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ABSTRACT 
• 

Seven different molds, which are in commr,n sê\by cast-iron 

xoùndries in North America.' were evaluated for both their convenience 

of ~eJ and for the repeatabilities of the chemica analysis'of their 
'" / ~ 

;;amples, by vacuurn-emission spectrometry. The e~ements analyzed were . 
1 

carbon. manganese, phosphorus,' su1fur, silicon,/copper, and Magnesium. 
/ 

Four types .of cast· l.ron were C investigated - w~ite •. gray. nodular. and 

~orrosion-resisting austeni~ic. / 

The precïsion of the spec~rocl'te~{cal analysis was found to 
~ -- ,1 

be relateq to"the microstructure of the sample. Small additions of a 
. / -

car9ide stabi liz er (e. g. O. OS % Sn or 0.0'8% Bi)\ to the me 1t ,in the 

sampling spoon resulted'in complete chilling of the samples. and improved 
,-." 
)' .. 

the precision of the sp~ctrochemical analysis of carbon by a factor of 

5 to 12. The results of the,speçtr~chemical analysi~ were statis\ically 
. 

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

, 
Sept dit!érents. moules 1 qui sont conununément employés dans 

les fonderies de fonte en Amérique du Nord 'ont été évalués pour -leur 

commodi té ains~ que pour l!uniformi té des analyses chimiqu~s, par < 

1 

spectr~mètre émission sous )(iide, de leurs échantillons. pour les suivants: '1 

carbone, manganèse, phosphore, 'soufr~, silice, euivr(! et magn~sium. 

Quatre types de fonte ont été évalués: la fonte blanche, grise, nodu-

1 laire- et austenitiqJje résistant à la' corrosion., 

r' Il a été trouvé que la précision de l'analyse spectrochimi'que 

est reliée à la microstructure. De petites additions de carbures 

stabil·isateurs (i. e. 0:05% Sn Ou 0.08% Bi) au métal en fusion dans la 

c,uillière d' éehantillormage ont résul te en un refroidissement complet 

des échantillons et en une améliorat:i,on de !a prée ision de l'analyse < 

spectrochimique du carbone, de l'ordre de 5 à,l2. Les résultats de 

l'analysè speetro~himique ,ont été analysés statistiquement, à 4 degrés 

1 
de liberté et 99% niv~u de significati\,' 

\ 

l' 
1 

\ 
) \; ~~.f, 

\ 

10 



~~'l"'fl!'Mf'" I.~'I'~ iii • 

~ 

1 
·0 

(1 

, ... - ir-... III• 

, 

\~ ~·v l, 

" 
1 

II 
AB~RACT 
RESUME 
TABLE OF CONTENTS 
LIST OF FlGURESI~1 
LIST OF ~8LRS lu, 

-' 

! Il .-
" 

" 

/'" 

TABLE OF CONTENTS 
\ 

œAPTER 1 LITEiTIJRE REVIEW 

"1.1 " INTRODUCfrON 
,\ 

c 

1.2" SOLIDIFlCArION OF CAST IRONS 

. - . 

,'-. 

1.2.1 Equilibrium Phase Diagram 
1.2.2 SoUdificatio'n'of White Cast Iron 
1.2.3 Solidification of Gray Cast Iron 
1.2.4 Solidification of Ductile Cast Iron 

, 

\ 

\ 
\ 

j 

\. 

\ 

-1.3 PRE.PARATION OF SAMPLES USED FOR SPECTROCHEMICAL 
ANALYSIS OF CAST IRON BY ,VACUUM EMISSION 
SPECTROMETRY 

• 

1.4 DEVICES USED FOR MELT SAMPLING IN IRON AND 
STEeL MAKING D 

1.4.1 Clean Pre-heated Steel or Refractory Spoon 
," 1. 4.2 Automa tic Deviee to Sample the Mel t during 

the Blow of Oxygen Furnaces 
1.4.3 Chilled Sucker Sampler 
1.4.4 Lol1ypop Sampler 
1. 4.5 Disposable and Permanent Samplfng Molds 

. / 

1.5 VACUUM EMISSION SPECTROMETRY 

1. 5. 1 Instrumentation ~ 
1$5.2 Analytical Cycle Periods 

1.6 ·AIM OF THIS THESIS 

,' . , 
" 

/' . 
iii. c" 

fi 

Page 

- i 
ii 

Hi 
vi-
ix 

1 

1 

2 

2 
4 
6 

15' 

.17 

18 

18 

19 
19 ... 
23 
23 

25 

'25 
29 

31 '" 

• 



• . . 
~,~ ... -. .... -:: .... - ,.-..., .... ~ .. ~ .... ~ --~. ,_:\ ..... _ ........... -.......... - -~ ..... ,--,...--,,-~ ... 

. t.';~.",~ __ •• ~~ ____ , .... ,u ___ A'ItPiI!ti ........ , ..... Ui&li""'J""" __ ... 4â ..... __ _ ,-----------,-- .. _--- -'"-- -~ - ---~--_._. ---~ 

, ' 

'. 

" 

\ 

, ' 

• 0 

q 

o 

.. 
, 1 

tHAPTER 2 'EXPERIMENTAL PROCEDURE 

. / 

2. 1 ITPES OF CAST IRONS MADE 

2.2 MATERIALS FOR CHARGE PREPARATION -

2.3 MELTING PRACTICE 

, 2. 3. 1 Me 1 ting Furnace 
2. ~. 2- Charging Seguenc,es 

. 2.3.3 'Temperature Control 
2.3.4 Efreet of Furnace Holaing Time on the 

Fading of Free Graphite Nuc1ei 

" ' 

2.3.5 Effect of the Carb4de Stabilizer on the 
Mierostruct,ùre -' , 

2.4 SAMPLING MOLDS 

2.5 SAMPLE AND SPECIMEN PREPARATION 

2.5.1 Sample Preparàtion for Vacuum Emission 
Spectrochemical Ana1ysis ,b, 41 

.2.5.2 Sp,ecimen Preparation for Metallographie 
Examination 50 

2.5.~ Sample Preparàtiôn for Atomic Ab~orption 
Spectl'ochemical Ana1ysis .. \ ~ 51 

-2.6 APPARATUS USED IN THE CHEMICAL. ANALYSIS 
, 
, . . 

2.7 DETERMINATION OF THE ANALYTICAL CYCLE PERIODS 
ON nIE VACUUM EMISSION SPECTROMETER 

CHAPTER 3 RESULTS AND DISCUSSION 

"\. 
3.1 PART I: MELTING AND SOLIDIFICATION EXPERIMENTS 

3.1.1 Effect of Furnace Holding rime on the Fading 
of Free Graphite Nuelei , 

5.1.2 'Correlation between the Mold Type and the 
Microstructure 

52 

53 

56 

'I!I/< 

56 

56 

58 

" 

'J 

" ~t;\ , 

" 

~: j ~ 



. ... 

, 1 

.' 

/ 

. '. 

o 
:" ( . 

\ 

-'--..-'---D'"- ---~----.-.......... ---

, . 

3.i.3 Influence of the Graphitizing 'Elements on 
the Growth of Free Graphite 

3.1. 4 Distributiol1 of Fre~ Graphite in the Samp1es 

3.2" PART II.:. EVALUATION OF 'IHE SAMPLING MOLDS FOR 
THE REPEATABILITIES OF VACUUM EMISSION SPECTRO­

_ CHEMICAL ANALYSIS 
~ 

3.2.1 
3.2.2 
3.2.3 

3.2.4 
3.2.5 

, 
Statistical Analyses of the Data 
Determination of the Number of Runs 
Effect of the Microstructure on the 
RepeatabJli ties of the Spectrochemical 
Analysis 
The Convenience of Use of the Sampling Mo1ds 
Improving the Repeatabi1ities of the Spectro-
chemical Ana1ysis . ' 
'-. e 

CHAPTER 4 CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 
\ ' 

4.1 CONCLUSIONS 

4.2 SUGGEST10NS FOR FURTHER WORK 

APPENDICES APPENDIX A 
\ 
\ 
\ 

Determination of the Analytidal CyeTe Periods 

'. .. \ . 
APPENDIX B 
Calibration Curves \ 

APPENDIX C \ 
Results of Spect:ochemical Analysis 

.\ ." 
ACKNOWLEDGMENTS 

. \ 
REFERENCES 1/ 

v. 

60 
65 

69 

69 
73 

7S 
77 

78 

83 

83 

85 

87 

.90 

98 

117 

118 

\\ 

j 

. , 
.:.' 

" er 



G' 

() 

Figure 

(1-1) 

(1-2) 

(1-3) 

(1-4) 

(1-5) 

(1-6) 

(1-7) 

(1-8) 

(1-9) 

(i-1O) 

(1-11) 

(1-12) 

(1-13) 

(1-14) 

/ 

'0 LIST OF FIGURÊS' 

Iron-carbon "double diagram" fot: cast iron. 

Compilation of severaI Fe-C-Si diagrams. The Fe-C 
diagram is p10tted a~ a function of the Si content; 
O%~ 1%, 2%, 3% and 4% Si. \ 

Sch~tic illustration of eutectic growth in the 
Fe-Fe3C system. White phase H, cementi te; black 
phase is austenite. 

-
Structure of whTte iron eutectic when fornied during . 

vi. 

3 

5 

7 

contro11ed solidification, X60. The etchant was nvot~-----
reported. 8 

,Schematic illu~ration of eutect~c growth in the Fe­
graphite system. 

~,earlitic gfay cast iron. Etch~d in s~ ~ital, X900. 

Different degrees of dispersion of fre~ graphite. 

Formation of coarse and fi~e undercoo1ed f1ake 
graphite side by side, X150. 

\ 
Erfect of su1phur content on undercoo1ing. The gray 
cast iron was cast in '. rqund bars of 1. 2 in. in dia­
meter. 

Influence of su1phur on the Fe graphite eutectic cell 
number. The gray cast iron was cast in round' bars .of 

1.2 in. in fiaiter. 

Ferritic ducti e iron, X2S0. the etchant was not 
reported. \ 

Deta~l of the s~L~ng bar; disposition of the pots. 

Schema tic design of a chil1ed sucker samp1er: 
, 

Schematic diagram of a 1011ypop sampiero 

, \ 10 

11 

~ 12 

13 

14 

14 

16 

20 

21 

24 

i j _".---~'--------""""""" __ tl"'4., .. _ 



',"" ... . .. --;, ~" ~ ~ -- ~,.~~_ ... -. ..,~~ - ~ ... -"' .. ---
\ . 

~ <t' \ L'~' ~ _ 
..... i'--'''·...,.,.,....-..-._.,...r_''"''''"~_~_ ... ~~ ...... 9~$'\''i'_I~I'Fî~l~ _______ •• __________ ' ____ --.-~---_ 

o 

Figure 

(1-15) 

(1-16) 

(l-17~ 

(2-1) 

(2-2) 

(2-3) 

(2-4) 

(2~5) 

'" Samp1e compàrtment in vacuum emis~ion spectrometer. 

Seque~ces of the generati6n of spe~tra1 !ines. 

The pa th. of spectral Une inside a vacuum emis$ion 
speetrometer. 

Ceramic ring and sand mo1ds. 

Air-eoo1ed copper poeket mo1d. 
\ 

Copper book mo1d. 

Cast iron book mo1d. 

Coniea1 mo1d • 

. (2-6)- Water-coo1ed copper mold. 

(2-7) 

(3-1) 

(3-2) 

(3-3.) 

(3-4) 

(3-5) 

(3-6) 

, 
(3-7) 

(3-8) 

-------------------------
Representation of an excitation area and the position 
for sectioning at A-A for Metallographie examination. 

White cast iron east in the water-cooled copper mold 
and etched in 3% nital. XSOO. 

Nodu1ar cast iron. cast in the water-coo1ed copper 
mold and etched in 3% ni ta1. XSOO. 

Gray cast iron cast in the water-coo1ed copper' mold 
and etched in 3% ni tal. XSOO. 

Corrosion-resisting austeni tic cast iron cast in the. 
water-cooled eopper mold and etched in ferric 
chloride. XSOO. 

Gray cast iron cast ~n a ceramie ri:r;lg mold and as­
polished. X700. 

Corrosion",resisting austenitic cast iron cast in a 
ceramie ring mold and as-polished, X7QO. 

Cold shuts ·spread over the chilled surfac~. The 
sample is corrosion-resisting austenitic cast iron 
cast in a ceramic ring mold. X2. 0 

il . 
CeHd shuts spread over the chi lIed 
unsurfaeed portion of the -sample. 
gray cast iron east in the coniea! 

surface of 1 the 
The sampIe is 
mo1d. Xl.I 

vii. 

p 

Pase 
(-

26 IJ'" 

28 

30 

43 

44 

45 

" 46 

49 

61 

61 

62 

62 

. \ 
64 

64 

68 

68 

/ 

• 

'1 
j 

i 



__ ~"' __ ~"'~"_'_'_' __ "'~wt"'M..JI~"",,"MÇUj_,",,_O!l!"'VI! ... !ItII""I""I#t# __ .d .... "_._ • .....J:.! ___ • ___ ----' _ __ ......... _-"-__ ......... .,._._., _____ _ 

,..1 .' , 

o . , 

/ 

\ 
\ 
\ 



. ,_ - ________ ... <t_' ___ ,. _______ *_d;':"'''''. ___ JXM!) ... t ""'M4A_~ __ ~_--._--' --..-4-____ ._~ _._ 

~: 

JI" 1 -
, ' 

1 1 

l ' 

• 

o 
., 

, . 
1 

\ -, 

Table 

(2-1) 

(2--2)' 

(2-3) 

, _ (2-4) 

(2-S} 

(2-6) 

(3-1) 

(3-3) 

(3-4) 

t3-S) 

(A-l) 

(A-2) 

(A-3) 

'" . LIST OF TABLES 

Nominal cast liron compo~tion. 
The compQsitions of the charge materials and their 
,physïéal forms. -

Summary of the amount of superheat and alloy type 
for 'the cast irons made. 

tarbide stabilizer additions. 

Description of samp~ng molds and their samp1es. 

