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Influence of Composition and Austempering
Temperature on Machinability of Austempered
Ductile Iron
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Abstract—Present investigations involve a systematic study on
the machinability of austempered ductile irons (ADI) developed from
four commercially viable ductile irons alloyed with different contents
of 0, 0.1, 0.3 and 0.6 wt.% of Ni. The influence of Ni content, amount
of retained austenite and hardness of ADI on machining behavior has
been conducted systematically. Austempering heat treatment was
carried out for 120 minutes at four temperatures- 270°C, 320°C,
370°C or 420°C, after austenitization at 900°C for 120 min. Milling
tests were performed and machinability index, cutting forces and
surface roughness measurements were used to evaluate the
machinability. Higher cutting forces, lower machinability index and
the poorer surface roughness of the samples austempered at lower
temperatures indicated that austempering at higher temperatures
resulted in better machinability. The machinability of samples
austempered at 420°C, which contained higher fractions of retained
austenite, was superior to that of samples austempered at lower
temperatures, indicating that hardness is an important factor in
assessing machinability in addition to high carbon austenite content.
The ADI with 0.6% Ni, austempered at 420°C for 120 minutes,
demonstrated best machinability.

Keywords—Austempering, machinability, machining index,
cutting force, surface finish.

1. INTRODUCTION

USTEMPERED ductile irons (ADIs) are being used,
worldwide, for high performance applications in the
automotive, rail and heavy engineering industries due to
improved production efficiency, reduced cost, and
combination of excellent mechanical properties such as
hardness, strength, ductility and toughness. ADIs exhibit
unique microstructure of ausferrite comprising of acicular
ferrite and high carbon austenite called “Ausferrite” [1].
Previous investigations have reported that the composition of
base ductile iron and the structural parameters of ADI such as
volume fraction of austenite, carbon content of austenite,
ferrite particle size and morphology of ausferrite, control the
mechanical properties [2]-[9].
Machining is an important step in the production of
components that normally controls the cost. Ductile iron
exhibits good machinability due of the presence of graphite
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nodules, and therefore, results in low tool wear rate, high
metal removal rate and relatively low cutting forces during the
machining operation [10]. Austempering of ductile iron
enhances its strength and wear resistance so that ADI poses
big problems during machining. ADI has been assumed to be
non-machinable by many manufacturers [11]-[13]. This is
often due to its high hardness. It is also due to improper
machining practices. The attempt to machine ADI like an as-
cast ductile iron should not be expected to succeed. Fig. 1
shows the relative machinability of ADI compared to other
materials. ADI is not as easily machined as pearlitic or ferritic
ductile iron, but is comparable to 30Rc hardened steel in metal
removal rates.

ADI is often alloyed with elements such as copper, nickel,
molybdenum and manganese to increase the austemperability
of the material. Carbide-forming elements such as
molybdenum and manganese tend to segregate toward cell
boundaries during the casting process [6]-[8]. Their carbides
can be very detrimental to the machining process, and
significantly reduce tool life. It is recommended from prior
research that the use of molybdenum be reduced as much as
possible, particularly in the presence of higher Mn levels [6]-
[8]. Copper and nickel can be used in place of molybdenum
and manganese to compensate for reduction in
austemperability [9]. In contrast to molybdenum and
manganese, copper and nickel do not segregate at cell
boundaries or form carbides and therefore not expected to
pose detrimental effect on machining.

In austempering heat treatment, the ductile iron casting is
subjected to austenitization in a temperature range of 850—
950°C, for sufficient time to saturate the austenite with carbon
after which castings is subjected to an isothermal quenching at
a temperature range of 250-450°C where the primary austenite
partially transforms to ferrite (first stage of reaction). At
longer austempering times, the austenite, which is present in
the microstructure, further, decomposes to ferrite and fine
carbides. This second stage of reaction is not desirable and
must be restricted because it severely depreciates the
mechanical properties and machinability. The austempering
temperature determines the amount, morphology and size of
phases present in the microstructure. Austempering treatment
at lower temperature results extremely fine ferrite plates
separated by thin films of high carbon austenite, whereas,
more equiaxed blocks of austenite between non parallel
“sheaves” of ferrite platelets results at higher austempering
temperature [8], [9]. At higher austempering temperatures, the
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amount of austenite can reach up to about 40%; however, it
drops to nearly 10% at lower temperatures [14]. During
machining, the force of the tool can cause a localized
transformation in the material in front of the tool. The
austenite on the surface undergoes a strain induced
transformation to Martensite right in front of the tool face by
TRIP effect [15]-[17]. Martensite being harder and more
brittle than the Ausferrite, poses difficulty in machining. At
any particular austempering temperature the austempering
time must be chosen to optimize the mechanical properties
through the formation of a stable structure of ausferrite [18].
This appropriate time can be defined as the time interval over
which the amount of un-reacted austenite volume in the form
of martensite is not sufficient to deteriorate the mechanical
properties and machinability [19], [20].

