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Abstract

Ductile iron (DI) represents an optimal solutiom &aving material and costs in producing large
heavy-section castings in the energy sector. ltedirto investigate the influence of very long
solidification time (3, 10 and 20 h) in differergsting zones (casting center and transition zome) o
the microstructure and mechanical properties ofstandard heavy-section ferritic DI (EN-GJS-
400-15) castings. The different solidification cdiwhs significantly influenced the microstructure
(graphite and ferrous matrix). The extent of pheanansuch as degenerate graphite, solidification
defects, hard carbides, and intergranular peaditgas, and the microstructural coarsening were
proportional to the solidification time and attribble to the combined effect of limited undercoglin
solid solution diffusion mechanisms, and segregapbenomena. For comparable solidification
time, the transition zone was characterized byelargpdules, comparable nodularity, and lower
nodule count than the casting center due to mdeetefe diffusion phenomena during cooling.
Moreover, the lower segregation phenomena in #resition zone reduced the amount of perlite and
carbides in the intercellular zones. Hardness waly slightly influenced by the different
solidification conditions and did not represent @iable indicator of the microstructural
inhomogeneities. These results are essentialiteereésting simulations for producing large fecriti
DI castings, considering the wide microstructuratiability within non-standard heavy-section

castings caused by significantly different solichfiion conditions.

Keywords: Heavy-section casting; Ferritic ductile iron; Mistructure; Solidification defects;

Graphite degeneration; Hardness

1 Introduction

Today, industrial design and production are origritavards reducing the environmental impact of redatal

components and require materials suitable forhipose. Ductile irons (DI), known as nodular ironspheroidal
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graphite irons, offer sustainable and cost-effectiviutions for various industrial sectors, sucawgemotive, heavy
industry, and energy. The low pouring temperature lsigh recyclability reduce the consumption ofrggeand
raw materials and, consequently, the environmentphct of their industrial production [1-2]. Furtheore,
excellent castability, good mechanical propertlgh tensile strength, good wear resistance, awtlliti), and
lower cost compared to steels with comparable nréchbproperties make DI an effective alternatimegdroducing
large structural parts with complex geometry, saslrailway brake discs, drive shafts, heavy-dutgeid and
gears, without using joints or welding [3, 4]. Foese reasons, DI have experienced continuous|gjobath since
1965 (the only case with aluminum alloys amongicgshaterials), which is expected to continue, atgring the
growing use of DI for producing wind turbine compais and nuclear storage barrels, encouraged bgvire

increasing demand for renewable energy sources [5].

DI have a composite-like microstructure constitutgdyraphite nodules dispersed in a ferrous méeixitic or
pearlitic), depending on chemical composition, icgstonditions, and heat treatment. The long Sidation times
of heavy-section ductile iron (HSDI) castings geatigrpromote the formation of a ferritic matrix digea depletion
of carbon in the matrix in favor of the growth afghite nodules [6, 7]. The complex solidificatmonditions that
occur in HSDI castings induce strong microstrudtueaiability and have a negative impact on the naegcal
properties (strength, ductility, fatigue resistanaed impact resistance) of the alloy, making thsigh of large
structural components difficult [8]. In particuldong solidification times increase the risk ofrfong defects such
as non-metallic inclusions, shrinkage voids, uneelssegregation phenomena of low-melting elemerdarbide
precipitation at grain boundaries, or degenerategtgte, such as chunky graphite, spiky graphikplogled
graphite, and compacted graphite [9—11]. The HSBtings present a high sensitivity to tramp elemdetiving
from recycled steel scrap used as filler matef@mlIl melting since the long solidification timésvor the local
segregation of these elements at the grain bowgsjdhius worsening the mechanical behavior of ltbg g, 12].
This is significant because the content of undblralements in steel scrap, such as Cr, Mn, Mg,axld V, is
expected to increase in the coming years due tgrihweing content of alloying elements in steelsiain higher

mechanical properties [12—14].

Over the last five years, several studies were wcted to identify possible solutions (modificatioh the
chemical composition, identification of possiblerretations between solidification time, microstwret and
mechanical properties, optimization of heat treafisieto counteract the decrease in mechanical ipeaiace due
to the complex solidification conditions in fercitHSDI castings, given the growing interest in ithese in the
ecological transition. Feng et al. [15] highlight&éeé positive effect of Bi in eliminating coarsepghite caused by
the degeneration of the excessive spheroidizingulation in HSDI, while Yamamoto et al. [16] show#w
beneficial effect of Fe-Si—-Ca—Zr and Fe—Si—Ca—Bst-pwculants in increasing the nodule count anpaich
toughness of ferritic HSDI. Sertucha et al. [17dwkd the positive effects of the combined use ¢fSkn and rare
earths (RE) to decrease chunky graphite appearaedacing its negative impact on the room tempegatu
mechanical properties of small castings, with atrotled solidification procedure to simulate thdidification

conditions in the HSDI castings.



