

At the deformation temperature of 900°C, it was observed 

that the oxide inclusions (/ab210 um) with resolvable 

precipitates in them showed little or no deformation (Plate 27) 

whilst the single phase oxide inclusions were deformed. The 
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majority of the oxide inclusions in the sample rolled at 

900°C showed little or no deformation. Analysis of the 

inclusions which showed the latter behaviour revealed that 

the silica content of those inclusions was higher than the 

inclusions which deformed at the rolling temperature 

(Plates 40 and 41). 

At rolling temperatures of 1000°C and 1100°C, little or no 

precipitation was observed in the inclusions. It can be 

seen that very few of the large oxide inclusions remained 

undeformed at 1000°C (Fig. 85) and this may have been due 

to the number of inclusions with precipitates in them being 

reduced. The transition from non-deformable to deformable 

behaviour seemed to occur at rolling temperature between 

go0°c - 1000°C (Fig. 130). 

When the steel sample was hot rolled at 1100°C, all the 

large oxide inclusions in the steel deformed plastically. 

It should be noted that the transition from non-deformable 

to deformable behaviour was not well defined as in the 

previous case and this may be due to the precipitates in 

the inclusions. 

The sulphide inclusions deformation decreased with increasing 

rolling temperature (Fig. 126). 

(b) Melt 12 (0.1% S and 0.2% S) 

The oxide inclusions in the steels with sulphur levels of 

0.13 and 0.23 behaved in a similar manner at the rolling 

temperatures employed



The majority of the oxide inclusions in the high sulphur 

samples behaved plastically when rolled at g00°C but a few 

remained undeformed (Plates 28, 29, 40 and 41) even at 

higher matrix reductions. At higher matrix reductions some 

of the highly deformable inclusions started splitting up 

(Plate 29). 

At rolling temperature of 900°C, all the oxide inclusions 

were deformed plastically and at higher matrix reductions 

the inclusions exhibited necking and joining of inclusions 

(Plate 30) whilst some of the more plastic inclusions showed 

roping and splitting characteristics (Plates 31-36). 

At rolling temperatures of 1000°C, 1100°C and 1200°C the 

oxide inclusions exhibited necking and deformed/fracture 

characteristics. Unfortunately, for these steels the 

transition from non-deformable to deformable behaviour for 

the oxide inclusions could not be determined because the 

oxide inclusions deformed at all the temperatures involved 

in the experiments (Fig. 130). 

The mean ‘as cast’ oxide inclusions composition are given 

in table 4.8 (appendix 2). 

The sulphide inclusions in melt Al2 (0.1%S, and 0.2%S) 

exhibited deformation characteristics similar to the previous 

trend of decreasing with increasing rolling temperature 

(Fig. 126). 

In summary, for Melt Al2, the behaviour of oxide inclusions 

during rolling was affected by the sulphur content of the 
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melt. This behaviour was definitely due to the change of 

inclusion composition as the sulphur content of the melt 

was increased (Fig. 60). From the above results it was 

more likely that the oxide inclusion composition had been 

pushed into the lower liquidus composition region. Because 

of manganese's great affinity for sulphur, the manganese 

in the silicate inclusions was reduced in higher sulphur 

melts, thus pushing the inclusion composition towards the 

higher silica or alumina side of the Mn0-Si0,_A1,0., system. 

This effect was more significant in low manganese melts 

(i.e. Al2) as compared to the high manganese melts (i.e. 

A6 or A7). The sulphide inclusion deformation decreased 

with increasing rolling temperature. 

5.2.1.3 Melt A15 (deoxidised with Mn-Si-Al alloy) 
  

(a) Melt A1S (0.07%S) 

All the oxide inclusions in the sample rolled at 900°C 

exhibited little or no deformation even at higher matrix 

reductions (Plate 37). The majority of the large oxide 

inclusions present in the sample rolled at 1000°C (50% 

total matrix reduction) behaved in a brittle manner whilst 

few of the large oxide inclusions deformed plastically. 

At higher matrix reduction (70% total matrix reduction) 

virtually all the large oxide inclusions were deformed. 

The oxide inclusions exhibited a transition from non- 

deformable to deformable behaviour when the rolling 

temperature was increased from 1000°¢C to 1100°C (Fig. 131). 

All the oxide inclusions were deformed when the sample was 

rolled at 1100°C. 
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The deformation of the sulphide inclusions decreased with 

increasing rolling temperature. 

The mean oxide inclusions ('as cast') compositions are given 

in table 4.8 (appendix 2). 

b) Melt A1S (0.1%S and 0.2%S) 

The inclusions in the steel samples with sulphur levels of 

0.13 S and 0.2% S behaved in a similar manner when rolled 

at the temperatures used in the experiments. 

All the oxide inclusions present in samples rolled at 900°C 

exhibited little or no deformation. In samples rolled at 

1000°C the oxide inclusions exhibited a rapid transition 

from non-deformable to deformable behaviour, thus exhibiting 

a transition between 900°C-1000°C. All the oxide inclusions 

were deformed plastically at rolling temperatures of 1000°C 

and 1100°C. From figure 131, it is evident that there is a 

drop in plasticity index at rolling temperatures higher than 

the transition temperature. This will be discussed in detail 

in section 5.2.1.5. 

The mean 'as cast! oxide inclusions composition are given in 

table 4.8 (appendix 2). 

The sulphide inclusions exhibited deformation characteristics 

similar to the previous results (Figs. 124-127) of decreasing 

with increasing rolling temperature.



Summarising, the behaviour of the oxide inclusions during 

rolling was affected by the sulphur content of the steel 

melt. This was because the oxide inclusion compositions 

were changed by increasing the sulphur content of the steel 

melt. The sulphide inclusion’ deformation decreased with 

increasing rolling temperature. 

5.2.1.4 Factors affecting the transition from non-deformable 

to deformable behaviour 
  

(i) Sulphur content of steel melt 

Initially, confining the discussion to the transition from 

non-deformable to deformable behaviour of the oxide inclusions 

in melts Al2 and AlS, it was seen that the transition 

temperature decreased with increasing sulphur content of the 

melts (Figs. 130 and 131). This was due to the manganese 

having a great affinity for sulphur, thus in low manganese 

melt the presence of high sulphur in the melt tended to 

attract a disproportionate amount of the manganese thus 

leaving the oxide inclusions with low manganese oxide content. 

This caused the fociueivisiane the low liquidus composition 

region and enhancing deformation of the resulting oxide 

inclusions at lower rolling temperatures (Figs. 60 and 61). 

The transition from non-deformable to deformable behaviour 

of the oxide inclusions in melts A6 and A7 was not affected 

by the increase in sulphur content of the melts (Figs. 128 

and 129). This was due to the manganese contents of the melts 

being high enough to contain the increase in sulphur content 

of the melts without affecting the amount of manganese oxide 

in the oxide inclusion composition very much and thus the oxide 
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inclusion composition virtually remained unchanged (Figs. 

60 and 61). 

It was seen that the transition temperature varied with 

composition and that the transition temperatures were 200°C 

or more below the estimated equilibrium solidus temperature. 

This observation was in agreement with other investigators 

(84,100,126) 

It was seen that the deformation of single phase sulphide 

inclusions, in all the steels under present investigation, 

decreased with increasing temperature (Figs. 124-127). This 

observation confirmed results obtained by Charles and 

Zo=workers (89,103,104,107) It must be pointed out that 

no analysis of the sulphide inclusions were obtained because 

they were too small to be analysed on the microprobe analyser 

due to matrix excitation. 

ii) Precipitation 

Where dispersed second phase precipitates were observed in 

the oxide inclusions, the transition from non-deformable to 

deformable behaviour was less pronounced. This agrees with 

the observations by Wardle (100) 

5.2.1.5 Deformation of inclusions at temperatures higher 

than the transition temperature 

Some of the inclusions which exhibited rapid transition from 

non-deformable to deformable behaviour showed lower plasticity 

values at temperatures higher than the transition temperature. 

This reduction in relative plasticity index has been reported 

by other investigators (84,100,126,127) but few investigators 
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have offered an explanation for this phenomenon. Robinson eg) 

suggested that the increase in temperature did little to lower 

the viscosity of the inclusion whilst the yield strength of 

the steel matrix was reduced considerably thus leading to an 

increase in the inclusion-matrix relative strength, therefore 

decreasing the value of the relative plasticity. Wardle (100) 

disagreed with Robinson by suggesting that at the temperatures 

involved o5/on are so low as to have very little effect on the 

maximum value of the relative plasticity index. He then went 

on to propose possible mechanisms for this fall in relative 

plasticity index: 

G2) the onset of internal fluid flow, whereby a 

proportion of the energy available for 

deformation is used up; 

(Gi) where the inclusions deform in a fully fluid 

manner, these inclusions may break up and 

disperse; 

(iii) where there is inter-pass reheating; there 

may be spheroidisation of the inclusions. 

The present author also cannot agree with Robinson (84) in 

the light of the data on strength/or hardness values for 

the silicate inclusions and the matrix (Fig. 24). The effect 

of 65/0, increase or decrease on the inclusion plasticity 

index will be very little at this stage and would not be 

significant. Some of the suggestions put forward by Wardle 

are possible mechanisms for this fall in plasticity index 

but spheroidisation of the large inclusions (/ab>10 um) is 
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definitely not a possible mechanism. This is because large 

inclusions do not spheroidise to any appreciable extent and 

therefore, cannot have any significant effect on the 

reduction in the plasticity index (Figs. 132 and 133). 

The author has obtained possible evidence that the inclusions 

which deform in a fully plastic or fluid manner may break up 

and disperse, thus giving lower values of the plasticity 

index (Plates 55-58), 72-76). The possible mechanism for 

the break up of the inclusions may be due to the difference 

in metal flow velocity. If a fluid inclusion happened to be 

within a boundary of two different flow (metal) velocities, 

the inclusion would shear thus the side within the region 

of higher metal flow velocity would move ahead of the side 

of the inclusion within the slower flow (metal) velocity 

region, the resulting structures of the inclusions may be as 

shown in plates 55-58, and 72-76. 

5.2.2 Variation of inclusion composition with plasticity index 

It was shown in section 5.1.2 that oxide inclusion (diameter 

>10 um) composition in the steels showed very little or no 

variation with size. It was clear that there may be variation 

in the inclusions composition if the sulphur content of the 

steel is increased (Figs. 52-58) but this is not size 

dependent. 

The measurement of oxide inclusions non-deformable/deformable 

transition temperatures was attempted relating it to 

compositional differences. The actual measurements of 
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deformed inclusion compositions and dimensions were done 

by microprobe analyser. The results of the compositions 

and plasticity indices measurements on the microprobe 

analyser were plotted on composition-plasticity index 

diagrams at various rolling temperatures (Figs. 65-72). 

The diagrams showed which inclusions composition were 

deformable at the rolling temperatures (800°-1300°C) involved 

in the present experiments for different sulphur contents of 

the melts. 

It must be noted that all the samples used in these experi- 

ments were soaked for 30 minutes and all reheating times 

(“10 minutes) were constant up to the total matrix strain at 

which samples were taken Ete, = 0.69), (50% total matrix 

reduction in height) ]. 

5.2.2.1 Rolling temperature g00°c (Figs. 65c and 70a) 

The oxide inclusions in the steel (Al2 10.1%S) were highly 

deformable at this rolling temperature. The inclusion 

compositions were within the range of 39-54% Si0,, 11-26% 

A105, the remainder being FeO + MnO + S. Very few of the 

inclusions in this range exhibited plasticity indices less 

than unity. It can also be seen that these few inclusions 

exhibited plasticity indices close to unity (Fig. OSC). 

The oxide inclusions in the steel (Al2 0.2%S) were all 

deformable at this temperature. The composition range was 

36-47% Si0,, 26-32% A1,0; and the remainder being 

MnO + FeO + S (Fig. 70a). 
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5.2.2.2 Rolling temperature 900°C (Figs. 65a, 67 and 70b) 

Figures 65a, 67 and 70b show that the oxide inclusions with 

compositions: 20-40% Sid, - 0-20% Al,03, the remainder being 

MnO + FeO + S, and 50-60% Si0, - 0-10% A1,05, the remainder 

being MnO + FeO + S exhibited little or no deformation 

whilst the oxide inclusions with compositions 10-30% A1,03 - 

40-60% Sid, and the remainder being MnO + FeO + S were 

highly deformable at a rolling temperature of 900°C. 

5.2.2.3 Rolling temperature 1000°C (Figs. 65b, 68a, and 71a) 

From figures 65b, 68a and 7la, it is evident that the oxide 

inclusions with more than 10% alumina and about 30-65% Sid, 

were highly deformable whilst the inclusions with compositions: 

(i) alumina <103 and silica content of about 

30-40%, and 

(ii) Rhodonite + Tephroite were not deformed. 

The inclusions with very high silica content (>70%) did not 

deform as would be expected. 

5.2.2.4 Rolling temperature 1100°C (Figs. 66a, 68b and 71b) 

All the inclusions in this investigation exhibited high 

relative plasticity indices, however, some of the inclusions 

with no alumina and a silica content of about 39% were 

deformed less than unity at this temperature. 

5.2.2.5 Rolling temperatures 1200°C and 1300°C (Figs. 66b, 

68c, 69, 7ic and 72) 

All the oxide inclusions exhibited high plasticity indices 

at these rolling temperatures. 
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From these composition-plasticity index diagram, the 

compositions at which non-deformable/deformable transition 

occurred at different rolling temperatures are summarised 

in Fig. 76b. The schematic diagram was for a temperature 

range of g00°C-1300°C. The inclusions of the present series 

were all deformed at 1100°C so the maximum transition 

temperature observed was not higher than 1100°C, This 

figure 76b is only a guide for the inclusions in this series 

of experiments. The results obtained are very similar to 

those measured by Wardle (100) for low sulphur melts. The 

region with the lowest transition temperature coincides with 

the lowest liquidus composition region of the MnO-Si0,-A1,0, 

ternary diagram (Fig. 14b), thus showing that the estimation 

is probably accurate if not very accurate. 

5.2.3 Relative Plasticity Determination and Factors 

Affecting Inclusion Deformation 

5.2.3.1 Representation of inclusion size 
  

It is generally accepted that inclusion relative plasticity 

index was influenced by inclusion size. The square root of 

the product of major (a) and minor (b) axes, obtained by 

measurement of ellipsoid inclusion (deformed) on the XY plane 

(Fig. 35) was used as a measure of the original inclusion 

Size. 

The inclusion size derivation was based on the assumptions 

that the inclusions deformed in a manner as described by 

plane strain (i.e. there was no width spread) and constancy 

of the inclusion volume. If the inclusions were spheres 

which after deformation became ellipsoids, then by constancy 
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of volume: considering a sphere of radius DF 

    

Volume of sphere = Volume of ellipsoid 

3 
my hi 7D ab 

6 6 

eres Yab 

The inclusion relative plasticity index, v, is defined as 

v = €./e = in */b for plane strain 
i’ “m zen P 

where ¢; is the inclusion strain and En is the matrix strain. 

