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Abstract Analysis of thermal decomposition processes

of the ausferrite obtained during simulation of austemper-

ing heat treatment was performed on austempered ductile

iron (ADI). The analysis method consisting in investigation

of inverse phase transformations was applied. The material

with specified phase composition and well-defined ther-

mophysical properties, both resulting from the conducted

heat treatment cycle, was heated under controlled condi-

tions and the thermal effects—enthalpy change and volume

change were recorded by means of differential scanning

calorimetry (DSC) and differential dilatometry. The pro-

cess of ausferrite decomposition in the range of 100–

800 �C was discussed; the identification scheme and tem-

perature sequence of phase transformations accompanying

the ausferrite decomposition were established. The elabo-

rated decomposition scheme allows selection of the ADI

heat treatment and its optimization by means of the non-

isothermal thermal analysis methods.

Keywords Austempered ductile iron � ADI � DSC �
Dilatometry � Ausferrite decomposition

Introduction

The structure and mechanical properties of austempered

ductile iron (ADI) depend strongly on the mechanism and

kinetics of phase transformations proceeding successively

during the austempering heat treatment consisting in

quenching followed by isothermal transformation:

1. c Coð Þ ! aac þ cs Cð Þ ð1Þ
2. processing window: stability of structure aac ? cs (C)

3. cs Cð Þ ! a þ Fe3C ðor e carbideÞ ð2Þ

During the first stage of isothermal austenite c(Co)

decomposition, ausferrite with fine acicular ferrite aac and

meta-stable reacted carbon-saturated austenite cs (C) is

created (1).

As a result of the optimum heat treatment (processing

window), ausferrite with maximum amount of fine acicular

ferrite aac and reacted stable carbon-saturated austenite cs

(C) is formed. Proper choice of austempering heat treat-

ment parameters (dwell time at constant temperature)

prevents martensite or carbides formation and results in

mechanical properties which satisfy requirements defined

by ASTM A 897 standard.

The prolonged time of isothermal transformation (third

step) results in decomposition of carbon-rich austenite with

precipitation of cementite and/or carbide e according to the

formula (2).

ADI is characterized by good machinability, high

strength-to-weight ratio, good wear resistance and damping

capacity, and outstanding mechanical properties—tough-

ness and fatigue strength.

Designing of ADI castings with defined mechanical

properties requires the establishing a correlation between

structure sensitive parameters and mechanical properties to

be applied in heat treatment simulation.

In this process, very useful is the analysis of inverse

phase transformations, i.e., of the decomposition of

metastable phases produced during ADI heat treatment,

carried out by means of non-isothermal thermal analysis

methods.

First order phase transformations are characterized by

non-zero entropy (or enthalpy) (DH = 0) and volume
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changes (DV = 0), so both calorimetric (DSC) and dila-

tometric methods are very suitable and useful here.

These methods, complementary to microscopic obser-

vations, depend upon controlled heating of well structure-

defined material and recording changes in thermophysical

properties (enthalpy and volume) initiated by decomposi-

tion of the initial phases. Calorimetric and dilatometric

methods are used successfully to study precipitation and

dissolution reactions in various heat treatable alloys [1–3].

The ausferrite stability depends on isothermal transfor-

mation conditions and is sensitive to the heating rate of

non-isothermal decomposition processes, such as diffu-

sional processes of carbon precipitation and dissolution. It

implies the necessity of the uniformity of measurement

conditions to obtain comparable results.

The aim of this paper is the complex analysis of calo-

rimetric and dilatometric curves resulting from the

decomposition of ausferrite structure. There are many lit-

erature sources devoted to the problem of iron-based

martensite tempering [1, 4–7], but there is no complex

analysis of ausferrite decomposition in a wide range of

temperatures. The analysis will allow identification of the

scheme and temperature sequence of the proceeding phase

transformations and this will supply useful means to

establish and test optimum heat treatment parameters.

