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SUMMARY 

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

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

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

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

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

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

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

(INCLUSIONS : DEFORMATION : PLASTICITY-INDEX : SI : COMPOSITION). 
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5okels PRODUCT COMPOSITION 

Debeledis 

Influence of (Mn : Si) deoxidant ratio upon product 

composition 

Initial oxygen contents of melts prior to deoxiaation 

were nominally constant at the 0.11 wt% level. Various 

additions of Mn - Si - Al deoxidants were made with 

different Mn:Si ratios (the maximum aluminium present in 

the melt after addition was approximately 0.066 wt%). 

Table 5.1. indicates that as the Mn:Si ratio of the 

deoxiiants increased then the Mn0:5i05 ratio in the 

products increased linearly upto a Mn:Si ratio of 

aporoximately 5. «Above this value the Mn0:Si05 ratio 

avpesred asymptotic, although figure 5.1. indicates 

there is a degree of scatter associated with these points. 

The oxide percentages relating to points attributable to 

this project are taken from table 4.5., which gives 

inclusion mean compositions for inclusions greater than 

10 pm diameter (in order to lessen composition - size effects 

discussed later ),. 

Ideally the data could be expressed as a graphical 

ZMin= ) 

Si 

relationship between 

( N2Mn0 ) ( 
eee eiiadeake: versus 

N 8i0, 

product. steel. 

IS 

  

3
A



  

Table Pel 

Relationship between deoxidant (Mn/Si) ratio and 

(Mn0/Si0,,) ratio of the product. ee a SE oe 

  

  

  

vot aaa’ ESP] BEST sno 
Deox Prod #310 

A6 26205 — 1230 4.32 72.84 

A 6(2) 2.54 1.25 3.443 66.72 

A? 5.03: 1.73 15.44 105.36 
A& Oren "E.63 39.61 98.98 

AQ 0.012 3.48 1.16 7.06 65.21 
A10 0.011 5.67 1.59 20.80 90.37 
All O5012 “1058351573, 34.86 100.21 

Al2 0.020 1.56 0.63 0.62 20,16 
Al3 0.023 2.63 * “0. 0l 1.19 34.4) 
A13X ~ 2.63 0.85 14h 34.94 
Al4 0.026 (ole. “U3 38.72 55.60 
Al4(2) 0.026 712s 5.39 77.97 
Aluc 0.026 Velo eeras 12.25 $1.34 
Al5 0.033 Pe fOiee las 3.83 64.90 
Al6 0.028 1.49 0.67 0.73 22.13 

Al? 0.046 7-12 1.26% 3.04 50.75 
A18 0.066 Vista 1.39 5.12 50.84       
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Table 5,1 (cont.) 

  

    

  

  

gales [Sy ino f Aas 
Melt Addn. @Si| |%Si0- sMin2 @MinO 

Deox. i'rod. S51 #Si0- 

NIal2 0.020 1.56 0.64 1.00 19.52 

CRal2 0.020 1.56 0.65 0.42 21.26 
VAl2 0.020 1.56 0.68 0.72 22368 
NI50A12 0.020 1556 0.39 0.48 8.95     

*Taken from table 

deoxidant alloy 

* al = (ata dis3) x wt addition of alloy 

13 

*From rolled products 

chemically analysed
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since the reaction for equilibrium between a melt 

containing manganese oxide and silica is given by 

2Mn0 + Siy—> 2Mng + Si05 

K = 2%n.Asio, 
Qiino Ssi : 

Such a plot, using the results of chemical analysis 

where 

only indicated a relationship which appeared to be valid 

Pig.5.2. 
  

for Mn? 

steel < 3 
£34 

However, it must be remembered that Mn analysis includes 

MnO, similarly Si and Si05. 

  

i.e. a 

N°Mno es eee (2) 
N 5i0, 231i 

ushere He slepe of the ae Las 

Above a value of Ain’ = 3 there was a large 

£81 

degree of scatter associated with the points which varied 

between 

50 ¢ _NPMn0 < 100+ 

N Sid, 

However it did appear that the slope of the graph decreased 

possibly due to a change in the value of P S10. at 

Brno higher (=) values. 
  

fsi 

Figure 5.1. also contains data from the work of 

Lindon ( 9 ) and Farrow, and may be regarded as a 

generalized guide to the expected MnO :5i0, ratio for a 

given Mn:Si ratio in the deoxidant. 
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Table 5.1(a) 

Relationship between deoxidant (Mn/Si) ratio and 

(Mn0/Si05) ratio of the product. 

  

(Results compiled from the data of Lindon (9 ) and 

Farrow (182)) 
  

  

  

  

Melt gal add? or Deox a0, Prod 

Lindon 

5E1 0.007 1.80 0.57 

5B2 0.004 2.73 ‘ 0.85 

583 0.003 S11 1.07 

SEL 0.008 0.85 0.28 

SED 0.017 1.80 0.70 

5E6 0.034 1.76 0.79 

Farrow 

A 0.020 2.21 0.98 

B 0.020 3.22 1.04     

N.B. All melts deoxidised with Mn - Si - Al alloys
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Data from Kiessling and Lange ( 79) has also been 

included. However, it should be emphasised that this 

data (table 5,2. ) relates to Mn and Si levels in 

the steel phase via chemical analysis and is only 

presented as comparative data. 

5.1 hoe Influence of aluminium upon product 
  

composition. 

Aluminium is the strongest of the deoxidants used in 

this system under study. Assuming that negligible residual 

aluminium contents are required for equilibrium, then for 

a given initial free oxygen level in the steel, it should 

be expected that increased levels of aluminium added 

would result in increased levels of alumina in the product. 

This should be expected until the stoichiometric alumina 

value was achieved. 

However, in this system under study there are variable 

amounts of Mn and Si present, and in addition the only 

oxygen that the added aluminium and alumina in the product 

can be related to is the total oxygen at the time the 

deoxidant was added. It is therefore fortuitous that an 

approximately linear relationship exists between the alumina 

in the oxide products and the ratio 

s 
wal (via the deoxidant 
0total (at the time the deoxidant was 

(table 5.3 & fig.5.3. ) added)



  

Comparison between the Mn:si ratio in the steel phase 

Table 5.2 
  

  

and the MnO:Si05 ratio in the inclusions for carbon 
  

steels studied by Kiessling and Lange 
  

  

  

    

Mn:Si MnO :Si0, 

1ere) 0.47 

1.9 C593 

1.9 0.54 

1.9 0.78 

1.9 0.92 

1.9 C.95 

2.4 0.92 

5.2 0.69 

3.5 1.0 

3.5 1.0 

3.7 0.85 

Woh tel 

4k 1.4 

gee) 1.4 

a 17 

17 ee     
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Table 5.3 

Relationship between aluminium and oxygen contents of 
  

the melts and the amount of alumina present in the 
  

products. 

  

  

  

Melt (via (itorfe0,) Hh, 1293 
deox) x10 (prods) 

A9 0.012 0.156 76.9 9.0 

A10 0.011 0.113 97.3 f 52 

All 0.012 0.111 108 <1 6.2 

Al2 0.020 0.109 183.5 14.3 

Al3 0.023 0.102 225.5 9.5 

A13X - - - - 

alk 0.026 0.093 279.6 15.3 

Al4¥(2) 0.026 0.11* 236.3 8.0 

AluC 0.026 0.11" 236.2 10.8 
Al5 0.032 0.115 278.3 1201 
Al6 0.028 0.106 264.1 15.0 

Al? 0.046 0.102 451.0 24.0 

Re 0.066 0.118 55963 35.6 

NIAL2 0.020 0.11* 181.8 18.4 
CRA12 0.020 0.105 190.5 L547 
val2 0.020 0.094 212.8 20.7 

NI5IA12 0.020 o.1y¥ 181.8 14.7     

* Assumed oxygen level 
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Slsmek:* Variation in 'as cast' inclusion’ 

compositions 

Se... Variation with respect to position in the 
  

‘as cast' bar. 

One of the conditions hoped for in these experiments 

was that there was a uniform inclusion composition through- 

out the 'as.cast' bar. This was not found to be the case 

as has heen shown from sections of the 'as cast' bar of 

melt Al5. (figure 4.7, ) 

Sections taken from various positions showed slight 

compositional variation within the bar. The most striking 

feature was that the highest level of alumina in the 

products existed within the topmost section. rom the 

results contained in appendix 4-1 figure 5,4. was_ 

produced showing this compositional variation. It may be 

added that all the points plotted are analyses where the 

inclusion diameter. is greater than 20 gm thus limiting 

the composition size effect. 

The reasons why the topmost section is richest in 

alumina may be attributed to experimental procedure and 

the surface properties of the inclusions in the melt. 

The deoxidation procedure involves stirring the deoxidant 

into the melt and the solution of the deoxidant takes a 

finite time. Assuming that the first deoxiation products 

re richer in alumina, they will tend to agglomerate and 

coalesce as they rise to the surface layers of the melt 

som) 6 Therefore, when the melt is ready to be cast 

(after the stirring is completed). the larger inciusions
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which are richer in alumina rise towards the top surface 

of the melt. Using the suction casting process the regions 

towards the top of the melt are taken to the top of the 

bar. There will of course be a degree of turbulence 

associated with the cesting process, causirg dissemination 

of large alumina rich products to be present throughout 

the bar. However, there is a finite cooling period in 

the bar, approximately 30 seconds (21 ) and the tendency 

will be. for these larger alumina rich products to rise 

towards the upper region. The topmost region has been 

shown to contain a high volume fraction of inclusions in 

an earlier section. figure 4.7. 

Sc lowes Variation in composition with inclusion size. 
  

From early investigations it became evident that there 

was a variation in composition with respect to inclusion 

size. It was generally ohserved that the smaller inclusions 

were nee rich in aluminium but had increased levels of 

silica present. It was, however, essential that variations 

due to hetrogeneity of inclusions and matrix excitations 

were eliminated from the system. 

Line scans across numerous glassy inclusions in the 

as cast state showed no apparent evidence of compositional 

variation across their diameters, It was assumed for the 

most part that these glassy inclusions were homogeneous, 

However, prior to any analysis, line seans, area scans and 

electron images were used for checking homogenity. Hetro- 

geneous inclusions were analysed using area or line 

scans within inclusions, although the results are more
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suspect. to errors due to small changes in Bragg angles 

when scanning. 

Inclusion compositions within melts deoxidised by 

Mn - Si alloys showed little systematic change in 

composition ~ Over their entire size range. Inclusions 

less than approximately 8 jam did show a variation in 

composition but this could be accounted for by matrix 

excitation at around the 5 pam level which would cause the 

apparent increase in FeQcontent, and decrease in MnO and 

Si09 contents. Figure 5.5 shows the compositional range 

'The melts which were deoxidised by aluminium 

containing alloys did not show such a narrow range of 

composition as was observed for the Mn - Si deoxidants. 

Variation in oxide contents of the order 20 wt% were 

observed (figures 5,6, — 5.15.) 

Detailed composition size analyses were completed 

for several melts, and it became obvious that composition 

varied with size, particularly below 40 pm. Appendix 44 

and figures 512>,15, show that the general trend was that 

alumina decreased as size decreased. It was usually found 

that the silica increased with decrease in size, although 

the manganese oxide composition also varied to a lesser 

extent. 

an explanation of the size - composition phenomenon 

may be based unon the deoxidising power of the elements 

present. If the initial products were alumina rich and 

had both time and ability to coalesce (as shown by Lindon 

(9 )) then these inclusions should have been the largest



  

  

Figure.5.5. : Range of inclusion comp ositions encountered in Mn - Si 
deoxidised melts. = 
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present in the system. As the Aluminium present in the 

melt was used up the next strongest deoxidant present was 

silicon and this began to take a more active role in the 

deoxidation process. 

The degree to which silicon participated was obviously 

dictated by the amount present and its Berita However, 

it would generally be expected that- melts containing 

products within the silica rich areas of the MnO - Si05 - 

A1l,0, system would have allowed silica to be far more 

effective. Similarly it would seem reasonable that 

manganese would play the predominent role in the manganese 

rich oxide system. 

In order to see if there was any apparent effect of 

compositional variation with size, for inclusions within 

various regions of the MnO - Si0, - A103 system, comparison 

was made between melts containing inclusions of similar 

level of alumina butwith differing MnO - SiO. ratios. 

Such data was limited due to the number of analyses required 

to construct meaningful graphs. The comparison was limited 

also to the melts which contained the glassy ‘as cast! 

inclusions, 

Melt NI50A12 (richest in Si05) - figure 5.12. 
  

It appeared that there was a steady increase in the 

percentage of silica present in the inclusions as the 

inclusion size decreased. There was also a noticeable 

decrease in the manganese oxide and alumina contents 
ded 

which corresponed to the increase in silica content.
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Melts Al6 and NIA12 (Intermediate Sid, 
  

level) figures 5.13,&.14. 

Unlike melt NI50A12 the increase in silica with 

decrease in inclusion size is less pronounced, and in melt 

Al6 there was only a slight increase in silica content 

at sizes less than 20 pm. In both melts Al6 and NIA12 the 

manganese oxide content remained constant for inclusion 

sizes greater than 10 pm. (N.B. Below 5 pam electron probe 

errors existed due to matrix excitation). 

Melt Al5 (low 810, Level), figure 5,15. 
  

There was a slight indication that as the alumina 

content of the inclusions decreased with a decrease in 

size (i.e. from approximately 60 pm downwards) there was 

an increase in the manganese oxide level of the products. 

The silica level of the inclusions remaining approximately 

constant. 

Pali eese Variation in composition at small sizes, 

and the presence of sulphur. 

From the previous section it appeared that for inclusions 

below avproximately 20 pa there was a compogtional change. 

In previous work using similar deoxidants, but with 0.05% 

sulphur (i.e. approximately 10 times the amount in this 

work) present in the melt Trigwell (183) showed that oxide 

inclusions may be surrounded by manganese sulphide rims. 

In particular the presence of sulphide in the inclusion
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phase increased as the size decreased. 

In this work although the sulphur level in the melt 

was approximately 0.007 wt% it was thought appropriate to 

examine the smaller inclusions for sulphur content. This 

was regarded as essential since it is well known that the 

presence of sulphide and oxysulphi&¢ phases influence the 

deformation behaviour of inclusions. 

Melt NI50A12 was used initially for this investigation 

although sulphur levels at eens sizes have been measured 

for melts Al2, NIA12 and VAl12 (Appendix. 4+1-) The 

choice of melt :NI50A12 was on the basis that it had under- 

gone a previous composition size analysis, and in addition 

it had been established that nickel was not present in the 

inclusion phase. Therefore, matrix excitation would be 

shown by a rapid increase in the nickel count rate. 

Since nickel is of similar atomic number to iron it was 

expected that the excitation of the . matrix would 

be seen, Also it was hoped it would indicate whether 

or not iron was present as FeO in the smaller inclusions. 

Figure 5,16. shows the (observdd minus background) 

count rates for each of the elements present for different 

inclusion sizes in melt NI50A12, From these results it 

does appear that the silicon level increased as both 

aluminium and manganese decreased with decrease in size, 

for inclusions greater than 8 pm. Below 8 pm the silicon 

level decreased with decrease in size, as did the manganese 

and aluminium levels. This would appear to be due to the 

onset of matrix excitation which is shown by the iron and 

nickel count rates rapidly increasing at the 4 - 5 pm
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sizes. It was also apparent that below 5 ym sulphur 

(figure 5.17. ) was present at low concentrations but 

increased with decrease in size. There appeared to be a 

peak in the sulphur count’ rate at around 3 pm but this 

was more than likely due to attenuation of the sulphur 

counts since these inclusions had diameters in the region 

of the beam diameter (14 - 2 pm). This effect has also 

been shown for melt Al2 (figure 5.17, ), and data corrected 

for atomic number, absorption and fluorescence effects 

(appendix 4-1 ), for melts VA12 and NIA12 show this 

increase in sulphur level at small sizes reaching a value 

of approximately 5% at the 2 - 3 pm level. 

As has been shown the comparison of inclusion 

compositions is influenced by the observed matrix 

excitation. In order to compare compositions whilst 

compensating in part for matrix excitation a qualitative 

examination was performed on deformed glassy inclusions. 

Melt NIA12 which had been rolled at 900°C, was scanned 

for large deformed and small non deformed inclusions in 

proximity. Two inclusions were eventually found, one 

6 x 4 wm and the larger one approximately 100 x 4 pm 

(plate 5.1. ). Since both minor axes were the same size 

a line scan across the minor axes was hoped to compensate 

in part for matrix excitation. Qualitatively the line 

scans (plates 5.1.) -(m)) indicated that the smaller inclusion 

was 

1 Very slightly less rich in manganese 

it Less rich in aluminium
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PLATES 5.1 (a) - (e) 

MELT NI50A12 ROLLED AT 900%. 

X1000 

(a)  BIECTRON IMAGE 

(b) Ni - SCAN 

(c) Fe - SCAN 

(d) Mn - XRAY 

(e) Mn - SCAN



 



MELT NI50412 ROLLED AT 900°C. 
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aid Richer in silicon. 

iv. Slightly less rich in oxygen. 

vy. Richer in sulphur (Almost no S was present in 

the large inclusion). 

This was what had been expected from the earlier 

investigations. However, there was a difference in the 

expected manganese levels. This may be accounted for 

if the smaller inclusion had manganese sulphide associated 

with it due to heat treatment at the rolling temperature 

although this was not directly evident. 

The presence of sulphur in the smaller inclusions 

may be accounted for by considering the thermodynamics of 

oxide and sulphide formation. From thermodynamic data (18 ) 

figures 518,&19, ) manganese sulphide is less stable than 

the oxides present. As such it would be expected that the 

sulphide phase would form later in the soled rection process 

and nucleate on oxide phases present, as was observed 

by Trigwell (183), 

5.1.3. 4 Nucleation and growth of products, 
  

From the preseat work, data was not available to 

calculate the degree of supersaturation for any specific 

oxide species. This was due in part to the inability of 

obtaining residual dissolved oxygen contents in the final 

melt, (the determined oxygen includes tte deoxidation 

products which have remained in the cast steel). 

Lindon ( 9 ) did however show by calculation that in 

the present system AG (critical) for homogeneous
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nucleation was not reached for any specific oxide species 

(assuming that there was a homogeneous distribution of 

solutes initially). 

Earlier work of Turkdogan (30) and Turpin and 

Elliott (48) had shown that as a deoxidant dissolves 

into the melt local conditions are favourable for obtain- 

ing MG values in excess of those reauired for homogeneous 

nucleation. In addition the presence of foreign nuclei 

(e.g. hercynite particles which may form due to melt 

crucible reactions at oxygen contents greater than 

0.045% ( 33 )) are known to aid deoxidation because they 

act as nucleation sites. 

If the initial mixed oxide products form in areas 

of high deoxidant concentration a situation may exist 

which differs from that where there is a uniform. 

distribution of oxygen and deoxidant. (i.e. there is a 

lower oxygen potential in the former situation). 

The. indications are, therefore, that oxides formed 

in these areas of high deoxidant concentration would 

have unstable compositions, and there would be a potential 

for compositional change as they moved into other regions 

of the melt, It would also seem likely that in this 

instance the smaller inclusions should be influenced to 

a greater extent, since they have a larger surface area 

to volume ratio. If so, this compositional instability 

may partially contribute to the observed variation of 

composition with size.
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Fekete ie Inclusion size distributions. 

From metallographic data (tables 4,6-8and figures 

5,20,-5°30) it appears that inclusion size distributions 

were influenced by inclusion composition. Size 

distributions in terms of number of inclusions greater 

than a given diameter per unit area would have been 

influenced by areas from which samples were taken from 

the 'as cast' bar. (An observation confirmed by Asante 

(103)). However, in this instance samples were taken 

approximately 8 - 10 cm from the top of the bar and 

samples from the various melts could be compared directly. 

From nucleation and growth theory inclusions greater 

than 34 um radius cannot be accounted for ( 9 ) and it is 

necessary to assume agglomeration and coalescence of 

particles. It has been pointed out earlier that in this 

experimental work, solidification was not instantaneous 

and particles had up to 4Os in which agglomeration 

and coalescence could occur prior to solidification of 

the cast. This time was however constant for the data 

in these experiments and enabled a pseudoouantitative 

exercise to be performed. 

The work of Kawawa et al (78) showed experimentally 

that if mo change in particle size occurred by coal- 

escence then inclusion size distribution could be related 

to the expression 

~8 
eS noe 

where n was the number of inclusions ner unit area 
n z 3 9 

having a radius greater than rs » no and A were constants. 

To hoge 260
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and Be was an expression related to Stokes law. 

In present work melt A4 which had been deoxidised 

with silicon showed a linear relationship of the type 

above (figure 5.21. ) but even then there was visual 

evidence of agglomeration (plate 4.2. ) and an attempt 

at coalescence. (which was limted by the high viscosity 

of the oxides in Si05 rich prods.) Melt A3 which had 

been deoxidised by manganese also (inclusions ~ 97% MnO 

~ 3% FeO) showed a form which tended to be linear, but 

again coalescence would be unlikely because of the high 

melting point of manganese oxide. 

The results for the oxides which were fluid at the 

experimental temperature show a marked deviation from 

linearity at inclusion diameters greater than 10 pny 

thus indicating thet coalescence took place. It would be 

expected that if coalescence occurred then the total 

number of inclusions present would decrease as schematic- 

ally indicated in figure 5.20,a 

Figures 5,20, to 5.30, show the influence of 

increased manganese in th products upon coalescence in ~ 

the fluid region of the MnO - Si0, - alj0, system at 
3 

various hevels of aluminium added. 

Melts A3 - A8 (Aluminium Free), 
  

Figures 5.°3'5 shows the effect for melts containing no 
aluminium where the products with higher manganese
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contents are seen to have undergone more coalescence. 

This may be related to the liquidus temperatures of the 

various product compositions, where A6 can be seen to 

have a higher liquidus temperature (figure 4,2, . This 

would seem to fit the logical suggestion of Lindon ( 9 ) 

whereby the amount of procuct coalescence increased as 

the product liquidus temperature was lowered. However, 

there does seem to be a slight discrepancy between 

melts A? and A8 on the basis of liquidus temperatures 

in the MnO - 41503 - Si0, system (figure eat where 

A8 was seen to coalesce to a lesser extent than A7. It 

must be remembered, however, that the mean analyses 

quoted can only be regarded as a guide, and in addition 

melt A? products contain a slightly higher FeO content, 

which is likely to lead to a decreased liquidus 

temperature. 

Melts A9, Alo, All and A13X 

(0.01% Aluminium addition) 

Again with figures 5-23. there seems to be some 

discrepancy with respect to coalescence on the basis of 

liquidus temperatures. Melt A9, in which the product 

compositions were in a low temperature liquidus region, 

appeared to have coalesced to a less extent than the 

products with the higher liquidus temperatures. (i.e. 

melts Al0 (~1250°C) and Al3X (~1400°C)). Melt All 

was not included in this comparison, since the curve 

produced was very dependent upon one result (figure 5.23).
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However, melts AlO and All had similar product compostions, 

and for lower ‘observed inclusion diameters (Do)' 

figure 5.24, the results were comparable. The resuits 

of figures 5,23, and 5,24, again show that the higher 

the MnO content of the product the greater the amount of 

coalescence. 

Melts Al2 = A16 (0.02% Aluminium 

addition). 

Figure 4.3. shows that the mean compositions 6f 

melts Al2, A13, Al4+, A15 and Al6 are all in the low 

liquidus regions of the MnO - Sido - A1,03 diagram. 

However, the indication was that inclusions richer in 

MnO (melts Al4, A15) had coalesced to a greater extent 

than those richer in Si0o (i.e. melts Al2 and Al6) 

Figure 5.25.-,26, 

Melts Al4(2), Al4(C), AL7, A18 BBC U SESE we Vamsi N itis eee ee 

Scone sept Ear cision: variable 
Si% 

aluminium content) 

Figures 5’34. show the influence of aluminium 

addition, for a constant manganese and silicon addition 

to the melt, upon the degree of observed coalescence. 

Increasing the aluminium content of the deoxidant 

addition has increased the level of 41503 in the product 

and also the degree of coalescence. Although melts Al4(2), 

Al4(C) and A17 have mean product compositions in the low
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liquidus region and would be expected to coalesce well, 

the highest level of coalescence was observed in melt A18, 

which had a mean liquidus temperature of approximately 

1550°C. A high liquidus temperature, as for melt A18 

would be expected to inhibit coalescence since it was 

near the temperature of the melt at deoxidation. However, 

it must be emphasized that inclusions ohserved in melt 

A1l8 were not glassy homogeneous phases, but consisted of 

A1503 rich particles (approaching the A130, composition) 

within a glassy siliceous matrix. Plate 5,2 . From microprobe 

analysis (Appendix 41) the matrix has a comnosition of 

of approximately 20 - 25% 41503, which is in th low 

liquidus temperature region of the MnO - Sido - A1,0, 

diagram (figure 5.31.). Hence it may be the case that 

the low liquidus matrix was a contributory controlling 

feature with regard to the coalescence of melt A18, 

A further interesting feature of melt 418 was thet 

there were a number of very large inclusions in excess 

of 250 jam and numerous small inclusions (< 20 pm). 

However, there were very few inclusions within the 

range 20 - 250 pn. It was also noticed that these very 

large inclusions often occurred in proximity to each 

other. (e.g. as in plate 4.11, ). The inference is 

thefefore, that groups of alumina particles may have 

approached each other due to interfacial surface tension 

effects and become enveloped in a siliceous batrix: (It 

must be noted that the Al8 deoxidant additive was a 

Mn - Si - Al alloy plus fee aluminium as an admixed 

powder. Pickering has stated that the practice of
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making simultaneous additions of Si and Al may lead to 

the formation of regions of widely different deoxidant 

concentration. % would therefore seem that such a 

condition may have existed for the.case: of Mn - Si - Al 

alloy and Al added simultaneously). 

Melts NI50A12, NIA12, CRA12 and 

VA12 (0.02% Aluminium + alloying 

elements). 

With regard to the melts containing alloying 

additions, with the exception of NI50A12, the deoxidation 

products which resulted were of similar composition to 

melts A12 and Al6, From figures +25 it would seem that 

the inclusions have coalesced to a slightly greater extent 

than observed in melt 412, narticularly’in melts NIA12 

and CRA12, Although there are no obvious reasons why 

this should have occurred, it may be that tle presence 

of these alloying elements influenced the surface 

properties of the oxide particles, and/or broke up the 

silicate network, and caused the oxides to become more ; 

fluid. Melt NI50A12 cannot be included in the above 

comparisons since it had a higher silica content in 

the inclusions, and therefore a higher liquidus temperature 

and presumably a lower value of interfecial tension.
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Fd tek Summary of the results for inclusion 

composition and‘its effect upon Somposition and.its effect upon 

coalescence. 

It would appear bee the pseudoquantitative data 

tables 4.6,—.8) represented in figures 5.21, — 5.30. 

that the composition of the deoxidation products 

influenced the size range of inclusions within the 

solidified bars. Ib would seem that the degree of 

coalescence of the deoxidation products was encouraged 

by 

noe A low linuidus temperature. 

ii. An increased level of MnO in the oxide. 

iii, High 1,0 content (i.e. 18) 

A low liquidus temperature is likely to produce a 

deoxidation product of low viscosity at the temperature 

of deoxidation. The presence of a highly fluid product 

is expected to enable coalescence to occur. (an effect 

noted by Herty and Fitterer (64 ). The reason why an 

increase in the level of MnO would aid coalescence may 

be attributed to 

The effect of interfacial tension. 

The role of surface phenomenon on the formation of 

inclusion clusters was widely investigated ( 71 ) and it 

has been established that products of low interfacial 

tension are likely to coalesce. 

Gohler investigated the surface tension (210) 

of MnO - mi05 8t20., slags at 1600°C and has indicated 

values in the range O.3gma (300 dyne em~2) to 0.53m72,
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These results are indicated in figure 5 ~32. . Assuming 

that the surface tension ( Yn) of iron at 160U°C and 

0.01% oxygen is approximately 1.53m72 (71 ) the values 

of interfacial tension (Yom) are in the region of 1.2Jm72 

at 10% MnO and 1.0Jm~2 at 60%Mn0. In comparison the 

values of Sore for silica and alumina at 0.1% oxygen 

are 1.5 and 1.9Jm72 respectively. These values for 

You between 1.0 and 1.2 agree quite well with the 

results of Lindon ( 9 ) table 5.4. who obtained 

values in the range 1.03Jm~2 to 1.183m>" calculated 

using Antonovs rule 

You = mn = % 

  

  

  
  

  

Table 5.4. 

Composition Interfacial energy 

You (Jm72) 

Mn0FeO Si0, A103 

35 53 12 1.05 

4h 46 10 1.04 

52 “5 3 1.03 

22 61 LZ 1.10 

30 39 31 1.10 

26 29 4S 1.18     

Thus from the results of these workers an increase 

in the level of MnO in the oxide product would lower 

the interfacial tension and enhance coalescence.



  

  

Al203 

  

  

Si0> % MnO 

1 Surface tension (dyn.cm™~) of Mn0-Si0,- 

A1j03 slags at 1600°C. (After Gdhler) 

370



    

Stk 

The breaking up of the silica glass network, 

The viscosity of molten silica is very high: because 

the Si - O network is strong, and produces a long 

molecule slag (18), However, the addition of a basic 

metal oxide reduces its viscosity by breaking down the 

Si - O network. As more of the oxide is added the Si - 

0 structure is broken down still further. Fig. 5.33. 

The presence of metal oxides with a strong metal 

oxygen attraction do not break the 5i - O structure, 

but become part of the network itself. Table 5.5. 

shows which oxides are network breakers and which are 

network formers (after Dietzel (211) and Elliott et 

ak ( 18 yd. 

If it is assumed the oxide MnO behaves in a similar 

manner to CaO then the viscosity of MnO - $i0, - A1,0 
eee 

slags may show similar features to the CaO - SiO, - 
2 

41503 system. (Figure 5.34.after Kozakevitch and 

Urbain) where it can be seen that an increase in CaO 

leads to a lowering of viscosity up to the molecular 

configuration of 2Ca0O - Si05. On this premise an - 

increase in MnO content of inclusions will lower the 

viscosity and therefore aid coalescence. However, it 

must be pointed out that the presence of too much MnO 

will result in a product with a high liquidus tempera- 

ture. ‘thus in this instance coalescence will be 

inhibited, as is the case for pure MnO.
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Viscosities of Long-Molecule and Short-Molecule 
Slags. 
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Acid, * P20, + MgO ++ CaO 

- Sid, ZnO + Srod 

* BL03 + Fed Pbo 

* Tio, + MnO ++ Bad 

* Al503 +F Li0 

Pe.6 + * Fea0, Na,0 

BeO ++ K50 Base. 

* ZrO 

* Network formers + Network breakers 

++ Strong network breakers       
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5.2. Heat Treatment 

Melt A7 (Mean composition %: 

3.5Fe0, 60.9Mn0, 0.341503. 35.38i05) 
  

The mean composition of inclusions contained 

within melt A7 lay within the (Rhodonite + Tephroite) 

region of the Si05 - MnO diagram (figure fo These 

are the equilibrium phases at heat treatment tempera- 

tures of 900 and 1100°C, However, the precipitate sizes 

were mainly in the region 2 - 3 jm and below, which 

therefore precluded microprobe analysis. The granular 

appearance of the inclusions did suggest that a mixture 

of phases may have been present (plates 444. & A5. 

section 4+ ). Very fine white glohular areas were 

occasionally noted with the precipitating phases, and 

these may have been metallic iron precipitated due to 

the oxidation of iron from the ferrous to ferric state, 

as suggested by Robinson (202). 

dee. 3Fe2t —> 2Fe3+ + Fe 

Heat treatment of melt A7 at 1300°C, which was 

above the liquidus temperature for this composition 

should have resulted in glassy type inclusions. However, 

large inclusions were found containing very fine 

precipitates, which may have resulted from the slow 

cooling of the samples in the vacuum heat treatment 

furnace. These precipitates may have nucleated but had 

insufficient time to grow. The presence of what appeared 

to be a reaction rim (as in figure 4.44, ) cannot readily 

be explained at a temperature of 1300°C where the
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product is fluid wniless the sample was in a cold 

spot in the furnace. 

Melt All (Mean composition %: 1.8Fe0, 

58.2 Mnd, 6.241,03, 338510,) 

Melt All which was in a similar region e une 

MnO - Si0, - 41203 diagram as A? (figure 4,2, ) behaved 

in a similar manner. However, with samples heat treated 

at 1300°C there was no evidence to suggest a reaction 

rim. Some of the large inclusions were again observed 

to contain precipitates possibly due to slow coolirg as 

for A7. 

The samples which had been heat treated at 900 and 

1100°C did show the presence of MnS cusps, particularly 

noticeable with the smaller inclusion sizes (plate 4,46.) 

Although the sulphur level in the melt was low i.e. 

approximately 0.005/0.007%, sulphur was present ; 

with small inclusions (Section 5.1.2.3 ). However, 

there were no signs of MnS cusps observed in the as cast 

state. 

It would therefore seem that the sulphur which has 

been observed to envelope smaller inclusions (183) 

migrates to spécific sites on the periphery of the 

inclusions upon heat treatment. It can in fact be seen 

in plate 4.57, that the presence of these MnS precipitates 

occurs adjacent to areas rich in Mn.
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Melts Al4 and Al5 (mean compositions’ 

1.8Fe0, 47.1Mn0, 154241503, 3998102 _ 

and 0.9Fe0, 49.4Mn0, 12.141505,__ 

37.6810, respectively). 

Both melts Al4 end Al5 contained inclusions of 

similar composition within the MnO - Si05 - 41,0, system 

and were in a region of low liquidus temperature. (i.e. 

~ 1200°C) At a heat treatment temperature of 1300°C 

precipitations would not be expected to take place. 

However, as with other samples heat treated at this 

temperature, precipitationg was again observed in the 

large inclusions. This was presumed to be attributable 

to the slow cooling from the heat treatment temperature. 

Heat treatment at lower temperatures resulted in 

fewer observable glassy inclusions, the presence of MnS 

cusps and in some instances evidence of matrix inclusion 

reaction (plate 4,52.) The precipitates, which were 

of sizes big enough to analyd#se were found to be 

Rhodonite in block or lath forms (plates 4.62-65, and 

Appendix 4+3 ) of compositions 49 - 52% MnO, 

46 - 47% 8i05 with 41203 and FeO levels of less than 1%.
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Melts Al2 and Al3 (Mean compositions% 

2.5Fe0, 32.1Mn0, 14.3A1,0,, 51.1810, and 2.0Fe0, 40,6Mn0, 
94541503 and 47,9Si0o respectively). 

  

  

4s with the other samples precipitation was observed 

at all three heat treatment temperatures, but it was also 

evident that the number of inclusions showing precipita- 

tion was less. This may be due to these melts containing 

inclusions of. higher S105 content. A higher 510, 

content would infer a higher viscosity and therefore less 

molecular mobility. Where precipitation did occur the 

precipitated phases were observed to be (both for Al2 

and Al3) either; Si0, which precipitated as dark laths 

(plate 4.59.) and mee probably Tridymite, or as a 

mixture of Si0, and Rhodonite (plates 4.59.-61, ) 

where the 310, has formed in a morphology which is more 

consistent with Cristobalite (79). Plate 4.36,which 

is taken from a sample of Al2 rolled at 800° (where 

precipitation had occurred) does in fact show this 

Cristobalite type morphology slightly better. 

The tridymite was analysed as a phase containing 

approximately 93%Si05, 'PA150,, 2%Mn0 and 1%FeO. This 

was seemingly in agreement with other workers. e.g. 

Kiessling and Lange (79) who found tridymite to 

contain Si0, with traces of Sasa and douhted whether 

tridymite was a pure 310, phase. 

General Observation. (5.2.1) 

From the investigations on heat treated samples it 

apveared that as the time at heat treatment temperature
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increased there were fewer glassy inclusions observed, 

which was to be expected on the basis of a nucleation and 

growth phenomenon. However, one observation which cannot 

readily be explained was that the small inclusions did not 

precipitate even after long heat treatment times. This 

may possibly be attributable to the variation in compos- 

ition at small inclusion sizes, or possible surface 

reactions involving Mn and S being preferred. 

anes 
Developments of the heat treatment programme. 

As a result of the random behaviour of inclusions 

observed for the vacuum heat treated specimens, and the 

possible problems associated with slow cooling, a heat 

treatment programme was developed to ensure rapid cooling. 

From theeariier heat treatment study it was known that 

melt Al4 contained inclusions showing precipitations, 

particularly noticeable at 900 and 1100°C. after one hour 

at temperature. 

On this basis samples taken from melts Al4(2) and Alc 

(which were of similar composition to Al4) were encapsu- 

lated in glass prior to heat treatment (to prevent 

oxidation), Heat treatment at 1050°%., for times at temp- 

erature of 0, 5,10, 20, 40 and 80 minutes was followed by 

quenching immediately after removal from the furnace. It 

had been hoped that by this method a relationship of the 

forn 

Ve es j-eret”



380 

could be established. 

However, quantitative assesment was prevented by 

the unpredictable behaviour of the inclusions, and the 

samples from the various heat treatment times were 

virtually indistinguishable. Even the sample which was 

removed from the furnace as soon as it reached temperature 

showed dnelustons in the various stages of precipitation 

It was at this stage that any attempt at quantitative 

precipitation analysis was abandoned. 

From these heat treatment experiments, it was 

concluded, on the basis of precipitation at zero minutes 

at temperature, that precipitation occurred during the 

time the samples: were heating up to the temperature of 

heat treatment. 

This is considered an important criterion when 

heating samples up to the temperature required for 

subsequent rolling. 

As a result of this observation and its potentially 

important effect upon the deformation of inclusions upon 

hot rolling, further qualitative. heat treatments were 

performed. Again using samples from melt AL4C, these 

were heated in the furnace used for rolling at 8205, 920° 

and 1020°C, Samples were removed and quenched as soon 

as they had reached temperature, and after one hour at 

temperature. All of the samples showed a large number 

of inclusions containing precipitates, no differance 

being observed between the various samples. Plate 454, 

shows the typical Rhodonite precipitations encountered 

in all cases.
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53 Inclusion Deformation 

Beye The behaviour of inclusion phases 

which did not plastically or fluidly deform at the hot - 
  

rolling temperatures. 

The behavioural characteristics of inclusions at 

the. hot rolling temperatures were categorised in table 

46 105 - Before discussing the behaviour 

of the deformable inclusions, which could be 

quantitatively investigated, this short section will be 

concerned with the non-deformable and brittle inclusions. 

Rolling at low temperatures generally resulted in 

the non deformation or brittle behaviour of inclusions, 

although actual behaviour was governed by individual 

inclusion properties of the various melts. It was 

generally observed that the glassy inclusions remained 

undeformed, as did a large majority of thse containing 

precipitated phases. 

Often. associated with these non-deformable 

inclusions were voids at the inclusion/matrix interface 

(plates 4.14, and 4.15, ), 
where contact between the inclusion and matrix was not 

maintained during the rolling process due to lack of 

adhesion (119). It was generally the case that these 

voids were not noticeable except in association with the 

larger inclusions. This was not unexpected since there 

is smearing of the matrix during polishing, and it is 

necessary to employ a repeated etch/polish technique 

to reveal the phenomenon more clearly especially 

around the smaller inclusions.
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When the inclusions were not rigid they had the 

tendency to crack, shear and disseminate as was shown 

in plates 416-,23, section 4:8 - It must 

be added that in the present work this phenomenon was 

not encountered with the glassy inclusions, but only 

with those which showed signs of precivitation. 

Presumably this was due to precipitates at the inclusion 

surface acting as stress concentrators and therefore 

inducing fracture. It may also be possible that internal 

cracks were present in inclusions containing precipitates, 

due to volume changes as precipitation occurred. 

It was also noticeable that the matrix protruded 

into the regions where the inclusions had cracked and 

separated (plates 417-.21,). It was assumed that the 

matrix was forced into these voids and fissures by the 

action of hydrostatic stresses developed during the 

deformation process (35), 

A further factor which emerged during the course of 

this investigation was that the highest incidence of 

brittle fractures were observed in the region of 800 - 

900°C (table 5.6. figure 5.35. ). Although 

brittle fracture may occur due to reasons outlined earlier, 

this type of fracture may be highlighted at temperatures 

within the ferrite/austenite transformation region. i.e. 

Approximately 850 - 900°C for the level of carbon present 

in these melts. 

Inclusions when rolled at these temperatures may 

be bounded by areas of ferrite and austenite. Since 

there is a difference in the flow stress values for



  

Deformation characteristics at various temperatures 
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these phases, it would seem likely that a less than 

uniform stress situation exists around the inclusion. 

This stress and strain inbalance when acting upon an 

inclusion, particularly one containing precipitates, 

would possibly enhance the fracture and propagation 

of cracks through the inclusions.
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5-3-161. Plastic or fluid inclusion deformation 

Preliminary qualitative experiments showed that 

there were problems associated with the measurement of 

inclusion strains at various matrix strains. The largest 

matrix strain used i.e. 2.3 (90% reduction in height) 

resulted in highly strained inclusions, numbers of which 

showed bending, folding and often a high incidence 

of fracture. A further complication at this reduction 

was related to inclusion aspect ratio measurement. 

although the inclusion major axes were easy to measure 

at X1000 magnification the measurement of the minor 

axes, which were often’in the region of 2 yam, would 

result in a high ae of error. 

The lowest matrix strain used i.e. 0.69 (50% 

reduction) did not have this problem of measurement to 

the extent encountered in the 2.3 matrix strain samples. 

However, the main trouble at this strain was the 

difficulty in determining which of the small inclusions 

had deformed, and which had not, 

A compromise situation of 1,2 matrix strain (i.e. 

70% reduction) was eventually employed as the standard 

to which the matrix would be deformed. Hence all 

measurements were made at a nominal 1.2 matrix strain. 

From these early investigations it was noted that 

there was a variation in inclusion strain throughout 

the thickness (height) of the rolled section. (which is 

discussed later in section 5;3.6.3 ). However, 

the central third portion appeared to give consistent 

‘
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results, and the criterion that all inclusion measure- 

ments should be within the central third region was 

established. 

Bacto es Representation of inclusion size. 

It soon became apparent during these investigations - 

that inclusion relative plasticity was influenced by 

inclusion size. (Discussed later in section 5,3,5 ). 