To relate the inclusion relative plasticity index (v) to the 

inclusion size defined as /ab, the graphs of inclusion 

relative plasticity index versus Yab were plotted for 

several melts. Because the inclusion relative plasticity 

index, v, is also dependent on the major and minor axes of 

the ellipsoid inclusion, the plot of v versus /ab results in 

a family of curves which are dependent on the magnitude of 

the major and minor axes. 

Figure 77a shows the dependency of €; upon a and b values. 

The figure indicates that the graphs obtained by plotting 

vy versus Yab will give a series of curves (i.e. Figs. 77-89) 

if during measurement of inclusions major and minor axes, 

the operator encounters many inclusions with the same major 

or the same minor axes. 
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5.2.3.2 Variation of inclusion relative plasticity index 
with inclusion size 

The diagrams (Figs. 77-123) show the relationship between 

the inclusion relative plasticity index and inclusion size 

for several melts. It must be noted that the graphs 

represent the deformation of both oxide and sulphide 

inclusions. If it is remembered that the majority of the 

sulphide inclusions were 5 ym or less in diameter, it can 

be seen from the diagrams that generally the relative 
decreasing 

plasticity of the oxide inclusions decrease with,size. 

From these diagrams the minimum deformable inclusion size 

was always greater than 2 pm at all rolling temperatures. 

R108 

From more quantitative data (table 4.4) it was evident that 

the inclusion relative plasticity index does decrease with 

decreasing inclusion size. This confirms reports in the 

literature of a reduction in relative plasticity index with 

decreasing inclusion size (84,100,152) 

The decrease of inclusion relative plasticity index with 

size may be due to the following: 

(i) inclusion composition; . 

Gx) spheroidisation of deformed inclusions; 

(iii) sectioning problem; 

(iv) surface energy criterion. 

Small inclusions composition could not be determined 

accurately, owing to the thickness or diameter of the 

inclusion relative to the depth of penetration of the 

microprobe analyser's electron beam. Therefore, the 

effect of inclusion composition on the reduction of the 

rélative plasticity cannot be discussed. 
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5.2.3.2.1 Spheroidisation of deformed inclusions 

It was the author's opinion that spheroidisation of inclusions 

was responsible for the decrease in relative plasticity index 

as the inclusion size decreases. To study the effect of 

spheroidisation on relative plasticity index, samples 

containing deformed inclusions were heat treated and the 

plasticity indices of inclusions after heat treatment were 

measured. 

Figures 132, 133 and tables 4.10-4.11 (appendix 2) show the 

influence of both soaking time and temperature on the 

inclusion relative plasticity index for different inclusion 

size ranges (oxide) and sulphides. 

From figure 132 (table 4.10a), it is evident that the sulphide 

inclusion mean relative plasticity index decreased as the 

soaking time increased. The small oxide inclusions 

(/ab<5 um) do exhibit significant decrease in the mean 

relative plasticity index value whilst the large oxide 

inclusions (/ab>10 um) showed very little or no decrease in 

the mean relative plasticity index (Plates 59-64). Thus the 

greatest effect of spheroidisation was observed to be on the 

small inclusions. This effect was to bé expected since the 

small inclusions have the highest surface area to volume 

ratio and will therefore tend to spheroidise in a short time. 

The influence of soaking temperature upon spheroidisation of 

inclusions is shown in figure 133 at constant soaking time 

(72 hours). The sulphide inclusions exhibited virtually 

constant relative plasticity index as the soaking temperature 

A 4 f=



was increased. The inclusions most affected by the 

variation of the soaking temperature, were the small 

oxide inclusions (Fig. 135, Table 4.10b (appendix 2)). 

The effect on the large oxide inclusions (/ab>10 um) was 

not as pronounced as small oxide inclusions (/Yab<5 um). 

The results agree with results for sulphide inclusions 

(123-125) | Murty et al (125) obtained by other workers 

found that the rate of spheroidisation was controlled by 

surface diffusion of the inclusions. 

From the results obtained it is evident that inclusions in 

samples which are repeatedly reheated prior to rolling 

would spheroidise, and this would contribute to lowering 

the relative plasticity index of the small inclusions. 

5.2.3.2.2 Sectioning problem 

Segal and Charles (132) showed that sectioning is one of 

the important problems encountered in the measurement of 

inclusion sizes. 

The probability that the radius of a circle that is found 

in a globe (radius = Ry) when cut by a plane at any position 

will be within r and r + dr is (199) 

dr P(r) dr = ; 
° R 25 

° 

Masui and Takechi (199) then showed that the appearance 

probabilities of different radius circles would be 

sag: P(r)dr when the position of the cutting plane is 
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varied as shown in fig. 16la and the results are shown in 

fig. 161b. From the equation obtained by Masui and Takechi, 

it can be shown that the probability that a circle having a 

radius of 0.8R, - R will appear in the plane of sectioning 

is about 60%. 

This analysis used by Masui and Takechi may also be applied 

to ellipsoid inclusions. There would be an error in the 

values obtained by such a model but it would act as a good 

approximation. If this is true, then it is useful to know 

that the probability of the inclusions being cut such that 

its true dimensions are not obtained is very small. The 

inclusions which are cut such that they appear less than 

their actual dimensions will affect the relative plasticity 

index-size relationship. 

Plate 80 shows an inclusion sectioned such that it exhibits 

its true relative plasticity whilst Plate 81 shows an 

inclusion sectioned such that it exhibits lower relative 

plasticity index value than its true value. Plate 82 shows 

an inclusion sectioned such that it exhibits a relative 

plasticity index higher than its true value. 

It is evident that if the operator encounters inclusions 

with a sectioning problem such as in plates 81 and 82 the 

overall mean relative plasticity value would be lower or 

higher than the actual relative plasticity index value. 
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Sectioning problems are very difficult to overcome, so the 

only consolation is that the probability of getting many 

inclusions with sizes very close to their actual sizes is 

fairly high. The likely procedure to overcome this problem 

may be the use of S.E.M. to assess inclusion deformation 

characteristics. 

§.2.5.2.5 Surface) enersy criterion 

(89) 
  

Baker and Charles suggested that the energy required 

to create a new interface, as an inclusion deforms, may be 

responsible for the reported reduction in relative plasticity 

index with increasing matrix strain. This suggestion may 

offer an explanation for the observed reduction in the 

relative plasticity index of smaller inclusions. 

(84) (100) 
Equations have been derived by Robinson and Wardle 

to study the effect of surface energy criterion on the 

deformation of inclusions and both of them concluded that 

surface energy effect was only noticeable at very small 

inclusion sizes whilst its effect on large inclusions (>5 um) 

was minimal. 

From the present work it is evident that inclusions (silicates 

and manganese sulphides) smaller than 2 um are not deformed. 

This has also been observed by other workers (84,100,152) | 

Thus the surface energy criterion can be seen to offer a 

partial explanation for the observed lower relative 

plasticity index of smaller inclusions but it is not complete 

within itself. It is the author's opinion that this surface 
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energy effect coupled with spheroidisation of the smaller 

inclusions may offer a more complete explanation for the 

observed lower relative plasticity index of the smaller 

inclusions. 

5.2.3.3 The influence of total matrix reduction upon 

relative plasticity index 

The influence of matrix deformation upon relative plasticity 

index of inclusions has been shown by numerous workers (100, 

107105); Most of the workers used the mean relative 

plasticity index to illustrate this effect but in the present 

work this influence is clearly shown (Figs. 77-105) without 

using the mean relative plasticity index. In general, the 

relative plasticity index values for the different inclusion 

phases were higher for the smaller total matrix reduction 

(50%) than for the larger total matrix reductions employed 

in the present work. This behaviour was pronounced when the 

inclusions behaved in aplastic manner. The drop in relative 

plasticity index values is due to the fact that the relative 

plasticity index of the inclusion as measured by the ratio 

of the inclusion strain to that in the steel is always 

larger for the lower total reductions because of the smaller 

ingoing to outgoing thickness ratio of the steel (lower 

“localised strain in the matrix whilst the localised strains 

would be higher at higher matrix total reductions. 

Using plasticine model and experimentally determined values, 

Wardle (100) showed that the relative plasticity index or 

inclusion strain increased rapidly (reaching a peak at 

approximately matrix strain, ie 0.8) and decreased 
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gradually (approaching value of 1.0) with increasing matrix 

strain (Fig. 162). Wardle explained the shape of the 

inclusion-matrix strain diagram (162) partially in terms of 

strain rate for a multipass situation (i.e. as the matrix 

strain was increased, the strain rate increased which led 

to an increased value of apparent inclusion to matrix flow 

stress ratio). This effectively leads to the inclusions 

being less deformable at higher matrix strains and therefore 

flattening the inclusion-matrix strain diagram. 

Numerous explanations have been given for the decrease in 

relative plasticity index with increasing matrix strain 

(section 2.4.2.1) and the factors mentioned in the literature 

will not be discussed again. Apart from the factors already 

mentioned, the other factors which may affect the relative 

plasticity index are: 

(i) matrix constraint, and 

(ii) temperature rise. 
4 

5.2.3.3.1 Matrix constraint 

Larke (200) showed that the smaller the ingoing thickness 

the more dominant the influence of the frictional constraint. 

Thus at small total matrix reductions the frictional 

constraint is less dominant whilst at large total matrix 

reductions this effect would be more pronounced. 

Pickering (102) suggested that spherical inclusions offer 

less resistance to the flow of metal than if they were 

ellipsoids so that the interfacial forces causing deformation 

decrease, thus the relative plasticity index apparently 

=tod=



decreases. If this is true then it explains why there is 

a decrease in the relative plasticity index as the total 

matrix reduction increases. 

It could also be explained by the fact that the flow of 

metal at the centre of the strip decreases as the total 

matrix reduction increases from the matrix strain at which 

the maximum inclusion strain occurs. Thus the deformation 

of the inclusions at the centre of the strip would deform 

to a lesser extent as compared to the matrix deformation 

as the total matrix reduction increases. 

5.2.3.3.2 Temperature rise 

When the deformation of the matrix by rolling is considered, 

it must be noted that the deformation process is non- 

homogeneous. Assuming homogeneous deformation, a simple 

calculation of theoretical temperature rise can give up 

to about 10°C temperature rise depending on the roll speed. 

The temperature increase in localised areas may be even 

much higher, thus inclusions within these areas would, 

therefore, be of lower viscosity or strength than the other 

areas and hence will deform more easily. 

The influence of ingoing thickness on mean rate of deformation 

or strain rate is shown in figure 163. This diagram clearly 

shows that as the ingoing thickness decreases, the mean rate 

of deformation increases. Appendix 4 shows how temperature 

rise is dependent on mean rate of deformation and it can be 

concluded that as the ingoing thickness decreases, the 

temperature rise increases. At lower matrix reductions the 

volume of material which undergoes localised deformation is 

small in comparison with that at higher matrix reductions, 
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therefore the effect becomes more significant as the amount 

of matrix reduction is increased. 

As the transition temperature is approached this increase in 

temperature may push an inclusion which behaves in a plastic 

manner to become liquid and behave in fluid manner. This 

effect will, therefore, be more dominant at higher matrix 

reductions since the temperature rise will be higher and 

will push the inclusions well into the liquid formation 

temperature hence the decrease in the relative plasticity 

index at higher matrix reductions. 

5.3 Verification of Wardle's Equations and the Effect of 

Height to Width Ratio on Inclusion Deformation 

The derivations of all the equations considered below from 

Wardie (100) are given in appendix 3. 

From table 4.4, it is evident that the equation derived by 

Wardle appear to give a good estimation of the inclusion 

strain, ey (xy) s in the third plane if the inclusion strain 

in the two other planes are known. The maximum error was 

not greater than * 9% for the large inclusions (/ab>10 um). 

There was no effect of the height to width ratio (of the 

sample to be rolled) on the estimated inclusion strain. 

Again using the equation derived for width spread, Ens nets 

can be seen from table 4.4 that the large inclusions 

(Yab>10 um) exhibited greater width spread when compared 

to the smaller inclusions (Yab<5 um). This effect was more 

pronounced when the height to width ratio (of the sample 

to be rolled) increased from 0.5 to 2.0. This is expected, 
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because the sample with height to width ratio about 2.0 

should have larger width spread in comparison to the sample 

with height to width ratio of about 0.5. It is generally 

accepted that large inclusions do deform more than small 

inclusions, hence the results obtained. 

Wardle derived an equation for the estimation of plane 

* 
strain inclusion relative plasticity (pe) > if non plane 

strain conditions are operative and if width spread, Eas is 

known. Again, plane strain inclusion relative plasticity 

index ($e) for different size groups and type of inclusions 

are given in table 4.4. The value of the estimated relative 

plasticity index (pe) for the large oxide inclusions 

(Yab>10 um) was about 2.2. This value is in agreement with 

the maximum value of relative plasticity index of inclusion 

behaving in a plastic or fluid manner predicted by models 

and experimental results (34,107,110; 1105117)” The height 

to width ratio (of the sample to be rolled) again affects 

these results. It must be pointed out that the effect of 

height to width ratio (of the sample to be rolled) seems to 

be pronounced on the smaller inclusions (vab<10 um). 

In summary, the equations derived by Wardle can be a useful 

guide for the estimation of inclusions strain or plasticity 

index if plane strain conditions are not operative. 

5.4 Notch Tensile Test 

5.4.1 Effect of sulphide and oxide inclusions on the 
fracture behaviour of the steels (D) 
  

The effects of sulphide and oxide inclusions shown in Plates 

65-67 are consistent with the traditional views of void 
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nucleation, void growth, and void coalescence. In the case 

of sulphides in a ferritic matrix the void nucleation strain 

is negligibly small and lateral growth is generally 

associated with the later stage of void coalescence which 

occurs over a limited strain range. Therefore, the majority 

of the strain to fracture is associated with the growth of 

Khe 
voids in,tensile test. 

It was observed that the void growth was greater in the low 

sulphur content alloy steel [(D1 and D2) (Plate 66a) ] whilst 

in the high sulphur content alloy steels (Dl and D2) there 

were several small voids nucleated around very small 

inclusions as a result of very high local strains required 

to separate the intervening matrix (Plate 66b). 

The high manganese alloy steel (D3) with different sulphur 

contents exhibited a different eqactine surface. However, 

these steels contained large numbers of small sulphide 

inclusions. For the low sulphur content steel (D3 - 0.02%S) 

the fracture surface appeared flatter and S.E.M. examination 

revealed cleavage fracture at the centre of the material and 

ductile fracture at the edges (Plate 65a). 

In the high sulphur steels (D3 v 0.1%S, 0.2%S), the fracture 

surface revealed local void coalescence producing a super- 

void which then continued to grow and interact with other 

voids as shown in Plate 65b. 

The total extensions to fracture for the different steels 

(D1, D2 and D3) were plotted against the percentage area of 
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the sulphide and oxide inclusions in the steels (Figs. 

143-145). The shape of the graph is the same as predicted 

by models and experimental results (160-164). This confirms 

the well known relationship between the volume fraction of 

second phase particles, which may be inclusions, and the 

total ductility in a tensile test. From figures 143-145, 

it can be concluded that the ductility is adversely affected 

by increasing volume fraction of inclusions (because area 

fraction can be related to volume fraction). Since the 

volume fraction of inclusions in a particular steel alloy 

increases with increasing sulphur content in the steel, it 

would seem reasonable to conclude that ductility decreases 

with increasing sulphur content of the steel. 

