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ABSTRACT 
 
To clarify why shrinkage-free, spheroidal graphite iron castings can be obtained without risers only for casting 
modulus (M) greater than 3.0 cm, free carbon as graphite precipitated up to the end of solidification was 
analyzed for test castings with M = 0.5–5.0 cm. Each casting was quenched in water just after solidification. 
Samples were taken from the castings and their free-carbon content was analyzed according to JIS G 1211-5 
(ISO/TR 10719). The amount of free carbon was similar for all castings. This finding is in contrast with that of 
a previous study, in which the free-carbon value in castings with M < 3.0 cm was less than that in castings 
with M > 3.0 cm. The influence of inoculant fading time on graphite precipitation was also investigated. 
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INTRODUCTION 
 

Graphite precipitation during solidification has a strong influence on shrinkage in graphite iron castings
1
. If 

expansion is effectively used, it is possible to use a riser-less design
2-7

. However, it is generally believed that 
riser-less designs are not feasible for castings with casting modulus (M = V/S, where V is the volume and S is 
the surface area) less than 2.5 cm. According to Goto et al.

7
 and Chang

6
, this is because the amount of 

graphite precipitation as free carbon is insufficient as a shrinkage countermeasure for M < 2.5 cm, whereas 
above for M > 2.5 cm, carbon is saturated in the austenite and there is a high degree of graphite precipitation. 
In their studies, free carbon just after solidification was analyzed by converting 2D morphological images to 
3D volumes, and then converting the volume to a mass fraction. In this study, free carbon as graphite was 
extracted from samples that were quenched just after solidification and analyzed using the infrared absorption 
method. 
 
 

EXPERIMENTAL PROCEDURE 
 
1. INFLUENCE OF IMMEDIATELY AFTER MG-TREATED IRON 
1.1 FOUNDRY EXPERIMENTS 
 
Solidification curves for sample castings with M = 0.5–5.0 cm were first determined. The modulus and 
dimensions of the sample castings are shown in Table 1 and the cast design is shown in Fig. 1. 
 
Table 1 Sizes of sample castings with different modulus 
 

M (cm) Diameter × height (mm) 

0.5 30 × 30 

1.0 60 × 60 

2.0 120 × 120 

3.0 180 × 180 

4.0 240 × 240 

5.0 300 × 300 

 
Molten iron was prepared using a 5-ton high-frequency induction furnace and was treated with 1.25 wt.% 
Fe-Si-6.1mass%Mg and 0.4 wt.% Fe-47mass%Si using the sandwich method during tapping. Steel-scrap 
chips of 1.0 wt. % were covered on the alloys. Mg-treated molten iron was poured into a furan–silica sand 



mold at a temperature of about 1380 °C (1653 K). A solidification curve of each sample casting was measured 
at the center of the sample to use as master curves for the subsequent quenching experiments. 
 

 
Fig. 1 Design for sample castings in a furan–silica mold. 
 
1.2 LABORATORY EXPERIMENTS 
 
The sample castings were quenched after solidification and the amount of free carbon was determined. 
Molten iron was prepared using a 30-kg high-frequency induction furnace. The chemical composition was the 
same as that used in the first melting in the foundry, with the same raw materials and treatment with the same 
alloys. The samples that were analyzed for free carbon were quenched to maintain the conditions at the end 
of solidification. Therefore, these samples were small enough to quench. The samples were divided into two 
groups. Samples in the first group had M = 0.5–2.0 cm. These samples were molded with furan silica sand 
and Mg-treated molten iron. Their solidification behavior was monitored with K-type thermocouples at the 
center of the samples. They were quenched in water at about 1100 °C (1373 K). Samples in the other group 
had M = 3.0–5.0 cm.  
 

 
Fig. 2 Experimental apparatus for the laboratory experiments. 
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As shown in Fig. 2, Mg-treated iron was poured into graphite crucibles and cooled in the control furnace, 
reproducing the solidification curves measured in the foundry. Monitoring and quenching were conducted 
using the same procedure as described above. Sections of 10 × 10 × 1 mm

3
 were taken from the samples 

near the thermocouple using a micro-cutter and the free carbon (i.e., graphite) was analyzed according to JIS 
G1211-5 (ISO/TR 10719). The free carbon was filtered out from the acid resolution liquid using a 0.3-μm 
glass-fiber filter. The total carbon was analyzed using the infrared absorption method (CS-LS600, Leco 
Corp.). 
 
