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Effect of Elongated Graphite on Mechanical
Properties of Hot-Rolled Ductile Iron

J. Shi, 8. Zou, R.W. Smith, and J.J.M. Too

The mechanical properties of hot-rolled and then annealed ductile iron were evaluated. The deformation
of this two-phase material and the effects of the elongated graphite spheres on the mechanical properties
and the development of anisotropy of mechanical properties were studied. An attempt was made to de-
scribe the anisotropy of tensile strength in terms of the deformation of graphite spheres and of the root
curvature, area fraction, and the interbridges that result in disproportional changes of stress concentra-
tion, loading capacity, and the tendency to break the interbridges and link the neighboring deformed

graphite spheres.
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1. Introduction

THE plastic working of a ductile iron recently became an item
of considerable interest to both researchers and the industry.
Numerous papers have been published on the workability, de-
formation, related microstructures, and the mechanical proper-
ties of ductile iron (Ref 1-10). The mechanical anisotropy of
rolled ductile iron also was evaluated by Sheffler and Libsch
(Ref 11).

Deformation, especially the hot deformation of ductile iron,
attracts attention because: (a) it refines the as-cast structures,
closes up the internal shrinkage cavities and gas porosity, and
reduces the segregations of alloying elements; (b) it increases
the dimensional accuracy and surface finish of the products;
and (c) it reduces energy consumption and manufacturing cost.

Also, because of excellent wear resistance, high damping
capacity, and better corrosion resistance, forged ductile iron
products have been promoted as replacements of some types of
steel forgings. However, before pressing ductile iron to com-
mercial applications, evaluate the mechanical properties and
the mechanical anisotropy of potential products.

Extensive work on the effect of inclusions on the mechani-
cal properties and fracture behavior of steels has been reported
by many investigators (Ref 12-15). Ductile sphere iron is es-
sentially a steel matrix with graphite inclusions. Obviously, in-
clusions and second-phase particles can play an important role
in determining the mechanical properties and workability of
materials because cracks tend to be initiated at such parti-
cle/matrix interfaces. Usually, the mechanical behavior de-
pends on the type, shape, volume-fraction, and distribution of
the inclusions or second-phase particles. For plastically defor-
mable inclusions, such as spherical graphite in ductile iron,
during plastic deformation such as rolling, the inclusions de-
form with the matrix and become elongated and cause the ma-
terial to display anisotropic mechanical properties.
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In this study, the deformation of the spheroidal graphite and
its relationship to the gross body deformation was investigated
together with an analysis of the effect of the presence of elon-
gated spherical graphite on the mechanical anisotropy.

2. Experimental

The ductile iron was supplied by QIT-Fer-el-Titane, Inc.; its
composition is listed in Table 1.

The one-inch thick plates of ductile iron were heated to 1000
°C, soaked for 1 h, then hot-rolled to 20, 35, 50, and 75% reduc-
tions. Several passes were used to obtain these reductions, and
the specimens were reheated after the rolling operation.

Both the rolled and unrolled materials were then annealed to
obtain a ferritic structure. For comparison, a cast steel with a
similar composition to that of the matrix material was also hot
rolled and annealed.

All materials were then machined to provide specimens par-
allel and transverse to the rolling directions (Fig. 1). The speci-
mens for measuring the elastic moduli were machined as 120.3
mm X 14.2 mm x 3.85 mm plates, and the plate tensile speci-
mens were produced as standard ASTM B557 subsize 3.85-
mm-thick specimens. The tensile test was carried out on an
Instron machine. The elastic moduli of the specimens were
measured using an acoustic vibration method (Ref 16).

Unnotched impact specimens of 10 mm x 10 mm X 55 mm
were machined longitudinally and transversely from the rolled

Table1 Composition of ductile iron

Composition,

Element - wt.%
C 332
Si 2.35
Ni 2.11
S 0.01
Mn 0.01
Mo 0.004
Cu 0.6

P 0.022
Cr 0.046
A\ 0.04
Co 0.033
Ti 0.031
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Fig. 1 Position from which the testing specimens were taken
from the rolled ductile iron plate

plates for the impact test. During the impact test, the rolled sur-
face of all the specimens faced the impact loading direction.

The deformation of the graphite regions was measured us-
ing a Vidas image analyzer.

