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"ABSTRACT
ABSTRACT

Seven different molds, which are in common usé\by cast-iron

foundries in North America,' were evaluated for both /their convenience

of %e, and for the repeatabilities of the chemical analysis’of their

! . ~ / ’
samples, by vacuum-emission spectrometry. The elements analyzed were
/

carbon, manganese, phosphorus, sulfur, silicon,/copper, and magnesium.
/
~ . ¢ / N
Four types of cast iron were investigated - white, gray, nodular, and

corrosion-resisting austenitic. /

-

The precision of the spect;.rochemical analysis was found to

be related to the microstructure of the sample. Small additions of a

E carbide stabilizer (e.g. 0.05% Sn or 0.08% Bi)\to the melt in the

b sampling spoon resulted ‘in complete chilling of the samples, and improved
)
the precision of the spectrochemical analysis of carbon by a factor of
5 to 12. The results of the spectrochemical analysi‘.s were statis\tically

analyzed at 4 degrees of freedom and the 99% Ssignificance level.
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RESUME .

N
.

' - A
’ ; Sept différentg moules, qui sont commun&ment employés dans
les fonderies de fonte en Amérique du Nord ‘ont ét& &valués pour -leur

: v [ .

commodité ainsi que pour l'uniformité des analyses chimiques, par

~

. spectrométre &mission sous Wide, de leurs &chantillons pour les suivants:

s ~ v
v

carbone, mangané&se, phosphore, “soufre, silice, euivré et magnésium.

\
)

. Quatre types de fonte ont 8té évaluds: 1la fonte blanche, grise, nodu-

4

oo
-

' laire.et austenitique résistant & la corrosion.. '

est reliée 4 la microstructure. De petites additions de carbures

stabilisateurs (i.e. 0.05% Sn ou 0.08% Bi) au métal en fusion dans la

o

" cuillidre d'échantillomageont résulté en un refroidissement complet

’ '

! des échantillons et en une amélioration de la précision de 1'analyse -

v .

- " spectrochimique du carbone, de 1'ordre de 5 8.12. Les ré&sultats de

1'analyse spectrochimique ont &t& analysés statistiquement, 2 4 degrés

(
de liberté et 99% niviau de significatioix.

~ ’/ - P L e e .
) I1 a été frouvé que la précision de 1l'analyse spectrocﬁlmr’que
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L ‘ - CHAPTER 1

LITERATURE REVIEW

.\ : , , \

1.1 INTRODUCTION

o

The achievement of rapid and accurate chemical analysis of

cast iron melts is an important aspect of the foundry industry. Fast
chemical analysis shortens the ladle- and furnace-hold time and,
consequently, increases the production rate at minimum running costs.

- Accurate chemical analysis helps in maklng heats of the requlred

‘ chemical compositions, thus minimizing the amount of 1n-house scrap

Thé use of ditect-reading spectrometers for the control of

metal composition has extended in scope, from its beginnings in the

+ - . ~
Fa

**w\\\ ///////&3te~19405 for the analysis of aluminum and 1ts alloys, to cover the
. . »
. h

- whole of the requlrements of the ferrous and non-ferrous industries. (1)

ER SRS

The most advanced practice invoi¥es\computers in vacuum-emission

.
\ s
\

spectrochemical analysis. This useful advancement makes it possible

to obtain a direct reading of the chemigal composition of an analyzed
\
. . L\ , .
. sample in as short a period as 2 or 3 minutes, as w€ll as quick and
1 easy standardization ofthe apparatus. \\\\ .

- There are, however, certain problems in'.analyzing cast-iron

. . N
melts. Chief among these problems is achieving the maximum accuracy
N \

~

of the chemical analysis when using the most convenient sampling mold.

A\

N

The common sampling molds, used by foundrymen, can give different micro- :

structures for a given cast-iron melt. This thesis is concerned with.

Ve
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1

"\

evaluating the common sampling molds for the spectrochemical analysis

A AP ST g | AT
g"'v«y .

of different cast-iron melts and relating the analytical behavior to

v
> v

- the microstructure of the analyzed sample. Hence, a good understanding
¥ of cast-iron metallurgy is important, and the next section deals with

the solidification of cast irons. ‘ L

s

1.2 SOLIDIFICATION OF CAST IRONS

1.2.1 Equilibrium Phase Diagram
Iron-carbon allo&;vmay solidify with the carbon present as
f " : either graphite or iron carbide. Graphite is the thermodynamically
o ¥ ) stable phase but, for kinetic reasons, iron carbide often Forms. Thus,
1 .* the iron&carbide phase diégram, #s shown in Figure (1-1), can be repre-
sented as two supefimpésed phases diagram, one for Fe-C (the stable
{:} system) and the other for Fe-FeSC (the metastable system). This combined

B -
diagram can be used to interpret cast iron structures under different

solidification conditions. The interpretation of the structures of
cast iron is complicated because in many cases solidification takes

place according to the stable system, whereas subsequent transformation

' in the solid state takes place according to the metastable system. In
addition, the sfiuctﬁres of cast irons are gfeatly influenced“b} the
3 . undercdoling of the melt,(s) which is promoted by both melt-superheat

and alloy addition.

. Eutectic solidification begins from a number of centres or

nuclei and consists of a decomposition of the liquid'into austenite
and graphite for the stable system, and into iron carbide and austenite

for the metastable system of hypoeutectic cast irons. On the other
i

hand, hypereutectic cast irons start to §olidify by the decomposition
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of the liquid into iron carbide for the metastable system, and into
graphite for the séﬁble system. Thelgenerallf prevailing opinioﬂ is
that this graphite nucleates on heterogeneous substrates in the ™\

'
1iquid.(4’5’6) In ad%ition, graphite has been considered to form
either by decomposition of the carbide phase formed on solidification,
(7Jé) or by precipitation from supersaturated austenfte.(g’lo)

Tﬁere’i; no doubt that alloying elements influence the struc-
tures of cast irons. Elements like silicon, nickel and copper promote
the formation of graphite by decreasing the stability éf cementite.(s)
Silicon significantly alters the eutectic composition, aé well as the
max imum solubility‘of carbon in austenite. As shown in Eigure (1-2),
as the silicon csntent increases; the maximum solubility of carbon in
austenite decreasestll’lz) from E tohﬁl-E4. Therefore, silicon Eelps
form free graphite by precipitation from supersaturated austenite. On
the Ather hand, a carbide stabilizer, such as magngsium, has an adverse
effect when it is added to-the iron melt,(ls) as shown by moving point

E to Eyy.. It may also be noted that the introduction of silicon into

the system raises the temperature of the eutectic reaction.

1.2.2 Sclidification of White Cast Iron

¢

The suppression of the eutectic transformation in the stable
Fe-C system by increasjng the degree of undercoglipg results in an
increasing probability for the nucleation Sf cementite instead of
graphite. Once nucleated, ceméntite growth is much faster than graphite
and doﬁinates the solidification proceés.F14) Detailed studies of

nucleation and growth of the white iron eutectic have revealed that

-
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Compilation of several Fe-C-Si diagrams.
The Fe-C diagram is plotted as a function

of the Si content; 0%, 1%, 2%, 3% and 4%
si.(11,12) N
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cementite has a strong tendency to form two-dimensional dendrites’

¢

which grow with haXimm speed in an edgewise direction; 1%) that s,

\
in the direction of the a and b axes of the orthorhombic lattice.

P :

The solidification of hypoeﬁtectic white iron u;ﬁéily proceeds
by the fgllowing sequence:(fg) : - o
a) nucleation and growth of proeutectic austenite dendrites,
b) nucleation and growth of clusters of cementite plates,
¢) nucleation of secondary austenite on the-cementite plates,
’ and

¢ S
; d) coopefative sidewise growth of cefientite and austenite.

AN

The stru¢ture which grows is illustrated in Figure (1-3).

In spite of the fact that only the sidewise growth resembles
a true cooperative process, the eagewise growth of cementite is more
rapid. Controlled solidification experiments have shown that the edge-
wise growth occurs in the direction of a steep temperature gradient
and the resultant microstructurg resembles the regular lamellar struc-
ture typical of cooperative growth.(16) Figure (1-4) shows a typiéal

structure of white-iron eutectic when formed during controlled solidi-

fication.

o

1.2.3 . Solidification of Gray Cast Iron

In iron-carbon silicon melts; solidification usually starts

by nucleation and subsequent growth of the proeutectic constituent

(austenite in hypoeutéctic irons or kish graphite in hypereutectic iroh).

Nucleation begins and growth continues from the liquidus temperature

down to the eutectic start temperature. The eutectic melt solidifies

N
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Structure of white iron eutectic
when formed durihg controlled
solidification, X60. The etchant
was not reported.
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next, as a combined growth of the austenite and graphite phaseg. The
eutectic growth begins from nucleation centres or substrates. In this
case, the graphite precipitates within so-called eutectic cells in the
form of branched flakes,(16)~ as shown in Figure (1-5). Figure (1-6)
shows a photomicrograph of gray cg*s’giron. . \
The flake g?aphite in’cadsxt ;ii'on can assume a considerable )

variety of structures representigg different degreés of dispersion. (4,18)
Examf:les of such degfeeé of disper;iqn are shown in Figure (1-7). The
dispersion of the graphite in a eutectic.'cell depends upon the rate of
solidification, which is related to the degree of undercooling.clg)
1111 many cases, coarse and fine graphite grow side by side, as shown in-
Figure (1-8). a .

" Apart from the rate of solidification, the growth of graphit;e
is greatly influenced by allo}ing and impurity elginents. Among these

is sulphur, which increases the activity of carbon in the melt and

decreases its soluﬁility..% Theréfore, the growth of graphite is pro-
(21)

4

Also, when the sulphur level in the melt inereases, .the degree of consti-

moted by an increase in the sulphur content in the cast iron melt.

tutional undercooling increases,czz) and this in turn increases both

the nucleation rate.of iron-graphite eutectic cells, (18) as well as

their number. These effects of sulphur on the solidification of gray

cast iron are shown in Figures (1-9) and (1~10). Very h;fgh sulphur

contents generate high degrees of undercooling, and cause the -graphite

‘eutectic to be replaced by the carbide eutectic. "I'}ius\, sulphur may

have a graphitizing effect at very low levels, but a carbide-promoting

- 7
effect at high levels. (21) AN
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\ orientation
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The number of graphite-eutectic cells depends on the amount
of total undercooling, i.e. b::th the constitutional and the thermal.
Thermal undercooling is a function Bf the amount of superheat and the
cooling rate. The presence of carbide stabilizers (e.g. Mn, Mg or Ti), -
which neutralize sulphur by desulphurization in the cast iron melts,

lowers the constitutiondl supercooling. Therefore, there is no arbi-

trary upper limit for sulphur to act as a graphitizer in cast iron melts.

e

- 1.2.4 Solidification of Ductile Cast Iron'

N —

i The addition of a small amount of magnesi;xm, calcium or cerium
to a relatively pure cast iron melt results in nodular rather th’an.
f{;gke graphite, and the formation of ductile or nodular cast iron.
Figure (1-11) shows a photomicrograph of this material. It has been
reported that many elements of the first, second, and third groups in
the ;;“eriodical table, as well as rare earth elements, possess some
ability to promote nodule formation, but their effectiveness is limited
to high purity melts. (24) )

Nodularizing elements have certain properties in common.
They are always in the gdseous state at the temperature of the molten
iron, have little solubility in both the iron and the graphite lattice,
(25,26) 5pe strong deoxidizers and desulphurizers, and possess the
ability to form ionic carbides. R

The precipitation of graphite spheroids is always associated
with an increased surface tension of the meit. (27,28) This increase

is a result of the removal of surface-active elements, especially sulphur o g

and oxygen, from the melt, either through chemical reactions with the

‘
\
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nodularizing elements or by treatment under high vacuum. - Studies of
the relationship between the subversive element content and the sur-
face tension have shown that no spheroids appear below a certain sur-

. (29,30) ‘ . : .
face tension value,. Therefore, a high .surface tension-of the
melt seems to be a necessary condition for spheroidal graphite formation.

