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Abstract

Containerless solidification of low alloyed commercial grey cast iron indifferent cooling media (Nand

He) usinga 6.5 m high vacuum drop-tube have been investigated. Both thertomally cooledascast alloy
and the rapidly cooled drop-tube samples were characterized using SEMaddRMickers microhardness
apparatus. The estimated range of cooling rates are 200 t§ $6,000 K s' for N, cooled droplets and
700K s* to 80,000 K & for He cooled droplets (in each case for §6® and 38um diameter droplets
respectively). Microstructural analysis reveals that the as-receivedsanifle displayed graphitic structure
while therapidly cooled samples display decreasing amounts of a-Fe as the cooling rate increases. At moderate
cooling rates a is replaced with y and FesC, while at higher cooling rates with o'. Microhardness increase with
cooling rate but cannot be mapped uniquely onto cooling rate, suggestiegcaoling also influences the
mechanical properties.
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1. Introduction

Conventional solidification, as might occur for instance in a castingwariably initiated by heterogeneous
nucleation at very low undercooling (typically 1-2 K). In contrast, during-equilibrium solidification, as
might occur within a population of fine droplets during gas atomizatiadercodhgs of 10’s or even 100’s of
Kelvin may be experienced depending upon the particle size and cooling hété, i itself primarily a
function of particle size, atomizing medium and gas velofitp]. This study investigates the changes in
morphology of grey cast iron as a function of droplet size at cdnstanposition and compares the rapidly
solidified material against aascast control sample. Two different cooling media,add He, are used in the
study, which allows some separation of the effects of cooling raterapkbtiundercooling.

Grey cast iron stands out as one of the most widely used metallic matedalssé of its superior properties
such as good castability, machinability and formability, high dampaggcity, relative low cost and good
corrosion resistanci]. Normally, the microstructure of conventionally cooled grey cast ironpdses free
carbon,in the form of graphite flakes, ia ferrite — pearlite matrix. The principal effects of graphite flakes
which form only during slow cooling, is to reduce the strengthtanghness of the product, the graphite acts as
an easy pathway for crack propagation. However, there are a numivay®to inhibit graphite formation in
cast iron, one of which is through rapid solidification processiag,irfstance through High-Pressure Gas
Atomization (HPGA). However, in this study, drop-tube processing;wik an analogue of HPGA, was used

Very limited investigations on the rapid solidification of grey cast iravelbeen undertaken to date. Hsu et al.
[4] improved the fracture toughness of grey iron alloyed with Caustempering, with the increase in fracture
toughness increasing with retained austenite in the microstructure afldgeHemanth [5], investigated the
effect of cryogenic and water quenching on microstructure and nieahproperties of cast iron. Their results
show that cooling rate has a marked effect on secondary dendrite aimgsand grain size, which affects the
ultimate tensile strength and fracture toughness of the final proBactocha et al. [6], worked on the
gualitative and qualitative analysis of graphite in grey cast iron andfteet of graphite morphologies and
casting condition on the mechanical properties of grey iron, allowing tbecorrelate improved properties in
the alloy with microstructural changes as a function of solidification conditidkewise, Ozdemir et al. [7],
revealed the effect of graphite shape on the diffusion borafimgey cast iron and this they found has many
parallels to solidification processing. Yang et al. [8], in a study of gas atomniegdast iron powders, related


mailto:pmoro@leeds.ac.uk

the microstructural evolution of the powders to the particle size (and hevloggaate). They showed that with
increasing cooling rate there was a change in the flake morphologyrémdom to oriented. Moreover, from
their XRD analysis it was evident that with increasing cooling (decreasing particle size) the proportion of y-

Fe increased while that of a-Fe decreased. However, there was no evidence, either from their XRD o
microstructural analysis, of any phases other than ferrite, austenikeghdn a study by Yi et al. [9pased on
repair technology using the rapid solidification process by laser fusionngelttiey discovered that overall
crack toughness of the material can be increased around the repaired ZpriehiR@as further explained by
Ebrahimnia et al. J0] who stated that cracks initiate mostly at the interface of graphite and theagat®p
through the matrix of a component thereby causing fracture.