As a measure of the original inclusion size for deformed 

inclusions, the square root of the product of major (a) 

and minor (b) axes was used when measurements were made 

on the (XY) plane :- figure 5.36, 

The use of fap as a measure of size is based 

upon the assumption that the inclusions deformed in a 

manner as described by plane strain, i.e. that there 

was no sideways spread. In addition constancy of 

volume was assumed. 

Then ? 

Volume of sphere = Volume of ellipsoid. 

3 aTDS TTD, ab 
6 6 

  

  

fav 

The plotting of relative plasticity index (») 

Do 

versus inclusion size defined as Jap results ina 

series of lines dependent unon the magnitude of the 

major and minor axes. This occure because both terms



Fig. 5.36: Sectioning of rolled samples. 
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contain a and b. 

viz: 

Figure 5.3% shows the dependency of €; (ory ) 

upon a and b values, and figure 5,38, shows the 

distortion when plotting E; (or WD) versus fav. This 

latter figure indicates that-small errors in measurement 

at small sizes may give an apparent size relationship. 

However, the presence of a large number of small : 

inclusions, as is the case, will lessen.the total error. 

The plotting of & (or P ) versus Jan, (as was 

the case for all measurements on the (XY) plane) does 

mean that the measured values of a and b may be simply 

determined for any point on the graph. This is 

particularly the case if it is recognised that measure- 

ments of a and b were made to the nearest half micron.
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pexeas The effect of hot rolling unon 

inclusion deformation characteristics. 
  

The behaviour of the inclusion phases at the hot 

rolling temperatures were categorised and reported upon 

in section 4.8 » The marked variability of deform- 

ation was indicated in plates 4.14. tovlpaass 

and it was seen that the presence of precipitation could 

effectively stop deformation even at high (i.e. 2.3) 

matrix strains. Plate 4.36. 

e325 The variation in inclusion 

plasticity index with temperature. 

The variation in the mean relative plasticity index 

(2) with temperature was presented in table 4.9% and 

is shown graphically in figures 5.39 to 5.53 . It 

mey be seen in general that there was a sharp transition 

from non deformable to deformable behaviour over a 

narrow range of temperature. This was in agreement with 

numerous workers (@5,94,102) who have studied the 

deformation of silicate inclusions over a range of 

temperatures. However, due to the limited amount of 

material available it was not possible to determine the 

precise transition temperatures, Bearing this fact in 

mind figures 5,39, to 5,53- give a guide to the 

transition temperatures at different inclusion composi- 

tions. 

It has been known for some time (79) that glassy 

inclusions may precipitate phzses upon heat treatment (as 

Jo Pugs 4B
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was shown earlier) and hot working. Knowing that 

precipitation did occur this part of the discussion 

is broken into several sections, and will relate to 

inclusions greater than 20 po in equivalent or observed 

diameters viz; (aestenaved by the symbol 20+) 

Group 1. - Those inclusions which precipitated 

Rhodonite. 

This group was sub-divided into three sections. 

Gla) - Inclusions with greater than 55%MnO and 

an alumina content in the region of or less than 5%. 

i.e. melts A7, a8, AlO and All. 

Gib) - Inclusions w ith approximately 50% Mn and 

an alumina content 10 - 15%. i.e. melts Al4, Al4C and 

AI 

(le) - Inclusions which were richer in silica 
  

than groups (la) ami (1b) and which precipitated, Sid2, 

in addition to or in place of the Rhodonite. i.e. melts 

A9, Al2 and Al3. 

Group 2. - Those inclusions which’ contained silica 

in the form of cristobalite in the 'as cast' and deformed 

conditions. i.e. melts A6 and Al3X 

Group 3. - Inclusions which contained alumina 

precipitates within silicate matrices both in the ‘as 

east' and deformed conditions. i.e. melts al7 and A18. 

Group 4. - Inclusions which were glassy in the 

"as cast' and deformed conditions i.e. melts Al6, NIA12,
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CHA12, VA12 and NI50A12. 

Group (la) : melts A7, A8, Al10 and All. 
  

Referring to figure 5.39, which was for melt A7, 

it can be seen that there was a small amount of deform- 

ation at a rolling temperature of 100U°C. This 

indicated that the transition temrerature for these 

inclusions lay between 1000 and 1100°c, which was some 

100°C or more below the solidus temperature for this 

composition shown in the MnO - Si05 phase diagram. 

(figure _ 4.2, ). If the transition temperature for 

this melt was that of the solidus temperature, as is 

the case for crystalline inclusions (35 ), then ace 

was a marked deviation from what wes to be expected. 

However, melt A7 contained inclusions which in 

some instances had approximately 17%,FeO present and in 

addition only a few inclusions were observed to have 

deformed. It may therefore have been that the inclusions 

which had deformed were those rich in FeO. Unfortunately 

no microprobe analyses were performed on the deformd 

inclusions at 1100°, which could have confirmed this. 

The presence of upto 174180 may however, mean that the 

solidus temperature was somewhat closer:to the observed 

transition temperature, and been within the experimental 

error in the measurement of temperature. A further 

complication may have been the excess temperature derived 

from work done on the matrix, in which case the inclusions 

may have been deformed above the expected rolling



410 

temperature. 

Although not observed during the inclusion strain 

measurement of melt a8 at 1000°C, there were some 

deformed inclusions present which were later analysed 

on the microprobe. analyser (Appendix 4,2 ). These 

analyses showed that some inclusions were extensively 

deformed and had low levels of FeO present i.e. less 

than 3%, Although melts A7 and As contained inclusions 

of similar compositions a number of deformed inclusions 

of A8 appeared to be glassy in nature, and as such were 

not directly comparable. 

Melts ALO ahd All which had inclusions of composi - 

‘tions in the vicinity of melts A7 and A8 (figure 4,3, ) 

showed very little deformation at 1000°C, Again at 

this temperature the lerge inclusions contained 

precipitates. At a rolling temperature of 1300°C which 

was above the solidus temperatures for all melts a7, A8, 

Al0 and All there was extensive inclusion deformation. 

It should be recognised that these melts contained 

inclusions which precipitated apparently at random. 

Therefore it may be that these inclusions which showed 

precipitation during microscopic examination and were of 

a highly deformed nature at rolling temperatures, below 

the solidus, may not have contained precipitates on 

every occasion when they were hot rolled. Precipitation 

may have occurred during the repeated heating and 

cooling dictated by the rolling programme, or even 

during the rolling, as has been reported. (79) 

Robinson (35 ) has-‘reported that if crystallisation
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of an inclusion oceurs it may become fractured upon 

subseguent hot rolling. However, this type of behaviour 

was not noted. 

Group (1b) : Melts al4, A14(C) and Al5. 
  

The deformability of inclusions from melt Al4 is 

shown in figure 5.40. >» where it can be seen that 

there was a rapid increase in the value of mean plasticity 

index ( y ) over the temperature range 900 to 1000°C. 

This was thought initially to be the non-deformable/ 

deformable transition temperature for inclusions of 

melt Al4. However, a further experiment on melt Al4(C) 

which contained inclusions of similar composition 

dispelled this belief. As with melt Al4, Al4(C) showed 

a sharp non-deformable/deformable transition temperature 

when the rolling temperature was increased from 900 - 

1000°C. Very little deformation of the inclusions was 

observed at 80U°C. However, rolling at an even lower 

temperature of 700°C showed that extensive deformation 

occurred and even at a rolling temperature of 600°C 

limited inclusion deformation was observed. (iz,5.41.) 

an explanation for this phenomenon may be based 

unon the formation of precipitates within the inclusion 

phases. at the rolling temperatures of 600°C and 700° 

all the inclusions were of a glassy nature, and it is 

conceivable that the transition temperature of the 

silicate glass occurred within this temperature range. 

(A phenomenon which is discussed again in section group 

(4)). «at temperatures in the rolling range from gov" -
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1000°e precipitation was known to occur. These 

precipitates, which were analysed as rhodonite, appeared 

to be of a blocky nature as shown in Peres 4.63, « 

At 800°C and 900° very little if any deformation 

was observed, and a large proportion of brittle inclusions 

were found. Table 5.6, especially at 900°C. 

The precipitation of rhodonite would effectively 

change the composition of the siliceous matrix, and the 

suspension of particles within the matrix would change 

the effective viscosity of the inclusion. Above 900°C 

it would anpear thet the inclusions, which now contained 

a dispersed phase, reached a critical temperature where 

they became effectively fluid and readily deformed. The 

presence of blocky precipitates, appeared to have very 

little effect on the inclusion defdpability on€ the 

inclusion was fluid (as is observed in the stereoscan 

photograph of a highly deformed inclusion from melt al4 

plate BA 

Melt Al5, which again had inclusions of similar 

composition to melt Al4+, showed that above 900°C extensive 

deformation occurred with these inclusions containing 

precipitates. There was some discrepancy between melt 

Aal4 snd 415 at gut where it wes seen that a large 

number of inclusions in melt Al5 were deformable. This 

appeared to be due to a larger number of inclusions in 

melt AL5 which had remained glassy, and as such were 

highly deformable. (Fig. 5.42.)
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Grouv (lc) : melts «9, Al2 and Al3. 
  

Melt A9 contained inclusions which readily 

precipitated upon rolling at 900°C and 1000°C. No 

visible deformation was observed at 900°C and the main 

characteristic at this temperature was the fracture and 

dissemination of these inclusions. 

at 1000°C there was limited deformztion, 

which may have indicated that there was a non-deformable/ 

deformable transition temperature in this region (figure 

5 ABs ). However, this may have been another case 

where at lower temperatures extensive deformation 

occurred (as in melt Al4(C)). Therefore a transition 

temperature in the range 900 - 1000°%C for this melt 

should be regarded with some degree of scepticism. At 

a rolling temperature of 1360°C extensive inclusion 

deformation was again observed. 

Melts s12 and al3 toth showed extensive precipitation 

within the large inclusions when rolled in the tempera- 

ture range 800 - 1000°c, the smaller inclusions remained 

glassy as was seen in. plate 4.37 Fron 

figure 5.44,the indication was thet there may be a 

transition temperature in the region 800 - go0°% although 

it was again the case that the large inclusions which had 

deformed were both glassy, and contained precipitates . 

It may be noted from figure 5.44, that there anveared 

to te a kink in the plasticity index (Y) versus rolling 

temperature curve at 900°C. This may have been due to 

the point at 850°C being derived from two results, or
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& phenomenon which occurs at gou°c which has not been 

discussed up to the present. The reason for a limited 

number of results at 850°C was a high incidence of 

inclusions which behaved in a brittle manner. 

Group (2) : melts A6(2) and A13X. 

Both these melts contained inclusions which had 

silica precipitates present in the form of cristobalite 

as wes indiceted in figure 4 .44, . These precivitates 

were present in the as cast and deformed inclusions, and 

deformation at the highest rolling temperatures 

employed showed no evidence of the re-solution of the 

silica particles. In addition there appeared to be no 

indication of excessive precipitation at any of the 

rolling temperatures. These inclusions appeared to 

behave in a similar manner to the glassy inclusions 

which will be discussed in section group (4). 

Unfortunately it was not possible to obtain the 

transition temperature of the inclusion from melt A6(2) 

although it may be seen in figure 5.45, thet it 

appears to be in the region of 1100°% . This indicated 

that the transition temperature was probably viscosity 

controlled, as was the case for::glassy inclusions. 

Melt 4Al3X, which contained inclusions of compositions 

within the FeO - MnO - $105 - 41,03 system, showed that 

a transition from non-deformable to deformable hehaviour 

occurred in the region of 600 ~ 700°C (figure 5.46, ). 
This temperature is well below any solidus temperature
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in this system. Again this indicated that the 

transformation temperature was controlled by the 

viscosity of the silicate vhese in which the silica 

precipitates had formed. It also seems apparent from 

figure 5.46. that the range of temperature over which 

the inclusions have gone from being non-deformable to 

their maximum plasticity was somewhat extensive i.e. 

400°. This was significantly at variance to what 

was observed with the glassy inclusions of group (4). 

Group (3) : Melts Al7 and A18, 

Both these melts contained inclusions in which 

alumina particles were present within a siliceous 

matrix. During deformation above 750°C these inclusions 

were observed to deform into an elongated form, which 

was often very angular in appearance, although the 

inclusions remained intact. Plates 4Al. &AALa, Show 

these angular inclusions in situ in the steel matrix, 

which was deeply etched to reveal the inclusions, 

Although it may appear that there was a transition 

temperature in the region of 750 - 00°C. Figures 5,47, 

and 5 .48, this may be due to the siliceous matrix 

being of low viscosity and moving in sympathy with the 

alumina particles. Although deformation was not carried 

out at lower temperatures, where the siliceous matrix 

was non-deformable, fracture and dissemination may 

have been expected to occur. At the rolling temperatures 

inclusions contained within melts Al17 and Al8 showed a
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wide scatter in plasticity indices 

Group (4) : Melts Al6, NIA12, VA12, CRA12 and NI50A12 
  

Inclusions from the above melts were found to be 

the only ones in these investigations which showed no 

signe of precipitate within the 'as cast' or deformd 

states. There was one exception, and this was melt 

VA12 which had been rolled at 1000°C. It was observed 

that on two occasions a deformed inclusion contained 

precipitates of the MnO - ee - V205 type. (plate 25.3.) 

However, these precipitates were thought to be of 

exogenous origin. 

Melts Al6, NIAl2, VAl2 and CRA12, which contained 

inclusions of very similar composition, showed a rapid 

change in inclusion plasticity index (D ) over the 

temperature interval 800 - 850°C (figures 5.49. -5,52. ). 

Melt NI50A412 which contained inclusions richer in silica, 

and presumable therefore had higher viscosity at the 

same temperatures than tle other melts, showed a transition 

temperature in the range 850 - 950°. 5.53) 

5.30326 Factors which influence the non-deformable/ 

deformable transition curve. 

. Miscosity (5.3.3.1.1.) 

“Initially confining the discussion to the non- 

def ormable/deformable transition for glassy inclusions, 

it was seen that the transition temperature varied with 

composition. i.e. meltsAl4, A16, NIA12, CRA12, VA12 

and NI50A12. These transition temperatures were found
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to occur at temperatures well below the estimated 

equilibrium solidus temperatures, This observation was 

in agreement with other workers (35,102) and is apparently 

due to the rapid change in silicate viscosity over a 

narrow temperature range, Robinson (35) has 

recently suggested that the transition from rigid to 

fluid behaviour occurs at a temperature where the 

viscosity of the inclusion falls to a value equal to 

one quarter of the shear yield strength of the steel 

divided by the strain rate at which the deformation 

occurs. 

Ekerot and Klevebring (213) suzgested that for 

glassy silicates containing between 5 and 15% 30; 

the transition. temperature was related to the amount 

of silica present. It was added that as the level of 

silica increased so the transition temperature would 

be higher since the viscosity of the silicate would have 

increased. 

Although sparse, the results obtained for glassy 

silicates in this investi cation indicated that this 

seemed to be the case. (i.e. Table 5,7, and figure 5, 

oA. Ys
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Table 5.7%; 

Melt #3105 Range% Transition Temp °C 

ALUC 3903 36.4-41.2 600 - 700° 

A16 9.5 455-5243 800 - 850° 

CRA12 50.3 41.2-56.5 800 - 850° 

NI50A12 60.1 53.2-65.5 900 - 1000°     

Precipitation. (5.3.3.1.2.) 

Figures 5 ,45, - (46, indicated that for glassy 

inclusions which contained a dispersed second phase i.e. 

eristobalite, as in melts A6(2) and Al3X the transition 

from non-deformable to maximum deformable behaviour 

was less marked. The reason why this occurred was not 

obvious, although a reason may be that the presence of 

precipitates prevents good viscous flow within the 

deformable inclusions. 

: A similar situation may have existed for melts 

Al2 and Al3 (figure 5 .44.,) where the presence of 

eristobalite, and rhodonite laths presented obstacles 

to fluid flow. 

5.3.3.2. Inclusion defdrmation above the transition 

temperature. 

At temperatures in excess of th transition temper- 

ature, those inclusions which showed a sharp transition 

also indicated that there was a fall in plasticity
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index as the rolling temperature was increased. e.g. melts 

Al4, A1l6, CRA12 and VA12 and it was often observed that a 

peak in the relative plasticity indices occurred at the 

900 - 1000°C rolling temperatures. Othe workers (102) 

have previously reported such occurrances although no 

explanation was proposed. Robinson (35 ) has suggested 

that this fall in plasticity index was due to inclusion 

viscosity changes relative to the steel matrix. He 

suggested that above the transformation temperature an 

increase in temperature did little to effectively lower 

the inclusion glass viscosity. However, the yield strength 

of the steel matrix would reduce rapidly and the net result 

would be an increase in the relative strength of the 

inclusion and matrix. Therefore, this should lead to a 

decreased value of plasticity index, as detailed in 

section 2.2. 

This argument does not appear to be realistic in the 

light of data relating to the hardness/or strength values 

for the matrix and silicate inclusions. Presented in 

figure 5.55,from reference (109) A simple calculation 

on the basis of such data indicated thatthe values of 

relative flow stress i.e. (S1/5,. ) above the transition 

temperature are so low as to have little effect upon the 

maximum value of plasticity index (0). appendix 5°1 

It was initially though that the peak in plasticity 

index observed in the region of 900°C was due to the phase 

change from o ferrite to Wornctenivas At the x /y 

transformation temperature in the region of 900°C the 

austenite phase is approxmately twice as hard as the
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ferrite (figure 5,55.). This would give a sharp decrease 

in the value of plasticity index. This behaviour has 

been observed for MnS (109) where the change in the MnS 

flow stress is less drastic, However, due to the rapid 

change in flow stress for the silicate glasses such an 

effect is questionable. 

Other possible explanations for this fall in 

plasticity index after the initial peak may be: 

(i) - The onset of internal fluid flow , whereby a 

proportion of the energy available for deform- 

ation is used up 

(ii) - At these higher temperatures, where the inclusions 

deformed in a fully fluid’ manner, these inclusions 

may break up and disperse (plate 4.35.). If 

this was the case, smaller inclusions of lower 

aspect ratio should be produced which would give 

a lower value of plasticity index. (Discussed 

further in Section 5 .3.5.1.4) 

(iii)- st the higher rolling temperatures, where there 

is inter-pass reheating, there may be spheroidis- 

ation of the inclusions. Again this would produce. 

a lower level of measured plasticity index. 

(Discussed in section 5.3.5). It would also 

seem reasonable that the effect of spheroidisation 

of inclusions would be more pronounced at low 

matrix strains where the inclusion deformation 

would be least.
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SF , The variation in inclusion 

plasticity index with composition, 
  

It was stated earlier in section 5-l2and shown 

in figure 5,7, to 5,15, , that there were composi- 

tional variations present for inclusions in any given 

melt. Hence, in any given section of material taken 

for strain measurement, it was probable that inclusions 

of different compositions were present. It was also 

evident that sections taken from the various positions 

in the as cast bar contained inclusions of slightly 

differing compositions (Figure 5.4.). The 

possibility existed that:the measurement of inclusion 

non-deformable/deformable transformation temperatures 

by virtue of their compositional differences. 

In order to overcome some of these difficulties 

the compositions of actual deformed inclusions were 

determined by microprobe analysis. (Appendix 4+2 ). 

The compositions and plasticity indices measured on 

the microprobe analyser (for inclusions greater than 

Lo ym) were plotted on plasticity - composition 

diagrams at various rolling temperatures (figures 5.56. 

to 5.62. ). These diagrams indicated which inclusion 

compositions were deformable at any given temperature. 

These diagrams are also indicative of precipitation 

affecting inclusion plasticity, which occured during the 

time prior to rolling and reheating. In these diagrams 

all soaking (30minutes) and reheating times (~10minutes) 

were constant up to the total matrix strain at which
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these diagrams were produced i.e. Em= 1.2 (70% total 

reduction in height). 

Rolling temperature 800°C (Fig. 556) 
  

Figure 5.56. indicated that there was some deform- 

ation although variable, due to precipitation effects, 

in and around the region of 50% Si0, - 15% 41,03. At 

te contents greater than 20% little deformation was 

evident except for some imclusions of lower silica 

content. These inclusions were those containing al50, 

in glassy silicate matrix. Inclusions at approximately 

40% Si0, on the binary (S40, - FeOMno) edge exhibited 

no deformation. 

Rolling Temperature 850°C (Fig 5,57) 

Inclusions of high deformability were shown in the 

region of 50% Sid, - 20% 41203. Again the inclusions 

richer in 41203 and less rich in Si0o were observed to 

be deformable. 

Rolling Temperature 900°C (Fig 5.58) 
  

This figure indicated that above approximately 

15%410 the inclusions in the range 30 - 60% $i0, 
3 

were deformable. Those inclusions which contained less 

than 15%A1203 in the range of compositions investigated 

showed only isolated inclusions which had deformed. It 

was the general case that these other inclusions had
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precipitated second phases which prevented their 

deformation. 

Rolling temperature 1000°C (Fig 5.59.) 

Again it may be seen in this figure that inclusions 

with compositions within the 40% S10, - 5% A103 region 

are not deformable, whereas elsewhere in the low liquidus 

region of the diagram inclusion deformation is extensive. 

The inclusions of high alumina content are also seen to 

be highly deformable, although as pointed out earlier 

these inclusions had siliceous matrices within the low 

melting point region of the MnOFeO - Si0, - 41303 

diagram. (Fiz. 5.60.) 

Rolling temperatures 1100° ana poe VEEP aS are See ener 

1300° (Figures 5.61, & .5.62. ) 

From these figures it was fairly evident that 

almost all the inclusions whithin the range of 

compositions indicated, were of a highly deformable 

nature. However, with reference to figure 5.61. 

those inclusions containing no alumina and with silica 

contents less than 40% were reluctant to deform at 1100°C 

although at 1300°C even these inclusions were observed 

to deform 

From the plasticity index --:compostion diagrams the 

compositions at which non-deformable/deformable 

transitions occurred at various temperatures were 

summarised in figure 5 ,63. + This schematic
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illustration was for temperatures of 900°C and above, 

where there are enough results to estimate the transition. 

This figure must only be regarded as a guide, since : 

the results it contains are specific to the soaking 

and reheating times and temperatures of very low 

carbon steel/iron relevant to this project. 

From this figure it appeared that as the rolling 

temperature increased the non - deformable/deformable 

transition temperature moved towards the binary 

310, - MnFeO edge of the diagram. This was not to 

be uneXpected since the liquidus and presumably the 

solidus temperatures increase towards the binary edge. 

The noticeable feature of this diagram was that. the 

inclusions in the 40% silica - low alumina contents, 

were reluctant to deform except at the highest rolling 

temperatures. i.e. those compo:tions at which 

precipitation readily occurred.
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5.3.5 . The variation in inclusion 

plasticity index with size. 

Table4.Qand figures 5.40. to 5 .53, showed 

that the mean plasticity indices of inclusions (D>) 

were seen to vary with the range of inclusion sizes 

incorporated in the assessment of these indices, For 

example it was seen (figure 5.39. ) that the mean 

plasticity index (3) for melt A7 varied with size 

range i.e. Pl ym, > 10 pm and 7 20 pm (Clare values). 

Looking now at the inclusion size ( |ab ) versus 

inclusion plasticity index (20) graphs produced from 

observations of inclusion strains on the (XY) plane, 

the influence of the inclusion size upon plasticity 

indices is seen. Again as with section 5.3.3 this 

variation may be assessed in the various groups which 

refer to the precipitation characteristics of the 

inclusions, 

Group (1) : inclusions which atoup \i/ 2 inclusions which 

precipitated rhodonite AP aCe PES ee Os Leer ne 

Group (la) : melts A7, A8, Al10 eae Ee aia an and asd Mlinsed sel 
and All (Figures 5,64, to 5,70, ). 

Figures for melts a8, AlO and All (i.e. Figures 

5 ..64.to 5,66,) showed that only the suet lent inetust ons 

had deformed. In the cases of A8 and All, these 

deformed inclusions were those which had not precivitated 

@ second phase i.e. glassy inclusions. The larger
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inclusions which contained precipitated phases had 

fractured disseminated or not deformed so precluding 

measurement. It was observed that below approximately 

bore pm no inclusions had deformed. The glassy 

inclusions of melt 48 gave indications that the 

plasticity index () ) increased as the inclusion size 

increased. 

Melt A7 rolled at 1100°C (Figure 5 .67. ) showed 

that there was a rapid increase in plasticity index 

with size upto approximately 10 Pa, but above this size 

the index remained constant. Figures 5.68 to 5,7}. 

show the size relationship at the highest rolling 

temperature of 1300°C where all the inclusions had 

deformed. Above approximately 2 pa the inclusions 

showed a sudden increase in plasticity index up to 

20 pn, above which there was a gradual increase in the 

index with increase in size. 

Group (1b) : melts Al4, Al4C and 

ALS (Figures 5 .72.. to 5.83.) sacra ead A as eS 

Figure 5.72, showed that the glassy inclusions of 

melt AL4C when rolled at 700°C deformed readily above 

5 pm. The smaller inclusions were reluctant to deform, 

indicated by the number of deformable inclusions. 

(Table Yc ). at 800°C where the presence of 

precipitates within the inclusions were observed, it 

was found that they were reluctant to deform plastically 

(figure 5.73, ). Only a few of the small glassy
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inclusions deformed and the small opaque inclusions 

\ remained undeformed. Again at 900°C this trend was 

obvious (figure 5.74, ) and the large inclusions 

either,deformed or fractured in a brittle manner. 

Melts Al4, which was of similar compostiion to AlMC, 

showed aslightly different behaviour pattern (Figure 

5: Coes | BOUT glassy and precipitated inclusions 

deformed only a limited amounti, and the small inclusions 

showed very little if any deformation. An interesting 

point to note with melt Al4 at 900°C wis that inclusion 

deformability appeared to decrease with increase in 

inclusion size above 10 pa where these inclusions 

contained precipitate phases. ” 

Melt 415, deformed at 900° , showed a totally 

different character (Figure 5.76. ) although of 

comparatle composition, and was similar in its 

plasticity index - size relationship to melt Alb 

deformed at 950°C (figure 5.77, ). Again the small 
inclusions were not readily deformable and it appeared 

that there was a rapid increase in deformability atove 

20 po. 

At a rolling temperature of 1000°C and above melts 

Al4, Al4C and Al5 (Figures 5.78, to 5.81, 5) alt 

showed an increased number of small deformable inclusions 

although again below approximately 1 - 2 pn there were 

no deformable inclusions. There was a rapid increase 

in inclusion plasticity upto about 10 PP above which 

the inclusions were highly deformable.



460 

Group (1C) : melts A9, Al2 and Al3 
  

as with the melts of group (1b) rolled in the 

region of 900°C, melts Al2 and Al3 (Figures 5.82. = 
5 86. ) showed a similar plasticity index - size 

relationships. The small glassy inclusions above 1 - 2 

po in size were less deformable as the size increased. 

in the case of melts 412 and Al3 these contained both 

glassy and precipitated inclusions. Thus, this fall 

off in plasticity index with size may not just be a 

precipitation effect, as was thought for melt Al4, but 

a compositional or heating effect as is discussed later. 

Melt 49 rolled at 1000°C (Figure 5.87, ) again 

showed the difference in behaviour of the glassy- phases 

and those containing nrecipitates within the glass. The 

glassy inclusions showed a rapid increase in plasticity 

index with size upto avproximately 10 po above which 

they anveared to be well deformed. Those inclusions 

containing precipitate phases and which were deformable 

showed low levels of inclusion deformation, although it 

appeared that the value of plasticity index increased 

with size for these inclusiom Although this latter 

statement is very dependant upon the result for the 

90 po inclusion. 

At a rolling temperature of 1000°C (Figures 5.88, 

and 5.89 ) it was again seen that the glassy 

inclusions were highly deformable, whereas those 

containing precipitates showed less deformability. At 

the highest rolling temperature i.e. 1300°C- the inclusion
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plasticity index - size relationship was similar to the 

other melts at this temperature. (i.e. Figure 5.90, ). 

Group (2) : melts a6(2) and A13X. 
  

These melts contained inclusions which consisted 

of a silicate matrix in which particles of cristobalite 

were present. Hot rolling of these inclusions had no 

apparent effect upon the size and number of cristobalite 

particles within the inclusions. Below approximately 

10 jam the inclusions appeared to be of a glassy nature, 

both in the as cast and deformed conditions. 

Unlike the previous groups these melts need to be 

considered in isolation, since they had different 

inclusion non-deformable/deformable transition 

temperatures. 

Figure 5.91, shows the plasticity index - size 

relationship for melt A6(2) deformed at 1100°¢, where 

it appears that two relationshins have developed. The 

first shows a rapid increase in deformability with size 

for the small inclusion sizes, which is assumed to be 

the relationship for the glassy inclusions. The second 

is the more gradual increase in deformability with size 

and the rapid cut off at 60 pm size which is for the 

cristobalite containing inclusions. It would seem 

logical for the inclusions which contain the precipitates 

to have a lower deformability since the presence of the 

particles would impede fluid/viscous flow. However, 

the apparent fall in deformability at around 60 po
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cannot be accounted for, and it was assumed for 

convenience that they were snurious results. 

Melt A6(2) rolled at 1200° (Figure 5.92. ) 

again showed a rapid increase in deformability index with 

size for the glassy inclusions. Those inclusions which 

contained the cristobalite vhase, (i.e. the larger 

inclusions) showed a marked variation in deformability 

possibly attributable to the distribution, size and 

number of precipitates within the inclusions. 

Figure 5.93, and 5.94. show that at the rolling 

temperature of 1300°C all the inclusions greater than 

10 pa were highly deformable, although it may be seen 

in figure 5.93, that there is a dip in plasticity .- 

index at approximately 30 pn. This din may be due to 

inclusions breaking up and hence being measured as two 

or more inclusions of smaller aspect ratio, and smaller 

size. a similar explanation may be used to account for 

the slightly lower plasticity index in figure 5.94, 

Figure 5,95, showed that at a rolling temperature 

of 700°C the inclusions of melt A13X deformed to an 

appreciable extent although again it may be seen that 

the small inclusions were the least deformable. However, 

rolling at 800°C showed that two sets of plasticity (5.96) 

index - size relationships were established. These 

relationships can seemingly be explained by the number 

of precipitates within the inclusions. With reference 

to the photographs (in section 4 48 ) of melt A13X 

viates u Bae » it was seen that the inclusions containing 

a small number of cristobalite precipitates (figure 4.29,)
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behaved in a similar manner to the zlassy inclusions and 

have deformed well in excess of the larger imlusions 

which contain a larger number of precipitates, (figure 

4.32, ). Again it was presumed that the larger 

number of precipitates within the larger inclusions 

effectively strengthen these inclusions and therefore 

make them less deformable. 

Figure 5,97, indicated that at 900°C these 

large inclusions had deformed, and that there was an 

apparent steady increase in the plasticity index with 

increase in size. It was also clear that only a few 

small inchsions had deformed, for reasons discussed 

later. in section 5,3, 54.4. 

Figure 5,98, indicated that on rolling at 1000° 

the sma!l inclusions in melt Al13X were again deformable. 

It was also evident that the larger inclusions had 

deformed to a greater extent than at 900°C. at the 

higher rolling temperature of 1100° it was noticed 

that there apveared to be fewer large inclusions 

(figure 5.99.), although the scatter of the results 

was substantially less than at 1000°C; 

Group (3) : melts AL? and A18 

Melts al7 and 418 when rolled at 750°C indicated 

that the small-gkassy inclusions were deformable, but 

only limited,if any, plastic deformation of the large 

inclusions took place. (figures 5.100.and 5,101. ). 

Above 750°C the results indicated that there was a
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large variation in deformability and no size relation- 

ship could be established. (Figures . 5.102.810 3,) 

Group (4) : Al6, NIal2, CRAl2, Se eee 
Val2 and NI50A12. 

The group (4) inclusions were the easiest to 

assess ples ticity index - size relationships for, since 

there were no problems with precipitates masking any 

size effect. This groun was split into two sections, 

the first being comprdsed of melts Al6, NIA12, CRA12 

and VAl2 which had similar inclusion compostions. In 

this group there was a matrix phase change encountered 

upon increasing the rolling temperature i.e. The ferrite / 

austenite phase change. However, melt NI5OA12 had an 

austenitic matrix at all rolling temperatures, thus 

avoiding any problems with respect to inclusion 

plasticity on vassing through the(f-rrite -lus austenite) 

plase region into the austenite nhase region. 

Figure 5.104, indicated that when melt CRA12 was 

rolled at 750°C there was a rapid increase in plasticity 

index with size from ahproximately 2 pm to 8 pm, but 

above this value there appeared to be a decrease in 

plasticity index with increase in size. This 

relationship was again emphasised by melts Al6, NIA12, 

CRAl2 and V.Al2 at 800°C (Figures 5.105. to 5.108. ). 
However, no such relationship was evident at 8500C 

(figures 5.109. to 5.112. ). The relationship at 

this temperature was essentially one of a rapid increase
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in vlasticity index over the range 2 - 10 pm, anda 

flattening out of the relationship with incressed 

inclysion tsize. Similar relationships were also 

established at temperatures upto 1300° (figures 5.113. 

to 5.122. ). However, at the higher rolling 

temperatures it did appear that the smaller inclusions 

exhitited slightly less plasticity, which may be 

accounted for by the break up and/or spheroidisation 

of the inclusions ab these temperatures. 

The inclusions of melt NI50A12 did not show the 

same type of relationships as observed for melts Als, 

NIA12, CRAl2 or V.12. At the lower rolling temperatures 

i.e. 750°C (figure 5.123, ) and 800° (figure 5,124.) 

there appeared to be very little deformation over the 

entire size range. At 850°C (figure 5.125,) an inclusion 

plasticity - size relationship generally anpeared, 

whereby the larger inclusions exhibited greater 

deformability. There are however, a few apparently 

small inclusions which exhibited higher ('out of 

character') values of plasticity index, although these 

may be explained by an inclusion sectioning phenomenon. 

At 900°C (figure 5.126. ) there aancared to be an 

increase in plasticity index as size increased although 

there was a degree of scatter associated with the 

results. nee again there are two results which seem 

out of character, and these may also be due to the same 

sectioning phenomenon. 

At 1000°C (figure 5.12%) the plasticity index - 

size relationship was comparable with those obtained



  

  

» 
PL

AS
TI

CI
TY

 
IN

DE
X 

  
  

  

155 : 
a 

ae Oo 

Oo 
Oo 

Dy 
1°04 A 

Oo 

Melt A16 
Rolled at 900°C 

0-54 Oo Emo 

0 T \ 1 

0 INCLUSION SIZE 50 Jab (am) 8   
  

2
6
4



  

  

Dv
 

PL
AS
TI
CI
TY
 

IN
DE

X 

    

1°54 2 
o Qo 

oO 
8 ; Og 0 Q 2 

o po. oe ao 
oo 

a fp Oo gu 

Oo 
o 

1°07 

Melt NIA12 

o 
Rolled at 900°C 

0°55 Em=1-12 

0 ; . : . ; 

0 50 100 
| ab (Am)   

  

 



  

  

v.
 

P
L
A
S
T
I
C
I
T
Y
 

IN
DE
X:
 

15 

1°0 

0:5 

  
Melt_CRAI2 
Rolled at 900°C 

SABE 

  

  

INCLUSION SIZE   
  

6
6
h



  

  

v 
P
L
A
S
T
I
C
I
T
Y
 

I
N
D
E
X
 

  

    

1°54 

98 Bo dy 

Oo 
oo Qo 

a [5 5 
Oo 

1-0 4 oe 

Qa 

o 

Ce Rolled ai 900°C 

0-54 720 Eqpl-16 wo Eq 1-16 

wm 
Oo 

iy 

0 ' = : : ; 
0 50° 

INCLUSION SIZE 
100 

Jab ( um)   
  

0S



 
 

  
 
 

  

i = 
°o 

oe 
S) 

6 
ie 

oO 
2 

he 
° 

a 
8 

ss 
=
 

° 
= <) 

S
l
o
 

L 
° 

_
 

tical 
_
 

m
e
l
e
e
 

E 
+| 

o
Y
 

2 
° 

ao 
ol 

€ 
acs 

=I 
al 

w 
L 

2 3 
8 

> 
° 

o
#
 

e 
eo 

(0° 
i
n
:
 

° o ° 

° 
° 

o 
g 

& 
° 

° 

> 
Q 

° 
o 

& 
o 

° 
° 

° 
2
P
o
 

ee 
° 

° 
00 

9% 
9, 

° 
S
e
n
g
 

5 
o
f
 

0 
° 

° 
S 

ores 
On 

aes 
aa 

o. 
3 

S
o
 

0
9
?
 

o 
O
F
 
A
p
 

g
o
o
g
o
 

© 
3 

° 
- 

9
0
%
 

P
e
a
?
 

° 
ee 

O
R
 

C
o
 

4 
e
c
w
 
o
m
e
 

T 
Tr 

T 
° 

wo 
° 

wo 
o 

= 
= 

°o 

ce 
X
S
Q
N
I
 

A
L
I
O
D
I
L
S
V
1
d
   

 
 

5
0
1



  

  

vy 
P
L
A
S
T
I
C
I
T
Y
 

I
N
D
E
X
 

  

  

  

Pan 
° on ° 

a) ce 8 ° 

° of ie 
828, °° . 

0 8° g 

Ors gee 
° 
ooo 

of 

8c. 
of, rr Melt CRAI2 

© 0900 Rolled at 1000°C 
®,° 

0:5 0 | E p71 -16 

ee 

om o 
° 

oe 
° 

° 

0 7 r T T T T 1 

50 100 

INCLUSION SIZE Lap (yum)   
  

Z0
S



  

  

Y»
 

P
L
A
S
T
I
C
I
T
Y
 

IN
DE

X 

    

° ° ° 5.119. 

ie 2 
1°35 7 8 - my on 2 ° 

° ° ° 

°o aro 0 00 

Be ° 

oe e e : 
Bo 

oe © 6 ° 

1:0 4° ° 

° 

ow 
°° 
oo 

o@ 
le} 

ra Melt VA12 

oe Rolled at 1000°C 

05 to Ep tets 
° 

b8 o 

0 + ~y r : + 1 
—- 0) a INCLUSION SIZE 50 fab (wm) us   
 



 
 

  

oO 
° So 
o
 

_ = 
wor 

| 
&
 

o
=
-
 

St 
el 

| 
O
F
 8 

a 
| 

§ 
=! 

al 
4 

100 
Jab (zum) 

so 
INCLUSION SIZE 

  
 
 

  

1°54 

c 
X
A
0
N
I
 

A
L
I
O
I
L
S
V
1
d
     
 



 
 

  
  

 
 

N 
So 

S 
8 

in 
- 

. 

OF 
I 

¢ = 
t 

eat 
2 

= 
Oo 

Ss 
a] 

o
e
 

Alo 
= 

0 
ol 

a 
6 

=} 
=
 

a 
ao 

of 
E 

al 
w
 

5 

2 
my 

- 
- 

e 

e 
. 

ws 
™
 

° 
a 

a. 
© 

€ 
i 

e 
ao 
i 

e 
Ww 

p
s
 

> 
ce 

ee 
o
 

e 
e
e
 

ee 

e 
oe 

°e 
=z 

oe 
ee 

rm 
eo? 

e 
e 

s
e
 

e 
eee 

eo a
e
 

je 

were 
oS tere 

Besse 
So 

ot ates 
T 

T 
T 

T
O
 

w 
°o 

wo 
o 

ms 
= 

° 

Tt 
X
S
Q
N
I
 

A
L
I
O
I
L
S
V
I
d
   

 
 

Ww 

wr



  

  

» 
IN
DE
X 

PL
AS

TI
CI

TY
 

12 Siry 

1:0 74 

OS 

  
Melt A16 
  

Rolled at 1300°C 

  

Emete13 

B12 22 

  

50 cas { am } 
100   

  

90
S



  

  

»
 

P
L
A
S
T
I
C
I
T
Y
 

I
N
D
E
X
 

  

  

  

5.123, 

1935 

ae Meit NISOA12 

Rolled at 750°C 

£m 21:1 

0:5 4 

° 
 OBHBOPS 5 gg 0 . geo - 7 , . 1 +r r 1 7 1 

0 50 on (am) 100   
  

40
S



  

  

Dv 
PL

AS
TI

CI
TY

 
IN
DE
X 

  

5.124. 

  

154 

Meit NI5OA12 

Bek Rolled at 800°C 

£m ict2 

0-5 + 

x x 
x x : 

x x 

ROM OS Xx 
0 : ; 

0 
50 fab (mm)     

80
S



  

  

eb
 

PL
AS
TI
CI
TY
 

I
N
D
E
X
 

1°05 

  

  

Melt NI50 A12 

Rolled at 850°C 

Eg 1-12 

  

50 
fab (am) we     

0
G



  

  

IN
DE
X 

 v_- 
P
L
A
S
T
I
C
I
T
Y
 

  

5.126. 
  

  

o 
o 

1:0 4 _ 

Co 

o “ Melt NISOA12 

oe Rolled at 900°C 
cl Bo 0+5 A C= ets 

a70 ; O00 —1—____. 

of og & a 

Qo Biles 

Qo 48 Bos 
og ne o 

a got pdaco 
o 

OF Y " T i _e T T = 

50 [ab Lam) 100   
  

OT
S



  

  

»
 

P
L
A
S
T
I
C
I
T
Y
 

IN
DE

X 
15] 

Or 

057 

  
Melt NISOAIZ 

Em 113 

  

      

TT
S



512 

for melts Al6 ete. This relationship was again observed 

at 1100°C (figure 5.128.). However, it may be seen by 

comparing figures 5.127, and 5,128, that the general 

features of the curve at 1100°% have moved towards the 

deformation of smaller inclusions (i.e. 5 pm 33 po) 

closer to the ordinate axis. This deformation at 

smaller sizes may be due to a compostional difference 

between large and small inclusions as has been observed 

(figure 5.12,  ) or perhaps it was an intrinsic 

property of inclusion size. 

5a Be Summary of the general features ededels SS ee ao Ur 8: 

of plasticity index versus size relationships, and 

the factors which influence them. 