111 Borsato et al. [9] showed the combined effect afrgnoculation treatment and long solidificatiomé (3 h) on
112 the mechanical properties of the EN GJS 700-2, wigid to a decrease in static and cyclic mechapicalerties
113 due to a significant increase in grain size, gr@ptegeneration, segregation of alloying elementsshrinkage
114 voids. Similarly, Benedetti et al. [1] reportediaarease in microstructural anomalies (shrinkagds/and graphite
115 degeneration) in the EN-GJS-400-15 by increasiagdtidification time (from 2 h 45 min to 12 h) amdonsequent
116 decrease in the ultimate tensile strength, eloogadi failure and rotating bending fatigue strermgti27.2%, 73.6%,
117 and 30.7%, respectively. A comparable trend wasrteg by Borsato et al. [10] for a solution-stréegted ferritic
118 DI the fatigue strength was reduced by 33% wherstiidification time was increased from 10 miri@h due to
119 anincrease in the number and size of defects, asigiaphite degeneration and shrinkage porositigish acted

120 as crack initiation sites.

121 Other studies emphasized the effects of heat tergion HSDI castings. Tong et al. [18] evaluatedeffects
122 of a series of quenching-tempering treatments oitifeductile iron poured into a sand mold of wadickness >
123 110 mm, showing the best mechanical properties aftstenizing at 880 °C, quenching, and temperiry@ °C
124  due to the formation of granular pearlite in thenmaGundlach et al. [19] demonstrated the efficig of the air-
125 cooling from an intercritical (IC) temperature ircieasing the strength and ductility of ductileniip sections up

126 to 250 mm, owing to the formation of an aciculaantiee in ferrite structure.

127 However, the latest studies on HSDI castings werdgacted on small batches of laboratory castings th
128 reproduce long solidification times or samples @&otied from Y-blocks, which are hardly capable @iroelucing
129 the real production conditions of very large HS@btings. As reported by several authors [20-2Bhiitant
130 differences in graphite nodule and ferrous matharacteristics were found when experimental sample®
131 extracted from different zones of large castingmpared to samples produced under controlled expetath
132 solidification conditions. The microstructure anéchanical properties of non-standard-sized HSDirggs can,
133 in fact, significantly deviate from data obtainedri small castings under near-ideal controlledd#fatation
134 conditions obtained in the laboratory, which arg/@ble to partially reproduce the heterogeneousastructure
135 and typical defects found in large real componefitsthermore, no data about HSDI castings chaiiaetéiby
136 sections greater than 200 mm are currently repantéde EN 1563:18 standard, representing a fulthetation
137 for their design and use. This is where the neisgsito obtain empirical data by directly studytihg influence of
138 different solidification conditions in different eas of out-of-standard HSDI castings, thus enabtimg
139 development of more accurate predictive solidifamafand mechanical behavior models [11, 23]. I8 #ienario,
140 this work aims to provide a starting point for teeefinition of the design rules of HSDI castingai@acterized by
141 wall thickness larger than 350 mm, currently abserthe literature, providing experimental data aadliable
142  solidification time-microstructure-defect corretats to develop future predictive models. In patticuthe effect
143  of very long solidification times was directly euated on air-cooled heavy-section castings, thffieriig from
144  previous studies [3, 6, 7, 9]. Ferritic DI casting®minally, EN-GJS-400-15 according to EN 1563:h&e
145  produced in the form of cubes with sides in thgedpetween 350 and 1000 mm to reproduce diffecdidification
146 times (from 3 to 20 h) in different casting zoneasting center and transition zone). Five Italiamntiries were
147 involved in the research project to obtain represtere results. This led to the production of aagsi being

148 independent from a specific foundry practice, gjteaning the validity of the experimental data diffitrentiating
4
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this work from what is currently reported in thetature [3, 6, 7, 9-11, 23], where the data wétained from
experimental material provided by individual foursldn-depth microstructural characterization wasigpmed
using optical and electron microscopy for an adeuraicrostructure-solidification time correlatioRinally,

hardness tests were carried out to assess thenoBuof long solidification times on the mechanpalperties of

the alloy.

2 Experimental

2.1 Casting production

Five different foundries were involved in castiagge-sided cubes: (i) 350 minii) 700 mn#, and (iii) 1000 mrh

The cube sizes were assessed by a preliminary reahsimulation according to target solidificatibmes (3, 10
and 20 h) at the casting center, with a tolerarice i%. For the sake of simplicity, the mold wamsidered to
have already been filled with liquid iron at a Stag temperature of 1340 °C, therefore avoidingsimeulation of
any casting system. Around the mold cavity, a ghitkness of 300 mm at an initial temperature of’@0was
considered (as in real conditions). The whole syggand mold and iron casting) was modeled wititefielements
modeling (FEM). The FEM analysis divided the solitb 10 mm cubes, thus evaluating the centers aicadt
cubes as single points and calculating their iotéra via heat transfer equations. As in real ctons, no coolers
were considered. The cast iron and sand propagiesunction of temperature were taken from thaldse of the
numerical code (Magmasoft©) used to make the aastiadel: the properties of the cast iron with C.58t.%

and Si = 2.5 wt.% were chosen. Finally, the heatdfer coefficient (HTC) value between the sandthadlloy as
a function of temperature is given in Table 1. Thkies of this critical parameter are the resuthefcalibration
procedure and experience carried out over seveskyby the foundries that performed the simulation this

work.

