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ABSTRACT. Current study evaluated the machinability characteristics of parts, microstructure and
mechanical properties when three different inoculants (IM-22 with FeSi-Ba/Zr; G-20 and FeSi-Ba; IMSR
75 with FeSi-Sr) were added in experiments carried out in a foundry. The research methodology was
mailly based on the analysis of the machinability by the milling process of the specimens in gray cast iron
GG-25, name according to DIN EN 1561.Evaluation of results is based on a thorough analysis of tool
wear, surface finish, microstructural analysis, chemical composition and mechanical properties of the
material. Results showed that among the studied inoculants strontium sulfide (SrS) was
thermodynamically more stable than the others, because it leds towards a more negative free energy change
of Gibbs and therefore more favorable to the formation of nuclei having greater critical radius (r.),
solidification with heterogeneous nucleation. Its inoculant was also more efficient in forming a more
favorable microstructure, greater amounts of eutectic cells and, longer life of the insert when machined.
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Efeitos de diferentes inoculantes nas caracteristicas microestruturais de ferro fundido
cinzento gg-25, dureza e vida (til de ferramenta

RESUMO. Este estudo avaliou, por meio de experimentos realizados em uma fundigio, a atuagio na
adi¢io de trés inoculantes diferentes (IM-22 com FeSi-Ba/Zr, G-20 ¢ FeSi-Ba, e IMSR 75 com FeSi-Sr),
para observar caracteristicas de usinabilidade de pegas, microestrutura ¢ propriedades mecinicas. A
metodologia da pesquisa é baseada, principalmente, na anilise da usinabilidade pelo processo de fresamento
dos espécimes em ferro fundido cinzento GG-25, nomeado de acordo com DIN EN 1561. As maneiras de
avaliagio dos resultados se basearam em uma anilise aprofundada do desgaste da ferramenta, do
acabamento da superficie, da microestrutura, da composi¢io quimica ¢ das propriedades mecanicas do
material da pega de trabalho. Os resultados mostraram que, entre os sulfetos gerados na estrutura, o sulfeto
de estroncio (SrS) foi termodinamicamente mais estivel do que outros, pois leva a uma mudanga livre de
Gibbs, mais energia negativa e, portanto, mais favordvel 3 formagio de nicleos com raio critico (r.) maior,
levando e permitindo a solidifica¢io com nuclea¢io heterogénea. No entanto, a inoculagio pelo IMSR 75
foi mais eficaz na formagio de uma microestrutura mais favordvel, com uma maior quantidade de células
eutéticas ¢ maior tempo de vida do inserto na usinagem.

Palavras-chave: usinabilidade, sulfeto de estroncio, desgaste de ferramenta, raio critico, células eutéticas.

Introdution

Cast iron is traditionally selected in many
industrial applications due to its flexibility
comprising good melting point, low cost (between
20 and 40% less than steel) and a wide range of
mechanical properties. A though gray cast iron is a
material that provides easy machining, due to the
great amount of parts and volumes of this type of
material machined at world level, fast and
economical machining is a continuous challenge,
for foundries and for manufacturers machine
tools.

Gray cast iron works at a strip tensile strength
(150 to 400 MPa), and elongation is very small.
Graphite is highlighted in the form of veins, which
makes the gray cast iron material much used for
components subject to thermal fatigue (JABBARI;
HOSSEINZADEH, 2013).

The mechanical and structural properties of gray
cast iron may be improved by adding iron-silicon
alloys base prior to the molten casting of the iron.
The main role of this technique, called inoculation,
is the reduction of super-cooling during
solidification by an increase in the number of
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eutectic cells to avoid, graphite of super-cooling and
carbide graphite in the metal matrix, and prevents
solidification by metastable eutectic system to obtain
the graphite A type. It is also, a viable approach to
improve the machinability of the
(COLLINI et al., 2008).

One clear difference in the machining process
behavior of the materials is tool wear which depends
on the cutting speed and mainly presence on the
manganese sulfide (MnS) layer which it forms,
acting as a lubricant and as a diffusion barrier when
machining gray iron at high speed (MUHMOND;
FREDRIKSSON, 2013).

The graphite morphology and the metallic
matrix are furthermore mainly affected by the
chemical composition, inoculation level and
thickness of the section, as mentioned above.

However, since the matrix may be controlled in a
similar way for different morphologies, the main
difference in properties between the cast irons is due
to graphite morphology.

The graphite flakes in gray iron have sharp edges
which give the material its characteristic properties,
as Table 1 demonstrates.

material
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absorption spectrometry with spectrometer Spectro
Max coupled to Spark Analyzer MX Vision software.

The images for the metallographic analysis and
eutectic cell count were generated by digital optical
microscope Olympus BX 51 model with 100 x —
1000 x magnification capacity, specific attack for
cach requirement, and capture for image
interpretation by software Image Pro-Plus .

Furthe, the hardness was measured by applying a
load of 3000 kg f with a hard steel ball @10 mm
during 20 s and scanned by Quick Brinell Metalab
software. However, machinability tests (milling),
were carried out in a vertical machining center
CNC ROMI D 600 with insert SPHX1205 KY3500
and rotations of 5500 and 6366 rpm, to detect the
useful life of the tool.

