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ABSTRAGCT

Although the last few years have seen a rapid increase in instru-
ments available for inclusions assessment, little has been dore to show
the techmologist how to use these new and important tools in routine
work, such ag quality control in steelworks. The researches described
in this thesis partly meets that need and discusses how one of these
instruments ( the Quantimet Image Analysing Computer ) may be used
effectively.

Inclusions assessment under the light microscope is subject to
various errors including instrumental, sampling and sampld preparation.
Bffective use of any microscopic technique for the determination of
non-netallic ineclusion contents of bulk materials is, therefore,
inevitably bound up with these problems and it is the responsibility of
the technologist to ensure that the above errors are controlled within |
the required limits. However, thlis demands a knowledge of not only the
magnitude of errors likely to be encountered in practice, their causes
and effects but also of the ccowrrence and distribution of non-metallio
inclusions in bulk materials, such as a "micro section", a billet or
an ingot of steel.

The Pirst few sections of this thesis are devoted to the origin
and claggification of non-metallioc inclusions commonly found in forging
steels, their significance in relation to steel properties, an cutline
of methods for their assessment, the problems, review of previous work,
and an ou‘cl:':e of the proposed research. These are followed by sections
concerned with studies undertaken to determine the magnitude of errors
arising from the use of the Quantimet Imaze Analysing Compuber, sampling
and sample preparation procedures. 4 standard operating procedure for
this instrument is suggested to minimise instrumental errors, and a
tethnique developed for routine work desoribed. This technique involves
the use of the new Quantimet and a digital computer. A standard sample
is used for calibrating the instrument and for adjusting the threshold
level. Sampling and sample prepara.tion errors are treated from a
. practical aspect and varistions .in 1nolus:|.on estimates between fields,
scts of fields, surfaces and adjacent 'samples scleeted from whole billets
are discussed. What could actually be achieved in practice in terus of

ovarall speed and acouracy of inclusion estimates are considerod.

(1)



The next scction deals with two investigations: o detailed study
of distribution of oxide inclusions in two adjacent ingots of low-
alloy stoel and o running programme in a steclworks, the objects of
which were (a) to obtain additional data on distribution of oxide
inclusions in low=alloy steel in order to establish whether or not
ficlds with high inclusion content arc preferontiélmy distributed in
certain portions of the ingot, and (b) to test whether the techniquo
developed is capable of yiclding the necessary information accurately,
rapidly and economically. This section also includes work carricd out
to dctermine the degree of ocorrclation attainable betwecn the Quantimet
and other laboratory proccdures, c.ge total oxygen determined by the

ncutron activation teehnique, JK count, step-test, cte.

Next, a nmcethod dcveloped in tho coursc of this research for
improving the contrast betwcen mctallic and non-metallic phases in
mctallographic spccimens, notably steels,is described. In this method,
a thin, optically transparcnt, film of an intermctallic compound
(ZnSo) is deposited, in vacuo, on a diamond polished and ultrasonically
cleaned surfacce The conditions for maximum contrast are described
and an cxplanation put forward for the mechanism of enhancement. Typical
results, illustrated by colour photomicrographs, show the applicability

of the new method in both manual and automatic inclusions asscssment.

The final scetions are devoted to a gencral discussion of results

obtained in this research and the main conclusions drawm.

I certify that the work presented in this thesis has not been.
submitted to any other institute for the purpose of obtaining a degree.
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1.00 TNTRODUCTICN

1.10 Origin and clessification of non-metallic inclusions

Non-metallle inclusions .are present In varying amounts in all commercilal
steels. They occur In a variety of forms, sizes and shapes, and are the
inevitable consequence of the methods and equipment used for the manufacture of
this material, Benedicks and Loquist1 were amengst the first to undertake a
systematic study of inclusions in steel. They distingulshed between two main
types of inclusions, native and foreign. Following the same lines of reasoning,

Simse and Baeyert23

divided ineclusions into two main classes, those that form
in the molten or solid steel as a result of separation of oxides, sulphides,
nitrides and other non-metallic compounds as a conséequence of reacﬁions
occﬁrring in molten steel or because of a change in temperature; and those
inclusions that are inadverféntly trapped in the steel and conéist of particles
of slag, refractory or other material with which the steel i1s 1n contact during
melting, refining and casting. Inclusions of the first group are referred to as
indigenous, endogenous or natural, and those of the second group as exogenous,
adventitious or accidental. The main typeé of inclusions encountered in
commerclal steels have been discussed by Allmandh and also by Kiessling and
Iange,5
One helpful factor in the identification and classification of inclusions
is that the possible types of inclusions are limited by the composition and
history of the steel., Thus, even though our observations of the inclusions
under the microscope may not give a positive identification, a knowledge of
the chemical compositions and history of how the steel was made and subsecuent-
1y treated, will allow a narrowing of the possibilitles so that a reasonably
certain identification of inclusions 1s possible.

The most important characteristics used for ldentifying inclusions are

shape, optical reflectivity, size and distribution. The shapes of inclusions




in a metallographle section can be seen under an optical microscope. IT
the sample was from cast steel the shape can give a clue as to whether the
inclusion was precipitated from a lilquid or solid steel, For example, if
the shape is euhedral (regular) or skeletal, it is almost certaln the
inclusion phase precipitated from the liquid., The shapes of inclusions

in steel after mechanical working can assist in identifying whether they are
alumina, silicate or sulphide inclusions. Very'few of the common incluslons
found in commercial fully deoxidised steels are sufficiently plastic at hot-
working temperatures to be elongated to the extent shown by the manganese
sulphide and some silicate inclusions. Most inclusions are of a more
refractory nature and have little tendency to deform upon hot-working.

After shape, probably the next most prominent characteristic of an
inclusion is its reflectivity. In general, sulphides are more reflective
than oxide and silicate inclusions. Differences in reflectivity of the
inclusions arise as follows: when a beam of licht travelling through air
strikes the surface of another medium, such as én inclusion, part of the beam
15 reflected back from the surface, part of the beam enters the second medium
where some light i1s absorbed and some is refracted because of g difference In
velocity of light in the twe media. However, the portion of light reflected
back from the surface can vary, depending upon the wave-length of the light.
An important factor %o be taken into account is the reflectivity of the steel
matrix, and since inclusions are frequently examined in the unetched condition,
cne 1s comparing the reflectivity of a particular ;nclusion with that of the
highly reflecting steel matrix.

Fqually important is the size of inclusions and theilr distribution. In
general, exogenous incluslons are much larger than Indigenous inclusions and,
therefore, are easily ldentified by this quantity alone. However, the tiue
ldentification of inclusions can only be made Ly a combination of chemical

analysls and X~ray examination. The development of the electron microprobe




technique in recent years has made possible the determination of the
composition of the inclusion of Interest in situ, and this method is now

widely used for analysing Incluslons.

1.20 §;gnificanée of inclusions in relation to steel properties
Lo

Muech WOrké- has been carried out to determine the influence of
inclusions on steel properties. Our knowledge of thls vast subject may be
summarised as follows:

In forging and similar operations, sulphide and oxide inclusions
(including silicates), when present in gross forms, can give rise to "bursting”,
leading to a defective product. In machining operatlions, manganese sulphide
inclusions are beneficial, especlally if they are rounded, as they act as
chip breakers and allow faster machining speeds and longer tool 1iVes to be
attained. Oxlde, silicate, nitride and other abrasive inclusions can be harm-
ful, as they cause increased tool wear and sometimes breakage of the cutting
edge, leading to hold-ups and thus to loss of preduction. Inclusions can also
be an acute problem in stainless steel fabrication giving rise to poor
duetility, surface finish and corrosion resistance of the finished products,
especlially sheets. Incluzsions in highly stressed parts, such as crankshafts,
ball-bearings, ete., do contribute toward fatipue fallure. In welding, sulphide,
silicate and aluminous inclusions in the parent material can affect weld sound-
ness indirectly, when absorbed into the pool, and directly by promoting
laminations in the unmelted heat affected zone. Sulphide inclusions have been
known to contribute heavily to "hot-shortness" and also to poor duetility of
cast steel. A summary of inclusion types and their effects has been made by
Bridge6 and 1s reproduced in Table 1. |

When inclusion defects make it necessary to reject forged and machined
compenents, the manufacturer can suffer severe nenalties in cost and time.
Obviously, detection of harmful ineclusions at this late stage in the manufact-

uring process means loss of the complete part which has increased greatly in




value by virtue of the varlous forging, machining or other treatments that
may have been performed on it. Fallure of the part in service due to

inclusions ¢an be even worse, since 1t can result in the loss of the entire

structure, and possibly in the loss of human life.

1.20 Inelusion assessment in relation to quality control

In the past 20 years, much effort has been expended in attempts to
eliminate or control the cuantity and type of inclusions present and thus to
enhance the cquality of the steel. The activity in this field has been world
wide, as evidenced by the number of papers published and conferences held on
this suﬁject. The diverse conclusions and opinions expressed, however,
Indleabe that the subject is far from well understood. This 1s due partly
to the complex nature of the vroblem, and partly due to the fact that the
steelmaker has been working under somewhat of a handicap in the matter of
testiﬁg the quality of his products with respect to non-metallic inclusicn
contents,

Clearly, new steelmakling practices can only be reliably evaluated, and
the finished or semifinished products satisfactorily tested for the presence
of harmful inclusions, if an objective and renroducible method for assessing
the inclusion content of the steel is available. In the absence of such a
method, the steelmaker can tumble into many pitfalls. ¥or example, he could
draw the wrong conclusions about the effect of a particular chenge in steel-
making practice on the amount of inclusions present; he could classify
material as sultable for a narticular application when actually it is not,
or the reverse, and thus incur wmecessary losses. There could also be the
stipulation of unnecessary specifications and the use of unrealistic testing

procedures,

In the past, too much emphasils appears to have been placed on developing

technigues for rapild analysis of oxygen, the common element of most oxide

and silicate inclusions, and not enough work has heen done to develop other




methods of determining inclusion content. However, it must be accepted that
these techniques have helped to throw some light on certain aspects of the
problem of production of steel free from harmful inclusions. But 1t has
become increasingly clear in recent years that total oxygen estimates,
however reliable, are not necessarily the best criteria of steel quality.

To take a typlical example, two steels could have the same low oiygen content
of, say, 0.005% oxygen, bub one of them could have a significant proportion
of the oxide Inclusions in a form and size that are acceptable for a
particular application, then a total oxygen level of 0.005% would represent
a sabtisfactory steel. The other steel could have a sienificant proportion
of the oxide Inclusicns in a form and size that are unacceptable, so that a
total oxygen content of 0.005% now represents an unsatisfactory steel.

The microscopic methods of examination of steel are the only methods
that are ecapable of providing Information about tﬁe type, size, shape and
distribution of inclusions present in the méterial. During the last 40 years
many methods for asseséing inclusions have been designed and used hut only a
few of them have been adopted for use in comparative work, such as quality
control in steelworks, These methods are the chart counts, particularly the

hi-k3

JH ecount which takes its name from its sponsors, Jernkoentoret of Sweden.
Sewall énd Wileockyh consider that at least four guantities about
inclusions must be evaluated, viz. number or frecuency, size, position and
type. In addition, they stress that the results of any test must be reason-
ably reproducible so that the steelmaker can malke reliable comparisons. It
is generally accepted that a satisfactory quality control method should
provide Information about the total quantity of inclusions present,'the
relative quantitles pf the various types of inclusions, and Information on
their frequency and size distribution. It should also be rapid and simple

in operation, and most lmportant, capable of providing a high level of

reproducibility between different operators in order to arrive at the desired




standards of cleanliness. In discussing inclusion assessment in relation

to quallty control, it is important to realise that the practical problem
2

usually takes the form of determining, within a field of about 0.5 mm™ in

area, whether the inclusion content exceeds some specified limit.

1.40 Outline of methods for inclusion assessment

1.41 Methods other than microscopic counting methods

1. Chemical methods Three general methods may be categorised accord-

hs-l7

ing to the mode of removal of the metallic component, the acid method,

the halogen methodn8”51 52-64

and the electrolytic method. The acid methods
of extraction depend on the solublllity of the oxides in the dilute mineral
acids. The methods are generally not complicated but they are slow and

appear to give results only for 8i0. and Al Furthermore, there can be

2 2%
appreciable loss in the non-metallle inclusions. The halogen method of
extractlon is based on the attack and removal of the metallic constituents
through the action of halogen elements. Various procedures have been used
with varying degrees of success., Probably the most widely used methods have
been those in which the metallic matrix Is dissolved in_solutiéns of lodine
or bromine in alcohol§5 Electrolytic extraction 1s oft;n preferred as a
means of separating inclusions because the characteristics of anodie
dissolution enable extraction to pro&éed under more controlled conditions
favourable to the retention of inelusions than do chemical extraction.
However, with electrolytic separation there must be further purificatlion of
the residue in order to obtain a complete isolation of the oxides. The main
problem with all these methods 1s to dissolve the metallice matrix select~
ively without attacking the inclusions. These methods are also slow, and,
therefore, are quite unsuitable for use as guality control methiods. Perhaps

another reason why they have not been used in routine work is because they

do not give Information about the size, shape or distribution of the oxides

nresent; only their total amamt and the chemical form in which they are presenteI




66-68

P
2. Ultrasoniec method The ultrasonic method ~ ~C has been used in

the steel industry for detecting the presence of large inclusions (several

mm. in size) or similar defects for a number of years. The method uses the
penetrating power of very high frequency sound waves to detect discontinuities
within the solild steel, A short pulse of high frecuency electrical energy is
converted by a tranducer into short bursts of sound waves which travel
through a coupling medium, usually water or oil, into the material under
inspection. Non-metallic inelusions or similar discontinuitles in the material
will reflect the sound waves back to the tranducer which reconverts the waves
to electrical signals. Hitherto, the method has been used with only limited
success for rating steel cleanliness. This approach 1s very attractive
because (a) it is not destructive and enables largze volumes of material to

be assessed, for example whole blllets, and (b) i1t is rapid. This method 1s
currently recelving a great deal of attention both in this country and in |
others, but more work remains to be done before it can be developed for
neasuring the smaller inclusions present in steels,

3. Macro-etch method This ‘ces‘bu2 is used to determine the presence of

large inclusions and also thelr location. Tests are prepared by cubting and
machining a section through the billet and etching with a sultable reagent.
The etched surface is then examined visually or microscopicaliy at a low
masnification for inclusions. The method can be used to preferentially etch
cut certaln types of inclusicns,

4., Practure test This testha 1s used to assess ineclusions in relat~

ively hard materials. A disc is cut from the billet or bar, nicked along
its eross-section, hardened if necessary, and Lwroken by holding one half in
a viece and hitting the other half with a hammer. The fractured surfaces are
then examined either visually or mlcroscopically at low magnifications for
inclusions. It is desirable that fractures be in the longitudinal direction

approximately across the centre of the dise., Inclusions less than one




millimetre in length can be detected and measured by this method under
favourable conditions.

5. Sulphur printing This 1s one of the most frequently used tests

for determining the distribution of sulphide inclusions. The method also
gives an indication of the presence of large oxide and silicate inclusions.

A disc is cut fr&m blllet o bhar, carefully machined or ground and tested

by placing the prepared surface on a plece of bromide paper previously

scaked In a solution of sulphuric acid in water. A contact time of 2 to 3
minutes 1s generally sufficlent. Sulphides in the steel are attacked by the
acid in the paper and results in an evolution of hydrogen sulvhide gas wlhich

-~ stains the bromide paper glving an indication of the distribution of sulphides
on the surface of the sample.

6. Step-down test This testhe is used to determine the presence of

inclusions on th: machined surface of rolled or forged steel. The test=
plece 1s machined to specified dimensions below the surface and the surface
examined.for inclusions, Only those inclusions breaking the surface of the
test-plece can be debected, Tﬁis test gives no indication of the type of
inclusions present. Under low magnifications, inclusions smaller than one
millimetre in length can be detected and measured. Reproducibility of the
test Is generally good, |

T. Magnetic rwathod This testha 1s used for revealing inclusions on
the surface or sub-surface of actual components or test-pieces, such as
erankshafts, step-dowm test-pileces, etec. The general distribution of the
larger inclusions pnly can be revealed bub not the presence of inclusions
within the bulk of the stesl., The method is applicable only to steels which
are ferro-magnetic. Inclusions down to 0.5 mm. in length may be revealed.
The test must be standardised and performed by skilled perscnnel since the
interpretation of the results requires a considerable degree of skill, The
test has the advantage of speed, and large specimens can be examined, but it

does not enable the type and exact nature of the inclusions to be ascertained.




8. Radiocactive tracer method The radiocactive tracer method6 NG has

been used to deiermine the origin of inclusions. Specific sources, such as
slag or ladle refractory, are made radiocactive by the introductlion of a
sultable radioisotope into tﬁem. The level of radicactivity In the solid

. steel or in the individual ineclusions, if these are large enough, indicates
the amount of pick-up from such sources. Whilst invaluable as a research
method, the technique is not sultable as a quality control test because of
the elaborate preparations generally required to operate thls method.

7—\

-
9. Neutron activation method This technicue'™ is comparatively new

for the determination of the total oxygen content of the steel. It is reliable
and very rapld and, furthermore, has the facility of examining large specimens
(1 in. x 0.5 in.). Basically, this testing method depends on a system
consisting of thres compohents: a neutron generator, a gamma-ray scintillation
detector and a pneuwnatic transfer system for the placing and removing of
specimens remotely. In the neutron generator, deuterons are accelerated to

a potential of 150 KeV and are permitted to strike a tritium target, thus
forming a compound nucleus, as shown in Fig.l. This nucleus decays into an
alrha partiecle and a high-energy neutron.

The high-energy noutron, on striking an oxygen~16 atom in the sample of
steel, forms a second compound nucleus. This second nucleus instantly decays
ﬁo a rroton and a radioactive nitrogen—16 atom. The latter decays with a
half-life of T.U seconds, emitting a beta particle and gamma rays. Measure-
men£ of this induced gamma radicactlvity in the sample of steel enables the
oxyegen content to be determined.

Tiie accuracy and repfoducibility of this method 1s dependent on the
oxygen content of the sample. I7 the oxypen content is only 1C ppm, an
accuracy of + 25% and reproducibility of.i_eo% can be obtained. At 500 pom
concontyration, an accuracy of + 5% and féprioducibility of + 1% can be
obtained.

The method does not distinguish between the various types of oxides that
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may be present in the sample.

10. Vacuum fusion gas analysis Like the neutron activation method

this technique 1s reliable and reasonably fast and, therefore, ideally suited
for quality control work but 1t does not give information on slze or
distribution of inclusions.

11. Radlographic method 1In this method either gamma- or X-rays can

be used to indlcate the presence and approximate location of relatively
large inclusions, inclusion segregates or cavities. No indication of the
natufe of the inclusion, or indeed, whether the defect is an inclusion, can
be obtained. The method iz more frequently used in detecting defects in
castings than in forged material. |

12. Electron micro-beam analysis Electron micro-beam analysis 1s a

relatively new method which has been used a great deal in recent years for
analysing individual inclusions. With this instrument, which was invented
76,77

by Castaing, a fine beam of electrons is focused a% an inclusion and the
characteristic X-rays emitted from that spot are analyséd with an X-ray
spectrometer. By using calibrated standards, the small area of inclusions

under examination cén be analysed, element by element, often with aﬁt@ccuracy |
of better than 2%,.providing the elements in question are not too'low; This
method 1is essentially a research tool since 1t 1s slow and doesxnot give
Information on the amount of inclusions present in the steel. However, an
intefesting instrument employing the electron micro-beam technique bhut with
additional cirecuits for sizing and counting inclusions has been developed

by the Tube Investments Research Laboratories. Details of this instrument

have been reported by Melford.79

13. Electron microscopy Electron microscope methods are malnly used

in research. The method necessitates using extraction replicas. In general,
considerable difficulty is experienced when trying to extract ineclusions

larger than 10 microns in the replleca. However, by using speeclal extraction
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techniques and equipment it has been possible to examine inclusions as
large as 50 mierons in replicas,
The recently developed scamning electron microscopeBO offers a further

means of examining inclusions.

the X-ray ﬁethods X-ray diffraction and X-ray micro-radiographic
techniques can be used to give useful information about the approximate
analysis of inclusions and positive identification of the phases present.
Again, these methods are not suitable as routlne tests because they do not
give information on the amount, size or dlstribution of inclusions present In

the steel.

1.42 Microscopic counting methods

1. Chart methods The most important standard chart methods for inclusion
81 82,83

o]
assessment are the Fox count,

. I
the JK count,h1 43 the Diergarten count,

8,85 a1

and the less well known Chevrolet Motors (CM) or Walker count.
these methods depend upon the examining of a certain number of fields of
view on a polished specimen and comparing them with standard charts, shown
in Figs., 2-5, which are arbitrarily numbered according to the amounts or
severity of the Inclusions represented, thus enabling an inclusion number to
be derived., In the Fox count, the specimen 1s examined at a magnification
of 130 diameters whilst in the other methods a magnification of 100 diameters
1s employed.

In the Fox count, the field is given a grade number from O to b
depending on its severity of its inclusion content. TFields estimated as
containing less than half the quantity of inclusions indicative of Grade 1
are designated 0, whilst those estimated as containing betweeﬁ'% and 1%
are designated 1, and so on., The final result is presented as an inclusion
number obtained by multiplying the number of flelds in each grade by the
grade number and adding the products. The JK, Diergarten and €M counts

are similarly performed except that the lnclusion number is entered under
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one of several headings, according to the type and form of inclusions present.

The counts are generally presented as frequency of flelds for each grade,
but sometimes an average inclusion nuimber is calculated by proceeding as in
the Fox count and dividing the sum of the products by the number of fields
examined.

2. Direct methods Various methods have been used and different

quantities of the inclusions measured. KJerrman86 used a micrometer ocular
In the microscope and measured all inclusions down to 0.002 mm. using a
magnification of 200 diameters. The estimate was presented as number of

87

Ineclusions per square millimetre. Herty et al. examining cast steel samples
used a magnification of 250 diameters and with the aid of an ocular micro-
meter measured the diameters of all inelusions that were visible. From this
result, the welght per cent of inclusions in the sample was calculated.

s
Epstein,88 ZielerSJ end Perrin90

used similar methods to Herty et al. except
their measurements vere weighted by coefficients.

The above procedures for estimating the ineclusion content of steels
1gnore the widih of the inclusion. Hunter, realising this, instituted a
method in which the total quantity, the tohal inelusion length ana widvh ~e

1
inclusions were all taken into consideration. Hunter's method9

consisted ’
of projecting the field of view on to a ground-glass screen containing a
serles of lines 1/10 in. apart over an area of 5 in, long by 3 in. wide. The
magnification was standardised at 100 diameters so that the distance between
each line of the grid was 0.001 in. on the specimen, Three Veeder counters
were used to record the following information: number of fields examined,
total lengths of inelusions in 1/10 in. and number of inclusions whose

lengths were measured. Inclusions less than 1/10 in. were disregarded. From
thls data, the total length of inclusions over 0.001 in, long per in.2 and the

average length of inclusions present were calculated. To obtain some idea

of the width of the largest inclusion present, the specimen was re-examined
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at a magnification of 50 diameters. Inclusions whose widths were less than
0.0001 in. were denotéd.by the letter A, those between 0.0001 and 0.0005 in.
by the letter B, and those greater than 0.0005 in. by the letter C.

In another method advoéated by thter92’93 a short piece of billet or
bar was halved to provide a section parallel to the rolling direction of the
materiél and éxtending from edge to edge. This section was then ground on a
linisher to glve a reaéonabiy flat surface and anodically etched in a syrupy
phosphoric acid for about 15 minutes, with a current density of aﬁproximately
2L amps per in-.

The effect of this treatment was to pelish the éurface to soﬁe extent
and also to attack the ineclusions, leaving clearly recognisable indicatlons
of thelr positions and forms. The etched surface was then examined a£ a
magnification of 5 diameters by projecting on a ground-glass screen ruled with
parallel lines % in. apart. This interval, which represented 1/10 in. on the
specimen, was taken zs the unit of counting. Inclusions smaller than this
unit were disregarded. The count was expressed as the sum of the squares of
the lengths of the inclusions divided by a factor representing the area of the
specimen examined.

Hardy and A1150p9h used a method based on the lineal intercept principle.
In their method, the specimen 15 examined at a magnification of 90 to 100
diameters using a microscope provided with a mechanlcal stage and cross-wires
in the eyeplece. The specimen 1s traversed at right angles to the rolling
direction of the billlet and all inclusions intercepted by the intersection of
the cross-wires counted, as illustrated in Fig.6. A measured distance 1s
traversed, made up of several runs to cover the area of the specimen. The
result is presented as number of inclusions per centimetre. For most steels
a traverse length of 10 to 20 cm, was found to be adeguate. The method could
be used to estimate different types of inclusions, and was subsequently

modified by a BISRA Working Gr-oup95 who recommended the use of two cross-
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Wires instead of one, to count only inclusions greater than 0,025 mm. long,
as illustrated in Fig.7. A procedure for sizing ineclusions by this
technique was also suggested,

Baynesgs

used a simllar method to Hardy and Allsop to estimate the
inelusion content in samples of cast steel. In this method a ground-glass
screen, upon which 1s superimposed a set of three lines within a circular
field of view, 1s used. The three lines are at a distance of 0.5 in. apart
and the length of the centre cross~wire is 3 in, on the screen. The speclmen
is traversed at right angles to the cross-wires, each travérse being 0.5 in.
All inclusions intercepted by the centre cross-wire aré counted, as 1llus~-
trated in Fig.8., The parallel cross-wire on either side of the centre
eross~wire indicate and assure the next set of inclusions to be counted.

Tha SAE counth Involves actually counting individual inclusions and
measuring their lengthr, and comparing the background inclusions with a
standard chart. Ths count provides informatlon on the guantity, average
size and type of Inclusions by means of a compound expression.

Area analysis, lineal analysis or point counting may also be used for
measuring the wvolume fraction of a particular type of inclusion, e.g.
sulphides or oxides. Of these three methods for obtaining volume fractions,
that, based on avea ratios 1s the oldest. It was Delesse” in 1848 who first
ghowed, the equality of area ratios and volume ratios. This equality states
~ simply that the fractional area occupied by a phase (in this case an
inclusion) on a random plane section equals the fractional volume occupied
by that phase or

A
Ay Vg
where A represents areas, V representa volumes, FV is the volume fraction,

v,
1 - B, (Eq.1)

and 1 and t refer to the inclugslon area and the total area under examination

respectively.

In practice, the determinatlons are made from photomicrographs or
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tracings of inclusions by means of a planimeter, provided the ineclusions

areas are not too small or irregularly shaped.

100 who im 1898

. The development of lineal analysis was due to Rosiwal,
showed that the length ratios on a plane section egquals the volume fraction

of a phase In the specimen. Por one phase, the equation is
i = "1 = Fv (Bg.2)

The procedure followed in obtalning volume fractions by lineal analysis is
to draw or superimpose a stralght line on the photomicrograph or lmage
several times at random. The portions of the line falling over the inclusions
of Interest (indlcated by "1" in Fig.9) are measured with the aid of an
ocular micrometer or a grid. The fractional lengths are then summed and
divided by the total lengths of the lines, as illustrated in Fié.9.

Point counting for obtaining the volume fractions of a phase was
originally develor:d ny Thompson101 who in 1930 showed that by superimposing
a grid over the immg:, counting the intersections falling on the phase of
interest and comparing this to the total number of intersections in the grid,
gave a measure of the volume fractions of that phase in the specimen. In
gffect, thls procedure can he thought of as giving a ratio of areas, since
the finer the spacings on the grid the closer the approach to a coverage

by area. The relevant equation in this case In

i (Eq.3)
Nt v

where Ni is the number of grid intersections falling over the inclusion i,
and, Nt represents the total number of grid intersections. The grids used
are 1llustrated in Fig.10.

Bergh102 has used a varlation of this method to estimate the 1neclusion
content of steels in terms of volume fractions and size distribution
funetions. A grid was used over the image visible through the microscope:

and the intersections falling over the inclusiocns of interest were counted
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and compared to the total number of Intersections in the grid. The size
distribution function was determined In terms of grid spacings. Bergh's
method is illustrated in Fig.11.

In a recent publication from Jernkontoret in Sweden a method has been
suggested in which the image of sucéessive fields of view are projected
on to a screen or chart, such as shown in Fig.12, and drawing on it the
inclusions., After the required number of fields havg been recorded, the chart
is visually assessed by counting and measuring all the inclusions that have
been recorded. Three charts are made each at a different magnification to
enable inclusions of different sizes to be properly assessed.

3+ Automatic methods Melford79 has discussed some of the automatic

methods developed for inclusion assessment. Twelve Instruments have been
developed and used so far for this purpose. Brief details of these instru-~
ments are glven in Table 2,

The Cintel flying spot microscope developed for particle size analysis

10k

was used by Allmand and Widdowson for carrying out inclusion counts. The

method was found to be unsatisfactory as the instrument could use only 35 mm.