Preparation of materials

Chemical composition of the investigated base ductile iron

was (in wt%): C = 3.70; Si = 2.50; Cu = 0.90, and

Ni = 1.37. The B2 symbol of alloy designation was pre-

served because this alloy was chosen from a group of

ductile irons under more detailed investigations [8]. The

typical as-cast ductile iron microstructure is shown in

Fig. 1a and b.

As a result of austempering characterized by the fol-

lowing heat treatment parameters: temperature and time of

austenitizing, temperature (Tpi) and holding time (tpi) of

isothermal transformation, a set of ADI samples with var-

ious morphologies was obtained.

The following schedule of austempering heat treatment

was designed:

• austenitizing at Ta = 900 �C for ta = 60 min;

• quenching followed by isothermal transformation at

270, 350, and 390 �C for several holding times to

obtain various stages of ausferrite growth.

Dwell times given in bold characters (column 5 in

Table 1) indicate the values for processing window of the

examined alloy, i.e., the optimum austempering heat

treatment parameters: 120 min at 270 �C, 60 min at

350 �C, and 45 min at 390 �C.

Experimental

Using dynamic dilatometric and DSC methods, the quali-

tative analysis of phase transitions accompanying the

decomposition of ADI with differentiated structure result-

ing from different heat treatment parameters was

performed.

ADI samples were heated at a rate of 5 K/min in argon

protective atmosphere in a Linseis L76 dilatometer and

thermal expansion DL/L curves were recorded. The dila-

tometric curves in the form of thermal expansion coeffi-

cient b(T), obtained by numerical differentiation of DL/L

curves, make the identification of phase transformations

much easier.

To assure comparable measurement conditions, ADI

samples were heated at a rate of 5 K/min in argon pro-

tective atmosphere in a Netzsch DSC 404C, and DSC

Fig. 1 Microstucture of alloy B2; (a) metallographic cross-section

after polishing, (b) metallographic cross-section after etching

Table 1 Parameters of ADI heat treatment

Tpi/�C Time of isothermal transformation tpi/min

1 2 3 4 5 6

270 20 40 60 80 120 160

350 5 15 30 45 60 90

390 5 10 20 30 45 60
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curves were recorded. To establish correct baseline, the

method of double DSC runs was performed under the same

conditions. The first DSC curve reflects the case when the

ausferrite structure decomposition takes place; the second

run is performed on the same sample after the decompo-

sition of ausferrite. The difference, nearly independent of

thermophysical properties of the material, shows a non-

reversible process of the decomposition of ausferrite during

slow heating of ADI sample.

Observations of structure were performed by means of

light microscope Neophot 32. Samples of examined alloys

were etched with 2% nital to reveal the details of the

matrix.

Volume fraction (va) of ferromagnetic phase (ferrite)

was determined using a simplified magnetic probe method

[9] and volume ratio of austenite (vc) was calculated

according to the formula:

vc ¼ 1 � va þ vg

� �
ð3Þ

where vg is a value of volume fraction of graphite, constant

for the examined alloy.

Brinell hardness HB(S) tests were performed using a

2.5 mm diameter steel ball as an indenter with a 1.84 kN

force.

Results and discussion

Figure 2a and b shows exemplary differential dilatometric

curves of alloy B2, representing the processes that occur

during heating of the alloy after previous heat treatments

(Tpi = 270 and 350 �C, respectively). Generally, several

effects could be identified (Fig. 2a) and were marked as

I–VII. Similar thermal effects of the phase transformations

occurring during non-isothermal decomposition are visible

in various proportions on the all dilatometric curves.

Figure 3a and b shows exemplary DSC curves plotted for

alloy B2; they show decomposition processes evoked by

heating of the alloy after previously performed heat treat-

ments (Tpi = 270 and 350 �C, respectively). The compati-

bility of dilatometric (Fig. 2a, b) and DSC (Fig. 3a, b)

curves is evident.