3. Results and Discussion

Ductile iron is a two-phase mixture of steel (matrix) and
graphite spheres. The matrix can be ferritic, pearlitic, or fer-
ritic-pearlitic. For simplicity, a ferritic matrix was chosen for
this study; it was obtained by an annealing procedure. This pro-
vides an ideal material for the study of the effect of soft inclu-
sions on the mechanical properties of a duplex material. During
plastic deformation, the spherical graphite will deform with the
matrix; this deformation can be measured. As noted earlier, the
ductile iron was first hot rolled to various reductions; i.e., 20,
35, 50, and 75%. In order to remove the effects of work harden-
ing and texture produced during the deformation, both the un-
deformed and deformed specimens were annealed to get a
ferritic matrix. During annealing, the deformed graphite will
not change except for a little dissolving into the matrix during
heating and depositing on the surface of the deformed graphite
spheres during cooling. This was considered to be of little con-
sequence in determining the graphite deformation.

3.1 Plastic Deformation of Ductile Iron
During Hot Rolling

The plastic deformation of ductile iron during homogene-
ous compression was reported (Ref 17). The relationship be-
tween graphite deformation, matrix deformation, and gross
reduction can be expressed as follows:

K=" (Eq 1)

m

~ F(1 —P2/3)
CR(L+F)—(1-P2'3)

(Eq2)

where K is deformation ratio of graphite to matrix, F is the ratio
of average original matrix height to average original graphite
height, P is aspect ratio of the graphite, R; is graphite reduction,
R, is matrix deformation, and R, is the total redu ction.

This relationship is used to describe the plastic deformation
of ductile iron during hot rolling. In this, the graphite spheres
become elongated. Because the width of the plate is much
larger than its height before rolling, the deformation during
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rolling is considered to be plane strain deformation, i.e., the
originally spherical graphite will be elongated without change
in width. Then the deformation of graphite nodules is deter-
mined by the aspect ratio of the deformed graphite spheres. For
simplicity, suppose the elongated graphite is a rectangular vol-
ume. Its deformation may be expressed in terms of a reduction
R along the axis of thickness by the general equation:

R=——F (Eq3)

where h,, and Ay are the original and final heights (or thick-
nesses) of the deforming piece. Further assume the volume of a
graphite region remains constant; then

1/6xaxD3=hxDxl (Eq4)

where D is diameter of the sphere and the width of the deformed
sphere. Here the width of the sphere is not changed because it is
assumed to be a plane strain deformation. # is the height of the
deformed graphite sphere, and / is the length of the deformed
graphite sphere.

The corresponding reduction of the sphere will be:

D-h

R——D— (Eqs)
From Eq 2
p T
T

Substitute in Eq 2 and 3 and simplify:

R=1-NT (Eq 6)

61

Assume that the aspect ratio of the elongated sphere is:

(Eq7)

—_

Then substitute this into Eq 4. The reduction of a spherical
graphite inclusion in terms of its aspect ratio will be:

Ri=1-\EZ

; 7 (Eq8)

The ratio of the gross reduction to the reduction of the inclusion
is:
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Table2 Inclusion-matrix deformation ratio

Specimen Ry, % I Kk
1 21 0.49+0.01 3.26
2 36 0.29+0.01 1.96
3 55.7 0.14+0.01 1.39
4 75.4 0.057 £ 0.004 1.13
h, - hf
Rt h(}
R (Eq9)
Ca-NTh
6

Combine Eq 7 with 2 to yield:

ho—hf
h, 1 F
= + (Eq 10)
np  1+F K1 +F)
1-N=5)

After simplifying Eq 10, the ratio of the inclusion deformation
to the matrix deformation can be obtained in the following
form:

T[_p
F- 6)

R(+F)-1+ \Jn?p

K (Eq 11)

Equations 10 and 11 show that if the initial and final height
of the specimen (the gross reduction), the final average aspect
ratio of the inclusions after rolling, and the original average ra-
tio of matrix height to inclusion height before rolling are
known, the ratio of inclusion to the matrix deformation can be
obtained.

The original matrix height and inclusion height elements
were measured in an undeformed specimen using the image
analyzer. Then the average original matrix height, 4, , and in-
clusion height, #;,, were calculated from these elements, and
the ratio F (=h,,/h;,) was found to be 5.08 = 0.32. The aspect
ratios of the rolled specimens were also measured with the im-
age analyzer. After F, p, and R, were known, the inclusion-ma-
trix deformation ratio, K, could be calculated from Eq 11; the
results are listed in Table 2.

