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Study of the Isothermal Transformation of Ductile Iron 
with 0,5% Cu by Electrical Resistance Measurement 

B.Y. Lin, E.T. Chen, and T.S. Lei 

A computer-controlled system for measuring electrical resistance has been developed and used to study 
the isothermal transformation of austenite in a ductile iron (3.31% C, 3.12 % Si, 0.22 % Mn, 0.55 % Cu). 
The ability of the technique to follow the isothermal decomposition of austenite was established by meas- 
urements on an AIS14340 steel. The times at which the austenite decomposed to primary ferrite, pearlite, 
and bainite were accurately detected. In the ductile iron, the formation of pearlite and of bainite was eas- 
ily detected, and an isothermal transformation diagram was constructed from the results. The tempera- 
ture range for the formation of bainite is especially important in producing austempered ductile iron 
(ADI) and was mapped. An initial stage of decomposition of austenite to ferrite and high-carbon austenite 
is followed by a time delay; then the high-carbon austenite decomposes to bainite. The formation of ADI 
requires austempering to a structure of ferrite and high-carbon austenite, then quenching to retain this 
structure, thus avoiding the formation of bainite. This is achieved by isothermal transformation into the 
time-delay region. For the ductile iron studied here, this time region was about 2.6 h at 400 ~ and in- 
creased to 277 h at 300 ~ 
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1. Introduction 

DURING the isothermal transformation of ductile iron, 
austenite has two important modes of diffusional decomposi- 
tion: eutectoid and bainite reactions. The eutectoid reaction of 
austenite in ductile iron is known to proceed by the metastable 
T --~ a + Fe3C reaction, which results in the formation of pear- 
lite, or by the stable y ~ ct + graphite reaction, which forms 
ferrite and graphite. In addition, the metastable cementite con- 
stituent of  pearlite can decompose to graphite and free ferrite: 
Fe3C--~ a + graphite. The competition between metastable 
and stable reactions is governed by the cooling rate of the cast- 
ing and the composition of the ductile iron (Ref 1,2). 

The bainite reaction in ductile irons or in high-silicon steels 
is quite different from the bainite reaction tha; takes place in 
most low-silicon steels. During isothermal holding in the 
bainite-formation temperature range, the following two stages 
of reaction will occur. In the first stage, the austenite quenched 
from high temperature will decompose into ferrite and high- 
carbon austenite: 7 ~ ct + ~/hc- In the second stage, the high- 
carbon austenite will eventually decompose to ferrite and 
carbide: Thc ~ cr + carbide (Ref 3-5). 

The first stage of  bainite reaction produces a microstructure 
of acicular ferrite and carbon-rich austenite. Because austenite 
provides excellent ductility and ferrite provides good strength, 
the ductile iron has outstanding mechanical properties (Ref 6, 
7). If  the isothermal transformation is extende& with the reac- 
tion coming to the second stage, the carbon-rich austenite will 
finally decompose to ferrite and carbide. The second-stage re- 
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action is undesirable, resulting in reduced ductility and tough- 
ness (Ref 8). 

Austempered ductile iron (ADI) is a ductile iron that is 
treated by an isothermal heat treatment, called austempering, in 
the approximate range of  300 to 400 ~ This material has dra- 
matically improved mechanical properties, due primarily to the 
mixture of fine bainitic ferrite and carbon-rich austenite pre- 
sent in the microstructure. Many investigators have studied the 
effects of  metallurgical variables on the kinetics of  austemper- 
ing using various experimental techniques, such as hardness 
tests, quantitative metallography (Ref9, 10), magnetic change 
(Ref 11), dilatometry (Ref 11, 12), x-ray diffraction (Ref 8, 13), 
and resistivity measurement (Ref 14), to measure the phase 
transformation. However, many aspects related to the response 
of  isothermal treatment require further examination. 

