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Extensive SEM work was carried out on deep-etched specimens to reveal the evolution of
compacted and chunky graphite in magnesium-modified multicomponent Fe-C-Si alloys during
early solidification and at room temperature. The findings of this research were then integrated
in the current body of knowledge to produce an understanding of the crystallization of
compacted and chunky graphite. It was confirmed that growth from the liquid for both
compacted and chunky graphite occurs radially from a nucleus, as foliated crystals and
dendrites. The basic building blocks of the graphite aggregates are hexagonal faceted graphite
platelets with nanometer height and micrometer width. Thickening of the platelets occurs
through growth of additional graphene layers nucleated at the ledges of the graphite prism.
Additional thickening resulting in complete joining of the platelets may occur from the
recrystallization of the amorphous carbon that has diffused from the liquid through the
austenite, once the graphite aggregate is enveloped in austenite. With increasing magnesium
levels, the foliated graphite platelets progressively aggregate along the c-axis forming clusters.
The clusters that have random orientation, eventually produce blocky graphite, as the spaces
between the parallel platelets disappear. This is typical for compacted graphite irons and tadpole
graphite. The chunky graphite aggregates investigated are conical sectors of graphite platelets
stacked along the c-axis. The foliated dendrites that originally develop radially from a common
nucleus may aggregate along the c-axis forming blocky graphite that sometimes exhibits helical
growth. The large number of defects (cavities) observed in all graphite aggregates supports the
mechanism of graphite growth as foliated crystals and dendrites.
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I. INTRODUCTION

MULTICOMPONENT Fe-C-Si-Mn-S-etc. alloys,
known in industry as cast irons, solidify with a
stable austenite/graphite (c/Gr), or metastable c/Fe3C
eutectic. The stable form of the carbon-rich phase, the
graphite, crystallizes from the liquid with a variety of
morphologies, depending on the chemical composition
and the solidification conditions (cooling rate). The
main morphologies include lamellar (LG), compacted or
vermicular (CG), and spheroidal (SG) graphite. Other
‘‘degenerated’’ or intermediate forms include, but are
not limited to, chunky and exploded graphite. An
LG-to-CG-to-SG transition can be triggered through
the addition of small amounts of Mg, Ce, or lanthanides

to a low sulfur iron. The process is reversible: SG will
revert to LG with sulfur addition or through loss of
magnesium by evaporation and/or oxidation. The
CG-to-LG transition is sensitive to the specific elements
used to produce it. It was found that the transition from
compacted to lamellar shape was continuous for Mg
treatment, whereas a sharp transition was found when
lanthanides were used for graphite shape modification.[1]

This work is concerned with the crystallization of
compacted and chunky (CHG) graphite. Typical exam-
ples of these morphologies are presented in Figure 1
after Reference 2 and 3. It is seen that both forms of
graphite are highly interconnected and appear to grow
radially outward.
Earlier SEM investigation conducted on deep-etched

Fe-C-Si samples of industrial composition, obtained
through interrupted solidification, revealed the sequence
of evolution of graphite aggregates morphology as the
amount of magnesium in the composition increases. It
was demonstrated that when the residual magnesium
increases from<0.01 to 0.22 pct, graphite morphology
evolves from the lamellar type, to curly graphite, to
tadpole graphite, and then to mixtures of compacted,
chunky, and imperfect spheroidal graphite. The less
common graphite morphologies, curly and tadpole
graphite, are presented in Figure 2. The tadpole graphite
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(TPG) is a graphite spheroid that has developed one or
more tails.[4] The graphite spheroids are surrounded by
austenite early in the solidification process, while tad-
pole graphite was in most cases connected to cementite,
suggesting growth in contact with the liquid. It behooves
now to explain the mechanism of these transitions.