The general deleterious effects of MnS inclusions on 

ductility have been well established by many investigators 

(143,168-170) | MnS inclusions also give rise to the 

anisotropy of ductility relative to the rolling direction 

because of its high deformability on hot rolling. It is 

generally accepted that the deformability of sulphide 

inclusions do decrease with increasing rolling temperature. 

Because of this, samples used for subsequent experiments 

were hot rolled at 1200°C so that the relative plasticity 

index of the MnS inclusions would not be very high. In 

order to study the effect of MnS inclusions morphology on 

ductility, two steels with different sulphide morphology 

were studied. Figures 150-155 show the stress-strain curves 

for steel Dl* (with type I MnS inclusions) and steel D4 (with 

type II MnS inclusions). The effect of MnS inclusions 
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morphology on the strain to fracture is clearly demonstrated 

by the diagrams. When type II MnS inclusions are present in 

the steel the strain to fracture in the case of as cast! 

notch specimen may be very small as compared to the strain 

to fracture for the longitudinal notch specimens, the strain 

to fracture for the long transverse notch specimen was 

intermediate. Steel containing type I MnS inclusions showed 

the same effect for the specimens ('as cast’, longitudinal, 

and long transverse) but it was not as pronounced as in the 

case of type’ II MnS inclusions containing steels (Figs. 

150-155). This observation pentieusteqauies of other 

(172-175) Examination of the fracture investigators 

surfaces of the two steels revealed that the steels 

containing type I MnS inclusions fractured by greater growth 

of the voids (Plate 66a) compared to the steels containing 

type II MnS inclusions (Plate 67). 

The mechanism of the ductile fracture when elongated 

inclusions wefe involved . 4 shown schematically (Fig. 164). 

In the long transverse specimen, deformed inclusions lie 

with their elongated axis perpendicular to the tensile 

direction. When the inclusions form elongated cracks, their 

total length (or total area) on the unit area of a cross 

section parallel to the final separation is larger compared 

with that of the longitudinal specimen, and this qualitatively 

leads to the final separation by the localised shearing more 

easily. In the 'as cast' specimens, apart from inclusions, 

there may be small pores present in the material and this 

makes the material weaker than rolled materials (in which 

these pores are welded). 
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5.4.2 Notch effect on fracture 

The results obtained from the notch tensile tests are given 

in tables 4.12-4.14. 

For the un-notched specimens, table 4.12a generally shows 

that the increase in sulphur content of the steels decreased 

the percentage reduction in area of the specimen and the 

tensile strength. It can also be seen that the tensile 

strength increased/with increasing manganese content of the 

steels (D1 10.53 Mn, D2 11.0% Mn, D3 v2.0% Mn). 

It is generally accepted that the introduction of a notch 

results in a stress concentration at the root of the notch. 

To study the effect of notches on fracture, the fracture 

surfaces of the notch specimens tested were examined. All 

the fractures in the steels D showed the fracture surfaces 

were all ductile except the specimens of steel D3. An 

example of ductile fracture observed is shown in Plate 66. 

Generally the fracture in all the steels were cup and cone 

type. 

For specimens with notches of root radii 1.00 mm and 0.26 mm, 

the fracture was a combination of normal rupture and shear 

whilst for the lower root radii specimens (r = 0.16 mm and 

r = 0.18 mm), the fracture was generally normal rupture. 

This shows that the lower root radii notches produced high 

local strain concentrations at the root of the notch and 

started cracks at the notch root which propagate inwards, 

thus accelerating the nucleation and growth of cracks. 
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Figs. 132-142 and 146-149 show the graphs of log, NSR versus 

(K,.- ne, where NSR is the Notch Strength ratio and K, is 

the elastic stress concentration factor. The slope, A(r), 

of each curve in the diagrams (Figs. 152-142 and 146-149) 

were measured in order to relate them to the metallurgical 

properties of the steels used for the notch tensile tests. 

Joubert and Valentin (193) reported that A(r) is a third 

degree polynomial and is dependent on the metallurgical 

properties of the steel. From table 4.14 (appendix 2), it 

can be seen that the effect of the different steels on the 

polynomial A(r) was pronounced when the notch root radii 

was small. 

For extremely sharp or pointed notches, Neuber's (199) 

original theory becomes unrealistic. Neuber introduced a 

new model in which the continuum mechanics solutions are 

used everywhere except near the root of the notch. The 

calculations yield the result that the elastic stress- 

concentration factor of sharp notches can be determined 

from the equations for the elastic stress-concentration 

factor based on continuum mechanics, provided that the 

actual root radius of the notch r is replaced by ra 

which is given by the equation. 

ros rt in - wir - win. s.c.: ; 

where w is the included angle of the notch and n is assumed 

to be a material constant. Therefore, according to the 

above equation, the material constant can only be obtained 

when r >0O or r = 0. From the equation A(r) = a, + ayr + o 

ae + a the material constant can be determined when 
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r= 0. But A(0O) = ay» therefore a, is the material constant. 

This agrees with the results obtained that the lower notch 

root radii reveal the metallurgical properties of the 

material. The values of ay determined for steels D1* and 

D4, in the case of steel D1* compared with the relative 

plasticity index of the inclusions (Table 5.4). It can be 

seen from table 5.4 that the material constant decreases as 

the inclusions start deforming. This may have an effect on 

the elastic stress concentration factor of sharp notches. 

  

  

TABLE 5.4 

Steel ep ay 

Di*-tas cast! 0.00 2.086 

D1* Longitudinal O70 sit a2 

D1* Long transverse 1.21. ~40.34 

D4 ‘as cast! = VAS) 

D4 Longitudinal = =0.63 

D4 Long transverse = 935 
  

5.5 Practical Implications 

When molten steel solidifies, the excess oxygen present in 

the steel is rejected from solution and combines with 

carbon in the steel to form carbon monoxide which leads 

to blowholes in the cast product. To prevent this it is 

essential to reduce the oxygen level to a value such that 

there will be no carbon-oxygen reaction. This can be 

achieved by adding to the cooling metal elements which 

have greater affinity for oxygen than the carbon at steel- 

making temperatures. 
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Commercially, aluminium is often used for this purpose but 

it may lead to the production of deleterious alumina and 

type II MnS inclusions (in the case of high sulphur steels) 

which cause problems during hot rolling, wire and tube 

manufacture. In the case of steels for special applications 

where mechanical properties are very important it may also 

be injurious to those properties. 

The use of Mn-Si-Al deoxidation alloys prevent the formation 

of alumina and type II MnS inclusions if the deoxidant is 

chosen carefully. The rate of emergence and the final 

inclusion size distribution of the products of deoxidation 

alloys Mn-Si-Al are dependent on the composition of the 

inclusions produced. The low liquidus composition of the 

MnO-Si0,-A1,0. system produced inclusions which had the 

highest rate of emergence. In continuous casting, Al is 

used often as a final deoxidant in the tundish and the 

mould, if the complex deoxidants (Mn-Si-Al alloys) 

considered here were used it is likely that tundish nozzle 

blockage would be reduced and the final inclusions if 

trapped would be less detrimental to the final steel 

mechanical properties. 

The studies of inclusions behaviour during hot rolling, and 

the parameters that influence the inclusion behaviour may 

provide useful information which may be applied where 

possible to obtain optimum performance from the steel. 
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5.5.1 Machinability 

It is generally accepted that MnS inclusions have beneficial 

effects on the machinability of steel. It has also been 

shown that low liquidus silicates can also be beneficial 

as far as machinability is concerned. 

The effect of sulphur content on the composition of oxide 

inclusions has also been shown to be pronounced in low 

manganese steels (i.e. Al2) in this present series of 

experiments. The compositions of the oxide inclusions were 

pushed into the lowest liquidus regions of the MnO-Si0,- 

A105 system as the sulphur content of the steel increased 

from about 0.1% up to 0.2%, and the resulting inclusions 

a 

were deformable at, rolling temperature of g00°c. 

Normally, free cutting steels used for industrial purposes 

are EnlA, EnlB, En7 and En8M. 

From the present series of experiments, only the high sulphur 

contents of steel Al5 have compositions similar to one of 

‘the normally used free cutting steels (i.e. En7). It has been 

shown that as the sulphur content of steel Al5 increased, the 

non-deformable/deformable transition was reduced, indicating 

that the oxide inclusion composition had been pushed into a 

lower liquidus composition region of the Mn0-Si0,-A1,0, 

system as the sulphur content of the steel increased. 

It can be seen that the machinability of high sulphur steels 

may not be only due to the MnS inclusions but may also be 

due to the fact that lower liquidus oxide inclusions 
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compositions have also been produced by increasing the 

sulphur content of the steel (i.e. Al5). High sulphur 

contents of steel Al2 may be ideal for machining since it 

produces the lowest liquidus composition in the present 

investigation. 

The iron-manganese-silicate inclusions were found to dissolve 

high levels of sulphur but still the transition from non- 

deformable to deformable behaviour was not affected by the 

increase in sulphur content of the steel. These steels may 

require higher values of sulphur content in order to make 

them machinable at high speeds if at all. 

5.5.2 Surface finish of rolled products 
  

The lustre of a polished steel surface is sensitive to 

surface irregularities. The presence of different types 

of inclusions in the steel surface has an influence on 

the degree of finish attainable. The surface finish of 

flat rolled products is impaired by the presence of 

inclusions because these inclusions are pulled out of the 

surface during the polishing operation, which results in 

scratches and surface drags. 

The surface finish may be improved by using a deoxidation 

practice which gives highly plastic siliceous deoxidation 

products which do not produce liquid or solid fragments at 

low rolling temperatures. 
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5.5.3 Influence of inclusions on mechanical properties 

It has been established that the type, size, shape and 

distribution of inclusions do influence the mechanical 

properties of the steel. There are different ways in which 

non-metallic inclusions can nucleate cracks in the steel, 

and they are dependent on the deformation characteristics 

of the inclusions. 

The studies of their behaviour during hot rolling may be 

turned to advantage such that improved mechanical properties 

of the steel may be obtained. 
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6. 

6.1 

(1) 

(2) 

(4) 

CONCLUSIONS 

As Cast Inclusion Composition and Distribution 

It appeared that as the [3mn]?:[ssi] ratio of the 

deoxidant increased there was a corresponding increase 

: 2 : : . , 
in the Nano) *N(sio,) ratio of the inclusions 

(diameter >10 um) over the range of compositions 

encountered in the present investigation. 

For a particular ratio of [nn ]?:(3siJ, the ratio of 
2 

Noo) *N¢sio,) decreased with increasing sulphur 

content of the melt. This effect was pronounced in 

the low manganese content melts (i.e. 0.5% Mn) using 

consistent master deoxidation alloys. 

The inclusion composition of the aluminium containing 

melts was found to vary slightly with size. Alumina 

was the only component that varied slightly. In 

melts containing FeO-Mn0-Si0, inclusions, there was 

very little evidence of variation in composition. 

Increase in sulphur content of low manganese melts 

(v0.53) Mn) changed the composition of the oxide 

inclusions to higher silica or alumina side of the 

(FeMn)0-Si0,-A1,0, whilst in the case of high 

manganese melts the oxide inclusion composition 

remained unchanged with increasing sulphur content 

of the melt. 

LOG



(3) 

(6) 

(7) 

(8) 

(9) 

The morphology of sulphide inclusions was found to 

be very dependent on the dissolved oxygen in the 

melt. Thus, low dissolved oxygen led to the 

formation of type II MnS inclusions whilst higher 

dissolved oxygen led to the formation of type I MnS 

inclusions. 

Increasing sulphur content of high oxygen melts does 

not change the morphology of the sulphide inclusions 

provided the deoxidation practice does not lead to 

very low dissolved oxygen contents which will not 

cope with the increase in sulphur. 

Ingease in the sulphur content of the melt gave @ 

corresponding increase in the number of sulphide 

inclusions greater than a given diameter per unit 

area. This effect was more pronounced in the low 

manganese melts (D1 and D2). 

Sulphur dissolved in Rhodonite and Tephroite 

inclusions of the MnO-Si0, system was very high 

compared to the manganese-aluminium-silicate 

inclusions. This dissolved sulphur in Rhodonite 

and Tephroite inclusions increased with increasing 

sulphur content of the iron melt. 

As the sulphur content of the melts increased, it 

appeared that the number of oxide inclusions greater 

than a given diameter per unit area increased. This 

may have been due to reduction in the rate of 

removal of oxide inclusions by emergence being impaired. 
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(10) 

6.2 

q) 

(2) 

(3) 

(4) 

(S) 

At higher manganese content (2% Mn) of the melt, 

no oxide inclusions greater than 30 um were 

observed. This was due to higher supersaturation 

and hence more inclusion nuclei formation leading 

to more small oxide inclusions. 

Inclusion Deformation 

All the sulphide inclusions observed in the steels 

exhibited decreasing relative plasticity index 

values with increasing rolling temperature. 

At low rolling temperatures, silicate inclusions 

exhibited either rigid or brittle behaviour 

depending upon their composition. 

In the case of more rigid silicate inclusions, 

the formation of conical voids in association with 

the inclusion-metal interfaces was observed. 

All the silicate inclusions showed a rapid transition 

from non-deformable to deformable behaviour on 

reaching a narrow critical rolling temperature 

range. This rapid transition was less marked in 

inclusions which exhibited precipitation at lower 

rolling temperatures. 

The transition from non-deformable to deformable 

behaviour normally occurred at temperatures more 

than 200°C below the estimated liquidus temperature. 
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(6) 

(7) 

(8) 

(9) 

(10) 

The relative plasticity index of the silicate inclusions 

decreased as the rolling temperature was increased above 

the transition temperature range. 

At temperatures well above the transition temperature, 

the inclusions appeared to break up in a fluid manner. 

The effect of sulphur (content of the melt) in 

reducing the non-deformable/deformable transition is 

dependent upon the nature of inclusions. In lower 

manganese oxide inclusions (of compositions -33% MnO, 

52% Sid,, 10% A1,0., 33 FeO, 2% S, and 54% MnO, 

34% Si0,, 6% A1,05, 

be predicted by the change in inclusion composition 

2% FeO, 4% S) this effect can 

to the lower liquidus composition in the MnO-Si0,- 

A1,0, system as the sulphur content of the melt 

increases. 

Sulphur has no effect on the non-deformable/deformable 

transition temperature of oxide inclusions with 

compositions in the region of Tephroite and 

Rhodonite. 

The apparent decrease in dissolved sulphur in 

Rhodonite and Tephroite inclusions at rolling 

temperatures of 1100°C was due to silica 

precipitation. 
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(11) 

(12) 

(13) 

(14) 

The relative plasticity index of inclusions 

decreased as their size decreased. There may 

be a limiting critical size, under any given 

set of conditions, below which the inclusions 

do not exhibit any deformation. In the present 

investigation the critical size was found to be 

about 2 um. 

Spheroidisation of small deformed oxide and 

sulphide inclusions increased with increasing 

reheating time. At a constant reheating time, 

spheroidisation of small oxide inclusions increased 

with increasing reheating temperature whilst 

spheroidisation of sulphide inclusions appeared 

to remain constant. Spheroidisation of small 

inclusions thus enhance the relative plasticity 

index-size relationship. 

