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ABSTRACT

Microstructure and mechanical properties of copper alloyed austempered ductile iron were
investigated. The standard tensile specimens were austenitized at 900°C for 60 minute and
then austempered at 300°Cand 340°C for a range of times 60-6000 second. Results showed
that amount of bainitic ferrite and retained austenite increase with increasing austempering
time. The transformation of the higher content of copper alloyed iron shows significant in the
differennce of microstructure between eutectic cell and intercellular boundary. The yield
stress and ultimate tensile stress and %elongation increase with increasing austempering time.
The high strength austempered ductile iron was satisfy the standard ASTM A897M:1990. by
austempering at 300°C but austempering at 340°C can not produce the more ductile grade of
ASTM standard The Microstructure revealed that the amounts of bainitic ferrite, martensite
and retained austenite are in good agreement with the tensile properties.

Key words: Copper alloyed austempered ductile iron, bainitic ferrite, retained austenite

1. INTRODUCTION

Austempered ductile iron (ADI) is one of the most significant developement in ductile cast
iron technology. A mixture of bainitic ferrite and retained austenite along with the graphite
nodules 1s obtatned after the austempering process. The combination of these phases offers
the superior high strength-to-weight ratio, good toughness, ductilty and high wear resistance
and hence, a wide range of properties can be produced in austempered ductile irons by
changing the heat treatment condition.

It is widely known that phase transformation during austempering process in cast iron can be
devided into two stages. In stage I, bainitic ferrite nucleates and grows into austenite and
carbon is rejected into austenite during the bainitic transformation. As the austempering time
increase, high carbon austenite eventually breaks down to the more thermodynamically stable
ferrite and carbide in stage IL.'? The bainitic ferrite morphology and relative amounts of
bainitic ferrite and high carbon austenite depend on both of the austempering temperature and
time. At lower austempering temperature, the bainitic ferrite are finer. The change in the
amounts of different microstructural with the austempering time is showed in Figure 1. The
amount of retained austenite increases during stage I and reaches a plataue at the end of stage
I.  When the stage II starts, high carbon austenite begins to transform into ferrite and carbide
and the amount of retained austenited decreases.’



The above picture of austempering process is in the case of homogeneous matrix structure,
which is never found in practice. Heterogeneous matrix structure is naturally created. The
stage I reaction occurs in the eutectic cell close to the graphite nodule before the intercellular
boundary. However, stage [ in the unalloyed iron is usually completed in both areas before
the stage II reaction start and a processing window exists for a wide range of austempering
temperature.4'6

However, the unalloyed iron is not possible to use for large section casting. Alloying
additions are required to improve the hardenability to avoid the pearlite formation during
quenching. Many studies show that Mo, Mn, Ni, and Cu are the potency of alloying additions
decreases in the order. The most widely use of austempered ductile iron are alloyed with
those alloying elements. This is one of the reasons of the higher cost of ADI. However, to
save the cost, the austempering of copper alloyed without nickel is an alternative for
commercially use, therefore, the objective of this study is to report the microstructure
development and the mechanical properties of copper alloyed ductile iron and to compare the
mechanical properties with the ADI standard.

“k‘_stnge S lg— Stagell —p
Carbide — / .......
. Buinite Ferrite
Martensite

Redained Austenite

Phase %

[
>

- y Log time
Heat Treatment Processing window

Figure 1. Schematic representation of change in microstructure with the austempering time
2. EXPERIMENTAL PROCEDURE

Two different compositions of Ductile cast iron in Table 1 were casted in the form of keel
block as the dimension shown in Figure 2. To investigate the microstructure of casting and
microstructure change of austempered iron, the specimens with dimension 20x20x15 mm.
were cut from the center of the bottom section of the keel block The specimens were
subjected to the austenitizing at 900°C for 60 minutes under the Ar atmosphere and then
quench into salt bath at the austempering temperature of 300°C and 340°C. The austempering
times were in the range 60-6000 second. After austempering, the specimens were then air
cooled. The mechanical properties of austempered iron were determined by rockwell
hardness, and tensile testing. Two standard tensile test pieces were machine from each
bottom section of the keel blocks. Tensile test was performed on a 250 kN Instron 8802
universal testing machine. At least two samples of each condition were tested at the test
speed of 3 mm/minute. Scanning electron microscope (SEM) with energy dispersive x-ray
spectroscopy (EDAX) were use to investigate the segregation of alloying elements.