Relative Machinability (%)

Feritic AlSI 1110 Pearlitic ASTM 850- AlSI 4140
Ductile Iron Frea Ductile Iron 550-10 ADI Steal at 30
Machining Re
Stanl

Fig. 1 Relative machinability of several ferrous materials

TABLEI
CHEMICAL COMPOSITION OF DIS
Element C Mg Si Mn Mo Cu Ni S p Al Fe
DI-0 3.59 0.06 2.71 0.35 0.24 0.60 - 0.016 0.018 0.02 Rest
DI-1 3.59 0.06 2.71 0.35 0.24 0.85 0.1 0.016 0.018 0.02 Rest
DI-3 3.59 0.06 2.71 0.35 0.24 0.85 0.3 0.016 0.018 0.02 Rest
DI-6 3.59 0.06 2.71 0.35 0.24 0.85 0.6 0.016 0.018 0.02 Rest

It is commonly recommended that the machining operation
is done on ADI products prior to austempering, on the base
ductile iron. However, one of the challenges in the application
of ADI is to maximize the machinability of the material after
austempering by choosing a suitable chemical composition
and heat treatment cycle. Present work aims to study the
machinability of ADI developed from four commercially
viable ductile irons alloyed with different contents of 0, 0.1,
0.3 and 0.6 wt. % of Ni. The influence of Ni content, amount
of retained austenite and hardness of ADI on machining
behavior has been conducted systematically.

II. MATERIALS AND METHODS

Four ductile irons of compositions given in Table I were
produced in a commercial foundry using an induction melting
furnace of medium high frequency. In present work,
commercially viable ductile irons with minimum possible
manganese content were produced. Copper and nickel were
chosen to compensate for reduction in austemperability due to
lowering of molybdenum and manganese contents. Copper
and nickel, in contrast to molybdenum and manganese, does
not segregate at cell boundaries and therefore supports
uniformity in austempered structure. The molten metal was
poured from about 1420°C in a ladle preheated to 800°C for

Mg alloy (5 to 7% Mg) for nodulizing and FeSi (65% Si) for
inoculation. Post inoculation was performed with FeSi (65%
Si). The molten metal was cast immediately in the shape of
modified 2.5cm (1l-inch) Y-blocks shown in Fig. 2. The
qualitative and quantitative analysis of microstructure of the
as-cast ductile iron (DI) was observed under optical
microscope with Image Analyzer attachment (Carl Zeiss). The
structural parameters of four DIs are presented in Table II. The
samples of 10 x 25 x 100 mm rectangles were machined from
the leg part of the Y-block castings. These samples were
austenitized at 900°C for 120 minutes, transferred rapidly to a
salt bath held at pre-selected austempering temperature
(270°C, 320°C, 370°C or 420°C) and soaked for 120 minutes
before quenching in water (Fig. 3). The austempered samples
were designated as given in Table III. Metallographic
examination of ADI samples was carried out using scanning
electron microscopy (SEM, JEOL 840A). X-ray diffraction
analysis (XRD, PW 1148/89) was performed on ADI samples
using Cu Ka radiation (A\=1.54 A) at 40 KV and 20 mA in 20
range 40° to 93°, step size 0.1°, with count time of 2 seconds
per step. The carbon content in austenite (C°)) after water
quenching of DI from austenitization temperature was
calculated using empirical relation given by (1) [16]:

sandwich treatment by spheroidization technique using Fe-Si-  C° = (T,/420) — 0.17(wt. % Si) — 0.95 (€))
TABLEII
STRUCTURAL AND MECHANICAL PROPERTIES OF DIS
DI Nodule count, mm™ Nodule size, mm Nodularity % Amount of Ferrite, % Amount of Pearlite, % Hardness Hv10
DI-0 200 0.04 98 10 90 270
DI-1 200 0.04 98 10 90 256
DI-3 200 0.04 98 5 95 238
DI-6 180 0.04 95 4 96 208
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The averages of volume fraction of austenite, X,, average
carbon content of high carbon austenite, C,, and the effective
“ferrite particle size” d,, in ausferrite product were estimated
from XRD patterns for all ADIs under investigation following
procedure described by Cullity [21]. Hardness of DI and ADI
samples was measured using Vicker’s Hardness Tester (IE
make) with 10 kg load. Tensile tests were performed for DI
and ADI samples on universal tensile testing machine of 20
tons capacity, UTS-20 (FI make) to estimate ultimate tensile
strength (UTS), 0.2% proof stress (op,), and percent
elongation (% El). Strain hardening coefficient, n, was
calculated for each ADI using Holloman relationship [22].

PR
25, 4mm

Fig. 2 Modified 1 inch Y’ block of Ductile Iron Casting

Temp*C
Austentizing
900 ¢ 2hours ——

450 | bm e el
Z Austempering Rangs :

250°C Hhermimimimenimis

Time (hours)

Fig. 3 The Austempering Heat Treatment Cycle (Shaded area
represents the possible range of austempering temperature)

TABLE III
SAMPLE DESIGNATIONS

Austempering Temperature, °C

DI
270 320 370 420
DI-0 ADI-0A ADI-0B ADI-0C ADI-0D
DI-1 ADI-1A ADI-1B ADI-1C ADI-1D
DI-3 ADI-3A ADI-3B ADI-3C ADI-3D
DI-6 ADI-6A ADI-6B ADI-6C ADI-6D

In present study, the machining evaluation was performed
on horizontal milling machine. High Speed Steel (HSS)
milling cutter having diameter of 77.30mm was used as tool
for machining operation. The cutter head containing the
milling machine spindle was attached to the ram. The saddle
and knee were hand driven for vertical and cross feed
adjustment. For all samples machining parameters were

maintained at a cutting speed (V) of 54 m/min., cut depth (a,)
of 0.5 mm, and a feed rate (f) of 0.41 mm/revolution. No
coolant was used during the machining. The axial cutting
force was measured with the help of a Dynamometer
KISTLER model 9257 B coupled with multi channel
KISTLER amplifier Type 5070A and data acquisition
software Type 225A-02. A roughness meter SJ 201 Mitutoyo
was selected to nmeasure surface roughness (Ra).
Machinability Index (MI) was measured for all ADIs with
respect to a DI-0 following procedure explain in Westerman
Tables [23], [24]. The DI-0 was assigned an MI of 100.
Accordingly, the Ml is given by (2).

M1 = Ups/ Upa 2

where, Upg is the unit power consumption for DI-0 and Up, is
the unit power consumption by an ADI.

Here Up = Ups/ Upa is in  KW/milligram and Power
consumed (KW) is calculated using (3);

9.8%F V
p=__ xc 3)
60*1000

where, F, is the main cutting force in Kgf and V. is cutting
speed.

III. RESULTS

A. Microstructure

The SEM micrographs of ADI-6 austempered at 270°C,
320°C, 370°C, and 420°C are shown in Fig. 4. All ADIs
exhibit unique microstructure of ausferrite comprising of
acicular ferrite and high carbon austenite. Fig. 4 (a) shows
microstructure of ADI-6, austempered at 270°C in which
extremely fine ferrite plates are separated by thin films of high
carbon austenite. The ferrite plates have grown in length as
well as width in ADI-6 when austempered at 320°C (Fig. 4
(b)). ADI-6 consists of more equiaxed blocks of austenite
between non parallel “sheaves” of ferrite platelets when
austempered at 370°C, and 420°C (Figs. 4 (c) and (d)). The
variations in the microstructures of ADI-0, ADI-1, and ADI-3
with austempering temperatures were similar to those
observed in ADI-6.