Results and discussion

Chemical composition

Table 2 shows the chemical compositions of
samples with regard to run-off of gray cast iron
GG-25 samples after different inoculations.

Table 2. Chemical composition GG 25 with inoculants.

Table 1. Typical material and physical properties of gray iron and Inoculants C S Mn P N Cu Ni Sn

ductile iron G20 317 201 070 0018 0245 0545 0014 0.047
IM-22 3.17 190 0.66 0.020 0.205 0.546 0.012 0.043

Property Gray Iron Ductile Iron IMSR75 3.15 2.00 0.65 0.022 0.229 0.533 0.007 0.045

Tensile strength [MPa] 250 750

Elastic modulus [GPa] 105 160

Elongation [% 0 5 . E . .

Hardgness[B[HI]\IlO/3000] 179202 217255 The chemical composition rates did not differ

Current assay was occasioned by the need of a
foundry in Londrina - Parand State (Brazil), to
improve a piece of milling process made of gray cast
iron, and to extend the life of the cutting tool.

It was then suggested to change the chemical
composition of inoculants used in casting and
through machinability tests conducted on the
samples, to observe the effect of each addition in the
milling properties of the material.

Three lots were produced using three different
alternative inoculants (KIM et al., 2009) to pursue
the improved machinability. Later, the mechanical
and structural properties of manufactured parts were
found. Machinability tests which consisted of the
milling tool wear and finished the machined surface
were then conducted.

Material and methods

Complying with DIN EN 1561, the material
(gray cast iron GG-25) was chemically analyzed in
the three compositions studied (inoculated with
inoculants: G - 20; IM - 22 and IMSR75) by atomic

significantly between the materials, but it should be
noted that the amounts of silicon and sulfur
exceeded the amount suggested by DIN EN 1561.
Table 3 shows the composition of the inoculants
used. It should be emphasize that silicon is present
in greater amounts in the inoculant IMSR75, which
also contains strontium.

Table 3. Chemical composition of the inoculants used.

Inoculants Si Mn Ca Al Ba Zr Sr
G20 6022 814 2.63 130  4.83 - -
IM-22 6521 552 149 1.06 219 574 -
IMSR 75 74.54 - 0.083  0.094 - - 0.84

Metallographic analysis

Figure 1 shows the structures of the samples
inoculated respectively with G-20, IM-22 and
IMSR75, comprising the presence of graphite
distribution size 4 in a flake form, type A and C, in
the three pearlitic matrixes [2, 3]. However the cast
iron inoculated with IM-22 showed a small of
percentage super-cooling graphite (type D). The
presence of type D graphite is due to the high
cooling rate, shown small shafts. This type of
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graphite itself may not be regarded as harmful
because of the low mechanical resistance that the
structure of such graphite has and which primarily
depends on the presence of a pearlitic matrix. Gray
cast iron with graphite type D has generally good
finish machining,.

The chemical composition of the cast iron was
also affected by ferrite/pearlite ratio. It strongly
affected the material physical properties and,
therefore, the machinability/tool life.

Figure 1. Microstructures of metal matrix with (a) G-20,
(b) IM-22 and (c) IMSR 75; 1000x magnification and etched with
4% Nital.

Figure 2 (a), (b) and (c), show the
microstructure after attack by Stead reagent that
accelerates the development of the contour of
eutectic cells due to inoculation (KIM et al., 2009).

Figure 2. Eutectic cells as inoculant (a) G-20; (b) IM-22 and
(c) IMSR75.

All the three differently inoculated irons had
graphite in flake form with a pearlitic matrix in their
microstructure. However, cast iron inoculated with
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IM-22  (FeSi-Ba/Zr)  showed  undercooling
solidification graphite type D, which, in turn did not
occur with the inoculated G 20 (FeSi-Ba).
Moreover, IMSR 75 (FeSi-Sr) showed that graphite
type A and C had, better mechanical properties and
workability.

Counting of eutectic cells

Five counts were made in the region of the
middle radius of the molten samples and an average
of eutectic cells per sample was calculated, as
demonstrated in Table 4.

Table 4. Counting of eutectic cells.

Number of eutectic cells mm™

Identification Counting Counting Counting Counting Counting

o 0 03 04 Average
(Sér;g;))le o1 L6 12 14 14 19 15
?Iﬁ?zlg)oz 07 09 09 09 09
(SlahrAngll; %3) 16 1.8 2.8 2.1 1.8 2.0

Inoculation produces type A and graphite
pearlitic matrix, together with relatively high
number of eutectic cells. The greater the number of
eutectic cells, greater mechanical strength and
ductility tend to increase (FRAS; GORNY, 2012).
Inoculated material with IMSR75 showed most of
these cells per mm?, with higher performance of the
inoculant in current analysis.

Nevertheless, the cell growth rate was caused
by eutectic transformation in the inoculation,
which tended to increase the number of eutectic
cells, as occurred with IMSR75, with graphite
structure, favoring the formation of pearlitic
matrix and alterations in trend for shrinkage
cavities in cast iron (FRAS; GORNY, 2008).