2. Experimental

The composition of the as-cast sample used for this study, togeithethe ASTM standard specification, is
shown in Table 1, confirming the materials to be a hypoeutectic cast irorCaithbon Equivalent (CE) of
3.70%. Thisascast material, obtained from West Yorkshire Steel, was used as feedstock finophtube
experiments and also servedareference material against which the effects of rapid solidification could be
evaluated. The rapidly solidified droplets were produced using a @epatube, which was filled to a pressure
of 50 kPa with dried, oxygen free,Mr He gasThe corresponding cooling rate for the largest (850 pum) and
smallest (38 pm) droplets were estimated as 200 # $6,000 K s* for N, and 700 K & to 80,000 K § for He
respectively, this difference being mainly due to the higher thermductinity of He.

Prior to melt processing the tube was evacuated td”a and then flushed with the appropriate gas at 50 kPa,
this process being repeated 3 times. The tube was then evacuated @ Rabefore being filled with 50 kPa
of either N or He gas. Thereafter, weighed pieces of the as-cast sample weze io@dan alumina crucible
with 3 laser drilled holes (appro00um in diameter) in the base. The sample was heated by inductiomgheati
of a graphite susceptor surrounding the crecihn R-type thermocouple was inserted in the crucible to
monitor the melt temperature and when the desired superheat was reached Wes ragdtted by pressurising
the crucible with 300 kPa of either Hr He gasFig. 1 shows the estimated coolingeais a function of droplet
size for the two media. The droplets produced were then sieved sitm@ard sizes and hot mounted using
Transoptic resin for XRD analysis and SEM characterization. Vickers microhaiddesgation measurements
were also made on the mounted and polished samples, with at least 10 meatsuoé HV0.05 being made in
each case. Further details of the experimental procedure are given ih1Ref.

Table 1: Elemental composition of commercial grey cast iron BS1452 grade 25Geshély XRF method.

Element (wt.%) C Si Mn P S Fe CE
ASTM specification 2540 1.0-3.0 0.2-1.0 0.002-1.0 0.02-0.025 96.28-90.96 Cal.
BS1452 grade 250 2.70 2.83 0.58 0.148 0.054 93.34 3.70

3. Results and discussions

The result of selected XRD analyses are displayg€dgn?2, revealing the constituent phases present in 300 pm
and 53 um droplets cooled in, lMnd He. Also given, for reference, is the corresponding analysthdaais-
received material. From the XRD data it is evident that the as-cast sample is composedinately ofa
ferrite (graphite is also present but the peaks occurtfer 209. With increasing cooling rate (300 pm)Nt is
clear that retaineg (austenite) also becomes a constituent phase, together wth(¢ementite), which most
likely coexists witha in the form of pearlite. With yet further increases in cooling rate (53 pB00 um He)

o appears to be transformingdt6 (Martensite), a transformation that appears essentially complete athiesthig
cooling rates studied (53 pm He).

The SEM micrograph of the as-cast alloy is as showhidn 3. It reveat type A graphite flakes randomly
distributed in a ferritic- pearlitic matrix; which is consistent with the slow cooling rateljiko have been



encountered during formatiokowever, for the rapidly solidified samples, a range of distinct morghuab
changes may be identified based on the particle size and cooling mediurowasisirig. 4. Even droplets
with the lowest cooling rate process@th cooled 85Qum diameter droplets, not shown) hawvequite different
microstructure from that of the conventionally coolagicast sample, this mainly being evident by the absence
of flake graphite. At moderate cooling raféd. 4a, 300 um N) the dominant microstructural feature is that of
an interconnected network of dendritic austenite, with interdendritic pearlite. Widasieg cooling rate-{g.
4b&c, 53 um N & 300 um He) the microstructure develops a lath type morphology temtsiwith the
occurrence ofi’ in the XRD patterns, with a refinement of the structural scale of the latrengewaidthe highest
cooling ratesKig. 4d, 53 um He).

