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Chapter

Analysis of Mechanical Properties
of Austempered Ductile Iron Weld
Joints Using Developed Electrode

Tapan Sarkar

Abstract

In the present investigation mechanical properties of austempered ductile iron
(ADI) joints have been studied using two developed electrodes containing with and
without Ce content and co-related between microstructure and mechanical proper-
ties. Austenitization was done at 900°C for 2 h and austempering at 300 and 350°C
for 1.5, 2 and 2.5 h holding time. At 300°C microstructure shows needle shaped
bainitic ferrite with lower amount of retained austenite indicate higher hardness
and lower impact toughness. However, at 350°C shows feathery shaped bainitic
ferrite with higher amount of retained austenite to demonstrate lower hardness and
higher impact value. Both the welded joints at both austempering conditions tensile
samples broke from the base metal indicates 100% joint efficiency. Fatigue life was
varied with varying the austempering temperature and shows higher fatigue life at
350°C austempering temperature presence of higher amount of retained austenite
and finer the bainitic ferrite size with smaller graphite nodules. Ce in weld metals to
refine the microstructure and shows higher impact toughness and fatigue strength
with lower hardness value at both austempering temperatures.

Keywords: heat treatment, microstructure, tensile test, Charpy impact, high
cycle fatigue

1. Introduction

Austempered ductile iron (ADI) is a new family member of engineering materi-
als. It has recently received significant attention owing to the excellent combination
of mechanical properties such as high strength together with good ductility, good
wear resistance, and higher fatigue strength to make the material as a successful
substitute for forge steels or aluminum alloys [1-4]. The remarkable properties of
the ADI are attributed with the unique microstructural constituents such as bainitic
ferrite and high carbon enriched retained austenite.

The low production cost and production advantage of ADI, it has been used in
many structural applications and many critical parts of automobiles such as crank-
shaft, steering knuckles, hypoid rear axle gears, camshafts and disk-brake calipers
etc. in which fatigue resistance is an important requirement [5, 6].

ADI shows higher fatigue life than as-cast ductile iron (DI) and determined by
generating stress-life (S-N) curves [7]. The fatigue life of ADI strongly depends on
the austempering temperature, austempering holding time, austempering kinetics,
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the amount of retained austenite, shape and size of bainitic ferrite and graphite
nodules [1, 3].

The chemical composition of ADI is similar to conventional DI. However, some
alloying elements such as Ni, Cu and Mo are usually added to increase the austem-
perability, to delay the austenite decomposition [8, 9] to pearlite and ferrite upon
cooling. DI converts to ADI with the help of two steps isothermal heat treatment
process. Austenitization was done at 850-910°C for 30 min-2 h holding time and
austempering at 250-450°C for 5 min—4 h holding time and finally cooled at room
temperature in the open air [10]. The total heat treatment process depends on the
chemical composition and thickness of the as-cast DI. Austempering temperature
and holding time shows significant effects on the microstructure and mechanical
properties of ADI. During austempering two-stage reactions have been done, at the
initial stage (stage I) austenite (residual austenite) decomposed into bainitic ferrite
and high carbon austenite (retained austenite). Increasing holding time the stage
II reaction was start and high carbon austenite further decomposed into bainitic
ferrite and carbide (e carbide). The time periods between the two stage reactions
is called the process windows, obtained optimum combination of microstructural
and mechanical properties. Presence of alloying elements such as Ni, Cuand Mn to
delay the austempering reaction and increased the process windows [11].

At a lower austempering temperature ADI shows needle shaped bainitic fer-
rite with a lower amount of retained austenite and graphite nodules, which in
turns increased the tensile strength and hardness to decrease the elongation and
toughness. However, at higher austempering temperature shows coarser bainitic
ferrite with higher amount of retained austenite and graphite nodules, as a result
to decrease the tensile strength and hardness; increased toughness that illustrate
higher fatigue strength [6, 10, 12].

It is reported, the fatigue strength of ADI is not only depended on tensile
strength and hardness like as steel [13]. However, in ADI the amount of retained
austenite and its carbon content, size of graphite nodules, nodularity, shape and
size of bainitic ferrite plays an important role in the high cycle fatigue performance
and higher fatigue limit [1, 13-15]. Bahmani et al. [16] illustrate a relationship
between the microstructure and fatigue strength of ADI and obtained, the fatigue
strength depended on the amount of retained austenite and its carbon content.
The fatigue strength was increased as increasing the amount of retained austenite
and its carbon content. Graphite nodularity and its size show significant effects in
fatigue life. In ADI graphite working as a shrinkage cavities. During fatigue test,
micro crack was initiated around the graphite and then formed to macro crack
which leads to the final failure of the sample [17]. Sofue et al. [18] reported, with
increasing the graphite size to decrease the fatigue strength and the fatigue strength
was optimized by decreasing the graphite nodule size.

