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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 on the probable modes of elastic deformation of graphite in spheroidal 
graphite iron castings based on comparison 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 inclusion is hard, such effect is shown to be relatively insignifi- 
cant for soft inclusions such as graphite. 
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L Introduction 

Graphite configuration in cast iron plays an important role in deciding the mechanical 
behaviour of the alloy. Wnile the strength and toughness of cast iron are relatively 
Low when. graphite occurs irt flake form, the formation of graphite in spheroidal shape 
Itads to considerable improvemmt in these properties, the values sometimes approaching 
thoie 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 porticle in a 

mAtrix in cast iron, this Phase mlY be considered to be predominantly respon- 
sible for lowering the elastic modtilus. As the graphite configuration in the microstruce 
ture is dr:term : fled by the shape, size and spacing of graphite particles, it would be of 

value to unditrstand the influence of these factors upon the elastic constants of the alloy. 

Waite the effect of graphite shape has been studied earlier 2 P 3, the influence of size and 

Spacing of spheroidal graphite has not been systematically examined. ln view of this, 
a finite elemcmt analysis was carried out to study the load transfer around an inclusion 
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eonstan  

und•:r d'ffercnt conditions at the inclusion-matrix interface and the results obtai re d ,4er: 

 employed to estimate the effect of size and spacing of graphite upon the elastic 
of spheroidal graphite cast iron. This approach appears to be useful in throwill 

	

the e probable mo&s of load transfer through 	i . graphite n practical sit ua ti ons.  °Ai; 
what follows, a two-dinrnsional idealization utilized is presented and the results ar t  
compared with experimental values. 

2. Formulation 

The material is considered to be consisting of two phases, i.e., the matrix ard the inch l . 
sion. Both the phases are considered to be isotropic and homogeneous. Further, the 
inclusion is considered to be uniformly distributed throughout the matrix so that the 
whole miterial may be assumed to consist of microscopic unit cells cach containing an 
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FIG. I. Schematic representation of the unit cell. 
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inclusion at the centre. A two-dimensi onal model is used so that the matrix is taken as 
a large sheet in which circular inclusions arc embedded (Fig. la). Since all cells are 
Identical, only one such cell needs to be analysed (Figs. lb and lc). The analysis is 
carried out for various sizes of the inclusion. The various boundary conditions at the 
inclusion-matrix interface studied in the present work arc as follows : 

Case 1 

The inclusion-matrix interface is assumrd to be bonded. The elastic properties of gra- 
phite are assigned to the inclusion and that of steel to the matrix (Fig. la). 

Case 2 

The interface is assumed to be load-free, 	i.e., 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 thc 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 condi Lions are also investigated to cover such a possibility 
(Fig. 14 

Case 4 

The inclusion, to which the properties of graphite are 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 applied load. 

Case 5 

The inclusion is again assumed to bc in partial contact with the interface but the inclus 
sion is assumcd to be rig'd. This corresponds to an inclusion with high modulus of 
elasticity but unbonded to the matrix over part of the interface under load. 

The sins of the inclusion and the matrix cavity in which the former is embedded are 
assumed to be the same in Cases 4 and 5 so that the angle of contact does not change 

with the load". A paramtrie study is made by changing the geometric and material 

.parameters as follows : 

(I) The bia ratio is varied from 0-1 to 0-5 in each case, where 2b is the mean dia- 

meter of the inclusion and 2a is the mean interparticle spacing (Figs. lb and lc). 

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 (graphite)8-9 Eg is varied from  

3•5 to 31 GNm-s. The elastic modulus of the matrix' E„, is assunr: d to be  

207 GNm-2 . Thus EglE„, is varied from about 0.017 to 0.15. The p oi ssores  
ratio is assumnd to be 0.3 both for the matrix and the inclusion, it is to b e  
further noted that for a void (Case 2), E,/ES  =0 and for rigid inclusion 
(Case 3), 	co. 

(iii) The angle of contact O. (Fig. Ic.) is varied from 15° to 60 0  in Case 4 and 100 to  
. 	50° in Case 5. 	The angle of contact is reported to be in the range of 10 0  to 20° 

in Case 4 and about 53° in Case 5 for an unbonded inclusion in an infinite plate' 
and that the angle is likely to be marginally lower for a 	finite platc€. 	In the present 
work the angle of contact is vrried over a fairly large range to cover such site. 
tions 	as 	well 	as 	partially 	bonded 	cases. 

