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1. ABSTRACT:-

The austempering process was first developed in the early 1930's as a result of work that Bain, was
conducting on the isothermal transformation of steel. In the early 1940's Flinn applied this heat treatment to
cast iron, namely gray iron. In 1948 the invention of ductile iron was announced jointly by the British Cast
Iron Research Association (BCIRA) and the International Nickel Company (INCO).

Since the mechanical properties of ductile iron depend essentially on the matrix, further
enhancements might be achieved by improving the matrix microstructure. The austempering process is an
isothermal heat treatment in the bainitic transformation range, usually 250-450°C. This resulted in austempered
ductile cast iron, with twice the Strength of ductile iron at the same level of toughness and ductility. ADI also
has advantages over other materials such as cast or forged steels. This is because ADI has good castebility,
lower processing cost, higher damping capacity, and a 10% lower density.

What material offers the design engineer the best combination of low cost, design flexibility, good
machinability, high strength to weight ratio and good toughness, wear resistance and fatigue strength?
Austempered Ductile Iron (ADI) may be the answer to that question. ADI offers this superior combination of
properties because it can be cast like any other member of the Ductile Iron family, thus offering all the
production advantages of a conventional Ductile Iron casting.

For a typical component, ADI costs 20% less per unit weight than steel and half that of aluminium.

My thisis work pertains to study of conventional machining by Milling Process undertaken on a wear
resistant materil, ADI

KEYWORD:- Milling Machine, coolant, Different grade of ADI materials cutting tool and different
material job.

2. INTRODUCTION:-
Austempered ductile iron (ADI) has a microstructure containing spheroidal graphite embedded

in a matrix which is in general a mixture of phases. Of these, bainitic ferrite and austenite are the most desirable
phases, but in many cases small amounts of martensite and/or carbides may also present in the
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microstructure. The bainitic ferrite is generated during isothermal transformation of austenite at
temperatures below the bainite start (Bs) temperature; this heat treatment is known as "austempering".
An optimum combination of high carbon austenite and bainitic ferrite confers excellent mechanical properties to
such cast irons. The proportions of phases change with the chemical composition and heat treatment, making it
possible to produce a family of ADI's. This in turn allows a Wide range of applications with ADI
competing favorably against steel forgings and aluminum alloys in terms of mechanical properties,
manufacturing cost, physical properties and weight saving

For a typical component, ADI costs 20% less per unit weight than steel and half that of aluminium.
On analyzing the cost-per-unit-strength of ADI v/s various materials as shown in Fig. 1.1, the economic

importance of ADI become apparent.

Unit of Cost / Unit of Yield Strength
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=
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Forged Cast Cast Forged Heat Treated Cractile ADL
Aluminum Aluminum Steel Steel Steel Tron

Figure 1.1: Relative cost per unit-of yield strength of various materials.

Before indicating some applications of ADI it is important to remember some physical
characteristics which combined with the mechanical properties of ADI,open the market for this material in
many different industries, but particularly for automotive components:

1) Good castability and near net shape casting production of parts.
2) 10%lower density than steel.

3) Higher damping capacity than steel which makes the parts to absorb energy 2-5 times more than steels,
thereby reducing the level of noise to about 8-10 decibels in gear boxes

The Heat Treatment

The ADI heat treatment cycle consists of three main stages.
1) Austenitizing
2) Quenching
3) Isothermal Transformation
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Figure 2.5: Schematic illustration of all stages of austempering heat treatment

The final properties of the ADI are determined by all of these stages. The most important stage among them is

the isothermal transformation.

LITERATURE REVIEW:-

Cast Irons
Although the focus of the work in this thesis is on Austemperd ductile iron, a brief
introduction to cast irons in general is useful since ADI emerged as a new member of the family during the
1960's. The list of cast irons is big and this section describes only the most important ones.

Cast iron is a Fe-C-Si alloy that often contains other alloying elements and is used in the as-cast
condition or after heat treatment. Cast irons offer a virtually unique combination of low cost and engineering
versatility. The tow cost together with cast ability, strength, machinability, hardness, wear resistance, corrosion
resistance, thermal conductivity, and damping makes them excel even amongst casting alloys.

