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This paper presents some data on the microstructural features and mechanical properties of as-cast
compacted graphite iron (CGI), produced through treatment with a special Ca-CaC2-Mg masteralloy.
Information on graphite morphology and matrix features, obtained using different numerical indices
evaluated through a computer-based image-analyzing system and SEM observation of deep-etched speci-
mens, shows that the graphite form is a mixture of ASTM types I, II, and III (compacted graphite),
interspersed in a matrix with a 2:1 ratio of pearlite to ferrite. An average hardness (BHN) of 219,
Charpy-V-Impact energy of 7.92 J, tensile strength of 354.5 MPa, and a corresponding elongation of 1.20%
has been obtained for the as-cast iron. The fracture surfaces of tensile and room temperature impact tested
specimens showed mixed modes of fracture.
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1. Introduction

With respect to structure and/or physico-mechanical prop-
erties, compacted (or vermicular) graphite iron (CGI) is a grade
between grey and ductile (or nodular graphite) irons.[1,2] This
versatile and latest member of the cast iron family has been
developed to provide an iron that did not need extensive alloy-
ing but would be of higher strength than grey iron, while hav-
ing better thermal conductivity and machinability than ductile
iron. This combination of desirable properties has resulted in
the use of CGI for applications in lightweight, high-strength
automobile structures and components exposed to thermal
cycles or subject to possible thermal shock.[3-5] It has been
suggested that the relatively short span with rounded edges and
rough surfaces of the graphite particles improve adhesion with
the iron matrix, increasing, relative to the grey iron, the tensile
strength by at least 75% and stiffness by 35% while roughly
doubling fatigue strength.[6] Furthermore, the inherent graphite
continuity provides good thermal conductivity and vibration
damping.

The increased development of CGI for use as cylinder
blocks, exhaust manifolds, brake and head power-train com-
ponents, coupled with planned CGI high-volume-modular-
manufacturing-systems (HVMMS) programs from car and
truck manufacturers,[7-9] has allowed Ford to achieve aggres-
sive targets for engine performance, size, weight, and cost that
could not simultaneously be met by traditional engine materi-
als, such as aluminum or alloyed grey cast iron. The engine

satisfies Euro (2005) emissions requirements and, assisted by
the stronger CGI engine material, has the potential to be
equally compliant with Euro V (2008) legislation while satis-
fying mass production requirements and economics.[9]

A problem in the production of compacted graphite and
ductile irons is in the use of expensive and dangerously reactive
magnesium or the also expensive but less effective cerium, as
graphite nodularisers/modifiers. Conventionally, CGI is pro-
duced via the ductile iron nodularizing route, but with a more
stringent control or a very narrow process window with mag-
nesium or cerium under-treatment to achieve a required degree
of compaction in a given section of a component. While the use
of magnesium alone in graphite spheroidizing under-treatment
(to produce CGI) presents practical difficulties in controlling
“fading” and overcoming the environmental effects accompa-
nying its addition to molten iron, cerium has a powerful chill-
ing effect, dross formation, and graphite flotation problems.
CGI is also known to form when ductile iron fades or deterio-
rates with the latter resulting from the introduction of small
amounts of anti-spheroidizing elements such as titanium with
magnesium and/or cerium. However, the incorporation of such
anti-spheroidizing elements suffers from the disadvantages of
segregation, section sensitivity, a tendency to form spheroids in
thin sections, and contamination of returns.[10] Another method
used for graphite compaction involves nitrogen,[11] usually in-
troduced through the use of nitrided ferromanganese (80% Mn,
4% N). Disadvantages of N treatment include difficulty in pro-
ducing uniform structures in castings with varying section size
and the occurrence of unsoundness and fissure defects with
excessive N.