Growth of lamellar graphite is fairly well understood,
but that of compacted, chunky, and spheroidal graphite
is still the focus of research. The highly three-dimen-
sional (3-D) branched morphology of CG was revealed
as early as 1979 through successive polishing and
reconstruction of the two-dimensional (2-D) microstruc-
ture,[6] and then confirmed through deep etching and
graphite extraction (Figure 1(a)), and through focused
ion beam nano-tomography.[7] An early model derived
from SEM analysis of deep-etched metallographic
samples[8] suggests that while the lamellar graphite/
austenite eutectic grain grows in a radial manner with
graphite lamellae made of graphite sheets that bend,
twist, and branch, while growing in the a-direction, a
reorientation of the graphite sheets occurs when tran-
siting to CG. This reorientation gives the appearance of
growth along the c-axis. As growth proceeds, the
contact with the liquid is lost, and the tip of CG may
develop conical sectors. In a similar model,[9] the
transition from LG to CG or from SG to CG is also
based on changing of the growth direction of the
graphite aggregate from the a- to c-direction, or from
c- to a-direction.

Chunky graphite, a highly branched, interconnected
form of graphite, is a degenerated form of spheroidal
graphite reported as early as 1970.[10] It has the same
radial structure as spheroidal graphite with dominant
growth occurring along the c-axis of the graphite crystal.
Liu et al.[11] proposed a growth model in which chunky
graphite is characterized by a series of clustered,
sector-shaped graphite segments.

All three models discussed in this section postulate
growth of the graphite crystal along the c-direction for
CG and CHG. SEM and TEM observations confirm the
existence of conical sectors made of parallel graphite
planes, as shown in the figures associated with the
models. Yet, significant growth of the graphite crystal

along the c-axis is highly improbable, and not supported
by direct experimental observations.
A possible explanation for the development of

graphite aggregates in the c-direction is the growth as
foliated crystals or dendrites.[12,13] Foliated dendrites
(Figure 3) are assemblies of thin plates connected with
thin protrusions growing perpendicular to the basal
planes, and separated by solvent impurity layers. They
have been identified by Saratovkin[14] as early as 1959
when he studied the growth of hexagonal platelets of
cadmium iodide crystals, and then used the foliated
dendrite growth mechanism to explain iron entrapment
between graphite layers during graphite growth in cast
iron.
The morphology of graphite in Fe-C-Si alloys is the

result of a four-stage growth process: (1) in the liquid,
(2) in the liquid during the eutectic solidification, (3)
during cooling to the eutectoid temperature, and (4)
during the eutectoid transformation. However, in this
paper, we will mostly be concerned with graphite growth
in contact with the liquid. The goal of this work is to
further document that indeed graphite growth of

Fig. 2—SEM deep-etched micrograph of an iron with 0.013 pct Mg:
curly and tadpole graphite.[5]

Fig. 1—Typical graphite shapes obtained from commercial cast iron through deep etching and extraction: (a) compacted graphite[2]; (b) chunky
graphite[3]; (c) higher magnification of chunky graphite in (b).[3]
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compacted and chunky graphite occurs through the
foliated dendrite mechanism.

II. RESEARCH APPROACH AND RESULTS

The material for in-depth SEM analysis of graphite
morphology was obtained from two laboratory Fe-C-Si
melts of commercial purity with the composition
designed to produce compacted graphite (CG-Q5 and
CG-S-Sb), and from two industrial melts designed to
produce compacted (CG-S) and spheroidal and chunky
(CHG-S) graphite. Antimony was used in melt CG-S-Sb
as it is known to have an adverse effect on graphite
compaction. Melt CHG-S exhibited a significant
amount of chunky graphite. All melts were treated with
Mg-containing ferrosilicon alloys to modify the graphite
shape, and then post-inoculated in the pouring ladle
with standard foundry inoculants.