Further, rare earth metal such as cerium has a beneficial effect on the micro-
structure and properties of ADI. However, the optimum rare earth content varies
significantly according to different investigators. For example, researchers [19]
reported that the presence of Ce content from 0.005 to 0.014% the nodularity was
increased with refining the size of the nodules but further increasing Ce content
up to 0.018 or 0.020%, the nodularity decreased and formed some non-spherical
graphite with coarsening the nodule size to decreased the fatigue strength. Choi
et al. [20] observed that DI castings with 0.3% rare earth content attributed
improved graphite nodules, lower tensile strength and hardness, higher elongation
to indicate the higher fatigue strength than that of DI castings without rare earth.

However, in spite of high strength, reasonable ductility and higher fatigue
life, the application of ADI is somehow limited due to non-availability of a suit-
able electrode which has inhibited the joining of such high potential material.
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Furthermore, many a time ductile iron castings for converting ADI need to repair
welding which also demands welding consumables compatible with DI base materi-
als. Commercially available coated electrodes for welding conventional DI include
pure nickel (90-97%) [21], stainless steel and iron-nickel [22] which are first of all
not suitable for converting ADI from DI weld due to poor austemperability and also
not cost-effective [21, 22]. Recent authors successfully developed a coated electrode
for welding DI [23] and convert to ADI after heat treatment, obtained higher
tensile strength and toughness. Further improvement of the weldability of DI and
welding of higher grade DI to obtain higher toughness and fatigue strength, coated
electrode was developed to introduce nano-CeO, as a flux ingredient [24].

However, all the previous literature discussed about the fatigue strength or
fatigue life only on DI or ADI base metal [1, 14, 25, 26]. But there is no such a litera-
ture to discuss about the fatigue life of ADI weld joints. Owing to the importance of
the ADI especially on structural and automobile application, it is needed to find out
the fatigue properties of ADI weld metal to use in commercial application.

The present work thus aims is to study the mechanical properties of ADI weld
joints and co-relation between as-cast and heat treated microstructure, using two
developed electrodes. Microstructural studies were done using optical microscopy
(OM) and scanning electron microscopy (SEM). Phase analysis was performed
utilizing XRD analysis and mechanical properties of the weld joints performed
under microhardness, transverse tensile, room temperature Charpy impact and
high cycle fatigue (HCF) test. Fatigue crack growth and fatigue fracture surface
were investigated under SEM studies.

2. Experimental procedure

As cast DI was collected from the local foundry and used as a base metal for this
experimental purpose. The details chemical composition of the as-cast DI is given
in Table 1.

Two developed electrodes containing without and with Ce such as Trial 4 and
Trial 7 selected for the experimental purpose. Among the two electrodes, Trial 4
contents with without Ce and Trial 7 contents with Ce content (0.1%). The details
chemical composition of the two developed electrodes is given in Table 2.

Modified U groove (Figure 1) weld was performed on the DI base plate using
both Trial 4 and Trial 7 electrodes applied shielded metal arc welding (SMAW)
process. Preheat was applied at 300°C for 1 h and post weld heat treatment
(PWHT) at 300°C for 1 h immediate after welding using the constant welding
parameters [27, 28]. The details welding parameters are given in Table 3 and the
defect free weld was considered as per AWS (D11) [29].

The welded DI specimens are converted to ADI with the help of two steps iso-
thermal heat treatment process. Austenitization was done at 900°C for 2 h holding
time and then samples are immediately transferred to salt bath for austempering
process. Austempering was done at 300 and 350°C for 1.5, 2 and 2.5 h holding time
than air cooled to room temperature. Typical isothermal heat treatment cycle is
shown in Figure 2.

Element C Si Mn S Cr Mg P Fe
Wt.% 3.60 292 0.22 0.019 0.028 0.041 0.01 93.16
Table 1.

Chemical composition of as-cast ductile iron.



