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Abstract

The effect of graphite size and spacing upon the elastic constants of spheroidal graphite cast iron has
been studied for different graphite-matrix interface conditions through a finite element analysis of two
dimensional idealized configuration of inclusion and matrix. The interface conditions considered cover
situations ranging from complete rigidity to complete elastic deformation of the inclusion. It has been
attempted to throw light oa the probable modes of elastic deformation of graphite in spheroidal
graphite iron castings based on companson of analytical values with experimentally determined
values available in the literature. While the interfacial conditions considered appear to influence the
overall elastic modulus when the incluston is hard, such effect is shown to be relatively insignifi-

cant for soft inclusions such as graphite.
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1. Introduction

Graphite configuration in cast iron plays an important role in deciding the mechanical
behaviour of the alloy. Whaile the strength and toughness of cast iron are relatively
low when graphite occurs in flake form, the formation of graphite in spheroidal shape
lrads to considerable improvem=nt in these properties, the values sometimes approaching
those of steel'. However, the elastic modulus of spheroidal graphite cast iron is signifi-
cantly lower than that of steel’. As graphite is essentially a second phase perticle in a
stsel-liks mtrix in cast iron, this phase may be considcred to be predominantly respon-
sible for lowering the elastic modulus. As the graphite configuration in the microstruc-
ture is determ’ned by the shape, size and spacing of graphite particles, it would be of
Value to nderstand the influence of these factors upon the elastic constants of the alloy.
Wiaile the effect of graphite shape has been studicd earlier®»3, the influence .ol' S1Z¢ a::;d
‘Pacing of spheroidal graphite has not been systematically examined. In view of this,
a finite elemant analysis was carried out to study the load transfer around an inclusion
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und=r dflerent conditions at the inclusion-matrix interface fmd the results obtaireq W
employed to estimate the effect of size and spacing of graphite upon the elastic COnstay,
of spheroidal graphite cast iron. This approach appears to‘bc uscfl':I In t_hrﬁ“’i“glight
on the probable modes of load transfer through graphite in practical situatjops Iy
what follows, a two-dim:nsional idcalization utilized 1s presented and the results ap,
comparcd with experimental valuces.

2. Formulation

The matcrial is considered to be consisting of two phases, i.e., the matrix and the jpey,.
sion. Both the phases arc constdered to be isotropic and homogeneous, Further, the
inclusion is considered to be uniformly distributcd throughout the matrix so thay the
whole material may be assumed to consist of microscopic unit cefls cach containing 3,
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FiG. 1. Schematic representation of the unit cell.
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inclusion at th_e ccnt.re. A two-c?imcnsional modcl 1s used so that the matrix is taken as
a |arge sheet 1n which circular inclusions are embedded (Fig. la). Since all cells are
identical, only one such cell needs to be analysed (Figs. 1 and 1l¢). The analysis is

carried out for various sizes of the inclusion. The various boundary conditions at the
inclusion-matrix intcrface studied in the present work are as follows

€Case |

The inclusion-matnx interface is assumed to be bonded. The clastjc properties of gra-
paite are assigned to the inclusion and that of steel to the matrix (Fig. la).

Case 2

The interface 1s assumed to be load-free, ie., displacement occurs along the interface
and the load transfer across the inclusion is zero as in the case of a void.

Case 3

The interface is assumed to be rigid, i.e., no displacement of the interface occurs during
loading. This corresponds to an inclusion of very high elastic modulus bonded to the
matrix.

During loading, it is also likely that the inclusion may be partially bonded to the matrix.
Tne following interface conditions are also investigated to cover such a possibility
(Fig. lc).

Case 4

The inclusion, to which the properties of graphitc arc assigned, is assumed to be in
pirtial contact with the interface, i.e., a part of the interface will deform with the matrix
and part of the interface is load-free. In the load-free part of the interface, the matrix
and inclusion are allowed to deform separately under the applicd load.

