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SYNOPSIS

THE EFFECT OF PRODUCTION VARIABLES ON THE PROPERTIES AND
PERFORMANCE OF INGOT MOULD CAST IRON

It is extremely difficult to determine the effect of
microstructure on the cracking resistance of cast iron by
conventional mechanical tests. It has been established that
a three point bend test may be used to rank irons of diff-
erent microstructure in terms of cracking susceptibility.

Experimental test block material has been produced and
the effect of various production practices on cracking
resistance assessed using the bend test. Production ingot
moulds have also been examined to determine the relation-
ship between production process, microstructure, mechanical
properties and ingot mould performance.

It has been established that high (>0.12%) phosphorus
levels may cause premature mould cracking due to increased
segregation of phosphide/carbide eutectic to the eutectic
cell boundaries. This effect is enhanced by increased
cooling rates and by increased residual levels.

Titanium acts as a graphitiser and offsets the delet-
erious effects of increased residual levels by increasing
cracking resistance. Too high a titanium level (>0.06%)
produces a weak iron making the mould prone to torn seats.
The effects of titanium are altered depending on the redox
conditions., A ductility trough has been found at 0.03 to
0.05% titanium.

Compacted graphite is not, necessarily, deleterious to
performance. Its formation has been linked with high
residual levels. Nitrogen has not been found to be contrib-
utory and has little effect on cracking resistance although
levels above 0.014% promote pinholing.

High residual levels cause a marked decrease in
cracking resistance by promoting a cell boundary network
of carbides. Slow solidification rates promote this effect
by increasing the amcunt of segregation.

: Reduced casting temperatures cause a reduction in
eutectic cell size with a corresponding increase in cracking

resistance. In practice, reduced casting temperatures give

reduced performance because of cold shuts in slab moulds

and poor crazing resistance in small moulds.
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The peak in.tonnage of ingot mould consumption occurred
in 1973,with over 500,000 tonnes being produced. Since that
time,tonnage production has declined,though ingot moulds
still represent a significant proportion of the total tonnage
of iron castings manufactured in the United Kingdom,as the

following table illustrates(j),-

Year ) 1973 | 1974 | 1975 | 1976

Tonnage Ingot Moulds X1000 528 419 366 396

Total Tonnage Iron Castings X1000 | 3445 | 3190 | 3002 | 2963

1977 | 1978
311 298
2795 | 2689

The total ingot mould and bottom plate consumption
within British Steel_Corporation,givep in their Annual
Statistics for 1979480 shows a similar trend,as follows:-

Tear | 1973 |1974/5 | 1975/6 |1976/7
Tonnage Ingot Moulds X1000 | 414.5 | 407.6 281.3 372.6-
| 1977/8 | 1978/9 | 1979/80
RLLeT 266.9 204.5

This reduced demand for ingot moulds has arisen from
three factors,principally,

i) g gradual improvement in performance over a number of

years,
ii) a gradual reduction in steel production levels
since the early 1970's,

iii) the introduction of continuous casting.

For the financial year 1980/81,the total.liquid steel-
make in B.S.C. was planned at 15m tonnes per annum(tpa).
Even at this low level of production,12m tonnes were to be

produced by the ingot route. This would require an ingot
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mould consumption of 150,000-200,000 tonnes.

Not withstanding this reduced ingot mould consumption,
the mould costs continue to represent a significant pro-
portion of the conversion costs of liquid steel to the
wrought product. A typical ingot mould costs around £220/t
and,thus,the total cost to B.S.C.,for its ingot moulds,is
around £/0m p.a. Any improvement in the performance of
ingot moulds would represent a considerable saving in pro-
duction costs. |

Under optimum conditions the interior éurface of an
ingot mould deteriorates to such an extent that the mould
is discarded. However,in many cases moulds crack before
this condition is achieved necessitating early scrapping.
Ultimate failure by cracking has been accepted as the normal
failure mode,particularly in large slab moulds. Complaints
from the steelworks on premature failures due tb cracking
have accounted for annual claims of up to £500,000.

All ingot moulds used within B.S.C.,other than a small
tonnage for experimental purposes,are manufactured wifhin
the.Corporation's own foundries.Those currently producing
~ingot moulds are Fullwood in Motherwell,Dowlais in Merthyr
Tydfill,Renishaw in Derbyshire and Stanton in Nottingham-
shire. In addition,ingot moulds have also been produced at
two of the Corporations steel foundries at River Don Works
in Sheffield and Craigneuk,also in Motherwell. Other than
Stanton,which is part of the Tubes Division of B.S.C. these
foundries are part of the Forges,Foundries and Engineering
Group,a profit centre curréntly separated from the Manufac-
turing Divisions of B.S.C. (A brief description of the

method of mould manufacture used at each foundry is given
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in Appendix 1,together with foundries that have recently
ceased production.)

Typical ingot moulds produced and used within the
Corporation and examined in this wdrk are shown in Appendix
2.

The use of magnesium modified graphite cast iron for
ingot moulds hés increased over the last few years,but by
far the greatest tonnage is still produced in conventional
'flake graphite iron. This investigation has,therefore,been
concentrated on flake graphite iron,although reference is
also made to modified graphite iron.

There is published evidence,(reviewed in the nextA
chapterz!to show the effects of foundrybprocessing vari-
ables,such as chemical analysis,on mould performance. This
is,however,often contradictory and there has been little
or no attempt to determine the fundamental relationships
between mould microstructure and mechanical properties,
and the resultant ingot mould performance.

Therefore,the principal aim of this investigation
was to study the effects of foundry production variables
(e.g. chemical analysis,cooling rate) on the mould micro-
structure,properties and ultimately performance (particu-
larly cracking resistance) of cast iron ingot moulds,with
a view to optimising mould performance through éorrect |
control of foundry production conditions.

The method adopted was to develop a simple mechanical
test which would provide a relationship between the micro-
structure and cracking resistance of cast iron produced as
test blocks. It was intended that this would also establish

a relationship between test block production conditions and

A B



properties. Secondly,the information so derived was used in
conjunction with actual ingot mould performance data of a
number of different moulds produced under varying foundry
conditions,to establish the required foundry conditions

for optimum mould performance,



CHAPTER TWO
FACTORS AFFECTING
INGOT MOULD-

PERFORMANCE



An ingot mould may be defined as.a container inté which
liquid steel is poured,for the purposes of producing a
solid ingot,which may,subsequently,be rolled or forged into
the desired final’product. Practically,the design of the
ingot shape is based on solidification and yield consid-
erations,so the mould is designed to contain the steel and
to condgct heét away whilst it solidifies. During usage,
within 5 to 15 minutes of teeming,the inside surface of the
mould wall fapidly heats up to. temperatures of around 700~
900 6(2) followed by equalisation of the temperatﬁre grad-
ients. The stresses developed within the mould wail,due to
these temperature gradients,are represented by an equation

of the form(B):-
e =XE (% -t,)
-

where o is the coefficient of linear expansion of the mould,

(tw-tz)Jis the temperature difference between the
"inner and outer surfaces
and M 1s Poission's ratio.
Inspection of this equation gives some indication of
the properties of an ideal mould material: The stresses
generated during usage may be limited by utilising materials
of low linear expansion,low Young's modulus and high therm-
al conductivity,so as to limit the thermal gradients within
the wall.
The moulds,after use in the steelplant,are allowed to
cool below 100°C and are reused. Mould reusage,therefore,
is an important factor in the economics of the ingot route.
'During usage,the inside surface deteriorates through thermal
. fatigue,growth and oxidation. Under optimum conditions,the
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processes continue to such an extent that,either the ingot
cannot be stripped,or the resultant billet or slab surface
quality is so poor that the increased dressing costs do
not justify continued use of the mould. This failure mode
is known as crazing. Frequently,however,moulds may fail
before this condition is achieved,cracking being the most
common cause of early mould failure.

2.1 MODES OF FAILURE

The surfaée deterioration mentioned above ultimately
leads to rejection of the mould due td crazing. In addition
to this ultimate rejection,other failure modes are commonly
observed.

2,1.1 Cracking

Cracking occurs,.when the thermally-induced stresses
are greater than the tensile strength or notch ﬁoughness
of the material. It may occur  within the first few lives
of the mould or develop gradually during service. It is
usually associated with rejection early in life and is
important since,not only is there an increased cost to the
steelworks, but the sudden cracking of a mould may cause
a breakout of liquid steel which is hazardous to operatives.

Cracking manifests itself as vertical cracks(either
on the‘broad or narrowaaces of slab moulds),horizontal
cracks, or corner cracks, and may be due to one or more
of the following factors:

i) Poor mould design,

ii) Adverse usage conditions,

' 1ii) Poor iron properties, ie. iron too brittle.

2,1,2. Torn Seats.

These defects are caused by welding of the ingot to

8



the mould wall and, on subsequent stripping of the ingot,
part of the mould is removed with the ingot. This type of
defect usually occurs where the iron is weak but may also
be due to faulty teeming practice (see 2.1.6.).

2.1,3. Broken Lugs.

The breaking off of a lifting lug renders the mould
unusable. Again, a common cause of this defect-is weak
iron, but it may also be due to mishandling.

2,1./.. Mechanical Damage/Stickers.

When an ingot is stuck in the mould, efforts to

release it may result in permanent damage to the mould.
Stickers may arise through use of a heavily crazed mould,

distortion of the mould wall, or by the ingot becoming

keyed in to part of the wall, for example, through a teeming

defect or a torn seat. Moulds may also be damaged on removing

the ingot from a cracked mould, where steel has penetrated

between the crack faces.

2;1.5. Distortion,.

The imposéd thermal stresses may be higher thﬁn the
yield 1limit of the iron so that plastic deformation may occur.
Over repeated cycling, this may manifest itself as gross
distortion of the mould. S.G. iron moulds( discussed below),
are prone to this type of defect.

2.1. 6. Teeming Defect. -

If the steel stream impinges on the mould wall, the
surface will be eroded and this may require the scrapping
of the mould. This type of defect is most common in direct
teem moulds, but may also occur in uphill teemed moulds,
when ladles with running stoppers pass over the tops of

the moulds.



2,1.7. Cold Shuts.

Cold shuts are horizontal line defects, usually
apparent as horizontal cracks. They are caused by, mainly,
low foundry casting temperatures or by slag entrapment
in two-ladle casting systems.

2,1,8. Plucking

Plucking is the term used to describe where part of
the face has been pulled off. This defect occurs, most-often,
in large forging moulds, where sheets of iron, up to 15mm.
thick are pulled away with the ingot. Plucking usually
occurs where there is a plane of non-metallic inclusions

just behind the working face.

The method of faiiure of an ingot mould and the life
achieved before this occurs,are determined by the steelplant
usage conditions,ingot mould design and foundry‘production
conditions. These factors will be donsidered in more detail.

2,2 STEELWORKS USAGE CONDITIONS

There are several important steelworks variables which
may affect mould 1ife(A);

i) 'Teem to strip' time; the longer this time,the
more heat is abstracted from the ingot,and the
hotter the mould becomes. Long 'teem to strip!
times result in greater oxidation and growth,and
crazing occurs at a greater rate, |

ii) 'Strip to teem! tiﬁe; if this time is short and
the mould still hot when the next cast is teemed
then temperatures in the mould are correspondingly

higher,so that oxidation and growth processes

will occur at a greater rate,so increasing the
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rate of crazing. Similarly,if the mould is cold,
particularly if it has been stored in icy cond-
itions,then the therma; stresses generated,on
pouring the ingot,will be greater,possibly
resulting in cracking. There will be an optimum
cooling period but this will vary from mould type
to mould type,depending on section size., The for-
ced cooling of moulds by water sprays.may result
in'uhdesirable stress distributions so that crack-
ing may occur,

'1i1i) Teeming temperature; high steel temperatures
result in higher thermal shock,steeper thermal
gradients and higher mould temperatures,so that
the likelihood of cracking and the incidence of
crazing is incréased.

(5)

Lewis and Memmot sfrom an analysis of caéting pit
statistics,sh;wed that each occurrance of a ladle temper-
ature above 1570°C reduced mould life by half a heat. They
also showed that mould life was greatly affected by malprac—'
tices occurring early in its life. Using the method proposed
by Lewis and Memmott for weighting malpractices thus
occurring, the authbr carried out a statistical analysis

of 25 tonne slab moulds and found that 50% of mould life
varience was explained by consideration of the above three
steelplant variables and only 10% by the chemical analysis

of the mould iron. Thus,steelﬁorks operating wvariables

exert a great influence on mould life.
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2,3 INGOT MOULD DESIGN

2,3,1 Mould Weight to Ingot Weight Ratio
If the mould wall is thin i.e. of light weight,then

temperature and stress gradients,soon after pouring,are
increased,so that the likely occurrence of premature crack-
ing is increased. Similarly,the overall temperature of the
mould will be higher,so that the processes leading to
crazing will be accelerated. If the mould wall is thick,
temperature.and stress gradients are reduced and the bulk
temperature is lessened,sé increasing mould life,but,at the
same time,increasing the iron consumption(measured as kg of
mould iron used per tonne of steel cast). From this,an
optimum mould:ingot weight ratio may be esﬁablished,and

(6)

has been found to be 1:1 o« This implies that,for example; «

a 6t ingot requires a 6t mould which can easily be prodiced,'
but for.a 200t forging ingot,a mould of the reduired size "
is beyond the capacity of all foundries within B.S.C. In
this case,a compromise is made,between optimum mould perf-
ormance and actual mould production costs,so’the mould
weight is chosen to be of the order of 150 tonnes.
2,3,2 Ingot Mould Shape

It has been stated above that poor design can lead to
premature cracking of moulds. A mould should be designed
so as to abstract heat uniformly from the ingot surface.
This will improve the solidification pattern within .the
ingot and lessen temperature gradients within the mould
wall,hence improving performance. Numerous patents exiét
(seg for example reference 7 ) showing how this may be
achieved. However,the material properties of the mould are

an important consideratioqpo any mould design must also

12



take into account this important parameter. For example,
many mould designs call for the use of reduced corner
thicknesses in relation to wall thickness(s). This may
result in increased stresses at the corners,so that optimum
mould design is only achieved by the use of mould materials

of sufficient strength.

2,/ +FOUNDRY PRODUCTION PARAMETERS

Beside the obvious effects of analysis on performance,
(which will be described in détail in section 2.6),the
producing foundries may affect mould performance by causing
variations in dimensions,integrity,surface finish and in
mould properties by altering microstructure. The production
of ingot moulds within the British Steel Corporation is
(9)

regulated by a Code of Practice based oﬁ many years exp-
erience,designed to define and control those practices which
affect performance. A brief description of B.Sic. foundries
and their methods of ingot mould production are given in
Appendix 1. The Code of Practice is reproduced in full in
Appendix 3. Those factors affecting ingot mould performénce
are discussed below.
2,/.1, Sand Practice

Traditionally,ingot moulds have been produced using
dry sand practices and this system is still in usé in a
number of foundries. Typical sand systems employed .use up
to 90% return sand,being made up with 10% new,clay-bonded
sand,plus additives of strengthening agents éuch as bento-
nite,cereals and water. After moulding,the sand moulds are
stoved at temperatures of around 350°C for 12-15 hours.

More recently,several foundries have changed to the

use of resin bonded sand systems for ingot mould production.
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The systems are usually based on urea formaldehyde/furfuryl
alcohol resins,catalysed by para-toluene sulphonic acid.

The Code of Practice(g) states that the aim of the
sand pfactice employed is to produce a rigid,permeable sand
mould,with adequate high temperature properties,which will,
in'turn,enable the production of a sound,dimensionally
accurate ingot mould, free from surface defects.

Poor sand compaction may result in erosion,causing
entrapped,nén-metallic inclusions,and shrinkage defects
tﬁrough mould dilation (this is discussed in section 2.4.6).
Poor compaction and inefficient painting may also result in
burn-on and metal penetrafion,and if this layer is not
removed,it would act as a thermal barrier during steelworks
usage,so impairing mould performance.

The particular sgnd system employed affects the cool-
ing rate of the casting,for a given sand thickﬁess,for
example,by variations in thermal conductivity and the effgcts
of casting into a warm drynsand mould., This will effect

mould performance and is discussed in section 2...7.
2,/0.2, Dimensional Accuracy

The ingot moulds produced in the foundry should be
dimensionally accurate., Misplaced cores may result in
non-uniform wall thicknesses, which may increase the
incidence of cracking. The dimensional tolerances obtained

in ingot moulds have been presented by Tupholme and Wilson.(10)°

Mould Wt,Range.  Wall Thickness - Ingot Cavity Ingot Wit.

104 +3% 40,79 +1.5%
10-20% +5.5% +2% +1.5%
20t +5.5% +29 +1.5%

Deviations outside this range may cause problems in

14



the steelworks with under- and over-sized ingots. Réduced
taper may cause hanger cracking. In addition, swells on the
internal faces may cause the ingot to be keyed in, giving
difficult stripping, which may, in turn, cause mechanical
damage to the mould. Dimensional accuracy is controlled
chiefly by - sand practice. If the sand mould is efficiently
rammed, the toleraﬁces'defined by the pattern equipment
should be obtained. )
2:2:3. ngﬁing Temperature.

Cast ixrons are poured in the temperature range, usually,
1200-145000, depending on section size and chemical analysis.
For ingot moulds which are of eutectic composition and of
heavy(®75mm.) section, casting temperatures usually fall in
the raﬁge 1200-1300° C.

If the casting temperature is low, around 1200°C, there is
-an inoreased likelihood of the formation of shuts and laps,
whilst at temperatures above 130000, there is a marked
increase in sand burn-on, which may increase fettling costs.
High casting temperatures also result in increased liquid
shrinkage and increased danger of breakouts from the
moulding tackle.

(11) hags claimed that low

Metallurgically, Banks
casting temperatures of about 1200°C impair the properties
of mould iron. and reduce ingot mould life. The mechanism
of this effect was not indicatéd, however., In practice, a
casting temperature is,.therefore, specified for ingot
moulds, of 1250-1280°C.
2,/+4. Pouring Rates.
| Whilst the mould is being filled, radiation from the

molten metal may cause breakdown of the sand bond, with
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subsequent washing away of the sand. Pouring rates should
be, therefore, as fast as possible. The Code of Practice
recommends 3t/min. and 6t/min. for moulds of less than. and
greater than 5t, respectively, and, generally, moulds are. '
filled in two to four minutes.

2.4.5. PRunning Systems.

The Code of Practiée stétes that ;uﬁning systems
should be sufficient to allow the pouring rates given above.
and should be positioned to avoid impingement of the metal
atreaﬁ on to the sand. .