Element wt.% C Mn Si S P Ni Mo Cu Al Bi Mg Ca Ti Fe Ce

Trial 4 (without Ce) 3.08 040 2.60 0.006 0.039 0.5 0.19 0.24 0.62 0.03 0.004 0.015 0.09 9140 —

Trial 7 (with Ce) 3.28 043 2.76 0.008 0.02 0.66 0.31 0.29 0.48 0.03 0.003 0.003 0.14 9145 0.10
Table 2.

Chemical composition of the weld deposits using developed coated.

©017150d2p04192]5 PUY JUr429ULSUTT VINSANJIVIIIN Y1 UL STUIUAIOUDAPYT TUIIR]



Analysis of Mechanical Properties of Austempered Ductile Iron Weld Joints Using Developed...
DOI: http://dx.doi.org/10.5772/intechopen.84763

(b)

L
(a) =] Restraining ——
= Welds —_—

Tensile specimen

60
40
Test{weld|area

Al 1A
| ) Metallographic specimen
[=]
% ”
=
) =1 Restraining S
—— = Welds =
20

All dimension in mm

Figure 1.
(a) Modified grove design, (b) schematic view of extracting samples from weld metal.

Parameters Unit Value
Preheat temperature (1 h) °C 300
PWHT (1h) °C 300
Welding current A 150
Arcvoltage \% 24
Welding speed mm/s 1.70
Heat input kJ/mm 1.58
Table 3.

Defect free weld procedure.

Metallography samples of 20 x 10 x 15 mm dimensions were cut from the large
size weld specimen and removed any decarburized skin by surface grinding. Samples
were mounted at room temperature, then polished systematically in silicon carbide
paper and followed by cloth polishing using 0.5 pm alumina solution. Polished
samples were etched with 5% nital solution and microstructures are studied under an
optical microscopy (Carl Zeiss made: AXIO Imager Alm) and photographs are taken
at 500x magnification. For better clarity, samples were studied under scanning elec-
tron microscopy (SEM) (JEOL JSM-5510 with INKA software EDS system using an
ultra-thin window detector) and photographs were taken at higher magnifications.

1000 — austempering at 350°C austempering at 300°C
| Austenitizing
800
L
] £
o
3 z
s 600 + E—
= 1 o
=
5 400 + Austempering
<> .
£ ————— L
= %
= 200 2.
2
1 §2
0 — 77—

L]
0 1 2 3 4 5 6 7 8
Holding Time (h)

Figure 2.
Typical heat treatment cycle.
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X-ray diffraction (XRD) analysis was performed to estimate the volume fraction
of retained austenite and its carbon content using anode Co-K, radiation in 1.79026
targets with 24 kV and tube current was 40 mA. The specified 260 range was varied
from 30 to 110° with a step size of 0.2°/min. Detailed XRD analysis was performed
using integrated intensities of the positions and the integrated intensities for the
{111}, {22 0} and {3 11} planes of FCC austenite as well as the {11 0} and {211}
planes of BCC ferrite. The volume fraction of retained austenite was calculated
using the following empirical formula [30]:

e L/R,

7 (I,/Ry) + (I/Ry) @

Where I, and I, are the integrated intensities and R, and R, are the theoretical
relative intensity for the austenite and ferrite, respectively, and Bainitic ferrite was
calculated by using the formula:

X, +Xu+ X, =1 (2)

Where, X, and X, and X, represent the volume percentage of retained austen-
ite, volume percentage of bainitic ferrite and volume percentage of graphite. The
carbon concentration of the austenite was determined using the equation [30].

ay = 0.3548 + 0.0044C, (3)

Where a, is the lattice parameter of austenite (in nm) and C, is the carbon
content of austenite (in wt.%). The {111}, {22 0} and {3 1 1} planes of austenite
were used to estimate the lattice parameter.

Vickers microhardness test of the weld metals was performed at room tempera-
ture using Leco Vickers microhardness tester (Model LM 248SAT) with 100 gf load
at 10 s holding. The hardness values were taken from six different positions of each
weld specimens and the average of the six values considered the final one.

Tensile properties such as ultimate tensile strength (UTS), yield strength (YS)
and % elongation of the welded joints were evaluated using transverse tensile
specimen keeping the weld metal at the center of the gauge length. The tests were
performed under uniaxial loading at a crosshead speed of 5 mm/min in universal
tensile testing m/c (Instron 8862).