Case 5

The inclusion is again assumed to be in partial contact with the interface but the inclu-
sion is assumad to be rigid. This corresponds to an inclusion with high modulus of
elasticity but unbonded to the matrix over part of the interface under load.

The siz:s of the inclusion and the matrix cavity in which the former is embedded are
assumead to be the same in Cases 4 and 5 so that the angle of contact does not changc
With the load*$. A paramstric study is made by changing the gcometric and material
Parameters as follows :

(i) The b/a ratio is varied from 0-1 to 05 in cach casc, wherc‘ 2b is: the mcan dia-
meter of the inclusion and 2 is the mean interpartilcle spacing (Flgs.. 15 anfl l¢).
This would correspond to variation in the area fraction (volume fraction) of inclu-

sion from about 1% to about 20%.
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(ii) In Case 1, the elastic modulus of the inclusion (grapt!fte)ﬁ'° lffp IS Varjed from
3.5 to 31 GNm=2. The elastic modulus of the matrix! E, is assumeq , be
207 GNm-2. Thus E,/E, is varied from about 0:017 to 0-15. The Poisson';
ratio is assum~d to be 0-3 both for the matrix and the inclusion. It js y, be
further noted that for a void (Case 2), E,/E. =0 and for rigid inclusiop

(Case 3), E‘JE_ — OO0,

(iii) The angle of contact ¢, (Fig. Ic) is varied from 15° to 60° in Case 4 apg 10° ¢
50° in Case 5. The angle of contact is reported to be in the range of 10° to 9
in Case 4 and about 53° in Casc 5 for an unbonded inclusion in an infinite pjaye
and that the angle is lik2ly to be marginally lower for a finite platc®, 1n the present
work the angle of contact is veried over a fairly large range to cover such sjy.
tions as well as partially borded cases.

3. Procedure

The unit cell is considered to be under biaxial loading by specifying displacements i
and U, on the cdges BC and CD (Fig. 2). A finite elem~nt aralysis based on diSpIacc:

S
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-

FiG. 2. Typical finite element meshes employed in the present work.
FiG- 2(a). Elastic inclusion—Full contact,
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Fic. 2(b). Rigid inclusion—Void.

m:nt form tlation and using simple triangular and quadrilateral clements? as shown
tn fig. 2 is carried out to obtain the forces on the cdges of the unit cell.  The overall
tlastic constants £* and v* of the matrix-inclusion combination were estimatcd by a

procedure given in Appendix .

4. Resalts

The E*/E,, and v* valucs obtained by the finite clement method in (;ascs [--3 are plotted
against b/a values in figs. 3and4. In fig. S 1S plotted the variatior of E*/E, values
With the angle of contact 0, (Cases 4 and J5).

It can be observed from fig. 3 that while softirclusions (Cases 1 and 2) tend to reduce
the values of overall elastic modulus E* compared to matrix elastic modulu_s E",:, hard
\nclusions (Case 3) tend to increase the value of £*. These trends are more significantly

noted when the b/a values are large, i.e., at higher inclusion content,

11.5¢.-—3
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FiG. 2(c). Elastic inclusion—Partial contact.
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Fia. 4. Effect of b/g ratio upon overall Poisson’s ratio.

When the inclusion is assumed to be in partial contact with the matrix, the E*® valves
appear to depend upon the elastic stiffness of the inclusion. It can be seen from fig. 5
that the angle of contact significantly influences the E* values when the inclusion IS
hard (E,/E. - o0), while E* valves are only marginally affected for a soft inclusion

(E,/E, = 0-083). Further, the above trend appears to be more pronounced when the
bfa valves are large (Fig. 5).