Thus, the ever-growing interest of metallurgists in research
efforts aimed at finding cheaper, safer, and equally effective
substitutes to the above mentioned treatment agents is under-
standable. Recent research interest in the use of multi-element
treatment agents in composite with magnesium and/or ce-
rium[12-14] is predicated on the need to overcome the practical
difficulties in controlling the treatment process, nodulariser-
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modifier sensitivity, fading, casting defects, and accompanying
environmental effects in their individual use. The work re-
ported in this paper was part of a comprehensive program of
research to gauge the effectiveness and establish the optimal
treatment requirements of a series of calcium-magnesium
based graphite nodularisers/modifiers for the production of
compacted graphite and ductile irons. This report summarizes
the microstructural features and properties of the optimum CGI
produced using a special Ca-CaC2-Mg masteralloy.

2. Experimental Procedure

The alloying content and optimum concentration of the
nodularizing/modifying pre-alloy composite were chosen
based on data from earlier work.[14,15] In the pertinent case,
laboratory grade Ca, CaC2, and Mg content in the masteralloy
was fixed at 10%, mixed with Fe45Si (Fe-45.00Si-0.30Al-
0.25Ce) and compacted into capsule-shaped briquettes. The
optimum CGI was produced with a pre-calculated Ca/CaC2/Mg
ratio of 1:1:3 at an approximate effective Ca:Mg ratio of 1:
1.846 and at 3.00-wt.% treatment addition to the melt. A heat
of a base iron of composition (Fe-3.73C-0.98Si-0.10Mn-
0.023S-0.054P-0.04Cr-0.20Cu-0.005Mg) was melted in an in-
duction furnace, superheated to ≈ 1550 °C, held for 3 min, and
tapped at 1480 °C onto a calculated amount of the treatment
agent in a preheated treatment ladle and cast after graphitiza-
tion inoculation with 0.5% Fe75Si (Fe-73.29Si-2.64Al), with-
out reladling. The castings were produced in green sand
moulds. Testpieces for spectrographic analysis were also
poured.

Standard testpieces for microstructural and mechanical
properties testing were machined from the parallel and rectan-
gular portion of the Y blocks. Tensile testpieces were 8 mm in
diameter with a minimum gauge length of 40 mm and with
threaded shoulders, prepared in accordance with DIN EN
10.002 Zugversuch. Notched Charpy impact testpieces were
10 × 10 mm in cross section and 55 mm in length, with a 2 mm
deep V notch prepared in accordance with DIN 50 115/04.91
Kerbschlagbiegeversuch. Appropriate specimens were also
prepared for micro-hardness testing. Tensile tests for all speci-
mens were carried out at a constant displacement rate of 0.05
mm/s on a Heckert Tira 2300 (Starragheckert GmbH, Chem-
nitz, Germany) tensile testing machine equipped with auto-
graphic recording of the stress-strain curve, to allow determi-
nation of the 0.2% offset yield strength, as well as the tensile
strength and elongation at failure. Notched Charpy impact tests
at room temperature were carried out on a Heckert WPD
Psd300 automatic impact instrument with a striking energy of
300 J. The impact energy (J), lateral expansion (mm), and
percentage fibrous area (%) were obtained. Following standard
procedure, a series of Vickers micro-hardness measurements
on specific phases in specimens was conducted using appro-
priate accessories on a Neophot 2 (Carl Zeiss, Vienna, Austria)
microscope.

Composition was analyzed using both EDX and WDX spec-
troscopy run via a Kevex 4850s microscope interface module
on a Kevex Delta (Carl Zeiss, Vienna, Austria) class analyzer.
Carbon and sulphur were analyzed using a coulometric
method. Information on graphite morphology and matrix fea-
tures was obtained using a computer-based image analyzing

system and Macros III (Carl Zeiss, Vienna, Austria) software.
Both global and feature specific parameters for graphite were
programmed for evaluation using universally accepted defini-
tions. A detailed assessment of structure (matrix features and
graphite morphology) was made on samples from the broken
impact test specimens, since these were representative of the
structure of the sections used for the determination of the me-
chanical properties. Each of these measurements was made on
25 different fields and averaged. Fracture surfaces were exam-
ined using Zeiss Jenaphot 2000 (Zeiss Jena, Vienna, Austria)
and DSM960 (Zeiss Jena, Vienna, Austria) digital scanning
electron microscopes coupled to an image analyzing system.

