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MICROSTRUCTURE AND PROPERTIES EVALUATION OF DUCTILE CAST IRON SUBJECTED
TO HOT PLASTIC DEFORMATION AND AMBIENT TEMPERATURE COMPRESSION

The as-cast microstructure of ductile cast iron (DI) was investigated using light microscopy (LM) and SEM techniques. Further
the influence of hot plastic extrusion at 1000°C with plastic strain in the range of 20-60-80% on the transformation of the as-cast
microstructure and on the mechanical properties was studied. Besides this, the microstructure of DI subjected to hot extrusion after
the fracture of the corresponding samples induced by compression tests was thoroughly investigated. It was found that compression
had a dramatic influence on a shear deformation and hence shear fracture of the compressed samples. It was shown that the shear
fracture of the hot deformed ductile iron is accompanied by the occurrence of a narrow zone of severe plastic deformation. The
fracture surfaces of the extruded samples subjected to the tensile tests and the compression tests were examined.
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1. Introduction

Different types of cast irons due to their excellent castabil-
ity and low cost are widely used in many engineering applica-
tions [1,2]. Ductile (nodular) cast iron with spheroidal (nodular)
graphite (further DI), compared with other cast irons, has the
best combination of mechanical properties, which makes this
iron currently the most prospect foundry alloy [3-7]. The latter is
primarily attributed to the favourable shape of graphite developed
in the as-cast microstructure during solidification. This favourable
graphite shape is achieved by a special treatment of a melt prior
casting, i.e., by adding spheroidasing elements to the melt, most
commonly magnesium. In this context it is worth mentioning that
since the introduction of DI a lot of theories has been suggested
to explain the mechanism of different graphite shape formation
under varying conditions [8-16]. However, there is no theory
currently available to explain the formation of graphite spheroid
comprehensively, moreover, often some of these theories are
controverse, as can be seen, for example, when reading the resent
papers published in the very reputable journals [8,11]. Primarily,
this can be referred to the origin of nuclei sites for graphite sphe-
roids. For example, the complex origin of nuclei in DI in relation
to their chemistry, i.e., concerning such elements as Mg, S, O, Si,
and other, has been reported in many papers [8-10,17-21].

On the other hand, the tensile and fatigue strength of DI is
considered as a drawback which does not allow DI to compete
with forged steels [22]. However, our previous works showed
that the cold plastic deformation [23] and especially the hot
plastic deformation [24,25] could improve the tensile strength
of this material. From the practical application point of view,
it could be important to investigate how the fracture pattern of
DI is changed under the effect of plastic deformation. For this
reason, the prime objective of the current paper is to investigate
the effect of plastic deformation on fracture property of DI after
hot extrusion and after ambient temperature compression of
the extruded samples. Additionally, the paper highlights some
microstructural features of DI in its deformed state.

2. Materials and Experimental Methods

DI which chemical composition is listed in TABLE 1 was
melted in a 150 kg induction furnace. Melt treatment involved
spheroidising processing followed by inoculating one, which
were carried out in a ladle using a commercial FeSi75Mg7Ca03
modifier and then foundry silicon of FeSi75 grade. The treated
liquid metal was cast at 1310°C into bentonite moulds to produce
cylindrical ingots of 60 mm in diameter and 300 mm in length.
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The ingots were cut into samples suitable for the hot extrusion
and for the corresponding analyses and tests.

TABLE 1

Chemical composition of the used DI, wt. %
C Si Mn Cr Ni Mg P S Fe
352 | 1.98 | 0.61 | 0.14 | 0.35 | 0.042 | 0.068 | 0.011 | Bal.