4.1. Utlization of analytical results for predicting the elastic constants in spkemm’
graphite cast iron

So far, the effects of inclusion size and spacing upon the elastic. constants have betR
discussed in gencral terms. It will now be attempted to utilize these results to obtail
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the estimites of elastic constants, and compare them with the reported variatjgn, in
experimentally determined E values of spheroidal graphite cast iron. Before attemp,
ing this, however, a knowledge of graph:te-matfnx interface cond:t:c-ms as }ye]] as vajye.
of b/a ratio applicable to the experimantal castings wou[d_bc essential. It is we| knowp
that the graphite particles possess very lo:w'strength and stiffness (strength ~ 2_0 MNnr2
and E, ~ 5-20 GNm 9*® and are initially bonded to the matrix. 'ljh[s woulg
‘correspond to E,/E,, values in the range 0-025 to ({) 1. Further, fl?r gra!:)hlte Conteny
in spheroidal graphite cast iron in the range of 3-07; to abo}zt 4-07%, (weight per cent)
the volume fraction of graphite ¥V, can be calculated to be in the range of 9 1 12
based on the density values of steel (7-8 g/cc) and graph:fc (2-25 g/cc?l, As the preseny
analysis is restricted to two dimansions, the volumc frafctlon of_ graphite ( l./,) IS assumeq
to be equal to the area fraction. In the two;dlmcnsmnal l:m:t cell considered jp the
present work (Fig. 1), V, = nb*/4a* where 2b is the mean diameter of graphite ang 5y
is the mean interparticle spacing. So, b/a = 1-1284/V,. Corresponding to the rang
of variation in volums fraction of graphite (f.e., 975 to 127}) the b/a ratio calculated
is in the range of 0-34 to 0-39.

The above calculations assume uniform distribution of graphite nodules of the same
size. However, in practice, the size and spacing of graphite nodules vary considerably
in a given casting. Also, in addition to the carbon content, factors like inoculation
practice and cooling rate of the casting also affect the size and spacing of the graphite
nodule. H=nce for practical situations only an average value of b/a ratio can be consi-

Table I

Variation of b a4 ratie with nodule count in spheroidal graphite iron castipgs'

Graphite Average
No. nodule count nodule bla
per mm? diameter
mm
1 50 0-043 0-304
2 96 0-032 0-314
3 102 0-011 0-313
4 108 0-029 0-301
5 118 0-030 0-326
6 127 0-027 0-304
7 167 0-029 0-375
8 186 0-029 0-396
9 212 0-026 0-379
10 240 0-028 0-434
11 256 0-023 0-368
12 275 0-023 0-381
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dered. In table I 1s shown the variation of average b/a ratio measured in castings
paving different graphite nodule counts™. It can be casily scen that the bla ratio
increascs with increase in graphite nodule count.

[n view of the factors discussed above, b/a ratio in the range of 0-3 to -4 appears
to be suitable for practical spheroidal graphite iron castings, Corresponding to these
p/a values, the values of overall clastic constants E* and v* can be derived from figs. 3
and 4. Itcan be scen that E* decreases with increase in b/a ratio values and varies
petween 160 and 178 GNm~2 in Case 1, where the propertics of graphite are assigned
to the inclusion and theinclusion is assumed to be bonded to the matrix. The E* values
arc not appreciably altered when the clastic modulus of graphiteis varied over a narrow
range (Case 1, Fig. 3). It can be further seen that for Case 2 (Fig. 3), where the
interface is considered to be load-free as in the case of a void, the £* values vary in the
range of 149 to 170 GNm 2. Wacen the contact at the interface is assumed to be par-
tial, it is found that the E* values vary from about 159 to 176 GNm-2 when the angle
of contact is 60" and the valucs are only marginally fowered when the angle of contact
is decreased. The value of Poisson's ratio v* varies in the range of 028 to 0-29 and
is not appreciably affected by the interface boundary conditions. The values of elastic
constants determined for diffcrent possibilitics of graphite-matrix interface conditions
considered (Cases 1, 2 and 4) agree fairly well with the experimentally reported results
where values in the range of 151 to 170 GNm=2and 0-26 to 0-28 have been reported
for £E* and v* respectively!l.