To identify phase transformations revealed during

heating, a simple experiment was performed. The samples

after two predetermined ADI heat treatments at

Tpi = 270 �C for 20 min and at Tpi = 270 �C for 120 min

(processing window) were heated up at a rate of 5 K/min to

the temperature Tm of the successively occurring effects

(peaks) II, IV, VI, and VII. Then, as soon as the required

effects had been achieved, the samples were rapidly

removed from the furnace. After cooling in the air, the

measurements of hardness HB were carried out and volume

fraction vc of the carbon-rich austenite was estimated.

Figure 4a and b shows a resume of the experiments

carried out for the investigated alloy; the filled plotted

points correspond with the optimum austempering heat

treatments.
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Fig. 2 Differential dilatometric curves of alloy B2; (a) Tpi = 270 �C,

tpi = 20, 40, and 120 min, (b) Tpi = 350 �C, tpi = 5, 30, and 60 min
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Fig. 3 DSC curves of alloy B2; (a) Tpi = 270 �C, tpi = 20 min (1),

60 min (2), and 120 min (3), (b) Tpi = 350 �C, tpi = 5 min (1),

15 min (2), 30 min (3), and 60 min (4)
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The initial structures after austempering heat treatment

at 270 �C for 20 min and at 270 �C for 120 min are pre-

sented in Fig. 5a and b. The metallographic observations of

samples rejected from the furnace after some distinguish-

able stages of the experiment (peaks III, IV, VI, and VII)

are shown in Figs. 6, 7, 8, and 9.

In the case of austenite which has not been sufficiently

saturated with carbon, martensite forms during cooling of

the sample to room temperature. Effect I characterized by

negative volume change on dilatometric curves and low-

temperature DSC exothermic peak (Figs. 2, 3) reflects the

tempering of martensite present in the matrix of the

examined alloy.

Effect II (positive volume changes and exothermal DSC

effect) is visible in all the alloys and its position shifts

towards higher temperature as the holding time tpi increa-

ses, proving an increase of the phase stability. Conse-

quently, overlapping of effects II and III occurs. The

increase of the volume change proves that effect II

corresponds to the retained austenite decomposition (the

phase with the least specific volume) and microstructure

remains unchanging (Fig. 6a, b). The decrease in the

amount of retained austenite begins at a relatively low

temperature. The overlapping effect II0 is related with an

initial stage of carbon precipitation from supersaturated

acicular ferrite (Fig. 7a, b).

The double dilatometric effect (III/IV) characterized by

contraction (DV \ 0) and corresponding, strong exother-

mal DSC peak is generally identified [8, 10–15] as aus-

ferrite decomposition which occurs according to the

formula (2). The deconvolution of complex peaks appear-

ing in differential dilatometric curves was accomplished by

introducing an extra peak (IV) as the effect of stress

relaxation in a very narrow range of temperatures. The

enlarged part of Fig. 2b exposing peaks III and IV is shown

in Fig. 10. In the case of optimum austempering heat

treatment (Tpi = 350 �C, tpi = 60 min) the relative total

volume change DV/V of double effects is smaller and they

are much more isolated than in the alloy after non-optimum

heat treatment.

The DSC curves maintain their complex nature over the

whole range of the heating temperatures up to a point of the

eutectoid transformation, but distinct exothermic effects
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Fig. 4 Dependence of volume fraction vs and hardness HB on

reheating temperature Tm for alloy B2 after previous heat treatment

for various holding times at Tpi = 270 �C (a) and Tpi = 390 �C (b)

Fig. 5 Metallographic cross-section after etching; austempering heat

treatment (a) 270 �C/20 min, (b) 270 �C/120 min
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(400–500 �C) are attributed to the main processes of aus-

ferrite decomposition. The surface areas of the DSC peaks

(DH) increase and their temperature maxima shift to higher

values with the increasing temperature and time of the

isothermal transformation (Fig. 3a, b). It proves that the

amount of high-carbon austenite and carbon content

increase in carbon-rich austenite. Then the peaks become

narrower and less complex, thus proving the disappearance

of low-carbon austenite. The prevailing nature of exo-

thermal effects signalizes the precipitation processes. The

overlapping effects II–IV, which can be found in DSC, and

dilatometric curves make the qualitative analysis by means

of thermal methods difficult.