Table 1 Heat transfer coefficient (HTC) as a fumif temperature used in simulation
T/°C 20 600 1100 1200 2000
HTC/(W nT2 K- 300 500 600 800 800

Material removal operations were performed to arethe solidification conditions from blanks obtirby the
different zones of the cubes according to the mgstimulation (Fig. 1). For each cube, the blanksenextracted
by saw cutting, without thermally altering the nliet@ical state of the cast iron, and accordinthtocutting scheme
in Fig. 1b, to obtain samples representative ofstiglification conditions reported in Table 2. Ti@sition of the
blanks was based on the solidification simulatiaithin the tolerances mentioned above. The sect@présulted
in the creation of 30 mm x 30 mm x 300 mm blanksifiwhich the samples for the microstructural aredysere

obtained.
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182 Fig. 1 Casting simulation of 1000 mm x 1000 mnm0®A mm cubed) and extraction zones (center and
183 transition zone) of specimens from 1000 fraube b)

184 Table 2 Designation of analyzed conditions. Blaamesextracted from different areas of cubes toustalinfluence

185 of solidification time and position on microstruand mechanical properties of EN-GJS-400-15

Designation Cube Extraction zone Solidificationdim
3C 350 mm x 350 mm x 350 mm Center 3h
10C 700 mm x 700 mm x 700 mm Center 10 h
10T 1000 mm x 1000 mm x 1000 mm Transition zone h 10
20C 1000 mm x 1000 mm x 1000 mm Center 20 h
186 The study of different solidification times at tbenter of massive castings aimed to evaluate ¢ffigicts on the

187 microstructure and defects. Additionally, as highted in Fig. 1 and Table 2, also blanks extraétech the
188 transition zone of 1000 mm x 1000 mm x 1000 mm su®éth a solidification time of 10 h) were studitm
189 compare the solidified microstructures at the aeoteéhe cubes with those of areas characterizedobyparable

190 solidification times but different solidificatioronditions (transition zones).

191 The DI used for the castings was the ferritic ENS&D0-15 (according to EN 1563:18). Each foundrjtede
192 and poured a standard chemical composition (Tablesthg a comparable casting temperature (1340i@) an
193 appropriate casting system. To avoid graphite deggion, Sb was introduced in the following concatidns: 25
194 +5 x 106 for the 350 mm side castings and 50 + 10 * i@ the remaining castings, while inoculation and
195 spheroidization treatments were left to the expeseof each foundry. After solidification of thestiags, the
196 chemical composition of each cube was verified dghefoundry using optical emission spectroscoppld &) to
197 assess its compliance with the EN 1563:18 standard.

198 Table 3 Nominal chemical composition (wt.%) of EN$5400-15 according to EN 1563:18 and average cagmi
199 composition of each cube (size 350, 700 and1008) navaluated by optical emission spectroscopy

C Si Mn Cu Ni Cr Mo Sn \Y Ti S P




Min 3.5 2.2 0.1 - - - - - - - - - 0.(
Max 3.7 25 0.3 0.1 0.02 0.04 0.02 0.004 0.015 0.02 0.01 0.04 0.(
0.01
350 3.57 2.36 0.17 0.07 0.01 0.03 0.00 0.00 0.01 0.005 0.034 0.0E
: . +
mm® +0.03 +0.12 +0.05 +0.04 +0.01 +0.01 0.005 +0.01 +0.005 +0.005 +0.01
0.01
700 3.60 2.31 0.18 0.08 0.01 0.03 0.00 0.00 0.01 0.005 0.035 0.0%
. . +
mm® +0.05 +0.10 +0.04 +0.04 +0.01 +0.01 0.005 +0.01 +£0.005 +0.007 =+£0.01
0.01
100C 3.59 2.31 0.18 0.07 0.02 0.02 0.00 0.00 0.01 0.005 0.035 0.0%
: . +
mm® +0.04 +0.10 +0.06 +0.05 +0.01 +0.01 0.005 +0.01 +£0.005 +0.008 +0.01
200 For the mold, silica sand was used in sufficierdrdity to cover the casting. Metal brackets heeidand mold
201 shape during casting, and coolers and feeders aveided. The removal of the brackets occurred whearface
202 temperature of 400 °C was reached, according todhkng simulations (Table 4).
203 Table 4 Times required for each analyzed cubeachrsurface temperatures defined by simulation data
Cube 400 °C 300 °C
350 mm x 350 mm x 350 mm 34 h 42 h
700 mm x 700 mm x 700 mm 109 h 131 h
1000 mm x 1000 mm x 1000 mm 170 h 200 h
204 2.2 Microstructural and mechanical characterization
205 Fifteen samples for each condition (three sampmegdch of the five foundries) were extracted by satting;
206 attention was paid to avoid thermal alterationhaf tmicrostructure. Microstructural analyses wergi@a out on
207 the samples using optical microscopy (OM) and fighdission-gun scanning electron (FEG-SEM) microgcop
208  equipped with energy-dispersive X-ray spectrosd&iyS). Metallographic samples were embedded in wotnk
209 resin, ground by emery papers from 180 grit up2@0lgrit, and polished by diamond suspensions fdm1 pm,
210 according to the ASTM E3 standard. Finally, megéphic samples were etched with 4% Nital reagémhi(
211 HNOs-96 mL ethyl alcohol) according to the ASTM E40&rstard. Image analysis was done using ImageJ seftwa
212 to identify nodularity,N (%), nodule countNC (units/mn%), nodule size NS (mnv), ferritic grain size,FG
213 (intercepts/mm), and pearlitic areRBA (%). Analysis areas for graphite characterizatioere carried out
214  considering the size of the graphite nodules duthéolong solidification times. Three different iges were
215 captured per sample, each measuring 3.2 mm x 5.7fonra total analysis area per sample of approtéma5
216 mn?. For the graphite analysis, the 1ISO 9#3019 standard was applied as far as possiblesidenng no

7



217

references for sections larger than 200 mm. Iriquéar, nodularity for each area was evaluated @iog to Eq.

