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Abstract

The work determined the influence of aluminium fre tamount from about 0.6% to about 8% on grapthiitizeof cast iron with
relatively high silicon content (3.4%-3.9%) and lavanganese content (about 0.1%). The cast irorsplasroidized with cerium mixture
and graphitized with ferrosilicon. It was found thiae degree of graphitization increases with ameiase in aluminium content in cast
iron up to 2.8%, then decreases. Nodular and vetarigraphite precipitates were found after theliagddreatment in cast iron containing
aluminium in the amount from about 1.9% to about 8¥%e FgAIC, carbides, increasing brittleness and deterioratiegmachinability of
cast iron, were not found in cast iron containipgaabout 6.8% Al. These carbides were revealdiomast iron containing about 8% Al
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1. Introduction

Aluminium is one of the basic alloying elements editb cast
iron. It results from the fact that its introductinto the cast iron
is one of the most effective ways of increasingftteresistance
of the material [1-5]. It should be stressed thw tllowable
working temperature for aluminium cast iron produiticreases
with an increase in aluminium content in the allbgcause this
element increases both the temperature of generafithe most
harmful layer in the scales, i.e. wistite [3], até eutectoid
temperature of cast iron [5, 6].

The presence of aluminium in cast iron leads todinereased
carbon solubility in the alloy. According to J. Bobro [3], the
relative decrease in carbon content, experimentalind for cast
iron containing 3.5% of silicon, ranges from 2%r (2% Al
content) to 9,5% (for 8% Al content). Higher silica@ontent
values distinctly intensify this downward trendsélF. Neumann,
H. Schenck, and W. Patterson [7] found that aluammi(like
silicon, nickel and some other elements) decreasadon
solubility in cast iron. The data reported in R&}. $how that an

increase in aluminium content in cast iron from40@2to about
15% resulted in the drop in carbon content fromittigal value
of 3.80% to 2.19%. The kinetics of carbon contéminge was
somewhat different when 2% of magnesium was inttedunto
the alloy of similar composition (the Al contentnged from
0.46% to 10.90%, the silicon content was maintaibetlveen
3.10% and 3.70%), but the direction of change Wwasame.

As the aluminium content in cast iron increases, ghantity
of carbon in eutectics falls, though so far the njisative
descriptions of this dependence given by some asitf 6, 9]
are inconsistent.

Aluminium content greatly affects the form of gréaphn cast
iron, as well as the structure of metal matrix,-beither in this case
— authors are of various opinions on the intensftygraphitising
influence of aluminium. It is quite possible th&tetsignificant
differences in evaluation of aluminium as the gitqhg or —
within a certain range of its content — anti-gréiplnig element
result from the fact that chemical composition lidys examined
by various authors was also various.

A thorough study concerning the effect of aluminiomthe
microstructure of cast iron containing 3.1+3.8%siicon, both
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for grey cast iron with flake graphite and for maginm treated
cast iron, was carried out by T. Dumitrescu [8kHbuld be noted
that the author calls the cast iron with Mg additithe nodular
cast iron’ even if the quantity of graphite pretapes is very
small. The discussed author examined the castdafdhe above
mentioned composition using conical specimens 35 igh,

with base diameter equal to 24 mm, and he fount-thia the

case of cast iron with flake graphite — the degrfegraphitization
Cy/Ciota increases with an increase of aluminium conteomfr
0.24% to 3.35%. The total amount of carbon took fiven of

graphite at aluminium content equal to 3.35% 00%5 Further
increase in aluminium content up to about 6% resuih quick
reduction of the degree of graphitization, and wtrenAl content
exceeded this value, this drop was even more iivier(sip to

8% Al). For the cast iron treated with 2% additafrmagnesium,
the increase in aluminium content up to 3.65% wa®mpanied
by the increase in the degree of graphitizatioiglitly exceeding
90%), then the degree of graphitization decreasaduglly until

the Al content reached 7%, and dropped rapidlyaiominium

content increasing from 7% to 8%. The examinaticarsied out
by T. Dumitrescu indicate that the treatment oft desn with

magnesium suppress the graphitization process.

