Revealing and characterising solidification
structure of ductile cast iron
G. Rivera, R. Boeri, and J. Sikora

This study deals with the solidification and microsegregation processes of near eutectic ductile cast iron. A detailed
analysis of old and new solidification models was made, Metallographic techniques, developed elsewhere by the
authors, were vsed to reveal the solidification microstructure and macrostructure. The results allow a new soli-
dification model to be proposed, where each solidification unit is a grain of eutectic austenite that has a dendritic
substructure and contains a very large number of graphite nodules. A pattern of microsegregation exists inside each
solidification grain, while no intergranular microsegregation has been detected. A procedure to characterise the

solidification refinement was developed considering the location of the last to frecze areas,
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List of symbols and abbreviations

Agen  average area per cell

Aprain - average area of eutectic grains
Apogure  Average nodule area
DAAS  direct austempering alter solidification

DI ductile cast iron

LTF last to freeze
MA, MI1, MI2  melts
MM  multinodular

average number of cells per unit area
number of cells per unit volume

average number of graing per unit area
number of grams per unil volume
average number of nodules per unil area
average number of nodules per cell
average number of nodules per grain

'*":n.gr:um

Ny g number of nodules per grain in volume
Ny v number of nodules per unit volume
UM uminodular
Introduction

Ductile cast irons are materials of great technological
importance that are wsed in the construction of a large
number of components. Despite their extensive application,
there are still a number of aspects of their metallurgy that
are not thoroughly understood. In particular, significam
rescarch efforts have been carried out to understand the
solidification of these alloys and the resulting microsegrega-
tion, aiming 1o reach a better control of their microstructure
and mechanical propertics.

The literature shows two major physical models to explain
eutectic DI solidification. Most solidification expertls agree
today that the solidification of eutectic I involves the
formation of austenite dendrites and graphite nodules or
spheroids, The inleraction of the growing austenite with
the nodules onginate solidification units, described as
engrossed auvstenite dendrites, which contain several gra-
phite nodules," as shown schematically in Fig. 1. This will
be referred to as the MN model, On the other hand. other
researchers, mostly involved with the modelling of micro-
structure and microsegregation, use an earlier solidification
moddel in which solidification units are formed by glaph]l;
nodules enveloped by austeniie shells, as shown in Fig. 2.
This will be referred to as the UN model. The discrepancics
regarding the solidification of DI are difficult 1o resolve

becauwse, alter solidification is complete, solid state trans-
Formations take place during cooling to room temperature,
making it impossible to reveal the solidification structure by
standard metallographic technigues. As a consequence, the
standard characterisation of DM structures includes onlvy the
description of the matrix microstruciure al room lemperi-
ture and the graphite count and morphology. The coarsen-
ing of the structure as the solidification rate decreases is
characterised indirectly by the coarsening of the graphite
nodules. There is no method based on the observation of the
true solidification structure of the matrix.

In recent publications, the authors reported the develop-
ment of novel methods 1o reveal micro- and macroscopically
the solidification structure of near eutectic [ casi in sand
moulds.® " The evidence obtained through the use of these
methods contradicted the previous solidification  models,
described above, and led the authors to propose a new
explanation of the solidification mechanism of eutectic DI
According to this explanation,' the solidification begins with
the independent nucleation of graphite and austenite in the
melt. The austenite grows dendritically, trapping and enve-
loping graphite nodules as they collide with the dendrites,
Further graphite growth requires the diffusion of C to the
noddules through the austenite envelope. The macrographic
technique developed by Boeri and Sikora'” showed that each
solidification unit is formed by a large avstenite dendrite that
contains many graphite nodules. It has been shown that small
departures from the eutectic composition do not markedly
alfect the solidification process.'" Earlier experimental results
and existing models must be critically reviewed and compared
with this new solidification model.