1.3 PREPARATION OF SAMPLES USED FOR SPECTROCHEMICAL ANALYSIS
OF CAST IRON BY VACUUM EMISSION SPECTROMETRY

Any sample used for spectrochemical analysis by vacuum emis-

sion spectrometry must be free from the féllowing defects:(SI) \

N,
N

1) Changes in structure which occur when the depth of chill

| of the sample is not adequate and tge analyzed surface
is gray. A lack of reproducibility of spectrochemical
analysis of carbon is, then, likely to-occur.

2) Cold léﬁs. There is some reason to believe that, althbugh
the discontinuity can be apparently eliminated during
grinding, the str;cture of the samﬁlé wheré the lap
occurred may still eihibit segregation of carbides.

- ' 3) Craéks, porosigy and shrinkage defects which ars/usually
visible on the sample surface after preparation. Segre-
gatioﬂ»often occurs around such defects, and this worsens
the accuracy of spectroéhémicai analysis.4

42 Slag inclusions. Slag usually cqhtains yggnesium and
manganege sulphides and silica. Thus, analysis of sur;
facgéuwhich are not free of these inclusions results in

erratic chemical analyses of magnesium, manganese, and

silicon. . “
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. Thus, the ideal samblé for spectrd;hemical analysis must have a élean,

sound surface with a white iron structure.

1.4‘ DEVICES USED FOR MELT SAMPLING IN IRON AND STEEL MAKING

Many devices, which aim at producing ideal samples, are used
to sample cast iron and steel melts. Some commgn examples of these

sampling devices will now be described.

*

AN

1.4.1 Clean Pre-heated Steel or Refractory Spoon

This device is used to sample any lightly slagged melts,
such as occur in: ® |
i) ingot molds
ii) tundishes
\ iii) diron runners
| iv) foundry ladles
v) cupolas ‘ _ f { \
vi) electric furnaces

vii) induction furnaces
_

The sampliné spoon is used to cast wires of 3-5 mm diameter
(for carbon- and sulphur-chemical analysis on induction furnaces) and
to £fill the sampling molds for chemical analysis on vacuum emission
spectrometers .. |

4 . ) .

~
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1.4.2 Automatic Device to Sample the Melt during
the -Blow of Oxygen Furnaces -

7

This device consists of two molds (or two pots) which are
some 30 cm apart vertically, to enable studying the homogeneity of the
‘melt baéh,csz) The molds are fastened to a steel bar 4 m long which
is connected to a lowering cable wound on.a &rgm. The arrangement of
the molds alongside the steel bar i§ shown in Figure (1-12). The
sampling bar is made of standard grade steel, the diameter being 30 mm.
The connection of the steel bar to the steel cable is through a hook
which allows rapid and uncomplicated bar replacement betﬁéen two
sampling actions. This point is important because the bar emerges
covered with metal and slag and cannot be employed for the next sampling
action. The molds are capped with pressed steel covers which do not .

melt while passing through the slag, but 'do melt in the bath, thus

minimizing contamination of the sampled melt by slag.

7

‘1;4.3 Chilled Sucker Sampler

Use of the chilled sucker sampler to sample/the melt bath
minimizes the loss of alloying elements that are easily oxidized, e.g.
Mn, Si and Mg. It has been shown that manganese oxidizes while in the
sampling spoon, resulting in low analysis for this element.(34) Figure
{1-13) shows the chilled.suéker sampler. . It consists of 3/8" I.D.
galvanized pipe with a pump threaded to one end and the chilled mold
to the other eﬁd. A sucker éartr{dge\is placed over the assembled

moldi@ﬁit, and a piston on the top of the pump is depressed against

the floor to cock the sucker sampier pump. A quartz-snorkel tube

Y
-

o S A n e i el
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) " FIGURE (1-13) - Schematic design of a chilled sucker sanipler. (35)

- . 1: pistbn ‘ ;
§ | 2: pump .
v ) 3: 3/8" 1.D. galvanized pipe \
C; . 4:" disassembled chilled mold -
: M 5: disposable sucker cartridge
' 6: paper tube -
i 7: q@artz snorkel tube
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(i3 attached to the end of the suc%;r cartridge is positioned over the melt

to be sampled and immersed smoothly and immediately to a depth of 5-7

e S

cm. The pump trigger is then pulled and the immersion is continued to

the upper end of the small paper tube, which holds the quartz snorkel

TR

tube. ‘Mter the cartri&éé and the mold are removed, the mold is tapped

with a rubber hammer and the'sample ready for vacuum emission spectro-

PAKL DR

chemical analysis is removed.

X

The chilled sucker samplers have the following advantages:(ss)'
s
. -
3 1) Minimal losses of alloying elements, since no spoons or

apn

sampling molds are used.
2) The ability to sample melts of any fluidity, since the”

melt-flow to the mold cavity is due to metalostatic

pressure and pumping\action.

) (:} : ' - 3) The samples are chilled, i:g.‘ffeé of graphite.
Nevertheless, the chil}ed sucker samplers do possess some disadvantages,
such as: - . \

. 1) The ﬁolds are not disposable, and contamination from
'</ previous heais cannot be aVOide& entifél?f;;gﬁﬁthough
careful attention is paid to cleaning the mold between
heats.\

)

2) The molds cannot be used to sample heavily slagged melts,

since the design of the sampler does not prevent slag-flow

° to the mold cavity through the quartz snorkel tube.

The use of lollypop samplers ovengomeé the disadvantages of

-

' the chilled sucker samplers, ' e
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i (:f 1.4.4 -Lollypop Sampler ~
S
: . o The lollypop sampler has the same advantages as the chilled
) sucker sampler; however, it doés not possess the disadvantages of the PR

latter. Figure (1-14) shows the design of a lollypop sampler. When

: the sample is téken, the protective cap keeps surface kish or slag from
{k b
. entering the lollypop sampler. The control fuse provides a slight time

§

é delay for temperature equilibrium and contains a carbide stabilizer to

4 treat the sampled melt, so that the sample is completely chilled.

Usually, the control fuse is made of aluminum, but its material compo-

t

sition varies according to the type of melt, the temperature of the

] - melt and the depth of the slag.(sg) -

' ° ‘ The control qhamber receives a determined amount\sf thé melt,
(:3 thereby initiating treatment of the sample. The treated melt then

3 I ! ,

enters the mixing chamber through an off-centered ho;e, which induces

a vorte§‘or turbulence. This results in a homogeneous mix, which then

flows intp the specimen mold where it is solidified. -
Théfgﬁeel pipe is bent to provide a ;topper to the sampler

at a certain depth and to ensure a certain inclination' angle of immersion.’

The immersion is for 5 to 10 seconds, depending upon the type and the

temperature of the melt being s;mpled.

The sample is recovered by breaking the lollypop sampler

about 10 cm from the charred end and removing the hot sample ,with tongs.

1.4.5 Disposable and Permanent Sampling Molds

4 1

In additiom—td the previously described sampling molds, many

different disposable and permanent sampling molds are used. Seven—of

\ B
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FIGURE (1-14) Schematic diagram of a lollypop sampler.(36)

1: protective cap

2: control fuse -

3: control -chamber .

\ . 4:" mixing chamber . C.
5: * test mold

6: cardboard tube

7: 1" steel pipe
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these other types were used in this research. These molds are in

common usage by foundrymen in North America, and will be discussed

/

PR i PYRESE T AT

in Chapter 2.

1.5 VACUUM EMISSION SPECTROMETRY

1.5.1 Instrumentation

% ’ : The function of the modern direct-reading emission spectro-
meter is to provide rapid, reproducible, and accurate analysis. The

principle of operation has remained unchanged since the introduction

of photomultipliers in the late 1940s. These enabled spectroscopists

to use electronic methods instead of photographic plates to measure

spectral intensities.(37)

Y

(: For a befter understanding of the operation of these instru-
b
merits, a brief discussion of the theory of the generation of spectral

lines and their path in a spectrometer will be given. Figure (1-5)

o

shows the details of the sample compartment in the spectrometer. The
% energy required to excite the sample is provided when a -continuous high
intensity electric discharge or arc passes between the electrode and

. \

the sample surface. Before and during the excitation, the excitation

gap (the gap between the surface of the sample to be excited and the

counterelectrode tipj is flushed with argon in order to sweep’thL~dis-
Dcharge debris and oxygen. Since the analytical wavelengths of carbon,
phosphorus and sulphur are in the far ultraviolet region of the spectrum,
oxygen absSibs these wavelengths,(sg) thus necessitgting the argon flush.
\ According to Bohi, radiation occurs when there is atomic or

‘ionic transition from some discrete higher energy level to a lower one,

-

o
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o

i.e. relaxation of an excited atéom or ion.#40) Prior to radiation,
however, the atom should be excited by a definite amount of energy
which will cause an electronic transfer from a lower to a higher engrgy

state. However, the excited state is not stable, and the atom has a

-limited lifetime in the excited state, which is generally shorter than.

-8

10 ¥ second. At the end of this lifetime, the excited atom is- relaxed

by electronic transfer from the higher energy state to the lower one,

v
'

and atomic radiation is emitted. 1In a similar way, ionic radiation can

be obtained when the energy t_ransferred‘ to the atom during excitation

\

is increased to such a point that an electron is completely removed
from the atom to produce a positively charged ion which then .relaxes

to emit light. Figure (1-16) shows the’ sequences of the generation of

w

_spectral lines. ’

When the spectral lines are dispersed either by a prism or

a diffraction grat/ing, they emerge as a light spectrum having a pattern

determined by the atoms that have been excited. Since atoms of differe\nt .

elements contain different electron configurations, each element has

i+

a distinct and characteristic spectrum, with spectral lines occurring
at different walvei'engths. (41) Each element can be identified by “its
characteristic lli\nesg i.e. the specified v}avelengths of the atomic and
ionic spectral liﬁes. ;

‘Line Qri;ﬁtness is a function of element concentration in the
sample, and hence can be used for quantitative analysis. Line brightness

is converted from radiant energ?‘in:’o electric current by a suitable .

photomultiplier, conven‘tionaliy called a phototube. The output of the:

*

phototube is fed to the read out for storage on a capacitor.(dz) There
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A Roman numeral after the element' symbol indicates degree of i.on”ization + 1.
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(:} Co is a capacitor.for_each unknown-element phototube and one for the
reference element, e.é. Fe in iron base alloys. Figure (1-17) shows
the path of spectral line inside a vacuum emission spectrometer. The
instrument is called vacuum spectrometer because the exit and entrance
slits, d%iffraction grating and phototubes are maintained in a vacuum

chamber.

1.5.2 Analytical Cycle Periods -

0

The analytical cycle of an emission spectrometer consists of

three periqds: flush, excitation (or pre-integration), and integration.
- !

The functions of each are described below.(44)

,(Zj ‘ a) Flush period

After the spectrometer is activated by depressing the start

button, the argon flow rate increases from its low standby rate,

(45)

generally of the order of 0.5 £/min, to a higher rate, ranging from_

(45)

2-6 4/min. This increase in argon flow rate sweeps air from the

AN
spark-stand cavity. With air path spectrometers, it was found impossible

' to analyze for carbon, sulphur and phosphorus, because the only available
analytical wavelengths are in the far ultraviolet region of the spectrum

o .
- (shorter than 2,000 A (46)) and the emitted radiation in this region is

" readily absorbed by oxygen in the atmosphere and in the spectrometer.(sg)

‘
o

b) Excitation period

‘:) ‘ The excitation period establishes stable emission character-

’

istics prior to the analysis, by applying the electriec discharge between

\ . :

' £
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o

the electrode and the sample and maintaining the discharge until the

O

o

end of this period. During the pre-integration period the flow rate

4 of argon may drop to a value intermediate between the high flush rate
and the low standby rate. N
3 c) Integration period

)

At the end of the excitation period, the measuring /facilities

MG il g

of the instmment are aétivated by allowing the current produced from

the photomultipliers by the light emission to -be fed to, and stored by,
| . the initegrating capacitors for each element. With conventional instru-
ments, the discharge conditions and the argon flow rate remain the same
during both the integration and the excitati.on periods. -
Integration of the amount of current collécted by the gcapacitors

builds up a voltage which varies as the element content of the material

/

is \analyzed. At the end of the integration period the discharge is

switched off and the argon flow rate returns to the standby level. With

s

the help of a digital computer, the voltage is transformed to scalar

counts that can be displayed as percent chemical composition.