Typical chemical composition of ADI

ADI nominally has the composition Fe-3.6C-2.50S1-0.5Mn-0.05Mg wt%, but a variety of other

additions may be made. It is common to see additions of elements such as Mo, Ni and Cu. One reason

for alloying is to suppress the pearlitic reaction so that the
austenite can transform into bainite. Other elements such as chromium and vanadium may be added also to
improve hardenability. However, this is not common since these are strong carbide forming elements.
Austenitizing

Austenizing temperature and time are two main factors that affect the final properties of ADI. The

austenitizing temperature controls the carbon content of the austenite, which in turn affects the structure and

properties of the austempered casting. The austenitizing temperatures above 925°C increase the carbon content
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of the austenite that increases the hardenability, while lowers the ductility through the formation of bainite
after isothermal transformation stage. Reducing the austenitizing temperature produces ADI with the best
properties, but in this case silicon content, which exerts a strong influence on this critical temperature, should

be controlled carefully.

Quenching

Quenching is the second stage of the Austempering Heat Treatment. In this stage, the most important
factor that affects the final mechanical properties of ADI is the cooling rate of the austenitized casting. The
importance of the cooling rate can be seen from the TTT diagram as shown in Fig.2.10, which shows the

regions of transformation according to the microstructures.
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Figure 2.10 Typical TTT Diagram for a low silicon ductile cast iron [33].

The line 1 on the figure shows the path of an unsuccessful bainitic transformation, because of the low
cooling rate the transformation path crosses the pearlite region, which results in reduction of mechanical
properties of ADI. The bainite transformation is an isothermal transformation between temperature ranges from
400°C to 250°C, after cooling/quenching from austenising temperature.

The amount of alloying elements is also important for quenching stage. Addition of alloying elements
like Cu and Mo shift the C curves to left on TTT diagram and this motion stimulates the perlitic reaction.

Therefore to avoid the formation of perlitic microstructure the cooling rate must be increased.
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EXPERIMENTAL PROCEDURE:-

Material

The ductile iron for the present work was developed in a commercial foundry. It was cast in the shape
of 1-inch Y-block as shown in Fig.3.1(a and b). The composition and structural parameters of the as cast

ductile iron are given in Tables 3.1. The microstructure of the as cast ductile iron is given in Fig.3.2.

E.ﬂ-’

oo
[
=
¥ L )
1 l 8 -
Figure 3.1(a): The dimensions of Y block. (All the dimensions are given in inches)
Figure 3.1(b): Isometric view of Y block.
Table 3.1: Chemical composition of the as cast ductile iron.
MATERIAL NAME C Ni Si Mn Mg

L1 3.2-3.6 0.00 2-2.5 <0.23 0.004

L2 3.2-3.6 1.30 2-2.5 <0.23 0.004

L3 3.2-3.6 1.60 2-25 <0.23 0.004

Specimen Preparation

The ductile iron samples were cut from the leg part of the

austenitization and austempering parameters the ductile iron samples of dimensions 100 x 25 x 10mm
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were cut as shown in Fig.3.2.(a & b).

Figure 3.2(a): Ductile iron sample for austempering heat treatment process and machinability analysis
Heat Treatment

The development of Austempered Ductile Iron from the ductile iron involves austenitization

followed by austempering as explained in Section 2.3 of Chapter 2 of Literature

Review.Working of horizontal milling machine

The cutter head containing the milling machine spindle is attached to the ram. The cutter head can be
swiveled from a vertical spindle position to a horizontal spindle position or can be fixed at any desired angular
position between vertical and horizontal. The saddle and knee are hand driven for vertical and cross feed
adjustment while the worktable can be either hand or power driven at the operator’s choice.

Specification of Milling Cutter

Milling cutters are usually made of high-speed steel and are available in a great variety of
shapes and sizes for various purposes. You should know the names of the most common classifications of
cutters, their uses, and, in a general way, the sizes best suited to the work at hand.

Figure 3.8 shows two views of a common milling cutter with its parts and angles identified. These parts and
angles in some form are common to all cutter types.