The objectives of this siudy are to make a detailed analysis
of old and new solidification models, and to develop a pro-
cedure 1o characterise the solidification structive of near
eutectic DI cast in sand moulds. h

Experimental procedure

MATERIALS

Ductile iron melts used were of near eutectic composition,
and were produced in commercial [oundries and pilot
plants using medium frequency mduction lurnaces. Charge
materials were DI quality pig iron (low P, 8, and Mn), low
C steel scrap, foundry returns, ferroalloys, electrolytic
Mi and Cu, and graphite. The melt was nodularised by
using 2 wi-% of Fe-Si-Mg-Ca-Ce (9 wt-%Mg), and
post-inoculated  with (-3 wi-% of Fe—5i (73 wt-%50).
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1 Schematic of sequence of solidification of eutectic
ductile cast iron according to multinodular model;
black lines represent boundary between solidification
units; dark grey zomes at which three solidification
units meet correspond to last to freeze areas in melt

Table 1 Lists the chemical composition and the graphite
characteristics (ASTM A247)'? of the melts used.

The ¥ blocks o 13, 25, and 75 mm {ASTM A393)," and
round bars of 20 mm diameter and 100 mm long, were cast
in resin bonded sand moulds. Metallographic samples were
obtained from the ¥ blocks and round bars at the locations
shown schematically in Fig, 3,

METALLOGRAPHIC STUDY
The metallographic techniques wsed in this study were
developed elsewhere by the authors.

i &

I -

2 Schematic of sequence of solidification of au'te&il:
ductile cast iron according te uninodular model: black
lines represent boundary between solidification units;
dark grey zones at which three solidification units
maeet correspond to last to freeze melt

Micrographic technique

The technique reveals the solidification microstructure
through the vse ol a reagent that brings up the micro-
segregation patterns generated during solidification, as
reported by Rivera e al® For betler results, it is recom-
mended to carry out a ferritisation anneal on the samples
before ciching. In this study, the eiching procedure was
applied on samples taken from Y blocks, Typical results are
shown in black and white in Fig. 4a*. The light patches
*Colour versions of all micrographs, which provide enhanced
information on the microstructures, are available from the authors
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ial
a . 175 mm
(b %
100 mm

a8 % blocks; b round bars
3 Experimental castings: arrows show location of sam-

ples used for metallographic characterisation: a=13,
25, and 75 mm

(arrowed) surround and make 1t possible 1o dentify the
location of the microsegregated regions corresponding to the
LTF meli. To characterise the distribution of such regions,
a procedure was developed as described below. On a = 100
micrograph of the colour etched samples, lines are manually
drawn between the location of neighbouring LTF regions
{Fig. 4b). This defines a pattern of closed regions, that have
been referred to as “cells” in the past and were considered to
be the solidification units.' Such nomenclature is still used
in the present article, although it must be pointed out that,
under the current understanding of the authors., the division
imte cells does not have physical meaning, but is only a
means 1o characterise the dispersion of LTF.

O each sample analvsed, at least 50 cells were identified
and the average number of nodules per cell N, . was mea-
sured, The number of nodules per unit area N, and the
average nodule area 4,00 Were also measured on each
sample, and the number of cells per unit area N, was
caleulated as the ratio between N, and N, .. The average
area per cell A,y was calculated as ¥ b

Macrographic technigue

The observation of the macrostructure requires DAAS™ 1o
be carried out. In this process, the cast parts are shaken oul
from the mould when their temperature is ~930°C, and

4 a black and white print of melt MI1 after colour etch-
ing and b same area as a with LTF zones and cell con-
tour marked manually

transferred to a furnace held at 900°C, where they remain
for 30 min to allow temperature stabilisation. The parts
are then austempered in a molten salt bath held ar 360°C,
for 90 min. After DAAS treatment, the matrix microstroc-
ture of the samples shows a line mixture of lerrite needles
and retained austenite, typical of austempered ductile ron.
The retained austenite retains the crystalline orientation
defined during solidification. Therefore. later etching with
Picral (5 wi-"%o) reveals the grain structure of the eutectic

Table 1 Chemical composition and characterisation of graphite phase*

Chemical composition, wt-%

Graphite characteristics

Melt Fe C Si Mn Cu Mi Cr

[ Bal, 300 310 27 087 074
M Bal, 350 209 0-80 0-83 0-26

Miz Bal. 320 285 02z 1-00 oM

Cast size, M. nodules
Mg mm M, % N mm
0-060 Bar ¢ =20 100 67 path
o027 Y block =13 100 5/6 253
Y block =25 100 56 200
Y block=75 a0 5 Ta
020 0-056 Y block=13 100 B7 348
Y block =25 100 G 225
¥ block =75 100 ] 120