218 (1)
219 Nod = 2222v 1)
all
220  whereNod is nodularity, in %Ay andAv represent the total area of graphite particleb vaitindness 0.6 to< 1.0
221 (only form V and VI particles by 1ISO 9442019 are included as spheroidal graphite pasticlehe nodularity
222 calculation); andA is the total area of all graphite particles thaeftrthe size criteria, excluding the particles that
223 intersect the border of the area of analysis. Roesslis a shape factor calculated as the aregrapaite particle
224  divided by the area of the circle where the diamistehe maximum Féret diameter of the same graygtticle.
225 Nodules along the edges and nodules characterized Féret diameter less than 30 um (class 6 andrlow
226 according to the 1ISO 94%:2019 standard) were excluded from the calculationodularity and average nodule
227 size. Based on the magnification applied for quativie analysis, this threshold was set to elinsimatasurement
228 errors introduced by scratches, noise, and smadisp@nly the particles with a minimum roundnessagdp 0.6
229 (according to the ISO 94%:2019 standard) were analyzed for nodule counthBtmore, areas with degenerated
230 graphite were manually counted as degenerate aaidexd from the images to facilitate automatedysmiglbof the
231 nodules.
232 According to the ASTM E112-13 (2021) standard, ithercept method was used to measure the ferriéimg
233 dimension. The pearlitic area was evaluated usiagercentage of occupied area within the anadysis.
234 Brinell hardness (HB30) was carried out accordinthe ASTM E10-18 standard with a 2.5-mm steel A8¥.5
235 kg load, and dwell time of 10 s to assess the fadiva between solidification time and mechanicalperties.
236 Hardness was evaluated on each specimen and tattals the average of at least three measurenwerggadh
237 sample.
238 3 Results and discussion
239 Significant microstructural differences were observbetween the different solidification conditions
240 (solidification time: 3, 10 and 20 h, and castinggition: casting center (C), and transition zon® @n the
241  microstructural characteristics of the EN-GJS-480-ds summarized in Table 5 and Fig. 2 and higtdigtiby
242  representative microstructures shown in Figs. 34and
243 Table 5 Results of image analysis measurementedamt on specimens characterized by differendification
244  conditions:N (%), NC (units/mn?), NS (mn?), PA (%) andFG (intercepts/mm)
3C 10C 10T 20C
Min Max Average Min Max Average Min Max Average Min  Max /
914+ 82.4 + 83.2+ ’
88.9 95.6 57.1 90.7 50.2 95.8 43.3 91.1
2.3 11.6 14.0 17.

8



units 30.3+ 10.3 + 45+ :
22.6 41.0 53 19.0 1.7 12.2 2.0 6.3
7.1 4.3 2.8 1.1
0.004 + 0.012 + 0.026 *
m?2 0.002 0.006 0.017 0.010 0.039 0.019 0.036
0.001 0.003 0.009
3.7+ 8.4 + 53+ i
0 0.0 7.9 3.3 18.3 0.0 13.8 1.5 25.2
2.8 3.9 4.1 7.2
intercept 205+ 154 + 129 + i
19.1 11.4 19.5 10.5 15.7 7.9 13.6
1.4 2.0 1.4 1.6
100%
° 91,4% :$;r:se,;|on N (b) y= 0'1289(2[:{???56( razae
90% | i\' T
\\\\\\\\ 30 ) 30,3
.§®\\\\ g\ \\\
_ 80% ¢ 82,4% "~~~ £
S T R D 0 AN
2 el ENT
70% | 73,6% = N
O \\
Z \\\
60% | o %‘{03 3,6
|y =-0.0104 + 0.9392 | e Center & 4 '
R2=0.989 oTransiton | TTTme--esc L
50% Lo ol v v
0 2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
245 Solidification time/h Solidification time/h
0,04 e Center
L (C) o Transition
0,03 |t
® 0,02
Ng -
=002
Z ”’r
001 | .-® 0,012
0,004 .- y= 0.001%- 0.0007
® R? = 0.9969
o0 b v v 0
2 4 6 8 10 12 14 16 18 20
246 Solidification time/h



247

248
249
250
251

20%

N
(6]

) y=-0.0003+ 0.0102 + 0.0091 © e Center
Rz=1 - r o Transition
15% 20 B2
(O S
HE | \\\\‘N\ 15,4
10,3% o 15 e
g 5
0% e * g 12,97 el
- 7B.4% 210} 11 1.}
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© Center ly=0.017%2- 0.9645 + 23.262
0 Lo, qTransiton 0 R=1
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
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Fig. 2 Effects of different solidification times,(B0 and 20 h) and casting positions (casting ceartd transition
zone) on microstructural characteristics of EN-@@08-15.a Nodularity;b nodule countgc nodule sized pearlitic
area extente ferritic grain size. R referred to as the square of the correlation,sunes the proportion of variation

in the dependent variable that can be attributedeandependent variable.