Sectioning contributes towards the variation of 

inclusions relative plasticity index with inclusion 

Size. 

All inclusions exhibited lower relative plasticity 

index values as the matrix strain increased and this 

is due partially to the following factors: 

(i) At small total reductions the frictional 

constraint is less dominant whilst at 

large total reductions this effect is 

pronounced hence the lower relative 

plasticity index exhibited by inclusions; 
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(15) 

6.3 

(1) 

Ga) For a multipass process, strain rate 

increased with decreasing ingoing thickness 

which led to an increase in the value of 

apparent inclusion to matrix flow stress 

ratio; 

(iii) At the transition temperature, the 

temperature rise in the sample contributed 

towards the decrease in relative plasticity 

index. It has been shown that the 

theoretical temperature rise increased with 

decreasing ingoing thickness. 

From relative plasticity index-composition diagrams 

the non-deformable/deformable transition temperature 

has been estimated for oxide inclusion compositions 

within the range of the present work. It was 

observed that the lowest temperature for the transition 

from non-deformable to deformable behaviour occurred 

when the inclusions composition lay within the low 

liquidus composition region of the MnO-Si0,-A1,0 

system. 

Estimation of Inclusion Strain in the Third Dimension 

It has been shown that the equation derived by 

Wardle (100) gor the estimation of inclusion strain 

in the third plane (appendix 3) if the inclusion 

strain in the two other planes are known gives a 

very good estimate. The estimation was not affected 

by changes in the height to width ratio of the 

sample to be rolled. 
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(2) 

(3) 

6.4 

(1) 

(2) 

The equation derived by Wardle for the estimation 

of width spread, foe (appendix 3) showed that the 

large oxide inclusions (diameter >10 um) 

exhibited greater relative width spread compared 

to the smaller oxide inclusions (diameter <5 um). 

This effect was pronounced when the height to 

width ratio of the sample to be rolled increased 

from 0.5 to 2.0. 

Wardle's equation for the estimation of plane 

* 

pe 

non-plane strain conditions are operative and if 

strain inclusion plasticity index, v__, assuming 

&, is known, gave a realistic value of 2.2 for 

the large oxide inclusions (diameter >10 um). 

The equation could be a practical means of 

determining inclusion volume relative plasticity 

index. 

Influence of Inclusions on Notch Ductility Measurements 

It has been shown that the dependence of the 

polynomial A(r) on the metallurgical properties of 

steel can be revealed significantly when the notch 

root radius tends toward zero. 

From limited results, a possible dependence of 

A(r) on the relative plasticity index of inclusions 

has been shown.



(3) 

(4) 

(5) 

It has been illustrated that the strain to fracture 

was dependent on the percentage area fraction of 

both oxide and sulphide inclusions. 

The morphology of MnS inclusions gave rise to the 

anisotropy of ductility relative to the rolling 

direction because of its high deformability in hot 

rolling. Anisotropy is much more pronounced in 

steels containing type II MnS inclusions than steels 

containing type I MnS inclusions. 

Increase in sulphur content of the steel led to a 

corresponding decrease in the percentage reduction 

in area and the tensile strength of the unnotched 

steel specimens.



0 2 RECOMMENDATIONS FOR FURTHER WORK 

(1) 

(2) 

(3) 

(4) 

The effect of strain rate on inclusion deformation 

should be studied in detail. It has been shown 

theoretically that increase in strain rate leads to 

a corresponding increase in temperature rise in the 

steel upon rolling. The effect of strain rate on 

inclusion deformation can be studied accurately by 

the use of a Camm Plastometer. 

In order to study the deformation of small inclusions 

accurately, scanning electron microscope (S.E.M). 

should be used. This is because the resolution 

limit of S.E.M. is much better as compared to 

ordinary optical microscope (i.e. Vickers Projection 

Microscope). The use of S.E.M. will enable, the 

investigator to give a critical inclusion size under 

which no deformation takes place. Also the S.E.M. 

can be used to determine both composition and 

deformation of inclusions if an electronic circuit 

can be developed to do the measurement. of inclusion 

deformation and E.D.A.X. attached for compositional 

analysis. 

The nucleation and growth of precipitates in inclusions 

should be studied quantitatively at various heat 

treatment temperatures for various inclusion 

compositions. 

The use of hot torsion test to investigate the mode 

of inclusion deformation at various shear strains 

from the surface to centre of the specimen. 
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(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

The solubility of sulphur in various inclusion 

compositions should be studied in detail. 

In order to obtain a more detailed interpretation 

of the physical significance of the polynomial A(r) 

and its dependence on the metallurgical properties of 

different steels, notches of root radii less than 

O.1 mm should be used. The metallurgical properties 

can be magnified if the root radii is less than 0.1 mm. 

The dependence of A(r) on the inclusion plasticity 

index should be studied in detail, so that the 

matrix constant, ay, can be determined and related 

to the inclusions relative plasticity index. 

The dependence of void growth on different shapes 

of inclusions (non-deformable and deformable) should 

be studied in detail so that it can be related to 

ductility of the material. 

The strain distribution in the matrix during rolling 

should be analysed-criticallyso that the deformation 

of inclusions can be determined by the use of the 

ratio *inclusion strain to localised matrix strain 

(the matrix strain around the inclusion). 

It may be interesting to investigate the machinability 

of steels deoxidised by deoxidant Al2 (varying the 

sulphur content of the steel from 0.05% to 0.3%) 

since the composition of the oxide inclusions 
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(11) 

(12) 

present in the steel is changed by the increase 

in the sulphur content of the steel. At higher 

sulphur contents the composition of the oxide 

inclusions was pushed into the lower liquidus 

(temperature) composition region of the Mn0O- 

Si0,-A1,0; system. 

The formation of sulphide and oxy-sulphide 

inclusions formation in steels deoxidised with 

Mn-Si alloys and Mn-Si-Al alloys should be 

studied in detail. 

The rolling load during the deformation of the 

as cast bar should be measured so that the 

theoretical temperature rise can be found and 

its effect on inclusion deformation correlated.
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APPENDIX 1 

1.1.0 Calculation of Deoxidation Alloy Composition 

Consider ‘'Al15' 

To calculate the deoxidation alloy composition to obtain a 

oxide product 30% MnO, 40% SiO, and 30% Al,0.. Assume 100% 

utilisation of deoxidation alloy addition and production of 

100x107 >kg of oxide. 

Oxygen combined as MnO in product = ao + Los = 6.761x10~>kg 

" " sisi eee = Wx 32 « 21,333x10°*ke 

" eet eal, Orie a io 

Total oxygen per 100x107 >kg of deoxidation 

product = 420212, 100° ke 

Fraction of total oxygen combined as MnO = 0.1602 

" " " " " " sio, = 0.5054 

" " " " " " Al,05 =) 0.3344 

1.0090 

The oxygen available for deoxidation is 0.085% (assuming that 

an initial level of oxygen in melt to be 0.090% and the 

residual oxygen level of 0.005%) and it will be distributed 

between MnO, Si0,, and A1,03. Thus: 

Oo" as MnO = 0.085 x 0.1602 = 0.01362% 

o" as SiO, = 0.085 x 0.5054 = 0.04296% 

OF aS Al,05 = 0.085 x 0.3344 = 0.02842% 

0.08500% 
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Stoichiometric requirements for Mn, Si and Al in products 

are: 

vn = (0.01362 x 22 = 0.04688 

si = 0.04296 x $$ = 0.05768 

Al = 0.02842 x 34 = 0.03208 

The equilibrium amount of Aluminium is negligible Gu.eamess 

4 
than 10 ‘wt$). The silicon or manganese required for 

equilibrium purposes can be obtained from: 

a 2Mo 
‘MO oM x 50 

The equilibrium data: 

For formation of MnO : activity = 0.15 C Ky 373° = 1.99x10+ 

' ij 5 Ss ( = 4 

e ; iat $id, : Be = 0.30 Ki 973° = 4.22x10 

For % Mn in equilibrium: 

Le Ons 
1.99 x 10 Winx (0.005%) 

ta Mn = 1.5075 wt% 

For % Si in equilibrium 

4 ~ 0330 
W272 «x. 10 YSix(0.005t)2 

iG 4% Si = 0.2843 wt 

Hence for a 100x107 >kg melt the total required amounts of 

deoxidising elements are as follows: 

1.5543x10~>kg 
Bis Mn required for product + equilibrium 

Si a i 1 Si HM = 0.3219x10 “kg 

Al " " Gel " = 0.0320x107 *kg 

Thus the total weight of the deoxidant 

required (for 100x107>kg melt) = 1.9082x107 >kg 

Composition of the deoxidation alloy 'A15': 

Mn = 81.45% 

Si = 16.87% 

Al = 1.68%



Calculation of the deoxidation alloys A7, A6, and Al2 are 

identical but the activity data is different for each 

deoxidation alloy. 

1.1.1 Calculation of Fe,0; addition 

Assuming the following reaction occurs: 

1460°C. 
6Fe,0, —————+ 4Fe,0, + 0 — 3°4 23 2 

Assuming that the initial oxygen content of the electrolytic 

iron is 0.06 wt% and the required level is 0.090 wt% then 

the amount of oxygen to be added is 0.03 wt%. Allowance for 

reduction of Fe,0, : ~ 16) ~ oe i 

equivalent O as Fe,0, = 0.03 x i = 0.03375% 

wt
 48x10 °kg of oO" 160x10"*kg of Fe,0, 

1x1075kg of 0" = 3.33x107*kg of Fe,0, 

Hence % addition of Fe,0, = 0.1125% 

Therefore in a charge of 1500x107 *kg electrolytic iron, 

Fe,0, addition = 1.6875 v 1.69x107*kg 

1.1.2 Calculation of FeS addition 

Hes, = (56% 32 = 88x 107 *kg mole wt. 

1 part sulphur requires se parts FeS. Assuming an initial 

sulphur content of about 0.005%. To obtain a desired level 

of 0.1% sulphur requires addition of 0.095% sulphur. The 

FeS used contained 70% sulphur. Thus the amount required 

to be added to give a desired level of 0.1% sulphur in a 

charge of 1500x107 >kg electrolytic iron is: 

Sox DOs x ARS = 5.60x107 kg 
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APPENDIX 1.2 

CALCULATED DEOXIDATION ALLOY COMPOSITIONS 
  

  

  

  

  

% a Stoichio- = 5 
Deoxidation Oxide MO, metric =at 1600°C Total % Alloy 

Alloy Element Product (1600°C) wt’ wts wt% Composition 

AO Mn SS: 0.18 0.099 1.829 1.928 Taso 

Si 45 0.68 0.049 0.653 0.702 26.69 

Al - = - - = = 

2.630 

A7 Mn 60 0.27 Oars 2.744 2.857 85.90 

Si 40 0.44 0.046 0.423 0.469 14.10 

Al a = = a = re 

3.326 

Al2 Mn 35 0.05 0.056 0.508 0.564 58.45 

Si 45 0.35 0.043 0.336 0.379 $9.27 

Al 20 = 0.022 = 0.022 Zo28 

0.965 

A1S Mn 30 0.15 0.0468 1507'S P5545 81.45 

Si 40 0.30 0.0376 0.2843 0.3219 16.87 

Al 30 = 0.0320 = 0.0320 1.68 

1.9082 
 



SO
s 

Le
 

=o- 

  

  

  

  

  

% Fi Stoichio- “ mn 
Deoxidation Oxide MO, metric =at 1600°C Total % Alloy 

Alloy Element Product (1600°C) wt% wt% wt’ Composition 

Dis Mn 55 0.05 0.56 0.508 0.564 $8.45 

Si 45 0.35 0.043 0.336 0.379 59.27 

Al 20 = 0.022 - 0.022 2.28 

0.965 

DZ] Mn = ns 5 = 1.000 Fass 

Si - - - - 0.379 27.05 

Al = = = = 0.022 157 

1.401 

DSA Mn. = m = es 2.900 83.30 

Si fs & = - 0.379 5o79 

Al = = = 0.022 O291 

2.401 

DA** Mn = - = = 1.000 81.63 

Si = = = = = = 

Al = = = - O.225 d52357 

i225 

* Al2 plus extra or no Mn addition 

=> Blended deoxidant
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APPENDIX 2 

TABLE 4.5 

Sulphide Inclusion Distribution 

  

  

  

  

Sample % Sulphur Number of inclusions >D, mn? Number of fields=12¢ 

in Melt 1 Z 3 4 5 6 8 10 ® Area 

DI 0.02 9atTs 306.9 82.5 38.7 14.8 10.0 6.0 See 0. 283 

D1 0.10 1039.5 S995 188.1 89-5 $9.63 24.5 12.8) 10.6 0.503 

D1 0.20 1656.9 861.7 268.6 117.6 54.6 Siow 1623 Dive O5723 

D2 0.02 655.535 297.1. 81.8 34.0 12 (ye 4.8 oil O25 7 

D2 0.10 205277 910.0 166.2 64.2 Sih DSSS 7.6 aie 0.700 

D2 0.20 2623.2 TS57 <8 581.0) 158.9 SOin5: 28.2 2.6 4 OF993: 

D3 0.02 1244.6 481.5 120.6 43.6 RRS 12.8 a8 1.0 0.374 

D3 0.10 2003.5 581.4 Shee 28.7 an.5 4.8 “2 Zod 0.556 

D3 0.20 3156.2 965.2 LIS 38 55.8 20.7 11.2 5.5 2.7 0.811 

t+ 
oO 

= diameter of inclusion (ym)
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APPENDIX 2 

  

  

  

TABLE 4.6 

Oxide Inclusion Distribution Number of fields = 120 

a. \ eee) 
ae % Sulphur Number of inclusions >Do+mm 

one in Melt 1 2 5 10 15 20 30 40 % Area 

DL 0.02 247.9 208.5 40.3 4.8 0.8 0.4 0.4 > 0.197 

DL OF10: 229°..6 179.6 40.9 ee 32 0.5 = = 0,236 

D1 0.20 208.6 216.4 48.6 12,8 Sue 20 ee 0.4 OnS39 

D2 0.02 Ter 58,6 Dien 1,6 0.8 0.8 = 4 0.054 

D2 0.10 Uo 100.4 ee 4: 1,6 0,8 = = = 0.114 

D2 0.20 149.1 22.6 Zoek 8,0 3,6 2.8 1.6 2 0,180 

D3 0.02 34.5 27.1 6.9 0.5 i = = = 0,029 

D3 0,10 35a 30.8 9,0 4.3 ee OS: = = 0,048 

DS 0.20 26,6 21.8 67.9 Let = = = i 0,036 
  

1D, = diameter of inclusion (ym)
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TABLE 4.7 

Inclusion Distribution Number of fields = 280 

Sample - 3 Numer of inclusions =D, mm > oe - 10 

AG, 345.9 61,8 9.2 5.4 4.1 aa Sor 2.6 Dee 

Ao, 309.0 S552 7.0 S29 342 263 16 ic Leo 

AT, 360.2 0829 $.3 4,1 2.9 Bio! 2,4 1-9 18 

AT, 456.2 122.8 BS o65. Zon 25 ig 15 2 

Al2) 624.9 180.9 23,0 oes 6.4 54 42 3.4 Sek 

Al2, 608.8 Ee 19,0 oe Ges 4,6 3.8 Seo 520 

AlS) 356.4 18.5 15k 5,6 3.3 263 16 1.4 1,4 

AS, 576.5 188.0 Leo 5,6 3.3 2,0 Ved 0,8 0.8 

bbe = diameter of inclusion (ym) 

Subscript 1 indicates the sample was taken from top of the bar, 

and subscript 3 ie " i MN ut " pottom of the bar.