The relationship between the inclusion-matrix deformation
ratio and the gross reduction is shown in Fig. 2. As the reduc-
tion percentage increases, the inclusion-matrix deformation ra-
tio, K, decreases to 1.

3.2 Mechanical Properties

Most metals display mechanical anisotropy after plastic de-
formation. In general, the mechanical properties are always
better in the rolling direction than in the transverse direction.
This is due to the alignment of deformed inclusions in the roll-
ing direction and/or the formation of the texture. The anisot-
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Fig. 2 Relationship between the ratios of inclusion deformation
to matrix deformation and the gross reduction
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Fig. 3 Tensile strength/reduction curves for rolled ductile iron

ropy of properties will result in directional workability and
fracture behavior. Therefore it is advantageous to be able to
predict the anisotropy of mechanical properties caused by the
deformed inclusions, especially for hot-rolled ductile iron. The
results of the experiments performed here, namely the vari-
ations of tensile strength, elastic modulus, elongation, and im-
pact strength with rolling reduction are shown in Fig. 3 through 6.

3.3 Tensile Strength

Figure 3 is the plot of the tensile strength versus the gross re-
duction for the hot-rolled and then annealed ductile iron.
Whereas the tensile strength changes little in the longitudinal
direction, a marked decrease, to 17%, occurs in the transverse
direction as the reduction increases to 75%. Similar results
have been reported by other researchers, but no reason was
given (Ref 18). However, we attribute this to: (a) the stress con-
centrations at the root of the deformed graphite, (b) the loading
areas of the matrix, and (c) the interbridges between the elon-
gated graphite spheres.

A rolled graphite sphere is projected onto the x, y, and z
planes of the coordinate system as shown in Fig. 7. The differ-
ence in radius of the roots of a deformed graphite sphere in the
X, v, and z directions can be clearly seen. Here the root is de-
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Fig. 4 Elastic modulus/reduction curves for rolled ductile irons
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Fig. 5 Elongation/reduction curves for rolled ductile iron

fined as the two ends that are perpendicular to the reference di-
rection of a cross section in any coordinate plane. The radius p,
in both the x-y and x-z planes becomes infinite because the
graphite sphere is elongated in the rolling direction and the ma-
trix-graphite interface is almost parallel to the rolling direction
(x). The radius p, in the x-y plane remains the same as p,, the
original root radius of the graphite sphere before deformation,
because the earlier rolling produced plane strain deformation.
The radius p, in the z-x and z-y planes becomes smaller; i.e., the
roots become sharper, as the rolling reduction is increased.

Normally the stress concentration factor kg can be deter-
mined from the radius p and the width b of the cross section
(Ref 19), namely:

kG=1+\/—2—p—E

The stress concentration factors of a deformed graphite sphere
in x, y, and z directions are:

ko =1+ V22 o1V oy
Pr o0
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Fig. 6 Impact energy/reduction curves for rolled ductile iron
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Fig. 7 Schematic showing projections of a rolled graphite
sphere upon the orthogonal planes
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Obviously kg, > kg, > kg,; therefore, the tensile strengths of

the hot-rolled ductile iron in the x, y, and z directions will be:
$:>8,>8,

resulting in anisotropy of tensile strengths.

Two important factors in determining the anisotropy of ten-
sile strength are the loading area and area of interbridges; i.e.,
the matrix area between neighboring graphite regions.

The loading area here refers to the cross-sectional area of the
matrix, not the total cross-section. Because the deformed
graphite spheres are usually supposed to have no strength, their
cross sections cannot be included in the real loading area.
Therefore, any change of area fraction of the deformed spheri-
cal graphite in the total cross section will result in a correspond-
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Table3 Loading area

Table4 Interbridge

Areaof Area fraction

graphite _of graphite Loadingarea  Strength
A =hD=(1/kyhD =hD/k 1 T )
A, = hy=(1/k) hkd = Al 1
A.=Dl;=Dkl=kDI T { l

ing change of loading capacity; i.e., the tensile strength. The
predicted results are shown in Table 3. Clearly,

§;>8,>8,

due to the change of loading area in the x, y, and z directions.
As discussed earlier, the reduction of height of a deformed
graphite sphere is:

R,=KR,,

where K > 1. In order to keep the volume of the deformed
graphite sphere constant, the elongation, i.e., the increase of the
length of the deformed graphite sphere, should be larger than
that of the matrix because the width of a deformed graphite
sphere will not change if the specimen is subjected to only
plane strain deformation. This will result in a disproportionate
change of loading area and interbridges between the neighbor-
ing graphite regions in the x, y, and z directions.