In this investigation, a vacuum heat treating system control- 
led using a personal computer (PC) was developed and used to 
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Fig. 1 Schematic drawing of the vacuum furnace and specimen 
arrangement 

Journal of Materials Engineering and Performance Volume 4(5) October 1995--551 



measure electrical resistance during the isothermal transforma- 
tion process. Essentially, this system provides a continuous 
measuring technique that allows investigation of the kinetics of 
phase transformation through resistance changes. It is also very 
convenient for conducting several simultaneous isothermal 
heat treatments using a single specimen. The resulting resis- 
tance data for isothermal reactions were used to construst a par- 
tial isothermal transformation (IT) diagram for a ductile iron 
containing 0.5% Cu. 

2. Experimental Procedure 

2.1 Equipment Setup and Measurement Accuracy 

A PC-controlled vacuum heat-treating device combined 
with a system for measuring electrical resistance was used to 
study the isothermal phase transformation of ductile iron. Fig- 
ure 1 shows a schematic drawing of  the vacuum furnace and 
specimen. The specimen, 3 mm in diameter and 100 mm long, 
was heated via direct current (dc) to the austenitizing tempera- 
ture, quenched with a spray of liquid nitrogen to a lower tem- 
perature, and then its temperature controlled at a desired 
isothermal level. The resistance during isothermal transforma- 
tion was measured by the four-wire method with a 51/e-digit 
voltmeter (HP3478A, resolution of  100 nV) and a dc power 
supply (HP6031 A, accuracy of 0.25 %) via a real-time scheme. 
The temperature of the specimen was measured by three pairs 
of K-type thermocouples that were connected through thermo- 
couple transmitters and an analog-to-digital/digital-to-analog 
(AD/DA) converter (resolution of  14 bits) to a personal com- 
puter. The thermocouple voltage was read by a thermocouple 
measuring and calibration unit (Linseis T-DLIN-C, resolution 
of 10 ~tV). The accuracy was +1 ~ The hardware and software 
of this system have been illustrated in great detail in recent re- 
ports (Ref 15, 16). 

In this experiment, the temperature oscillation has been lim- 
ited in the early stage by tuning the time constants of  a propor- 
tional integral derivative (PID) model algorithm in the control 
program. As shown in Fig. 2, both temperature curves oscillate 
in the initial 40 s with an amplitude of  around +10 ~ After 40 
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Fig. 2 Temperature and resistance records of AISI 4340 steel 
isothermally treated at 370 and 600 ~ 
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An AISI 4340 steel (0.36C-0.81Mn-0.2Si-0.8Cr-l.7Ni- 
0.17Mo) was chosen for testing the accuracy of  the experimen- 
tal equipment. Figure 2 presents two pairs of  temperature and 
resistance records of a 4340 steel specimen that was isother- 
mally treated at 600 and 370 ~ in the vacuum furnace after 
quenching from 850 ~ Both temperature curves oscillate in- 
itially with an amplitude of  around +10 ~ for about 40 s. Later, 
the mean temperature of the specimen is maintained within +1 
~ for the isothermal treatment. The resistance curve at 370 ~ 
shows that the resistance is approximately constant, even 
though the temperature shows a little oscillation during the in- 
itial progress. Then the resistance curve starts to decrease rap- 
idly after 25 s, indicating the start of  bainite formation (Bs) and 
levels off after about 500 s, indicating the finish of  the transfor- 
mation (Bf). The curve represents the transformation of 
austenite to bainite (Ref 17). At 600 ~ the curve has a slow de- 
cline after 30 s (Fs), which should be due to the ferrite nucleat- 
ing and growing in the austenite. The resistance then decreases 
rapidly after 700 s (Ps) and levels off after 7000 s (Pf)-- the start 
and finish, respectively, of  pearlite formation. This resistance 
curve represents the transformation of  austenite to ferrite and 
pearlite (Ref 17). 