105 for counting

negatives. This instrument was modified and used by Belk
and sizing inclusions in metallographie specimens. It was the first serious
attempt made to autocmate the task of counting inclusions.

In this method, illustrated in Fig.13, a special cathode-ray tube with
a finely focused light source is used. As each field of view on the
specimen is viewed it is scanned line by line. A photomultiplier cell 1is
used to detect changes in the intensity of light reflected from the specimen
surface as it passes over the brightly polished matrix of the steel and thet
relatively dark Inelusions., The optical reflectivity differences are con-
verted to electrical voltage differences. These signals are then processed

by special electronic circuits to give informatiocn on the number, size and

area of Inclusions intercepted by the spob In the cathode-ray tube. A one-
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line delay memory is used to ensure that the same inclusion iz not counted
twice. The specimen movement was controlled manually,
106,107 §

In the Quantimet, Integramat and Miéfo~Videomat systems, a tele~

vision camera is used to éééeSS the sample field by field. The Quantimet
system is 1llustrated in Fig.1hk. The electrical output from the camera passes
into a closed eircuit television monitor to provide a television pleture, and
also Into g detector unit where signals emanating from the inclusions are dis-
criminated and selected from the rest of the signal. This is done on the basis
of optlcal reflectivity similar to the flying-spot system. The output from
the detector can be fed into the monitor to give a visual display of the
Inclusions being measured. As in the flying-spot system, refleqtiﬁity differ-
ences ére converted into electrical voltage differences and processed by
special electronic clrcults to glve information on number, size and area of
Inclusions present in each field of view. - A one-line memory system is used

to ensure that each inclusion is counted cnce only. The whole sequence of
operation, including specimen movement, 1is controlled automatically.

In the Scarmming Microscope, the TI-Hilger Inclusion Counter79’108 and
the AMEDA instrument, a photomultiplie? views the image through a small
aperture. As the image of the inclusion traverses this pinhole, variations

in the photomultiplier output occur and the resulting signal is electronically
processed In a manner simllar to the television camera signal in the Quantimet
to give Information on area of inclusions.

Wojeik et al.m9 have used the Coulter Counter o study oxide inelusions
in seamless Ingots and their effect on defect occurrence in the finished
product. In this technique, illustrated in Fip.15, the oxide incluslons are
first obtained in the form of a residue by chemical extraction. The inclusions
in the residue are then dispersed in an electrolyte inte which dips a glass

tube having an immersed elecirode on either side. The‘suspension is made to

flow through a small orifice in the glass tube, and as each particle of
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inclusion passes through the orifice, it digplaces its oﬁn volume of electro-
lyte, thus changing the resistance across the orifiee; This change in
resistance is converted inte a voltage pulse with an amplitude proportional

to the particle volume. The pulses are fed to an electronic counter with an
adjustable threshold level such that all pulses above the threshold are counted.
The 1atest'instrument counts simultaneously at 12 th?esholg levels., The
results of thls pérticle counting represent numbers of particles for each of
the 12 selected size groups.

Although the Coulter Counter method provided useful information zs to
inclusion size distribution, Wojcik et al. found the scope of its utility
difficult to evaluate. The technigue is applicable to spherical or, at most,
to symmetrical inclusions. FTurthermore, it is totally dependent on the
effectiveness of inclusion isclation procedures.

The TI Automatic Inclusion Counter, Sizer and Identifier79

employs an
eléctron optical system with X~ray detection. The instrument 1is essentially
a special purpose computer which operates on signals produced by a Scanning
Electron Microprobe Analyser in such a marmer as to count, size, identify

and measure the volume fraction of the inclusions in each fleld. Counting and
sizing 1s accomplished by means of the electron backscatter signal. Identifi~
cation 1s achleved by making various logleal comparisons between the outputs
of two or three X-ray spectrometers in such a way that inclusions are recog-
nised by the fact that they contain etther (a) one element, (b) one element
and another, or (c¢) one element but not another. One field of view, % .
square, can be assessed in 15 seconds. In this time inclusions down to 1
microm in size may be counted and sized. Inclusions down to 12 microns in
diameter can be simultaneously recognised. If it 1s necessary to recognise
inclusions down to 1 micron in size then this must be done at a higher
naymiflcation in which case the field of view examined is only 50 microns.

The speed of the instrument is too slow for quality control work although this
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approach gives all the information generally required by the steelmaker.

The Vickers Automatic Ineclusion Classifier7 »110

is an electron optical
system, Tt 1s 1llustrated in Fig.10. The instrument is based on the principle
that the number of electrons backscattered from a tarpget 1s a function of the
mean atomlc number of oxide inclusions commonly occwring in steels; 1t is
possible to distinguish Betw_een them and the sulphides, A pulse height
analyser is used to separate the pulses emanating from these two types of
inclusions. These pulses are fed intoe a computer which also distinguishes
betﬁeen unbroken oxldes, such as a silicate ineclusion, and broken oxides, such
as an slumina. However, the instrument canmnot count the number of inelusions,
since it has no memory to distinguish between intercepts from the same inelusions
and those from other inclusions, but 1t can measure the volume fraction of
these different types of inclusiens, i.e., oxides and sulphides.

The area of each field examined is2 50 mmg‘ The system is cepable of

measuring inclusions down to 3.5 mlerons in slze. It is fast but expensive

when compared with the Quantimet and the Tl-Hilger Automatic Inclusion Counter

1.50 Decision to use the 'Quantimet' image analysing computer

Apart from the Vickers Automatic Inclusion Classifier and the TI~Hilger
Automatic Inelusion Counter, the only other instrument available was the
Quantimet. Both the Vickers and TI-Hilger instruments were still under develop=
ment and were not available commercially in 1967 when this research started.
Furthermore, both these instruments do not enable the total number, the total
length or size distribution of inclusions in a sample of steel to be ascertained.
In the absence of reliable information on which measurements are the best
pointers for determining the inclusion content of a steel 1%t was considered
desirable to use an instrument which measured as many inclusion quantities as

possible. As stated by Melford79

"Experience may show that only part of this
Information is required in quality-control work but such a simplification

can only follow extensive operating experience®.
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It was decided, therefore, to restrilect part of this project to consider-

ation of this instrumental technique, although it was realised that the two

other instruments may be useful, and have certain advantages over the Quantimet.
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2.00 REVIEW OF PREVIOUS WORK

2,160 Manual inclusion counting methods

The first major study in this field appears to be that by the Inclusion
Count Sub~-Commitiee of the Iron and Steel Institute.111 They examined the
Fox and Firth-Brown inclusion count methods to determine whether they were
capable of giving reproducible results when performed by different observers.
Fifteen steels were assessed and each observer used the same samples; There
were considerable differences between the counts obtained by each observer,
and it was concluded that these methods were too dependent on observer Judge~
ment to be useful as standard tests. Further work by Swindon and Hatfield112
drew attention to the fact that appreciably different results for the Fox COQnt
could be obtained by one ohbserver over the same fields of view when different
mieroscopes are used. Por example, using a Leitz instrument a Fox Count of 20
was obtained, whereas with a Zeiss instrument the count was 28. The latter
count was obtalned at a magnification of 145 diameters, a true field size of
0.9 mm diameter, and an apparent fieid size of 130 mm diameter in the micro-
scope. The former was obtained with X132, 0.82 and 108 mm respectively.
Calculations performed by Swindén and Hatfleld showed that the observer who
assesses the 'dirtiness' of the specimen in terms of the apparent area of
inclusions appearing on the screen: in terms of the number of inclusions times
thelr apparent lengths; or number of inclusions times their reiative lengths
would tend to report a higher value with the Zeiss than with the Leitz micro-
scope, but the observer who assesses the 'dirtiness' by the relative area of
the inclusions to the exposed area would get the correct result irrespective
of the size of the fleld and/or the magnification.

130

Hatfleld and Glles performed inclusion counts on the same samples of

steel using magnifications of 132, 520, 1,200 and 2,000 diameters but the same
field diameter. They found that the count decreased continuously with an

115

increase In magnification. Spiles performed a similar investigation using
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the Diergarten Tnclusion Count. However, In this case, the tests were per-
formed at a constant magnification of 100 diameters and various field sizes.
He found that the counts decreased with an increase in fleld size.

This problem has also been invesfigated, but in.a different way, by
Pelazzilm Using magnifications of 100 and 700 diameters and field areas of
0.25 and 0.0% mm2 respectively, he showed that the occurrence of fields with
0, 1, 2, 3 ... n inclusions in each case followed Poisson's Taw.

In an investigation of the Fox, J{ and SAE inclusion céunts, Hardy and
Allsop9l+ showed that none of these methods was capable of giving reproducible
results when used by different operators. They found the SAE Count to show the
1argest scatbter of results, and it was stressed that not even the length and
nature of the longest inclusion could be decided. With the JK Count, not only
was there lack of agreement between observers with respecﬁ to total ineclusions
but also with respect to the relative proportions of different types of
inclusions. The Fox Count showed that it was little better than the JK or SAE
Counts., The reasons given by Hardy and Allsop for this lack of égreement
between observers were mental fatipue assoclated with performing an uninterest-
Ing and repetitive task, and the high degree of persbnal Judgement required In
determining the inclusion content of 2 steel by these methods. To overcome these
difficulties, they developed the Lineal Traverse Inclusion Countgh which was
shown to be capable of giving reproducible results when used by different
observers.

Before adopting the new Lineal Traverse (LT) Coﬁnt as a standard test for
use in cooperative investiéations, the Rolling Ingots Sub~Commitiee of BISRA
studied the level of reproducibility attainable by this method. They found
that the level of reproducibility attainable by different observers was the same
as that attained by Hardy and Allsop?lF They also found that the odd high or
low values obtained by some observers were due to some of them counting the very

small inclusions and others not counting them at all. Teo overcome this problem
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the Committee recommended the use of two crosswires in the eyepiece instead
of one, and although this method was shown to be capable of giving more
reproducible results than the original method, a later investigation by

Allmand116’117

showed that in the case of low alloy forging steels, the
agreement between observers was only slightly better than that attained with
the Jﬁ Count, and that a reqommendation +o change to the P Count was not
Justified., But in the case of high sulphur free~cutting steels, a change to
the IT Count from other methods was Jjustified as it provided-a more reliable
assessment of the harmful oxide and silicate ineclusions present in the material.
In discussing the results of the above researches, particularly the work
of Hardy and Allsop?h it was argued by some leading workers in this field that
part of the variations in Inclusion counts reported by different observers
might have been due to sampling error since nc attempt had been made in these
investigations to examine the same fields of view. Accordingly, the Inclusion
Assessment Group of BISRA repeated Hardy and Allsop's work but under more
stringent experimental conditlons using the Fox, JK, LT and Bergh inclusion

counts. They found115

that the agreement between observers was stilll poor,
although each observer had examined the same fields. In thls case, however,
the largest scabtier of results was found to be associated with the Fox Count.
With thé JK Count, better agreement between observers was 6btained for alumina
inclusions than for manganese sulphide, silicate or globular oxides. The
agreement between observers for the IT and Bergh metheds was betier, but large
differences between observers were still present.

Spies113 has also found poor agreement between observers when using the
Diergarten Count, However, he has attributed this variation to differences
in the inclusion conecentration rather than to observer judgement., He found
that flelds wiih low concentrations of inclusions gave more variable results
than d4id those in which the concentration ¢f inclusions was higher., In fact,

when the concentration of Inelusions was really high, the agreement between

observers was found to be extremely rnood.
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In each counting method, in addition to the more arithmetic aspeects
of the test, each cbserver has to exercise some degree of judzement. For
example, In the case of the JK Count, the observer must compare the microscopic
fields of view with standard photomlerographs on the chart, which are somewhat
idealised. This difficulty is increased by the fact that real fields of
view may contain two or more types of inclusion, and in order to compare each
type with the corresponding serles of micrographs on the chart, the observer
mist attempt to visualise the inelusions of each type as they would appear
alone. Similarly, with the Fox Count, the pattern and severity of the
inclusion observed in each field of view must be compared with the standard
chart., It is considered that variations of perwsonal Jjudgement in performing
the basic task of repeated comparison of miecroscopical fields of view with
standard charts, and selecting the type and grade most closely in agreement
with each fleld will give rise to some degree of variétion in the incluslon
counts recorded by different observers.

With the IT and Bergh counts, the difficulty is not so much the inabllity
of observers to count the same inclusions as the difficulty of seeing the
image clearly, since the crosswires or grid intersections in the eyepilece of
the microscope are generally seen with greater clarity'than'the inclusions,
~and to count or not to count some small inclusions in special situations
becomes a real problem, If the SAR Count Is used, the observer has to decide
the length of the longeat inclusion., The longest Inclusion in this context
does not mean simply the longest unbroken:inclusion;. striné$ or groups of !
particles may also be assessed as 'single' inclusions. Obviously, therefore, ‘
it is difficult for the observer to decide the limits of each inclusion and
then select the longest. In these circumstances it seems inevitable that the
eonclusion reached by one observer will frequently differ from that of another.

From the foregoing review of previous work 1t would appear that none of

the manual methods for assessing the inclusion content of the steel, i.e, the
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Pox, JK, SAE, Diergaften, IT or Befgh is satisfactory, and the type of count
most likely to give reproducible results is one that requires little or no
personal Jjudgement on the part of the observer. The solution 1s to use
Instrumental inclusion counting methods, which should eliminate the personal
error, leaving only the sampling problem to be overcome.

2.20 Automatic inclusion counting methods

The possibllity of using the flying-spot microscope for inclusion eount-

85 in 1958, This possibility also appears to have

been Investigated independently by Hardy, Allsop and BridgeTiB in 1959}

105

Ing was suggested by Allmand
However, 1t was Belk who, in 1962, demonstrated the Teasibility of using
this system for assessing the incluslon content of steels. Using a modified

119 assessed the inclusion content of steels.

flying~spot system he and Lake
They found that each fleld of view can be assessed in 10 seconds and that a
further 10 seconds was required to record the results and adjust the controls
or move to a new fleld. Data acquisition rate was, therefore, about three
fields per minute, Results obtained on five samples of steel showed that the
method was capable of giving reasonably reﬁroducible results. Specimens for
examination'on this instrument had to be prepared with a high metallographic
finish. Despite the objectivity of this instrument, none was manufactured

on a commercial basis. The reasons for this are not wholly clear but it is
believed that the high cost of the instrument was a decisive factor.

Because of this, Allmand and Widdowson10h examined the suitability of the
highly successful Rank-Cintel Flying Spot Particle Resolver developed for
particle counting and measurement in the medical and powder fields. They
showed that the method was capable of counting and sizing inclusions, but it
was found to be too slow. To count one field by this method took 1% minutes,
plus the time taken to record the reguired number of fields on 35 mm £ilms
and produce the negatives. However, instrument standardisation was found to

be simpler than with the reflected 1ight version since a 'standard field'
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negative could be used before each new run.

A major breakthrough in this field was made in 1963 with the develop-
ment of the first version of the imace analysing computer, known then as the
Guantitative Télevision Microscope (QTM), It was very advanced in design
and used metallographic specimens, and ﬁas capable of assessing the inclusion

120 has

content of each field of'view in less than a second. Widdowson
examined this instmyment for assessing inclusions in steel. He found that it
was able to measure the percentage area of sulphide and oxide inclusions
separately and count the nmawber of intercepts of fhe television scahning line
with these two types of inclusions. By examining specimens with widely
varying oxide content, Widdowson was able to show that the instrument was
sensitive to small changes in oxide content. He also showed that there was
a strong correlation between the instrument's percentage area oxide measure-
ments and the oxygen contents as determined by vacuum fusion or the carrier
gas methods (Strdhlein).

Widdowson120 also investigated the reproducibility of this technique
ﬁhen used by different operators. Standard settings were adopted for threshold
level, and in order to minimise sampling error, each operator carrled out
the measurements adjacent to a scribed line on each specimen. A batch of ten
specimens was examined. He found that the Instrument when used under these
conditions gave reproducible results.

Be11<105

has criticised the QM teclhnique on the grounds that analysis

of the image 1s more difficult at the fast scan rate involved, 50 frames per
second. However, in 196k, a modified QTM, nown as the quantitative image
analysing computer ('Quantimet') was developed and put on the market by Metals
Research Limited. This instrument would count and slze areas of contrast on
a mieroscople specimen in addlition to making percentage area and projJection
measurements. One of the first evaluation studies to be made of this instru-

ment was that by Allmand end Blank121. They found the instrument suitable for
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counting and siming Inolusions such as oxide and/or sulphide inclusions,

but stressed that the reproducibility attainable was dependent upon the
threshold setting. This setting, which has to be made by the operatoy before
using the instrument, Was found to be very critical and only small variations
in this setting were found to cause large variations in percentage area

or projection measurements., Figures reported by Allmand and Blank showed
standard deviations on a set of ten replicate measurements to bhe within

10 per cent of the mean estimate, but differences betwéen different
operators' results on the same fields to be nearly as high as 30 per cent

of the mean count.

Alimand and Blank121 also showed that the detection of oxide inclusions
separately from sulphlides was possible when the oxides were darker than the
sulphides, When they were not, for example, in the case of glassy sillcates,
then accurate detection of oxide inclusions alone was not possible., Accord-
ing to them, this error arises because as the threshold is tuwrned down so
that sulphides are not detected, marked under-detection of the lighter
coloured oxides occurs. They also found that for satisfactory detection,
the Inclusions must be at least 3 mm in size on the television screen
monitor of the GQuantimet.

Another characteristic error has been found to be present with this
method. Around each dark oxide inclusion there 1s a diffused area or zone
caused by the finite resoclution of the optical system. The reflesctivity
of this zone is very similar to that of the sulphides and, consequently, 1s
treated by the instrument as sulphides. F‘:c’anklin-!aj+ has dealt with this
problem. He showed that if two 3 pm inclusions were to be present in the
same field of view, and one of them was a sulphide and one was oxide, then
the oxide inclusion would be assessed as 4,5 ume and the sulphide as 6.2 pma.

In addition, a further 1.7 um2 round the edge of the oxide would be counted

as sulphide, giving totals of 4.5 um2 oxide and 7.9 um2 sulphide, instead
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of the true values of 7.1 um2 each, He showed that the error on larger
inclusions increaées with the dlameter of the inclusion, but becomes a
smaller proportion of the percentage area measurement ltself, For example,
it was shown that an 11 um diameter inclusion of true area 95 um2 would
appear as 96 pma if 1t was an oxide, and 91 pm2 if 1t was a sulphide.
Franklin concluded from the results of his work that the image analysing
computer should slightly overestimate the sulphide area measurement and
cbnsiderably underestimate oxide area, and the error should be proportion-
ally larger for smaller inclusions., He also pointed out that the character-
" 1sties of the electroniec treatment of the pulses are such that they are
inverted and shaped and may not produce errors of the same magnitude as
Indicated in his mathematical treatment of the problem., Furthermore, he
thought that different operators set the threshold level differently which
may have the effect of partially off-setting thils error.

With respect to counting and sizing inclusions, Allmend and B&ank121
have shown that this is possible provided the instrument (the Quantimet)
1s correctly adjusted. Count measurements were found to be less sensitive
to small variations in threshold than area measurements, However, they
stressed that trouble may be experienced with multiple counting when the
acceptance angle is incorrectly adjusted for the shape and distribution
of inclusions being counted. In general, they found round and oval
inclusions to be correctly counted and sized but stringer sulphides or
silicates could not always be properly counted, especlally when their major
axes were parallel to the scanning line of the instrument. They found
that such inclusions could often be more easily counted when they were

orlented 90 degrees to the scanning line, but this did not enable the

inclusion lengths to be assessed.

132 L

1 2
More recently other workers, notably Roche,31 Lindon, ’s't‘i:'&nk,li.'a‘I

and Grethen and Philippe123 have reported on the suitability of the manually
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operated Quantimet for assessing the inclusion content of steels, These

investigators have found the instrument satisfactory for this application,
and have reported errors which are of the same magnitude as those reported
by Allmand and Blank.1_21

Most workers in this fleld of study, however, have expressed the
opinion that despite the speed at which measurements may be made with the
Quantimet, it is still too slow for use in routine work, such as duallty
control in steelworks. To meet this need, an improved version of the
Quantimet, fully automatic in operation, was developed. This instrument
came out as a prototype in 1966 and was studied by Allmand126 who used 1t
in a steelworks as a quality control test. He found that it was capable
of working for sustained periocds measuring fields at the rate of 100 per
minvte; this time ineluding the printing of the results snd moving on to
new fields. By examining the samples first by the conventional JK method
using skilled operators and then on the instrument, Allmand was able to
show that nearly twice the number of specimens could be examined by one
operator against two for the manual JK method. He also showed that the
instrument was sensitive to small differences in oxide content, but found
that large inclusions could be omitted from the count if an adequate number
of fields were not examined.

During 1966-67 several alternative Instrument to the Quantimet became
avallable as prototypes. These instruments are the Japanese Automatic
Scanning Microscope (Model ASM-1), the TI-Hilger Automatic Tnelusion
Counter, the two German instruments, Micro-Videomat and Interegramat, and
the British Vickers Automatic Inclusion Classifier. As far as the author
i1s aware these instruments are still under development and are not, as yet,
available commercially in 1970.

2.30 Correlation between different methods

Correlation between different methods is of interest for two main

reasons: (a) in the early adoption of new methods it 1s useful to know
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how thé 1nciusion quantities they measure compare with those measured by
other more established methods, and (b) in the search for a simpler test
vhich could provide a number indicative of the inclusion content of the
steel for quality control purposes. |
Pigkering128 showed reasonably good agreement between chemicélly

determined oxygen analyses and oxide wolume fraction meésurements deter-
mined metallographically. Similarly good correlations between these two
' 129

methods have also been reported by Saunders, Forgeng and Farrel and by

105 vhile Kma.ggw3 has shomm a good correlation to

Bergh and Lindbers,
exlst between chemically determined sulphur content of the steel and Fox
Count numbers., |

As automatic instruments became avallable, several Investigators
compared the instrument's inclusion area measurements and inclusion content
determinsd elther chemically or metallographically. One of the first such

19 who compared Fox Count

correlations to be attempted was that by Lake
numbers with inclusion area measurements determined by the flying spot
methed. He found good agreement between the two values. A similar

correlation was also attempted by Widdowson120

who compared the Quantimet's
oxlde area measurements with oxygen contents determined by the vacuum
fusion or Strbhlein carrier gas methods. Widdowson also compared the
Quantimet's results with those obtgined by the Bergh Count. In both these
cases he found a strong correlation to exist between the methods. In fact,
application of Student's 't' test by Widdowson to these results showed
that the correlations were significant at the 0.1 per cent level.

| While both Lake and WiddowsSon found good correlations between Fox
Count numbers and the ihstrument'é inelusion are# measurements, it Is
interesting to note that the regression line for their results is not the

same within the same' range of measurements. Lake's line is not only more

displaced but Is also steeper. This discrepancy between the two investi-
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gators is prdbably due to varlations in the operator's Jjudgement of what
constitutes a correct Fox number rather than to gross variations between

the two instruments' area measurement.

Ll 122 132

Blank, Lindon, 124

125 2 Cottingham

Roche,

134

Allimand,
123

Franklin,

et al. and Grethen and Philippe have all attempted such correlations
and found the agreement between methods to be statistically significant.
All these Investigators have used a Quantimet for measuring the inclusion
area, except in the case of Cottingham et al. who used the TI-Hilger
Instrument.

Of these correlations perhaps that by Grethen and Philippe is most
Interesting because they have compared the inclusion area measurements
as determined by the Quantimet, and oxygen content as determined by
chemlical and the neutron activation methods. They have also compared the
Inclusion area measurements determined by the Quantimet method and those
determined by the method of point counting. Grethen and Philippe showed
that although there was a good correlation between the neutron activation
oxygen analyses and the area measurements determined with the Quanitimet,
the latter method consistently measured less oxides than was measured by
the reference method, They found the measurements to have a standard error
of 16.12 x 10-3 per cent area vhich was shown to correspond to an analyt-

>

ical error of 2.5 x 10 per cent oxygen. Grethen and Philippe attributed
this difference between the two measurements to the foilowing possible
causes: (a) Inadecuate resolution of the Guantimet to detect and measure
the very small oxide inclusions present in thé samples, (b) under-detection
of the oxides, and (C) use of too low a value for converting the area
measurements to weigh£ per cent oXygen. However, in the case of sulphide
inclusions, they found an excellent correlation between the instrument's

sulphlde area nmeasurements and total sulphur content determined chemically.

'The agreement between incilusion area measurements determined by the
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Quantimet and by point counting was also good but, in this case, better
agreement was obtained for oxide inelusions than for sulphides, with the
fmantimet slightly overestlmating the sulphide area count.

5
Allmand121’12“

has alsoishQWn that a reasonably good correlation exists
between the Quantimetis oxiée area measurements and the JK Ratings.

Melford79 criticises correlations between chart assessments and those
obtained with automatic instruments on the grounds that they are unreliable
as the former are subject to personal judgement. It is certainly unwise to
pursue this comparison teo far, as only thé best and most laborious of the
manual methods willl achieve the objectivity of automatic instruments. Further-
more, the result of such correlations is to perpetuate the use of arbltrary
chart methods in preference to more precise and meaningful numbers obtained
by Instruments. Nevertheless, it must be aclmowledged that chart methods
can be only slowly replaced by automatle measurements,

Given a significant and adequate set of measured numbers, the proper
procedure would be to publish these new nmumbers for all of the existing
charts, allowing the specificatlion writers to change from chart specifi-
cations to equivalent machine numbers at thelr convenience, or for those
without an automatic instrument to convert the machine numbers to equivalent
chart ratings or vice versa.

2.40 Sampling, ineluding sample preparation

A search of the literature showed that although much has been written
on the subject of inclusion counting, sample preparation and procedures for
selection of samples, no work has been reported on errors associated with
various sampling procedures currently In use, Comparatively little has been
reported on the subject of errors in inclusion counts arising from use of
different size billets, and no work at all has been reported on the effect
of using sections thalt are not perfectly parallel to the longitudinal axis

of the billet.
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Hardy and 'J!\llsopgl\L showed that for plastic inclusions, such as mangahese
sulphide and silicates, the inclusion count, as determined by the LT method,
varied inversely as the reduction ratio, and a plot of inclusion count (total
number of Inclusions per centimetre) againsﬁ reduction ratio gave a hyper-
bolic curve, For less plastic iﬁclusions, this curve was less hyperbolic,
being practically a stralght line in the case of the hard undeformable
titanium nitride inelusions,.

A number of progedures for preparing specimens have been suggested by

136 137 138,58

Vilella,135 Beregekoff, Forgeng and Allmand,. Some investigators
prefer using dry papers and avoid contact of the polished surface with water
on the grounds that in some steels, eSpecialiy plain carbon and low alloy,
it often attacks the metal-inclusion interfaces, resulting in errcneous
appearances, Others prefer teo use wet and dry papers and have found that
contact with water does not affect the appearance of the inclusions.

| Satisfactory surfaces can only be produced from experlence. It Is
difficult to give exact details of the sequence of polishing operations,
since this is generally found to be dependent upcenn a number of factors.
As far as automatic instruments are concerned, a number of invastizgtégg’jao’IEI
have stated that a higher standard of polish is reauired than for normal manual
methods, The surface of the specimens should be flat, free from scratches,
stains or other blemishes. The edges of inclusions should be clearly defined
and show no relief effects, and none of the inclusions should be dragged out
during polishing. From the survey of literature on automatic inclusion
assessment, 1t would appear that adequate methods are available for producing
satisfactory speclmens for automatic examination, but more work is needed on
possible ways in which contrast between the inclusions and the steel matrix
or betwsen the inclusions themselves can be improved, In this connection it 1s

i 12

Intereating to note that Grethen and Philippe 3 have reported better a.ccﬁracy

for sulphide area measurements after efchinpg the samples in chromic acld.
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w1ddowsoﬁ120 has also found it benefieial to etch the specimen to

lighten or darken the sulphldes.
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3.00 PROBLEMS ENCOUNTERED IN AUTOMATIC ASSESSMENT USING THE IMAGE
ANALYSING COMPUTER

\3{10 Reduction from ingot to billet

| The inelu§ion content of a steel changes after rolling or forging,
due to the way in which inclusions are broken up or drawn out into thin
threads by the working process. The results of inclusion ééunts based on
examination with the microscope may therefore be expected to be affected by
reduction in area; This point 1s of great importance in any atfempt at
correlation of results since the steelmaker frequently takes samples not
only from billets of wvarying sizes, but also when the material has a
consilderably larger cross sectlon than when sample‘ by forger or eventual
customer.