Although fettling is not cofered in the Code of Practice,
it is well established that care should be taken when removing
the runners by burning, .the white.iron structure thus
produced is brittle and may iﬁitiate cracking in the mould
body,so it is usual to leave & 25-35 mm. long stub.

2,/,6, Feeding,

The Code of Practice states.that the ﬁogld should be
fed sufficiently to obtain a sound,dimensioﬂaily accurate
product. This will usually require the use of 4% feed metal.

Moulds require to be sound,since any shrinkage cav-
ities may increase the likelihood of cracking and may cause
operational problems in bottletop moulds. Shridkage cav-
ities may also act as thermal barriers.,

Unlike steel,cast iron undergoes a solidification
¢xpansion due to graphite precipitation. When iroﬁ is cast
at 1250°C,this expansion nearly counteracts theAEiQuid
contraction so tﬁat,theoretically,no feed metal is required,.
In practice,however,sand mould dilation occurs,and generally
about A% feeder volume is required for contraction. The

sand mould should be sufficiently rigid to minimise
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dilation. The use of furane resins,when properly compacted,
produces extremely rigid moulds,so that the requirement for
feeding may be eliminated,but riser heads must be used to
take up any expansion and prevent irrégulér tops resulting
from the pressure generated during solidification.

2,%.,7 Cooling and Stripping

The Code of Practice requires thaf moulds should not
be stribped until the. casting is below 700°C and that the
minimum sand.thickness should be 125mm,

Cooling rates,after casting,have been shown to ha&e an
influence on subsequent mould performance. If the mould is
" stripped at 1000°C then the carbide/phosphide eutectic
phase is still liquid (m.p.=960°C) aﬁd fast cooling rates
can promote itsAsolidification in the form of a eutectic
boundary film,which‘hasxbeen shown to bg deleterious to

(122p Fast cooling,through the austenite

mould performance
transformation zone,results in reduced pearlite inter—
lammelar spacing,which,again,has been shown to be
deleterious(12).

In practice,slow cooling is achieved by maintaining
sufficient sand thickness and by striﬁping the ingot mould
from the tackle only after full transformation,that is
below 700°C. A sand thickness of 125-150mm has been found
to give acceptable performances in moulds up to 15t in the
case of dry sand systems. There is little data available
on the optimum cooiing rates to produce a satisfactory
product. Research,however,is being given impetus by the
use of furane resin systems. In order to reducé moulding
costs,it is necessary to reduce the sand thickness to the

minimum possible,whilst maintaining a satisfactory product.
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In the case of 25t slab moulds it is known that Australian
practice uses only a 150mm sand thickness,compared with
300mm for similar moulds in B.S.C. It is apparent,therefore
that consideréble scope for improvement is possible.

2,5 CHEMICAL ANALYSIS

Mould analysis affects mould performance through its
effect on microstructure and hence properties. The two
important microstructurai paraﬁéters are the matrix and
the graphité.morphology.

The performance of ingot moulds has been related to
chemical analysis by numerous workers (see for example
references 5 and 13-18 ). Immediately it emerges that there
is no one ideal chemical analysis. For example,some workers
show that a high Si:Mn ratio (i.e. 2% Si and 0.5% Mn),
that is, partially ferri®ic, is beneficial, whilst others
show this to be detrimental, so that the partiéular |
analysis will depend not only on the mogld type, but also
on the usage conditions. Severai general guidelines may be
used, however; where a mould usually fails by crazing, an
improvement in life may be obtained by increasing the amount
of pearlite stabilizers, such as Mn and the trace elementé
and reducing the graphitizers, such as Si, Ti, and Al,

This has the effect of increasing the volume fracfion of
pearlite and increasing its stability, so that growth and
oxidation is reduced and the crazing is slowed down. When

a mould fails by cracking, the analysis is adjusted in the
opposite direction, and the¢ amounts of the gréphitizing
elements are increased and the pearlite stabilizers~reduced.
This results in an increased volume fraction of ferrite,

which decreases the strength of the iron but has been
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found, empirically,to increase the ductility of the iron and,
hence,reduce cracking,. .

It may be.seen,immediately,that the principal effects
of variation in analysis will be through changes to the
ingot mould microstructure. Particularly significant are
the volume fraction of pearlite and the graphite morphology.

A convenient non-destructive method of determining
the morphology of;graphit; in cast ironvis the.use of
ultrasonic velocity measurements. The technique utilises
two probes placed across the wall thickness of the Qasting
as an emitter and a receiver. An ultrasonic pulse is passed
between the two probes and the time interval measured auto-
matically. The pulse,velocity may then be calculated from
the known.wall thickness. In ingot mould practice,velocities
of 3.2km/§ represent an extremely coarse graphite structure
and 4.0km/s usually representing the finest achievable in
the hegvy sections involved.

Graphite structures of compacted,quasi-flake and spher-
oidal forms (see section 2.6 ) give ultrasonic velocities
of the order of 4.3km/s, L.8km/s and 5.2km/s,respectively.

The foundry Code of Practice does not recommend any
specific microstructure but gives analysis limits. It states
that the five major elements should fall within the range

C Si S P Mn

3.7=4.0 1=2 0.,1max O.15max 0.5-1,1

and that the recommended residual levels are as foilows:—

N Sn Cu Ni As Cr

0.007max 0.,02max O.3max O .2max 0.01max  0.05max

Mo Pb

0.01max 0,0005max
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It recognises that these levels may require adjustment as
further work is carried out.

The rationale behind the limits to analysis is detailed
below. | |
‘2, 5,1 Carbon

Carbon in hematite ingot mould cast iron is present in
the form of-flakevgraphite ahd also carbide in peaflite or
in the cell boundaries. The flake graphite networks confer
on the cast-iron its suitability as an ingot mould maﬁerial,
by producing high thermal conductivity and resistance to
thermal distortion. In addition,the high carbon content
aids founding by producing a low melting point.

Carbon and silicon levels are usually maintained so as
to provide a near eutectic composition,the carbon equiv=-
alent (defined as C+3Si ) being held at around 4.3%. Hyper-
'eutectic/irons produce Kish graphite orn solidification,
which is deemed to be undesirable. Low carbon contents,
however,produce a lower thermal conductivity,and it is
generally considered that the higher strengths of these
lower carbon irons result in a more crack-sensitive |
material,

Carbon contents are,therefore,maintained at the high-
est level possible,consistent with economic furnace oper-
ation and are usually in the range 3.7 to 4.0%.

2,5,2 Silicon

Silicon acts as a graphitiser in cast iron,increasing
the carbon equivalent,and is usually added to promote a
eutectic composition. Silicon stabilises ferrite,in pref-
erence to pearlite. At high silicon levels,however,under-
cooled graphite is promoted and thiis is used in the hea%
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resisting Silal irons., In addition silicon in solution in

ferrite is known to cause embrittlement above apprqximately
2.,2%, Additions of FeSi alloYs.aCt as an inoculant,their
effectiveness being increased by small amounts of Al,Sr,
Ca,etc.

In ingot moulds,silicon levels are usually in the
range 1-2%,variations within this range being made to
improve mould perfofmance. Generally,1.0-1.4% silicon
gives optimum performance in small,square moulds failing
by crazing , levels above 1..% being used in large slab
moulds failing by cracking.This arises from its graphitising
and ferritising effects ; higher silicon levels in this
range apparently producing a more crack resisting iron.

Ingot mould foundries may make é late addition of FeSi
alloy to the transfer or casting ladle,in order to bring
the analysis within the required range.

2,5:3 Sulphur

In flake graphite cast iron,high sulphur levels are
known to stabilise carbides. At low levels,difficulty in
inoculating the iron may occur.

Sdlphur levels in flake graphite ingot moulds are
usually maintained at around 0.05%,and there is no evidence
that variations in. sulphur level affect performance. These
sulphur levels may be readily achieved in basigc cupola
practice. Where acid operation is used separate desulph-
urisation is carried out,using lime or calcium carbide.
0.05% S may be achieved in electric furnace practice by the

careful selection of the melting stock.
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2,5+ Phosphorus

Phosphorus levels in ingot moulds are maintained at
0.15% maximum. However,the third report of the Ingot Mould
Sub-Committee(19) provided evidence to show that phosphorus
contents in excess of those levels normally associated with
ingot moulds (0.06% approximately ) may be beneficial for
the performance .of small moulds ( 4t ) . The range cons-
idered was 0.06 to 0.23% phosphorus and the beneficial
effect was enhanced by relatively low silicon levels (~1.0-.

2o)that phosphorus levels of

1.4% ) . It has been shown,(
up to O.L% may be employed,provided that the moulds are

slow cooled,being stripped only after full transformation
has occured.

2,5,5 Manganese

Manganese fulfils two roles in casf iron. Firstly,it
fixes sulphur as MnS. It is considered that to avoid the
formation of deleterious sulphide phases the required
ﬁanganese.content is defined by

. M;1=0.3+1.7x(%3)-
Secondly,mang;nese is a powerful pearlite stabiliser. Nor-
mal manganese levels in ingot moulds are held in the range
0.6 to 1.1%,most moulds having nearly fully pearlitic
structures.

Ingot mould foundries,producing mainly -slab moulds,
use 0.6~0.8% manganese and those producing small square
moulds,use 0.8-1.0%. This is becéuse higher manganese levels
iﬁcrease the crazing resistance of the iron but also
increase the cracking suseptibility. In slab moulds, where
cracking is usually a problem, manganese'levels,are, there-
fore, lower than in moulds failing by crazing.
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2 6 Titanium

The reported effects of titanium on cast iron appear
‘confusing, gsince it is claimed, by separate investigations,
both to coarsen the graphite or refine it, producing under-
cooled, Type D graphite. Titanium is a powerful graphitiser,
it being claimed that 0.1 to 0.15% Ti is equivalent to

(26)

0.7% silicon . Titanium has also been recommended for

the graphitization of a white iron(27), despite the fact
that it forms a stable carbide, Ti(CN). Comstock ¢26)
sﬁggests that titanium's graphitizing effect is due to
deoxidation, 'although no mechanism was proposed.

(28)

Norbury and Morgan observed the formation of
under-cooled graphite by the addition of 1-2% of ferro-
carbon=-30% titanium alloy. Carbon dioxide bubbling after
the addition was found to enhance the effect, whereas
bubbling hydrogen through the melt produced coafse graphite.
It was postulated that under oxidising conditigﬁs, liquid
titanate inclusions were formed, which were non-inoculating
whereas additions of silicon, calcium silicide and
aluminium form solid nucleants in the melt. Hydrogen was
assumed to act by reducing iron oxide from the titanate
inclusions, thus increasing their melting point.

(29), in investigating the effects of

.Dawson, et al
titanium and gas treatments, found that bubbling CO2 or
argon through the meit reduced the hydrogen content.
Therefore, they attributed the effects of gassing treatment
to the hydrogen content of the melt, high hydrogen contents
producing coarse graphite, and low hydrogen levels aiding
the.formation of under-cooledvgraphite. Very low sulphur

contents were also found to produce under-cooled graphite
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and, more recently, the under-cooling effects of
titanium has been attributed to its removal of sulphur

(30)

from solution . Previous work, within B.S.C. has cons=-
idered the effects of titanium in ferritic irons of ingot
mould composition and heavy section(ZB). It was found that
the graphite structures wére similar in the range 0.016
to 0.07.%, but at 0.197%, a few areas of under-cooled .
. graphite were observed. A minimum tensilé strength was found
at about 0.04% Ti and it was suggested that this was due
to initial removal of nitrogen from solid solution, in the
ferrite, followed by solid solution strengthening of the
ferrite by titanium. A subsequent investigation also
showed this strength minimum to correspond to a minimum
in the fracture toughness of the iron‘zé).

Since hot blast cupola melting was introduced at
Fullwood Foundry during the 1960's, considerdble
experience has been gained as to the effect . of titanium
in the range 0.01-0.12%, on the performance of large
slab moulds. This experience showed that increasing tit-
anium levels in cupola-melted iron was accompanied by
coarsening of the graphite, with an associated reduction
in the strength of the iron. Thus, levels of 0.1% Ti gave
an extremely weak iron, which failed at low life by tearing.
Alternatively, low level titanium (0.01%) irons were brittle
and failed prematurely, by cracking.

Krasovitskii, et al(25), postulated that the beneficial
effect of titanium on ingot moulds was duer to removing

nitrogen, oxygen and hydrogen from solution, and also by

increasing the amount of ferrite in the microstructure.
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2,5,7. Nitrogen.

The solubility of nitrogen is dependent on
metal analysis, temperaturé and partial pressure of nitro-
gen above the melt, and the f&ilowing equation has been'

(31),

derived

10g%N=1000/T=0.86-0.24(%C+51/4)+0.015%Vn+k1logPn.
Where B, is partial pressure of nitrogen.

For irons of typical ingot mould composition, the
solubility of nitrogen in liquid iron ié, approximately,
0.003%-0.004%. Nitrogen levels at melt-out are usually
congiderably in excess of these values, levels as high as
0.0265, although unusual,having been reported(21).

One source of such non-equilibrium vaiues is the
use of steel scrap in the cupola charge’haterials. It has
beeﬁ demonstrated that as the proportion of stéel scrap
in the charge is increased, then the nitrogen content

(32)

rises . Holding of the iron at temperature will give

a reduction in nifrogen level towards the equilibrium value(31).
Additional sources of nitrogen are from carburising
materials, sand binders and mould paints(BB).
The effects of nitrogen in cast iron have been reviewed
by several authors(see, for example, references 32-37).
Increased nitrogen contents are claimed to promote
peérlite formation, which may lead to an increase in
tensile strength, and may give, also, white iron structures.
In heavy sections, levels above 0.008% are claimed to
promote the formation of compacted graphite. This graphite
form is claimed to be undesirable in ingot moulds, as it
lowers thermal shock resistance, so the Code of Practice
recommends a maximum nitrogen level of 0.007%. In lighter

engineering castings, high nitrogem contents promote
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the formation of blowholes and fissures.

Experimentally, the effects of nitrogen'have been
investigated by adding nitrogen bearing materials to the
melt(BS). Typical additions include sodium ferrocyanide,
urea and ammonium salts but the most commonly used additive
is calcium cyanamide. This is usually added with soda ash
as a flux and has been used for the deliberate increase
of nitrogen to produce compacted graphite in ingot moulds.,
These methods have been reasonably successful in increasing
nitrogen levels, though a factor often overlooked is that
their use may introduce other elements. For example, the
use of CaGN2 may be expected to increase the calcium content
of the melt. Calcium itself is known to produce graphite
modification, so that when changes in graphite morpholgy
occur, by the addition of GaCNZ, calcium or nitrogen may
be responsible.

2,5,8. Residual Elements.

Besideg those elements detailed above, numerous other
elements may be present in ingot mould iron in the form of
impurities. The Code of Practice suggests that the following
trace element.: target levels be adopted:

Sn Cu  Ni As Cr Mo Pb
0.02 max.0.3 max.0.2 max.0.01 max.0.05 max.0.01 max.0.0005 max.

Besides these elements there are many others which are
not normally analysed.

The presence of lead in flake graphite iron has been.
shown to cause the formation of "Widmanstatten" graphite,
which weakens and embrittles the irog. The presence of
hydrogen has been demonstrated to promote this effect.

Usual lead contents in cupola-melted ingot mould iron are

around 0.0002%. 26



Of the other elements specified . in the Code of Practice,
'all are pearlite stabalizers, whilst Cr and Mo also

stabilize carbides. The actual residual levels achieved in
practice, in ingot mould iron depend on the raw materials
used for melting and the following are typical values

achieved in thHe mould foundries:

Ssn  Cu Ni  As  or Mo
Renishaw* 0,006 0,106 0.057 - 0.08 0.016
Distington+ 0.004 0.03  0.03 -  0.03 0.015
Fullwood+  0.005 0,035 0.02 = 0.05 0.016
Dowlais 0.015 0.07  0.05 0.018 0.04 0.005
Stanton 0.010 0.12 0.05 0.019 0.0Z -

* Duplex practice.
+ Cupola practice. -

It may been seen that there is considerablé variation
between the foundries, trace elements being generally lower
at Distington, as a greater proportion of pig iron in the
charée is used.

Theleffects of residual elements have been studied in
detail in small moulds by means of regression analyses at
the author's laboratories. Most data was available for
Renishaw moulds, where, because of the different manufac~-
turing processes available (i.e. cupola, electric or dgplax)
(see appendix 1), the resultant wider analysis range produces
more statistically significant resﬁlts. The following
regression equations have been generated:

Atlas moulds Life=55.,2+28,8(31)-288,7(Ni)
B120 moulds Life=133.6-378.4(Cu)
Life=116.6+35.24(S)=11940(P)+760.5(Ni)

Life=15/6-34.77(51i)=-205.0(N1i)
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610 OT/WB moulds Life=217-28.9(C)-14.1(Si)~-18.7(S)
-178.6(P)+409.6(V)+91.4(Cu)

WEU 100X moulds Life=82.89-320,1(P)-2591(Sn)+299.1(Ti)
+269,7(Ni)

_ Life=63.10-74.35(P)+438.7(Mo)

F-Type mould Life=129.6-440.2(P)-138.9(Cr)+426.4(V)
+326.8(N1) |

Details of the mould types are given in Appendix 2.

The significant factor to emerge from these equations
is that there is an apparantly beneficial effect of
increased residuél element levels for some moulds (e.g.

610 OT/WB) but a detrimental effect for others (e.g. Atlas).
It is considered that where moulds fail by crazing,
increased levels result in pearlite stabalization, so that
life is improved but fom moulds failing by cracking,
reduced levels result in increased cfacking resistance.

Data on the effect of residual levels on the perfor-
mance of large slab moulds is very limited, but a similar

effect on cracking resistance may be expected.

2,6 MODIFIED GRAPHITE INGOT MOULDS

With the introduction of spheroidal graphite cast iron
in the early 1950's, attention was drawn to its suitability
for ingot moulds. Its potentiai benefits for ingot moulds
arise from its greater strength and ductility and, hence,
improved cracking resistance'and,greater thermal shock,
thermal fatigue, oxidation and growth resistances, which
will lead to an improved crazing resistance. In practice,
theéé considerations may lead to an increase in life of

1.5 %0 2 times 39)
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because 01 Tne nigner Quctlilty and Jlowerl tTilermad
conductivity of SG iron(25-40 Wm-1x-1 compared with 42-
60 Wm 'k~ in flake iron), initial trials with SG iron moulds
showed that they were prone to distortion to such an extent
that the ingot could not be stripped. It was found that this
problem could be overcome by modifying the mould design,

usually involving a reduction in corner wall thickness(8)'

Partial treatment with magnesium or treatment with
magnesium and titanium in combination, results in an
intermediate type of graphite, termed by various workers
as "compacted", "vermicular" or "quasi-flake (Q/F)" graphite.
For purposes.of clarity, this report will refer to!'compacted
graphite! as that form of thickened flake‘found in‘heavy
castings and attributed to nitrogen,:vermicular graphite!
as that form occurriﬁg in low sulphur, fast cool@dgiirons,
and to 'quasi-flake' graphite, as that form produced by
magnesium treatment.

