PRACE INSTYTUTU ODLEWNICTWA

Tom XLIX Rok 2009 Zeszyt 4
DOI: 10.7356/i0d.2009.14

SEMI-SOLID PROCESSING METHOD FOR CAST IRON

METODA PRZETWARZANIA ZELIWA W STANIE POLSTALYM
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Abstract

A device for the fabrication of ingots from cast iron of globular non-dendritic structure of the primary
phase was designed and made, using the principle of overflow on the Slope Cooling Plate, known
as the SCP method. Trials were made on hypoeutectic grey cast iron and high-chromium cast iron.
Even during the first trials the intended effect has been achieved, which means that a fragmentation
and globularization of the primary austenite was obtained. A simultaneous effect of the applied SCP
technique on the shape of graphite in grey cast iron was observed.
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Streszczenie

Zaprojektowano i skonstruowano urzgdzenie do wytwarzania wlewkow z Zeliwa o globularnej-nie-
dendrytycznej strukturze fazy pierwotnej. W tym celu wykorzystano zasade przeptywu po ptycie
pochytej, tj. metode SCP (Slope Cooling Plate). Wykonano proby z zastosowaniem zeliwa sza-
rego podeutektycznego i zeliwa wysokochromowego. Juz w trakcie pierwszych prob osiggnigto
zamierzony efekt, co oznacza, ze doprowadzono do fragmentaryzacji i globularyzacji austenitu
pierwotnego. Zaobserwowano réwnoczesny wptyw zastosowanej techniki SCP na postac grafitu
w zeliwie szarym.

Stowa kluczowe: zeliwo, przetwarzanie w stanie poéfstatym, odlewanie tiksotropowe, globularna
struktura stopow zelaza
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Introduction and up-to-date state of the issue

The methods of external influence on metal alloys in semi-solid state, i.e. when the
temperature of the alloy is between the liquidus temperature T and solidus temperature
T., are commonly called semi-solid techniques or semi-solid processing. In practice it
refers to hypoeutectic alloys, and the essence of the technique consists in preventing
the dendritic crystallization of a primary phase. In this way, the conditions are created
to achieve special rheological characteristics, possibly also a thixotropic effect [1, 2].
In castings made by semi-solid techniques, the fragmentation and globularization of pri-
mary precipitates takes place and the size of the eutectic phase components is reduced.
Materials characterized by these properties offer the following advantages: maximum
homogenization of the structure and maximum decrease of shrinkage, both of which
enable the “near-net-shape” (“net-to-shape”) fabrication. In the case of aluminum and
magnesium alloys, the semi-solid techniques have been in use since the 80-ties of the
last century and they are becoming more and more common. This situation creates new
scientific and technological opportunities, e.g. the development of new alloys becomes
possible. Besides, if suitable treatment (e.g. heat treatment) is additionally carried out,
the result can be extraordinary mechanical properties [7].

The results of the works which had been carried out at MIT under prof. M. C. Flamin-
g’s guidance on the Sn-Pb and Al-Si alloys in the 70-ties of the last century [1, 2] became
the basis for semi-solid processing. The viscosity tests, performed on these alloys in semi-
solid state with the help of a viscometer, basing on the shear stress measurements, had
shown that simple mechanical stirring performed during the solidification of hypoeutectic
alloys resulted in fragmentation of the primary phase. Under some specific conditions
(starting temperature, final test temperature, isothermal or non-isothermal stirring, stirring
rate and time), the apparent viscosity of such alloys (e.g. Si-Al) can assume extraordina-
rily low values — depending on the solid phase fraction, and one can place these values
on the scale from oil viscosity through honey, toothpaste to molasses. The mechanism
of so low viscosity (good fluidity) formation consists in fragmentation and globularization
of the primary phase precipitates, which can achieve spheroidal and ellipsoidal shapes.
In the temperature range from T _to T_ such alloys assume the form of slurry — the pre-
cipitates are suspended in liquid eutectic, thus resembling the structure of sol. But what
is most important, such alloys show the thixotropic effect, which consists in reversibility
between semi-solid and solid state. In the text below, the structure with globular primary
phase precipitates will be termed as thixotropic or globular structure. Until now, a lot of
studies have been carried out on the subject of the properties of the thixo-structured al-
loys and on the semi-solid (SSM) processing. However, the only alloys with this structure
put into practice so far have been aluminum and magnesium alloys. Semi-solid slurries
for industry are prepared by mechanical, electromagnetic (MHD-magnetohydrodynamic)
and ultrasonic stirring.