The data reported in Ref. [10] indicate that therend full
graphitization of cast iron containing either ab&i8%, or about
2.1%, or about 2.8% of aluminium after treatingvith FeSiMg7
master alloy and modifying with ferrosilicon. Thestallographic
examination carried out for specimens taken frodsrof 20 mm
diameter revealed that the pearlite fraction amedind 20+45%.
Full graphitization was not achieved either in thgereutectic
cast iron of the reduced silicon content, alloyethwabout 3% of
aluminium and treated with cerium mixture addedjirantity of
either 0.1% or 0.2% [11].

The effect of aluminium on cast iron graphitizatieas also
discussed in other works, e. g. [12-14].

2. Authors’ investigations

The purpose of the work was to determine the infbeeof
aluminium in the amount up to 8% on the crystali@a of
graphite in cast iron sferoidized with cerium miguand
graphitized with 75% ferrosilicon. All the experintal melts
were carried out for the charge material of the esarmemical
composition. The main component of the charge veially
prepared grey cast iron containing basic elemerithirwthe
beneath specified limits.

While assuming the desirable carbon content in‘¢harge’
cast iron two aspect were taken into account: erotie hand, the
nodular cast iron should be achieved, so the sggmf amount of
carbon would be advantageous; on the other hanititoeluction
of aluminium would restrict the carbon solubility¢ast iron, so if
the carbon content would be too large, a dangerkish
precipitation would arise [3]. Considering the ab@rerequisites,
it was assumed that the quantity of carbon in tharge’ cast iron
should be kept within the 3.2% to 3.4% limits. ®ilé&con content
in the ‘charge’ cast iron was assumed to fall witBi7% to 1%
range. Since the microstructure with the possikisge ferrite
fraction was to be achieved, the manganese contenassumed
not to exceed 0.10%.
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The initial assumption was that the values of ahiom
content for subsequent melts would increase byt®.6.9%. It
was taken into account that the equal incrementalinontent
would be difficult or even impossible to achievegarding the
difficult-to-predict aluminium melting losses, whican fluctuate
greatly even for cast iron containing a small qirgnbf
aluminium, e.g. from 16% to 30% for cast iron camiteg up to
about 5% Al and up to about 3% Cr [15].

The ‘charge’ cast iron, ferrosilicon, cerium mixaurand
aluminium were used for experimental melts.
composition of the three multicomponent materialsgiven in
Tables 1- 3, respectively.

Table 1.
Chemical composition of charge cast iron

Content of elements, %

C Si Mn P S

3.29 0.84 0.092 0.040 0.026

Table 2.
Chemical composition of ferrosilicon

Content of elements, %

Si C Mn P S Al Ca
67.1 0.27 0.42 0.038 0.004 2.05 2.40
Table 3.

Chemical composition of cerium mixture

Content of elements, %

Si Al Mg Ce Nd Pr La Fe

0.20 0.05 020 492 17.5 54 237 0.05

The experimental melts were carried out in a latooya
induction furnace. The furnace inductor was supgbligth the
AC of up to 10 kHz frequency from the thyristor eenter of
the Leybold-Heraeus IS1/lll-type induction vacuunrrface.
The melting process was carried out in a cruciflabmut 8 kg
capacity, made of heat-resistant concrete (nemteaérial).