1.6 AIM OF THIS THESIS

An extensive review of the literature has not revealed any
N . k4
elaborate studies' on the precision of vacuum emission spectrochemical

. analysis of cast iron melts. . N -

The present research was undertakén with the f‘oll'owing“obj ec- N

tives:




i

2)

3)

320

To evaluate, for various: cast irons, several different ’
molds \which are in common us; by j:h? North American
foundry industry.

To relate the consistency of spectrbch\emical analysgs; to
the microstructures of the analyied samples. -

To improve the repeatabilities (or the precision) of

spectrochemical analyses of the cast iron samples.

- ‘ AN
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CHAPTER 2
EXPERIMENTAL PROCEDURE : .

5

w 2.1 TYPES OF CAST IRONS MADE =

White, nodular, gray, and corrosion-resisting austenitic cast
irons were made. Table (2-1) lists the nominal compositions of these

alloys.

2.2 MATERIALS FOR CHARGE PREPARATION

N

4

The materials used for the charge preparation (with their
chemical composit\ions and physical forms) are listed in Table (2-2).

The charging sequences of these materials will be discussed in Section

2.3, where the melting practice is dealt with.

' 2.3 MELTING PRACTICE .

2,3.1 Melting Furnace .

The melting equipment consisted of a 150 KW, 3 KHz Toco Melt-
master station which powered an inductotherm induction furnace. This .
induction coil had a capacity: for meiting approximately 200 1b of iron.
The melts were contained either in alumina crucibles (90% A1203) ér in
hiéh purity magnesia crucibles. Th‘\e magnesia crucibles were used in
the production of ductile cast iron\ to minimize the fading of magmesium, 47 ‘

since magnesium reduces the alumina, and consequently can be.slagged

if alumina crucibles are employed.
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TABLE (2-1) Nominal cast iron composition. -
Composition, wt%
Type of .
Cast Iron c Mn. P S Si Cu Mg Ni Cr
white 3.06 0.569 .0.0900 -0.0900 0.650 0.1500 _— - -
nodular -3.20 0.529 0.0208 0.0089 1.875 0.0370- 0.0286 - -
gray 3.12  0.760  0.3700  0.0760  1.653  0.1200 - -
corrosion- . :
Tesisting .
austenitic 2,78 0.429 0.0201-  0.0230 3.712 7.5000 - 17.5 25
N .
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\
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TABLE (2-2) The compositions of the charge materials

and their physical forms.

‘ - | Composition, wt% :
Type of Physical = 1 . , P
Charge Material Form C Mn P S Si Mg . Ni  Ca Cu
pig iron pigs 4.35 0,009 0.026  0.006 019 - - - - }
steel scrap punchings 0.01 - - - - - - - - .
y Fe-Si alloy powder 0.06 0.440 0.025° . 02020 48.00 - 0.20 0.22 0.26
| Fen alroy lumps 6.64 75.510 - - 0.27 - - - -
. copper l;lates - - - - - - - - 99.00
FeS P powdgr o
Fe-P alloy lumps T
ni;:kel - ‘pellets
_—FeCrailoy  lumps
Mg-Ni alloy 1ng:ts ~, e

A

e i e

o st

by s
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Control of the power supplied by the melting unit to the
induction coil permitted one to obtain the desired melt bath tempera-
ture. In the preparation of the melts, 30 to 60 KW of power were used
in the induction furnace. This was 20 to 40% of the full power ra:ting

of the Toco Meltmaster.

2.3.2 Charging Sequences ) u

Pig iron, steel scrap, copper, and nickel (if used)\ were
charged togetﬁer in the furnace at the start of the melting operation.
After the basg’.c cha;ge was melted, the furnace power was turned off
and the additions of the remaining charges were made to the crucible.
Thereafter, the furnace power was turned on to bring the bath tempera-

(:3 ture to the desired value. To minimize both the fading of free graphite

nuclt;i and nodularizing elements, as well as the high losses of chromium,
sampling of the cast-iron melts was done as soon as the melt temperature
reached the required value.

The magnesium-nickel alloy used in the production of ductile
cast iron was added after the additions of ferrosiliéon, ferromanganese,
ferrous sulphide, ferrophosphorous, and ferrochromium alloys. This was
done because magnesium has the highest losses while iﬂ the melt bath.
Sampling of the cast iron melts was done from 3 to 7 minutes after,
and 1 rpinute aftez: the addition of the ferrosilicon and magnesium

nickel alloys, respectively. .
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experiments, and the liquidus temperature of the cast iron alloy was

& SwwTh Bt o AR AR e e % RO

37P

AN

2.3.3 Temperature Control

The melt temperature was measured with an R-type (Pt/Pt-13%
Rh) Dip-Tip thermocouple supplied by Leeds § Northrup Canada Ltd. The
applicable temperature range of that thermocouple is 0 to 1778°C, with

a maximum error of * 1.0°C. (48) The temperature readings were taken

at about 2 cm below the bath surface. _ ' /

In practice, control of the temperature of the melt is very

u

important, Pouring melts of low superheat results in cold shuts. On

the other hand, an excessive superheat is a source of high porosity,

scabs, and rat tails in the castings, and promotes fading of free graphite

(49)

nuclei which may exist as undissolved graphite clusters. Such high

superheating helps undissolved graphite clusters to dissolve in the melt.

Normally, the superheat of the cast iron melf is kept in the '

range of 150-250°C. This same range of superheat was used in these

roughly estimated from the Fe-C-Si equilibrium diagram. (The sampling
’temperatt;re of the melt, which is equal to the liquidus temperature -
plus the amount ;)f superheat, was controlled by the fine adjustment of
the melting-unit power within the range of, 0.15-0.30 KW. Table (2-3)
summarizes the amount of superheat employed in the production of the

cast irons, As shown in the table, the amount of superheat lies in

the range 160-225°C, which coincides with the applicable zlange in cast

1

iron foundry practice.
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’ Y TABLE (2-3) Summary of the amount of superheat and -
alloy type for the cast irons made.
. o ‘:\3 I »
. Liquidus’ Sampliﬁg " Amount of “
— Type of Temperature, -Temperature, Superheat, Alloy Eutectic Kind of .
Cast Iron oc (1) oc oc -3 . -3 (1 Alloy
- “ . “ =
. -« a) white . 1240. 1400 ’ i60 3.06 4.04 hypoeutectic
. b) nodilar , 1175 1400 225 © . 3.20 13.63 hypoeutectic
. c) qq’rfosion- ) -
-, resisting --1225 1400 178 2.78 3.20 austenitic
N austenitic ) .
: - “ N
d) gray 1190 1400 210 3.12 3.71 hypoeutectic
) & . s ! -3
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¢
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{
2.3.4 Effect of Furnace Holding Time on_ the N
Fading of Free Graphite Nuclei

o

There ;s always a furnace holding time period betwéen inocula-
tion and teeﬁing (or samplingi of the melt. During that period, the
melting unit power is controlled in such a way as to raise the bath
temperature to the desired teeming value. The effect -of this furnace
hol@ing time on the fading of free graphite nuclei was investigated in
e&periments wﬁefe samples of éray cast iron melts were taken in all the
molds at times of 5, 17, and 25 minutes af?er inoculation.

-

2.3.5 Effect of the Carbide Stabilizer on the Microstructure

To obtain chilled samples, it was necessary to add a carbide‘t
stabilizer to the sampled melt. Bismuth and tin were the fwo available
;arbide stabilizers: among others, such as chromium, tellurium, and
titanium. Table (2-4) giveé some data on the employed carbide stabi-

\ lizers used. Each carbide stabilizer was added to ‘the sampling spoon -

, for melts of gray, nodular and corrosion-resisting austenitic cast iroms.
As éoﬁn as the addition was made, the melt waé sti;red for three seconds,
and then @e;med in the sampling molds. In the case of bismuth, no indi-
vidual steel wire was required far the stirriﬂg sinc% bismgth was supplied

in the form of coated steel wire$T).This point made handling of bismuth

easier than tin during the melt addition.’

2.4 SAMPLING MOLDS

Seven different sampling molds were evaluated for the precision

of the spectrochemical analysis of carbon, manganese, phosphorus, sulphur,

\ -~
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TABLE (2-4) Carbide stabilizer additions.
- “ Amount Added Concentration
, ’ per-Sampling in Sample
Addition — Form : Speon - (wt%) -
Bi steel wire coated ’
- . with approx. .
' 330 mg Bi 1 wire 0.08
Sn pellets weighing - '
‘ approx. 110 mg 4 pellets 0.05
- , ¢ -
t .‘,“
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structural analyses on the same sample. Figure (2-7) shpws a schematic

41.

- e

silicon, copper, and magnesium in the cast-iron meits. Table (2-5)
describes these molds. The first two molds listed in the table are
disposable, while the remainder are permanent. Using disposable molds
permits one to avoid contamination from previous heats. Figures (2-1)

through (2-6) show the sampling molds.

2,5 SAMPLE AND SPECIMEN PREPARATION

2.5.1 Sample Preparation for Vacuum
Emission Spectrochemical Analysis

| -
’ Since one of the prime aims of the research work was to relate

the precision of the spectrochemical analysis to the sample microstruc-
ture, it was considered important to perform bpth the chemical and the
representation of a typical sample, to be spectrochemically analyzed

as well as sectioned for metallographic examination.

Before analyzing the‘sampie on the vacuum emission spectro-
meter, it was surf;ced to obtain ; surface whicﬁ was flat and as” free
of surface discontinuities feﬁg. cracks and cold laps), pores, and
shrinkag; cavities, aS‘Possible. Surfacing was done on a dry belt
grinder (aluminum oxidel grit 50). Wet grinding was avoided because
it results in water being eﬁtrapped,in the surface pores of ‘the gample.
It is almost impossible fof this water té be entirely removed. During
sample excitation, any water in the analytical gap may dissociate,
giving oxygen, which absorbs the analytical wavelengths of carbon,
sulphur, and phosphorOus.(44) Thus, the accuracy of the spectrocheﬁical

analysis of these elemerits is worsened by applying wet-surface grinding.




TABLE (2-5)

A

Description of sampling molds and their samples.

-

Sample Dimensions

Thickness,
. or Height Diamééér
Mold Type Mold Description {mm) (mm)
1) ceramic ring alumina ring placed on copper chill plate 30.0 . 31.0
2) sand shell shell-molded sand placed on copper chill plate 6.0 (45.0) 0.D.
s (12.0) 1.D
3) air-cooled a pocket in a copper mold machined from a copper ,
copper pocket block SN 12.0 34,0
4} copper book two-pioce copper mold clamped together 2.5 o 28.0
5) cast iron book two-piece, cast iron mold clamped together 9.0 - 28,0
6) conical mold three-piece mold, easily disassembled, made of .
) steel and copper . 6.0 58.0
7) water-cooled # L - .
hinged copper book with internal water-cooling 6.0 30.0

copper mold

o

A4
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FIGURE (2-3) Copper book mold.
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a: assembled mold
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FIGURE (2-5) Conical mold.
O a: assembled mold
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FIGURE (2-7) Representation of an excitation area -
and the position for sectioning at A-A
- for metallographic examination. . : ,
i Iy y L4 * 1
“ D = diameter of sample - .
d = diameter of excitation on sample surface .
All the dimensions are in mm. /
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(:} In addition, it is very important to apply uniform preqsure‘on the
sdmpie when surface grinding in order to obtain a very flat surface.
This is necessary because an imperfect surface results in an incomplete

‘ sgaling of the analytical gap, whith then will not be flushed well'by

the argon. -Consequently, the resﬁlts of the spectrochemical analysis

may be incorrect.

