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ABSTRACT

The present work was carried out to study the erfe of austempering and austempering time on
the workability and the mechanical properties @& thuctile iron (DI). The results show that, the
austempering process increases tensile strengthamdess as well as the workability. Also, the
austempering process decreases the ductility antufie toughness of the ductile iron. Moreover,
the effect of austempering time on the mechanioapgrties was evaluated. It has a slight effect
on strength and hardness whereas it has no effietteofracture toughness. On the other hand, the
workability limits are improved with the increasdet austempering time. Although the
austempered ductile iron has a lower ductilitystitl has good toughness. The ductility was
improved when the austempering time within the eafrgm 30 to 60 minutes; however it was
slight affected above 60 minutes.
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1. INTRODUCTION such as cast iron parts in applications involving

Ibrahim et al. [1] claimed that, a combination gfth ~ impact loads combined with wear, rail, defense and
yield strength and high plane strain fracture heavy engineering industries. A combination of very
toughness cannot be obtained in any structuralhigh yield strength and fracture toughness is iftwal
material. However, Austempered ductile iron (ADI) Structural components, because this will increase t
has attracted considerable interest in recent yeargVorking stress range for load-bearing components.
because of its excellent mechanical properties asch These attractive properties of ADI are relatedt$o i
high strength together with good ductility, goodawe  unique microstructure that consists of ferrite aigh
resistance, and good fatigue properties [2-6]. carbon austenite, which is often referred to as
Other studies [7-12] indicated that this rather new ausferrite [7,13]. Austempering treatment process i
family of engineering materials also offers a great hormally used for producing such ausferritic
potential for cast parts in applications involving Structure by austenitizing the casting in a temipeea
many critical components in automobiles industry, "ange of 850-950 °C for sufficient time to get &yfu

such as crank shafts, steering knuckles and hypoid@ustenitic matrix, and then quenching itoin an

expected to increase in the future, not only in the €asting is maintained at this temperature for 2-4 h
automobile industry, but also in many other fields Such austempering is often called conventional or
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single-step austempering [14,15]. Ductile or nodula temperatures Retained austenite increases as the
cast iron when subjected to austempering heattemperature of austempering increases up to 1]h [20
treatment produces a microstructure consisting of Short austempering time produces a microstructure
ferrite and high carbon austenite [16] consisting of ferrite and retained austenite wime

The mechanical properties of ADI vary depending on martensite; as the austempering time increases,
the alloying elements added during casting, austenite become_s more stable [26]. Retained
austenitizing and austempering temperature, anel tim austenite  determines the hardness values of
[17-19]. Austempering temperature is one of the SPecimens [20]

major determinants of the mechanical properties of The greater the amount of upper bainite in the
ADI castings [20] microstructure, the higher will be its tendency to
Once the austempering temperature has beertindergo transformation to strain-induced martensite
selected the austempering time must be chosen to [25]:

optimize properties through the formation of a Eab The experimental work of Rezk et al. [27] indicates
structure of ausferriteAt short austempering times, that it is possible to obtain a structure consistir
there is insufficient diffusion of carbon to the bainite-ferrite and austenite in malleable iron by
austenite to stabilize it, and martensite may form treatment in the upper-bainite range. The austenite
during cooling to room temperature [21] being attained at tempering temperature ranging fro

Kumari and Rao [22] investigated the wear behaviour 300°C  to  450C, depending on the chemical
of austempered ductile iron austenitized at°@fr ~ composition as well as the nodules count [28, 29].

30 min and austempered for 2 h at 260, 280, 300,The alloying elements, such as carbon, silicon and
320, 350, 380 and 40G. They concluded that when copper content, influence in a straight way on
austempered at temperatures greater tharG350 mMmicrostructure. Also, the hardness, in generathef
coarse ferrite is was observed to be separated frontasts, is directly related to the chemical comparsit
each other by blocky austeniteAt higher Moreover, impact properties of the spherodial
austempering temperatures of 350-400 the graphite cast iron are influenced by the pearlite
microstructure consisted of very coarse and fegther content [30].

ferrite with relatively large amount of bulky Cracking and defects in metal working processes
austenite Also, the tendency to form strain induced occur frequently because of the trend toward fogmin
martensite increased systematically as austemperingnore complex shapes in difficult- to- form alloys.
temperature is was increasédoreover, formation of  method of characterizing workability where free
the martensite increased the strength of the matrix surface fracture is dominant, as is the case during
and made it more difficult to deform [22] upsetting, has been developed for wrought materials

The ability of austenite to transform to martensite [31].

under strain depends on several factors [23], smime In the present work, the effect of the austempered
which are the carbon content of the austenitesizis time on the workability and mechanical propertiés o
and morphology, and its distribution within the the ductile cast iron is investigated.

microstructure. All these parameters can be varied
varying the heat treatment parameters such ag?- EXPERIMENTAL WORK

austenitizing temperature and time as well as theTotal amount of 100 kg of nearly eutectic gray cast
austempering time and temperature. iron, which chemical composition is listed in Tahle
Daber et al. [24] studied the DI behaviour at three was melted in an_acidic mediu.m frequency induction
austenitizing temperatures, namely 850, 900 and furnace. Ferro silicon magnesium aII.oy (Fe, 65% Si,
950°C and different austempering temperatures of 9-10% Mg)was used for spheroidization treatment.