Further, the modulus of clasticity E* is reported!®> to deccrease with increase in
graphite content and graphite nodule count. As increase in cither the graphite content
or the graphite nodile count would lead to higher b/a values, the trend in the
results obtained in the present work agrees well with the trend in the reported e€xpen-
mentally determined results. In fig. 6, the E* values are plotted against graphite
content (wsight) %, the latter bing estimated based on b/a values. It can be seen that
the valuss obtained in the present work agree quite well with the previously published
resuits?, s

Itis to be further noted that the values of £* and v* can be rcasonably well predicted
in Case 2 where the interface is assumed to be load-{ree, i.e., the inclusion is ¢ onsidered
tobe a void. This is because of the enormous differences in the clastic stiffness of the
graphite and the matrix. Owing to the same reason there does not appear to b'c any
Significant load transfer across the graphite-matrix interface. The lack of s:.gmﬁcan.t
differences in the value of elastic constant £* under different interface conditions: (for
a given b/a value) sugg:sts that a simple interfacial condition can be considered in fur-
ther studies liks three-dim:nsional analysis wherein considcration of complex boundary

conditions such as those involved in partial contact is rather difficult.
4

The results obtained in the present work for rigid interface conditiqns (Cz_;se 3, Fl]gl-_ 3)
Point out to the fact that higher E* values are obtained when the inclusion has high
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FiGg. 6. Effect of graphtte content upon overall elastic modulus.

modulus, the latter fact is well known in engineering composites!3, Further, it is intc
resting to note that if the contact is partial, these advantages may be lost (Fig. 5) and
with dcerease in the angle of contact, the results tend to be similar to those obtained
when the inclusion is considered to be a void (Figs. 3 and 5). It is also noted that
the E* values obtained for b/a ratio in the range of 0'3 to 0-4 under rigid interface
condition with full contact (Case 3, Fig. 3) are considerably higher than the reported
values of the elastic modulus of spheroidal graphite castiron. This suggests that a
rigid interface condition is unlikely to prevail in spheroidal graphite cast iron and the
observation that graphite in cast iron deforms under load'$'5 also lends support to

this viewpoint,
Nemesnciature

2a .. Unit cell dimension
2b .. Diameter of the inclusion
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Elastic constants of the inclusion
Elastic constants of the matrix
Overall elastic constants

Volume fraction of the inciusion
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Appendix

As the boundaries of the unit cell form axes of symmetry (Fig. 1) displacements NoFma|
to them are uniform and the shear stress is zero. For the applied uniform displacemepts
U, and U, on edges BC and CD (Fig. 2), let the corresponding resisting forces b,
F, and F,. For a linearly elastic solid,

F, = AU, + BU,
and F,=CU, + DU,

(where A, B, C and D are constants. For a given set of displacements (U,,, U,,) and
(U,s, U,s) the constants A, B, C and D can be evajuated in terms of forces. Choosing
the set of displacements to be (1, 0) and (1, 1), it can be shown that

A=.F,1,B'.F,'—F'l, C=F,and D=F,, — Fy,

where (F,, F,,) and (F,,, F,;) correspond to displacements (I, 0) and (1, 1) respec
tively.
To find overall elastic constants E* and v* a case of uniaxial tension in X-direction
is considered. In such a case the net force transferred in Y-direction is zero and hence
F, =AU, + BU, = O

The Poisson’s ratio v* (which is defined as the ratio of Y-displacement to X-displace-
ment for uniaxial tenston in the X-direction) is therefore given by

v = ',U. — - A/B = (Fpl - ‘Fll)/F!l'

The elastic modulus E* is obtained by the ratio of stress to strain in the X-direction
For a cell of unit thickness E* is given by

._fl= U'
E U C+D'L7,

or E* = a1 + (F.z - -1) (Frl i ﬂ?)/Frl