From melt CG-Q5, six standard thermal analysis cups
(36 9 36 9 43 mm) were poured. The solidification of
the cups was interrupted by quenching in brine (to
increase the thermal conductivity) at increasing times, to
provide information on the microstructure at various
stages during solidification. Detailed description of the
procedure for the preparation of melt CG-Q5 was given
elsewhere.[5,13]

CHG-S was obtained from the center of a sand-cast
cube 300 mm long on each side, from an iron studied
in previous work.[15] CG-S was extracted from a
12-mm-thick area of an industrial sand casting that
fulfills the requirements of the grade EN-GJV-300
according to UNE-EN 16079.
The metallographic specimen from melt CG-S-Sb was

obtained from a sand-cast step block near the fracture
surface of a tensile bar machined from the region
showed in Figure 4.
To reveal the morphology of the graphite, the

metallographic samples were deep etched to remove
the matrix, as described in detail in a previous publica-
tion.[5] The deep-etched samples were then examined
with an Ultra PLUS Carl Zeiss SMT with 0.8 nm
resolution at 30 kV in the STEM mode. An X-Max 20
Oxford Instruments EDS detector with a resolution of
127 eV/mm2 was used to determine the local chemistry
of graphite nuclei.
The chemical composition of all samples and the

room-temperature overall graphite morphology is given
in Table I. The CG-Q5 iron contained 0.04 pctCr, 0.01
pctMo, 0.04 pctNi, 0.04 pctCu, and less than 0.01 pctAl,
in addition to the elements listed in the table. The Mg
and S contents of melt CG-S are unusually low for an
industrial iron.
The interrupted solidification experiments with the

compacted graphite iron from series CG-Q5 provided an
insight in the evolution of graphite morphology during
early solidification. The microstructure consisted of a
mixture of SG, TPG, CG, and even some CHG. The
SEM micrographs of a tadpole graphite shown in
Figure 5 demonstrate that both the tail and the quasi-
spheroidal region of the TPG are made of graphite
platelets with local orientation but highly disorganized
orientation at a larger scale. It is further noticed that the
parallel platelets are not in contact with one another on
their entire surface, but exhibit clear separation along
the {0001} planes. This distribution of the platelets is
consistent with the concept of foliated crystals.
Foliated graphite platelets are also found in the few

chunky graphite formations found in the quenched
sample. A clear example of such a platelet is shown in
Figure 6. The chunky graphite appears to be built of
foliated platelets stacked along the c-direction.

Fig. 3—A foliated dendrite[14]: (a) top view; (b) side view.

Fig. 4—Drawing of the cast specimen and region where the metallo-
graphic sample was extracted for melt CG-S-Sb; the thickness of the
plates was 102, 51, 25, 16 from left to right (dimensions in mm).
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Previous work[4] has demonstrated that compacted
graphite is also made of stacked platelets, but the
foliated nature of these platelets was not obvious.
Additional images of stacked foliated graphite platelets
in compacted graphite from a sample cooled to room
temperature are provided in Figure 7. Note the rough
interface of the compacted graphite aggregate.

The best examples of foliated dendrite in CG iron
were obtained in the antimony-containing melt CG-
S-Sb. A general microstructure is shown in Figure 8.
The dendritic nature of the graphite aggregate is clearly
seen. One of the extremities of the largest graphite

aggregate has the appearance of chunky graphite. In an
attempt at explaining the unusual growth pattern, EDS
analysis was conducted along a line crossing the
apparent center of the graphite aggregate (Figure 9).
Antimony, which was originally believed to be the main
reason for this structure was found in the nucleus but
not in the graphite or in the matrix. Vanadium, Sn, and
Ce were found in the graphite, but not in the nucleus.
Additional details of the graphite morphology from

the same sample are provided in Figure 10. The stacking
of the foliated hexagonal faceted graphite platelets is
seen throughout. In addition, defects looking as black

Table I. Chemical Composition (Mass Pct) of Experimental Cast Irons

Melt CE C Si Mn P S Mg Sb Sn Others

CG-Q5 4.32 3.68 2.14 0.14 0.016 0.014 0.020 trace trace 0.021Ti
CG-S 4.44 3.74 2.26 0.28 0.028 0.001 0.008 trace trace <0.005Ce
CG-S-Sb 4.35 3.70 2.11 0.34 0.017 0.012 0.013 0.01 0.09 0.16Cu, 0.2V, 0.014Ce
CHG-S 4.38 3.72 2.09 0.12 0.033 0.012 0.052 0.002 0.005 0.006La

SG spheroidal graphite, CG compacted graphite.
CE Carbon equivalent calculated as pctC+0.31ÆpctSi+0.33ÆpctP�0.027ÆpctMn+0.4ÆpctS.

