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Spheroidal graphite cast irons are widely used for auto parts because they have large degrees of freedom 

in shape and are inexpensive. When they are welded, however, they show serious drawback of crack 

generation due to excess carbon at thehardened region of heat-affected zone. We have studied on 
decarburized spheroidal graphite cast iron which has a possibility of welding because of graphite free in the 

surface region. In the present study, some characteristics of the decarburized layer in the spheroidal graphite 

cast iron were investigated.The results obtained are as follows. 

Growih of decarburized layer is controlled by diffusion of carbon atoms toward the surface region in the 

iron during the heat-treatment and there is a critical temperature of 930 K for the decarburization, below 

which decarburization does not occur. When the area ratios ofthe decarburized layer to whole sectional area 

in the rod-shaped tensile test specimen was defined to be a ratio of decarburized layer, the tensile strength 

of the specimen scarcely influenced by the ratio of decarburized layer. However, when the 
overdecarburization was processed, the tensile strength showed a tendency to decrease. 

Therefore, it should be noted in practical use of the decarburized spheroidal graphite cast iron that the 

excessive decarburization makes the strength of thin parts of the iron to decrease. 
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1. Introduction 

The spheroidal graphite cast iron (FCD) for auto parts has been 

replacing the aluminum castings because of lightweighting the 

cars. However, the spheroidal graphite cast iron is now reviewed 

from the viewpoints of low price and recyclability. Therefore, 

making to high-valuable-addition is demanded for the spheroidal 

graphite cast iron more than before, and various studies such as 

thin wall castings have been done (*). By the way, the spheroidal 

graphite cast iron is difficult to weld because the carbon content 

of the iron base metal is high. Therefore, attempts to add nickel 

element and inoculation materials to the iron were made to enable 

welding ('). In this case, however, the preheating of the iron base 

metal and the complicated processes of the postheating afier weld-

ing are needed('x'). Such a complicated welding has many prob-

lems on practical use. We have investigated to advance the surface 

decarburized spheroidal graphite cast iron (FCD-D). This material 

is a spheroidal graphite cast iron having thin decarburized surface 

layer, which is expected to be used in the car production line be-

cause neither the preheating nor the postheating processing of the 

base metal is needed and it can be easily welded. Up to now, the 

FCD-D has been produced by the solid decarburizing method, but 

Table 1 Chemical composition of the FCD specimen used (masso/o) 

there are such a lot of problems as long processing time etc.. To 

reduce the processing time the decarburization is studying to be 

done in the fluidized bed fufnace. Some characteristics of 

decarburized layer are expected to be same in the cases of the solid 

decarburizing method and the fluidized bed fhrnace method. In 

this report, some characteristics of the surface decarburized 

spheroidal graphite cast iron produced by the solid decarburizing 

methodare reported to clarify the practical usefulness in the car in-

dustry. 

2. Experlmental methods 

The FCD materials used for the analysis of the decarburizing 

mechanism and the measurment of the mechanical properties were 

fabricated by casting. A chemical composition of the FCD mate-

rial is shown in Table I . The structure was a mixture of typical 

ferrite and pearlite structures having graphite particles dispersion. 
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2.1 Decarburizing of spheroidal graphite cast iron 

In this studv. , the decarburizing" was conducted by the heat-

treatment t~or the solid decarburizing method. The iron oxide pow-

der (Fea) and the test specimens (test pieces for tensile test and 

microstructure test) were filled into a steel pot (130mmin 

diameterand and 1 ~_ O mm in hight), and it was heated at a speed oi' 

1 3. Ixl0-2 K/s in a muffle furnace. After maintaining isothermally 

ftir 86.4-345.6ks at elevated temperature of 9_ 73-1373K, it was 

cooled at a speed of 89_ .7xl0-3 K/s and ~;vas taken out from the filr-

nace at 823 K. The specimens of the surt'ace decarburized 

spheroidal graphite east iron (FCD-D) were obtained by these 

treatments. 