However, the eutectic cell count with IM R75
inoculant had the best results with 2.0 cells mm™?;
followed by inoculation with G-20, with an average
of 1.5 cells mm™ and followed by inoculation with
IM- 22 with 0.9 cells mm™ The best mechanical
properties and machinability occurred with the
IMSR75 inoculant.

Hardness tests

Hardness tests were conducted at six sites
distributed in the sample. Inoculation with IM-22
and IMSR75 had the highest rates when compared
hardness rates in the inoculated material with G-20
(Figure 3). However all materials complied with
hardness range specified by DIN EN 1561 (180HB -
250HB).
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Inoculation usually has better mechanical
properties such as tensile ductility and toughness
(COLLINI et al., 2008; SELIN et al., 2009).

Position 1
210
20
Position 6 Position 2
190
185 -
Position 5 Position 3
--G-20
-=-|M-22
Position 4 ~+~IMSR 75

Figure 3. Brinell’s hardness test in six positions of the samples.

Tool life tests

The end of tool life may be perceived when the
average maximum flank wear of the insert reaches
0.3 mm, and when a maximum flank wear of any of
the cutting inserts reaches 0.3 mm (BERGLUND,
2011). It is known that the tool wear may occur
during machining, plastic deformation, spalling,
oxidation or breakage of the tool. Cutting
parameters  comprised the dominant wear
mechanism of the tool related to the abrasive wear
on the flank face of the inserts. The flank wear was
evaluated and employed as a quantitative response to
determine the useful life of tools (DIAS; DINIZ,
2013).

Figure 4 shows that at the highest cutting
speed of 1000 m min.”!, tool wear was not as
equally distributed throughout the inferior flank
face (BERGLUND, 2011) as at the slower speed
of 864 m min.”" of machinability, where the
dominant wear mechanism was abrasive in the
tool’s flank face.

Results of the machining tests clearly showed the
higher level of difficulty in the machining of
compacted graphite iron when compared to the
machining of standard gray cast irons for the cutting
forces (KARABULUT; GULLU, 2013) and tool
wear.

The percentage of ferrite and pearlite in the
matrix, the amount, size, form, and distribution of
the graphites and the presence of inclusions are
directly related to parameters indicative of the
material machinability similar to the tool life of the
work piece (SELIN et al., 2009).
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Therefore, the wear of the insert’s flank (V)
was evaluated to analyze the tool’s life time. The,
end of life criterion was Vi = 0.3 mm, when results
from the three tested inoculants and different
machining practices are compared (DIAS; DINIZ,
2013), as Figures 5 and 6 show.

G-20; Ve = 1000 m/min.

G-20; Vc = 864 m/min.

1M-22; Ve = 1000 m/min.

IMSRYSNE = 1000 m/min.

e

Figure 4. Flank wear of three samples with V. at 864 and
1000 m min.™.
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Figure 5. Tool wear for all inoculated cast and machined at two
different VC cutting rates.

In the case of three inoculants used, the tool
flank wear rate used in the milling of gray cast iron
GG-25 decreased as shear rate decreased, with
increased lifetime of the insert for lower cutting
speeds (GASTEL et al., 2000; REN et al., 2009).

Acta Scientiarum. Technology

Maringa, v. 37, n. 4, p. 355-360, Oct.-Dec., 2015



Effects inoculants characteristics gray cast iron

Therefore, the cutting speeds of the inoculated
material IMSR 75, provided the insert a smaller
flank wear and prolonged its useful life (KIRBY,
2010); this was, followed by IM-22 inoculated
material for the cutting speed at 1000 m min.™" and
by inoculum with G-20 for the cutting speed at
864 m min.™.

09 Available tool life - G-20
08
0,7

05
0.4
03
0.2
0,1

Pass 1 Pass3 Pass4 PassS Passb

Pass 2

0.7
Available tool life - IM-22

0,6
05
o 04
03 | =—=====--

0,2

0.1

Passl Pass2 Pass3 Pass4 PassS Passé6

08

Available tool life -IMSR 75

07
0.6
0.5

03
0.2

0.1

Passl1 Pass2 Pass3 Passd4 Pass5S Pass6

==V = 1000 m/min
=f=\V¢ =864 m/min

Figure 6. Flank wear in gray cast iron GG25 inoculated with
G-20, IM22 and IMSR75.

Conclusion

Tool life showed a better wear performance and
surface finish in the cast iron inoculated with
IMSR75, since the presence of strontium increased
the number of eutectic cells with finer pearlite and
graphite.

It has also been observed, that the surface finish
with IMSR 75 was rougher with decreasing cutting
rate.

Current study demonstrated that the use of
IMSR75 (Fe-Si-Sr) to produce gray cast iron, when
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compared to inoculants G-20 (usual) and IM-22
(FeSi-Ba/Zr), was more efficient, since the presence
of strontium proved to be more effective in the
formation of a microstructure with more eutectic
cells, and favored a longer wear life for the insert.
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