APPENDIX 2 

TABLE 4.8 

Mean 'as cast' inclusion composition 

  

  

  

  

  

  

% Sulphur 
in Inclusion 

Melt melt phase MO% Range SQ 05.2. 

AG 0.07 se ae = 6 1.74 0.55 

Feo? Zi ee 0.91 0.29 

Mnot 56, 55-580) 1,83 0558 

Sid; 38 34-40 0.80 0.25 

A6 0.10 So Gee 3528 1.56 0,38 

Feo? cameos 1.88 0,46 

vnot Gheista sos 15a, 28 

Sid} 35° 30469. 2,73 0,66 

A6 0.20 S Su montie 2, tomes 

Feo! ge) ies 0.61 0,14 

mnot Gomes 5 ote 1409 003d 

sios 2 een ssi 2, 55n Oss 7 

AT 0.07 3 dee ees Vesa aonas 

Feo! 4 3-6 1,02 0.36 

vmot 59 | 58-60 0.78 0,27 

Sid; Bs Seas Wadi Ons0 

AT 0.10 Ba Cage 4 a8 1.36 0,30 

Feo! Sno 2u51, O52 

not 60 58502. 2.17 0149 

Sid} 31) 20-65) eds Oy 52 

AT 0.20 SS 7 ee esl, 0.64 

Feo! Zip ested 0.73 2001s 

vnot 62 562654 2 45 050 

Sid; 29° 24-58 3 Tee On76 
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APPENDIX 2 

TABLE 4.8 (cont'd) 

  

  

  

  

  

4 Sulphur 
in Inclusion 

Melt melt phase MO% Range SoD. S.B N 

Al2 O07 ass AD Sas 0.68 0.24 8 

Feo! cn 0.34 0.12 

Mnot 335 ese 51 el CO Ons 

Sid; 5208 45-Seuee2)20 0479 

Al, 05 10, s6712,) 12.02) 04536 

Al2 6.10 st Zz 6123 0.49 0.09 29 

Feo! 2 1% 0.40 0.07 

ynot 31 29-55) Sol 0.19 

Sid} 46 B4iesG) 2614 90.39 

Al,0, 194) 5-27 239" ae 

Al2 020mnES. fae? 0.48 0.11 20 

Feo? Speened G.674e 015 

not Sa 2 7-35 DeBus Oo 

Sids S40) 50-579 2,150 0.48 

A1,05 Mee Rots ae laenOnee 

Als O07 as: cae e9 @, 34 0068 12 

Feo? las 0.59 0.17 

vino 54, 52458) 12-20 80¥65 

sio} 34 30-39 «3,68 1.06 

AL,0, Gus 10, 26s 062 

Als Ca0tems. es O,s Ovls 1s 

Feo! 2 asd 0.66 0.17 

vmot 47 46-50 0.86 0,22 

Sid} Bde 32-300 Ones EO gee 

A1,0, 15 U217— 153/040 
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TABLE 4.8 (cont'd) 

  

  

  

  

  

% Sulphur 
in Inclusion 

Melt mett phase MO% Range SoD SEs 

Als 0.20 3s Sa = 2.54 0.51 

Feo? DO eS 0.41 0.08 

ynot 53 51-57 1.39 0.28 

Si05 B50) 25256 me 2 76-00-55 

A1,05 9 8-9 0.44 0.09 

Dl 6202 ese item? 0.31 0.05 

Feo! go 1.26 0,22 

not 30 27-5) 22,10" 0.19 

Sid} 4438-47-87 0.32 

Al, 05 22.) 20628... 1,69 0,29 

D1 Ontones: eo 0.72 0.16 

Feo? Si 225 2 sons 

no! Sle Oa ol annie ae. 2° 

sio} 55 o- S92 on OO 

A1,05 FO G>ESs easy OS) 

D1 0.20 st ees 0.92 0.20 

Feo sees 0.35 0,08 

vnot SOMME 5 A535 Merz 50 = One 

sid} 54 de 65 9 93,7 20.78 

A1,05 12 Osta ea O24, 

p2 Or07 nse joe oa 0,62 0.15 

Feo! BPO) ee i FO 40 

vnot Ime AS 5. 1.62 0.58 

Sid; 38 37-40 «1.25, 0,29 

A105 Ge Ne 6sise . 2.02 BO4s 
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TABLE 4,8 (cont'd) 

  

  

  

  

  

$ Sulphur 
in Inclusion 

Melt melt phase MO$ Range Sp. oc. 

D2 O10) 4s" 30 eee 0.99 0,25 20 

Feo! 2 nes Wyle oy 26 

vnot ¢5 a o-S00gue2 92) 0.67 

Sid} 57 32-40 e267 ON? 

41,04 16 2 4229. 4,81 2,10 

D2 O20. Sa eS 0.84 0.21 17 

Feo! eed 0.37 0.09 

vinot #5 47-60 92.52 80-58 

Sid} Sop =37-4) GL le oboe 

1,05 120 Soalge S12 Onze 

D3 Croc amans 5 28 1,39 0.34 18 

Feo! Geates 0.60 0.15 

Mnot Si, 46-56 2,83 0.69 

Si} Sinz 723350 es 0. 50 

Al, 04 is aie -2 Sand 27 

D3 Ot Se eas 0.70 0.17 19 

Feo! ee 0.55 0.13 

not $1 47-57) 2687) 0168 

Sid} 50 ge 2Sas3 ero O42 

A1,05 15) 6523 4566) 1,10 

D3 comme! peeras O57 0,14 418 

Feo! ees 0.66 0.16 

ynot WG 45-55 Se 70.74 

sio} SOM 2735.9 2,00 s0.48 

Al, 0% T9926) raeg ees 
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TABLE 4.9 

MEAN INCLUSION PLASTICITY INDEX 

For the oxides Ymajor axis x minor axis >10 um 

  

  

  

Plasticity 
% Sulphur Rollig Type of index 
in melt Temp. inclusion v SeD. 3S.by ON 

0.07 1000 Oxides 0.03 0.04 0.00 90 

Sulphides 0.97 0.20.50; 027591 

1100 Oxides 0.82 Og1S 0202) 90 

Sulphides 0.70 0.20 0.02 90 

1200 Oxides 1.41 0,115 0.01 90 

Sulphides 0.49 6.16 (OR02 490 

1300 Oxides 1.45 0.15 (05027 Si 

Sulphides 0.35 0.16 0.02 90 

0.10 900 Oxides 0.05 0.04 0.00 90 

Sulphides 27 0.28 0.03 90 

1000 Oxides 0,21 0.19) 0702 90 

Sulphides 0.96 GW Chey Cie 

1100 Oxides 1329 Oedi52 0.01590: 

Sulphides 0.57 OL O02 592 

1200 Oxides 1.48 0,09 O;01" 90 

Sulphides 0.41 Ontos 0.02 92 

0220 900 Oxides 0,08 0,08 0701 90 

Sulphides 1.07 0.18" 0.02 90 

1000 Oxides On2L 0,14 0,02 90 

Sulphides 1,03 0.21, 0.02" 96 

1100 Oxides OF59 0.24 (0,03 90 

Sulphides 0.81 On 0,027 90 

1200 Oxides 139 OS 0. Ol noo 

Sulphides 0.60 0.22) (0.02 90 

1300 Oxides 122 0.21 0.02 90 

Sulphides 0.45 O,2L 0.02 90 
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APPENDIX 2 
TABLE 4.9 (cont'd) 

  

  

  

  

Plasticity 
% Sulphur Rolling Type of index 

Melt in melt Temp. C inclusion v S202 )S.E5  N 

A7 0.07 1100 Oxides 51 O.22 0.02 90 

Sulphides 0.59 0.18 0,02 91 

1200 Oxides 1.45 0.14 0.01 90 

Sulphides 0.36 QOS .0,02 290 

1300 Oxides 1.60 0.13 0.01 90 

Sulphides 0127 0.10. 0.01 90 

A7 0.10 900 Oxides 0,03 0.02 0.00 90 

Sulphides doo On18 40702 90 

1000 Oxides 0.18 0.26 0,03 91 

Sulphides 1,07) OcZ5" 0.03 90 

1100 Oxides 1.48 Olealiye 0 Oe0 (9 

Sulphides O,7 5 0,24 0.035 90 

1200 Oxides 1:55 0.10; 20,0190 

Sulphides Ona O. 19 -0..02 | 290 

A7 Oe2e0 900 Oxides 0.07 G,,06.50.01 50 

Sulphides 1.07 OA 02.02, 90 

1000 Oxides One7 0527. 0,03- $0 

Sulphides 0.92 Ovi8 OG2" 80 

1100 Oxides 1.42 O15) O02" 90 

Sulphides 0.66 Q,.23:.90.02 290 

1200 Oxides 52 0,15, 6,02. 96 

Sulphides 0,43 0,17 06,02 90 

1300 Oxides 1.41 O.16 0,02 90 

Sulphides Craw O.13 0.01 790 

Al2 0.07 900 Oxides 0.28 0.39 0:04 90 

Sulphides DO? 0,33 0.03" 90 

1000 Oxides OCFS 0.39 0.04 90 

Sulphides 07.97. 0,22 0,02 90 

1100 Oxides 1.32 O18 0,02 90 

Sulphides Ou ds OF22 0,02 90 
  

Oak



APPENDIX 2 

TABLE 4.9 (cont'd) 
Plasticity 

  

  

  

  

% Sulphur Rolling Type of index 
Melt in melt Temp. -C inclusion v Dea) Ore 

Al2 0.10 800 Oxides 1.16 0.20 0.02 90 

Sulphides = = = = 
900 Oxides 1.55 0.12 0.01 90 

Sulphides 1.42 0.22 0.02 90 
1000 Oxides 1.40 0.16 0.02 90 

Sulphides 1.04 0.22 0.02. 92 

1100 Oxides 1.29 0.13) 0.01, 90 

Sulphides 0.80 0.17 0.02 93 
1200 Oxides 1.16 0.19 0.02 90 

Sulphides 0.65 0-21.10 02 af 

Al2 0.20 800 Oxides Lae? O20) 0402-107 

Sulphides 1.09 Oans 0.02 ~ oF 
900 Oxides 1.33 O21 O02 90 

Sulphides 107 0:20: 0.02 90 
1000 Oxides 0.91 0.45 0.05 90 

Sulphides 0.95 0.24 0.03 90 
1100 Oxides 14/30 0.14 0.02 90 

Sulphides 0.95 0.22 (0.02 90. 
1200 Oxides 1.28 Os19 (0502 WSs 

Sulphides 0.77 0.21 0.02 90 

AlS 0.07 900 Oxides 0.05 0.03 0.00 90 

Sulphides 1.07 O.17 0502 90 

1000 Oxides 0.39 0.20 0.02 90 

Sulphides 0. 80 0.20 0.02 90 

1100 Oxides 1.44 0.21) 0202 90 

Sulphides 0,56 0.18 0.02 90 

A1S 0.10 900 Oxides 0.04 OOS 07017 90 

Sulphides eee 0.24 0.03 90 

1000 Oxides 1.34 0.22 0.02 90 

Sulphides 1.06 0.29 0.03 90 

1100 Oxides 1.28 0.25 0.03 90 

Sulphides Ors 7 0.20 0.02 90 
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APPE NDIX 2 

TABLE 4.9 (cont'd) 

  

Plasticity 
% Sulphur Rolling Type of index 

Melt in melt Temp. C Inclusion v SD S.E. N 

AlS 0.20 900 Oxides 0.06 0.07 O.01 90 

Sulphides L523 0.18 0.02 90 

1000 Oxides 1.42 0.22 0.02 90 

Sulphides 0.84 0.21 0.02 90 

1100 Oxides Lie 0.14 0.01, 90 

Sulphides 0.69 0.21 0.02 90 
  

Tide
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TABLE 4.10a 

HEAT TREATMENT RESULTS 

Specimen: Al2 (0.1%S) rolled at 900°C : Matrix reduction = 50% 

Homogenisation temperature = 900°C 

  

  

  

  

  

  

  

Mean 
Plasticity 

Homogenisation Type of Index 
time inclusion v Ss Die Saes 1N 

0 Sulphides 1.35 02 260.038 292 

Oxides /ab<5 05: 0.237 0.03) 48 

Hi S<V¥ab<10 ss OoL7> 0202-0590) 

“ Yab210 1.55 Osl2) 0.01 7 90 

30 mins Sulphides 0.92 O7L77 70702 90 

Oxides /ab<5 0.97 0.20 0.03 45 

ay 5<Vab<10 123 0.18 6.02 90 

i Yab210 1.54 O.12 OF01 92 

24 hours Sulphides 0.79 0.14 (0.0L 90 

Oxides /ab<5 0.86 Osi? 80.035 45 

" 5</ab<10 1.14 O.b7, 0,02 SO 

iy Yab>10 Lede. on09° (0.01 96 

72 hours Sulphides 0.66 O<17 10.02) 90 

Oxides Yab<5 0.75 0.29 0.04. 45 

8 S<Vab<10 1.10 0.23" Ws02" 80 

Yab>10 1.43 >. Lens 029 90 

TABLE 4.10b 

Specimen: Al2 (0.1%S) Homogenisation time = 72 hours 

Mean 
Plasticity 

Homogenisation Type of Index 

temperature inclusion v S.Di Seeks oN 

1000°c Sulphides 0.66 0.22 0.02 90 

Oxides /ab<5 0.39 0. 180.02, 990) 

i 5</ab<10 On? 0. 26) O05 790) 

Me Yab>10 1 O.16)° 0.02 90 

1100°C Sulphides 0.59 0.19 0.02 90 

Oxides /ab<5 0.22 O41 OLOLy 90 

My S<v¥ab<10 0.54 0.25) 0.02 30 

ie Yab210 1.26 0.20 = 0.02 99 

  

Lote



APPENDIX 2 

TABLE 4.1lla 

Specimen: A512 rolled at 900°c : Matrix reduction = 70% 

Homogenisation temperature = 900°C 

  

  

  

  

  

Mean 
Plasticity 

Homogenisation Type of Index 

time inclusion v §.D SE. 2 N 

0 Oxides Vab<5S 0-13 Qs16 0202). 41 

H 5<Vab<10 0.21 0.18 0.03 46 

seh Yab210 0.28 O.22 0203. 05 

72 hours Oxides Yab<S 0.05 @.08 0.01 9T 

" 5<V¥ab<10 OS O.19' 0.02 +90 

, Yab210 0.27 Qe2 2 On O2e nom 

TABLE 41D 

Specimen: A112 rolled at 900°C : Matrix reduction = 70% 

Homogenisation temperature = 900°C 

Mean 
Plasticity 

Homogenisation Type of Index 
time inclusion v Su laee ee 

0 Oxides Vab<5 O22 0.29 0.04 45 

m  Ssyab<10. (0.53 0.49 0.07 45 

i Yabz10 1.04 Oclar 7O.'02) 45 

72 hours Oxides /Ab<5 0.14 0.17" 0.03: ~ 45 

Wa Sz /ab—10 0.43 0.42 0.06 48 

1 fJabs10 0.96 Ovl4e 02078 Sa! 
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TABLE 4.12a 

Results of tensile tests on unnotched specimens from the 
alloys of steel D. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

% % Reduction UTS 
Specimen Elongation in area KN/mm 

D1O (i) 45 76 SS552 

(ii) 45 75 364.5 

DIT (a) 44 70 $21.2 

Ci) 45 70 Sa Say. 