3.20 Examination of a plene section

Estimation of ilnclusion content can be expressed in several ways:
as volume or area fractions; as total number of inclusions per unit area
of steel; as an inclusion size distribution: and as frequency of flelds
In which the ine¢lusion content as measured by volume fraction, area
fraction, total number or size distribution lles between specified ranges.
Itfis generally customary to separate the inclusions counted into types,
.8, sulphlides, oxides, sllicates, ete,

Such estimations are always based on observations on a plane section
of polished material. The inclusion areas observed on such a plane will
always appear to consist of a range of sizes because a random plane cuts '
the inclusions at random positions anywhere from an edge to the largest
eross section. ‘

(a) Consider a random distribution of inclusions in the form of uniform
spheres of radius 'a'. Any plane section through this distribution
would indicafe a range of sizes from zero to 2a since, in general, ‘the
equatorial planes of the inelusions will not be intersected. Clearly,

the 'true' size of these inclusions is the largest size, 1.e. 2a, and
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1f 'm' inclusions per unit area are seen, then the total cross sectlonal
area of the inclusions present 1is m.nag.

(b) If we now consider a random distribution of inclusions in which most are
spheres of radius 25, but some are larger spheres, then, when we encounter
an inclusion of apparént size 2a, wé have no means of knowing whether what
we observe 1s the equatorial plane of the spheres of size 2z, or a chordal '
plane of one of the larger spheres. This argument also applies to distribut-
ions containing spheres of size smaller than 2a and thus to Ineclusions that
are randomly distributed with reépect to size.

(¢) If we consider a.I cm cube of steel having a volume fraction V of inelusions,
each inclusion being a uniform sphere of radius 'a' cm.,‘then, if the cube
is cut into slices, each of thiclness 2a cm. then every ineclusion will be
cut through once and once only. The number of slices In a 1 em cube 1s
1/2a and one face of each sllice has an area of 1 cma. All the inclusions

will therefore be seen In an area of:

1 1 2 -
5e X1 =73, onm

The volume of one inclusion is'%-ﬂa;.cmj.
The total volume of inclusions is V‘cm3. Therefore, number of inclusions
3V -
per unlt volume is “Tnad ¢ and the number seen in unit area =
1
2ld -
T 22 Zra
(d) Now, by the arguments above, the average observed area of each inclusion
will be less than the true (equatorial) area. We may treat this problem by
considering the sphere of radius 'a' sectioned Into equal layers of thickness,
dx, so that the total number of layers in the hemisphere is a/dx. The

average 'observed' radlus Is then the sum of the radii of all layers divided

by the total mumber of layers, l.e.
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Since the true area is ﬂa2 we sSee that the observed area is'§ of the

true area, so that areas computed by the image analysing computer must

2
2

in unit area of observed surface is the product of the number of particles

be maltiplied by < to obtain the true area. The total area of inclusions

of inclusions and the average area, l.e.

v 218
2na2 3
which confirms the observed proportion of area occupied by 1lnclusions is

In direct proportion to the volume fraction of inclusions.
Summarising: 1f A = observed area as estimated by the image analysing

‘computer then: A (true area)

1
i

B = volume fraction.

| The determination of total number of inclusions per unlt area or
volume of steel 1s easier and also a more meaningful measurement in the
sense that 1t does not matter where the plane section cuts the Ineclusions,
On the other hand, the determination of size distribution analysis is wuch
more difficult. The basic difficulty in performing this measurement on
a two-dimensional plane is that the observed distribution function 1s
likely to be subject to verj large errors resulting from the sectlioning
procedure,

To dérive the true distribution function from an observed distrib-
ution, i% 1s necessary to assume some form for the sectioning function.
In the simplest case, that of spherlical ineclusions, the probability, Pd,
of an inclusion of diameter D being sectioned as a circle of dlameter
less than d is glven by:

(1 - Pa)° =1 - (/D)
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The frequency with which sections of diameter in £he range d1 to d2 are
ocbserved is then just proportional to (Pd2 - Pd1). A histogram of

observed sections sizes can be analysed by making {d2 - d1) equal to the
sizing interval on the-histogram and noting that the last group on it

mast all come.from the largest inclusions. By making dT/d2 = de/d3= dn/dn+1
for the original sizing, a disproportionate number of particles in the
smaller size groups can be avoided. The choiece of the ratio dn/

dn+T
obviously depends on the range of sizes being analysed. It 1s usually

equal to 1 Ar?E

For non-spherical inclusions, no feasible mathematlcally sound pro-
cedure exlsts. But this error should remain constant provided the plane
examined is representative, i,e. a sufficient number of inclusions are
counted. In comparative work, such as quality contrecl in steelworks, a
constant error may be assumed provided the conditions under which the
test 1s performed are standardised.

Variations 1n inclusion counts could also occur because of variations
in the plaﬁe of polish used. Variations in the longltudinal plane of
polish are particularly serious because the inclusions obéerved on such
planes have no chance at all of being intersected at their largest cross
section.

3.50 Sampling procedures

As the Quantimet method is concerned with inclusions in individual
microscopical flelds of view, sampling conslsts here in assessing a
sufficient number of fields so that the sample examined 1s representative
of the whole. The term 'representative sample' is a matfer of degree
since no sample can be absolutely representative. The usual criterion of
a representative sample is that it must be of such size that 1f a serles
of such samples 1s takgn from the whole, sample to sample variations are

not significant compared with variations to be detected. In fact, for
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determinations of inclusion content to be meaningful, 1t is necessary that -
the determination on each specimen or samplé rmst reachh some level of accuracy
which may be agreed upon in advance.

While 1n_theory it 1s possible to amtéin any desired level of accuracy,
in practice, resources, equipment, persomnel and time available for inspection
often set limits which must not be passed. A survey carried out by the author
of sampling procedures used in this country and others, notably in Sweden,
and in the United States of America, showed that the number of fields examined
on each specimen varled between 25 and 300.

The automatic Quantimet is capable of examining steel at the rate of one
field of view per seCOnd,.provided only one or two parameters are measured.
This means that in a normal perilod of éeven to eight hours, it is possible
to examine between 15,000 and 17,000 fields. Now it can be shown that a cube
of steel 2 mm on edge, with a volume of T.4 mmB, weighing only 0.06 gramme to
be completely examined by a microscopic method would require the examination of
over 25,000 fields of 0.5 mm diameter. Clearly, it wiil not be possible to
examine each specimen selected in great detail. The problem the sampler is
confronted with is a declsion about how the sample should be selected and the
indlvidual specimens examlned so that the measurement obtained i1s a reliable
estimate of the inelusion content of the whole. Obviously, he can examine a
few specimens, l.e. a small sample, in great detall or a lot of specimens in
less detail., Similarly, he could select the samples in a random manner from
different parts of the Ingot and cast or from one or two positions in the
Ingot and cast. Unfortunately, we do not yet know the sampling errors
assoclated with such practices and conseduently which method is beat sulted
for quality-control work.

3.40 Sample preparation

At present the operators of visual methods (JK, Diergarten, Fox, Bergh,

etc.) can subjectively reject scratches, polishing pits and other defects on
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the plane of polish, and count only inclusions. The automatic instruments,
such as the Quantimet, however, cannot make thils differentiation between
seratches, polishing pits and inclusions of similar optical reflectivity.
Separation of inclusions into different types is possible only if they differ
sufficiently in optical reflectivity. However, in practice 1t is normally
only possible to differentiate between oxldes and sulphides. Differentiation
between different types of oxides, such as silicates and alumina, are not
possible becauzse the reflectivitles of these two types of inelusion are too
close to each other.

Polishing pits, dragged out sulphides and other blemishes on the section
which have the same optical reflectivities as oxides, will be counted as
oxldes. Some inclusions, such as manganese sulphide-tellurlde inclusions
in high sulphur free-cutting steel, will not be assessed correctly due to the
fact that the optical reflectivity of the tellwuride part of the inclusion is
too close to that of the polished steel matrix. Similarly the counting of
oxlde inclusions in cast irons can present a problem because oxide inelusions
cannot be separated from the graphite phase.

Another problem is the provision of a iarge number of specimens polished
to a higher degree of polish than reguired for normal metallographic work. |

5.50 Development of a satisfactory operating procedure for the Quantimet

Tmage Analysing Computer

The automatic Quantimet i1s a comparatively new instrument and, consequently,

125 and Franklin‘eh have

1ittle is known about its performance. Both Allmand
carried out some tests on the automatic Quantimet but only problems concerned
with threshold setting and resolution of the inétrument were studied. Other
factors concerned with both short~ and long-term stability, calibration and
operating procedure of the Instrument could also Influence the accuracy of the
results, but these factors have received no attention.

The errors that might arise with this instrument may be classified into

two main categories:
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(1) errors inherent iIn the desipn of the instrument,

and (ii) errors arising due to the mammer in which ﬁhe instrument 1s cali-
| brated and used by the operator.

The inherent errcrs may be due to the following problems: variations in
blank frame area, varlations in camera sensitivity, lack of reproducibility
of the computer and data handling systems, lack of resolution, inability of
the‘automatic stage unit to keep the specimen image critically focused ovér
the whole of the traverse chosen, error due to counting and sizing inclusions
of different shape, error due %o optiecal intensity variations near the edge of
inclusions caused by the finite resolution of the optical system, and;edge
errors caused by some of the inclusions being intersected by the blank frame:.

Bias errors may be due to the following problems: bias in adjusting
the focus of the microscope, bias in performing calibrations, and biaes in
adJusting the threshold setting.

3.60 Comparison of Quantimet parameters with those of JK, Diergarten and

Fox methods

When a new method is to be adopted, it 1s important to compare the data
obtained by this method with those obtained by other methods, particularly
irf such‘methods are fairly well established. The problem here is to convert
all chart gradings to equivalent machine numbers to facllitate comparisons
between methods. | |

3.70 Development of digital computer programmes for rapid processing of
Cuantimet data -

The instrument 1s capable of working very fast while taking measurements
on thirty different inclusion quantities, Typleally, thees Would be volume
fractions fbr‘sqlphides and oxides separately, thelr size distributlon and
projected chofd.size distribution. Thus, 1¥‘a rela£ively short time a vast
amount of data can be accumilated on each_sﬁecimen. For quality-control work,

it 1s imperative that this data should be cbndensed and presented to the

ik




quality~-control department in a2 form which enables comparisons between

samples to be made quickly and reliably.

Inclusion éount results are best presented as histograms with averages
and standard deviations. The histograms can be plots of the frequency of
oceurrence of a particular inclusion quantity, such as volume fraction or
number in specified size ranges. However, the presentation of results in
this - form would involve hours of work since the calculations of averages,
standard deviations and histograms can be a laborious task., A rapid digital
computer method would obviously be a great help, since it is very much faster
than maﬁual methods and is also much more accurate and detailed with respect
to the mathematics involved. The problem here is to develop various programmes
to meet different situations likely to be encountered in practice.

3.80 Outline of present work

The proposed stages and main aims of the present work are summarised as
follows:

Stage 1: Evaluation of the Quantimet

A thorough evaluation of the automatic image analysing computer known
as the "Quantimet'. 1In this work it was Intended to determine the errors
associated with this method, thelr causes and effect on the measured values
so that a satisfactory operating procedure could be developed. Particular
attention was given to the unresolved problem of making an objective
threshold setting.

Stage 23 Relation of inelusion chart methods to Quantimet assessment

The JK and Diergarten charis were quantified by examining each of the
gradings deplected on these charts on the Quantimet using thz special epidia-
scope in an attempt to determine the inclusion quantities best suited to
characterize the standard chart flelds,

Stage 3: Computer processing of data

Attentlon was given to the problem of developing suitable digital
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computer programmes for rapid processing of Quantimet data., In this work
attention was also given to the possibility of the instrument, with the ald
of the digital compﬁter method, making complex judgements comparable to,
though more precise than, the visual JK or Diergarten chart methods.

Stage 4: Phase differentiation

This stage wasrconcerned with an investigation of the thin film inter-
ference technique to study the possibility of using 1t to enhance thé contrast
of certain types of inclusions so that a better dlfferentiation between
Inclusions and other phases present can be obtained.

Stage B: Ineclusions and thelr relation to working of steels

A study was made of the effect of reduction in area from ingot to billet
on Inclusion count results. This work also included a study of the effeet of
variations in planar sectlons on the results of inclusion counts with the
object of specifying the size of billets to be used and the tolerance limits
to which the plane sections must be prepared.

Stage 6: Sampling and relation to ineclusion results

This stage was concerned with an investigation of the sampling problems.
As a first step, an experiment was carried out on three steels of varying
oxide Inclusion content to determine the variations between determinations
made on the same polilshed surface using different sampling procedﬁres for
selecting the fields. This work was followed by an examination of three
further specimens of wildely varying oxlde inclusion content after repeated
polishing to determine the variations between different planar sections of
the same specimen. Finally, two fifteen-foot long billets, one with low
oxide content and the other with a higher oxide content, were examined along
their entire lengths to determine the variations between specimens. This
involved the examination of about 400 specimens, 200 from each billet.

Stage T: Developinent of quality control procedures

This stage was concerned with a general programme of ineluslon assess-

ment. It was performed in two parts: the first was a detailed laboratory
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examination of billet samples from different positions of two adjacent

ingots to determine the distribution of oxide content wlth respect to
volume fraction and size distribution, with the object of locating the
‘qirtiest! part of the ingot. The second part of the lnvestigation was 2
'mmning! programme on low alloy steel billets performed at a Steelworks.
The obJjects of this latter work were to obtain statistically valid results
concerning the distribution of dxidé inclusions within ingots produced by
a standard practice so that a sampiing procedure'can be decided, and also,
to enable a satisfactory automatic inclusion counting method for use in
quality~-control work to be developed ana tested.

Stage 8: Quantimet assessment and relation to other methods

This was the final stage of the work and was concerned with comparison
of Quantimet assessment with standard léboratory procedures, such as
neutron activation, step down test and sulphur printing. The aim of this
work was to determine whether a correlation exists between the Quantimet

inolusion assessments and those cbtalned by other established metbods.

This work was carried out in conjunction with the work on distribution

of oxide inclusions in two adjacent ingots (see Stage 7 above),
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4,00 AN EVALUATICON OF THE AUTOMATIC QUANTIMET POR INCLUSION ASSESSMENT
4,10 pPrinciple and mode of operation of instrument

A general view of the instrument is shown in Fig.17 and a
simplified block diagram of it in Fig.14%. The specimen can be
imaged by an ordinary optical microscope or an epidiascope. This
Image is then proJjected into a televislon camera whilech scans 1t at
a speed of 50 frames per second. The oulput from the camera varies
as the electron bean (spot) traverses featﬁres of different optical
reflectivity. The optical reflectivity differences are changed to
voltage differences with an amplitude proportional to the optieal
contrast and width proportional to the intercept length of the spot
with the feature, as shown in Fig.18. This electrical output is
passed into a detector unit where the pulses are discriminated, shaped
and then passed Into an analogue computer which derives the required
information.

A delay line memory is used which enables individual features,
such ag inclusions in steel, to be counted separately. Sizing is
accomplished by a system which allows a count to be recorded only if
the line intercept is greater than a pre-selected leéength. 8Six size
econtrols are provided and by setting these to different intercept
lengths, the size distribution funetion of the inelusions of interest
in that field of view can be obtained. The projected length of iral-
usions of interest in the vertical direction of the scan is obtained
by counting the total number of Intersectlons of television line with
the inclusions., By calibration, this intercept count can be expressed
in inches or millimetres. To measure the area of inclusions, the
intercept pulses are integrated to glve a measurement dlrectly
proportional to the time spent by the spot in the camera traversing
the inclusions of Interest.

The counting logic, In addition to using a delay line memory
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system, uses an anti-coineldence c¢lrcult which enables the computer
to accept successlive line scans from inclusions that are not vertical
as coming from the same Inclusion. This anti-colncidence circuit can
be rre-set to match the type and distribution of inclusions being
examined.

Varlous displays are provided which enable the operator to
see at a glance whether or not the instrument has been properly
adjusted. When the Instrument is computing area measurements, for
example, the whole of the inclusion of interest 1s "filled in”rand
éppears white; when it is computing projection measurement a white
spot appears on the trailing edge of each inclusion where 1t is inter-
cepted by the spot; and when it is computing counts and size
distribution on a number basls, a white marker tag is shown against
those Inclusions which are being counted.

The derived information is passed on to the data multiplexer
unit which directs the operation of the particular automatic data
handling system chosen and the operation of the stage.

A specimen can be arranged under the microscope, so that a
programmed range of flelds can be scanned automatically. The length
of step to each fieid in say the X direction can be altered, as well
as the length of step in the Y direction, and also the number of
steps; so that a range of fields can be chosen according to the
optical magnification of the microscope and its resolutlon, to suit
the type of specimen. Therefore a number of measurements may be
carried out on one field and the process repeated at a very rapid
rate with a predetermined automatle programme of scamning. Speeds
of 60 filelds per minute can be achleved, the wealth of rapldly
accumilated Aata necessitate the procesging of the data on tapes

by computer.
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k.20  Possible sources of error

The errors that might arise with this instrument may be
classified into two main catepgories: (1) errors inherent in the design
of the.instrument, and {1i) errors arising due to operator bias in
how the instrument 1s calibrated and used. Under (1) may be listed
errors arising due to the following possible causes:

{(2) Varilations in blank frame size due to instability.

(b) Variations in camera sensitivity also due to instability.

(¢) ILack of reproducibility of the computer and data handling
systems.

{d) Inability of the stage unit to keep the specimen image
eritically fTocused over the whole of the chosen
traverses in a programmed scan.

(e) Variations in optical intensity near the edge of
inclusions.

The main causes of errors arising under (ii) are:

(a) Operator bias in adjusting the focus of the microscope,

and (b} Operator bias in adjusting the threshold setting.

4.30 Results of tests to determine errors inherent in design of

instrument

4,31 Variations in blank frame. The blank frame is the area
of the specimen within which all measurements are made. It 1s adjust-
able for slze and is set by the operator by suitable callbration with
a stage micrometer., A particular feature of the automatic Instrument,
as opposed to the manuval version, 1s that all—measurements are fixed
gbsolutely. Thus, the projectlion measurement is obtalned as number
of iIntercepts of the scanning llne with the ineclusion of 1nverest.

In order to make this measurement meaningful it must be reduced to a

length in milliwetres or microns. This is done very simply by
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necsuring the number Of Jines in the blank frame on saturation

and then relating the projection measurement to the height of the
blank freme, previously determined by calibration.

In the same way.the area Measurement 1s fixed and 1t must be
reduced to a fraction of the bilank frame area. Thils 1s done by
dividing the.actual ares measurement by the area of the blank frame;
or glternatively, setting the blank frame to read 100% on satura-
tion in which case the observed area measurements are obtalned
directly as a percentage of the blank frame area. Clearly, the
accuracy with which any measurement can be related to the actual
area examined on the specimen depends upon the accuracy with which
the blank frame size is Imown and also on how free the blank frame
setting 1s from drift.

To determine whether or not varlations in blank frame size
‘can be a serious source of error, tests were conducted at fortnightly
intervals over a period of eight months in a steelworks environment.
Each test was performed under controlled conditions and consisted
of switching on the instrument, setiing thé blank frame to read 100%,
and taking an area measurement on saturation at 5-minute intervals
over a period of 145 minutes.

The results of four of these tests, typical of the rest, and
carried out at two-monthly intervals, are shown in Fig.19. They show
that the blank frame area decreases gradually with time dropping'ﬁ%
on average over the first 80 minutes. But after 80 minutes; it
varies less than 1%‘of the mean setting. Furthermore, all four of
the curves are very similar, indicating that the stabllisation
characteristics of the instrument have not changed over a period of
eight months.

4.22 Variations in camera sensitivity. Two controls of

camers sensitivity are provided, manual and antomatioc. The latter
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control of sensitivity i1s used when the omrator is certain that
the amount of dark phase (oxide incluéion) will not be more than
20%. For fields with more than 20% dark phase, the manual control
of sensitivity is selected. This arrangement is claimed by the
manufacturer to glve less drift and better isoclation from ﬁains
interference,

The camera sensitivity 1s optimised by sultable adjustment
to beam current, focus and sensitivity controls. These adjustments
must be made by the operator at suitable intervals and present no
real difficulties. However, after having made the necessary adjust-
ments, this setting must be free from drift as any varilations in
camera sensitivity would be expected to affect the detectlion
characteristics of the instrument and, consequently, the accuracy
of the measurements.

In order to obtaln a realistic idea of the variations, tests
were conducted on unetched polished steel specimens containing
inclusions. Both manual and automatic controls of sensitivity
- were Investigated. As in the case of the experiments on blank
frame, the tests were performed at fortnightly intervals in a steel~
works environment. Each test was commznced on a separate day and
lasted 145 minutes. The experimental procedure consisted of switch-
ing on the instrument, selecting and adjusting the control of
sensitivity to be examined, and noting the camera sensitivity
reading every 5 minutes as indileated on the meter.

Two typleal results obtained at the begimning and end of the
elght-month period are shown in Fig.20, from which 1t can be seen
that automatic control of sensitivity is more stable than manual
control of sensitivity. In fact, in every test that was performed,

the manual control of sensitivity gradually increases wlth time
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rvieing usnally from a zelting of 0.7 to over 0.9. Although the
automatlc control of sensitivity is stableé over the whole of the

145-minute period, it is more stable cfier the first 60 minutes.

4,33 Overall reproducibility of method. The ascouracy of

the measurements obtained by thils method of assessing the inclusion
content of steels 1s parily dependent upon the overall reproducibi-
1lity with which the computer and data handling systems operate aver
both short and long periods. In practice a determination iz made
cnly cnce and the error due to instability in the system is not
known.

To determine the short-term reproducibility of the method,
tests were made on the =same field over 4% hours, during which time
no adjustments at all were made to the instrument. Long-term
reproducibility was determined by making thirty replicate deter-
minations at one month intervals over a period of eight months.

The tests were made 1mder standardised conditions, and using the
automatlie control of sensitivity.

A typical result of the short-term reproducikility attained
Ly this method when measuring percentage area and total number of
oxlde inclusions in a field of view is shown in Table 3. It will
be seen that both area and number counts remain virtually constant
over a period of h% hours and that the variability (standard
deviation) for both these measurements, is less than 2%. The long-
term reproducibility attained over the elght-month period is showm
by tWo sets of results given in Tables 4 and 5, which show that the
reproducibility attained at the beginning of the elght-month period
1s the same as that attgined at the end of thils period.

4.3h  Automatic Stégp unit. With the manual instrument,

the operator repeatedly adjusts the focus of the image to keep it
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shary focus, a procedure Whioh fs impossihle with the automatic

instrument. The auvtomatic dtazs has a meximum movement of 50 mm
in the ¥ and 25 mm in the Y direction. Any defocusing of image
during counting will affect the apparent size of inclusions, and,
sonsequently, the measurements on them.

To test the precision of the stage unit in the X and Y
traverse, a carefully polished and etched steel specimen, revealing
a pearlite-ferrite structure, was carefully mounted in the inverted
specimen holder. This structure was chosen because of 1ts more
uniform distribution over the traverse distance required. The stage
was moved to the begimming of the X traverse and the focus of the
microscope adjusted until the image was In sharp focus. Using the
automatic field selector, the field was moved one field at a time
and the focus of the microscope assessed visually. This procedure
was repeated until the Whole of the X and Y traverses of the stage
had been covered. The following objectives were used: X1.25, X2.75,
X5, X10, X20 and X40. The oil-immersion objective was not used.

The results showed that the focus of the mlcroscope was main-
+ained over the entire X and Y traverses of the stage when using
all except the X4O and X20 objectives. With the X20 gbjective a
traverse distance of 35 mm in the X direction and 15 mm in the Y
direction was attained, but in the case of the x40 objective, 1t was
found necessary to refocus the image every 4.8 mm in the X
&irection and about the same disténce in the Y direction.

4.35 Resolution. As stated previously, inclusions are

detected by their contrast. Two detection controls are avallable to
the operator so that he can set levels corresponding to oxides in one
case and both oxides and sulphides in the other. Subtraction allows

the two types of inclusion to be separated. Unfortunately, with thils
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type of system of detectlion a characteristic type of error is
found due to the finite resolution of the system and to the fact
that the distribution of light over the inclusions 1s such that
thelr edges are rather diffused in appearance. Since these edges
of inclusions have the same coptical contrast as the sulphide
inclusions, they are detected as sulphides and not as oxlides.

The same problem arises when measuring inclusions that are not
entirely black or grey over the whole secfion, as 1n the case of
seml-transparent inclusions, such as some silicates.

Table 6 shows scme typical results obtained with the two
detection clrcults in operatlon. Detectlon 1 was set up to measure
oxide ihclusions only, and Detectlion 2 both oxides and sulphides,
but only oxlde inclusions were presented to the instrument., In this
way it was possible to obtaln a measure of the error on each field
by subtracting the measurement obtalned on Detection 1 from that
cbtained on Detection 2 and expressing the difference as a percentage
of the oxlde estimate.

It will be seen that over-detection cccurs on Detection 2
razulting in the recording of a sulphide measurement even though
no sulphides were measured, giving rise to errors in sulphide
counts varying between 8.6 to 100% of the oxide estimate depending
upon the size of the oxides measured,

From a sampling point of Qiew, the lower the magnification

the better the sample, and, consequently, 1t ls desirable in

quality-control work to use the X5 objective rather than the X10
or X20 obJjectives. The use of the lower power objectives, however,
presents a problem since the very small inclusions are not
detected. This results In flelds with relatively severe inclusion

aggregates to be sraded lower than they would have been had all

56




of the individual incluslons been properly detected.

Each objsetive would be expected to perform best when used
within a particular range of light wavelength. Unfortunately,
this Information was not available and thevefore it was decided
to examine the possibility of inereasing the resolution of the
system by the use of appropriate filters and 1llumination. Accord-
ingly, tests were made of volume fractions of inclusions using
different lamp settings and filters. The standard 50 W tungsten
filament llght source and the automatic control of camera sensiti~-
vity were used. A typlcal result of one of these tests is shown
in Fig.21. It will be seen that maximum resolution 1is obtalned
with the yellow and orange filters and with a lamp setting of 8.
With no filter, or in the presence of smoke, purple, and green
filters, the resolution, as measured by the area count, is lower
by a factor of nearly 2.

4. 40 Results of tests to determine errors due to operator bias

4.41  Focusing of image. The operator can choose to adlust

the focus of the image by viewing 1t through the eyepleces of the
microscope, or on the television monitor. The latter method is
more convenient but has the disadvantage that the image is not seen
with the same degree of clarity as when viewed through the micro=
scope. Varlations in focus affect the gpparent size of Inclusions
and, consequently, would be expected to influence the accuracy of
the measurements. To determine which method of focusing is capable
of glving more reproducible results several typical fields, contaln~
ing various sizes of sulphide and oxide inclusions, were examined
repeatedly by two opsrators gfter refocusing the image. The tests
were made one hour forty minutes after the Instrument was switched
on, and after the usual calikrations had been performed.

A summary of the results obtained is given in Table 7, from
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which it will be seen that on average the variabllity, expressed

as a percentage of the mean estimate, is %.35% for the monitor
method oompared With 2.04% for the microscope method of focusing.
Tt will be seen also that the variation (standard deviations and
coefficlients of variation) decreases when measuring relatively
large inclusions such &s manganese sulphides in high sulphur
free-cutting steels (Field %), and that differences between
operétofs are hot very significant for both metheds of focusing.

hshé Betting of-threshold level. This is another task

the operator must perform when using the instrument; Three
steps are involved: (1) setting the threshold level about which
detection is to be made, (2) setting the polarity of the
detection, i.e. lighter or darker than the threshold, and (3},
setting the resolution of the detection process in the scanning
direction.

The operator has a cholce of four monitoring displays
" 4o help him adjust the thresheld level about which detection is
to be made. These are 'image’, 'meter', 'superimp&sed direct’
and 'superimposed banded'. The 'image' 1s a TV picture of the
field of view of the specimen which is to be analysed. The
'meter' display shows the input pulses to the integrator circuit
which is displayed in the form of white pulses on a uniformly
dark background. The 'superimposed direct' display shows the
meter display just described and a brightened rectangle of the
ares in the field of view over which the instrument will be taking
measurements (l.e. the blank frame). The 'superimposed banded'
display is similar to direct display but with some of the
scanning lines suppressed. |

In practice, the orerator selects the polarity and resolut-

ion of the detection process by turning the appropriafe controls
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to the desired positions. With display set on 'superimposed
direct' or 'banded', he then selects the threshold level by
adJusting the relevant detection control until the ineclusion of
interest is detected. The correct setting is that which shows
the ‘white' detected pulses {now superimposed on the image) to
Just coilnecide with the boundaries of the inclusions, as 1llus-
trated in Flg.22.

The threshold level may be adjusted in one of four ways
referred to for conveniehce as Method A, Method B, Method C and
Method D. In Method A, the operator proceeds as previously
deseribed using 'superimposed direct' display. The 'white' area
is gradually increased and stopped when 1t coincides with the
edge of the iInclusion of interest. In this method care is taken
not to over-detect the inelusion, i.e. to turn the detection
control teo a position where noise is detected. In Method B, the
operator proceeds aslin Method A bﬁt carries out the final adjust-
went while flicking the dlsplay switeh between 'image' and 'meter'
positions. Method C is similar to Method B but final adjustment
is carrled out with the polarity of the detection procéss
reversed. In Method D, the operator quickly turns the detection
control until nolse is detected and turns it back until noise 1s
Just eliminated.