Table 1: Chemical compositions of two different iron alloys
Alloy C Si Cu Mn Mo Ni Cr P 5 Bal.
A 3.17 2.67 Q.75 0.55 0.14 0.017 0.04 0.016 0.025 Fe
B 3.14 2.71 1.37 0.59 0.14 0.018 0.04 0017 0018 Fe
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25 mm

Figure 2. Keel block size and location of tenstle test specimens.
3. RESULTS AND DISCUSSION

3.1 Microstructure Before Austempering

An as cast of iron alloy A contains 16% ferrite and 84%ferrite in the matrix. The average
nodule count is 84 mm™. In alloy B, the average nodule count is §1 mm~ and the matrix
contains 8%ferrite and 92%pearlite. Pearlite is almost 100% in these alloys because the effect
of copper addition. Figure 3a show bullseye microstructure of iron alloy A and Figure 3b -3e
are the linescan plots showing the distributuion of Si, Cu, Mn and Mo, respectively, between
two graphite nodules. More concentration of Si and Cu are found in the area close to graphite
nodule in the center of eutectic cell. Mn and Mo show the positive segregation, more Mn
and Mo are found in the intercellular boundary.”®  After austenitising at 900°C for 60
minutes, The segregation of alloying elements still exists as shown in Figur 4. This indicated
that the matrix is heterogeneous in the alloyed iron.
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Figure 3. Microstructure of as-cast iron alloy A (a) and linescans between two grahite
nodules from point 1 to 2 (b-¢)
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Figure 4. Linescans between two grahite nodules in iron alloy A after austenitising at 900°C
for 60 minute. '

3.2 Microstructure Change and Variation of Mechanical Properties
with Austempering Time

The microstructures of iron alloy A austemperd at 300°C and 340°C are showed in Figure 5
and 6. Asutempering for 60 second, the matrix is mostly martensitic and the small amount of
bainitic ferrite occured at the area closed to the graphite nodules. Amounts of bainitic ferrite
and retained austenite of both alloyed iron A and B increase with increasing austempering
time. The microstructure of iron zlloy A austempered at 300 °C and 340 °C with 2400 second
in Figure 6c¢ reveals that the stage I almost completed. The undercooling for nucleation of
specimen austempered at higher isothermal transformation temperature is smaller and a fewer
platelet nucleated, resulting in coarse bainitic ferrite structure’®

Figure 7 and 8 show the microstructure of iron alloy B austempered at 300°C and 340°C. The
microstructure change of austempered iron alloy B with austempering time is as same as of
alloy A. However, it is clearly showed that at the 360 second, the intercellular region of
austempered alloy B has a different structure compare with the eutectic cell. In the
intercellular areas, stage I reaction 1s delayed because of higher content of Cu in alioy B and
the segregation during solidification result in the enrichment of Mn and Mo. However, the
stage I reaction continues grow into the austenite with increasing austempering time and
carbon concentration in the reacted austenite increase until it reaches the Ty curve (Figure 9)
at which bainitic ferrite is not form because the retained austenite is most stabilized by
carbon.'” The intercellular areas of austempered iron alloy B decrease with increasing
austempering time and stage I was almost completed when the austempering time was 4800
second for austempering at 300°C but the intercellular areas still exist after the austempering
time reached 6000 second for autempering at 340°C.
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éa%;”'f‘

B
REL

TSI,
SRS e

[T

] d) 2400 second (e

Figure 8. Microstructure of iron alloy A austempered at 340°C for various austempering time



3.3 Microstructure Change and Variation of Mechanical Properties
with Austempering Temperature.

The microstructure of iron alloyed A austempering at 340°C and 300°C for the same period of
austempering time shows that the bainitic ferrite structure is slightly finer for lower
austemperature and at short austempering time, the matrix of iron austempered at 300°C
contain more amount of martensite than the matrix of iron austempered at 340°C. The alloy
A austempered at lower transformation temperature produce higher hardness, yield stress and
UTS for all austempering time while the austempering temperature has not much effect on
%elongation. The higher in yield stress and UTS at lower austempering temperature is due to
the finer bainitic ferrite structure, higher carbon in bainitic ferrite and higher fraction of
bainitic ferrite.

The microstructure of iron alloy B austempered at 340°C and 300°C for the short
austempering time in Figure 7 and 8 shows that the untransformed austenite exists in the
intercellular areas. The amounts of intercelluelar area in 340°C austempering temperature
samples are higher than that of 300°C austempering temperature samples. This cause by the
delay of stage I reaction at 340°C. At the austempering time of 6000 second for
austempering at 300°C, the matrix consists of the mixture of bainitic ferrite and retained
austenite and the intercellular region was i1s not observed because the stage 1 was merely
completed. The intercellular areas still exist in specimen austemped at 340°C for 6000
second. This also confirmed that stage I reaction of iron alloyd B at 340°C is delayed. The
mechanical properties of alloy B austempered at lower temperature also produce higher
hardness, yield stress and UTS. For short austempering time, %elongation of austempering at
340°C is lower than that of austempering at 300°C. This due to higher amout of martensite
phase as the delay effect of stage I reaction in higher austempering temperature iron.

3.4 Effect of Copper on the Microstructure and Mechanical Properties
of Austempered Ductile Iron

For short austempering time, the difference of structure between eutectic cell and intercellular
region of iron alloyed B austempered at 300°C is observed while this is not clearly observed
"in iron alloyed A. The stage I of bainitic reaction started in the euctectic cell near graphite
nodules lcading to the difference in structurc at different areas. In the intercellular areas,
untransformed austenite transformed to martensite during aircooled, therefore, the yield
stress, UTS of iron alloy B are higher and %elongation is lower than those of iron alloy A.
As the austempering time increase, the amount of bainitic ferrite and retained austenite
increase while the intercellular areas in both iron alloys A and B decrease. This change in
microstructure leading to increase the %elongation.