D1IZaG@) 42 65, 342.9 

p20 (i) 46 80 462.9 

D21 (i) 42 68 667.0 

(a) 45 70 362.9 

p22, (4) 42 68 344.4 

D30 (i) 38 65 418.5 

Pee) 40 66 420.1 

DST (i) 42 68 413.9 

Ga) 34 66 424.7 

D32 (i) 42 65 409.3 

TABLE 4.12b 

Type of Strain to fracture UTS 2 

Specimen specimen Ee (KN/mm*) 

Die Longitudinal ONT 434.5 

0.292 436.2 

DL % Long transverse 0.1912. 437.3 

DI* ‘as cast’ O5235: 416.7 

D4 Longitudinal O15: S292 

O55 326.71: 

D4 Long transverse 052535 324.1 

= 324.1 

D4 Nas casi.” Oss: 118.7 
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APPENDIX 2 

TABLE 4.13 

Notch tensile test 

  

  

  

Notch Notch 
root Stress Notch strength Total % Area of 
radius concentration 3 Stren th ratio extension oxides and 

Specimen (r)mms factor (K,) (K,-1) KN/mm N.S.R, (ms ) sulphides 

D101 1.02 835 0.582 546.9 1,520 eee 0.48 
D102 1-02 25835 0.582 Sono) 1.478 ge 50) 
D103 1.02 1.840 O75935 DSL) 1.476 1.22 
D104 0.26 3.150 9.940 596.5 1.658 dic2'S 
D105 0.26 3150 9.940 602.3 1.674 1.30 
D106 On 26: 3.100 9.261 609.5 1.694 = 
D107 0.16 3.950 25.670 618.1 1ene8 1.26 
D108 0.16 52950 25.670 6197-3 eee 1.26 
D109 0.16 3.900 24.389 601.8 2672 P28 

D111 1.00 1.870 0.650 45103 1.408 a 26. 0.739) 
D112 1.00 1.850 0.600 413.7 L291 1.20 
D113 1.00 1.850 0.600 477.8 2.491 1.00 
D114 0.26 3.150 9.940 528.4 1.649 0.90 
D115 0.26 3.150 9.940 $32.1 1.660 1.10 
D116 0.26 3.200 10.650 47S. 2 1.483 0.90 
D117 0.16 512950 25.670 658.0 22053 0.65 
D118 0.16 4.00 27.00 497.7 1.553 1,15 
D119 0.16 3.900 24.390 2 Sere 1.633 PAS 

D121 1.00 1.840 0.593 490.3 1.430 0.90 1.062 
D122 1.00 1.840 0.595 485.7 1.417 0.47 
D123 1.00 1.835 0.582 506.2 1.477 0.90 
D124 0.26 3.100 9.261 543.1 1.584 0.61 
D125 0.26 3.150 9.940 411.6 12207 0.60 
D126 0.26 3.150 9.940 544.3 1.588 0.60 
D127 0.16 35950) 25.670 572.1 1.669 0.73 
D128 0.16 4.00 27.000 530.9 1.566 0.90 
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APPENDIX 2 

TABLE 4.13 (cont'd) 

  

  

  

Notch Notch 
root Stress Notch strength Total % Area of 

radius concentration 3 eo enec ratio extension oxides and 

Specimen (r)mms factor (K,) (K,-1) KN/mm NcS.R. (mms ) sulphides 

D201 1,02 1.835 0.582 540.6 1.490 1.40 0.311 

D202 1.02 1.840 05593 454.1 LoZsh 1.45 

D203 L302 12835 0.582 546.9 1.507 LaF 

D204 0.26 52150 9.940 SS 7).8 1.647 1.50 

D205 0.26 3.180 10.360 579.4 1.596 1.50 

D206 0.18 3.670 19.034 629.2 1.734 he 50, 

D207 0.18 3.670 19.034 636.7 1.754 1.50 

D208 0.18 3.690 19.465 615.7 1.696 1.40 

D211 1.00 1.850 0.614 554.9 LES 19. ne 10) 0.814 

D212 1.00 1.850 0.614 535.8 1.467 ©e07 

D213 1.00 1.845 O2605 \ 562.8 1.541 1.00 

D214 0.26 3.100 9.261 628.0 et 9, oot 

D215 0.26 5.150 9.940 S977 1.637 0.93 

D216 0.26 SelOo 9.261 $97.2 1635 0.92 

D217 0.16 4.000 27.000 626.5 de 72S 0271 

D218 0.16 3.950 25.078 613.0 1.678 0.90 

D221 1.00 1.830 0.572 552.6 1.546 0.92 det 73 

D222 1.00 1.840 07593 496.4 1.442 1.08 

D225 1.00 1.840 0.593 516.1 1.499 1.05 

D224 0.26 35450 9.940 6355.67 1.614 0.80 

D225 0.26 aersd 9.940 559.6 ee 2:9 0.81 

D226 0.26 3.150 9.940 562.4 1.635 0.80 

D227 0.16 34950: 25.672 561.2 1.630 0.76 

D228 0.16 4.000 27.000 S572 2 1.618 0.90 

D229 0.16 4.000 27.000 $62.7 1.634 0.98 
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APPENDIX 2 
TABLE 4.13 (cont'd) 

  

  

  

Notch Notch 
root Stress Notch strength Total % Area of 
radius concentration 3 strength ratio extension oxides and 

Specimen (r)mms factor (K,) (K,-1) KN/mm NoScR? (mm) sulphides 

D301 1.00 1.840 O.595 654.2 1.560 1.46 0.403 
D302 1.00 1.850 0.614 619.3 1.477 1.50 
D303 0.26 3.100 9.261 725.4 1.730 1.46 
D304 0.26 3.150 9.940 688.2 1.641 1.46 
D305 0.26 3.100 9.261 754.3 12799 = 
D306 0.16 3.900 24.389 761.6 eeu s 1.35 
D307 0.18 3.750 20.797 669.6 1.597 1.46 
D308 0.16 4.000 27.000 660.8 1.576 155; 

D311 1.00 1.860 0.636 626.8 1895 0.93 0.604 
D312 1.00 1.850 0.614 627.7 1.497 1205 
D313 0.26 3.100 9.261 107.9 1.688 1.04 
D314 0.26 3.100 9.261 129-9. 1.741 0.84 
D315 0.26 S750 9.940 710.8 1.695 Ono 5 
D316 0.16 5.950 ZoeGle 749.6 1.788 0.84 
D317 0.16 4.000 27.000 716.8 1.710 0.80 

D321 1.02 1.835 0.582 659.2 1.562 0.71 0.847 

D322 1.02 1.838 0.588 = = = 
D525: 1.02 TB 35: 0.582 636.7 1.556 0.63 
D324 0.26 3.18 10.360 Esco 1.744 0.60 
D325 0.26 3529 10.503 686.7 1.678 0.57 
D326 0.26 3.18 10.360 121.5 dis hO'S: 0.55 
D327 0.18 3.70 19.683 155. % e798 0.63 
D328 0.18 3.05 20.346 697.9 1.705 0255 
D329 0.18 5.75 20.346 699.1 1.708 0.61 
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APPENDIX 2 

TABLE 4.13 (cont'd) 

  

  

  

  

Notch 
root Stress Notch Notch Strain to 

radius concentration 3 pereue ct strength fracture 

Specimen (7) mms factor (K,) (K,-1) KN/mm- ratio Ep 

Die 0.125 4.55 44.74 T2524 1.666 0.318 

Longitudinal 0.125 4.55 44.74 746.6 1.714 0.385 

02125 4.25 $4.35 738.5 1.696 0.399 

0.150 4.10 29579) 736.3 Lee Ms 0.338 

0.175 3.90 24.39 675.9 1.548 0.311 

0.250 35.50 12 eLy. 697.0 1.601 0.327 

DE* 021255 4.40 $9250 70902 1.622 0.238 

Long Transverse 0.150 4.20 S27 708.3 1.620 0.268 

0.150 4.20 32.77 706.6 1.616 0.300 

0.175 3.90 ZA S59 664.9 12520 0.265 

0.230 3.30 a2 5h7 626.4 1.432 0.250 

D1* 0.125 4.60 46.66 Ghee 12623 0.230 

"As cast! 0.140 4.30 35.94 597.9 15455 0.158 

0.150 4.30 35.94 657.6 1.578 0.221 

0.150 4525 34535 661.8 1.588 0.246 

Owls 3.90 24.39 658.1 1579 0.205 

0.45 2 h0 4.913 530.0 Lodi 0.260 

D4 0.125 4.55 44.74 406.3 1.240 0.200 

Longitudinal 054925 4.55 44.74 480.2 1.466 0.289 

0.15 4.20 32.77 473.4 1.445 0.301 

0.16 4.00 27.00 458.4 1.399 0.255 

0225 3.50 eal) 460.8 1.406 Oe 252 

0.25 3.30 Acer 2 = : 
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TABLE 4.13 (cont'd) 

  

  

Notch 
root Stress Notch Notch Strain to 

radius concentration 3 strength strength fracture 

Specimen (7) mms factor (K,) (K,-1) KN/mm ratio Eg 

D4 0.125 4.55 44.74 417.8 1.289 0.167 

Long Transverse 0.150 4.20 S277 402.5 L242 OSLST 

O.175 3.90 24.39 434.5 Peat O.182 

O2175 5200 24.39 501.9 1.549 0.247 

0.230 3.40 13.82 470.0 1.450 0.206 

D4 0.15 4.20 S2e1 S21.2 1.702 0.066 

“As cast O.15 4.25 34.33 376.1 12993 = 

OS 75 3.85 23515 360.3 1.909 = 

0.45 2.70 4.91 286.2 1.517 = 

0.55 2.50 5.58 ZS Tied 1505 = 
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TABLE 4.14a 

Verification of the Polynomial A(r) 

Values of A(r) for different notch radii 
  

  

  

  

Sulphur 
Specimen content r=1.00mm R=0.26mm r=0.18mm_ r=0.16mm 

D1 0.02 27d 1.04 = 0.45 

D1 0.10 LZ 1 1.00 = 0.42 

D1 0.20 W271 0.96 s 0.36 

D2 0.02 £2071 0.93 0.58 s 

D2 0.10 14.30 105 = 0.40 

D2 0.20 14.30 L02 a 0.36 

D3 0.02 14.30 Bes = 0.41 

D3 0.10 14.30 1.11 = 0.42 

D3 0.20 14.30 L307 0.53 a 
  

ae00r
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APPENDIX. 2 
TABLE 4.14b 

Values of A(r) for different notch radii 
  

  

Inclusion 

Specimen r=0.125 r=0.150 r=0.16 r=0.175 r=0.23 r=0.25 r=0.45 strain, ey 
mm mm mm mm mm mm mn 

pi* 0.414 0.537 - 0.753 - - 2.006 0.00 
‘as\ casts 

D1* 0.488 OF585 a 0.687 1.135 = = ser 

Long Transverse 

D1* 0.466 0.707 es Of727 = 2.570 = 0.70 

Longitudinal 

D4 = 1.045 ce LL "3 = 3.487 = 
‘As icast* 

D4 0.226 0.268 = 0.471 1.063 = = 3 
Long transverse 

D4 0.344 0.454 0.499 = a 1.120 ~ = 
Longitudinal 
 



APPENDIX 3 

warpLe's (10°) Equations 

Variation in v with respect to the plane of measurement 

Consider the case of homogeneous deformation such that an 

applied strain ey results in the two strains ey and ¢€_ 

which may have values 0 + eT 

ive. e Be ete 
J x be 

fy is the largest 

strain eee 

  

Z 

Now consider a block of material of volume Ds being 

deformed to a parallelepiped of axial lengths a, b, D, 

assuming also that there is no volume change. 

ie. 

Do 
Do 

  

    
  

  

    
  

-———_4 

Do 

(a e 
a 

Const. vol. D3 = adD 

True strains may now be given for each of the directions 

Xe V5 3 as: 

-204-



Considering each of the planes 

(XB) ey and Ey [in 

CZ) ey and €7 ‘ [sa 

(XY) : ey and ey : [2a 

on which strains act 

a is 0) 
Do an Do 

Dow D ] 
> in Do 

is 

For non plane strain in terms of physical measurement Do 

cannot be found and aspect ratios involving other axial 

lengths can only be measured, i.e. 

(X2) plane (XZ) 

(YZ) plane (YZ) 

(XY) plane A(XY) 

a/D 

D/b 

a/b 

Now consider the relationships between the quantity which 

can physically be measured, and the strains present on 

each of the plane. 

=20S=



(XZ) plane 

  

      

  

      

a 

——_ 

he cae 7 

1 

Do i D 
1 
1 
1 

m5 * inp- * MF 

1.6% ove RACK) ey 

Qn A(XZ) = fy - &% (3) 

(YZ) plane 

| | 

Do 1 
\ b 
1 

———————— oh 
D 

an p = an Po + (i 

tay) = ey $5 27 (ii) 

=206—



(XY) plane 

  

      

I 
i 1 

Do t l 

| b 

—__—————“ 

a 

gn z = in a + en pe 

an A(XY) = ey + Ey (212) 

Taking the limiting case of plane strain e, = 0 

Exe SY 

(XZ) plane 

gn ACAZ) = ey - Os Cys Sy 

(YZ) plane 

SOO NOAZY = gy + Oo = ey 

(XY) plane 

gn ACXY) = ey + ey = 2ey 

Estimates of the strain ey by measurements on any of the 

section planes are: 

as ey (XZ) = &m 2(XZ) (iv) 
1 All equal 

ey CYS) So nee) (v) under Po 

el (XY) = dan AcKY) ca) conditions.



These estimates are in fact the equations which are used 

in practice for measuring inclusion strains during rolling, 

where plane strain is assumed. 

When inclusion strains are measured on the false assumption 

that plane strain exists, the resultant measured quantities 

termed ey (| ) may be related to the linear strains Ex fy 

and E> ive. 