Sub-size (55 x 10 x 3.3 mm) and without notch transverse Charpy impact test
of the ADI welded joints were performed at room temperature according to ASTM
E-23 [31]. Four samples were tested at each austempering condition (300 and 350°C
for the 2 h holding time) and an average of four values has been reported.

High cycle fatigue (HCF) test of transverse weld samples as per ASTM E466-15
[32] (Figure 3) were performed using Rumul resonant testing machine to determine

R
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40 40 _J_{ J
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Figure 3.
Schematic view of transverse high cycle fatigue sample as per ASTM 606.
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the S-N curve. The tests were run to failure up to 10’ cycles at constant stress control
mode and the number of cycles of failure was recorded with keeping the load ration
R at 0.1. The stress levels were varied between 30 and 80% of Yield strength to
obtaining the endurance limit and S-N curve was plotted by stress amplitude and the
number of cycles in log-log scale.

After successfully testing, fracture surface and crack path of the tested samples
were studied under SEM and fractographs were taken at different magnifications.

3. Results and discussion
3.1 Microstructure
3.1.1 Base metal

Figure 4 shows the optical microstructure of as-cast DI (base metal). The
microstructure shows graphite nodules surrounded with ferrite matrix. The average
nodularity shows 90% with 130 nodules per unit area (mm?) and average nodule
sizeisr = 18.5 pm.

3.1.2 As-welded microstructure

The optical microstructures of weld metals using two selected coated electrodes
containing without and with Ce is shown in Figure 5. In Figure 5a and b, the
microstructure shows ledeburitic carbide (LC), alloyed pearlite (AP) and graph-
ite nodules (G). In both the weld metal microstructure shows small amount of
graphite nodules with smaller in size due to higher cooling rate experienced in weld
metal. Although both the as-weld microstructure shows similar microstructural
appearance, a close look into the microstructure reveals difference in grain size and
volume percentage of ledeburitic carbide and alloyed pearlite. The presence of Ce in
weld metal has caused the structure finer (the finer the dendritic structure), lesser
ledeburitic carbide, higher amount of alloyed pearlite and increasing the graphite
volume percentage and nodularity.

It has been shown that cerium reduces both primary [33] and secondary [34]
dendritic arm spacing as well as inhibit the development of columnar crystal.

Figure 4.
Optical microstructure of as-cast ductile ivon.



Recent Advancements in the Metallurgical Engineering and Electrodeposition

Sk -

Figure 5.
Optical microstructure of as-welded weld metal (a) Trial 4 (b) Trial 7.

Also, the degree of supercooling for rare earth treated steel has been reported to be
smaller than rare earth free steel [35]. The refined microstructure (Figure 5b) that
has been observed for Ce treated weld metal is presumably due to the fine primary
austenite dendrite and suppression of columnar grain growth during solidification
of the weld pool. Furthermore, it is believed that smaller degree of super cooling
associated with Ce treated weld metal has caused reduction in ledeburitic carbide.
Ce acts as amodifying element on DI as a form of deoxidization and desulfuration
[36]. Ce reacts with oxygen and sulfur to form Ce-rich oxides, Ce-rich sulfides or
Ce-rich oxide-sulfides formed in DI welds and act as a heterogeneous nuclei of primary
carbides, according to the principle of crystallography so that the nuclei of primary
carbides can form and grow everywhere in molten metal [37] and refine the structure.
Furthermore, cerium content present in the carbide as a form of Ce,S; and CeO, (mea-
sured by X-RD analysis) and increase the solidification rate to refine the structure [37].

3.1.3 Austempered microstructure

After austempering heat treatment the weld metal microstructure consists of
bainitic ferrite (BF) and retained austenite (RA) matrix with graphite nodules (G).
Figure 6a and b illustrate the weld metal microstructure after austempering at 300
and 350°C for 2 h holding time using Trial 4 electrode. Similarly, Figure 6c and d
illustrate weld metal structure after austempering at 300 and 350°C for 2 h hold-
ing time using Trial 7 electrode. In both the weld metals austempering at 300°C,
the microstructure (Figure 6a and c) shows needle shape bainitic ferrite, retained
austenite and graphite nodules. Whereas at 350°C (Figure 6b and d) shows feathery
shape (lath type) bainitic ferrite with retained austenite and graphite nodules.

For better clarity, the microstructures of heat treated weld metals after austemper-
ing at 300 and 350°C for 2 h holding time were studied under SEM and the structures
are shown in Figure 7 for without and with Ce containing weld metals respectively.