The mechanical and physical properties of quasi-flake
iron are intermediate between flake and SG iron(Ao). It
offers, therefore, improved cracking and crazing resistance
compared with flake ir§n, but its higher thermal conductivity
(38-52 Wm-1K-1) means that the degree of distortion is less
than in SG irons. In practice, this means that design
modifications are not normally required.

The widespread use of SG.and quasi~flake ingot moulds
is still limited, due to their comparative newness and mould

design problems. Therefore, the bulk of ingot mould produc-

tion is of flake graphite iron.

2,7 EVAILUATION OF MECHANICAL PROPERTIES.

Although mould cracking is affected by mould design
28



and steelworks usage conditions, and is more prevalent in
large slab moulds, metallurgical factors are thought to

play a major part. Thus, the controlled cooling recommended

(9

is used %o

(9)

in the Foundry Code of Practice Document
reduce the craéking tendency in service. The control
of cafbide-stébilizing, residual elements&is, similarly,
expected.to minimise the cracking tendency.

Howevef, there is still some confusion concerning the
effects of certain metallurgical parameters on cracking
resistance. Premature cracking has variously been attributed
to nitrogen, carbide/phosphide netwofks, compacted graphite
and prior austenite dendrites. Even in the case of the
established parametérs (cooling rate, pearlite content),
there is little quaﬁtative data available and the metallur-
gical examination of-prematurely failed moulds still
relies heavily on subjective interpretation.

It is, tﬂerefore, important tb establish a relationship
between the material properties, iron microstructure and
mould performance. It should be realised, however, that
ingot mould microstructures are heterogeneous, and graphite
and matrix morphologies are likely to vary substantially,
depending on the location ﬁithin a given mould. Furthermore,

a premature crack, once initiated in an embrittled part of
the mould, may propagate through the tougher bulk of the iron.
This is illustrated in the case of the early removal of

top plates, during manufacﬁure; to expose the top surface

of the hot casting, which produces a locally embrittled

iron, which, in turn, may lead to failure of the mould.

So it would not be possible to relate the premature failure

to tﬁe bulk microstructure of the mould or of a test block.
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Nevertheless, mould microstructure does, qualitatively,
affect mould performance, through its effect on the material
cracking resistance. It is, therefore, necessary to relate
the cracking resistance of iron to the microstructure on a
laboratory scale initially, and then, in turn, relate the
appropriate property to mould performance, either on ingot
moﬁld samples or on suitabiy produced test blocks. |

Grey cast irons fracture in a tough or brittle manner,
depending on tﬁe analysis and microstructuré. Hoﬁever, the
quantificatioh of the ductility of cast iron is difficult
by conventional mechanical tests, as in the tensile-test,
the elongation or reduction in area is low=-of the order
of 1%, even for a relatively ductile flake graphite iron.
Similarly, the Charpy impact‘values are of the order of
5 J or below, on unﬁ@tched;specimens. _

It has been shown(41) that the toughness of cast iron
may be characterised by a modified fracture test, using
an unfatigued CKS~-type specimenf However, these test pieces
are expensive to machine, the tests ;equire non-standard
testing equipment and the results require skilled inter-
pretation..A simpler and cheaper test has been carried out(Az)
using a three or four-point bend test. Using a 9.5mm square
specimen at 5.7 mm centres, on a Houndsfield Tensometer,
Banks 42) demonstrated the embrittling effect of stripping
test blocks above the upper-critical temperature, a‘practice
known, in some cases, to cause premature, ingot-mould failures.

Banks analysed the data in terms of the areas before
and after maximum load, on a load-deflection plot, these
areas reflecting, respectively, the energy to initiate
fracture and the energy to propagate through the specimen.
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This method of analysis has been used in the testing of
steels, to determine the suseptibility to lamellar tearing,
using a test piece similar to a modern CKS specimen(AB).
This test has become known as the U.S. Navy Tear Test, and
has also been used to assess austenitic S.G. irons(AA),
Three point bend tests have been used, as well, more
recently, in a;sessing the su;eﬁtibility ‘of welded steel. to
lamellar tearing, using a 25.4 X 12.7 mm specimen at 101.6émm

(45) in three ways, the follow=-

centres. The déta was analysed
ing parameters being measured: the deflection to maximum
"load, which was considered to reflect the ease of fracture
initiation; the deflection from maximum load to a point
corresponding to half maximum load, which reflects the
ease of fracture propégabién; and, finallj, the total

area under the load-deflection curve, which was considered
to represent the work done in}initiating and pr§pagating
the crack through the notched ligament. |

The bend test technique has, therefore, been evaluated

in order to-define its suitability for comparing the cracking

susésptibility. of ingot mould matetial.
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In order to quantify the effects of processing variabiles
on cast iron microstructures, properties and ingot mould
performances, two approaches have been used. Firstly,
laboratory material has been studied, and, secondly, data
on the performance of ingot moulds has been analysed.
Material for the evaluation of a suitable mechanical test

technique has been drawn from both sources.

3,1 EVALUATION OF THE BEND TEST.
On the basis of the published literature, the bend

test was employed as a simple but a relatively sensitive
technique for comparing the cracking susceptibility of
ingot mould material. Ié was decided to produce a series

of experimental irons, with a range of graphite and matrix
microstructures, in order to determine if the bend test

was sensitive to such relatively minute changes in micro-
structure. If successful, the test could be used throughout
the investigation as a method of ranking the cracking

. susceptibility of both the experimental irons and also
production ingot moulds.

A cast iron test atta_chment supplied by Industrial
and Educational Services was used(fig’ 1). The specimen
employed was a 150 mm long X 12,5 mm dia. cylindrical
machined bar, which was bent ﬁnder three-point loading on
127 mm centres. The atta_chment was connected to an
Instron Universal testing machine to produce a continuous
~load-deflection curve. The crosshead movement was set at
10 mm/min. with a charg@peed of 200mm/min. Three bend test
samples were tested for each treatment/analysis condition to

establish that results were consistent and reproducible.
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3,1.,1, The Effect of Graphite Size inFlake Graphite Iron.

Bend test samples were prepared from a series of blocks.
of similar melt analysis but with differing titanium and
gas treatments to produce a range of graphite sizes. Micro-
structures of the five samples are given in Fig. 2, and
full details of their method of production are given in

section 3.2.2.

3:1.2 Effect of Matrix Microstructure

Bend tést samples were prepared from a fully pearlitic
iron, The test blocks were then annealed,sub-critically,at
700°C for 48 and 96 hours,to produce 60 and 100% ferrite,
respectively,and further bend test samples prepared.

3.1.3 Effect of Carbide Phases in Flake Graphite irons

Bend test samples were prepared from two fully pear-
itic test blocks, one of normally low phosphorus and one
with 0.3% phosphorus. The production of the tesf blocks is
detailed in section 3.2.1. The high phosphorus test block
contained substantial amounts of carbide/phosphide eutectic

segregated to the cell boundaries.

3:1.4 Effect of Graphite Morphology

Bend test samples were prepared from quasi-flake and
spheroidal graphite castings, both types being carbide-free
and fully ferritic. A sample was also taken from a mould
with a compacted graphite structure with approximately 50%
ferrité. ’

3,1.,5 Effect of Carbides in Quasi-flake Irons

Bend test samples were prepared from a quasi-flake
mould which contained a substantial quantity of eutectic
carbides. The sample was then annealed at 950°C for 12
hours and further beﬁd test samples prepared. These
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specimens were found to be carbide-free.
3,2 EXPERIMENTAL CAST;NGS.
Unless Athérwise stated, the experimental castings
were produced by a standard method. This was aé folloﬁs:‘
1. Melt out a charge of pig iron in a 250kg capacity, high
frequency induction furnace.
2. Trim analysis(additions of titanium were made by
inclusion with the cold charge).
3. Superheaﬁ.to 140000.
L. Tap out 125kg as required, into ladle.
5. Pour moulds at 1250°¢C.
6. In the éase of split melts, hold the remaining iron at
1400%, trim analysis and then tap.
Two mould sizes were used, principally, to produce a
255 mm, dia. block, weighing 125kg and a 305 mm, dia. block,
weighing 250kg. Moulding box sizes varied, but-in all cases,
the minimum sand thickness was 150 mm. The moulds were
prdduced in furane sand and were closed topped. No feeder

heads were employed.

3,2,1. Phoshorus.

Melts were produced, using a charge of 100% Bremanger
pig iron, or 50% Bremanger and 50% Warner pig irons, to
simulate different residual levels (designated 'high' and
'low! levels for comparative purposes). Typical analyses
of these pig irons are given in Table 1. 125kg test blocks
were cast at high (0.3%) and low (0.06%) phosphorus levels.
Half the blocks were fast-cooled, from above 1000°C, by
stripping before 14 hours.

Tensile and bend test specimens were prepared from
the centre of each block. Microstructures were determined
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from the ends of the fractured bend test specimens.

3,2,2, Titanium-

The experiments were divided into three parts.

(é) The Effect of Titanium and Gassing on Light Section

Castings.
Approximately 200kg of Bremanger pig iron (Table 1)

vas melted out, with additions of 1.,0% Mn, 0.09% Cr and
0.05% Ni to ensuré a pearlitic matrix. 20kg loéé were tapped
into a small handshank at 1AOO°C and hydrogen or carbon
dioxide bubbled through for two minutes, after an addition
of nominally nil, 0.1 or 0.2% Ti. A 150 mm. dia. open topped
test block was then cast. Three controls were cast at the
same Ti addition rates, but without gas bubbling. Bend test

specimens were prepared from each test block.

(b) The Effect of Titanium and Gassing on Heavy Section

Cagstings.
250kg melts of either 50% Bremanger and 50% Warner

pig irons,or 100% Bremanger pig iron, were superheated to
TAOOOC and tapped into a ladle. The melts were treated
with carbon dioxide or hydrogen by bubbling for 5 minutes
and the control melts were left untreated., Then 250 kg
test blocks were cast at 1250°c.Specimens for bend tests
and ‘tensile tests were prepared from the centre'of each
block.

(¢c) The Effect of Scrap Condition.

Since the literature showed that gassing may effect
iron prbperties, the previous experiments being designed
to test this, it was considered that the physical condition
of scrap in electric melting may have a significant effect;

for example, if the scrap was covered in iron oxide or not.
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Accordingly, the use of clean scrap and used ingot mould
scrap was investigated.

Hematite scrap was obtained from Renishaw Foundry
(typical analysis shown in Table1i)in the form of runners,
which were subsequently shot-blasted to remove any adhering
sand and dirt, and broken, used ingot mould scrap.,Two 250kg
melts for each scrap type were made, with nominal additions
of 0.03% and 0.05% Ti. An addition of 0.2% graphite was

added to thé‘dirty scrap test blocks, to compensate for
in-service decarbonization and any carbon oxidation during
melting. The melts were superheated to 1AOO°C, then the
fqrnace tapped and 300 mm. aia. test blocks cast at 1250°¢
and allowed to cool to below SOOOC, before stripping; bend
test, tensile test and metallographic specimens were
prepared from the centre of each block.
3.2,3. Ni:roggg,

Experimental melts were produced in a 250kg inductioﬁ
furnace, based on a charge of 50% Bremanger pig iron and
50% Warner iron, and two 125kg test blocks were produced

from each melt. Treatments included CaCN_. with soda ash

2
flux, and, as controls, similar additions of Calsiloy were
made. (This is a proprietory alloy containing 58% Si and
1,% Ca.) High nitrogen ferro-manganese was used as a fur-
nace addition, since it would produce,solely, an increase
in nitrogen. Nzlgas was also bubbled through a melt at 1600°C,
for ten minutés, to determine wvhether nitrogen pickup from
this source was possible, similar to cupola operation and
porous plug treatments.

All other melts were superheated to 1AOO°C, and all
test blocks were cast at 1250°C. One block, from the FeMn
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and N_ treated melts, was stripped above 1000°C, all others

2
were allowed to cool below 700°C before removing the sand jacket.

After stripping, the blocks were sectioned across the
diameters and examined for gas holes: from the centre of
the blocks, bend-test and tensile specimens were prepared
and tested in the usual way. Microspecimens were taken from
the fractured ends of the bend test bars.

3:2.4. Residual Element Levels.

250 kg. melts were produced in an induction furnace,
based on a charge of 50% Warner pig iron and 50% Bremanger
pig iron (Table 1). Three residual levels were selected,
low leveis produced with no further additions, this being
similar to the Distington analysis (see Section 2.5.8.),

a high level with an analysis similar to the maximum in
the Code of Practice, and an intermediate level. The medium
and high levels were produced by the addition of ferroalloys
to the furnace.
Four types of test blocks were utilised, as follows;
(i) 255 mm. diam.,
(ii) 255 mm. diam. with a 25 mm. insulating sleeve
surrounding the cast.
(iii) 305 mm. diam. with a 25 mm. insulating sleeve.
(iv) 355 mm. diam. with a 25 mm. insulating sleeve.
Cooling rates of the castings were measured at the
metal/sand interface, using Pt/Pt-Rh thermocouples with
10 mm. diam. alumina sheaths, packed with alumina powder.
A1l the castings were cooled to below 6OOOC, before
removal of the sand. Bend test and tensile test specimens
were then machined from the centre of each block.

Specimens for microstructural examination were prepared
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from the fractured ends of the bend test pieces.
3.2,5. Casting Temperature.

Two melts were made, using a charge of 50% Bremanger
- pig iron and 50% Warner pig iron (Table 1), in tﬁé 250kg
induction furnace, both melts being superheated to 140000.
From the first melt two 125kg batches were tapped and cast
at 1250°C and 1200°C; from the second melt a first batch
of 125kg was tapped and cast at

1300°C and 'a second batch was tapped onto 0.2% Fe-Si and
cast, after approximately five minutes, when the temperature
had dropped to 125000.

Blocks, 230 mm., dia. by 330 mm. high, were cast and
thegﬁtripped after 2/, hours, when the surface temperature
was below 600°C. Four bend test samples were prepared from
the centre of each block. Microstructures were examined
on the bend test samples after fracture, and eutectic cell
size was measured after etching in Oberhoffer's reagent.
Pearlite interlamellar spacings were measured, by point-
counting the volume fraction of resolvable pearlite,

(26)

using a microscope objective of known numerical aperture

3.2.6. Metal Superheat.
Two 250kg melts were made, using a charge of 50%

Bremanger pig iron and 50% Warner pig iron (Tablel). The
first ﬁelt Wwa s superheated to 1300°C and held for 15 minutes.
125kg was then tapped and the first test block cast at
1250°C. The remaining iron was then superheated to 1AOO°C,
and held for 15 minutes, tapped and cast at 125000; The
second melt was superheated to 1500°C and held for 15 minutes.
125kg was, again, tapped and a third test block cast at
1250°cC, The remaining 125kg was superheated to 160000,
held for 15 minutes, tapped and cast at 125000.
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The test blocks were allowed to cool below 60000 before
stripping.Bend test and tensile test specimens were
prepared from the centre of the test blocks and tested in
the usual manner. Microstructures were examined on the
fractured ends of the bend test samples.

3,3, INGOT MOULD DATA.

3,3.1. The Performgnce of Largel(25t) Slab Moulds.
From mid 197/ to mid 1975, the cupola burden at Full-

wood Foundry consisted of 70% pig iron, 20% steel scrap
and 10% foundry returns. The performance of moulds at
Ravenscraig Steelworks was satisfactory, although the steel
production levels were low. In November 1975 the burden
was changed to consist of 53% pig iron, 17% steel scrap,
20% foundry returns and 10% bfoken moulds. This burden was
the same as that used in Distington Foundry, the change
being made to standardise cupola burdens at the two
foundries.

Performance of moulds from this burden, most notably
the Type 48, was very poor, although other mould types
manufactured from the same burden also deteriorated in
performance. (This mould is shown in Appendix 2). Most
production at Ravenscraig over this period, was confined
to the Type 48 and the main feature of the failure was
the occurrence of prémature cracking.

Despite attempts to improve'performance, by carrying
out repairs (particularly, bolting steel plates across the
cracks), by June, 1976, the situation was critical, and
it was decided, as an initial measure, to replace broken
moulds in the cupola burden with pig iron, although the
metallurgical justification of this action was considered
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dubious. The resulting burden' thus consisted of 63% pig iron
17% steel scrap and 20% foundry returns.

By November, 1976, however, it appeared that the
performance of moulds made from this burden would still
be poor and so it was decided to make an addition of ferro-
titanium to the cupola burden. The cupola burdens at Full-
wood have been changed a number of times,ipreviously. This
expérience has shown that the addition of titanium may
alleviate problems of mould cracking. However, when the
Ti level exceeds 0.1%, severe problems are experienced
with torn seats, due to a resulting weakening.of the iron.
Therefore, the addition of ferro-titanium to the cupola
.was limited to give a final mould titanium content of 0.05-
0.06%. Since that time, performance has been satisfactory.

The production and psrformance of the L8-Type mould,

for use at Ravenscraig, has been investigated b&, firstly,
a detailed examination of production practices at Fullwood
and Distington. This, however, revealed no differences which
would explain the poor ﬁerformance. Secondly, an examination
directed at determining the mefallurgical cause of the poor
performance of moulds produced, using the broken mould
burden, was carried out. This latter course involvedrthe
following stages;

(1) Statistical analysis of performance for each

burden and comparison with other suppliers.
(ii) Comparison of failure mode.
(iii) Statistical comparison of production details for
each burden.
(iv) Examination of microstructures by optical and

electron microscopy.
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(v) Determination of mechanical properties, using

bend test samples.

3,3.,2. The Production and Performance of Forging Moulds.

River Don Works produce iarge forgings for the heavy
engineering industries. The forging ingots, which may weigh
u? to 250t, are cast under vacuum. River Don Works, having
their own foundry{ commenced production of ingot moulds
for their own requirements, in 1976,

The first mould (a 71"/68", 71t octagonal mould) was
cast in November, 1976, and up to date, a total of eleven
large moulds have been cast in the River Don Foundry.(A
typical large forging mould is shown in Appendix 2). A
number of performance problems have been experienced with
these mbulds, either due to cracking or face plucking.
Because of the low rate of usage of large octagonal moulds
at River Don (between 5-10 usages per year), the amount of
information available is limited. However, the performance
and production history of each mould has been examined,
since it was thought that such an examination would offer
additional insight in to the effects of very heavy sections
and,hence, slow cooling rates, different usage conditions

and also the effects of electric arc melting of cast iron.