3. Results

3.1 Microstructural Characteristics

The chemical composition of the CGI Y block casting pro-
duced is given in Table 1. Table 2 presents data on the micro-
structural features of the iron in the as-cast state. Approximate
ratio of graphite, pearlite, and ferrite is 2:7:4, respectively, with
a negligible level of other phases (usually, cementite, lede-
burite, phosphide eutectic, etc.). Table 3 presents data on
graphite morphology using various numerical assessment indi-
ces.[17,18] The graphite structure corresponds to a mixture of
ASTM types I, II, and III (compacted graphite) evaluated ac-
cording to ASTM A247. Figure 1(a) and (b) illustrates SEM
observations on the form of the graphite where the matrix has
been etched away. Figure 1(b) at a larger magnification illus-
trates a typical example of the thick, round-ended graphite
particle co-existing alongside graphite spheroids. Generally,
the iron has a sizeable proportion of nodules, quasi-nodules,
and a predominance of vermicular graphite particles interspers-
ing the structure.

3.2 Mechanical Properties

The results of mechanical properties measured for the iron
in the as-cast state are given in Table 4. Nominal values for the
hardness were 180 (ferrite) and 242 (pearlite), giving an aver-
age hardness of 211. The mechanical properties measured for
this iron are typical of commercial CGI. Figure 2(a) and (b)
show representative fractographs of tensile and room tempera-
ture impacted specimens, respectively, of the iron. Figure 2(a)
shows a typical fracture surface where a thick short-spanned,
round-ended (compacted) graphite particle is shown unbroken,
between two mix-mode fracture surfaces. The matrix in both
tests showed mixed degrees of deformation (brittle as well as
ductile fracture), quantified by the percent fibrous (ductile)
fraction, FF (Table 4).

4. Discussion

The results of this investigation show that the special multi-
material Ca-CaC2-Mg composite in treatment aggregates the
additive effect of known graphite nodularisers and/or modifi-

Table 1 Chemical Composition (wt.%) of CGI Produced

C Si Mn S P Cr Cu Mg Ca Al

3.65 2.35 0.12 0.008 0.026 0.030 0.25 0.50 0.10 0.15
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ers, particularly calcium and magnesium, which can be used at
a much lower treatment agent requirement and relatively more
clement treatment conditions. Although this study has not ex-
amined in detail the graphite modification role(s) or the mecha-
nism(s) of modification of this composite, it is clear from com-
paring data between the compositions of the base/treatment
materials and the iron produced (Table 1) that a significant
reduction, notably in sulphur and phosphorous contents (as
high as 65% and 50%, respectively), was achieved. This sup-
ports the fact that the removal or outright neutralization of
sulphur and phosphorous in the iron melt through reactions
with the modifier(s) is indeed necessary for the production of
compacted graphite and ductile irons. Sulphur, phosphorous,
and to some extent oxygen are known to be surface active. By
reducing the graphite/iron interfacial energy, their segregation
on the graphite/iron interface and selective adsorption on the
graphite prism planes can promote the extended interfacial
characteristics of flake graphite.[19,20] The modifiers ensure that
the graphite basal planes would now have the lower surface
energy in contact with the molten iron, resulting in the forma-
tion of nodular and/or compacted (due either to insufficient or
under-treatment agent level or degeneracy resulting from over
treatment) graphite. On the basis of OM, TEM, and SEM stud-
ies on CGI, Guilemany and Llorca[20] have suggested an iden-
tical rapid growing plane for both spheroidal (ductile) and com-
pacted graphite particles (see Fig. 1a and b, where both
compacted and spheroidal graphite particles are seen to co-
exist). According to Guilemany and Llorca,[20] in the presence

of modifiers, the graphite in CGI develops a facility for growth
in the maximum “compacity” plane in a direction perpendicu-
lar to the basal plane of the graphite hexagonal crystal. In
contrast to the spheroidal, this growth of the compacted plane
is not uniform, and so the development of the characteristic
worm-like form is favored in spite of being in the same layer
and through special directions.