In order to determine which of these methods of getting
threshold level is most reproducible, thirty replicate volume
fraction determinations were made on oxide inclusions in a sample
of low alloy steel by three operators using, in turn, Methods A,
B, and C. Methoﬂ D was not Investigated since 1t was felt that
the noise characteristies of different instruments would not

be the same. The particular field used in this test contalned a
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large number of very small oxide inclusions, typically JK

grading & (see Fig.,3). This type of field was chosen because
it was coﬁsidered that there was less of a chance with this
type.of field of operastors fixing thelr attention on one or two
inclusions while adjusting the threshold level, and thus obtaining
more reproducible results. Operators 1 and 2 were experienced
while operator 3 had no experlence at all in the technique.

A summary of the results obtained is given in Table 8
and is slso shown in Figs. 23 and 24. They show that the overall
reproducibility of the three methods of setting threshold level
is not as good as might be expected, since each method is subject
to a relatively large variation (standard deviation). On average,
Methods B and €, i.e. the Flicker Methods, are less variable
than Method A, both in an absolute sense and when the results are
expressed as a percentage of the mean. A statistical examinatlion
of these results indicated that at o5% confidence level (two
sigma) the_variation between different operators was no greater
than the variation between repeated determinations made by one

operator.

4.50 Relationship between threshold sebtiing and camera sensiti-

vity setting

In order to gain a better understanding of the relation-
ship between camera gsensitivity and threshold settings, inclusions
in the same fields of view were examined at different threshold
and camera sensitivity settings. The experimental procedure
consisted of setting camera sensitivity to a definite value
(using the manual control of sensitivity) and adjusting the
threshold level until the previously determined area measurement

for the inclusions iIn the fileld of view was recorded.
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A typical result obtalned on inelusions in one of these flelds
is shown in Fig.25, from Which it will be seen that a perfect
correlation exists betueen the two settings, and that a variation
in camera sensitivity of only 0.075 division, as indicated on the
meter, 1s eguivalent to a variation In threshold setting of 20
divisions,

To relate thls varlation In camera sensitivity or threshold
settings to actual volume fractlon measurements of Inclusions in
individual flelds of view, tests were made on both sulphide and oxide
Inclusions at different threshold settlngs using the automatic
control of camera sensitivity. A typical result is shown in Fig.25,
from which it hill be seen that a variation in threshold setting of
20 divisions (or a variation in camera sensitivity of 0.075 divisions
on the meter) is equivalent to a variation in volume fraetion (area)
measuremenﬁ of 10% for oxide inelusions, and abou£ 30% for manganese
sulphide Inclusions. Because of the flatter curve of the oxides,
variations in threshold setting do not have as much effect on oxide
measurements as éhey have on sulphide measurements,

4,60 Turther work on setting threshold level

?he poor reproducibility of the three methods, and their
subjecgrgature, make it appear unlikely that any of them would be
suitable when high accuracy in the results is required. Methods B?
and C, although capable of giving slightly less variable results,
had also given a relatively large scatter. It was considered more-
over that this variability in the measurements would lncrease as more
operators used the instrument. Obviocusly, a more objective method
of setting threshold level is necessary. Accordingly, attention
was directed upon alternative methods.

To make the task of adjusting threshold level entlrely
objective, the possibility of using artificial standards was first

considered. Several attempts were made to produce a satisfactory
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specimen. These attempts included using very fine wires, casting a

lead alloy round them and sectioning the specimen to expose a trans-
verse section through the wires, and using the standard specimen
supplied with the Instrument, but none produced adequately the
contrast, size and distribution of real inclusions.

Tt is considersd that standard specimens will be useful only
if they truly‘represent the variations in contrast, size and distrib-
ution of real inclusions present In steel. This approach was,
therefore, abandoned and the possibility of using real inclusions
inrsteel samples was next considered.

It was thought that if a range of fields with different
severities of inclusions of the relevant types could be selected
and their area be assessed by the point counting method to determine
the absolute area of inelusions present, then such fields could be
used for setting the threshold level. It wWas abpreciated that some
quick means of identifying these fields would be reaquired, and it
was found that this could be done with mlero-hardness indentations.
The method for preparing standard specimens 1s described in
Appendix I, Volume 2 of this thesis.

To compare the degree of reproducibility attainable with this
new method of adjusting threshold level and that attainable with
Method C described in Sectlon 4.42, three operators determined the
area of oxide ineclusions in the same 100 fields. The procedure
corsisted of first making a determination after adjusting the
trreshold level using the standard field method and then repeating
the determination after adjusting threshold level, using Method C.
Because of the time consuming nature of this test, two specimens
only were examined., The test was carried out with the X10 objective

and with camera set on automatic control of sensitivity.
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A summary of the results 1s given in Table 9, from which it

will be seen that bstlter arreement 1s obtained between operators
when the new standard field method 1s used than when Method C 1s
used for adjusting threshold level.

4h.70 Comparison of visual and Quantimet inclusion assessments

The Quantimet can be used to measure any of the following
inclusion quantities:

1. Total number of inclusions.

2. Total projected inclusion length.

3. Total area of inclusions,

4. Inclusion size distribution.

To determine the accuracy with which the instrument could
make the above measurements, a series of tests was made. The
experimental method consisted of preparing standard photomicrographs
with known number, total length and area of Inelusions and éxamin—
ing each of these in the instrument. These standards were counted
with the major axes of the Inclusions 90 degrees to the scamning
line. The epldiascope was used to project the lmage to be analysed
on to the TV camera in the instrumert. The conditions of the test
were sueh that 0.8 mm square fields were used instead of 0.8 mm
diameter fields as depicted on these charts. To determine the
effect of counting inclusions with their long axes parallel to the
scayming line, some of the standards were re-examined in this
orientation, and in order to determine whether small orientation
changes of inclusions greatly affected measurements, standard
photomierographs with different shapes of inclusions were also
examined at rotations of 2, 4, 6, 8, 10 and 12 degrees from the
direction of the line scan.

The results obtained from this work are presented in Figs.

27 to 32, from which it will be seen that there is good agreement
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between the visual and automatie assesasmenta for etringer oxide

area and total length (projection) messurements, but not for the
total count measurements. Better agreement is obtalned for
wniformly distributed inclusions. It will also be seen that long
thin inelusions, if not perfectly parallel to the scanning line,
are sized and counted differently from when they are strictly
parallei to the scanning line. For example, in the case of an
inclusion 41um long, an 8 degree rotation of the long axls of the
i{neclusion from the scaming line results in an error of nearly
50% in sizing.

4,80 Discussion

The results from this study of the automatic image analysing
computer have shown thai the blank frame size decreases by about
5% during the first 80 minufes of switehing on of the instrument.
After this time, the varlations are generally less than 1%. This
means that the blank frame need not be calibrated frequently, for
example before examining each speclmei. The manual control of
camera sensitivity varied continuously throughout the 145 minute
test perilod, rising from 0.7 to over 0.9 on the meter with an
average varlation within any one 10 minute period of 0.03 divisions.
Better control of camera sensitivity was obtained on"Automatiﬁ‘
with no detectablé variation over the whole of the 145 minute
test period.

A variation in camera sensitivity setting of 0.05 = 0.07
divisions 1s equivalent to a variation of 17-20 divisions on the
thyeshold control, which, in turn, can be shown to be equivéient
‘to a variation in percentage area measurements of about 30% for
manganese sulphides and 10% fdr oxldes. These results clearly
indicate the need for constant monitoring of camera gensitivity

and compensating for any drift by readjusting the threshold
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setting. The reason why manganese sulphides are more gensitive

to varlations in camera sensitivify than oxides 1s because of the
shape of the time~voltags curve and also because of the relatively
steep curve obtalned when percentage area measurement. for
manganese sulphidé‘is ploﬁted agalnst threshold setﬁing (see
Fig.26).

The reproducibility of the computer and automatic data
handling system was variable. High degree of veproducibllity
was obtained when the inclusions examined were large {5 m or
larger on the sereen); smaller inclusions tended to be measured
with less accuracy, aﬁd oh some parameters, standard deviations
of up to 5% of the mean measurement were frequently obiained.
Tails variation in reproducibility of the instrument 1s due to
some inclusions being near the limits of resolution. Although an
jnherent fault in the design of the instrument, this problem is
not peculiar to the imapge analysing computer but to all miero-
scoplc methods which use an optical microscope system, When
considering results from this instrument, or for that matter from
any optical method, it 1s wise, therefore, to place less emphasis
on the smaller incluslons, and, if possible, to set a limit for
the size of tnelusions to be included in the measurement at any
given magnification. As far as the 1mage analysing computer is
conaerned, this limit is about 3-5 mm on the screen depending
on the contrast of the incluslons.

Results show that some improvement in the regolution of the
system can be obtained by using the correct dlstribution of
wavelengths of light, With the X5 objective, for example,
maximum resolution was obtained with orange and yellow fillters.
With these filters a 20~50% improvement was obtained in pereent—

age area measurements of small oxide inalusions (see Fig.21)
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dwe to bobber reaclution of the smaller particles.

In general, the precision of the automatic stage unit was
considered to bs adeanste. Reamlis oblained showed that the
focus of the lmage was maintained over the entire X and Y
traverses of the stage when using all except the X4%0 and higher
objectives; with the X40 objective, the focus of the microscope
needed readjusting every 4.16 mm approximately. It is considered
that thls is not a serious limltation but it means that fields for
evaluation mist be selected in blocks such that the X traverse
does not exceed 4.16 mm.

When counting and sizing features, serious errors could
arise. 'Rounded' inclusions ean be accurately counted but inclus-
ions with large re-entrant angies or preferred orientation are
either over or under counted, depending upon thelr size and
distribution., The counting and sizing of long thin inclusions
such as sulphides and silicate inclusions parallel to the scamming
line of the instrument is sublect to large errors. In théory it is
prossible to count such inclusions correctly by adjusting the
'Acceptance Width' control of the instrument, but in practice,
this is inconvenient with the automatic instrument.

A further complication arises when measuring oxldes. and
sulphides simultaneously at two detection levels. Due 4o the
edges of oxldes appearing diffused, these areas are measured by
the instrument as sulphides. The size distribution measurements
of sulphides do not appear to be affected by this error but the
area measurements are affected. The results cbtained in this
study show that sulphlde area counts may be higher by 10-20% of
the oxlde area measurement. However, because of lower contrast
and needle~like shape of manganese sulphide inclusions in longi-

tudinal sections, they are not all properly detected and thelr




apparent over—estimation may, therefore, compensate for thelir

under—-detection in the first place.
The simultaneous couniing of oxide and sulphlde inclusicns
in undesirable for two other reasonss
1. The distribution of oxide and sulphide inclusions is
different and, therefore, necessitates the use of different
magnifications and sampling procedure.
2, The sulphides in wrought longitudinal sections are so
thin that high magnifications must be used ©o pick them up, but
‘this often results in a significant proportion of them extending
‘more than halfway across the width of the screen, which can result
in large errors in size distribution determinations. In view of
these difficulties, it is doubtful whether simultaneous measure-
ments of oxide and sulphide inclusions within a field of view
is a practical proposition when using longltudinal sections from
forged or rolled material, such as bars or small sectloned billets.
Examination of microscope and monltor methods of focusing
showed that the former method 1s more accurate by a factor of
nearly'e. This is due to the fact that the image is seen with
greater clarlty through the microscope than on the screen of the
™ monitor. A variation of up to 5% can result due to differ
ences in focusing on the screen. However, when using the micro-
8Qope method 1t is essential to adjust the focus of the eyepleces
50 that the image 1s in focus on the monitor as well as when
viewed through the microscops.
Errors due to variations in adjusting threshold can be qulte
large., It was found tﬁat none of the three metheds advocated by
users of this instrument for adjusting threshold level 1s accurate

enogh. The average coefficient of varlation for the three
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methods were 1.72% for the filling in method, 1.17% for the

flicker method with polarity set on black, and 1.07% for the
flicker method with polarity reversed, i.e. set on white. But

it should be noted that these varlations are for 1 standard
deviation only and, therefore, approximately 30% of the_determin—
ations made would be expected to have values outside the stated
variatiéns. At a lower risk level, say 5%, the above variations
would be doubled, but this means that only 5 out of 100 determin-
ations would have values oubside the stated values. It should
also be noted that these variations are for threshold settings
only and that the corresponding mean coefficients of variation
for oxide volume fraction measurements were 13.19, 9.01 and
8.324, respectively. This error, of course, is likely to increase
as more operators use the instrument and, clearly, none of the
methods used for setiting threshold 1s sensitive enough for
accurate quantitative applicatlions In which it is necessary to_
detect small volume fraction differences between samples, l.e.
differences of the order of 2-3%.

The use of standard specimens for adjusting threshold level
results in better veproducibility. The use of standards, however,
will not guarantee accurate results since this depends on the
| calibration of the standard, but it will reduce scatﬁer. In many
applications, reproducibility between operators or determinations
1s more Important than absolute accuracy.

Tn general, the automating of the Quantimet has not presented
any serious problems. However, some aifficulty was encountered
in getting the ICT 1905 to accept the tapes from the image analy-
sing computer. The difficulty was traced to misalignment of the

tape in the punch. Two adjustlng screws are available and these
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must be adjusted so that the tape is correctly adjusted with the

same spacing between the characters at the ends., It is worthy of
note that this problem did not arise when a slower computer was
used, such as an Elliot 903.
Although the punch suppiied with the instrument performed
satisfactorily, it would have been more convenient to have used &
Teletype printer instead of an output writer and punch tape. The
possibility of having a direct link up with a main computer is
also worth considering, particularly if the instrument 1s to be
used in process control applicatlons.
h.90 Conclusions
1e The automatic Quantimet at Loughborough University requires
a period of 80 minutes approximately for it to reach stable
orerating conditions.
2. During the first 80 minutes of switching on of the instrument,
the blank frame decreazes by about 5% of the calibrated setting.
After this period, however, 1t decreases by less than 1% over
several hours., ‘
S The manual control of sensitivity is less stable than the
automatic control of sensitivity. The variations in the former
are too large for accurate measurements to be obtained. :
b, The overall reproducibility of the instrument was found to
depend upon the type and size of inelusions measured., Practically
100% reproducibility was obtained when measuring relatively dark,
large inclusions (larger than 5 mm on the screen), but variations
of up to 5% were frequently encountered when measuring inclusions
smaller than Smm on the screen.
5 The automatic stage was found to be capable of maintaining

the focus of the specimen over the whole of its traverses in the
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X and ¥ diroctiome Lfur all except the X40 objective; with this

objective, focus had to be re-adjusted every 4,0 mm approxi-
mately.

6. The resolution of the optical system with the X% objective
‘was found to ipprove markedly with orange and yellow filters and
with a lamp setting of 3 on the rheostat control.

T The monitor wethod of focusing is less accurate than the
microscope method by a factor of nearly 2.

8. The two 'flicker' methods of adjusting the threshold level
were more accurate than the original 'filling in' method. The
coefflcients of varlation assoclated with the former methods were
5 to 9% of the mean estimate compared with 12 to 15% for the
latter method.

9. The use of a field containing known area fraction of oxide
or sulphide inelusions for adjusting the threshold level was
found to reduce the coefficlents of variation between operators
to 2 to 3% of the mean estimate.

10.  The setting of the threshold level was found to be very
eritical and only small variations in threshold setting caused
large variations in measurements, particularly area. A 1.7%
variation in threshold setting caused a 10% variation in detected
oxide area and a Z0% variation in detected sulphide area.

11, Area and length (projection) measurements were found to

be very accurate but total count and size distribution measufe-
ments were less accurate, and the accuracy of the measurements
was found to depend upon the shape and distribution of the
inclusions within the field of view.

12.  The use of two detection levels for measuring oxide and
sulﬁhide inelusions simultaneously caused errors in sulphide

measurements of between 10 and 20% of the oxide estimates, due

70




to the 'edge effect' of oxides. The use of two detection levels

also caused a sulphide area measurement to be recorded when no

sulphide Inclusion was preseut.

RECCMMENDED OPERATING PROCEDURE

As a result of the above work, the following procedure was

adopted for the operatlion of the iInstrument:

1.

2.

5.

D
10.

Switch on Iinstrument ineluding decode modules and ancillary
equipment and ailow 80 minutes to warm up.

Decide on magnification and set instrument on automatic
control of camera sensitivity.

Using this magnification and specimen to be evalﬁated
adjust step sizes in X and ¥ direction to cover the region
of interest. Test stage to ensure it is correctly
adjusted.

Set numher of fields to be measured.

Calibrate.blank frame size measuring its area and project-~
1on (no. of lines) on saturation as well as its actual
helght and width cn specimen vsing a stage micrometer.
Select 2 'standard fleld' and place it under the mieroscope.
Focus the microscope on thils 'standard' image and check
camera sensitivity. Adjust if necessary (see Manual, P47
Set polarity and resolution, the latter to maximum and
Display switeh to Superimpose Direct or Banded.

Make connectioﬁs on patch board te measure arca.

Adjust threshold using standard specimen until the known
area measurement 1s recorded. Take this as the correct
gsetting for the first detector umit. Repeat for second

detector unit using the appropriate standard field if
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second detection level is required. Replace standard

specimen with specimen to be assessed, focﬁs to glve
a sharp image.

11.  Adjust minimum chord intervals if size distribution
funetion of features is required. Convenlent to adjust
these controls one at a time with the actual specimen in
view. Starting with Control No.1 at the top and working
down. Ensure that the Display control is switched on.

12. Programme the computer making sure that all pins are
pushed right into their réSpective sockets in the patch
board.

13. Press aﬁ Reset! buttons.

14, Switch on 'Standby' on modules.

15, Set instrument to 'Run’.
To examine subsequent specimens,'repeat operations 3, 10, 13,

14 and 15. Reset blank frame area every 30 minutes

approximately.
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5.00 CORRELATION OF QUANTIMET PARAMRTERS WITH THOSE OF CM (SAF-ASTM), JK

5.10 Experimental prccedure AND DIERGARTEN METEQDS

As a first step in relating Quantimeﬁ.measﬁrements to c¢hart
measurements or ratings, 1t was decided to examine on the Quantimet
each fleld shown on thé SAE, JK and Diergarten charts (see Figs. 3,

} and 5). For this examination, the microscope in the instrument

was removed and the epidiascope used instead. The three charts
examined were reduced in size so that when each standard field was
projected on to the TV camera in the instrument, it was possible to
accommodate the whole of the original field within.the blank frame area
of the instrument. It was found that this could be done with the 1%
ineh (f 1.9) Dallmeyer objective when the standard 80 mm diameter
fields were reduced to 30 mm. Tn order to keep the actual area of

the fields the same as those of the chart, the blank frame size was
adjusted to 80 mm height and 62.5 width which gave an area of 0.5 mm2
on the specimen. The procedure consisted of setting the threshold
level using a standard field of oxide inclusions of known area and total
length, replacing the standard with the c¢hart to be analysed, focusing :
and making a determination of the area, total length snd total rnumber of
foeatures in the chart. All the determinations were made with the long
axes of the inclusions 90 degrees to the scamming line., In view of the
poor accuracy obtained when counting and sizing inclusions with thelr
long axes parallel to the scamming line of the instrument, the

charts were not examined in thls orlentation.

5.20 Results

The resulis obtained on examining the simulated inclusions
on the SAE-ASTM chart (Fig.5) are given in Table 10. The results
show percentage area, tobal number aﬁd'total length of inclusions

for each of the eight standard flelds. Becaise of the error associ-
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ated with number counts, the actual number of inclusions present

on the chart is given in brackets. It will be scen that number

counts are accurate only up to grading 6., Tt will also be seen that

the percentage area measurements for sllicate Inclusions more or
less doubles itself for successively higher gradings. The measure-
ments for oxide inclusions, however, does not show the same regular
pattern between fields. The counts and the total length measurements |
increase with an increase in grading number, but not in a systematic
nanner. |

The results obtained on exaﬁining the JK-A8TH chart (Fig.j)
are given in Table II. It will be noted that although the area
measurements for silicate and alumina inclusions are similar for
grading 1, the values for successlvely higher alumina gradinge swe
greater, but the measurements for silicates and globular type oxides
are very similar, The total length measurenents show the same
pattern between gradings. For total number measurements a marked
aifference exists between alumina and silicate fields. The* former
show consistently higher values than the latter but, again, accﬁrate_
counts are not determined for higher gfadings, viz. 4 and 5. On the
other hand, the counts for globular type oxides are accurately
determined at all grading levels and, obviously, are simificantly
different from either alumina or silicate counts.

The results for the Diergarten chart (Fig.lt) are given in
Table 12. It will be seen that the area measurements for each type
of inclusion roughly doubles itself from grading to grading. The
total length measurements also increase in a regular manner but the
differences between types of inclusions are not sufficiently marked
to enable each type to be separated on Just area measurements alone.

Total length measurements show the same differences between types and
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gradings as area measurements. Total number measurements show

marked differences between some types of inclusions but not for

other types.

5.30 Discussion and conclusions

| A detalled amalysis of the machine numbers for the charts
shows that the only two parameters could be relied upon: percentage
area and total length measurements. The main problem in fully
automating chart inclusion counting is in characterising the differ-
ent types of inclusion fields in such a way that these can be
separated on the basis of numbers. Unfortunately, the differences
in area and total length measurements between the different types

of oxide lnclusions, as deplected on the charts, are not sufficiently
large to enable a clear dizstinction to be made between them. A
further complication arises iIn that actual flelds contalning more
that one type of oxide cannot pe separated as 1f they would appear
alone. Conversion from machine numbers to chart ratings will,
therefore, be possible only when the stesls contain one type of
oxlde inclusion, or when 1t is not necessary to distinguish between
different types of oxide iInclusions. Any attempt to perform an

automatic machine classification of ineclusions in“individual fields

in a similar manner to a human operator would require a major incerease

in both computer ability and memory capacity. In any case, it is
doubtful whether such a sophisticated Instrument is needed in
quality contrel work where the primary concern iéufo detérmine the
presence, or absence, of any field in which the concentration of
Ineluslons, whether oxides, silicates or sulphides, exceeds some
specified limit, It 1s considered that the inabllity of the
instrument to discriminate between alumina, silicate or other

types of oxide lnclusilons is not a serious limitation in routine
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work, since the instrument can be arranged to stop on ' over—

value' flelds which could then be inspected visually by an
experienced oprator to decide whether the high value is due to

alumina, silicate or some other type of inclusion.

77
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6.00 DEVELOPMENT OF DIGITAL COMPUTER PROGRAMMES FOR PROCESSING

OF QUANTIMET DATA

6.10 Detalls of Quantimet output

Data 1s recorded on paper tape using a system of coding shown
in Fig.ﬁ}.‘ The equipment 1s designed to measure the oxide inclusions
. and then oxide plus sulphides. To facilitate this, two detection
units are provided. Sulphlide measuremenis are obtained by subtract-
ion. The measurements on oxide inclusions are printed out first,
followed by the measurements on oxide plus sulphides. The measure-
ments are recorded as four-digit numbers. When fully programmed,
the Quantimet measures fifieen parameters on oxide inclusions present
in the field of view and a further fifteen parameters on oxldes

plus sulphides. The measurements are made in the following

sequence:
Oxides: CO P0 C1 P1 02 P2 C3 P3 Ch Ph 05 P5 06 P6 A
Oxides + Sulphides: CO PO C1 P'1 CE P2 C3 P3 Ch Ph C5 P5 06 P6 A
where CO = total counts

P0 = total prolection

CTPI aew 06P6 = measurements greater than a set intercept
length in the gscanning dirsction

A = area measurement

The count measurements are for a certain size of field deter-
mined by the optical magnification of the microscope. It Is
customary to relate these measurements to one square millimetre on the
sample. Thus, if the area of the field of view examined is 0.25 mma,
then, the results are multiplied by %. The projection measurements
are fixed absolutely. TFor example, a measurement of 25 means that

the scanning line had intercepted the inclusions twenty-five times

during one complete scan of the field., By ltself thils measurement
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has 1little value, but it becomes meaningful 1f it is reduced to

a total length in millimetres or microns. This is done by satura-
fing the blank framé and measuring the total number of lines in 1t,
and noting what these are in terms of millimetres or microns by
measuring the blank frame height with a stage micrometer. The
actual_measurement in length is obtained by dividing the actual
measurement by the number of lines, and multiplying the quotient
by the setual helght of the blank frame measured In millimetres or
microns. Similarly, the area measurement nmust be reduced to a
percentage of the blank frame area by dividing the actual area by
the area of the blank frame on saturation.

This brief discussion of the Quantimet output illustrates the
problem of sorting out the Quantimet data before 1t can be condensed
inte a form where it 1s possible to see it as a whole rather than as
measurements on individual fields.

6.20 Summarisation and presentation of Quantimet data

Since quantitative metallographic values of Inclusion counts
are based on statistically small samples representing a large volume
of frequently variable material, they may in no case be regarded
a5 exact values, Usefulness of the values determined depsnds upon
the relisble estimation of thelr accuracy and precision with
reference to the actual mean wvalues for the material samples.
Actual varlability of the material is itself an important factor in
quaiity control, hence the feliability in the determinations for
individual flelds and specimens should be sufficlent to permilt
separaticn of actual variability of the material from uncertainties
of measurement.

The'first stage in the process of summarisation of the data

is to get the results into some sort of order. This 1s done by
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going through the individual measurements and forming a Frequency

Table, such as that shown in Table 13. This table summarises the
oxide area measurements obtained on $00 separate flelds on the

same specimen. Tt tells at a glance the number of times (frequency)
a variable quantity, ealled a variate {in this case oxlide avea
meésurements) takes a specified value in a glven total number of
occésions {(the total irequency, here $00)., Such a presentation of
data may be adeguate for quality control, but graphie portrayal

of data becomes difficult with large numbers of different parameters.
In such cases 1t is more convenient to express the results in terms
of statistical constants which describe the shape of frequency
distributions. }

The average or mean is almost always the best measure of
location of a frequency distributlon, and, since it is the most
'representative' value, the average is the most valuable statistiec
for condensing data. The average 1s calculated, as is well known,

bys "f _ %—Xi

= the average

1 = the individual measurements

X
X
N
2511 = the sum of the individual measurements from the 1st %o
' the Nth

N = the nunber of determinations

Although this 1s an important statistical constant, its
exeluslve use carries the process of summarisation to the peint of
suppressing important detail. For example, it tells us nothing of
the spread or variability in measurements.

The degree of variation can be measured by a number of

statistical constamts, of which the variance, the standard deviation
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and coefflicient of variation are the

constants are calculated as follows:

N 2
variance, V = jE%(Xi - X)
N - I
standard deviation, = v

coefficient of variation, CV

or as a percentage of the mean

The use of {N~1) as the divisor

These

most Ilmportant.

N _2
=& - X)
1
N-1
4
= e
X
oo
= e %100
T

in this formula may be

explained by considering the standard deviation to be a root mean

square of the independent difference

within a measurement set.

There is always one less difference in a set than the number of

measurements {e.g. there is but one difference between two values).

An average oxide estimate of 0.20% area with a standard deviation

of 0.02% means that 68,3% of the measurements determined will be

within 0.20 + 0.02%; 95.5% will be within 0.20 + 0.04%; end 99.8%

will be within 0.20 + 0.0A7.

A Mnowledge of the standard deviation of a set of measurements

thus enables sound inferences tn be made aboul the results betwr2n

samples.  In general, 1f the difference between two means is greater

than two standard deviations, the difference is considared to be

due
raal rather thanhto pure thance.

£.30 Details of programmes

Seven programmes teltten in ATGOL have been developed for

processing of Quancimet data.

These programmes were developed

with the sssistance of the staff of Guest, Keen and Nettlefold Group

Technological Centre, Wolverhampton,
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Loughborough University. The programmes developed are as follows:

QT™M 101
QM 201
O™ 301 For use with Elliot G0J compuler
QTM 401
QM 102
Q™ 202
QM 501

QTM HOB5
QIM HOS7
QT™ HOB8
QTM HOB9 For use with ICT 1905 computer
QT HOSO
QTM HO91
gIM H115

6.% | Programme QTM 101/H086. This programme caleulates the mean

and standard deviation of counts, projected length and percentage
area of one detection level (oxides in this case) using one data
tape produced by the Quantimet.