Ioded,‘graphite

icroshrinkages X

e Chunky graphite
*Chunky graphite
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252  Fig. 3 EN-GJS-400-15 microstructures from solidifieamples under different solidification conditioasc 3C
253  condition;b, d 20C conditiong, g10C conditionf, h 10T condition. The firstimage of each solidifioatcondition

254  shows the best identified microstructural featuties,second one the worst.

(b)

-

Pearlitic area

\

Pearlitic.area

(d)

A\

Pearlitic area

255  Fig. 4 EN-GJS-400-15 microstructures from solidifisamples under different solidification conditioas3C
256  condition;b 20C conditiong 10C conditiond 10T condition

257 As shown in Fig. 2, the microstructural charactmssof the casting center (in terms of graphiteduies and
258 ferrous matrix) strongly depend on the increasmlitification times, as also described in therditare for thinner
259  wall thicknesses [10, 226].

260 Focusing on the casting center position (C commlitithe increase in the solidification time (frorto30 h) leads
261 to a decrease iINC (from 30.3 to 3.6 nodules per Mnand an increase NS (from 0.004 to 0.026 m#h (Fig. 2a,
262 c). Atthe same time, as solidification time inaes, the morphology of the nodules “degeneratea’rasult of the
263 formation of exploded and chunky graphite (Fig. BY,with a decrease iN from 91.4% of the 3C condition to
264  73.6% of the 20C condition (Fig. 2b). Longer sdiadition and cooling times (Table 4) also leadtdrecrease in

11
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inhomogeneity in terms of morphology and size & gnaphite nodules, with very marked differencesvben
different samples under the same solidificationditions (time and position) (Table 5 and Fig. 2hisTresult is
also due to the production of castings by diffefenhdries, which amplified the microstructural iedility of the
samples under the same solidification conditiongs ¢l the complexity of the nucleation and segregati
phenomena. Large nodules are associated with prigraphite growth due to solid solution diffusiomchanisms
below the eutectic temperature [22]; prolonged sype to high temperatures due to extremely longjrgpdimes
(Table 4) leads to continued growth of primary neduHowever, the asymptotic valueNE equal to 3.6 nodules
per mnt may indicate a limit in the increase in noduleesinposed by the solid solution diffusion of C asoamd
the consequent achievement of the maximum meaestasighbor distance between nodules, as well adimit

in obtaining nodules without generating degenegedphite.

The degenerate graphite, observable for 10 and 80 dolidification time (Fig. 3d, g, h), resultsofn the
combined effect of limited undercooling and incexhsiquid supersaturation, negatively influencihg nodule
growth mechanisms. As described by Kéllbom et24],[the solid solubility of rare earth (RE), Mg, &d O in
austenite is negligible; therefore, these elememéglually enrich the liquid at the solidificationofit, thus
influencing the growth of the eutectic graphite. tha one hand, the nodulizing effect of Mg and Ré&kes the
growth of eutectic graphite possible along the tailise orientation <0 0 0 1>, spheroidizing theghmite particles;
on the other hand, S, O, and excessive Mg and REewbpromote the branching of eutectic graphiteiciv
assumes the chunky or exploded morphology (Figg3d). This condition was favored in the centethef casting,
where the advancement of the solidification frewctio a continuous enrichment of the liquid melig or RE and
the subsequent degeneration of the graphite nadudteexample is the presence of distinct endogeirmlissions
such as magnesium oxides (MgO) in the intercelludégiion (Fig. 5) formed during solidification due the
continuous enrichment of Mg in the residual meltl @s reaction with dissolved O. The action of Gd@ubly
damaging: on the one hand, it traps Mg and favw$drmation of degenerate graphite; on the othadhit forms

non-metallic MgO compounds that worsen the meclahmpioperties of the castings. Therefore, it irtal to

Normalized atomic

concentration/%

1 18.0 57.4 21.0 0.0 1.9 0.0 1.7
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290
291
292

293
294
295
296
297
298
299
300

301
302
303
304
305
306
307
308
309
310
311
312
313

2 20.8 59.0 17.7 0.0 2.2 0.1 0.2

3 20.2 56.8 19.7 0.1 1.2 0.2 1.8
4 20.8 58.8 19.1 0.0 0.4 0.0 0.9
5 23.6 1.6 0.0 1.6 0.0 0.0 73.2

Fig. 5 High magnification SE (secondary electrof@§)and BSE (Back-scattered Electrons) images of MgO
inclusions in intercellular regions of a 20C samp@BS analysis of panel “5” irbf shows composition of pearlite

(ferrite and cementite lamellae,3E3

For atomically smooth (faceted) interfaces, sucgraphite, the spheroidization process requiregelariving
forces that necessitate high undercooling and sapeation of the nodulizing elements in the ligoidlt [5]. As
the wall thickness and solidification times increathe driving forces become too low to promoteespidal
graphite. However, they are sufficient to form |daregraphite, as also reported in [21, 27], resglin a spiral
growth mechanism on the “c” axis of graphite crisstapable of forming dendritic (coarse and expidgaphite,
observable in Fig. 3d, g, h as aggregates or chisfegraphite particles. The distribution of theioky graphite is
not uniform, and it is possible to identify finewtky graphite (Fig. 3d) and coarse chunky grapfkig. 3g)

depending on the solidification time and extensibthe affected areas.

