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The structure and orientation of graphite platelets in graphite spherulites (GS) in cast irons 
modified by either cerium or magnesium plus cerium were investigated by TEM and micro- 
diffraction. The platelets have a rhombohedral structure with their [0 01 ] directions nearly 
parallel to the radius of the GS, but each platelet is twisted about 2 ~ over a 1 ~tm length. 
Randomly orientated graphite is located in the interplatelet areas, in which most of the 
graphite has a hexagonal structure rather than rhombohedral structure. Based on the 
crystallographic characterization of the graphite and the cerium and magnesium elemental 
distribution in the GS, the model for the growth of GS as originally proposed by Double and 
Hellawell is re-examined. 

1. Introduction 
In previous studies of microstructure and growth of 
graphite spherulites (GS) in nodular cast irons which 
had been modified by magnesium and/or cerium, 
there have been many reports of the structure, hexa- 
gonal or rhombohedral, and growth mechanisms for 
these spherulites [1-6]. In their study, Double and 
Hellawell [i] claimed that the crystal structure of all 
forms of graphite present, including the fine eutectic 
flakes, the very fine semi-fibrous graphite and the 
nodular graphite, was hexagonal with open hexagonal 
rings stacked in an ABAB . . . . .  sequence and with an 
axial ratio (c /a)= 2.73. Lux et al. [2] and other re- 
searchers [3-5] also reported the graphite structure to 
be hexagonal. 

In the cast irons and natural graphite, crystallo- 
graphic defects such as stacking faults, intercalation, 
twins, various tilt and rotation boundaries, have been 
observed to be present in the graphite structure [3,7]. 
High-resolution electron micrograph (HREM) lattice 
fringe images of graphite platelets have also revealed 
the existence of dislocations, branching and bending 
of the platelets and intercalary layers of CeS 2 and 
CezO2S in the graphite spherulites [8]. 

With respect to the growth mechanism of the graph- 
ite in the spherulites, Double and Hellawell [1,4] first 
proposed a cone-helix model for the growth of the 
spherulites. By examination of the growth structure, 
they were able to explain some of the structural 
characteristics of the spherulites, though their model 
at that stage lacked experimental confirmation. Sub- 

sequently, Chen et al. [9] in their SEM study of the 
morphologies of a large number of sections of the 
graphite spherulites etched with ion sputtering, found 
that the sections consisted of cone-helixes, thus 
supporting Double and Hellawell's model. However, 
features such as the orientation of the c-axis and the 
precise growth mechanism of the graphite basal plane 
layers in the spherulites, were unclear due to the lack 
of sufficient supporting experimental evidence, such as 
that obtained from diffraction, TEM and HREM 
observations. Given this lack of experimental evid- 
ence, the method of growth of the graphite basal 
planes, as in Double and Hellawell's model, is not yet 
fully understood. Also, the effects of cerium and mag- 
nesium additions on the nucleation and growth of the 
graphite, as well as on the formation of graphite 
spherulites, were not fully described in these earlier 
papers. 

This investigation was to examine the crystallo- 
graphic structure and orientations of the graphite 
platelets and interplatelet areas in a fan-like area of 
graphite spherulites in cast irons which had been 
modified by cerium or magnesium, using TEM and 
micro-diffraction techniques. Based on this informa- 
tion, a growth model for the platelets and the graphite 
spherulites in cast irons is described in detail. 

2. Experimental procedure 
The chemical compositions of the cast irons used 
in this study are given in Table I. Cast iron A was 
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Figure 1 Microstructure of platelets in a fan-like area of a GS. 
(a) Bright field image. (b) g 003C dark-field image and its SAD 
patterns. The fan-like area is consisted of well-developed graphite 
platelets which are nearly parallel oriented, and interplatelet areas. 

modified by cerium only and was melted in a carbon-  
tube furnace under  an argon atmosphere.  Cast i ron 
B is a pilot-plant cast iron modified with both  
magnes ium and cerium and was produced by electron 
slag melting. 

The prepara t ion process for their foil specimens of 
the graphite spherulites is described in detail elsewhere 
[8]. The crystallographic structure and orientation of 
graphite were determined by SAD and by taking 
micro-diffraction patterns along the longitudinal 
platelets at 50 nm intervals in a fan-like area of a 
graphite spherulite. A Phillips EM-400T transmission 
electron microscope was used in this study. The com- 
positions of  the inclusions in the graphite spherulites 
were determined by EDS techniques in a Hitachi-800 
TEM.  