Worked example: (typical read-out from computer)

QTM101

DATE 221168

FIELD WIDTH 0.30 MM

FIELD HEIGHT 0.40 MM

EXAMINED AREA 0.5 M

ONE DETECTION IEVEL CNLY

221168 0.4 0.3 0.5501 510 %0 2 0.5 1
"Qm4 101 TEST DATA"

COUNT (NO GREATER THAN STATED SIZE IN MICRONS)

SIZE MEAN STD, DEV,
0.0 {total) 9,4000 4.50%%
1.0 5.0000 k. 0000
5.0 1.0000 1.h1k2
10.0 0.6000 0. 8oLk
h0.0 © 10,0000 0. 0000
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PROJECTED TENGTH MICRONS

SIZE VEAN
0.0 (total) 30,8000
5.0 3. 8000
PER CENT AREA
| YEAN
0.0925 -

NUMEBER OF FIBLDS SCANNED 20

NUMEER OF FIEIDS REJECTED O

FIELDS WERE USED IN 5 BLOCKS OF b

STD,DEV,
20.9929
6.0992

Slm - DEv‘

0.0789

The flow diagram and details of this programme are given in

Appendlx 2, Volume 2.

6.3%.2 Programme QTM 201/H087 is similar to QTM 101/HO86 but

caleulates on two detection levels - one for oxide inclusions and

the other for sulphides. Detalls of this programme are given In

Appendix 3, Volume 2, The flow diagram 1s similar to QIM 101.

Worked example (typlcal read-out from computer):

QIM 201

051268 0.20 0,17 0.5 5 0 15 10 40

"GIM 201 TEST DATA"
QIM 201

DATE 51268

FIEID WIDTH 0.17 MM
FIEID HEIGHT 0.20 MM
EXAMINED AREA 0.50 MY

FIRST DETECTION LEVEL CXTDES

8L
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COUNT (NUMBER GREATER THAN STATED SIZE MICRONS )

STZE
0.0
1.0
5.0

10.0

Lo.o

MEAN
18.0000
5.0000
0, 0000
0. 0000

0.0000

PROJECTED LENGTH MICRONS

SIZE
0.0
5.0

FER _CENT AREA

SECOND DETECTION IEVEL SULPHIDES

MEAN
57.0000

1.0000

MEAN

0.031>

STD,DEV.,
17.0000
- %.0000
0.0000
0.0000

0.0000

STD,DEV.

50. 0000

1.0000

STD.DEV,

0.0300

COUNT (NUMBER GREATER THAN STATED STZE IN MICRONS)

SIZE
0.0
1.0
5.0
10.0

40.0

MEAN
24.0000
2k, 0000
20,0000

5. 0000

0. 0000

FROJECTED IENGTH MICRCNS

STE
0.0
5.0
PER CENT AREA

MEAN
157.0000

71.0000

MEAN

0.1980

385

STD.DEV.
20.0000
20.0000
18.0000
3.0000

0. 0000

STD,.DEV,
141.0000
66.0000

STD.LEV.

0.1781



NUMBER OF FIELDS SCANNED 18

NUMBER OF FIELDS REJECTED 6
FIELDS WERE USED IN 1 BIOCK OF 15

6.%.% Programme QTM 301/HO87 1is similar to QTM 101/H086 but can

process more than one data tape. Also calculates the means and
standard deviations on the complete set of data tapes.

The flow dlagram of thls programme 4s similar to QM 101.
Details of the programme are given in Appendix 4, Volume 2.

Worked example (typical read-out from the computer):

091268 0.4 0.3 0.5 5 0 1 5 10 ko
2 051 3
QTM 301 TEST DATA
QM 3501
DATE 91268
FIEID WIDTH 0.30 MM
- FIELD HEIGHT 0.40 MM
FXAMINED AREA 0,50 MM°
ONE DETECTION LEVEL ONLY

COUNT (NUMBER GREATER THAN STATED SIZE IN MICRONG)

SIZE MEAN STD.DEV. ,
0.0 9.4000 b5056
1.0 5.0000 k. 0000
5.0 1.0000 1.h1k2

10.0 0.6000 | 0. 804k

40.0 0. 0000 , 0, 0000

FROJECTED ILENGTH MICRONS

STZE  MEAN STD.DEV, .
0.0 30.8000 20.9929
5.0 3.8000 6.0992
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MEAN ' STD,DEV,

0.0929 0.0789
NUMBER OF FIELDS SCANNED 20 |
NUMEER OF FIELDS REJECTED O
FIEIDS WERE USED IN 5 BLOCKS OF k4

6.3.% Programme QMM L01/HO80 is similar to QIM 301/HO88 but

calculates on two detection levels corresponding to oxides in one
case and oxides + sulphides in the other. Alsc calculates means
and standard deviations.

The flow dlagram and detalls of thls programme are giveﬁ in
Appendlx 5, Volume 2.

Worked example (typical read-out from computer):

QIM 401

030169 0.20 0.37 0.5 5 0 1 5 10 40
2 05 1 3

QTM 401 TEST DATA

QM 401

DATE 30169

FIEID WIDTH 0.37 MM

FIELD HEIGHT 0.20 MM

EXAMINED AREA 0.5 MY

FIRST DETECTION LEVEL OXIDES

COUNT (NUMBER GREATER THAN STATED SIZE MICRONS)

SIZE MEAN STD,DEV,

0.0 9,0000 - 2.8284

1.0 2.5000 0. TOT1

5.0 ' 0.0000 0.0000
10.0 0.0000 0.0000
40.0 - 0.0000 0.0000
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PROJECTED LENGTH MICRCNS

SIZE MEAN STD.DEV.
0.0 28, 5000 9.1924
5.0 0. 5000 0.7071
PER CENT AREA
MEAN  STD.DEV,
0.03736 0.0071

SECOND DETECTION IEVEL, SULPHIDES

COUNT (NUMBER GREATER THAN STATED SIVE IN MICRONS)

SITZE MEAN STD, DEV.
0.0 10,0000 2.8284
1.0 11.5000 2.1213
5.0 , 9+ 5000 * 0.7071
10.0 2.5000 0. 7071
40.0 0.0000 _ 0,0000

PROJECTED LENGTH MICRONS

SIZE MEAN STD,DEV.
0.0 7345000 h.oko7
5.0 35, 5000 3.5355

FER CENT AREA

YEAN STD.TEV.
0.2043 0.1946

NUVMBER OF FIELDS SCANNED 18
NUMEER OF FIELDS REIECTED 6

FIELDS USED IN BLOCKS COF 7




6.3.8. Programmes QIM 102/H090 and QM 202/HO91: both these

programmes are similar to QIM 101/H086 and QTM 201/HO87, but
in addition glve the frequency of flelds with specified percentage
area measurements. I the specified 11hits, which are variable,
are taken to correspond to those of the visual chart gradings,
the measurements are obtained directly in terms of the relevant
chart gradings. QIM 102/HOQ0 is for one detection level and
QITM 202/H091 for two detection levels. Detalls of these two
programmes are glven in Appendices 6 and 7, Volume 2.

The flow diagrams are similar to programmes QIM 101 and:
401 respsctively.

Worked example (typical read~out for computer):

HIM 102

221168 O.4 0.3 0.5 5 0 1 5 10
Yo 2 0 5 1

QIM 102 TEST DATA

QM 102

FIEID WIDTH 0.8 MM

FIELD HEIGHT 0.6 MM

EXAMINED AREA 0,48 M

ONE DETECTION IEVEL ONLY

COUNT (NUMBER GREATER THAN STATED SIZE IN MICRONS)

SIZE MEAN STD,DEV,
0.0 9.4000 4.5056
1.0 5. 0000 k. 0000
5.0 1.0000 14142
10.0 0.6000 0. 804k

40.0 ‘ 0.0000 0.000C
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PROJECTED LENGTH MICRCNS

SIZE MEAN STD.DEV,
0.0 30,8000 20,9929
5.0 3.8000 6.0992
PER _CENT AREA |
MEAN STD,DEV,
0.0925 ~ 0.0789

FREQUENCY OF FIEIDS

FER CENT AREA EQUIV, JK PER CENT FREQUENCY
SUB-RANGE GRADING OF FIEIDS
0.03 4 55
0.03 - 0.20 1 25
0.20 - 0.55 2 20
2.55 - 1.20 3 0
1.20 - 2.70 ) 0
2.70 5 0

NUMBER OF FIELDS EXAMINED 100
NUMEER OF FIELDS REJECTED O
FIELDS WERE USED IN BLOCKS OF 1

QTM 202/H091 presents the oxide measurements first and then
the sulphide measurements using the format shown above. Detalls
of thils programme are given in Appendlx 7, Volume 2.

6.3.6 Programme QWM 501: this programme is different from the

described A
progranmes so fa‘rA in that it expresses the count and percentage

area measurements as frequenciles per 1000 fields, as shown below

by a typlcal read-out from the computer.




67k A

FIETD 0.370 * 0.280 = 0.1036 SQ MM

1 PARTICIE PER FIELD = 9.65 PER 5@ MM
400 FIELDS

SERIES 1

FREQUENCTES PER 1000 FIELDS

PARTICLES NO, > THAN
PE:H SQ MM OQQ{| joqﬂ 10.94»( 20'0/4_ 50-%‘ 10’010}}&

0.0 to7.0 b3 923 993 1000 1000 1000
7.0" 10 38 53 5

1" 15 0 0 0

15" 20 158 18 3

20" 30 48 5

30" b5 15 0

B " 70 10 3

% AREA FREQ

0 TO 0.02 870

0.02 ™ 0.03 48
0.03 " 0.05 Lo
0.05 " 0.07 20 |
0.07 " 0.10 p/
0.10 " 0.15 10
2.15 " 0.20 5 |
0.20 " 0.30 3 |
0.30 " 0.45 3

FINISH
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6.40  Basiec method of programmes
The first part of each programme reads a preliminary gdata

tape specifying the Quantimet operating parameters, including the
count and projected length sizes. It then forms, in an array BIN,
a binary key to the Quantimet tapes, placing a 1 for each count
size_and a 0 for each proJjected length size, in the order of their
appearance within each field., An array VAL contains the actual
size levels and taken together with BIN, completes the '"picture!
of the Quantimet tape. This part of the programme aiso decides
the corrections to be made to the measurements and on how many
fields shall be combined into each basic data block, if the
"Examined Area” is less than the field area, This means that the
statistical results of the distribution of inelusions are taken
over several flelds equivélent to the area over which it is desir-
able to assess the results and not over a fleld area which 1s
dependent upon the optical magnification being used in the Quantimet.
This approach is sometimes necessary as the Quantimet "sees" only
part of the normal field of view,

The LININ procedure reads in a fileld of thé Quantimet tape
and partislly checks its validity. A fileld will be rejected if it
contains the incorrect number of words (i.e. the number of counts,
projected lengths and area). A field will also be rejected if
any word contains more than five digits, 1f there is a parity
error or if there 1s an illegal character on the tape. The

remainder of each of the first six programmes listed earlier

carries out the size counting, calcoulates the means and stendard
deviation, and prints out the results., The seventh programme
forms frequeney histogram only. |

It should be noted that on occasions when the Sum of tﬁa

1st and 2nd detection levels is less than the 1st detection level,
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which 1s obviously a Quantimet error, the programme willl reject
meastrements on that field of view. Similarly, il the operator
were to enter a value in "Examined Area" which is less than the
area of the true field? then, the whole tape will be rejected.

5.50 Operating instructions

Two data tapes are required for each programme. The first
data tape includes the preliminary data tape and any titles when
dealing with sets, and the grading limits when frequency histogram
and/or chart grading are required. The second data tape contains
the title of the Quantimet data tape which, for example, might be
the sample number, ingot number, or cast numbel. It is only
necessary to enter a second data tape with each subsequen£ use of
the rrogramme unless the preliminary data In the first data
requires revising. A typical Quantimet Data Form for use In
conjunction with an Elliot 903 computer is- shown in Apéendix 8,

Volume 2.
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7.00 INCLUSION ASSESSMENT IN SPECIFIC LOCATIONS

T.10 Toéroduction

Although new techniques for assessing the inclusion content
of the steel are being actively pursued, the sampling and sample
preparation flelds still retain "art" characteristics, and have not
been seriously studled.

In quallty control work, sampling of a cast of steel usually
econslsts of cutting a disc from the ends of a few billets represent~
Ing different portions of the ingot and cast. Procedures for
selecting and examining samples vary from steelworks to steelworks.
In general, it 1s not convenient to take more than twelve specimens
from each cast of steel on a routine basis, since the preparation
and ~xzmination of more than twelve specimens Impedes progress.
However, wlth instruments such as the automatic Quantimet, more
specimens, l.e. & larger sample, may be taken, but even with an
instrument of this type, which is much faster than human operators,
there is a 1limit to the amount of £esting that can be carrled out.
What the steelmaker would like to ¥now is the errors associated with
procedures in which just one or two samples, i.e: speeimens, are
examlned, und taken to represent billets which are several metres
long. He would also like 4o ¥now what improvement he could expect
by doubling or trebling the sample size, and the variations in
ineluslon content within the same samples. Additionally, he would
like to know how many fields should be examined on each specimen
and kow these should be selected, since 1% may not be possible to
cover the entire polished surface of the specimen in the time
avallable for inspeetion.

Although adequate techniques are available for metallographioc

breparation of speecimens, two problems connected with sample
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preparation can be additional sources of error. These are the

use of different size billets and variations in planar sectlons
used for inclusion determinations. In this part of the thesis,

work carrled out to investigate the above problems is deseribed.

7.20 The effect of reduction in area on inclugion count determina-

tions

7.2.1 Experimental details. To examine the effect of reduction
in area of steel on inclusion count determinations, two 36 cwt :
(1828.88 kg) ingots were selected. These were rolied in the usual
manner into 6 inch (15.2 cm) square blooms and a piece of material
of suitable length selected from each. After selecting a 2% em
thick slice, the samples were step-forged to provide smaller
sectlons as follows: 15 cm x 15 em, 10 em x 10 cm, 7.5 em X T.5 em,

5 ecmx 5 em and 2.5 em X 2.5 cm diameter. Bach of these sectlons

was then cut in half through the longltudinal axis of the material
parallel to the rolling direction of the billet, and one of the cut
surfaces polished and examined on the Quantimet. One hundred fields,
each 0.5 mm2 in area, were examined and the following parameters
measured on each field: percent area, total number of Inclusions,
numbers greater than 10 pm, 15 pm, 20 pm and 25 pm and the total
length of inelusions. The determinations were made with the X5
objective with which the system had a resolution of about 3.5
microns. The determiﬁations were made on oxide inclusions only,

and with thelr major axes parallel to the TV scanning line.

7.2.2 Results The results obtained are summarised in

Tables 15-17. They show that percentage area and total length
measurements decrease with a decrease in section size. In general,
there is also a decrease in the number of inclusions greater than
20 um as the section size decreases. Between 5 cm x 5 cm and 10 em

% 10 em sections, the effects of reduction in area are not very
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slgnificant.

T-30 REffect of variations in planar sections on inelusion

determinations

7.2.1 Experimental details. A high sulphur free-cutting

ateel and a low alloy forging steel hot rolled into 5.71 em square
(2% ing) sectlions were used iIn this Investigation. The reason for
selecting these steels in the form stated was because they provided
a wide range of inclusion quantities of interest for examination.
The free-cutting steel contained predominantly manganese sulphide
inclusions »f widely varying sizes, while the low alloy steel
contained needle-shaped manganese sulphides and elumina stringers
of varying sizes.

Planar sections i1llustrated in Figs. 34 and 35 were care-
fully prepared using conventional metallographic techniques.
Planar sections A and C were prepared from the same sample after
it had been cut in half to provide two sections, while section B
was prepared from an adjacent sample. Section A was taken
parallel to the rolling directlon and through the longitudinal
axis of the billet; sectlon B sloped from edge to centfe of the
billet making a 6 degree angle from the longitudinal axis of the
billet; while section C sloped in the rolling direction of the
billet and also made a 6 degree angle from the longitudinal-m
axis of the billlet.

-Each of these sections was carefully polilshed and subjected
to a detalled examination on the Quantimet. The examination was
carried out with the X10 objective and the following measurements
were determined: percentage area, total count and number of
inclusions greater than 10, 20, 50 and 100 um. An assessment was
made of both oxide and sulphide inclusions in each fleld of view,

and one thousand flelds were examined on each specimen. The
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examinction was carried out on unetehed speclmens, and with the

long axes of the inclusions oriented parallel to the TV scanning
line.

Te3.2 Results A summary of the results obtained in this

investigatlon is presented graphically in Figs. 30 to %0 and in
Tables 18 and 19, They show that a variation in sectioning of 6
degrees from the longitudinal axis of the billlet, and in the

rolling direction, can double the total number of inelusions counted;
and, what is more important, it leads to serious under counting of
larger incluslons. Mean perceht area measurements are more or less
the sams for all three planar sections, but results shown 1n Figs.38
and 39 show that there is a reduction in the count of number of
flelds with high values (severity ratings) for Section C.

7.%0 Micro-sampling errors

7.4.1 Experimental details By mlcro-sampling errors is
neant the.errors due to examination of too few fields of view. Due
to the time-consuming nature of methods used for assessing the
Inclusion content of steels, it is not always possible to examine
too many flelds on each specimen, particulariy when a Jdetailled
estimate of various parameters 1s required. Thus, it is of interest
to examine the errors or variations resulting between determinations
based on different numbers of fields, i.e. sample sizes.

Three samples of steel, labelled 1, 2 and 3, were used in
this Investigatlion. They were selected from low alloy forging steels
made in an electrie furnace by the double slag process. The samples
were all selected from 5.71 x 5.71 em square billets. They were
selected to provide varying oxlde contents. Semple 1 was graded
as "dirty", i.e. as having a number of gross oxide inclusions,

sample 2 was graded as "average", and sample 3 as "clean". These
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gradings were purely arbitrary and were based on JX counts on

f1elds selected from edge to centre of the specimens.

Longitudinal sections of these samples were prepared, as
previously described, and the specimens examined on the Quantimet.
The examination was carried out with the X10 objective, which gave
a magnification to the TV monitor screen of 537 diameters. With
this arrangement, the area of each fleld of view examined on the
specimen was 0.25 mma, and the resolution of the system 1.8 pm,

The flelds were selected in a systematic mermer from edge
to centre of the billlet sample so that 1t was possible to relate
any measurement to a particular position on the specimen sﬁrfaee.
One thousand fields‘were examined on each specimen, and on each
the Tollowlng measurements recorded: total number of oxide
inclusions (f.e. numbers greater than 1.8 um), numbers greater
than 3, 10 and 20 um, and the area of each field occupled by oxlde
inelusions. It should be noted that the oxldes were alumine, which
was present as both "stringers" and as discrete uniformly distrib-
uted particles, similar to types B and D shown on the JK charts
(fig.3)., A standard sample was counted before and after each
determination to ensure that the instrumental error was kept less
than %% of the mean estimate,

7.4.2 Results The results are given in Appendices 9 to i1,

Volume 2 of this thesis. Three sets of data are glven: percentage
area counts showing the mean estimates and the number of times the
determinatioﬁ takes a value within certain specified limits in a
given total number of occasions, and size distribution results,

It should be noted that {he limlts chosen for the distribution
table correspord to the six gradings of the JK count (Fig.3).

Thus, if preferred, the first part of the tables may be read
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directly as JK counts, It should also be noted that the results

are‘expressed as frequencles per 100 filelds for convenience even
though only 25 flelds were used to calculats the mean estimate.
Grand summaries of.these results aééﬁéiven in Tables 20 and 21,
from which it will be seen that spécimens 2 and 3 have very
‘similar mean percentage area counts, with specimen 2 having slightly
larger inclusions. Specimen 1 has not only a high percentage area
count but also larger inelusions; The results given in the
Appendices show that it 1s not possible to distinguish reliably
between the three specimens on the basis of oné determination only,
l.2, the mean of 25 flelds, because of the large variations
batween determinations.

T many laburatories, inolusion estimates are based on 100
fleids. It was of Interest, therefore, to examine the variations
between each set of 100 fields chosen from edge to centre of the
sample. The counts for each set of 100 fields were calculated
and are shown in Figs. 41 to 44, from which 1t will be seen that
large varlations still exist between determinations for all para-
meters measured. It should be pointed out that only the first six
sets of results, i.e. for 600 flelds, are shown. However, these
results clearly show that despite a variation of 100 per cent or
more between determinations in some cases, 1t is possible to
distingulsh between the "dirty" speéimen (No.1) and the two
"cleaner" ones (Nos. 2 and 3), but not between the two "cleaner"
ones.

As a matter of interest, 1t was declded to pursue this
work further and consider the variation between the means of
samples of var&inglgizes-(i.g. number of filelds). The results

obtained for percentage area measurements are shown in Fig.47,
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from which it will be seen that at least 200 fields, but prefer-

ably 300 filelds, should be examined 1n order to distinguish
reliably between inclusion contents of the three specimens.

Examination of the results obtained oﬁ different parts
of the Specimens.(from edge to centre of the specimens) shows
(Fig.46) that the sample graded as "dirty" (specimen 1) has a high
concentration of oxide inclusions toward the centre, and it 1is
interesting to note that if this part of the "dirty" specimen had
not been examined, it might easily have been graded the same as
the two "eleaner" ones (specimens 2 and 3).

In quality control, the estimation of the inclusion
content of the cteel usually takes the form of determining the
sbsence or presence of fields with values greater them a speclfied
1init. Fig.45 shows that the occurrence of fields with percentage
area values greater than 0420 and 0.55% (equivalent to JK gradings
greater than 2 and 3 respectively), from which it will be seen that
the curve for the "dirty" specimen (No.1) is markedly different
from those for the two "cleaner" ones. For the "dirty" specimen,
fislds with values greater than 0.20% oxides occur at a frequency
of two every 107 fields, whereas in the case of the two "aleaner®
specimens (Nos. 2 and 3) they occur at the rate of less than 1
per 100 fields., For fields with percentage area values greater
than ©,55%, the frequencies were 1 per 200 fields for the "dirty"
sample, and none st all for the two "cleaner" ones.

7.50 Macro-sampling errors
7.5.1 Experimental detalls By macro-sampling errors is

meant the errors due to examination of too small a sample, i.e. too
few specimens. As stated earlier, the usual practice is to select

one or two sSamples from the ends of billets several metres long.
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It is tacitly assumed that this sample 1s representative of the
whole billet.

Samples can be taken only from the ends of billets, and,
therefore, it 1s desirable to investigate ﬁhe variation in inclusion
content along the whole billet so that sound 1nfereﬁces may he mada.
In the interest of economy-it i1s also desirable to inﬁestigate
whether or not the variation resulting from repeated determinations
made on the same sample after repolishing is more or less than that
resulting between samples taken along the length of the billet.

For this Investigation two billets of low alloy forging steel

.Were used. The blllets were from the bottom of the ingot. Other
details of the cast from which the two billets were selected are
glven in Table 22,

The billet marked P587 was graded as "clean", i.e. as being
reasbnably free from gross oxide inelusions, typlecally, filelds
similar to grading 3 on the JK chart. The billet marked T369 was
graded "dirt . These gradings were made on the basis of sulphur
printing results, JK counts and magnetic crack detection test
resulis,

Each billel was cut up along its entire length every 25 mm
approximately and provided 180 adjacent samples. Sample 1 was
from the top end of the billet and sample 180 next to the bottom
discard. Fach of these samples was carefully identified and
sectioned, as 1llustrated in Figp.34, polished, and examined on the
Quantimet.

The examination was carried out with the X% objective and
vellow filter. With this arrangement, the resolution of the system
was about 3.6 pm and the avea of each field 0.5 m=. All the
samples were examined in the unmetched condltion, and on each sample

one hundred fields of view were counted. It should be noted that
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this is equivalent to examining two hundred fields with the X10
objeative, On each field, which was selected automatically and

in an unbiased manner by the instrument, the following measurements
were determined: total number of inclusions, i.e, number of oxides
greater than 3,6 m (the 1limit of resolution of the system), their
numbers greater than 5, 10, 15, 20 and 254m, total length of
oxides {projection count), and the area of each field cccupied by
oxide inclusions, It should be noted that the oxides present in
the samples were alumina which was present as both "stringers™ and
ag discrete, uniformly distributed particles, similar to Types B
and D on the JK chart (see Fig,3). A standard sample was counted
before and after each determination, and the results accepted if
the results of the two determinations were within %%,

Three samples from billet F587 (Nos, 1, 53 and 126) were also
examined after thirty repolishes in order to determine the variation
in oxide content witkin samples. These three samples were selected
on the bagis of the first count which showed them to contain widely
varying inclusion content., In either this work or the work on the
entire billet, the sulphide inclusions were not counted, The
inclusions were counted with the long axes of the alumina "stringers'
lying 90 degrees to the TV scanning line,

7.52 Resulte

The results of the investigation on billets PS87 and T369, to
determine the variations between samples, are given in Tables 23
and 24, and Appendices 12 to 15, volume 2 of this thesis, The
percentage area results are given in the Tables and the projection
and size distribution results in the Appendices.

An inspection of the results given in Tables 23 and 24 shows
that the variation in percentage area counts between samples for

both billets is conaziderable, The between éample variation for the
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"dirty” billet is greater, showing a variation ranging from 0,02 to

0.2%5 compared with 0,01 to 0,16% for the “cleaner" billet,

| Examination of the summary results (Fig,48) shows that the mean
oxide content and standard deviations for the "dirty" and nclean"
billets are 0,061 + 0,0031% and 0,035 + 0,0018% respectively, While
this difference between the mean oxide content of the two billets is
statistically significant, it is clear that a prohibitive number of
samples from each billet will be needed in order to establish this
difference reliably, since a large number of samples from the two
billets give the same, or very néarly the same, mean percentage area
values, Careful inspection of the results given in Tables 23 and 24
show that two adjacent samples, displaced by only 20-25 mm approxi-
mately along the billet vary by as much as 800 and 5006 for tir
"dirty" and "clean" billets respectively. However, in general, the
variations between samples for both billets are less than this, but
still too large to enable the inclusion content of the two billets
to be estimated reliably on the basis of one sample only.

Considering fields with percentage area values greater than
0,55% (equivalent to JK grading 3), it will be seen that these results
also show considerable variation between samples, Taking a steel
billet to be "dirty" when the sample representing it contains one or
more fields with percentage area value exceeding a value of 0,55%,
it will be seen that the "dirty" billet could have been classified
as "clean" on 40 occasions out of 180; conversely, the "clean"
billet could have been classified as "dirty" on 33 occasions out of
180, In order to distinguish reliably between the two billets on
this basis counts on at least 20 samples are needed,
These results also show that samples with fields with high

percentage area %alues (i.e. 0,55% and greater) tend to be local-

ised on a macro-scale, ranging over several samples and that such
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regions are not uniformly distributed along the billet.

The results of the repeéfed examinations of three specimens
from billet P587 (Nos, 1, 53 and 126) are given in Tables 25 to 27
and Appendices 16 to 18, It will be seen that the variation between
repeated determinations is still large, but not as large as that
found between different samples taken along the billet length, It
will be noted that sample No,53 originally graded as having a high
oxide content is rated a number of times the same as sample No,126
originally graded as having a low oxide content, It will be seen
also that the oxide content of sample 53 diminishes after the 16th
repolish, This effect is probably comnected with the segregation
of oxide inclusions from edge to centre of the billet previously
: noted, since the effect of repolishing is to move the polished
surface towards the edge of the billet. The original count would be
through the longitudinal axis of the billet, whereas the count deter-
mined after the 30th repolish would be in a region 3-4 mm from the
edge, |

7,60 Discussion and conclusions

1. Effect of Section Type, Inclusion counting methods based on the

micrpscope rely heavily on the type and size of section used for

. accuracy, Since inclusions become deformed and oriented in the roll-
.ing direction of the billet, variations in sectioning the billet
sample would be expected to influence the results, since the inclus-
ions will bhe intersected in different positions, A detailed study

of three different sections, as shown in Fig,35, has been made using
samples taken from low alloy forging and high sulphur free-cutting
steels, TFigs, 36 to 4O show various estimates obtained on such
sections, which show that an error of only 6 degrees in sectioning
the billet sample can double the total number of sulphide and oxide

inclusions counted; and what is particularly important, it can
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lead to serious under estimation of fields with high percentage

area values and the number of large inclusions, The interesting
point to note, however, is that mean percentage area counts (Fig, ko)
for both sﬁlphides and oxides are unaffected by sectioning errors.
The reason for the high total number counts for Section C (Fig.35)

is probably due to the fact that in this section, the chances of
intercepting inclusions are much better than in sections that are
perfectly parallel to the longitudinal axis of the billet, such as
Section A (Fig,34)., The ideal section for total number counts

would obviously be a transverse section, These results suggest that

the determination of different paramoters roquires different sections,

2. Effect of Section Size, The effect of section size (in the range

15 to 2,5 cm) on oxide inclusion counts is shown in Tables 15-17.
These results show that ﬁean percentage area and size distribution
coﬁnts decrease as the section size is decreased, This effect 1s
conzidered to be due to both fragmentation and subsequent dispersion
of the larger alumina particles during rolling,

Sulphide inclusions were not assessed, partly because they
could not be properly resolved and partly because they were not
considered detrimental to steel properties and machinability. But,
nad these inclusions been counted, a marked variation in the size

distribution results would have been observed, since visual examina-

- tion of the samples showed that as the section size became smaller,

the lengths of the inclusions became greater,

The effects of reduction in area on inclusion counts noted are
of great importance in any attempt at correlation of results; as
the steelmaker frequently takes samples when the material has a
considerably larger cross section than when sampled by forger or

roller or eventual customer,




The results of this work show the importance of using the same

size billets and sections for determination of inclusion counts, and
if this is not'possiblé fo make due allowances for possible errors,
It aléo shdwé that the same planar section need not necessarily be
the best section for the determination of all inclusion parameters,

3, Effect of Number of Fields Examined. The results of the work on

micro-sampling errors, given in Appendices 9-11, Tables 20 and 21,
and Figs, 41 to 47, show that on low alloy forging steels with
inclusion contents similar to those of samples used in this investi-
gation, at least 300 fields should be examined in order to distinguish
reliably between an acceptably "clean" steel and one which is just
acceptable, A clean steel being defined here as one with a meean
oxide content of less than 0.01% and containing no fields with per-
centage area values greater than 0,5%%. The work shows that it would
be better to look at 300 fields on the half of the specimen surface
nearer the centre than over the whole surface extending from edge to
centre of the billet sample, However, it is considered that more
work is needed in this field before this practice can be firmly
established,

4, ERffect of Area of Field Examined, It is considered that it is

not only the number of fields examined that is important but their

area also, UYWith the X10 objective, the Quantimet has an effective |
field area of 0,25 mm2 approximately, Under these conditions at
least 300 fields should be examined, but with the X5 objective,
which has an effective field area of about 0.5 mm2 (incidentally
the same as the JK count), it is considered that the number of
fields that should be examined need be only 100 to 150, Assuming |

2, 300 fields 1

the specimen area available for inspection to be 600 mm
each 0,25 mmz, or 150 fields each 0,5 mma, would give a 12, 5%

coverage, 100 fields 4%, and 25 fields 1% coverage., In many areas

107 .




of studies a 4% coverage will be considered a large sample.