3. Procedure 

The unit cell is considered to be under biaxial loading by specifying displacements U 
and U, on the edges BC and CD (Fig. 2). A finite elemfmt analysis based on displace: 

Uyi  Fy  

• 

INTERFACE 

Uxix 

FIG. 2. Typical finite element meshes employed in the present work. 
FIG. 2 (a). Elastic inclusion—Full contact. 
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FIG. 2 (6). Rigid inclusion—Void. 

!milt form dation and using simple triangular and quadrilateral elements' as shown 
in fig. 2 is carried out to obtain the forces on the edges of the unit cell. The overall 
elastic constants E* and w s  of the rustrix ,inclusion combination were estimated by a 

procedure given in Appendix I. 

4, Results 

The EsiE„, and vs values obtained by the finite element method in Cases 1-43 are plotted 
against bla values in figs. 3 and 4. In fig. 5 is plotted the variation of PIE. values 

with the angle of contact 02  (Cases 4 and 5). 

It can be observed from fig. 3 that while soft irclusions (Cases 1 and 2) tend to reduce 

the vatues of overall elastic modulus Es compared to nyttrix elastic modulus En , hard 

inclusions (Case 3) tend to increase the value of E*. These trends are more significantly 

noted when the bla values are large, i.e., at higher inclusion content. 

1.I.Sc.-3 
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FIG. 2(0. Elastic inclusion—Partial contact. 
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3. Effect of Nes ratio upon overall elastic modulus. 



220 
	 S. SEETHARANIU et a/ 

0•300 

0•28 

0.24 

0.22 

0•2 

o CASE-1 ELASTIC INCLUSION 

• CASE-2 VOID 

o CASE-3 RIGID INCLUSION 

E rn : V 	V 

fil-b  2a 

2a 
overall Poisson's ratio. 

0.26 

01 	0.2 
	

0.3 	04 
	

0.5 
b/a 

no. 4. Effect of &la ratio upon overall Poisson's ratio. 

When the inclusion is assumed to be in partial contact with the matrix, the E s  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,IE.,-+ co), while E* valises are only marginally affected for a soft inclusion 
(Ea. = 0-083). Further, the above trend appears to be more pronounced when the 
bla values are large (Fig. 5). 

4.1. Utilization of analytical results for predicting the elastic constants IN spheroids ,  
graphite cast iron 

So far, the effects of inclusion size and spacing upon the elastic constants have been 
discussed in general terms. 	It will now be attempted to utilize these results to obtain 
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Flo. 5. Effect of angle of contact upon overall elastic modulus. 
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the estimates of elastic constants, and compare them with the reported variation s  in  
experimentally determined E values of spheroidal graphite cast iron. Before attem pt, 
ing this, however, a knowledge of graphite-matrix interface conditions as well as values 

of bla ratio applicable to the experimental castings would be essential. It is well k nown.  
that the graphite particles possess very low strength and stiffness (strength it 20 Mil tro  
and E, nv 5-20 alsIm- )8,9  and are initially bonded to the matrix. This Would  

'correspond to 	values in the range 0.025 to 0.1. Further, for graphite cont ent  
in spheroidal graphite cast iron in the range of 3-0% to about 4-0% (weight per c ent) 
the volume fraction of graphite V, can be calculated to be in the range of 9 to 1264 
based on the density values of steel (7.8 Wee) and graphite (2.25 &c)'. As the present 
analysis is restricted to two di amsions, the volume fraction of graphite (V,) is assumed 
to be equal to the area fraction. In the two-dimensional unit cell considered in the 
present work (Fig. 1), V, = 77014a2  where 2b is the mean diameter of graphite and 24 
is the mean interparticle spacing. So, bla = 1.128-VV,. Corresponding to the range 
of variation in volume fraction of graphite (i.e., 9% to 12%) the bla 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 consickerawy 
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. 	Hence for practical situations only an average value of bla ratio can be consi- 

Table I 

Variation of b a ratio with nodule count in spheroidal graphite iron castirgsm 

No. 
Graphite 
nodule count 
per mm' 

Average 
nodule 
diameter 
mm 

bla 

1 50 0.043 0•304 
2 96 0-032 0-314 
3 102 0.031 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 

r 	•, 
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dered. In table I is shown the variation of average lila ratio measured in castings 
sav i ng  different graphite nodule counts" ) . It can be easily seen that the bla ratio 
increases with increase in graphite nodule count. 