3:3:3. The Effect of Phosphorus on Renishgd Ingot Mould

Performance.
During 1974, the quality of steel scrap available at

Renishaw deteriorated, both in size and trace element levels.
A supply of railway chairs (40kg each with 0.75% to 1%
phosporus and low residual content) became available and it
was decided to charge these at a rate of 10-15% to the
cupola, as a replacement for steel scrap, the balance being
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ingot mould scrap.
The maximum phosphorus level resulting from this
charge should have been approximately 0.716%, which was

marginly above the Code of Practice maximun(?), but
within the Ingot Mould Sub-Committee range(192

Following initial tridls, during which no adverse
-effect on performance was observed, the high phdsphbrus
burden was initiated in July, 197..

Concurrent with the change in burden, the pattern of
operation at Renishaw was altered, due to a change in
product mix and shift pattern. Previous daily practice
had been to cast all ingot moulds before all other castings,
in order to allow the maximum time before the top plates
were removed, at about mid-night. In May, 1974, the practice
was altered to include the pouring of up to three 17%
castings before the ingot moulds were cast, but the time
at which the top plates were removed was not delayed. On
the 7 October, 197A,Ia three;shift system Qas introduced
and Sunday working halted. This meant that, whereas moulds
cast on Friday had been allowed to stand until Sunday in
their sand jackets, Friday's moulds were now completely
stripped by noon on Saturday.

From July to December, 197/, all moulds produced at
Renishaw were produced from the new cupola burden.

F-fype moulds were produced for Tinsley Pafk,‘610 OT moulds
for Templeborough, B120 moulds for Aldwarke, WEU 100 and
NEU 100 moulds for Round Oak, as well as a number of smaller
orders for other customers. (Sketches of the principal

mould types are shown in Appendix 2)

During December, 197/, a number of premature failures
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of the F mould occurred at Tinsley Park, due to major
cracking initiating from the base, the failures being
confined, mainly, to high phosphorus moulds. Concern was
expressed, not only at the increased steel costs, but also
at the potentially serious safety hazard associated with
~the catastrophic.cracking of a mould during teeming.

It should be emphasiéed that similar performance
problems were not experienced at Renishaw's other ingot
mould customers, at thié time. However, the situation at
Tinsley Park was so serious that as an immediate action,
the phosphorus in the burden was reduced to its previous
level by eliminating the railway chair scrap. Subsequently,
all the high phosphorus moulds at Tinsley Park were heat-
treated at 920°C for 10 hours and returned into service.

For each mould type, mean analysis and life over an:
approximately two-year period were calculated and multiple
reéréssion analyses of life versus analysis carried out;
mean phosphorus levels and performance were then calculated
on a monthly basis. Mean lives at various phosphorus levels
and t-tests were calculated, to determine significant
differences, and samples for metallography were taken from
failed, high phosphorus, F-type moulds.

In order to observe the stripping practice at Renishaw
Foundry, surface temperature measurements were recordé&,
using a Land surface pyroﬁeter. Measurements were taken
on three succesive Thursday nights, to compare the practice
of each shift, the foundry working a three-shift pattern.

343.4. Examination of Prematurely Failed, Round Oak, WEU
100 Moulds.

Samples from five prematurely failed WEU 100 moulds
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(appendix 2), made at Renishaw Foundry, were examined. The
moulds were the subject of a complaint, having failed at

low life, due to base cracking. Bend test specimens were
taken from each mould at the base, and, approxima£e1y,

150 mm. from it. After testing, microspecimens were prepared
from the fractured ends.

3.3.5. Material From Ingot Moulds For Routine Assessment.

Ingot moulds are ﬁsually cast with D-shaped lugs on
one or two_féces, to enable a check-chemical analysis to
be carried out, if required. It was considered that the use
of such a lug, if of sufficient size, could also be used
to obtain bend test samples. Ten Renishaw and twenty
Distington 610 WB moulds were produced with a large lug,
from whicﬁ two or three bend test samples were prepared.
The properties of the samples were measured and_compared
with the ultimate moula performance.

In addition, Renishaw use a horngate in the running
system. Prior to machining of the end faces, these horn-
gates are removed and, usually, discarded. Ten such
horngates were kept back and bend test samples prépared
from them, and compared‘with the mould performance.

Since, if the bend test were to be adopted for
foundry use, the measurements must be simplé and quick,

only the maximum load and a/b parameters were ﬁeasured.

Since there were a relatively large number of Distington
lug samples, a statistical evaluation of life, analysis
and all bend test parameters was carried out, by means

of regression analysis. In addition, a cofrelation matrix

of all variables was produced,
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3,3,6., Comparison of Characteristic Foundry Material.

It has long been considered that the performance of
moulds from certain B.S.C. ingot mould foundries 1is
superior to others. In order to determine the reasons for
these differences, 125kg test blocks Qere produced at
Distington, Landore,Dowlais, Fullwood and Stanton (via .
cupolas); and at Craigneuk (via an arc furnace) from their
usual ingot mould produc tion. All the test blocks were
allowed to céol to below 700°C, before stripping. Bend test
and tensile specimens were then taken from the centre of
each block and tested in the usual manner. Metallographic
samples were taken from the fractured ends of the bend
test specimens.

3:3,7. Effect of Casting Temperature.

In order, statistically,.to determine the effect of
casting temperature on mould preformance and the incidence
of mould cracking, the performance of 1617 610 WB moulds
and 197 L26 moulds, (see Appendix 2) produced at Disfington
Foundry, have been examined.

For the 610 WB mouldé, the data were divided, initially,
into casting temperature intervals of 10°C and life and
failure mode for each group calculated. Mean casting temp-
erafure, analysis and performance were then calculated for
each failure mode. T-tests were then carried out to determine
significant differences between the érazed moulds and the
other failure modes.A multiple regression analysis was then
carried out for all moulds.

Because of the more limited data available for the
L26 moulds (chosen since a higher proportion fail by
cracking), the data was divided, initially, into groups
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at casting temperature intervals of 25°C. The mean life

and percentage failing by each mode, were then calculated
for these groups. Mean life, analysis and casting tempera-
ture were then calculated for each failure mode and for

all the data. T-tests were then carried out to compare the
failure mode groups. Regression analyses were carried out
for all moulds and for the difféerent failure modes and cast-

ing temperature ranges.
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/o1, . EVALUATION OF THE BEND TEST.

lel.1. Analysis of Results.
Banks has shown(AZ) that the principal differences

between the load-deflection curves for tough and brittle
irons is that, in the case of the latter, once the maximum
load has been reached, the load drops more rapidly, as
shown, schematically, in Fig. 3. This occurs because, in a
brittle iron, only a small amount of energy is required

to propagate a crack, so most of this energy is stéred in
the specimen as eiastic strain energy.

A number of methodé have beeniemployed in order to
measure the decrease in toughness, summarised in Table 2.
A typical load-deflection curve is shown in Fig. 4, which
also shows the meas_ured variables.

A direct measure of the toughnesé of the iron is the
area under the curve after maximum load (Area B,-Fig. L),
which is a measure of the energy to propagate the crack.
However, when examining a series of irons, it is noted fhat
if these irons are embrittled, then the maximum load may
be increased. This has the effect of increasing the area
under the curve, so that a direct comparison of two irons
of different strengths by measurement of propagation ener-
gies may be misleading.

To overcome this, the areas have been normalised (An
and Bn). The ratios of the initiation energy to the prop-
agation energy have also been used (A/B).

The typical load-deflection curve shown in Fig. 4,

demonstrates the limitation of these techniques, due to the
geometry of the system, in that the load never falls to
zero., For the parameters A, B, An and Bn’ given above,
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the curve has 5een arbitrarily cut short 5mm from the

- zero line. To counteract this, the derived parameters A3/

B+ and a/b have been measgufal which, although of 1less
fundamental significance, are less dependent bn the geometry
of the system. The parameter a/b is also, physically, the
easiést one to measure, since it does not involve time-
comsuming area measurements, either by éounfing squares

or using a planimeter. |

| (45)

The paramefer (A+B) is that used by previous workers

lel,2, Effect of Graphite Sigze.

Typical bend test curves are shown in Fig. 5, and
measured parameters'in Table 3.

Reducing the graphite size from samples 5 to 3 (Figs.
2 and 5) tended to decrease the propagation energy (Area B,
Table 3). This was associated with a slight increase in
maximum load and initiation energy (A). The formation of
under-cooled graphite, Samples 1 and 2 (Fig. 2) resulted
in a marked decrease in propagation energy, such that,
when the maxiﬁum load was achieved the crack propagated
rapidly througﬁ the majority of the specimen. This clearly
represents a highly brittle condition- reflected in high
A/B and a/b ratios. The normalised ini tiation energy (An)
showed no clear trend, whilst the normalised propagation
energy (Bn) showed a marked increase with graphite coarseness.
The total energy to fracﬁure (A+B) showed no systematic
variation,

The tests show, overall, that an increase'in graphite
size is accompanied by an increase in toughness. Graphite
size may be increased in the foundry‘by, for example,
increases in carbon, silicon, titanium and section size.
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These increases are known to cause a reduction in cracking
tendency in ingot moulds, although the factors mentioned
also affect pearlite and carbide content.

Lele3. Effect of Pearlite:Ferrite Ratio.

Typical bend test curves are shown in Fig, 6 and meas-
ured parameters in Table /.

As may be.seen from Fig. 6 and Table 4, an increase
in the amount of ferrite caused a slight reduction in
maximum load-(reflecting the tensile strength) but also
caused an increase in the energy required for propagation
of fractures. This has resulted in a lowering of the A/B
ratios, which reflect an increase in toughness.

This, again, correlates well with common experience,
in that a reduction in the pearlite content results in
increased fracture resistance, The effect, however, appears
to be less important than variations in graphité size.
Lel./o. Effect of Carbides in Flake Graphite Irons.

Typical bend test curves for low and high phosphorus
test blocks are shown in Fig., 7, and the measured values
in Table 5. ”

It may be seen that the increased amount of carbide/
phosphide eutectic has increased the maximum load and,
hence, initiation energy, but the propagation energy has
been dramatically reduced.

This agrees with common eXperience,-that when carbides
are present; the iron becomes more brittle.

Lel.5. Effect of Graphite Morphology.
Typical bend test curves are shown in Fig. 8, for a
hemétite_iron, a compacted graphite iron and a quasi-flake
iron, and the bend test parameters are given in Table 6.
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‘A ferritic S.G. iron when tested, did not fracture but
deformed, plastically.The load-deflection curve was similar
to the quasi-flake iron, although with a much higher defl-
ection, up to the point when the test had to be stopped.

Analysing the results in terms of the a/b or A/B ratios,
indicates that the modified graphite irons were more brittle,
whic?élearly contradiéts the results of conventionai tests
(tensile) and mould usage experience. This is due to a
large increase in initiation energy (A), accompanied by a
relatively smaller increase in propagation energy (B). This
is shown in the normalised propagation energy values (B/ML),
which are essentially similar to the haematite iron, whilst
the normalised initiation energy (A/ML) is 2-3 times greater.
In this examﬁle, the (A+B) parameter probably gives the
best indication of the tbughness variations which agree
with experience.

The test, therefore, may be suitable for comparing
quasi-flake and compacted graphite iroms.,
lae1:6, Effect of Cgrbidgs in Quasi-flake Irons.

Typical bend test curves are shown in Fig. 9 and the
measured parameters in Table 7. It may be seen that the
maximum load and initiation energies have been slightly.
increased by the presence of carbides, but that the
propagation energy is reduced. This has resulted in increased.

A/B and a/b ratios.

Le2, EXPERIMENTAL MATERIAL.
fe2s1., Effect of Phosphorus.

Chemical analyses and mechanical properties of the
test blocks are given in Tables & and 9.

Microstructures of the test blocks are shown in Figs.

, -



tu=-13, wnere 1t may be seen that, in the case of the low
residual melts, there is a substantial proportion of ferrite
(85% in the slow cooled, low phosphorus test block), the
amount being reduced by the fast cooling practice. The high
phosphorﬁs test blocks were more pearlitic than the low
phosphorus blocks, but this is assumed to be due to the
higher Mn level (0.73%, as opposed to 0.46%). The graphite’
was also coarsér, proﬁably due to the highéf carbon content
of 3.9%, compared with 3.75%, in the low phophorus block.
Of particular note was that the phosphide/carbide eutectic
in the high phosphorus blocks was in the form of a fairly
uniform dispersion, with only a limited tendency to
segregate to the cell boundaries,

The high residual melts, Figs. 12 and 13, were sub-
stantially pearlitic, with only a trace of ferrite being
evident in the slow cooled blocks. The phosphidé/carbide
eutectic in the high phosphorus blocks tended to be more
segregated to the cell bouldaries than observed in the low
residual melts. The'high-phosphorus, slow cooled block
contained a substantiagl proportion of compacted graphite,
whereas the remaining blocks showed only traces of this
form of graphite.

The bend test results (Table9) show an increase in
brittleness at high phosphorus contents, high stripping
temperature and high residual levels.
4s2.2 Titanium

Chemical analyses of the melts for the first two
series are given in Tables 10-12. Tensile and bend test
results are given in Tables 13 and 1. Tensile and bend
test results for the heavy section (250kg), test blocks .
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are shown, graphically, in Figs. 14-17, and the a/b para-
meter for the light section (25kg) test blocks in Fig. 18.

The heavy section irons exﬁibited a strength minimum
in the range 0.04 to 0.12% Ti (Fig. 14)for the gassed and
untreated test blocks. This minimum tensile strength may
be seen to correspond to maximum ductility in the irons
(Figs. 15 to 17). The location of maximum ductility varies,
however, with the gassing treatﬁent. . “

The carbon dioxide treated; heavy section, test blocks
showed an increase in brittleness from the residual level
of 0.023% Ti, up to 0.055% Ti. The untreated, heavy section,
test blocks showed a similar increase in brittleness from
the residual level up to 0.035% Ti. | |

No hydrogen-treated, test blocks contained titanium
analyses in this range{ Above 0.12%. both the carbon dioxide
and untreated test blocks showed an increase in brittleness,
whereas no such trend was noted for the hydrogen-treated
block. This behavior was also noted in the small 20kg test
blocks (Fig. 18), which showed a steady increase in brittle-
ness for the 002 and untreated casts. The hydrogen-treated
cast, however, showed a reduction in brittleness at 0.18%
Ti, but then an increase, again, at the highest titanium
level,

The effects of gassing treatment on the microstructures
of the small (20kg) test blocks are shown in Fig. 19. It
may be seen that the hydrogen-treated blocks contained
appreciably coarser graphite than the carbon dioxide-treated
blocks, The non-gassed blocks showed a marked variation
in structure at the low gnd medium titanium levels, although

the graphite coarseness in the high titanium block was
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intermediate between the H2 and CO2 blocks. The medium
titanium H2 treated block was slightly coarser than the low
titanium test block, but in all other cases, the graphite
increased in fineness as the titanium le&els increased in
the nominal ranges 0.02 to 0.2 to 0..%.

Microstructures for the large (250 kg) test blocks
treated with hydrogen, untreated’or treated with carbon
dioxide, are shown in Figs., 20, 21 and 22, respectively.
The hydrogen‘and~untreated blocks all showed an increase
in graphite size up to 0.1% Ti, although this trend was
less apparent for the 002 treated blocks. The highest
titanium blocks showed a considerable amount of under-
cooled graphite with less being seen in the hydrogen
treated blocks. The untreated blocks were, generally,
coarser than the gassed blocks, but this may have been
duu to their higher carbon and silicon contents.

There was a slight trend to increase the amount of
ferrite within each set of blocks, an increase in titanium
of 0.02 up to 0.1%, increasing the amounts of ferrite from
approximately 5% to 25%, 2% to 15% and nil to 15% for the
'002, untreated and H2 blocks, respectively.

Analyses of the blocks produced, using clean and dirty
mould scrap, are given in Table 15. Mechanical test
results are given in Table 16 and typical micrographs are
shown in Fig. 23. The microstructures are similar to those
of the previous heavy section melts and the mechanical
properties of the clean and dirty melts are similar to

ungassed and 002 treated melts at similar titanium levels.

fs 203, Nitrogen,

Treatments and stripping practices are summarised in
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Table 17, test block analyses are given in Table 18, and
changes in nitrogen and calcium levels, before and after
treatment, are given in Table 19.

Evidence of gas porosity was seen only in cast RG 7254

(2% CaCN_-0.018% N), shown in Fig. 24. It may be seen that

2
the porosity consisted of isolated pores up to, approximately,
25 mm. from the wall.

Mechanical properties of the test blocks are given in
Table 20. Typical-microstructures are shown in Fig., 25.

It may be seen that the graphite morphologies were similar,
with Type A flake graphite and traces of compaction in the
eutectic cell boundaries, other than in cast RG 666 B

(3% Calsiloy-0.007% N), which contained more compacted
graphite. Matrix microstructures were, essentially, pear-
litic, other than cast RG 752 B (2% Calsiloy); the higher
proportion of ferrite in this cast is considered to have
arisen from the much higher Si levels, brought about by
the Calsiloy treatment.

Le2ele Residuals.

Analyses of the melts are given in Table 21. Typical
cooling curves are shown in Fig., 26 for the solidification
interval and in Fig. 26b.for times down to 600°C. It may
be seen that the measured solidification temperatures varied
considerably, but this is thought fo arise from.inaccuracies
of the thermocouplg: this effect on the measured times to
cool down to, say, 700°C will be small.

Results from the mechanical property tests are given
in Table 22, For convenience, the bend test a/b parameters
are plotted in Fig., 27.

It is apparent that increased residual levels cause
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a marked increase.in embrittlement. The relative effects
of section size (and, hence, cooling rate) appears to re-
verse, depending on the residual levels. Where these are
high, fast cooled blocks are more ductile, but at low
residual levels, the fast cooled blocks are more brittle.

Microstructures of the three residual level melts are
shown in Figs. 28 to 30. It may ge seen that as the residual
levels are increased, there is a reduction in the amount
of ferrite énd also an increase in the proportion of
compacted graphite. Carbide contents were measured by _
point counting on four blocks and the results are shown
in Fig, 27. It is apparent that there is a high degree of
correlation between the a/b parameter and the volume %
of carbide,

Le2s5. Casting Temperature.