5, Effect of Sampling Conditions, The results of the work on macro-

sampling errors, i.e. the examination of too few samples, given in
Appendices 12 to 15, Tables 23 and 24, and Fig.,l, show that on low
alloy forging steel with inclusion content similar to those of
billets P587 and T369 used in this investigation, at least 20 samples
chould be examined in order to distinguish reliably between a "¢lean
billet and one which is not, The work shows tﬁat two adjacent
samples, only 20 mm apart, can in one case be rated as "clean" and
acceptable, and in the other case as "dirty" and unacceptable, The
work also shows that a sample rated as ''clean" on the first count
¢an be rated as "dirty" after repolishing, i.e, after removal of
only 0,5~0,75 mm of material, However, it is also clear from the
results recorded that the chances of a "dirty" sample being rated
Mdirty" again after repolishing are high, At least three determina-
tions on the same sample, made after repolishing, are needed to rate
the sample reliably, When only one sample is used to determine the
oxide inclusion content of a billet several metres long, a variation
of between 500-800/% in mean area counts has been observed, Strictly
speaking each type of steel has its own sampling requirements and
standards should be agreed between supplier and user, The work
shows that it would be better to lock at 100 fields on three differ-

ent surfaces than 300 from the same surface,

108




8,00 GENERAL PROGRAMME OF INCLUSIORS ASSESSMENT

8.10 DISTRIBUTION OF OXIDE INCLUSIONS IN TWO ADJACENT'INGOTS

1.
2,
3.
4.,

1.
2.
3.
4,
5,

:Discussion and conclusions
8.20- RUNNIKG PROGRAMME AT & STEELWORKS~INVESTIGATiNG LOW ALLOY

STEEL BILLETS

Introduction
Experimental details

Results

Introduction

Ingot casting details .
Bxperimental details

Results

Digcussion and conclusions




8,00 GENERAL PROGRAMME OF INCLUSTONS ASSESSMENT

8,10 Distribution of oxide inclusions in two adjacent ingots of

low alloy steel

8,11 Introduction In routine work, such as gquality control

in steelworks, the general practice is to select the samples for
inclusion assessment from billets representing different portions
of the original ingot, Thus, samples may be taken from the top,
middle and bottom billets of several ingots within a cast of steel.

This method of sampling, commonly known as representative sampling,

is used in preference to random sampling, because it is suspected
that variations in inclusion content éxist between different portions
of an ingot and cast of steel, By employing representative sampling,
it is hoped to minimise the chances of some parts of the ingot supply-
ing a disproportienately large portion of the samples, However, it
has not been clearly established whether these variations are system-
atic, and which portion of the ingot has the largest inclusion
aggregates, In fact, no detailed information has been published to
show the wariation in amount, total number and size distribution of
inclusions between the different portions of an ingot and cast of
steel,

Clearly, successful sampling for inclusion assessment demands a
knowledge of the inclusion distribution, since on practical grounds
it is possible to examine a limited number of samples only., Obviously,
such a sample will in all probability be strongly biased, and the
presence of any systematic variation and its magnitude should be
determined and taken into account in assessing the results,

As part of a programme of work concerned with the development
of an automatic inclusion counting method, it was decided to use the
new automatic Cuantimet (shown in Fig, 17 ) to determine whether or

not systematic variations in amount, type, total number and size of
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oxide inclusions exist between samples drawn from various portions

of twe adjacent ingots of low alloy steel, It was also decidedlto
determine whether a correlation exists between the Quantimet method
and other laboratory techniques used for assessing inclugion content,

It was appreciated that ingots are individual to particular
steelworks and steelmaking processes, and that the results obtained
in this work may not be representative of those obtained on ingots
produced by other steelworks and steelmaking processes, Nevertheless,
it was believed that, by confining our investigation to ingots of one
quality at a single works (in order to develop our techniques of
sampling and our studies of correlations with other techniques of
examination), it would be possible to establish the suitability, or
unsuitability, of the Quantimet as a quality control instrument,

This wculd be of value in attempts now being made to set up Inter-
national Standards of cleanness assessment,

In this study, particular attention has been given to the
selection of ingots, since it was felt that any work of this kind
would be useful only if it were performed on ingots which have
"troublesome! inclusions, In the past, ingots for detailed study
have been selected at random, In this approach, it is left to chance
as to whether or not they contained the type and size of inclusions
that are generally considered to be harmful, It is possible to select
an ingot in which the incidence of such inclusions is so low that it
is virtually impossible to obtain any useful quantitative information
about them,

The two ingots chosen for this study were selected on the results
of step-down tests and sulphur print tests which had indicated that
they may contain a slightly higher incidence of harmful inclusions

than normally present in this quality of steel, The ingots selected
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were considered to be typical of those which, on limited sampling,
may be graded as having inclusions larger than 1 mm long,

8,12 Experimental details Details of the two ingots are given

in Table 28, The ingots were labelled 1 and 2, They formed the last
group in a series of five produced by bottom pouring, It should be
noted that a piece, 55 kg (10 cwt,), was left over in the ladle

after teeming, After rolling, each ingot produced 10 billets,

75 mm (2,7/8") in section and 394 to 398 cm (12711" to 13'1") long.

Adjacent samples (for the different tests) were cut from the
ends of each billet, The gxact position of these samples in the
original ingot is given in Table 29 and Fig.49, The samples for
sulphur printing and examination on the Guantimet were in the form
of dises 12 mm (O,5") thick, Those for the step-down and magnetic
crack detection tests were 25 cm long, while the samples for oxygen
determination were 15 cm long, These samples were subsequently hot
forged into round bars, 32 mm in diameter,

The samples for sulphur printing required no preparation., Those
for the Quantimet were cut up to provide two specimens, A and B, as
illustrated in Fig, U9, As can be seen, specimen A represents material
from edge to mid-centre position of billet, whil® specimen B
represents material from mid-centre to centre plus 5 mm, All speci-
mens were ground on silicon carbide emery papers and diamond
polished to a 0,25// finish, Two samples for oxygen determination
were cut from the forged bars and machined all over to give specimens
25 mm (1) dia, and 12 mm (0,5") thick, The samples for step-down
and magnetic crack detection tests were first rough machined and
then finished to dimensions shown in Fig,50, The final machining—

was carried out under the following conditions:
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Depth of cut . 0,2 mm

Feed 0.2 mm

Cutting speed 150 m/min

Nose radius of tool 0,8 - 1,2 mm

Side angle 75 degrees approx,

After testing, the test pieces were cut in half along their
axes and the two halves of each test piece re-examined as described
later,

The specimensfor examination on the Quantimet were initially
subjected to a careful visual examination using both low' (X100) and
high (X600 and X1000) magnifications to determine the type of inclusions
present in the specimens, and also to ensure that the surface to be
subjected to Quantimet assessments was satisfactorily polished,

After this preliminary examination, the samples were assessed
for oxide inclusions content on the Cuantimet using a standard
operating procedure, The test was carried out with the X10 objective
(X537 magnification to TV monitor screen) and a field area of 0.25 mmz.
The entire surface of the specimen 2 cm x 1,5 cm approximately, was
examined, and the following measurements determined on each field:
total number of oxides down to the resolution of the instrument (1.%;;),
nunber of oxides greater than 3, 10, 20, 50 and 100}4, and percentage
of each field (0,25 mma) occupied by oxides, The test was performed
using unetched specimens, and with the long axes of the inclusions
lying parallel to the TV scanning line, A standard sample was used
to adjust the threshold level of the instrument before ekamining
each gpecimen, and 1000 fields were assessed on each specimen,

Total oxygen was determined by irradiating sach specimen for
30 miééﬁl; with high energy neutrons, produced by the Analox equip-

ment, and measuring the resulting gamma radiation,
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The step-down test pieces were examined visually in good Yight,
and the numbers and aggregate lengths of inclusion noted, The test
pieces.were then cleaned and tested on a megnetic crack detecting
machine, using a current of 1000 amps, As in the step-down test,
the numbers and aggregate lengths of inclusions were noted, The
.examination of the step test pieces cut in half followed the same
testing procedure as described above, Several of the inclusions
detected were examined under the microscope and on the electron probe
microanalyser,

Sulphur printing was performed in the usual way using a 3% 32504
solution in distilled water, followed by visual inspection of the
prints for dark brown stains, If one or more stains were visible,
the sample was classified as "spotty", indicating possible presence
of Marge" inclusions, or inclusion segregates in the sample,

8.13 Results

Metallorrayiie examination Manganese sulphide inclusions

predominated in all specimens; these were thin and needle-like in
shape. At high magnification (X1000), a number of these sulphides
had small angular oxides embedded in them, All specimens also con-
tained oxide inclusions, which took three forms: discrete particles,
stringers with no second phase, and stringers with second phase,
Fxamination of inclusions revealed by the step test showed that the
appearance of these was similar to the stringers with second phase
found in the “uantimet specimens. The composition of these different
oxides, as determined by the electron probe microanalyser, is given
in Table 30, It will be seen that the discrete particles of oxides
and stringe;s with no second phsse are alumina (A1203), while those
with a.second phase are manganese-alumino-silicates, It is worthy

of note that all three types of oxide described above contain between

114




2-9h Ca0, The oxides embedded in some of the sulphide inelusions

were too small for accurate probe analysis, but traces taken across
these inclusions indicated that they were rich in aluminium,

" Quantimet assessments A detailed summary of the Quantimet

percentage area and size distribution results obtained on 66 specimens,
representing different portions of the two original ingots, are given
in Tables 31 to 38, Tt will be seen that relatively high mean per-
centage area values occur in the axial middle and bottom positions
(sample B, Fig,49), These positions of the ingot also have more
larger inclusions, As the inclusion éize range and percentage area
range increase fhere is an increase in the variability of the measure-
ments, Over 85% of the fields examined have percentage area values
in the range O - 0,0%%, Of the remainder, the majority have values
in the range 0,03 - 0,20%, Tields with percentage area values
corresponding to JK grading 3 or greater (i,e,©-59%) occur at a
frequency of less than 1%, i.e. 1 per 100 fields, Such fields occur
randomly anywhere in the ingot, but they appear to occur more
frequently in the axial regions of the ingot, particularly in the
middle and bottom positions, i,e. H4-635 and 90 to 9% from the top
of the ingot, It will also be seen that the majority of oxides are
less than 10wmm, and that very few, and then only in some specimens,
are larger than 1ogun. The mean percentage area measurements do not
always reflect these variations in oxide centent,

Oxygen determinations Oxygen determinations made on billet

samples representing different portions in ingots ) and 2 are given
in Table 39, These results show the mean of two determinations each
made bn a separate sample,

The results show considerable scatter, As in the case of the

Cuantimet assessments, the bottom and middle portions of the two
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ingots are associated with relatively high oxygen values compared
with other portions of the ingot. The mean oxygen contents of both
ingots are the same (0,0053% for ingot 1 and 0,0050% for ingot é).
As shown in Appendix 19, a good correlation exists between oxygen
contents determined by neutron activation and Quantinmet methods,

Sulphur printing These results are given in Table 40, from

which it will be seen that samples representing the middle and bottom
portions of the two ingots are classified as "“spotty", indicating the
presence of "large" inclusions in the samples, while those from other
portions in the ingot are classified as "clear",

Step-down tests (visuval and magnetic crack detection) The results

of these two tests are given separately for ingots 1 and 2 in Tables
L1 and 42 respectively, The tables show the number of inclusions
counted and their apggregate length for steps 1, 2 and 3, In these
tests, only inclusions 1 mm or greater in length were counted, The
results obtained after cutting the test pieces in half are given in
Appendix 21,

It will be seen that more inclusions are counted by magnetic
crack detection thén by visual inspection, Some of the highest
estimates are recorded against samples representing the middle and
bottom portions of the two ingots, In a number of instances steps
2 and 3, i,e, material nearer the centre of the billets, are associated
with higher counts than step 1, This is shown more clearly in
Appendix 21 which shows (on a 1l:1 scale) the size and position of
the sctual inclusions found in the step test pieces after they had
been cut in half along their longitudinal axes, i,e, in 66 halves,
For convenience, the inclusions occurring in the two halves are shown

as if occurring on the same plane,
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8,14 Discussion and conclusions

The results obtained in this investigation show fhat“
although high oxide estimates can occur at any position froﬁ top to
bottom, and from edge to centre, of the original ingot, there is a
higher probability of them occurring in the middle and bottom portions,
particularly in the central regions of the ingot, What is particularly
interesting is that this trend is indicated in results ocbtained by
the different methods employed to assess the inclusion content of the
samples,

A statistical treatment of the Quantimet percentage area measure-
ments and total oxygen contents determined by neutron activation, given
in Appendix 19, shows that the correlation between determinations made
by these two methods is highly significant,

While there is also an obvious correlation between the Quantimet,
sulphur printing and step-down assessments, the results obtained in
this work clearly show that the Quantimet is not a particularly useful
tool for detecting and measuring inclusions larger than 1 mm, simply
because of the manner in which these "larger" inclusions are distrib-
uted in steel, This is brought out clearly in Appendix 21, from
which it will be seen that the distance between inclusions is often
considerably larger than the size of sample normally used in micro-
scoplic examination,

The stringer inclusions, with a second phase, are believed to
belong to a different inclusion population from those with no second
phase, The source of the latter is in the deoxidation of the steel,
but the former is a2 matter for Turther study,

This work has yielded useful basic information on the type,
size, amount and distribution of oxide inclusions in two adjacent

ingets of low alloy steel, and has shown that significant systematic
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variations in inclusion content exist between samples selected from
different portions of the two ingots, However, it is obvious that

more data’is needed before it can be established whether or not these

variations in oxide content follow the same pattern in the majority
of ingots produced by a given steelmaking process,

8,20 Running programme at a steelworks on low alloy steel billets

8,21 Introduction The investigation of distribution of oxide

inclusion contents in different portions of two adjacent ingots had
shown that fields with high counts were more numerous in the central, |
middle and bottom portions of the two ingots,

Knowledge such as this is of great value in designing an economi-
cal and successful samﬁling procedure for inclusion assessment; since
the steelmaker can concentrate on selecting and examining samples
from those portions of the ingot where the chances of finding fields
with high inclusion values are greatest,

This of course is biased sampling, but as the practical problem
usually takes the form of determining the presence or absence of any
field in which the concentration of inclusions exceeds some specified
limits, there is little point in wasting money and valuable time
examining samples drawn from the cleaner portions of an ingot or cast,

However, it is still to be shown that systematic variations in
oxide inclusion content exist between samples drawn from different
portions of an ingot and cast, Although the previous investigation
of distribution of inclusions in two adjacent ingots had provided
useful information, the work had been undertaken on two ingots
specially selected for their relatively high inclusion content, and
it was felt that whilst they may be typical of "dirty" ingots, they
may not be representative of the majority of ingots manufactured

by this process over a range of casts,
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This was investigated duri#g work performed at a steelworks
over eight months during which period more than 1000 samples and -
several thousands of determinations were made, The work was limited
to the investigation of low alloy steels (mainly specifications
SAE 8620 and En 16), This was necessary in order to minimise the
influence of steelmaking variables,

8.22 Cast detalls Details of the casts of steel used in

this investigation are given in Tables 43 to 45, With a few
exceptions, they were all to specification SAE 8620 or In 16, They
vere normal production‘cas?s selected at random, and were made in
an electric are furnace using different finishing processes, Some
of the casts were made by the single slag process; some by the
double slag process; some by single slag vacuum degassed process,
and some of the casts were "grain refined", which was achieved by
making controlled additions of aluminium to the "trumpet" during
teeming, Deoxidation was effected by SiMn to the melt in the furnace
and finishing with Al to the ladle, Thus, the steels examined may
be classified into five groups depending upon the finishing process
employed, as follows:

A - 3ingle slag

B - Single slag, grain refined

C - Double slag, grain refined

D - Single slag, vacuum degassed, grain refined

E - Single slag, vacuum degassed
A1l casts were rolled in the normal manner into billets whose
identity in the ingot and cast were carefully cbserved,

8,23 Experimental details 1In view of the time consumed in

preparing and determining total number, size distribution, total

projection (sggregate length) and volume fraction (percentage area)
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measurements on a statistically valid sample of the polished surfaces
of the specimens, it was considered that the number of samples taken
from each cast of steel should be reduced to a reasonable number,

It Qas decided to select one ingot from each group that was cast, and
from each ingot to select four samples along it corresponding to
positions 6%, 5%%, 90% and 994 respectively from the top of the ingot
including the discard, It was found that this could be achieved by
taking samples from the ends of the bottom billet, from the bottom
end of the middle billet and from the extreme end of the top billet,

Longitudinal sections were selected and polished in the convent-
ional manner using diamond lapping compound, All specimens were
finished to a %54 finish which was found to be adequate, During the
sectioning and polishing operations, care was taken to ensure that a
true longitudinal plane through the centre of the billet, and exactly
parallel to its rolling direction was being prepared for examination,
as a previous investigation (described in this thesis) had shown that
variations in sectioning of the sample could result in relatively
large errors in measurements,

The examination of the samples on the Quantimet followed the same
lines as previocusly described, Details under which this examination
was made are given in Table 46, It should be pointed out that the
selection of fields was done automatically by the instrument, and
that all samples were examined unetched after a preliminary visual
inspection of the polished surface to ensure that the standard of
polish was satisfactory, OCxide inclusions only were assessed,

In one investigation fifty~six samples were examined, These
were drawn from Casts P200, 2542 and 2387, BEach sample was examined
in four areas, referred to here as Zones 1, 2, 3 and 4, Zone 1

covered the area edge to 4 mm; Zone 2, 4 to & mm; Zone 3, 8 to 12 mm;
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Zone %, 12 to 16 mm, i,e, to the centre plus 3 or 4 mm beyond.
These samples were exXamined on the Quantimet under conditions A
(Table 46),

In another investigation 52 adjacent samples from one of the
bottom billets of Cast PS587 were examined in two areas only, which
corresponded to Zones 1 + 2 and 3 + 4 above, These samples were
examined on the Quantimet under conditions B (Table 46),

The samples from the remainder of the casts including Casts
P200, 2542 and 2387, were examined in one area only, extending from
mid~centre to centre position of the billet plus 3-% mm beyond,i,e.Zones
3 + 4, . These samples were examined on the Quantimet also under
conditions B (Table 46), It should be stressed that in this and
in the other examinations a standard sample was used to adjust the
threshold level of the instrument before examining each sample, This
was necessary in order to minimise the influence of operator bias,

8.2k Results

Variation in oxide content from edge to centre of billet

A summary of the results obtained on the 56 samples from Casts P200,
2542 and 2387 is given in Table 47 and Figs, 51 and 52, whilé a
summary of the resulis on the 52 adjacent samplas from a bottom
billet of Cast P587 is given in Table 48 and Figs, 53 and 54, The
tables also give the standard deviation of the mean percentage area
and projection counts, and show the degree of variation that exlsts
between fields, i,e, between 5500 in one case (Table 47) and 5100
in the other (Table 48) for determinations made within each zone,
Figs, 51 and 53 show the distribution of fields with percentage
area counts greater than 0,2%, i,e, equivalent to a JK grading of 2,
whilst Figs, 52 and 54 show the distribution of mean percentage area

determinations, The standard deviations shown in these instances
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are not the variations between fields but the variations between the
means of 100 fields examined on each zone,

From an insPectibn of the mean percentage area results (Figs, 52
and 54), it is obvious thét there is no difference between the
estimates determined on different portions of the sample, However,
from an inspection of the measurements obtained on individual fields
(Tables 47 and 48, Figs. 51 and 53), it is clear that there is a
tendency for the number of fields with percentage area values in the
ranges 0,55 - 1,200, 1,20 - 2,704 and > 2,70% to increase as the
sample is traversed from edge to centre of the billet, It is intex-

mean rean
esting to note that neither the size distribution nor, the projection
counts show these variations to exist in oxide inclusion content
between the diffefent portions of the sample extending from edge to
centre of the billet,

Variation in oxide content between billet samples drawn from

four positions in the original ingot

Complete results were available for fourteen casts of steel
(53 ingots) only, and these are given in Appendices 22 to 29.
They show for each sample examined, the frequency of fields within
six specified percentage area ranges, the mean area and projection
estimates and their standard deviations, and size distribution counts,
Summaries of these results are shown in Figs, 55 to 58, from which
it will be seen that samples drawn from the 90 znd 9% positions
from the top of the ingot contain the highest oxide content., The
billet samples drawn from these portions of the ingot have not only
higher mean percentage area and projection counts (Fig,55) but also
more fields with percentage area values greater than 0,55%, i.e.
fields with inclusion content equivalent to JK grading of 3 or greater

(Fig,56) 3 they also have slightly more larger inclusions (¥ig,57).
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Fig.58 shows the percentage of samples from each of the four
positions along the ingot in 53 ingots that were graded worst with
respect to frequency of fields with percentage area values of 0,2%
or greater, It will be seen that 80% of these samples are positions
from the bottom of the ingot and one billet length away from the
bottom; 13% are from the middle of the ingot; and only 5% are from
the top of the ingot. |

Variations in oxide econtent between billet samples drawn from

different groups in the caat

In order to determine whether or nor systematic variations in
oxide inclusion content exist between ingots drawn from various
groups in the cast of steel, the results obtained on 45 ingots from
different casts of steel were arranged into groups, Group 1 consisted
of results obtained on those ingots selected from the first group
in the cast; Group 2, those selected from the second group, and so
on. The results for four such groups are given in Table 49 and
Figs, 59 and 60, from which it will be seen that no systematic
variation in the mean percentage area,projection or size distribution
measurements exists betweeéfsamples grawn from different groups,

The results when expressed as number of fields within six specified
percentage area ranges, however, show (Table 49 and Fig,59 ) that
in the range greater than 2,7% one field for Group 3 and two fields
for Group 4 ingots are encountered, whereas none are recorded for
ingots from Groups 1 and 2, It is unwise to read too much into
these differences between samples from different groups, but this is
worth bearing in mind, since there is a slight indication that
ingots teemed at the end of the.cast may contain more fields with
higher percentage area values than those teemed at the beginning of

the cast.
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Variations in oxide inclusion content between samples drawn

from casts made by the same and different finishing processes

In order to determine whether variations in oxide inclusion

 content exist between casts of steel made by the same and different
process, the mean percentage area and projection estimates for-each
cast of steel were calculated from the results given in Appendices
22 to 29, A summary of these mean estimates is given in Tables 50
to 52, and a statistical examination of the percentage area data in
Table 53, It will be seen that the variation in oxide content
between samples drawn from different casts of steel and made by the
same finishing processes is small compared with variations between
samples drawn from casts of steel made by different processes,

On the average, casis made by the single slag process show the
highest oxide content, When aluminium is added to these single slag
casts, there is a tendency for the steels to become ¢leaner, Vacuum
degassing of single slag casts results in lower oxide content, and

WU Aluminiwn
subsequent treatment of these castsﬁﬁoes not result in steels with
higher oxide content., But none of these finishing processes produces
steels as low in oxide inclusion content as casts made by the double
slag process. It is interesting to note that although the mean
percentage area estimate of single slag vacuum degassed and grain
refined casts is lower than that of single slag grain refined casts,
the standard deviations of the two groups of casts are very similar,
indicating that the vacuum degassed casts must have contained a
significant proportion of fields with high percentage area values,

8,25 Discugsion and conclusions The results obtained in this

investigation have shown that on the average '"clean" steels do not
show such marked systematic variations in oxide inclusion content

from edge to centre of the billet as do "dirty" steels, Nevertheless,
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the central axial portions of the "clean" billets were found to

contain slightly more fields with percentage area values greater
than 0,5%% than portions nearer the edge of the billet,

On the other hand, marked systematic variations in oxide

inclusion content exist between samples drawn from the four positions

along the ingot, the samples from the extreme bottom end (next to the
discard) and one billet length away containing the highest oxidé
content, A careful analysis of results of samples from each inget
rated as being the "dirtiest'" with respect to the number of fields
with percentage area values of 0,2% or greater showed (Fig,58) that
8% of these samples were drawn from these positions, i.e, from
the bottom portion of the ingot; compared with 15% from the middle
position and only 5% from the position in the top of the ingot,
Previous investigations by Dickenson {(139), the Iron and Steel
Instifute (140) and Salmon Cox and Charles (141) have shown that
silicate and oxide inclusions tend to segregate to the bottom of the
ingot. This was found to occur in both small and large commercial
ingots, Ilowever, it has also been reported that the "dirtiest"
portion could be in other regions of the ingot, 1In the Iron and
Steel Institute's work (140) on heterogeneity oy steel ingots
published in 1932 for example, it was shown that ingots could be
clasgified into three categories depending upon where the greatest
concentration of silicates occurred, As 2 general rule, the highest
concentration occurred in the central lower part just above the
radius of the bottom, But in some ingots this waxirum was three
quarters of the way up the ingot, while in still others it occurred
at about 55% from the top, i,e., very near the middle of the ingot.
More recently Sewell and Wilcock (44) have shown that billet samples

representing the bottom of the ingot have the highest inclusion

125




content as determined by the Fox inclusion count method, Clearly,
the results obtained in this work are in very good agreement with
the above gualitative results,

The results obtained in this work have also shown that no
systematic variation in oxide inclusion content exists between samples
drawn from different groups, As in the edge to centre study there
was, however, a slight indication that the samples from the last
two groups may have contained slightly more fields with high percentage
area values than those from the first two groups, but this could not
be firmly established.

As is to be expected, the variations (standard deviations)
between the mean percentage area estimates on a set of fields are
less than those between individual fields, It has also been
observed that the variation between casts made by the same finishing
processes is less than that between casts made by different processes,
The fact that the Quantimet was able to detect these relatively
small differences between casts made by different finishing processes
is very encouraging indeed, because it shows that the instrument can
be usefully employed for checking and controlling the oxide inclusion
contents of stéels.

Of the three inclusion measurements determined, percentage area,
projection and size distribution, percentazge area counts were found
to be most sensitive to small variations in oxide content, particul-
arly when the results were expressed as a frequency distribution
showing the number of times values within different ranges were

counted in a given number of fields,
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9,00 SAVPLE PREPARATION -~ THIN FIIM. INTERFERENCE METHOD

9,10 INTRODUCTION

Assessment of non-metallic inciusions on the Quantimet is
dependent upon differences in optical reflectivity between inclusions
and matrix material; and between the constituent phases of the non-
metallic material, In turn the sensitivity will depend on the
intensity and wavelength~distribution of the indident illumination,

In the case of manganese sulphide and oxide inclusicns these
differences in reflectivity are sufficiently great to allow identifi-
cation to be made directly under normal white light, but sometimes
this is not so., For example in the examination of forging steels,
silicate and alumina inclusions could exist side by side in the same
field of wview, As the reflectivity of these two types of inclusions
is very similar they cannot be distinguished from each other on
reflectivity alone, Another example is in the examination of
sulphide and silicate inclusions, Large inclusions are easily
distinguished and measured separately, but small inclusions are
not, A further example is in the examination of sulphide inclusions
in kigh-sulphur free machining steels; the manganese sulphide
phase of the inclusion is easily discernible, but the lead telluride
phase is not, These situations can lead to serious errors of
assessment when using automatic counting procedures such as the
Quantimet, since an instrument of this type is less sensitive to
small differences in reflectivity of the inclusions than is the human
eye,

As part of a programme in which the Quantimet was being used
in the aultomatiec éssessment of non-metallic inclusions in steel, it
was decided to investigate the extent to which the contrast of

inclusions could be improved by the deposition of thin optically

128




’—————————

transparent films of intermetallic compounds on the surface of a
polished metallographic specimen, A wide range of evaporation
sources is now available, as a result of developments in the optical
and electronic industries, In the work described here the source
used was zinc selenide (ZnSe).