*N nodularity; Mg nodule size; N, nadule count.
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a direct austernpering after solidification; b conventional aus-
tempering

5 Macrographs of melt MA etched with 5 wt-% Picral

austenite, This procedure was carried oul on samples taken
from round bars. Figure 34 shows the resull of the etching
ol a sample of mel MA, obtained using the DAAS tech-
nique. Figure 5% shows the results of the eiching of another
sample of the same melt cast without the use of DAAS, and
austempered using the same temperature and time as the
sample of Fig, 5a. It is very clear that DAAS allows the
macrostructure (o be revealed, while no evidence of such a
structure is present in samples cooled down conventionally
after solidification.

The result shown in Fig. 5q is tvpical For all DIs inves-
tgated, It shows a grain structure similar to that found in
cast parts of most metallic alloys. The average area ol the
eutectic grains A,,,;,, was measured. The number of grains
per unit area N, was calculated as A '|'.I1.||1" and the number
ol nodules per grain Ny, ;i was calculated as the product of
Ny and Agnin.

Results and discussion

ANALYSIS OF VALIDITY OF EARLIER
SOLIDIFICATION MODELS

Uninodular model

The progress of the solidification according to the UN model,
shown schematically in Fig. 2, would lead to a distribution of
the microsegrepation as that shown schematically in Fig 2e,
where il it 18 assumed, for example, that the average nodule
diameter is 40 pm and the average distance between nodules
is 120 pm (approximate values for a 25 mm thick plate cast
in & sand mould), typical distances between microsegregated
(LTF} regions would be similar to the average distance
between nodules. The actual distribution of microsegregation,
shown in Fig. 4a, is significantly different from what is pre-
dicted by the UN model. Note that the average nodule size
of the sample of Fig, de s ~40 pm, similar 10 what has been
assumed in the schematic of Fig, 2e. The actual distance
between LTF is about three times larger than that predicted
by the UN model, I thas ratio is taken to a three-dimensional
space, it would mean that the UN model predicts a dispersion
of the microsegregation regions about 27 times larger than
that actually observed, This indicates that the UN model fails
to predict the microsegregation pattern, Moreover, an even
more negative fact is found when the predictions of the UN
model are compared with the macrostructure shown in Fig, 5,
where the grain volume is about three orders of magnitude
greater than that of the UN model. Tt must be pointed out that
a large number o mathematical models of microsegregation
and solidification o DI are based on the UN model”

6 Micrograph of melt MA after direct austempering after
solidification procedure and colour etching: hardness
indentations show position of grain boundary of
eutectic austenite

Multinodular model

The progress of the solidification according to the MN
model would lead to the distribution of the microsegrega-
on shown schematically in Fig, 1e. This is in good comei-
dence with the actual pattern, shown in Fig, da. This is not
surprising, since the MN maodel has been developed through
the observation of the microsegregation patterns,” The MN
mowdel proposes that areas between microsegregated regions
are the actual ewtectic solidification units. Nevertheless,
the size reported for such units is much smaller than that
revealed by macrography (Fig. 5). Moreover, according to
the MN model the microsegregation inside each solidifica-
tion unit is very small. Therefore, it is advisable to examine
simultaneously the micro- and macrostructure. In order
(o examine the microstructure while keeping track ol the
macrostructure, the location of a graim boundary revealed
by macroeiching was marked by Vickers hardness indenta-
tions, The same sample was repolished and colour elched, as
shown in Figs, 6 and 7 (in higher magnilication). Notice-
ably, no predominant microsegregation is seen al the
boundary between solidification units, butl extensive micro-
segregation is observed inside each solidification unit. This
points out the inadequacy of the MN maodel, and the need
to formulate a new approach.