Fig. 5—SEM deep-etched micrographs of a tadpole (melt CG-Q5): disorganized growth of foliated graphite platelets[4]: (a) tadpole graphite; (b)
higher magnification of region in (a); (c) higher magnification of region in (a).

Fig. 6—SEM deep-etched micrographs of chunky graphite from melt CG-Q5 at two magnifications (the lower magnification on the left is rep-
rinted from Ref. [13]: stacking of foliated graphite platelets in the c-direction).
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voids appear on the originally polished surface of the
graphite aggregate (Figure 10(a)). These defects are
consistent with the growth of foliated dendrites, as the
iron can be incorporated between the dendrite arms
(graphite platelets) during solidification. This particular
feature is illustrated in Figure 10(b), where the well-
formed hexagonal platelets are well separated from one
another with a tiled-roof configuration. A spiral dislo-
cation growth is also seen on the higher magnification
micrograph. In a different region of the sample, the
graphite platelets have morphed into graphite clusters
with the apparent growth in the c-direction, producing
blocky graphite (Figure 10(c)). The hexagonal configu-
ration of the graphite platelets is less distinct.

A general microstructure of a chunky graphite region
is presented in Figure 11. The chunky graphite appears
in round patches that extend into the interdendritic
regions. The interconnected structure of the chunky
graphite has been documented by various investiga-
tors[3,11,16] and is also visible in Figure 6. A closer
examination reveals that foliated platelets are growing in
the a-direction in both length and width, and then
appear to rotate around the c-axis (Figure 12(a)) in a
process that could be considered to be helical growth, as

advocated by Double and Hellawell.[17,19] The foliated
dendritic growth of this type of graphite is further
documented in Figure 12(b). In this instance, the foli-
ated graphite platelets grow parallel but separated from
one another, and have lost almost completely their
hexagonal shape.

III. DISCUSSION

It is generally accepted that the growth of graphite in
cast iron starts with the formation of two-dimensional
(2-D) one-atom-thick layers of crystalline graphite
(graphene sheets). The graphene layers can stack into
two types of structural units, carbon nano-rods (cluster
of 8-10 graphene layers with diameters of about 2.5 nm
and lengths of 15-100 nm) or carbon nano-platelets (sets
of 5-25 graphene stacks with 2.5 nm thickness and
10 9 32 nm surfaces).[18]

The graphene sheets can grow easily in the 10�10
� �

direction (a-direction) of the hexagonal crystal lattice
of graphite, to produce a multilayer sheet (graphite
lamella or plate). A hypothesis that attempts to explain
thickening of the graphite plate through growth in the
c-direction is that growth in the a-directions is partially
inhibited when surface-active impurities (S, O, N) are
adsorbed at the unsaturated edges of a graphene
platelet.[19] Thus, growth in the 0001h i direction (c-di-
rection) becomes more probable. As lamellar graphite
iron melts are relatively rich in O and S, the 3-dimen-
sional (3-D) graphite plates grow in the crystallo-
graphic a-directions with the {0001} basal planes
parallel to the plane of the lamellae, and thicken in
the c-direction.
The body of evidence presented in this and previous

work[4,12,13,18,19] leads to the conclusion that graphite
growth in multicomponent Fe-C alloys starts with
graphene sheets that develop into hexagonal faceted
graphite platelets of micron-size dimension (nanometer
height in the c-direction and micrometer width in the
a-direction), which are the building blocks of all graphite
morphologies encountered in cast iron. Double and
Hellawell[20] may have inferred to the existence of such
building blocks when they stated that graphite lamellae

Fig. 7—SEM deep-etched micrograph of sand-cast sample from melt CG-S: (a) foliated platelets on CG and conical sectors in an imperfect gra-
phite spheroid; (b) stacking of graphite platelets on CG.

Fig. 8—Optical unetched micrograph of sand-cast sample from melt
CG-S-Sb: dendritic growth of graphite.
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are composed of layers of fault-free crystal some 10�4mm
thick. The platelets grow to form the foliated den-
drites,[13] and sometimes, classic stem dendrites.