3. R e s u l t s  and  d i s c u s s i o n  
The microstructure of  a fan-like area of a GS is shown 
in Fig. 1. The platelets have similar crystallographic 
orientations but there are interplatelet areas. 

Two series of  micro-diffraction patterns for the 
graphite [ 0 1 0 ]  zone axis with a rhombohedral  structure 
taken from points along a platelet from left to right at 
intervals of 50 nm, are shown in Fig. 2. In  order  to 
show the extent of  the orientat ion change in a platelet, 
we have placed the zone axis centre of every diffraction 

Figure 2 Two series of micro-diffraction patterns of the [0 10] zone 
axis from rhombohedral structure graphite taken along each plate- 
let at 50 nm intervals. The bright field image is also given. The zone 
axis centre of every diffraction photograph is on the same line in 
order to show the orientation changes within a platelet, t, spots from 
twin reflections. 
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pattern on the same straight line. The orientation 
change is calculated using the Bragg equation 2dsin | 
= ~, where | is the Bragg reflection angle (deg) (here 

it is the tilt angle of crystal as measured by the 
deviation from the zone axis centre), d the distance of 
the transmitted spot from the zone axis centre in each 
micro-diffraction pattern (rim); X the electron wave- 
length, 0.0037 nm at 100 kV, The orientation changes 

T A B L E  I Chemica l  compos i t i ons  of cast  i rons (wt %) 

C Si P S M n  Ce M g  Fe 

A 4.2 1.07 0.005 0.003 0.19 0.32 - bal. 

B 2.51 3.28 0.080 0.0018 0.54 0.0024 0.016 bal. 

thus measured in the two platelets (A and B) in a fan- 
like area shown in Fig. 2, are summarized in Table II. 

Fig. 3 shows another set of micro-diffraction pat- 
terns, and their indexing, which were taken at 50 nm 
intervals along two interplatelet areas, A and B, which 
were situated on either side of a platelet. From these 
diffraction patterns, it is deduced that most of the 
graphite in the interplatelet areas has the hexagonal 
structure but with varying (random) orientations. 

Fig. 4 shows the cerium and sulphur elemental 
EDX spectrum in a section of the graphite spherulite. 
The inclusions (black in the micrograph) at the centre 
of the spherulite are high in cerium and sulphur 
content. The concentrations of cerium and sulphur 
decrease on going from the centre to the outside of the 
spherulite. 

Figure 3 Micro-dif f ract ion pa t te rns  of [ 4 4 1 ]  R, [ 0 8 1 ]  R, [ 1 2 1 ]  R, [ 8 8 1 ]  R, [ 4 4 1  ]R and  [ 3 3 2 ]  nEx, [ 4 4  1] R, [ 3 3 2 ]  nEX, [ 0 0 1  ] nEX from left to 
r ight  and  then from top  to b o t t o m  every 50 nm apar t  from two interpla te le t  areas  s i tua ted  on bo th  sides of a platelet  respectively. Also shown  
is the bright-field image. The last  pa t te rn  is a complex  SAD pa t te rn  for [001]HEX which comes from interpla te le t  and  [ 0 1 0 ] R  platelet ,  
respectively. The ext ra  spots  m a r k e d  wi th  an a r row in the cor respond ing  pat terns  come from other  or ien ta t ions  of graphi te .  

T A B L E  I I  The  [ 0 0 1 ]  o r i en ta t ion  changes  of g raphi te  wi thin  a platelet  relat ive to the symmetr ica l  axis of the cone 

Platelet  Pos i t ion  

1 2 3 4 5 6 7 8 

A - 0.95 ~ - 0.25 ~ - 0.1 ~ 0 ~ 0 ~ + 0.05 ~ + 0.63 ~ + 0.95 ~ 
B - 1.0 ~ - 0.5 ~ - 0.1 ~ + 0.05 ~ + 0.1 ~ + 0.9 ~ + 1.25 ~ 
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Figure 4 The microstructure of a graphite spherulite in a cerium-doped iron, and the cerium and sulphur elemental EDX spectrum in this 
section of the spherulite. (a) The microstructure of a section of a graphite spherulite with several nuclei. (b, c) The cerium and sulphur 
elemental EDX spectrum in particles A and B in the graphite spherulite. (d-f) The cerium and sulphur elemental EDX spectrum in the 
different areas of the section, marked I, M and O, as shown in (a). 