PROPOSED OF IMPROVEMENT TO NEW
SOLIDIFICATION MODEL

The model proposed by Boeri and Sikora' agrees with most
ol the experimental evidences, but can still be improved
to account for the distribution of the microsegregation

7 Micrograph of same sample as Fig. 6 at higher magni-
fication
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a- ¢ solidification macrostructure (equiaxed grains); o actual macrostructure; e— g solidification microstructure: i actual microstructure
B Schematic illustration of sequence of solidification of eutectic ductile cast iron

in betler detail. A new version of this model is proposed
here, as shown schematically in Fig. 8. Figure 8a—¢ repre-
sent different stages of the formation of the macrostruciure.
The growth of avstenite dendrites that originate the grains
is shown. In this sequence, the presence of graphite nodules
is ignored, since the size ol the graphite particles is too small
at this scale. Figure 8e—g represent a higher magnification
view of the stages corresponding to Fig. 8a - ¢ respectively,
where the nature of the interaction of austenite dendrites
and graphite nodules is portraved. According 1o the model,
the solidification of eutectic D1 begins with the independent
nucleation and growth of austenite and graphite rom the
mell, with the austenite growing dendritically, as shown in
Fig. 8a and e. As the solid raction increases, the austenile
dendrites grow (Fig. 84) and they contact and envelop
most of the graphite nodules, as shown in Fig. 8/ Further
growth of enveloped nodules is controlled by the diffusion
ol C from the liquid 1o the nodules, through the austenite,
The advance of the austenite dendrites leaves significant
amounts of meli between the secondary arms. In this
manmer, at the point at which growing dendrites interact,
defining the grain size, there is still a large [raction of melt
mside each grain. The structure alter solidilication is com-
plete is represented in Fig. 8¢ and g Figure 8¢ shows
the dendritic substructure of the eutectic austenile grains.

The dark grey regions of Fig. 8g represent the location of

the LTF urcas that can be revealed by colour etching. The

dotied hnes, manually drawn  between the location of

neighbouring LTF regions, define the closed regions called
‘cells’

According 1o this explanation of the solidification process
of eutectic D1, the solidification unil is the grain of eutectic
austenite that has a dendritic structure and contains a large
number of graphite nodules and several “cells”. A pattern of
microsegregation exists inside each austenile grain.

CHARACTERISATION OF SOLIDIFICATION
STRUCTURE

Having developed micro- and macrographic technigues to
reveal the solidification structure of DI, il is now possible
Lo characterise it in detail. For example, the characterisation
ol the macrostructure of mell MA st Aym=1-8 mm’;

Nopin= 0-6 grains mm L and Ny prin = 524 nodules grain
MNote that the average grain size is relalively large. The
DAAS technique is certainly useful for research, since it
allows the observation of features that were earlier iznored.
Mevertheless, it is also certain that this lechnigque cannot
be applied on samples obtained from regular foundry
products, therelore it is not useful for characterising the
solidification structure of such products. The micrographic
technique, on the other hand, can be applied on every
DI sample. Colour etching reveals the location of LTF.
According to the solidilication model introduced recently,
the size of the regions lying between LTF is related to the
dendrite secondary arm spacing. This spacing is a parameter
usuilly measured to evaluate the influence of the cooling
rale on the refinement of the dendritic structure.'® There-
lore, the cell count ¥, determined by the procedure des-
cribed in the experimental methods section, s closely related
1o the degree of refinement of the auvstenite in 1M, and will
be used to characterise it. The refinement of the graphite 1s
properly characterised by the parameter &,

Figure 9 shows black and white prints of micrographs of
samples of mell MI2 oblained from Y blocks of 13 and
75 mm thickness, alier ferritisation and colour etching. The
coarsening of the austenite dendritic structure caused by the
increase in solidification time is seen clearly in Fig. 9h,
where the LTF regions are larger and lie farther apart than
in Fig. 9a. The coarsening of the graphite nodules is also
evident, as they become larger and the nodule count dimi-
nishes us the section size increases,

Table 2 lists values of N, Ny .. and &, Tor melts MI1 and
MI2 cast in different sections. The results show that as the
section size increases, the number of nodules per cell &,
increases, and the cell count N, diminishes more markedly
than the nodular count &,. This is scen in detail in Tahle 3,
which lists the percent of reduction of N, and N. as the
SeCtion size increases.