, o
2,5.2 Specimen Preparation for Metallographic Examination :

TR 2R N T RS, S B SN O b s o, e W o

The metallographic analysis was done by optical microscopy.
Careful attention was paid to the specimen preparation, prior to the

metallographic examination, through grinding, polishing, and etching.

a) Grinding ‘ ‘ N oo

‘

- During both rough and fine grinding, water.was applied as a

. coolant to avoid oﬁerheating of the ground spécimen.(so) Overheating

may result in structural-changes and graphite pull-put. Rough grinding

13

was done on a silicon carbide belt (grit 80), whereas fine grinding was

carried out on a series of silicon carbide belts (grits 166, 320, 400,

\ X .
] and 600). ° -

1

A b) Polishing ‘ .
. ' ,
For cast iron, polishing withkaiihond-impregnated pastes has

been found to be the most satisfactory technique.(gl) Diamond pastes

of grades 6, 1, and 1/4 micron were used.

Y

@
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(_ A : ¢) Etching '

2

w1k

This was normally done by holding.the specimen in a pair of

nickel tongs and immersing it, with intermittent agitation. Corrosion-

¥
»
;
3
¥

resisting austenitic cast iron was etched in a ferric chloride solution
(7 g FeC:.l3 per 100 g water) for 3 minutes, whereas the other kinds of

cast irons were etched in 3% nital for 3 minutes.

2.5.3 Sample Preparation for Atomic Absorption B
Spectrochemical Analysis : ‘

-

- It was impossible to analyze for bismuth and tin on the vacuum

. . 14 -
emission spectrometer because their contents were lower than the lowest

.analytical limits on the spectrometer. Instead, the atomic absorption

( spectrometer was employed. . '
*

Sample preparation for the atomic absorption spectrochemical

, analysis involved making drillings in the cast iron samples to obtain
ribbons. Preparation of the solutions required for the chemical analysis,

R' : followed the following procedures: .

. ~a) Dissolving the sample ribbons in a solution containing
concentrated.hyglrolchloric 'acid along with a few drops of
concentrated nit\:‘ric acid.

‘b) Warming the above solution until complete dissolution of -

-

the sample ribbons is achieved. \

4

c¢) Filtering the solution to separate the non-dissolvable
material (e.g. silica and alumina).
N
d) Bringing the solution, after filtration, to 100 <:m3 of

¢

volume by using distilled water. .
]




* (:} ' 2.6 APPARATUS USED IN THE CHEMICAL ANALYSIS

[N

Atomic absorption and vacuum emission spectrometers weré used

for the chemical analyses of the carbide stabilizers (Bi and Sn), and

Ve

of the major compositional elements of cast irons—{G,Mn;—P, S, Si, Cu,

£
and Mg).
1 a) Atomic'absorption spectrometer
: \
- ’ The spectrométer used was a model SP190, PYE UNICAM Ltd. of

[N

England. The waveléngths of the analytical lines used to_analyze for
tin and bismuth were 224\§Sand 223.06 MM, respectively. These two

lines were used because theX give the most accurate chemical analysis.

gL,
. b) Vacuum emission spectrometer

The instrument employed was a model DV-2, SPECTROVAC 1000,
manufactured by BAIRD Corp., Mass., U.S.A. ' The‘exci“tation source was

KH-3, which was developed as a result of extensive research work done

in search of an optimum current pulse for excitation of ferrous-based

materials. (52) ' ;

The sample. stand was a water-cooled copper plate,' which

(52)

. |
achieves long term precision in the chemical analysis. The counter

electrode was made of silver, with tip angle equal to 90°. The analytical

(52)

gap was 5 mm., The KH-3 source operated with a unidirectional pulse mode.

The following specifications are related to this soufce:css)

Input power: 120 V t 1%, 50/60 Hz, 4.0 A max.




.
| : - e S

R s

*

{ | | ..
g [e]
H ; C,; ' Pulse Output Excitation Integration.
IR ' f
it " peak voltage 950 V 950 V

peak current 275 A iO(]) A

duration ’ 250 us , 130 us

Repetition rate: 120 PPs, 60 Hz; 100 PPs, SO Hz.

{ v . @
‘ \ . The analytical spectral lines are listed in Table (2-6).

A T DT BB Iy 2w i
.

The Roman numeral after the element symbol indicates the degree of
' ’ ' ' 1

| ionization +1. For_instance, carbon does not undergo any ionization,

S

and thus its spectral lines are atomic. On the other hand, manganese

\

undergoes a single ionization (i.e. one electron leaves the atom during
the excitation), and thus it has ionic spectral lines. The analytical
; spectral lines were carefully selected when the instrument was de51gned

(s5) o

a) Minimum intgrference.
1

‘to ensure the following:

‘ : Sy a Lt
% . b) Shortest radiation wavelength to allow more available.

\

Lo ! .
spectrum lines over a shorter focal curve distance, thus

\
giving a2 more compact spectrometer.
I

- \\ .
\
¢

. 2.7 DETERMINATION OF THE ANALYTIGAL CYCLE PERIODS
ON THE VACUUM EMISSION SPECTROMETER

i C . ‘ \

] ) The lengths of the analytical cycle periods have an important

\ ° \ o v . N
influence on the accuracy of the spectrochemical\\ analysis. Since the

1

’ - |
excitation period greatly affect‘s the spectrochemical analysis accuracy,

(56) , series of experiments were done to find the best excitation, tlme

-

at the recommended flush and integration perlods of 2, and 1Q seconds,

respectively. An excitation perlod of 5 seconds was found acceptable

\
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TABLE (2-6) Spectral lines of the analyzed’
elements on the vacuum emission

spectrometer.

54,

~

J '.
Radiation Wagelength

Spectrochenical Not?gtiic)m

Element Ry (46) ' of Radiation Line
¢ 1930.90 crI-
Mn 2568. 72 Mn I
P 1782.87 , P.I
S 1807. 34 1 NG
si 2881.58 il -
Cu 3273.96 w1
Mg 2802.70 Mg II
Fe * 2599.40 Fe IT

)
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since it achievgs the\shortest analytical time and repeatable analysis
as well. The determination of the excitation period is explained in
detail in the Appendix A.

Althouéh the particular spectrometer used was equipﬁed with
a minicomputer for direct chemical analysis, it was decided to by-pass
this computer and to obtain the spectrochemical analysis from the scalar
counts through direct reading from the calibration curves. Although
this technlque requlred’con51derab1y more time than would hav? been
1nvolved by using the computer, it had the advantage of eliminating .
curve-fitting errors by the computer. Therefore{ this technique along
with the satisfactory‘analytital cycle periods which were determined,
contributes high accuracy to the spectrochemical analysis.

' The calibration curves used were drawn with data obtained
from the following standard samples (of chemicgl composition given in
Table B-1, Appgndix B). .

a) Medium phosphorous iron (sample 1), supplied by B.C.I.R.A.,
Alvechurﬁh, England..

b) Low phosphorous iron (samples 2 to 10), supplied by the
Research Institute of C.K.D., PRAHA, Czechoslovakia.

c) High phosphorous iron (samp{és 11 to 15), supplied By
B.C.I.R.A., Alvechurch, England.

d} Nodular iron (samples 16 to 20}, subplied by B.C.I.R.A.,

Alvechurch, England. The calibration curves are shown

in Figures (B-1) to (B-7) in Appendix B. .

u
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. CHAPTER 3 )
} _ RESULTS AND DISCUSSION
3\
\ - b
3.1 PART I: MELTING AND SOLIDIFICATION EXPERIMENTS

‘A number of experiments were carried out to investigate the‘
influence of some technological factors - such as furnace holding time
and casting technique - on the solidification process. The dgta of O
these experiments are presented and discussed in the firsf part of this

chapter. e

3.1.1 Effect of Furnace Holding Time
on_the Fading of Free Graphite Nuclei

o

N

It was found that’ 5 minutes was the average furnace holding
time. Thiskwas the time required to add the ferrosilicon alloy (the
graphite inoculant) to the melt bathy and to adjust the melt %empera- v
ture to the desired value before sampling. A number of experiments ~
-

were done to inyestigate the effect of the furnace holding time on the
fading of free graﬁhite nuclei. This was carried out by taking samplés "
of gray cast iron at various time intervals after the inoculation.
The results are given in Table (3-1), where it is seeg that the sample
microstructure does depend on the furnace holding time.

-Patterson and Lalich ©®8) have explained the effect of the
holding time after inoculation on the féaing of free graphite nuclei.
Such fading is attributable to the transformation of rare>earth”meta1 |
carbides (ﬁhich act as heterogeqeoﬁs nuclei for graphite formation)
AN . ) )

v
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TABLE (3-1) Effect of furnace holding
time on sample microstructure.

o

Holding Time After
Fe-Si Addition

Molds Yielding Samples
Containing Free

{min) , Graphite
5 . ceramic ring, and
air—cgoled copper
17 ' & ceramic ring

25 ¢ none
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'

| into sulphides and oxides. The ferrosilicon addition used in this

g

research contained 0.22% calcium, which is adequate; however, there

are some other popular I;roprietary inoculants which have higf\er con-
(59) '

I

tents of rare earth metals.

- - . 1
. v -

3.1.2 Correlation between the Mold Type and the Microstructure

.

The critical feature of the sample microstructure as far as
spectrochemical analysis is concerned, is the presence or absence of
free graphite, as well as its -distribution within the sample. The
distribution of free graphite in the produced samples is disct}s.;.ed
in Section 3.1.4% The correlation between the sampling méld and the
microstructure of the various kinds of cast irons made is summarized Yo

. in Table (3-2).

. !
C : .
g ’ As mentioned in Chapter 1, the melt t:omposition(n’12’21*29’«30)

(14)

%

as well as the rate of solidification, greatly influqnce the micro- -

structure. Each sampling mold, having its own design and dimensions, . ,

o <

- ! offers a different solidification. rate. bnly' the ceramic ring and the

.
° > ¢ o

air-coole copper pocket molds gave samples of mottled microstructure

.

for the heats of gray and corrosion-resisting austenitic cast irons.
[ PR
This result is due to the fact that these molds offer a slower cooling

rate than the others. The slow .rate of solidification, “together with
- - Ay,
the presence of the graphitizing elements (e.g. copper, nickel, and

rare earth metal carbides) in the cast iron melts, promoted ‘the graphite

precipitatjon. 'With magnesium acting as a carbide ‘st;abi’lize_r', (12) the

!

‘formation of free graphite in the préduced samples of r;ﬁdp_lar cast

’

iron ‘occurred only with the ceramic ring mold - which offered the siowest

N
O ‘
- »
/ f R »
. 4
. +
.

+ M . -
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TABLE (3-2) Correlation between the sampling - A
mold and the microstructure. =~
) Type of - Molds Yielding Samples
. . Cast Iron ) Containing Free Graphite, (a) -
C w‘hite - ; : none
\ | \ :
° .“\ > - o
nodular i@ ceramic ring
, : (the chilled layer is 0.04 nm)
gray ' ceramic ring)and air-cooled copper -
, ' pocket (no chilled layer)
corrosion-resisting ' ceramic ring and air-cooled copper
s ] .
austenitic pocket (no chilled sla<er)
(a) ‘The non-listed* molds yielded samples which were completely
chilled, i.e. had no free graphite. ,
. . “ B
. N . ’
L
Al ) ) y
’ ' . % -
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solidification raté. These samples had a chilled layer 0.04 mm thick. -
As for white cast iron, where no graphitizing elements were added to
the melt, all the molds yielded cémpletel)} chilled samples. h
Figure (3-1) to (‘3-4) shdw ‘the microstructures of the samples
produced in the water-cooled copper mold. The sections which were
examined were longitudinal (i.e. parallel to the sample thickness or
height) and near the chilled surface. The microstruc}:ures of the white,
nodular, and gray cast irons consist of pearlitic Slemirites in a matrix
of cementite. As for the gorrosion-resisting austenitic cast iron, the

i+

carbides are precipitated betwe\the austenitic/dendrites.

=
. 'S
* >

3.1.3 Influence of the Graphitizing Elememnts  \
on the Growth of Free Graphite )

The results givex} in Table (3-3) show the effect of the
graphitizing eiement§ on th\e growth of free graphite flakes in both N
gray and corrosion-resisting austenitic cast iraqns. The latter had
coarser graphite flakes than the former//because of its higher content
of graphitizing elements (such as carbon, and the rare earth metal
carbides of the Fe-Si alloy added). The difference in the size of the
graphite flakes of these two cast iron alloys will be a helpful guiiie
in interpreting the different repeatabilities of the spectrochemical
analysis of carbon for these alloys. |

Figures (3-5) and (3-6) show khe free graphite flakes in a
longitqd/inal section near the chilled surface when the gray and cor-

s

rosion-resisting austenitic cast irons were cast in ceramic ring molds.