From the preceding results it may be seen thet the 

variation in inclusion plasticity index with size is not 

Simole and numerous factors seem to influence the 

behaviour pattern. It may be these factors which have 

led to the observations (92) that inclusion plasticity 

may in some instances increase with size, and in others 

decrease with size. Initially the factors which affect 

inclusions in general will be discussed followed later 

by the factors which influence the plasticity index - 

size relationships of the inclusions containing 

precipitates.
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Ded eb etel es Inclusion compostion. esheets et hy chal 

It has been established that there was a variation 

in inclusion composition with size (section 5.1.2. ) 

for any specific melt. Taking those melts which contain- 

ed glassy inclusions at all rolling temperatures, table 

5.8, shows that the smaller inclusions were richer 

on average in silica andless rich in alumina. 

  

  

Table 5,8. 

10 pm inclusions 40 pm inclusions 

% Si05 a 41503 #310, #A1503 

A16 52 10 48 15) 

NIA12 ou 10 48 19 

CRAL2 56 10 48 16 

VAl2 53 13 48 18 

NI50A12 66 10 62 13           

On the basis that tl small inclusions were richer 

in silica it might be expected that these inclusions 

would have a slightly higher viscosity, and as such 

would be more difficult to deform at a given temperatura 

Only melt NI50A12 would appear to confirm such a 

behaviour. Here it was seen that the larger inclusions 

were the more deformable (figures 523, to 5328.) and 

at higher temperatures the smaller inclusions sizes were
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seen to deform. 

The other melts i.e. Al6, NIA12, CRA12 and VA12 

showed that at temperatures which were below thex/y¥ 

phase change, (which would complicate the situation) 

it was the smaller inclusions (greater than 5 jm ) which 

deformed the most (figures 5.104, to 5,108, ). This 

would appear to represent a contradiction to any 

proposed viscosity phenomenon. Figure 5,129, indicated 

that the inclusion compositions expressed ag table 5,8 

cross a eutectic trough in the MnO - Sid> - A1,03 

diagram. 

At first this was thought to be a possible 

explanation to the peak in the, plasticity index - size 

figures. However, the work of other authors (5,102) 

has expressed that it is not the liquidus or solidus 

temperatures which influence the deformability of glasses, 

but the glass viscosity. 

again with respect to composition it was thought 

that these smaller inclusions may have contained 

Manganese sulphide, or even have been MnS. However, 

although it was established that the presence of 

sulphur in the inclusion phases increased with a 

decrease in size (section 5.1.2.3) this increase was 

only detectable at sizes below 5 pm. Since it was 

known that MnS inclusions become progressively more 

deformable at lower temperatures (109) the presence of 

deformable small inclusions at even lower rolling 

temperatures would have indicated that MnS inclusions 

were probably there. However, at these lower temperatures



Wriation of inclusion composition with size 

for the glassy inclusions of melts A1l6,Ni50A12, NI-CR-V-(A12) 
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small inclusions were found to be non-deformable. Since 

it appeared that compositional differences could not 

account for this plasticity index peak, a theory based 

upon another variable has to be developed. 

Seabee. Adiabatic heating effects. 

Since there is a temperature rise associated with 

the rolling process (103) it would be expected that 

this temperature rise would be vassed onto the inclusions 

and in particular to'those inclusions of small volume. 

In the case of the large inclusions it was probable that 

the temperature rise was transmitted to the surface 

layers only. It would also seem reasonable that this 

effect would be more noticeable at the foot of the 

transition curve, since a small change in temperature 

would cause a rapid change in viscosity. 

If it was assumed that the apparent flow stress 

of the inclusion is given by: 

Om = NE 

"and that the rolling temperature was such that the 

viscosity of the inclusions was at 10” Nm @s (i.e. 

108 Poise) and the strain rate 2087! then: 

Ome 660 nn 

Similarly if we assume that the matrix strength On 

was 200MNm72 (126) 

Ted enor Gait a2 lO 
eA es) ae 
Orn 200 x 10°
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If however the small inclusions are effectively at 

a temperature 10° higher than the value of % may have 

dropped to a value of 10? Nn”°s, in which case 

Using a relationship of the type proposed by 

Gove and Charles (109) i.e. 

» = 2 - (&) ofS 2 

then the larger inclusions would not be deformable, 

whereas the smaller ones would have a plasticity index 

of unity. 

SedeFelsde The ferrite to austenite 

transformation. 

It was mentioned earlier that in some o? the 

plasticity index - size diasrams there was a noticeable 

lack of small deformable inclusions at rolling 

temperatures around 850 - goo°c, From table 4.47 and 

figures 5.130. and 5.131, it may be seen that the number 

of deformable inclusions in the range 1 - 20 jam was 

dependent unon the rolling temperature. These figures 

indicated that there was a dip in the number of 

deformabale inclusions in the range 850- 900°C, which 

is thouglt to be due to the ferrite - austenite phase 

transformation, The region 850 - 900°C may be seen 

to be the ferrite plus austenite region of the iron-
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Variation in number of deformable 

inclusions with rolling temperature. 
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carbon equilibrium diagram at the 0.005% to 0.01% C 

(figure 5,132. ) used in these experiments. 

It has previously been shown that imlusions act 

as preferential nucleation sites for the precipiation 

of a second phase (107 ). Since the inclusions in 

these melts were rolled in and around the ferrite/ 

austenite range it may be expected that either ferrite 

() or austenite ( Y ) nucleated and grew around the 

inclusions. The small inclusions may heve effectively 

been enveloped by the precipitated material. 

The possible influence of this envelope of 

material upon the inclusion deformation must therefore 

. be assessed. 

Case I 

If an austenite envelope developed around an@ inclusion 

then the inclusion would be protected from deformation 

by the presence of a hard shell which resisted deform- 

ation, at the ferrite/austenite transition temperature 

the austenite is approximately twice as.hard as the
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5132 
  

910° 

gooe0 4 

°C 

    

  

Part of the Fe - C equilibrium diagram 

at the 0.01% level of carbon present in 
  

this work,
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ferrite. From the work of other authors Cae when the 

ratio of the inclusion: (or second phase) strength is 

twice thet of the matrix there is very little deformation 

of the inclusion of second phase. 

Case IIT 

If thre is a ferrite envelope around the inclusion 

which is the more likely case since the material was 

cooling from the furnace to the rolling temperature, 

then the inclusion is surrounded by a soft ferritic 

envelope. 

Furnace temp. 

Pere 513% 

  

“a 

, The ratio of the flow stresses ¢ ES is approx= 

imately 0.5 and as such would infer that the ferrite 

envelope would deform more easily. There is now a 

situation where both the envelope and inclusion have 

the ability to deform. Whether or not the inclusion 

deforms is more complicated and will depend upon the 

transfer of stress to the inclusion, and the ratio of 

the inclusion to ferrite strengths. However, the bulk 

of- the evidence from the present work suggests that in
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the transformation zone the number of deformed inclusions 

decreased. In order to test whether or not it was the 

al ¥ transformation which caused the fall in the 

number of deformable inclusions, a melt was cast which 

contained inclusions that were in a fully austenitic 

matrix at all rolling temperatures, This cast was a 

50%Fe - 50%Ni alloy, and from the results contained in 

figure 5,130, it may be seen that there was an increase 

in the number of deformable inclusions as the rolling 

temperature was increased. No dip in the results 

occurred in the region 850 - 900°. 

It may be further noted that the melts which 

contained the alloying additions (i.e. melts NI50A12, 

NIAL2 CRAl2 and VAl2) had a greater number of deform- 

able inclusions than were present in the unalloyed melts 

i.e. melts Al2 and Al6 which contained inclusions of 

similar compostion. this may be attributed to these 

alloying elements strengthening the matrix. 

It may also be seen from figure 5 131, that 

inclusion composition influenced the number of deform- 

able inclusions. Melts Al3X and A16 appeared to 

contain more deformable inclusions than melt Al14C at 

temperatures above 700°C. This was assumed to be due 

to the precipitation of second phases within the 

inclusions. Although precipitation would not be 

detected in the small inclusions of melt ALC they often 

showed signs of opaqueness. This opaqueness may have 

been due to fine irresolvable precipitates.
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5.3050 The break up of large inclusions. a ee OSs 

AS was suggested earlier, one of the reasons why 

the plasticity index at high temperatures and large 

inclusion: drops, may be due to the break up of these 

larger inclusions. 

Plate 4,35,shows what appears to be a large 

fluid inclusion breaking up into several smaller 

fragments. If by some chance this break up occurs at 

rolling passes prior to the one at which inclusion 

measurements were made, then there may be a large 

distance separating them. If this is the case then 

these inclusions may not be recognised as being the 

disseminated parts of larger inclusions, and may be 

measured as inclusions in their own right. At high 

magnifications i.e. X10CO this error may. easily occur. 

(A case for the metallographer always firstly examin- 

ing his specimens at low magnifications ). 

an example of the influence an inclusion breaking 

up upon the plasticity index - size effect is shown 

below i.e. 

Assuming that plane strain occurs, and an inclusion 

which if it did not break up would have a plasticity 

index of 7 = 1.5 at a matrix strain E&,.=1.2 then 

inclusion strain is given by 

E; = VEm 

7. IES = 198



Now under plane strain conditions 

where a and b are the major and minor axes respectively 

(‘= e* -e* 

Again assuming plane strain 

a 

€; = In 

where D is the original diameter and is also equal 

to Jab 

Assuming that the original diameter was 100 pn 

then 2 
100 C * " i 

i.e. a i 100 x 6.05 = 605 pn 

Ef adi=0605 and = 36.6 gee (8) 
the minor axis b = 16.5 pam 
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Now if we assume that it broke into three parts of 

length a, 3a and a then the resultant apparent sizes 
2210 

and plasticity indices are given below. 

  

  

Table 5.% 

Major a 3 a er 4 t6 % 

[av 7 pm 55 pm 45 pm 100 
& 1.45 1.20 1.00 1.8 

» 1.21 1.00 0.83 1.5       

These figures indicate that as the size of the 

inclusions increase so does the’ plasticity index 

vig figure S555 

  

However, it is probable that the value of relative 

plasticity index would be higher, since the ends where 

the breaks occurred would develop sharper features and 

become more streamlined.
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G35 The spheroidisation of deformed 

inclusions. 

For the case of inclusions being deformed at the 

higher rolling temperatures, it was felt that the 

spheroidisation of inclusions would have an effect 

upon the plasticity index-- size relationship, and 

possibly upon the mean value of plasticity index D 

quoted. In order to test this hypothesis samples 

containing deformed inclusions were heat treated, and 

plasticity indices measured. 

Figures 5 .136,t0 5 140, and talles 5 10, to 5.14; 

show the influence of soaking temperature unon the 

number of deformed inclusions contained within various 

size ranges, and also upon the inclusion plasticity 

index. Melt 413%, which had been rolled at i1co°c, 

and melt CRAL2 rolled at 800°C which contained a large 

number of deformed inclusions, were heat treated at 

1050°C for 10, 30 and 60 minutes. 
From both sets of data it may be seen that for 

inclusions less than 5 pm in diameter the number of 

deformed inclusions apparently decreased as the eine 

at the soaking temperature increased. The greatest 

effect was seen for the small inclusion sizes (figures 

5.136. and 5.13% ). This effect was to be expected, 

since the small inclusions have the hichest surface 

area to fvoltne ratio, and will therefore tend to 

spheroidise in the shortest time. 

The influence of soaking temperature upon the
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Table 5.10 

Number of deformed inclusions within the various 

size groups for heat treated samples. 

  

  

    

Melt A13xX 

=> = a #10 mina ita eg eas 

Soe 26 8 20 
2 3 71 63 48 4h 

3 4 31 43 36 31 

ff 5 9 7 2 11 

5 6 3 as 6 2 

6 7 V E = 5 

7 8 - 2 6 6 

8 9 - - - - 

9 10 - = 1 il 

10 3 ae 1 3 

Nz (Total) 160 14h 107 110             

aR = As zolled A13K (Ry 1100°C). H.7, at 1050°%C. t 
fn = 1.13 

rer
e oO



Tavle 5.11 

Number of deformed inclusions within the various 

size groups for heat treated samples. 
  

Melt CRAL2 

  

  

                

Tae, aR AR AR AR 
+10 mins | +30 mins | +60 mins 

7 oe 

9: 2 13 3 3 . 

2 3 38 25) 15 ¢ 

3 t 35 33 16 1h 

y 5 23 20 ie 8 

> 6 8 8 5 4 
6 id 2 4 6 8 

v 8 1 3 1 2 

8 9 2 - 1 2 

9 7m [eet : : 

10 te 4 3 4 

Npz(Total) | 128 100 57 48 

alii = As Relled CRA12 (Ry 800°C). HT at 1050°%C. 

B= 1.15 
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Plasticity Data for Rolled and Heat Treated Samples. 
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A13K 

ab( pam) D 3.D. S.E. Nor 

AR Tap 0.449 0.283 0.022 160 

J ab(1-10)} 0.414 - 157 

AR+ >1 O.471 0.292 0.024 hh 

10min 1-10 0.465 - - 143 

aR+ > 1: 0.468 0.299 0.028 107 

30min 1-10 0.464 - - 106 

AR+ 24 0,303 0.317 0.030 110 

60min 1-10 0.362 - - 107           

Table 5.12



Plasticity Data for Rolled and Heat Treated Samples, 

  

  

  

  

    

CRAL2 

J anc um) > S.D. S.E. Noy 

AR Pil 0.416 0.234 0.021 128 

1-10 0.413 - - 121 

AR+ al 0.495 0.272 0.027 100 

10min} 1-10 0.488 - - 95 

AR+ ?1 0.392 0.235 0.031 57 

30min | 1-10 0.386 - - 5u 

ARt Wak 0.433 0.233 0.034 48 

60min | 1-10 0.421 - - Ube           

Table 5.13 
—_—___.
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plasticity index of inclusions within th size range 

1-10 pmi.e. (1510) appeared to be little 

affected. However, it does seem that initially the 

value of Ya-10) increased but then fell with 

progressive soaking time. This effect may be explained 

on the basis of the inclusion strain prior to soaking 

at the heat treatment temperature. i.e. the smallest 

inclusions were the least deformed, and as such would 

spheroidise the quickest. The larger inclusions had 

been deformed to a greater extent, and this fact in 

conjunction with them having a lower surface area to 

volume ratio would mean that they would take a longer 

time to spheroijiise. Since there would now be fewer 

slightly deformed inclusions the net effect would be 

to,push up the apparent inclusion plasticity index. 

Further heat treatment would tend to spheroidise the 

remaining well deformed inclusions. This would then 

lead to a lowering of the inclusion aspect ratios and 

as such a lower value of YVis10). 

In the case of samples which are repeatedly re- 

heated prior to rolling the effect of spheroidisation 

would be to highlight the lower deformability of 

inclusions of small size. This was oneadf the factors 

which possibly ai‘’ed the phenomenon of a large number 

of apparently non-deformable small inclusions.
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a NS Sectioning problems. 

One of the problems encountered in the measurement 

of inclusion sizes was that of the sectioning probability 

as has been shown by Segal and Charles (125). It mustte 

recognised that any observed inclusions size may be less 

than the size of the actual inclusion. This fact 

inevitably leads to experimental scatter in polished 

sections, 

It was observed on several occasiom (figures 5.125, 

and 126, ) that there were points on the plasticity 

index - size diagrams which were out of character i.e. 

some apparently small inclusions had nlasticity indices 

which were in excess of the rest of the vopulation of 

small inclusions. 

If we take the case of a triaxial ellipsoid, 

whatever the distance from the mid plane, any section 

parallel to that plane will have the same aspect ratio. 

Therefore, if a large well deformed inclusion was 

“sectioned towards its periphery, the observed section 

was that of a small highly deformed inclusion, an 

even more exceptional case is if the part of the 

inclusion sectioned is in a region of ogee topology. 

In this case the observed ellipse hes a higher value 

of aspect ratio than is encountered when the inclusion 

is sectioned towards its mid plane.
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Ss eele7: . Surface energy criterion. 

Baker and Charles (107) proposed that the energy 

reauired to create a new interface was a contributary 

factor as to why inclusion relative plasticity was 

observed (101) to decrease with a decrease in inclusion 

size. 

The energy required to create a new interface 

( Egue ) may be taken as the product of the change in 

surface area (S.4.) and the interfacial energy ( x D5 

i.e. 

Exar = x [ SA-tee) aot S.A. (ne) | 

assuming that plane strain conditions are operative 

and there is no change in inclusion volume two cases 

may be considered. 

a) Cubic inclusions deformed to a parallelipiped 

(as with the model of Bakefand Charles) 

II) Sphere deformed to a triaxial ellinsoid. 

Case (i) 

If we consider case (I) where a cubic inclusion 

of side (D) is deformed to a parallelipiped of sides 

(a) - major, (b) = minor and (D) - intermediate, 

then: 

Volume = D = abD 

te pb = ab



and the aspect ratio x = 

\ =a=82-R= @ 
b De be 

% Assuming that under plane strain conditions 

inclusion strain ti, may be given by 

&; 4 Ind 

N
 

l
a
w
 

The surface areas of the original and deformed 

inclusions are: 

6D* 

2Da + 2Db + 2ab 

S.A. (orig) 

&.A. (Def) 

oe Fe The change in surface area is given by 

A.A) =[ 207(% + ae )- 6D? 

i.e. = p?[ 2(» < 5s ) = | 

or A(SA) = o?[ (C+ 6" +1) - ‘| 

ine eet 
9 cosh€; = ‘let +@ | 

this expression for Q(SA) may be written as 

ACSA) = 402( cosh&; = 1) 
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Therefore Emr = 4% D2 (cosh ee -\) 

and in terms of relating the expressiont unit 

inclusion volume p3 

(=) =~ 4 cosh €; -1) 
D 

Case (II), 
  

The consideration of a spherical inclusion 

deforming to a triaxial plsne strain ellipsoid (i.e. 

one axis remains constant) involves a complex 

mathematical analysis (214) requiring the use of 

elliptic integrals. (215). Although complex, a4 

solution has been evolved (216) enabling a graphical 

represantation to be produced (figure 5.141, ). The 

results from this analysis have indicted that the 

change in surface area approximates to 0.8 times the 

value obtained for a cuhice inclusion. 

aa) = 0? £(r) 
£0s) = 6-8 £0.)



  

  

a5) 

f(A) 
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Fig. 5141 

Change ininclusion surface area with 

aspect ratio. 
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The interfacial energy is thus 

Emr, = 2+ 2¥ d? (cosh€, -1) 

and again in terms of interfacial energy per unit 

volume of inclusion (1D? ) 
6 

()- mage) 
which is approximately 

(e)e Ere -!)   

Thus it may be seen that the value of surface 

energy for the sphere is apnroximately 50% greater 

than that for the cube (case (I)) model. 

Robinson (35 ) has recently performed a similar 

exercise which relates the rate of change of surface 

energy per unit volume % (for the cubic model) 

to inclusion strain ( ie ) and strain rate (&;). 

i.e. ~ 

4 g é; sinh 
D 

It can however be shown simply that the equation 

derived by Robinson (35 ) and the equation for case (I) 

(i.e. the cubic inclusion) are comparable.
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The present work, and that of other workers 

has indiceted that the size at which inclusions do not 

deform is in the region of 1 - 2 pm, for silicate ~ 

inclusions (103), FeO (35), and MnS (125). However, 

from a study of the energy associated with the increase 

in surface area, the surface energy effect is only 

noticeable at very small inclusion sizes and large 

reductions, as indicated by figure 5 142, (which is 

based on the calculation in Appendix, 5-2 ).
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This seems to suggest that the surface energy 

criterion was not the major effect, but will be a 

contributary factor which will possibly enhance other 

factors. 

552.5155 Effective stresses acting unon the 
  

inclusion. 

One of the factors which has not yet been 

discussed is the level of effective deformation stress 

that the inclusions see. Pickering (100, pronosed that 

one of the reasons which may account for the non 

deformation of small inclusions was that they may tend 

to rotate within the matrix rather than deform, a view 

which is held by other workers (35). Robinson 

developed a model system based upon two concentric 

cylinders the inner one of which rotated (figure 5,143,). 

Contained between the cylinders was a sodium silicate 

solution, into which he injected particles of similar 

density and viscosity. Upon rotation of the cylinders 

he found that the large inclusions deformed to the 

shapes found in the real system. The small inclusions 

however remained non-deformable, and apparently rotated 

within the imposed shear gradient, thus supporting the 

suggestion of Pickering. 

From work carried out in this investigation, it 

appeared that large inclusions began to deform before 

the smaller ones, and upon increased straining of the 

matrix the smaller inclusions progressively became
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deformed. (figure 5.144, ). Melt NIAl2 was rolled 

at a temperature of 1000°C to a matrix height strain of 

0.042 (ise. 4% reduction). Inclusion strains were 

measured at various heights within the deformed bars 

(section 5.3.6.2 ), md it was found that the 

greatest inclusion strain had occurred in‘the outer 

layers. since the matrix strains within the various 

regions in the bar were not known, the smallest size 

of observable deformed inclusions were plotted against 

the mean inclusion strain for the region measured. 

Table 5.14. and figure 5.145, 

Table 5,14, 

Melt NIs12 rolled at 1000% &m = 0.042. 
  

  

  

Distance from the = Dmin Calculated 
top surface E: observed Dmin 

0-2 mm 0423. 2.5 pm 1.07 pm 

2-4 mm 0.10 5.0 pm 2.70 pm 

6 - 8 mm 0.04 9.0 pm 6.24 pm 

8 -10 mm 0.03 19.0 pm 11.20 pm 
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5.145. 

  

| s 2 0-3 0 0 é. 0 

It was felt that this size effect might have been 

due to operator error in.measurement., although this - 

may have occurred to some degree, the indications 

were that the cut of sizes were in excess of the 

minimum measurable sizes of the deformed inclusions. 

If the deformation of an inclusion was dependent 
expen cack 

‘upon the degree of stress/strain that it sew, then it 

might be expected that in regions where the matrix 

had strained the most, the stress levels would be 

highest due to work hardening. In addition there 

would be more slip systems operating and therefore 

an increased probability of smaller inclusions being 

intersected and/or influenced within these regions. 

One might therefore be tempted to suggest that the 

inclusions of progressively smaller sizes would be 

persuaded to deform as the degree of matrix strain 

Was increased.
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5.3.50109. rye: Deviation from plane strain. 

A major assumption in this work has been that of 

plane strain deformation. However, as will be discussed 

later this was not the case, and lateral spread occurred 

to some degree. The effect of lateral spread on 

inclusion measurements parallel to the major and minor 

axis would be to effectively lower the apparent inclusion 

strain (plasticity) and also the inclusion size.



5.8 Oe The variation of the inclusion 

plasticity index with the degree of matrix reduction. 

The results from tables 5,15,-».19, which are 

Presented in figures 5.1.4 -*.147 indicate that the value 

of inclusion plasticity index was not constant with 

increasing matrix strain. The value of plasticity 

index may be seen to have rapidly increased with 

increase in strain initidly and reached a peak, at 

approximately 0.8 €m. Beyond this strain the value 

of the plasticity index was seen to decrease with 

increased strain. 

This. observation was seemingly in disagreement 

“with other data published ( 35), which suggested 

that there was a maximum value of plasticity index 

as the degree of matrix reduction tended towards zero. 

However, the difference encountered in the present 

project is believed to be due to the geometry of the 

samples for rolling, and the inhomogeneous deformation 

of the matrix (discussed in section 5.3.6.2 ). 

Presenting these results in a slightly different 

way i.e. plotting inclusion strain versus matrix 

strain (figure 5,147, ) it was shown that for very 

low strains no inclusion deformation was encountered. 

This was rapidly followed by a region where the 

inclusion strain - matrix strain diagram showed a 

linear ‘relationship upto a matrix strain of approx- 

imately 0.8€,,.Above this strain value the inclusions 

showed resistance to deformation as the matrix strain 
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Melt NIAl2 Rolled at 100L°C Table 5.15 

Top Bottom Centre 

Em E.  &- ine | eee ee eRe Me nly We ee OL. pe 
0.04 0,10 - 16 - - - 0.005 - 9 - 0.10 0.12 - 9 

0.39 0.57 O.0% 11 0.47 0.02 11 0.56 0,02 a1 0.04 1.43 0.03.12 

0,62 0.76 0.06 9 0.78 0.06 9 0.97 0.02 8 0.20 dan 70.03.46 

0.82 1.15 O.0e 7 1.02 0.05 6 1.34 0.04 7 0.26 1.63 0.05 (7 

1.13 1357 0.1 0h: 1.41 0.06 5 1593:2-0,05.%5) 0.04 L635, 0.05205 

1.57 1.57 0.05 4& 1.60 0.06 4& 1.73. 0.0% 5 0.14 Leto 0.031. 5               

95
S



Table 5.16 Melt Al4(2) Holled at 1000°% 

  

  

  

top bottom central 

ae Ez Osman Cy Oz Sie E: PG ec: icy er in, 

0.07 | 0,10 0.02 8 0.12 0,03 8 0.03 0.02 8 -0.08 0,43 0.29 8 

Oc ue 0.09 0.02 8 0.10 0.03 8 0.08 0.02 7 -0.02 0.73 0.18 7 

0.19 0.07 0.03 7 0,15 0.03 ih 0.17 0.03 7 0.06 0.89 O15 7 

0,32 0.28 0.03 6 0.19 0.09 6 0.34% 0.05 7 0.11 1.06 0.15 7           
    

66
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Table 5.17 
  

Melt NIA12 Rolled at 1000°%. 

  

  

  

  

Em Ex Ae; ee se central3 = 
0.04 0.005 —— 0.12 135 

0.39 0.56 0.09 14h 81 

0.62 0.97 0.21 re6 92 

0.82 1433 0.25 1.64 55 

P13 1.52 eS 1.34 77 

1.56 1.72 O.14 deal: 38 

Melt Al4 Rolled at 1000°C, 

Em é: DEx Dee ni 

0.07 0.03 -0.08 0.38 2k 

0.11 0.09 -0.02 0.78 59 
0.19 0.16 Q.06 0,87 21 

0,32 0.37 OL1E eld 4 

0.37 0.30 ——_ 0.32 13 
0.69 0.90 — 1.30 19 
0.91 0.80 = 0.88 6 

LoI3 1.01 == 0.89 22 

1.59 1.19 aS 0.75 14 

279. 0.96 — 0.54 7 

2.03 0.81 — 0.40 

2.2h 2552 aia 0.68 a    



  

  

  

Plasticine experiment 1 Table 5.18 

€ = Top = Bottom _ Centre Plasticity factor 

ot Eu. za Eis ORE re ewes Gein Ac. PY % a 
0.23 0.16 0.06 4 0.19 0.06 4 0.35. 0.01 «5 0.17 3652 0.04 5 

0.47 0.38 0.07 4& 0.43 0.03 + OP 720 0.02 19) O.12 1.11 0.04% 5 

0.93 0.88 0.15 4 0.75 0.1% 4 1.29 0.0% 5 0.48 1.39 0.0% 5 

1.78 1.62 0.13 & 1.47 0.13 4 2.00 0.05 5 0.46 3. 125-.0,03) 55 

2.47 2.35 0.15 4 2.02 0.05 & 2563 70.07 5 O45 1.06 0.03 5 

Plasticine experiment 2 

0.15 0.13 O©.l2° 2 0.04 0.0% 2 0.23 0.04 3 0.15 1.93 0.27 3 

0.22 0,10 0.06 2 0.20) 0.08) 2 0.26 0,02 3 0.11 1.18 0.09 3 

0.38 0.22 0,194 2 0525 <0,01e 2 O41 0.05 3 0.18 409:50.13: 03 

0.67 0.49 O.11 2 0.57, 0.06 22 0,83 0,01 3 0.30 1.24 0.01 3 

1.10 1.04 0.02 2 0697, 0.12 2 1.30 0.02 3 0.30 1.18 0.02 3 

1.69 1.68 O.14 2 1,66 ~0¢20;-2 2.02 0,11 3 0.35 1.19 0.07 3 

2.36 2.08. 0.22 2 2.14 0.39 2 2.762 0,07 3 O.51 4530. 0.03 23                 

19
S



  

  

  

Plasticine experiment 3 Table 5.19 

= a enOD _ Bottom Centre Plasticity factor 

Em Ew. Cee Ex CR on ee Sn AE, p Oy on 

0.166 0.19 0.04 6 0.14 0.03 6 0.17 0.02 5 0.01 402 - 0.12 0°5 

0.173 0.16 0.0% 6 0.09 0.03 6 0,19 -0.03 5 0.07 2.10) 0.177005) 

0.230 0.21 0.03 6 0.19 0.0% 6 Os32) 0.02251 0.11 e390 0.09 = 95: 

0,297 0.30- 0.05 1-6 0,220.03 6 078310602915: 0.07 on O.5 07.75) 

0.396 O44 0.08 6 0.29 0.06 6 0.50 0.01 5 O.14 1526 0.03 5 

0.632 0.61 0.08 6 0.52 0.08 6 0.86: 0.03. 5 0.30 1.36 0.05 5 

0.947 0.95 0.13 6 0.82 0.10 6 1.23 0.03 5 0.35. 1.30 0.03 5 

1.237 1520 “0-15 156 1.09 0.15 6 1.61 0.04% 5 0.47 1.30 0.03 5 

1.677 1.67 0.07 =6 T,66r10.1 30.0 1.93 0.07 5 0.27 1.15 0.0% 5 

2.535 2.17, 0.16 2.15 0.14 6 22931..0007 = 5 0.37 1.16 0.03 5               

29
6
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increased, showed by a flattening of the graph . 

(figure 5 .147, ). 

Numerous reasons have been put forsard to explain 

this phenomenon (Section 2, 2.4.3 ), however, before 

seeking a mechanistic approach it was worthwhile 

examining the results of a model system. In this 

case the matrix strains were measured in the regions 

where inclusion mezsurements were made in the real 

system, amd compared to the overall matrix strain.sie. 

Tableg 5.17-sk9 and figure 5 Pek show the 

results obtained from experiments using rolled 

plasticine composites (detailed in section 3, yi of 

the same initial height as used in the real system. 

The results plotted in figure 5 ,147, show the mean 

strain in the central one third of the com>osite versus 

the overall matrix strain. again it may be otserved 

that there was a linear portion to the curve upto a 

matrix strain of approximately 1.2. Seyond this value 

there was a tendency towards the flattening of the 

curve, although not tq the extent as shown by the ~ 

inclusions within the real system. An interesting 

feature with the comnosite results was that in all 

instances the mean central composite strain was in 

aetees of the matrix height strain value even though 

the matrix was of the homogeneous material. 

The indication from these results was that 

inhomogeneous deformation of the matrix took ‘place. 

This result has serious implications when referring to 

the deformation of inclusions measured in the central
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region of the hot rolled samples. However, bearing 

this in mind, the inhomogeneity of deformation does 

not account for the fall off in inclusion strain with 

increased'matrix strain. Hence, mechanistic approaches 

must be looked into. 

The two casts used in the investigation of 

inclusion strain versus matrix strain were NIA12 and 

A14C rolled at 1000°C.. This rolling temperature was 

well in excess of the non-deformable/deformable 

transition temperature (Section 5.3.3  ). Cast NIA12 

contained glassy inclusions at the rolling temperature 

whereas Al4C there were precipitate phases within the 

inclusions which would tend to increase their apparent 

flow stress. From figure 5.146, it may be seen that 

at all matrix strains the inclusions of melt NIA12 

(greater than 10 pm in size) have been more deformable 

than those of al4C thus fitting the hypothesis. 

Although numerous mechanisms may be cited (Section 

2-2-4 ) for the fall in the ratio. of inclusion strain 

to matrix strain as the degree of matrix strain 

increases, this type of behaviour may be predicted on 

the basis of strain rate. Figure 5,148, shows the 

theore¢gtical variation in inclusion strain with matrix 

strain for various values of apparent inclusion to 

matrix flow stress ratios x, for the experimental 

work in this project. 

In the hot rolling process the mean deformation 

rate (strain fate) increases as the ingoing thickness 

decreases for a constant reduction per pass, roll



  

    
    
  

Ome Dies en NOM CO gO Sane G 

PASS N° 
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velocity, and roll diameter (126), 

i.e. 

  

where ie = mean strain rate (s7!) 

Vy; = peripheral roll velocity (ms-1) 

D = roll diameter (M) 

| h,= entry thickness (mM) 

hy= exit thickness (mM) 

The work of Alder and Phillips (217) showed that 

the resistance to homogeneous deformation was dependent 

unon the strain rate. This resistance my be equated 

as 

C= 66 

where Oo, is the level of stress when é is unity 

n is the strain rate sensitivity index. 

From their work on a 0.17% Carbon steel deformed 

at tenperacaese ta ie range 930 - 1200°C and 

reductions of 10 to 50% the value of n was in the 

region of 0.1 (table 5.20, )-



  

  

  

  

Table 20. 

Temperature Values of n at percentage reductions 
oC. in height per pass of: 

10% 20% 50% 

930 0.088 0.084 0.105 

1000 0.108 9.100 0.122 

1060 0,112 0.107 0.155 

ar35 0.123 0,129 0.198 

1200 0,116 0,122 0.196       

Thus at 1000°C rolling temperature the deformation 

stress of the steel matrix may be given as 

os Oba 

Assuming that inclusions within the matrix behave 

as Newtonian fluids their apparent flow stress, « 

according to Ekerot (102), may be represented by the 

relationship 

. 

Or = He 

where ee is the viscosity of the inclusion, 

Thus it is clear that both the matrix and inclusion 

phases are strain rate dependent, the inclusion phase 

being the more dependent. Figure 5.14 9, indicates the 

apparent deformation stresses at the various passes 

(i.e. as the total matrix strain, and strain rate 

567
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increases) for various inclusion to matrix stress 
° 

ratios measured at & = 1. 

t= Se 
= (Ze £2! 

  

  

  
, 

Le =<, is defined as the inclusion/matrix stress 

ratio at § =1, eis the value at a value of 

> 1. The two stress equations for th inclusion 

oO; =7& 
and the matrix
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N.B. Cre)ies is numerically equivalent to %@ 

Gz On. im ; ln 

and may be regarded as the unit strain rate : 

inclusion to matrix deformation stress ratio. 

  

It is also well known that the potential inclusion 

plasticity index is dependent upon the ratio of . 

inclusion and matrix stresses. For a given constant 

strain rate there may be a simple relationship, as with 

the work of Gove and Charles (109), 

Ook. Sg 9S =e 

For the situation of multiple rolling passes, as 

in this work, each pass of equal matrix strain has a 

correspondingly different strain rate, and therefore 

a different value of apparent deformation stress ratio 

( of ). Hence, the change in inclusion strain with 

respect to matrix strain for a given pass is 

AS Fa et 

Btn 

Between two subsequent passes in the rolling process, 

the value of &; after the nth pass may be given via 

Ex@) = (2-0t')A€,. + Ean
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For a 20% reduction height per pass 

AE,= 0.223 
, 

Substituting for ( @€ ) the equation becomes 

Eva = { 2- [<2°"]} Ac. + Ei(n-1) 

Hence, the total inclusion strain after a given pass 

may be. calculated for any value of inclusion to 

matrix flow stress ratio (Appendix 533 -). Thus 

an inclusion strain/matrix strain diagram may be 

compiled from such calculations i.e. figure 5 .448, 

From the calculations it may be seen that an 

inclusion ceases to deform when the matrix reduction 

promotes a situation where NE j.gexceeds approximately 

20g0 Et i.e. when o¢% = 2. Such a situation 

may result in the characteristic fracture. 

which has often been observed. This may be due to 

the matrix deforming and the inclusion resisting 

deformation. This frscture phenomenon will obviously 

be dependent upon the degree of adhesion between the 

inclusion and matrix phases, and the effeciency of 

stress transfer across the interface. EE may be that 

fracture occurs when the value of deformation stress 

exceeds the fracture stress of the inclusion.
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The analysis of inclusion/matrix strain on the 

basis of strain rate also indicated that,i.as the 

relative strength of the inclusion to matrix increased 

the degree to which the matrix need be strained to 

prevent the inclusion deforming decreased. This 

possibly indicated that inclusion fracture of the type 

indicated would occur earlier for inclusions of lower 

deformability. 

In summary, the shape of the inclusion - matrix 

strain diagram may be explained in part 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 stress ratio. This effectively led to the 

inclusions being less able to deform at the higher 

strain rates and therefore a flattening of the 

inclusion - matrix strain diagram ensued. 

However, the stress and strain distributions around 

a deforming inclusion are complex, and such a simple 

fracture may not occur. It is often the case that 

inclusions thin in localised regions (35), analogous 

to the stretching of chewing gum. In addition fracture 

may not be uniform throughout the inclusion and 

fracture across an inclusion may be inhibited and the 

crack blmted to some degree, due to the viscous nature 

of silicate inclusions. 

Figure 5.150. is a schematic illustration of the 

inclusion observed in section 4+ ,8 which shows 

cracks associated with an inclusion viewed on the plane
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of the major (a) and the intermediate axis (D). 

  

5.150. 

Thus the section taken at 90° to this plane may 

show the inclusion to be fractured,: and possibly 

disseminated as indicated by section (C).



  

563.661 The effect of matrix/inclusion 

constraint. 

The effect of matrix/inclusion constraint upon the 

inclusion strain/matrix strain diagram was investigated 

in order to assess it*s influence upon limiting 

inclusion deformation. 

Using a simplified model based upon the idea of 

Robinson (202) it was assumed that the total work done 

by the matrix was consumed by the inclusion deformation 

and constraint. 

i.e. 

Work done (matrix) = work done (inclusion) + work 

done (constraint). 

2E° 
OmEm * G6: + Ont (Em- E:) © 

4 

Solution of €; from the above equation via ‘Newtons 
' 

method for various values of €,, at a value of 

mB = (&) a 
Son 

i.e. table 5.21 
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Table 5.21, 

  

  

€n Si » 

0.001 0.00068 0.680 

0.005 0.0034 0.676 

0.01 0.0067 0.671 

0.05 0.031 0.62 

O.1 0.055 0.55 

0.5 0.107 0,21 

1.0 0.114 S11 

5.0 0,120 0.02         

indicated that the effect of constraint would be to 

limit inclusion strain as the matrix strain increased 

and so result in a characteristic es Vib diagram. 

figure 5.151, . 

The effect of matrix/in:lusion 

constraint upon the plasticity index/relative flow 
  

stress diagram. 

Using the expression above (derivad in appendix 

54 ; ) for the simple case involving matrix, 

inclusion and constraint terms, values of DV were 

derived for a value of matrix strain ( En) tending 

towards gero i.e. Ewa = 0.001. The values of 

at various inclusion/matrix stress ratios Cis) were 

computed and are shown in table 5.22. and figure)5.952. 
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Table 5.22. 

  

  

a 29 (¢,,20-001) 

1.000 1.000 

1,001 0.995 

1.005 0.977 

LOL 0.955 

1.05 0.810 

Ue 0,680 

tee 0.517 

oi 0.416 

1.4 0.349 

V5 0.300 

2.0 0,177 

2.5 0.125 

360 0.097 

3.5 0,079 

4.0 0.068         

This simple analysis indicated that the region 

of the original Dv f3 diagram at values of B>1.0 

would be lowered towards the ab&cissa (Bp ) axis. 

i.e. less deformation would be possible if constraint 

takes up an appreciable part of the energy available 

for deformation. 

However, constraint at the natrix/inelusion 

interface is dependent unon the bonding between them.



  

  

G: 

bas 

Omen = 01 ez 

Gnemeices + 10a (E.-€:)e 
te 

[Em20 ie. 0-001) 
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5.3.6.2. Inhomogeneous deformation of the 

Matrix. 

Since the geometry of the specimens to be rolled 

prevented plane strain deformation, the variation in 

the deformation patterns of the rolled samples were 

investigated. From tables 5,23, —.35, and figures 5.153, 

it was observed that inclusion strains were not 

constant throughout the height (thickness) of the 

deformed samples. The mean inclusion strains at 

various heights varied as a function of the degree of 

matrix strain. : a 

Observations and measurements did show that for 

small deformations the regions of highest strain were 

at the top and bottom surfaces. as the degree of 

deformation was increased the areas of highest 

inclusion strain were seen to be in the central region 

of the section (figure 5 333 ). 
However, as with all real systems,factors are in 

evidence to complicate the measurement of inhomogeneous 

deformation. Since the samples were hot rolled, there 

was a natural (Newtonian) cooling of the sample surfaces. 

In addition there were imvosed tempeature gradients 

due to roll chilling effects. Hence there was a non 

uniform temperature distribution through the sample. 