Cast samples were subjected to hot extrusion at 1000°C with
varying plastic strain to be 20, 60 and 80% under the conditions
schematically shown in Fig. 1. After extrusion, all hot-extruded
samples had the same finale diameter (12.5 mm) however each
initial diameter was varied to provide the corresponding strain
value. Tensile tests were conducted on a ZD-15 universal testing
machine (Germany) at room temperature and at an elongation
rate of 0.5 mm/min using standard samples 6 mm in diameter and
a gauge length of 30 mm as schematically presented in Fig. 2a.
Two sets of cylindrical samples 5 mm in diameter and 9 mm in
height, cut out from the extruded rods in the longitudinal and
transverse cross-sections with respect to the direction of action
of the deforming force during hot extrusion were subjected
to compression according to the schemes shown in Fig. 2b and c.
The compression tests were carried out on a ZD-15 universal test-
ing machine (Germany) with a maximum compression force of
15 tons at ambient temperature. The compression rate was 5 mm
per minute. In each experiment five samples were always used.
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Fig. 1. Schematic diagram of the experimental arrangement for the hot
extrusion of DI: 1 — Punch, 2 — Container, 3 — Graphite insert, 4 — Billet,
5 — Press remainder of graphite, 6 — Die

Metallographic samples were observed and analysed with
a Neophot-32 light microscope (LM) and a JEOL JSM-7600F
scanning electron microscope (SEM), and the fractured surfaces
of the samples were examined using above-mentioned SEM.
Samples were etched with 3% nital.
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Fig. 2. Schemes of cutting out samples from extruded bars for (a) the
tensile tests and (b, c¢) the compressive tests, and schematic repre-
sentation of the shape of graphite spheroids randomly distributed in
the (d) as-cast state and after hot extrusion in the (e) transverse and
(f) longitudinal cross-sections relative to the direction of the principal
plastic strain during extrusion: F — force

3. Results and Discussion

3.1. Microstructure and properties of DI subjected
to hot extrusion

Schematic representation of the shape of graphite spheroids
randomly distributed in the as-cast state and after hot extru-
sion in the transverse and longitudinal cross-sections relative
to the direction of the principal plastic strain during extrusion
is introduced in Fig. 2d, e and f respectively. SEM image in
Fig. 3a shows the real 2D shape of graphite spheroids in the
unetched as-cast microstructure while LM images in Fig. 3c
and e illustrate the overall as-cast microstructure of DI iron in
the etched samples where a mixed pearlitic-ferritic matrix can
be clearly observed. It is seen that pearlite dominates the matrix
and significantly smaller amount of ferrite surrounds practically
each graphite spheroid. It is very important that perfect shape
of graphite spheroids is proven by metallographic analysis that
is in line with the scheme in Fig. 2d.

As follows from the scheme in Fig. 2e, graphite spheroids in
the transverse cross-section of the extruded samples must remain
their 2D shape unchanged independently on the plastic strain.
Indeed, the metallographic examination shows that some plastic
deformation of spheroids occurred in the transverse cross-section
leading to the appearance of the deformed areas on their sides in
the form of protrusions that in turn resulted in the violation of
the perfect chape of spheroids. This was more evident in the case
of the largest plastic strain that is illustrated in Fig. 3b, d and f.

Fig. 4 shows that plastic strain with the rate of 60 and 80%
resulted in substantial overall changes of the microstructure in
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Fig. 3. Microstructure of DI after (a, c, e) casting and after (b, d, f) hot extrusion with plastic strain of 80%, in transverse cross-section: (a) and
(b) Unetched samples, (c) and (d) in polarised light, (¢) and (f) etched samples. (a) Adapted from [18]

the longitudinal cross-sections of the extruded samples. Primar-
ily graphite spheroids tended to change their shape from initial
spheroidal to oval-like, when strain was 20%, and then to moder-
ate spindle (at € = 60%), Fig. 4a, ¢ and e, and very slim spindle
(e =80%), Fig. 4b, d and f. In this context it should be stressed
that similar changes in the sense of graphite shape evidently
varying in transverse and longitudinal directions were observed
in ferritic DI after high plastic strain levels during compression
tests at room temperature [26] and at high temperatures [27-29].
It should be emphasised that in the latter work the matrix type
was not introduced, however both the ferritic and mostly pearlitic
matrixes could be observed in the studied samples. The change
of graphite shape in DI under the effect of hot rolling in the
longitudinal rolling direction has been also reported [30,31].
All these papers have shown that graphite spheroids are deformed
and elongated mostly in the direction of plastic strain that is
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accompanied by a gradual transition from spheroidal to spindle
shape of graphite particles, and the latter depends on a plastic
strain applied. In this context, it is worth noting that the structural
changes in the DI under the effect of dynamic deformation was
also investigated however to the lesser extent [32,33].