4
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T FIGURE (3-2) Nodular cast iron cast in | the water-cooled
copper mold and etched in 396 mt’al X500.
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FIGURE (3-3) Gray cast iron cast in the water-cooled:
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FIGURE (3-4) Corrosion-resisting austenitic cast iron
) cast in the water-cooled copper mold and
etched in ferric chloride, X500. :
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TABLE (3~3)

[}

ate

o W s e ———
s e ¢

.
The size and distribution of free graphiti_a

flakes near the chilled surface. [
iron melts were cast in cerami¢ ring molds.

The ca%s

|
i

|

Type of

' Cast Iron L

.

The Size and Distribution of '

|

¢~  Free Graphite Flakes

1 .

gray -

corrosion-resisting
austenitic

Longest flakes are 1/16 in. or less in

length at X100. The distribution is

interdendritic with random orientation.
!

I
Longest flakes are 1/16 to 1/8 in. in
length at X100, The distribution is
interdendritic with random orientation.
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3-5) Gray cast iron cast in a ceramic r1ng

mold and as-polished, X700. The details
of the size and distribution of the free
graphite flakes are given in Table (3-3).

. \

FIGURE (3-6) Corrosion-resisting austenitic cast iron

cast in a ceramic ring mold and as-pblished,
X700, The details of the size and distribu-

tion of the free graphite flakes are given

in Table (3-3). :
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different solidification rates, and thus non-uniform distributions of

' 65.
r
3.1.4 Distribution of.Free Graphite in the Samples
- ®
i ° It. was found that the free graphite is mot uniformly distri-
buted in the production samples having mottled structures. Tahles -

(3-4) and (3-5) list-the distribution of free graphite in some samples
taken in ceramic ring molds. It is obvious that the free graphite
becomes coarser and more uniformly distributed in the sample from the
chilled surface (Table (3-4)), towards the sample centre (Table (3-5)).
"The nbn-unifo:ncm distribution of free graphite on the chilled
-surface is related to the different nucleation rates, which depend .on |
the (;ooliqg rates. The °generati;)n of such different coeling rates :15

3

due to the inability of the melt streams to cover completely the mold .

~ base at once. Consequently, the first stream running over a part of

the mold base (or surface) solidifies rapidly with a chilled microstruc-
‘f'.ure. . This stream raises the temperature of the mold base in suchf

way as to retard the solidification of the ‘;agging streams. These

lagging streams sblidify gray, resulting in \the" formation of a mottled

.

structure. Such behavior of the melt flow over the mold base (or sur- -
b .
face) suggésts a mechanism for the formation ‘o\f cold shuts. (60) Figures

{
(3-7) and (3-8) illustrate the formation of cold shuts on the chilled

surfaces of two samples. R >

A chilled surface of any sample can present different paths

for heat transfer from the solidifying sample to the air gap between

the chilled surface and the mold base, or surface. This Aexplains' why

&

/

free graphite (namely in the form of patches as lisi:ed in Table (3-5)),

still exist away from the chilled surface. There is a d'iss"imilarity

-
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TABLE (3-4) The distribution of free graphite in longitudinal -
. sections near the chilled surface, (a). The melts
. ’ : were cast in ceramic ring molds. e .
- .l \
e Type of A B
Cast Iron . (mm) (mm) The Distribution ¢f Fre#& Graphite ,
gray 15 4 The distribution is interdendritic with
random orientation. Longest flakes are
. ’ o 1/16 in. or less in length at X100.
cerngg;;i:;;isting "~/ The distribution is interdendritic with
. austenitic 20 3 - random orientation. Longest flakes are
¥ 1/16 to 1/8 in. in length at X100. -
nodular 10 2 5 nodules/mmz, with the average diameter )
L . T equal to 10 microns.
(a) In nodular cast iron, a chilled layer of 0.04 mm exists. | \ iﬁ?
A = the width of the examined section. .
B = the total distance over which free graphite exists in the examined section. e '
9 - . .
. - ' /
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TABLE (3-5) The distribution of free graphite in longitudinal sections
. at a distance of 3 mm from the chilled surface. The melts \

[y

. were cast in ceramic ring molds.
Type of A B '
Cast Iron . (mm) (mm) The Distribution of Free Graphite
- PR
gray 15 9 The distribution is udiform with random
) orientation. Longest iflakes are 1/16 to
- 1/8 in in length 4t XJoo. <
corrosion-resisting \\ °
i austenitic 20 7 “ ° The distribution is uniform with random
ofient%tion. Longest flakes are 1/8 to
> i 1/4 in*in length at X100.
i nodular 10 4 10 nodules/mmz, wiith the average diameter

equal to 18 microns.
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FIGURE (3-7) Cold shuts’,spread over the chilled surface.
The sample is corrosion-resisting austénitic
o cast iron cast in a ceramic ring mold. X2.0

/ -
o - \

@

' -

EIGURE (3-8) .Cold shuts spread over the chilled surface
of the unsurfaced portion of the sample.
The analytical burns are seen on the surface
of the other portion. The sample is gray
cast iron cast in the conical mold. X1.1
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between the "size and the distribution of free graphite on the chilled

As'we proceed from the chilled surface

K

N .
surface and "in other sectionms.
toward the sample centre, the free graphite becomes coarser and more
uniformly distributed, as shown in Tables (3-4) amd (3-5). This occurs °

because the cooling rate is slower in the sample centre than on the

1

- xS
L, ,

chilled surface.

3.2° PART II: EVALUATION OF THE SAMPLING MOLDS FOR THE
REPEATABILITIES OF VACUUM EMISSION SPECTROCHEMICAL -
ANALYSIS .

3.2.1 Statistical Analyses of the Data L . .

o

~«  The precision of the vacuum emisdion spectrochemical analysis

Faart

is interpreted as the repeatability of the measurement.(el) The pre-

cision of a measurement denotes the closeness with which the measure-

ment approaches the average of a series of measurements made under
e g '

(61)  on the other hand, the acépracy of a measure-

similar conditions.
ment signifies th¢ycloseness with which the measurement approaches the
true value.(61) The accuracy is strongly dependent on the bias of the

machine used. Thoggh, if a large bias is present, a substantial increase

in precision may result in an increase in accuracy.(61)

The data from any chemical analysis is expressed as "X + t.S/H/A"

where )
t = thg}t-valﬂe at the given degree of freedom and
»
significance level ‘
S,X = the variance and the mean, respectively,nof'tke
‘ chemical analysis -
n = the sampie size



a

o

The precision of the spectrochemical analysis may be given by one of

/

the following two expressions:

. N
. ! d
/ )
_ e t.S//n . N
[ 'i:
: i) 2 \ e
, ! X RPSR o

-

In the.Ealculations of the precision, the second expressi&n wa; chosen
because the first one includes the t-value, which depen&s on the confi-
dence level . Practically, the confidence level ranges from 90 to 95%,"
,Aé; and evéry consumer sets his own level. The precision term will be -
expressed in the results as % R.V., i.e. percent relative variance &hich
is equal Eo‘(_graloo.
(:j It iz understood from the above that at a given average of
d ' 5pectrochemi£al composition the precision of the analysis becomes worse
as the variance-increases. Hence, it‘is worthwhile to analyze both the
variance and the mean of the spectrochemical aealysis statistically.
AN . In such statistical analyses, the highest confidence level of 99% was
» - selected, and the sample size was kept equal to 5. The determination
’ of the sample size will be discussed in the next section. The analyses
of the variaﬁzes and the means of the spectrochemical analysis.are

briefly discussed below. (62) . -

’ . ~ s i \
a) Statistical analysis of the variances
\\

\

The tabulated and calculated F-ratios judge whether or not
there is a significant difference between two variances. The test. of -

significance which is used for this’judgment is the F test.
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Let $,,S, = the variances of the spéctrochemical analysis for -

1’

a given element in the first and second samplesa

respectively .
/ [
‘ . v = the confidence level, 99%
N = the degree of freedom u(
) , .
= the sample size - 1 «
= 4 . - .
Fcal’(Ftab)v,N = the calculated and the tabulated F-ratios, respes:t\xvely
/ 5,2
" F . o= == ,5 >8° (3-1)
“ # cal S;2 071 2
i #
- (63)
(Ftab)v,N 15.98 ,
(u_} . ‘ IF Foa1 > (Ftab)\, N the two variances S1 and §2 are significantly
different. .
\‘x -
. . b), Statistical analysis of the means
. Before analysing two means statistically, it is necessary to
\ .

know whether or not their variances are significantly different. Let

[

» xl,xz = the means of the spectrochemical analysis for a _

given element in the first and second sagples,

‘ respectively -
n,n, = ghe size of the first and second samples, respectively
. my = m, ) :
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i) Sample variances not significantly differert

If the F test shows that the variances of two samples are

n‘ot significantTy different, the following procedure can be used to

_ determine whether or not there is a significant difference between the

\

meaﬁs of. the two samples Xl and fz. First, the variance of the two

samples in common should be determined:
2 2
2 (nl-l)S1 + (nz--l)s2

S L 3-2
n} + Ilz - 2 ( )
or
S 2 + S -2 - \
2 1 2 asn, = n = §
2 ’ 1 2

“

- [

Th% a value for the t statistic can be determir_xed'as follows:
} ~

1/2

- — . (3-3) -
s(2/5)1/2% - .

The tabulatednt\value is equal to

i -

(ttab)v,(nl + Ny=.2) - (ttab)v,s -

. — 3 355 (64)
(ttab)v. 8 355

If ca1 > (ttab)v,B R tl/xere is a significant dlfference_ between the

two means. ;

v
1

Kool
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ii)/Sample variances significantly different'

\

If the F test shows that the variances of ‘the two samples are
significantly different, it is not correct to determine a common variance.
The value of t is detetmined from Equation (3-4), and a value for c is

calculated from Equation (3-5) to then be applied in determining the

number of degrees of freedom (d.f) which is to be used with the t tables. )

a 1 , \
.t - (3-4)
Ca; (Slz/n]_ + 822/n2)1/2 - V \ P ‘
2 LY
S,%/my \ '
¢ = 3 7 | (3-5)
S1 /n1 + 52 /n2 .
' 812 o
"~ s.24+357° * .
1 2 i
where n1 - n2
-5
T —1 N
. . X 2 2 '
d.f. = |S .+ (-¢) ‘ (3-6)

nl"‘l nz-l

' > h ; s o £ .
IF teal (ttab)v,d,f, , there is a significant difference between
the two means. / ‘

3.2.2 .Determination of the T‘fJu}llber of Runs

b : In determining the number of runs, or excitations, for each

sample analyzed by vacuum emission spectrometry, it was taken into account

N

that the analyzed layer should have the same uniformity as that found

L4
/
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in industrial practice. Thus we can be sure that ‘the bias - and conse-
quently the precision of the spectrochemical analysis of the analyzed |,
layer of the produced sample - represent real industrial condition.

iRy

. As was mentioned in Section 1.3, a lack of precision in the
spect;ochemical analysis of carbon takes place when the microstructure
of the analyzed sample changes from white to gray. In other words, as
the percentage of carbon in the form of free graphite increases, the
reproducibility of its analysis on a vacuum emission spectrometer
decreases. _In-Section 3.1.4 we noticéd that the free graphite becomes
co‘arser'and more uniformly distributed as one proceeds from.the chilled
surface towards the sample centre, Consequently, it is strongly recom-
mended that the layer thickness - or the number of revealed surfaces
of the sample to be analyzed - be restricted to that used in\fﬂdnary
practice,

o

Accordingly, the samples of mottled microstructure might be

‘used to determine :‘l}e number of excitations. Samples taken in the .