3 0G) ye Se (vii) 

ey (YZ) =U ey + hey (viii) 

et (XY) = i (ex + ey) (ix) 

eb(xz) = eb(¥Z2) = ey(XY) = ey 

in the limiting case of Pe when ey = 0& &y = €y- 

From the above equations it also follows that ed (XY) may be 

estimated from measurements of eb (XZ) and eb (YZ), i.e. 

ey(X¥) = dlex + ey) 
2 i (ero + ez] + [eyoz) - “]] 

25 OK) = Hey OZ) + 2012) (x) 

=206=



Estimation of width spread (e,) 
  

Taking the general case for the estimation of ey from 

measurements on the (XY) plane, using the equations 

which assume plane strain, i.e. (vi) 

eb (XY) = din QW) - 
3kn z 

Constant volume pa = abD 

a D8 
ey (XY) = z4n (pEz) 

= jin(P2)? + Jan Do 
D 

. AF Ata = ae 
Lees eyQ ie Ey 2&7 

Also 

ed (XZ) = e€ = € ¥ xX Z 

but ey 2e4 (XY) -  €y from eqn 

1 1 
ey (XZ) = 2ey (XY) = ty “es 

and ed (xy) ay - £2 from eqn Y Y 2 % 

iL ez 
ey (XZ) = 2 Ey - z) eahey cower 

i.e ed (XZ) = € -  2e x x Zz 

~209e 

(xi) 

(vii) 

(ix) 

(xd) 

(xii)



Graphically the variation of the measured estimates of 

ey (ex )) for conditions moving away from plane strain 

are: 

  

o 
G
t
 

a
 ~ nN
 

we
 uw     

0 

(P.) 

from which it is observed that as & increases ey (YZ) 

increases but both ey (XY) and eu(RZ) decrease. 

Estimating Ey from measurements of et (XY) and et (YZ) 
  

Combining equations (viii) and (xi) 
€ 

eh(yz) - e, = eb(xy) + 54 

a [ebcvz) = cay] (xiii) 

=210-



Similarly for the planes eh (XY) and ey (XZ) 
  

Combining equations (xii) and (xi) 

  

&. 

ey(X2)) 4) 28, = ey(QXY) + 34 

oa k & * ¢ Lebcxy) = ehcxz) ] (xiv) 

and for e4(XZ) and e4(YZ) ¥ ¥ 

Combining equations (xii) and (viii) 

S(XE)) Pest i= eh (Y2)) yo e Y Zz Y z 

1 = el chee eho) | (xv) 

  

  

Thus it can be seen clearly that by measuring any two 

strain estimates, the width strain €, may be determined. 

Derivation of a plane strain corrected plasticity index 

From the preceding section it is obvious that measurements 

of Ev ) on the (XY) plane will vary and become smaller 

as the amount of width spread increases. 

However, by making measurements either on the (XZ) or the 

(YZ) plane the value of ey (XY) ate, O may be 

determined, i.e. ey (e) 

From equation (xi) 

o 
a I 
ey (XY) = ay | 

o 
nN
 1 ey = ey(QX)) = >



Now under normal circumstances the relative plasticity 

index is given by v = e;/ Ent? i.e. the strain of the 

inclusion to the overall strain of the matrix. ey is the 

only strain which is a dependent variable. 

It is sensible to measure the matrix strain in the Y 

direction. i.e. ¢€ 
mY* 

v = as for P_ conditions = &n io 
a Pe eny € eny hE 

where plane strain conditions do not operate 

cf 
1 aieeey OY) Soins < 

sae
) (xvi) 

  

  

  

Now earlier in equation (xiii) E, was defined for the (XY) 

and (YZ) planes as 

17 4 Ledcvz) =x o 

and substituting into equation (xvi) 

f 1 1 ve = ey) ey) = ey 00) 
En -En 

2eh(xy) © eb (YZ) 
vx YS Y. (xvii) 

2 SE, 

  

  

ily



A similar expression may also be arrived at for ed (XY) 

ue and ey (XZ)- 

  

1.e@. 

1 1 1 vg 2 YO C89) OA, 
en 3en 

4eb (XY) - ey(XZ) 
VBe PM aoe ene aa (xviii) 

m 

and 
1 ae ey(XY) 6, ey(¥Z), = ey(XZ) 

BY Rais aa he 
En en 

1 el @yzy + e5(XZ) but ey (XY) Y Y 
2 

1 1 vg, = 26x02) + ey (2) a 

3e,, 
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APPENDIX 3(a) 

Summary of the more useful equations used for the 

measurement of strains on the various planes 

Physical quantities measured are MEX), NES) Lea (XZ) 

Quantities calculated are the values 

  

eb(xy) = Lana (xy) 

1 A ey(¥Z) = snd(¥Z) 

1 a ey (XZ) = nA(XZ) 

Planes €7= ey Estimate (Plain Strain) 

  

  

Con: a2} | Bebo - clown] | Hzeton + ehcyz) | 

Lom: «xz ] Alay = ebcxz) | Haka : elyz)] 

[ez):ca2)] | ede - ebcxz) | Hrehcvz) + eb xz) J       
+ preferred measurement planes 

Al 1 se ed(XZ) + ey(¥Z) 

2 

It 
ey (XY) = 
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APPENDIX 4 

THE CALCULATION OF THEORETICAL TEMPERATURE RISE DURING 

ROLLING 

In Fig. 163, the influence of ingoing thickness upon the 

mean rate of deformation is shown. From the diagram it 

can be observed that when the ingoing thickness changes 

from 24.13 mm to 2.54 mm the mean rate of deformation 

changes from 2.88 to 8.80 at constant reduction of 10%. 

Using the equation below, the resistance to homogeneous 

deformation, o, can be calculated by using known values 

of n and To: 

<1 

where o, = the stress associated with a rate of deformation 

equal to unity,n is the strain rate sensitivity index, and 

é is the mean rate of deformation. 

Values of strain rate sensitivity index, and 55> determined 

by Alder and Phillips (203) at 10% reduction and 

temperature of 1000°C for 0.17% carbon steel used 

n = 0.108, 9, = 89.6 MN nee 

Inserting these values in the above equation, the resistance 

to homogeneous deformation can be calculated: 

Ingoing thickness % reduction é 2m oF o,é" (MN n™2) 

24.13 mm 10 2.88 sted 100.4 

2.54 mm 10 8.80 1.265 LL .15 

Rolling load, P, can be defined as 

P = ob¥R(hy-Az) - Q 

=215=



where g = resistance to homogeneous deformation 

b = width of material 

R = radius of rolls 

hy = ingoing thickness 

hy = outgoing thickness 

Q = factor, which is dependent on 3 reduction 

and R/h 
2 

TE Re =6102.5) mm 

When the ingoing thickness is 24.13 mm, for 10% reduction 

the value of Q = 0.948; for 2.54 mm ingoing thickness, for 

10% reduction the value of Q = 1.337. The Q values are 

quoted from tables in 'The rolling of Strip, Sheet, and 

Plate' by Larke (200) | 

Work done per revolution = 4naP = dnacbYR hy -hy) Q 

where a = lever arm, all other symbols are as stated 

previously. 

Theoretical temperature rise can be defined as 

4naP 
PVS 

AT 

where P = density, S = specific heat, and V = volume of 

material. 

However, the volume, V, rolled in one revolution is 

  

V = 2nRbh, 

oar © nae = Aree _ 2aP 
eee PVS PSZnRbh> PSRBR, 

assuming that a = 1/3VR(R, =f) 

  

then 

hye zara be 6 f(s /Rthishp)i cb WRenjehoeo 
ESRDRS PS Rh5b 

=216=



Hence, when the ingoing thickness is 24.13 mm at 10% 

reduction, h, = 21.717 mm, P = 7870 Kgm™>, $ = 150 J Kg 4x71. 

Q = 0.948 

AT P=. Se 97°C 

when the ingoing thickness is 2.54 mm at 10% reduction, 

hy = 2.286, P = 7870 Kgn">, So= 150) J xgtx7, Qo. 337, 

AT =99..51°¢ 

The temperature rise calculated is the temperature rise for 

one revolution. 

=—2
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FIG-38: The Geometry Of The Notch Tensile-Specimens 
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FIG-42:Number Of MnS Inclusions Per Unit Area 
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FIG:50: Distribution Of Inclusions In Steel 
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FIG-52:As Cast’ Oxide Inclusion Compositions In 
  

Steel ‘A12’ For Different Sulphur Contents 

SiO 
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FIG-53: As Cast’ Oxide Inclusion Compositions In 

Steel 'M5‘ For Different Sulphur Contents 

SiO 
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FIG-54: As Cast’ Oxide Inclusion Compositions In 

Steel ‘A6’ For Different Sulphur Contents 
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FIG-55: As Cast’ Oxide Inclusion Compositions In 

Steel 'A7' For Different Sulphur Contents 
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FIG-56 :‘As Cast Inclusion Compositions [oxides] 
In Steel ‘D1’ For Different Sulphur Contents 

Si05 
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FIG:57: As Cast’ Oxide Inclusion Compositions In 

Steel ‘D2’ For Different Sulphur Contents 

SiO 
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FIG-58: As Cast’ Oxide Inclusion Compositions In 

Steel ‘D3’ For Different Sulphur Contents 
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FIG-59: Mean ‘As Cast’ Oxide Inclusion Compositions In 

Steels 'D1,,D2, And 'D3° For Different Sulphur Contents 
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  G-60 : Mean ‘As Cast Oxide Inclusion Compositio 
In Steels A6’ and A12’ For Different Sulphur   
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FIG:62:Mean Sulphur Contents Of As Cast Oxide 
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1004 FIG-63 : Mean Sulphur Contents Of As Cast 
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FIG:65:Oxide Inclusion Compositions 

  

After Rolling Of Steels Containing o10%s | Sex 
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FIG-66:Oxide Inclusion Compositions After Key 

Rolling Of Steels Containing 0:10%S O—y <0: 
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FIG-67: Oxide Inclusion Compositions After 

Rolling Of Steels Containing 0:07%S 

Rolling Temperature 900°C 
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FIG-68:Oxide Inclusion Compositions After Key 

Rolling Of Steels Containing 0-07%S Be 204 
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FIG*69:Oxide Inclusion Compositions After Key 
Rolling Of Steels Containing 0-07%S o~ v  €0:4 
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FIG:70;Oxide Inclusion Compositions After Rolling Of Steels 
  

Containing 0:20%S 

(a) Rolling Temperature 800°C 
Al203 

90 

  MnO 
FeO 

  

(b) Rolling Temperature 900°C 

Alz03 

  MnO 
FeO 

  

   



  

  

  

FIG-71:Oxide Inclusion Compositions After Key 
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FIG:72: Oxide Inclusion Compositions After Key 

Rolling Of Steels Containing 0:20%S 
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FIG°73:The Mean Sulphur Contents Of Oxide Inclusions 

44 In Steels Deoxidised By AS’ After Rolling 
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FIG:74: The Mean Sulphur Contents Of Oxide Inclusions 
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FIG-76b:Estimated Non-Deformable / Deformable 

Inclusion Compositions At Different 

Rolling_ Temperatures 
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FIG-72:MELT AZ ROLLED AT 1100°C 
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FIG-78: MELT A7 ROLLED AT 1200°C 
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FIG-79 : MELT _A7 ROLLED AT 1300°C 
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FIG-80:MELT A6 ROLLED AT 1000°C 
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FIG-81:;MELT A6& ROLLED AT 1100°C 
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FIG-82: MELT A6 ROLLED AT 1200°C 

(sulphur_content =0-07% ) 
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FIG-83:MELT A6 ROLLED AT 1300°C 
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FIG-84: MELT A1? ROLLED AT 900°C 
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FIG-85:MELT Ai2 ROL T 1000°C 
(sulphur_content =0-07% ) 
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FIG:87:MELT A15 ROLLED AT 900°C 
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FIG-88:MELT A15 ROLLED AT 1000° C 
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FIG-89:MELT A15 ROLLED AT 100°C 
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2:50 FIG-90:Melt_A7 Rolled At 900°C 
(sulphur content =0-10% ) 
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FIG-91:Melt_A7 Rolled At 1000°C 
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FIG-92:Melt A7 Rolled At 100°C 
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FIG-93:Melt__A7 Rolled _At_1200°C 
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FIG-94 :Melt_ A6 Rolled At 900°C 

(sulphur content =0-10% }) 
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S04 FIG-96 ‘Melt A6 Rolled At 1100°C 

(sulphur content =0-10% ) 

2:00 
50% _ Reduction 

150 aN v 

4 lie ae 
1:00 4 . . 

0:50 j 

oe 
we 

0-00 

2:50 7 

2-00 4 

4:50 70% Reduction 

at : 

100 : 

0-50 4 ee 

he 10 20 30 40 50 60 
ab ——> 

  

-284- 

 



  

  

2-50 + FIG-97:Melt_A6 Rolled At 1200°C 

(sulphur content = 0:10% } 
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FIG-99:Melt_A12 Rolled At 900°C 
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FIG-100 :Melt__A12__Rolled At 1000 ‘C 
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EJG-101:Melt_ Al2 Rolled At 1100 °C 
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FIG-102:Melt_A12 Rolled At 1200 °C 

1-754 (sulphur content =0:10% ) 

4-504 

50% __ Reduction 

  

0-00 7 T   

4-75 7 

4-50 

7004. 4.9 70% Reduction 

0504 “H: 

  0-00 

1:50 

1:00 4 90% Reduction 

0:50 4 J+   0-00   

  

-290- 

 



  

  

FIG-103:MELT A15 ROLLED AT 900°C 
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25 FIG04:MELT _A15_ ROLLED AT 1000°C 
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FIG-105:MELT A1S ROLLED AT 100°C 

+ {sulphur content =0-10% }) 
+ 

  

  

    
    

73 9 

eke highs hl So 
4:50 $+ atl a e a3 

init? 
as Fit Be 

Feet + + 

+00 4 +HF+ SF +4 ie 
Lo te * 

- | : eile Y_REDU 
0-504 +" 

ae 

= 
at 

0-00 -_. + 

1-75 

150 4 

st Bees 4 th Fi 

° tee + a i 

1-00 | 3 F427 @ : 
Hite? 

| He. 
++ + ° 

0-50 iS 70% REDUCTION 

+4, 
eee 

ie 
+7 

0-00 = 

4-75 7 

150 4 

90% REDUCTION 
4:00 4 

@__RED 

| 
+ Ae at 

0-50 +43 ie ae + + 

4g? af 

0-00 T 7 r 1 - 
0 10 20 30 40 50 60 

ab Ser rn 

3 - 

 



  

  

5-50,  FIG:106:Melt_A7 Rolled At 900°C 
(sulphur_content =0-20% ) 

2:00 4 

% ucti 

0°50 4 

ay sa. we’ ms . : 

  

0-00 

250,  FIG107:Melt_A7 Rolled At_1000°C 
(sulphur_content = 0-20% }) 

    
2-00 4 

50% Reduction 

1°50 

{ 
1:00 

0-50 ’ 

oe 

0-00 = : : sas 
20 30 40 50 

  
  

200 

  
 



  

  

FIG-108:Melt A7 Rolled At 100°C 
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250 3 FIG-114: Melt _A6 Rolled At 1200°C 
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250 7 FIG430: 
The Effect Of Sulphur Content In Melt A12 

On The Transition Temperature Of The Oxide 
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Verification Of The Expression : NSR=explAlr}(K,-13] 

FIG-134:Steel D1 [sulphur content =0-02% ] 
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FIG:139:Steel 02 [sulphur content=0-2% ] 
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FIG-140:Steel ‘D3 [sulphur content=0-02% ] 
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FIG-144:Effect Of Sulphides and Oxides On Ductility 
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FIG-150:The Average Axial Stress Plotted Against 
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FIG:152:The Average Axial Stress Plotted Against 
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FIG-154:The Average Axial Stress Plotted Against 
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Variation Of “As Cast Oxide Inclusion 
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FIG-157; 

Variation Of ‘As Cast Oxide Inclusion 
Composition With Inclusion Size 

Melt AZ (bottom), 0:1%S 
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FIG-158: 
Variation Of ‘As Cast’ Oxide Inclusion 
Composition With Inclusion Size 

Melt A6 (bottom) , 0:1%S 
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Variation Of ‘As Cast’ Oxide Inclusion 
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Melt_A12 (bottom) , 0:1%S 
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FIG-161: Distribution Of The Radii Appearing In 

Planes Cutting Spherical Grain Of 

Radius _R, (ref. 199 
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FIG-162 : Plasticity Index (or Factor) Versus 

Matrix Height Strain. (ref-100) 
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FIG-163 : Influence Of Ingoing Thickness On 

Mean Rate Of Deformation (sticking friction) 

Roll_ Speed - 430 mm/sec: 
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FIG-164: Mechanism Of The Ductile Fracture When 

Elongated Inclusions Are Involved (Schematic) 

  

  

  

  

   



     



  

  
PLATE 5 : OPAQUE INCLUSIONS FROM MELT A15 (0.078S). 