Interestingly, both the weld metal shows the same microstructural appearance at
respective austempering conditions. But the structures were varied in morphology,
amount, shape and size of bainitic ferrite, amount of retained austenite, nodule size
and nodularity with changing the austempering conditions and type of electrode
used (without and with Ce containing).

However, at 350°C more amount of retained austenite and lesser amount of
bainitic ferrite was observed; but the opposite trend in microstructural constituents
has been revealed at 300°C i.e. lower amount of retained austenite and higher
amount bainitic ferrite. The nodularity also varied with varying the austempering
temperatures and higher nodularity is observed at 350°C at both the weld metals.
The microstructural constituents also changed with changing the austempering
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Figure 6.
Optical microstructure of weld metal austempered at (a) 300°C (b) 350°C for 2 h holding time using Trial 4
and (c) 300°C (d) 350°C for 2 h holding time using Trial 7 coated electrode.

holding time at a given temperature [9]. However, for both the austempering
temperatures the variation of the microstructural constituent is similar i.e. with
changing the holding time from 1.5 to 2 h the amount of retained austenite was
increased and the amount of bainitic ferrite was decreased also refine the bainitic

Figure 7.
SEM microstructure of weld metal austempered at (a) 300°C (b) 350°C for 2 h holding time using Trial 4 and
(c) 300°C (d) 350°C for 2 h holding time using Trial 7 coated electrodes.

9
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ferrite shape and size. Further increasing the austempering holding time from 2 to
2.5 h the amount of retained austenite was decreased and the amount of bainitic fer-
rite was increased. Interestingly, at both 300 and 350°C austempering temperature
for 2 h holding time the carbon enrichment in austenite is maximum (Figure 9)
which has caused to stabilize more amount of retained austenite (Figure 8) at both
the austempering conditions after cooling to room temperature. However, at higher
holding time (2.5 h) untransformed austenite transformed to carbides (e carbide)
and bainitic ferrite leading to decrease the amount of retained austenite content [1].
The observed finer and homogeneous structure along with increasing the
amount of retained austenite (Figure 8) with the presence of Ce content in weld
metal. At both 300 and 350°C austempering temperature microstructure attributed
finer the bainitic ferrite size, higher amount of carbon enriched retained austenite
and higher graphite nodularity was observed with presence of Ce in weld metal.
The carbon enrichment of austenite will be faster in Ce treated weld metal due to
lesser diffusion distance for carbon, which diffuses from fine cementite lamellae
of pearlite. Also, smaller the nodule size having more surface area to volume ratio
will favor carbon diffusion from graphite [38]. Thus, with the increase of carbon
content of initial austenite the driving force of stage I reaction become slow and
delay the transformation rate of bainitic ferrite due to drag effects of Ce. As a result
more amount of carbon was diffused to the surrounding austenite and austenite
become more stable.

3.1.4 Volume percentage of retained austenite and its carbon content

The volume percentage of retained austenite and its carbon content of both
the weld metals after austempering at 300 and 350°C for different holding times
have been calculated from X-RD analysis. The variation of retained austenite
with changing the holding time (1.5, 2 and 2.5 h) at 300 and 350°C austempering
temperature has been plotted in Figure 8. In Figure 8, it is seen that at both 300
and 350°C temperature both the weld metal (without and with Ce containing) the
amount of retained austenite was changed with changing the austempering holding
time. Holding time changed from 1.5 to 2 h the amount of retained austenite was
increased with decreasing the amount of bainitic ferrite. With further increases
the holding time from 2 to 2.5 h the amount of retained austenite was decreased.
Although the nature of change the amount of retained austenite is same at both
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Figure 8.

Volume percentage of retained austenite content at different holding time of weld metal austempering at
(a) 300°C and (b) 350°C using Trial 4 and Trial 7 electrodes.
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the austempering temperature of both the weld metals, austempering at 350°C
shows the higher amount of retained austenite compared to 300°C at each holding
time. This could be due to the higher diffusion rate of carbon during bainitic ferrite
transformation at higher austempering temperature [39].