The melting operation was carried out as follows2@0 g
portion of fragmented ferrosilicon was placed oa Hottom of
the crucible, then the pieces of the ‘initial’ casin (cut rods of
about 30 mm diameter) were charged in the amou®000 g.
After melting the charge and overheating it up #90°C, the
melt was slagged off and a piece of aluminium fiadhe end
of a steel rod was introduced beneath the metatomiThe
mass of added aluminium increased from 36 g forfitlsé melt
(No. 1) to 546 g for the last one (No. 14). The tveds heated
again up to 1360-1380°C, mixed and slagged off.nTberium
mixture was added in the amount of 0.11% of thaltotass of
the molten cast iron, and the melt was mixed twiEe/e
minutes after the introduction of cerium mixtures tmelt was
mixed again, slugged off, and the graphitizing rficdtion was
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carried out with roasted ferrosilicon of 2-4 mm muéarity,

added to the melt in the amount of 1.29% with rdgarthe cast
iron mass. The cast iron temperature at the moroérihese
latter modification was within 1360-1380°C rangdteh about
five minutes’ time the melt was mixed, slagged affid the
metal was poured directly from the crucible intmdanoulds.
Truncated conical specimens were cast, their aredi@meter
(i.e. the diameter halfway their test part) equal0® mm. The
specimens, satisfying the conditions for the setfinite

cylinder, were tapered to ensure their directicswidification.

Fig. 1 presents a specimen along with its sinkh@etessary
for proper feeding of a nodular graphite cast icasting). These
rod-like specimens were cast
self-hardened sand bound with liquid glass.

Fig. 1. The rod-like cast specimen with an indidgtéace
from where the metallographic specimen was taken

During the experiment there was kept a rule thataérium
mixture used for spheroidization and the ferrosiicused for
graphitisation should be added in a fixed propartio the total
metal mass, consisting in the total mass of thargd' cast iron,
the mas of ferrosilicon added to the crucible thiewe the
assumed quantity of silicon in cast iron, and thassn of
aluminium introduced to the melt.

It should be stressed that the quantities of cernirture and
ferrosilicon used for treatment of aluminium casbni here
considered were found as optimum values in the aafse
spheroidization process performed on low-aluminicast iron
containing about 3% Al addition [16], i.e. on casin with
aluminium content falling more or less in the midif the here
considered range of Al content.

The results of examination cast iron compositionsdpced
during the subsequent melts are presented in Tabkoth the

97 ARCHIVES of FOUNDRY ENGINEERING Volume 14,

content of basic elements (C, Si, Mn, P, and S)thedluminium
content were found by conventional ‘wet’ analysis.

in moulds made of the

Table 4.
Chemical content of cast iron
No. of Content of elements, %
melt Al C Si Mn S P
1 0.63 3.08 3.63 0.11 0.018 0.06
2 1.11 3.1 3.6 0.1 0.018 0.06
3 1.89 3.08 3.79 0.1 0.017 0.05
4 2.79 2.89 3.68 0.11 0.022 0.055
5 3.44 2.77 3.66 0.11 0.022 0.055
6 3.77 2.72 3.61 0.11 0.015 0.045
7 4.24 2.7 35 0.1 0.014 0.042
8 4.67 2.57 3.87 0.1 0.01 0.041
9 5.34 2.71 3.4 0.1 0.018 0.046
10 55 2.65 3.63 0.11 0.016 0.041
11 5.9 2.57 3.65 0.11 0.017 0.052
12 6.38 2.53 3.42 0.1 0.02 0.033
13 6.79 2.63 3.72 0.11 0.012 0.033
14 8.02 2.48 4.1 0.11 0.011 0.034

Calculations carried out for the data concerningdhantity
and the chemical composition of charge materiasyell as the
results of chemical analysis of the produced all@®wed for
determining the equation linking the relative desee of carbon
solubility in aluminium cast iron with the addedamtity of the
alloying element. Calculations took into accountdiaéa referring
to the melts No. 4 to No. 14. The data from thetsndlo. 1 to
No. 3 were omitted due to the fact that the diffiees in
aluminium content in the charge and the resultmst alloys were
of little practical significance. The discussed at&nship is
illustrated in Fig. 2.

i
W

fary
=

Relative decrease in carbon selubility, %
~
L

2 3 4 5 6 7 B

Al content in cast iron, %

Fig. 2. The influence of aluminium content in ciash on the
decrease in carbon solubility in the alloy