The results of the experiments presented in this paper

reveal and identify the main, complex effects visible in

dilatometric (Fig. 10) and DSC curves (Fig. 3) as peaks III

and IV. In the range of 400–500 �C, a complete decom-

position of the carbon-rich austenite has occurred (Fig. 8a,

b). This statement is entirely prove by decreasing of high-

carbon austenite amount visible in Fig. 4a and b. This

effect begins at a lower temperature, especially when the

temperature of isothermal transformation is low and/or the

transformation dwell time is too short to form a stable,

high-carbon austenite.

For higher austempering temperature and optimum heat

treatment parameters, even a small increase of hardness is

observed in the range of 400–500 �C simultaneously with

high-carbon austenite decomposition, proving the good

stability of acicular ferrite. After exceeding the temperature

of 500 �C, a slight decrease of the hardness is observed,

reaching finally the near initial value.

The exothermal effect V due to volume decrease can be

described in terms of the coagulation of cementite, pre-

cipitated from high-carbon austenite. Therefore, this effect

is strongly dependent on amount of high-carbon austenite.

The precipitation exothermal (DSC) effect VI charac-

terized by volume increase on dilatometric curve ends there

where the eutectoid transformation (effect VII) begins.

Effect VI does not depend on the temperature of isothermal

transformation and shows a strong tendency to decreasing

and shifting towards higher temperatures as the holding

time of isothermal transformation increases to approach an

optimum value. Figure 9a and b shows that there are much

finer graphite precipitates in the alloy tempered after

optimum (processing window) austempering than there are

in the alloy after non-optimum heat treatment. The effect

corresponds to the graphitization of cementite below Ac1

temperature. Positive volume change arising from

Fig. 6 Metallographic cross-section after etching; Tm = 420 �C,

ADI heat treatment (a) 270 �C/20 min, (b) 270 �C/120 min

Fig. 7 Metallographic cross-section after etching; Tm = 530 �C,

ADI heat treatment (a) 270 �C/20 min, (b) 270 �C/120 min
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graphitization is compensated by a negative one resulting

from the coagulation of cementite, especially efficiently in

the case of optimum austempering heat treatment.

The metallographic examinations (peaks III, IV, VI, and

VII) presented in Figs. 5, 6, 7, 8, and 9 show that the

acicular structure of ferrite is preserved up to a relatively

high temperature and just before the temperature of the

eutectoid transformation of ferrite (effect VI) has appeared.

Table 2 contains a summary of qualitative analysis and

identification of phase transformations generated during

controlled heating of the investigated alloy with the mixed

ausferritic and martensitic structures. The scheme of decom-

position of ausferrite structure, inclusive of the settlements

with regard to martensite tempering [1, 4–7] was proposed.

Conclusions

The carried out investigations and analysis of the results of

experiments on copper-nickel austempered ductile iron

allow the following conclusions to be formulated:

• The method of analysis consisting in investigation of the

inverse phase transformations by means of controlled

heating of the structurally well-defined material with

simultaneous recording of thermophysical properties by

means of differential scanning calorimetry (DSC) and

differential dilatometry was successfully applied.

• The paths of decomposition of austempered ductile iron

while heated up to ca 800 �C were recognized and

discussed, and the scheme of ausferrite decomposition

was established and summarized in Table 2.

• For optimum (processing window) ADI heat treatment,

the stability of ausferrite during non-isothermal tem-

pering up to 400 �C was proved.