• Spectral lines of the ~naly~ed elements on the 
vacuum emission spectrometer .• 

, '. 

Effèct of furriace holding time on sample micro­
structure. 

., . ,. 
Correlation betw~en the sampling mold and the l 

_ microstructure. 

The size and distribution of free graphite flakes 
near'th~ chi1led surface. The cast iron.melts were 
cast in Feramic ring molds. 

'The distribution of frée graphite in longitudinal 
sections near th'e chilled surface. T!te mel ts were 
cast in ceramic ring molds. 

The distribution of frée graphite in longitudin~l 
sections at a distance of 3 mm from th~ chilled 
surface. The melts were.cast in cera~ic ring molas. 

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

. 
Precision"of spéctrochemical analysis (expressed as 
%R. V.) for a lü-sec excitatfon period. ". 

Precision o'f spectrochemical analysis (expressed as 
%R. V.) for a lS-sec excitation period. 

, 

~ ---~----, -..... _---""..:.~_.:..-

ix. 

. page 

.' 34 

35 " 
38 

.. 
40 

42 

54 

57 

59 

63 

66 

67 

S8 
" 'Ii . 

88 ., 
Y 

" 
88 



/ 

Table 

(B-l) 

(C-l) 

o 
(C-2) 

(C-3) 

(C-4) 

(C-S) 

(C .. 6) , 

(C-7) 

CC-8) 

(C-9) 

" 

(C-ID) 

'f: 

CC-Hl 

g. 

0, 

9" ......... ----------

" 

Chem~al compositions of the standard samples usèd in 
setting up the calibration curves. 

4, 

The average compositions of the 
resisting austenitic cast iron. 
was added to the sampled melt. 

samples of corrosion­
No carbide stabilizer 

The variances of ~he spectrochemical analysis of the 
samples of ,corrosion-resisting austenitic cast lron. 
No carbide stabilize~ was added ta the sampled melt. 

The precision of the spectrochemical analysis. 
expressed as %R.V .• of the samples of corrosion­
resisting,austenitic c~st ixow. No carbide stabilizer 
was added ta the sampled melt. 

The average compositions of the samplés of gray cast 
iron. No carbide stabilizer was added to the sa~led 
melt. 

The variances of the spectrochemical anaiysis of thé 
samples of gray cast iron. ' oNo carbide stabilizer was 
added ta the sampled melt. , 

The precisi9n of the spectrochemical analysis, 
expressed as %R.V .• of·the samples of gray cast iron. 
No carbide stabilizer was added to th~ sampled melt. 

The average compositions of the samples of nodular 
cast iron. No carbide stabilizer was added ta the 
sampled melt. 

-The variances of the spectrochemical analysis of the 
samples of nodular cast iron. No carbide stabilizer 
was added to the sampled melt. 

The precision of the spectrochemical analysis. 
expressed as %R.V., of the samples of nodular cast 
iron. No carbide stabilizer was added ta the sampled 
melt. 

The averagé compositions of the samples of white/cast 
iron. No carbide stabilizer was added ta the sampled 
melt. 

The variances pf the spectrochemical analysis of the 
samples ot white cast iron. No carbide stabilizer 

x. 

, 90 

98 

99 

100" 

101 

102 

, 10.3 

104 

105 

106 

107 

was added t,o the sampled mel t. 108 



---~------- ~ .... ..----- -- ----

(j Table -
(C-l2) 

(C-l3) 

(C-l4) 

(C-l5). 

(C-16) 

(C-17) 

(C-lB) 

(C-l~) 

• r 

o 

The precisiôn of the spectrochemical analysis, 
expressed as %R.V., of the samples of white cast 
iran. No carbidé stabi1izer was added' ta the 
sampled melt. 

The average compositions when bismuth (0.08% Bi) 
Was added ta the samp1ed melt. 

The variances of the spectrochemical analysis 
when bismuth (0.08% Bi) was added to the sampled 
melts. 

The precision of the spectrochemical analysis, 
%R,V' J when bismuth (0.08% Bi) was added to the 
sampled melts. 

\ The average compositions when tin (0.05% Sn) was 
added to the sampled melts. 

The variances of the spectrochemical analysis 
when tin (0.05% Sn) was added to the sampled melts. 

The precision of the spectrochemical analysis 
when tin (0.05% Sn) was added ta the sampled mélts. 

Correlation between the carbide stabili~er added to 
the sampled melt, and the arder af the improvement 
in the precision of the spectrochemical analysis of 
carbon. The samples were cast in ceramic ring molds. 

/ 

( 

, 0 

xi .. ~ 

109 

110 

111 

113 .... 

;L14 

Ils 

116 



,1 , " ...... ~Itl't!I~~~~_. ___ ._ ..... __ .a ..... ;", __ J4S ... a ... """;:J!!Mttt.""'"_n ... _ .... ___________ -.-:-_.___- >- _____ .... ___ ~__.:~ __ _ 

-"-

o 

\ 
1.1 INTRODUCTION 

CHAPTER 1 

LITERATURE REVIEW 

l 

The achievement of rapid and accu~ate chemical analysis of 

cast iron melts is an important aspect of the foundry industry. Fast 

chemical analysis shortens the ladIe: and furnac~-hold time and, 

consequently, increases the production rate at minimum running costs. 

Accprate chemical analysis helps in making heats of the required 

chemicai compositions, thus minimizing the amOUnt of in-house scrap .. 

Thé use of difect-reading'spectrometers for the control of 

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

~1940S for the ana1ysis of aluminum and its alloys, to covet the 

- whole of~fhe requirements of the ferrous and rion-ferro;s industries. Cl) 

Th d d " 1\ . . . e most a vance practlce lnvo v~a comput ers ln vacu~m-emlsslon 

spectrochemical analysis. This us~ul advancement-makes it possible 
~ 

to obtain a direct reading of the cheml~al composition gf an analyzed 
\ 

sample_ in as short a period as 2 or 3 min~~es, as wêll as quick and 

easy standardiza tion of' the apparatus. ~ c 

- There are, however, certain problems ~',~nalYZing cast-iron 

" melts. Chief among these proble~s is achieving the m~ximum accuracy 
'-

of the chemical ana1ysis when using the most convenient sampling mold. 
'-

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

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

/ 

--. 
J, ... ,f 
t;; 

if, 

~ 
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o 

evaluating the common sampling molds for the sp~ctrochemical analysis 

of different cast-iron melts and relating the analytica1 behavior to 

the microstructure of the analyzed sample. Hence, a good understanding 

of ,cast-iron ~etallurgy is important, and the next section deals with 

the solidification of cast irons. 

1.2 SOLIDIFICATION OF CAST IRONS 

1.2.1 Equilibrium Phase Diagram 

Iron-carbon alloy~ may solidify with the carbon present as 

either graphite or iron carbide. Graphite is the thermodynamically 

stable phase but. for kinetic reasons, Iron carbide often forms. Thus, 

the irontcarbide phase di~gram. à:s shown in Figure, (1-1) 1 can be repre-

sented as two superimposed phase~ diagram, one for Fe-C (the stable 

/ 

system) and the other for Fe-Fe3C (the metastable system). This combined 

diagram can be used to interpret cast iron structures under different 

solidification conditions. The interpretation of the structures of 

cast Iron is complicàted 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 structures of cast irons are greatly influenceaiby the 

undercooling of the melt, (3) which is promoted by both melt-superheat 

and alloy addition. 

Eute~tic solidification begins from a number of centres or 

nucfei and consists ?f a d~composition of ,\he liquid' into aùst\ite 

and graphit,e for thé stable system, and into Iron ca~bide and austenite 

for the metastable system of hypoeutectic cast irons. On the other 
1 

hand. hypereutectic cast irons start to ~olidify by the decomposition 

"",,'l' • ~'!...."----------.....".-......,"",,",,,,--.. ....... _. --_,_: __ -"""'!'-_ .... '"" .. -.""'Çj .... _~~T 
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of the liquid into iron carbide for the metastable system, and into 

graphite for the stable system. The generally prevailing opinion is 

that this graphite nucleates on heterogeneous substrates in the ~\ 
, 

liquid. (4,5,6) In addition, graphite has been considered ta forro 

4. 

either by decomposition of the carbide phase formed on solidification, 

(7/8) (9 10) or by precipitation from supersaturated austenite. » 

Thereis no doubt that alloying elements influence the struc-

tures of cast irons. Elements like silicon, nickel and copper promote 

the format~on of graphite by decreasing the stability ~f cementite. (3) 

Silicon significantly alters the eutectic composition, as weIl as the 

maximum solubility of carbon in austenite. As shown in ~lgure (1-2), 

as the silicon content increases, the maximum solubility of carbon in 

austenite decreases CI1 ,12) from E to
1
Èl -E4. Therefore, silicon helps 

,-
forro free graphite by precipitation from supersaturated austenite. On 

the other hand. a carbide stabilizer. such as magn~sium~ has an adverse 

effect when it is added ta·the iron melt,(13) as shawn by moving point 

. E to EII • , It may also be noted that the introduction of silicon into 

the system rais es the tempe rature of the eutectic reaction. 

1.2.2 Solidification of White Cast Iron 

The suppression of the eutectic transformation in the stable 

Fe-C system by inè~g the degree of undercoQli~g results in an 

increasing probab~lity for the nucleation of cementite instead of 

graphite. Once nucleated, cem~ntite growth is much faster than graphite 

and dominates the solidification process.~14) Oetailed studies of 

nucleation and growth of the white irQn eutectic have revealed that 
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of the Si content; 0%, 1%, 2%, 3% and 4% 
5i.(11,12) , 

" 

, . 

,'z· 

4' ,j 

- , 

... 



,-' 

() 
- \ 

" 

.. 
w 
a: 
::::) ... 
cC -a: 
w 
0. 
:& 
w ... 

1 

\ . 
\ , 

.. 
\ 

1400r-----------------------~--------~--~--~' 

1300 

1200 

4 3 2 1 0 

\ \ \ \ ~ 
,\ \ \ \ \\ 

\ \ \ (\~ 
, ':\ \ \ \ ~ 

- \ \ =--
\\\ q'0\ 

\ \ \\' IJ!.' 
\ \ \' 
\ \\ ~ 
~>i: ~ 

/ / E:J Ji; 
/ / / 1 1 

III / 
'4 3 2 

3 ~ - 1 

/ ,1 / 
lIt 

1 1 

1100 ~----~--~----~--~--~----~--~--~--~ 
1.0 2.0 3.0 4.0 5.0 

CARBON CONTENT, OR CARBON EQUIVALENT 
( CE), wt. il. 

1 , 1 

" ~ 



, 0 

Q 

f , 

o 

_1 , 

6'. ' 

cementite has a strong tendency to form two-dimensional dendrit~s\ 
, . 

whlch gro~ with ~imum speed in a~ edgewise direction; (15j that 1s. 
\ 

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

> • 

The solidification of hypoeutectic white iron u~Uà11y proceeds 
-iJ l~ -- , 

by the t6110wing sequence: (), _ ' 

a) nucleation and growth of proeutectic austenite dendrites, 

b) nucleation and growth of clusters of cementite plates~ 

c) nucleation of secondaty austenite on the cementite ~lates. 

and 
, ....... 

'" d) coopefative sidewise growth of cefuentite and austenite. 

'The structure which grows is il1ustrated in Figure (1-3). 

In spite of the fact that only the sidewise growth resembles 

a tille éooperative process. the edgewise growth of cementite is more 
\ 

rapid. Controlled solidification experiments have shawn that the edge~ 

w~se growth occurs in the directfon of a steep temperature gradient 

and the resultant microstructur~ resembles the regular .,1amellar struc-
, \ 

ture typical of cooperative growth. (16) Figure (1-4) shows a typical 

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

fication. 

1. 2. 3 Solidification of Gray Cast Iron 

In iron-carbon silicon melts, solidification usually starts 

~Y nucleation and subsequent growth of the proeutectic constituent 
, \ 

(austenite in hypaeutectic irons or kish graphite in hypere~tectic iron). 

Nucleation begins and growth continues from the liquidus temperature 

down t9 the eutectic start' temperature. The eutectic melt solidifies 

.:." , , 

----, -, --,---___ u ..... '-----:"--"'-"--... ,'!21'1 •• lj!II'fi,,.~ l ' 
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FIGURE (1-3) 

\ 

\ 

"'. (!ri 

<r~;.:,..· 

Schematic illustration oe eutectic growth 
in the Fe~Fe3C system. White phase is 

;cementite; black phase is austenite.(16) 
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Structure of white iron eutectic 
when formêd during contro11ed 
solidification, X60. The et chant 
was not reported.(16) 
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ne:xt, as a co 
/ 

of the austenite and graphite phases. 
. -

The 

1 eutectic growth begins from nucleation centres 1>r substrat~s. In this 

case, the graphite precipitates within so-called eutectic ceUs in the 

fOTm of branched flakes. (16) .. as shown in Figure (1-5). Figure (1-6) 

shows a photomicrograph of gray 

the flake graphite in a considerable 

variety of s'tructures representing different degrees of dispersion. (4,18) 
~'-

..::... 
Examples of su~h degrees of dispersion are shown in iigure (1-7). The 

'"" . dispersion of the graphite in a eutectic'cell depen~s upon the rate of 

solidification. which is related to ,the degree of undercooling. (19) 
1 

In many cases, coarse and fine graphite grow side by side, as shown in' 

Figure (1-8). 

Apart from the rate of solidification, the growth of graphite 

is greatly influenced by alloying and impuri ty el~ments. Among these 

is sulphur, which increases the activi ty 'of carbon in the melt and 

decreases its solubility .• ~ Therefore, the growth of graphite is pro­

moted by an incre~se in the sulphur conte~t in the cast iron melt. (21) 

Also, when tne sulphur level in the melt inereases •. the degree of cdnsti­

tutional undercoolin~ increases,(22) and this in turn increases both 

the nucleation rate.of iron-graphite eutectic cells, Cl~) as weIl as 

their number. These effects of ~ulphur on th~ solidification of gray 

cast iron are shown in Figures (1-9) and (1-10). Very high sulphur 
/' 

contents generate high degrees of undercooling, and cause the 'graphit! 