Foliated dendrite growth was observed in other
metallic alloys such as an Al-Ti alloy, where the faceted
Al3Ti phase developed into ‘‘tiled-roof’’ structure.[21]

The growth of protuberances to produce foliated
dendrites was also observed (Figure 13).

Since large kinetic limitation to growth of the facets is
typical for faceted crystals such as graphite, high
constitutional undercooling is required to break down
the planar interface.[22] Thus, in the absence of signif-
icant constitutional undercooling, the graphite aggre-
gate will grow as large plates (lamellae in 2-D) made of
hexagonal faceted platelets distributed in a tiled-roof
configuration, as described in previous work.[13] The
graphite aggregates grow from the center in radial
dendritic manner, in the general a-direction of the
platelets. The plates develop twins[23] and branch as they
grow. Such twins were noted in recent TEM work on a
graphite lamella.[24]

Because of the asymmetric shape of the Fe-C equi-
librium phase diagram, solidification of austenite is
expected to occur even in irons of eutectic composition.
As magnesium has extremely low solubility in solid iron,
the solid/liquid partition coefficient is very small and Mg

is strongly rejected in the liquid at the tip of the graphite
platelets that grow in the a-direction, increasing the
constitutional undercooling. Solute accumulates pre-
ponderantly on the f0001g faces of the graphite crystal
where growth rate is retarded. Spiral growth around a
screw dislocation emerging at the center of the platelet
face will produce a protuberance. When the protuber-
ance penetrates the layer of accumulated solute, the
anisotropy of the crystal will become again the domi-
nant effect on its growth, and parallel growth to the
initial platelet will occur producing a new platelet
(Figure 14(a)). With increased undercooling, several
protuberances may develop on the (0001) faces of the
platelets as shown in Figure 14(b), producing increased
branching of the foliated dendrites.
Other elements that have a low partition coefficient,

such as Bi, Pb, and Sb, will also promote higher
constitutional undercooling. The growth of the graphite
platelets becomes more intricate, as foliated crystals and
dendrites start meandering in three dimensions. As
constitutional undercooling increases because of higher
cooling rate or solute accumulation at the liq-
uid/graphite interface, branching of the dendrites
increases. The graphite platelets grow in many different
directions (Figure 5), and their hexagonal shape
becomes less regular.

Fig. 9—Chemical composition (EDS) along a line through the center of a graphite dendrite from melt CG-S-Sb: nucleus made of complex Ca,
Sb sulfide, and probably Mg silicate.
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Curved platelets were also observed in compacted and
chunky graphite aggregates. It was shown that oxygen
may cause bending of the graphene layers.[25] It is

probable that Mg has a similar effect. Clusters of
platelets with different orientation appear, although the
overall aspect is still, in many cases, that of foliated

Fig. 10—SEM images of deep-etched sand-cast samples from melt CG-S-Sb: foliated graphite dendrites. (a) Foliated growth of graphite platelets;
(b) foliated dendritic growth of graphite platelets at two magnifications; (c) formation of graphite clusters (blocky graphite) from the foliated
platelets at two magnifications.
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dendrites. The overall graphite aggregate is thicker in
the c-direction compared with the lamellar graphite
aggregate.

The high-resolution SEM micrograph of a compacted
graphite aggregate in Figure 15 shows clusters of parallel
hexagonal platelets with no rotational faults. The clusters
assume different general orientation. In many instances,
the separation between the platelets within the clusters
disappears, with the formation of blocky graphite. Such
‘‘graphite blocks’’ were also identified by TEM.[26] Also
some plates grow at a different angle than the ones on
which they originate. The growth mechanism in this case
can be neither two-dimensional, nor spiral dislocation
nucleation. It is probably a dendrite branching mecha-
nism, with new platelets branching out of old ones at
screw dislocation defects.