300, 350 and 400°C. They proved that the The magnesium addition method, used in this
austenitizing temperature of 900 °C appears tchbe t investigation, was a vortices method. As shown in

optimum, because the best mechanical propertiesFig. 1. The Fe-Si-Mg alloy was added to the molten
were observed on austenitizing at 900°C metal after melting in a separate small ladle with

Increasing austenitizing temperature increased theMany holes closed by sheets of aluminum immersed

tendency for the formation of strain-induced in the molten metal ladle. Then, the Fe-Si-Mg alloy
: : ladle was rotated by an electric motor to permé th
martensite at all austempering temperatures [24]. Fe-Si-Mg alloy 1o ()jliffuse the molten Fr)netal o
It has been shown [25] that a high austempering roquce a homogenous alloy. The molten alloy was
temperature generally results in a microstructure poured in a Y-shaped sand mould. The pouring
consisting of retained austenite with low stability temperature was kept constant at 45@x°C using
Such retained austenite will easily undergo strain- 4 platinum-platinum rhodium (Pt/Pt Rh- 10%)
induced transformation to martensite, if compared thermocouple connected to a sensitive mill-

with austenite of ADI austempered at low
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voltmeter. The Y-bloke casting (JIS.G 5502) is surface of the specimen during the forming process.
shown in Fig. 2 and its chemical composition itells ~ The final height (i and the final diameter (Pwere

in Table II. measured. The diameter was measured in three
Austempering is an especial isothermal heat locations through the specimen height_(top, middle,
treatment process that can be applied to ductiéé ca @nd bottom). The mean diameter, axial and hoop
iron to increase its strength and toughness. Fig. 3Strains were calculated from the following equadion
illustrates the isothermal diagram of the used Axial strain g, = In (H;/H,)

austempering process. The austenitizing and Hoop strain g= In (Ds/D,)

austempering  temperatures are chosen a
recommended by previous investigations [20,22,24]
Nodular cast iron was first austenitized at 9Ddor
one hour in an electric resistance furnace to get a3- RESULTS AND DISCUSSION
uniform matrix of austenite [2]. This was followbg 3.1 Metallographic Examination
quenching in molten salt bath (Nitrate/nitrite) at
350°C, so a bainitic matrix and retained austenyge (
was formed. The specimens were kept at the
austempering temperature for different times (3D, 6
90 min) to determine the austempering time
associated with the best mechanical properties.

Finally, the specimens were quenched in cold Waterbainite amount transformed during austempering,

o room temperature. _ . while the white areas represent the retained aitisten
The microstructure of the specimens was studied byThe apparent bainite areas are composed of lower
optical microscopy. Specimens, were also, subjectedpainite plates in a needle form and retained aitsten

to Brinell hardness, tensile, impact and upsetting captured between the bainite plates.
tests. Therefore, Y-blocks were sectioned, machlnedIt is obvious that, the amount of apparent baiiste

for specimens preparation for each of these tests. increasing by increasing the austempering time. The
The metallographic specimens were selected at thespecimen microstructure, at 30 min in Fig.4-b, show
center of the block and prepared to the dark areas representing the martensite and the
metallographic ~ examination ~ with the usual retained austenite. The martensite structure iy ver
procedure. Moreover, microscopic study was used tofine and can not be revealed by optical microscope.
count the nodules per unit area as well as théderr Specimens with longer holding time have lower
percentage. bainite and retained austenite only, Fig. (4-c 4.