Figure 3 shows the resistance records obtained during iso- 
thermal holding of 4340 specimens at 320, 370, 420, 470, 540, 
600, 650, and 680 ~ From these curves, the progress of 
austenite decomposition was determined and the partial IT dia- 
gram constructed, as shown in Fig. 4. The IT diagram of  4340 
steel published in Ref 18 is shown in Fig. 5. A comparison of 
Fig. 4 and 5 shows that both match quite well. The pearlite and 
bainite reactions in Fig. 4 are faster than those in Fig. 5. This 
could be due to the difference in the austenite grain size. The 
grain size of  austenite in Fig. 5 ranged from ASTM No. 7 to No. 
8. A special etching technique (Ref 19) revealed that the grain 
size of austenite for the 4340 steel studied here (after austenitiz- 
ing at 850 ~ for 20 min) was around ASTM No. 9. For a 
smaller grain size with a lower hardenability, the time of the 
phase transformation will be lower. Therefore, the results of 
Fig. 4 should be considered as reasonable and confirm both the 
sensitivity and the accuracy of  this experimental system. 
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Fig. 3 Resistance records of AIS14340 steel during isothermal 
transformation at various temperatures 
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2.2 Experimental Procedure 

The chemical analysis in weight percent of the experimental 
ductile iron heat was 3.31C-3.12Si-0.22Mn-0.03P-0.01S- 
0.02Mg-0.55Cu. This heat was prepared in a high-frequency 
induction melting furnace using charges composed of pig iron, 
steel scrap, ferrosilicon, ferromanganese, and pure copper. The 
melt was heated to around 1530 ~ then was treated using the 
sandwich technique and poured into a graphite pipe mold at ap- 
proximately 1430 ~ The specimens, 3 mm in diameter and 
100 mm long, were obtained directly from the graphite pipe 
mold. Their surfaces were smooth enough that no machining 
was required. 

The specimens were placed in the furnace of the vacuum 
heat-treating system, austenitized at 900 ~ for 1 h, then 
quenched to desired transformation temperatures of 300, 350, 
380, 400,430, 460, 500, 600, 650, and 700 ~ The temperature 
and the resistance of the specimens were measured during the 
progress of isothermal holding. The resistance data were used 
to construct an IT diagram for the ductile iron. 

In order to substantiate the resulting IT diagram, a metal- 
lographical examination was conducted. Four specimens were 
sectioned from a bar 3 mm in diameter and 100 mm long. They 
were then austenitized at 900 ~ in a salt bath for I h, followed 
by a quench and isothermal hold for 20 rain in a salt bath at 300, 
400, 500, and 550 ~ respectively. The resulting microstruc- 
tures of the specimens were examined in a scanning electron 
microscope and an optical microscope. 

3. Results and Discussion 

3.1 Relation between Resistance Change and the 
Isothermal Transformation of Ductile Iron 

The microstructure of ductile iron includes nodular graphite 
and a high-silicon, high-carbon iron-base matrix. During the 
progress of isothermal holding, the nodular graphite and its 
relative contents will remain unchanged; therefore, its effect on 
resistivity can be neglected. The high-silicon, high-carbon 
iron-base matrix, however, will undergo complicated phase 
transformations during the isothermal treatment, and their ef- 
fect on resistance will change with time. 
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Fig. 4 
measurements. Composition: 0.36C-0.81Mn-0.2Si-0.8Cr- 
1.78Ni-0.17Mo. Austenitized at 850 ~ for 20 min. Grain size: 
ASTM No. 9 

Figure 6 presents the resistance records of the ductile iron 
during isothermal treatment at various temperatures. The curve 
of 400 ~ located in the upper bainite reaction temperature re- 
gion, shows that the resistance started to decrease after 30 s and 
leveled off around 700 s. This progress from 30 to 700 s should 
be the first stage of bainite reaction (y --~ ~ + Yhc)- Then the re- 
sistance started to decline distinctly again at around 10,000 s, 
indicating the onset of the second stage of the bainite reaction; 
in other words, the austenite began to decompose to ferrite and 
carbide (Yhc "-> a + carbide). At about 60,000 s, the curve was 
gradually reaching another stable value, which could mean that 
the high-carbon austenite in the matrix was almost exhausted, 
indicating that the second stage of bainite reaction was also ap- 
proaching completion. 