Based on the comprehensive SEM analysis in this
work, the growth mechanism for compacted graphite
can be summarized through the graphic representation
in Figure 16. The dendritic appearance and the foliated
crystal growth are clearly visible. The graphite platelets
growing in the a-direction form the stem of the dendrite.
In the tip of the CG aggregate (right of figure), the
platelets become highly disorganized, and eventually

change their stacking preferentially along the c-axis of
the graphite crystals. This gives the appearance of
chunky graphite or even spheroids. This mechanism
explains all three forms of graphite—compacted,
chunky, and spheroidal.
Thickening of the platelets occurs through growth of

additional graphene layers nucleated at the ledges of the
graphite prism as shown in Figure 17. The graphite
platelets in the figure appear to be separated in the
c-direction, which is consistent with the growth of
foliated crystals. The foliated growth mechanism result-
ing in stacking of the platelets does not require 2-D
nucleation as suggested in recent work.[26,27]

At higher Mg levels, and therefore higher constitu-
tional undercooling, the graphite morphology changes
from compacted to chunky and spheroidal. The overall
growth of the graphite aggregate remains radial. The
chunky graphite aggregate exhibits dendritic growth of
quasi-cylindrical sectors of graphite platelets stacked
along the c-axis, growing radially from a common
nucleus (see for example Figure 6 and Reference 28).
The development of the graphite aggregate in the
c-direction may occur through the foliated crystal
mechanism producing conical sectors. Sometimes, the
quasi-cylindrical sectors are made of stacks of blocky
graphite, while in other instances, such as in

Fig. 11—Optical unetched micrograph of sand-cast sample from
melt CHG-S: chunky and spheroidal graphite.

Fig. 12—SEM images of deep-etched sand-cast samples from melt CHG-S: (a) chunky graphite aggregates; (b) foliated graphite platelets.

Fig. 13—Al3Ti foliated dendrites with tiled-roof configuration in
Al-1.15 wt pct Ti alloy; magnification 40 times.[21]
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Figure 12(a), foliated platelets grow in a helical mode.
Most platelets have lost their clear hexagonal shape, as
the f10�10g faces become rougher. Examples of limited
helical growth are found in both compacted and chunky
graphite growth, as shown in Figure 18. However,
complete conical helices, as postulated by Double and
Hellawell, were not found. Chunky graphite can be the
product of a succession of conical sectors growing on
top of one another. It is not uncommon for CHG to
exhibit a quasi-spherical shape at the tip (see for
example Figure 18(b)), which led researchers to imply
that this is a degenerated form of SG. We believe that
the quasi-spherical tip develops once the direct contact
with the liquid is lost. As such, it is the result of growth
through carbon diffusion through the austenite shell.

While the object of this study did not include graphite
spherulites, a few comments are necessary to situate this
research in the larger context. A dendritic form of
graphite on an imperfect graphite spherulite found in a
Ni-C melt was reported as early as 1963.[29] Minkoff[30]

then argued that pyramidal growth of graphite occurs
because of morphological instability. The graphite
extracted from Ni-C solutions appeared to be dendritic.
Later, Hamasumi[31] identified graphite spheroids with
protruding dendritic patterns in a large SG iron casting.

TEM evidence of circumferential growth of graphite
spherulites has been found to exist in both spheroidal
graphite in a Fe-C alloy[32] and for amorphous graphite
growing in an electronic beam[33] (Figure 19). However,
no evidence of curved crystal growth in the a-direction

as suggested by Sadocha and Gruzleski[34] was uncov-
ered in this research. Thus, it is reasonable to conclude
that such a growth mechanism is only possible after
graphite encapsulation in an austenite shell, when
further graphite growth occurs through carbon diffusion
from the melt to the graphite through the shell. The
amorphous graphite deposited on the existing graphite is
then recrystallizing and produces curved graphite layers
as Figure 19 suggests. Recrystallization is also most
likely a mechanism through which the graphite platelets,
initially separated are joined during growth of the
graphite aggregate through the austenitic shell.
A schematic summary of the growth mechanism of

lamellar, compacted, and chunky graphite is presented
in Figure 20. At first glance they may not look too much
different from the earlier drawings in References 6, 9 and
11. Yet the difference is fundamental. The proposed
mechanism emphasizes that all graphite aggregates are
made of graphite platelets, which are the building
blocks, growing from a nucleus. The graphite crystals
(platelet) grow in the a-direction, with limited thickening
in the c-direction. The shape of the final graphite
aggregate depends on the stacking of the platelets during
their growth as foliated crystals and dendrites. While all
aggregates start growing from the same nucleus, the
tile-roof growth mode typical for lamellar graphite,
produces graphite aggregates that appear to grow
significantly in the a-direction, as stacking of the
platelets is mostly along the a-axis.[13] With increased
constitutional undercooling, as for compacted and