STEREOLOGIC CHARACTERISATION

In order 1o advance in the characterisation of the soli-
dification units of eutectic DI, it seems relevant to perform
some calculations 1o describe the size of the features in
volumetric terms. The number of nodules per unit volume
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8 13 mm; b 75 mm

9 Black and white micrographs of different ¥ blocks of
melt MI2 after colour etching

Table 2 Metallographic characterisation of different sec-
tions*

Matallographic parameters

Section N, nodules Moo nodules N, cell
Mealt  size, mm  mm call™’ mm 2
M 13 253 &0 42

25 200 T8 25

75 78 11:2 T
niz 13 348 83 42

25 225 105 k3l

75 120 20-4 &

*Module count N nodules per cell N..; cell count N

Table 3 Reduction of nodule count N, and cell count N,
as the section size increases, %

Increase fram Increase from

13 ta 25 mm 25 10 75 mm
Melt N ' My N
M1 =& —40 —&1 -72
M2 35 ] —46 -71

Table 4 Stereological characterisation of melt MA*

Nyw can be estimated by using Hilliard's equation’®
Aa(Dy = [A(2)/ LY = WL} i1

where L is the length of the test plane, A{z) is the area of
intersection of a particular test plane with the graphite
phase, A4(z) is the fraction of the area of the 1est plane that
is occupied by the graphile phase, As(z) 15 the expected
value of Aa(z), averaged over the domain of axis = (that is,
all positions of test planes in the structure), and VL7 is the
volume fraction occupied by the graphite phase.
Assuming

Aa(2)=Na-Asodule - (2)
and
L.:"IL:S = Ny v-Vaodule {'ﬂ

where Aypaye 15 the average nodule area and Vg, is the
average nodule volume. Equating equations (2} and (3)

Nov = Nod Anoause/ Vaodule} 4)

Assuming that cells and grains are spherical and have a
radius #, the number of cells per unit volume N, v, and the
number of grains per unit volume N, . can be calculated as
follows

Tecll ={Aoen /7Y = Vgl = (4/ 3}y = Ny = Vigy' (5)
Tgrain = (Agrain/ %) = Viruin = {4/ 3y iy
¥ F—1
=Nev =V (6]

The number of nodules per cell in volume N, .. and the
number of nodules per grain in volume M,y can be
caleulated as

(7
s L G (%)
The results of the stereologic characterisation of melt MA
are listed in Table 4. It is important to note that, for the
samples investigated, each eutectic grain contains approxi-
mately 18000 nodules and 400 cells. This is very far from
the single nodule inside each grain assumed by the UN

model, and also far from the few nodules assumed by the
MMN model.

Nuev=Nov Ve

"1":“.:_.-.\" e J“":.n,'lr' L"'r_:rauin

Future work

Future efforts will be aimed at identifving the influence of
the cooling rate and the equivalent carbon content on the
coarseness of the solidification structure of DL The rela-
tionship between the refinement of the solidification grain
size and the refinement of the microsegregation pattern will
be also investigated.

Conclusions

1. The knowledge about the solidification structure of
ductile cast iron gained through the use of recently deve-
loped micro- and macrographic techmques, has led 1o the
proposal of a new solidification model, in which eutectic

Microstructural parameters

Macrostructural parameters

N, . nodules N, cells Modules per Mg ?rains Madules per Cells per
mm - mim’~ cell volume Vi, mm? mm grain volume grain valurme Wigriinrr mm®
23857 47 50 1801072 13 18375 39z T8x107"

* Ny nodules per unit volume; Ny cells per unit volume; Vo, average cell valume; N ., grains per unit volume; V., average grains volume.
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solidification unils or grains are large avstenite dendrites
that contain a very larpe number of graphite nodules.

2. The inadequacy of the earlier sohidification models has
been demonstrated.

3. The microsegregation of the alloying elements, resull-
ing from solidification, takes place intradendritically while
interdendritic or intergranular microsegregation is nol
evident.

4. The degree of refinement of the solidification austenite
structure can be assessed by the cell count &, value,

5. Under the present experimental conditions, the aver-
age size of equiaxed solidification units measured on near
eutectic 20 mm round bars cast in sand moulds, is appro-
ximately 12 mm in dismeter and 0-8 mm® in volume. Units
of this size contain ~ 18 000 graphite nodules.
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