An additional factor that increases the formatibdegenerate graphite is the increase in the coafénterfering
elements in the intercellular zones, which favbesformation of blocky graphite (Al, Ca, Ce, Nigddsi) or lamellar
graphite (As, B, Bi, Cu, Pb, Sb, and Sn) [28, 29]particular, as the solidification time incregsta® interfering
elements have enough time to diffuse onto the bayngdurface of the graphite melt, thus interruptthg
spheroidization of graphite and promoting anoth@pgite morphology. Comparable mechanisms ledttoese-
fold increase in th@A extension, moving from the 3C to the 20C conditiéa solidification times increase, the
transformation from austenite to ferrite is prontblsy C atom diffusion, thus limiting the formatiof pearlitic
zones in small and homogeneously distributed indengar areas in the ferritic matrix (Fig. 4a). Hewar, longer
solidification time facilitated segregation phenoraeand the accumulation of pearlite promoter elemanthe
liquid melt, such as Cr and Mn, leading to the fation of large intergranular pearlitic areas withinoarse ferritic
matrix, and microshrinkages promoted by the prégtipin of carbides (Fig. 6a, b). HSDI castings wadse affected
by a significant coarsening of the ferritic maimearly dependent on the solidification time (F2g@): moving from
the 3C to the 20C condition, the increas&@is equal to 45.8%.
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Fig. 6 Microshrinkages in correspondence with pgadrea in 10C4d) and 20C sampled). High magnification
SE images and EDS analysis of intercellular phasgsegated in intercellular regiorsPearlitic islandd micro
shrinkages (yellow arrows) and complex (Ti Zr, &)carbide (points 1 and 2) embedded into a péasitucture;

e detail of pearlitic lamellar structure. EDS an@ysf box “3” in (d) shows composition of pearlite (lamellas of

ferrite and cementite, E€)
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Hard carbides are present in the intercellularljtiearegions due to the reduced solubility of ddegspromoting
elements in austenite. The area fraction of peaalitd the number of carbides strongly depend ormhbeical
composition and segregation of pearlite- and carpidbmoting elements in the remaining liquid durengectic
solidification. In particular, Ti, V, Mo, and Nbepresent in small amounts in common ferrous chargierials
and are typical residual elements in HSDI castiddghough present in very low quantities in therface charge,
they strongly segregate at the cell boundariesnduaustenite solidification from the liquid phaseaching
concentrations up to 1000 times higher than théeaed in the nominal concentration (Table 3), tippsmoting
the formation of Ti-, V-, Mo-, and Nb-based carlsd€&ig. 7). In addition, the long solidificationries strongly
impact nodule density (Table 5 and Fig. 2) and tthes diffusion distance for C and other elementsndu
solidification and cooling in the solid state. Thagarticularly true under the 10C, 10T, and 206ditions, where
a more pronounced segregation of the promoting essnwas favored, increasing the area fractioradbides
formed at the end of solidification. During DI stification, carbide precipitation can occur dirgdtbm the liquid,
at the early stage, or at the end of austenitdifichition. Considering the long solidification ta®, the low content
of carbide promoters in the chemical compositioab{&@ 3), and the position of the carbides in therogitructure
at the intergranular region, embedded into peariggions, the carbide precipitation could maintgwr in the last
part of the austenite solidification due to vergrsiicant segregation phenomena of carbide promelEments
toward the remaining liquid during eutectic solicktion [13]. The analysis highlighted a higherlide content
and microshinkages in the pearlitic areas of the 40d 20C samples, characterized by a more extepsirlitic
area. Another result that can be observed from. Bigsaand 6a, b is the proximity of a large numbecasbides
around the degenerate graphite. As described ir8[1]3the formation of carbides hinders the diffasof C atoms
from austenite to graphite through the ferriticlsHavoring the formation of chunky graphite dwethe kinetic

disadvantage for the growth of nodules and thentbdynamic conditions for the graphite nucleationthet

austenite-liquid interface.
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(d)

Fig. 7 SE imagesa( ¢ and EDS maps( d) of Ti-, V-, Mo-, Zr-, and Nb-based carbides emtbedl into a pearlitic

structure

In conclusion, segregation phenomena of minor eitsre the interface (carbide formers such as Cgrd V,
pearlite promoters such as Mn and Cr, nodularindrinoculant elements such as Mg, Zr, and RE) iedube
formation of large intergranular pearlitic islaridghe ferritic matrix (Fig. 6a—e). In addition ‘tsingle” carbides,
high-entropy carbides are identified in the intddar regions (Fig. 7); as described by Kan ef2l], rock-salt
crystal structure carbides, such as TiC, ZrC, ab@ Nare completely inter-soluble, and, if meltegetiher with Fe,
they precipitate out of the melt and form a singlgh-entropy carbide phase. Carbides are alscaat fmartially
responsible for the formation of microshrinkageseithey have a smaller volume than the ferriti¢risnand
graphite after solidification (Figs. 6d and 8). Mover, very long solidification times, as occurstle 20C
condition, can also lead to the formation of |aFgeC lamellas in the pearlitic structure, increasimgdiscontinuity
with the ferrous matrix (Fig. 8). As reported ir2[&nd shown by EDS analysis in Fig. 8, Cr and Mwueha high
impact on the formation of the intergranular péartirea: they decrease the eutectoid equilibrieimpierature at
which austenite decomposes into ferrite and grapthus leading to a decrease in the carbon diffusbefficient