2.2 Shape of specimen 
The spec-imens inserted in the steel pot are the tests pieces for 

the tensile tests and the measurement of the thickness of 

decarburized layer. The tensile test spec-imens were shaped into a 

rod having a gauge part with 20 mm in length and 4,6 and 8 mm 

in diameter. While the specimens to measure the thickness of 

decarburized layer were shaped into a bloc-k of 10 mm in width by 

_5_5 mm in length. 

2.3 Measurement of thickness of decarburized layer 

Aftcr heat-treatment for decarburizing, the test specimen ~vas 

cut in half and the cut suri~ac-e was polished to observe the mic-ro-

structure by a scanning electron microscopy. The thiekness of 

decarburized layer was determined from the decarburized layer re-

gion where the graphite particles had obviously disappeared. 

2.4 Tensile test 

The tensile test was conducted under an initial strain rate of 

4.17xl O-' s~* at room temperature and the stress-strain curves were 

obtained. At~tcr the- tensile test, the fracture surface of the speci-

men was observed by a scanning electron mic'-roscopy. 

3. Results 

1073 , 1 173 and 1273 K. The region of decarburized layer. D.L... 

The decarburized layer means the region where the number of 

graphite decreases obviously. The thickness of the dec'arburized 

layer was observed to increase with increasing the heating time at 

the same temperature. By the way, many voids are observed eve-

rywhere in the decarburized layer. The dispersion of voids seems 

to be very similar to that of graphite particles in the 

undecarburized layer. Therefore, it seems that these voids corre-

spond to a kind of Kirkendall voids. In the iron matrix, carbon 

atoms and iron atoms diffuse interstitially and substitutionally, re-

spec-tively. The- ditYusion rate of carbon atoms is extremely higher 

than that of iron atoms. 'Fherefore it is thought that the volume of 

the voids couid not be compensated by the diffusion of iron atoms. 

This is the reason for the Kirkendall voids. 

Figure 2 shows the relation between the thickness of 

decarburized lav. er, d, and the holding time, t, of decarburized 

specimens at ~'arious temperatures. A straight linear relation holds 
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3.1 Decarburized layer 

Figure I shows the SEM photographs of the decarburized layer 

in the surf,ace region of the specimens heat-treated for 2g8 ks at 
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Figure I Scanning electron micrographs showin_~ the formation of 

decarburized layer (D.L.) in the specimens heat-treated for 

288 ks at (a) 1073 K. (b) 1173 K and (c) 1273 K. 
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between d2 and t on each temperature. Therefore, the rate control-

ling process for the growih of decarburized layer is presumed to be 

due to the carbon diffusion toward the surface side from inner side 

in the specimen. The details of the process will be discussed in 

chapter 4 . 

3.2 Tensile strength 

Figure 3 shows relation among tensile strength, a B , yield 

strength, a (L2 and ratio of decarburized layer, ~ of tensile speci-

mens tested at room temperature. The values of (T B and a ~2 do 

not depend on the ratio of decarburized layer and show almost 

constant values. 

On the other hand, there is a very large scatter in the data at 

~ =1000/0 in which the carburization of gauge part in the tensile 

specimen was conducted above I OOo/o. This decarburized condi-

tion will be called as an overdecarburization. That is, the fully 

decarburized specimen was further continued to decarburize 

longer time for the overdecarburization. 

Figure 4 shows the relation between the tensile strength and the 

excess time afier ftlll decarburization for various specimens. The 

tensile strength tends to decrease with increasing the heat-

treatment time for overdecarburization. 

4 Discussion 

4.1 Growth of decarburized layer 

From the results shown in Fig. 2, it was found that the follow-

ing relation holded between the thickness of decarburized layer, d, 

and the heating time for decarburization, t. 

d 2=kt (1) 

Where, k is a rate constant. If the decarburization process to dis-

appear the graphite particles is a single thermal activation process, 

k is represented by the following equation. 

kFkoex p(-Q/RT) (2) 

Where, k) is a constant which does not depend on the temperature, 

R is a gas constant, Q is a activation energy for the graphite par-

ticles disappearance process and T is a heat-treatment temperature. 