Calculations of aluminium melting losses took intc@unt
that this element was introduced into cast ironarmy as a piece
of pig aluminium, but also with the ferrosilicomth the one used
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to increase the silicon content in aluminium and ¢ime applied
during the graphitizing modification. The averagin@nium

melting loss was equal to 19.7%; the minimum mgltoss value
was found to be 12,7%, the maximum one — 28.7%edims that
the distinct tendency of the melting loss valuedezrease after

the aluminium content had

exceeded about 5% cestated (see

Fig. 3). It can result from the fact that after théroduction of
aluminium into a crucible beneath the metal miriba, sufficient
Al amount is used, a tight aluminium oxide filmcaeated on the

cast iron surface and preve

nts the metal from éurtkxidation.

Fig. 5. Microstructure of cast ir
(melt No. 6); etched with Nital, magn. 300x
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Table 5 juxtaposes the quantities of pearlite apdité
occurring in the examined cast iron and the grapttiaracteristics
determining the shape and the size of its pretgsita

Table 5.
Quantities of pearlite and ferrite in the examioast iron
Microsetion area

Fig. 3. Percentage of aluminium melting lossesrduthe

production of cast

iron with various Al content

The metallographic examinations were carried outr®ans
of the optical microscope ‘Neophot 1’ and the cotepumage
analyser. The examinations performed by means ebgkot 1’
included the determination of graphite charactiessiccording to

the Standard [17] and the

estimation of the peaditd ferrite

percentages (also of the cementite percentagaotypes of cast
iron) according to the Standard [18]. The measungsnaken by

means of the computer

image analyser allowed fog th

determination of the area occupied by graphite ipitates
revealed on the surface of metallographic specinkégures 4

and 5 show as an exam
microstructure of alloy comi

ple the graphite precipitates the
ng from the melt No. 6.
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No. of occupied by pearlite Characteristics of
melt and ferrite, % graphite precipitates
P20
1* Fe70 C10 IV 56
P45
2* Fe30 C25 IV 56
3 P6 60%61116/7+40%V17/8
Fe94 -
4 Eg 60%I116/7+40%V16/7
5 P6 70%I115/6+20%V 167+
Fe94 10%V6
P45 o o
6 Fe55 60%I116/7+40%V16
P45 o o
7 Fe55 60%I116/7+40%V16/7
P45 o o
8 Fe55 80%I116/7+20%V 167
P70 o o
9 Fe30 60%I116/7+40%V17/8
P45 o o
10 Fe55 60%I117/8+40%VI17/8
P45 o o
11 Fe55 70%I118+30%VI18
P45 o o
12 Fe55 60%I118+40%VI8
P45 o o
13 Fe55 60%I118+40%VI18
P20 carbide
*% 0, 0,
14 Fed0 / phase 70%I117/8+30%VI17/8

Fig.'4. Graphité precipitates in cast iron contagn8.77% Al
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(melt No. 6); non-etched microsection, magn. 100x

* cementite was found in the cast iron microstite;
** the FgAICx carbide was found in the cast iron microstructure;
the area occupied by precipitates of this carbide @stimated
to be about 40% of microsection area
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Figure 6 illustrates the relationship between themamium
content in cast iron and the area fraction occupgdyraphite
precipitates. This figure does not include the daiming from
the melt No. 14 because of the presence of sigmifiamounts of
FeAIC, carbide in the alloy microstructure.

X

)
wn
XN

3
X

X
P=-0,18(%AN?+ 1,08(%Al) + 4,29

X £

Area occupied by graphite precipitates, %

0 1 2 3 4 5 6 7

Aluminium contentin cast iron, %

Fig. 6. The influence of aluminium content in cash on the area
occupied by graphite precipitates; the curve reprissthe
equation course, x-es correspond to the experirhéata,
the accompanying number stands for the number tf me

3. Conclusion

The measure of the graphitization ability of casiniwith
aluminium addition treated with cerium mixture afedrosilicon
was the percentage of the total microsection aapmed by
graphite precipitates. The basis for the analysisréated by the
detailed measurement results achieved from exaiomatf the
non-etched metallographic specimens by means otdhguter
image analyser (Fig. 6). The supplementary dateceronthe
assessment of the quantities of pearlite and deraiong with the
characteristics of graphite precipitates in thengrad cast iron
(Table 5).