during the ferritic reaction and favoring the fotioa of pearlite.
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Normalized

atomic C Mg Si P S Ti V Cr Mn Fe Ni C
concentration/%

1 17.7 0.05 1.02 0.00 0.00 0.03 0.14 0.24 1.16 079.5 0.08 0.1
2 26.3 0.02 0.10 0.03 0.03 0.00 0.12 0.62 1.11 571.6 0.03 0.0
3 26.5 0.06 0.05 0.00 0.00 0.00 0.18 0.59 1.19 271.4 0.03 0.0

361 Fig. 8 Large Fe¢C lamellas within pearlitic structure into 20C naistructure. Yellow arrows indicate

362  microshrinkages within pearlitic area

363 Significant differences were observed even fordghmmples characterized by the same solidificatime 10 h)

364  but by different extraction positions (casting @r{LOC) of 700 x 700 x 700 n¥nube or transition zone (10T) of

365 1000 mm x 1000 mm x 1000 mm cube). The 10T condiicharacterized byMS approximately double that of

366 the 10C condition and a low8IC (-56.3%), while theéN is comparable (82.4% vs. 83.2%, respectively)that

367 same time, th®A of the 10T condition is smaller than the 10C ctiodi(—36.9%), and thEG is coarser, with an

368 increase equal to 16.2% (Fig. 2).

369 The differences between the 10T and 10C microstrest(Figs. 3 and 4) can be explained by considéhiree

370 main phenomena which take place during solidifteain HSDI castings: (i) graphite nucleation andvgh, (ii)

371 ferritic grain formation and coarsening, and @&gregation of minor elements.

372 The formation of a non-homogeneous microstructard$DI castings, characterized by large pearlgiarids

373 (Fig. 5), is promoted by segregation of pearlitiopoters such as Mn and Cr in the intercellulaioms) of the

374  ferritic matrix. Therefore, the formation of largearlitic islands affects the casting center (106dition) more

375 than the transition zone (10T condition) due togbgregation of alloying elements into the lasttfca of liquid

376 that solidifies (Fig. 2d).

377 The size and morphology of graphite in as-casteduit from crystallization within the liquid andagvth in the

378 austenitic shell controlled by C atom diffusionstead, solid solution diffusion mechanisms below éitectic

379 temperature increase tNSand reduce thC due to C atom diffusion. In particular, dissolatiof smaller particles

380 and deposition onto larger particles occurs toheamore thermodynamically stable state where tinace-to-

381 area ratio is minimized (Ostwald ripening mechanisbonsidering the longer time necessary for thgelst cube

382 (1000 mm x 1000 mm x 1000 mm ) to cool (200 h &xhe300 °C on the surface) compared to the medira c

383 (700 mm x 700 mm x 700 mm ) (131 h to reach 300ri@he surface) (Table 4), the 10T samples arestdy) to

384  high temperature for a longer time than the 10Caesn even if the solidification times are compégabherefore,

385 castings with a higher thermal modulus favor thenfation of a lower number of larger graphite nodlite the

386 transition zone.
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The comparabl®l can be explained based on the peculiar graphitetbrconditions in the center of the HSDI
castings [20, 21]. Initially, the graphite nucleepipitate in the liquid, and then spheroids arenfed by the action
of Mg and RE; however, during the coarsening of fire# nuclei, the morphology of the graphite nadleln
degenerate. The development of anomalous struatfitke graphite (exploded or chunky graphite)us tb high
C atom supersaturation in the remaining liquid kovd nucleation potential related to the lack of gag-based
compounds suitable for graphite nucleation [25]nsufficient undercooling [33]. Consequently, tHeuoky or
exploded graphite formation occurs during solidifion and depends on the solidification time. lis tondition,
the casting center is disfavored compared to #resition zone at equal solidification time dueht® inore extensive
segregation phenomena (e.g., Mg, Mn, Mo, Cr, VIB,around the coarse eutectic cells, which caratiegly

impact nodularity [12].

Local segregation also occurs in the transitionezohthe 1000 micube due to the large size of the casting.
This leads to the formation and growth of chunkgpipite cells by diffusion of C atoms through thetenitic
matrix and, consequently, to the growth of vergéafoliated dendrites and branched structures 8igdepending
on the cooling time. Therefore, the slow coolintg rafter solidification favors the growth of chunéyd exploded
graphite in the 10T condition more than in the D@@dition. In addition, the longer exposition ajthiemperature

negatively affect® (Table 4) and induces the coarsening of the &giiiins, as reported in Fig. 2e.

Despite the excellent castability of DI, interdatidishrinkage defects (sized up to a Féret dianm@ft800 pum)
were observed, especially in samples extracted fhencasting center for longer solidification tinf@6C and 20C
conditions), as shown in Fig. 9. As a matter of,fdee Mg segregation in the center of the largdiicgs can favor
a more extensive formation of interdendritic shaig& [34]. At the same time, the solidification b&tDI as a
divorced eutectic, i.e. the graphite nodules surded by the austenite shell, hinders the interdénfreding and

promotes the formation of interdendritic shrinkage described in [35].