The technique which follows was originally developed by Pepper-
noff et al, for revealing retained austenite in a martensitic matrix

(see references 142 to 158).

9.20 Apparatus

A vacuum coating unit of the type normally used for preparing
electron microscopy specimens was used, where the following addit-
jonal considerations arise:

1, The thickness of the deposited film is determined visually by
observing the interference colours forming on the surface of the
specimen, sc that at all times a good view of the polished surface
of the specimen is necessary,

2. The interference colour (and, hence, the optical contrast) is a
function of film thickness, so that the apparatus must be pro-
vided with a remotely-operated screen for controlling the coating
operation,

The apparatus used in this investigation was the MICRO BA-3
Miniature Coating Unit (Fig.61) manufactured by Balzers High Vacuum
Itd, This equipment is capable of an ultimate vacuum of better than
2 x 10_6 torr, In this work, it was possible to pump down the
chamber loaded with an unmourited specimen to the working vacuum of

5 x 10-5 torr in about 8-10 minutes,

Conditions 1 and 2 sbove were met by adaptations of the vacuum
chamber, which is a Pyrex glass cylinder 8 ecm in diameter and 25 cm

long. The two ends of the chamber are closed by easlily changed
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quick-release flanges, cne of which carries the specimen holder
whilst‘the other flange carries the screen used for controlling the
film thickness as well as the electrodes; crucible and evaporation
source, The operator's view of the specimen surface is ensured

by surrounding the source by a replaceable glass cylinder which
restricts the area of deposition on the outer walls of the chamber;
a pin-hole diaphragm of stainless steel sits on this cylinder in

a position such that there is an unobstructed path for the evapor-
ated material to reach the specimen Surface.

9,30 SBource material

Zinc selenide of 99,99% purity was used in the form of particles
2-3 mm diameter, These were packed into a molybdenum boat and were
capable of giving uniform evaporation, with complete absence of
spitting in the temperature range 400-800°C,

9.40 Experimental procedure

Specimens were prepared bj standard metallographic polishing
techniques (down to l/m diamond) followed by ultrasonic cleaning,
The optimum specimen-source distance in the coating unit was
determined by a "trial-and-error' method and found to be about
12 em, but is not very critical because of the geometry used,

With the remotely controlled screen in position, the current
was slowly increased until the source material began to vaporize,

At this point the screen was sharply removed from the path of the
vapour and the specimen surface, illuminated by a small point-source
of light, was carefully watched until the interference colours

began to appear. ‘“hen the correct interference colour (in the present
work it was second-order blue) appeared, the screen was brought
sharply in front of the source and the power turned off,

These conditions were found to be reproducibly, in tefms of a

given current setting, size of boat and quantity of source material,
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and gave specimens that could be subsequently examined under
manual or automatic optical microscopes, such as the Quantimet,

It is interesting to note that specimens prepared two years
previously and stored under normal dry metallographic conditions
showed, on re-examination, the same colour contrast and delineation
of structure, as on the day they were coated, Thus, the technigue
may be of importance as a means for the preservation of polished
specimens,

3,50 Theory of interference colours

If we consider the idealised case of reflection, from a plane
parallel film of thickness d, of light having a wavelength and
initial dintensity Io it is possible to write an expression for the
intensity I, after the light has travelled a distance X through
the film in the form:

I=1 exp(-%r}u kx/n )
0
where 4+ and k are characteristic of the film material and are
known respectively as refractive index and absorption index,

" That part of the light which is reflected at the first surface
will give rise to a reflected intensity r, and that part which is
refracted in the medium, reflected at the second surface and
ultimately emitted again will have intensity Ty and so on, Inter=-
ference betwgen Tyy Ty e will occur whenever the effective
paths travelled by the light reflected at the two surfaces differs
by an odd number of half wavelengths, In a certain thickness range,
usually between 100 and 400 ﬂ, depending upon the material, wvisible
light reflected at the outer surface will be out of phase with
that reflected at the inner surface and partial extinction will
occur,

For incident white light, when the film thickness is sufficient
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for interference of the yellow light, this will be subtracted
from the wavelength spectrum to give the predominantly blue
reflection whiéh was used in producing most of the films used in
this work,

But this alone will not explain the contrast that arises between
the various areas of the specimen, and which makes the method
valuable, Two factors are believed to operate, The smaller effect
is that due to differences in length of geometrical paths between
the harder (inclusions) and softer (metallic) areas which arise in
metallographic polishing., Of greater significance is the effect
due to variations in absorption index (k in the equation above),
For metallic coatings k is large so that small variations in the
structure of the coated layer will have a relatively large influence
on I, and thus on the effective length of the optical path in the
film,

Variations in the structure of the coated layer can arise
from the manner in which the film is deposited on the different
areas of the specimen, ZElectron diffraction studies have shown
(152) that deposits on amorphous or inactive crystalline substrateo
tend to grow in a preferred orientation such that the close-packed
plane is parallel to the surface of the substrate; whereas on
active cryetalline substrates the orientation tends to be epitaxial
to the substrate, due allowance being wade for "miefit" due to
differing ionic radius,

Similarly, Boettcher and Haas (153) have shown that thin
metallic films deposited on substrates at normal temperatures are
highly continuous on oxide surfaces, but much less so on clean
netal surfaces,

This ;vidence, applied to the present situation, suggests

that the zinc selenide film is capable of exhibiting significant
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differences in effective absorption index in the different areas
_above the different features of the specimen, and that it is these
variations which cause the marked differences of optical contrast
that are illustrated in the next section,

9.60 Results

9,6.1 Inclusions in high-sulphur steels, Some examples of

the interference-film technique are illustrated in the photomicro-
graphs, Fig,62 shows a longitudinai section cut from a billet of
high~sulphur free machining steei containing lead and tellurium,
Diamond ﬁolishing followed by light etching in 1% nital solution
clearly reveals the manganese sulphide phase but the lead telluride
phase is barely visible; in fact, if it were not for the contrast
at the boundary between this latter phase and the steel matrix,
(resulting from etching) it would be almost impossible to detect

it at all with this standard preparation technique,

The same section was repolished, coated with zinc selenide and
examined in bright field illumination using white light, Fig,63
shows the result, The steel matrix is coloured blue, the manganese
sulphide orange, the lead telluride yellow and a further phass,
believed to be a manganese-lead-telluride complex, pale blue, is
also revealed, Tt should be noted that positive in situ identifi-
cation of composition of the individual phases is best made by
electron probe microanalysis, and this is the method that was
adopted, The coating is so thin that excellent probe data for the
substrate is usually obtained.

In some high-sulphur free machining steels, usually those
with higher silicon or aluminium contents, the sulphides appear
long and needle-like, sometimes with poor contrast between them
and the steel matrix, as shown in Fig,64, After coating with

zinc selenide, the result shown in Fig.,65 was obtained, which
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¢learly shows a distinct improvement in the contrast between these
features.

Apart from sulphides, high-sulphur free machining steelz contain
composite oxide-mangenese sulphide~-silicate inclusions, such as that
shown in Fig.66. Fig,67 shows the same inclusion after coating to
the blue interference film stage, The increase in contrast between
the various phases is apparent even though the photomicrograph has
been produced in black and white, Under the blue zinc film, the
steel matrix is coloured blue, the manganese sulphide orange, the
silicate light orange to yellow, and the oxide phase purple,

Another type of inclusion sometimes found in cast highw-sulphur
steels is iron sulphide, Under bright field illumination, these.
inclusions are pale yellow to khaki in colour and because of their
relatively high reflectivity are not easily discernible., But when
samples containing these inclusions are coated with ZnSe into the
blue film range and then examined, the inclusions assume a brilliant
pale blue colour, quite distinct from the blue of the steel matrix,

9,6.2 TInclusions in forging steels TForging steels may contain

-alumina, silicate and manganese sulphide inclusiomns, The alumina

and silicate inclusions are similar with respect to optical reflect-
ivity, This is also true of small manganese sulphide inclusions
which are often indistinguishable from silicates, Also, examination
of an inclusion aggregate, such as an alumina one, using bright field
illumination, shows the reflectivity of the individual particles to
be very similar, even though careful optical and electron probe
microanalysis will show that some of these aggregates are composed

of quite different phases, including manganese sulphides, The

above technique greatly enhances the differences between phases in

this type of material, as shown in Figs, 68 and 69, In Fig.69, the
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inclusion is shown as seen through a blue-green interference film
under bright field illuminatiﬁg. It will be seen that three distinct
types of inclusions can now be identified,

Fig,70 shows small manganese sulphide and silicate inclusions in
a longitudinal section of a low alloy steel, as secn through a blue
intérference film in bright field illumination using white light.
As before, the steel matrix is coloured blue, the silicates yellow
and the manganese sulphides orange, Before coating with ZnSé these
inclusions could not be positively identified under a low magnifi-
cation, but are now clearly discernible,

9.6.3 Inclusions in cast irons letallurgical materials some-

times exhibit porosity as well as solid non-metallic inclusions,

A particularly complex material is grey cast iron which may contain
oxide, iron and manganese sulphides, and other inclusions, flake
graphite and pores; the last two are particularly difficult to
distinguish from one another, both visually and when examined on
the Quantimet, Fig,71 is a photomicrograph of s grey cast-iron
sample showing grey graphite flakes, dark pores, light grey
manganese sulphide and pink titanium cyano-nitride; while Fig, 72
shows the same specimen after coating with ZnSe, Here the iron
matrix is coloured blue, the graphite flakes yellow, the titanium
cyano-nitride inclusions pale blue, the manganese sulphides orange,
and the porosity is unchanged,

8.6,4 Effect of film thickness on contrast between inclusions

and steel matrix In the determination of the best film for

inclusion work, examples of the above inclusions were examined
after successive repolishing and coating, thinner (red), and very
thin (yellow) films were produced, These are illustrated in Figs,
73 to 75, from which it will be secen that neither coating produces
as good a contrast as the blue or blue~green films used in the
examples discussed above,
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9,7.0 Discussion and conclusions The thin film interference

technique discussed in this section of the thesis was used to
improve the contrast between non-metallic inclusions and the steel
matrix, and between the constituent phases of the non-metallic
material, |

The work has shown that this technique, hitherto used mainly
- for improving the contrast of other metallurgical features, is
useful in non-metallic inclusion identification, in providing
greater contrast for proper interpretation of structure, particularly
when the inclusions are to be quantitatively assessed on the Quantimet,
and as a preservative of polished surfaces,

The method relies on the deposition of an optically trans-
parent metallic film, Variations in absorption coefficient in this
type of film are important in providing the improved contrast
observed, It will be appreciated that the condition of the specimen
surface at the time of deposition is important and this is why it is
recommended that the additional step of ultrasonic cleaning after
diamond polishing is included, The importance of reproducible
specimen preparation techniques is any form of automatic inclusions
assessment cannot be over-emphasised,

Though, in all the samples examined, improved contrast was
observed, it was found that this improvement in contrast was not
always sufficient for satisfactory examination of the phases on
the Quantimet, even with white light and filters, An example is
in the assesament of very small inclusions of manganese sulphide
in the presence of silicates, These cannot be positively differ-
entiated in conventional bright field illumination, but may be
identified after deposition of a blue ZnSe film which colours fhe
sulphides orange and the silicates yellow. These colours are,

however, too close together to provide adequate contrast for the
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Quantimet. It was also found that the colours of silicate and
alumina inclusions are too close together to provide adequate
contrast for separate analysis on the Quantimet,

On the other hand adequate contrast between the steel matrix
and manganese sulphide-lead-telluride inclusions in high-sulphur
steels was achieved for automatic analysis by using this technique,
The method also enabled the various phases in grey cast iron to be
detected and measured on the Quantimet,

Finally, it is considered that the interference film technique
is important also as an aid to clearer interpretation of the phases
preéent, particularly as a preliminary test for selecting the

phases for electron probe miecroanalysis,
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10,00 DISCUSSICON OF RESULTS

10,10 Instrumental technique: errors, their causes and effects

Blank frame Fig,1l9 shows that the blank frame area after calibra-
tion decreases by about 5% during the first 80 minutes of switching
on of the instrument, After this time, the variations are less than
1%, This means that in practice the blank frame need not be
calibrated frequently, for example, before examining each specimen,
What is particularly significant is that the same results are
obtained from each test conducted at regular intervals over a period
of 8 months, which indicates that the long-term warming-up
characteristics of the blank frame circuit had not altered during
this period,

Camera sensitivity Fig,20 shows the results of a similar series

of tests carried out to determine the variations in camera sensitive
ity setting, The manual control of sensitivity varies continuously
throughout the 145¥minute test periods, rising from 0,7 to over

0,9 divisions on the meter, On the other hand,_extremely good
stability of camera sensitivity setting is obtained using the
automatic control,

Camera. sensitivity and threshold level Fig,25 shows that a variation

in camera sensitivity setting as small as 0,075 divisions on the
meter is equivalent to a variation in threshold control setting of
17-20 divisions which, in turn, is shown in Fig,26 to be equivalent
to a variation in percentage area measurements of about 3C% for
manganese sulphides and about 10% for oxides,

The reason why manganese sulphides are more sensitive to
variations in threshold setting is due probably to the "£illing-in"
characteristics of the instrument, The oxides are "filled~in"
or detected first, and then the sulphides, It has been observed

that for the same number of divisions on the threshold control, a
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larger area of the sulphides is filled than oxides, Hitherto, the
"filling-in" errors for both these types of inclusions have been
assumed to be the same, Fig,26 shows they are not, This may be
the reason why Grethen et al, (123) found they could obtain more
accurate per cent area results for sulphides when they etched the
gamples to darken them,

Clearly, the manual control of camera sensitivity is not stable
for long enough periods for it to be really useful, at least, not
on the instrument tested,

Automatic control of sensitivity Tables 3 to 5 show that the standard

deviations of measurements per cent area and counts performed on
oxide inclusions (using automatic control of camera sensitivity)
over a period of 4} hours are less than 2% of the mean estimates,
and that the variability of measurements performed at the beginning
and end of the eight-month period is the same, Obviously, the
degree of reproducibility attainable would be dependent upeon
feature size and optical intensity. Large, dark contrast features
would be expected to give better reproducibility than small, light
contrast features,

Mapgnification selection FExperience with the Quantimet suggests

that for good reproducibility an optical magnification should be
selected such that the majority of particles on the TV monitor

screen are at least 5 mm in diameter, The above tests were con-
ducted on oxide inclusions, typically JK grading 2B (Fig,3) with

some inclusions less than 5 mm in diameter,

Resolution and filters Results obtained in this work (Fig,21)
show that significant improvement in resolution of the system can
be obtained by using the correct wavelength of light, With the X5

objective; for example, maximum resolution is obtained with orange
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and yellow filters, With these filters a 20-3(% improvement is
obtained in percent area counts of oxide (alumina) stringers,
composed of different sizes of particles, some near the limits of
resolution (1-2 mm on the screen), due to better resolution of the
smaller particles,

Microscope stage In general, the stage of the microscope is capable

of keeping the image of the specimen in focus over the whole of its
programmed traverses in the X and Y directions, wheh using all except
the X40 and higher objectives, With the X40 objective, the focus

of the microscope needed readjusting every 4 mm approximately, This
is not a serious limitation in routine work as it is unlikely that
this objective will be used regularly, In any case, the programme
may be varied so that the instrument selects fields in blocks such
that the X traverse does not exceed 4 mm., On the whole, the auto-
matic stage performed extremely well even when it was used continu-
ously for long periods of up to 16 hours a day over several months,

Effect of inclusion shape TFigs, 27 to 32 show that when sizing and

counting inclusions variable results are obtained, Rounded inclusions
are accurately counted but inclusions with large re-entrant angles

or preferred orientations, such as alumina stringers, are either

over or under counted for a given acceptance angle setting, The
counting and sizing of long, thin irclusions, such as manganese
sulphides in longitudinal billet or bar sections, with their long
axes lying parallel to the TV scanning line, is generally subject

to relatively large errors, In theory it is possible to count

such inclusions correctly, but in practice, this is inconvenient if
‘nof-impossible to achieve with the automatic Quantimet,

Two detection levels A further complication arises when measuring

oxide and sﬁlphide inclusions simultaneously using the two detection

circuits provided, Due to the edges of oxides appearing diffused,
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these areas are measured by the instrument as sulphides, Table 6
shows that sulphide counts may be higher by 10 to 20% of the oxide
percentage area measurements, However, because of poor detection
of sulphides due to their needle~like shape and higher reflectivity,
estimates of sulphides are likely to be lower than the actual values,
and their over-estimation due to the '"edge effect" may off-set the
error due to poor detection, But what is particularly disturbing
is the fact that sulphide counts may be recorded even when there are
no sulphides present!

Furthermore, different magﬁifications and instrument operating
conditions are needed to measure properly each of these two types of
inclusions, since oxide inclusions are distributed in steel in a
different manner from sulphides, Consequently, each of these
inclusions requires a different sampling method, It has also been
ocbserved that the size distribution limits chosen for one type of
inclusion are generally not suitable for the other type, TFor
these various reasons it is questionable whether these two types
of inclusions should be measured simultaneously, particularly in
the case of forging steels,

Focusing methed In contradiction to the conclusicns of some

operators of this instrument, tests on various types of inclusions
in steel have confirmed whatwas Jound in a previous research (121)
namely, that the method used to adjust the focus of the microscope
is important, Table 7 shows that focusing the image through the
microscope gives more reproducible results than when the image is
focused whilst observing it on the screen of the TV monitor, In
fact, these results show that variations of up to 5% in the per
cent area measurements of oxides can occur when using the

monitor method,
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Threshold level  However, by far the most serious error is that

due to bias on the part of the operator in adjusting the detection
céntrol (threshold level). Three commonly used methods for adjusting
the threshold level were tested and each found to give poor repro-
ducibility, Figs. 23 and 24 show that at 2 sigma level, the co-
efficients of variation of threshold control settings for the three
popular methods are: 3, 44% for the original £illing~in method;
2,34% for the "Flicker' method with polarity set to detect black;
and 2,14% for the "Flicker'" method with polarity reversed, In terms
of percent area variations, the above values correspond to 26,38%,
18,02% and 16,64% respectively, Thus, contrary to the current view
that the '"Flicker' method gives greatly improved accuracy, these
results show that whilst the "Flicker" method is certainly the most
objective of the three methods, it is still likely to give large
errors,

Use of a standard Table 9 shows that much better reproducibility

in adjusting the threshold level is obtained by using some sort of a
standard, The use of standards, however, will not guvarantee accurate
results since this obviously depends upon how it was calibrated in
the first instance, but it will reduce scatter in the results, In
the assessment of non-metallic inclusion contents of steels, for
routine work, good reproducibility is considered to be far more
important than absolute accuracy,

In deciding on the form the standard sample should take, it is
worth remembering that it is likely to be needed frequently and that
time is a very important factor, The method, therefore, should be
simple and quick. In contradiction to the views of some operaters,
tests carried out on routine basis suggest that the examination of

several, or even one standard sample over a large area involving




hundreds of fields would be unworkable however sound in theory it
may scem, The method most likely to be found useful will be one in
which carefully identified and calibrated single fields are used,

The use of such a standard for routine work has four obvious
adﬁaﬁtages:
(i) The performance of any particular component part of the instru-
ment could be guickly tested, e,g, rate of drifting of camera sensiti-
vity and the sensitivity control re-set; (i1i) because of its
simplicity and gquickness it can be used to adjust the thresheold level
of the instrument before and after examining each specimen, thus
ensuring that the measurements obtained are reliable; (iii) consider-
able time can be saved than when a standard sample with several
hundreds of fields is used; (iv) new standards can be easily prepared
by comparing the new field to be used as a standard against the old
one under the same conditions, i,e, threshold setting, ete¢,; this
task takes only a matter of seconds,

Automation of Quantimet In general, the automating of the Quantimet

has not presented any serious problems, Some difficulty was encount-
ered in getting an ICT 1905 computer Lo accept the tapes from the
Quantimet, This trouble was traced to a fault in the design of the
tape punch used, It is worthy of note that with the slower Elliot
903 computer this problem did not arises ‘and, in fact, the
rejected tapes were subsequently run on this machine,

With the present method of punch tape system, the computer
staff have to prepare preliminary data tapes denoting specimen
number and other relevant details, Also, if the tape is to be
decoded it has to bé done using a special decoder and printer wkich
is often siﬁuated~some distance away from the Quantimet, The out~-

put writer is relatively slow, It is considered that a teletype
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printer, instead of the output writer and punch tape supplied at
present, would have overcome the above difficulties, It is inter-
esting to note that the new auntomatic Quantimets now being manufactured
are supplied with this arrangement.

Conclusions From long periods of use of the Quantimet during this
reseérch and with the knowledge of the above results, four major
conclusions can be drawn about its operation:

(1) The more obvious one is the importance of using some sort of a
standard sample to adjust the threshold level,

(ii) The manual control of sensitivity should not be used, at least
on the instrument tested, and at least 80 minutes should be allowed
for the instrument to reach stable operating conditions,

(iii) The count measurements in certain situations may not be as
reliable as the percent area and projection measurements,

(iv) Provided the above precautions are taken, the instrument will
give agcurate and useful information on non-metallic inclusions in
steel,

10,20 Correlation of Quantimet parameters with those of SAE, JK

and Diergarten methods

Results given in Tables 10 to 12 show that only percentage area
and projection measurements give good correlation, Total count
measurenents also give good correlation but cnly for the less densely
populated fields, These results also show that Suantimet percent
area and projection measurements cannot be relied upon to give
separate counts for oxide and silicafe inclusions, since the differ-
ences between these are too small, However, with the additional
count parameter it is possible, at least in theory, to distinguish
5etweén the continuous silicate type of inclusions and the broken

alumina typé'of inclusions, butin view of the uncertainty of the
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accuracy of this measurement, it cannot be used with absclute
confidence,

A further complication arises in trying to obtain a machine
chart rating assessment of the inclusion content of a sample and,
in characterising fields with more than one type of oxide inclusicn
in such a way that the instrument gives separate counts for each one,

Despite these difficulties there is evidence to suggest that
conversion from machine numbers to chart ratings is useful, particu-
larly in the early stages in the adoption of automatic metheods,

Such conversions should be attempted only when the steel contains
predominantly one type of oxide inclusion, e,g, silicate or alumina
only, Some steelmaking practices employed produce predominantly

one type of oxide inclusion, and it is considered that in these
gsituations conversion from machine numbers to JK, Diergarten or SAE~
ASTY, chart methods is justified; but not in cases where more than
one type of oxide inclusion is produced and when it is necessary to
obtain separate estimates for each of them,

Any attempt to perform an automatic machine classification of
inclusions in each field of view in a similar manner to a human
operator would require a much more sophisticated instrument than the
Quantimet, It is debatable, therefore, if such an instrument is
really needed in quality control work where the primary concern
is generally to determine the presence or absence of any field in
which the concentration of inclusions, whether oxides, silicates or
sulphides exceeds some specified limit,

It is considered that the ability of an instrument to distinguish
between alumina and silicate or some other type of oxide inclusion
is not a serious limitation in routine work, For quality control

in steelworks, the instrument could be programmed to stop on "“over-
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value" fields which could then be inspected visually by an experi-
enced operator, He could tﬁe@ ﬁecide whether the high value is due
to alumina, silicate or some other type of inclusion, Provided tﬁe
over-value is fixed at a reasonable level, none, or very few, over-
value fields will be encountered in clean steels,

10.3© Development of digital computer programmes for summarising

Quantimet measurements

This part of the work was quite straightforward, Computer
processing of digitalised information about inclusions offers great
advantages in fapid handling of large amounts of data and in calcula-
ting the means and standard deviations for proper interpretation
of results obtained by the Quantimet. However, it should be pointed
out that no amount of processing can restore precision which has
been lost in making the measurements, Specifically, no set of
results computed by methods, however elegant, can be expected to
be valid to a precision greater than that inherent in the basic
measurement initially determined,

All six programmes developed were found to be of great use,

The means and standard deviations of mean estimates of 500 fields,
for example, can be obtained in less than 10 minutes, which includes
the time taken to prepare the computer for a particulér programme,
Additionally, it has been pessible to get the computer to form a
histogram table of area percent measurements showing the number of
fields counted in different percent area ranges., In simple cases,
i,e, when the steel contained only one type of oxide inclusions, it
has been possible to instruct the computer to convert the machine
numbers to JK, SAE-ASTM or Diergarten ratings, Probably the greatest
convenience may be found in the fact that the data is produced in a

standard printed form which could be passed to managers concerned
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with the menufacture and processing of steel, A copy of the results
may also be sent to the customer for information, Once inclusion
count measurements are determined and recorded in this manner for
every cast of steel producéd, the possibility is opened for performing
a variety of statistical calculations to determine which steelmaking
practice gives the cleanest steels and determining other operating
trends,

10,40 Inclusions assessment in specific locations

10,4.1 Effect of reduction Results in Tables 15-17 show

that percent area count of oxides (alumina stringers) decrease with
a decrease in section size, Also, the number count for inclusions
greater than 204/m decrecases with a decrease in section, This is
believed to be due either to the breaking up of larger alumina
particles into smaller ones during rolling, or to a change in the
distribution of these inclusions due to their becoming strung out
and dispersed during rolling,

Theoretical considerations indicate that for inclusions which
are perfectly plastic at the temperature of rolling or forging,
that is, which deform at the same rate as the steel, the inverse
relationship would be followed exactly, whereas for hard inclusions,
the inclusion count would remain ¢onstant, Departures from this
ideal state may be thought of as being the result of real inclusions
being on the one hand neither perfectly plastic nor perfedtly hard;
or on the other hand, being comprised of mixtures of plastic and
hard inclusions,

Changes in size and shape of inclusions with reduction were
more noticeable for manganese sulphides, but, unfortunately, these
could not be measured on the Quantimet due to reasons previously

discussed, But it is considered that if it had been possible to
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obtain an assessment of them, a profound effect with decrease in
reduction would have been noted, Hardy and Allsop (94) using the
T Qounf method, found that when the inclusions are hard, the
variation of inclusion count with the reduction is small; but when
the inclusions are soft the inclusion count varies ;nversely with
the reduction ratio,

10,4,2 Sectioning errors Figs, 36 to 40 and Tables 18 and 19

show that a variation in sectioning of 6° from the longitudinal axis
of the billet when preparing the billet sample for examination can
double the fotal number of inclusions counted, What is more important,
it leads to serious under-estimation of the larger inclusions;
percentage area measurements are unaffected,

It is believed that the importance of reproducibility in sample
preparation is not widely appreciated, particularly in laboratories
concerned with routine work, Much greater attention should be paid
in the future to this aspect of the work, if reliable inclusion
assessments are to be obtained, In fact, there seems little point
in installing expensive sophisticated instruments when the sample
preparation methods are such that they can lead to serious errors.

Turning now to the effects observed, it ie believed that the
reascen for the higher total number counts in the sample slightly
inclined in the rolling direction of the billet is that there is a
greater chance of cutting through inclusions in this section than in
an ideal longitudinal one, Theoretical considerations suggest that
an even better sample would be one which is 90° fo the rolling
direction, i,e, a transverse sample, since in such a sample the
chances of cutting through a stringer inclusion would be even

greater because of the preferred orientation of inclusions,
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10, 4, 3 Micro~sampling The work om micro-sampling, i,e. select-

ion of fields of view on a polished surface of a specimen for
inclusions assessment (see results in Appendices 9 to 11, Tables 20
and 21 and Figs, 41 to 47) shows that for steels, similar to those
used in this work, it is necessary to examine at least 300 fields,
but preferably more, in order to obtain a reliable mean percentage
area measurement, or an estimate of the number of fields in which
the concentration of oxide inclusions is 0,55% or greater, i,e. fields
equivalent to a JK grading 3, Estimates of inclusion content based
on 25, or even 100 fields are associated with very large errors,

On a typical sample with an area of 600 mma, 200 fields (eéch
0.5 mma) is equivalent to a 12,5% coverage which is considered to be
a reasonable sample from a statistical point of view,

It should be stressed, however, that the above procedure
(300 fields), whilst giving reasonable precision in separating a
"dirty" steel from a "clean'" one, will not separate two 'clean"
steels with inclusion contents similar to those of Specimen Nos, 2
and 3 used in this work (see section 7,4,1), To distinguish between
steels with inclusion content similar %o these two specimens at
least 600 fields must be assessed, which with the automatic Quantimet
would take about 10 minutes, if percentage area counts only are
determined, Compared with visual manual JK counting this is about
three times faster, In routine work, it is desirable to assess
each sample in 2 to 3 minutes,

10,4, 4% Macro-sampling Tables 23 and 24 and Fig,48 show that

very large variations exist between samples taken from the same
length of billet, In practice, a sample is usually taken from one
end of a billet, These results show that a billet considered to be

"dirty" on such a rating system was, in fact, rated as "clean" on
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40 occasions out of 180, Conﬁersely, the "clean" billet was rated
as "dirty" on 33 occasions out of 180, This suggests that perfectly
'good‘steel can be rejected, or a dirty steel accepted.