'eutectic ta be replaced by the carbide eutectic. Thu~, sulphur may 

have a graphitizing effect ~t very low leveis. but a carbide~promoting 

effect at high îevels. (21) \ f 

J 
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Schematic' ill strahon of eutectic 
growth in the 'Fe graphite system. (16) 
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Different degrees of'dispersion of 
free graphite. (lS) , 

A: uniform distribution, random 
orientation , 

B: rosette groupings 
C: superimposed flak~ sizes, 

random orientation 
D: interdendritic segregation, 

random orientation 
E: interdendri~ic segreg~tionJ 
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Formation of- coarse and ~ne undercooled 
flake graphite side by side, X1S0. (20) 
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Effect of sulPh~r~content on unà~~ooling.(21) 
The ,gray cast iron was cast in Tound bars' 
of 1. 2 in. in diameter. 
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Influence of su1phur Qn the'Fe graphite 
eu'tectic cel! number. l2l) The gray cast 
iron wàs cast in round bars of 1. 2 in. in 
diameter. ~ 
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The number of graphi te-eutectic ceUs depends on the amot.m~ 

of total undercooling, i. e. both the constitutional and the thermal. 

Thermal undercooling is a function 1,f the amount of superheat and the 

cooling rate. The presence of carb?-de stabilizers' (e.g.- Mn, Mg or Ti), 

which neutra~ize sulphur by desulphuriziltion in the cast iron mel ts, 

lowers the consti tutiomil supercooling. Therefore, there is no arbi-

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

. 1.2.4 Solidification of Ductile Cast Iron' 

The addition of a small amount of magnes ium, calcium or cerium 

to a relatively pure cast iron mel t results in nodular rather tnan 

rl~ke 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, aI1d third groups in 

the p'eriodical table, as weIl as rare earth elements, p.ossess some 
, 

ability to promote nodule formation, but their effectiveness is limited 

to high purity mel~s. (24) 

Nodularizing elements have certain properties in common. 

They are always in the gaseous state at the temperature of the molten 

iron, have little solubility in both the iron and the graphite lattice, 

(25,26) are strong deoxidiz.ers and desulphurizers, and possess the 

abili ty to form ionic carbides. _ 

The precipitation of graphite spheroids is always associated 

with an increased surface tension of thé mel t. (27,28) This increase 

is a resul t of the removal of sl!rface-acti ve elements, especially sulphur 

and oxygen, from the melt, either thl'ough chemical reactions with the 
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nOdularizing elements or by treatment unde~ 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

face tension value. (29,30) Therefore, a high ~urface tenslon'of the 

1 melt seems to be a necessary condition for spheroidal graphite formation. 

1.3 PREPARATION OF SAMPLES USEO 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 f6110wing defects:(31) , 
" -

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

. /'" 

of the sample is ~ot a~equate and the analyzed surface 

is gray. A lack of reproducibility of spectrochemical 

analysis of carbon is, then, likely to·occur . 
. 

2) Cold laps. There is sorne reason ta believe t~at, although 

the discontinuity can be apparently eliminated during 

grinding, the structure of the samplé where the 1ap 
, 

occurred may still exhibit segregation of carbides. 

3) Cracks, porosity and shrinkage defects which ar~,;usuallY 

visible on the sample surface after preparation. Segre-. ' 

gation.often ocçurs around such defects, and this worsens 

the accuracy of spectroéhemical analysis. 
r 

4) Slag inclusions. Slag usually contains Magnesium and 
l / 

manganese sulphides and silica. Thus, analysis of sur­

fac~s which are not free of these inclusions results _~n 

erratic chemica1 analyses of ma~esium, manganese, and 

silicon. 

\ 
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, .. 
.Thus, the idea1 samPle for spectrochemical anaXysis must have a ~lean, 

sound surface with a white ,iron structure. 

L 4 DEVIeES USED FOR MELT SAMPLING IN IRON AND STEEL MAKING 

Many devices, which aim at producing ideal samples, are used 

to sample èast iron and steel melts. Some co~n examples of these 

sampling devices will now be described. 

1.4.1 C1ean Pre-heated Steel or Refractory Spoon 

This device is used to sampl~ any 1ightly slagged mèlts, 

such as occur in: 

i) ingot molds 

ii) tundishes 

iH) iron runners 

iv) foundry ladIes 

v) cupolas 

vi) electric furnaëes 

vii) induction :furnaces 

The sampIing spoon is used ta cast ~ires of 3-5 mm diameter 

(for carbon- and su1phur-chemi~al analysis on induction furnaces) and 

to fi11 the sampling mo1ds for chemical analysis on vacuum emission 

spectrometers " 
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1.4.2 Automatie Deviee to Sample the Melt during 
the ,-Blow of Oxygen Furnaces ' 
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19. 

This device consists of two molds (or two pots) which are 

some 30 cm apart vertically, to enable studying the homogeneity of th~ 

'melt ba~h. (32) The molds are fastened to a steel bar 4 m long whieh 

is connected to a lowering cable wound on a d~m. The arrangement .of 

the molds alongside the steel bar is shown in Figure (1-12). The 

sampling bar is made of standard grade steel, the diameter being 30 mm. 

The eonnection of the steel ~ar to the steel ~able is thro~gh a hook 

which allows rapid and uncomplicated bar replacement betwèen two 

sampling actions. This point is important because the bar emerges 

covered with metal and slag and cannot be employed for the next sampling 

actLon. The malds 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 meJt by slag. 

1.4.3 Chilled Sucker Sampler 

" 

Use of the chilled sucker sàmp1er to sample the malt bath 

minimizes the 10ss of alloying elements that are easily oxidized, e.g. 
1 

Mn, Si and Mg. It has been shoWn that manganese oxidizes while in the 
- , 

samp1ing spoon, resulting in low analysis for this element.(34) Figure 

(1-13) shows the chi11ed sucker sampler. _ It consists of 3/8" 1.0. 

galvanized ~ipe with a pump threaded ta one ,end and the chi11ed mold 

to the ether end. A sucker cartridge-is placed over the assembled 

mold~~nit, and a piston ori the top of the pump is depressed ~gainst 

the f100r to c~ck the sucker sampler}ump. A quartz~norkel tube 
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Detail of the samp1ing bar; disposition 
of the pots. (33) 
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1 

FIGURE (1 .. 13) , Schematic design of a 'chilled sucker samPler. (3S) 
1 

1: piston 
~ 2: pump 

3: 3/8" I.D. galvanized pipe 

Cf 4: . disassembled chilled mold 
5: disposable sucker cartridge 
6: paper tube 
7: , ql!artz snorke 1 tube, 
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attached to the end of the suckJr eartri~ge is positioned over the melt 

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

cm. The pump trigger is then pulled and the immersion i5 continued to 
.. 

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

tube. "A/ter the cartriage and the mold are removed, the mold is tapped 

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

chemical ana'lysis is' ~emoved. 

The c~i~led sucker samplers'have the following advantages:(3S) 

~-1) Minimal losses of a110ying e1ements, since no spoons or 

2) 

sampling molds are used. 
/ 

The ability to sample melts of any f1uidity, since the 

melt-flow to the mo1d cavity is due to metalostatic 

pressure and pumping,action. 
~ 

3) The samples are chilled, i.~. -free of graphite. 

Nevertheless, the chilled sucker samplers do possess some disadvantages, 

such as: 

1) 

/. 

The molds are not disposable; and contamination from 
~ 

previous heats cannot be avoided entirely, even though 

careful attention is paid to cleaning the mold between 
( 

heats. '" 

2) The molds cannot be used to sample heavi1y slagged melts, 

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

to the mold cavity through the quartz snork~l tube. 

The use of lollypop samplers ove~omes the disadvantages of 

the chi11ed sucker samplers. 
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1.4.4 .Lollypop Sampler 

.. 
The lollypop sampler has the same advantages as the c1il11ed 

\ 

sucker sampler; however, it doês hot possess the disadvan~ages of the 

latter. Figure (1-14) shows the design of a lollypop sampler. Wh en 
" 

the sample is taken. the proxective cap keeps surface kish or slag from 
, ' 

entering th~ lollypop sampler. The control fuse provides a slight time 

delay for temperature equilibrium and contains a carbide stabilizer to 

treat the sampled melt, 50 that the sample is completely chilled. 

Usual1y, the control fuse is made of aluminum, but its material compo­

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

melt and the depth of the slag. (36) 

The control chamber receives a determined amount )f thé melt, 

thereby initiating treatment of the sample. The treated melt thert 

enters the mixing chamber through an off-centered hole, which indue es 

a vort~x or turbulence. This results in a homogeneous mix, which then' 

flows into the specimen mold where it is solidified. 
, 

The steel pipe i5 bent to proviere a stopper to the sampler 

at a certain aepth 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 sampled. 

The sample i~ 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 MoÎds 

In addition-to the previously described sampling molds, many 

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

, , 
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FIGURE (1-14) Schematic di~gram of a lo11ypop sampler.(36) 

1: protective cap 
2: control fuse ""-

\ . \ 

" 

3: control -chamber 
. 4: mixing chamber 
5: 'test mold 
6-: cardboard tube 
7: 1"- steel pipe 
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these other types were used in this research. 

.; 
1 

These molds are in 

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

in Chapter~2. 

1.5 VACUUM EMISSION SPECTROMETRY 

1.5.1 'Instrumentation 

- ' 

2S •• 

The function of the modern direct-reading emission spectro-

meter is ta provide rapid, reproducib1e. and accurate ana1ysis. The 

principle of operation has remained unchanged since the introduction 

of photomultip1iers in the late 19405. These enabled spectroscopists 

to use electronic methods instead of photographie plates to measure 

spectral intensities. (37) 

For a befter understa~ding of the operation of these instru­

ments, a brief discussion of the theory" of the generation of spectral 

1ines and their pa th in a speetrometer will be given. Figure (1-5) 

shows the details bf the sample eompartment in the spectrometer. The 

en~rgy required to excite the samp1e is provided when a -continuous high 

intensity electric dis charge 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 
• 1 

counterelectrode tip) is flushed with argon in order to sweep the dis-, .,. 

charge debris and oxygen." Since the analytical wavelengths of carbon, 

phosphorus and sulphur are in the far ultraviolet region of the spectrum. 

oxygen abs~~bs these wavelengths. (39) thus necessitating the argon flush. 

According to Bohr. radiation oceurs when there is atomic or 

'ionic transition from sorne discrete higher energy level to a lower one. 

:~ 
• 
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i.e. relaxation of an excited atom or ion.~O) Prior to radiation, 

however, the atom should be (lxcited' by a definite amount of energy 

whieh will c~use an electronic transfer from a lower to a'higher en~rgy 

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

. Hmi ted lifetime in the excited 5tate, which i5 generally 5horter than. 

10-8 'second. At the end of this lifetime,.the excited atom is~relaxed 

by' electronic tr~nsfer from the higher energy state to the lower one, 

and atomic radiation is emi tted. In a similar way, ionie radiation can 

,be obtained when the energy t~an5ferred to the atom during excitation 

is increased to such a point that an eleetron is completely removed 

from the atom to produce a positively charged ion which then .re-laxe.s 

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

{ ,spectral Hnes. 

When the spectral Hnes are dispersed either 'by a prism or 

a diffraction grating, they emerge as a light spectrum having a- pattern 
/ 
1 

determined by th~ atoms that have been exeited. Since atoms of differ~t 

elements containjdifferent ~le~tron configurations, each element has 

a distipct and c~aractetistic spectrum, with spectral lines occurring 

at different wa~efengths'. (41) Each element can be identified by 'its 

characteristic linesj Le. the specified wavelengths of the atomic and 
\ 

ionic spectral li~es. 
", 

'Line b,t'ightness is a fuIietion of element concentration in the 

sample, and hen~e ,?an be used for quantitative analysis'. Line brightness 
i - -.f,o -....... 

is .converted from radi~nt energy~o electric current by a suitable . 

photomltiplier J convenfionaUy called a phototube. The output of the' 

phototube' is ;eed to the read. out for storage on a capacitor. (42) There 

.. 
/' 
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FIGURE (1-16) 'S~C(uences of the generation of spect,ral 
lines. 
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"TIlERMAL ENERGY . 
. from the arc" --------------------~·~atom --------------~. ion 

, ' 

excited a.tom 

relaxation of 
the excited 

atom 

atolllic radiation 
,Q 

CI, À - 1930.90 A 

1 
1 

rèlaxation 
- of 

the ion 

ionie radiation 

Fe II, À - 2599.40 ~ 

A Roman numeral after the 'element' symbol indicates degree of ionization + 1. 
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is a capacitor for each unkn~wn-e1ement phototube and one for the 

reference element, e.g. Fe in iron base a1loys. Figure (1-17) shows 

the pa th of spectral line inside a vacuum emission spectrometer. The 

instrument is called vacuum spectrometer because the exit and entrance 

slits. d~ffraction grating and phototubes ~re maintained in a vacuum 

chamber. 

1.5.2 Analytica1 Cycle Periods 

The analytieal cycle of an emission spectrometer consists of 

flush. excitation (or pr~-in'tegration), and iptegration. 
! 

The functions of each are described below.(44) 

a) Flush period 

After the spectrometer is ~ctivated by depressing the start 

bu~tont the argon flow rate increases from its low standby rate, 

generally of the arder of 0.5 R./min, (45) to a higher rate, ranging from 

2-6 t/min. (45) This increase in argon flow rate sweeps air from the 
\ 

spark-stand ca~ity. With air path spectrometers, i~ was found impossible 

to analyze for carbon, sulphur and phosphorus, because the only availab1e 

analytical wavelengths are in the far ultraviolet region of the spectrum 
'0 ' ' 

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

t , 

readily absorbed by oxygen in the atmosphere and in the spectrometer. (39) / 

b) Excitation period 

The excitation period establishes stable emissio~ character-

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

\ 
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The path of spectral line ins;de a 
vacuum e~ission spectrometer. (43) 
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31. 

the electrode and the sample and mai~taining the discharge until the 

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

of argon may drop te a value intermediate between the high flush rate 

ana the low standby rate. 

c) Integration period 

At the end of the excitation period, the measuring Jfacilities 

of the instru~ent are activated' by allowing the current produced from 

the photomultipliers by the ligh1: emission to :be fed to, and stored by, . . 

the ,il'i'tegrating 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 excitation periods. 