In the case of the deformation of silicate inclusions 

surface chilling would tend to reduce the deformablility 

of inclusions in the surface region, and accentuate the 

strain differences when the material deforms more at th



Table 5.23 

Melt Al4(2) Rolled at 1000° 

Matrix strain Em= 0.065 (0.07) 
  

  

  

x(mm) on, é: Se. 8.B, > 

0.0 6 0.11 0.09 0.0% 1.57 
1.0 y 0.09 0,12 0.06 1.28 

2.0 

340 y 0.08 0.11 0.01 1.14 

4.0 0.10 1.43 
5.0 1 0.05 0.71 
6.0 

7.0 2 0.08 0.00 0.00 1.14 
8.0 e 0.09 0.01 0.01 1.28 
9.0 2 0.07 0.00 0.00 1.00 

10.0 3 0.07 0.03 0.02 1.00 
11.0. 5 0.00 0.00 0.00 0.00 
12.0 3 0.00 0.00 0.00 0.00 

13.0 1 0.00 0.00 
14.0 y 0.00 0.00 0.00 0.00 

15.0 1 0.00 | 0.00 
16.0 3 0.00 0.00 0.00 0.00 

17.0 2 0.09 ~—-0.05 0.0% 1.28 

18.0 2 0.07 0.03 0.02 1,00 

19.0 2 0,15 0.03 0.02 2.14 

20.0 1 0.19 2.71 
21.0 jt 0,21 3.00 

22.0 3 0.11 0.01 0.00 1.57 

23.0 4 0.13 0.03 0.01 1.86         
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Table 5.24 

Melt Al4 (2) Rolled at 1000°% 

Matrix strain £&. = 0.105 (0.11) 
  

  

  

    

x( mm) n; é; Se; 8.E. DS 

0.0 3 0.17 0.03 0.02 1.55 

Wo 4 0.10 0.04 0.02 0.91 

2.0 

3.0 3 0.12 0.11 0.06 1.09 

4.0 a 0,10 0.91 

5.0 4 0.07 0.03 0.02 0.64 

6.0 4 0.09 0.03 0.02 0.82 

7.0 2 0.07 0.01 0.01 0.64 

8.0 3 0.05 0.02 0.01 0.45 
9.0 2 0.04 0.03 0.02 0.27 

10.0 ie 0.03 0.27 

11.0 4 0.07 0.05 0.02 0.64 

1230 2 0.10 0.04 0.02 0.91 

13¢0 4 0.11 0.06 0.03 1.00 

14.0 3 0.17 0.07 0.04 1.55 

15.0 2 0.08 0.01 0.01 0.73 

16.0 5 0.09 0.04 0.04 0.82 

17.0 1 0.19 1.73 

18.0 1 0.08 0.73 

19.0 

20.0 

21.0 2 0.18 0.04 0.03 1.64 

22.0 3 0.17 0.01 0.01 1.55       
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Table5.25 

Melt Al4 (2) Rolled at 1000° 

Matrix strain Em = 0.188 (0.19) aotrix strain Em _ = 0.188 
  

  

  

x( mm) n; es Sy SE. > 

0.0 

1.0 

2.0 2 Oo1L 0.58 

3.0 1 0.06 0.32 
4.0 a 0,22 1.15 

5.0 o 0.0% 0.21 
6.0 3 0.09 0.07 0.04 0.47 
7.0 ih 0.13 0.68 

8.0 2 0,20 0.01 0.01 1.05 

9.0 3 0,22 0.05 0.03 Ls 1D 

10.0 2 0.31 0.06 0.0% 1.63 
11.0 P 0.10 0.53 

12.0 2 0.08 0.02 0.01 0.42 

13.0 L O.14 0.74 

14.0 2 0.24 0.18 0,12 1.26 

15.0 a 0.21 T.1L 

16.0 1 0.20 1.05 
17.0 1 0.14 0.74 

18.0 1 0.11 0.58 

19.0 1 0.13 0.68 

20.0     
   



Table 5.26 

Melt Al4 (2) Rolled at 1000°C 

Matrix strain Ew = 0.316 (0.32) 
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x(mm) 

\ 

S.E. 
  

  

iat é; Ss; 2 

0.0 2 0.24 0.26 0.19 0.76 

1.0 3 0.26 0,12 0.07 0.81 

2.0 3 0.29 0.09 0.05 0.91 

3.0 2 0.25 0.13 0.09 0.80 

4.0 1 O41 1.28 

5.0 2 0,27 0.33 0.24 0.84 

6.0 6 0.39 0.18 0.07 22 

7.0 5 0.38 0.20 0.09 1.19 
8.0 4 0.30 0.15 0.07 0.9% 

9.0 3 0,55 0.23 0.14 1,72 

10.0 3 0.37 0.15 0.09 1.16 

11.0 2 0.20 0.22 0.16 0.63 

12.0 2 0.19 0.0% 0.03 0.59 

13.0 iL 0.20 0.63 

14.0 

15.0 2 0.46 0.07 0.05 14 

16.0 2 0.45 0.09 0.07 1.41 

17.0 

18.0 

19.0        



Table 5.27 

Melt NIA12 Rolled at 1000%. 

Matrix strain Em = 0.042 
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x(mm) on; & Se; S.B.g v 

0.0 4 0.26 < 0.01 < 0.01 6.29 

0.5 6 0.18 * “i 431 

1.0 ue 0.24 R " 5.64 

15 4 0.28 " . 6.57 

on 5 O12 " " 2.88 

2.5: 5 0.11 “ s 2.55 

3.0 6 0.10 " " 2.28 
3.5 11 0.08 . - 1.88 

4.0 6 0.06 " " 1.47 

4.5 9 0.05 « . 1.28 
5.0 7 0.06 " " 1.33 

55 13 0.06 " ” 1.45 

6.0 0.02 " " 0.54 

6.5 9 0.02 " " 0.54 
7.0 10. 0.02 " " 0.47 
75 6 0.01 " " 0.26 

8.0 ll 0.01 " " 0.14 

8.5 10 0.01 " " 0.24 
9.0 11 0.02 " n 0.36 

soe 0.01 " " 0.12 
10,0 a 0.00 " " 0.00 
10.5 7 0.00 " " 0.00 
11.0 2 0.00 " " 0.00 

1rs5 12 0.00 " ' 0.00 

12.0 nS. 0.00 " a     0.00    



Table 5.27 (cont.) 

  

x(mm) 
  

  

‘ &: Se: D 

1235 10 0.00 0,00 0.00 0.00 

13.0 Z 0.00 " " 0.00 

1355 14 0.00 " " 0.05 

14.0 11 0.01 " " 0.10 

14.5 12 0.00 - s 0.02       
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Table 5.28 

Melt NIA12 Rolled at 1000°C 

Matrix Strain Em = 0.385 

  

  

      

x(mm) on, iS, Se; S.E. > 

0.0 10 0.33 0.08 0.03 0.85 

0.5 10 0.43 0.12 0.0% Lele 

1.0 13 0.52 0,08 0.02 1.36 

res 7 0.51 0.07 0.03 e383 

2.0 7 0.68 0.07 0.03 1.75 

2.5. 4 0.66 0.0% 0.02 1.72 

3.0 6 0.61 0.09 0.04 1.59 

3.5 2 0.75 0.08 0.04 1.96 

4,0 10 0.59 0,12 0.04 1.5% 

45 4 0.65 0.02 0.01 1.67 

5.0 0.59 0.10 0.03 1.52 

565 0.55 0.07 0.03 144 

6.0 0.54 0.14 0.06 Le4l 

6.5 zy 0.55 0.11 0.03 1.42 

7.0 6 0.56 0.16 0.07 1.46 

oe 8 0.60 0,12 0.04 1.57 

8.0 15 0.56 0.10 0.03 1.46 

8.5 9 0.54 O,14 0.05 1.41 

9.0 8 0.61 0.05 0.02 1.57 

9.5 6 0.59 0.11 0.04 1.55 

10.0 4 0.51 0,10 0.05 1.32 

10.5 y 0.59 0.10 0.05 1.59 

11.0 5 0.47 0,11 0.05 1.23     
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Table 5.28 (cont) 
  

  

  

x(mm) n; E; Se S.E. yp 

10.5 10 O.oL 0.07 0.02 1.33 

12.0 9 0.53 0,14 0.05 1.39 

1235, 13 0.54 0.07 0.02 1.40 

13.0 a2 0.57 0.06 0.02 1.49 

1335 10 0.47 0.08 0.03 1.21 

14.0 10 0.52 0.05 0.01 1.34 

14.5 11 0.47 0.07 0.02 1.21 

15.0 10 0.45 0.08 0.03 1.17 

1565 10 0.36 0.07 0.02 0.96 

16.0 8 0.33 0.07 0.02 0.86       
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Table 5.29 

Melt NIA12 Rolled at 1000°C 

Matrix strain Em = 0.622 

587 

  

  

      

5 x(mm) n, ec. Se S,E. 5 

0.0 11 O45 0.07 0,02 0.73 

0.5 6 0.49 0.10 0.04 0.79 

1.0 10 0.61 0.10 0.03 0.98 

Loo 11 0.82 0.10 0.03 1.32 

2.0 12 0.89 0.12 0.04 1.42 

2.5 9 0.87 0.08 0,03 1.40 
3.0 10 0,86 0.09 0,03 1.39 

Seo 11 0.91 0.09 0.03 1.46 

4.0 TE 0.90 0.09 0.03 1.45 

by at 0.98 0.13 0.0% 1.58 

5.0 13 2,01 0.13 0.0% 1.62 

565 ne 0.87 0.10 0.03 1.39 
6.0 10 1.04 0.25 0.08 1.68 
6.5 9 0.93 0.13 0.04 1.49 

7.0 10 0.94 0.11 0.0% 1.52 

eS 9 1.03 0.12 0.0% 1.66 

8.0 10 0.96 0.14 0.05 1.54 

8.5 9 0.85 0.15 0.05 1.37 

9.0 11 0.92 0.15 0.04 1.47 

So) 11 0.91 0.13 0.0% 146 

10.0 10 0.93 0.16 0.05 1.50 
10.5 9 0.90 1.44    



Table 5.29 (cont.) 

  

  

  

x(mm) on; ee Se Saye > 

11.0 10 0.87 1.40 

11.5 11 0.67 1.08 

12.0 9 0.46 0.7% 

1265) 8 0.47 0.76       
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Table 5.30 

Melt NIA12 Rolled at 1000°C 

Matrix strain E = 0.817 

  

  

  

x(mm) n,; é: or S.E. > 

0.0 y 1.05 0.07 0.04 1.28 

OF 2 1.08 0.03 0.02 1332 

1,0 3 1.07 0,11 0.06 1531 

2e5 7 1.16 0.16 0.06 1.42 

2.0 5 115 0.12 0.05 1.41 

Zen y P31 0.27 0.13 1.60 

3.0 4 1.25 0.19 0.09 1.52 

3.5 7 1.36 0.11 0.04 1.67 

4.0 13 1.36 0.14 0.0% 1.66 

45 5 37 0.18 0.08 1.67 

5.0 10 14k 0.17 0.05 1.77 

eo 9 Lode 0.21 0.07 Ee76 

6.0 8 1.23 0.25 0.09 Te52 

6.5 3 1.14 0.24 0,14 1.40 

7.0 7 1.24 0.12 0.05 1.52 

7.5 5 1,01 0.20 0.09 1.24 

8.0 2 0.95 0.08 0.06 LoL] 

8.5 a 1.03 0.11 0.05 1.26 

9.0 4 0.91 0.08 0.04 1.14 

9.5 2 0.97 0.04 0.03 1ex8 

10.0 No Data         
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Table 5.31 

Melt NIA12 Rolled at 1000°% 

Matrix strain Em = 1.131 

  

  

  

x(mm) n; &: Se. S.E. > 

0.0 13 1.91 0.17 0.05 1.68 

0.5 14 1,36 0.22 0.06 1.20 

1.0 9 1.42 0.18 0.06 1.25 

1.5 13 1.58 0.19 0.05 1.40 

2.0 De 1.58 0.20 0.06 1.40 

2.5 18 1.59 0.16 0.04 1.41 

3.0 ny) 1.52 0.23 0.05 1.34 

3.5 13 155 0.23 0.06 1.37 

4.0 12 1.52 0.22 0.06 1.35 

4.5 17 1.45 0.32 0.08 1.28 

5.0 1 1.58 0.27 0.07 1.37 

Sao es 1.45 0.14 0.04 1.28 
6.0 1 1.48 0.16 0.04 1.31 

6.5 11 1.28 0.12 0.03 Te13 

720 9 1.29 0.21 0.07 1.14         
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Table 5,32 

Melt NIA12 Rolled at 1000°% 

Matrix strain Em = 1.566 

  

  

    

x(mm) n, Ee on 8.5. D> 

0.0 1 1.49 0.21 0.06 0.95 

0.5 11 1.51 0.39 O.1) 0.96 

1.0 9 1.57 0.21 0.07 1,02 

155 10 gar 0.25 0.08 1,09 

2.0 8 TAYE 0.34 0.12 1.09 

255 7 1.76 0.22 0.08 1.12 

3.0 15 1.65 0.19 0.05 1.06 

S25 20 1.74 0.27 0.06 1.11 

4.0 9 1.68 0.23 0.08 1.07 

45 11 1.45 0.37 O,42 0.93 

5.0 y 1.54 0.09 0.04 0.99       
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Table 5.33 Plasticine experiment (1) 
  

  

            

5 Em= 0,23 Ena =0.47 Em = 0.93 Em= 1.78 En = 2047 
Cc _ _- 

- E, y Es y 3 W eee é. ee 
ay 0.16 0.69 0.24% 0.69 0.54 0.58 12575 0.88 2.07 = 0,0 

2 0.02 0.08 0,28 =.0.59 0.74 0.80 ween 0.72 2.122 50.06 

3 02270 WeLe 0.54 1.14 Lele. 20 1.85 1.04 2274 11 

a 0827 SeIng9 0.47 1.01 Weis. .2L 1.76 0.99 2.37 180.96 

5 | 0.35 1.50 |) fsx Guoge } 4.30 mM0 | 2.05 1.15 | 2.69 1.09 
6 0.34 1.48 0.47 1.01 1.16, 1.25) 1.99 1.12 2.57 1.04 

a 0.37 2261 0.58 1,23 1.43 1.54 2.08), 1.17 2.87 1.16 

8 0.30 4el.on 0.52 1.10 1.24 1.33 aecOs.) L.0} 2.44 0.99 

9 0.37 1.60 O.54 2° 1,16 eS) Ley 2.06, 1,16 2054 1,03 

“lo |” 0.25 1.09 | O49 4.0% | 1,02 1.20 | i.72 0.96 | 2022 0.86 
at 0.32 ° 2.38 0.48 1.03 0.96 1.03 1.67 0.9% 2,02 0.82 

12 0612 = 0550 0.39 0,82 0.56 0,60 1.32. 0274 2.03 0,82 

13 0.07 0.30 0.35" 70577 0.46 0.49 Gel7. 2 0.66 1,906 210,97   
  

2
6
6



  

  

                    

Table 5.34% Plasticine Experiment (2) 

El Ems 0.15 | Em= 0.22 | Em= 0,38] Ems0,67 | Em=i.10| Sma 1.69 | Em= 2.36 

5 meh . a 
a| &. § a eee ek UY lle UY 

1 |0.01 0.10 | 0.04% 0.18 | 0.03 0.09 | 0.35 0.56 | 1.02 0.93 | 1.54 0.91 | 1.86 0.79 

2 | 0,25 1.67 | 0.15 0,67 | 0.41 1.09 | 0,60 0.89 | 1.06 0,96 | 1.81 1.07 | 2.29 0.97 

3 | 0.32 2.15 | 0.27 1.27 | om 2.25 | 0.85 1.27 | 1.3% 1.22 | 1.98 1.17 | 2.67 1.13 
y | 0,20 1,32 | 0822 0898 Oo acenCreomImO oImeL toll Nin 2692.15") 1,84 2.10 | 2.90 1.23 

5 | 0,18 1,20 |'0,29) 1eaG) (0.4 amete com mo. eons Sind, c0uel a7) | 2,23: 1.32 | 2.71 1.15 

6 | 0.08 0.53 | 0,28 1.27 | 0.25 0.67 | 0.63 0.95 | 1.07 0.97 | 1.86 1.10 | 2.53” 1.07 

7 | 0.00 ©.00 | 0.12 0.53 | 0.24% 0.64 | 0.50 0.75 | 0.86 0.78 | 1.45 0.86 | 1.75 0.74 

Poe 
Em 

£6
6



  

Plasticine Experiment 

Table 5435 

(3) 

594 

  

Matrix strain values (€,,) 

  

  

8 0.166 0.173 0.230 0.297 

5 
2 ae & ze = = 2 e 

age OS aU Ev v Ec Y ES 

1 |0.00 0.00 0.cO 0.00 0.17 0.75 0,09 0,30 

2 [0.06 0.38 | 0.07 0.41 | 0.12 0.53] 0.23 0.78 

3 pede 108). | 0.21 123 O222 0289 | 0599) 1.392 

Waspese0” £.2t |, (0.28%. 10309 0.2010 0297); 0.32. 1.07 

Fegi Os 20/470 | 20527" 21255. | 0.29 <2 o9%t 023491730 
6 0.22 1.32 | 0.24 1 38 | 0.27 1.19 | 0.39 1.31 

7 M019 27716 0627-1353 0635 1253 0.35 1.17 

@ 70-11 0.66 | 0.18 1.05 | 0.25 1,11.|.0.27 0.91 
9 |0.16 0.98 | 0.1% 0.82 | 0.32 1.40 | 0.36 1.22 

LOG} O.18. et .08) |" G.220 1-26 -|- 033° th | 0.33, 1.12 
LL 0019 16 0.14 0.80 0.31 1.36 0.33 1.10 
12 0.15 0.88 | 0.11 0.63 | 0.26 1.15 | 0.27 0.92 
13 |0.16 0.98 | 0.19 1.07] 0.27 1.17 | 0.30 1.02 
14 ]0.17 1,00 | 0.09 0.50] 0.25 1.09 | 0.21 0.972 
15 “NOsl7e 1203 O.15 0.87} 0.25. 1.07 |-0.21 0.99 
16 {0.16 0.98 | 0.00 0.00] 0.12 0.53 | 0.12 0.h0 
17 |0.0C 0.00 | 0.cce 0.00 0.01 0.05 | 0.20 0.68            



Table 5.35 (cont.) 

Plasticine experiment (3) 
  

Matrix strain values (Em) 

  

  

2 0.396 0.632 0.947 
q ss 
ao = x2 om = ie a 
a Eu Y E, y Ge Vy 

1 0.19 0.47 0.34% 0.53 0.52 0.55 

2 0530) 0.75 O44 0.89 0.61 0.65 

3 O50 1 reco 0.6% 1.02 0.97 1.03 

y 023 74-90.99° 0.67) 06 1195. 26 

5 0.277). 1.96 0582/7 41630 1.22 1.26 

6 0.48 1.20 0572) | 2.23 Ue16 sy Looe 

9: | = eo rey Oey rae. Sa 128 tas 
8 0.48 1,22 O.9l 144 Uae 623 

9 Oct 1.37 0.81 1.29 1.30 1.38 

10 0.49 861.23 0.86 1.37 1.19 1.26 

11 0.50 1.26 0.8102 1.28 ToD 1b. 20 

pe a a ee ee ce ee ee 

13 0.40 1.01 O.7le 2.12 1.05 1.31 

14 0.37 0.93 0.55 0.87 0.89 0.9% 

15 0.27 0.69 0.48 0.76 0.76 0.80 

16 0.19 0.47 0.40 0.63 0.59 0.62 

17 0.07 0.19 0.23. 0.37 0.53 0.56             
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Table 5.35 (cont.) 

Plasticine Experiment (3) 

  

Matrix strain values (&m) 

  

  

q 

4 13237 1.677 2.5935 

Bey a 9g Ceeathl 

1 0.63 0.50 $268 ~"21:.00 2.02 0.80 

2 0.88 0.70 1.37 _9.82 2.17 0,86 

3 1.30 1.04 1.70 1.02 1.59 > 0,63 

4 1 536,001.00 61> 0.96 2.30 0,91 

5 Te dae 1506) 1512 2.50 0.99 

6 1.45 1,15 Ue78 2 1,06" 2042 0.95 
Rp aew 6 acho | o.eee8%.19 1. 29h. TaeOe 

8 1.54% 1.23 T5901 1.23 2.42 0.95 

9 EI69- 531 Ql = 1527 2.5% 1,00 
10 Sop eee e707 1.02 2.34 0.90 

Le Lope 1623 Lege 1.25 2.59 1.02 

Ho 3550 e106 F565, 0058 ole oom eee 
13 Tee ia ot. 5, 1.70 1.06 2.42 0.95 

14 1525. <0.00 1.66 0.99 2.34 0.92 

Dp 1.09 0.89 1.42 0,84 2.17 0.86 

16 Os7n a 0.6k 1332 0.80 1.83 0.72 

17 0.56 0.45 2.2% 1.33 Y.65 0565             
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centre. However, if the major strain was at the surface 

the effect would be attenuated. 

Since the cooling effect was seen as a potential 

complicating factor, the matrix deformtion was 

investigated using a composite plasticine model system. 

The results of the plasticine models rolled at room 

temperature (22°C) were considered to S%mulate the 

conditions in hot rolled.steels of uniform temperature 

gradient. In addition the work hardening index of 

plasticine at room temperature, which has been assessed 

as apnroximately. 0.2 (114) is in the range encountered 

with steels at hot working temperatures 

The actual results obtained (table 5.35 and 

figures 5 13% ) showed that there was a slight 

deacuapanes with respect to the actual inclusion - 

steel system. This discrepancy was that in the model 

system at low matrix deformations no pronounced surface 

strains were encountered. However; at’ increased matrix 

strains the central regions of the plasticine composites 

deformed in excess of the surface layers: as with bhe 

real system. 

Returning to the matrix deformation at low matrix 

“strains, these discrepancies in surface strains 

encountered with the model and real systems may be 

attributable to the geometry of the specimens used. In 

the case of the steel samples a round bar was rolled 

into a strip viz.
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tcf 
However, in the model systems the initial shape of the 

composite was a bar of square cross section, equal in 

height to the dizmeter of the round steel bar. This 

was again rolled into strip form. 

bee ies 
ee ee ee Se 

  

  5.162. 
  

  

  
By simple Biearraten of the initial geometries it may : 

be deduced that the deformation at the surface of the 

round bar will be greater due to the lack of material 

preventing lateral widthways spread. " 

an interesting phenomenon of both the plasticine 

and steel experiments was the strain disparity between 

the centre and surface regions of rolled samples at 

the various matrix reductions. A value of strain 

disparity QAE defined as the difference between the 

mean strain in the central $rd region of the sample 

and the mean strains of the ton and bottom $rds of th
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samples. 

i.e 

" Ae = &- é, +és| 
2 

In this way non symmetrical deformation about the centre 

of the specimen in the horizontal rolling plane was 

eliminated by the grouning of the top and bottom 

sections. 

From the results compiled in tables 5.24. and 

figure.5 163; it may be seen that for both the 

plasticine and steel specimens the value of A€ was 

linearly variable with the mean matrix strain oe upto 

apnroximately Es = 0.8. as the matrix strain was 

increased beyond a value of (0.8 to 1.0) there was a 

deviation from linearity, as was observed for the 

inclusion (composite)/matrix strain diagram figure sue 

section 53.6: - From figure 5.163. it may be 

seen that at these higher matrix strains upto 2.5 the 

value of AG appeared to reach a plateau for the (+,x ) 

plasticine models, whereas the suggestion for ‘the steel- 

inclusion sample was a decrease in strain disparity. 

However, there was only limited data available for the 

steel-inclusions sample. . 

In the early stages of deformation, it wovid be 

expected that constraint would prevent large degrees 

of strain in the surface regions and most of the 

deformation would occur in the central region. As the 

degree of matrix strain increased it may be that the
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central region work hardened to an extent such that it 

was aS easy, or easier for the surface layers to deform. 

At these higher strains conditions would be tending 

towards a more of a plane strain situation, and there 

would be overlapping of the zones of constraint due to 

the roll faces. viz in an idealised situation. 

eo Plane strain when hiw < 1:6 

| 
1 

eel 

oe [al ae 
In order for A€ to decrease at higher reductions 

it would seem necessary that the deformation takes 

place mainly at the surface. However, if inclusions 

are being used to agcertain the degree of matrix 

deformation it must be emphasized that inclusions 

become more reluctant to deform as the matrix strain 

is increased. (section 5 «3-6 )
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DeseOede Variation in inclusion strain 

across specimen width. 

Figure 5.165. shows the variation in inclusion 

strain across the width of the specimen as measured on 

the (YZ) plane, for inclusions greater than 10 pm (in 

order to avoid complications due to size.) It cen be 

seen that in the mid $rd section of the width that 

inclusion strain is reasonably constant (providing that 

measurement is not made outside the mid 4rd section in 

the through height (thickness) direction). This is a 

necessary restriction because of the non homogeneous 

deformation pattern throughout the height (thickness) 

direction. 

This fact does aid the experimental side of th 

investigations whereby if the sample is sectioned on the 

(XY) plane slightly away from the mid width there 

appears to be negligible error in the measurements of 

inclusion strain.
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Sede te The measurement of matrix strain. 

The use of the equation. 

(where eo the matrix strain, and hoand hg are the 

initial and final heights (thickness) of the sample). 

which is for plane strain deformation has been used 

throughout this work. Had the condition of plane 

strain been met the use of 

Scene mae n : 

would have been just as valid. 

However, in these experiments, the condition of 

plane strain was not met due to the starting geometry 

of the samples. The initial shape of the material was 

of a circular bar, which was deformed into a flat 

strip viz:figure 5.166. 

(Conia reid Free) h 

iat areal 

L 
oat 

| Wo | 

As may be seen from figure 5.166 a matrix strain 

Ao involves the 

Aft 

based unon the equation E me tn
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measurement of Ag >» which was not easily determined by 

simple means. The measurement of hgand hg was, however, 

relatively straight forward. 

Reeves (21) has investigated the relationship 

between the apparent area ( hewe ) and the true 

area (by archimedes principle) for various reductions 

of a bar initially 24mm in diameter. His results have 

been plotted (figure 5.167, ) and it may be seen 

thet there is an approximately linear relationship 

between 30% and 90% reduction in height. 

In order to observe the differences in the value 

of matrix strain via the various formulae, values of 

wh were obtained at various reductions for melt 

NIA12 rolled at 1000°C (table 5,36. )- Figure 5.168. 

was a plot of these results. 

These results indicated that there was a large 

discrepancy in the values of Een It: may also be 

observed that the value of €,,via area measurements 

was substantially lower than the value of &, via 

height measurements. Therefore, had the former value 

of cn been used in the measurements of inclusion 

plasticity index, the values of } would have been 

higher. However, it must be remembered that in the 

rolling process the height strain is the only 

independent variable and therefore it would seem logical 

to refer to matrix strains in terms of the height true 

strain. h
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Table 5.36 

  

  

  

Sample  $Rdp | h(mm) w( mn) wh(mm2) = A(mm2) | Indy ant nf inde 

0 - 23,70.) 23370 562 Ga - - - - 

1 4.0 | 22.75 24.07 548 435 0.042 0,015 0.025 0.014 

2 10.5*| 21. 20 25,50 541 430 0.111 0.073 0.038 0.025 

3 31.9 | 16,13 27.87 450 375 0.385 0.162 0,222 0.162 

4 46.3 | 12.72 29.2 371 315 0.622 0.209 0.415 0.336 

ef 55.8 10.47 30.7 321 275 0.817 0.259 0.560 0.472 

6 67.7 73650, 23220 2k6 215 1.131 0.306 0.826 0.718 

7 79.1 4.95 33-9 168 150 1.566 0.358 1.207 1.078 

8 84.1 32760 shee 129 115 1.841 0.367 1.471 1.344 

9 88.7 2.66 34.6 92 85 2.187 0.378 1.809 1.646 

10 95.1 Tel 7 ewes 568 41 i) 3.008 0,398 2.617 2.400           

S
1
9
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Seaeoe The deformation of inclusions OE ne lusi ons 

within the roll throat. 
nee 

AS was mentioned in section 5.43,6.2, inclusion 

deformation varied throughout the height of the rolled 

sample. This deformation pattern was of course, 

dependent upon the rolling technique and the geometries 

of mill and sample. However, since the mode of matrix 

deformation in this project was by rolling, a guide to 

the deformation of inclusions present within the material 

in the region of the roll throat would enable a clearer 

picture of inclusion deformation to be established. 

Thus a sample of material was stopped in the roll 

throat, such that the maximum matrix height strain was 

0.88 at 1050°°. This higher strain of 0.88 compared to 

the normal 0.2 was used in order to accentuate the 

deformation pattern. However, it must be remembered 

that by doing this, conditions in the roll throat differ 

from those normally encountered (e.g. different strain 

rate). This technique was thus only intended to te a 

quelitative study of inclusion deformation in the roll 

throat. Plates 5.4, to 5.6, show the geometry of 

the rolling specimen after removing it from the roll 

throat. 

Figure 5 .169. shows inclusion strain through 

out the roll throat, and indicated that initially as 

the material entered the rolls deformation was at the 

surface. «As the material progressed through the rolls 

there was a change over in deformation patterns, and the
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material in the central region of the mid plane section 

had deformed the most. However, there do appear to be 

some abnormalities concerning figure 5 .169. » whee 

it may be seen that inclusions in the surface regions 

have a greater value of strain earlier on in the rolling 

process than later on. This effect may however be due 

to a sparseness of results encountered in these 

regions. 

As a further guide to the deformation of inclusions 

within the roll throat figure 5.170. shows the 

orientation of the inclusion major exis to the 

horizontal rolling plane. from this figure it may be 

observed that there was non symmetrical deformation 

about the horizontal rolling plane. This asymmetry 

was due to one surface of. the material entering the 

rolls slightly before the other, as a result of the 

slight difference in height between the entry guide 

and the bottom roll i.e. 

  

This shearing effect has also been shown with 

rolled plasticine models, after several passes, where 

the deformation of top and bottom surfaces are compared 

i.e. plates 5.7 to 5.9,
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$3.96 t The variation in inclusion 

plasticity index with the plane of measurement. 

Throughout this project it has been assumed that 

plane strain conditions existed in the areas of the 

rolled samples where inclusion strain measurements 

were made. although this was an incorrect assumption 

to be carried out in a straightforwurd munner. 

The strain of the inclusions was measured on the 

(XY) plane figure 5.172, using the relstionship 

’ iad 
Eyixy) = -In- - Assuming plane strain. 

a 

Ef: plane strain conditions had been operative it is 

knows that values of strain measured on the other 

orthagonal planes would have been of equal magnitude 

to that of the (XY) plane. 

i.e. 

’ ‘ ot ¢ 

(x2) (yz) Y Oxy) 

inf? =] mi (;) 
i (2 2 b 

Measurements of inclusion strains (for melts al6 

and VAl2) on the planes (X#) and (W4) were made, 

assuming that plane strain conditions were operative 

and therefore assuming that 

Erg c E)
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Measurement of inclusion strain. X 
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and Eg (vz) ? In(2) 

From the results obtained for melt 416 (table 5.37.) 

it became obvious that the measured 

  

were distinctly different on each of the section nlanes. 

Furthermore the values of inclusion strain lay either 

side of the value for the strain on the (XZ) plane. 

‘ yi / * hee. | Exx2) Say uy) < Ey a4 

It was = noticeable that oe value of : Evexy lay 

almost intermaliate between Ev¢xz) and Ey (ay 

figure 5,173. 

an analysis of the non plane strain situation 

(4-pendix 565 ) indicated that this phenomenon 
was to be expected and it was shown that if the 

measurements of inclusion strain on the various 

nlanes had assumed the pk ne strain condition then 

‘ v 

éE xz) + & vz) 

B 
Ey (OY) cae 

+ TnEoRy 
The value Ey (xy) was derived from the measurements 

‘ 
of fy(xz)2n4 Ey (v2) and it was found t it compared 

  

eee with the measured value of & (xy) (table 

5 26. and figure 5,173. ) 

The analysis shown in appendix 5-5 also 

indicated that the width strain E58 the inclusions 

could be determined from measurements on the various 

planes.



Mean inclusion strain and plasticity values measured on various planes, 

Table 5.37 

for melt Al6 at rolling temperatures 800 - 1300°C. 
  

ae 
  

  

        

  
  

    

2 

Rolling Matrix Plane No. Def Inclns. e D 
Temp © Strain 

Le 10+ 20+ i 10+ 20+ 1+ 10+ 20+ 

800 1.16 (XZ) 41 16 8 0.19 0.14 0.10 Oc16> 10,12. 9:0,09 

(YZ) 62 31 11 0.61 0.75 0.67 2538 0.651% (0.58 

(xy) 140 51 19 0.32 0.36 0.24 Weede” (0531 70,21 

(D)" e = e O.4. O44 0,38 0.35 0.38 0.33 

850 1.16 (XZ) 13 10 7 0.55 0.63 0.68 0.47 0.54 0.59 

(¥2Z) 64 37 22 1.78 ee20 ey 2.18 1.54 1.90 1,88 
(XY) 180 50 18 det? 1.43 1.40 BD eOl ed 23-0 1,27 

(D)* - “ . Lele ecta: ssi NicOiee 1,22 jieol, 

. (XZ) + (YZ) 
(D) oo] ee 

Ov 

“Ni



Table 5.37 (cont.) 
  

  

        

  

  

  

Rolling Matrix Plane | No.Def Inclns é; D 
Temp % Strain 

Lt eocu 20+ 1+ We 20+ i+ 10+ 20+ 

900 Tels) (XZ) 22 6 a 0.42 Oss 5 0.36 0.37 0.31 0.32 

(YZ) 64 55 23 2.38 2.56 2.89 2.11 2.27 2.56 

(XY) 37 10 % 1.09 124+ 1.51 0.97 1.27 1.34 

(D) - - = 1.40 1.46 1.63 1.24 1.29 1.4 

1100 Le17 (XZ) 20 1 0.54 0.96 0.74 0.46 0.82 0,63 

(YZ) 47 ie uy 1.38 2.09 2.12 T.19 1.79 1.81 

(x) 98 = 6 O63 21.37 = 1.52 Ono 1.171.535 

(D) - - - 0.95 1.53 1.42 0,021.31 + 1.22 

1300 1.13 (XZ) 34 8 a 0.62 0.61 0.62 Os55— 0.54 "0.55 

(YZ) 64 40 25 1.95 2.41 2.57 1.73 2.13 2.27 

(XY) 155 42 25 0.63 1.21 deoe 0.56 1.07 1.26 

(D) - - = 1.29 1.51 1.60 Lotte “1.94 Let     

82
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' b, ; 
bees Ey (v2) ~ Ex(xy) | ‘ 

En = + [& om - £y (xz) l Gii) 

&a *s [ Ey cya) - £) (x2) | Git) 

Calculations of Ss via equation (i) was nreferred 

since the measurement of inclusion strains was much 

easier on the (YZ) and (XY) planes. Strains in the 

(XZ) plane were difficult to measure for two reasons, 

a) Slight deviations from the hori zontal polishing 

plane leads to erroneous xe) values 

b) When the inclusions were well deformed into 

plates (i.e. higher temperatures.) they had the tendency 

to fall out from the polished surface. 

Values of Ea calculated via the above equations 

(table 5. 38 ) showed that for a given temperature 

of rolling these values were of similar magnitude. 
’ AS may be shown the value of Ey Ky) is only 

equal to €y under plane strain conditions, 

i.e. 

= In&2 = In De 
b b 

‘ 
If for any other value of Ey (xy) there is some 

associated widthways spread then the following



Inclusion width strain at various temps (Lm 1.2 approx.) Table 5.38 
  

  

{ defined as 
Rolling Temp °C 

Inclusion 

  

      

800 850 900 1100 1300 Size 

: / 0.26. 80st Sons. ous 0.81 10 fam + = 4 1m) - Gx] - 
0.29 0.52 0.92 0,40 0,84 20 pam + 

4 i 0,25 0.53 0.73 One7 0.40 10 + = ¢ [fan - Geaz) > 
y, 0.09 0.48 0.76 0.53 0.46 20 pm + 

f 0,20 0.52 0.74 0.75 0.60 10 + =34 [Sean : E xa] : . Y 0619!" BOs BOut Ones 0 Ne 0.65 20 pm + 
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relationship holds 

Ey (xy) Soy ee 

t 

Ene Pray). ee 

The value of inclusion plasticity index for the plane 

strain condition Ye. is given by 

where Emyis the matrix 

¥ ) ™)
 

€ —_ strain in the ¥ direction 
Emy 

However, if non plane strain conditions =re 

operative ~e may be estimated if Es is known 

  

i.e. 

t M, = fy = [fou +E | 
Emy 2 

Emy 

However, Es may be sutstituted for (appendix 5°5 ) 

and the estimate of 20— may be determined via 

Ye = 2Ey (xy) + Ey (yz) Cv) 

sey 

Ve = Ey) — Ey Kz) w) 
BEmy



Wp, = 2Ey(ye) + Ey(xe) wi) 
3Em 

  

Again the determination of Ye via equstion (iv) 

is preferred for the same reasons associated with the 

measurement of E (xz) 

Strain analyses using the preferred equations 

Ea = | fy (ay - Ex (av) 

, 4 
Ep = 2Ey(xy) + Ey(y2) 

3 

are shown for melts Al6 and VAl2 over a Prange of 

temperatures (Tables 5.39. and 5 ..40, » Figures 

5174, and 5.175, ). 

From figure 5.176. it may be observed that PR 

is greater than Yoy)- It may also be observed that in 

the case of melt 416 there is a noticeable peak in the 

plane strain plasticity index at a rolling temperature 

of 900°C. Figure 5.177. which shows data from both 

melts indicated that there was a kink in the widthways 

strain in the region of 900°C which corresponds to the 

ferrite/austenite phase change in pure iron. It would 

  therefore appear that the maximum widthways strain in 

63,



Melt ALG Table 5.39 
  

  

  
  

  

  

  

    

Rolling Size t ie *« * 
Temp °C Range Wess n Bo) n &, CEs Ep, >, 

1.16 8oc LO+ O.86n. Su (OG )e aes) 0.26 0,22 0.49 0.42 

20+ 0.24 19 OSO7 eo Ll) 0.29 0.25 0.36 Q.33 

1.16 650 10+ L432 50 2,20 37 0.51 Ot: 1.68 1.45 

20+ 1.40 18 adem (ee 0.52 O45 1.66 1.43 

1.13 900 10+ 144 10 BOG. 95 0.75 0.66 1.81 1.60 

20+ Pee ay 2691-23 0.92 0.61 1.97 1.74 

1.17 1100 10+ U.377 id 2.09 a 0.48 O41 1.61 1.38 

20+ 1 Sees 212 0.40 0.34 ie72 1.47 

as 1306 10+ 1.21 42 2.41 40 0.80 (eh avail iO 1.42 

20+ 1.31 25 2 uaneD 0.54 0.74 73 1.53           

  

po
9



Melt Val2 Table 5.40 

  

  

  

  

  

  

  

    

| 
Furs ; ' { ¥ ¥* m = Rolling Size 

Tone Range Hees n Equa) n Ez Ey En En Ye, 

1.14 800 10+ 0.22° 39.70.77 -26 0.37 0.32 c.40 0.35 

20+ 0.08 ~15'0.82 15 0.49 0.43 O33 0,29 

2.5 850 10+ L.2ly 58) 1.89- ah O45 0.39 1.43 1.24 

20+ 143 et 02293 ..23 0.36 0.31 1.57 1.36 

1e16 900 10+ 2e37e ey eo 7, 0.95 0,82 1.84 1.58 

20+ 1.43 S172 79-17 0.91 0.78 1.88 1,62 

1.14 1000 10+ 100 wolene 3 9 Le 0,50 O.4h 1.61 skys 

20+ 1.6514) 2.31 12 Ot 0.39 1.87 1.54 

Le LO 1100 10+ = 1.29936 

20+ 1,24 12          
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the inclusions is encountered when the matrix is in 

its softest condition. i.e. ferrite just below the ~/y¥ 

transition temperature. 

5 2178's 

  

910°C Temp 

At temperatures above the @/¥ transition, widthways 

spread appears to increase with increase in temperature 

i.e. with the softening of the matrix. 

563 9eLe The variation of plasticity index 

with size for measurements on the (XZ) and (YZ) planes. 

Plasticity index measurements for the various 

inclusion sizes have been plotted for. melt Al6 at 

various rolling temperatures. Figures 5.179. to 5,183. 

Values of plasticity index for plane.(¥Z) show similar 

variations with size to those encountered for the (XY) 

plane (figure 5,105.) 

i.e. At 800°C. there is a peak in the plasticity 

index at around 20 mm and a non deformable inclusion 

cut of size of around Spm. at higher temperatures there 

is a rarid increase in yey ith size over the range
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2 - 20 pm followed by a levelling out of the values of 

M02) 2% greater sizes. 

Results are shown for plasticity index measurements 

on plane (48), do not indicate any size relationship, 

there being a large degree of scatter associated with 

these points. at the higher rolling temperatures, i.e. 

greater than 900°C there are very few results for the 

larger inclusion sizes due to the polishing vroblems 

associated with the (X#) plane mentioned earlier. 

If the sizes at which the maximum plasticity indices 

occurred observed on the (XY) and (¥3) planes, are compared 

it is seen that there is a discrepancy (figures 5.105, 

ANd = 5.179 2s ; 

i.e. Approximately 12 pm for the (XY) plane and 

20 pm for the (YZ) plane. 

However, the value of 12 pm for the (XY) plane was 

  

computed by major x or observed axes, whereas the 

value of 20 pm was the intermediate (D) axis measured on 

the (YZ) plane as the largest axis. 

It must be remembered that plane strain deformation 

was not observed, and that at 800°C a lateral inclusion _ 

strain (€) of approximately 0.28 occurred (table 5, 38) 

i.e. 

o 
Se =) 0-28 = In 5. 

where D, is the original inclusion size 

Bie DoF = Om a 
e 0-28 1932



i. 20 i.e. D 
On 

  

ee 

thus Do ~ 15 pm 

  

Similarly a calculation may be performed for the ] ab 

size observed. 

From constancy of volume 

abD = bd: 

also “D = 1232'D5 

  

lee. 
c Ds = Ji-32 XJab 

‘Thus 

Do ~ 14 pm 

  

From these simple calculations it appears that 

the maximum plasticity index occurred at an initial 

inclusion size of approximately 14 - 15 pm diameter, 

for meltg Al6 at goo °C. The discrepancy between values 

of 12 pm on the (XY) plane and 20 pam on the (Y#) plane 

was a result of non plane strain deformation. 
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Setekos Some possible mechanisms of ee ee Oe 

inclusion deformation. Seca gee Ee! 

The deformation of an inclusion embedded in a 

matrix is governed by matrix stresses and strains 

imposed by the mode of deformation. The plastic 

deformation of the matrix is by slip on suitably 

orientated slip planes, and the maximum shear stress 

acting is at 45° to the principal strass. 

Thus if a siliceous inclusion is cut by a slip 

~lane which is at 45° to the principal applied stress . 

it will have a tendency to shear along this slip plane 

unless the inclusion is of sufficient strength to resist 

deformation. Shear in a brittle inclusion was shown in 

figure 4. 23. where it was seen to be at ~ 45? to 

the rolling direction. 

If the inclusion has the atility to deform 

plastically then again the inclusion may be sheared 

viz * 
ag 

ee     
5 184. 

R.D 

However, since siliceous.inclusions are of a viscous 

nature the asperities produced will tend to be 

smoothed by surface tension effects, this smoothing out 

effect being aided by a lower viscosity (e.g. by an 

increase in the temperature of deformation).
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5.185. seo 

This effect was apparently observed in Plate 5.172 

Since metals are crystalline, deformation takes 

place when critical shear stresses are generated on the 

more favourable crystallographic slip planes. The most 

important slip systems in iron are 

{111} <110for f.c.c. austenite 
{210} <upfor b.c.c. ferrite (although the slip 

plane is not well defined (218)). 

Slip will preferentially occur on one of these slip 

systems until the stresses on other slip systems reach a 

critical value and begin shearing. Thus the shear 

deformation may move from one slip system to another. 