PRIMARY CLEARANCE

ANGLE WIDTH
DEFTH OF SECONDARY CLEARANCE
TOOT LAND \ ANGLE __
- = "- e
-—-"'-.-
PITCH OF —
TEETH KEYWAY —
SPIRAL OR ﬂf‘
HELIX ‘
ANGLE
--"""-.
DIAMETER FACE OF ﬁ
TOOTH
I
CUTTING EDGE END OR SIDE
|*— OUTSIDE DIAMETER —¥ OF CUTTER
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Figure 3.8: Milling cutter nomenclature.

bring this test various parameters described under were studied
e Cutting forces during horizontal milling.
e Surface roughness.

e Surface hardness.

Tool and material removal rates

Weight loss of tool as well as of the material ADI was measured using weighing machine of MJ-300 make &
Type BL | 220H having capacity 310 grams with accuracy of 0.001 grams. The response variables to be

evaluated are as follows:

Material removal rate (MR¥igiasofaleotktgdeasfollows: Reduction in

Density of work piece X machining time

Tool wear rate (TWR) was calculated as follows:

Reduction‘in weight of tool
Density of tool x machining time

RESULTS AND DISCUSSIONS:-

The ductile iron, after its optimized austenitization is quenched immediately in salt bath maintained
at preselected austempering temperature and hold in the bath for different austempering time periods
before quenching these in water. The austempering temperature controls the microstructure morphology, the
scale of phases developed, where as austempering time controls the amount of various phases developing
during the process such as bainitic ferrite, retained austenite, martensite, carbide etc. Therefore, in the present
work two austempering temperatures of 370°C and 320°C were selected to develop ADI with lower
bainite / lower + upper bainite / upper bainite so that different grades of ADI could be developed. The
austempering time was optimized from the processing window in an earlier work. 120 min. of austempering
was therefore selected for the machinability testing in the present work. Also, study of microstructure with

changing austempering time from 30 to 120 min. was carried out
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Hardness Study

Figure 4.5 and Table 4.1 show the variation in hardness with austempering temperature and
types for ADI developed by austenitization at 925°C for 120min. followed by austempering at 270°C, 320°C ,

370°C and 420°C for 120 min.

Table 4.1: Variation in Hardness with austempering temperature and material composition

- MATERIALS L1 L2 L3
M (H.V) (H.V) (H.V)
420 254 309 327
370 262 327 350
320 299 354 369
270 342 388 394
D.I 242 281 297
450
400
>
I 350 e
A
L1 @ ——
=]
300 3 2 .-
T
L3
250
200 T . .
270 320 370 420
DI

Austempering temperature (°C)
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Figure 4.5: Variation in hardness with austempering temperatures and material composition.
From the graph three things are evident:
e Hardness decreases with the increase in austempering temperature, which means fine bainite is
harder than coarse bainite.
e Material having greater nickel content has greater hardness.

e Increase in hardness is not proportional with the increase in nickel content, so there is a limit to

addition of nickel to increase the hardness.
Analysis of cutting forces
A tri-axial dynamometer mounted on the horizontal milling machine and coupled to a multi-
channel amplifier was used for measurement of cutting forces. Cutting forces during convectional

horizontal milling operation on all the samples (3 different composition and 2 temperatures) were

calculated.

Chips were collected after each cut and examined visually as shown in Fig.4.13.

Graph of cutting forces v/s austempering temperatures
The cutting forces required for milling  operation on material L1, heat treated at different
temperatures as shown in the Table 4.5.The variation of forces required for material heat treated at different
temperatures are shown in Fig.4.10.

Table 4.5: Variation of cutting forces with austempering temperatures of material L1.

Austempering Temperatures(°C) Cutting forces(N)
Dl 15.276
370 16.538
320 18.874

Graph of cutting forces v/s austempering temperatures

The cutting forces required for milling operation on material L1, heat treated at different
temperatures as shown in the Table 4.5.The variation of forces required for material heat treated at different

temperatures are shown in Fig.4.10.
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Table 4.5: Variation of cutting forces with austempering temperatures of material L1.