In"tegra1:ion of the ,amount of current collected by the capacitors 

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

"', i~' analyzed. At the end of' the integration, period the discharge i5 

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

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 nns THg&IS 
.oP 

An extensive review of the literature has not reveal~d any , 
elaborate studies' on the precision of vacuum emission spectrochemical 

analysis o~ cast iron mel ts. 

The present research was undertakën with the following' obj ec-' '" 

tives: 
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1) To evaluate; for various cast irq,ns J severai 'different 

2) 

molds which are in commop use by ~he North American 

foundry indus.tTY. 
\ , 

, \ 

Ta relate the consistency of spectrochemicai analyses to 
. 

the microstructures of the analyzed samples. ' 

3) To improve the repeatabilities (or th~ precision) of 

speètrochemicai analyses of the cast iron samples. 
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CHAPTER 2 

EXPERIMENTAL PROCEDURE 

4/IP- --. 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 MATERIAt-S FOR CHARGE PREPARATION 

\ 

The materials used for the charge preparation (with their 
, -

chemical compositio~s 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 PRACfICE 
/' 

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 melting approximately 200 lb of iron~ 

The melts were contained either in alumina crucibles (90% A1203) or in 

high purity magnesia crucibles. Th'e magnesia crUcibles were used in 

the production of ductile cast iron \ to minimize the fading of ma&!1esium, (47) 

since Magnesium reduces the alumina J and consequently can be,slagged 

if alumina crucibles are employed. 
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Type of 
Cast Iron 

white 

nodular 

gray 

corrosion­
resisting 
austenitic 
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J 

, 
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TABLE (2-1) Nominal cast iron composition. 

Composition. wt% 

C Mn. ' p S Si Cu 

3.06 0.569 /0.0900 -0.0900 0.650 0.1500 

,3.20 0.529 0.0208 0.0089 1.875 0.0370· 

3.12 0.760 0.3700 0.0760 1.653 0.1200 

2.78 0.429 O.O~Ol ' 0.0230 3.712 7.5000 
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TABLE (2-2) The_compositions of the charge materials 

and their physical form$: 

- \. 

Composition~ wt% 
.:::: 

Type of Physical ~ ;. 1 ] Charge Material Form C Mn P S' Si Mg. Ni Ca Cu ~ ~ 

,-, 

r ' 
, 

pig iron 
r 

0:19 
' -t 

pigs 4.33 0;009 0.026 0.006 ,- ; 
~ 

steel scrap punchings 0.01 1 -t q 
Fe-Si alloy p0!tder 0.06 0.440 0.025 . . Q;020 48.00 0.20 0.22 0.26 · , f 

~r . :-J -
Pe-Mn a110y lumps 6 .• 64 75.510 0.27 , 

:. ~ i~~ 

plates 99.00 
1-

copper '~t .. , 
• 

FeS powder 36 -1 
/ 1 , : "- - , i: 

" 1 
~ • 

Fe-E alloy lu~s 20 3.tlO ~ t , -
",! 

nickel - pellets ! ' 

1 ~I lumps 6-7 3-6-
---~ 

Mg-Ni alloy ingots Z-':1f 4.5 93.S ~ 
en . 

> 



(J 

----------

36. 

Control of the power supplied by the melting unit ta the 

induction coiI permitted one ta obtain the desired mel t bath tempera-

ture. In the preparation of the melts, 30 to 60 KW of power were used 

in the induction furnace. This was 20 ta 40% of the full power rating 

of the Toco Meltmaster. 

2. 3.2 Charging Sequences \, 

Pig iron, steel scrap, eopper" and nickel (if used) were 

charged together in the furnace at the start of the melting operation. 

Aftel' die basic cha;ge was' mel ted, the furnace power was turned off 
'\ 

and the additions of the remaining charges were made ta the cTlicible. 

Thereafter, the furnace power was turned on ta bring the .bath tempera­

ture to the desired value. Ta minimize both ;the fading of free graphite . 
nuclei and nodularizing elements, as weIl as the high losses of chromium. 

sampling of the cast-iron melts was done as saon as the melt temperature 

reached the required value. 

The Înagnesium-nickel alloy used in t!le production of ductile 

cast iron was added after the additions of ferrosilicon, ferromanganese, 

ferrous sulphide, ferrophosphorous. and ferrochromium alloys. This was 

d.one because Magnesium has the highest losses while in the mel t bath. 

Sampling of the cast iron mel ts was done from 3 to 7 minutes after, 

and l minute after the addition of the ferros,ilicon and magnesium 

nickel alloys, respectively. , 
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2.3.3 Temperature Control 

The melt temperature was measuretl with an R-type (Pt/Pt-13% 

Rh) Pip-Tip thermocouple supplied by Leeds & Northrup Canada Ltd. The 

applicable temperature range of that thermocouple is 0 to 177SoÇ, with 

a maximum error of ± l.OoC. (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 

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 

nuclei which may exist as undissolved graphite clusters. (49) Such high 

superheating helps undissolved gr~phite clusters to dissolve in the melt. 

Normally, the superheat of the cast iron melt is kept in the 

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

experiments, and the liqui~us temperature of the cast iron alloy was 

roughly estimated from the Fe-C-Si equilibrium diagram. The sampling 
( 

temperature of the melt, which is equal to the liquidus temperature 

plus. the amount of superheat, was controlled by the fine adjustment of 

the melting-unit power within the range o~ 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-Z2SoC, which coincides witn the applicable range in cast 

iron foundry practice. 

\ 
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TABLE (2-3) Summary of the nount of 'superheat and 
alIoy type for the cast irons made. 

Liquidus' 
Tempera ture, 
, Oc (1~) 

1240. 

1175 

··1225 

1190 

'~ 

Sampling 
-Temperature, 

Oc 

1400 

1400 

1400 

1400 

$. 

Amount of 
Superheat, 

Oc 

160 

225 

175 

210 

Alloy 
-\C 

3.06 

3.20 

2.78 

3.12 
.-

Eutectic 
- \C (11) 

4.04 

, 3.63 

3.20 

3.71 

Kind of 
Alloy 

hypoeutectic 

hypoeutectic 

austenitic 
, 

hypoeutectic 
<) 
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2.3.4 Effect of Purnace Hoiding Time on the 
Fading of Pree Graphite Nuclei 

... ~, 

39. 

There is always a furnace holding time period betwéen inocula-

tion and teeming (or sampling) of the melt. During that period, the 

melting unit power is eontrolled in such a way as to raise the bath 

temperature to the desired teeming value. The effect -of this furnace 

holding time on the fading of free graphite nuclei was investigated'in 

experiments where samples of gray cast iron melts were taken in aIl the 

molds at times of S, 17, and 2S minutes after inoculation. 

2.3.5 Effect of the Carbide Stabilizer on the Microstructure 

To ~btain chilled samples, it was necessary to add a carbide . 

stabilizer to the sampled melt. Bismuth and tin were the two available 
. 

carbide stabilizers, among others, such as chromium, telluriu~, and . , 

; 

titanium. Tabl~ (2-4) gives 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 austenitie cast irons. 

As soon as the addition was made, the melt was stirred for three seconds, 

and then ~eemed ~n the sampling molds. In the case of bismuth, no indi­

vidual steel wire was required for the stirring sine, bis~th was supplied 

in the form of coated, steel wirel7\-This pojnt 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 spect~ochemical analysis of carbon, manganese, phosphorus, sulphur. 
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TABLE (2-4) Carbide' stabilizer additions. 

Form 

steel wire coated 
with approx. 
330 mg Bi 

pellets weighîng 
approx. 110 mg 

- / 

'/ , 

Amount Added 
per- Sampling 

Speon 

1 wire 

4 pellets 

, 
1 

Concentration 
in Sample 

(wt%) 

0.08 

O.OS 
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. ~ 
silicon~ copper~ and magnesium in the cast-iron meits. Table (2-5) 

desc~ibes these molds. The first two molds listed in the ta~le are 

disposable, while the remainder are permanent. Using dispos~ble molds 

permits one to avoid contamination from previous heats. 

through (2-6) show the sampling molds. 

2.5 

2.5.1 

SAMPLE AND SPECIMEN PREPARATION 

Sa~le Preparation for Vacuum 
Emission Spectrochemical Analysis 

figures (2-1) 

Since one of the prime aims of the research work was to relate 

the p~ecision of the spectrochemical analysis to the sample microstruc-

ture. i t was 'considered important to perform b,oth the chemical and the 

structural analyses on the ~ame sample. Figure (2-7) shows a schematic 
/ 

representation of a typical sample, to be spectroçhemical1y analyzed 

as weIl as sectioned for metallographic examination. 

Before analyzing the, sampie on,the'vacuum emission spectro­

meter, it was surf~ced to obtain a surface which was fIat and as/' free 

of surfac~ discontinuities (e'.g. cracks,and cold laps). pores, and 

shrinkage cavities~ as' fossib1e. Surfacing was done on a dry belt 
1 

grinder (aluminum oxide, grit 50). Wet grinding was av~ided because 

it results in water being entrapped, in the surface pores of 'the sample. 

It is a~most impossible for this water ~o be entirely removed. During 

sample excitation, any water in the analytical gap may dissociate, 

giving oxygen, which absorbs the analytical wavelength~ of carbon, 

sulphur. and phosphorous. (44), Thus J the accuracy of the spectrocheniicd 

analysïs of these elemertts is worsened by applying wet-surfac~ grinding • 

,', 
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Mold Type 

~ \~ 

1) ceramic ring 

2) sa~d sheH 

.... 

3) air-cooled 
copper pocket 

4) copper book 

5) cast iron book 

6) conieal mold 

7) water-cooled 
copper mold 
\ 

~ ~ i-
~... ~ ~ 

// 

" 
1 • 

TABLE (2-5) Dèscription of sampling molds and their'samples. 

Mold Description 

alumina ring placed on copper chilI plate 

shell-molded sand placed on copper chilI plate 
/-

a pocket in a copper mold machined from a copper 
block 

two-pioce copper mold elamped together 
7 

two-piece, cast iron mold clamped together 

three-piece mold, easily disassembled. made of 
steel and copper • 

hinged copper book with internaI water-cooling 

1 
1 

J 
l 
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assembled mold 
di~assembled mold 
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FIGURE (2-4) Cast iron book mold. 
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a: assembled mold 
b: disassemblep mold 

Il 

" 

t, ( .. , dl 

\ 46. 

, G 

1 

~ 'r 

/. 

',' 

~" 



"', '; 

, , 

Q, 

" 

,. 

1,a) . ' 
0 

C) 

~ 

" 

0 
(b), 0, 

'. \ 
\ 

" 

\ 

• , ',' " 'h ~t"' 'lot .... ".. ~ 

'0 

',. 

... ~-.:---

, . 
'1 

1 

1 , 
( 

1 
i , 
! 

l ' 
1 
! 
1 
1 
1 

1 

1 
1 
1 

1 

, , , 



/1::.. ...... 

() 

o 

, \ 

o 

FIGURE (2-5) Conic::al mold. 
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assembled mold 
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Representation of an excitation area 
and the position for sectioning at A~A 
for m~tallographic èxamination. 

D = diaJlleter of sal!lple 
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d = diameter of ~xci ta tion on sample surface 

AU the dimensions are in mm. 
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In addition. it i5 very important to. apply uniform pres.~ure on the 

simple when surface grinding in order to obtain a very fIat surface . . 
This is neeessary beeause an imperfeet surface results in an incomplete 

" sealing of the analytieal gap. ~hich then will not be flushed well/by 
~ 

, 1 

the argon. 'Consequently. the result~ of the speetroehemical analysis 

may be incorrect. 

2.5.2 Specimen Preparation for Metallographie Examination 

The metallographie analysis was done by optica1 microscopy • . 
Carefu1 attention was paid tO,the specimen preparation. prior to the 

Metallographie examination. through grinding. polishing. and etehing. 

a) GriJ}ding o 

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

coolant to avoid overheating of the ground spècimen. CSO) Overheating 

may result in structural,changes and graphite pull-put. Rough g~inding 

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

carried o~t on a series of silicon carbide belts (grits 166, 320, 400. 

and 600).' 0 

b) Polishing 

l, 

For cast iron; polishing with\~iâ~ond-impregnated pastes has 

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

of grades 6, 1. and l/~ micron were used. 

, . ' 
; 

• , , 
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c) Etching 

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

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

resisting austenitic cast ir~n was etched in a ferric chloride solution , 

(7 g FeC13 per 100 g wa ter) for 3 minutes, whereas the other kinds of 

cast irons were etched in 3% ni tal for 3 minutes. 

2.5.3 Sample Pr!paration for Atomic Absorption 
Spectrochemical Analysis 

It was impossible to analyze f?r bismuth and tin on the vacuum 

emission spectrofueter because their contents were lower than the lowest 

. analytica1 limits on the spectrometer. Instead, the atomic absorption 

spectrometer was employed~ 

Samp1e preparation for the atomic absorption spectrochemica1 

ana1ysis involved making drillings in the cast i~on samples to obtain 

ribbons. Preparation of the solutions required for the chemical analysis. 

followed the following procedures: -

a) Dissolving the sample ribbons in a solution containing­

concentrated.hydrochloric acid a10ng with a few drops of 
1 

concentrated nitric acid . 

. b) Warming the above solution until complete dissolution of· 

the sample ribbons is achieved. 

c) Filtering the solution to separate the non-dissolvable 

material (e.g. si1i~a and alumina). 

'" d) Bringing the solution, after filtration, to 100 cm3 of 

volume by using disti1led water. 1 
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2.6 APPARATUS USED IN THE CHEMICAL ANALYSIS 

Atomi~ absorption and vacuum emission spectrometers werè used 

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

of the major compositional elements of cast iroThS-~-Mn,P, S, Si, Cu, 

and Mg). 

a) Atomic'!bsorption spectrometer 
\ 

The spectrometer used was a model SPl90, PYE UNICAM Ltd. of 

England. The waveléngths of the analytical lines used to.analyze for 

tin and bismuth were 224~ and 223.~6 NM, 

Hnes were used because the\ give the most 

b) Vacuum :mission spectrometer 

respectively. These two 

accurate chemical analysis. 