As for the disappearance process of the graphite particles, the 

following steps are thought: ~) The carbon atoms dissolve into the 
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7 austenite phase from the graphite particle. R The dissolved 

carbon atoms diffiJ:se to the surface of specimen. O The carbon 

atoms are removed from the surface of specimen by a surface reac-

tion. By the way, a linear relationship holded between d2 and t as 

shown in Fig. 2. Therefore, the step @ mentioned above is pre-

sumed to be a main part in the disappearance process of the graph-

ite particles. 

Figure 5 shows a liner relation between the logarithm of k and 

the reciprocal of the absolute temperature, T-1, obtained from a re-

sult of Fig. 2. Therefore, the validity of equation (2) was evalu-

ated by the experiment. From the result obtained the activation 

energy Q was calculated to be about 1 83.5 kl/mol(5). On the other 

hand, the activation energy for the diffusion of carbon atoms in 

the 7 austenite phase is reported to be 1 57.0 kl/mol. These values 

are almost similar. Therefore, the rate controlling process for the 

formation of decarburized layer is presurned to be due to the diffu-

sion of carbon atoms toward the surface of the specimen, which 

dissolved into the 7 austenite phase from graphite particles. 

4.2 Mechanisms for graphite particles disappearance and 

oxide film formation 

The decarburized layer was hardly obtained at 973 K in this 

study. Therefore, a critical temperature conceming the formation 

of decarburized layer is presumed to exist. This fact can be ex-

plained from the viewpoint of thermodynamics. Here, we will 

consider the oxidation reactions of the graphite and the y 

austenite iron at the heating temperatures for decarburization. 

According to the references, 

Fe(s)+C02(g)=FeO(s)+CO(g) 

A G o(,)=2283 5 _24 . 3 T ( J/mol) (3) 

C(s)+C02(g)=2CO(g) 
l(] Go(4)=1 70952- 1 74.7T (J/mol) (4) 

Where, s shows the solid phase and g shows the gas phase. A Go 

shows the free energy change in the reactions, and T is an absolute 

temperature. In this experiment, the reaction of equation (3) is 

thought to occur in the steel pot. The free energy change of the re-

action (3) in the steel pot is given by the following equation. 

A G(3)= ~I Go(3)+RTln(Pco/Pc02) (5) 
Therefore, the value of Pco/Pc02 in the atmosphere of steel pot 

can be calculated from equation (5). The calculated values are 

shown in Fig. 6. 
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Figure 6 shows the relationship between Pco/Pco, in the steel 

pot atmosphere and temperature T, which was calculated from 

~l G(,)=0 in the equation (5). It is understood that the value of Pco/ 

Pc02 tends to increase with increasing the temperature. This means 

that the test specimens were decarburized under this atmosphere in 

the steel pot. 

The free energy change of the reaction (4) in the steel pot is 

given by the following equation. 

A G(")=~1 Go(+)+RTln(Pco/Pc02) (6) 

Then, the value of Pco/Pco, under an unit pressure in the steel pot 

was obtained from the relation shown in Fig. 6. In addition, free 

energy changes of A G(3) and A G(4) for the reactions of (3) and 

(4) were calculated. The results obtained are shown in Fig. 7. In 

the steel pot, the reaction of equation (3) occurs under an equi-

librium state. Therefore, the value of A G(3) shows zero at any 

temperatures. On the other hand, it is known that the oxidation of 

carbon (equation (4)) is impossible below about 930 K because of 

A G(*) ;~ A G(,)=0, though /1 G(+) for equation (4) shows negative 

value at higher temperature side. This means the formation of FeO 

occurs dominantly below about 930 K. In the temperature range of 

this experiment the reaction of equation (4) is understood to occur 

dominantly because of A G(*)<<A G(3)=0. Furthemore, the fact that 

the decarburized layer was not clearly confmned at 973 K was 

well understood because the value of A G(") at 973 K was calcu-

3
 

lated to be -6.5 kJ/mol which was very close to zero. 