On the other hand, a plastic flow of the metal matrix
occurred during extrusion as can be seen in Fig. 4e and f for
longitudinal direction of the plastic strain. It is very important
that in the hot deformed DI a strong refinement of the matrix
with respect to both the pearlite and ferrite constituents was
proven, which is well seen when compared both images in Fig. 5.
The microstructure refinement can be attributed to dynamic
recrystallisation of the matrix occurred during hot extrusion.
In this context it should be stressed that the same findings in
the sense of the occurrence of dynamic recrystallisation under
hot deformation of DI were reported in [28]. No doubt, that the
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Fig. 4. Microstructure of DI after hot extrusion with plastic strain of (a, ¢, ) 60 and (b, d, f) 80%, in longitudinal cross-section: (a) and (b) Un-
etched samples, (c) and (d) in polarised light, (e) and (f) etched samples

Fig. 5. Effect of the hot extrusion on the matrix refinement. Microstructure of DI after (a) casting and after (b) hot extrusion with plastic strain
of 80%, etched samples



gradual increase in the ultimate tensile strength of DI subjected
to the hot extrusion, as presented in Fig. 6, can be referred to the
progressively enhanced microstructure refinement (primarily of
pearlite) with increasing strain.

The results of the fracture analysis of the as-cast and ex-
truded samples subjected to the tensile tests according to the
scheme in Fig. 2a are in line with the above-mentioned findings.
Fig. 7a shows overall fracture surface of the as-cast sample where
the failure mode of the matrix appeared to be mainly brittle trans-
granular. Fig. 7b shows that with respect to graphite spheroids
fracture preferentially occurred by a debonding mechanism at
the graphite spheroid/matrix interface leading to the exposure
of the very spheroids or voids in the places of their extraction
at the fracture surface. In this context, it should be pointed out
that such matrix-graphite spheroid debonding mechanism was
not observed in the case of ferritic DI [34].
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Fig. 6. Effect of the hot extrusion on the ultimate tensile strength of
DI. Adapted from [24]

In contrast to the as-cast sample, in the extruded samples
so-called quasi-cleavage facets are observed on the fracture
surfaces, which varying size and depth reflect increasing plas-
ticity and fracture energy values before damage due to a higher
microstructure refinement of the matrix with increasing plastic
strain, Fig. 7¢c, e and g. In the context of the plasticity and fracture
energy values it should be stressed that all these observations are
only supported by the failure analysis because actual stress-strain
curves or elongation data were not obtained in the original work
[24] from which the values of the tensile strength were adopted.
It is worth mentioning that in this case graphite spindles failed
in their cross-sections, i.¢., their transgranular fracture occurred,
that is well seen at higher magnification in Fig. 7d, fand h. The
most important finding is that no cracks are observed in the
microstructure after the extrusion and on the fracture surfaces
after the tensile tests as confirmed in Figs. 3 and 4 and Fig. 7
respectively. In general, it is worthy of note that fatigue frac-
ture of DI has been thoroughly examined [7,22,35-37]. On the
other hand, a smaller number of investigations on fracture of
conventional DI after tensile tests can be found in the literature
[3,5,34] and any information is absent concerning fracture of
hot extruded DI.
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3.2. Microstructure and properties of hot extruded DI
after compression tests

Main features of the microstructure of the extruded DI at
the fracture surface after sample failure during ambient com-
pression according to the sample loading schemes presented
in Fig. 2b and c are shown in Fig. 8a, ¢ and e and 8b, d, f, and
g respectively. A cursory glance at the images in Fig. 8 reveals
significantly severer plastic flow of DI under the influence of
shear strain during the compression in both directions, according
to Fig. 2b and c, compared with that under the hot extrusion,
see Fig. 3b, d, and f and Fig. 4. As a consequence, significantly
deformed and even broken graphite particles in the sense of their
initial spherical shape are observed in the microstructure of the
compressed samples previously hot-extruded with a higher strain,
i.e., 80 %, see Fig. 8¢ and f. These features are more distinguished
for the samples compressed according to the scheme in Fig. 2¢
rather than in Fig. 2b. Another feature is the appearance of the
secondary cracks near the fracture surface that is illustrated, for
example, in Fig. 8a and g.