In view of the factors discussed above, Via ratio in the range of 0.3 to 0.4 appears 
to be suitable for practical spheroidal graphite iron castings. Corresponding to these 

fria values, the values of overall elastic constants E* and v* can be derived fromfigs. 3 
and 4. It can be seen that E* decreases with increase in bla ratio values and varies 
between 160 and 178 GNm -2  in Case 1, where the properties of graphite are assigned 
to the inclusion and the inclusion is assumed to be bonded to the matrix. The E* values 
arc not appreciably altered when the cia.tic modulus of graphite is varied over a narrow 
ran ge (Case 1, Fig. 3). It can he further seen that for Case 2 (Fig. 3), where the 
interface is considered to be load-free as in the case or a void, the E* values vary in the 
range of 149 to 170 GNm 	Wnen the contact at the interface is assumed to be par- 
tial, it is found that the E* values \ a or from about 159 to 176 GNm-2  when the angle 
of contact is 60 and the value s  are only marginally lowered when the angle of contact 
is decreased. The value of Poisson's ratio v* varies in the range of 0.28 to 0-29 and 
is not appreciably affected by the interface boundary conditions. The values of elastic 
constants determined for different possibilities 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 -2  and 0.26 to 0.28 have been reported 
for E* and ve respectively". 

Further, 	the modulus 	of elasticity E* 	is 	reported" 	to 	decrease 	with increase in 

graphite content and graphite nodule count. 	As increase in either the graphite content 
or the graphite 	nodlle count would lead 	to higher bla values, the trend in 	the 

results obtained in the present work agrees well with the trend in the reported experi- 
rntally determined 	results. 	In 	fig. 6, the E* values are 	plotted against graphite 

content (w:ight) 	•, the latter bing estimated based on bfa values. 	It can be seen that 

the values obtained in the present work agree quite well with the previously published 
rcsults 2 . 

It is to be further noted that the values of E .  and v* can be reasonably well predicted 

in Case 2 where the interface is assumed to be load-free, i.e., the inclusion is considered 

to be a void. This is because of the enormous differences in the elastic stiffness of the 
graphite a n d the matrix. Owing to the same reason there does not appear to be any 

significant load transfer across the graphite-matrix interface. The lack of significant 
differences in the value of elastic constant E* under different interface conditions ,  (for 

a given bla value) suggnts that a simple interfacial condition can be considered in fur- 
ther studies like three-dim msional analYsis wherein consideration of complex boundary 
Conditions such as those involved in partial contact is rather difficult. 

The results obtained in the present work for rigid interface conditions (Case 3, Fig :  3) 

Point out to the fact that higher E* values are obtained when the inclusion has high 
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GRAPHITE CONTENT WEIGHT PERCENT 

FIG. 6. Effect of graphite content upon overall elastic modulus. 

modulus, the latter fact is well known in engineering composites". Further, it is inte- 
resting to note that if the contact is partial, these advantages may be lost (Fig. 5) and 
with decrease in the angle ofcon tact, 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 Eig values obtained for bla 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 cast iron. This stiggests 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 1405  also lends support to  
this viewpoint. 

Nomenclature 

2a 	 .. Unit cell dimension 
21, 	 .. 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 inclusion 

.. Forces on the edges of unit cell 

.. Uniform displacements applied to unit cell 
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Appendix 

As the boundaries of the unit cell form axes of symmetry (Fig. 1) displacements normal 
to them are uniform and the shear stress is zero. For the applied uniform displacements 
U, and U, on edges BC and CD (Fig. 2), let the corresponding resisting forces be 
F. and F,

. For a linearly elastic solid, 

= AU, + BU, 

and 	= Clip+ DU, 

(where A, B,C and D are constants. For a given set of displacements (U, a , U0) and 
(U, 2 , U„t) the constants A, B, c an d D can be evaluated in terms of forces. Choosing 
the set of displacements to be (1, 0) and (1, 1), it can be shown that 

A = 	B FF 1 	C F,1  and D = F.2 Fax 

where (Fa, Fo) and (F„ 1 , Fo) correspond to displacements (1, 0) and (1, 1) respec. 
tively. 

To find overall elastic constants E *  and v s  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 

The Poisson's ratio v* (which is defined as the ratio of Y-displacemr,nt to X-displace- 
ment for uniaxial tension in the X-direction) is therefore given by 

v* = 11,111, = AIB = (F0  — F,011,4 . 

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 

or E S  = F.1  + (F,2  F0 ) (F0  — Fe, 2)1F0  

• 

• 