The resistance at 600 ~ which should be located in the eu- 
tectoid transformation temperature range, decreased rapidly at 
about 10 s and became smooth at around 30 s, indicating the 
start and finish of the eutectoid reaction (the metastable y ---> 
+ Fe3C or the stable y ---> ~ + graphite). Unfortunately, the re- 
sistance records do not allow the stable and the metastable eu- 
tectoid reactions to be distinguished. 

Comparison of all the resistance curves in Fig. 6 shows that 
there is no clear turning point in the 700 ~ curve, indicating 
that no phase transformation occurred during the isothermal 
holding. At about 650 and 500 ~ the curves, like the curve at 
600 ~ declined and became smooth just one time, indicating 
that only the eutectoid reaction occurred. The 460, 430, 380, 
350, and 300 ~ curves are similar to the curve at 400 ~ lo- 
cated in the bainite reaction temperature range, and the resis- 
tance of those curves should have two changes during the 
isothermal progress. However, it is seen that the second reac- 
tion time in 460 and 430 ~ curves is shorter than that in 400 ~ 
and in 380, 350, and 300 ~ curves is much longer than in 400 
~ so that the curves at 350 and 300 ~ only show the first 
stage reaction. 

3.2 Isothermal Transformation Diagram 

The turning points of all the curves in Fig. 6 are taken as the 
start and finish times of the phase transformations and are listed 
in Table 1. Figure 7 shows the IT diagram of the ductile iron, 
which was constructed using the data in Table 1. 
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Fig. 5 AIS14340 IT diagram reported in Ref 18. Composition: 
0.42C-0.78Mn-1.79Ni-0.8Cr-0.33Mo. Austenitized at 845 ~ 
Grain size: ASTM No. 7 to No. 8 
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Table I Starting and finishing phase transformation times of  all curves in Fig. 6 

S t a r t  o f  F in i sh  o f  S t a r t  o f  f i r s t - s t age  
T e m p e r a t u r e ,  e u t e c t o i d  r e a c t i o n  eu t ec to id  r e a c t i o n  b a i n i t e  r e a c t i o n  
~  (Es), s (El), s (Bls ) ,  s 

F i n i s h  o f  f i r s t - s t age  S t a r t  o f  s e c o n d - s t a g e  F i n i s h  o f  s e c o n d - s t a g e  
b a i n i t e  r eac t i on  b a i n i t e  r e a c t i o n  b a i n i t e  r e a c t i o n  

(B1 f), s (B2s),  s (B2f),  s 

700 . . . . . . . . . . . . . . . . . .  

650 20 40 . . . . . . . . . . . .  
600 10 30 . . . . . . . . . . . .  
500 50 500  . . . . . . . . . . . .  
460 . . . . . .  20  200 700  2 ,000  
430 . . . . . .  20  400 2 ,000  7 ,000  
400 . . . . . .  30  700 10,000 60 ,000  
380 . . . . . .  40  900  200 ,000  .. .  
350 . . . . . .  50  1 ,200 . . . . . .  
300 . . . . . .  100 2 ,000  . . . . . .  
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Resistance records of the ductile iron during isothermal transformation at various temperatures 
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It is obvious from Fig. 7 that the bainite formation range of 
approximately 300 to 450 ~ is different from that of most 
steels. There are two pairs of reaction lines: the B1 s and Bl f  
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Fig. 7 Isothermal transformation diagram of the ductile iron 
(3.3C-3.12Si-0.22Mn-0.55Cu) austenitized at 900 ~ for 1 h 