Bainitic ferrite formation is a growth process; during austempering process
bainitic ferrite is transformed from the existing austenite (residual austenite).
During the transformation of bainitic ferrite, carbon was diffused from the bainitic
ferrite to the surrounding austenite to make the austenite stable, and this austenite
is called untransformed austenite or retained austenite. At lower austempering
temperature, due to higher super cooling the transformation rate of bainitic ferrite
is high and diffused less amount of carbon to the surrounding austenite, as a result
formed less amount of retained austenite in weld metals. Furthermore, at higher
austempering temperatures, due to lower supper cooling the growth of bainitic
ferrite is high and diffused higher amount of carbon content to the surrounding
austenite and shows higher amount of retained austenite in weld metals.

Ce is a modifying alloying element and act as a nodularizing and austempering
element during austempering process. The presence of Ce in weld metal to slow
the austempering kinetics and prolongs to the stage I reaction. As a result higher
amount of carbon was diffused during the transformation of bainitic ferrite to
the surrounding austenite and show a higher amount of retained austenite at both
the austempering temperature than without Ce content weld metal also refine the
microstructure to indicate higher toughness and longer fatigue life.

Furthermore, the carbon content of retained austenite in two weld metals
(without and with Ce containing) at 300 and 350°C for 1.5, 2 and 2.5 h holding time
have been determined using the empirical formula (2). The calculated results of the
amount of carbon present in austenite at 300 and 350°C for different holding times
have been plotted in Figure 9. In Figure 9, it is seen that, in both the weld metals,
the trend in variation of carbon content in retained austenite with changing the aus-
tempering holding at 300 and 350°C is similar to the variation of retained austenite
(Figure 8). The maximum amount of carbon content was achieved at 2 h holding
time irrespective of the austempering temperature and electrode composition.
Weld metal containing Ce show the highest carbon content (2.2 wt.%) in retained
austenite at 350°C for 2 h holding time.

During austempering transformation, bainitic ferrites are nucleated out of aus-
tenite (residual austenite) to refusing the carbon content to the surrounding austenite
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Figure 9.
Austenitic carbon content of weld metal at different holding time austempering at (a) 300°C and (b) 350°C
using Trial 4 and Trial 7 electrodes.
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and austenite become stabilized. Thus, maximum stability of retained austenite
should possess at 2 h holding time, irrespective of austempering temperature of both
the weld metals.

3.2 Mechanical properties

The mechanical properties of ADI welded joints depends on the amount of
retained austenite and its carbon content presence in microstructure [1, 2, 40].
Mechanical properties were varied with varying the austempering temperature and
it’s holding time due to the variation of microstructural constitutes, shape and size,
nodularity and numbers of nodule presence in per mm?®. At 300°C austempering
temperature microstructure consists of needle shaped bainitic ferrite with small
amount of retained austenite indicates higher tensile strength and hardness with
lower the toughness. However, at 350°C austempering temperature structure shows
feathery shaped bainitic ferrite with higher amount of retained austenite indicated
lower tensile strength and hardness with higher toughness and fatigue strength. The
average mechanical properties of both the weld metals (Trial 4 and Trial 7) after
austempering at 300 and 350°C for 2 h holding time are given in Table 4.

3.2.1 Microhardness

The microhardness of both the weld metals (without and with Ce containing)
after austempering at 300 and 350°C for 1.5, 2 and 2.5 h holding time were taken
at six different positions of the weld metal and the average of six considered final
value. The average microhardness of the weld metals at both 300 and 350°C aus-
tempering temperature are plotted in Figure 10 with respect to the holding time.
Figure 10 demonstrates that at 300°C both the weld metal shows higher hardness
value than 350°C due to the variation of the amount of carbon enriched austen-
ite. However, the hardness values are changed with changing the austempering
holding time. In both the weld metals at both 300 and 350°C holding time changed
from 1.5 to 2 h, the hardness values are decreased with increasing the amount
of retained austenite. With increasing holding time from 2 to 2.5 h the hardness
values are increased, with decreasing the amount of carbon enriched retained
austenite in weld metals. At higher holding time the stage II reaction was started
and the carbon enriched retained was diffused to bainitic ferrite and carbide, as
a results the amount of retained austenite was decreased and the hardness value
increased [41]. At both the austempering temperature of both weld metalsat2 h
holding time attributed lower hardness value, the presence of higher amount of
retained austenite.

Further, at each austempering conditions Ce containing weld metal shows lower
hardness value due to higher amount of carbon enriched retained austenite in weld

Electrode Austempering Holding Charpy Fatigue Microhardness
temperature time (h) impact strength (Hv)
(°C) 6) (MPa)
Trial 4 (without Ce) 300 2 20 211 327
350 26 241 280
Trial 7 (with Ce) 300 22 241 290
350 31 302 273
Table 4.