The instrument employed was â model DV-2, SPECTROVAC 1000, 

manufactured by BAIRD Corp., Mass., U.S.A. The exci'tation source was 

KH-3, whi'ch was developed as a result of extensive research work done 

in search of an optimum current pulse for excitation of f,errous-based 

materials. (52) 

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

achieves long term precision- in the chemical an~lY~ is. (52J The counter 
1 '0 -, 

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

gap was 5 mm. The KH-3 source operated with a ~idirectional pulse mode. (52) 

. (53) 
The following specifications a}:e related to this source: 

Input power.:
d

• 120 V ± 1%, 50/60 Hz. 4.0 A max. 

" 

" q 
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0 

.' 
Pulse Output EJCcitation Integration. 

peak voltage 950 V 950 V 

peak current 275 A 100 A 
-1 

duration 250 loiS 130 ].JS 

. -
Repetition rate: 120 PPs, 60 Hz; 100 PPs, 50 Hz. 

r <:\> 

, The analytical spectral lines are listed in Table (2-6). 

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

ionizat!on +1. For~instance, carbon does not undergo'any ionization, 

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 , , 

, 1 

spectral lines were carefullY selected when the instrument was designed 

to ensure the following: ~55) , \, 

,a) 

b) 

\ 

Minimum interference. 
\ 

\ flJ .. ~ 

Shortest radiation' wavelength to allow more availab1e" ' 

" \ ' 
spectrum lin~s over a short,er focal ncurve distance, thus 

\ 
, \ 

giving a more' compact spect~ometer. 
\ 

2.7 ,DETERMINATION OF THE ANALYT!CAL CYCLE PE'RIODS ' 
ON fHÊ VACUUM EMISSION SPECTROMETER 

The lengths of the an~lytical cycle ~'~riods have an important 
\ , 
\ 

influence on the accuracy of the, spectrochemical\ analysls. Since th-e 
\ \ 
\ ' 

exci taUon period greatly affect'$ the spectroche~i'cal analysis accuracy, 
\ . 

~:6 :h: ::::~:e:x::::~a: ::::~;::~o p::::h:f\b::t .:c::a::::G:~ 
respe,ctively. An excitation period\Qf 5 seconds wa~\ found acceptahle 
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Element 

C 

Mn 

P 

S 

Si 

Cu 

Mg 

Fe 

\ 

TABLE (2-6) Spectral !ines of the analyzed­
elements on the vacuum emission 
spectrometer. 

J , 
Radiation Wavelength 

(~) (46) . 
Spectrochemical Notttion 
of Radiation Line 54) 

. 
1930.90 C l -

., 
2568.12 Mn II 

178.2.87 P,l 

1807.34 S l "'-
2881. 58 Si l 

3273.96 ' " Cu l 

2802.70 Mg II 

• 
2599.40 feIl 

--

/' 

" 
, ,. , 

, 
,~\ , 
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since it achieves the shortest analytical time and repeatable analysis 

as weIl. The determination of the excitation period is explained in 

detail in the Appendix A. 

Although the particular spectrometer used was equipped with , . 
a m;nicomputer for direct chemical analysis, it was decided to by-pass 

this computer and to obtain "the spectrochemical analysis from the scalar 

coonts through direct reading from the calibration curves. Although 

this, technique required co~siderably more time than would havi been 

involved by using the computer, it had the advantage of eliminating ,. 

curve-fitting errors_ by the computer. Therefore, this technique along 

wjth. the satisfactory analytical cycle periods which were determineâ, 

~ontributes high accuracy to the spectrochemical analysis. 

The calibration curves used were drawn with data obtained 

from the following ~tandard samples (of chemica1 composition given in 

Table B-l, Appendix B). \ 

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

Alvechurch, England •• 

b) Low phosphorous iron (samples 2 to 10), supplied by the 

Research Institute of C. K. D., PRAHA. Czech,oslovakia. 
\ 

c) High phosphorous iron (samples Il to 15), supp1ied by 

B.C.I.R~A.,I Alvechurch, Eng1and. 

d) Nodular iron (samp1es 16 to 20), supp1ied by B.C.l.R.A., 
, 

A1vechurch; England. The calibration curves are shown 

in Figures (B-l) to (8-7) in Appendix B. 
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CHAPTER3 

RESULTS AND DISCUSSION 

3.1 PART 1: MEtTING AND SOLIDIFICATION EXPERIMENTS 

·A number of experiments were carried out to investigate the 

influence of some technological factors - su ch as furnace holding time 

and ca~ting techriique - on the solidification process. The data of '~ 

these experiments are presented and discussed in the first part of this 

chapter. 

3.1.1 Effect of Furnace,Holding Time 
on the Fading of Free Graphite Nuclei 

It was found thae 5 minutes was the average furnace holding 

time. This was the time required to add the ferrosilicon alloy (the 
\ 

graphite inoculant) to the melt bath~ and to adjust th& melt tempera-

\ 

ture ta the desired value before sampling. A number of experiments '~ 

were done to in~stigate the effect of the furnace holding time on the 

fading of free graphite nuclei: This was carried out by taking samples 

of gray cast iron at various~time intervals after the inoculation. , 

The results are given in Table (3-1), wheré it is seen that the sample 

microstructure does depend on the furnace holding time . 

. Patter~on and Lalich(SB) have explained the effect'qf the 

holding time after inoculation on the fading of free graphit~ nuclei. 

Such fading is attributable to the transformation of rare eart~_metal 

carbides (which act as heteroge~eous nuclei for graphite formation) 

, \ 
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TABLE (3-1) 

Holding Time After 
Fe-Si Addition 

(min) 

5 

17 

25 ' 

< 1 

Effect of furnace holding 
time on samp1e microstructure. 

Molds Yielding Samples 
Containing Free 

Graphite/ 

ceramic ring, and 
air-cooled copper 

~ 

ceramic ring 

none 
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into sulphides and o;ides. The ferrosilicon addition used in this 

researdn contained 0.22% calcium~- which is adequate; however, there 

are sorne other popular proprietary inoculants which have higher con­

tents of rare earth metal's. (59) 

3.1.2 Correlation between the Mold Trpe and the Microstructure 

The critical feature of the sample microstructure' as far as 

spectrochemical analysis is concerned, is the presence or absence of 
o ' 

free graphite, as weIl as its -distribution within the sample. The 

distribution of free graphite in ,the produced 5amples i5 discussed 

in Section 3.1.4~ The correlation between the sampling môld, and the 

microstructure of the various kinds of cast irons made is s~r~zed 

in Table (3-2). 

As mentioned in Chapter l, the melt tomposition(ll,12,2l)29"O) 

as weIl as the rate of solidification, (14) greatly influ~ce the micro~ 

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

off ers a different solidification, rate. Only the ceramic ring and the 

air-cOOlid co~pèr pocket molds gave samples of mott?ed. microstruct~re 

for the heats of gray and corrosion-resisting ausienitic cast irons. 
Q , , , 

This resu1 t is due to the fact that these molds offer a slower cooling 
. 

rate than the others. Th!, slow "rate of solidification, -togeth,er with 

the presence' of the graphiti~ing elements~ (e.g. copper, nickel, and-
r ' 

rare earth ~etal carbides) in the cast iron melts, promoted 'the ~aphïte 

precipitation. , .. lth magnesium actini ~s a carbide 'st;QbÙiz~r', (12) the . . ~ , . , 
'formation of free graphite in the pr~duced srunplës of ~Ôd1:l.1,ar cast 

, . '. 
iron 'occurred only ~ith the cer~mic ring mold - which·offered the sdowest 

-

" -' 
, t 

" 

" 
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TABLE (3-2) Correlation between the sampling 
mold and the-micros~ructure. 

Type of 
Cast Iron 

h 't ~. W 1 e 

nodular 

gray 

corrosion-resistin~ 
austenitic -

" , 

Molds Yielding Samples 
Containing Pree Graphi te ~ Ea) 

none 

<Ô cerall\ic ring 
(the chilled layer is 0.04 mm) --
ceramic rin~and air-cooled copper 
pocket (no ~~illed layer) 

ceramic ring and air-cooled copper 
pocket (no chilled .J.azer) 

(a) The non .. listed" molds yielded samples which were completely 
chilled. i.e. ~ad no free graphite. 

. " 

59 . 

, . 

.-



:: . , 
: . 
f 
t 

o 

• j , 

solidification rate. These samples h~d a chilled layer 0.04 mm thick. -

As for white cast ~ron, where no graphitizing elements were added ta 

the .melt, a11 the molds' yielded c~mpletely chilled samp1es. 

Figure (3~) to (3-4) shdw -the microstructures of th~ samples 

produced in the water-cooled coppe~ mold. The sections which were 

examined were longitudinal Ci. e. parallel to the sample thickness or 

height) and near the chilled surface. The microstructures of the white, 

-
nodular, and gray cast irons consist of pearlitic dendrites in a ,matrix 

'. 
of cementite. As for the corrosion-resisting austenitJc cast iron, the 

c 

carbides are precipitated betwe~the austenit~dendrites . . ' 

3.1.3 Influence of the Graphi tizing Elements .\ 
on the Growth of Free Graphite 

f 
The results given in Table (3-3) show the effect of the 

, . "-
graphitizing elements on the growth of free graphite flakes in both " 

gray and corrosion-resisting austenitic cast irQns. The latter'had 

coarser graphite flakes than the formeri because of i ~s higher content 

of graphitizing elements (such as carbon, and the rare earth Metal 

carbides of the Fe'-Si a110y added). The difference in the size of the 
o 

graphite flakes of these two cast iron allors will be a helpful guide 

in interpreting the different repeatabilities of the spectrochemical 

analysis of carbon for these alloys. 

Figures (3-5) and (3-6) show ~he free graphite flakes in a 

longit~dinal section near the chilled surface when the gray and cor-
, 

rosion-res~sting austenitic cast irons were cast in ceramic r,ing molds. 
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copper mold and etched in 3% nital, X500. 
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Gray cast iron cast in the watet'-cooled· 
copper mold and etched in 3% ni tai J X500. 
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FIGURE (3-4) , 
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Cotrosion-resisting austenitic'cast iron 
cast in the wate~-cooled coppe~ mold and 
etched in ferric chlo~ide~ X500. 
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TABLE (3-3) 

Type of 
Cast Iron 

gray • 

l '63. 

1 

1 

\' 1 
\ ! 

1-

. j 
1 1 

The ~ize and distribution of free graphit~ 
flakes near the chi lIed surface. The c~s~ 
iron me)ts were cast in ceramiê ring' mol<1/S. 

\ 1 

• i 
The Size and Distribution of ' 

ç Pree. Graphite Flakes 

Longest flakes are 1/16 in. or le~s in 
length at XlpO.. The distributio~ is 
inteTdendri tic wi th random ol'ienita bon. 

1 

corrosion-resisting 
austenitic 

l, 
Longest f1ak~s are 1/16 to 1/8 ln. in 
length at XI00. The distributi9n 1s 
interdendritic with random orieptation. 

1 

/ 

\ 

, 
, 1 

• 

\ 



'. ~,,:;;~. ~ .. - "*' 

() 

/ 

.­
, .' 

J .' 

l"I ' 

. ' 

, 1 
4 w,," t' .. ;:oJ .... .,',~. 'J;.~' 'I~ 

/ • ', ..... '1 'JI '>- ,~, 
1 dg; f t i .... ] 'f lU Iid 

! ' 

,\t' 
~t ' 

FIGURE h-S) 

" ,., 

\ . 
Gray èast iron cast in a ceramic ring 
mold and as-polished, X700. The details 
of the si.ze and distribution of the free 
graphite flakes are given in Table (3-3). 

. ., 

, . 
, . 

FIGURE (3-6) Corrosion-resisting austenitic -cast iron 
cast in a ceramie ring mold and as-pblished, 
X700. The details of the size and distribu­
tion of the free graphi te flakes are gi ven -

• , in Table (3-3). -
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. 
3.1.4 Distribution of.Free Graphite in the S~mples .. 

It, was found that the free graphite is ~ot uniformly distri-

buted in the production samples having mottled sh-uctures. Tables .. 

'(3-4) and è3-S) 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 fr~~ the 

chilled surface- (Table (3-4)).~ towards the sample centre (Table (3-5)). 
/ 

The non-uniform distribution of free graphite on the chilled 

-surface is related to the different nucleation rates, which depend"pn , 
~ ""~ ~ .(-' 

the cooli~g rat~ The &generation of such different cooling rates is , 
) 

due to the inability of the melt streams to cover comple~ely 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

.ture .. This stream rds~s the temperature O,f th. mold ~ase in such f 
way as'to retard the soli~ification of the lagging streams. These 

lagging str~ams solidify gray, resul ting in \thë formation of a ~ot~le_d . \ . 

structure. Such behavior of the meit flow over the mold base (or sur-

\, - (60) 
f~ce) suggests a mechanism for the formation of cold shuts. Figures 

\ 
\ 

(3-7) and (3.-8) iilustràte the forniation of co~d shuts on the chilled 

surfaces of two samples. \ --
A chilled surface of any sample can present different paths 

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

the chil1ed surface and the mold base, or surface. This ,explains' why 

different soiidification rates, and thus non-uniform distributions of 

free graphite (namely in the ·form of patches ~s listed in Table (3-5))', ., 
still exist away from the chilled surface. There is a dissimilarity 

/ 

j 

, . 
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(a) 

• 

TABLE (3-4) 

Type of 
Cast Iron 

gray 

~sisti~g 
austenitic 

nodular 

.,. 
~ 
~ 

il 

The distribution of free graph1te in longitudinal 
sections near the chilled surface, (a). The melts 
were cast in ceramic ring molds. ,,"-

A 
(mm) 

15 

20 

10 

B 
(mm) 

4 

3 

2 

The Distribution of Fr«ê Graphite 

The distributiôn is interdendritic with 
tandom orientation. Longest flakes are 
1/16 i~ or less in length at XIOO . 

l' The distribution is interden~ritiG with 
random orientation. Longest flakes are 
1/16 ta 1/8 i~ in length at XIDO. 