In addition, we can understand from Fig. 7 that the formation of 

FeO film on the surface of 7 austenite iron is expected below 

about 973 K. 
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Figure 6 Relationship between the ratio of Pco to Pc02 in steel pot 

atmosphere and temperature, T. 
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4.3 Relation between tensile strength and decarburized 

layer 

The sectional area in gauge portion of the rod shape tensile test 

specimen will be denoted by A. The area of decarburized layer re-

gion and undecarburized zone region in the section will be denoted 

by A* and A2, respectively. Then, the volume fraction ofeach re-

gion is given by V*=A,/A for decarburized layer and V2~A,/A for 

undecarburized zone. Therefore, the tensile stress of specimen is 

given by the following equation by using the rule of mixtures. 

(T=U *V*+ (T, (1 - V*) (7) 
Where, U * and U , show the tensile streess in the decarburized 

layer and in the undecarburized zone, respectively. Therefore, a 

linear relationship holds between U and V1 ' In this experiment, 

the tensile strength did not depend on the ratio of decarburized 

layer and showed a constant value as shown in Fig. 3. Therefore, 

the following equation is given. 

a = a ,= U, (8) 
Initially, we will consider the tensile strength (T 2 of the 

undecarburized layer. It is well known that the tensile stress of 

cast iron is lower than that of steel. This fact is due to the presence 

of graphite particles in the mainx of cast iron. There are a lot of 

studies on the effect of graphite particles on the tensile strength of 

cast iron, in whichthe values of tensile strength and elastic 

modulus of graphite are recognized to be 19.6 N/mrn' and 4903-

147 lON/mm', respectively. These values of graphite are remarka-

bly low compared with those of iron matrix metal in the cast iron. 

Shiota(') explained the tensile strength of the spheroidal graphite 

cast iron as follows. Taking into account the notch effect and the 

strength of the particles, the tensile strength did not depend on the 

graphite particles but depend on the tensile strength of iron matrix 

part, U *, and the effective sectional area, ~*. These ideas can be 

introduced in the result of this experiment. In the FCD material 

used in this experiment, the dispersion parameter of spheroidal 

graphite particles was determined to be 1 5.85 /1 m in the average 

diameter and 37.34 /1 m in the mean particle spacing. Therefore, 

because the effective sectional area of the matrix of iron was an 

area of the matrix of the iron of the unit area whereone graphite 

existed, it was calculated to become 85.820/0. (T * is given by the 

following equation as the Shiota's empirical formula.(6) 

(9) a*=C ' (T~ ' A.f 

Where, C is a constant parameter due to notch effect and plastical 

restrain effect at around the graphite particle, U ~ is the tensile 

strength of iron matrix and A,f is the effective sectional area. 

From the literature(6) , C ･ a* =543.3N/mm2 and U~ =523.7 
N/mm' are known in thecase of ferrite matrix. Consequently, C is 

estimated to be I .037. Therefore, the notch effect and plastical 

restain effect at around the graphite particle are presumed to be 

negligibly small. In the case of this experiment, the value of 

466N/mm2 is calculeted as the tensile strength, which is very close 

to the value obtained from Fig. 3. 

This means that the tensile strength of undecarburized layer is 

deterrrrined from the value of A *f in ferrite matrix and that the 

strength of dispersed graphite particles is negligibly small as voids. 

Next discuss, the strength of decarburized layer. The graphite 

particles were decarburized to be voids and many voids were 
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confirmed in the decarburized layer. These voids have little 

strength. Theret'ore the eft'ect of the dispersed voids on the tensile 

strength can be considered to be the same as that of dispersed 

graphite particles in the undecarburized layer. In a word, it is pre-

sumed that the tensile strength of decarburized layer, a l, is identi-

cal to that of undec.arburized layer, (T 2. Therefore, it is reasonably 

understood that the tensile strength of the specimen does not de-

pend on the ratio of decarburized layer but shows an almost con-

stant value as shown in Fig .3. 