Plate 5.11 indicates the slip lines adjacent 

to inclusions on a {211} austenite plane (indicated by 

the etching phenomenon whereby it may be seen that the 

major slip directions are parallel to the sides of the 

triangular etch phenomenm i.e. at 60° to each other. 

It may also be observed that some slip lines change 

direction, thes- changes in direction appearing parallel 

to the sides of the etch phenomenon. i.e. slip has 

changed direction within the {11} <11> family of 
slip directions. 

Plate 5.12 shows an inclusion which appeared to 

have heen sheared on two planes, as indicated. One of
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a 5.10.
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these planes appeared to be in the region of 45° to the 

rolling direction, and the otler approximately 60° to 

the first. Slip planes at these angles could possibly 

be accounted for if the polished section showed a fair} 

type plane these two sheared regions would then be 

parallel to <11>directions (i.e. the favoured slip 

directions) the first of these directions being inclined 

at the critical shear stress angle of 45°. 

Referring back to plate 5.11 \ it may be observed 

that the distances between the slip lines appear to be 

in the region of 2-5 pm. If this distance happens to 

be the minimum value encountered during the deformation 

process, then this may gie a lead as to why the smaller 

inclusions are reluctant to deform. 

Inclusions which are of diameters less than the 

interslip plane spacing may not be intersected by a slip 

plane, therefore, they are situated in a shear strain 

gradient. This situation may be analogous to the model 

of Robinson (35) who studied the deformation of immiscible 

viscous globules within a viscous liquid of the same 

density within a shear gradient. Thus a small inclusion 

within this shear gradient may effectively rotate rather 

than deform. Shear stresses on a slip Plane may not 

therefore impinge directly upon an inclusion. It could 

be considered, that since these shear stresses are not 

impinging upon the interface, decohesion of the interface 

may be avoided. Therefore, this may be an attributable 

factor as to why conical voids are not found around 

silicate inclusions less than approximately 2-3 um in 

diameter (116),
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5.4 Practical implications. 
  

In order to prevent the formation of blowholes in 

steels it is essential that the oxygen activity in the 

melt be lowered to a value such that the carbon-oxygen 

reaction does not take place. To achieve this end, 

commercially, solid deoxidation products become entrapped 

within the steel. 

The use of aluminium, although an excellent 

deoxidant may lead to products being present which 

are deliterious in such fields as wire and tube manu- 

facture. ‘They may also lead to a deterioration in 

mechanical properties of steels for-critical..application 

where mechanical properties are of prime importance. 

The use of manganese-silicon-aluminium deoxidation 

techniques prevents the formation of harmful alumina 

particles. The size and separation rates of these 

complex deoxidation products are however dependent 

upon the composition of the inclusicns present. The 

choice of a suitable deoxidant alloying technique may 

enable the steelmaker to tailor inclusion characteristics 

to the needs of the processor. 

A knowledge of inclusion behaviour during heat 

treatment and soaking prior to deformation processes 

may be beneficial. Use may be made of ternal inclusion 

precipitations, in controlling their deformability during 

the actual deformation process. Thus a potentially 

harmful highly plastic inclusion may be rendered less 

harmful by internal precipitation reactions impairing
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inclusion deformability. 

Studies of inclusion characteristics during 

processing, and the parameters which influence their 

behaviour may give valuable insight in how to use 

or render them less harmful in the final product. 

5.4.1  Machinability. 
  

It has been shown that within the (FelMn)0-Si0,- 

ae system there are numerous compositions of 

inclusions which have low softening temperatures. It 

was pointed out in section 2.3 that low melting 

point silicates may be beneficial at high cutting 

temper aeiree where they behave in a similar manner to 

MnS at lower temperatures. 

From this project it was seen that inclusion 

softening temperatures may be as low as 700°C within 

the stated system. It may be the case that some of 

these inclusions with low softening temperatures 

may be effective under conditions where MnS inclusions 

have been traditionally used. 

It must though be pointed out that inclusions 

with low saftteting temperatures are of a glassy nature 

and the presence of precipitates within 3vch inclusions 

leads to a higher apparent softening temperature. It 

is with this fact in mind one must choose compositions 

carefully since some of these inclusions readily 

nucleate precipitates within the glassy matrix, often 

noticeable even when heat treated for short periods of 

time.
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5.4.2 Surface quality of rolled products. 
  

An area where non-deformable inclusions may cause 

problems is in the production of rolled strip. The 

presence of these inclusions may impair surface quality 

particularly if the strip is intended to be polished. 

Furthermor, if the rolled strip is to be the substrate 

for a plating process, surface blemishes may cause 

lack of adhesion with the plating,resulting in flaking 

and corrosion. Thus an inclusion composition may be 

chosen for its fluidity if the product is not for 

constructional purposes. 

5.4.3. ~ Implications to mechanical properties 
  

It has previously been established that inclusion 

type, size, shape and processing influences the 

mechanical properties of the final product. By 

researching into the behaviour of inclusions during 

deformation processes it may well be the case that 

for any given inclusion composition,a steel processing 

schedule may be derived,such that the presence of these 

inclusions may be turned to an advantage, or at least 

restrict the harmful influence of inclusions 

to an acceptable level.



655 

Conclusions 

6.1. Part I of discussion 
  

(i) Over the range of compositions encountered in 

this project it appeared that as the Mn:Si ratio increased 

then there was a corresponding increase in the Mn0:Si0o 

ratio of the inclusion products (710 pm) for values 

of Mn/Si <— 3. Above this value the Mn0:Si0, ratio 

appeared agsymptotic at a value of approximately 1.75. 

(ii) Inclusion compositions were observed to vary 

with the position from which-samples were taken from 

the 'as cast' bar. This variation was attributed to 

experimental technique, solution of the deoxidant and 

product formation. The inclusions from the topmost 

section of the bar were found to be richest in alumina. 

(iii) Inclusion composition was found to vary 

with inclusion size. It was genpally observed that the 

smaller inclusions were less rich in alumina, but with 

a corresvonding increase in the silica and/or manganese 

oxide levels. 

In melts containing MnO-Si0, deoxidation products 

there was very little evidence of compositional 

variation, 

(iv) Although there was less than 0.01% sulphur 

in the cast stesls, it was observed that below 5 pm 

diameter inclusions showed an increased amount of 

sulphur present over the larger inslusions. However, 

no evidence of MnS or duplex. oxide/sulphide inclusions 

were observed in the ‘as cast' state.
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: (v) Inclusion /size distributions reported 

in terms of the number of inclusions greater than a 

given inclusion diameter (per unit area), indicated 

that inclusion agglomeration and coalescence had 

occured to a marked extent. Evidence indicated that 

within the area of inclusion compositions covered, the 

greatest amount of coalescence was found within the 

low liquidus region of the Mn0-Si05-a1,03 diagram, 

Coalescence appeared to be encowased by 

a) A low liquidus temperature. 

b) An increase in the level of MnO in the 

oxide product. 

ce) An increase in the 41503 content in the 

product. 

Part II of discussion. 

(i) As time at the heat treatment temperature 

increased fewer glassy inclusions were observed. 

(4i) Heat treatment at 900°, 1100° and 1300°C 

(for a given time at temper tature) showed that the 

largest precipitates were observed at 1100°%, 

(iii) Quantitative studies. were hampered by the 

apparently random variation in precipitation behaviour, 

(iv) In general the smaller inclusions appeared 

“to remain glassy for longer periods than their larger 

counterparts. 

(v) The more siliceous inclusions appeared more 

resistant to heat treatment induced precipitaion than
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“those richer in manganese oxide. 

(vi) Inclusions susceptible. to precipitation 

were often found to precipitate during soaking at 

temveratures prior to rolling, 

(vii) Heat treatment appeared to promote sulphur 

rich areas at the peripheries of the inclusions, 

particularly in the vicinity of Mn rich precipitates. 

Part III of discussion. 

(i) During this investigation inclusions have 

been obsered to exhibit rigid, brittle, plastic and 

fluid behaviour. 

(ii) Rigid glassy inclusions remained intact at 

low rolling temperatures, whereas inclusions containing 

precipitates often fractured. 

(iii) Often associated with large non-deformable 

inclusions were voids at the matriwinclusion interface 

in the rolling direction, 

(iv) Where large inclusions had cracked and 

fractured it was observed that the matrix had heen 

forced into these fissures, 

(v) The greatest incidence of brittle fracture 

was observed when rolling was performed in the 800°- 

900° . region 

3 (vi) The mean relative plasticity index ( 2) 

was generally seen to rise rapidly over a narrow 

temperature i1ange. 

(vii) The transition from non-deformable to
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*deformable behaviour often occurred at.temperatures 

more than 200°C. below the estimated liquidus/solidus 

temperatures. 

(viii) The presence of precipitates within glassy 

inclusions limited the extent of inclusion deformation 

in comparison to glassy inclusions of the same 

composition. 

(ix) For glassy inclusions containing between 

5 and 15% 41,03 the non-deformable/deformable transition 

temperature increased as the silica content of the 

inclusions increased. 

(x) At temperatures in excess of the transition 

temperature, those inclusions which showed a sharp 

transition curve also showed a fall in the value of 

with temperature. 

(xi) The highest peak values of 2? were observed 

in the range 900°-1000°%, 

(xii) At temperatures well in excess of the 

transition temperature inclusions appeared to break up 

ina fluid manner. 

(xiii) Values of for constant matrix reduction 

were plotted for individual inclusions of measured 

comp$sitions. It was observed that the most deformable 

inclusions lay within the low liquidus region of the 

ppeae eae ata, diagram. 

(xiv) Values of » were found to te dependent 

upon the size range of inclusions included within 

the statistical analysis.
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i.e. Vay Se 08 F 
(10+) (20+) 

Inclusion sizd has been measured via the use of Jab 

where a and b have the major and minor axes of the 

deformed inclusion, 

(xv) Inclusion deformation increased with inclusion 

size for glassy inclusions, although at temperatures 

at the foot of the transformation curve a peak in the 

plasticity index - size relationship occurred. 

(xvi) There appeared to be a critical size of 

inclusion below which inclusions would” not deform. 

In this work this critical size was at an observed 

inclusion diameter of approximately 1 - 2 pm. 

(xvii) Over the rolling temperature range of 

850° - 9086 the number of deformable inclusions (over 

the size range 1-20 pa) reached a trough value. 

(xviii) An increase in Y with size for the 

larger inclusions at rolling temperatures in excess 

of the transition temperature may be accounted for 

by the break up of fluid inclusions. 

(xix) Spheroidisation of small deformed inclusions 

ee occur upon rsheating and thus enhance the plasticity 

index - size relationship. 

(xx) From limited data it appeared shat large. 

in@lusions deformed before the small ones. 

(xxi) Inclusion, and plasticine model systems 

indicated that inclusion strain fell relative to 

matrix strain as matrix strain was increased.
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(xxii) An explanation to the above phemomenon 

has been proposed on the basis of non homogeneous 

deformation of the matrix. 

(xxiii) A theoretical analysis has ‘shown that 

a fall in plasticity index with increased matrix strain 

may be explained by the influence of strain rate during 

a multipass rolling programme. 

(xxiv) Inclusion strains have been seen to vary 

significantly through the thickness of a sample 

stopped within the roll throat. 

(xxv) It has been shown that the values of 

relative plasticity index have « different value 

depending upon which orthogonal planes the inclusion 

strains were measured. 

(xxvd Equations have been developed to relate 

measured inclusion strains to a plane strain deformation 

condition.
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6,2 Suggestions for further work. 
  

(rq) During the course of this work inclusion 

size has been measured using the {ab eriterion, 

determined optically. However, optical examination 

is restricted to a maximum of approximately X1000 

magnification due to problems of resolution making 

the measurement of €; for small inclusions difficult. 

The use of the scanning electron microscore would 

lead to a more effective technique since its resolution 

is much improved, Howevey the problems of image 

foreshortening and calibration at various magnifications 

would need to be overcome, 

In addition it may be possible to develop a 

quantitative E.D.R.X. system such that inclusion 

compositions could be determined at the same time. Since 

the measurement of &;and |ab values is tedious it 

may be well worth utilising a computer punch tape 

unit to ease the situation. The use of a:suitable 

computer programme would enable » versus Jab graphs 

to be produeed directly and also generate the statistical 

data. 

(2) One of the factors which influences inclusion 

deformability an2 which has not reg@eved attention 

is strain rate. As has been shown,strain rate will 

influence deformability, but only limited work has 

been performed on investigating the influence of 

various degrees of strain rate upon the value of 

Telative plasticity index + Strain rate may be 

investigated either by rolling or by Camm plastometry. 

The latter being preferred.
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= (3) Inclusion plasticity could be investigated 

with reference to the h/w ratio of the material rolled, 

since it is known that this will vary the deformation 

pattern of the matrix. 

(4) Measurement of 2 should be performed on the 

3 orthogonal planes and the validity of the equations 

generated in section 5.3 could be tested. Obtaining 

a value of Y from the two most suitable planes would 

give a better indication of the true 

plasticity parameters. 

(5) The influence of the effect of inclusion 

deformability could be investigated with respect to 

material toughness. i.e. C.0.D. tests could be 

performed on S.T. rolled samples. This may be 

accomplished by the welding or silver soldering of 

extension pieces, or perhaps by a modified T tear 

t 
I 
o 

test piece as indicated below 

  

  

  
  

  

  

  

  

  
                

o tT 
The fracture mechanics aspect of this type of 

design would need to be investigated.
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(6) The use of a hot torsion bar technique may 

enable inclusion plasticity to be investigated whereby 

a variety of Y (shear strain) values may be encompassed 

with one specimen i.e. from investigating from surface 

to centre. 

Also by applying the same strain in the opposite 

direction bo the same ¥ value an insight into inclusion 

deformation may be obtained. 

(7) The standard method of investigating the 

relationship between inclusions and metals has been 

to measure the inclusion strains within a metal matrix 

A 'negative' approach may allow further information to 

be gleaned i.e. Investigate ihe deformation of metal 

wires or spheroidal metal powders within glass matrices 

deformed at high cenperatures. 

(8) The use of model inclusion/matrix systems 

should be investigated further and corralated with real 

systems in a near exact geometries as used in inclusion/ 

metal systems. 

(9) It may be of interest to examine the machina- 

bility of steels containin# low melting point inclusions 

as observed in this project and compare them with the 

MnS containing steels usually used at the lower 

machining temperatures. 

(10) Inclusion preeipitation should be looked at 

‘ina quanto manner &@ the various heat treatment * 

temperatures and nucleation and growth studies performed 

upon typical inclusion compositions.
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(11) An exurtination into the deformation 

characteristics of commonly found exogengous inclusions 

could be performed (e.g. simulate ' launder' deposit 

pick up). In addition the behaviour of reoxidation 

products could be looked into.
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Appendix 3.1 

Calculation of deoxidatiom alloy composition, 

i.e. Alloy DA12. 

Appendix 3.2 
————_ 

Calculated deoxidation alloy compositions, 

Appendix 3.3 

Calculation of Feo03 addition,
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Appendix 3.1 

CALCULATION OF DEOXIDATION ALLOY COMPOSITION 

@eg- ALLOY DAl2 

Aimed for deoxidation product 35%Mn0, 45%Si0>, 20% A120, 

Assumptions: i) 100% utilisation of deoxidation 

elements 

ii) Initial oxygen level of 0.09 wt% 

iii) Final " n "0,005 wt% 

DATA, ; 

Activity ino = 0.05 

Qsio, = 0.35 

Equilibrium constants Kno = 1.97 x 107 

at 1600°, 
¥si0, = 4,17 x 104 

¥a1,0; = 1.5 x 1014 

Oxygen combined as Mn0 (%)=35 x 16/71 = 7.887% 

s " "810, " =45 x 32/60 = 24.000 % 

" " "A103 " =20x 48/102 = 9,412 % 

Total Oxygen in product = 41.299%



  

Fraction of total oxygen combined as Mn0 = 0.1910 

1 1 n " " " S10, = 0.5811 

" " " " " " 41,03 =° 0.52279 

1.0000 

Available oxygen for deoxidation is (0,09 - 0.005)4 

‘i.e. 0.085wt®. This will be distributed between MnO, 

Si0> and 41503 thus 

4sMm0 = 0,085 x 0.1910 = 0.0162} % 
" $105 = 0,085 x 0.5811 = 0.04939 4 
" 1903 = 0.085 x 0.2279 = 0.01937 % 

Stoichiometric requirements for Mn, Si and Al in 

products are: 

Mn = 0.01623 x 55/16 = 0.0558 wt % 

Si = 0.04939 x 28/32 = 0.0432 wt % 

Al = 0.01937 x 54/48 = 0.0218 wt % 

The manganeseand silicon required for equilibrium 

purposes can be obtained from 

OQ xo 
S06. 

Bk x 60, 

the equilibrium amount of aluminium being negligible 

i.e. S10-4wtg at 1600° (1873K)
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For manganese in equilibrium 

  

K OMn0 
MnO = 

¢Mn x %0 

0.05 
in = ————______ = 0.508 wt% 

19.7 x 0.005 

For silicon in equilibrium 

  

K. a 8i0, 
SLO = 

2 “Si x $02 

<0 neers 
ii 4.17 x 10% x (0.005)2 = 0.336 wté 

Hence for a 100gm melt the total required amounts of 

deoxidising elements are as follows 

stoichiometric equilibrium 

Mn 0.056 +." 0,508 = 0.564 gm 

Si 0.043 + 0.336 = 0.379 gm 

Al 0.022 + 0.000 = 0.022 gm 

= 0.965 gm 

Thus the total weight of the Mn-Si-Al deoxidant required 

is 0.965% of the charge weight. 

Composition of deoxidation alloy is as follows 

58.45% Mn, 39.27% Si, 2.28% Al.



Appendix 3.2 

CALCULATED DEOXIDATION aLLOY COMPOSITIONS 

  

  

  

  

  

  

  

  

Deox Oxide Qxo Stoich cen Total Comp 
Elem 1600C 

Alloy Prod. (1600C) wt%  wt% wt% wt% 

DA6é Moo 5! 34+ 0.18 0.099 1.827 1.928 73eok 

Si 45 0.68 0.049 0.653 0.702 26.69 

Al - - - - - es 

2.630 

DA? Mn 60 0.27 0.113 2.744 2.857 85.92 

Si 40 O.44 0.046 0.423 0.468 14.08 
ay es es = = - “« 

32325 

DAs Mn 65 0.42 0.129 4.267 4.395 90.80 

Si 35 0.28 0.042 0.403 O.445 9.20 

Al - - - - = = 

4.840 

Dag Mn 45 0.12 0.076 1.219 1.295 76.67 

Si 45 0.35 0.046 0.336 0.382 22,62 

Al 10 - 0.012 - 0.012 0.71 
  

1.689 

  

oO 
=
]



  

  

  

  

  

  

  

  

  

  

Deox Oxide Axo Stoich os Total Comp” 
Elem 1600C , 

Alloy Prod. (16006) wt% wt% wtt wt% 

DAlIO Mn 50 Onli eO.O088h i823 6155216367 

Si 40 0.25 0.043 0.240 0.283 15.67 

Al 10 - 0.012 - 0.012 0.64 

1.806 

DAll Mn 55 0.19 O.101 1.931 2.032 91.24 

Bi 35 0.15 0.038 0.144 0.182 8.17 

Al 10 - 0.013 - 0.013 0.58 

2.227 

DAl2 Mn 35 0.05 0.056 0.508 0.56% 58.45 

St 45 0.350.043. 0,336 0,379 39.27 
Al 20 - 0.022 - 0.022 2.28 

0.965 

DAl3- Mn «40 0.07. 0.066 0.712 0.777 71.9% 

Si 40 0.25 0.040 0.240 0.280 25.93 
Al 20 - 0.023 - 05023, 95 2513 

1.080 

DALY =Mn 45 Q.11 0.077 1.118 1.195 85.42 
Si 35 0.15 0.036 0.14% 0.180 12.87 

Al 20 - 0.024 - Oc024. iF 1.72 
  

1.399 

  

“I
 

hr



oO
 

Ni
 

  

  

  

  

  

  

  

  

  

Deox Oxide Uxo stoich Eom. Total Comp? 
Elem 1600¢ ‘ 

Alloy Prod. (1600C) wt% wt% wth wth 

DAlS’ Mn 40 = = - -1.571 81.46 
Si BD = - - 0.325 16.88 

Al 25 - - - 0.032 1.66 

1.928 

e 
DAl6 Mn (35 - - - 0.639 51.3 

Si 40 - - - 0.463 46.4 

Al 25 - - - 0.027 2.28 

1.129 

+ 

DAL7, «Mn s- - - - 1.195 = 

oi = a a - 0.180 - 

AL 40 cs 5 = 0.046 _ 

1.421 

pals” Mn - - - - 1.195 = 

ole - - 0.180 - 
Al 60 - - - 0.066 - 

L441 

  

* 

+ 

Blended Deoxidants 

DAl4 + extra Al addition



6H 

Appendix 3.3 

CALCULATION OF Be20, ADDITION 

Assuming the following reaction 

1460°C 
——————_—_> 

—— YFe,0, + 20 6Fe50 5°), 
3 

If the initial oxygen content of the electrolytic 

iron is 0,06wt% and the required level is 0.09wt% 

then the umount. of oxygen to be added is 0.03wt%. 

Allowing for the reduction of Fe503 

(3 x 16) x6 18 

(4 x16) x4 16 

Equivalent O as Feo03 

= 0.034 x 18 = 0.03375: 3 4B 3375% 

Now 48 gms 0 = 160 gms 7. 

l gm O = 3sognens Fe,0, 

Hence % addition of Fe,0, = 0.11244 

-. In a charge of 1.5kg of electrolytic iron, the 

Fe20, addition = 1.69 gms.
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Appendix 4.1 

As cast inclusion analyses. %. Se AE pee ne ee 

Symbols. 

  

XO Data in the first columns fefers to the computed 

inclusion compositions. 

XO' in the data columns refers to the 100% 

rationalised data. 

D(pm) is the observed inclusion size. 

  

Accuracy of results. 

MnO' , Al2O3' , and Si09' data is no better than to: 

the nearest percentage. 

FeO' is * 100%



  

  

  

Melt A3 

Fe,0, Mino 41,0, S405 Feo” M0 — A105 S105 D(um) 

33.9 71.1 - - 30.0 70.0 - - 7 
11.4 91.0 - - 10.1 89.9 - - 

Tso 95.8 - - 6.6 93.4 - - 

3.8 96.2 - - 3.4 96.6 - - nla 

4.0 96.2 - - 3.6 96.4 - - a5 

uel 94.2 - - 3.8 96.2 = = 23 
4.0 94.8 - - Be 96.3 - = 10 
45 95-9 - - 41 95.9 - - 10 

3.9 96.4 - - 3.5 96.5 - - 15 
4.2 96.4 - - 3,8 96.2 - - 16 

22.2 85.0 - - 19.0 81.0 - - 6       
  

92
49



  

  

  

Melt Ab 

fd ¢ ¢ ¢ 

Fe203 MnO 4120, Si05 FeO MnO 41,03 Sido D(um) 

Pao - 362 95.5 2.0 - Sy 94.8 20 

2.5 - 2.1 97.0 ene - 2.1 95.7 32 

2.8 - 1.3 97.1 2.5 - 13 96.2 12 

2.4 - 3.0 96.2 oot - 3.0 94.9 14 

2.8 - 1.9 97.1 2.5 - Deg 95.7 26 

225) - ey. 95.7 2.2 - 267. 9501 8 

2.4 - ee 96.1 2.2 - igs! 96.5 15 

2.8 - 2.0 95.8 2.5 - 2.0 95.5 32 

2.0 - 2.1 96.0 1.8 - 2.1 96.1 - 

2.3 - el 96.9 2.0 - 2.1 95.9 - 

2.2 - 2.4 95.7 2.0 - 2.4 95.6 - 

Bel - eal 96.1 19 - ool 96.0 -       
  

4
9



  

  

  

Melt A6 

Fe,0; M0 41,05 S109 FeO MnO” A1,0, S109 Dum) 

0.4 53.4 0.2 29.1 0.4 64.3 0.3 35.0 - 

Teo 50.3 0.2 Gol 1.4 D268 0.2 46.1 - 

0.9 53.8 0.4 42,0 0.8 55D O.4 43.3 - 

Vee bens 0.2 42.6 alaal Su 0.2 44.3 - 

1,2 53.3 0.3 41.6 261 55 0.3 43.2 ~ 

2.7 Hoy O.4 37.4 2.9 5245 0.5 4a .2 - 

1.6 53.3 0.2 38.8 4.5 56.9 0.2 14 - 

Ley 52.0 0.2 42.6 1.6 54.0 0.2 42 - 

alee 53.2 02 42.3 cal 55.0 0.2 43.7 - 
2.0 50.0 0.2 44.3 1.9 51.9 0.2 46.0 . 
0.9 54.7 0.3 42.7 0.8 DDD 0.3 43.4 - 
2.8 5267 0.1 41.9 2.6 54.2 0.1 43.1 - 
2.0 57.6 0.4 37.8 1.8 59.0 O.4 38.7 92 
2.3 53-7 0.2 40.0 2.2 56.0 0.2 41.7 21         

9
4
9



Melt 46 (cont.) 

  

e 
Mn0* 

  

  

Fes0; Mn0 41,0, 810, Fe0 Al,0, 810, D(um) 

de? 5760 0,2 39.5 1.6 58.3 0.1 40.1 23 

2.0 54.8 (a8) 40.1 2.9 56.5 0.3 41.3 116 

3.4 5763 Ost 41.0 3.0 56.5 Cel 40.4 55 

0.1 57.3 0.2 41.3 0.1 57.9 0.2 41.8 - 

Ona 50.1 0.1 38.8 0.2 56.2 0.1 43.6 -         

Z



  

  

      

Melt a6 (2) 

Fe,0; Mad A103, 810, Feo. Mn0™ a1, sid, D(um) 

13.0 51.0 0.6 41.5 aed 48.7 0.6 39.6 10 

2.0 58.4 0.3 43.0 7, 56.4 0.3 41.5 30 

2.0 ole 0.4 42.9 1.9 53.0 O.4 WUD 15 

8.0 54.6 0.2 Wy “7.0 52.8 0.2 40.0 40 

5.0 55.1 0.2 37.0 4.7 56.9 0.2 38.2 6 

3.0 56.9 0.1 38.0 2.8 58.2 Oc 38.9 9 

150 5602 2.8 43.2 0.9 54.5 2.7 41.9 33 

2.0 56.0 0.5 38.9 1.8 57.6 0.5 40.0 11 
0.0 5661, 0.2 43.4 0.0 56.3 (oa 43.6 27 
0.8 56.3 0.0 41.3 0.8 5703 0.0 41.9 41 

4.9 54.7 0.2 37.2 4.6 56.7 0.2 38.6 5 
19,8 Whey 1.0 28.6 19.5 48.1 1.1 31.3 4 
2.0 42.1 0.8 38.7 2.2 50.5 0.9 46.4 59 
263 39.8 0.3 41.8 2.4 47.5 Ou 49.7 27     

02
9



  

  

  

Melt a7 

Fe,0;  Mn0 41,03 S405 FeO = MnO” Al $105 D(yum) 

18.6 52.7 0.3 30.8 16.7 52.4 0.3 30.6 16 

5.8 58.8 0.3 31.9 5.8 61.1 0.3 33-2 35 

3.9 61.2 Or 35.2 3.5 61.2 0.1 35.2 50 

357 61.3 0.5 36.9 363 60.1 0.5 36.2 89 

10.8 54.7 0.2 34.7 9.8 boat 0.2 34.9 21 

7.8 58.5 0.3 32.0 702 59.8 0.3 32.7 12 

1.2 63.9 0.3 37.3 1.0 62.3 0.3 36.4 - 

0.8 62.7 O.4 36.7 0.7 62.4 Oy 36.5 - 

1.0 60.2 0.6 37.4 0.9 60.8 0.6 3737 - 

0.8 62.3 025 37.9 0.7 61.4 0.5 374 - 

3 67.0 0.4 30.4 Eee 67.7 O.4 30.7 - 

0.1 62.1 0.2 37.9 0.1 61.9 0.2 37.8 - 

i 62.0 0.3 36.7 ie 61.9 0.3 36.6 - 

0.9 64.6 0.2 36.9 0.8 63.0 0.2 36.0 - 

1.5 63.2 0.4 36.3 1.3 62.4 O.4 35.9 -       
  

T
8
9



  

  

  

Melt A8& 

Feo, Mno 41,0, 810, FeO” = MnO” = Al, 05 8105 D( um) 

1.0 63.5 0.2 36.3 0.9 62.9 0.2 36.0 - 

1.6 63.0 1.6 3764 1.4 60.9 1.5. 36.2 - 

0.6 64.1 1a B77 O25. 62.0 Del 36.4 - 

0.5 66.1 1.0 34.8 O.4 64.6 1.0 34.0 - 

1.6 65.4 0.8 36.6 1.4 62.7 0.8 Boel - 

0.8 57.2 0.8 44.2 0.7 55.6 0.8 42.9 - 

17 60.0 2.0 40.6 1.5 57.7 1.9 38.9 = 

2.0 63.8 le? 37.7 17. 61.0 2 36.1 - 

1.5 60.5 1D 40.0 i.3 58.5 25 Boa7 - 

I3 61.6 ee 39.1 1.2 59.8 nae} 37.9 - 

i 62.8 1.8 36.9 ao 61.2 1.8 35.9 - 

1.6 61.7 1.6 38.2 14 59.9 1.6 371 -       
  

e3
89



  

  

  

Melt A9 

¢ < iz a 

Feo0 MnO 41203 Sido FeO Mno 41303 S105 D(um) 

0.6 5307 3.9 Wh 3 0.5 5265 3.6 43.2 130 

0.7 51.2 2.4 Wok 0.6 52.0 2.4 45.0 230 

0.5 49.7 6.4 W469 OLD 49.0 c5 Ye 2 - 

0.6 56.0 5.0 39.3 0.5 55.6 De 38.9 - 

O.4 5307 aco 42.5 0.3 53.5 3.8 42.4 - 

0.7 41.1 18.9 42.3 0.6 39.9 18.4 41.1 - 

0.4 47.6 13 40.1 0.4 47.7 11.3 40.5 = 

0.7 52.7 5.4 41.0 0.6 52.9 5.4 41.1 - 

0.5 Sle 4.8 43.2 0.5 Ble 49 43.3 = 

O.4 50.1 On 44.0 0.4 49.6 6.4 43.6 - 

0.7 50.2 6.8 41.0 0.7 50.9 6.9 41.5 - 

0.3 47.7 9.6 41.6 0.2 48.1 9.7 42.0 - 

2.1 39.1 19.0 Oye | |egen 3980 19.0 40.1 56 

2.7 53.3 6,2 41.5 2.4 BAS 5.9 4O.1 13 

r.8 41.7 18.8 41.5 1.6 40.2 18.1 40.1 27         

£
9
9



Melt 49 (cont.) 
  

  

  

Fe,0; Mind A1p0, $40. | Feo” Mn k1p0, 8109 D(um) 

3.6 47.4 10.9 41.1 3.2 46.2) 10.6 40.0 27 

2.5 42.9 9.9 41.0 253 4.7 10.3 42.7 e 

2.4 43.5 10.9 39.7 2.2 45.2 11.3 41.2 - 

2.4 4 1e52 40.9 2.2 46 12.2 41.0 = 

2.5 47.9 8.4 40.9 263 48.1 8.5 41.1 - 

73 46.7 ils7i toe 12 46.5 11,7 40.7 - 
0.8 Ye 10.4 40.1 0.7 46.4 10.9 41.9 - 

1.0 45.1 9.9 40.7 0.9 46.7 10.3 42.1 = 

2.4 46.7 14.8 35.9 262 46.9 14.9 36.1 - 

2.8 48.9° 6.9 399 2.6 49.8 7.0 40.6 - 

1.3 54 5.0 39.8 a2 54.2 5.0 39-7 - 

1.0 50.8 el We 8 0.9 51.5 oot 45 2         

H
d



  

  

  

Melt A1O 

Fes0, Mad 41,0; 810) | FeO’ no” gd; S403 D(um) 

1.8 66.4 613 33.0 ha) 61.9 5.9 30.8 . 

2.6 65.8 Dat 38.1 Dee 60.7 2.0 35.2 = 

253 50.7 342 34.0 3 5547 3.5 38.5 - 

hey) 66.3 4.9 34.2 a6 61.7 4.6 31.9 - 

Dee 50.2 325 34.4 ene 5567 3.9 38.2 - 

21 57.6 2.7 34.7 1.9 59.5 2.8 35.8 - 

1.9 59.6 3.8 34.9 1.7 59.6 3.8 34.9 = 

1.8 55.2 2.8 36.9 aig bye 2.9 38.2 80 

2.8 49.2 5.6 38.7 2.6 51.2 5.8 40.3 10 

1.9 61.4 6.8 26.3 1.8 63.8 71 27.3 - 

3.2 48.7 8.4 34.5 3.0 51.6 8.9 36.6 30 

2.9 57.9 1.9 35.0 eon 59.4 2.0 3569 - 

2.0 63.1 9.7 29.1 Po 60.7 9.3 28.3 35 

3.2 53.8 3.2 37-3 3.0 55.4 3.3 38.4 - 

3.6 51.5 1.3 39.2 3.4 54.1 1.4 41.2 -       
  S9

9



Melt 410 (cont.) 

  

  

  

Fep0, Mn0 A120, S10, | FeO” no 4120,;° 810) D(um) 

443 D3ee 2.8 34.6 41 56.5 2.9 36.4 - 

ero 48.3 6.4 38.5 2.1 50.7 6.7 40.4 . 
U5 47.2 16.6 35.4 1.3 46.9 16.5 35.2 18         

0
8
9



  

  

  

Melt all 

Fe203 MnO 1203 S105 FeO” MnO" 1205 8105 D(um) 

0.7 63.8 73 35-9 0.6 59.3 6.8 33.4 = 

0.9 56.1 12.4 35.5 0.8 53.5 11.8 33-9 - 

1.9 48.1 41 35.8 1.9 53.6 4.6 3969 . 

eel 56.2 8.4 28.6 2.0 59.0 8.8 30.2 - 

3.5 54.0 45 35.1 3.3 55.8 4.7 36.3 - 

3.0 58.0 42 30.5 2.8 60.8 Ya 32.0 - 

4h 53-5 3.8 3553 Hel 5544 3.9 36.6 50 

0.8 62.3 407 28.6 0.7 64.7 4.9 29.7 86 

0.8 62.9 2.0 29.5 0.8 66.1 2.1 31.0 23 

0.6 55.0 9.6 31.6 0.6 56.9 9.9 32.7 4e 

1.6 5765 17.8 21.0 1.5) 58.8 18.2 ei - 

0.8 56.1 12.8 3563 One e369 12.2 33.6 15 

2.7 4705 5.0) 40.7 2.5 49.7 5.2 42.6 8 

2.7 56.3 8.5 29.0 2.5 58.5 8.8 30.1 17 

1.6 5301 Bel: 34.8 v5 56.2 5 36.9 -        



Melt All (cont.) 

  

  

  

Fe203 MnO 41203 8402 FeO’  Mn0- 41,0,” 810 D( um) 

2.5 58.7 5.0 31.0 2.3 60.6 5.2 32.0 = 

2.4 5561 405 33-9 2.3 57.6. 47 35.4 - 

Les 65.3 45 ate 1.0 64.0 ued 30.6 80 

dea 5543 45 36.2 1.0 57.0 4.6 37.3 80 

Ley 55.5 6.3 41.0 we5 53.2 6.0 39-3 10 

3.5 55.4 1.5 43.7 3.0 5304 1.5 42,1 10 

2.9 63.9 2.5 33.4 2.6 62.4 2.4 32.6 20 

3.3 61.2 1,2 35.6 3.0 60.6 162 35.3 15       
  

@89
 

59°



  

  

  

Melt Al2 

Fe203 Mn0 A120, 8402 FeO no" 41905 8105 D( um) 

7 28.7 1362 52.7 1.6 29.9 13.6 54.9 - 

0.8 32.2 15.2 42.7 0.8 35.5 Oa, 47.0 - 

2.0 34.3 10.8 Ky 220 38.8 1252 46.9 - 

1.8 32.5 20.2 41.5 1.7 33.9 2151 43.3 - 

207, 31.4 12.6 55.8 2.4 30.7 aes 54.6 60 

2.4 29.9 16.2 baie) eel 29.5 16.0 52.4 30 

3.1 Oe7 16.5 5543 Ne) 27.1 16.1 5uel 10 

8.5 24.9 14.5 Da 7.8 25.3 14.7 5253 10 

2.6 28.3 17.6 51+ 2.4 28.4 17.7 bia? 15. 

2.0 25.2 d37 57.8 1.8 25.6 13.9 58.7 12 

2:2 25.4 13.4 56.2 2.0 26.2 13.8 58.0 40 
lee 36.5 Gil 50.3 Lek 36.6 11.3 51.0 100 

1.6 3765 9.7 51.3 1.4 37.5 967 51.3 20 

1.9 27.2 15.1 56.7 17 27.0 15.0 56,3 35 

1.5) 29.9 12,2 57.8 1.3 29.5 12 57.1. 55         6
9
9



Melt Al2 (cont,) 

  

  

  

Fe,0,  Mn0 41903 S405 FeO MnO A120, 8109 D( am) 

5.6 28.0 13.4 49.3 5.3 29.3 14.0 51.5 lo 

2a, 29.7 14.3 49.8 2.5 30.9 14.9 51.8 10 

2.9 29.7 16.1 47.8 2e7 30.9 16.7 49.7 15 

9.1 27a: 12.8 4765 8.6 28.4 13.4 49.7 15. 

5.0 27.8 13.5 48.9 4.8 29.4 14.3 51.6 10 

5.6 28.1 1365: 49.2 563 29.3 14,1 51.3 - 

247 29.7 14.4 49.7 2.5 30.9 15.0 51.6 - 

17 28.7 Ign 5252 6 30.0 13.7 54.6 = 

1.8 32.5 20.2 41.5 17 33.9 21.1 43.43 97 

2.9 29.7 16.2 47.7 207 30.9 16.8 49.6 80 

9.1 2752 12.9 49.5 8.6 28.4 13.5 49.6 4 

5.0 27.8 13.6 48.8 4.8 29.4 44 51.5 

5.6 28.0 13.4 49.3 a3 29.3 14.0 51.5 

2.6 28.5 14.7 49.8 2.5 29.9 15.4 52.2 25 

227 30.4 12.9 5563 2.4 30.1 12.8 54.7 60       
  

06
9



Melt Al2 (cont.) 

  

¢ ¢ ¢ ‘ 
S102 

  

  

Fe203 MnO 41,03 Si05 FeO Mno 41,03 D(um) 

1.9 28.5 8.5 65.9 1.6 27.2 8.1 63.0 25 

1.0 32.3 11.8 39.3 ele 38.3 14.0 46.6 10 

enn 25.0 12,3 40.1 2e1 39.3 13.8 W.9 10 

1.9 33.4 12.5 40.9 1.9 37.7 14.1 46.2 15 

203 3765 10.2 40.7 2.3 41.5 NaS 45.0 15 

1.3 35.6 12:3 41.8 1.3 37.8 13.8 47.0 10 

1.4 39.1 10.2 42.3 1.4 42.1 11.0 45.5 18 

Jed oer 14.2 41.1 AL 36.4 15.5 45.0 75 

0.8 29.1 10.3 52.3 0.8 31.5 1,2 56.6 35 

2.6 30.6 18.2 47.3 2.4 31.1 18.5 48.1 34 

4.7 30.3 16.4 47.9 4.3 30.7 16.6 48.5 18 

256 31.3 11.9 52.3 2.4 32.0 12.2 53.4 15       
  

e



  

  

  

Melt 413. 

Fe,03 Mn0 A1,0, S10) | FeO Mn0” al,0; 810, D(um) 
2.4 37.2 14.9 46,2 2.2 37.0 14.8 46.0 FC) 

2.9 36.3 8.1 49.8 2.7 37.5 8.4 51.4 10 

4.8 45.3 6.4 Ua 4.3 45.1 6.4 4u.2 70 

2.4 45.7 5.9 45.5 22 56.0 5.9 45.8 80 

2.6 29.9 1567 51.2 2.4 30.2 15.9 51.6 25 

2.9 3703 9.5 49.9 2.6 37.6 9.6 50.2 35 

233 42.9 9.5 4b. 2 2el 43.5 9.6 4.8 60 

2.8 37.9 8.6 Ta NosBemlmoes. © 636.4 8.7 50.4 : 
4.3 40.7 9.7 4h. 3.9 41.1 9.8 45.2 160 

2.8 39.8 9.2 50.2 2.5 39-1 9.0 4g. - 

2.6 39.6 9.5 47.1 2.4 40,2 9.6 49.8 50 

4.3 41.0 9.3 43.7 4.0 41.9 9.5 4h 6 = 

3.2 39.6 9.9 46.7 2.9 40.0 10.0 47.1 65 

1.4 40.9 8.2 4o.u 13 42.7 8.6 474 37 

O27. 40.3 10.1 49.4 0.6 40.1 10.1 49.2 35         

xo 
ho



Melt 413 (cont.) 
  