The difference of structure between eutectic cell and intercellular region is significantly
observed in higher isothermal transformation temperature and higher %Cu in iron alloy.
Austempering at 340°C for short austempering time, the %elongation of iron alloy B is lower
than alloy A because of the large intercellular areas in alloy B. However, increasing
austempering time, the %elongation of alloy B autempered at 340°C is higher. This due to
the decreasing of intercellular areas and the large effect of high Cu in austenite on the
thermodynamically stable of transformed austenite which ceases to transform to bainite ferrite
and was not transformed to martensite during air cooled. Therefore the retained austenite in
alloy B is higher than in alloy A,



3.5 Comparison of Mechanical Properties to Standard Properties
Figure 11 show the mechanical properties of austempered iron in this study compare with the
ASTM AB97M:1990 stadard. Iron austempering at 3000C satisfied the high strength standard
grade. Austempering at 340°C produce more ductile iron but does not satisfied ASTM
standard. :
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Figurc 11. Yield stress (v)and UTS (v) of iron alloy A austempered at 300 °C (a) and 340°C
(b) and iron alloy B austempered at 300°C (¢) and 340°C (d) for 2400, 4800 and 6000 sccond.
(® indicate yield stress of ASTM standard and © indicate UTS of ASTM standard)

4. CONCLUSIONS

The mechanical properties of copper alloyed ductile iron having composititon A and B in this
experiment are satisfiy Grade 3 of Standard ASTM A897M:1990 by austempering at 300°C
for 4800 and 6000 second but both iron alloys austempered at 340°C for a period of 60-6000
second fail to satisfy standard grades of ASTM A897M:1990 when austempering at 340°C.
The yield stress and UTS reach the ductile standard grade but the % elongation is lower than
the standard. The poor ductility in these copper alloyed ductile iron austempered at 340°C is
probably due to the delay of stage I in the intercellular areas. The untransformed austenite in
the intercellular areas can transform to brittle martensite during air cooled. However, the %
elongation of copper alloyed ductile iron austempered at 340°C tend to continue increase
with increasing time over 6000 second but there is no investigation in this study.
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1. Tﬂi\iﬂ'li’]i)tlliﬂi ﬂ'ﬂﬁ‘wmlﬂ\l'ﬁ'lﬁ]\‘lil\‘lll.ﬂﬂumaﬂﬂﬂﬂl'ﬁ‘uu‘mﬂm‘ﬂmﬂﬂi

Name of Project

& o

2. #omhilnsams e.quild Andiss

Name of Proiect Institute of

3. TafuliugampumsiserinuninndemaTuTadgsus Usydilllszn

Received University Research Fund for Fiscal Year

Tagldsuiunnuminndoaisagauaz 19nwlduds @il

with the most recent payment from the university and actual expense as follows;

}vﬁ. 2545 ﬁ’ﬁ:yao

T the amount o

anind Franssumans

1
¢ baht

naf 1 18susu 25,000.00 n ldweTeluediu 27,055,
Installment no. Total amount receive baht Total amount spent baht
[ hngfast W5uiu um  Igeeselilvisay um
Equipment (expense) allocation baht  Total amount spent baht
Asswazidasiolalil
sualszanas (uIn)
XY Vo o a t P a A sy
emInllioe 145udpass | devwuddle | dindelunail | aevdednde HIEHA
Expenditures aaaail IANBY a¥anell Notes
Allocatio for the | Previous Installment | Installment to be | Remaining funds
whole year activated activated this time |  to be activated
YV u Y =
A9t 2RI 17 Usznouaan (Laasieazideq)
Temporary Wages (Show details)
974 Total - -
LB 2 [T} 3
Awmauuny aee nazdag sznevaiy
(lspuerAesinaz@on) Compensation, Service
Contracting and nonrenewable materials -
expenses (Show details) -
- AU 4,000 1,570.00 2430 L
- A nude s Wim i marouna 13,000 9,700.00 3,39 |~
frinaime ey
-flany 15,000 10,700.00 4300 [,
o : AL, e
-iaganiodeuIasaadagann 4,000 2,74820 [ i 25080 4253 ryasc:
- frandantdeuaz it Taanuiou 4,000.00 1,748.00 2,250
- AUNYTAR AT YA 5,000.00 5,0001”
- arfagdninauuazaldswiliamin 5,000.00 589 4,411 J»
q
371 Total 50,000}}6 ! 27,055.20 22,944.8!1 Ve
1
r ¢ o 4
ﬂ"lﬂiﬂﬂ.l“n szapudng (uananeaziden) /
U Total -
9 ! vota A
MY 2189984 Grand total 50,0000 - 27,055.;0’ 22,944}0’

3 ¥ a 19 @ ¥ ¥ ¥ -
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I certify that the above is true in all respects.
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