Chemical analyses of the test blocks are shown in
,Table 23, and mechanical properties of the test blocks, in
Table 24, together with the pearlite interlamellar spacing
and eutectic cell size. The effect of eutectic cell size
on the A3/B} bend test parameter is shown in Fig. 31.

| The microstructures were all similar, consigting of
flake graphite with a trace of compacted graphite in the
cell boundaries. Pearlite contents were 85-95%. The pear-
lite interlamellér spaciné showed no systematic variation.
The eutectic cell size was reduced by a lowering in castiné
temperature and by the additiﬁn of FeSi. It may be seen that
this effect improved the ductility of the irons.
Le2.6. Metal Superheat.

Chemical analyses of the test blocks are given in
Table 25, and the mechanical test results in Table 26.
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It is apparent, immediately, that no clear trend between
properties and superheat temperature exists. Microstructures
"of the blocks were examined amd found to be similar, con-
sisting of flake grapﬂite with some graphite compaction

in the cell boundaries and approximately 90-95% pearlite.
Le3., EXAMINATION OF MOULD PERFORMANCES.

4,3,1._ng!ure of large Slab Moulds.
Le3.1.1.Performance Details.

Performances for the A8 Type moulds.at Ravenscraig
are given in Table 27, for each cupola burden at Fullwood.
T-tests were carried out to determine: which perforﬁance
differences were significant, and these are given in Table
28.

It may be seen that the broken mould bu:den.(SB% pig
iron, 17% steel scrap, 20% returns and 10% mould scrap-
53/17/20/10) gave a significant reduction in life, compared
with the original 70/20/10 burden ( 70% pig iron, 20% steel
scrap, 10% returns ). Performances were restored wheh broken
moulds were replaced by pig iron (63/17/20 burden), this
being maintained with the FeTi addition.

The distribution of lives about the mean for the L8~
Type moulds are shown in Fig, 32,

The precise mould performances are complicated‘by the
amount of mould repairs carried out. The number of repairs
made to 48-Type moulds from the four burdens under consid-
eration are given in Table 29. It may be seen that the
incidence of repairs decreased from 51%, for the 70/20/10
burden to 20-2,% for subsequent burdens. The higher level
of repairs in the 70/20/10 burden might be expected to
give an increased life over subsequent burdens, but the
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precise effect is difficult to quantify. Since the level

of repairing in the broken mould (53/17/20/10) burden was
similar to the 63/17/20 and 63/17/20+FeTi burdens, the life
increase may be attributed to improved iron properties
rather than increased repairing.

It was noted, in Section 3.3.1., that, by November,
1976, it appeared that the 63/17/20 burden was not perfor-
Ming satisfactorily, but, however, final lives clearly do
.not substanfiate this notion. This may be explained by
congsideration of performance and discard data and this is
shown in Figs., 33-36. It may be seen that, initially, only
low life moulds fail, the good life moulds failing only
about six to seven months after the initial failures, and
ten months after the burden has been changed.

Le3,1.2, Mode of Failure.

Using the Ravenscraig computer print-out, modes of
failure for each burden were determined, and these are
summarised in Table 30. For all burdens, it is apparent
that most failures occurred due to vertical cracking. The
position of these cracks is tabulated in Table 31, and it
may be seen that the majority occurred on the broad side,
except for the 53/17/20/10 burden, in which the majority
were on the narrow side. As may be seen from Table 30 the
incidence of cold shut defects for the broken mould burden
( 17.3% ) was particularly high.

Le321.3 Analysis of Production Details

Fullwood production details are recorded on the Raven-
scraig mould print out and these are summarised in Table
32, t-tests for significance were carried out between each
burden at Fullwood and the results are given in Table 33.
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For convenience the significant increases and decreases
are summarised in Table 34.

Regression analyses to 90% confidence limits were
carried out for life against production variables for each
burden and for all Fullwood moulds. The results were as
follows :-

70/20/10 Burden

Life = =-84.21 + 38.38 x (%C) = 21.58
Life = 89.86 - 196.7 x (%S) o= 21,32
Life = 56.51 + 274.9 x (%Ti) o = 21.08
| Life = -65.23 + 29.79 x (CEV) o = 21.63
53/17/20/10 Burden
Life = =-269.7 + 81.60 x (%C) o = 20.77
Life = 75.17 - 546.2 x (%S) & = 20..9
Life = 193,1 - 38.87 x (USV) o = 20.26
Life = -231.1 + 63.73 x (CEV) & = 20.89
63/17/20 Burden
Life = =14.57 + 52.31 x (%Si) & = 21.06
Life = 96.45 - 706.5 x (%S) o = 20.34
Life = =4.423 + 89.82 x (¥™Mn) o = 21.30
Life = 40.29 + 568.0 x (9Ti) o = 20.57
Life = 269., - 60.06 x (USV) o = 11.55
63/17/20+Ti Burden
No significant relationships
411 Fullwood Moulds
Life = =196.7 + 65.60 x (%C) o= 22,49
Life = 35,04 + 17.62 x (%8i) ¢ = 23.06
Life = 88,60 = 593.1 x (%S) o = 22.20
Life = 34.55 + 35.77 x (¥Mn) o = 23.09
Life = 48.12 + 341.1 x (4Ti) o = 22.31
Life = 169.5 - 30.24 x (USV) & = 22.61
Life = -185.0 + 55.57 x (CEV) o = 22,50

(The equations only apply within the limits of analysis
studied.)

Sulphur appears in the regression equations but its
effect on life is questionable in the range considered
(0.013-0.08%). It is.considered that its effect is related

to carbon in that high cupola basicities give high carbon
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and low sulphur levels. Since increasing carbon improves
life in the regression equations it may be surmised that
sulphur will appear to give the opposite effect. A regre-
ssion analysis of carbon against sulphur was carried out
and it was founa thatA:—
Carbon = 4.068 - 2.898 x (%S) o¢’= 0.07723

this equation being significant to 0.1%. Since thefe is a
high degree of correlation between carbon and sulphur, the
effect of sﬁlphur on life may be ignored.
ls3:1,/ Chemical Analysis

Major Elements

These have been considered in section 4.3.7.3.

Nitrogen |

Nitrogen analyses for fhe 70/20/10, 53/17/20/10 and
63/17/20 burdens are given in Table 35. Although the gen-
eral levels may be considered high there appears to be
little or no change in overall levels between each burden.

Tragce Elements

Trace element analyses for the 70/20/10 and 53/17/20/10
burdens are given in Table 36. Comparison of analyses for
these two burdens on lug samples showed no differences.
fe3.1.,5 Structural Examination

Samples from failed moulds were prepared for metal-
ographic examination and etched in picral/nital. Typical
microstructures are given in Figures 37-.6. Included are
mould numbers 48/585 (70/20/10'burden; 120 lives ) and
48/758 (Distington manufacture; 65 lives ). Figure 45 is
from mould 48/023 (63/17/20+Ti burden ), the sample being
trepanned prior to entering service. Figure 46 is from
mould 48/059 (63/17/20+Ti burden ) which failed after two

61



lives due to a torn seat.

The micfostructures were extremely variable and no
clear trend was observed. The graphite form varied from
coarse flake to highly compacted gréphite. It is interesting
to note that the Distington mould 48/758 (Fig. 38) which
gave a satifactory performance contained compacted graphite
Matrix microstructures were varied, but tended to be pearlitic.
The matrices of the good performance moulds after failure
(Figs. 37 and jé) were ferritic, but it may be assumed
that, prior to entering service, they contained substant-
ially more pearlite. The titanium-treated moulds were
pearlitic (Figs. 45 and L46).

Mould No. 774 (Fig. 39) contained very fine graphite
in a matrix of unresolved pearlite, with some phosphide/
carbide eutectic. This is considered to have occured due
to a high;E;ntent (0.22%, Table 36). No other examples
of chromium contents at this high level, were observed.

The titanium-treated moulds showed a slight coarsening
of the graphite flakes. This was reflected in a decrease
in ultrasonic velocity.

.3.1.6. Electron Metallographic Examination.

Five samples were chosen to represent high and low
life moulds, with both compacted and flake graphite structures
and a titanium-treated mould. The specimens were prepared
by etching with 2% nital, carbon coating and extracting
electrolytically, in 10% nital. Electron diffraction
patterns were obtained, to establish the phase identities.

All the samples showed a bimodal size distribution of
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TiN particles, of 0.15 um and 0.03 mm. The relative abun-
dance of each precipitate size showed no systematic
variation with mould life although the compacted graphite
samples tended to contain less of the fine (0.03 um) TiN
particles. The samples containing pearlite showed large
particles of cementite after extraction.

/s 3.1,7 Bend Test Properties .

In order to investigate the iron properties of Fullwood
moulds, samﬁles were trepanned from mould walls after
failure. Moulds were selected to give a range of perfor-
mances and a titanium treated mould was included. This
mould, number 48/059, had failed after two lives due to a
torn seat but it was unclear whether this was due to poor
iron properties or due to poor teeming practice.

The bend test résults are given in Table 37, and
actual curves for flake and compacted graphite irons are
shown in Figs. 47 and L8, respectively. Microstrucéures
of the samples have been given, above.

Examination of.the bend test curves for flake irons
shows that there was some difference between high and low
life moulds; and it may be seen that the highest 1life
mould failing by cracking, had the lowest a/b and A/B
ratios (i.e. more ductile material) and vice verga. This
effect, although showing a trend, may be enhanced by ferr-
itisation during service, this having been shown to lower
a/b and A/B ratios (Section 4.71.3.). The properties of
the titanium mould, which failed due to a torn seat, fell
in the range of the other three flake irons, so that it
may be considered that the iron was not excessively weak,

sufficient to cause this type of defect.
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Less clear trends are apparent for the compacted
graphite irons (Fig. 48), although the highest life mould
possesses the lowest bend test ratios.
be3e2. Production and Performance of Forging Moulds.

A1l the River Don Foundry ingot moulds were produced
in the 90t arc furnace (Appendix 1), from a charge of cast
iron borings (ex-Distington) and ingot mould scrap. The
iron was cast iﬁto resin-bonded sand mquldé. The analysis
and productidn details for each mould are summarised in
Table 38, and the performance details in Table 39. Full
details of the mould manufacture and performance are pre-
sented elsewhere(47), however, the followong points may
be highlighted:
| (i) If the temperature o? the ladle, on arrival in
the foundry, is too high, then purging is carried out.

This involves the injection of the iron with argon through
a porous plug to give a thorough mixing. This might be
expected to mix in the slag cover under some circumstances.
Not all ladles required purging.

(11) After stripping and fettling several moulds were
found to contain non-metallic inclusions,particularly in
the top. In all cases, except mould 71/68 No 1, this would
be the wide end of the mould. Analysis of these inclusions
showed them to consist of grains of nearly pure alumina in
a matrix of an alumino-silicate. "Sandy" inclusions were
found in the top face of several moulds during machining.

(1ii) Several moulds ran to slag during pouring.

(iv) In a large number of cases when plucking occurred
in the moulds it was associated with a malfunction during
ingot teeming such as a full bore runner or a head breakout.
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(v) When mould 91/86 No1 plucked after 9 lives the
plucked surface was found to contain a light coloured phase.
This was found, by scanning electron microscope, to be
dendritic in nature and composed almost entirely of silica;

(vi) Microstructures of typical ﬁouids are shown in
Figure 9. It can be seen that they consist of extremely
coarse graphite flakes in a predominantly pearlitic matrix.
There .s little evidence of carbides other than as noted
in item.(viii). )

(vii) Bend test measurements were.carried out on
material from the heads of several moulds. The results were
consistent with very ductile iron, typical A/B values being
0.6=-0.9.

(viii) The plucked surface of mould 79/75 Nol was
examined and at the surface was found to contain white iron.
Further back from the surface there was a trasition to
undercooled graphite and then to the normal coarse flake
graphite.

Le3:3 Effect of Phosphorus on Renishaw Ingot Mould Performance
A@lLZLL Renishaw Mould Performances

F Type Moulds gt Tinsley Park

Average mould analyses for all moulds. produced from
January 1973 to January 1975 are given in Table LO. The
monthly(performances and phosphorus levels are shown in
Table L1 and these are given graphically in-Figure 50. It
may be seen from Table L1 that, although the aim phosphorus
content from August to December 197, was 0.16%, in fact
considerable scatter occured with minimum and maximum levels
being 0.035 and 0.26.% respectively.

Lives of individual moulds from this period are shown -
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in Figure 51. It may be seen that the lives of moulds with
phosphorus levels of greater than 0.12% are markedly infer-
ior. The mean lives in various phosphorus ranges are shown
in Table L2 for ali moulds produced during the above two
year period.

Multiple regression analysis for all moulds was carried
out and fhe following equation obfained : -

Life = 129.6 - 440.2 x (%P) - 138.9 x (%Cr)

-+426.A x (9V) + 326.8 x (%Ni)
95% confidence limits, 2¢ = + 56
this equation being valid within the limits of analysis
given in Table 4O.

Moulds cast between August and December 197/ were
further split down, between those cast on Friday and those
cast on Monday to Thursday. The mean lives at $9.12%5P and
>0.12% P are given in Table 43. t-tests were carried out
but no significant difference between moulds cast on Friday
and the remaginder was found,

10 OT Mould Templeborough

Chemical analyses of 610 OT moulds cast during January
1973 to January 1975 are given in Table L4 and monthly
performance and phosphorus levels given in Table 45. These
are plotted in Figure 52. Mean lives at varioué levels are
given in Table 46 and mean phosphorus contents at given
lives in Table A47.

Regression analysis of the moulds generated the foll-
owing equationt -

Life = 116.4 - 18.7 x (%Si) - 89.3 x (%P)

+445.8 x (2V) + 458.6 x (Ti) - 96.6 x (%Cu)
95% confidence limits, 20"= + 45
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this equation being valid between the analysis limits given
in Table 44.

- B120 Moﬁlds at Aldwarke

-Mean chemical analyses for the period April 1972 to
December 197/ are given in Table 48. Monthly performances
‘and phosphorus levels are presented in Table L9 and are
shown graphically in ?igure 53. Mould performances with
respéct to pﬁosphorus content are.given in Table 50, and
Table 51 givés the mean phosphdrus content with respect to
life.

Regression analysis gave the following equation :-
Life = 178.4 - 30.4 x (%Mn) - 37.0 x (%Si)
95% confidence limits, 26-= + ./

the equation being valid between the limits of analysis

given in Table /8.
-WEU_100X Moulds at Round Oak

Mean chemical analyses for moulds scrapped over the
period September 197, to March 1976 are presented in Table
52. Monthly performances and phosphorus levels with respect
to date cast are given in Table 53 and Figure 5k4e

Multiple regression analysis generated the following
equation 5-

Life = 63.10 = 74.35 x (%P) + 438.7 x (%Mo)
95% confidence limits, 20" = + 37
this equation only being valid between the P and Mo limits
given in Table 52.

Mean lives for a range of phosphorus contents are

given in Table 54 and the average phosphorus content in

specific life ranges in Table 55.
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NEU 100 Moulds at Round Oak

Average mould analyses for moulds scrapped from Sept-
ember 197, to March 1976 are given in Table 56. The monthly
performances and phosphorus levels according to month cast
are given in Table 57 and shown graphically in Figure 55.

The mean lives in various phosphorus ranges are shown in
Table 538 and average phosphbrus contents at given lives in
Table 59.

Multipléhregression analysis calculated the following
equation :-~ ‘

Life = 81.98 + 205.6 x (%Cr)

95%confidence limits, 20 = + /8
this equation being valid in the range 0.01 to 0.18% Cr.
Le3s3.2 Metallographic examination

A typical fracture surface from a high phosphorus,
prematurely-failed, F-type moula, is shown in Fig. 56.

The structure exhibits a characteristic 'wire net! structure,
which is known to cause embrittlement of the iron.

Typical micrographsare shown in Fig.57. It may be
seen that there is a large interdendritic network of carbide/
phosphorus eutectic which, in most cases, contained micro-
-cracks. The graphite form, although exhibiting a compacted
st:ucture, is not untypical of Renishaw Foundry ingot moulds.
be3.3,3 Temperature Measurements.

Measured Temperatures on the top surfaces (as-cast) of
moulds, immediately after removal of the top plate, for
the three shifts, are given in Tables 60, 61 and 62. Temper-
atures of all the moulds were below 780°C, except for the
F-type (two measured at 960°C) and the ECSC F-type (measured
at 890°C, 880°C and 910°C). This latter mould is, essentially,
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jdentical to the F-type, being only slightly modified

externally, for use at River Don Works.

be3els Examination of Prematurely Failed, Round Oak, WEU
100 Moulds.

Analyses of the moulds and their performances, are
given in Table 63. The position of the bend test specimens
are shown in Fig. 58, and tﬁe results given in Table 64.
Typical bend test curves for mould 404 at the base and
150 mnm., up,.ﬁre shown in Fig., 59. Typical microstructures
are given in Fig. 60-64.

It may be seen that the bend test parameters indicate
that the moulds are substantially brittle compared with
results from the prece ding sections. The microstructures
all show large amounts of carbide eutectic, and this is
segregated to the cell boundaries, frequently bging ten-
drillic in naturé and forming a semi-continuous chain.
be3:5, Materigl From Ingot Moulds for Routine Assessment.

Mould performances and bend test results for Renishaw
horngates, Renishaw lugs and Distington lugs are given in
Tables 65. 66 and 67, respectively. Microstructures of all
samples were, essentially, similar, Typical examples are
given in Fig. 65.

Although a/b parameters on several Renishaw horngate
samples were relatively high, no mould failed by cracking.
Two Renishaw lug samples gave high a/b values and one of
these moulds cracked. Only one of the Distington moulds
failed by cracking, and the a/b value for this mould was
not high, compared with the others.

The chemical analyses and bend test parameters of
the Distington moulds are given in Table 68. Multiple
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regression analyses of life versus all variables (except
casting temperature, where the data were incomplete)
generated the following equation:
Life=143.5-89.9ox(%Si)+2043X(%P)+5.31(A%/B%)~26;54(A/B).

The 95% confidence limits were + 15 and the equation
explained 88.5% of the overall mould life variance.

This equation aﬁpears to be confradictory, in that
there are both negative and positivé"coefficients for the
A/B and A%/B%-parameters.

The correlation matrix is given in:Table 69. It may be
seen that there are good correlations between the bend test
parameters, maximum load,a/b, A%/B%, A and A/B, but none
of these correlate, significantly, with life. It éhould
be noted, however, that the correlationAcoefficienté with
life are positive. Paramet4er B correlates, negatively,
with life, There are negative correlations of thevbend
parameters (except B) with C, Si and Ti, some of which
are significant at up to the 99.9% level.