Moreover, in the case of the sample previously deformed
with a higher strain (80%) and compressed in the longitudinal
direction (Fig. 9a), shear stresses led to the rotation of graphite
spindles in certain depth along the fracture surface, which was
observed on both sides of the crack propagation and schematically
and metallographically illustrated in Fig. 9b and c, d respectively.
As can be seen on the top circular base of the damaged cylindrical
sample the location of the damaging shear stresses was at a depth
of about one mm (restricted by red dashed lines) as presented in
Fig. 9c. Comparing the starting and final location and orientation
of spindles in the longitudinal cross-section in a central part of the
cylindrical sample at the distance of several pm from the crack
(left area on the image in Fig. 9d) and near this crack (right area
on the image in Fig. 9d) respectively, it is seen that the graphite
spindles turned during the compression at an angle of 90°. This
is due to strong plastic flow of the extruded DI along the crack.

The plastic strain dependence of the compressive strength
of a series of the previously hot extruded samples further com-
pressed according to the schemes in Fig. 2b and c is shown in
Fig. 10. The results of the compression tests show that compared
with the as-cast state, a marked improvement in the compressive
strength was achieved in all the studied samples. In general, the
compressive strength shows a trend which is practically similar
to the ultimate tensile strength as the strain is varied, i.e., the
larger previous plastic strain in the extruded sample, the higher
compressive strength. This general trend can be also explained
by the microstructure refinement due to dynamic recrystallisa-
tion in the extruded samples (see Fig. 5). However, there was
one exception which was not in line with the general trend; the
sample extruded with a largest strain, i.e., 80%, and compressed
in a direction normal to the extrusion direction, exhibited a lower
value of compressive strength than the similarly compressed
sample extruded with a lower strain, 60%. The simple explana-
tion is that some threshold of stresses should exist above which
brittle damage of elongated graphite spindles occurred due to
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Fig. 7. Fracture surfaces of DI after the tensile tests: (a, b) as-cast samples and hot extruded samples with plastic strain of (¢, d) 20%, (e, f) 60%

and (g, h) 80%

plastic flow. This in turn could result in the deterioration of the
matrix strength despite the microstructure refinement which
is well seen in Fig. 8¢ and f. It is in this context important to
realise that the resistance of elongated graphite spindles to the
plastic strain should depend on their orientation against the first
direction of applied compressive load. It is well known that the
fracture occurred easier in the case when elongated particles are
situated perpendicularly to the direction of a compressive load.

It is worth mentioning that some microstructural features
illustrated in Fig. 8 are reflected in the development of fracture
surfaces in the corresponding samples as presented in Fig. 11.
Primarily the smearing of fracture surfaces, formed by cleavage
mechanism, through strong plastic deformation is evidently seen
in all the samples reflecting enhanced plastic flow of DI under
the influence of large shear stresses. Fig. 11 also shows that the
plastic flow of the material at the fracture surface caused the for-
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Fig. 8. Microstructure of the extruded DI samples at the fracture surfaces after failure during compression tests conducted according to the sam-
ple loading scheme in (a, c, ) Fig. 2b and (b, d, f, g) Fig. 2c. Plastic strain after the hot extrusion was (a, b) 20%, (c, d) 60% and (e, f, g) 80%,

etched samples

mation of so-called “microscopic tongues” on the fracture sur-
faces. Moreover, in the case of the as-cast sample, on its fracture
surface the formation of voids at the interface between the matrix
and graphite spheroids in the direction of plastic flow was found
(see Fig. 11a), possibly due to different plasticity of the matrix