These results also show that fields with high inclusion values
tend to be segregated on a macro-scale all along the billet, giving
clean and dirty regions and that the chances of one of these regions
being at the end of a billet is roughly 1 in 20, i,e, 20 adjacent
sampleg, each about 2 cm thick, would have to be taken before finding
a "dirty" sample, i,e, a sample that has ocne or mbre fields per 100
fields in which the percent area count in 0,556 or greater,

Hitherteo, it was tacitly assumed that a count determined on one
polished surface is representative of that sample, Tables 25 to 27
show that this is not so, but that the variation between surfaces is
nearly as large ag that between specimens,

10,4,5 Conclusions The results of these investigations lead

to the followling major conclusions:

(i) Sample preparation procedure must be standardised,

(ii) The samples should be from the same size of billets or very
nearly the same size,

(iii) Between 300 to 600 fields need to be examined on each specimen,
depending upon the size of inclusions to be assessed,

(iv) At least 10 samples should be examined from each billet, and
each sample examined at least 3 times using three different
surfaces,

10.50 Comments on the general programme of inclusions assessment

10,5,1 Distribution of oxide inclusions in two adjacent

ingots  Results in Table 30 indicate that low alloy steels of the -
type used in this investigation contain predominantly two types of

oxide inclusions: alumina and manganese-alumino-silicates, A
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particularly interesting point cdnnected with these results is the
presence of 2 to 4% Ca0 in these inclﬁéiéns. Since Cad can édme
initially from furnace slag only, it is interesting to speculate
how both these types of inclusions come to have éignificant amounts
of this”oxide. |

It is believed that small particles of Ca0 are present in steel
during the stage of melting and refining and that these particles
act as nuclei for the precipitation of alumina inclusions, which
form as a result of "killing" steel with aluminium, Much of this
material rises to the top, but some remains in the steel as inclusions.

The manganese-alumino-silicate inclusions are considered to
form after tapping, probably during teeming, The exact mechanism
by which they form is not known but it is believed that they result
from entrapment of "scum'", which is present on the tops of ingots
during solidification and which is drawn into the steel by currents
set up during cooling, This scum would be expected to contain the
deoxidation products mentioned aboﬁe, and, of course, the Ca0,
Thecretical considerations suggest that such inclusions should occur
wherever the conditions for their entrapment are most favourable,
but more frequently in the central portion pf the ingot, which is
the last part to so;idify. The results of inclusion counts deter-
mined by various laboratory procedures in the present work confirms
this,

Tables 31 to 38 show that although high Quantimet oxide values
can occur at any position from top to bottom, and from edge to
centre of the original ingot, there is a high probability of them
occurring in the middle and bottom portions, particularly in the
central regions of the ingot, What is particularly interesting

about these results in the fact that this trend in the distribution
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of oxides is also indicated in results obtained by step, magnetic
crack detection and sulphur printing methods (Tables 39 t¢ 42 and
Appendix 21,

Appendix 20 shows that despite the scabter in results there is
a good correlation hetween total oxygen contents determined by the
neutron activation and Quantimet methods,

The major conclusion to be drawn from this investigation is that
steels, if “dirty", are more likely to have "large" inclusions in the
central, middle and bottom portions of the original ingot and,
therefore, for purposes of routine inspection of steel for this
type of inclusion, samples should be sclected from billets correspondt
ing to these positions,

10,5.2 Rumning programme on low alloy steel casts Tables 47

and 48 and Figs, 51 end 54 show, as expected, that on the average
"elecan'! steels do not show such marked systematic variation in oxide
inclusion content from edge to centre of the billet as do "dirty"
gteels, However, even in these '"clean" steels there is a tendency
for the central axial portions of the billet samples to contain
slightly more fields with percentage area values greater than 0,55%
than portions nearer the edge of the billet,

What is of greater interest, however, is thz marked systematic
variation observed at four different positions along the original
ingot, Appendices 22 to 29, and Figuros ... 55 to 58 show that
the heaviest concentration of fields with high percentage area values
occurs in billet samples corresponding to the extreme bottom and
one billet length away, i,e, 100 uﬁ the ingot; the middle of the
ingot (position 5% from top of ingot) is next highest in oxide
content, and the top samples, next to the discard, the cleanest,

Fig.58 shows that there is only a 15% chance of a billet from the
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middle portion of the ingot being rated as "dirtgst"; only a 5%
chance of a billet ffom the top of the ingot being rated as "dirtest'";
but there is a 40% chance of each of the bottom billet samples being
rated as "d{rtest“;

Thé results of this investigation clearly lead to the conclusion
that the best sampling positions in the ingot for this type of steel
is the extreme bottom and one billet length away, and that it is
better to take the four samples from the bottom billet than one
from four different positions along the ingot,

Table 49 and Figs, 59 and 60 show that there is no marked
systematic variation in oxide inclusion content between ingots
selected from each group. This is in contradiction to the view held
by some that ingots teemed at the end of cast are "dirtier" than
those teemed earlier, This argument, of course, is based on the
fact that the steel teemed at the end of cast does not remain liquid
for as long a period as that teemed earlier and, therefore, the
chances of large inclusions floating up are less, There is probably
some truth in this, but it cannot be accepted that this is the main
factor influencing the incidence of large inclusions in ingots,

None of the 14 casts examined in this work was considered really
"dirty", If such casts had been examined, it is possible that the
ingots from the last group might have contained larger inclusions,
Furthermore, of the 1h% casts examined, 9 were teemed in two groups
which would not result in such a large drop in the temperature of the
steel,

Perhaps one of the most encouraging sets of results obtained in
this investigation is that shown in Table 53, which shows that casts
of steel made by the double slag process have on the average the

lowest mean percentage area vaiue; single slég'casts have the
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highest oxide content (higher by nearly a factor of 3)j whilst single

slag, grain refined and single slag, vacuum degassed and grain
refined casts have inclusion contents between these two levels,

These results, therefore, suggest that the sampling and testing
methods employed in the latter part of this investigation are practic-
ally sound, A further interesting point that emerges is that the
Quantimet is able to pick up these differences in inclusion content
resulting from the use of different finishing practices,

10,609 Sample preparation - thin film interference technigue

Figs. 62 to 75 show that this new technique is useful in provid-
ing contrast for inclusions to be guantitatively assessed, Though
in all samples examined greater contrast was observed, it was found
that this improvement in contrast was not always sufficient for
satisfactory examinaﬁion of the various phases on the Quantimet, even
with a Xenon light source, Unfortunately, alumina and silicate
inclusions in steel cannot be differentiated by this method as the
resulting colours are too close together to provide adequate contrast
for separate analysis on the Quantimet, But the technique is
considered to be valuable as an aid to clear interpretation of the
phases present in optical microscopical examination, and also, as &

preliminary test for selecting phases for electron probe analysis.
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11,00 SUMMARY AND CONCLUSICNS

The Qork recorded here has produced results which explain much.
of thé operational characteristics of the automatic Quantimet when
it is used to determine the inclusion content of steels, It also
shows the magnitude of errors encountered in sampling and sample
preparation, how oxide inclusions are distributed within ingots and
between different casts of low-alloy steels,

The following points summarise the main findings of this research,
For convenience, these points are listed under the main fields of
research conducted, as follows:

11,10 Work on Quantimet

(a) Blank frame setting drifted by about 5% from the original
calibrated setting during the first 80 minutes of switching on
of the instrument, but after this period it varied by less

than 1% over approximately 1 hour,

(b) The camera sensitivity setting, as measured on the meter in
front of the instrument, produced variable results, On manual
control, it varied continuously, even after 80 minutes, rising
from its original setting of 0.7 to over 0,9 over a period of
145 minutes. On automatic control of camera sensitivity, it
varied only slightly during the first 30 minutes, end hardly

at all after this period,

(c¢) With automatic cuntrol of camera sensitivity, and after the
instrument had attained a stable operating temperature (80

minutes), the overall reproducibility of the instruaent

(including the automatic data handling systems) was found to
be a functlon of feature size and contrast, Practically 100%
reproduc1b111ty was attalned over a period of #g hours when

determining percent area, total projection, total count and
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size distribution measurements of rélatively dark (typically oxide)
inclusions greater than 54m on the TV monitor screen, With inclus-
ions smaller than this size, particularly those with poor contrast
(typically menganese sulphides), variations (standard deviations) of
up to + 5% of the mean estimate were frequently encountered,

(d) The setting of the threshold control was found to be very
eritical and only small variations in this setting caused large
variations in the measured values, particularly percent area, In
general, a variaticn of the order of 1,7% in threshold setting,

i,e, a variétion of about 20 divisions on the thresheld control,
caused a 10% variation in detected Oxide area.

(e) Camera sensitivity and threshold setting of the instrument are
directly related, A deliberate variation in camera essnsitivity of
0,07 divisions was found to correspond to a variation in threshold
setting of 17-20 divisions, which, as shown above, can result in
significant errors,

(f) The setting of the threshold level produced significant
variations, Three methods were investipgated by three operators

who produced coefficients of variatior in the range 0.72-2,01%., The
original "filling-in" method produced a mean coefficient of variation
in threshold setting of 1,76%; +the "flicker" method with polarity
of detection set to detect black 1,07%; and the "flicker" method
with polarity of detection set to detect white 1,17, These gave
corresponding mean coefficients of variation in detected oxide
percent area measurements of 13,2, 9,0 and 8.3% respectivaly,

(g) Differences between operators in setting threshold were found

£0 be less than differences between methods, TFor three operators,
the mean coefficients of variation of the detected oxide percent

area measurements were found to be within the range 9-11,5%,
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(h) The developﬁent and use of a standard sample method for adjust-
ing the threshold level gave practically 100% reproducibility between
measurements of a given operator as well as between measurements of
different operators,

(i) Standards which use single fields were found to be highly satis-
factory for setting of the threshold level, Standards which use

an area comprising of a hundred or more fields were found to be
unsatisfactory from the point of view of convenience and speed,

(3) The microséope method of focusing the image to be analysed gave
better reproducibility than the TV monitor method, The standard
deviation of the mean setting of the former method was lower than
the latter method by a factor of nearly 2,

(k) The auiomatic stage was found to be capable of maintaining the
image critically focused over the whole of its programmed traverses
in the X and Y directions for all except the 20X and hOX objectives,
With the 20X objective about £ of the whole traverse was attained,
but in the case of the 40X objective, the focus needed re~adjusting
about every & mm in bbth the X and Y directions,

(1) Extremely good correlation was obtained between the percent area
and projection measurements determined by the instrument and
visually, The correlations between the instrument's number counts
and the visual number c¢counts were found to be variable, On some
inclusions, good correlation was obtained bétween the two sets of
meésurements but on others, the correlation was relatively poor,
Poor correlation was generally obtained when the inclusions were
either too long or too closely distributed in the fiéid of_view and
when this distribution varied from field to field,

(m) In many samples, the manganese sulphide inclusions could not

be satisfactorily measured, because they were elther too long and
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needle~like or the magnification selected was suitable for detection
of oxides but not sulphides,

{n) The use of two detection levels (a&ailable on the automatic
Quantimets) produced errors in the sulphide estimates ranging between
10 to 20% of the detected oxide values due to the "edge effoct! of
oxides, Due to the same effect, it was found that a sulphide area
measurement was recorded even though no sulphides were present,

{0) The long-term reproducibility and general behaviour of the
instrument, measured over a pericd of 8 months, reméined the same,
(p) Fluctuation in mains due to operation of steelworks' plants
(electric arc furnaces, rolling mills and other ancillary equipment)
did not affect the performance of the instrument. However, the
shunting of railway engines some 20 yards away caused the focus of
the image to be temporarily distorted due to vibrations, During
these periods it was found necessary to stop the instrument and
repeat the measurement later, If the machine were left unattended,
this effect could result in an erroneous result being recorded for
that specimen,

(g) The instrument has not suffered any serious breakdown even
though during the first 8 months it was operated continuously for
16 hours a day, 4-5 days a week,

(r) The use of yellow or orange filters with the 5X objective
improved the resolution of the instrument; in some cases, by as
much as 50%,

11,26 Correlation of Cuantimet parameters with those of JK,

Diergarten and CM (SAE-ASTN) methods

(a) Generally, good correlation was found between the Quantimet‘s
percent area and projection measurements and chart gradings, As

the chart grading increased there was a corresponding increase in
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the measured values, log-normal plots of Guantimet parameters.

versus chart grading gave practically a straight line, Cuantimet
number. counts also gave good correlation with chart grading numbers,
but generally only in the lower ranges, i.e. 1-3 grading in the
case of the JX method (except for silicates) and 1-5 grading in the
case of the Diergarten method,

(b) Using the above correlations it has been possible to convert
from machine numbers to chart gradings and vice versa, and also
from JK to Diergarten rating or vice versa for the saﬁe types of
inclusions,

(¢) Good agreement was obtained between chart ratings of a specimen
of steel made visually by two experienced operators and by the
machine, when no attempts were made to distinguish between different
types of oxides,

{d) Attempts were made to fit a mathematizal equation to each set
of correlation lines in an attempt to distinguish between the
varlous types of inclusions depicted on these charts, but the
differences between them were found to be too small to enable a
suitable eguation to be developed, Furthermore, fields with more
than one type of oxide complicated matters as the instrument could
net measure each type separately,

(e) It is concluded, therefore, that conversions from one chart
method to another, or from machine to chart methods will be possible
only when it is not necessary to distinguish between the various
types of oxide inclusions; or when the steel contains predominantly
just one type of oxide inclusion,

11,30 Development of digital computer programmes for summarising

of Quantimet data

(a) Fields for the same numberof measuremsnts were examined nearly
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twice as fast when data was recorded by a tape punch than when it
was recorded by an output writer,

{b) Several &igital computer programmes have been developed for
summarising the Quantimet data, As an example, 8,000 measurements
on seven different parameters could be processed to give their mean,
standard deviation and frequency table showing the number of fields
counted with values within six specified ranges, and all these results
calculated and printed out in less than 10 minutes. The processing
of this amount of data on a single specimen by manual means would
have teken over a day,

(c) Digital computer programmes have also been developed which
convert Quantimet numbers to chart ratings.

(d) I has also been possible to write programmes which give a
frequency distribution of the Poisson type for each specimen showing
the number of fields counted with O, 1, 2, ..., n number of
inglusions greater than five different sizes (a variable in the
pregramme ),

(e) Programmes have also been written which give grand summaries,
for example in situations where it is recessary to deal with measure-
tients obtained on several specimens,

{f) The above programmes have been tried out on an Elliot 903 and

an ICT 1905 computer and have been found to work satisfactorily,

In general, the processing of paper tépes produced by the Cuantimet

was found to be ecasier on the slower Ellict 903 than on the ICT 1505,

Separate preliminary data tapes are needed and the processing of
these tapes first and then the Quantimet data tape was found to be
inconvenient, Also, to éet‘é transcription of the Quantimet data
Tape it was necessary to take it to the Computer Centre situated some

distance away from the Quantimet, The use of a Teletype printer
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similar to that used for computer read-outs, instead of the outpu£ _
writer and tape punch supplied with the.Quantimet, would have solved
these difficulties in addition to being faster than the output writer.
(g) Several Quantimet data tapes were rejected by the faster ICT

1905 computer due to faulty alignment of tape in the tape punch.
Although care was taken to ensure that the tape was set up properly,
drifting sometimes occurred which resulted in these tapes being
rejected by the computer, On the other hand, the slower computer
accepted these tapes and processed them satisfactofily.

(h) The use of this system for recording and processing of Quantime*
data was found to do away with the arithmetic involved in obtaining
separate measurements for oxide and sulphide inclusions, in convert-
ing projection intercept measurements to actual inclusion lengths

in millimetres or microns, andin forming frequency tables, all of whlch
arc extromely time-consuming and laborious, to calculate.

11,40 Inclusions assessment in specific locations

Effect of reduction in area  Reduction in area from 6" sq,

to 1" dla, was found to affect the results, Oxide percent area
measurements decreased from 0,04% to 0,01%, and there were also

fewer inclusions greater than 204m in the smaller section, Between

Lt ang 2" sq, sections, the counts were not much affected,

Effect of variations in sectioning billet samples

(a) A variation of 6o from the axis of the billet in the rolling
direction nearly doubled the total number counts for both oxide and
sulphide inclusions in high sulphur free-cutting and low-alloy
steels, It also decreased the count of number of large inclusions,
or fields with high percent area values,

(b) A similar amount of variation from the axis of the billet but

90o to the rolling direction, i,e., with a surface sloping from edge
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to centre of the billety did not affect the results significantly,
(¢) Mean percent area measurements were found to be unaffected by

either of the above variations in sectioning billet samples,

Work on sampling

(a) Variations between fields were very large. As an example, for
three steels with varying oxide content, the mean percent area and
standard deviation estimates based on 100 fields for 30 such deter-
minations were within the range 0.02 + 0,02 to 0,05 + 0.26% for the
relatively clean sample with an average area count of 0,02%; 0,01 *
0,01 to 0,09 + 0,33% for a sample with an average area count of
0,0%%; and 0,01 + 0,01 to 0,17 + 0,346 for a sample with an average
area count of 0,07,

{b) The method of basing the inclusion content of a sample on mean
estimates of 25, 50 or even 100 fields (current practice in some
works) is subject to very large errors and was found to be totally
inadequate for distinguishing reliably between mamples of varying
inclugion content,

{¢) Results cbtained suggest that in order to attain a reasonably
high degree of precision in the results, each specimen must be
examined at least 9 times (using a new repolished surface each time)
under microscopic conditions that ensure at least a 10%, but prefer-
ably a 20% coverage of each surface.

(d) Larger variations than those encountered within a sample
(conclusion (&) above) exist between determinations made on adjacent
samples selected from entire length of billets,

(e) Results obtained suggest that between 10 v IF orevimene are
needed from each billet in order to attain a reasonable degree of

precision in the results.
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1l.50 General programme of inclusions assessment

Work on two adjacent ingots

.(a):Detailed examination of two adjacent ingots of low dlloy steel
(Fn 16) after rolling into billets showed that although individual
fields with concentrations of oxide inclusions greater than 0,55%
(JK Rating 3) could occur anywhere in the ingot, they tended to
occur more frequently in the half of the specimen nearer the centre
of the billet, Quantimet, step test, magnetic particle test and
sulphur printing results supported this finding,

(b) The highest concentration of oxide inclusions occurred in billots
representing the middle 20% and bottom 20% of the ingot, i.e, over
two billet lengths approximately in the above positions of the ingot.
(¢) Fieldc with lower percent area values, as for example values

of 0,5%%or less, tended to be more uniformly distributed not only
from edge to centre of ihe billet but also from top to bottom of

the ingot,

(&) Microscopic and electron probe examination of oxide stringer
inclusions (revealed by microscopic and magnetic particle examinat-
ions) showed two types of inclusions %5 exist, One of these types

contained about 9% A1,0, and between 2-h% Ca0, The other type,

3
usually, but not necessarily the larger ones, contained significant
amounts of MnO, SiO.,, A1203 and CaQ, This latter type of inclusion
also had some practically pure alumina particles embedded in them,
Examination of the small oxide inclusions found embedded in
sulphides showed these to be high in Al, but due to their small
size their exact composition could not be determined,

(e) Statistical examination of percent area measurements determined
by the Quantime#uand total oxygen values determined by the neutron

activation method showed the correlation between these measurements

to be highly significant,
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(f) There was also an obvious correlation between Quantimet measure-
ments and those of other tests employed (e,g, sulphur printing,

step testing and magnetic particle testing),

(g) Step down test pieces when cut in half through the axis of the
billet and examined revealed more inclusions than when step tested
in the ordinary manner, This effect was attributed to the concentr-
ation of the larger inclusions in the central portion of the billet
which was not represented by the step test pieces used.

(h) In general, tests conducted on billet samples selected from
both ingots gave the same results and exhibited the same degree of
variability between samples,

Running propramme at a sieelworks

(a) Although on individual specimens there was a systematic segreg-
ation of fields with high oxide percent area values toward the
centre of the billet, on the average, this difference from edge to
centre of the billet was not found to be marked, presumably because
the majority of steel samples examined were relatively clean,

(b) On the other hand, a2 marked systematic segregation of cxide
percent area values was found to exist between the top, middle, one
billet length from the bottom and bottom billets, In general,
sampies from the latter two positions in the ingot gave the highest
counts, those from the middle of the ingot gave the next highest
count, while those from the top of the ingot gave the lowest counts,
(¢) Analysis of the results obtained on 212 samples selected from
53 ingots showed that 80% of the samples rated worst from each
ingot, i,e, as having the highest oxide percent area estimate, 80%
of these samples were from the two bottom billets; 15% were from
the middle billets, and only 5% were from the top billets,

(d) The majority of the individual particles making up the stringers
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or inclusion aggregates were less than 29ﬁ{m and over 90% of them
less than lQK{m.

(e) There was a‘°strong indication from the results that on the average
thé'fwo samplés_from the bottom of the ingot contained slightly
larger particles of inclusions,

(£) Percent area, total projection and total number of oxide inclusions
were all found to be useful quantities in rating specimens, but size
distribution measurements were found to be of little value for
reasons given in conclusion (d) above,

(g) No marked difference in oxide measurements exists between samples
gelected from four different groups in the cast, But there was a
slight indication that samples drawn from the last group may have
contained slightly more fields with percent area values greater than
0,55% (equivalent to JK Rating 3).

(h) Differences in oxide content between casts finished by the same
process were less than differences between casts finished by different
finishing processes,

(i) Double slag process produced steels with the lowest oxide

content (average percent area 0,028%) and single slag process steels
with the highest oxide content (average percent area 0,070%). In
general, single slag vacuum degassing process produced steels with
inclusion content between double slag and single slag processes,

(§)} Results obtained show that cleaner steels are often produced

when aluminium is added for grain refining to casts made by single

slag process than when it is not added,

11,60 Sample preparation - thin film interference technique
(a) In all the samples examined, the use of the thin film technique
gave an improved contrast, but this improvement was not always

adequate for automatic counfing procedures, but it was found to be
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of benefit for manual counting procedures,

(b) The use of this techﬁique revealed the lead-telluride phase of
manganese sulphide~lead telluride inclusions which could not be
revealed clearly by conventional etching and microscopic techniques,
(c) Tﬁe technique also made possible separate automatic measurements
to be determined on dark inclusions and for pores and graphite phase
in grey cast-iron samples, which could not be accomplished by
conventional sample preparation techniques,

(d) The technique was also found to be valuable as a preservative

of polished surfaces,

{e) This method could not produce sufficient contrast between different
types of oxides, e,g. alumina and silicates for it to be usefully
employed in routine automatic inclusion counting work,

(f) When using ZnSe as the coating material, the best contrast was
obtained with the blue and blue-green films,

(g) The technique has been found useful for revealing phases to be
subsequently analysed on the electron probe microanalyser,

~

11,70 General usions

Automatic inclusion counting in a steelwcrks for quality control
is now a practical possibility, as the above discussion on the
performance of the automatic Quantimet shows, The stability and
reproducibility of this instrument has been thoroughly checked and
found to be excellent providing certain precautions are taken, =so
that if the cost of the instrument could be justified (around £8000
to £10,000, depending upon the degree of automation) it will yield
inclusion counts more quickly and objectively than the visual methods,
and with virtually no operator error,

Although the Quantimet will give for each field the area

occupied by inclusions, the total number of inclusions present, their
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size distribution, their aggregate length and chord size distribution,
the results of this research show that total number and size
distribution counts cannot always be determined as reliably as per-
cent area and projection measurements,

Furthermore, the work carried ocut here on sectioning errore
shows that total number and size distribution count; are more
sensitive to variations in sectioning the billet sample than per-
cent area measurements, Unfortunately, projection coﬁnts were not
determined, but as percent area measurements are derived from the
projection or intercept counts, they too are likely to be insensitive
to variations in sectioning,

Despite the efforts of a works' metallurgist to keep the above
error under control, it must be assumed that a certain proportion of
the samples examined will not have been properly sectioned and,
therefore, it is desirable to choose parameters that are not too
sensitive to variations in sectioning,

Even if the above two problems could be overcome by more control
over the operation of sectioning billet samples, and use of a more
sophisticated instrument, it must be azknowledged that size distribu-
tion counts of inclusions in longitudinal, metallographic sections,
prepared from billets (or bars), is a highly biased estimate of the
true size distribution, For spherical particles a sound mathematical
formula exists for correcting the apparent distribution to the true
distribution function, but for non~spherical particles snuch
corrections are difficult to apply. This problem has been given a
fairly complete treatment by Hilliard and others (see References
155-164), In theory, it is possible to make such correctioms,
but in practiéé.the procedure is unwieldly, and the distribution

determined from a two-dimensional structure cannot be easily
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related fo the bulk material,

Whilst it is acknowledged that particle size distribution is
important in some quantitative metallographic work, it is question-
able whether this infofmation is reaily needed in routine inclusion
counting work, such as quality control in steelworks, where the
primary concern appears to be in determining the presence, or
absence, of any field in which the concentration of inclusions of a
particular type exceeds some specifiea limits,

Because of the above difficulties in determining the number and
size~distribution measurements of inclusions in longitudinal two=-
dimensional metallographic sections, particularly the latter measure-
ment, it is suggested that for quality control purposes at least
these two parameters should be given low priority, and attention
directed at using the more accurately and easily determinable para-
mebers: percent area and projection,

The volume fraction (percent area) of inclusions is generally
agreed to be highly significant to low ductility, easy fracture,
machinability and other behaviour of material affected by inclusions
or similar non-cooperating phases, e,g. graphite in cast-iron,
Edelson and Baldwinls4 for example, found volume fraction of all
non-cooperating phases to be additive and a prime factor in the
behaviour of copper-based compacts, Inclusions could behave in the
same way and it is possible that it ié the amount of inclusion
present in a given microscopic area that matters and not what they
are or how they are distributed,

It must also be acknowledged that the Quantimet will not
distinguish between different types of oxides, e,g, alumina stringers,
silicate stringers, etc. Discrimination between such inclusions

is needed mainly because conventionally one large inclusion is
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considered to be more harmful than the same volume of inclusion
distributed as several small particles, and silicates tend to occur
in larger sizes than most other types of inclusions commonly found
in steels, Thus, disérimination between silicate and alumina is
often needed for reason of size or severity rather than for reascn
of chemical identity, |

This sort of deficiency is inevitable with any automatic machine
which is competitively priced, Whilst it must be accepted that a
human operator using a manual method could derive a lot more inform-
ation, one must weigh these limitations of the automatic methods
against the numerous obvious advantages they offer, The most
important of these are good reproducibility, objectivity, labour
saving and speed in not only determining the inclusion count, but
also in processing of the data with suitable statistical constants,
The latter enable sounder inferences to be made about the inclusion
content of that sample of ateel than would e possible otherwise,
In any case, if it is accepted that it is the fields with high
concentrations of oxides that matter, then the differentiation
problem can be overcome as previously discussed by programming the
instrument so that it stops on these M"over-value" fields for visual
inspection by the experienced operator to decide whether the "over-
value" is due to a silicate, alumina or some other type of inclusion,
It is unlikely that this procedure will be unduly time-consuming as
it is highly improbable that a "clean" steel will contain a lot of
these fields,

The results of this research clearly show that very large
sampling errors exist withlﬁéthods‘currently being used for sampling
steel, But the eco@dmics of inciusién counting in a steelworks are

such that even with an instrument such as the automatic Quantimet,
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with a speed of 1 field per second, the required number of fields
and samples neededs to reduce this error to a reasonably low level,
cannot still be examined in the time available, Clearly, what is
negded is a faster and cheaper instrument, since the solution to
this pfoblem is to sample more extensively and use more than one
instrument,

In the meantime, sampling errors can be minimised by drawing
samples from the correct positions in the ingot and cast, The results
from this research show that for the steel and steelmaking practice
examined, the correct sampling positions are from the ends of tne
two billets representing the bottom of the ingot from each group in
the cast, The sampling error can be further minimised by examining
only one half of the specimen, i,e, the region extending from mid-
centre to centre of the billet sample,

Strictly speaking each type of steel made by a particular
process and in a particular works has its own sampling requirements
which should be determined experimentally in advance before standards

are agreed between supplier and user,
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