Le3.6. Comparison of Characteristic Foundry Material

Chemical analyses of the test blocks and mechanical
properties are givén in Tables 70 and 71. Typical micro-
structures for each foundry are given in Figure 66.

. It may be seen that significant differences between the
foundries exists with, in general, Distington giving the

lowest a/b and A/B values and Craigneuk the highest.

Le3.7, Effect of Casting Temperature

For the 610 WB moulds mean lives for the various
casting temperature ranges are given in Table 72 and these
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are plotted in Figure 67. It is apparent that life increases
with increasing casting temperature up to around 134000,
after which data becomes limited. The effect of casting
temperature on failure mode is given in Table 73 and the
percentage failing by crazing plotted in Figure 68, A slight
trend to a reduced incidence of crazing'with increased .
casting temperature may be obser#ed. For each failure group
means of the production variables and life are given in
Table 74 and't~tests against moulds failing b& crazing in
Table 75. A significant difference in casting temperature
was found only for those failing with cracked corners whose
casting temperature was 1275°C compared with that for
crazed moulds of 1268°C. The lives of these two groups were
90.0/ and 87.32 respectively.
Multiple regression analysis generated the‘following

equation :-
Life = 0.137 x (Cast Temp®C) - 13.27 x (%C) - 25.2 x (%si)

95% confidence limits, 2% = 37.2

% §ariance explained = 9.3%.

This confirms the graphical observation noted above.
Performance and failure mode for each temperature
interval for the L26 moulds are given in Table 76. No clear

trend is apparent. Analysis, performance and casting temp-
erature means for each failure mode are given in Table 78.
Mean casting temperatures for each group are not signifi-
cantly different.
Regression results were as follows :-
A1l Moulds - Life = 344.9 - 60.97 x (%C) - 46.93 x (%Mn)
2¢ = 50 , Variance explained = 9.48% , |
Crazed Moulds- Life = 320.1 = 53.34 x (%C) - 56.00 x (%Mn)
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200 = 51 , Variance expléined = 8.78% ,

Cracked Moulds- No significant equations ,

Sticker Moulds~- No significanﬁ equations ,

Moulds Cast 1250-127400 - No significant equations

Moulds Cast 1275-1299°C - Life = 429.9 - 73.63 x (%C)

- 50.34 x (%Si)

2¢ = 49 Variance explained = 14.46% ,

Moulds Cast 1300-1324°C - Life = 243.2 - 237.7 x (%Mn)
2¢ = 5/ Variance explained = 36.01% .

Clearly there seems to be no significant effect of
casting temperature for this mould type with the relatively

smaller amount of data.
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5,1 EVALUATION OF THE BEND TEST

Ideally, the bend test should be able to rank
materials in terms of cracking susceptibility, by means
of a suitable and easily measured parameter which, in furn;
should be possible to relate to the material microstructure
and, ultimately, the mould.performance, if failure‘ogcurs
by cracking. | |

The main derived pafameters for the different irons
are summarised in Table 79. 1t may be seen, somewhat
surprisingly, that, apart from the quasi-flake irons(Groups
5 and 6 ) and compacted irons (Group 10), the total energy
for fracture (A+B) is relatively insensitive to material
ductility, all samples exhibiting values in the range'1.2-
2.7.'0n1y in the case of the duciile quasi-flake iron were
values as high as 10 observed. The parameter is, therefore,
unsuitable for ranking irons of similar stucturé, but may
be used to highlight marked changes in toughness from one
group of irons to another,

‘The remaining parameters (A/B, A%/B%, a/b) all reflect
the relative sensitivity of the material to cracking
susceptibility, high values being associated with brittle
material. Although A/B can provide a useful ranking, its
measurement presents problems because of the difficulty of
obtaining an accurate measurement of the energy to propa-
gate fracture. Although the ratios A_%_/B%_ and a/b have no
physical significance, they are mucﬁ easier to measure and
both increase as material cracking susceptibility increases.

The only exceptions to these observations were in the
magnesium modified graphite irons, where increasing the
degree of compacted graphite, with an associated toughness
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improvement, also caused ‘an increase in A/B ratios,
indicating a more brittle material. This has already been
discussed (Z4.1.5) and suggests that the A/B parameters are
ngt suitable for ranking irons of widely different graphite
forms, but the parameter may be used for comparisons of
‘ductility of irons of the same graphite form.

| Overall, the bend test appears to offer a simple and
cheap technique, both for quality control purposes and as
a research téol for predicting cracking tendency.

5,2 PHOSPHORUS

Examination of Table 9 shows that in the case of the
high residual experimental melts, an increase in phosphorus
content in the slow cooled blocks produced a marked increase
in brittleness, theAa/b ratio increasing from 3.5 to 14.3.
A similar increase was also found to occur in the fast
cooled blocks. The fast cooled blocks were also.embrittled
compared with the slow cooled blocks, a/b ratios increasing
from 3,5 to 7.1 and 14.3 to 17.5 for the low and high
phosphorus blocks respectively. The most brittle condition
was represented by the high phophorug fast cooled test
blocks.

In the low residual melts the fast cooled high
phosphorus test blocks again represented the most brittle
condition, but it may be seen that the increase in cooling
rate had a greater effect on properties thap changes in
phosphorus levels. In fact the matrix was more pearlitic
in the case of the high phosphorus test blocks and this
has been shown to increase brittleness (see section 4.1.3),
indicating that the real effect of phosphorus in this
series was only slight.
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The effect of phosphorus on the high and low residual
melts was substantially different. The most notable micro-
structural variation, other than ferrite content, was that
the phosphide/carbide eutectic in the low residual melts
was dispersed, whereas in the high residual melts it was
more segregated to the eutectic cell boundaries., It is
apparent from this that hiéh phosphorus levels will be
most detrimental to cracking resistance when the phosphide/
carbide euteétic is in the form of a cell boundary network.
The test blocks have shown that this form is promoted by
high trace element levels. This is considered to arise
from the increased Cr and Mo levels in the cell boundaries
due to segregation promoting formation of the carbidic
phase.

The bend test results illustrate the importance of
controlled cooling of moulds in the foundry. a/ﬁ ratios
for low phosphorus casts were found to increase from 1:1
to 2.3 and 3.5 to 7.1 with fast cooling for low and high
residual melts respectively. Comparing the phosphide/
carbide eutectic form in the test blocks and in prematurely
failed moulds (Figures 10-13 and 57 ), it may be seen that in
the latteri&s more segregated to the cell boundaries and
also greater in volume. Comparison of Renishaw F-type
mould analyses (Table 40 ) with those from the experimental
test blocks (Table 8 ) shows that the Renishaw moulds
contained substantially higher levels of the pearlite and
carbide stabilising elements, Cu, Cr, ;nd Mo than the high
residual test blocks. This would indicate that the Renishaw
moulds will be more prone to the deleterious effects of

phosphorus and fast cooling than the test blocks, and also
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explains the increased volume fraction of phosphide/carbide
eutectic. The cooling rate on solidification will also play
an important role since the slower the solidification rate,
as in ingot moulds compared with test blocks, the greater
the tendency for segregation at the head of the advancing
solidification front and hence the greater the tendency

to form a cell boundary network of phosphide/carbide
eutectic. _

It is clearly apparent from Figures 50 and 51 that the
premature failures at Tinsley Park of the F-type moulds
produced at Renishaw were due to phosphorus contents in
excess of 0,12%, Table L2 demonstrates that the average
mould performance dropped from approximately 120 lives
with low phosphorus ( <0.07% ) down to 68 lives for high
phosphorus ( >0.131% ) moulds.

The 610 OT, B120 and WEU 100 moulds showed dfops in
lives of 87 to 77, 107 to 103 and 65 t060 respectively
( Tables L6, 50 and 54 ) for the same phosphorus levels.

In all cases this may be seen to be chiefly a result of an
increased numbe; of high phosphorus moulds failing at less
than 30 lives ( Tables 47, 51 and 55 ).

The NEU 100 moulds, however, showed little apparent
decrease in life at high phosphorus levels and there was
a slight opposite trend but the numbe£ of moulds was too
small to make aﬁy firm conclusions ( Table 58 ).

It has been noted above ( Section 2.5.4 ) that previous
experience has claimed a beneficial effect of increased
phosphorus leveléﬁg{ This clearly is not the case for the
Renishaw moulds manufactured with a high phosphorus burden,
particularly for the F-type mould.
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Bankézd)has reported that the presence of up to 0.4%
phosphorus in ingot moulds is not deleterious, but great
emphasis was placed on this being true only if the moulds
were slow cooled after casting., However, mould temperature
measurements have been taken at Renishaw immediately after
stripping the top plate ( Tables 60, 61 and 62 ), and these
have demonstrated that for the F-type mould, when cast
between 10,00 and 13.25 hrs. and stripped between 23.00
and 2/.00 hfs., the surface temperature may lie between
890 and 960°. Coriesponding temperatures for the 610 OT,
B120 and WEU 100 moulds were 610 to 780°C, 700 to 750°C
and 500 to 770°C respectively. Drawings of the five mould
types are shown in Appendix 2, and it is apparent that the
much higher surface temperature for the F-type mould is
due to its heavy base section ( top as cast ) compared
with the other mould types.

" It is clear then that the necessary slow cooling
conditions for high phosphorus F-type moulds at Renishaw
were not satisfied by the then current cooling practice.
The combination of circumstances at Renishaw at the end of
1974 - high phosphorus levels, change of shift pattern,
which resulted in the premature stripping of the F-type
mould - undoubtedly produced highly crack-sensitive mater-
ial, which manifested itself in the outbreak of premature
failures at Tinsley Park Steelworks.

The cooling conditions and their relationship to the
high phosphorus analyses for the 610 0T, B120 and WEU 100
moulds at Renishaw may be considered to be borderline and
it is thought that this offers an explanation for their
relatively small decrease in life compared to the F-type
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.mould,

The NEU 100 mould has a very light section at the top
so that, although temperature measurements are not avail-.
able, it may be surmised that it will be substantially
cooler whgn the top plate is stripped.

The top temperature after removal of the plate is
considered to be of greater significance than the removal
of the sand jacket, since those F-type moulds cast on
 Friday and stripped within 2/ hrs showed no decrease in
life over those cooled for considefably longer ( Table 43 ).
5.3 TITANIUM
5,3,1 Microstructure of Test Block Material

The microstructures found in the light section castings
are consistent with those reported in the literature(zg),
i.e. fine undercooled graphite at high titanium levels and
with a marked microstructural influence of gassihg treatment
a 0.,2% addition of titanium being sufficient to produce
Type D graphite with carbon dioxide treatment. This trend,
however, is not as marked in the heavy section test blocks.
In ingot mould sections, it may be surmised that at high
titanium levels of up to 0.2%, under-cooled graphite will
not be formed unless through some local segregation such
as at the moulds upper surfgce.

The extremely coarse graphite structureé, observed in
Fullwood ingot moulds at high titanium levels, have not
been produced in the experimental work. It is suggested
that this is due to the lower carbon equivalent in the

test blocks and to the much heavier sections of Fullwood

mouldé.
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5,3,2 Microstructural Mechanism

There are three microstructural features concerning
titanium additions worthy of further comment; namely, an
initial coarsening 6f the graphite followed by under-
cooling at higher titanium levels ( i.e. 0.2% Ti ), and
the;under-cooling effect of carbon dioxide and coarsening
in hydrogen. It should bé.noted that the coarsening followed
by undef;cooling.effect of titanium is similar to silicon,
which also ghows a coarsening effect on the graphite,
.through an increase in carbon equivalent. This is followed
by the formation of under-cooled graphite at levels of 5%
or above in the heat resisting Silal irons.

Liquidus concentrations for the FeCTi system are
"shown in Figure 69(48) and it may be seen that titanium
:also increases the carbon equivalent. Interpolating froﬁ
the graph, it may be noted that 0.8% titanium decreases
the eutectic carbon concentration from 4.3 to 3.9%. The
carbon equivalent for the FeCTi system, at levels up to
0.8% titanium, may, therefore, be expressed by the formula

Ti

A CEVFeCTi =C + ~

This should be compared with the more usual form of carbon

equivalent value in the FeCSi system

_ Si
FeCSi ~ C + ﬁ;

CEV

from which it may be observed that titanium in direct
combination with carbon and iron is a more powerful graph-
itiser than silicon. It is suggested that the graphite
coarsening action of titanium is due partly to its effect
on carbon equivalent in a similar manner to silicon.

The action of titanium in lowering carbon equivalent
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value in the FeCSiTi system is unclear but based on the
above ternary systems and Comstock's observations(26) that
the graphitising power of titaniium is up to seven times
that of silicon, the CEV may be expressed as lying between

the two equationss

_ Si 7Ti

CBVpogsirs = C + =+ ——
| 3 3
_ si . Ti

CEVpocsims = C * = t

Olen aﬁd Heine have shown that for eutectic solid-
ification to take place, austenite must first nucleate
before eutectic graphite will precipitate out of solution
(49). This phenomenon has been observed by Heine and
Loper(50) in cooling curve studies, where an iqitiéting
eutectic arrest occured .in near-gutectic and hypereutectic
irons at a slightly higher temperature than the main
eutectic arrest. Henschel, Du Pont and Heine(51), in
examining the effects of oxygen on the solidification of
cast iron, noted that low oxygen potential atmospheres
increased the initiating eutectic arrest effect, which was
correlated with an apparent ease of nucleation and growth
of austenite, whereas high oxygen potential atmosphefes
inhibited the nucleation of austenite and, hence, eutzctic
nucleation, causing under-cooling.

This mechanism may offer a possible explanation of
the effects of carbon dioxide and hydrogen on cast iron
microstructures. Bubbling carbon dioxide through the melt
may be expected to increase the oxygen potential of the
melt, thus inhibiting eutectic nucleation by its effect
on austenite nucleation. The overall result will be an

increased tendency to formunder-cooled graphite, which has
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been observed in the test blocks. Similarly, the passage
of hydrogen through the melt will reduce the oxygen poten-
tial, allowing freer eutectic nucleation and hence, a
coarsening of the graphite.

It is interesting to note that both titanium and
silicon are deoxidisers and part of the free energy diagram
for oxides is shown in Figure 70, It may be expected that
the addition of silicon and titanium to an iron melt will
reduce the oxygen potenti;i and increase eutectic nucleation
thus coarsening the graphite, as well as this effect
through increases in carbon equivalent, noted above.

At this jﬁncture it may be worth considering the
effects of aluminium. It has been shown that a 75% FeSi
inoculant is more effective if it contains a small amount
of aluminium, usually in the range 1-3%. This has been
shown to improve the action of the inoéulént in reducing
chill and under-cooling. Similar effects have been noted
for barium, strontium and zirconium. These,together with
aluminium;are all powerful deoxidisers. The positions of
aluminium, silicon and titapium in the free energy diagram
are shown in Figure 70, It is tentatively suggested that
thelr action may be identical with the mechanism noted
above, i.e. increasing eutectic nucleation by their effect
on oxygen activity in the melt.

The formation of under-cooled graphite at very high
titanium and silicon levels appears to contradict Henschel,
et al's hypothesis, since it might be expected that massive
additions of titanium and silicon would reduce the oxygen
activity to virtually zero. This would allow an easy

austenite nucleation initiation, followed by eutectic
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growth, to produce a well nucleated melt with little under-
cooling. Clearly the under-cooling effect is worthy of
further examination.

Oxygen concentrations in iron melts have been shown
to be similar to nitrogen in the range 0.002 to 0.005% in
induction melted iron(sz). It may be shown that the sfoi-
chiometric amounts of titanium and silicén to fix 0.005%
oxygen as TiO, and Si0, are 0.0075% and 0.0044% respectively.
This would indicate that only small additions of titanium
and silicon are necessary to remove oxygen from solution
whereas in practice relatively massive additions are
required to produce under-cooling so that another mechanism
other than oxygen removal, is in operation.

It was noted above ( Section 2.5.6 ) that the formation
of under-cooled graphite at high titanium levels has been
attributed to its formation of TiS, thus reduciﬁg the
sulphur:concentration. However, this mechanism cannot be
applied to the formation of under-cooled graphite at high
silicon levels, since SiS shows no tendency to form in
cast iron. It is considered that any explanation'of the
under-coolihg effect should be able to include both
titanium and silicon, because of their similar effects on
microstructure, in particular their effects on graphite
and pearlite. =

Henschel, et al(51), in investigating the effect of
carbon equivalent on bulk arrest température, opined that
the degree of under=-cooling may be related to thermal
energy requirements or austenite surface requirements for
the start of the eutectic reacfion. Both titanium and

silicon reduce austenite stability, so it is suggested
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that, at high titanium or silicon levels, either the
'initiating austenite nucleation is inhibited or its surface
is poisoned, so that eutectic nucleation is impaired,

resulting in under-cooling.

5. 3,3 Mechanical Properties of Test Block Materigl

Reference to Figures 1/-17 shows that there is an
increased strength and embrittling effect over the approx-
imate range 0.02 to 0.04% titanium, for the hydrogen and
untreated, ﬁeavy section test blocks, although this
embrittlement occurs at a slightly higher titanium level
in the carbon dioxide treated test blocks. This effect was
also observed in fracture toughness tests on fer?itic
irons(41), although a minimum in the tensile streﬁgtﬁ was
observed. It was postulated that the reduction in fracture
properties was due to the removal of nitrogen from solution
causing a weakening of the ferrite. The pearlific irons
under current investigation are anomalous with respect to
this hypothesis, since they contain- little ferrite (although'
the small amount present is associated with the graphite
flakes ) and over the critical range under consideration
an increase in tensile strength is observed., No metallo-
graphic features were obse:ved over this titanium range
( 0.02-0.04% ) to offer an explanation for the embrittle-
ment. '

‘Maximum‘ductility in the ﬁeavy section test blocks is
developed over the range 0.05-0.12% titanium ( Figures
15-17 ). However,.this region also corresponds to the
minimum tensile strengths ( Figure 14 ). It would be
expected that, although ingot mould cracking resistance
would be improved over this region, any improvement in
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life would be offset by reductions caused by broken lugs,
ete.

.At the highest titanium levels in the heavy section
test blocks, brittleness again occurs. This is attributed
to the formation of some under-cooled graphite in the
microstructures. As discussed above, this is unlikely to
occur in ingot mould -sections, so that.the.improvement in
ductility may be expected to continue to higher titanium
levels, witﬁ a corresponding decrease in tensile st?ength,
than that indicated in the present work.