The structure of graphite can be either hexagonal 
with a space group of P6Jmmc [6], where the carbon 
atoms are linked together in sheets that are widely 
spaced along the c-axis, or rhombohedral ,  with a 
space group of R3rn [6] or R3 [10]. The two structures 
of the graphite are usually referred to as 2H or 3R 
graphite [6]. The rhombohedral  lattice as indexed 
using hexagonal indexes obeys the rule - h + k + l  
= 3n (n = 0, • 1, ___ 2, + 3 . . . .  ) for lattice extinc- 

tion. If the structure is hexagonal, with a space group 
P63/mmc, when 1 = 2n + 1 and h = k, there are for- 
bidden reflections due to structure extinction. The 
micro-diffraction patterns for the [0 10] zone axis of 
graphite show the platelets to have a rhombohedral  
structure rather than hexagonal structure (see Fig. 2). 
It  is impossible to differentiate between the R3m or R3 
space groups of graphite by analysis of the [01 0] zone 
axis patterns. However, based on the extinction rule 
for the reflected planes and the geometric distributions 
of the [001]  zone axis pattern, it is not difficult to 
confirm that the structure of the platelets in the graph- 
ite spherulites is rhombohedral  rather than hexagonal. 
The randomly orientated graphite in the interplatelet 
areas, in which most of the graphite has a hexagonal 
rather than rhombohedral  structure (see Fig. 3), may 
have resulted from the graphite formed behind the 
platelets, which had grown from different directions. 
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An attempt was made using convergent beam electron 
diffraction (CBED) experiments to obtain more in- 
formation on the graphite but no structural detail was 
found in the CBED patterns for the [010 ]  zone axis. 
This was probably due to the presence of defects in 
this direction in the graphite crystals. 

The [0 01] orientation change of about  2 ~ along a 
platelet means that the basal hexagonal rings of the 
platelet are twisted during the growth of the graphite 
spherulite. This is why the 00 3 spots are spread into 
an arc (see Fig. 1). The graphite could thus grow by the 
bending and branching of basal plane as revealed by 
H R E M  lattice fringe images and the platelets have 
about  a 10 ~ spread orientation in a fan-like area of 
GS [8]. 

From the observations on the morphologies and 
microstructure of graphite spherulites, as well as the 
crystallographic structure and orientation changes of 
platelets, we deduce that the platelets are the skeleton 
or primary structural unit and that each fan-like area, 
i.e. the aggregate of similarly oriented platelets, is the 
secondary structural unit, a cone-helix of a graphite 
spherulite. It has been previously assumed that there 
could be three forms of graphite growth in a spiral 
mechanism: as seen in Fig. 5a, b and c [1]. However, 
an aggregate formed from platelets is not a real conical 
helix but a cone-helix type cylinder [1, 4], as shown in 
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Figure 5 Basal scroll forms of graphite growth. (a) The classical screw terrace with ~ = 180 ~ like a roll of carpet. (b) A conical helix with the 
basal scroll ~ = 0~ (c) A cone-helix type cylinder. (d) A sketch of a single conical helix. 

Fig. 5c. The {00 1} planes of graphite which are rota- 
ted around the cone symmetric axis, have a dip angle 
related to the axis in Double and Hellawell's model [1, 
4], see Fig. 4c. In this case, the [00 1] direction of 
graphite would not be parallel to the symmetric axis of 
the cone helix even if it is parallel to the electron 
beam. 

Based upon the present results and Double and 
Hellawell's model, it is suggested that a graphite 
spherulite consists of conical helixes which grow out of 
the graphite platelets. A single conical helix with 
various sections through the cone is shown in Fig. 6. 
The {0 0 1 } planes of graphite within each conical helix 
grew up around the symmetric axis of the cone and 
(0 0 1) direction of graphite is nearly parallel to the 
axis; see Figs 5d and 6. 

The existence of crystallographic defects in the 
graphite crystals could influence their growth. For 
instance, twins can lead to bending of the crystal out of 
the basal plane while stacking faults may lead to 
branching of the crystal within the basal plane. Screw 
dislocations and intercalation may provide the steps 
in spiral growth [11]. In addition, the existence of the 
interplatelet areas in the spherulites has shown that 
the predominant platelets which grow in the spiral are 
not perfect in structure. 