2. INFLUENCE OF POST-INOCULATION 
 
The influence of post-inoculation on graphite precipitation was evaluated for a constant modulus. The size of 
the sample castings is shown in Fig. 3. Base iron was prepared using a 3-ton high-frequency induction 
furnace. The chemical composition was set to be similar to that use in the foundry. Molten iron (900 kg) was 
treated with the same alloys as in the laboratory experiments using the sandwich method with a 1-ton ladle. 
Mg-treated molten iron was held for approximately 30 minutes at a temperature of 1420 °C (1693 K) and was 
poured into the cup shown in Fig. 3 in six 6-minute steps. The samples were quenched in water at about 
1000 °C (1273 K) to avoid precipitation of ledeburite, which causes undercooling and a dependence on 
inoculant fading time

7,8)
. The free carbon was analyzed using the same method as in the laboratory 

experiments. 
 

 
 
Fig. 3 Experimental apparatus used for thermal analysis. 
 
 
RESULTS AND DISCUSSION 
 
The chemical composition of Mg-treated molten iron in the foundry is given in Table 2 and the corresponding 
solidification curves are shown in Fig. 4. Undercooling of the eutectic temperature was observed for sample 
castings with M < 3.0 cm. The eutectic temperatures of the samples with M = 3.0–5.0 cm were almost 
constant. 
 
Table 2 Chemical composition of the sample used in the foundry experiments (mass%) 
 

C Si Mn P S Mg 

3.33 2.41 0.32 0.025 0.010 0.047 

 
The chemical composition of the Mg-treated molten iron used in the laboratory experiment is shown in Table 3. 
The solidification curves of the sample castings measured in the laboratory are shown in Fig. 5. Fig. 5 
indicates that the solidification behavior shown in Fig. 4 is reproduced well, except at the early stage of the 
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solidification curve. This is because the sampling temperature in the laboratory was higher than that in the 
foundry. 
The microstructures of the sample castings quenched in water after solidification are shown in Fig. 6. The 
microstructures were observed at a position near the thermocouple. Well-formed spheroidal graphite was 
obtained, as shown in Fig. 6. There was a small amount of the ledeburite structure in the sample castings with 
M = 3.0–5.0 cm but not in the samples with M = 0.5–2.0 cm. The existence of the ledeburite structure means 
that solidification was not complete when the sample castings were quenched. However, it is considered that 
the amount of ledeburite has almost no influence on the results of this study. 
 

 
 
Fig. 4 Solidification curves for sample castings with M = 0.5–5.0 cm used in the foundry experiments. 
 
 
Table 3 Chemical composition of samples used in the laboratory experiments (mass%) 
 

Sample casting M (cm) C Si Mn P S Mg 

0.5 3.46 2.38 0.29 0.022 0.015 0.046 

1.0 
2.0 
4.0 

3.42 2.45 0.30 0.024 0.010 0.047 

3.0 3.39 2.41 0.32 0.029 0.015 0.041 

5.0 3.46 2.36 0.27 0.029 0.015 0.050 

 

  
 
Fig. 5 Solidification curves for samples used in the laboratory experiments. 



     
 
 

M = 0.5 cm                                       M = 1.0 cm 
 

     
 
 

M = 2.0 cm                                       M = 3.0 cm 
 

     
 
 

M = 4.0 cm                                       M = 5.0 cm 
 
Fig. 6 Microstructures of each sample casting that were quenched in water at 1100 °C  

(etched with 5 vol.% nital). 
 
Because of the variation in the chemical compositions among the sample castings used in the laboratory 
experiments, the results are given as a ratio of the free carbon to the total carbon (referred to as the free/total 
carbon ratio). The modulus was converted to a solidification time according to the results of the thermal 
analysis. The relationship between the ratio of free to total carbon and the solidification time is shown in Fig. 
7. 

  
 
Fig. 7 Relationship between solidification time and free/total carbon ratio. 
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The ratio of the free to total carbon is almost the same for all sample castings. This is in contrast to previously 
reported results, where the amount of graphite decreased because of hyper-saturation of carbon in austenite 
when the solidification time was less than 20 minutes

6,7
.
 
However, in these studies, the graphite ratio was 

obtained by 2D morphological image analysis, which is less accurate because the results depend on the 
polished condition of the samples. The chemical composition of Mg-treated molten iron after different 
inoculant fading times is shown in Table 4. There was almost no decrease in the Mg content of the samples, 
even after 30 minutes. The cooling curves are shown in Fig. 8. 
 
 
Table 4 Chemical composition for different inoculant fading times of Mg-treated molten iron (mass%) 
 

Inoculant fading time (minute) C Si Mn P S Mg 

0.5 3.49 2.49 0.32 0.018 0.013 0.056 

6.0 3.49 2.50 0.32 0.018 0.013 0.055 

12.0 3.50 2.50 0.32 0.018 0.013 0.053 

18.0 3.49 2.51 0.33 0.019 0.013 0.051 

24.0 3.51 2.48 0.32 0.018 0.013 0.049 

30.0 3.51 2.47 0.32 0.018 0.014 0.050 

 
 

 
 
Fig. 8 Solidification curves for different inoculant fading times. 
 