5 nodu1es/mm2, with the average diameter 
e~ual to 10 microns. 

~ 

In nodular cast iron, a ch~lled layer of 0.04 mm exists. 11 
A = the width of the ex~mined section. 

B = the total distance over which f~ee graphite exists in the section. 
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TABLE (3:5) 

Type of 
Cast Iron 

gray 

.,,", 
~/ '-, 

• 
'" 

The distribution of free graphite in longitudinal sections 
at a distance of 3 mm from the chilled surface. The melts \ 
were cast in ceramic ring mo1ds. 

A 
(mm) 

15 / 

B 
(mm) 

9 

The Distribution of Free Graphite 

~ 

The distribution'is u~iform with Tandom 
orientation. Lon*est,lflakes are 1/16 ta 
1/8 in in ~ength ,t X400 . 4 

corrosion-resisting 
'L > 

austenitic 20 7 '. 

nodu1ar 10 4 

the width of the examined section. 

The distribution is uni~orm~ith random 
o~ientation. Longest flakes are 1/8 ta 

1/4 in'fn length ~ X100. 

10 nOdu1es/mm2• w'th the average diameter 
equal to 18 micron . 

, a. 

~ 

B = the total distance ov~r which free graphite exists in the examined sedtlon. 
/} 
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f 

4 

FIGURE (3-7) Cold shuts' ,spread over the chilled surface. 
The sample i~ corrosion-resistin~ austenitic 
cast iron cast in a ceramic ring mold. X2.0 

(.J- 1 

RIGURE (~-8) .Cold shuts spread over the chilled surface 
of the unsurf{Lced portion Qf the sample. 
The analytical burns are seen on the surface 
gf the other portion. The sample i5 gray 
cast iron cast in the çonical mold. XI.l 
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between the "si:z;e and the distribution of free graphite on the chilled 
.... 

surface and 'in other sections, As' we proceed from the chiUed surface 
, . 

toward the sample centre, the free graphite becomes coarser and more 

uniformly distributed, as shown in Tables (3-4) aud (3-5). This occurs 

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

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 

The precision o~ the yacu:m erois~on spectrochemical analysis 
''-N ~ 

is interpreted as the repeatab~lity of- the measu;ement. (61) The pre-

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

ment approache~ the average 9f a series of measurements made under 
- , .. 

similar conditions. (61) On the other hand, the acc~racy of a measure-

ment signifies thY)closeness with which the measure~ent approaches the 

\ true value. (61) The accuracy is strongly dependent on the bias of the 

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

in precision may resu1t in an increase in ~ccuracy.(61) 

where 

The data from any chernical analysis is expressed as "X ± t.s;-lii" 
\ 

t = the t-value at the given degree of freedom and 

s,ignificance level 

S,X = the variance and the rnean, respective1y, of -the 

che~ical analysis 

n = "the sample size 
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The precision of the spectrochemical analy$is may be giv~n by one of 

the following two expressions: 

, ' i) 

.ii) 

t.S/m 
x: 

S 

X-

\ 

~~ L f 

'" 
_J"<::- J ; 

In the calculations of the precision, thè second expressits- was chosen 

because the first one includes the t-Value 1 which depends on the confi-

dence level. Practically, the confidence level range~ from 90 to 95%,~ 

and every consumer sets his own level. The precision term will be r 
expressed in the results as % R.V., i.e. percent relative variance ~ich 

, " S 
is equai ta (-) 100. 

X-
It 1s understood from th~ above tnat at a give~ average of 

spectrochemical composition the precision of the analysis becomes worse 

as the variance~increases. Hence, it is worthwhile to analyze both the 

variance and the Mean Qf the spectrochemical analysis statistically. . ~ 

In such statistical analys~s. the highest confidence levei of 99% was 

selected, and thè sample size was kept equal to S. The determination 

of the sample size will be discussed in the next section. The analyses 
~ . 

of the variances and the means of the spectrochemical analysis,are 

hriefly discussed below.(62) 

, , 

a) Statistical analysis of the variances 
\ 

\ 

The tabulated and calculated~-ratios judge wheth~r or not 

there is a significant difference between two variances. The test. of ' 

significance which is used for this judgment 1s the P test. 

\ 
' .. 
,'" .' 
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51,52 - the variances of th~ spectrochemical analysis for 

a given element in the first and second samples~ 

r~spectively 

v - the confidence level, 99% 
, 

the f N =- degree of freeddm 

- the sample size - 1 

.- 4 

.. ' 

Fcal,(Ftab)v,N .'the ca1culated and the tabulated F-ratios, respectively 

1- 5 2 
1 .. (3-1) F - 522 5 > 52 cal 1 

~ 

CF tab) '\I,N os 15.98 (63) 

IF toe two variances SI and ~2 are significantly 

different. 

b), Statistical ana1ysis of the means 

~e'fore analysing two means statisd.cally. i t is necessary ta . 

kn6w whether or not their variances are significantly different. Let 

the means pf the spectrochemica1 ana1ysis for a 

given element in the first and second saaples> 

respectiv~ly 

n
1
,n

2 
... ,.1:he size of the first and' second samples, tespectivelY 

5 

1 

. 
,l 
1 

'1 
1 , 
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i) Samp1e vàriances not significantly differerit 

If the F test shows that the variances of two samp1es are 

not significantry-different, the following procedure can be used to 

determine whether or not there is a,significant differe~ce between the 

- .... means of, the two samples Xl and X2. First, th~ variance of the twb 

samples in common should be deterroined: 

2 2 
52 

(n
l
-l)5

1 ... (n2-l)S2 - • nt + 112 - 2 
or 

S 2 5.2 

82 ... - 1 2 - 5 
2 as nI n2 

Thf) a value for the ~ statistic can be determined as follows: 

1 
t cal S(l/nl + l/n )1/2 2 . 

Xl -Y2 
5'(2/5)1/2 ~ 

The tabu1ated t value is equal to 
, " >--

or 

(t -.) - 3.355 (64) 
tab \1,8 

(3-2) 

(3-3) , 

If t > (t ) 'there is a s'ignificant difference between the cal tab \1 ,8 ' 
two means. , , 

1 

• 

\ 
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ii) /sample variances significan:py 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 de'tetmined frorn Equation (3-4). and a value for c is 

calculated from Equation (3-5) to then be applied in det~rmini~g the 

number of degrees of freedom (d.f) which is to 'be used with the t tables. 

t 
o cal . 

c ... 

(S12/nl + S22/ n2)1/2 

SI
2

/ n l 

(3-4) 

(3-5) 

. . 

where 

5 

d.f. 
2] -1 + Cl-cl 

n2 - 1 
(3-6) 

IF t > Ct) , there is a significant difference between 
cal tab v.d.f. 

the two means. 

3.2.2 .Determination of the ~~ber of Runs 

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

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

'" that the analyzed layer should have the same urliformity as that found 

, 
/ 

/ 

J ••• ltu /.-. 
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in industrial practice. Thus we ca!! be sure that 'the bias and conse-, 

quently the precision of the spectrochemical analysis of th~ analyzed , 

layer of the produced sample - represent real industria1 condition. 

As was mentioned in Section 1.3" a lack of precision in the 

spectrochemica1 analysis of carbon takes place when the microstructure 

of the ana1yzed sample changes from white to gray. In other words, as 

the percent age of càrbon in ,the form of free graphite increases .. the 

reproducibili ty of i ts analysis on a vacuum emiss ion ~pectrometer 

decreases. "In' Section 3.1. 4 we no~îéèd that the free graphite becomes 

co.arser and more uniformly distributed as one proceeds fromo the chi lIed 
, 

eace towards the sample centre. Consequently, it is strongly recom-

mended that the layer thickness - or the number of revealed surfaces 

of the samp1e to be analyzed - be restricted to that used in ~nàry 

practice~ 

Accordingly, the samples of mottled microstructure might )e 

'used to determine ~r number of excitations. Samples taken in the 

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 

spectrochemica1 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 

production sample. taken in a ceramic ring mold, he us\}al1y reveals at 

the most two surfaces when the overlapping of two bu~s occurs. There­

fore, i t w:s reasonab1e to be restricted ta two surfaces of the ceramic 

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

analysis. 
cf 

/ 

, , 
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3.2.3 Effect of the Micros tructure on the 

Repeatabilities of the Spectrochemical Analysis 
1 .. 

\ 
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The spectrochemical analysis results for the four kinds of 

cast irons, where no carbide stabilizer was added to the sampled melt, 

are summarized in Tables (C-l) to (C-12), found in Appendix C. The 

average spectrochemical analysis for copper o~ corrosion-resisting 

, austenitic cast iron mel t (7.5%) was higher than the upper analytical 
• 

limit of the calihration curves (0.7%). Therefor~, neither its variance 

nor repeatability could b Also, the tables of ~he spectro-

chemical results do not l~' .--.... ,.y data for the coppet' b,?ok mold. Unfor-

consistently with a 

melt sample because it had 

For a given type 
, 

ferences in the means and variances of the spectrochemi 
/ 

one mold-type to another for aIl the elements except carh 

significant differences' as do occur from one 

another can be related to one or both of the following main 
. \ 

1) Instrument stability, which is affected by the purity of 

the flushed argon. 

2) Flatness of the surfaced sample. 0 

The ~Y in which the above two sources influence th.e vacuum 

emission spectrochemical analysis was pointed out in 

sec~ 1.5.1 and 2.5.1. . • 

As for the spectrochemical analysis of1carbon, 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~id samples which froze with no free graphite. An,lnterpretati6n , 
of this observation can "he approached by way of Tables (2-6), (3-4) 

and (3-5). InoTable (2-6) it i5 understood that 

1) the excitation of carbon when in the form of graphite is 
. 

easier th an when it is in the form of carbides because 

~ ,the carbides - eSP\riallY Fe3C - need to ionize befQre 

\ the excitation, while graphite need not do 50; and 
-

~ carbon, whether elemental or as car~ides, 

~n the vacuum emission spectrometer. 

is e,4Cci table 

It is concluded from T~~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 repe~tability of the spectrochemical analysis 
"-

for carbon in samples having free graphite may be attributable to the 

pull-out of the graphité before its excitation on the vacuum emission 

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

overheating generated in the analyzed sampl.e causes an expansion of 
) 

the cast iron matrix, which in turn induces thermal ·stresses' which 

fracture the free graphite. Overheating of the ana~Jzed sample can 

take place du:ting one, or bath. of the fo11 owing two stages = 

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

grinding should be avoided, as reviewed in Section 

for oPti~m\pr;cisio~ of spectrocaemical analysis. 

b) The sample excitation, 

It is important ~'note that .... ;he reproducibility of the 

~pectrochemicai analYSil/carbon in the samples having free graphite 

------~-------"------~.~~----~._.~~-Q~ \~,.. . . :t ~., ,_ ' " .' 
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.....---strongly depends upon the size of free graphite. Corrosion-resisting. 

austenitic cast iron s~mples having freè graphite showed poorer repro­

ducibility in the spectrochemical analysis of carbon than did samples 

'\of ~ray cast iron. This can be a ttribu ted ta th~fact (as mentioned. 
'''', 

in Section 3.1.3) that the free graphite of the form,r is coarser than 
1 ~ 

that of the latter. On the other hand. nodular casyJ iron samples having 

free graphite have a higher""lèpeatability in the spectrochemical analysis 

of carbon than those of ,gray cast iron. This can be due ta the fact 
, 

that the nodular cast iron sample has less free graphite,because its 

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

a higher content ~f ~gnesium (which is a carbide stabilizing element) 

than the melt of corrosion-resisting austenitic cast iron. 
V 

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 spectrome~ry, 

yielded- a pOOl' precisi'on only in the analysis for carbon. Before deciding 

. how ta improve .the repeatability of the .spectrochemic~l analysis of carbon' 

of these samples, it is necessary to review the convenience of use of 

the various sampling molds. 

The molùs ta be used in the sampling of melts in the foundry 

must satisfy the following requirements: 

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

leakage of water during the sampling of the melt could 

result in an explosion. 

( 

" .. - ._-----------,-
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The appropriate thickness of the samp1e shou1d 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 

analysis. 

Contamination, from the samples of-previous heats should 

be avoideà. Disposable molds satisfy this condition. 

d) The melt should have maximum fluidity to fill completely 

the mold c~vity. Molds having ~arrow ingates usually 

result in the incomplete filling of the mold cavity. 

e) 'The chilled surface should have an adequate area to allow 

for at least three burns (or excitations). In this way, 

sample surfacing does not have to be done more than once, 

and thus rapid spectrochemicai analysis is feasibie. 

f) The spectrochemical analysis must have ~imum precision. 
, 

The ceramic ring mold satisfies aIl the above requirements, 

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

hand, the conical mold fuifiis aIl the above requirements except for 

cond~tions (b)' and (c); however, it does satisfy the most important 

condition Cf) ~ 

3.2.5 Improving the Repeatabilities of the Spectrochemical Analysis 

After reviewing the convenience of use of the sampling molqs 

in-Section 3.2.4, it is apparent that it is important ta improve the 
( 

precision of the spectrochemical analysis of carbon for the ceramic 

ring sampI es having free graphite. The carbide stabilizers, tin"and 
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.bismuth, as described in Tible (2-4), we1"e added 1:0 the melt in theù 

sampling spoon. There were two fiampling spoons - o~e for each carbide 

stabilizer - and the melts used were çfcgray, nodular. and corrosion-
• 

resisting austenitic cast irons. 
~ 1\ 

The conical, air côoled copper, and 

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

chemical analysis of carbon af~er the addition of carbide stabilizer. 

After treating of the m~lts with carbide stabili~ers, all the 

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

the microstructures of gray, nodular, and ~orrosion-resisting raustenitic 
\ 

cast iron melts treated.with bismuth and· cast in ceramic ring mo~ds. 
/~ 

The examined sections represent the surfaces which were exci éd ~y the 

vacuum·emission spectrometer. 