  

  

Fe03 MnO 1203 S105 Feo’ Mind” 41,03 $105 D(um) 

12 40.9 10.4 49.0 140 40.4 10.3 484 = 

1,0 40.0 14.5 WO 0.9 40.2 14.6 4U.3 - 

O57 40.1 Dee Due 0.6 4O.1 Dise 54.0 - 

1.4 40.7 10.5 48.6 1.2 40.3 10.4 48.1 - 

0.6 40.9 10,0 48.5 0.8 41.0 10.0 48.6 - 

0.7 40.7 9.3 50.6 0.6 40.2 9.2 50.0 - 

0.8 40.0 3.08 55.9 0.7 40.1 g.2 56.0 -        



  

  

  

Melt A13X 

Fes0; -Mn0 41903 8102 FeO’ MnO" Al203 -Si0g D(um) 

9.0 37.0 3.9 48.7 8.3 37.8 4.0 49.8 80 
9.3 34.7 4.2 See Seo. 35.3 4.2 52.0 LO 

8.9 Wee al 43.7 8.2 45.0 2.2 446 14 

7.1 42.4 3.0 4762 6.5 42.8 3.0 4747 1 
52 41.2 1.7 48.7 4.8 42.6 1.6 50.6 9 

8.2 41.2 Bee 48.5 7.3 41.0 365 48.2 21 
8.2 43,4 2.1 46.0 74 43.9 2.1 46.5 68     
  

 



  

  

  

Melt Als 

Fe03 MnO 41203 $10. | Feo’  Mn0 A120, 8103 D(um) 

2.0 55.1 Loe 27.9 1.8 54.8 15.6 27.8 120 

3.3 45.4 13.7 36.6 3.0 46.0 13.9 47,1 15) 

363 43.2 aged 33.8 Bel 4b. 5 17-6 34.8 5 

oe7 46.2 12.4 37.6 2.5 46.8 12.6 38.2 15 

267 46,2 12.4 37.6 25) 46.8 12.6 38.2 15 

0.9 Wh ke 16.8 34.5 0.8 46.0 17.4 35.8 40 

057 49.6 Tol 39.2 0.7 51.4 74 40.6 140 

2.4 49.1 6.0 4O.4 2.2 50.3 6.1 41.4 35 

2.4 43.0 725 34.1 2.2 Lol 18.1 Bone 35 

2.5 Wa ele 30.8 2.3 45.1 21.5 31.2 35, 

265 45.8 14.4 35.6 2.3 46.7 14.7 36.3 20 

2.5 48.1 17.2 33.8 22 47.5 17.0 33.3 7 

2.7 42.8 18.0 36.0 2.5 43.1 1631 36.3 15 

2.6 uy 16.5 35.2 2.4 45.1 16.8 35.8 20       
  

Ww



Melt Al4 (cont.) 

  

  

      

Fep0; nd 41203 S402 FeO’  Mn0 A203 S105, D(um) 

1.8 45.9 19.8 35.8 1.6 WES 19.2 34.7 67 

3 Slee 13.3 37.4 tel 49.7 12.9 36.3 ul 

1.6 43.5 24.6 34.2 1.4 41.9 23.7 33.0 83 

200 48.7 15.2 37.9 1.8 46.9 14.7 36.6 46 
1.5 50.9 13.2 38.1 13 49.2 12.8 36.8 27 
ea) 50.1 13.5 38.4 1.0 4S 6 ret 37.3 2k 
1.3 50.5 13.7 37.7 shal 49.0 13.3 36.6 26 
67 49.7 14.6 3764 1.5 48.1 14.1 36.2 31 
1.6 47.8 17.3 36.8 1.4 46.3 16.7 35.6 58 

168 47.7 18.1 37-2 1.6 45.6 1763 3555 63 
1.4 50.4 15.9 38.6 2 47.5 15.0 36.4 39 
1.4 49.8 14.4 37.6 tee 48.3 14.0 36.5 33 
   



Melt al4(2) 
  

  

  

Feo03 MnO 41203 S105 FeO Mn0” 41203 $10, D(um) 

2.9 53.8 6.6 37.3 2.6 53.6 6.6 37.1 50 

2.4 56.9 Dt 39.2 2on 55.0 5.0 37.9 56 

Zell 56.3 5.9 39.1 1.9 54.5 547 37.9 73 

4.9 53.1 6.6 41.7 4.2 50.2 ail 39.5 4O 

203) 57.5 5.8 39.7 2.0 54.7 565 37.8 80 

2a5 38.2 36.0 25.5 2e2 37.4 3523 25.0 147 

3.7 60.4 252 37.6 Bees 58.4 Pel 36.3 10 

at 58.0 4.8 3704 2.7 56.3 4.7 36.2 13 

2.9 58.3 4.8 38.1 2.5 56.2 4.6 36.7 14 

2.2 57ea 41 39.0 2.0 5569 4.0 38.1 45        



  

  

  

Melt Al4c 

‘ ‘ , ¢ 
Fe,0, Mno A120, 810, 8 FeO MnO a, $105 8 Dqum) 

0.7 43. L565 414 0.02 0.6 42.8 15.4 41.2 0.02 | 30 

0.9, 50.0 10:3 40.1 0.04 0.8 49.4 10.2 39.6 0.04 | 

0.7 51.0 8.0 40.4 0.13 0.6 50.9 8.0 40.4 0.13 123 

O.4 51.1 Bea 40.5 0.04 0.3 51.0 S21 40.5 0.04 | 15 

0.3 49.0 13.0 38.2 0.01 0.3 48.8 12.9 38.0 0.01 | 60 

0.6 51.0 944 3969 0.08 0.5) 50.6 9.3 39.6 0.08 14 

0.9 50.1 10.2 39.9 0.06 0.8 49.6 10.0 39.6 0.05 18 

1.3 50.2 9.0 40.0 0.19 1.2 49.9 8.9 39.8 0.19 | - 

0.7 43.1 15.4 41.4 0.15 0.6 42.8 15.3 41.1 0.15 ak. 

0.8 49.1 10.3 39-9 0.03 0.8 49,0 10.3 39.9 0.03 - 

0.7 50.0 75 W165 0.59 0.6 49.8 Fed 41.4 0.59 6 

1.0 50.7 8.7 40.9 0.01 0.9 50.1 8.6 40.4 0.01 | - 

ei 50.4 7o7. 37.6 - 1.0 bol 8.0 38.9 - - 

3 50.8) | 1166 B72 - deo 50.4 11.5 36.9 - - 

0.9 50.1 12.8 36.5 - 0.8 50.0 12.8 36.4 - -         

g
6
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Melt al5 

Fe203 Mno 1903 $102 Fe0 Mn0 “ A103 si02 D(um) 

1.9 52.1 13.4 36.1 1.6 50.5 13.0 34.9 - 

Ta 51.9 17.0 34.0. 1.0 re) 16.3 32.8 - 

1.4 52.6 13.6 32.2 1.3 52.1 13.6 32.3 - 

1.4 52.9 705 40.5 ae2 51.8 253) 39-7 17 

1.2 52.0 8.1 41.3 1.0 50.7 79 40.3 21 

0.5 49.9 10.3 41.4 055 46.9 10,1 40.5 35 

0.5 49.9 8.1 40.0 0.4 50.7 8.3 40.6 40 

0.6 51.0 8.1 40.1 0.5 51.1 8.2 40.2 36 

LS 52.0 652 40.6 1.2 52.0 6.2 40.6 21 

8.6 48.7 4.3 36.6 8.0 50.0 45 37.6 6 

196 53.0 6.2 39.9 1.4 52.7 6.2 39.7 10 

0.4 51.2 8.2 40.6 O.4 51.1 8.1 40.5 35 

0.7 50.0 10.3 40.0 0.6 49.5 10.2 3926 48 

0.6 50.1 10.2 39.8 0.5 49.8 10,2 39.6 96 
16 52.2 73 3929 14 Ble? 73 39.6 16        



CC _$_$_ EOE 

Melt 415 (cont,) 
  

  

  

Fe503 MnO A120, S105 Feo. Mind 41,0, $109, D(um) 

2.3 52.3 74 40.0 262 51.3 7.3 39.3 7 

1.6 52.8 704 40.1 14 51.9 7.2 39.4 21 

0.7 50.7 12.2 39.9 0.6 50.0 11.8 38.6 100 

0.8 51.0 leer 41.1 0.7 48.6 11.6 39.1 115 

1.6 55.0 6.0 40.4 1.4 53.9 5.8 39.3 14 

1.6 55.0 u6e2 © 23655 1. 55.5 6.3 36.8 1 

2.6 Sled 10.4 41.6 2.2 48.8 9.8 39.2 154 

lee 50.9 8.2 40.6 sly 50.5 B21 40.3 51 

1.3 4O.9 14.4 38.2 5 47.7 14.0 3762 19 

0.7 40.9 roe 37.8 0.6 47.7 14.8 36.8 uu. 

0.8 50.8 13.2 37.9 0.7 49.5 12.9 36.9 105 

0.6 uO. 15.3 38.4 0.5 47.7 14.8 37.1 45 

Oi 46.1 22.3 34.4 0.6 Wh .6 21.6 33.3 68 

O.4 48.0 15.3 37.2 0.4 47.6 15.2 36.9 65 

0.2 49.0 13.0 38.0 O-2 48.9 13.0 37-9 69 

0.3 46,1 19.2 35.4 0.3 45.7 19.0 35.1 122        



Melt A15(cont.) 
  

  

  

Fe,0, Ma0 41,03 $10, Feo = Ma" 41203 8102" D(um) 

1.0 50.8 12.9 37-1 0.9 49.9 12.7 36.5 90 

0.8 43.1 26.5 32.6 0.7 41.9 25.6 31.7 57, 

0.5 48.9 15.4 37.04, O.4 47.9 15.1 36.6 56 

0.5 49.9 13.1 37-1 0.5 49.6 13.0 36.9 81 
0.6 50.1 1352 38.2 0.5 49.1 12.9 37.4 106 

0.5 49.9 14.3 37.0 0.4 49,1 14.1 36.4 127 

0.8 47.6 14.1 36.1 0.7 48.3 14.3 36.6 45 

0.7 47.2 17-3 36.4 0.6 46.5 17.0 35.9 58 

1.4 47.0 18.3 36.4 <2 45.7 e768 35.4 71 

0.3 50.0 Led 37.6 0.3 48.6 14.7 36.5 62 

0.5 47.6 14.3 37.5 0.5 47.7 14.3 37.6 183       
  

T.
04



  

  

  

Melt 415 (cont.) Top section (1) 

’ , 

Fep03 MnO Al203 S105 Fed MnO 41503 Si02 D(um) 

1.9 43.9 18.5 34.7 wae ras 18.7 35.1 - 

1.8 47.0 15.7 34.2 1.6 47.7 15.9 34.7 - 

2.0 42.1 20.4 35.6 1.8 42,1 20.4 35.6 - 

2.0 46.1 15.4 35.2 1.8 45.8 35.6 35.7 - 

1.0 43.8 22.3 33.3 0.9 43.7 22.2 33.2 - 

1.8 46.8 21.4 33.4 1.6 45.3 20.7 32.4 - 

2.2 42.9 14.2 34.9 251. 45.7 15.1 B7el - 

1.0 43.1 1552 414 0.9 42.7 14.9 41.5 - 

1.8 42.9 15.0 41.7 1.6 42.4 14.8 41.2 - 

2.0 53.2 14.6 32.6 1.8 52.0 14.3 31.9 -         

c
o
d



Melt Al5 (cont.) Mid section (3) 
  

  

  

Fep03 Mn0 A103 S10, | Feo’  Mno™ a1,0, si0; D(ym) 

0.7 50.0 10,3 40.0 0.6 49.5 16.2 39.6 - 

0.9 51.0 8.2 40.6 0.8 50.7 38.2 40.3 - 

1.9 50.9 8.0 40.5 a7, 50.3 7.9 40.1 - 

O57 49.0 15.4 38.1 0.6 47.5 14.9 36.9 - 

0.9 51.0 13.2 37.9 0.8 49.6 12.8 36.8 - 

Led 48.9 15.3 38.3 0.9 47.3 14.8 37.0 = 

1.6 48.0 15.3 37.3 1.6 47.0 14.9 36.5 - 

a2 48.6 13.3 38.0 ve 48.2 net 37.6 - 

1.0 50.9 13.4 8763 0.9 49.7 13/2 36.4 + 

1.8 48.9 15.5 37.4 1.6 47.3 15.0 36.2 5        



  

  

  

Melt AlL5 (cont.) Bottom Section (5) 

Fe,03 MnO 41,03 810, FeO Mn0- 41,05, $105 D( um) 

0.6 51.0 94 399 0.5 50.6 93 39.6 = 

1.7 50.0 9.2 40.7 1.5 49.3 9.1 40.1 - 

0.7 51.0 10.3 39-5 0.6 50.3 10.2 38.9 - 

126 49.9 10.7 40.9 1.6 4o4 10.4 39-7 - 

1.8 50.0 10.1 40.0 6 49.2 9.9 39.3 - 

1.8 49.9 9.0 39.8 1.6 49.7 9.0 39.7 - 

Dall 51.1 1252 41.3 1.8 48.0 a5 38.8 - 

Tag 49.2 144 36.2 eS 48.6 14.2 35.7 - 

1.8 49.8 10.3 39.9 1.6 49.0 10.1 39.3 7 

1.6 50.0 13.4 37-1 1.6 49.0 13.1 36.3 S       
  

4
0
d



  

  

  

Melt A16 

Fe,0; MnO 41,03 8405 Feo’ —Mn0" A1,0; 8102 Dy) 

3.0 34.2 16.5 51.0 246 32.8 15.8 48.9 41 

27.3 33.0 8.6 48.3 21.5 28.8 2.5 42.2 

11.0 3247 967 53-3 9.4 31.0 9.2 50.5 

3.8 34.0 11.3 55.0 3.3 32.8 10.9 53.0 10 

3.0 33.4 15.9 50.9 2.6 32.5 15.5 49.5 32 

322 34.8 201 53.9 2.8 33.6 at7 52.0 13 

5.2 3327 11.9 53.8 45 32.4 11.4 51.7 12 

2.9 33.6 14.1 52.9 2.5 32.6 13.7 51.2 18 

2.4 33.1 17.3 49.7 oat 32.4 16.9 48.6 30 

2.8 34.4 17.9 49.5 2.4 33.1 16.8 47.6 Ly 

2.4 35.0 172 48.6 eel 34.0 16.7 47.2 113 

2.8 33.9 19.9 47.0 24 32.8 19.3 45.5 35 

2.4 34.0 16.7 49.1 2.1 3364 16.4 48.2 70 

2e8 33.8 15.4 50.5 2.0 3302 15.1 49.6 82 

262 3355, 16.8 49.8 1.9 32.8 16.5 48.8 78       
  

G0
2
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Melt 416 (cont.) 

  

  

  

Fes0, M0 41,03 $105 Feo” Mad 41,03 8103 D(um) 

2.2 33.5 16.8 49,8 1.9 32.8 16.5 48.8 78 

Bal 33.8 17.5 49.3 1.8 33.0 17.1 48.1 60 

21 34.2 16.5 49.8 1.9 33.4 16.1 48.6 78 

2.6 34.5 16.4 49.6 2.3 33.6 15.9 48.2 33 

2.8 34.3 12.4 54.0 2.4 33.2 12.0 52.3 11 

2.3 34.0 17.4 49.6 2.0 33.0 16.9 48.1 72 

2.7 34.5 1367 52.0 2.4 33.6 13.4 50.7 12 

2.7 33-4 14.8 5262 2.4 32.5 14.4 50.8 18 

3.8 30.1 9.3 48.3 3.8 33.0 10.2 53.0 8 

2.8 35.4 12.5 52.8 2.4 34.3 Tere: 51.2 10 

2.8 34.8 12.8 53.2 2.4 8367 12.4 bled 12 

14.8 32.2 9.6 49,2 12.8 30.9 9.2 47.2 6 

2.4 33.4 16.2 49.6 201 33.0 16.0 48.9 21 

207 34.2 16.6 49.8 2.4 3352 16.1 48.3 57 

21 34.2 15.9 50.3 1.9 33.4 15.0 49.2 39 &        



III'S“ a a ee 

  

  

        

Melt A18 

Fe,0, Mn0 41203 $102. «| FeO” —-Mn0" 41,0; $103 D(um) 

eel 39.0 34.2 27.6 6 38.0 a305 26.8 100 

25 38.2 36.0 2559 2.2 3795 35.3 25.0 62 

1.6 40.8 31.8 29.3 1.4 39.5 30.8 28.3 4b 

2.6 43.5 25.2 32.1 263 42.2 24.4 31.1 60 

1.4 42.8 26.1 Ble2 1.2 41.4 27.1 30.2 126 

1.4 42.6 29.0 30.4 Lee 41.2 28.1 29.5 65 

2.6 41.3 29.6 30.1 2 40.0 28.7 29.1 17 

2.4 41.3 30.2 30.2 251 39.8 29.1 29.1 16 

3.0 43.8 24.8 32.9 2.6 42.1 23.8 8155 11 

2.9 41.7 28.4 31.0 2.5 40.2 27.4 29.9 5 

2.4 40.9 31.6 29.0 2.1 39.4 30.5 28.0 21 

153 4a 30.7 29.6 V2 40,2 29.9 28.8 57 

1.5 39.0 3503 26.7 us 38.1 34.5 26.1 69 

Bee 39.8 apy © 2757 2.0 38.7 32.3 27.0 13 

Bee 42.7 27¢2 30.7 2.8 41.3 26.2 29.7 9 

2.4 36.4 41.9 24.1 Bal 34.8 40.1 23.0 22 x 
_  



EE ee 

Melt 18 (cont.) 

  

  

  

Fe20, Mind A120, $10, | Feo” no" A10, 810, D(um) 

1.4 34.4 38.8 21.4 1.3% 3529 40.5 2333 72 

2s1 35.0 47.0 22.7 1.8 32.8 44.1 21.3 29 

2.3 38.3 3967 26.7 1.9 35.9 37.2 25.0 14 

207 35.0 52.5 24.7 2.1 30.6 45.8 21.5 34 

3.1 38.5 36.8 29.1 2.6 35.9 34.4 2762 

9.8 37-8 31.1 29.0 | 8.3 35.4 29.1 27.2 

3.0 38.7 3665 29.2 259 36.2 33.9 27.3 10 

261 36.0 rea 23.6 1.8 34.0 41.9 22.3 20 

3.0 38.5 37-8 28.1 205 36.0 Be.3 26.2 15 

2.2 35.4 45.9 22.6 8 33.5 43.04 21.3 20 

Wel 37.6 36.1 29.8 3.4 35.1 33.7 27.8 6 

37-7 20.5 27.4 21.7 30.4 25.6 24.5 19.5 3 

265 9.3 85.3 Ved 2.2 8.9 81.6 73 8 

- - 100.0 - - - 100.0 - 14 

233 41.3 29.3 46.3 128 34.2 24.6 38.9 32         

9 
0
2
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Melt A18(cont.) 

  

  

  

Fe203 Mno 41203 si0, | Feo” Mn0" Az0; 840g D(UM) 

1.9 36.0 42.3 23.2 1.6 34.9 41.0 22.5 29 

1.6 42.8 27.0 B17 14 41.6 26.2 30.8 306 

13D 42.0 28.7 31.1 1.3 40.7 27.8 30.1 192 

V3 42.4 28.3 30.8 de 41.3 27.6 30.0 140 

1.0 18.6 50.4 9.0 Let 23.6 63.9 11.4 260 

0.8 6.5 82.0% 2279 eal eoes 7.0 89.0 5.1 260 

They) 17.0 58.8 10.4 1.8 19.4 67.0 11.8 260 (mean) 

40.8 23.0 35.5 16.0 | 33.0 20.7 31-9 14,4 260 Fe rich 

0.6 14.6 68.5 10.6 0.6 15.5 7207 | 11.2 260 Al rich 

1.8 37.5 21.0 27.4 1.9 42.8 24.0 33.3 290 matrix 

48.0 26.6 23.0 20.1 | 38.3 23.6" 20.3 17.8 290 Fe rich 

- - 100.0 - 2 cS 100.0 - 290 Al rich 

1.3 14.8 79.8 12 Tea 13.8 74.6 10.5 50 Al rich 

1.8 48.1 21.0 34.3 Led: 45.8 20.0 32.7 50 matrix 

1.5 9.9 84.2 726 1.3 9.6 81.7 74 28 Al rich 

1.5 49,2 23.8 ” 34.8 1.3 uo. 22.2 32.5 28 matrix        



Melt NIal2 

  

  

  

Fe,0, MnO A203; $102 FeO’ MnO" 41203 8105 Dim) 

259 30.7 18.2 47.3 2.6 Bier 18.4 47.9 34 

5.3 30.3 16.4 47.8 4.8 30.5 16.5 48.2 18 

249 31.3 11.9 52.3 207 31.9 12.1 53.3 15 

2.6 31.6 13.2 50.9 2.4 32.2 13.5 51.9 24 

I.8 29.9 2550 41.1 1.7 30.4 26.1 41.8 57 

1.9 30.5 20.4 46.6 1.7, 30.7 20.5 47.1 53 

9.6 27.8 9.1 52.3 8.8 28.4 9.3 53.5 Ly 

2.2 31.4 V4.4 49.4 2.0 32.3 14.8 50.8 22 

2.2 30.0 13.1 51.4 2.0 32.1 13.6 53.2 23 

2.5 30.4 18.3 47.0 2.3 31.0 18.7 48.0 27 

17 30.4 23.1 42.6 1.6 S11 23.7 43.6 oh 

1.8 30.5 19.5 47.6 1.6 30.7 19.7 48.0 62 

2.0 29.7 23.3 42.9 1.8 30.4 23.9 43.9 98 

1.8 30.7 18.8 46.7 1.7 31.4 19.2 47.7 64         

C
T



NN  —_ _ Ee 

Melt NIal2 (cont.) 

  

  

  

Fe,03 Mn0 41,03 810, oo ean. Alg0, S402 D(um) 

1.8 29.5 26.8 42.8 eo 29.3 26.7 42.5 57 

1.8 30.1 19.8 48.0 os5 30.2 19.9 48.2 52 

252 30.5 189 48.9 2.0 30.5 18.8 48.6 60 

rast 30.8 18.8 47.9 1.9 31.0 18.9 48.2 nr 

2.0 30.7 21.3 46.1 Tha 30.7 21.3 46.2 97 

a1 30.0 19,5 47.3 1.9 30.4 19.8 47.9 20 

1.9 30.0 19.4 48.2 Ue? 30.2 19.3 48.5 58 

1.9 30.0 20.9 46.1 17 30.4 2.2 46.7 113 

2.0 30.8 21.0 46.0 1.8 30.9 Bick 46.2 14h 

1.8 30.4 21,3 46.0 126 30.6 21.5 46.3 82 

252 30.4 18.2 48.9 2.0 30.6 18.3 49.2 46 

1.8 30.7 20.4 474 1.6 30.7 20.4 47.3 100 

2.2 31.0 18.0 49.3 2.0 30.9 18.0 49.2 52 

2.0 31.0 20.8 46.6 1.8 30.9 20.8 46.5 122        



EEE ee 

Melt NIA12 (cont.) 
  

  

        

Fe503 Mino A1p03 810) | FeG’ Mn0’ = 10, ©8405 Dim) 

2.3 30.8 18.0 49.6 2.01 30.7 17.9 49 69 

ad 30.7 2163 46.5 1.6 30.7 21.3 46.4 81 

168 30.6 22.9 44.7 1.6 30.7 22.9 W4.8 161 

232 31.3 13.8 52.9 2.0 31.3 13.8 52.9 20 

2.3 31.0 Tog 50.5 2.1 31,1 16.2 50.7 53 

Sol 30.7 11.4 53.9 2.8 3162 12.5 54.7 18 

2.5 31.7 13.1 53.6 2.2 32-5 13.0 53-3 20 

37.3 > 22.5 ZL 46.1 30.7 20.6 6.5 42.2 6 

2.7 31.6 14.1 52.2 2.4 31.5 14.0 52.0 22 

257 8075 17se 49.7 2.4 30.6 17.3 49.8 37 

2.6 30.5 19.6 48.2 2.3 30.3 19.5 47.8 52 

232 30.7 1250 53.3 2.0 31.1 13.0 54.0 a 

50.3 17.9 3.6 42.2 41.5 16.4 33 38.7 5 

6.0 30.1 8.6 54.7 5.5 30.5 8.7 55.4 8 
  

Ci
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Melt nia12 

Feg0, MnO A120, Si0, MO FeO’ MnO 41203 Si02 mo Ss | D(ym) 

Le 29.7 £16,069 552.2) mG memnOcONMIND FOMNCO Quilon 52.5. 0.5: 0.05 | 21 

0.9 29.8 17.5 © S50;0u Oss memOelominOsg 9630.2 017675 50-7 0.4 9 0.15 | 30 

2.5 2938 12.6 - 54.6) 0,570,196) 2.3. 99.8 510.6 54.6 0.5 0.19 | 15 

0.9 29.9 12.6 54.2 O44 0.09 | 0.8 30.5 12,9 55.3 (O64 0.09 | 14 

v.8 29.8 9.6 57.2 0.7 0.241 0.7 30.3 9.8 58.2 0.7 0.24 | 12 

0.9 28.4 7.3 59.5 0,5 umuOs INO. C oo. Qemtyeoes Ol. 0.5 0.38 | 8 

57 26.6 659) 2160. 010 CeO OMebcTMnDG. 7mmmG oI G0.1 0.6 (0.58 | 6 

24.5 20,075 129 52.5 1. 3e52) [21.8 19-7 5159 SiG. 1.4 3.47 y 

3.0 25.2 nao 52sec lea Se o2e pes cOns 26 633.9 59-3 165 3.95 5 

50.2 1250 > 44.9) S022. We ood eee OMIO no oe O56 84 5.20 | 3 

95.2 8.5 3.952 20.Geie. cum o7mlooegMnC Gumg,08 16,2 2.2 4.90 | 2 

89.1 8.4 3.8 16.5 2.4 4.88 169.0 Vee | 303 14.2 2.1 4.20 2        



Ei) ISSA SSIS rae 

Melt CHal2 

  

  

  

Fez0; Mn0 —Alp03.«S40.« Crd, | FeO’ MnO 42903. «© S103,» C903] (pum) 

0.4 3363 0 died 56.0 0.5 0.3 B2,6.. «11.6 55.0 0.5 11 

0.6 336. mele 50.0 0.9 0.5 31.1 20.6 47.0 0.9 62 

0.7 34.5 18.3 50.7 0.6 0.6 33,0; 17.3 48.5 0.6 Ou 

0.6 34.1 F859 50.6 0.6 0.5 B255 218.1 48.3 0.6 86 

0.6 33.6 1137 59.5 1.6 0.5 31.4 11.0 55.7 169 9 

0.9 33.6) 23.29 46.7 0.7 0.7 BiB 22.6 41.2 0.7 78 

0.5 337, 14.3 45 oe 0.9 0.4 3565 15.1 47.9 1.0 32 

lee 34.2 517.9 46.3 O.7 lil Biome 27.8 46.3 0.7 41 

07 33.6 18.5 49.3 et: 0.6 32.6 18.0 ' 47.8 1.0 63 

1.0 33.4 14.9 52.3 1.4 0.8 32.5 14.5 50.9 13 26 

0.7 33.7 8.8 57.3 0.9 0.6 33.3 8.7 56.5 0.9 10 

0.3 34.2 16.0 49.3 lel 0.3 3349 15.8 48.9 Tell 52 

Vet 34.1 5 ee 59.1 1.6 1.0 3346 Biel 58.5 1.6 5 

0.7 33-0) 16.6 50.5 0.3 0.6 32.7 16.4 49.9 0.3 65 

0.3 32.0 = 18.7 50.4 1.4 0.2 Blom a7 «7 49.3 1.4 88         

HT
Z



Melt Chkul2 (cont.) 
  

  

  

Fej0, MnO 410, «S40, Grg0, | FeO’ MnO’ 41903, ©4109" Cr.03| Dim) 

0.9 33.82 10 51.3 O57 0.8 B29" (15.7 49.9 0.7 4 

1.0 3257 10.0 56.8 O.4 0.9 32.9 9.9 56.4 0.4 15 

0.7 33.8 14.3 54.2 0.9 0.6 32.9 Day 52.2 0.9 20 

0.6 32.1 09 50.4 0.6 0.5 Bian ae 1034 49.2 0.6 83 

0.5 32.7 . 22.6 46.4 0.4 0.4 34.6 915.4 49.1 Ou a4 

0.3 32.6 5 eed 53.6 0.5 0.3 31.4 16.4 51.5 Ou 76 

0.7 32.6 13.9 55.4 O55 0.6 31.6 13.5 53.8 OnS: 26 

0.3 32.0) e480 50.4 Let: 0.2 Bist 17.8 49.5 Let 90 

0.8 3369. eo.) 52.5 0.7 0.7 B2.0= 15.5 50.5 0.7 20 

0.6 32,95) Bah 52.2 6.5 0.5 saci 13ch 52.4 0.6 10 

0.5 32.2 16.0 51.0 1.0 Ob 32,0 15.9 50.69 1.0 26 

0.7 34.9 12.7 52.2 O57 0.6 34.5 «12.5 51.6 0.7 15       
 



  

  

      

Melt Vsl2 

Fe,0, MnO Al,03 S10y Vj0, 8: | Fed’ Mad’ 41203 8103 205 3° | Dium) 

0.6 31.5 16.7) 49.8 057 605001 1025 931.7 16,0 50,2 0.7.) 0,00 | 34 

0.6 31-8 15.2 51.3 0.5 0.01] 0.5 32.0 15,3 51.0) 0.5 0202 1927, 

0.7 31.4 12.8 56,2 10.80 iO 40m)) 0,6) 9930,7 al 1e,5 55.07 0-8 | 0.39/ 9 

1.4 30.9 8.9 59.7 ele BS vOnl 1.202962 6,6 57.3) Led 2.30 5 

14.4 23.2) 52557) 741.9 eo ee SOME Seo pelo. 7emeGrOn 48.3, 5.2 94-1506 | 4 

0.6 31.5 15.9 50.9' 0.7 0.01] 0.5 31.6 16.0 bigten) O57 0.01 | 26 

_ 0.8 31.6 25.7 43.5 0.9 Qed 10.7) 30.9) e256) een 0.9 0.01] 97 

0.9 31.9 26.2 42.6 0.7 O01} 0.8 31.2 25,6 41.2 «(0.7 0.01 | 103 

0.8 31.4 2457) (lth s2 = lsd wueOsOIntmiOs7)  30.cmectsle 4321 1.5. 0.01] 82 

0.5 32.9 14.3 SLs 2 Oey 0.0%} 0.5 33.0 14.3 51.5 0.7 0.04] 12 

0.6 31.0 (3278) tes9. 1 nO Cue ClUlOshpeco.70st.4 ) 37.7 0.8 0,01 | 137 

0.3 32.3 (16.8) 47-1 Ose OOS Cede S5e3° 2703, 48.6 0.5 = 0.03] 11    



Melt NI50a12 

  

7. 

  

  

Fe,0, MnO 41,0, 810, NiO Fed Mno’ 41,03 3102 Ni0 D(ym ) 

29.9 12.7 8.2 46.2 0.5 28.5 13.4 b.7 48.9 0.5 7 

1.3 20.7 13.0 64.3 0.5 1.2 20.8 13.0 6445 0.5 26 

13 24.1 13.9 60.8 0.5 lee 24.0 13.8 60.5 0.5 46 

led abeE Wei gee 58.4 0.5 172 24.3 15.2 58.8 0.5 62 

1.3 21589") 13e5 61.3 0.5 a2 22.2 13.7 62,4 0.5 42 

1.3 23.4 16.5 55.5 0.3 io 24.2 17.0 FES) 0.3 58 

1.3 21.2 12.8 62.5 0.8 <2 21.5 13.0 63.5 0.8 32 

1.3 ire 13.8 61.4 0.9 ib 21.5 14.0 62.4 0.9 27 

133 23.0 16.1 55.8 Deo 132 23.8 16.7 57.8 0.5 85 

13 21.6 “14.5 60.0 0.6 1.2 22.2 14.8 61.2 0.6 60 

13 24.7 15.6 bye 0.5 tee 24.8 25.6 57.8 0.5 65 

13 20.8 12.4 64.5 0.6 ie 20.9 12.5 64.8 0.6 26 

1.3 2553 17.7 55.0 6.5 ze 25.4 17.5 55.2 0.5 20 

1.3 23.5 14.5 59.5 O.4 Lec 23.7 14.6 60.1 o.4 56 

158 24.9 16.0 56.9 0.3 1.2 25.1 LG. 57.3 0.3 88         

at
Z



Melt NI50a412 (cont.) 
  

  

  

Feo MnO a 8105 NiO Feo’ vino’ 41,0, $10, N10. Dqum) 

2.0 21.5 13.8 50.0 0.5 1.6 22.0 14.1 61.5 0.5 62 

2.0 22.0 13.7 59.4 0.5 1.6 22.6 14.1 61.0 0.5 34 

2.0 23 a7 15.6 55.2 0.5 1.6 2.5 16.1 57.0 0.5 5 

2.0 22.8 i132 59.3 0.5 1.8 23.4 13.4 60.8 0.5 30 

2.0 22.4 13.1 60.3 0.5 1.6 22,8 13.4 61.5 0.5 36 

2.0 cab, 13.1 59.7 0.5 1.9 D2 ee 4905 61.7 0.5 40 

2.0 20.9 13.4 60.8 0.5 1.9 21.5 13.8 62.4 0.5 28 

2.0 23.3 15.0 54.7 0.5 1.9 24.5 15.7 57 4 0.5 39 

2.0 22.3 3.7 58.9 0.5 1.9 22.9 14.1 60.6 0.5 30 

2.0 20.8 13.8 60.5 0.5 1.9 21.4 14.2 62.1 0.5 51 

2.0 20.7 12.8 61.1 0.5 1.9 Awe 913.2 63.1 0.5 27 

2.0 2561 17.6 54.0 0.5 1.8 25.4 17.8 54.6 0.5 97 

2.0 25.3 Eel 53.5 0.5 1.6 25.5 17.4 54.5 0.5 57 

2.0 19.2 10.0 5967 0.5 2.0 21.0 11.0 65.5 0.6 als 

2.0 19.9 12.6 62.3 O65 1.9 20.5 13.6 64.2 0.5 49        



I ee 

Melt NI5Ua12 (cont.) 
  

  

  

Fe,0, Mno 41,03 S405 NiO Feo. Mind A903 310, Ni0 D(ym ) 

133 24.9 15.3 57.0 0.5 1.2 25.2 15.5 3767 O55 60 

13 24.3 15.0 58.4 0.5 152 24.5 ae 58.7 0.5 50 

1.3 20.9 13.2 63.3 0.5 1.2 21.1 13.3 63.4 0.5 36 

13 22.5 14.7 60.0 0.5 ie 22.8 14.9 60.7 0.5 66 

ee 23.17 15.4 57.0 0.5 ee 2h. 1567 58.6 0.5 30 

13 2342 13.9 60.2 0.5 12 23.4 14.0 60.8 0.5 30 

8 21.5) a 61.8 0.5 1.2 21,7 14.2 62.4 0.5 58 

3 24.4 1655) 5549 0.5 1.2 24.8 16.7 56.8 0.5 164 

ao 24.9 17.6 54.0 0.5 se 25.4 17.9 55.0 0.5 108 

1.3 24.1 16.1 Set 0.5 2 24.4 = 16.3 S7a7 0.5 32 

13 DIR 13.2 62.8 0.5 at, 2 2r4 © 13.3 63.7 0.5 25 

eS 24.5 14.5 584 0.5 1.2 24.7 14.6 58.9 0.5 4? 

a} 22.6 14.0 60.6 0.5 152 22.9 14.2 61.3 0.5 38 

vss 24.7 1637 56.1 0.5 Led! 24.9 16.5 56.6 0.5 56 

1.3 24.0 16.3 56.8 0.5 a2 24.3 16.5 Bie 0.5 41       
  

67
2



Melt Wi50a12 (cont.j 

  

  

  

Fep03 MnO A120, $100 NiO Feo’ Und 41,0; 310 Ni0 Dqum) 

2.0 2.5 18.2 51.9 0.5 TOR 2h 18.7 5362 0.5 81 

2.0 23.5 ari se2 56.8 0.5 1.8 24,0 13.5 60,1 0.5 35 

2.0 22.3 12.6 60.3 Gap 1.9 22.9 12.9 61.8 0.5 45 

2.0 20.57 yeal3e3 60.8 0.5 1.9 eles e 137 62.6 0.5 41 

2.0 22.6 "12.9 59.8 0.5 1.6 23.3 00 1362 61,1 0.5 32 

2.0 21.5 2) 17 61.6 0.5 1.9 genie 12s1 63.5 v, 31        



Tal 

Appendix 4,2 

Analysis of deformed inclusions, wa 

  

Symbols. 
  

XO Data - Computed composition. 

XO' Data - Rationalised to 100%. 

fab - Inclusion size computed via the square root 

of the product of the major and minor observed 

axes. (pm). 

WY - Inclusion 'Relative plasticity index! as 

measured when in the microprobe analyser. 

Accuracy of results. 

XO' Data to the nearest percentage. 

Feo! * 100% 

) to the nearest decimal place.



  

  

  

  

  

Rolling ¢ ‘ 7; 

Temp 0 | Fe,0, Mad 410 $id, | FeO nd 4120,  si02 | fab Y 

900 3.7 97-2 - = Ses 96.7 = = 2 0.0 

4.9 96.2 - - uh 95.6 - - 0.0 

1.6 97.1 - - 1.5 98.5 - - 13 0.0 

17.7 88.5 - - 15.2 og - - 5 0.0 

1100 8.2 90.1 - - 7.6 92.4 - - 8 0.0 

1133 84.5 - - 10.7 89.3 - - 6 0.0 

se 96.7 - - 2.8 97.2 - - 15 21050 

3-2 97.5 - - 2.9 97.2 - - a1 0.0 

2.9 95.2 - - 2.7 97.3 = - 8 0.0 

1300 3.0 96.6 - - 30 96.6 - - 12 0.0 

14.0 95.8 - - 11.6 96.6 - - do eaO. 

14.0 66.9 - - 1239 87.3 - - 64) 0.0 

9.1 94.6 - - &.0 92.0 - - 8 0.0           

 



  

Melt ab 

  

  

  

  

  

Rolling j Msi tempC Fe,0,  Mn0 41,0 sio, | Feo — Mno 41,0, sid2| fad yp 

900 2.2 - 1.3 97.2 2.0 - 1S) 96.7 - 0.0 

oan - 1.9 96.4 | 1.9 - 1.9 96.2 - 0.0 

2.2 - 2.0 95.6 2.0 - 2.6 96.0 - 0.0 

1000 2.5 - 4.9 93.3 2.2 - 4g 92.9 10 0.0 

2.0 - 2538 96.4 | 1.6 - en 95.9 15a 20.0 

ae - 4.2 92.8 2.9 - 4.2 92.9 20 0.0 

1300 2.0 - 4.3 96.9 1.8 - 13 96.9 20 0.0 

1.65 - 253 9696 Bl. 63 - 2 96.4 we 0. 

2.5 - 1.0 97.0 22 - 1.0 96.8 17 0.0 

3.4 s 3.6 96.5 | 3.0 - 3.5 93.5 15 0.0         
  

~



Melt a6 

  

  

  

  

Rolling t ‘ ‘ ‘ 
Temp °C Feo0 MnO 41,0, S10, FeO MnO 41503 S10, ab v 

8c0 Lod 58.6 0.5 39.2 1.0 59.0 0.5 39.5 - 0.0 

1.2 53.3 0.8 43.1 Bo 54.2 0.8 43.9 - 0.0 

1.6 56,2 0.3 41.1 1.5 56.7 0.3 41.5 - 0.0 

1.2 by 0.5 38.8 Ted 57.7 0.5 40.6 - 0.0 

1.3 60.5 0.6 37.4 Lee 60.7 0.6 3765 - 0.0 

900 1.6 56.6 129 35.8 1.5 59-1 2.0 37.4 - 0.0 

eon 5503 2.0 36.7 Zel 57-6 2.2 38.2 - 0.0 

Lee 56.1 oak S72 Ty: 58.1 2.2 38.6 - 0.0 

0.8 574 1.9 39-9 0.7 57.5 1.9 39.8 - 0.0 

40.6 22.9 2.9 16.4 | 46.4 29.1 3.9 20.8 - 0.0 

203 5523) = ea) yok | 2.2 55.4 2.1 40.5 = 0.0 

lee 56.2 22 36.5 1.1 58.6 2.2 38.1 - 0.0 

ree 53.3. 2.0 39-5 Lt 55.6 2.1 41.2 - 0.0 

155 56.3 21 36.0 1.4 58.8 2.2 37.6 - 0.0           

  

H
e
d



  

Melt 46 (cont.) 
  

  

  

  

Rolling ’ ‘ ‘ 4s 

Temp Fe,0,  Mn0 - 41,0 $i0, | Fe0 MnO 41203  8i0p [ad y 

900 1.5) 554 2.1 37.2 1.4 5767 Bee 38.7 - 0.0 

(cont.) 265 pbs oer 36.3 2.4 57.6 ee 37.9 - 0.0 

1.6 55a 2.2 37.0 1.5 5767 252 38.6 - 0.0 

2.8 52.0 252 39.1 2.6 54.3 23 40.8 - 0.0 

Le 54.0 252) 36.2 1.6 56.3 2e3 39.8 - 0.0 

1.4 58.4 Set 34.2 sa 50.9 262 35.6 - 0.0 

14 53.4 eau 39.1 1.3 5507 2.2 40.8 - 0.0 

2.4 54.8 ood 36.8 2.3 37.2 2.2 38.% - 0.0 

1000 1.9 57.8 150 39.1 Le? 58.0 1.0 39.3 - 0.0 

0.9 57.0 0.2 41.7 0.8 S752 0.2 41.8 - 0.0 

1.0 56.9 Ou 38.8 0.9 59.0 Ou 39.7 - 0.0 

4.0 56.5 0.9 85.3 3.7 58.7 0.9 36.7 15 0.0 

3.0 56.9 0.6 38.70] 2.8 5065 0.6 39.1 = 0.0 

2.0 56.9 aS 38.0 1.8 58.1 1.3 38.8 - 0.0          



Melt A6 (cont.) 

  

  

  

  

  

Rolling ‘ ¢ ‘ 

Temp °C Fe,0, MnO 41,03 Si0, FeO MnO 41,0 Si0, [ ab » 

1000 302 S700 0.5 3704 2.9 58.5 0.5 38.1 - 0.0 

(cont.) 1.0 58.1 0.5 39.3 0.9 58.8 0.5 39.8 - 0.0 

1300 3.1 56.5 0.2 41.1 2.8 56.2 0.2 40.9 46 0.9 

5.9 55.9 O21 41.2 5.2 547 O21 40.2 Sint <2 

3.9 54.3 On 39.4 3.6 55.8 Ost 40.5 28 1.2 

Peo 56.1 Ond 39.5 2.7 57.1 0.1 40.2 27 a1 

4.0 57.0 0.3 41.5 a) 5567 053 40.5 53 neat          



DDE DTC SSSSS 

  

  

  

    

Melt a6 (2) 

tomp 66 Fe,0, Uno 41,03 S10, Feo nd” 41,05 si, [fap 

800 2.0 56.4 0.8 39.8 1.8 57 el 0.8 40.3 9 0.0 

1.9 52.2 0.7 42.9 1.8 53.5 0.7 44.0 54 0. 