There are numerous industrial techniques for forming of objects with thixotropic
structure. They can be divided into two groups: rheoforming and thixoforming. If an object
is formed from the liquid slurry directly after preparing the latter, the process is called
rheoforming and it has two variations, viz. rheocasting (usually pressure die casting)
and rheoforging (die forging). Continuous casting of metal passing through a concast
nozzle in the unit with MHD effect (production of bars and sections) is an important type
of rheocasting. If an object is formed from the previously prepared (by cutting off) ingot
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with globular structure after heating the stock to semi-solid state, the process is called
thixoforming.

Thixoforming also falls into two discrete processes: thixocasting and thixoforging.
There is a technology in which both types are mixed. Raw materials for thixoforming are
usually prepared by continuous casting with mechanical or electromagnetic stirring.

The studies on semi-solid processing of high-melting alloys, including cast iron, are
less advanced. It is necessary to emphasize the fact that until now there has been no in-
formation about any industrial application of this technique. The reason for such situation
is the difficulty in preparing cast iron with globular microstructure and problems related
with a technology which could serve for forming alloys of this type [8]. However, a growing
interest of engineers and scientists in this technique has been observed recently. A lot
of papers on this subject appeared at the close of the 90-ties of the last century and in
the few past years [4-10], of which a significant part comes from the Japanese research
centers and universities. These publications underline the great importance of possible
application of the semi-solid processing of iron alloys, particularly of the cast iron. They
claim that economical and technical advantages will be the same or nearly the same as in
the case of low-melting alloys. Some of them forecast e.g. possible increase of the tensile
strength by even 20% [7].

The hope for introducing into practice the semi-solid processing of cast iron and
alternatively of other high-melting alloys is now becoming more and more possible, and
this is due to a new method of thixotropic structure preparation. The new method mainly
consists in overflowing the liquid alloy over the slope cooling metal plate surface [7-10],
and hence it is different from the previous processes based on stirring. Depending on
requirements, the initial temperature of the alloy should be slightly higher than the point
of liquidus T, while final temperature should be in the range of liquidus-solidus tempera-
tures (T to T.).

The new method is commonly called SCP method (abbrev. from — Slope Cooling
Plate). According to A. Ohno [after 8], the mechanics of the slurry formation by SCP me-
thod is due to sudden increase in the number of the crystal nuclei of the primary phase
during alloy overflowing on SCP, due to which the conditions proper for a dendritic growth
of the primary phase disappear under the effect of liquid metal free motion. A suitable
liquid metal cooling rate is an indispensable condition, too, and therefore the SCP plates
are made of copper and usually are provided with a water cooling system. The type of
SCP coating applied on the way of the liquid metal stream flow has been an important
technological problem: it should be a good heat conductor and iron non-wettable. This
problem was solved by application of coatings based on the hexagonal boron nitride. This
material offers the lubricating ability similar to graphite coatings — it is insoluble in iron
and resistant to the liquid iron temperature while flowing on SCP. Thus, the SCP method
presents itself as a simple one and according to the above mentioned papers it produces
thixotropic iron with greater homogeneity and dispersion of the primary phase precipitates
than the degree that can be obtained in the cast iron prepared by stirring.
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Experimental

The schematic image of a SCP unit, which has been built by the authors basing on
the published information [7-10], is presented in Fig. 1. The unit, further called a SCP
crystallizer, was equipped with the following elements: plate slope control mechanism,
water cooler, pouring system with continuous temperature measurement of liquid metal
and temperature measurement at the end of the plate. In the first version, the plate slo-
pe control mechanism made it possible to control the slope angle in the range of 0-15°
(the range larger by about 5-8° than that stated in the literature). The copper plate, first
with dimensions of 600 x 197 x 38 mm, is a fundamental element of the crystallizer. The
U-groove for metal overflowing is milled along the top surface of the plate. The surface
of the metal flow was covered by spraying with ZYT BN Lubricoat ZC coating (hexagonal
BN in the form of water suspension).
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Fig. 1. Schematic image of the SCP unit
Rys. 1. Schemat urzgdzenia do procesu SCP

At first [13], the following four grades of the cast iron were tested: carbon hypo-
eutectic iron with lamellar graphite, typical nodular and vermicular graphite irons, and
high-chromium iron. The pouring temperature was calculated according to the following
formula: T, =T _+ 20K, for which the critical values of liquidus T, and solidus T_ were de-
termined by thermal analysis. The liquid metal was poured over SCP to a cylindrical sand
mold with 36 mm diameter cavity. The metallographic examinations using a NEOPHOT
32 optical microscope were the basis for the test analysis. Good results, i.e. granulated
and homogeneous austenite grains surrounded by eutectic, were obtained, but only in
the case of hypoeutectic and high-chromium irons. Unfortunately, free metal flow and
satisfactory mold filling were observed only when the slope angle was at its maximum,
that is 15°.