The tensile test specimens were prepared according‘,)_2 Tensile Test Results

to ASTM E8M and tested using a universal testing ] i )
machine. The yield stress, ultimate tensile strength as asl

. the elongation percent of ADI at different conditso
To evaluate the fracture toughness, the specimens, presented in Fig.5. It is obvious that, the

were tested using Impact test. The impact Spemmensaustempering process has caused the yield strdss an
were prepared according to ASTM E399. tensile strength to increase to more than 100%
Moreover, the workability limits were determined However, it seems that most of such strengthening
using the upsetting process. The upsetting speemeneffect has taken place during the early stage of
were prepared in a cylindrical form with different austempering process. Increasing the austempering

height to diameter ratios (0.5, 1.0, and 1.5). &larg time for more than 30 min. has little effect on the
of the cylindrical surface, which is a disadvantéme strength.

flow stress measurements, actually furnishes
considerable flexibility for workability testing.
Friction conditions, variation of the contact suda

as well as the cylinder aspect ratio lead to a gbani

the barrel curvature and, consequently, changieg th
secondary tensile hoop stress developed at thes bulg
surface. Thus, the upset can be used to provide &8.3 Fracture Toughness

wide range of stresses and strains to evaluate therhe results obtained from impact test, at different
workability. austempering time, are shown in Fig. 6. The results
Different strain paths were generated by using show that the austempering process decreases the
different height/diameter ratios and friction toughness of DI. Besides, the austempering time
conditions. To determine the limit strains, thetdes (more than 30 min.) has insignificant effect on the
were stopped when cracks were observed on thetoughness of ADI.

S\Nhere R and H are the initial diameter and initial
" height of the perform specimen, respectively.

As shown in Fig. 4-a, DI is composed of nodular
graphite in a ferritic matrix as a result of thelgidn

of Fe-Si-Mg alloy. The microstructures of ADI
generated at different austempering time (30 min, 6
min and 90 min) are shown in Fig. 4 (a, b, ¢)
respectively. The dark areas represent the apparent

On the other hand, the elongation is decreased to
about 50% compared to as-cast DI as a result of the
austempering process. Once again, increasing the
austempering time for more than 30 min. has little
effect on the elongation.
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Since the austenite is a ductile phase, any inereas  3- The ductility of ADI is lowered to about 50
its retained amount in the matrix is expected to percent of as-cast DI, whereas slight ductility
increase the fracture toughness. However, the improvement is noticed with increasing the
negligible effect of the austempering time may be  austempering time.

due to the insignificant change of the amount @f th 4. The austempering process decreased the fracture
retained austenite. toughness to about 80 percent compared to as-cast
3.4 Hardness Test Results DI. Otherwise, the austempering time (longer than

The Brinell hardness results of DI, shown in Fig.7, 30 min) has insignificant effect on the fracture

X toughness of ADI.
declare a great effect of the austempering prooess _ )
the hardness. The hardness was increased to abowt- The hardness of DI increased to about 2.4 times
240% compared with the as cast. Such increase may &fter austempering for 30 minutes. The hardness is
be attributed to the transformation of the fersitic ~ Slightly lowered with increasing the austempering

pearlitic matrix to the hard martensite phase. time.

Moreover, austempering time longer than 30 min. has 6- Longer austempering time improved the
comparatively slight decreases of the hardness Workability limits whereas the upper limit is
values. Such decrease of hardness may be due to the raised only slightly with longer time.

increase of the soft retained austenite on theresge

of thhe martenslite ?ard phase. (;I’h(;a hardness intrs]re?]se:-,_ REFERENCES
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Table | The average chemical composition of eutectic gesy iton

C Si Mn P S Cr Mo
3.50 2.08 0.788 0.0142 0.0142 0.0302 <.00090
Ni Al Co Cu Nb Ti V
0.0196 | .000669| .0036p 0.0214 .00030 .00401 .002988
W Pb Mg As B Fe
<00.400| <.000300 .00207 .00541 .00094 =93.50

Table Il The average chemical composition of cast ductile ir

C Si Mn P S Cr Mo Ni Al Co
3.52 221 | 0.265| .0097p .00398 0.0645 .00695 0.09840105 | 0.018§
Cu Nb Ti Y w Pb Mg As B Fe
0.0881| .00072 0.0144 0.0117 <0.004 <0.003 0.056 17D0 <.00010  rest

C 60 mim - 230 mm
E | 2
7 g &
; : 2
1] Nl —
Iron melt
1]
L1
Mg allo \
= A =304
Lj mm
I
Fig. 1 Melting test rig vortices (Plunging) Fig. 2 Cast specimen geometry (JIS.G 5502)
method
1000 900C; 60 min
900 -
]
800 e
[
o 700 2
g 600 g
2 2
g 500 8 Austempering 3
2 400 O temp. (350C) g
e c
£ £
= 300 g
200 g
=}
100 ©
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Time; min

Fig. 3 Schematic isothermal transformation diagram itatstg the austempering process for DI.
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(c) 60 min. (X400) (d) 90 min (X 400)

Fig. 4 Micrographs of ADI at different austempering time.
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o 400 4 | g
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Austempering time; min

Fig. 5 Effect of austempering time on the yield as welb#iimate strengths and elongation of ADI
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Fig. 6 Effect of the austempering time on the fractorgghness of ADI.
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Fig. 8 The effect of the austempering time on the woitkgimit of ADI
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