Th~ results of the spectrochemical analysis are listed in 

Tables' (C-13) through (C-IB), in Appendix C. In the case of nodular 

cast iron, the air cooled copper mold was not evaluated because it h d 
ft'-' , Jl 

yielded completely' chilled samples in previous runs where no carbide 

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

variances of the spectrochernical analysis of aIl the analyzed elements 

~including carbon) are not significantly different from one mold type 

to another. 

It should be pointed out that fol.' a given kind of cast iron 

melt, the reproducibility of the spectrochemical analysis for car?on -

after treatîng the melts with the carbide stabilizers - does not vary 

greatly from one kind of mold to another. Nor iS there a great dif-
.-

ference between the results obtained from the addition of 'bismuth and 

the resu!6/~b~ned wÙh tin. This can be seen in Tables (C-lS), (C-lB) 

and (C-'9), in Appendix C. Hen~e, the èeramic ring mold after treating 

/ 

'/ 

---- -. ,----._~-----------
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• FIGURE (3-9) 

FIGURE (3-10) 

1 

C 
\ • • t" t 't" t' ' 

orrOS10n-reS1S 1ng aUS en1 1C cas lron 
treated with bismuth and cast in a ceramic 
ring mold, XSOO. The etchant was ferric 
chloride. 

Gray cast iron treated with bismuth and 
cast in a ceramic ring mold, XSOO. The 
etchant was 3% nital. 
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FIGURE (3-11.) 
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Nodular cast iron tteated With bismuth 
and cast in a' ceramic ring mold, XSOO. 
The ~tchant was 3% ni tal • . 
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the melt with a carbide stabilizer is'able to fulfil aIl the require-

ments set out in Section 3.2."4. 

O:t; the two carbide stabilizers. tin and' ,bismuth, bismuth is 

sometimes routinely analyzed as it is felt to be deletérious for the 

formation of the nodules in nodular cast i~on.(65) In such a case} it 

i5 obvious that tin should be used in the sampling. On the basis of 

~ase of use of, the carbide stabilizer, the bismuth coated wires were 

much si!J1pler to'use than the small, tin peÎ1et5. Thus, no matter'which 
, ~ 

element is' us~a, the wire ,form i5 more conv.~nient. 

o 

, r 

1 

! 

\ 

" ' 

l 

. " 



, , 

,.1 4 hl' • ...,. 

83. 

CHAPTER 4 
. 

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 

4."1 CONCLUSIONS 

/' Evaluation of several different molds (which are lin common 

C'~ 
) 

o 

.. 
use by the North American foundry industry) for the preçision of the 

vacuum emission spec~rochemical a~alysis has led to the fol19wing 
" 

conclusions: 

1) The repeatability of the spectrochemica~ analysis, for 

carbon only, depends on the micros tructure of the analyzed" . . 

sample. The analyzed samp1es having freé graphite had 

significantly higher variances - and, consequent1y, a 

worse reproducibility - in the spectrochemical analysis 

for carbon than those having chilled microstructures. 

This resu1t can be explained by the fact that the free 

graphi te i5 non-uniformly distributed in the whole sample 

(i.e., Dit is present in the form of patches), as weIl as 

the fact that the free graphite may' be pulled out during' 

the dry surfacing, and/or the earl~ stige of the excita~ion 

period. However, the reproducibilities of the spectro- ~ 

chemical analysis for the other analyzed elements (such 

as Mn .. P, S, Si, Cu, and ~l do ~ot depend .on the micro­

stIVctures of the analyzed ~s. 
2). The ceramic ring and air cooled copper molds gave samples 

containing free graphite for the melts of gray, and cor-
t" 
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rosion-resisting austenitic cast irons. The ceramic ring 

mold was the only one to give a sample having free 

graphite for the melts of nodQlar,~ast iron. AlI the 

molds yielded completely chilled samples for the white 

cast iron 1IÎ~1 t. 

3) The levels of graphitizing elements affected the growth 

4) 

of the free graphit~. The corrosion-resisting austenitic 

cast iron had a coarser free graphite (longest flakes 1/16 

to 1/8 inch in length at XIOO) than the gray cast iron 

(longest flakes 1/16 inch or less i~ lengt~ at XIOO) when 

the melts were cast in the ceramic ring ~lds. This is 

due to the higher content of tne graphitizing elements in 
\, 

the corrosion-resisting austenitic 'cast "iron. Accordingly, 

when the analyzed samples contained free graphite, thé 

prec~sion of the spectrochemical analysis for car~on in 
\, 

corrosion-resisting austenitic cast iron was worse thap 
(j 

that of the gray cast iron. 

The ceramic ring mold is ~he most convenient one ta use, 
\ 

since it satisfies almost aIl 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 '" 

sma1l amount of a carbide stabilizer (0.05% Sn or 0.08% Bi) 

to the me~ in the sampling spoon resulted in complete 

" chi11ing of the samples. Consequently, the precision of 

-the spectrochemical analysâs fo~ carbon could be improved 

by a factor of 5-12. 

1 • .,., • 
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5) Jn the addition of.the carbide stabilizèr to the sampling 

spoons, there is no preference for the us~ of bismuth 

over tin, since both of them improved the precision 'of 

the spectrochemica1 ana1ysis of carbon by about the same 

order. 

, 4.2 SUGGESTIONS FOR FURTHER WORK 

For a deeper understanding or the process operating and the 

limitations involved, and to further improve the precision obtained in 

vacuum emission spectrochemical analysis, the following are suggested 

as possibie areas of investigation: 

1) Surfacing the sample surface which is adjacent ptQ the . 
1 adjustable sample clamp to ensure a very good electric 

cl>ntact. 

2) Corre1ating the 1ength of the excitation period and 

consequently the depth of the excited volume - to the 

average size of the free graphite présent within the 

chilled surface. 

3) Relating the precision of the spectrochemical ana1ysis 

of the samples produced to the length of the excitation 

4) 

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

- may be çonsidered. 

Applying the above 'suggestions to 'heats of higher carbon . • 
equiva1ents (C. E. ~,4. 2) th an those produced in this ' 

research (C.E. 1. 4.0). In this way, it will be possible 

to ~ke evaluations for eutectic and hypereutectic cast 

irons. 

'1 

1 
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5) Relating the repeatability of the results of the spectro· 

6) 

, 
chemical analysis for carbon to the eutectic cell numbers, 

which are dependent on: 

a) The cooling rate (or the mel t superheat). 

,b) The melt composition, that i5, the leveis of the 

graphitizing elements (e.g. C, and the rare earth 

metals), as weIl as the content of the ça~ide 
stabilizing elements (such as B~ and Sn). 

Studying the ground surface and the burned surface' of 

the analyzed sample by the vacuum emission spectrometer 

to try to determine if the free graphite is pulled out 

during the sample surfacing, and/or the s~pIe excitation. 

The ceramic ring mold is recommended for use in the experiments 

suggested ~boveJ as it was found to be the most convenient mold. 
, , 

\ 
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APPENDIX A 

Determination of the Analrtica1 Crèle Periods 

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

the excitati'on period was varied from 5 to 15 seconds, in interva1s of 

5 . seconds , to determine the best precision of spectrochemieal ana1:ysis. 
" 1 

To avoidQ samp1e hetrogenei ~y, which 1S a source of po,. precision, ~ 

standard medium phosphorous cast iron samp1e (of white microstructure) 

was emp1oyed. The chemical composition of this sample (5amp1e No.I) 

i5 given in the Appendix B. Tables (A-l) through (A-3) present the 
o 

repeatabilities of the 5pectrochemicai ana1ysis 'at the three different 
~ 

excitation periods, where 

x - average spectrochemica~ composition in scalar counts 
\ 

S - standard deviation of spectrochel!lical analysis in 

sca1ar counts 

%R. V. - precision of spectrochemical ana,lysis expressed as-

percentage relative variance, 

%R.V. 

Analrsis of Data 

The variances of the chemie,al compositions were analyzed at 
\ 

the 1% significance level and 9 degrees of freed,om (since the sample 

size was equal to 10). Let 
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TABLE (~-1) Precision of spectrochemica1 analysis (expressed as 'R. V.) 

for aS-sec excitation periode . 

1(--
, 1 , 

/ [\ 
.. 

1 
1 
1 

'Element C Mn P S (Si)r (Si)U , 

, X- 5830 7295 4070 4651 2501 3905 . 

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 

. 
1 

TABLE (A-2) Precision of spectrochemica1 ana1ysis (expressed as 'sR. V.) 
, 

for a 10-sec excitation periode , 1 
~ 

/ 
/ 

/ i 
J 

f , 
Element C Mn P S (Si) l (Si)n ) 

I 

X- 5825 7285 4055 , 4606 1960 3814 . 
s· 12.8 41.4 15.1 101.9 25.6 40.3 

f 

, 
%R.V. 0.-22 0.57 0.37 2.21 L31 1. 06 

~ . t , 
\ . 

TABLE (A-3) Precision of spectrochemical ana1ysis (expressed as %R.V.~ 
for:a 1S-sec excitation per~od. 

\ - , 

-
\ 

j 
~ ... 
1 

. . 
Element C Mn P 5 (Si)1 (Si) II 

"-

1 \ 

1 
J 

1 ,/ . 
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 
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the variances of the spectrochemica1 composition 

of an analy~d element at two excitation pe~iods 

v = the confidence level, 99% 

N - the degree of freedom • 

- the sample size - l 

9 

F F cal- tab the calculated and the tabulated F-ratios, 

F -cal 
j 

The variances of the chemical compositions of the analyzed 

elements are not significantly different. \ Therefore, the excitation 

period of 5 seconds, being the short est one, was the most reasonable . . 
Ume. !n general, that excitation period gave a more consisten~. 

-/ 

spectrochemical analysis_ as éxpressed by %R.V •• than the other two 

p~riods. 

Generally. the first line of silicon, (Si)! of wavelength 
o 

2881.58 A, had a lower %R.V. (i.e., more repeatable spectrochemica1 
o 

analysis) than\the second line, (Si)!! of wavelength 3905.00 A. There-.. 
fore, the (Si)! line was used in the computation of the compositions. 
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Sample 
No. 

1 ~ 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
11~'-

18 
19 
20 

( 

APPENDIX B 

Calibration Curves 

'" TABLE (B~l) Che~ical compositions of the 

~ 

" 
C Mn . 

3.60 ~640 
2.30' 0.510 
2.60 0.410 
2~70 0.090 
,2.80 1.770 
3.10 1.440 
3.30 0.790 
3.40 0.380 
3.80 0.940 
4.40 0.100 
2.55 0.420 
3.01 0.760 
3.45 0.990 
2.74 0.580 
3.28 0.220 
3.7p 0.580 
3.30 0.017 
2.88 0.110 
3.14 0.490 
3.53 0.290 

standard samples used in setting 
up the calibration curves . .. 

Chemica1 Composition (wt%) , 

p, S 
, 

Si Cu \ 

0.200 0.130 1.60 ) 0.22 
0.035 0.020 3.45 0.16 
0.071 0.056 2.40 0.09 

- 0.010 1.96 0.01 
0.290 0.042 1.44 /' 0.33 
0.180 0.091 1.20 0.27 
0.560 0.130 0.69 0.06 

- '0.007 -0.54 1.15 
0.050 - 0.51 0.52 
0.004 - 0.17 0.70 
0.790 0.076 3.12 -
0.270 0.103 2.37 -
O. ilo 0.029 1.95 -

0 0.420 0.lt3- 2.70 -
1.080 0'0r17 1.58 -- 0.005 " 1.90 0.02 

- - 1.80 - -- - - 2.94 -- - 2.41 -
- - 2.03 -

90. 

Mg 

-
-
-. 
--
-
-

0.100 
0.070 
0.050 
---
-
-

0.070 
0.079 
0.061 

c 0.028 
0.047 . 
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APPENDIX C 

Re5ults of Spectrochemical Ana1ysis 

TABLE (C-l) The average compositions of the samp1es 
of corrosion~resisting austenitie east 
irone No carbide stabi1izer was added 
te the sampled melt. 

98. 

\r-------------------------------------~----~ 
\ Composition (wt %) 

/ 

Mold Type C Mn P S Si Cu 

ceramie 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 ~~59, 0.434 0.0313 0.0600 3.777 > 0.7 

conica1 3.62 0.414 0.0321 0.0600 3.694 > 0.7 

water-eoo1ed copper 3.59 0.434 0.0311 0.0611 3.754 > 0.7 
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TABLE (C-2) The variances of the spectrochemical, 
analysis of the samp1es of corrosion­

.J/ resisting austenitic cast irone No 
carbide stabilizer was added to the 
sampI ed me 1t . 

Variance (wt %) 

Mo1d TyPe C Mn P S Si 

ceramic ring 0.28 0.030 0.000'3 0.0031 0.038 
r \ 

air-eoo1ed copper 0.27 0.031 0.0003 0.0030 0.032 .. 
sand 0.02 0.010 0.0005 0.0030 0.030 

cas,t iron book 0.02 0.010 0.0004 0.0010 0.040 
/' 

coniea1 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 spectroch~mical analysis, 

expressed as 'R.V., of the samples of corrosion­
resisting austeni~ic cast iron. No carbide 
st~bilizer was added- to the sampled melt . 
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TABLE (C-4) 'The average compositions of the samples 
of gray cast iron. No carbide stabilizer 
was added to the samp_led mel t. 

'" 
Composi tion (wt %) 

Mold Type _ C Mn- P S Si Cu 
~ 

ceramiç ring 3.,10 0.833 0.4400 0.0900 1.5~0 0.1300 
1 

air-cooled coppéf 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 
bo°1 

3.54 0.833 0.4501 O.O!!OO 1.558 0.1300 

conical 3.59 ' 0.812 0.4300 0.9900. 1.580 0.1300 . 
~ , 

wat er-cool ed ~opper 3.54 0.833 0.4300 0.0900 1.601 0.1300 

\ 
\ 
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\ 

\ 
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TABLE (C-S) The variances of the spectrochemica1 ana1ysis 
of the samples of gray cast iron. No carbide 
stabilizèr was, added to the sampled melt. 