Fig. 5 shows the measured values of the Vickers microhardness plotted agairettiated cooling rate in the
two media. For cooling rates 980K s™ the data for the Ncooled and He-cooled droplets lie broadly on the
same curve. This is as expected if cooling imthe prime factor determining the microhardness of the samples.
However, for cooling rates > 5000 K the data departs from lying on a single curve, with the datadoxith
cooled droplets lying significantly above that for He-cooled droplets.likbly explanation for this is that the
microhardness of the droplets is being controlled not only by thelmgorate but also by their undercooling
prior to nucleation. Undercooling in small droplets is determined bothebgdoling rate the droplet is subject
to and by its size. The latter is due to the melt sub-division effect \i],small droplets likely to contain
fewer potent heterogeneous nuclei than large droplets. Consequentlydspédts will experience a larger
undercooling than large droplets, even where the cooling rate is simithe tase of the data presented here, to
obtain a cooling rate of 5000 K'sa droplet falling through Nwould need to be 90 pm in diameter while one
falling through He could be up to 220 um in diameter, with the sneflerof the N cooled droplet meaning it
will undercool more. Consequently, the separation of tharld He microhardness curves is likely to reflect the
higher undercooling attained in the smallep,ddoled droplets. Moreover, the difference is large, at a cooling
rate of 16,000 K'§ (the highest achieved for,\ the N-cooled samples are estimated to-t80HV0.05 harder
than the He-cooled droplets experiencing the same cooling Alitt®ugh the effect of cooling rate on the
mechanical properties of cast iron have been the subject of previous iatvestig particularly for
transformations in the solid-state this is, as far as we are aware, treefoét demonstrations of the effect of
undercooling on said mechanical properties. Microstructural features that awendefl primarily by
undercooling, rather than cooling rate, and which might lead to a changecdinanical properties include
primary dendrite arm spacing.

4, Conclusions

With rapid solidification processing, there are obvious morphologicalggsaim hypoeutectic grey cast iron
with complete disappearance of graphite flakes in all the droplets and a progressive transformation of a-Fe to
retainedy-phase and finally te'-Fe with increase in cooling ratdt constant droplet sizele-cooled samples
experienced higher cooling rate because of the better thermal conductitiey afid thereby exhibit higher
microhardness values as compared to the correspondingly sized sampleicdgjedHowever, at constant
cooling rate, for cooling rates above 5000°K the N, cooled droplets display higher microhardness values, a
consequence of higher undercooling in the smaller droplets. As dads ¢me of the first demonstrations of the
effect of undercooling on the mechanical properties of grey cast iron.
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Fig. 1. Estimated cooling rate of droplets cooled inaNd He as a function of their diameter.

Fig. 2. X-Ray diffraction traces for: As-cast materials and exaspf large (300 pm diameter) and small (53 pm diametep)eds cooled
in both N> and He. With increasing cooling rate the dominant phase changes from o (ferrite) in the as-received sample to y (retained
austenite) and B€ (cementitept moderate cooling rate to o' (Martensite or acicular ferrite) at high cooling rates.

Fig. 3. SEM micrographs of the as-cast alloy, revealingdargndomly oriented, graphite flakes in pearlitic matr

Fig. 4. SEM micrographs of rapidly solidified, drop-tube pessed samples: (a) 300 um size fraction cooled,itbN53 pm size fraction
cooled in N, (c) 300 um size fraction cooled in He and (d) 53 [m@& fsaction cooled in He

Fig. 5. Microhardness values (HV0.05) as a function of coolatg for the different droplet size cooled in&hd He.
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