5,3./ The Effect of Titanium on Ingot Mould Performance
5.3.4+1 Fullwood Slab Moulds

Moulds Produced from 70 Pig, 20 Steel, 10 Returns

Burden
During the period from mid 197/ to mid 1975, Fullwood

produced a total of 155 48~-type moulds from a 70% pig iron,
20% steel and 10% return scrap cupola charge. The mean
carbon, silicon, manganese and titanium levels of these
moulds were 3.96%, 1.52%, 0.75% and 0.039% respectively
with a mean carbon equivalent of 4.47%. Mould microstruc-
tures consisted of coarse graphite ( mean USV = 3,54 km/s )
in a predominantly pearlitic matrix. Unfortuneately it was
only possible to obtain bend properties from mould No.585
after failure at 120 lives, and so the bend properties
( A/B = 0.6 ) are not characteristic of the as-cast prop-
erties., |

The performance °f the L8-type moulds producéd from

the 70/20/10 burden was satisfactory with a mean life of

67.88 lives. The level of repairs on moulds from this

burden was high ( 51%, Table 29 ) but it is impossible to
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know how this affected the final performances., The majority
of failures were due to vertical cracking, although a
significant proportion of the failures (10.1%) were reported
as being due to horizontal cracking. It is probable that a
‘high proportion of the horizontal cracks were, in fact, due
to cold shut defects, in view of the low mean casting
temperature (1237°C).

Mou;ggiproauced from 53 Pig,

17 Steel; 20 Returns, 10 Broken Mould Burden.
The moulds produced from the 53% pig, 17% steel, 20%

returns, 10% broken moulds burden, had mean cérbon, siliéon,
manganese and titanium levels of 3.91%, 1.47%, 0.75%, 0.03%
respectively, with a mean carbon equivalent value of L.4.
The mould microstructures were varied, and,metallographically,
it was not possible to identify a characteristic graphite
morphology. The mean USV value (3.65 km/s) indicated a
slight refinement of the graphite consistent with the
lower mean carbon, silicon and titanium values. Bend proper-
ties indicated a slight embrittlement (4/B 1.2-3.7), although
it must be appreciated that these samples were obtained
from two low life moulds, and are not, necessarily, character-
istiec of the group of moulds.

However, the reduced CEV is consistent with an iron
of lower ductility, which, in turn, agrees with the impaired
performance of moulds produced from this burden. The most
significant feature of the early failures'experienced on
moulds produced from the 53/17/20/10 burden, however, was
the severity of the premature cracking, and it was this
feature, above all others, which lead to the decision to
alter the burden, in June 1976 (see fig. 33).
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In terms of overall performance (Table 27 and fig.32),
the perfofmance of moulds produced from the broken mould
burden were not as disastrous as was feared, at first,
although it is clear that, statistically, the moulds
gave an inferior performance to moulds‘produced from the
earlier (70/20/10) burden. |

The impaired perforﬁance'of the moulds produced from
the 53/17/20/10 burden was,.therefore, due to the lower
carbon,siliéon and titanium levels, which produced a more
crack-sensitive iron. This was reflected by a marked in-
crease in vertical cracking (75.5%), especially on the
narrow side. The increase in cold shut defects (17.3%)
is not due to metallurgical features, but probably reflects
the low casting temperatures (mean Qalue of 1236°C) experi-
enced in this period.

Moulds produced from 63 Pig,

17 Steel, 20 Returns Burden.

The decision, during June 1976, to change the burden

to 63% pig/17% steel/20% returns was taken to eliminate
the broken mould additions, which seemed to be related to
the problem experienced with the 53/17/20/10 burden. The
first five moulds failed by cracking with an average life
of about thirty (Fig. 35) and it was decided, therefore,
in November 1976 (after 67 Type 48 moulds had been produced)
to add titanium to the cupola, since previous experience
had shown controlled levels of titanium'( 0.05% Ti) to
be beneficial.

Analysis of the complete performance data on the
63/17/20 burden, however, shows a satisfactory mean

performance of 63.34 (Fig. 32). The mean carbon, silicon,
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manganese and titanium levels of the moulds were 3.92%,
1.49%, 0.76% and 0.04% respectively, with a mean carbon
equivalént of 4.42%. Variable graphite microstructures

were obéerved, although the mean USV of 3.58 km/s suggested
an increase in graphite size over the 53/17/20/10 burden.
Ina&equéte bend test data was available for this burden

to be able'to determine the characteristic material
properties.

Hoﬁever,a significant improvement in mould performance
~was achieved over the 53/17/20/10 burden, and this is due
to the increésed titanium content which, it is suggested,
reduced the stfength,_improved the ductility and thus
improved the cracking resistance in service.

The beneficial effect of replacing the broken moulds
N by pig iron at Fullwood may be'explained in two ways.
Firstly, analysis differences were caused because mould
scrap has a lower carbon content, typically 3.8%, as
opposed to 4.0-4.2% in pig ifon, lower silicon ( 1.5%
against 1.5-2.0% silicon specified for the pig iron ) and
a iower titanium content. Titanium contents in Workington -
pig iron for the 1.5-2.0% silicon grade are typically
0.055% , mould scrap at the time being 0.04%. Secondly,
the phyéical size of broken mould scrap is much larger

(53)that larger scrap

than pig iron. It has been shown
melts further down the bed allowing less superheat to
occur. Simultaneouély, carbon pick up will be less. During
cupola operation at Fullwood, pieces of broken‘mould have
been observed at the level of the cupola spy hole.

It is interesting to note that in spite of the impro-

ved mould performance over the 53/17/20/10 burden, the
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proportion of moulds failing by vertical cracking increased
to 82,1% ( Table 30 ) but the incidence of narrow side
cracking decreased. Although the relative proportions of
repaired moulds were the same in each burden ( Table 29 ),
the cracking in moulds from the 53/17/20/10 burden was more
serious in that it tended to occur earlier in life, thus
resulting in a lower mean 1life.

A significant proportion (11,9% ) of moulds from the
63/17/20 burden had to be broken by drop balling ( Table 30)
to remove sticker ingots. This supports the view that the '

cracking resistance of moulds from this burden was improved.

Mouldé Produced from 63 Pig Iron,

17 Steel, 20 Returns + FeTi Burden
The reasons for adding ferro-titanium to the 63/17/20

cupola burden charge in November 1976, were given earlier.
The mean carbgn, gilicon, manganese and titaniuﬁ levels in
the moulds were 3.92%, 1.50%, 0.73% and 0.051% respectively
with a mean carbon equivalent of 4.42% ( Table 32 ). Coarse
graphite stuctures ( mean USV = 3.46 km/s ) in a predomi-
nantly pearlitic matrix were produced, and were due mainly
to the increased titanium levels. |

The mould performance from this burden ( 63 moulds
failed ) maintained an acceptable level of 65.03 lives.
Three of the first five moulds from this burden to fail,
in fact had less than five lives each, but subsequent
improved performance proved this was simply due to the
normal patterns of failure.

The improved performance of the titanium treated
moulds may be attributed to the factors examined for the
63/17/20 burden, the higher titanium levels producing a
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" weaker iron with better resistance to cracking ( this despite
the observation that 86.3% of these moulds failed by
verticalvcracking ). Howe%er, the incidence of torn seat
defects increased fron nil ( 63/17/20 ) to 5.9%, with the.
addition of titanium, and it is clear that the titanium

level should not be allowed to exceed the 0.06% level.

Effects of Analysis Changes on Performance
of Fullwood Moulds at Ravenscraig

Analysis of all ingot mould production data, has now

provided an understanding of the changes in performance of
the 48-Type moulds with changes in cupola practice, and
this has been reinforced by the regression equations., It is
clear that the performance of the A8-Type at Ravenscraig is
critically dependent on the mould analysis, which affects
the cracking resistance. The severe deterioration in
performance which occurred with the introductioﬁ of broken
moulds into the burden was due to the reduction in carbon
equivalent, which produced iron of reduced cracking resis-
tance., Subsequent burden changes increased the graphite
coarseness by either simply increasing the carbon equivalent
or by iﬁcreasing the titanium content.

This effect of titanium is shown graphically in Figure
71, which includes data for all moulds manufactured after
1972, with controlled stripping. It may be noted that, as
titanium is increased éver the range 0.02 to 0.10%, there
is a decrease in the incidence of vertical cracking and an
increase in crazing and torn seats. This behaviour corre-
lates with the microstructural examination of failed moulds
which shows a progressive increase in graphite size over

this titanium range, resulting in increased toughness
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(i.e. reduced cracking tendency) but reduced strength
(i.e. increased tendency to fail by broken lugs, torn
seats, etc.). The overall effect on mould performance
is to give a maximum in the titanium range 0.04-0.07%.

In addition to the improved performance brought‘about
by increased Ti levels, it is interesting to note that
the addition of broken moulds to the burden caused a
reduction in Ti from 0.0.4% aown to 0.03%.. It is possible
that this (0.03%) Ti level corresponds to the ductility
trough for cupola iron. Unfortunately, there is little
experimental data in this area, so that further work is
required to support this argument.
5s3:4:2 River Don Forging Moulds.

An imﬁortant factor in the reasons for the plucking
of the River Don moulds is considered to be the low strength
of the iron. Ultrasonic velocities were measured on Rhein-
stahl mould 105/101 No. 777 and found to be 3.7 km/s
compared with 3.3 to 3.5 km/s for the River Don moulds.
Typical analysis of Rheinstahl moulds are:

C Si S P Mn Ti
3.7-3.9 1.5 0.04 0.04 0.7 0,01-0,02
and it is noticeable that their practical failure mode is
one of cracking rather than plucking. It may be seen,
therefore, that the difference in Ultrasonic velocities
may be.a significant factor in the plucking of the River
Don moulds and results from their higher Si(up to 2.0%)
and Ti (up to 0.065%) contents. This is supported by the
coarse graphite microstructures and the very ductile bend
test results. Efforts have been made to limit Si and Ti

in later moulds, but it is not yet known if this action
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has had a significant effect on performance. Particular
problems have occurred in obtaining low Ti levels. The
principal source of Ti is from borings, but it is necessary
to have a significant proportion of this material in the
charge for satisfactory furnace operation. Although low
Ti ingot mould scrap may give the required Ti analysis,
problems have been experienced in melting at an economic:
rate.

Any increase in strength will, necessarily, result
in a decrease in ductility, so that if Si and Ti levels
are reduced to too low a lével, major cracking may result.
Two moulds produced by River Don have cracked, both con-
taining high Ti levéls and low ultrasonic velocities.
Both moulds were repaired by stitching and satisfactorily
reused.

It has been suggested that the cracking of Mould 105/
101 No. 4 after first usage may have been caused by high
residual stresses. The procedure of stress relieving of
small moulds has been shown to be of doﬁbtful value(5A) but
pre-warming of large forging moulds, prior to the first cast,
has been claimed to be beneficial<55). Whether this beneficial
effect occurs through a reduction in residual stresses or
a reduction in stresses induced by thermal shock, is un-
certain. The low temperature used, of 200°C, suggests,
however, that the latter mechanism is more likely to be
operative. As more information becomes available, it may
become necessary to review the possibilities of a pre-
heating/stress relieving cycle being applied to River Don

moulds.
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Not forgoing the above consideration of the effects
of weak iron in contributing to surface plucking, it should
be remembered that the occurence of a material of low
thermal conductivity, at a small distance behind the hot
face, will also have a major effect. This causes increased
disruption of the surface, because of relative differences
in thermal expansion, and the interface'wili act as a line
of weakness, to aid plucking. Such non-metallic inclusions
were observed in the River Don moulds and it should be
emphasised that steps should be taken to avoid their
entrapment.
5,3,5 Use 6f Mould Scrap in Electric Furnaces

For convenience, the A/B bend test parameters for the
mould scrap test blocks are plotted in Figure 72 together
with results from the other heavy section test blocks. It
may be seen that the results for the clean scrap closely
- fit the results for test blocks cast without any gassing
treatment., The dirty mould scrap properties are similar
to the carbon dioxide treated fest blocks at 0,06% titanium
and worse at 0.037% titanium although there were no carbon
dioxide treated blocks at this level. It may be expected,
therefore, that where electric melting is used based on
a charge of dirty, oxidised scrap then the effect of titanium
will be as if the iron- . --:2 had been treated with carbon
dioxide, that is a ductility trough will be experienced at
around 0,03 to 0.07%. |

In the case of cupola melted iron conditions may be
expected to be reducing so that titanium in iron produced
by this routé will béhave in a2 similar manner to the
hydrogen treated test blocks. A/B parameters measured on
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test blocks and ingot moulds together with the hydrogen
treated heavy section test blocks are plotted against
titanium content in Figure 73. Tﬁe cupola melts agree well
with the experimental melts and confirm the existance of a
ductility trough at 0.035 to 0.045% titanium.

In the case of cupola melted iron it was noted in
Section 5.3.4.1 that optimum ingot mould performance for
Fullwood 48-Type moulds occurs at 0.0} té‘0.0é% titanium.
It is apparent, therefore, that should Fullwood convert to
electric melting using dirty scrap this titanium range
would now fail into the ductility trough which might result
in a reduction in mould performance. In order to avoid this
it wouid be necessary to increase the titanium content into
the range 0.08 to 0.10%.

It is clear, therefore, that in considering an optimum
titanium analysis to control mould cracking it is necessary
to consider the type of furnace to be utilised and aiso the
scrap condition.

5,/ NITROGEN

It was noted in Section 2.,5.6, that during the 1960's,
hot blast cupolas were introduced within the ingot mould
foundries, thus enabling larger amounts of steel scrap to
-be used in the burden. Performance of moulds at that time
was, in some cases, poor and examination of moulds revealed
the presence of compacted graphite. Since the formation of
compacted graphite was attributed to high nitrogen levels,
the higher nitrogen levels found in these irons were blamed
for the poor performance. To effect a remedy titanium

additions were made, to fix the nitrogen as Ti(CN) and
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performance improved.

The metallographic examination of the Fullwood slab
moulds demonstrated several important points in connection
with nitrogen and graphite compaction. Firstly, that the .
presence of compaction was unrelated to nitrogen content,
and, secondly, that the presence of compacted graphite was
not, in itself, detrimentalAtd mould performance. This
latter view is aléo supported in that calcium cyanamide
treated ingof moulds have given satisfactory performances.
The performance of small, square moulds has also been
shown to be unrelated to graphite compaction(sé)and the
same investigation showed no correlation between high
nitrogen levels and graphite compaction. Fracture toughness
tests have shown that compacted graphite iron is tougher
than flake iron(57),

‘One of the main difficulties associated wifh the
metallographic examination of failed ingot moulds is that
examination is, generally, confined to premature failures.
Consequently, the reasons for failure are often attributed
to certain metallographic features, which, however, are
also present in good quality moulds. Furthermore, mould
microstructures are so heterogeneous that extfemely wide
variations in mould microstructure may be observed in
samples from the same mould. For example, moulds have been
examined which contain flake graphite on the outside faces
and compacted graphite>in the centre(57). From the examin-
ation of Fullwood slab moulds it is now established that
compacted graphite occurs in good performance moulds, and
it is not an uncommon feature of Distington moulds. Its

appearance in Distington Mould 758, for example, was not
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associated with premature cracking (Section 4.3.1.5).

The use of metallégraphic examination should not be
used in isolation to decide on causes of mould failure.
waever, metallographic examination should still be regarded
as an important part of a mould failure investigation, but
it is only‘in very rarekcases when such examination is
likely to provide the sélution; This was illustrated in
the Fullwood slab moulds, in the case of mould 77/ (Section
Le3e145) whiéh consisted of a fine pearlite matrix, due to
chromium contamination. All the other prematurely failed
moulds contained such variable microstructures that it was
impossible to attribute failure to a common metallographic
feature.

The experimental test block material with deliberate
additions of nitrogen has confirmed that high nitrogen
levels, per se, do not cause graphite compactioﬁ. This may
be seen by comparing the microstructures of casts RG666A
and RG752A, with 0.005/ and 0.018% nitrogen Trespectively.
Reference to Table 20 also shows that, as nitrogen levels
are increased, there is no accompanying decrease in crack-
ing fesistance.

So called "nitrogen compacted" flake iron has a
similar graphite microstructure to that in quasi-flake iron
as revealed by deep etching, although the surface of the
flakes are more irregular in the former. Quasi-flake iron
itself has been shown to be an excellent ingot mould
material giving improved performances over conventional
flake graphite moulds ( although this is only usually found
where the matrix is ferritic ). For a given matrix micro-
structure it appears logical to conclude that moulds with
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compacted graphite will be similar to quasi-flake graphite
moulds. The presence of compacted graphite, therefore, may
not, in itself, be detrimental to mould performance.

Despite the.foregoing comments, one of the reasons
why the nitrogen compaction theory of mould embrittlement
has remained in favour is that corrective measures to
remove nitrogen have generally produced a marked improve-
ment in performance, Titaﬁium, for example, reduces the
cracking resiétance of cast iron, and its effect in prod-
ucing coarse graphite is usually cited as a resnlt of
removing nitrogen~as 71 (CN).