In this study, no microstructural differences were 
found for graphite spherulites in cast irons modified by 
either cerium or magnesium plus cerium, except the 
inclusions in the core of the GS. 

Cerium together with sulphur and oxygen are able 
to form inclusions of CezO2S and Ce20 3 in cerium- 
doped cast irons. Most of the inclusions are removed 
in the slag, but those remaining in the melt can act as 
heterogeneous nuclei for the graphite. It has been 
shown that most graphite spherulites in cerium-trea- 
ted cast irons have a cerium-rich nucleus, as shown in 
Fig. 4. Magnesium additions produce a different effect 
and no magnesium-rich inclusions in graphite spher- 
ulites were found. However, in the sections of a GS, 
there are two to three areas where the cerium content 
is decreasing from the centre to the periphery, see 
Fig. 4. It should be pointed out that these results are 
from the areas where no significant inclusions contain- 
ing cerium, i.e. Ce202S or Ce203, were found. 

With regard to the nucleation of the graphite spher- 
ulites which have grown in a spiral, it may be instruc- 
tive to consider the possible role played by the C60 

structure [12, 13], where the carbon atoms are balled 
into a cluster, like a football which is a polyhedron 
with 60 vertices and 32 faces, 12 of which are pentago- 
nal and 20 hexagonal. The C60 structure with a 
diameter of 0.7 nm approximates a spherical shell of 
graphite and provides an inner cavity, in which a 
variety of atoms may be held. Recently, a C60La 
structure was discovered [14], in which the lanthanum 
makes C60La stable. That may also be the basic role 
played by the addition of cerium, lanthanum and 
magnesium as spheroidization agents. The C60 poly- 
hedron may also act as a common nucleus of the 
conical helixes in a GS, and keep the graphite contin- 
ually growing along the planes on the surface of 
polyhedron by a spiral mechanism. 

Before concluding this discussion, we would like to 
outline our picture of the growth of the graphite 
spherulites. It is assumed that the tiny crystals of 
cerium oxysulphide or a C60 structure provide the 
'base' for the nucleation and growth of the platelets of 
graphite which are themselves the basic structural 
units (skeleton) of the graphite cone. The apexes of the 
cones are 'rooted' on the facets of the oxysulphide 
crystals and C60 structure which have a polyhedral 
shape. The cones grow radially from the nucleus while 
the platelets spread out spirally around the axis of 
each cone. Each platelet is slightly twisted around the 
conical axis. While the platelets grow out spirally, and 
are twisted in a continuous and smooth fashion, there 
is bending, and branching, and intercalations and 
dislocations are formed. Consequently, the interplate- 
let areas are formed behind the platelets in the graph- 
ite spherulite of the cast iron. 

4. Conclusions 
l. Graphite platelets with a rhombohedral struc- 

ture as the 'skeleton' for the graphite spherulites. 
2. Randomly orientated graphite is located in inter- 

platelet areas and most of the graphite has a hexa- 
gonal structure. 

3. The [00 1] direction of each platelet is twisted 
about 2 ~ around the radius of the graphite spherulite 
and the (0 0 1) directions of all platelets are orientated 
nearly parallel to the radius. These suggest that the 
graphite has grown in a spiral manner from a common 
nucleus. The nucleus could be either a cerium-rich 
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Figure 6 A structure model o f a  GS, with improvements shown to Double and Hellawell's cone-helix model. (a) Schematic structure model 
of a GS. (b) Microstructure of a section of a GS. (c) A single conical helix with various sections. (d) Schematic diagram of twisted growing 
platelets with inter platelets. 

inclusion for cerium-modified irons or a C60-1ike 
polyhedron for magnesium-doped irons. 

4. The existence of interplatelet areas and crystallo- 
graphic defects in graphite spherulites, may be a result 
of intergrowth of the graphite platelets. 

5. Some modification of Double and Hellawelrs 
model of GS is proposed, whereby fan-like aggregates 
of platelets in a GS are real reciprocal cones, i.e. 
conical helixes topped by the centre of the GS. This 
modified model, leads to a better understanding of the 
growth morphologies, microstructure and crystallo- 
graphic characterization of the graphite in graphite 
spherulites in the cast irons. 
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