Austempering Temperatures(°C) Cutting forces(N)
DI 15.276
370 16.538
320 18.874
20
g 19
3 18 18.874
o
(I
o> 17
=
o 16 16.538
15
15.276
14 T T
320 370
DI

Austempering Temperature (°C)

Figure 4.10: Variation of cutting forces with austempering temperatures of material L1.

The cutting forces required for milling operation on material L2, heat treated at different
temperatures as shown in the Table 4.6.The variation of forces required for material heat treated at different

temperatures are shown in Fig.4.11.

Table 4.6: Variation of cutting forces with austempering temperatures of material L2

Austempering Temperatures(°C) Cutting forces(N)
DI 17.737
370 20.641
320 22.345

IJERTV 21560512 www.ijert.org 1573



Cutting Force (N)

23
22
21
20
19
18
17
16
15

International Journal of Engineering Research & Technology (IJERT)
ISSN: 2278-0181
Vol. 2 Issue 6, June - 2013

22.34

20.641

17.737

320 370
DI

Austempering Temperature 9°C)

Figure 4.11: Variation of cutting forces with austempering temperatures of material L2.

The cutting forces required for milling operation on material L3, heat treated at different

temperatures as shown in the Table 4.7.The variation of forces required for material heat treated at different

temperatures are shown in Fig.4.12.

1JERTV 21560512

Table 4.7: Variation of cutting forces with-austempering temperatures of material L3.

Cutting Force (N)

Austempering Temperatures(°C) Cutting forces(N)
DI 18.747
370 22.092
320 23.292
24
23
23.292
22
21 22.092
20
19
18 18.747
17
16 : T
320 370
DI
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Austempering Temperature (°C)

Figure 4.+2: Variation of cutting forces with austempering temperatures of material L3.

Strain Induced phase transformation is a big problem in machining ADI i.e. 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 to$l during milling, drilling, or turning 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 than the ausferrite structure. Therefore, while machining ADI, this transformation right in

front of the tool face makes the material even more difficult to machine. '

24
22
z
S 20
e
K=l
18 > L1 ——
L2 g —i—
16
3 ©
14
12

320 370 DI

Austempering temperature(°C)

Figure 4.13: Variation in cutting forces with austempering temperatures and materials.

Figure 4.10 Shows that the cutting forces decreases with increase in temperature and is least for the material
without heat treatment, for L1.Figure 4.11 and 4.12 also shows the same trend but for same
austempering temperature cutting force of the material L2 is appreciably greater than that of material L1.
Whereas the cutting forces variation between L3 and L2 at same austempering temperature is there but not

as appreciable as between L1 and L3.

IJERTV 21560512 www.ijert.org 1575



International Journal of Engineering Research & Technology (IJERT)

ISSN: 2278-0181
Vol. 2 Issue 6, June - 2013

The morphology with the milling of the ductile iron and ADI of three different composition developed

in the present work shows more discontinuous coarser chips with increase in the cutting force

Analysis of surface roughness

3.5

25

15

0.5

1JERTV 21560512

Material L1

Table 4.8: Variation of surface roughness with austempering temperatures of material L1.

Austempering Temperatures(°C)

surface roughness(Ra-um)

Dl 3.50
370 2.92
320 1.42

Material L2

Table 4.9: Variation of surface roughness with austempering temperatures of material L2

Austempering Temperatures(°C) surface roughness(Ra-pm)
DI 3.25
370 2.75
320 1.39
B
= 3.25
4]
S
A
(<5}
c
=
(@]
>
[@)]
o 1.39
D
Q
S
=
n
320 DI

Austempering temperratures (°C)
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Figure 4.16: Variation of surface roughness with austempering temperatures of material L2.

Material L3

Table 4.10: Variation of surface roughness with austempering temperatures of material L3

3.5
e
:.5' 3
o]
o 2.5
N
7
[<5) 2
c
S
> 15
(@]
nd
© 1
Q
I
‘=
S 0.5
(7]
0

Austempering Temperatures(°C) surface roughness(Ra-um)
DI 3.15
370 2.69
320 1.35
3.15
2.69
1.35
320 370 DI

Austempering Temperature (°C)

Figure 4.17: Variation of surface roughness with austempering temperatures of material L3

Surface roughness Ra(um)

4 —
35
3
L1 ——
L3 -
15
1
320 370 D.I

Austempering temperature(°C)
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Figure 4.18: Variation in surface roughness with austempering temperatures and materials.