The change in the loading areas and the interbridges may be
summarized in Tables 3 and 4 where A, Ay, and A, are the cross-
sectional areas of a deformed graphite sphere in the x, y, and z
directions; h; and /; are the final height and length of a graphite
sphere after deformation; / and / are the final height and length
of amatrix element of an original shape equivalent to that of the
graphite sphere; D is the diameter of a graphite sphere; Ib,, Ib,,
and /b, are the interbridges in the x, y, and z directions; and I,
Ibyo, and Ib,, are the interbridges in the x, y, and z directions
when the graphite spheres are replaced by the matrix material
after deforming in the same reduction.

Table 4 shows that there are two different interbridges af-
fecting the tensile strength in each direction. For example, /b,
increases the tendency to break the interbridges and link up the
neighboring deformed graphite spheres, and conversely, /b, de-
creases the tendency to break the interbridges and link up the
neighboring deformed graphite spheres when it is loaded in the
y direction. This tendency appears to be balanced by the two
opposite signs, but it is not. Because a crack always initiates
and propagates from the weakest site of the material, the tensile
strength here should be determined by the worst condition; i.e.,
the interbridge /b, to increase the tendency to link up the neigh-
boring deformed graphite spheres for loading in the y direction.

Therefore, for loading in the x direction, there is no ten-
dency to break the interbridge /b, and link up the neighboring
deformed graphite spheres. For loading in the y direction, the
tendency to break the interbridge and link up the neighboring
deformed graphite spheres will increase. Loading in the z direc-
tion will increase the tendency to break the interbridge and link
the neighboring deformed graphite spheres as well, but the in-
creasing tendency to break and link up will be more severe
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Interbridge Tendency to break Loading direction
b, = (1/kMb,, T vor:
tb,=1b,, e xor:
Ib.=kxlIb_, \ xory

when loading in the z direction than in the y direction because
of the effect of the second interbridge for each of these direc-
tions. This results in an anisotropy of fracture tendency; i.e., the
anisotropy of tensile strength in the x, y, and z directions:

$,>8,>8.

Geometrically, there are three factors affecting the anisot-
ropy of tensile strength of a hot-rolled and annealed ductile
iron: root radius (root sharpness), loading area, and interbridge.
Each of them causes some variation of stress concentration,
loading capacity, and tendency for the linking up of the neigh-
boring deformed graphite spheres. These factors result in:

S;>8,>8,

However, the stress concentration factor is the most effective
and, hence, most important factor in its effect on the anisotropy
of tensile strength among the three; i.e., the difference of tensile
strength caused by stress concentrations in the x, y, and z direc-
tions are very large.

In this study, experimentally determined values of the ten-
sile strength in the rolling direction (x direction) do not change
much with percentage reduction. This is because the sizes of
the interbridges in the z direction (the through-thickness direc-
tion) become smaller. Thus they are easier to break although the
thinning rate of the matrix is much smaller than that of the de-
formed graphite spheres. This reduces the strength and bal-
ances the increase in strength due to the reduction of the stress
concentration at the roots of the deformed graphite regions in
this direction.

In the transverse direction (y direction), the tensile strength
decreased to 17% as the rolling reduction increased to 75%.
The main reason for this is that the change of interbridge dis-
tance /b, as listed in Table 4, increases the tendency to break
the interbridge and to link up the neighboring deformed graph-
ite regions. Thus the tensile strength is reduced, although the
stress concentrations at the root of the deformed graphite re-
gions in the transverse direction do not increase, as shown in
Fig. 7.

The tensile strength in the “through-thickness” z direction
was not measured in this study because it is less practical to use,
and it is not possible to make adequate tensile specimens for
this direction. However, the tensile strength of the rolled duc-
tile iron in this direction could be the lowest among all three di-
rections because the stress concentration at the roots of the
deformed graphite spheres is the highest in this direction, as
compared to the other two directions. In addition, the loading
area in the z direction is the smallest; the interbridges between
the deformed spheres are also the smallest. When the rolling re-
duction increases, a lamellar structure is developed, thus reduc-
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ing the loading area and, hence, making the material easier to
tear.