The data presented in Fig. 6 indicate that asathminium
content in cast iron increases from 0.63% to 2.7a#6ys from
melts No. 1-4), the area occupied by graphite pietes also
increases from about 5% to about 6.8%. Then, ad\tlw®ntent
increases further, the area occupied by graphiteedses to about
3.8% for the cast iron containing about 6.8% Ab(fr the melt
No. 13). The relationship between the area occupiedraphite
precipitates and the percentage of aluminium in tas can be
described by the following equation:

=-0.18 - (%AB+ 1.08 - (%Al) +4.29 @)
where: P — the area occupied by graphiteitates, %;
%Al — the aluminium content in cast iron, %.
Calculations of the above parabola coefficientdauted the data
concerning the cast iron from the melt No. 14 hthidd be noticed
that in the case of this alloy, containing about 8%¢he occurrence
of aluminium carbides was revealed in the microsime; the area
occupied by graphite precipitates decreased ta @8is.
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The results of the performed examinations indidht the
increasing aluminium content facilitates the cagtoni
graphitization within a certain range of content (o about 2.8%
Al), but its further increase suppresses the gtaptriecipitation.
Calculations performed for the determined equatisimsw that
the maximum graphitization (P =5.97%) occurs farmanium
content equal to 3.09% Al. These observations ré#féttle from
the data reported elsewhere [3, 8], which assignfaximum
graphitization to the higher aluminium contents.

It should be noticed that — in the case of cast icoming
from the first two melts, i.e. for aluminium conten the alloy
equal to 0.67% or 1.11% — the graphite precipitatethe alloy
occurred in the form of exploded nodules (the shH¥paccording
to the Standard [17] — see data in Table 5). Inset indicate
that the applied quantity of cerium mixture was tame for the
alloys of relatively low aluminium content. Thisdenfirmed also
by the fact that cementite precipitates occurregdtfe both cases
despite the presence of relatively large amourttilafon in cast
iron (comp. data in Tables 4 and 5). The vermicalanodular
graphite precipitates were found in the microsticetof cast iron
containing 1.89% to 8.02% aluminium (the shapestizhas Ill
or VI, respectively, according to the standard J1#eir quantity
and size being somewhat diversified (see data lneTs).

The pure ferritic or almost pure ferritic microstture was
revealed for cast iron containing from about 1.@about 3.4%
aluminium (coming from the melts No. 3-5). For tbast iron
coming from other melts the ferrite percentage 8@% to 70%,
and the pearlite constituted 20% to 70% of the osiection.

The results of examinations allowed for determinitige
equation for the relative decrease of carbon slitybin
aluminium cast iron depending on the amount of d@leying
addition (in the range of aluminium content fronoab1.9% to
about 8.0%, see Fig. 2). Also the amounts of aluminmelting
losses were found for melting of cast iron with \gp8% Al
(Fig. 3). It falls within the range of 15%-25% arekhibits
atendency to stabilize at the lower limit aftee thluminium
content in cast iron has exceeded 5%.

To finish this summary, it should be stressed tha
production of aluminium cast iron containing noduland
vermicular graphite precipitates was possible duta¢ treatment
of the alloy — containing from about 0.6% to ab618% Al and
exhibiting low manganese content (about 0.1%) -hweiérium
mixture in the amount of 0.11% and subsequentlyh wit
ferrosilicon in the amount of 1.29% with respecthe total mass
of the cast iron melt. The F&IC, carbide precipitates, which
cause brittleness of the material and significadiyeriorate its
machinability, do not occurred for the mentionednpositions.
The maximum graphitization ability was manifestgdtbhe alloy
containing about 2.8% Al.
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