Variance (wt %) 

Mold Typ~ C Mn P S Si Cu 

ceramic ring 0.23 0.035 0.0100 0.0020 0.032 0.004Q 

air-cooled coppèr 0.23 0.030 0.0100 0.0030 0.030 0.0040 

sand 0.05 0.025 0.0260 0.0020 
l, 

0.020 0.0040 

cast iron book 0.04 0.030 0.0100 0.0030 0.034 0.0070 

conica1 0.02 0.010 0.0200 0.0030 0.020 0.0090 

water~coor~ copper 0.03 0.010 0.0100, 0.0030 0.010 0.0040 

\ 
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"TABLE (C"-6) 

/ 

Mo1d Type 

ceramic ring 

J 

The precision of the spectrochemica1 analysis. 
expressed as %R. V. J of the samp1es of gray [/ 
cast irone No carbide stabilizer was added to 
the sampled mel t •. 

C Mn P S Si Cu 

103 • 

7.42 4.202 2.2727 2.2222 2.078 3.0769 

air-cooled eopper 7.40 3.704 2.2727 [ 3.750'0 1.939 3.0169 
" 

sand 1.41 3.001 5.778 2.2222 1,.300 3.0769 

'cait iron book 1.13 3.601 2.2217 3.3333 2.182 5.3846 

conica1 0.56 1.232 4.6512 3.3333 1.266 6.9231 

water-cooled-cop~er ~.8S 1.201 2.32S6 3.3333 0.625 3:0769 

,/ 
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1 

'" 
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TABLE (C-7) The aV,erage compositions of the samp1es ~ , of nodular cast iron. No carbide stabi1-
izer was added to the samp1ed'me1t. 

~ 

1 
/' 

,.. Composition (wt %) 

1 
Mold, Type C Mn P S Si Cu, Mg 

, \. 

(') ceramic ring, 2.31 0.580 0.0256 0.0151 1.821 0.0600 0.0500 
,-' , , 

air-coo1ed copper 2.66 0.601 O.D256 0.0132 1.880 0.0630 0.0500 

sand 2.67 0.650 '0.0266 0.0138 1.964 0.0601 0.0479 -
ca.st- iron book 2.66 0.660 0.0270 0.0137 1.940 0.0600 0.0521 

conica1 2.64 0.663 0.0262 0.0145 1.903 0.0675 0.0500 

water-coo1ed copper 2.66 0.660 0.0256' 0.0137 1.890 0.0600 0.0500 

) , 

, .. 
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TABLE CC-8) The variances of the spectrochemica1 ana1ysis 

Mold Type 

ceramic ring 

air-cooled~opper 

sand 

cast iron book 

conical 

of the samp1es of nodu1ar cast irone No car­
bide stabi1izer was added to the sampled melt. 

Variance (wt %) 
---------'~ 

C Mn P S Si Cu 

0.13 0.061 0.0003 0.0003 0.063 0.0064 

0.01 0.030 0.0003 0.0007 0.042 0.0020 

0.02 0.043 0.0003 0.0003 0.049 0.0040 

0.02 0.029 0.0004 0.0004_ 0.060 0.0040 

0.01 0.042 0.0005 0.0006 0.045 0.0036 

water-cooled ~opper 0.01 0.037 0.0003 0.0004 0.065 0.0040 
/'" 

/-' 

l ' 
'" 

195. 

Mg 

. \ , 

0.0030 

0.0010 

0.0010 

0.0010 

0.0010 

0.0013 

.. 

\. 
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TABLE (C-9) The precision of the spectrochemical analysis, 
exp,ressed as 'oR. V., of the samples of nodular" 
cast iron. No carbide sta~ilizer was added to 
the sampled mel t. 

Mo1d Type C Mn P S Si Cu 

, 
ceramic ring 5:63 10:517 1.1719 1.9868 3.460 10.6670 

, 
air-coo1ed.copper 0.38 4.992 1.1719 S.3030 2.234 3.1746 

sand 0.?5 6.615 1.1278 2.1739 2.495 6.6556 

cast hon book 0.75 4.394 1.4815 2.9197 3.093 6.6667 

cO{1ica1 0.38 6.335 1. 9084 4.1379 2.365 ' 5.3333 

water-coo1ed copper . 0.38 5.606 1.1719 2.9197 3.439 6.6667 

-~ 
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1\ 

, 
Mg 1 

1 
,1 
d 

6.0000 

2.0000 

2.0877 

1. 9194 

2.0000 

2.60.00 
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TABLE (C~10) The average compositions of the' 
samples of white cast irone No 
carbide stabi1izer was added to 
the samp1e~ me1t. 

Composition (wt %) 

Mo1d .Type C Mn P S Si 

ceramic ring 3.06 0.569 0.0900 0.0900 0.650 

air-coo1ed copper 2.99 0.578 0.0900 0.0900 0.650 

sand 3.09 0.585 0.1024 0.0900 0.656 

cast iron book 3.11 0.614 0.1004 0.0941 0.6'32 
\ 

éon~ca1 3.14 0.590 0.0962 0.0983 0.644 

water-coo1ed copper 3.02 0.596 0.0942 0.0978 0.650 

/ 

- \ 
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Cu 

O.i500 

0.1500 

0.1562 

0.1562 

0.1500 

0.1600 
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TABLE (C:'ll) , The v!1riances of the spectrochemical anàlysis 
of the samples of white cast irone No carbide 
stabilizer was added to the sampled' melt. , 

\ 

\ 
• Variance (wt %) 

Mold Type C 'Mn P 5 Si Cu 

ceramic ripg _ O. OS 0.014 0.0030 0.0020 0.003 0.0030 . , ' 

air-cooled copper Q.O~ Q.005. 0.0020 0.0020 0.010 0.0030 
/ 

sand O.OS- 0.017 0.0050 0.0060 0.010 0.0040 

cast iron book O. OS 0.012 040020 0.0020 0.010 0.0030 

conical 0.05 0.013 0.0040 0.0040 0.010 0.0030 

water-cooled copper 0.02 O.OU 0.0020 O. 0053 0.010 0.0100' 
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TABLE (C-12) 'thé precision ,of the spectrochemical analysis, ~ 
J expressed as %R.V., of the samp1es of white 
~ cast irone No carbide stabi1izer was added f' 
~ to th~"sampled melt. 

1 
J , 

,1 

\ 
, 

Mo1d Type C Mn 'p S Si Cu 

1 
/ 

• 1 

ceramic ring 1.63 2.460 3.3333 2.2222 0.462 2.0000 

f 0 air-coo1ed copper 1.00 0.865 . 2.2222 2.2222 1.539 2.000 
" t 
~~ sand 1.62 2.906 4.8828 6,'6667 1.524 2.5608 f 
! cast iron book 1.61 1.954 1.9920 2.12~4 1.582 1.9206 

/' 

conica1 1.59 2.203 4.158Q 4.0692 1.553 2.0000 
r 

water~c901ed copper 0.66 2.181 2.1231 5.4192 1.539 6,2500 

1 l 
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TABLE (C!13) The average compositions when bismuth ' 
(0.08% Bi) was added to the sampled melt. 

Composition -,(wt %) -, , 
. 

Mo1d Type C ~Mn P S Si Cu 
-

ceramic ring 2.78 0.429 0.0201 0.0230 3.712 > 0.7 
air-cooled copper 2.77 0.429 '0.0205 0.0243 3.728 > O. T 
conica1 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 
air-coo1ed 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 

ceramic ring 3.20 0.529 0.0208 0.0089 1.875 0.0370 
coniea! 3.19 0.576 0.0222 0.0083 1.9~1 0.0392 . 
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Type of 
Cast Iron 

corrosiori-
resisting 
austenitic 

gray 

nodu1ar 

\ 
\ 

'w 

Rold Type 
" 

ceramic ring 

t J 

l'' -. 

\ 

TABLE (C-14) The varianc~s of th~ spectrochemical 
ana1ysls when bismuth (0.08\ Bi) was 
added to the sampled melts. 

Variance (wt %) 

C Mn P S Si 

0.02 0.017 0.0004 0.0010 0.090 
air-cooled copper 0.05 0.019 0.0004 0.0020 0.079 
conica1 0.04 0.015 0.0007 0.0009 0.05,7 

, 

ceramic ring 0.03 0.034' , 0.0100 0.0040 0.042 
alr-coo1ed copper 

,-
0.'06 0.033 0.0120 0.0030 0.051 

conical ,0.03 0.017 0.0160 0.0030 0.030 

ceramic ring 0.03 0.024 0;0008 0.0003- 0.061 
conical 0.01 0.040 0.0007 0.00'04 0.098 

-

~ .. ~"'~~? ~ 1'r- .~.Jo"'oPl""'""-__ ~'"""I'~-+ ~-"-"--"''''''.".-r "!' ....-~ ... --..,,.,f<',,...,,.~ 

\~ 
\ . \ 

.. 

/ 

1 

1 

Cu Mg 
1 

- -
- -
- ) -

-
0.0060 -
0.0050 -
0.0070 -

\ 

0.0019 ' 0.0009 
0.0027 0.0006 

------ - -~-----
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TABLE (è-15) The precision of the spectrochemica1 ana1ysis, 
%R.V., when bismuth (0.08% Bi) was added to 
the sampled melts. 

7' " -
'" 

Mold Type C Mn P S Si Cu 

ceramic ring 0.72 3.963 1.9900 4.3478 2.425 
Q air-coo1ed copper 1.81 4.429 1. 9512 8.2305 2.119 

conica1 1.41 3.261 3.2864 3.6145 1.488 

ceramic 'ring 0.96 4.474 2.7027 5.2632 2.541 5.0000 
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 

ceramic ring 0:94 4.537 3.8462 3.3708 3.253 5.1351 
conical 0.31 6.944 3.1532 4.8193 4.902 6.8878 

../' 

Mg i 

3.1469 
2.0134 

,/ 
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TABLE' (C-16) The average compositions when tin (0.05% Snj 
was added to the sampled me1ts. 

Composition (wt %) 

Mo1d Type C Mn -" P S Si Cu 

ceramic ring 2.45 0.422 0.0202 0.0307 3.524 > 0.7 
air-cooled copper 2.59 0.423 0.0198 0.0382 3.530 > 0.7 
conieal 2.53 0.448 0.0206 '0.0349 3.604 > 0.7 

eeramic ring 2.99 0.765 0.3640 0,0800 1.913 0.1460 
air-cooled coppet 2.99 0.745 0.3692 0.0804 1.971 0.1432 
conica1 3.05 0.776 0.3800 0.0862 1.936 0.1514 

ceramie ring 3.26 0.562 0.0239 0.0116 1.376 0.0360 
coni~al ;5 3.31 0.614 0.0243 0.0119 1.418 0.0422 

• .! 
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Mg , 1 

< 0.028' 
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'" TAB[J: (C-11) The variances- of the spectrochemica1 ana1ysis .-, 
when t1n (O~OS\ Sn) was addéd to the samp1ed me1ts. 

,.r \ -J 
-, 

.. t:~~ .) , -
,-' 

Variance (wt \) 
, .. 

, Mold Type C Mn P S Si Cu , 
, 

-. 
cerallic ring 0.02 0.024 0.0004 0.0021 , 0.033 -
air-cooled copper 0.03 0.016' 0.0003 " 0.0024 0.099 -
conical 0.03 0.013 0.0002 0.0025 0.036 -- . 

a 

ceramic ring 0.03 0.031 0.0090 0.0040 0.040 0.0050 
aïr-cooled copper 0.03 0.033 0.0190 0.0040 0.04Q 0.0030 
conica1 0.05 0.016 0.0240 0.0050 0.012 0.0060 

4 

ceramic ring 0.03 0.051 0.0003 0.0007 0.024 0.0061 
conical . 0.02 0.025 0-.0002 0.0005 0.021 0.0050 
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TABLE (C~18) 

"'-
,/ 

Type of 
Cast Iron Mold Type C , 

" 

corrosion- ceramic ring 0.82 
re,sisting air-cooled copper, 1.16 
austenitic conical 1.19 

'- -

ceramic ring 1.00 
gl'ay. air-cooled coppeT 1.00 

\ 
,coniea1 , 1.64 ", 

/ 

, 

nodular ceramic ring 0.92 
coniea1 0.60 
~_._. __ ._-- --- --_ .. _------- ~ 

\ 
The precision of the spectrochemical 
analysis when tin (0.05% Sn) was 
addedlto the sampled melts. 

\ 

' Mn P S Si, 

5.687 1 1.9802 6.8404 0.936 
3.783 1.5152 6.2827 2.805 
2.902 0.9709 7.1633 1.007 

" . 
4.052 2.4725 2.0910 2.091 
4.430 5.1463- 4.9751 2.029 
2.062 6.3158 S.8005 0.620 

, 

9.075 1. 2552 6.0345 1.744 
4.072 0.8231 4.2017 1.4&1 

-- --_. - - -

,/ 

" 

Cu Mg 

- -
- -
- -

3.4247 -
2.0950 -
3.9630 -

16.9440 -
11.8480 -
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TABLE CC-l9) Correlation between the carbide stabiUzer added 
ta the sampled melt (a), and the ord~r of the 
improvement in the presision of the spectrochemical 
analysis of carbon, O.I.P.,(b). The samples were 
cast in ceramic ring molds. 

Corros~on-
Resisting _ 

Austenitic Gray Cast Nodular Cas t White Cast 
Cast Iron Iron Iron 
Iron 

Carbide . 
Stabilizer !!iR.V. O.l.P. SoR.V. O. I.P. %R.V. O.LP. %R.V. O.!. P. 

none 9.03 7.42- 5.63 \, 1.63 

bismuth 00.72 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 bismùth and tin in the sampled melts were 0.08, 
and O.OS percent, respectiveIy. 

(h) O.l.P. -
where (%R,V')l and (%R,V')2 

(%R,V')I - (%R,V')2 

(%R. V.) 2 

the percent relative variances before 
and after adding the carbide stabi­
lizer, respectively. 
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