Fig. 9 SE image of intercellular shrinkage withamritic matrix (10C sample)

As reported in [25, 30, 36], the hardness of Déssentially the hardness of the ferrous matrixifferand
pearlitic grains), increased by the hard carbideatked in the intergranular zone. Hardness is naitynmfluenced
by the morphology and size of the graphite, evetimef chunky graphite interrupts the continuity loé three-
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dimensional matrix. However, optimizing the nodsiee and nodule density can indirectly increasehtrelness
of the DI [37]: a high nodule count allows for obiag a finer and more homogeneous matrix, thuscied) the
presence of defects. In addition, the nodule casinelated to the nodularity: if the inoculatioredtment is

performed correctly, it allows for the obtainingswhaller and more spherical nodules, refining ttangstructure.

Despite the significant differences in the microstures observed in this study, the hardness vanigdy 6.6%
(Fig. 10) from the maximum value (3C condition: 181BIB30) to the minimum value (20C condition: 13H530).
This result is due to the combined and contrasgffgcts related to the variation of the microstouat
characteristics described in Fig. 2. This is algoperted by the increased data deviation from theédthe 20C

condition (Fig. 10), which agrees with the micrastural inhomogeneity increase in Fig. 2.

150
@ Center
o Transition
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& 140 “see |
R0 T 137,5
I T -~
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Q@ v Tl
g © 1335 el
° 1 S~<
©
T 130 131,5
|y=-0.5526 + 142.69
Rz =0.9954
120 ....................

0 2 4 6 8 10 12 14 16 18 20
Solidification time/h

Fig. 10 Effects of different solidification time3,(10 and 20 h) and extraction zones (casting cedi@nd transition
zone, T) on hardness of EN-GJS-400R4s evaluated only for C samples (different soladifion times at casting
center)

In HSDI castings, the inoculation and spheroid@atireatments are challenging due to the casting @nd
solidification time. As a result, it is more likely find areas with low nodule count and segregaticelements that
favor the formation of pearlite, carbides, or deggate graphite. These microstructural irregulagisgnificantly
impact the tensile and fatigue properties of tretings [3, 4, 9-11, 24]. However, because hardisassgligibly
affected by such inhomogeneities and anomaliesnibt a reliable indicator of the microstructundHSDI castings

and, moreover, it doesn’t provide reliable inforimaton tensile and fatigue strength.

4 Conclusions

1. As the solidification time in the center of HSEries from 3 to 20 h, the nodule count decrefiees30.3
to 3.6 nodules per mirand the nodule size increases from 0.004 to (M@#6 At the same time, nodularity
reduces from 91.4% to 73.6%. These effects aribatd to an increase in local segregation and Howe

undercooling.
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2. For comparable solidification time (10 h), thécmostructural characteristics vary in relation ttee
extraction zone. Specifically, the transition zofi®T) is characterized by an average nodule size
approximately double that of the casting cente€{1(@.012 vs. 0.026 m#)) as well as lower nodule count
values (4.5 vs 10.3 nodules per #mConversely, nodularity is comparable (83.2% 88.4%,

respectively).

3. Long solidification times favor the formation afiunky graphite, especially in the casting centérere
solidification conditions limit undercooling andgmote supersaturation of minor elements in the enolt

liquid.

4. With increasing solidification time, local segagion phenomena of minor elements increase, dagirig
to the formation of carbides in the intercellulagaand a three-fold increase in the pearlitic art@nsion
from the 3C to the 20C condition. Conversely, tB& tondition shows a decrease in the pearlitic area

extent compared to the 10C condition (5.3% vs. §4%pectively).

5. The increase in casting wall thickness leads ferritic grain coarsening from 3C to 20C condit{from
20.5 to 11.1 intercepts per mm). Similarly, thdudifon mechanisms lead to larger grains in 10C than

10T condition (15.4 vs. 12.9 number of interce@spm, respectively).

6. Hardness is slightly influenced by solidificatitme and varies from the maximum value of 1408236
for the 3C condition to the minimum value of 13HB30 for the 20C condition. This can be relatedyonl

to the microstructural coarsening of the graph@tduies and the ferrous matrix.

In the light of the above, the longer the solidifion time, the worse the microstructural charasties of cast
iron due to unfavorable solidification phenomenawdver, the evaluation of how much the morpholofjjhe
microstructure can worsen in terms of nodule sgegenerated graphite, shrinkage porosity, etc., nveagr
evaluated in real castings despite its importaMogeover, these data will be helpful in refiningtiag simulations
used to predict microstructure in HSDI castingss Tvould also allow for the optimization of the dgsof castings
and the reduction of costs and environmental im@duds study pointed out that hardness tests daigbtight the
microstructural variabilities within ferritic HSDdastings, which instead profoundly affect the staid cyclic
mechanical properties, as reported in the liteeatlihis aspect will be explored more thoroughlyuiture works
by the Authors by analyzing the static and cycliechranical properties of the EN-GJS-400-15 in thmesa
solidification conditions. Finally, this study eBlighes a foundation for developing an internaticstandard for

quality control of ferritic HSDI castings with thkinesses exceeding 200 mm, currently outside tlstigistandard.
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