Tests confirmed the published information about the potentials offered by the SCP
method, but at the same time they proved that some of the values quoted in the papers
are far from the boundary conditions. That is why we decided to redesign the SCP unit.
The copper plate (potential flow way) was lengthened to 1000 mm (+400 mm) and the
mechanism of slope control was changed to enable the slope angle to be adjusted to ma-
ximum 25°. The metal pouring method was also changed to improve the flow way control
and enable metal stream stabilization.
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Tests after redesigning of SCP unit

After modification of the SCP unit, the second series of tests was made [14]. The
tests included two cast iron grades, i.e. hypoeutectic iron with lamellar graphite and hi-
gh-chromium iron. Both of them were tested at three lengths of the metal stream way.
The data concerning these irons are compiled with breakdown into iron grades in Tables
1 and 2. The chemical analysis was made on a HILGER POLYVAC spectrometer type
E 983. The content of the most important elements (C, Si, Mn in gray iron and C, Mn Cr
in high-chromium iron) was included in the tables only because the content of the re-si-
dual elements was contained in a very narrow range of values and on the proper level.
The pouring temperature was determined in a special way, using as a starting point the
beginning of metal freezing on the melt surface in a ladle; consequently, two different
temperatures were applied for each length of the stream flow way, and so, each grade
of the cast iron was poured 6 times (3 lengths x 2 temperatures). Sample designation of
gray iron had two numbers and the symbol “Sz”; in the case of high-chromium iron, similar
numbers and the symbol “C” were used. The first number in the designation (0, 1 or 2)
determines the flow stream length, while the second number (1 or 2) is connected with
temperature. In the numbers describing the flow stream length, “0” stands for 600 mm
length, “1” for 800 mm length, and “2” for 1000 mm length. All tests in the second series
were made with maximum slope plate angle of 25°. Tests with smaller angle were given
up because of mold filling problems.

Table 1. Data of the investigated irons with lamellar graphite
Tabela 1. Dane dotyczgce badanego zeliwa z grafitem ptatkowym

| 0 The range Cast
Sample Elements content, % temperature: | Overheating,
- - oon . temperature,
designation liquidus T¢; K oC
C Si Mn solidus Tg, °C
01 Sz 3,15 2,07 0,47 1189 ; 1149 80 1270
02 Sz 3,10 2,06 0,46 1199 ; 1147 60 1260
11 Sz 3,05 2,08 0,46 1207 ; 1147 90 1297
12 Sz 2,90 2,03 0,45 1210 ; 1146 110 1320
21 Sz 2,80 2,02 0,44 1238 ; 1144 100 1338
22 Sz 2,70 2,06 0,44 1255 ; 1141 115 1370
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Table 2. Data of the investigated high-chromium irons

Tabela 2. Dane dotyczgce badanego Zeliwa wysokochromowego

0 The range Cast
Sample Elements content, % temperature: | Overheating,
- - oo . temperature,
designation liquidus Ti; K °C
C Si Mn solidus Tg, °C
o1cC 2,80 0,57 | 12,60 1275 ; 1216 50 1325
02C 2,70 0,53 | 12,70 1281 ;1219 70 1350
11C 2,65 0,52 | 12,70 1281 ; 1222 60 1244
12C 2,70 056 | 12,70 1286 ; 1222 80 1366
21C 2,60 0,50 | 12,75 1290 ; 1222 70 1360
22C 2,60 0,48 | 12,75 1288 ; 1223 90 1378
Results

As mentioned above, the metallographic examinations were the basis for the in-
vestigation of the effectiveness of a semi-solid SCP process. The task was realized by
comparing the microstructure of cast iron poured into the mold after melting (before SCP
treatment) with microstructure of the same cast iron but after SCP treatment. The primary
phase precipitates morphology was examined in samples prepared for the examinations
by selective etching, depending on the cast iron grade. In the case of gray iron it was
hot etching with a reagent made according to [11]; in the case of high-chromium iron
etching was done with a LBI reagent made according to [12]. Additionally, the graphite
morphology was examined on the polished samples made from gray iron. The examples
of microstructures are shown in Figs. 2-5, and the results of graphite estimation basing
on PN-EN ISO 945 Standard are shown in Table 3.
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c) scale: 500 ym

d) scale: 200 ym

Fig. 2. Specimen 02 Sz (metal stream length 600 mm; AT = 60 K): a) graphite microstructure
after melting; b) graphite microstructure after SCP treatment; c) matrix microstructure after melting;
d) matrix microstructure after SCP treatment