THERE APPEARS TO BE FINE PRECIPITATION 
WITH ONE OF THE INCLUSIONS. x550 

  

PLATE 6 : OPAQUE INCLUSION FROM PLATE 7 : GLASSY INCLUSION FROM 
MELT D3 (0.2%S). x720 MELT D2 (0.02%S). x720 
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. 

OPAQUE OXIDE INCLUSIONS 
AND OXY-SULPHIDES FROM 
MELT D2 (0.1%S). x720 

PLATE 10 : 

    

OPAQUE OXIDE 
INCLUSION FROM 
MELT D2 (0.238). 
x720 

PLATE 9 : OPAQUE OXIDE INCLUSIONS FROM MELT D2 
(0. 28S). x720 

  

: TYPE II MnS 
INCLUSIONS FROM MELT 
D4 . x500 

PLATE 12 : TYPE I MnS INCLUSIONS. 
x720 

  

 



  

13 : HOLE OCCUPTEL 
BY INCLUSION 
WITH VOID. 
TAKEN FROM 

MELT A6 
(0.0738) 
ROLLED AT 
1000°C, 
em = 0.69(50%) 

   
PLATE 14 : PLASTIC 

BRITTLE 
BEHAVIOUR OI 
A Mn-SILICATE 
INCLUSION. 
THIS IS A 
CHARACTERISTI( 
EXHIBITED 
WHEN MELTS A6 
AND A7 ARI 
ROLLED AT 
1100°C, 
em = 0.69(50%) 
TAKEN FROM 
MELT A6 

(0,1%S) 

  

PLATE 15 : FRAGMENTED 

ELONG. D Mn- 

SILICATE 

NCLUSTON C 

EXHIBITING 
CRYSTALLISA- 

TION. TAKEN 

FROM MELT A6 

(0.188) 

ROLLED AT 

1100°C, 
0.69(50 

     
 



-——_——_ 

  

PLATE 16 POLISHED SURFACE OF PLASTIC 

BRITTLE Mn-SILICATE INCLUSION. 

TAKEN FROM MELT A6 (0.1%S) ROLLED 

AT 1100°C, em = 0.69 (508) 

  

   

  

  

  

PLATE 17 POLISHED SURFACE OF FRAGMENTED 

ELONGATED Mn-SILICATE INCLUSION 

SHOWING INTERNAL VOIDS WITHIN THE 

INCLUSION. FROM MELT A6 (0.1%S) 

ROLLED AT 1100°C, em = 0.69 (508) 

     



  

        

PLATE 18 : PLASTIC 
FRACTURE BEHAVIOUR OF A 
Mn-SILICATE INCLUSION 
FROM MELT A6 (0.18S) 
ROLLED AT 1200°C, 
em = 0.69 (50%) 

PLATE 19 : PLASTIC/ 
FRACTURE BEHAVIOUR OF 
A Mn-STLICATE 
INCLUSION. FROM MELT 
A6 (0.18S) ROLLED AT 
1200°C, 
em = 0,69 (503) 

PLATE 20 : FLUID 
BEHAVIOUR OF A Mn- 
SILICATE INCLUSION. 
FROM MELT AG (0.138) 
ROLLED AT 1300°C, 
em = 0.69 (508) 

  
 



  

  

PLATE 21 : Mn SILICATE INCLUSION WITH 
NO MnS ppt. FROM MELT A6 
(0.288) ROLLED AT 1100°C, 
em = 0.69 (508). x500 

Wi iia 

PLATE 22 : Mn-SILICATE INCLUSION 
WITH MnS ppt WITHIN 
IT. FROM MELT A6 
(0.288) ROLLED AT 
1200°C, em = 0.69 
(508). x500 

RS ee: 

PLATE 24 : Mn-SILICATE INCLUSION 
EXHIBITING INTERNAL VOIDS, 

PLATE 23 : Mn-SILICATE 
INCLUSIONS WITH 
MnS ppt WITHIN 
THEM. FROM MELT A6 
(0.2%S) ROLLED AT 
1300°C, em = 0.69 
(50%). x500 

4 

FROM MELT A7 (0.07%S) ROLLED AT 
1100°C, em = 0.69 (50%). x680 

  
 



  

  
  

PLATE 25 : DEFORMED Mn-SILICATE INCLUSION. 
FROM MELT A7 (0.1%S) ROLLED AT 
1000°C, em = 0.69 (503%) 

  

PLATE 26 : PLASTIC/BRITTLE Mn-SILICATE 
INCLUSIONS. FROM MELT A7 (0.185) 
ROLLED AT 1000°C, em = 0.69 (50%) 

   



  

  

PLATE 27 : 

    

PRECIPITATED INCLUSION 
EXHIBITING CRACKING 
CHARACTERISTICS FROM 
MELT Al2 (0.073%S) 
ROLLED AT 900°C, 
em = 0.69 (50%). x680 

_ > eee 

PLATE 28 : DEFORMED AND PARTIALLY 
DEFORMED INCLUSIONS 
(LARGE) FROM MELT Al2 
(0.2%S) ROLLED AT 800°C] 
em = 0.69. x400 

| PLATE 29 : DEFORMED 
INCLUSIONS TAKEN FROM 
MELT Al2 (0.1%S) ROLLED 
AT 800°C, em = 2.3 (90%) 
THE UNDERFORMED 
INCLUSION HAS VERY HIGH 
SILICON CONTENT. 

PLATE 30 : DEFORMED 
INCLUSIONS TAKEN FROM MELT 

Al2 (0.1%S) ROLLED AT 900°C, 
em = 0.69 (50%). 

SOME OF THE INCLUSIONS ARE 

JOINED.   
 



  

    

* OXIDE INCLUSION FROM 
PLATE 31 : DEFORMED 

MELT A12 (0.135) 
ROLLED AT 900°C, 
em = 0.69 (508) 

PLATE 32 : DEFORMED 
INCLUSIONS TAKEN FROM 
MELT A12 (0.1%S) 
ROLLED AT 900°C, 
em = 1.20(708) 

PLATE 33 : DEFORMED 
INCLUSIONS SHOWING 
SPLITTING AND ROPING 
CHARACTERISTICS. FROM 
MELT Al2 (0.138) 
ROLLED AT 900°C, 
em = 2.30 (908)   
 



  

  

PLATE 34 : DEFORMED 
OXIDE INCLUSION TAKEN 
FROM MELT Al2 (0.188) 
ROLLED AT 900°C, 
em = 0.69 (508) 

PLATE 35 : DEFORMED 
OXIDE INCLUSICNS. 
FROM MELT Al2_(0.18S) 
ROLLED AT 900°C, 
em = 1.20 (708) 

  

PLATE 36 : DEFORMED 
B INCLUSIONS SHOWING 

ROPING CHARACTERISTICS 
FROM MELT A12_(0.13S) 
ROLLED AT 900°C, 
em = 2.30 (90%) 
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PLATE 37 : UNDEFORMED 
INCLUSIONS WITH PRECIPITATES 

a WITHIN THEM.TAKEN FROM MELT 
A15 (0.07%S) ROLLED AT 900°C, 
em = 0.69 (50%). x680 

  

PLATE 38 : DEFORMED 
INCLUSION TAKEN FROM MELT 

{ AS (0.07%S) ROLLED AT 
1100°C, em = 0.69 (50%). 
x690 

  

PLATE 39 : SLIGHTLY 
DEFORMABLE INCLUSION 
HAVING COMPOSITION : 
498810, ,38%MnO,10% 

A1,0,,28Fe0, 18S 

FROM MELT Al2_(0.18S) 
ROLLED AT 800°C, 
em = 0.69 (50%). x100d 

  
  

=340>



  

  
  

y J Se 
i 4 Fh NDR 

SAN 
PLATE 40 : THE COMPOSITION OF THE UNDEFORMED 

INCLUSION IS 59%Si0,,30%Mn0, 

82A1,0,,2%Fe0, 12S. 

TAKEN FROM MELT A12 (0.1%S) ROLLED 
AT 800°C, em = 0.69. x1000 

    
    PLATE 41 : THE COMPOSITION OF THE DEFORMED SECTION OF THE INCLUSION 

IS 45%Si0,,43%Mn0,10%A1,0,,1%Fe0,1%S, WHILST THE 
COMPOSITION OF THE UNDEFORMED SECTION IS 57%Si0,,31%Mn0, 
7%A1,0,,3%Fe0,2 S. TAKEN FROM MELT A12(0.1%S) ROLLED AT 
800°C,” em = 0.69. x1000 

   

  

 



    
PLATE 

PLATE 

43 : Mn X-RAY. 
x1000 

44 : Si X-RAY. 
x1000  



  
  

PLATE 47 

    

 



  

MELT A6 (0. 

ROLLED AT 1000°C, 

m 0.69 

49: §$ X-RAY 

x10O 

  

PLATE 50 : S-LINE SCAN 

x1000 

  

 



   PLATE 52 : Mn-LINE SCAN 
1000 1000 

MELT A6 (0.288) ROLLED AT 1000°C, em = 0.69 

  

PLATE 53 Si X-RAY PLATE 54 : Si-LINE SCAN 
x1000 x1000   ) 

MELT A6 (0.2%S) ROLLED AT 1000 C, em 69 

  

 



X-RAY 

x1000 

PLATE 55 : X-RAY 

x1000    
   

MELT Al2 (0.28S) ROLLED AT 1000°C, em = 0.69 

  
PLATE 57: Si X-RAY PLATE S8 : Mn X-RAY 

x1000 x1000 

MELT A12 (0.2 S$) ROLLED AT 1000°C,€m 0.69 
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TREATMENT RESULTS 

  

MELT A12 (0.1%S)ROLLED AT | 
900°C, em = 0.69, BEFORE 
HEAT TREATMENT) 

PLATE 59 INITIAL 

INCLUSIONS BEFORE 

SPHEROIDITSATION’ TREATMENT. 

x650 

  

PLATE 60 : INCLUSIONS AFTER 

HOMOGENISATION TIME 72HRS 

x600 

PLATE 61 : INCLUSIONS 

BEFORE SPHEROIDISATION 

TREATMENT. 

x780  



  
          

B PLATE 63 : HOMOGENISATION 
TIME 
x240 

2 62 : HOMOGENISATION 
: = O hrs. 

TR 

  

ATMENT RESULT   

contd 

= 72 HRS 

2 64 : HOMOGENISATION 
72 HRS   
ee



  

  

    4. A PLATE 65A : CLEAVAGE FRACTURE 
‘I x3000 

  

a PLATE 66A : DUCTILE FRACTURE 

4 WITH VOID COALESCENCE. 
x500 

  
  

-349- 

 



  

  

PLATE 66B : DUCTILE FRACTURE SURFACE OF 
STEEL CONTAINING TYPE IT MnS 
INCLUSIONS. x1000 

  

PLATE 67 : DUCTILE FRACTURE SURFACE OF STEEL 
CONTAINING TYPE IIT MnS INCLUSIONS.     
 



  

PLATE 68 : COALESCING INCLUSION 

TAKEN FROM MELT A15S 

(0.07%S) AS CAS’ 

x550 

    

   

   

PLATE 69 : COALESCING OPAQUE 

INCLUSION TAKEN 
FROM MELT D2 (0.18S) 

AS CAST. x720 

PLATE 70 : SEM PICTURE 

OF PLATE 69. 

PLATE 71 : SEM 

INCLUSION (FROM MELT 

D1) (0.02%S) 

PICTURE OF COALESCING  



    

PLATE 7 FLL 

(DEFORMED) INCLUS 
BEGINNING TO SHEAR f 

MELT Al2 (0.1 Ol 

AT 1000°C, 

PLATE 73 : FLUID 

INCLUSIONS, LIKELY TO 
HAVE BEEN PRODUCED BY 
SHEARING.FROM MELT A12 
(0.1%S) ROLLED AT 

1000°C, em = 0.69 

PLATE 74 : FLUID 
INCLUSION EXHIBITIN( 
SPLI NG 

CHARACTERISTICS. [A12 
(0.1%S) ROLLED AT 
1000°C, em = 0.69] 

    

 



  
        

Me PLATE 75 : MELT Al2 
(0.2%S) ROLLED AT 
800°C, em = 0.69 
(508) 

  

PLATE 76 : MELT Al2 
(0.1%S) ROLLED AT 
900°C), €m= 2.30 
(908) 

PLATE 77A : D1 (0.02%S) 
THE DISTRIBUTION OF 
OXIDE AND SULPHIDE 
INCLUSIONS.  



  

  
  

   
   

  

   

PLATE 77B : DISTRIBUTION 

OF BOTH OXIDE AND 
SULPHIDE INCLUSIONS 
[MELT D1 (0.023S)] 

   

PLATE 78A : SULPHIDE 
DISTRIBUTION TAKEN 
FROM MELT D3 (0.2%S) 

PLATE 78B : S X-RAY 
OF PLATE 78A 

  

 



PLATE 79A : MELT D3 

(0.2%S) SHOWING 

SULPHIDE INCLUSIONS 

TRAPPED DURING 

SOLIDIFICATION. 

  

PLATE 79B : SAME AS 

PLATE 79A. 

PLATE 79C : S X-RAY 

(SAME AS PLATE 79A)      



    
  

PLATE 80 : 

SECTIONED SUCH THAT 

EXHIBITS ITS TRUE 

IN THE POLISHED 

PLANE. 

   

PLATE 81 : ™NCLUDING 
SECTIONED SUCH THAT 
IT EXHIBITS A LESSER 
v THAN ITS TRUE VALUE 

IN THE POLISHED PLANE 

PLATE 82 : INCLUSIONS 
SECTIONED SUCH THAT IT 
EXHIBITS A GREATER v 
THAN ITS TRUE VALUE 
IN THE POLISHED PLANE. 

INCLUSIONS 
11] 
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