lines, illustrating the start and finish times, respectively, of the 
first-stage reaction; and the B2 s and B2f lines, representing the 
start and finish, respectively, of the second-stage reaction. The 
area between the B If and B2 s lines gives a significant window 
of time (Ref4,  8, 14), Ati, during which the maximum amount 
of high-carbon austenite is present and the optimum mechani- 
cal properties can be obtained. Thus, the type of  IT diagram 
shown in Fig. 7 is very useful for austempering ductile iron to 
select the parameters for heat treatment. However, previous re- 
ports about the IT diagram (Ref 9, 10, 20) rarely illustrated the 
second stages ofbainite transformation completely. High-qual- 
ity ADI requires establishing a series of complete IT diagrams 
of ductile iron that contain B 1 and B2 reaction lines. 

Figures 8(a) to (d) illustrate the microstructures of  the duc- 
tile iron after austenitizing for 1 h at 900 ~ and isothermal 
treatment for 20 min at 300, 400, 500, and 550 ~ respectively. 
Figures 8(a) and (b) show the lower and upper bainite struc- 
tures, in which the matrix consists of plates of acicular ferrite in 
carbon-rich austenite, indicating that the first bainite reaction is 
already accomplished. Figures 8(c) and (d) show the carbide 
and ferrite mixed structures only (no martensite), indicating 
that the eutectoid reaction is also completed. The IT diagram of 

(a) (b) 

(c) (a) 

Fig. 8 Microstructuresofductileironwith0.5%Cu, austenitizedfor I h at 900 ~ and isothermally treated for 20 min at (a) 300~ 
400 ~ (c) 500 ~ and (d) 550 ~ 
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the ductile iron shown in Fig. 7 indicates that at 1200 s at all 
temperatures both the eutectoid reaction and the first stage of 
bainite reaction have been accomplished. This result is in con- 
formance with the microstructures in Fig. 8, indicating that the 
resistance-measuring method of this experiment is quite useful 
for determining the IT diagram of ductile iron. 

3.3 Relation between At iand Aus temper ing  Time 

Many investigators (Ref4, 8, 14) have demonstrated that the 
time, Ati, separating the two stages of ADI during bainite trans- 
formation is affected by many factors, including austenitizing 
temperature, austempering temperature, isothermal holding 
time, alloying elements, and segregation. However, these ef- 
fects rarely have been reported with a quantitative method. 

The Blf  and B2 s lines, redrawn from Fig. 7, are shown in 
Fig. 9. It can be seen that both the B I f and the B2 s times are de- 
layed significantly at low austempering temperatures. The area 
between the Blf  and B2 s lines is also greatly affected by 
austempering temperature. It is very narrow within the upper 
temperature range, but becomes wider when the temperature 
decreases. The separating time, Ati, is only about 2.6 h at400 ~ 
and around 27 h at 350 ~ but dramatically increases to 277 h 
at 300 ~ Thus, it can be seen that obtaining optimum me- 
chanical properties of ADI, which requires a maximum amount 
of carbon-rich austenite, may not be difficult using the lower 
austempering temperature. 

4. Conclusions 

Measurement of electrical resistance was used to study the 
isothermal transformation of ductile iron. Both the eutectoid 
reaction and the first and second stages of bainite reaction were 
easily detected. 

An IT diagram of a specific ductile iron was constructed 
based on the resistance data obtained. The diagram contained 
two pairs of transformation lines within the austempering tem- 
perature range and proved useful in selecting the austempering 
time for ADI. 
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Fig. 9 The first reaction finishing line, B I f, and the second re- 
action starting line, B2 s, as a function of austempering time for 
the 0.5% Cu ductile iron 

The time window, Ati, is greatly affected by the austem- 
pering temperature. It is short in the upper temperature 
range, but very long in the lower temperature range. It ap- 
pears that obtaining a maximum amount of carbon-rich 
austenite in the lower austempering temperature range for 
ADI is not difficult. 
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