& 3
ceramic ring mold, as listed in Tables (3-1) and (3-2), had free graphite

with no chilled surfaces. The sample surface which is used for the

i

spectrochemical analysis receives as many as three excitations. , Prac-
tically, the production sample is excited three times to obtain the
average of the spectrochemical analysis. If the foundryman excites a

o

production sa}nple, taken in a ceramic ring mold, he usuyally reveals at

the most two surfaces when the overlapping of two burns occurs. There-
. » . N .

fore, it was reasonable to be restricted to two surfaces of the ceramic

ring mold sample, or a number of runs equal to 5, during the chemical

analysis.
&4
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3.2.3 Effect of the Microstructure on the
Repeatabilities of the Spectrochemical Analysis
Al

l \ \

. The spectrochemical analysis results for the four kinds of ’
cast irons, where no carbide stabilizer was added to the sampled melt,
are symmarized in Tables (C-1) to (C-12), found in aAppendix C. The
average spectrochemical analysis for copper °£¢Ebe corrosion-resisting
austenitic cast iron melt (7.5%) was higher than the upper analytical

limit of the calibration curves (0.7%). Therefore, neither its variance

nor repeatability could be determined. Also, the tables of #he spectro-

chemical results do not 1j 3y data for the copper book mold. Unfor-
not be filled consistently with a
melt sample because it had a too narro

) For a given type of cast iron, \there were no gsignificant dif-

one mold type to another for all the elements except carb R in-
significant d‘ifferences" as do occur from one excitation (o
another can be related to one or both of the following main souxe
\ 1} Instrument stability, which is affected by the purity of
the flushed argon. )
2) Flatness of the surfaced sample. ' .

The %&y in which the above two sources influence the vacuum

emission spectrochemical analysis was pointed out in
t +
Sections 1.5.1 and 2.5.1.

As for the spectrochemical analysis of: carbon, samples which

contained free graphite, as given in Table (3-2), yielded significantly

. -
larger “variances (or poorer repeatabilities, i.e. larger values of %R.V.)

-
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than(did sampleé which froze with no free graphite. An interpretation

4

of this observation can be approached by wa& of Tables (2-6), (3-4)

e

and (3-5). In-°Table (2-6) it is understood that

; 1)\ the excitation of carbon when in the form of graphite is ]
g easier than v;hen it is in the form of carbides because

§ o ) ) .the carbides - espicl:\ially Fe3C - need to ionize before

% \ \ the excitation, while graphite need not do so; and

; ‘ carbon, ‘whether elemental or as carbides, is excitable

% Ln the vacuum emission spectrometer.

%’% . It is concluded from Ta,?les (3-4) and (3-5) that the free graphite is

_, non-uniformly distributed in any analyzed section of the produced

)

samples having free graphite.
Thus, the poor repeétalii/lity of the spectrochemical analysis
( for carbon in ;amples having free graphite may be ;ttributable to the
pull-out/of the graphite before its excitation on the vacuum emission

spectrometer. The tearing-out of free graphite can take- place when the

overheating generated in the analyzed sample causes an expansion of

TR RSN 6 W A ooy 1 P S i of

the cast iron matrix, which in turn induces thermal -stresses which

A

i o

fracture the free graphite. Overheating of the analyzed sample can

B

take place during one, or both, of the following two stages:

a) The surfacing of the sample using dry grinding. Wet

\ )
. grinding should be ayoided, as reviewed in Section 2.5.1,

.

for optimum precisiop of spectrochemical analysis.

°

b) The sample excitation,

It is important &g note that the reproducibility of the
‘ »
spectrochemical analysis/ carbon in the samples having free graphite

1

\




; ( . ___strongly depends upon the size of free graphite. Corrosion-resisting.
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austenitic cast iron samples having free graphite showed poorer repro-

ducibility in the spectrochemical analysis of carbon than did samples .

A

\f;f gray cast iron. This can be at;tributed to the\i;'\act (as mentioned,
in Section 3.1.3) that the free graphite' of the forr;rt?r is coarser than
that of the latter. On the other hand, nodular cast;} iron Osamples having )
free graphite have a higher’ﬁepeat;bility in the sp'ectr.ochemical analysis
of carbon than those of .gray cast iron. 'I‘hi:s can‘ be due to the fact
that the nodular cast iron sample has\less free graphite because its

melt has lower contents of carbon (which is a graphitizing element) and

a higher content of magnesium (which is a carbide stabilizing element)

N

™= than the melt of corrosion-resisting austenitic cast iron.

(’ 3.2.4 The Convenience of Use of the Sampling Molds

It is worth noting, as mentioned in Section 3.2.3, that samples
having free graphite, which were analyzed by vacuum emission si)ectromet,ry,
yielded-a poor precisi'on only in the analysis for carbon. Before deciding

. how to improve the repeatability of the .spect;-ochemicgl analysis of carbon -
of these samples, it is necessary to review the convenience of use of i
the various sampling molds.

The molds to be u§ed in the sampling of melts in the foundry

Y
must satisfy the following requirements:

RPN N

a) The use of water as a coolant should be avoided as any -

»

' leakage of water during the sampling of the Imelt could

[
i
3
K
3
4

\ fesult in an explosion.

-
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(ié ‘ b) The appropriate thickness of the sample should be > 1/2 in
; ) ‘ \

or 12 mm. Thin samples overheat during surfacing on the

] \ ’ - . . > ‘
- belt grinder,’ and thus require an interruption to allow

!

for cooling:) This, in turn, delays the spectrochemical -

e~ analysis.

Iy

¢) Contamination from the samples of -previous heats should .

be avoided. Disposable molds satisfy this condition.

.

d) The melt should have maximum fluidity to fill completely

M3, S R SR T T e g, e Sieet 574l Al \&Z.‘L ~ETAT T

the mold cavity. Molds having narrow ingates usually

W
’

o ‘ result in the incomplete fiiling of the moid cavity.

; \ . €) ‘The chilled su;face should have an adequate area to allew
L - for at leasp three burns (or excitations). In this way,
sample surfacing does not have to be done more than once,

] -
' (ﬁv and thus rapid spectrochemical analysis is feasible.

L s . . .
f) The spectrochemical analysis must have maximum precision. , )

AR v

The ceramic ring mold satisfies all the above requirements,

except the last one when its sample has free graphite. On the other’

MOV

hand, the conical mold fulfils all the above requirements except for

conditions (b) and (c); however, it does satisfy the most important

condition (£f): .

<

AN

3.2.5 Improving the Repeatabilities of the Spectrochemical Analysis

v

After reviewing the convenience of use of the sampling molds

in.Section 3.2.4, it is apparent that it is important to improve the

Ry

precision of the spectrochemical analysis of carbon for the ceramic
ring samples having free graphite. The carbide stabilizers, tin’and

i
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bismuth, as described in Tdble (2-4), were added to the melt in the.
sampling spoon. There were two sampling spoons - one for each carbide

stabilizer - and the melts used were of. gray, nodular, and corrosion-

-
\

resisting auste\nitic cast irons. The conical, air cooled copper, and ‘
3 \ ;

ceramic’ ring molds were evaluated for the repeatability of the spectro-

chemicaln analysis of carbon after the addition of carbide stabilizer. 2
N After treating of the melts with carbide stabiliz.e;'s, all the

samples were completely chilled. Figures (3-9) to (3-11) illustrate

the microstructures of gray, nodular, and corrosion-resisting [a}ustenit?.ic

cast iron melté ‘treated with bismuth and. cast ir; ceramic ring mo/!,ds.

The exaﬁined sections represent the surfaces whichlwere exci éﬁ/by the N

vacuum -emission spectrometer. : ‘

The results of the spectrochemical analysis are listed in

Tables™ (C-13) through (6-18), in Appendix C. In the case of nodular

cast iron, the ai‘r cooled c;)pper mold was not evaluated because it had

yielded coinplefiely‘ chilled samples in previous runs where no carbide

stabilizer was added. PFor a given type of cast iron, the means and the

Vari::mces of the spectrdchemical analysis of all the analyzed elements .

(‘including carbon) are not significantly different from one mold type
3

to another,

N It should be pointed out that for a given kind of cast iron ;'f

¢ 9

melt, the reproducibility of the spectrocﬁeniical analysis for cart’)‘on -
after treating the melts with the carbide stabilizers - does not vary
greatly fromlone kind of mold to another. Nor is there a great dif-
ference between the ;-esults obtained from the addition of bismuth and

the results obtined with tin. ‘This can be seen in Tables (C-15), (C-18).

and (C-{(Q), in Appendix C. Hence, the ceramic ring mold after treating
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N . FIGURE (3-9) Corrosion-resisting austenitic cast iron
treated with bismuth and cast in a ceramic

- ring mold, X500. The etchant was ferric

chloride.

IR

FIGURE (3-10) Gray cast iron treated with bismuth and
| ‘ cast in a ceramic ring mold, X500. The
: etchqnt was 3% nital.

80.
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the melt with a carbide stabilizer is able to fulfil all the require-

.

ments set out in Section 3.2.4.

i

Of the two carbide stabilizers, tin and bismuth, bismuth is
~soxno.at:ilne.&: routinely analyzed as it is felt to be deleterious for the
formation gf the nodules in nodular cast i\ron. (65) In such a case;k it
is obvious that tin should be used in the sampling. On the basis of
ease of use of ftheé carbide stabilizer, the bismuth coated wires were

mich simpler to use than the $mall.tin peilets. Thus, no matter which

element is used, the wire form is more convenient.

P

-
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. CHAPTER 4 .
N\ CONCI:USIONS AND SUGGESTIONS FOR FURTHER WORK /

%" .
: 41 CONCLUSIONS

- , Evaluation of several different molds (which are /in common

-

pigache

1 use by the North American foundry industry) for the precision of the
vacuum emission spectrochemical analysis has led to the following

N

conclusions: ‘
1) The repeatability of the spectrochemical analysis, for
carbon only, depends on the lmicrostructure of the gnalyzed'
‘sample. The analyzed samples having free graphite had

C\ significantly higher variances - and, consequently, a

e
-

worse reproducibility - in the spectrochemical analysis
for carbon than those having chilled microstructures.
This result can be explained by the fact that the free

graphite is non-uniformly distributed in the whole sample

-

M R S R O N

(i.e., »it is present in the form of patches), as well as
the fact that the free graphite may be pulled out d’uring :

the dry surfacing, and/or the early stage of the excitation

period. However, the reproducibilities of the spectro- X

chemical analysis for the.other analyzed elements (such
as Mn, P, S, Si, Cu, and Bﬂg do not depend on the micro-
stryctures of the analyzed sanfples.

2) The ceramic ring and air cooled_copper molds gave samples

containing free graphite for the melts of gray, and cor-

¢ )

w
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[y

rosion-resisting austenitic cast irons.

- -

mold was the only one to give a sample having free

The ceramic ring

graphite for the melts of nodular cast iron. All the =

molds yielded compléfely chilled samples for the white
- cast iron mqlé.

3) The levels of graphitizing elements affected the growth
of the fgée graphite. The corrosion-resisting austenitic
cast iron had a coarser free graphite (longest flakes 1/16
to 1/8 inch in length at X100) than the gray ‘cast iron
(ldngest flakes 1/16 inch or less in length at X100) when

the melts were cast in the ceramic ring molds. This is

-

due to the higher content of the graphitizing elements in

N, i
. the corrosion-resisting austenitic-cast iron. Accordingly,

4

when the analyzed samples contained free graphite, the
precision of the spectrochemical analysis for carbon in
AN
corrosion-resisting austeniticﬁcast iron was/ﬁorse than
that of the gray cast iron.
4) The ceramic ring mold is the most convenieﬁt one to use,

\
since it satisfies almost all the conditions which allow

~

for a fast and precise spectrochemical analysis. However,

the precision of the results of the spectrochemical

‘analysis of carbon was poor when the samples, taken in
this mold,’ contained free graphite. The addition of a N

' small amount of a carbide st;bilizer (0.05% Sn or 0.08% Bi)
to the me{f ig the sampliné spoon resulted in complete
chilling of the sampleg. Consequently, the precision of

‘the spectrochemical analysis for carbon could be improved

by a factor of 5-12.
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S) In the addition of .the carbide stabilizer to the sampling
spoons, there is no preference for the use of bismuth
&ver tin, since both of them improved the precision ‘of
the spectroche&ical analysis of carbon by about the same

order.