and graphite spheroids. The presence of secondary microcracks
on the fracture surface was also confirmed, see Fig. 11a and e.
Finally, the fracture surfaces reflect the certain morphology of
graphite particles to be typical for the corresponding samples as
can be seen when compared Fig. 11 with Fig. 8.
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Fig. 9. (a, ¢, d) Metallographic and (b) schematic illustration of the microstructure transformation of the extruded DI (¢ = 80%) occurred due
to its strong plastic flow under the effect of shear stresses during compression and resulting in the rotation of graphite spindles in certain depth
along the fracture surface: F — force, (c) unetched sample, (d) etched sample. Photomontage of LM images showing transformation of the mi-

crostructure in Fig. 9d is adapted from [38]

3200
3000 2894
2800
2600
2400 r
2200 r
2000
1800
1600

2986

18921892

Compressive strength, MPa

0 20 60 80
Strain £, %

Fig. 10. Effect of the initial plastic strain due to extrusion on the com-
pressive strength of DI: Gray and black bars reflect the compressive
strength of the samples loaded during compression according to the
scheme in Fig. 2¢ and b respectively. Adapted from [25]

4. Conclusions

The microstructure, properties, and fracture surfaces of
pearlitic-ferritic DI in its as-cast state and after hot extrusion at
1000°C and after ambient compression of the extruded samples
were investigated, and the following conclusions can be drawn:
1. The plastic strain during hot extrusion resulted in substantial

changes of the initial as-cast microstructure with respect to

the shape of graphite spheroids and the matrix refinement,
which was more distinguish in longitudinal cross-sections
of the extruded samples compared with that in the transverse
cross-sections. With increasing strain graphite spheroids
changed their shape to oval-like, then to moderate spindle,
and finally to very slim spindle, and in the matrix progres-
sively enhanced refinement of the pearlitic and ferritic
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Fig. 11. Fracture surfaces of DI after the compressive tests of (a) as-cast sample and hot extruded samples with plastic strain of (b, ¢) 20%,
(d, e) 60% and (f, g) 80%: SC — secondary crack, V — voids, G — graphite, T — microscopic tongues. During compression tests samples were
loaded according to the scheme in (b, d, f) Fig. 2b and (c, e, g) Fig. 2¢

constituents was occurred. The latter could be attributed
to the dynamic recrystallisation of the pearlite and ferrite
grains during hot extrusion, which was confirmed metal-
lographically.

The above-mentioned refinement of the matrix, primarily in
relation to pearlite, led to an increase in the ultimate tensile

strength of the deformed DI. The investigation of fracture
surfaces of samples subjected to the tensile tests revealed
that in the as-cast samples fracture preferentially occurred
by a debonding mechanism at the graphite spheroid/matrix
interface, while in the case of the extruded samples graphite
spindles failed in their cross-sections, i.e., by transgranular
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mechanism. In general, varying size and depth of quasi-
cleavage facets were consistent with the corresponding
values of the tensile strength.

The metallographic examinations revealed lager micro-
structural changes due to severer plastic flow of DI under
the influence of shear strain during the compression in both
directions, i.e., parallel or perpendicular against the extru-
sion direction compared with the case of the hot extrusion.
As a consequence, significantly deformed and even broken
graphite particles were observed in the microstructure of the
compressed samples. These features are more distinguished
for the samples compressed in the longitudinal direction.
The secondary cracks near the fracture surface were re-
vealed in the microstructure of the compressed samples that
was not the case after extrusion. In the sample previously
deformed with a higher strain (80%) and compressed in
the longitudinal direction, shear stresses led to the rotation
of graphite spindles in certain depth along the fracture
surface.

Some microstructural features due to compression are
reflected in the development of fracture surfaces in the
compressed samples. Primarily the smearing of fracture
surfaces, formed by cleavage mechanism, through strong
plastic deformation was evidently seen in all the samples
reflecting enhanced plastic flow of DI under the influence
of large shear stresses. It is important that the hot extrusion
enhanced the compressive strength of DI.
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