2.0 56,5 dee 3905 1.8 57-1 Le2 39.9 17 0.0 

2.6 3 OB eget | ey 466.9 << 0.3 40.7 | 1H 0.0 
5.0 56.6 O04 39.9 4 55.8 O.4 393 32 0.0 

1100 1.4 51507 1.0 43.7 1.3 Benne .0 45,1 45 0.6 

3.0 5367 0.9 37.4 2.9 b6e7 =» 1.0 39-5 71 O23 

1.9 52.3: 2 068 41.7 1.6 54.2 0.8 43.2 52 0.6 

2.1 56.5 0.6 38.5 U9 56.0 0.6 39.5 43 055 

HL 57.0 0.9 38.3 367 571 0.9 35,3 62 0.2 

1200 2.0 52.3 Ou 42.7 1.9 53-8 Ou 43.9 Ll 7.0 

0.8 53-3 0.9 43.3 0.7 54.3 0.9 Wh 72 11 

12 52.4 0.8 42.8 ae 54.0 0.8 Whe 31 ed         
  

Le
d,



  

Melt A6 (2) (cont.) 
  

  

Rolling 
Temp °C | Fej0, MnO ALO, S10 | Fed” MnO 41,0, si0g | Yab_ WD 

1300 0.9 56.5 1.0 41.9 0.8 56.4 1.6 41.8 28 1.2 

300 54.3 Os) 40.0 2.9 55.6 0.5 41.0 31 Leo 

2.0 S307 0.7 40.5 Eg 55.5 0.7 41.9 4o 1.6 

4.5 54el 0.6 39.5 4.1 54d 0.6 40.2 36 22         
 



Melt a7 
  

  

    

Rolling ’ ‘ ‘ , 

Temp °C Fe,0, MnO 41903 Sid, FeO MnO 41,03 S105 fav v 

900 0.9 60.9 202 35.7 0.8 61.1 2.2 35.8 - 0.0 

Te 60.5 2.2 39.4 | 1,0 58.7 22. 38.2 - 0.0 

220 65.3 0.3 3102 1.8 66.2 0.3 31.6 - 0.0 

0.9 60.6 361 33.4 0.8 61.9 3.2 34.1 ~ 0.0 

0.8 60.9 2.2 34.0 0.7 62.3 2.2 34.8 - 0.0 

0.9 62.9 202 32.0 0.8 64.2 2.3 32.7 - 0.0 

1.0 63.3 2.3 31.5 0.9 61.9 2.3 34.9 - 0.0 

1.2 58.9 2.3 3567 lel 60,1 2.4 36.4 - 0.0 

16 61.2 Ape 33.0 65 62.6 2.2 33.7 - 0.0 

1.0 60.5 2.2 34.3 | 0.9 61.8 2.3 35.0 = 0.0 

Lot 60.2 3.3 33.5 1.0 61.4 364 34.2 - 0.0 

1100 2.8 60.6 0.5 36.4 2.5 60.6 0.5 36.4 50 0.0 

8.6 60.6 0.3 3265 76 59-9 0.3 32.1 16 0.0 

1335 59.8 0.1 29.4 | 12.0 58.9 0.1 29.0 9 0.0           

  6
c
,



Melt a7 (cont.) 

  

  

  

  

Tenp oC Fe20, Mand A1z0, $10, | FeO Mn eo Mint, 8102 feo » 

1300 3.6 61.3 On1 37.8 3.2- 59.8 0.1 36.9 6591.2 

4.0 60.5 0.5 39.0 3.5 58.4 0.5 37.6 89 1.3 

Sel 59.6 0.4 38.7 2.8 58.7 0.4 38.1 57 2 

4.0 50.9 O.1 38.7 3.9 54.6 Oe1 41.5 5h Ne 

2.9 61.1 0.3 3704 2.6 60.3 0.3 36.9 77 bel         
 



  

Melt 48 

  

  

  

Temp © | Fe of, MnO a0, 810, | FeO Mn” a0 suo | foe 

900 Tet 65.0 2.6 32.7 1,0 64.2 2.6 82.3 - 0.0 

Le 63.9 ©9266 29.6 1.0 525.) 12.7 30.5 - 0.0 

1.0 6165 < “352 35.7 0.9 60.8 332 25.3 - 0.0 

i 64.0 2.6 32.5 1.0 63.9.5 2.6 3265 - 0.0 

Ted 6255 tae tes 34.5 1.0 Bie Temes 2 3357 - 0.0 

9 63,1 PES 2p 17.4 1.6 64.8 15.5 17.9 - 0.0 

1.8 62.7 255 35.3 1.6 61.4 2.5 34.6 - 0.0 

1.6 62.3 2.5 37.8 1.4 59.9 2.4 36.3 - 0.0 

1.0 63.7 0st Bec eo ccauieGl. 7.) 0.7 Bae7 n| 60m 0.0 
1.2 64.1 1.6 35.1 12 62.5 1.6 34.5 80 0.0 

153 59.4 1.8 33.1 1.2 62.2 1.9 34.7 80 0.0 

ia 63.9 2.9 34.9 deb Fy 2.8 33-9 100 0.0 

1.0 61.5 2.0 3207 0.9 63,3 2.1 3367 60 0.0 
1.6 63.9 4.7 33.0 1.4 62.0 4.6 32.0 80 0.0           

T
E
L



CEC_ LS ee 

Melt A& (cont.) 

  

  

  

Temp 8 Fe,0, MnO Aln0, S40 | FeO = Mao” a0 sid, | Vad SD 

900 1.6 63.3 4.7 34.2 14 61.1 4.5 33.0 40 0.0 

207 62.9 4.0 33.2 2.4 61.3 3.9 32.4 80 0.0 

LZ 63.2 2.9 35.0 1.5 61.6 ano 34.1 80 0.0 

153 63.0 2.9 34.8 toe 61.8 2.8 34.2 80 0.0 

1000 207 66.0 8.4 29.0 23 62.4 7.9 27.4 - 0.9 

Lee 58.0 6.2 35.4 rt 57.6 6.2 35-2 4L 0.7 

3. 55.5 443 38.1 2,6 5501 4.3 37.6 53 0.8 
2.0 56.8 3.3 37-9 1.8 Beep 3.5 38.0 25 0.5 

1300 3.1 62.1 0.3 34.5 2.6 62.3 0.3 34.6 38 1.0 

Vel 64,8 0.2 34.8 6.5 60.7 On 32.6 27 Le 

4.0 65.4 0.3 34.3 3.5 63.1 Gos 33-1 13 0.7 

49.8 61.0 0.2 34.2 31.9 4305 O.2 abt 15 0.8 

ob 65.1 0,2 34.2 Bae 62.9 0.2 33.1 26 1.2 
54.8 2.2 34.3 31.5 42,0 so 20.2 26.9 27 0.0           

e
e



Melt 49 

  

  

  

  

Rolling ’ ‘ / 

Temp % | Fe,0, MnO Alp, 810, | FeO Mn A1,0; 510, | fab 

900 0.7 51.3 6.9 WAS 0.6 49.7 5.7 43.1 220. 0.0 

0.9 56.1 5.1 39.4 | 0.8 BOS 5.0 38.9 100 0.0 

0.6 54.7 4.8 43.1 0.7 52.9 4.7 41.7 150° 0.0 

0.8 5307 3.8 44.2 0.7 52.4 3-7 43.2 180 0.0 

2.2 41.2 19.1 42.3 1.9 3904 18.3 40,5 50 0.0 

2.8 45.1 eg 40.5 2.5 45,4 11.4 40.7 30 0.0 

1.0 52N8 5.6 43.9 0.9 50.9 5.5 42.8 50 0.0 

Zor 50.0 9.4 42.3 a2 48.3 9.1 40.8 120) 0.0 

1.0 51.7 Salt 45.2 0.9 50.1 5.2 43.8 65 0.0 

1.0 oles 45 43.9 | 0.9 51.0 465 43.6 - 0.0 

1.0 51.0 4.8 43.2 | 0.9 51.1 48 43,2 ~ 6.0 

2e1 48.6 6.5 441 1.9 48.1 6.4 43.6 45 0.0 

2.8 Win? | 10.6 41.3 2.6 44.8 10.8 41,9 15 0.0 

2.8 44,1 11.0 40,8 | 2.6 WB ate 41.9 TO) 10.0 

2.8 46.5 7.1 Hegel 2s6 47,2 Poo 43,2 20 0.0           

€€
4



Melt a9 (cont.) 
  

  

  

  

Temp © | Fey; MnO «20, -««S40p | Feo’ mmo’ a0, sto, | fab» 

900 2.8 46.2 9.7 41.8 205 46,1 9.7 41.7 2057050 

(cont.) 5.6 45.8 6.9 41.1 5.1 46.3 7.0 41.6 1010.0 

1.0 52.6 oy 43.1 0.9 51.7 5.0 4a.4 80 0.0 

1.9 48.0 8.0 42.6 rae 47.9 8.0 42.5 30. 0.0 

20 49.4 6.9 43.1 1.9 48.8 6.8 42.6 40 0.0 

2.0 46.5 8.6 42.4 1.8 46.8 8.7 42.7 25°. 0.0 

3.0 46.9 10.0 40.0 2.7 47.1 10.0 40.2 15 0.0 

1000 1.0 NG Surana 43.3 | 0.9 50.5 3.3 45.2 - 0.0 

2.9 45.9 8.3 41.3 2.7 46.6 0.5 42.1 - 0.0 

2.9 49.9 569 40.7 2.6 50.3 6.0 41.1 - 0.0 

1.0 5Le0 265 44.3 0.9 51.7 2.5 WH - 0.0 

2.0 48.4 3.0 46.0 1.8 48.6 3.0 46.4 - 0.0 

2.9 48.7 8.4 40.6 2.6 48.5 oot 40.5 - 0.0 

1.0 51.4 6.3 40.9 0.9 51.7 6.3 41.1 - 0.0           

  

w



Melt a9 (cont.) 
  

  

  

  

Tomp Of Fen03 MnO A150 Sid, FeO f Uno 4220, $105 [av v 

1000 3.0 50.1 41 39.3 2.8 52.1 4.3 4U.9 - 0.0 

(cont.) 0.9 48.7 563 42.0 0.8 50.3 505 43.4 - 0.0 

1.9 484 Geo 41.2 167 49.0 7.6 41.7 - 0.0 

3.2 48.0 5.7 43.4 2.9 48.0 De? 43.4 - 0.1 

1300 5.3 bel 3.4 42,1 4.6 51.8 343 40.4 20 re5 

3.8 51.0 “549 42.3 3.3 49.7 5.8 41.2 35 1.3 

1.8 49.5 3.0 41.0 Le? 52.0 Bee 43.1 58 1.3 

Lee 50.1 Sep 393 1.2 53-3 3-7 41.8 we 0.9 

Tee Doel S67 37.3 1.7 56.4 3.8 38.2 54 1.3 

12,5 52.9 265 37-7 | 10.0 51.1 2.4 36.4 14 0.9 

4.7 48.8 7.9 40.8 4.2 45.0 7.8 40.1 122 0.8 

1.9 41.2 347 37.3 2.0 +901 Set e.d 23 Wie         
  

 



Melt Al0 
  

  

  

Temp 6 Fe,0, — Mn0 Alg0, 810, | Foo’ no 4240, sion | fad 

goo 2.0 4.8 18.2 25.3 3|) 160 44.8 18.2 35.3 20- 0.0 

oe 56.7 45 37.9 1.9 56.1 45 37.5 25 0.0 

2570 59.3 1.4 39.1 2.4 58.0 1.4 38.3 40 0.0 

3e2 53.3 3.0 37.9 3.0 54.9 3.1 39.0 35 0.0 

3.3 53.4 2.0 39.6 3.0 5b 2.0 Lou 10 0.0 

a2 55.5 2.8 40.0 Tel 55.9 2.8 40.3 25 0.0 

255 52.7 2.8 41.8 | 2.3 52.9 2.8 42.0 15, 0.0 

Le 55.1 2.5 39.3 a6 56.0 2.5 39.9 10 0.0 

2.5 5361 2.6 39-2 2.3 54.7 257 40.4 35 0.0 

2.5 52.9 2.7 3529 2.3 54.7 2.8 40.2 - 0.0 

2.0 56.2 2.4 S921 eie8 56.5 2.4 39.3 - 0.0 

1.9 62.4 153 3l.2-]° 268 64.7 1.4 32.2 - 0.0 

2.3 54.8 2.6 38.9 2.1 5547 2.6 39.5 - 0.0 

2.8 44.8 7.6 35.4 2.6 49.6 8.4 39.2 40 0.0 

1.8 5704 1.3 37.9 | 17 58.4 ed 36.6 80 0.0           

  
Oo



Melt AlC (cont.) 
  

Rolling 

  

  

  

Temp C | Fe,0, MnO Alj0; Sida | FeO Mae sia, 810, | fa 

900 1.8 59.3 3o6 40.0 | 1.6 56.6 3.6 38.2 60enn 0,0 

(cont.) L638 Boe? 2.0 3720 eS 56.4 2.1 40.2 15 0.0 

307 52.7 2.0 4O.2 | 3.4 5367 2.0 40.9 158 *.0.0 

1.9 55.0 2.0 40.0 Le? 55.7 2.0 40.5 150 0.0 

2.8 51.8 1.7 41.5 2.6 53 <2 1.7 42.6 70 0.0 

0.8 5569 1.8 S251 1] 0.8 61.6 2.0 35.6 = 0.0 

207 65.0 7 31.9 | 2.4 64.3 1.7 31.6 - 0.0 

3.0 5300 220 40.0 2.7 54.6 2.0 40.6 - 0.0 

1000 2.9 55.8 Go S77 2.6 55.5 Yel 8739 2k 0.0 

3.0 53.2 367 S950 267 53.7 3-7 39.9 Lae: 0.0 

1.9 55.6 8.8 41.0 1.6 51.9 8.2 38.3 11 0.0 

2.0 61.4 Lele 40.5. | 2.7 56.8 41 3725 60 0.0 

1.9 50.3 5.2 Heo 1.7 50.5 5.2 42.3 15 2050 

160 53.7 6.6 39.6 | 6.9 bY.3 6.5 39.3 Joes 

2.9 Fie 3.6 B91 27 53-1 ae7 40.5 Lote 0.2           

  

L€
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Melt «10 (cont.) 

  

  

  

Temp oe Fe,0, MnO A103 S102 FeO Mn0 41903 sido | fab w 

1300 2.6 bb.2 2.0 43.7 2.3 5365 1.9 42.3 24 0.5 

2.9 57 04 2.6 43.6 2.3 541 oo 41.1 42 1.2 

4.0 54.8 8.2 41.6 303) 50.7 7.6 36.5 23 0.7 

2.4 53.8 207 45.6 2.1 52.6 2.6 42.6 48 0.7 

2.0 51.0 2.0 39.2 1.9 54.3 201 41.7 115 ee 069 

1.9 54.1 0.8 41.9 17 54.9 0.8 #225 29 0.5 

2.6 54.0 Lok 43.6 252 51.8 42 41.8 37 0.7 

3.3 58.7 2i3 43.9 | 2.8 Sele 2 40.7 Dee 

6.5 56.4 3.0 3963 5.8 56.1 3.0 351 2 0.3 

8.2 549 1.9 ieee nee 50.9 1.8 40.5 9 O04           
  

g
E
Z



  

  

      

Temp oC Fe,0; MnO 41,0; $i, Feo Mn. 41,0, $10, Jan » 

900 1.6 64 1.5 31.1 1.5 65.4 i.5 31.6 40 0.0 

(14 65.6 3.9 29.8 1.3 65.2 3.9 29.6 80 0.0 

3.2 58.8 2.5 35-1 2.9 59.2 2.5 3504 60 0.0 

2.8 Fees 2.4 34.9 2.6 59-5 2.4 3565 no 0.0 

Te3 61.0 201 34.6 Dee) ade 62.9 2.1 35.0 150.0 

2a 62.4 2.4 30.9 1.9 63.9 ean ole 150 0.0 

2.4 62.8 2.5 34.8 Pel 61.4 2.4 34.0 70 0.0 

2.0 61.4 2.4 35.0 1.8 61.0 2.4 34.8 - 0.0 

2.0 S41 8.8 Bis 7 1.9 56.1 9.1 32.9 40 0.0 

153 60.9 251 30.7 Lee 64.2 252 32.4 150 0.0 

201 61.9 2.5 333 1.9 62.2 2.5 3364 - 0.0 

1000 2.6 64.3 4,8 Sel |e2.3 62.7 4.7 30.3 22 0.0 

3.0 58.7 7.6 33.6 2.6 57-2 704 32.7 50 0.0 

2.8 58.6 8.5 Biso ed 56.2 oe 31.3 38 0.0         

  

6E
L



  

Melt 411 (cont.) 

  

  

  

        

Tenp oo Fep0, — Mn0 A1z0, 8402 | Feo Mad. Bewiiee, | Ja > 

1000 2,2 65.8 367 28.5 2.0 65.6 37 28.5 65 0.0 

(cont.) 2.2 56.0 6.2 41.0 1.9 53.2 5.9 39.0 8 0.0 

4.9 45.0 Ded: 43.6 4.5 45.7 5.6 Wh3 BE 0.9 

0.8 56.5 big. 35.0 0.7 O72 69 6.2 35-6 ae Onn: 

137 5704 6.6 3542 135 57.0 6.6 34.9 17 0.6 

2.9 56.2 8.7 3504 2.5 54.6 8.5 34.4 23 162 

1300 8.9 58.8 2.8 32.0 79 57.9 2.8 B65 19 1.0 

320 60.7 0.2 30.3 B05 64.2 0.2 3251 22 0.0 

ee) 5304 12c2 spyal Dee 52.4 1270) 30.5 14 O72, 

4.3 59-1 4.8 34.0 3.8 58.1 4.7 33.4 40 1.0 

4.6 64.3 2.5 35.6 3.9 60.2 253 33.5 27 Led! 

6.4 63.8 2.4 3529 563 59.2 2.2 33-3 29 1.4 

253 0.0 104.3 0.3 1.9 0.0 97.8 0.3 70 0.0 

Den 62.9 3.2 36.1 aco 60.4 Bel: 34.7 30 el 

5.6 63.9 3.5 36.1 +66 58.9 Bee 333 8 0.8    



Melt #12 

  

  

  

Temp Of Fe,0, MnO A1p0, $40, | FeO mno = a05, soy | Van = 

80 3.1 45.1 9.3 43,2 2.8 4b. 9.3 43.0 19 0.6 

1,8) 33.9. 14 441 a57 Bost ar (15.3 46.9 17 0.4 

2.9 37 0a w1269 46.5 2.6 37.4 13.0 49.0 17 0.8 

2.2 38.6 7.6 G41 2.2 41.8 gee 47.8 16 1.4 

2.6 40.0 11.3 47.5 2.3 39.6 Ii.2 47.0 9 0.3 

2.8 31.4 8.5 56.7 2.5 31.7 é.6 5762 10 D.0 

207) 34,2 "a 20eE 41.1 2.5 sr 34e9= | 20.7 42.0 12 0.0 

253 fA9Ay 5.0 50.1 2.4 BVn el8s2 57.5 38 0.0 

2.4 49,1 3.0 53.3 2.0 45.7 2.8 49.6 30 0.0 

0.9 26.2 73 3935 iat 3565 9.9 5365 140 0.0 

Sa B77 ae lee 49.3 2.8 3753 Lise 48.8 ak 1.4 

2.7 40.9 942 56.1 2.2 37-7 8.5 51.6 29 1.0 

Ui 2657 lose 45.2 157: Oe TL? .3 50.9 40 0.0 

sali 35.6. 15.3 52.2 2.6 33.6 914.5 49.3 8 0.3           
  

T
H
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Melt 412 (cont.) 

  

  

  

Temp © | Fes0 Mod aln0, S40, | FeO no” = ato” = soy | Vad =) 

800 5.2 35.6 16.8 50.6 | 4.3 3308 15.0 47.1 9 0.3 

6.6 B71 79 61.9 5.3 32.9 720 54.9 11 1.0 

3.6 40.8 12.9 52.6 3.0 37-3 11.8 48.0 6 0.2 

Sel "33.0 12.4 55.0 257 31.7 11.9 Bae - 0.0 

201 3152 Wnelaes 54.9 1.9 B0.0 13.1 54.2 - 0.0 

2.0 31st 1760 51.4 1.8 S027) 16.8 50.7 - 0.0 

2.5 26.9 15.1 5303 263 27.6 1569) 54.6 - 0.0 

Ber 30:1: 1 wove 48.5 2.0 sled | 16.8 50.2 - 0.0 

3.4 30.9 12.9 53.6 3.0 30.8 12.8 5304 - 0.0 

2.4 32.26 S177. 50.7 el eles w 122 49.3 - 0.0 
3.9 30,2 16.0 48.3 3.6 30.8 16.3 49.3 - 0.0 

261 38.3 9.1 50.8 1.9 38.3 9-1 50.8 - 0.0 

3.9 26.9 9.7 57.6 3.6 276) 9-9 58.9 - 0.0 

303 46.1 703 42.8 3.0 46.5 74 43.2 - 0.0         
  

  

o
n
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Melt Al2 (cont.) 

  

  

  

  

Temp 06 Fe,0, MnO ALO, S40, | FeO’ wind 0 Six | fab = \) 

900 18 26.0 72 67.9 1.6 25.3 7.0 66.1 80 0.0 

15 26.9 12.3 59.5 1.4 26.9 22:3 5965 20 0.0 

23 26.4% 10.3 65.2 2.0 25.4 3.9 62.7 25 0.0 

1.7 25.4 9.5 62.6 1.5 25.7 9.6 63.2 50 0.0 

2.0 27.0 8.8 65.0 1.8 26.3 8.6 63.4 40 0.0 

1.8 26.6 9.6 63.5 1.6 26.3 9.5 62.7 50 0.0 

2.0 33.0 8.8 65.0 1375 5 130c4 8.1 59.9 - 0.0 

1.4 0.1 90.6 0.0 1.4 0.1 98.5 0.0 - 0.0 

Seki 43.0 11.0 45.7 257 41.9 10.7 WH6 80 0.0 

1.8 37.7. © 10.0 46.9 07 39.2 10.4 48.7 60 0.0 

3.2 30.0 8.5 57.5 2.9 30.3 8.6 58.2 40 0.0 

263 S12 tee 54.6 2.1 Bis6ae ei). 55.2 20 0.0 

1.7 38.5 9.3 5057 1.5 38.5 9.3 50.7 40 0.0 

2.3 15.9 2 10.0 71.8 2.0 1559 110.0 72.0 15 0.0           

En
d



  

Melt al2 (cont.) 

  

  

  

Temp OE Fe,0,  Mnd 150, sio, | Feo Mno 41,0 si0, |Ja YJ 

900 1.8 Lode ete 4h3 1.6 hoe 5 ei) .2 Wb. 25 0.0 

a7 37.0 9.4 50.7 2.4 3722 9.4 50.9 20 0.0 

2.9 36.9 9.9 46.0 an7 3B.ge 10.4 46.2 - 0.0 

2.5 30.7 9.6 52.0 2.4 267 10.2 55.0 = 0.0 

1.0 27.2 13.9 56.1 14 27.6 14.1 56.9 au 0.5 

3.0 30:1. hayes 49.1 oer 3033.2 17.6 4g. 11 0.8 

2.7 30.3 13.4 54.6 2.4 30.1 13.3 542 7 0.3 

2.6 3130) alone 50.5 2.4 $1.1. 15.9 50.6 8 0.4 

2.5 30,008 16.8 A) 2.3 30.5 16.4 50.8 8 0.7 

2.6 27 28) Ha. 52.8 2.4 Boma 15.7 53.6 9 0.5) 

2.0 30.20 Seige 52.8 1.8 29.6 16.9 51.8 14 0.3 

2.0 29.9 15.9 53.1 1.8 29.7 15.8 52.8 10 0.7 

2.5 28.0 14.2 54.6 2.3 28.3 14.3 Ded 29 0.5 

2.6 27.4 2665 5655 2.3 26.7 16.1 55.0 B O57 

2.5 2757 6.6 52.8 233 Beg. | 1 16.7 53.1 25 0.4           h
d



  

Melt 412 (cont.) 

  

  

  

reat Fe,0, Mn0 1,0, © S40, | FeO MnO” 41,05 sio5 | fad  \) 

1000 2.8 29.4 19.5 49.8 2.5 29.0 19.3 49.2 12 0.7 

1.7 27.4 11.8 55.8 1.6 28.4 12.2 27.8 20 0.8 

2.7 29.7 8.7 57.9 2.5 30.2 6.8 58.5 Uk 0.7 

2.1 3722 9.1 49.8 1.9 38.0 9.3 50.8 27 0.9 

20 26.3 15.8 55 ot 2.4 26.3 15.8 55 31 0.8 

oe 27,24 15.0 50.3 2.0 28,8 715.9 53.3 57 0.7 

2.8 eoey 15e1 48.5 2.6 31.0 15.8 50.6 38 O55. 

2,8 28.1 15.9 53-7 2.5 28.0 15.9 53-6 54 1.0 

2.1 30.1 21650 50.0 1.9 30.7 . 16.3 51.0 46 0.8 

2.0 39.1 8.7 50.8 1.8 38.9 o.7 50.6 65 1.0 

2.9 B7ee 8.6 5367 2.6 36.4 8.4 52.6 43 0.5 

2.0 35.1. - 10.1 51.4 1.8 Bee) a 0 1023 bese 23 12 

0.8 36.05 10.7 50.3 0.7 37-2 10.9 51.2 - 20.1           

G
a
d



Melt 413 

  

  

  

tape Fej0, Mn alg03 S40 FeO -Mn0” = algoy = si03 | Jab = 

800 10.0 30.2 12.1 52.0 8.7 apse. 221.7 50.3 52 0.9 

5.4 27.6 14.9 56.2 47 26.7. 14.4 54.3 See 0.2 

3.0 3100 et 54.9 2.6 30.1 14.0 53.3 18305n0.5 

2.3 323) F 25.0 53-7 2.0 Q1.2) 3) 1520 51.9 1250.7 

0.6 3261 9.3 53-7 0.6 43-5 9.7 56.2 49 0.2 

Sail 3058 6.4 53.6 2.7 29.8 15.6 51.9 1250 0.5 

2.0 33-70 mneuece 52.0 1.6 poet 22e1 52.3 15 0.6 

5.4 30.4 14.9 56.2 4.6 26.6 14.0 52.8 6 0.1 

3.0 35.4 4b 54.1 2.5 aue2 10 50.6 21 OY 

2.3 35.0 15.6 53.8 1.9 32.9 14.7 50.5 48 0.1 

0.6 350% 9.2 53.6 0.6 35.8 943 Slt 9 O.4 

Bet 34.3 16.1 53.6 2.6 Bee 15.1 50.2 10 0.6 

a 30.1) 1365 52.3 1.9 B0.b ee -13.8 53.5 - ea 

207 39.2 12.2 44.8 nD 39-7 12.4 W5 ue - 9.2         
  

  

9



Melt 413 (cont.) 

  

Rolling. 

  

  

        

Temp OC Fes0, MnO A1,0, 810, FeO Mn” 41,05, sion, |Ja WV 

800 2.2 38.0 13.6 46.7 2.0 37.9 13.6 46.6 - 0.1 

2.8 34.0 10.5 50.1 2.6 35.0 10.8 51.6 - 20.1 

eek 47.1 4.6 45.0 1.9 47.8 4.7 45.6 > 0.0 

4.3 38.7 7.8 49.2 3-9 38.9 7.8 49.4 - 0.0 

2.9 Wh? 567 43.8 27 45.9 5-9 4505 - 0.0 

1.9 49.0 74 45.4 1s7 47.3 7el 43.9 - 0.0 

23 3207 9.7 45.6 2.3 36.3 10.8 50.6 - 0.0 

850 2.4 38.2 Lie? 42.6 2h 38.0 17.6 4o 4 16 O.4 

263 39.7 173 Kou 2 39.1 17.0 41.8 13 0.4 

2.0 37.9 17.9 43.3 1.8 37.6 1757 42.9 18 0.2 

2.7 3707 1735) 43.2 2.4 37.4 17.4 42.9 10 0.4 

2.6 37.6 18.5 42.9 2.3 37-1 18.3 42.3 11 0.2 

2.3 39.0 17.9 42.1 201 38.6 L757 41.7 14 0.3 

256 38.7 -18.8 41.8 2.3 Beet 1005 41.1 16 0.6     

 



Melt A413 (cont.) 

  

  

Rolling 

  

  

  
  

Temp °C} .Fe,0, Mad Al0; S405 FeO MnO al,0, sioy | va J 

850 Be 39.5 = -18.9 43.7 2.7 37.7 18.0 41.6 8 0.3 

3.6 39.5 17.8 45.0 3.0 3769 16.9 42.6 8 0.2 

oe 39-7 18.6 441 2.3 37-9 17.8 42.0 il 0.7 

4.0 38.6 18.3 42.1 geo 3767 17.8 40.9 13 0.4 

BO 39.6 18.7 44.2 2.5 3747 17.8 42.0 12 Ou 

900 Qe 47.0 5.0 Lhe 255 42.3 5.0 45.2 30 0.0 

3.2 45.8 5.6 44.0 2.5 Wess oer Us - 0.0 

Leo 46.1 6.3 45.1 1s? 47.5 6.2 Wi 6 - 0.0 

3.7 45.1 6.2 44.7 3.4 45.4 6.2 45.0 10 0.0 

2.2 48.7 3.9 43.3 2.0 49.8 4.0 We2 80 0.0 

157 40.9 Tia? 45.9 Led 40.9 1.7 45.9 100 0.0 

2.5 52.5 2.0 Uu.g 2.2 51.7 2.0 Wh.2 60 0.0 

2a5 4765 5.9 Whe 2.2 47.3 5.9 Wh 5 40 0.0 

2.7 47.6 5.0 44.0 2.5 48.0 5.0 WE 20 0.0         
  

g
r
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Melt Al3 (cont.) 

  

  

  

Temp a Fe,0, MnO A105 Sio, | Feo  wMnd 41,0; si0y | fab |) 

900 2.6 48.3 4.2 44.8 2.4 48.5 4.2 45.0 30 ©0020 

269 46.7 4.8 46.8 ee 46.4 4.8 46.5 37 0.2 

242 46.4 6.5 47.0 1.9 45.5 6.4 46.1 17 O.1 

202 37.03 13. 42.3 2.1 38.9 14.0 45.1 25 0.2 

2.4 45.3 8.1 415 202 46.7 8.4 42.8 14 0.5 

2.8 38.3 11.7 46.4 ano B7e9 211.6 48.0 350.5 

2.4 46.1 8.4 Wo.8 Zt 45.4 6.3 4h? 21 0.3 

2.4 45.47 9.8 42.6 2.2 45.6 9.8 42.5 19 Opes 

233 25.1 144 56.3 2.2 25.7 14.7 5705 ahs) 0.8 

2.8 29.6 12.4 52.7 2.6 30.5 12.8 54.2 7 0.3 

2.5 29.8 = 1320 53-2 263 30.2 13.7 5309 14 0.9 

138 26.8 13.4 55.9 Le? 27.4 13.7 572 32 0.4 

2¢2 28.9 1365 52.9 2.0 29.7 13.9 Se 13 0.8 

2.0 29,2 91320 52.7 1.9 30,0 13.9 54.2 35 0.5         
  

6
n
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Melt al3 (cont.) 

  

Rolling 

  

  

  

  

  

Temp °C Fe20, MnO = 1,03 $10, Mn0~ 1205 $105 ee) 

900 be: Lou 6.5 47.0 1.9 46.6 6.3 45,2 - - 

2.5 46.27 4,8 46.9 2a 46.4 4.8 46.6 e E 

7.2 37.3, 13.4 42.3 6.5 B7ed 1) 1355 42,5 - - 

1000 1.6 2463. Thad 55.8 1.5 25.4 14.7 58.3 Tee 1, 

1.6 29.0 15,1 5305 1.5 2903) > 15.2 54.0 Ue 21 

0.7 29.8 11.9 56.7 0.6 q0.0 = 1 12.0 57.3 TOiee0.8 

1? WO 943 S26 | 1.5 39,0 9.0 50.6 | 55 0.8 
1.8 33.4 14.6 Rie | 3.6! 3 53,3). 5 50.6 | 12 0.7 
2.6 Stet ost 51.5 2.4 3503 953 52.9 21a. 0 

0.5 42.4 10.2 48.2 C4 He3 «20.2 48.1 26° 991.0 

ded 39.6 9.2 45.9 4.6 40.0 9.2 be .1 30 1.0 

oyu 3350 2361 50.4 2.8 Sayer 131 50.6 19 dk 

oan 335208 13et 50.0 1.9 33.6 13.4 51.0 319 

2.0 W1s1 4632 45.4 1.9 43.5 6.6 48.0 27 rC.5           

  

0&
2



  

  

Melt 413 (cont.) 

  

  

Rolling 7 - 2 Y 
Temp °C Fe,0, MnO 41,03 Si0, Fe MnO 41203 S10; Jab \) 

1000 5.0 38.4 9.6 48.0 5.0 38.0 9.5 4265 34.0 0.6 

4.7 39-5 Ose 50.3 4.2 38.6 7.9 4o.y 27 0.8 

ded 30 ce ye0 59.2 142. 30.6 8.0 59.7 - 0.0           

TS
2



Melt a13x 

  

  

  

      

Rolling 2, . ¢ ¢ 
Temp °C Fe,0, MnO 41503 S105 FeO MnO 41303 3105 [ab > 

700 8.8 35.9 49 50.3 8.0 36.3 5.0 50.8 16 0.6 

6.8 36.4 3.5 49.7 6a 38.0 3.6 52.0 28 0.8 

3.0 39.3 ue1 48.7 356 W1.1 4.3 51.0 25 0.5 

9.8 32.8 2.0 51.6 9.2 34.5 el 54.3 40 0.6 

800 10.0 40.4 3.5 49.0 8.9 39.7 304 48.1 19 1.0 

5.0 42.3 0.2 47.5 4.8 W7 0.2 50.3 113 0.5 

3.6 41.2 255 48.8 3.4 43.1 2.6 510 5 o.4 

6.7 42.1 Ba) 48.0 6.1 42.3 323 48.3 32 0.1 

900 2.0 39.8 1.9 4S1 2G Wace 2.0 53.0 30 ek 

2.9 42.9 3.0 47.1 2.6 ee) 3.1 49.3 46 Le 

Foe 39.2 352 46.4 6.8 41.2 vet 48.7 15 0.8         

  

“NI 

he)



Melt 4Al3X (cont.) 

  

  

  

  

    

Rolling ‘ ¢ , , 
Temp Fe,0, MnO 41,0, Si0> Fed MnO 41203 $105 | ab > 

1000 1367 B76 305 47.4 11.8 37.5 Bey 47.2 53 1.2 

DLs 36.2 3.8 48.0 10.7 36.8 3.8 48.7 26 132 

6.8 42.5 2.4 48.3 6.1 42.8 2.4 48.7 23 1.4 

1100 1.8 42.3 727 54S 1.5 39.8 703 51.4 19 1.0 

LO eas 39.2 2.3 6.1 9.4 40.5 2.4 47.7 16 et 

4.0 54.3 2.5 36.4 327 54.5 2.6 38.8 37 r.0         

62



  

Melt aly 

  

  

  

Tonp CC Fe,0, MnO 10, S10 | Pad Wn0 0 = s40 | Jad J 

900 1.4 We 18.4 37.2 12 43.9 18.2 B67 —|20029<0.0 

iG 5152) 1007 8.8 a3 50.2 10.5 38.0 | 200 0.0 

1.3 50.6 wa 36.2 ir 49.0 14.8 35.1 150 0.0 

1.8 50.4 13.0 36.1 1.6 49.8 12.9 3567 80 0.0 

1.6 50.26) La.6 35-3 1.5 50.4 12.7 35-5 60 0.0 

3.6 47.8 12.7 35.8 3.2 N75 ©) 23.6 35.6 TOmeo.0 

1.8 51.8) b e768 36.9 7 52.6 8.6 a7-6 | 120 © 0.0 

13 48.8 11.4 37.2 FN 3.2 4g.5 22.6 SyewE 30 0.0 

eu 51.3 6% 3855 140 52.6 5.6 39.6 | 60 0.0 

1.3 4902 “1321 37.2 Ls2 48.9 13.0 36.9 | 20 0.0 

2.6 40.9 19.6 5 1) B32 WB 19.5 Sk | 16. 0.8 
2.8 39¢7 19.1 37.2 2.6 40.319. 76011 280 #043 
2.4 42.4 16.4 37.4 2.2 M3. (16:7 38.0 3605 
24 3909) 2ie 3563 2.2 40.5 21.5 35.8 67 0.3   
        

S
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Melt Al4 (cont./ 

  

  

  

Rolling , , ¢ ’ 
Temp °C Fe,0; Mn 2,40, S10) | FeO Mnd = a0) 80 | Jab VJ 

900 4.7 34.1 2 19,6 390/ 43 34.9 20.1 40.7 55 0.1 

2.5 42.9 19.2 B7 beet o,cueaetu2c0! = 18.8 B7i0 | 16. 0.5 
2.4 41.0 19.4 Appell ese a Yael 29.4 374 | 28 0.3 
1.8 41.8 16155 37-3 ae, 43.0 17.0 38.4 42 0.3 

2.0 40.2 20.9 Big ose eeahie 214 p56 ola aemer0.3 
4.7 34.0 20,0 39.0 4 35.0 20.6 40.1 Dor Ost 

aot 40.0 19.0 B7ou | 2.80 N0.2) 1922 B7e8re (a= 061 
3.0 42.5 19.0 Seiya ts 2.69 03° 18.5 576s) |. =k O41 
2.1 41.2 18.4 A788 |) Fc LS) 18.5 Bone | eu O21 
2.8 48.2 18.2 Soe) 28 Nee 17-4 BOnc| et co 
1.7 49.7 10.4 B6cd 11.6 Hh soss: h20.6 By i| = 0,0 
133 49.0 14.3 37.2 2 46.2 14.1 36.6 - 0.0 

153 52.0 6.3 BOeD/Glie 1.2 82.6: - 6.4 Bob ie| seas 0-0 
125 48.8 12.7 36.4 1.4. 49.2 19.8 36.7 - 0.0           

  

SL 
acre



Melt 414 (cont.) 

  

  

  

  

    
  

    

Temp 06 Fep0, MnO —Allg0 S105 Feo Mn” ano, si05 | Vad 

900 Si WO 17.8 37.4 1.9 43.5 17.6 37.0 - 0.0 

1.4 50.6 10.2 39.3 1.2 49.9 10.1 38.8 - 0.0 

0.8 49.8 13.00 35.0 0.7 50,9 133 3545 - 0.0 

950 1.5 46.2 15.8 32.3 1.4 48.3 16.5 33.8 63, 51.0 

ao 48.1 20.4 3365 253 46.5 19.7 32.4 - 0.0 

256 55.9 8.0 37.8 1.4 54.2 7.8 36.7 80 0.0 

oun 51.9 59 38.4 1.9 52.9 6.0 39.2 55 ed) 

ood 40.0 21.2 34.2 1.9 W142 21.8 35.2 50 eS 

0.8 379 4.7 36.3 0.9 47,6 5.9 45.6 uy 0.0 

1000 2.0 49.5 15.5 34e4 1.6 38.9 T5533 34.0 39 0.9 

ee 57.7 ee 26.8 2.2 65.3 2.2 30.3 WL .6 

1.3 38, 00n 19.2 28.6 1.4 H.7.- 22.1 32.9 GOMES: 

2.4 5007, 915.8 32.5 2.1 50.1 15.6 32.1 ok 0.9 

1.0 36.2 10.1 28.0 We 48.1 13.4 3742 40 0.0   
  9



Melt a.% (2) 

  

Rolling 

  

  

Temp °C | FeO; MnO Al,0, 840, | Feo Mino 41,0;  s8i0, | fa yp 

1000 2.0 58.0 443 33.6 1.6 59.4 4k 34e4 ool <3 

13 56.6 5.6 35.0 12 57.5 549 3565 Bom .2 

oe 58.4 3.2 33.8 | 1.9 60.0 363 3448 Domi. 

2.9 51.8 8.0 30.5 2.8 55.8 8.6 32.9 49-143 

6.8 50.4 10.3 25.1 | 6.7 54,8 11.2 27.3 10 oe           

  

46



  

Melt alse 

  

  

  
  

Temp °€ | Fes; Mn A1g0, 810, | Feo uno 41,0; sion | fab p> 

700 2.3 49.1 15.1 3769 220u pee 4ZeL 14.5 36.4 7h ee 

1.4 51.2 1361 38.4 1.2 49.3 12.6 36.9 31 1.3 

aly, 49.3 15.4 37.8 1.5 YI 14.6 36.4 86 Les 

17 45.7 21.9 34.7 1.5 44.0 21.1 33.4 38 2 

Le 48.9 15.5 37.8 1.9: 47.1 14.9 36.4 Yh 1.2 

201. 49.3 13.6 38.5 1.8 47.7 13.2 37.3 15 0.7 

800 2.9 52.7 704 41.0 255 50.8 7st 39.5 32 0.2 

laa 48.3 5.1 39.1 | 1165 43.3 a) 3750 16 1.0 

1.6 51.6 8.8 41.5 1.4 49.9 8.5 40.2 93 0.0 

1.9 49.0 14.6 35.2 7 4Pez 14.3 36.8 62 0.1         
 



  

Melt alt (vont. 