However, the ease of crack initiation and propagation in the
rolied material differs with the direction considered. The main
factors affecting this are: (a) the stress concentration at the root
of the deformed inclusions or pores, which depends on the
sharpness of the roots of the deformed inclusions or pores; (b)
the loading area of the matrix; and (c) the interbridges between
the deformed graphite regions.

3.4 Elastic Modulus

As expected, the elastic modulus of a fiber-reinforced com-
posite is always higher in the direction of the fiber alignment
and lower in the transverse and through-thickness directions.
Interestingly, similar results were obtained in this study for the
hot-rolled and then annealed ductile iron. Here the intrinsic fre-
quency (Ref 16) of the specimens was measured by an acoustic
vibration test; then the elastic moduli were calculated from the
resonant frequency, £, by the following modified equation:

!
E=‘Ift—2f2

where E is the elastic modulus (Pa), y is the coefficient (here
first mode is 9.66 x 107%), [ is the length of the bar (m), p is the
density of the material of the bar (kg/m?), t is the thickness of
the bar (m), and f is the frequency (Hz).

The modulus versus rolling reduction data were plotted in
Fig. 4. Both moduli (in the longitudinal and transverse direc-
tions) increase as the rolling reduction increases, but the rate of
increase is much higher in the longitudinal direction than in the
transverse direction. Because the specimens were machined
from the hot-rolled plate, then annealed, and finally surface
ground, there is not much work hardening present. Thus the ob-
served effects cannot be due to work hardening. They may be
the results of the elongated graphite or the rolling texture. In or-
der to investigate the effects of rolling texture on the elastic
moduli of hot-rolled and then annealed ductile iron, the elastic
moduli of hot-rolled then annealed cast ferritic steel were also
measured and calculated. No clear relationship between the
elastic modulus and the rolling reduction was observed in the
rolled cast ferritic steel. Therefore, the increase of elastic
modulus with the increasing rolling reduction is probably at-
tributable to the presence of the elongated graphite. The spheri-
cal graphite is brittle and so becomes highly fractured after the
cold rolling of the ductile iron. This could be easily revealed by
deep etching. However, the effects of hot rolling differ quite
considerably from cold rolling. In fact, hot rolling represents
both hot pressing and sintering. The spherical graphite in the
matrix was effectively hot pressed during hot rolling and sin-
tered during annealing. Thus, surprisingly, it behaved as fiber-
aligned metal matrix composite, showing an increased elastic
modulus in both the longitudinal and transverse directions.

3.5 Elongation

The effect of hot rolling on elongation is shown in Fig. 5. In
both the longitudinal and transverse directions, the elongation
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decreases with increase in percentage reduction, the rate of de-
crease being greatest in the transverse direction.

3.6 Impact Strength

One of the most important mechanical properties of ductile
iron in service is the toughness, which is usually measured by
some impact test. Figure 6 shows that the impact strengths first
drop sharply at 20% rolling reduction. Then, as the rolling re-
duction increases, it increases gradually in both the longitudi-
nal and transverse directions. In the meantime, the anisotropy
of impact strength develops. The impact strength in the trans-
verse direction is almost ~75% of that in the longitudinal direc-
tion for all the reductions above 20%. This increase in the
impact strength is inversely proportional to that of the decrease
of the elongation with percentage reduction.

4, Conclusion

e For hot-rolled and then annealed ductile iron, the tensile
strength does not change much in the longitudinal direction
but decreases in the transverse direction. The elastic modu-
lus and impact strength increase in both longitudinal and
transverse directions as the rolling reduction increases. The
elongation in both longitudinal and transverse directions
decreases as the rolling reduction increases, but the rate of
decrease is higher in the transverse direction than in the lon-
gitudinal direction,

e The development of anisotropy of mechanical properties
may be attributed to the presence of the elongated graphite
spheres and the tendency to break the interbridges and link
the neighboring deformed graphite spheres.

e It is possible to make high-strength machine components
from ductile iron by hot deformation followed by austem-
pering (Ref 20).
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