Fig. 8 Metallographic cross-section after etching; Tm = 680 �C,

ADI heat treatment (a) 270 �C/20 min, (b) 270 �C/120 min
Fig. 9 Metallographic cross-section after etching; Tm = 790 �C,

ADI heat treatment (a) 270 �C/20 min, (b) 270 �C/120 min
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• For optimum ADI heat treatment, a complete decom-

position of the carbon-rich austenite has occurred

in the range of 400–500 �C, giving rise to the

small increase of hardness resulting from Fe3C

precipitation.

• The results of the designed experiment and metallo-

graphic examinations proved that the acicular ferrite is

preserved up to a relatively high temperature of non-

isothermal ADI tempering.

• The shape of ausferrite decomposition effects on

dilatometric curves (peaks III, IV, and V) allow to

distinguish between the grades of ADI characterized by

definite amounts of high-carbon austenite and acicular

ferrite, depending on temperature of isothermal

transformation.

• Very distinctive, positive dilatometric effect VI corre-

sponding to exothermal DSC peak shows a tendency to

decreasing and shifting towards higher temperatures as

a time of the isothermal transformation increases to

approach an optimum value and can be identified as a

resultant of cementite coagulation and graphitization

processes.

• The absence of effect VI (coagulation and graphitiza-

tion) seems to be an adequate measure of proper choice

of optimum austempering heat treatment parameters.

• The elaborated decomposition scheme allows rational

estimation and selection of the ADI heat treatment type

(standard, two-step, non-isothermal) and its optimiza-

tion by application of the non-isothermal thermal

analysis methods—dilatometry and DSC.

Table 2 The identification of phase transformations proceeding during thermal decomposition of copper–nickel ADI, based on DSC and

dilatometric investigations

Effect T (°C) Transformation DIL DSC

Supersaturated acicular 
ferrite ( sac )

Coherent carbides          
 (Fe 2,4 C)  or

(Fe 2 C)

retained austenite ( r ) r

supersaturated acicular 
ferrite ( sac ) sac

carbon-rich austenite 
( s ) s

sac sac

sac

Coherent carbides          
 ( )

sac sac

s s

Accicular ferrite ( ac)

Cementite Fe3C

 Fe3C Fe3C (coherency lost)

ac

Fe 3 C

s s

ac ac

Fe 3 C Coagulation Fe3C

ac

Fe 3 C

ac

Fe 3 C

ac ac 

Fe 3 C Coagulation Fe 3 C

ac ac 

Fe 3 C Coagulation Fe 3 C

ac 
recrystallization       
Curie Point

Ferrite ( )

Fe 3 C
Fe 3 C  C gr  + 
(graphitization)

Fe 3 C , and graphite 
precipitates C gr

VII ~ 770
Pearlite
Ferrite     
C gr

, Fe 3 C , C gr
Eutectoid 
transformation

Austenite V < 0 ENDO

V  < 0 EXO

Troostite

VI > 650 Sorbite

Divorced 
pearlite,    
ferrite,      

C gr

V  > 0 EXO

s s ac  + Fe 3 C

V > 520

Sorbite

Sorbite

III       
IV

400-520

Troostite
Tempered 

sorbite

V  < 0 EXO

Ausferrite
sac or/and ac

sac ac  + Fe 3 C
stress relaxation

Troostite

V  < 0 EXO

Ausferrite
sac sac ac  + Fe 3 C

Ausferrite

r r sac  +  ( )

Ausferrite Ausferrite

II' 300-400

'temp 
sac sac ac + Fe3C

Troostite

V  < 0 EXO

Ausferrite Ausferrite

II 200-300

' temp ' temp

V  > 0 EXO

Initial structure Final structure

I 80-200

As-quench 
martensite 

'

supersaturated 
tetragonal ferrite 

( tetr )

tetr sac +  ( )   
stress relaxation

Tempered 
martensite 

' temp
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