Consequently, it is conc.1uded that the strength of graphite par-

ticles and voids do not directly depend on the strength of the FCD 

material but depend assoeiating with the dispersion parameter of 

A.f' Theret~ore, the fracture structure ofundecarburized layer is ex-

pected to be similar to that of the dec.arburized layer. As an exam-

ple, Figure 8 shows the microstructures of undecarburized region 

and decarburized re_~ion in the fracture surface of the tensile test 

specimen having the ratio of decarburized layer of 789/0. As shown 

in Fig. 8 , it is found that the dimple structure is t~ormed in both of 

the regions and also that the size of dimples is almost same in both 

of the regions. These facts suggest that there is not any difference 

in the mechanical property of the both regions of specimen. 

4.4 Decrease of strength due to overdecarburization 

As shown in Fig. 4, it was found that the tensile streng~th de-

creased when the overdecarburization was processed. In the 

overdecarburizing process of the FCD-D material, following phe-

nomena are thought to occur : !1.Decreasing of the size and num-

ber of voids in the decarburized layer due to substitutional 

dit*fusion of iron atoms during the further heat-treattnent after full 

decarburization. ~gDecreasing of thecarbon concentration in the 

decarburized layer due to the further decarburization. 

If the phenomenon of !:'=11) occurs remarkably, the effective sec-

tional area A.f should be increased and the tensile strength should 

be increased as mentioned in equation (9). This fact is not consis-

tent with the result ofthis experiment. On the other hand, the phe-

nomenon of ('~2::., makes carbon-t~ree state in the iron matrix. 

By the way, it is well known that carbon atoms dissolve 

interstitially into the iron matrix lattice to occur solution harden-

ing. For example, the tensile strength of the a Fe containing only 

1 .O )'( l0-~mass9/0 of carbon is known to show 3 1 O N/mm2<7,. While, 

the tensile strength ofthe carbon free a Fe is known to show 265 

N/mm2 ~vhich is almost identical with the value of tensile strength 

extrapolated to the overdecarburizing time of 4OO ks in Fig. 4. It 

is therefore concluded that the decrease in the tensile strength after 

overdecarburization is due to the phenomenon of {'2..~) mentioned 

above. 

5. Conclusions 

The rod-shaped spheroidal graphite c.ast irons (FCD) specimens 

having various diameters were decarburized for 86.4-3 45.6 ks at a 

temperature range from 973 to 1 373 K. They were examined to 

clarit~y the decarburizing process and the mechanical properties of 

decarburized layer. The results obtained are as follows. 

( 1) There is a critical temperature (930K or less) t~or the 

decarburized layer formation. Below the, temperature the 

decarburized layer is not fornled. 

(.2) During the decarburization, graphite particles disappear and 

change to voids which correspond to a kind of Kirkendall void 

caused by the difference in the diffusion coeffrcients for carbon 

and iron atoms in the 7 austenite phase. 

(.3) The activation energy for _"*rowih of the decarburized layer is 

estimated to be 1 83.5 kJ/mol which is very close to the value of 

the activation energy for diffusion of carbon atoms in the y 

austenite iron. 

(4) The tensile strength of the decarburized FCD (FCD-D matc-

rial), does not depend on the ratio of decarburized layers and 

shows a constant value of 455 N/mnf . This suggests that the 

graphite particles in the iron matrix can be regarded as the same as 

the voids in the decarburized layer. 

(5:) After full decarburization, the tensile strength of the specimen 

decreases with increasing the heating time for overdecarburization. 

Theret'ore it is very important to note in the practical use of the 

FCD-D material so that the strength of thin parts decreases in the 

overdecarburized state. 
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Figure g Scanning electron micrographs of (.a) undecarburized region 

and (b) decarburized region in the fracture surface of tensile 

test specimen having the ratio of decarburized layer of 780lt. 
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