Fig. 14—Schematic representation of the growth mechanism of foliated dendrites: (a) growth of graphite platelets as foliated dendrite organized
in a tiled-roof configuration; (b) growth of graphite platelets as disorganized foliated dendrite.

Fig. 15—High-resolution SEM of faceted platelets in a compacted
graphite aggregate (melt CG-RT-Sb). Fig. 16—Schematic representation of the growth mechanism of a

compacted graphite aggregate.
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chunky graphite, stacking of the platelets is increasingly
dominant along the c-axis, giving the appearance of
growth in the c-direction. However, it is not the graphite
crystal that grows in the c-direction, but the graphite
aggregate. This growth mechanism does not require
extensive growth of the graphite crystal in the c-direc-
tion by 2-D or spiral dislocation nucleation, nor by
helical growth, and is supported by direct experimental
observation presented in this work. Limited growth of
the platelets in the c-direction is still required for the
thickening of the platelets and the formation of blocky
graphite.

It is well known that impurities in the melt will affect
the growth habitus of the graphite crystal. As recently
suggested by Muhmond and Fredriksson[25] who used
simulations with a molecule editor program, in the
absence of defects, graphite crystals grow mainly in the
a-direction. Because O and N in the melt can attach to
the basal plane of the graphene layer, and because
pentagonal, hexagonal, and high-order carbon-rings can
be present as defects in the basal plane, growth along the
c-direction, and/or curvature in the basal plane are
favored. Other elements, such as S, Se, and B, attach to
the basal plane and stabilize lamellar growth.
In spite of the progress in comprehending the crys-

tallization of graphite from Fe-C melts, such facts as the
impossibility to obtain well-rounded spheroidal graphite
without Mg additions at typical industrial cooling rates
of 0.5-10 K/s, require an answer before complete
understanding can be reached.

Fig. 17—Growth front of new graphene layers in a CG iron sample;
arrows indicate the direction of growth.[13]

Fig. 18—SEM micrograph of deep-etched samples: helical growth of graphite. (a) Early solidification (series CG-Q5); (b) sand cast (series
CHG-S).

Fig. 19—High-resolution electron microscopy image of graphite
spherulite formed by heating amorphous graphite in the electronic
beam.[33]
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IV. CONCLUSIONS

Extensive SEM work on interrupted solidification and
sand-cooled cast iron specimens confirmed that com-
pacted and chunky graphite grows radially from their
respective nuclei as foliated crystals and dendrites. The
building blocks of the graphite aggregates are hexagonal
faceted graphite platelets, with nanometer height and
micrometer width. Thickening of the platelets occurs
through growth of additional graphene layers nucleated
at the ledges of the graphite prism. Additional thicken-
ing, resulting in complete joining of the platelets, may
occur from the recrystallization of the amorphous
carbon that has diffused from the liquid through the
austenite, once the graphite aggregate is enveloped in
austenite. With increasing magnesium levels, the foliated
graphite platelets acquire more disordered orientations
and progressively aggregate along the c-axis forming
clusters. The clusters that have random orientation
eventually produce blocky graphite, as the spaces
between the parallel platelets disappear through platelet
thickening. This is typical for compacted graphite irons
and tadpole graphite. Upon further increase in the
magnesium content, the graphite platelets lose some of
their hexagonal shape and begin organizing into
graphite clusters stacked along the c-axis, producing
the conical sectors typical for the chunky graphite
aggregates. Sometimes helical growth appears to occur
within the conical sectors. The large number of defects
(cavities) observed in the graphite aggregates is consis-
tent with growth of foliated crystals and dendrites.
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