As shown in Fig. 8, there was almost no change in the solidification curves for the different inoculant fading 
times. Using the same procedure as described above, the microstructures were observed of all samples and 
their free carbon content was analyzed. Typical microstructures of castings quenched in water after 
solidification are shown in Fig. 9. All samples displayed fully formed spheroidal graphite structures without the 
precipitation of ledeburite. The relationship between the ratio of free to total carbon and the elapsed time 
post-inoculation is shown in Fig. 10. These results again demonstrate that there was almost no variation 
among the samples.  
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A. 0.5 min                                        B. 6.0 min 
 

     
 
 

C. 18.0 min                                       D. 30.0 min 
 
Fig. 9 Microstructures of sample castings that were quenched in water at 1000 °C 

 (etched with 5 vol.% nital). 
 
 

  
 
Fig. 10 Relationship between the inoculant fading time and free/total carbon ratio. 
 
The validity of the test results was considered. According to Heine

9
, and Hocheid and Poupeau

10
, the carbon 

solubility in austenite in laboratory experiments can be defined using Eqns 1 and 2. The carbon solubility in 
austenite calculated from Eqns 1 and 2 is shown in Table 5. The values obtained in this study are also 
provided. Assuming that these equations are reasonable, the results of this study indicate that carbon is not 
saturated in the austenite.  
 
 

Cγ mass % = 2.1 – 0.217Si    Eqn. 1  
 
Cγ mass % = 2.045 – 0.178Si Eqn. 2  

 
 
The Fe–C phase diagram for 2.5 mass% Si is shown in Fig. 11

11
. When the results of this study are plotted on 

this phase diagram, they all appear in the austenite region. 
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Table 5 Calculated carbon solubility in austenite for different silicon contents (mass%) 
 

Silicon content 2.45 2.41 2.36 2.38 

Carbon solubility in austenite 

Eqn. 1 
9
 1.57 1.58 1.59 1.58 

Eqn. 2 
10

 1.61 1.62 1.62 1.62 

This study 
(mean;n = 2) 

1.16 1.23 1.16 1.12 

 
 
 

  
 
Fig. 11 Relationship between carbon solubility and the eutectic temperature in the Fe–C–2.5mass%Si 

phase diagram
11

. 
 
 

   
Fig. 12 Fe–C–Si phase diagram at carbon saturation in austenite. 
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When plotted on the Fe–C–2.4mass%Si phase diagram proposed by Hanemann and Jass
12

, the results from 
this study lie slightly above the carbon saturation line in austenite, as shown in Fig. 12. The enlargement of 
the carbon saturation area in austenite of the Fe–C–2.5mass%Si phase diagram is also shown in Fig. 12. 
 
As mentioned above, it is clear that the amount of free carbon as graphite, which is related to shrinkage, is 
almost the same among the different castings, even though their modulus differs greatly. Hyper-saturation of 
carbon in austenite did not occur. However, when the modulus of the spheroidal graphite iron casting is less 
than 3.0 cm, there is a high probability of the occurrence of shrinkage defects. It is considered here that free 
carbon is necessary, but alone it is not sufficient as a shrinkage countermeasure in castings. The timing of 
precipitation and the amount of free carbon during the solidification progress may be related to shrinkage 
defects. 
 
The amount of free carbon as graphite may increase in terms of nodule count when chillers are used and 
post-inoculation is effectively conducted. However, it was found that even if molten iron is held for 30 minutes 
after inoculation, the amount of free carbon remained almost unchanged. For castings with modulus less than 
3.0 cm, undercooling of the eutectic temperatures occurred. By contrast, this did not occur in castings with 
modulus greater than 3.0 cm. This might suggest that the shrinking behavior differs between samples in these 
two modulus regimes. If graphite nucleates and grows on the walls of Mg gas bubbles, smaller modulus 
castings may exhibit less volumetric expansion than castings with larger modulus

13
. This is because of the 

large amount of precipitated graphite in the Mg gas bubbles and the fact that graphite will not grow much 
larger than the bubbles. 
 
 
CONCLUSIONS 
 
Direct quantitative analysis was conducted on samples taken just after the completion of solidification in 
spheroidal graphite iron castings. The following conclusions are drawn:  
1. The amount of free carbon was almost equal among all castings, even though their modulus differed 

greatly; 
2. The eutectic temperature was almost constant in castings with modulus greater than 3.0 cm; 
3. The eutectic temperature decreased when the casting modulus was less than 3.0 cm; 
4. The amount of free carbon at the end of solidification did not directly relate to shrinkage; 
5. The inoculant fading time had no effect on the amount of free carbon but did influence the solidification 

behavior. 
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