Nitrogen will also act as a pearlite stabiliser and
solid solution strengthener and may also affect mould
performance by thése mechanisms; It has been shown that as
nitrogen is removed from solid solution by titaniug addi-
tions, there is a marked reduction in cracking resistancé

(59)

in ferritic irons s80 in these irons, the presence of
nitrogen , may be beneficial. In pearlitic
irons there is a similér reduction in cracking resistance
but the precise mechanism has not yet been defermined.
Reasons for the formation of compacted graphite have
not yet been resolved by the present work, but a few
observations may be made. Earlier work, by oﬁher authors,
showed tféces of compaction when additions of nitrogen
bearing salts were made to the melt, calcium cyanamide

(38). As noted above, other elements

being most févoured
are also introduced with the addition, for example calcium
and spdium. The present work has shown that the amount of

calcium pick-up by the melt is small ( Table 19 ) and that,

"even at high calcium levels, no direct evidence of
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compaction was observed ( Figure 25 ), Calcium, however, is
used as a graphite modifier, particularly in Japan. There
is little information available on the effects of sodium
in cast iron, but it has been shoﬁn to have similar effects
to Ba(gg)(which is in the same period as Ca). Sodium,
therefore, might be expected to be capable of graphite
modification. |

It has long been known that compacted graphite is
found only in heavy section iron typical of ingot moulds,
so that ferrostatic pressure and/or cooling rate may
éontribute to its formation. A recent examination, however,
showed that the mechanism of compacted graphite formation
is more complex(57). Samples were taken through the wall
of a mould; produced at Stanton, and the inside and outside
faces were found to contain flake graphite, but_the qentre
portion was compacted. There are several possible explana-
tions of this behavior. Firstly, there may be a critical
cooling rate for the formation of compacted graphite;
however, identical moulds may, or may not contain compacted
graphite, so that cooling rate may not-be the sole criterion,
Secondly, segregation may be important. It is well known
that, even in nominally flake irons, graphite particles
"in the inter-cell boundary regions may show ‘evidence of
compaction. Since this is the last metal to solidify, it
is likely that segregation effects are causing enrichment
of certain elements in the boundary area, which promote
compaction,

On a macro scale, however, because of the nature of
iron solidification, it is considered that segregation is
likely to play a major role in the effect observed above.
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Thirdly, ferrostatic pressure has been suggested
as a possible cause of compaction. Since the ferrostatic
pressure across the mould wall will be uniform, it may
be concluded that this is not the sole cause of compaction.
In addition to ferrostatic pressure, consider_able

pressure is exertgd during solidification, by the volume
changes associated with graphite growfh. The precise effects
of these forces wiil depend, to a large extent, on the
degree of moﬁid dilation., With soft moulds, such forces
may be expected to be relieved.

| An electron metallographic examination of flake and
compacted graphite irons has been carried out (see section
4Le3.1.6.) and showed that flake irons contained a distri-
bution of fine and coarse TiN precipitations of 0.03 mm,
and 0.15,hm diameter, respéctively. Compacted irons,
however, tended to contain less (or none) of the finer
particles; The precise significance of this in the mechanism
of compacted graphite formation is unclear. The absence
of TiN particles may indicate, either that there is a
lower titanium level in compacted irons, or that the
nitrogen levels in solution are higher. At present, the
use of soluble and insoluble nitrogen analysis figures
refer to their solubility in the chemical solutions used
for extraction. A method of analysis to determine "mobile"
nitrogen levels by a heating technique, is under current
development. Until this technique is better established,
it is considered that the roles of nitrogen in solution
or as precipitates may not be evaluated.

The presence of high residual levels has also been

found to enhance graphite compaction and this is discussed
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moré fullyAin Section 5.5.°

It may be seen, therefore, that the formation of
compacted graphite is complex and the following factors
have been identified as being contributory:-

a) Nitrogen,

b) Presence of graphite modifiers, e.g. Ca and Na,

¢) Cooling rafe, . .

d) Ferrostatic pressure;

e) Tracéielement levels.

The occurrence of porosity in cast RG 7524 shouid be
recognised as a potential problem. Such porosity will
alter the thermal properties in the surface region and is
likely to cause increased mould wall temperatures and,
hence, stresses and the mechanical strength will be reduced.
Such porosity should, therefore, be avoided. Under the
conditions employed in the present experiménts borosity
occurred at 0.018% nitrogen, but none was found at levels
of 0.012 or 0.014%.

It may be seen, therefore, that the principal effects
of nitrogen on ingot mould performance will be'through its
action as a pearlite stabiliser, and through the formation
of gas porosity, in which case low levels of nitrogen are
desirable to prevent cracking. In either case the presence
of nitrogen levels as high as 0.012% have not been shown to
be detrimental. Whether nitrogen is contributory in forming
compacted graphite or not, this mdrphology is not considered
to be necessarily detrimental.

Several metkods of increasing melt nitrogen levels
have been tried in the present work. Nitrogen bubbling did
not give increased nitrogen levels, actually decreasing
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them. This is considered to arise from the purging action
promoting nitride particle removal and also allowing
equilibrium to be achieved more rapidly. The pick-up of
nitrogen in cupolas, therefore, would appear to be difficult
but it is considered to occur by nitrogen dissolving in
local areas of low carbon equivalent; for example, from a
piece of melting steel. Use 6f nitrogen or air in porous
plug treatments is aiso known to give little nitrogen
pick-up.

A Of the other two methods of increasing nitrogen levels
it is considered that the use of high nitrogen ferromang-
anese is most effective. The use of calcium cyanamide is
fairly efficient but it generates considerable fume and
there is the problem of possible increase of calcium levels.
It is considered, therefore, that NFeMn offers the best
method of increasing melt nitrogen levels. |

Pick-up of calcium from Calsiloy is effective and is
suitable for experimental purposes. Care should be taken to
compensate for the resultant increase in silicon levels.
5,5 RESIDUAL ELEMENTS

The importance of residual elements and their effect
on ingot mould performance is demonstrated by the examin-
ation of prematurely failed Round Oak WEU100 moulds.Regres-
sion analysis of the data for this mould type has shown
that: -

Life = 82.89 - 320.1 x (%P) = 2591 x (%Sn) + 299.1 x (%Ti)
+ 269.7 x (#Ni),
and the mean analyses are shown in Table 63(60).

Analysis values for the failed moulds and the mean

analysis have been substituted into this equation and the
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results are given in Table 63. Mould number 489 shows a
drop in life, due mainly to the high tin content. In general
a drop in life of 10~ 20 Dbelow the average life of-71 is
predicted. Howe&er, chromium, which did not appear in the
regression analysis because only a small variation was
found in the statistical sample, would be expected to have
a more serious effect than tin, so that the low performance
of mould numbers L0/, and 587 may be attributed to this
effect. In fﬁct massive carbides were seen in mould number
587 ( Figure 64 ) to support this view.

The regression analysis indicates that the WEU100
mould would give an improved performance with a partially
ferritic métrix. This could be achieved by a reduction in
Mn, Cr, Sn, Mo and Cu levels with an increase in Si and Ti.
The microstructures of the failed moulds were fully pearl-
itic. |

The bend test results show a marked difference between
samples taken from the base and 150mm up the wall for mould
number A0L. This is shown in Figure 59, which are typical
bend test curves from these positions and demonstrates
that adjaceﬁt to the base the material is more brittle. The
microstructure in this region consisted of fine pearlite,
compacted graphite and numerous MnS inclusions ( Figure
6db ) whilst 150mm from the base, the structure consisted
of flake graphite, fine pearlite and some carbide/phosphide
eutectic ( Figure 60a ). These observations may be due to
either segregation or to premature stripping of the top
plate.

An examination carried out at Renishaw ( see Section
4Le2.3.L4 ) indicated that there was little control over
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removal of the top plates. The maximum temperature recorded
for the WEU100 moulds was 770°C, 13% hours after casting,
but it seems likely that if moulds were_cast at the end of
the day this could be significantly higher.

In general, all the bend test properties were typical
of brittle iron.

The effect of a high chromium ievel in Fullwood slab
mould number 77, has already been mentioned.

Examination of the microéfructures from the test block
material, shown in Figures 28 to 30, demonstrates that
increaséﬁ residual content and reduced cooling rates
increase the amounﬁs of intercellular carbide and compacted
graphite. Point counts, to determine the volume fraction of
carbide, were carried out on four samples and the following
resulté obtained: -

RG720A (fast cooling, low residuals) - 0.3% |
RG867A (fast cooling, high residuals)- 0.5%
RG852 (slow cooling, low residuals) - 0,6%
RG868 (slow cooling, high residuals)- 0.99%.

It may be seen that the higher residual levels increase
the amount of carbide as might Be expected, but that tﬁis
effect is apparently increased by slower cooling rates.
This is seen to occur since slower advance of the solid-
ification front allows greater time for segregation to
occur.,

The resultant mechanical properties in Figure 27 show
that, in high residual melts, the more slowly cooled test
blocks are more brittle and this is considered to arise
from the increased amounts of inter-cellular carbide. In
the low residual melts, the carbide present shows a much
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lower tendency to segregate to the cell boundaries, so

that this resulfs in improved ductility. In addition,

the ductility of the slow-cdolgd blocks is higher than the
fast-cooled blocks, i.e., in the opposite manner to the |
high residual melts., This anomaly may be explained by
consideration of the lower volume fraction of carbide and
its less segregated nature being less significant in the
low residual melts., It is considered that the major con-
tribution to ductility variations in the low residualbmelts
will be traces of ferrite surrounding the graphite flakes
and the peaflite interlamellar spacing, and the overall
grafhite coarseness all of which will be worsened by faster
cooling rates. In addition, irrespective of cooling rates
over the range examined, increased residual levels cause a
marked increase in brittleness.

The application of the above results will depgnd,
ultimately, on ingot mould size. For large slab moulds,
cooling rates are extremely slow. Trials at Fullwood
Foundry(61) have shown the time to cool to 700°C for the
25t L8-type mould is of the order of 60-70 hours. The
slowest time in the experimental material is appreciably
faster, at around 15 hours(Fig. 16), It may be noted,
therefore, that %he'observed detrimental effects of reduced
cooling rates will be appreciably magnified in large slab
moulds. Since the principal failure mode of slab moulds is
one of cracking, it is apparent that reduced residual levels
will offer significant improvements in cracking resistance
and, hence, ingot mould performance.

It was seen above (section 2.5.8.), that the

Distington residual levels are lower, generally, than
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those of the other foundries and this may, to a large
extent, explain their generally superior slab mould
performance. It is considered, therefore, that a general
reduction in trace element levels %o those employed at
Distington, or even lower, would improve slab mould perfor-
mance. It should be remembered, however, that the use

of lower residual materials will increasé furnace charge
costs, so that an analysis of the cost benefits of improved
slab mould performance versus increased charge cosﬁs,‘is
required.

In‘small; square moulds, the cooling rates are appre-
ably faster, with times down to 700°C in approximately
twelve hours., These times are, nonetheless, slow compared
with the smaller test blocks used in the present invest-
igation. It may be expected, therefore, that some improve-
ment ih cracking resistance would be obtained bj reducing
residual levels in small, square moulds, although the
potential improvements are relatively lower compared with
slab moulds.,

The issue is complicated, however, in that small,
squére moulds, in general, fail by crazing, so that,
although cracking resistance is important, improvements
in perfdrmance will be obtained by improving crazing resis-
tance. It is generally recognised that this may be achieved by
increésing the stability of the pearlite. Since the
residual elements considered in this investigation increase
pearlite stability, it-may be seen that, where moulds are
failing by crazing, there is no advantage to be gained by
reducing residual contents below their current levels.

It is considered that an adjustment of the maximum
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trace element levels quoted in the Code of Practigee for
large slab moulds may be of benefit. Suggested levels are
as folloﬁs:-

Sn Cu Ni As Cr Mo

0.015 0.01 0.05 0.01 0.05 0.01
max. maxXx. maX. MhaX. nNaX. maxX.

It should be remembered that these are maximum levels
'so that mean analyses will'be appreciably lower. It is
considered that the current levels are sﬁitable for moulds
failing by crazing;
5,6 COOLING RATE AND STRIPPING.

The effects of fast cooling from temperatures of aroﬁnd
1000°¢ by removal of all or part of the sand jacket has
clearly been shown to be detrimental to ingot mould perf-
ormance with respect to phosphorus ( Section 5.2 ) and to
residual levels in the case of WEU100 moulds ( Sec%tion 5.5 ).
Even at low phosphorus levels the test bloéks show a marked
increase in brittleness with early stripping ( Table 9 ).
This was also confirmed at high and low nitrogen levels
( see casts RG667 and RG668, Table 20 ). Clearly, then, the
whole sand jacket must remain in position’until the casting
has fully transformed, that is until, say, 650°C.

With the sand jacket remaining in position until fully
transformed the effects of variations in cooling rate have
been shown to depeﬁd upon residual levels ( see Section 5.5).
In practice this cooling rate is adjusted by controlling
the sand thickness and is normally around 125 to 150mm
although this may be considerably thicker in the case of

slab moulds or where moulds of varyihg sizes are produced

in the same box size.
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The introduction of furane sand systems, for ingot
mould production at Distington and Fullwood, has caused
interest in thé possibility of reduéing sand thicknesses,
sé as to reduce production costs(élo. For slab mould
production at Fullwood and Distington a reduction in sand
thickness from 300mm down to 150mm would bring about a
reduction in coqling time, down to 700°C, from 65h to L5h,
this latter thickness and time being in line with ingot
mould practice at Hoogovens, Holland. Since cooling times
of the test blocks used in the present experiments are
much faster than these rates, the likely effect on proper-
ties of low residual melts may not be stated. The use of
355mm sleeved test blocks gives the slowest cooling rate
possible at Sheffield Laboratories. It is considered,
therefore, that effects of sand thickness at these slow
cooling rates'require to be investigated by wori's trials,
sufficient moulds being produced with a reduced saﬁd
thickness to detect a statistically significant difference

in mould performance.

5.7 CASTINGdTEMPERATURE IN EXPERIMENTAL CASTINGS AND

INGOT MOULDS

No difference'in microstrucﬁure in the test blocks
was observed, all being flake graphite with a trace of
compacted graphite in the cell boundaries. Pearlite contents
were 85 to 95%. The pearlite interlamellar spacing ( Table
2/ ) showed no systematic variation. The most signifiéant
structural variation was in the eutectic cell size, which
was decreased by a reduction in casting temperaﬁure and
by the addition of ferrosilicon,Table 24, due to its
inoculating effect.
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The fatios A/B and a/b, Table 2/, show that the
cracking resistance of the iron increases as the casting
temperature was reduced from 1300 to 1200°C. A further
increase in cracking resistance was observed withiferro-
silicon addition.

The most notable correlation appears to be that of
eutéctic cell size with bend test parameter, and this is
shown graphically in Figure 31, This decfease in eutectic
celi size was observed by Banks(11). Banks, however,
demonstrated the formation of compacted graphite at a
casting temperature of 1200°C.which has not been oBserved
in the present work.

The present results suggest that the cracking resis-
tance could be improved by lowering the casting temperature
below 1250°C, Further, th; beneficial effects of an addition
of ferrosilicon, prior to casting are marked.

It was noted in Section 5.3.4.7 that the incidence of
cold shuts and horizontal cracks for Fullwood slab moulds
was 11.9 to 18,3% for the 70/20/10 and 53/17/20/10 burdens
vhere the casting temperatures were 1237°G:and 1236%
respectively. In subsequent burdens the mean casting temp-
eratures were increased to f250/1255°0 and the incidence of’
these failure modes was reduced to 2-43%. It may be seen,
therefore, that in slab moulds any p§téntial benefit in
improving cracking resistanpe by reducing casting temper-
ature is likely to be oufweighed by the increased incidence
of cold shuts. 1250°C appears to represent the minimum |
acceptable casting temperature for this applicatién.

The statistical examination of the 610 WB moulds

( 4.5t ) showed that,as casting temperature is increased
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from 1200 °C up to 1«00 (, there 1s a gradual 1increase 11
performance from around 70 usages up to 85-90 usages

( Figure 67 ). At higher casting temperatures than this
there appears to be relatively little effect. This benefic-
i;l effect of increased casting temperature is also reflec-
ted in the positive coefficient in the regression equation.

The effect of casting temperature on the relative
amounts of cracking and crazing in the 610 WB moulds is
shown in Figure 68. Appreciable scatter in the results is
apparent, particularly at high and low temperatures. Since
there are over 80% of moulds failing by crazing, if only
those groups where thereare over 100 moulds are considered
i.,e. the casting temperature range 1240 to 1309°C, some
slight reduction in the incidence of crazing may be seen
with increasing c#sting temperature. This indicates that
reduced casting temperatures may increase crackiﬁg resis-
tance, agreeing with the experimental test block findings.
Reference to Tables 74 and 75 sﬁows that where the mean
casting temperature for crazed moulds is significantli
different to that for other failure modes, the life is not
significantly different. It may be surmised, therefore,
that the effects on cracking resistance brought about by
changes in casting temperature have little or no effect on
mould performance in this mould type.

Because of this latter observation it may be surmised
that increased casting temperatures improve the crazing
resistance of the iron., It may be seen, therefore, that for
'small square moulds failing by crazing, principally, such
as the 610 WB mould, that improved performance may be
achieved by maintaining the casting temperature above 1270°C,
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a greater percentage of moulds might fail by cracking.
Although this is the case the total number of moulds
available for analysis is tﬁo small so that no clear trends
of the effect of casting tempefature may be discerned.
5,8 METAL SUPERHEAT

Reference to Table 26 shows that variations in metal
superﬁeat temperature in the.éxperimental test blocks has.
had little effect on material ductility although a slight
increase in tensile strength may be discerned with increa-
sing temperature. Because of furnace design and operating
practices it is not possible to hold iron at temperature
for periods lé%er than the 15 minutes used in the present
work. This time, clearly, is not representive of an electric
furnace practice based on maintaining a large molten heel
where residence times at temperature may regulaily amount
to hours or e%en days over holiday shutdowns. Examination
of the effects of superheat temperature on this type of
practice will, clearly, require a statistical evaluation
of mould performance data. The present laborétory results,
however, do indicate that brief periods at elevated temp-
erature appear innocuous.

5,9 MATERIAL FROM INGOT MOULDS FOR ROUTINE ASSESMENT

Examination of Table 65 shows that the horngate
samples taken ét Renishaw have given unusually high a/b
values compared with a/b ratios from lug samples ( Tables
66 and 67 ). The horngates are approximately 50x100x200mm
which is considerably thicker than the 25mm thick iug
samples so that the cooling rate would be expected to be
slower and hence give better ductility. In normal ingot
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mould foundry practice, however, the top and bottom plates
are removed and the mould, sand jacket, core and metal
casing‘rgmoved to the cooling area. Since the horngate is
located on the bottom face this practice will expose the
horngate at elevated temperature thus giving an abnormally
fast cooling rate. In addition, the moulds after top and
bottom plate removal are frequently placed on damp sand
beds. This may be expected to further aqéelerate the
cooling rate;'If the sand jacket is removed from the mould
then this will be reflected in the qooling rate and hence
properties of the lug sample whereas the horngate sample
will be unaffected.

For a routine test to determine the properties of an
ingot mould it is necessary for the test piece to be
representative of the mould as a whole. This is clearly not
the case for the horngate samples. Tge large lug samples,
therefore, appear best to fulfil +this function.

For the.ﬁenishaw lug samples ( Table 66 ) two moulds
gave considerably higher a/b values than the remainder and
one of these moulds failed by cracking, albeit at close to
average life. For the Distington lug samples ( Table 67 )
only one mould cracked and the a/b value forvthis mould was
slightly lower than average. The performances of moulds
6813 and 6728 at 122 and 40 lives are noteworthy since both
moulds possesé; high a/b ratios and both failed by crazing.
It should be rémembered, however, that the bend test is
only capable of ranking the cracking susceptibility of
ingot mould iron.

As residual levels increase\crazing resistance increa-
ses and cracking resistancevreduces. There must, fherefore,
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