4.2 SUGGESTIONS FOR FURTHER WORK

For a deeper understanding of the process operating and the
limitations involved, and to further improve the preci;i;n obtained in
vacuum emission spectrochémical analysis, the following are suggested
as possibie areas of investigation: ‘

1) Sprfacing the sample surface which is adjacent ste the

. . \

’ . adjustable sample clamp to ensure a very good electric

cdntact. . -

~

2) Correlating the length of the excitatioﬁ period - and
consequently the depth of the excited volume - to the
average size of the free graphite present within fhe
chilled surface.

35 Relating the precision of the spectrochem@cal analfsis

" of the samples produced to the length of the excitation

period. Periods of 5, 10, 15, 20, 25, and 30 seconds

< “may be considered.

4) Applying the agove‘suggestions to heats of higher carbon
equivalents (C.E. > 4.2) than those produced in this -
research té.E._i 4.0). In this way, ié will be possible
‘to make evaluations for eutectic and hypereutectic cast

irons, e




- ~ “on e sy e A el IR AL S AR 3 K 4 iR e e oy inierhets Sl gt
f ) M
N ) -

y e

86.

e °

S) Relating the repeatabilify (Jf the results of the spectro-
chemical analyéis for carbon to the eutectic cell numbers,
which are dependent on:

a) The cooling rate .(or the melt superheat).

.b) The melt composition, Fhat is, the levels of the
Iéraphitizing elements (e.g. C, and the rare earth
metals), as well as the content of ‘the g:ah)ide .
stabilizing elemenés (such as Bi and Sn).

6) Studyirfg the ground surface and the burned surface of
tl;e analyzed sample by the vacuum emission sl;ect‘rometer
to try to detuerxnine if the free graphite is pulled out
during the sample surfa“cing, and/or the sample excitation.

The ceramic ring mold is recommend\ed for use in the experiments

suggested above, as it was found to be the most convenient mold.
- \\ N 7
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: . " APPENDIX A

\ Determination of the Analytical Cycle Periods

Y

At the recommended 2-sec. flush and 10-sec. integration periods,

T RSy

the excitation period was varied from 5 to 15 seconds, in intervals of

5 'seconds, to determine the best precision of spectrochemical analysis.
1

{ To avoid® sample hetrogeneity, which is a source of poy precision, a

; standard medium phosphorous cast iron sample (of white microstructure)

TR

was emplbyed. The chemical composition of this sample (sample No.1)

4 is given in the Appendix B. Tables (A-1) through (A-3) present the

repeataPilities of the spectrochemical analysis at the three different

TR

1 . excitation periods, where
)
(‘i\ ) '
_ . ~ ] X = average spectrochemical composition in scalar cm:mts
* o g S = 'sta.ndard dev\iatior; of spec‘trrochexpical analysis ix}
i B scalar counts \ \/' , l
; %R.V. = precision of spectrochemical analysis expressed as
a} . ) i percentage relative variance, *
RV, = (X100 .
S '
Lo Analysis of Data “

N -

The variances of the chemical compositions were analyzed at
\
the 1% significance level and 9 degrees of freedom (since the sample

size was equal to 10). Let

.
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TABLE (A-1)

\

[

Precision of spectrochemical analysis (expressed as %R.V.)
for a 5-sec excitation period.

N p ke e bt ALy 1 ome L

1

Rt e e ey

L
N .

4

Element | c Mn P . S (S:L)I (Sl)II
. X' 5830 7295 4070 4651 2501 13905
S 13.4 43.7° 14.7 70 18.3 30.9
%R.V. 0.23 0.60 0.36 1.51 0.73 0.79

TABLE (A-~2)

Precision of spectrochemical analysis (expressed as %R.V.)
for a 10-sec excitation period.

Element C Mn P .S (si);  (Si)py
X . 5825 7285 4055  \ 4606 1960 3814
S - 12.8 41.4 15.1 101.9 25.6 40.3
%R.V. 0.22 0.57 0.37 2.21 1.31 1.06

\

TABLE (A-Sj Precision of spectrochemical analysis (expreséed as %R.V.)

for-a 15-sec excitation period.

Element . C Mn P s (1), (S1)yg
X 5805 7255 3990 4843 2070 3807
S 15.2 46.4 20.4 90.6 24.4 46.3
%R.V. 0.26 0.64 0.51 1.87 1.18 1.22

4
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S,,S, = the vériances of the spectrochemical composition
of an analygfd element gt two excitation periods
v = the cqnfidence level, 99%
N = the degree of freedom .

= the sample size - ] .

E 9 .
Fcal’ptab the calculated and the tabulated F-ratios,
respectively
Slip
Fcal = ;—2_ 5512 S%
2 /I
(55)
(Ftab)N,v = 3.18

If\pcal > (Ftab)N,v thg variances S1 and 52 are significantly differeﬁt.(57)

+ Results

]
A

The variances‘of the chemical compositions of‘the analyzed
eiements are not significantly different. . Therefore, the excitation
period of 5 seconds, beipé the shortest one, was the most reasonable
time. In general, that excitation peg}pd gave a more consistent.
sbectrochemical analysis, as éxpressed by %R.V., than the other two
periods.

Generally, the first line of silicon, (Si)I of wavelength

o -
* 2881.58 A, had a lower %R.V. (i.e., more repeatable spectrochemical

[o] .
analysis) than\the second line, (Si)II of wavelength 3905.00 A. There-

. .
fore, the (8i); line was used in the computation of the compositions.

=

~
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/
‘ APPENDIX B
Calibration Curves
oo AN
L TABLE (B-1) Chemical compositions of the
i standard samples used in setting
‘ up the calibration curves.
Chemical Composition (wt%)
Sample "

No c Mn P, S . Si Cu Mg

1 . 3.60 .640 0.200 0.130 1.60 ' 0.22 -

2 2.30° 0.510 0.035 0.020 3.45 0.16 -

3 2.60 0.410 0.071 0.056 2.40 0.09 -

4 2.70 0.090 ~ 0.010 1.96 0.01 -
.S 2.80 1.770 0.290 0.042 1.44 - 0.33

6 3.10 1.440 0.180 ° 0.091 1.20 0.27 -

7 3.30 0.790 0.560 0.130 0.69 0.06 -

8 3.40 0.380 - 0.007 -0.54 1.15 0.100

9 3.80 0.940 0.050 - 0.51 0.52 0.070
10 4.40 0.100 0.004 - 0.17 0.70 0.050
11 2.55 0.420 0.790 0.076 3.12 - -
12 - 3.01 0.760 0.270 0.103 2.37 - -
13 3.45 0.990 0.110 0.029 1.95 - -
14 2.74 0.580 - 0.420 0.123 2.70 - -
15 3.28 0.220 1.080 0.047 1.58 - -
16 3.70 0.580 - 0.005 © 1.90 0.02 0.070
17—~ 3.30 0.017 - - 1.80 -- 0.079
18 2.88 0.110 - - 2.94 - 0.061
19 3.14 0.490 - - 2.41 - 0.028
20 3.53 0.290 - - 2.03 - 0.047

57
L
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APPENDIX C

Results of Spectrochemical Analysis

TABLE (C-1) The average compositions of the samples

iron.

to the sampled melt.

of corrosion-resisting austenitic cast
No carbide stabilizer was added

98.

water-cooled copper 3.59

| Composition (wt %)
: : P
Mold Type Cc Mn P S Si Cq

ceramic ring © 3.10 0.390 0.0390 0.0620 3.730 > 0.7
air-cooled copper 3.03 0.374’ 0.0304 0.0600 3.761 > 0.7
sand ’ 3.59 0.410.0.0311 0.0579 3.756 > 0.7
cast iron book 3.59. 0.;34 0.0313 0.0600 3.777 > 6.7
conical '3.62 0.414 0.0321 0.0600 3.694 > 0.7
0.434 0.0311 0.0611 3.754 > 0.7

X PLS R AT THEE
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C TABLE (C-2) The variances of the spectrochemical,

analysis of the samples of corrosion-
N ~ resisting austenitic cast iron. No
; carbide stabilizer was added to the
sampled melt.
3 /
, ° Variance (wt %)
- Mold Type C Mn P S Si Cu
1 ceramic ring 0.28 0.030 0.0003 0.0031 0.038 -
t \
3 C} air-cooled copper 0.27 0.031 0.0003 0,0030 0.032 -
' -
sand 0.02 0.010 0.0005 0.0030  0.030 -
cast iron book 0.02 0.010 0.0004 0.0010 0.040 -
¢ Fd
conical 0.01 0.019 0.0005 0.0010 0.060 -
water-cooled copper 0.03 0.010 0.0006 0.0020° 0.029 -
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~ TABLE (C-3) The precision of the spectrochemical analysis,
] c, expressed as %R.V., of the samples of corrosion-
: ; resisting austenitic cast iron., No carbide
3 C, stabilizer was added to the sampled melt.
P _ , :
a \ / Mold Type C - Mn P s Si . Cu
’ ‘ ceramic ring . 9.03 7.692 0.7692 5.0000 1.019 -
R F A . - ) . W -
v air-cooled copper 8.91 8.289 0.988 5.0000 0.851 -
c: , |- sand 0.56 2.439 1.6077 5.1813 0.799 -
: cast iron book ° 0.56 2.303 1.2780 1/.6667 l1.059 -
’ o . conical » 0.28 4.589 1.5576 1.6667 1.624 -
o © . | water-cooled copper  0.84 2.304 1.9293 3.2733 0.733 -.
+ ’
, ! [ \ - N .
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TABLE (C-4) The average compositions of the samplesr‘
of gray cast iron. No carbide stabilizer
- was added to the sampled melt.
' \
Composition (wt %) ’ ’
Mold Type . cC M- P S si cu
ceramic ring 3.10 0.833 0.4400 0.0900 1.540 0.1300
air-cooled coppér - 3.11 0.810 0.4400 0.0800 1.550 0.1300
sand / 3.54 0.833 0.4500 0.0900 1.538 0.1300
cast iron boo 3.54 0.833 0.4501 0.0900 1.558 0.1300
conical 3.59 '0.812 0.4300 0.6900. 1,580 0.1300

water-cooled copper 3.54 0.833 0.4300 0.0900 1,601 0.1300
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(TABLE' (C-5) The variances of the spectrochemical analysis
. of the samples of gray cast irom. No carbide
stabilizer was added to the sampled melt.

.
- . ]
>
v
N o

Variance (wt %)

] Mold Type

c Mn P ] Si
ceramic ring - 0.23 0.035 0.0100 0.0020 0.032 0.0040
air-cooled copper 0.23 0.030 0.0100 0.0030 0.030 0.0040
sand b.os 0.025 0.0260 0.0020 0.020 0.0040
cast iron book 0.04 0.030 0.0100 0.0030 0.034 0.0070
conical 0.02 0,010 0.0200 0.0030 0.020  0.0090
waterrcoored‘copﬁei 0.03 0.010 0.0100, 0.0030 0.010 0.0040
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‘TABLE (C~6) The precision of the spéctrochemical analysis,
1 I P expressed as %R.V., of the samples of gray
. cast iron. No carbide stabilizer was added to
. _ N ) - the sampled melt.’
Mold Type c Mn R S Si Cu
- ceramic ring 7.42 4,202 2.2727 2.2222 2.078 3.0769
(} air-cooled topper 7.40 3.704 2.2727. 3.7500 1.939 3.0769
3 /“" . w
g sand 1.41 3.001 5.778 2.2222 1.300 3.0769
/ca;\t iron book . 1.13 3.601 2.2217 3.3333 2.182 5.3846
conical 0.56 1.232 4.6512 3.3333 1.266 6.9231
water-cooled copper 0.85 1.201 2.3256 3.3333 0.625 3.0769
E
[ . T
- N
| . ‘ N
fx) ¢ ‘ ‘/_‘/_,‘Jc
‘\ ) - -
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TABLE (C—'7)\ The average compositions of the samples
No carbide stabil-
izer was added to the sampled melt.

of nodular cast iron.

104.