  

  

  

  

Rolling ’ ’ ‘ 
Temp °C | Fe,0, Mad A120, 810, | Yeo = Mn 4120 sio, | fa pv 

900 133 50.8 10.4 MI,2° 1} Ue 49.1 10.0 39.8 37 0.0 

200) 52.1 8.7 16.6 2.8 65.4 10.9 20.8 25 0.0 

2.4 bya, 8.7 16.6 2.7 65.5 10.9 20.9 25- 0.0 

1000 nes) 50.8 10.6 41.1 1.5 48.8 10.2 39.5 41143 

104 50.7 10.6 41.5 | 1.4 48.6 10.2 39.8 oo 1.2 

Pips) 51.2 8.4 41.9 | 2.0 Lok 8.1 4O.5 12 0.4 

3.1 5322 6.3 Wyo B) 207 51.4 6.1 39.8 16 0.9 

17.2 48.1 4.7 37.6 | 14.6 45.4 a 35.5 Pomel .3 

3.0 52.5 6.5 41.8 2.6 50.7 6.3 4O.4 Clee l.5 

a8 52.0: 8.2 41.0 2.0 50.4 79 39.7 108 «144 

2.4 50.7 8.7 414 2.1 49.2 6.5 40.2 63 1.4         
  

6
5
2



  

Melt al5 

  

  

        

Temp of Fez0; MnO 90, Sicn | FeO Mob 8 41,0, 810, | Ja» V 

9c0 0.6 49.0 10.3 39.9 0.5 HO.) 30.3 40.0 38-9. -0,0 

12 49.9 13.3 39-1 2.0 48.3 12.9 37.8 23 Te 

1.4 49.9 18.3 37.0 33 49.7 12.2 36.8 60 0.0 

We 45.1 18.2 40.6 1.0. 43.0 17.3 38.7 65.0 —1.2 

Tu 42,1 18.2 42.8 1.0 Hobe 19.5 41.1 4200.9 

2.9 53-6 7a 39.7 2.5 51.9 G12 38.4 Oe 0.0 

1.9 49.8 15.2 37. 1.6 47.8 14.6 35.9 45 143 

1.9 49.6 12.3 3763 127 oTsaue 12.2 36.9 - 0.0 

1.8 5308 5 = Sse 41.5 1.6 52.7 51 40.6 16 0.0 

1.3 53.8 7h 3967 1.2 52.7 7.2 38.9 Di+i-0.0 

0.7 50.0 15.2 36.3 0.6 49.0 14.9 35.6 re 

0.3 ble? 1233 37.3 0.2 50.7 12.2 36.9 -+ - 

0.5 55 2 52 41.5 Ob 53-9 5-1 40.5 ares 

0.5 45,2 219.5 36.3 v5 MS 17.5 36.6 ee       

+ Brittle Inclusions



Melt «15 (cont.) 

  

  

  

  

Tomp © Fe,0, Mind ,03 Sic; 4). veo Mos att aid, fb yp 

900 i 49,6 13.6 59-5 | BG 47 2e 25.2 35.2 -+ © 

0.5 41.2 24.0 35.8 0.5 40.6 2349 35.3 -+ - 
| 

1100 1.2 45.0 31.3 36.9 1.0 43.2 20.4 35.4 42 1.3 

1.9 49.9 15.2 37.2 1.6 48.0 14.6 35.8 30 135: 

2a 45.0 22.3 36.7 1.8 42.5 21.1 34.7 39 1.2 

1.9 49.8 14.3 38.1 1.7 47.9 13.8 36.7 46 1.4 

1.8 17.0 91763 38.4 1.6 45.1 16.6 36.8 We 141 

1.3 49,0 15.2 3704 1.1 47.7 14.8 36.4 79 1.6 

1.0 48.1 14.8 39.2 0.9 46.7 14.4 38.1 49 «1.0 

1.9 49.8 14.3 37-4 ao? 48.3 13.9 36.2 45 1.0 

2.0 47.1 15.4 37.6 1.8 46.2 15.1 36.9 36 1.0 

ie 48.4 13.3 39.1 1.6 47.3 13.0 38.2 17 7500.8         
  

+ Brittle Inclusions 

  

T9
4



  

Melt al5 (cont.) 

  

  

          

Tomp OC Fe20, Md 1203 $10, | Fe Mn 1,05 s10, | fab yy 

1300 2.2 41.1 bel 35-9 | 2.9 39-9 23-4 34.8 48 1.1 

1.9 45.1 15-2 36.1 | ce Sets Y5L2 38.1 Pores.) 

139 45.2, 1520 35.1 1.7 45.1 AG ee 38.0 46 1.0 

563 43.9 15-1 36.4 4.8 43.8 15.1 36.3 15 1.0 

2.0 | | 46c1= etoel 37.6 1.8 W522 16.1 37.0 BO 2 

Lew, 44.2 17.3 37.1 1.5 44.1 «17.3 37-1 Blea 1.0 

3.4 46.9 13.3 37.1 3.0 46.7 1323 37-0 Toe 1.3 

1.2 46.4 15.2 36.8 1.5 46.5 15.1 36.9 feo 1.5 
pease |. mee So  



Melt 416 

  

  

  

fom Fe,0, Mind 41,0, 810) | FeO MnO  a1n0y sioy | Jab j/ 
T 

800 Te. 32.5 13.3 55.5 | 1.3 31.7 13.0 54.0 69 0.2 

4.0 32.2 10.5 54.5 30 4l.s 12.4 Sel 19-=70,3 

3.1 3221 10.0 Sp 2 | 268 52.4 18.1 54.7 171025 

Loe seed 13-2 Peseta .3 32.9 13.3 5265 37.0.2 

2.5 34.2 10.5 53.6 2.3 34.0 10.4 933 15 055 

2.6 3327 10.0 54.3 2.3 33.6 10.0 54el Lor 0.6 

6.0 29.7 79 49.5 5.8 32.3 8.2 53.6 16 0.4 

2.2 37.0 8.6 SLL 2.0 37.5 8.7 51.8 13a 0.5 

3.3 33.2 8.2 Sled |! 358 34.8 8.6 53.5 15 0.6 

Ted 3365 9.7 52.6 | 1. 34.5 10.0 541 42 0.2 

ae? B3.0) eed BO VGw 65 3363 12.2 52.9 37. 0.3 

2a 33-7 11.5 52.2 1.9 34.0 11.6 52.5 Slae0,2 

2.5 32.1 9.7 54 | 2.3 32.6 9.8 55.3 162 0.3 

Zoi 3209 1253 Suk 1.9 32.5 11.3 54.3 30 0.3         
  

  

£9
2



  

  

  
  

    

Melt Al6 (Cont,) 

Rolli. , 
Teap © | Fe,0, no Ald, S10, | Fed’ mmo’ a0; sid, | fab p 

800 1.9 33.6 11.6 Boal le 7 33.5 11.5 53-3 38 = 043 

222 32.8 Leo 54.5 | 1.9 32.6 1.4 54.1 35 «0.3 

2.5 30.9 10.1 55.8 2.3 31.2 10.2 56.3 20 «(0.3 
} 

1.6 33-2 12.9 52.0} 1.4 33.4 13.0 52.2 Sou 10-1 

850 2a 32.8 17.4 4.3 | 2.2 32.5 17.3 48.0 6300 1.3 

2.4 32.1 17.8 46.6 | 2.2 32.5 16.0 47.2 320 11.2 

133 32.9 17.4 47.6 | 1.2 33.2 1706 48.0 55 <2 

1.6 33-1 15.8 46.6 | 1.5 34.1 16.3 48.1 SOme 1.2 

900 50.8 21.9 12.1 35.2 | 39.8 19.1 10.5 30.6 acleare sO 

3.3 32.7 15.1 49.7 3.0 32.6 15.0 49.5 eee bed! 

1.6 33.5 16.8 48.5 1.4 3304 16.8 Hey 22 «1.0         
  

  

Zs



Melt Al6 (cont.) 

  

Rolling ‘ 

  

  

  

Temp °C Fey, Mn0 A1,0; 810, | #e0 —_Mn0 41,0, $102 fa » 

1100 2.0 32.3 16.7 49.7 1.8 32.1 16.6 49.5 60 1.0 

263 33-6 20.3 51.2 1.9 31.4 15.9 47.8 Be 

252) 33.2 15.6 51.2 5 32.¢ 15.3 50.2 336 161 

1.7 33-1 16.4 HG.3 4 33-3 15.5 46.6 Bits 1,2 

1300 29.5 29.8 33.1 27.1 | 22.8 25.6 26.4 23.3 4O 801.2 

2.1 33.1 16.8 49.1 1.9 32.8 16.6 4S.7 60 1.0 

2.5 32.5 16.5 46.6 23 32.5 16.5 48.8 46 «1.0 

5.2 3259) 14.5 50.0 4.6 32.0 14.3 49.2 24 1.0 

2.1 Bug, 17.0 49.4. 1.9 32.4 16.8 46.9 Souk el. 

3.0 31.0 16.0 48.0 2.8 Bie? 16.4 49.1 NE lS 

2.0 36.0 16.0 50.0 1.7 34.7 15.4 48.2 Loma. 0 

2.0 35.0 19.0 46.0 18 34.4 16.7 45,2 27 rel, 1:         
  

  

‘NI 
OO 
wr



  

Melt 417 

  

  

  

  

Temp OG Fe,0, Mn A903 si0, | FeO MnO” 4130; S10 | fab) 

800 3.4 40.1 24.5 B2s2 31 40.1 24.5 32.3 59 3 

2.0 40.1 24.6 35.3 1.8 3964 24.2 34.6 20 Ted 

2.4 40.9 23.6 35.6 oe 40.0 23.1 34.8 30 aoe 

2.3 39.8 17.4% 28.8 2.5 45.2 19.8 32.6 4? 1,0 

850 2.0 40.4 24.3 3505 1.7 39.6 23.9 34.8 38 150 

2.0 40,2 24.6 35.4 1c 3924 24.1 34.7 51 0.8 

667 39.4 22.4 35.1 5.8 38.3 21.8 34.1 25 eS 

92,0 15.5 8.7 14.2 68.3 12.8 72 lad 12 12 

Boo 39.6 24.6 32.0 302° 39.9 24.8 3252 38 1.2 

27.0 34.0 20.5 29.4 | 22.5, Bro: 19.0 27.2 27 Led 

1.7 4O.1 9 24.2 35-1 1.5 3967 24.0 49 72     34.8       

99
4



Melt 417 (cont.) 

  

Rolling 

  

  

  

  
  

  

Temp OC Fe,0, MnO A120 $10. | Fed’ MnO 1,0, s10;° | fab YJ 

goo 5 ed 3825 92360 35.0 4.9 7s (2267 3465 32 el 

Sei: 39.0 24.8 3564 207 Boeoe 24.3 34.7 Be 1.3 

2.9 39.9 8.7 Si5o Sek 48.3 10.5 38.1 3) Lol 

3.0 40.6 22.5 33.7 2.7 40.8 22.6 33-9 22 0.9 

4.3 41.5 6.0 26.4 5.0 53.4 7.7 34.0 17 Tet. 

3.7 39.5 Hele 35-6 3.2 38.4 23.7 3426 Sound. 1 

oF 41.3 23.0 31.5 2.5 Yas Boeo) 0) 21 GF 0.9 

3.1 39.2 12650 34.3 2.6 38.2 3355 Goel 

2.8 39.1 25.9 33.2 2.5 Bogs 2567 32.9 | 54 1.0 

1.9 39.8 24.9 35.5 1.7 39.0 24ebr 34.9 | 59 0.9 

1000 5.6 39.5 42.5 19.7 4? 37.0 39.8 18.5 boel 1 

2.8 38.6 42,1 22.9 2.3 Bory 3927 21.6 YOeesa 12 

ep) 42.0re 21908 33.0 2.3 43.5 20.1 34.1 53 162 

3.1 39.1 2 3368 18.0 3.0 41.7 36.1 19.2 42 Tel       
  

  

49
4



Melt A18 

  

  

Rolling 

  

    

Temp Fe0,  Mnd0 AL,03 © S402 | FeO” Mn” ,03 si0, | fa J 

850 2.0 36.3 36.5 Bocce |. 70-0) 1 35.1 He8-207 35m 0.0 

2.2 36.8 36.4 28.0 1.9 35.4 34.9 27.8 oy 0,0 

567 41.2 26.9 30.1 5.0 3969 26.0 29.1 152 1.4 

3.6 38.1 32.0 28,0 3.2 37.6 31.6 27.6 27 0.1 

2.3 37.6 34.0 29.2 2.1 36.5 332 28.4 28 Os) 

2.8 38.5 40.9 24.1 2.4 36-3) > 38.6 2207 26850 .1, 

2.7 1728 ea 3 9.0 45.9 | 2.3 Deeg 3751 “43.6 20.0 

2.8 38.5 33.9 29.3 | 2.4 37.0 32.5 26.1 87 ier 

2.6 42.8 29.1 30.1 262 41.0 © 27.9 28.9 63282062 

3.4 43.9 25.9 33.0 2.9 414 245 31.2 17-050 

Sy? 41.7 31.5 29.1 31 39.5 = .29.8 27.6 30 210.2 

1.5 34.9 50.9 19.7 a) 32.7 47.7 18.4 72 0.6 

2.7 41.7 32.7 28.9 2.3 3965 30.9 27.3 63 0.2 

1000 203 34.2 45.2 23.4 2.0 Beso) YS. 22.3 Boel 

2.8 31.3 45.8 22.2 2.5 30.7 45.0 21.8 72 Led         
  

Q
9
,



  

Melt Ch.l2 

  

  

    

    

Temp OE Fe,0, Mad a1,0, 810, Gr, 0, Fed MnO" A105 3105 cr,0;| Jab Y 

800 |0.8 32.6 14.6 50.3° 0.5 Gepmesdeie tye 52.0) 0.5) 1 3) 006 

0.5 32.6: 14.9 S5054 © 065 ome 0mm 5.10 51.0-- 0.5 | 37. 0.3 

13 32.0 9-15.55 a50, Oman, PeomeemnyaeGe 15.5 9150.0 © 1.4 | 21 0.6 

1.4 32.0° 14.1) 9 o5r.0 wet To mate ee oes2)) 51.3 1.0 | 12 0.8 

0.7 31.8 16.9 49,2 0.5 Deceeigeago 45.7 0.6 | 62° 0.4 

0.5 3202-1426. 7 5150.6 me eeG Cop oesar reso) 5t.3. 0.6 [12h | 0,2 

0.3 32.1 21652 eho Omeees Osgeesestes 16,2 249.8 1.4 | 70 nO .2 

163 32.8 $1357 050 om. 9 Meemeessei 13.9 51.0 0.9 j116 0,1 

1. 32.0 - 13.96 0e50.2 On? DeOmmeoe7 4.2) 513° 057 | 17! 22055 

0.9 31.4 14.3 50.3). O55 0.6 Sore tt. 7 | 51.7 0.6 53 0.2 

0.9 34.1 14.2 51.0 0.8 0.6 33.8 14.1 50.6 0.8 29 0.3 

O55 32.1 14.5 530k: wed 0.4 g1-6> 14.3 52.3 1.3 26 0.5 

0.3 32.0 18.1 SOc4% = 165 0.3 Biss elye? 49.3 1.4 89 0.1 

0.7 32.4 1552-50 .5eend Cocmsiyumel5.0! 51.6 1.0 | 20) 20.3   
  

6
9
2



  

Melt CRAl2 (comt.) 

  

  

  

  
  

  

  

Rolligg - ms ’ Z es 

Temp -C Fe MnO A120, $10, Cr203 Fed MnO 41,03 S102 Cro0, Jab YJ 

800 o.4 "42.2 53k Dhegi) O66 0.3 Besse cleso:  O4.1 0.6 12 O.4 

0.6 32,3. 1827 50.6 1.7 0.5 Bietets.0 48.8 1.6 45 1.4 

850 135) 32.6 21.4 49.9 1.2 1.2 30.6 20.1 46.9 12 53 0.6 

132 3362) A753 52591 40s9 wt 260 Sigore aoe¥. 50.2 0.9 34 Os7 

0.9 34.0 16.1 52,5 0.2 c.8 32, 5067 0.2 20 0.8 

Os? 32,.600- 16,3 Slee aap G.5 32.8 15-9 <2 1.4 36 11 

1.0 31,1 etibee 45.9 0.0 0.9 Siete ab.4 - 49.3 0.0 87 0.9 

1000 1.4 3e.o ae 53.0 1069 eds Bh.0, 1653 $1.0 0.5 78 2 

Det 32.6 0 1a.0 55.4 O65 0.9 Bao tss0 5365 0.5 28 Le 

0.7 26.6 Is 54.2 0.2 Or6.927,7°15.0 56.5 0.1 | 26 1.0 

Oe 26.4 5.6 360. det 0.9 37.6 8,0. 1.9 2.6 8 0.6         
  

0
4
2



4 

Melt Val2 

  

  

  

    

  

        

Holling - ¢ aot - 
emp °C | Fe0; MnO © alp03, $402 -V05 | FeO MnO 41,03 3102 V205 | Jab —-\) 

800 14 28.7 3303) 34.0 0.7 1.3 29.3 34.0 34.8 0.7 22 0.1 

0.8 32029551769 a omnnOns Olprem 2.0 mt7-5" 49.0 - 0.5°| 12 0,4 

0.7 30.2 26.9 40.0 0.7, 0.7 30.4% 27.0 41.2 Ose ag 0.1 

0.8 31.6 25.5 42.8 1.0 oft eon ta 26 2.0 | 96 «0.0 

0.5 B10) ae7ea 41.3 1.0 o.% 3.7 27.00 «=-W.9 T<0 85 0.0 

0.5 32.8 14.5 50.8 0.3 o.3 S350 eo tt.7 Sif C.3 10 0.6 

0.5 3205) L767 48.5 0.2 0.5 Seece lies 48.8 0.2 9 0.2 

0.7 27.3 91 tae ae. 3 0.8 32.8 10.9 53.9 1.6 0.3 

850 0.7 Be eto, 49.8 0.7 O57 Breet 16.0) 50.2 0.7 34 1.5 

1.5 32.3 16.1” 4502004 Decueescage ieee 49.9 «20.4 | 42 (0.6 

0.5 32.4 16.0 50.0 wn Ong 0.5 Sesoum to.t 50.3 0.5 49 0.5 

0.7 32.67. o.G 50.) 0.5 0.6 32.5 16.5 49.9 C5 38 0.5 

0.5 31.8 116.6 50.0 O04 Op omc om Os7) 2 50.35 0.4 | 39. 0.7     

T2
2



Melt Val2 (cont.) 

  

  

  

        

= 

Temp OG Fe,0, Mand 1,0, S10) V0, | Feo” Mnd 41,05 si0;  vz0¢ | Jab 

850 0.4 31,89 15.2" Sbleoua 0.8 OcsemieGe cme do.) 52.0 0.1 | 19. 2.0 

0.4 29.6) * 1.1 oa eOe CummmsOremelou S44 90.3. | 18 1.1 

0.6 31.8, 18/2" 251 Game O-sueiscromeedo +) 51.7. 0.2. | 21 1.2 

0.5 26.6 91361 5352 0 OS O.4 27.2 13.4% 58.5 0.5 6 0.2 

0.5 323) T1on9 49.1 0.9 O.4 32.4 $17.0 49.3 0.9 ul ar 

1000 0.4 20,49 139.4 Pasgeo meee Caeeconwmese oc) 37.5 1.2 1.975" 1.2 

0.5 28,0 16.7 sHOsDa Ose Osomerae5a 15.5 45.6 0:9 | 17 1.1 

0.4 29.4 18 lie mig ede oeG ou 32.0. 20.08" 46.9 °° 0.7 

0.5 30.5 22,4 Wo? 0.7 0.5 30.9 22.7. 45.2 0.8 35 eo 

0.5 30.4 22.5 45.9 0.3 0.4 30,6 22.7 46.1 0.2 

0.7 27.8. 34.2 38.9 91.5 Decme 270m 3502) 37.8) 1.4 | 19. - 1.0 

0.7 30.2 43.0 5.1 25.1 Gromeogromm. 4.9. aha: }i00 1.5 

0.5 3020 F245) | 3820mr es Oeote7ries.9 = 40.1 | 149   
  

  

e
d



  

Melt VA12 (cont.) 

  

  

  

Rolling a ee - - Temp ©C |Fe0, MnO A120; 840, V0, | Feo” MnO 41,6, sto, v,0, | Ja»  \) 

1100 Ou 35.2 16-1. 52.5 0.3 Coo eieeitoen063) 053. | 45° 1.3 
0.5 32.2. 16,3 SLY 4.7) | Os) 38eG 16.0 50.4 1.7 | 4? 12 
0.7 33-7 (16,3 ""Bs9 eg) | Os6) 33,1 9 28.0 48.1 0.3 | 23 1.0           

C
4
6



  

Melt NIal2 

  

  

  

    

Rolling - : 7 - 

Temp OC Fe,0, Mn b1,0, 840. | FeO Mn0 41,03 $109 fad y 

900 2.6 Epi 16.2 Nel ae eee 32.9 16.5 48.2 30 1.2 

1.9 30.0 26.0 ae Galea? 30.2 26.2 41.9 Zoomer? 

2.9 30.7 13.3 6301) 246 30.8 13.4 53.2 2360 2.3 

2.1 31.7 16.6 47.7 2.0 32.4 16.9 48.7 305.17.1 

1000 1.9 31.6 21.0 MS aed? ag 21.0 45.5 nan. 3 

169) 29.4 20.3 46.5 iF 30.2 20.7 47.5 HO 163 

3.6 30.1 22.2 46.2 4 3-2 29.5 Zt 45.5 Tout 122     
  

  

na
d



Melt NI50a12 

  

  

  

    
    
  

  

| 
Rolling | ¢ ‘ 
Temp °C | Fe,0, MnO 1,0, © 840, | Fed Pee at, ais | yy 

800 1.2 22.0 13.6 61.5 edi 22.4 13.9 62.6 YI 0¢1 

3 22.0 14.4 61.4 iS 22.2 14.6 62.0 60 0.0 

3.4 24.2 16.9 56.9 3.0 24.0 16.7 5303 120 0.0 

5.3 20.9 13.9 63.6 4.6 20.2 13.5 61.7 22 Ont 

900 2.0 eal 13.8 62.9 1.8 2c: 13.9 63.2 25 On 

1.9 23.2 13.9 60.8 | 1.7 23.3 13.9 61.0 63 0.0 

3.4 3250 3135 3469 3e8 31.5 aoU2 34.3 86 0.8 

1.9 24.8 17.4 54.0 1.8 eee x 5502 B24 028 

1000 2.9 23.9 15.6 56.6 2.7 24.2 15.6 5763 39 1.2! 

304 2153 ee ulaee 60.6 Bel 21.5 14.0 61.4 gemma) 
1.5 23.0 13.9 59.3 gh 23.6 14.2 60.8 17 0.91 

| 
2.4 23.6 16.3 55.6 2.2 24.2 16.8 56.8 43 1.4]     
  

G2
4



  

  

Melt N150a12 (cont.) 

  

  

  

Rolling ie x es mee 

Temp °C | Fe,0, MnO 41,0, S10, | Fed Mn = al stay | fab) 

1100 5 eo. 20.7 13.0 61.4 4.9 20.7 13.0 61.4 33 7.3 

1.6 20.9 13.1 65.5 1.6 20.7 13.0 64.7 5D 1.2 

Seo 21.4 14.8 69.3 2.9 19.7 13.6 63.8 28 1.4       
  

)



Appendix 4.3 

Analysis of precipitates withim inclusions. 

Symbols. 

XO, & XO' refer to compositional data asin 

appendices 4.1 &4.2 

Accuracy of results. 

XO" no better than *lo% 

Feor " " t100% 

TTT



CL 

Analysis of precipitates within inclusions 

  

  

  

  

  

Melt Fen03 MnO ~ A103 S105 7 ase MnO 41,03 Si0x 

1 aes 0.4 18.6 3.6 90.5 0.3 16.5 302 80,5 
heat treated 
at 1100°C for 2.0 41.2 41 50.9 1.8 42.0 4.2 51.9 
2 hours 

A13 1.0 apyu 11.0 S51 0.9 32.4 11-0 55.6 
heat treated 

at 1100°C for. 1.0 256. 7 4.0 93.1 0.9 256 4.0 92.5 
2 hours 

23 39.2 13.9 48.0 250 38.0 13.5 46, 5 

2.0 36.8 4.0 45.1 oe 42.0 4.6 51.4 

ALY 2.3 15.5 22.1 59.7 peat 15.6 22.2 60.1 
heat treated 

at 1100° for 2.0 46.1 3.4 46.6 1.8 47.1 3.5 47.6 
2 hours 

1.9 21.4 15.7 61.2 7 al. 15.7 61.2 

2.7 36.6 8.3 49.6 2,5 37.8 8.6 51.2 

1.3 23.6 16.9 58.1 eee 23)67 16.9 58.2 

ce 49.3 2.4 45.3 
N 
~“ 
eo 

    
 



Analysis of precipitates within inclusions 
  

(cont.) 

  

  

  

  

  

Melt Fe03 Mno 41903 S10, FeO Mn0o™ A1,0F S105 

ALY ee 22.3 16.5 59.8 1.8 22.4 16.5 59.7 
heat treated 
at 1100% for 1,4 38.5 FL 40.2 15 46.9 2.6 49.0 
2 hours 

0.9 18.9 15.9 63.2 0.8 19.1 16.1 scl) 

en 38.4 *6.8 Ghd 201 41.9 7 48.6 

0.9 DIY 17 6 58.6 0.8 23.2 17.2 58.8 

0.5 49.0 eo 46.5 0.5 50.1 1.9 47.5 

A17 1,2 2.1 98.4 3 1.0 2.0 95.7 1.3 
as cast ‘ 

A18 0.6 reo 99.7 0.7 0.5 12 97.6 0.7 
as cast 

Al rich 0.6 14.6 68.5 10.6 0.6 15.2 (207 nice 

- - 100.0 - - - 100.0 - 

153 14,8 79.8 18 2 2 13.8 74.6 10.5 

Lea 9.9 84.2 7.6 res 9.6 81.7 7.4     
  62

2



Analysis of vrecipitates within inclusions (cont.) 

  

  

  

  

  

Z 7 7 7 
Melt Here MnO oto Si05 Fed MnO 41,0, S10, 

Als 40.8 23.0 35.5 16.0 33.0 20.7 31.9 14.4 
as cast 
Fe rich 48.0 26.6 23.0 20.1 38.3 23.6 20.3 17.8 

: 
- o ¢ a 4 

Fe,03 MnO Alp03 5i05 Vo05 Fed MnO A103 810, 05 

Val2 0,7 30.2 43.0 Bel 38.0 0.6 25.8 36.7 4.3 32.4 
rolled at 
1000*C.       

0
8
2



Appendix Fel 

Values of plasticity index based upon the variation of 
  

inclusion and matrix apparent flow stresses with 
  

temperature. 

781 

  

  

  

            
  

  

* gx * x 

q Ore Oi 5 
Se 

Poise Nm@ N m2 Ore 

600. Petolt a le-pox 102? lio. & 108 fe 8 2.100 0 

650 oll 2 x 1012 2.0 x 108 1 x 10+ 0 

700 108 2x10? 1.7x108 | 1.1 x 104 0 

750 10 2x10? 1.4 x 108} 1.4 x 1072 |1,860 

800 1o't 2x10? 1.2 x 108 | 1.6 x 1073 |1.998 

850 102-5 | 2x103-5| 1.5 x108| 1.3 x 10-9 

900 1ol-5 | 2x102-9| 1.9 x 108 1 x 1077*911.999 

950 1.7 x 108 
1000 | 10 2 x 10° 1.5 x 108 

* From figure 5.55(b). 

& Assumes Oz = TE (at E = 20s7) 

* From figure 5.55 

mx Assumes yD = 2- ee } 

Om 

 



Appendix 5,9 

The dependence of inclusion plasticity index upon 
  

inclusion size on the basis of a surface energy criterion. 
  

Assume that the work done in deforming the inclusion 

and overcoming the surface energy effect is equal to the 

work done by the matrix. 

i.e. On En 2 O48: + ax (cosh &4 - 1) 

D 

  

where 4 is the surface energy (e.g. 1.5Jm--) 

and D is the inclusion diameter 

a Chen = OSs + 9 (cose 4 st) 

D 

solving for fi using 'Newton's method'. 

Se Er ot ee eh 

  

Cee 
t( £3) 

* Cd 
= £; - GE; + 9 (coshéi =» ¥) “OR ea 

D 

as + 
Ti + Hsin EZ 3) 

D> 

let p = ratio of inclusion to matrix flow stress 

i.e. = Ty on
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aN as ie - On ps £F - On) + 9 (cosh 82 - 1) 

  

D 
? Bou + 9 (sinn Si ) 

D 

letting @&m = 100 MNm™@ 

B = 1 (.°. no matrix constraint term) 

Values of fi and £1/&n (i.e. DO ) for various values 

of D( po) and fn were calculated i.e. 

  

En=1 En=2 Sn=% En=8 
  

D¢ pm) | £1 yp | 81 » Sie yy |S het a 
  

  

U.00L | 0.138 0.14] 0.199 0.10] 0.286 0.07] 0.408 0.05 
0.01 0.371 0.37] 0.558 0.28] 0.818 0.20]1.165 0.15 
O51 O.741 0.74) 1.229 0.61] 1.880 0.47] 2.529 0.32 
1.0 C.956 0.96]1.808 0.90] 3.095 0.77] 4.405 0.55 

10.0 0.995 0.9911.976 0.99] 3.806 0.95]6.067 0.76 
100.0 | 0.999 1.00] 1.997 1.00] 3.976 0.99] 7.321 0.915            



Se UC 

Variation of eu with En on the basis of strain rate: o's ete eo Appendix 5, 

  

  

            

  

Ebay = (2 HOE n + £ie@y DE #O-2231. 

a Bl 5, | ¢ , 4 

cl Be: 2 ot, 0.05 | o€g= 0.10 | %= 0.20 | ef= 0.30 | of, = 0.40 | of, = 0.50 

3g) ges| gee] x] CE | et] Ee | etl) | ot") a | mx’) ej | ot’! &; 
1 | 0.223] 4.18 [0.18 0.406] 0.36 0.365 10.72 0.285|1.09 0.204/1.45 0.123/1.81 0.042 

210.446] 4.65 ]0.20 0.808] 0.40 0.722 |0.80 0.553]1.20 0.383/1.60 0.213 /1.99  0.04H 

3 | 0.669] 5.20 J0.22 1.205] 0.44% 1.070 ]0.88 0.802)1.32 0.534/1.76 0.266 |)2.00+ 

4 10.893] 5.86 [0.25 1.596] 0.49 1.407 ]0.98 1.029]1.47 0.652/1.96 0.274) - " 

511.116] 6.51 [0.27% 1.982] 0.54% 1.733 | 1.08 1.234/1,62 0.737 | 2.00+ " S " 

6 11.339| 7-25 ]0.30 2.362] 0.60 2.047 )1.19 1.415)1.78 0.784) " " = " 

7 |1.563| 8.09 [0.33 2.735 | 0.66 2.347]1.31 1.568|1.97 0.791) " " = " 

811.785! 9.11 [0.37 3.100] 0.73 2,.6301/12.46 1.688 | 2,.00+ " " " " 

9 | 2.008/10.23 |O.41 3.456] 0.81 2.895)1.62 1.772) " " " " iS " 

10 | 2.231]11.25 JO.44 3.804] 0.88 3.14411.77 1.824] " " " " = "                     

49
d
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Appendix 54 

Constraint at an inclusion - matrix interface. 
  

Consider the case of an inclusion such that it is 

less deformable than the matrix in which it is embedded. 

A condition will exist such that there is constraint 

associated with the strain disparity. 

viz. 

E--------- 7p - te asymptotic 
om 

  

  

inclusion ° matrix a 

where: En 

Ei 

x = distance from the inclusion/matrix 

W matrix strain at infinity 

inclusion strain 

interface 

4n idealised approximation to the matrix strain at 

a distance (x) from the interface may be expressed 

mathematically as: 

S, abn = Cneerey 

1 ope ee 

 



Constraint energy per unit volume of matrix may be 

expressed as: 

  

  

o 

Ec = Onen - Ex) dx 

v 

° 

or: 
o 

Ec = On En - £3) dx 

Vv 1 + x2 
° 

oo 
: Om€n - €4) tant [=] 

° 

S On&En - €1) 7 

2 

Ec = (Ae (En - €i) uae ——— 

a 2 

Constraint energy (Ec) is given by. 

Ee = Constraint energy per unit vol x 

constrained vol of metrix 

i.e.



787 

Now the volume of an inclusion is given by: 

TL Seen 
ee 

6 

where a = major axis, b = minor axis, D = intermediate 

axix 

assuming that constraint (taking a simple case) is in 

the ab plane and in the b axis direction. 

  

  

[a and D axes remain constant | 

then thecconstrained volume around the inclusion may 

be given by: 

Ve = A ap 

Z 
  (be -b) 

In order to simplify the developed expressions, assume 

that (be - b) is related to the length of the rajor 

axix e.g. (b 7 bw #2
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then Ve = “AW 22> 

12 

Thus constraint energy is given as 

Ee = On Ace x - £4) 2 AN a2 

2 12 

  

Now relating this constraint energy to inclusion unit 

volume (i.e. Ec/Vi) 

  

  

Bos Oncus (Eas 24) x Wap aero) 

Vi 2 12 TN 3 

Ee: = On-w Con - Zi) ae 

viva 4 D2 

Assuming that plane strain conditions are operative 

(i.e. no strain in the D axis direction) 

then: 

€; = In a/D 

2 ss 2&3 

 



129 
(97 

The equation for constraint energy per unit volume of 

inclusion can now be represented by 

Ec = OuW (En - Zi) e2t: 
Ty 
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Appendix 5.4(a) 

Derivation of a simplified equation relating inclusion 

and matrix strains with deformation and constraint 
  

energies. 

Assume that (i) 100% utilisation of energy 

(ii) Energy taken up in deforming an 

inclusion is the sum of the 

deformation and constraint energies 

case (a) 

If the inclusion is inherently of greater 

deformability than the mtrix, then assumption (ii) 

refers to deformation energy alone. 

+ » Work done (matrix) = Work done (inclusion) 

i.e. on = mh -O1€; 

BP oe 
ot 

case (b) 

If the inclusion is of lesser deformability then 

equating work done. 

OnEn Ones + Ont Cen" = Eie 24: 
in



@ qf": Sails £002 - enka 
i, 
  

Using Newton's analysis to determine the value of A 

from the above equation 

£; = x == f(x) where x is the estimated 

t'(x) value of Se, 

SGA ts) =O x + WOn (En -€x0>* - OnEn 
  

Th 

ay 20 ea (On (£0 8x 2m 
dx y 

Sees Woe [2 & a eee 1] 

  

  

Ox Won (Em -€)C% - OnEn 
k 

oi +WOn [2a -€-1]@** 

y 
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Appendix 55 

Variation in Y with respect to the plane of measurement. 

Consider the case of homogeneous deformation such 

that an applied strain fy results in the two strains 

Ex and Es which may have values o>gy. 

ey ie. t vis Ex +€5 

€x ey is the largest 

strain €s Po 

éz 

Now consider a block of material of volume De being 

deformed to a parallelepiped of axial lengths a,b,D, 

assuming also that there is no volume change. 

i.e. 

: aE? 
    

Const. vol. De = abD 

True strains may now be given for each of the 

directions X, Y, 4 as 

o. Slna, Ez =i1nD and&y = In Do 

Do Do b



793 

i.e. Inge Fin De="< bndo- =) 0 

Do Do b 

Considering each of the planes on which strains act 

(XB) : Ex and E, : & aul in D | 

Do Do 

(Y2) 3 Ey and =z: ln Do + I1nD 

bd Do 

(XY) : Ex and £y : fina + in Do 

Do b 

For non plane strain in terms of chysical measurement 

Do cannot be found and amect ratios involving other 

axial lengths can only be measured 

i.e- 

(12): . “Siane = AGqp =a 
(¥8) plane “AC yz) = D/b 

(XY) plane View = a/b 

Now consider the relationships between the quantity 

which can physically be measured, and the strains 

present on each of the planes.



(XZ) plane 

  

  
    

ee  , 

P------- _ 
‘ 
' 
' 

Do ' D 
' 
' 

i 

Ina = inva + In Dd 

Do D Do 

i.e. &x = in Kxz) +£z 

.» InAqz) =& — Ez (4) 

    

(YZ) plane 

  

      

——— 

D 

in-D = insde = in D 

b b Do 

  

cue eine A(yz) sey © 9 (44)



(XY) Plane 

  

      

—- > 
' 

\ ' 1 ' 
Do ' : 

' ' 

Pe 
: age = 

Ina = lna + in Do 

b Do b 

-» in Ay = Ex > Ey (444) 

    

Taking the limiting case of plane strain €z =0 

Ex aor 

(XZ) plane 

in’Xxz) = &x nO = Sx = Ey 

(YZ) plane 

in Kcxz) 

(XY) plane 

1a AGW) fx y= Sy 

fyi oe Ml 

’ 
stimates of the strain Ey by measurements on any 

of the section planes are.
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/ 
E; (x2) 

/ 
&y cz) 

‘ 

fy cx) 

ln xz) (iv). 
All equal under 

in ‘A (xz) (v). Pe conditions. 

u #in A(ky) (vi). 

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 existe) the resultant 

measured quantities termed g, ¢ ) may be related 

to the linear strains Ex, Ey and EZ i.e. 

o 

Ex (az) = Ex? £2 Ge), 
4 , 

t $ fxcxz) = €xcyz) = 
gy (YZ) = €y + &, (viii). @ ‘ Excxy) =fy in the 

fy (xy) a= #(&x +2y) (ix) - limiting case of Pe 

when &; =0 aEx =€y 

a 
From the above equations it also follows that Ex xx) 

, ¢ 
may be estimated from measurements of Ey( x2) and Eyyz) 

i.e. 
‘ 

Excxx) i HEx + Ey) 

+ (L E x2) + £2] +[eecre) z £.]) 

Roy , ' 
J. Zyw) = ff Evcaz) + Excxz)) (x), 
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Estimation of width spread ( £2) 
  

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). 

Ze" cx) = dm ACY) = Fin a 

b 

Constant volume Dé = abD 

—— 

mney 
5 Geary os bie 

Db@ 

4 ae ) + 41n Do 

b D 

    

¢ 

fie, Svay Sey 3 4&2 (xi) 

Also 
‘ 

Excxz) =&x -£z (vit) 
¢ 

put &x = 2fvxy) - Zy trom ean (ix) ° 
, . ¢ 

J. Excxz) a SvCni oy =. 85 u 

, 
and Sycxx) zy = Ez from eqn (xi) 

2 

e ls 
more Ex¢x2) ( &x 2 a) eyes: Sy, 

i 
i.e. fyxz) = Sy - 2&, (xii) 

=————————————
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Graphically the variation of the measured estimates 

of &y ¢ &r% )) for conditions moving away from plane 

strain are: 

E&(vz) = Ey + Ez 

Ez we
    ¢ £ wuz) = & - 2 €z 

    
(R) Ge pes 

, 
from which it is observed that as Ez increases Sy(yvz) 

/ ‘ 
increases but both Ly(xx) and £¥(xz) decrease. 

¢ 
Estimating Sz from measurements of E wx) and ' 5 

E¥(x2) 

Combining eqns. (viii) and (xi) 

/ ’ 

Zvvz) -E2 = Excey) + £z 
  

Beez e 
(xiii) 

  

 



¢ / 
Similarly for the planes Lycxy) and £ yxz) 

Combining eqns (xii) and (xi) 

l , 
Ex) + 2&2 = Exc) +E 

2 

¢ / 

oN St eae [Ef ‘ Ecc | (xiv) 

w
r
 

    

¢ / 
and for Ox x2) and Sxxz) 

Combining eqns (xii) and (viii) 

‘ f 
2x2) f 2Zz fyxz) - zz 

5 / / 
or ares £xxz) - Ec | az 

a (xv). 
3 

  

Thus it can be seen clearly that by measuring any two 

strain estimates, the width strain Ez may be determined 

Derivation of a plane strain corrected plascicity index, 

From the preceding section it is obvious that 
’ 

Measurements of fy ) on the (XY) vlane will vary and 

become smaller as the amount of width spread increases.
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However, by making measurements either on the (XZ) or 
¢ 

the (¥Z) plane the value of Sy¥(xv) at Ez =0 may be 

Ae tecmined 1auer (Pg). 

From eqn. (xi) 

‘- 

Excxy) Ey -f2 

2 

u Es Sea n° 
2 

Now under normal circumstances the relative plasticity 

index is given by DO= Ei En, i.e. the strain of 

the inclsion to the overall strain of the matrix. 

fy is the only strain which is a dependent variable 

It is sensible to measure the matrix strain in the Y 

direction. i.e. Eny 

vr = €y for 
  

Pe conditions Eny = 1n ho 

mY hf 

where plane strain conditions do not operate 

* ’ 

Dp = Exc) + Ez 
Env . Sy (xvi) 

   



S01 

Now earlier in eqn (xiii) &; was defined for the (X¥ 

and (YZ) planes as 

/ / 
=; = 2 Lee oar 

3 

and substituting into eqn (xvi) 

* ‘ , / 
Y:, =Svxy) + Sz) - Exc) 

£ ae 

; * a / 
- Me = 2Sxxx + Exxz) 

(xvii) 
3En 

      

A eee exposes may also be arrived at for 

fSy(xv) ana E¥(xz) 

i.e. 
* / / 

Pz, = €vixy) + San - £4 xz) 

Eu 3En 

% , ? 

Dr, = wEycavy - Fxcxz) 
en (xviii) 

ee ee ad —————.



and E , i 
4 

Dr, =eyxy) + Exyz) - Excxz) 

En 6En 

/ / sf 

but Excxy) - Excyz) + E22) 

2 

5 ¥ ? ¢ 
ae Dr, = 2&xcyz) + Excxz) posse) Soe 

3£m (xix) 
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Appendix 5.5(a) 

Summary of the more useful equations used for the 

measurement of strains on the various planes. 

Physical quantities measured are ux, xz), Ncxz). 

Quantities calculated are the values 

  

‘ 

Eycxy) = Hn ACcy) 

£%vz) = indxz) 

fhxz) = 1nQcxz) 

Planes o2= sy Estimate (Plain 
strain) 

[coca J] a[Efea) - Efe] [2 fix) + Exvz ] 

[ cooscaz J sffeca fe Ehcxa)] af uEYexy) - Excxz] 
’ , 

[ c¥z) s¢xz) ] a[€cxz) t Excxz)] a[ 2Sxvz) + EX¢xz) | 

  

          

+ preferred measurement planes 

Also 
¢ ‘ , 

Zyoxv) = Excxz) + Excyz) 

  

2



9. 
10. 

11. 

12% 

13. 

14, 

15% 
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