(a) (b)
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Fig. 4 Microstructure of (a) ADI-6A, (b) ADI-6B (c) ADI-6C (d)
ADI-6D

B. Structural Parameters and Hardness

The X, and d, estimated from XRD patterns of all ADIs are
presented in Table IV. It is evident that d, and X, increase
appreciably with rise in austempering temperature from 270°C
to 420°C, and it is in agreement with the trend reported earlier
[2], [5]. The hardness of ADIs decreases with increasing
austempering temperature (Table IV).

C. Machinability Index

The machinability index (MI) measured on DIs, and ADIs
are compared in Table IV. As expected, machinability of DI-0

was found to be superior to all other DIs or the ADI samples,
irrespective of Ni content in starting DI or the austempering
temperature, therefore, it was considered as base for
comparison. The MI increased appreciably with increase in
austempering temperature from 270°C to 420°C in all ADI
samples. However, for a selected austempering temperature,
change in Ni content of starting DI causes little change in MI.

D. Cutting Force

Fig. 5 shows that DI-0 required minimum cutting force for
milling operation. The cutting force of DI samples and ADI
samples austempered at austempering temperatures of 270°C,
320°C, 370°C, or 420°C, increased with the increase in Ni
content. The cutting force decreased with the increase in
austempering temperature for all ADI-0, ADI-1, ADI-3, and
ADI-6. ADI samples austempered at 420°C required
marginally higher cutting force in comparison to their starting
DIs. The difference continued to increase with decrease in
austempering temperatures up to 270°C. It can be concluded
that samples austempered at a higher temperature had
significantly higher machinability.

TABLE IV
X, Do HV10 AND MACHINABILITY INDEX (MI) OF ADIS

ADI- ADI- ADI- ADI- ADI- ADI- ADI-
0A 0B 0C 0D 1A 1B 1C

ADI- ADI- ADI- ADI- ADI- ADI- ADI- ADI- ADI-
1D 3A 3B 3C 3D 6A 6B 6C 6D

X,, Vol fraction ~ 0.20 0.23 038 040 020 023 0.39

0.41 022 024 039 041 022 024 040 042

dy, nm 17 18.5 21 23 17.4 19 22 24.5 18.2 21.6 26.3 28.2 19 22 27 28
HV10 407 399 327 308 412 410 325 307 410 398 322 302 405 390 320 298
MI 69 81 92.5 99.6 74.4 83.2 87.1 98 72.9 79.1 85.9 95.8 74.6 80.4 84.8 97.1
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Fig. 5 Cutting force (N) for all DIs and ADIs

E. Surface Roughness

Testing was conducted according to DIN 4768 standard.
Machining surface quality was measured for test pieces which
were machined under the conditions described above. The
results are shown in Fig. 6. Lower R, corresponds to a better
surface finish. It is obvious that at constant cutting speed and
cutting depth, increasing the austempering temperature
improves the surface quality. In present case, for a cutting
speed of 54 m/min., feed rate of 0.41lmm/rev, and cutting
depth of 0.5mm, ADI-6 austempered at 420°C exhibited the
best surface quality and the least R, and this can be related to a
better machinability.