Rys. 2. Probka 02 Sz (dtugosc¢ strumienia metalu 600 mm; AT = 60 K): a) mikrostruktura grafitu w
ciektym metalu; b) mikrostruktura grafitu po zastosowaniu metody SCP ; c) mikrostruktura osnowy
ciektego metalu; d) mikrostruktura osnowy po zastosowaniu metody SCP
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c) scale: 500 pm d) scale: 500 pm

Fig. 3. Specimen 21 Sz (metal stream length 1000 mm; AT = 100 K): a) graphite microstructure
after melting; b) graphite microstructure after SCP treatment; c) matrix microstructure after melting;
d) matrix microstructure after SCP treatment

Rys. 3. Probka 21 Sz (dtugosc¢ strumienia metalu 1000 mm; AT = 100 K): a) mikrostruktura gra-
fitu w ciektym metalu; b) mikrostruktura grafitu po zastosowaniu metody SCP; ¢) mikrostruktura
osnowy ciektego metalu; d) mikrostruktura grafitu po zastosowaniu metody SCP

a) scale: 500 pm b) scale: 500 pm
Fig. 4. Specimen 02 C (metal stream length 600 mm; AT = 70 K): a) microstructure after
melting; b) microstructure after SCP treatment. Both after etching by LBI

Rys. 4. Probka 02 C (dtugo$¢ strumienia metalu 600 mm; AT = 70 K): a) mikrostruktura ciektego
metalu; b) mikrostruktura grafitu po zastosowaniu metody SCP. W obu przypadkach zastosowano
trawienie LB/
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a) scale: 500 ym b) scale: 500 um

Fig. 5. Specimen 22 C (metal stream length 1000 mm; AT = 90 K): a) microstructure after
melting; b) microstructure after SCP treatment. Both after etching by LBI

Rys. 5. Probka 22 C (dtugos$¢ strumienia metalu 1000 mm; AT = 90 K): a) mikrostruktura ciektego
metalu; b) mikrostruktura grafitu po zastosowaniu metody SCP. W obu przypadkach zastosowano
trawienie LBI

The microphotographs shown in respective figures in this paper were selected in
a way such as to enable a comparison of the results obtained for the shortest (600 mm)
and longest (1000 mm) metal stream flow way (compare Fig. 2 with Fig. 3, and Fig. 4 with
Fig. 5). All these examples prove that samples cut out from castings poured from metals
processed in the SCP process are characterized by globular form of the structure of
a primary phase and/or by the granular structure considerably refined. The samples cut
out from castings poured directly after melting of these metals have a dendritic structure
of the primary phase. The results of the examinations of the remaining samples are si-
milar.

The unquestionable and distinct influence of the SCP process on the shape, size
and distribution of graphite precipitates was established in all cases of the investigations
made on the samples cut out from castings poured from the carbon iron with lamellar
graphite. The influence is well visible when comparing the images a) and b) in Figs. 2
and 3 for two selected castings. It is confirmed also by the results of the qualitative and
guantitative estimation made for all the samples shown in Table 3. The graphite precipita-
tes morphology in the samples cut out from castings poured directly after melting corre-
sponds to symbols 1A4, 1A4 +ID5, ID5 and IE5 in PN-EN I1SO 945 Standard and depends
on the carbon content, whereas in samples co-ming from the SCP treated iron it usually
corresponds to symbols ID8, ID7and ID6, or in a mixed form, additionally to ID5.
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Table 3. Graphite morphology
Tabela 3. Morfologia grafitu

Conclusions

1.

36

The authors confirmed the published information that it is possible to develop a thixo-
tropic structure in cast iron, i.e. the structure with globular precipitates of the primary
phase, by metal stream overflow on a slope cooling plate (SCP method), particularly
in hypoeutectic carbon iron with lamellar graphite and in high-chromium iron; they
also revealed that the published parameters of the SCP process are probably outside
an optimum range.

The influence of the SCP process on the shape, size and distribution of graphite
precipitates in carbon hypoeutectic iron along with a globular structure of the primary
phase can exert an interesting effect on the mechanical properties; the next studies
should cover a larger number of the tests to examine all the material properties,
particularly the mechanical ones.

The authors’ experiments, which have been carried out until now, have not yet re-
sulted in precise determination of the boundary conditions for a SCP process; to
achieve this goal, the authors should continue their investigations, and then set up
the optimum parameters of the process.
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