Figures 4.15, 4.16 and 4.17 shows the surface roughness increases with increase in austempering

temperature, respectively, and is greatest for the material without austempering treatment. The same pattern is

visible for all the three materials L1, L2 and L3.

c) DI-L4
Figure 4.19: SEM microstructure of machined surfaces.
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Table 4.11: Variation of cutting forces with materials of DI.
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Material Cutting forces(N)
L1 15.276
L2 17.737
L3 18.747
20
19
=
- 18 18.747
o
L? 17 17.737
(@]
[
S 16
>
&)
15 15.276
14 T
L1 L2 L3
Materials

Figure 4.20: Variation of cutting forces with varying % of Ni of DI.

Austempering temperature 370°C

Table 4.12: Variation of cutting forces with materials, austempered at 370°C.

Material Cutting forces(N)
L1 16.538
L2 20.641
L3 22.092
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22.092
20.641
16.538
L1 L2 L3
Materials

Figure 4.21: Variation of cutting forces with materials austempered at 370°C.

e Austempering temperature 320°C

Table 4.13: Variation of cutting force with materials, austempered at 320°C.

Material Cutting forces(N)
L1 18.874
L2 22.345
L3 23.292
25
24
£ 23
23.292
§ 22 22.345
LCL) 21
o> 20
= 19
>
O 18 18.874
17
16
L1 L2
L3
Materials
Figure 4.22: Variation of cutting forces with materials austempered at 320°C.
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-

L1 L3 L4

Increasing Ni %
Figure 4.23 Variation of cutting forces with increasing % of Ni.

The Fig.4.20, 4.21 and 4.22 shows that for same austempering temperature, cutting forees=increases with

increase in nickel (Ni) content. This increase is appreciable when nickel content increases from 0% to 1.3% but

not so varying between 1.3% and 1.6%.

Hardness values comparison before and after machining

290

280

270

260

250

240
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Hardness value H.VV
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310
299
278
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3

Austempering Temperature(°C)
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Figure 4.25: Comparison of hardness values of unmachined and machined material L1.

Hardness value H.VV
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Figure 4.26: Comparison of hardness values of unmachined and machined material L2.

Hardness value H.V

380
370
360
350
340
330

320

77

369
363

304
297

370 DI

Austempering Temperature(°C)

Figure 4.27: Comparison of hardness values of unmachined and
machined material L3.

=@=Unmachined
== machine

Figures 4.25, 4.26 and 4.27 shows that the hardness values of the

material increased after machining, because retained austenite is

converted into martensite’ due to phenomenon of strain hardening

during the machining of the samples.
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Conclusions

The aim of the work presented here is to study the machinability of ductile irons austempered at
various temperatures for 2 hours. In order to do this cutting forces, surface qualities and power requirement
were evaluated and the results were compared to each other.

Following conclusions can be drawn from the present work

1. Hardness increases from 254 H.V to 342 H.V of material L1, 309H.V to 388H.Vof L2 and 327H.V
to 394H.V of L3 as austempering temperature decreases from 420°C to
270°C.

2. The amount of retained austenite in the matrix increases from 40.3% to 45.4% of L1,
38.4% to 44.6% of L2 and 35.3% to 43.8% of L3 with increase in austempering temperature
from 320°C to 370°C.

3. During milling is at 320°C austempered ductile iron offer a cutting force of 22.3N as compared to
20.6N at 370°C.

4. Cutting forces increases from 23.3N to 17.7N with increase in hardness from 254 H.V to

394 H.V and increases with decrease in austempering temperature from 320°C to 370°C.

5. Surface roughness increases from 1.35um to 3.50um with increase in austempering temperature
from 320°C to 370°C.
6. Power requirement is also increases from 0.0113W to 0.0172W with increase in hardness from 254 H.\VV

to 394 H.V and increases with decrease in austempering temperature.
7. The retained austenite in the matrix of ADI decreased from 40.3% to 35.5% after machining

considerably as compare to unmachined ADI.
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