Fig. 6 Surface Roughness (Ra(p)) of DI and ADI samples

IV. DISCUSSION

It is critical to choose a suitable austempering time to gain
optimized mechanical properties since the nature and amount
of phases present in the microstructure affect hardness.
Austempering temperature strongly influences the amount and
morphology of the phases present in the microstructure and
consequently the mechanical properties and machinability.
Fig. 3 shows typical micrographs of ADI-6 specimens after
austempering at optimum times for each austempering
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temperature. The results were similar for ADI-0, ADI-1, ADI-
3, and ADI-6. Higher austempering temperature results in
coarser ferrite and also higher amount of high carbon
austenite, which in turn reduces the hardness of the specimen
(Table IV). In contrast, when the austempering heat-treatment
is carried out at lower temperatures of 270°C and 320°C, it
results in a higher nucleation rate of ferrite and consequently
the microstructure contains finer ferrite and lower volume
fraction of high carbon austenite and that is why these
specimens show higher hardness. High carbon austenite
transforms to martensite during machining and makes the
microstructure harder to be machined. Therefore, it seems that
presence of austenite in the microstructure will reduce the
machinability. The variation of austenite content with
austempering temperature is given in Table IV. According to
the X-ray diffraction results, specimens which were
austempered at 370°C and 420°C contain about 38% and 42%
of high carbon austenite in the microstructure. However, this
is only 20% and 24% for austempering temperatures of 320°C
and 270°C, respectively. Therefore it can be inferred that,
presence of austenite in the microstructure is not the only
factor that reduces machinability. Otherwise the samples
austempered at higher temperatures would have a lower
machinability in comparison with those austempered at lower
temperatures due to their higher amount of austenite.
However, results show that higher austempering temperatures
results in a higher machinability compared to that of lower
austempering temperatures. As shown in Table IV, hardness is
very sensitive to variations of austempering temperature and it
is certain that changing hardness affects the machinability.
Additionally, producing a sound casting, without any
microstructural defects, is an essential factor for machinability
improvement and a prefect microstructure will help the
machinist to machine the product more easily. For this
purpose care must be taken in selection of the alloying
elements and casting procedure. In this study, addition of
nickel in ADI has clearly indicated improvement in
machinability, which is expected due to its tendency to result
into more uniform austempered structure and reduction in
carbides at the eutectic cells.

When a high normal force is applied to ADI, a strain
induced phase transformation occurs on the surface of the part.
The force exerted by the tool during milling can cause a
localized phase change in the material in front of the tool.
Austenite on the surface undergoes a transformation to
martensite which is harder and more brittle. Therefore, this
transformation right in front of the tool face makes the
material even more difficult to be machined [25]. Avishan et
al. [26] have shown that the hardness of the machined surface
will be increased as a result of a TRIP effect on the surface of
the specimens during machining under applied force. The
variation of the surface hardness at cut depth were studied and
it was shown that specimens austempered at 420°C have a
lower hardness compared to that of specimens which were
austempered at 270°C, 320°C, and 380°C. Therefore, this
hardness change at the machining surface can further
influence the machinability. As this increase is more severe in

lower austempering temperatures, then it will reduce the
machinability strongly. It can be seen in Table IV that MI of
specimens’ austempered at 420°C was highest. Because of the
higher hardness of parts austempered at lower temperatures,
MI was lower. During machining the tool/product interface
locally becomes very hot, and this is very effective in reducing
the machinability. This is more evident during the machining
of samples austempered at lower temperature, because,
hardness change is very sensitive to austempering temperature
variations. According to Table IV, a lower austempering
temperature promotes hardness. As shown in Fig. 4 and Table
IV, structural features responsible for this are the fine
distribution of acicular ferrite plates and low level of austenite.
However, at higher austempering temperatures, the upper
ausferrite structure contains more austenite, feathery ferrite
and no carbides. These reduce the hardness and improve the
ductility effectively [26], [27]. That is why the temperature at
the tip of the machining tools rises severely in contact with the
specimen surface during the machining of the test pieces
which were austempered at lower temperature. According to
Fig. 6, samples austempered at a higher temperature showed
better surface roughness, which is a result of the easier metal
removal. Increasing the austempering temperature to 420°C
improves the machinability considerably. When the hardness
of products increases, metal removal becomes harder. The
machinability of the softer grades of austempered ductile irons
is equal to or better than that of steels with similar strength
[18]. In general, although the machinability of ADI is lower
than regular pearlitic and ferritic ductile irons, they can be
machined more easily than steels of the same hardness. This
indicates that from the machining point of view, replacement
of the steel products with softer grades of ADI is practical if
mechanical properties are securing. This can help industry to
use ADI for its economic advantages.

V. CONCLUSIONS

The following conclusions are drawn from the present
study:

1. The ductile iron without nickel offer least cutting force,
and it increases with the increasing concentration of
nickel in the ductile iron.

2. The cutting force of ADI decreases with increase of
austempering temperature for all compositions of nickel
and increases with increasing nickel concentration at all
austempering temperatures.

3. The cutting force requirement for ADIs austempered at
420°C approaches to their starting DIs. Therefore,
austempering at 420°C is considered an ideal heat
treatment condition for achieving machinable ADI.

4. The best surface finish during machining is found to be
function of hardness. In present case, ADI6D displayed
the best surface finish.

5. ADI6D also demonstrated the best machinability index
among the ADIs investigated in present study.
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