- 4 Composition (wt %) !
Mold. Type c Mn P S Si Cu. Mg
N N

ceramic ring- 2.31 0.580 0.0256 0.0151 ;.821 0.0600 0.0500

air-co[oled copper 2.66 0.601 0.0256 0.0132 \lA.880 0.0630 0.0500

sand 2\.67 0.650 "0.0266 0.0138 1.964 0.0601 0.0479

cas’t iron book < 2.66 0.660 0.0270 0.0137 1.940 0.0600 0.0521

conical \ 2.64 0.663 0.0262 0.0145 1.903 0.0675 0.0500
0.660 0.0256 0.0137 0.0600 0.0500

water-cooled copper 2.66

1.890

£




-1 B = : PSSO —
Ty T o 1 S R b A oA o 1y 3T 2 (e bt
B T - N

\,

T . ,

10s.

- g . \\ N
° TABLE (C-8) The variances of the spectrochemical analysis
; of the samples of nodular cast iron. No car-
' bide stabilizer was added to the sampled melt.

k ; Variance (wt %) )
. Mold Type c Mn P s - 8§i Cu Mg
(j} | ceramic ring 0.13 0.061 0.0003 0.0003 0.063 0.0064 0.0030
air-cooled copper 0.01 0.030 0.0603 0.0007 0.042 0.0020 0.0010
sand - 0.0z 0.043. 0.0003 0.0003 0.049 0.0040 0.0010
- cast iron book 0.02 0.029 0.0004 0.0004 0.060 0.0040 0.0010

_conical 0.01 0.042 0.0005 0.0006 0.045 0.0036 0.0010

water-cooled copper 0.01 0.037 0.0003 0.0004 0.065 0.0040 0.0013

//

5,
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h : TABLE (C-9) The precision of the spectrochemical analysis, .
, expressed as %R.V., of the samples of nodular”’ ‘
cast iron. No carbide stabilizer was added to
the sampled melt. -
s - :
Mold Type c Mn P S Si Cu Mg
ceramic ring . 5.63 10.517 1.1719 1.9868 3.460 10.6670 6.0000
O air-cooled copper 0.38 4.992 11,1719 5.3030 2.234 3.i746 2.0000
"sand 0.75 Q.615 1.1278 2.1739 2.495 6.6556 2.0877
’ c;st iron book 0.75 4.394 1.4815 2.9197 3.093 6.6667 1.9194
E . ) conical © 0.38 6.335 1.9084 4.1379 2.365  5.3333 2.000Q ‘
water-cooled copper - 0.38 5.606 1.1719 2.9197 3.439 6.6667 '2.6000
Vﬂ—__r——/’\/'
) -
o —} i \ 1
- -~
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TABLE (C-10) The average compositions of the
, samples of white cast iron. No
carbide stabilizer was added to

the sampled melt.

Composition (wt %)

Mold Type ¢ M P s si Cu

ceramic ring 3.06‘ 0.569 0.0900 0.0900 0.650 0.1500

air-cooled copper 2.99 0.578 0.0900 0.0900 0.650 0.1500

sand 3.09 0.585° 0.1024 0.0900 0.656 0.1562
\

cast iron book 3.11 0.614 0.1004 0.0941 0.632 0.1562

.\ : ‘

conjcal 3.14 0.590 0.0962 0.0983 0.644 0.1500

water-cooled copper 3.02 0.596 0.0942 0.0978 0.650 0.1600
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TABLE (C-11) \Theﬁ variances of the spectrochemical analysis
' : of the samples of white cast iron. No carbide
B ’ ‘ stabilizer was added to the sampled melt. .

. \ )
. \
4 B

’ . Variance (wt %)
- _ Mold Type ¢ M P S si Cu

S € - ceramic ring . 0.05 0.014 0.0030 0.0020 0.003 0.0030
y - NS

3 -

\ air-cooled copper 0.03 0.005 0.0020° 0.0020 0.010 0.0030
/ )

| sand ~ 0.05 0.017 0.0050 0.0060 0.010 0.0040

i é . ~| cast iron book 0.05 0.012 0.0020 0.0020 0.010 0.0030
conical ~ 0.05 0.013 0.0040 0.0040 0.010 0.0030

/§. - ' water-cooled copper 0.02 0.013 0.0020 0.0053 0.010 0.0100
B S
4
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TABLE {C-12) The precision of the spectrochemical analysis,
expressed as $R.V., of the samples of white
cast iron. No carbide stabilizer was added §
to the.sampled melt. .
\ . ' .
Mold Type c Mn P S §i Cu
/
;:eramic ring s 1.63 2.460 3.3333 2.2222 0.462 2.0000
air-cooled copper 1.00 0.865 " 2,2222 2.2222 1.539 2.000
\ " sand 1.62 2,906 4,8828 6.6667 1.524 2.5608
) cast iron book '1.61 1,954 1.9920 2.1254 1.582 1.9206 -
P :
conical 1.59 2.203 4,158Q 4.0692 1.553 2.0000
: s ~
water-cooled copper 0.66 2.181 2.1231 5.4192 1.539 6.2500
-~
3 —
{
\ \
e ’
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- TABLE (Cf13) The average compositions when bismuth '
. (0.08% Bi) was added to the sampled melt. ~
\— -él
p Com?051t10n’(wt %) P P
Type of - i
Cast Iron Mold Type C -Mn P S Si Cu Mg S
corrosion-  ceramic ring 2.78 0.429 0.0201 0.0230 3.712 > 0.7 - s
resisting air-cooled copper 2.77 0.429 0,0205 0.0243 3.728 > 0.7 -
austenitic conical 2.83 0.460 0.0213 0.0249 3.830 > 0.7 -
ceramic ring 3.12 0.760 0.3700 0.0760 1.653 0.1200 -
gray air-cooled copper 3.07 0.737 0.3500 0.0778 1.610 0.1120 -
conical 3.13 0.772 0.3890 0.0746 1.682 0.1208 -
nodular ceramic ring 3.20 0.529  0.0208 0.0089 1.875 0.0370 0.0286
conical 3.19 0.576 0.0222 0.0083 1.991 0.0392 0.0298
L]
- s

011
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TABLE (C-14) The variances of the spectrochemical
analysis when bismuth (0.08% Bi) was

added to the sampled melts. -
Variance (wt %)
Type of ) ,
Cast Iron Mold Type C Mn p S Si Cu Mg
_ corrosion- ceramic ring 0.02 0.017 0.0004 0.0010 0.090 - -
resisting air-cooled copper 0.05 0.019 0.0004 0.0020 0.079 - -
austenitic conical 0.04 0.015 0.0007 0.0009 0.057 - -
ceramic ring . 0.03 0.034" . 0.0100 0.0040 0.042 0.0060 -
gray air-cooled copper 0.06 0.033 0.0120 0.0030 0.051 0.0050
conical ,0.03 0.017 0.0160 0.0030 0.030 0.0070
odul ceramic ring 0.03 0.024 0.0008 0.0003- 0.061 0.0019 - 0.0009
nodular conical 0.01  0.040  0.0007  0.0004  0.098  0.0027

0.0006

“I11
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TABLE (C-15) The precision of the spectrochemical analysis,
%R.V., when bismuth (0.08% Bi) was added to
the sampled melts. '

/ . / .
Type of -
Cast Iron Mold Type : c Mn P S Si Cu Mg
. /
corrosion- ceramic ring 0.72 3.963 1.9900 4,3478 2.425 Co- ) -
resisting ° air-cooled copper 1.81 4.429 1.9512 8.2305 2.119 - -
austenitic conical 1.41 3.261 3.2864 3.6145 1.488 - -
ceramic Ting 0.96  4.474  2.7027  5.2632  2.541  5.0000 - =
gray air-cooled. copper 1.95 4.478 3.4286 3.8560 3.168 4.4640 -

* conical ’ 0.96 2.201 4,1131 "4.0214 1.784 5.7947 -

odul ceramic ring " 0.94  4.537  3.8462  3.3708  3.253  5.1351  3.1469

nodular conical 0.31  6.944  3.1532  4.8193  4.902  6.8878  2.0134

AN

..
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TABLE (C-16) The average compositions when tin (0.05% Sn)

N

was added to the sampled melts.

Composition (wt %)

'i‘ype of
\ Cast Irton Mold Type C Mn P S Si Cu Mg

corrosion- ceramic ring 2.45 0.422 0.0202 0.0307 3.524 > 0.7 -
resisting air-cooled copper 2.59 0.423 0.0198 0.0382 35.530 > 0.7 -
austenitic conical 2.53 0.448 0.0206 -0.0349 3.604 > 0.7 -
ceramic ring 2.99 0.765 0.3640 0.0800 1.913 0.1460 -
gray air-cooled coppér 2.99 0.745 0.3692 0.0804 1.971 0.1432 -
conical 3.05 0.?76 0.3800 0.0862 1.936 0.1514 -

nodular ceramic ring 3.26 0.562  0.0239 0.0116 1.376 0.0360 0.028"

; conical - 3 3.31 0.614 0.0243 0.0119 1.418 0.0422 0.028

-y

€Tl
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° e TABLE (C-17) The variances of the spectrochemical analysis ..
. when tin (0.05% Sn) was addéd to the sampled melts. 4
4
i . ~{
‘ ) Variance (wt %) >
Type of . ,
Cast Iron -  Mold Type , C Mn P S Si Cu Mg
72 ' <
- ) ) - P
corrosion-  ceramic ring 0.02 0.024 0.0004 0.0021 | 0.033 - -
resisting = air-cooled copper 0.03 0.016 0.0003 ~° 0.0024 0.099 - -
austenitic con1ca1 .03 0.013 0.0002 0.0025 0.036 - -
- ‘ -
. ceramic ring 0.03 0.031  0.0090 0.0040  0.040  0.0050 -
gray air-cooled copper 0.03 0.033 0.0190 0.0040 0.040 0.0030 -
h conical 0.05 0.016 0.0240 0.0050 0.012 0.0060 -
3
odul ceramic ring 0.03 0.051 0.0003 0.0007 0.024 0.0061 -
nodplar conical © 0,02  0.025  0.0002 0.0005 0.021  0.0050 e
&
Y / .
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. Y .
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TABLE (C-18) The precisioﬂ of the spectrochemical
: analysis when tin (0.05% Sn) was
added “to the sampled melts.
\ ‘ ~
/ -
5
Type of
Cast Iron Mold Type c Mn p S Si Cu Mg
corrosion- ceramic ring 0.82 5.687 . 1.9802 6.8404 0.936 - -
resisting air-cooled copper. 1.16 3.783 1.5152 6.2827 2.805 - -
austenitic ' conical 1.19 2,902  0.9709 7.1633 1.007 - -
N .
ceramic ring 1.00 4.052 2.4725 2.0910 2.001  3.4247
gray, air-cooled copper 1.00 4.430 5.146% 4.9751 2.029 2.0950

conical : 1.64 E 2.062 6.3158 5.8005 ° 0.620 3.9630 -

r/mdula ceramic ring 0.52‘ 9.075 1.2552 6.0345 1.744 16.9440 -
T conical 0.60 4.072 0.8231 4.2017 1.481  11.8480 -

'
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TABLE (C-19) Correlation between the carbide stabilizer added

. to the sampled melt (a), and the order of the
improvement in the precision of the spectrochemical
analysis of carbon, 0.1I.P.,(b). The samples were
cast in ceramic ring molds.

= Lorrosion-
N Resisting .
Austenitic Gray Cast Nodular Cast White Cast
Cast . Iron . Iron Iron
Iron

. Carbide ) : .
~  |Stabilizer %R.V. 0.I.P. %R.V. O0.I.,P. $%R.V. O0.I.P. %R.V. 0.I.P, .

none 9.03 .- 7.42- - 5,63 -~ 1.63 - - :

bismuth °~ .0.72 11.54 0.96 6.73 0.94 4.99 - -

tin 0.82* 10.01 1.00 6.42 0.92 5,12 - -

.

(a) The concentrations of bismuth and t1n in the sampled melts were 0. 08,
and 0.05 percent, respectively.

i

(3R.V.); - (3R.V.),

* (b) 0.I.P, = (%R.V.)z —— A

where (%R.V. ) and (%R.V. )2 = the percent relat1ve varlances before
and after adding the carbide stabi-
lizer, respectively.

- - °
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