In the present Ca-CaC2-Mg composite formulation, magne-
sium is the better-known treatment agent, for which the desul-
phurization-nodularization/modification mechanism is well re-
ported. Calcium and calcium carbide on the other hand are used
most often as deoxidants, dephosphorisers, and desulphurisers
in the iron and steel industry. Calcium and calcium containing

Table 4 Mechanical Properties of the As-Cast CGI

Micro-Hardness,
Hv 0.05

Tensile
Properties (a)

Charpy-V-Impact
Values (b)

Rp0.2,
MPa

Rm,
MPa Em, %

�,
J

LB,
mm FF, %

219 257 354.5 1.20 7.92 1.22 15.35

(a) Rp0.2, 0.2% offset yield strength; Rm, tensile strength (mean); Em,
elongation (mean)
(b) �, Charpy V-Impact energy; LB, lateral expansion; FF, fibrous (ductile)
fraction

Table 2 Microstructure Data for the As-Cast CGI

Graphite
Area, %

Pearlite
Area, %

Ferrite
Area, %

Other Phases
Area, %

15.64 55.05 28.80 Trace

Table 3 Graphite Parameter for the As-Cast CGI,
Determined Using Image Analysing System

Parameter, Index Mean Value

Area, % 15.64
Particle count, N 135
Particle size, (× 10−3 mm2) 1.58
Nodularity, optimum; % 60.15
Excursion ratio E 0.63
Form factor, aspect ratio 0.57
Degree of spheroidization 0.55

Fig. 1 Scanning electron micrographs of as-cast specimens with ma-
trix etched away to show graphite form: (a) ×200 (50 �m), (b) ×500
(20 �m)
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compounds have been successfully used as modifiers before
in-mould nodularizing treatment with magnesium.[21,22] Cal-
cium is now attractive due to its dual and simultaneous role in
reducing sulphur content to the desired level and hence its
efficacy as a nodulariser and/or modifier based on the above-
mentioned mechanism. In most of these cases, calcium has
been found to be more efficient in the form of compounds
and/or when introduced to the molten bath through specially
designed modes.[16,23,24] The explanation of Imasogie et
al.[14,16] on the effectiveness of calcium in this regard should
suffice here.

It is known that the percentage of spheroidal versus com-
pacted graphite, indicated here by the form factor (aspect ratio)

and to some extent, the degree of spheroidization (Table 3) in
CGI, affects its tensile strength in particular. The greater the
number of graphite particles approaching a spherical shape, the
higher the relative tensile strength.[2] Thus, both tensile
strength and elongation increase as the percentage of spheroi-
dal graphite increases. This is also to be expected for a matrix
that is about 2:1 ratio of pearlite to ferrite, with little or no
brittle or hard phases, as in the pertinent iron’s case. The level
of graphite spheroidization in CGI is critical to its consider-
ation for application in functional components and in applica-
tions where some level of toughness is required. The iron in the
present case compares favorably with the recently reported
Intermet Corporation’s[8] (Troy, MI) new product, the En-
hanced Compacted Graphite Iron (ECG) meant for use in the
DaimlerChrysler new 4.7 L, V-8 engine introduced in the 1999
Jeep Grand Cherokee. This “winning” and “production fea-
sible” iron has increased nodularity of up to 50% and casts
soundly without risers, to obtain a high mold yield. Thus, it is
to be expected that the present iron with a form factor or aspect
ratio of 0.57, a degree of spheroidization of 0.55 (Table 3), and
the reported levels of mechanical properties (Table 4) would
adequately fit such a bill.

5. Conclusion

A special Ca-CaC2-Mg masteralloy has been used in a
graphite modifying treatment of a base gray cast iron melt to
produce a mixture of ASTM types I, II, and III compacted
graphite iron (CGI) with a matrix of ratio 2:1 of pearlite to
ferrite. The treatment advantages include lower modifying
agent cost and relatively hard or brittle phase free matrix mi-
crostructure, resulting in an iron with comparable properties to
that produced via a standard or commercial treatment route.
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