Mechanical properties of ADI weld metals.
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Figure 10.

Variation of microhardness of weld metals at different holding time austempering at (a) 300°C and (b) 350°C
using Trial 4 and Trial 7 electrodes.

metal and attributed minimum hardness (273Hv) at 350°C for 2 h holding time
presence of higher amount of retained austenite (46.7%) compared to without Ce
content weld metal.

3.2.2 Tensile test

The transverse tensile tests of Trial 4 and Trial 7 weld joints after austempering
at 300 and 350°C for 2 h holding time were carried out. For both the austempering
conditions of both the weld metals failure of the test samples took place from the
base metal as shown in Figure 11, indicating that weld metal is stronger than base
metal. Thus the transverse tensile results show 100% joint efficiency of ADI weld
metals (at 300 and 350°C for 2 h holding time) indicating successfully develop-
ment of coated electrode and establishment of a weld procedure which could be
applied commercially.

The tensile properties of ADI is strongly depends on the amount of retained
austenite and its carbon content, the shape and size of bainitic ferrite and the
numbers of graphite nodules presence in per unit area [42, 43]. At each austempering
conditions both the weld metal attributed more amount of retained austenite and
finer bainitic ferrite and smaller size of graphite nodules compare to base metal and
HAZ. During tensile testing weld metal is possibly more strain hardened compare to
base metal and HAZ due to presence of higher amount of retained austenite [43, 44].
It is well known that austenite having FCC structure possesses higher strain harden-
ing rate than BCC ferrite (bainitic ferrite) and the strain hardening rate of austenite
also increases with presence of carbon content [45]. Thus, one would expect, due to
more amount of retained austenite along with higher carbon, that tensile strength
of Ce containing weld metal would be higher than weld metal having without Ce at
350°C austempering temperature for 2 h holding time.

3.2.3 Charpy impact test

The average sub-size Charpy impact values of without and with Ce containing
weld metals after austempering at 300 and 350°C for 2 h holding time are given in
Table 4. The result states that the Charpy impact values are increased with increas-
ing the austempering temperature from 300 to 350°C. The Charpy impact values
are strongly depends on the amount of retained austenite, shape and size of bainitic
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AR )

Figure 11.
Transverse tensile samples after testing, austempering at (a1) 300°C, (az2) 350°C for 2 h using Trial 4 and
(b1) 300°C, (b2) 350°C for 2 h using trial electrode.

ferrite, graphite nodularity, size of the nodules and numbers of nodules presence in
per unit area. Presence of higher carbon content in austenite the strain hardening
rate of austenite is high and consequently more energy is being absorbed leading

to increase in impact toughness [42, 43]. The higher nodularity could suppress the
crack initiation due to lower stress concentration and increase in amount of graphite
nodules could act as crack arrester during impact testing. Therefore, increasing the
graphite nodularity of ADI can improved the high cycle fatigue strength. In both
the weld metals at 350°C to attributed higher carbon enriched retained austenite to
signify the higher impact values.

Furthermore Ce containing weld metal shows higher Charpy impact values at
both the austempering temperature. Ce content in weld metal to refine the bainitic
ferrite and retained austenite shape with increased the amount of retained austenite
content, smaller the graphite nodules with higher nodularity indicates higher impact
values. The highest impact value (31 ]) was obtained at 350°C at Ce content weld
metal presence of maximum amount (46%) of carbon enriched retained austenite.

The fracture surfaces of the freshly broken Charpy impact test specimens of both
Trial 4 and Trial 7 after austempering at 300 and 350°C for 2 h holding time were
examined under SEM in order to relate impact properties to operative fracture mech-
anism and are given in Figure 12. At 300°C both the weld metal (Figure 12a and c)
fracture surface exhibits predominantly dimple and quasi-cleavage types fracture.
However, at 350°C (Figure 12b and d) the fracture surface exhibits predominantly

Figure 12.
Fracture surface of ADI weld metal austempering at (a) 300°C and (b) 350°C for 2 h using Trial 4 and
(c) 300°C and (d) 350°C for 2 h using Trial 7 developed electrode.
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dimple in nature ductile fracture of both the weld metals. The presence of Ce content
in weld metal the sizes of the dimple are more fine and with changing the austemper-
ing temperature (300-350°C) the shape and size of dimple are more finer to indicate
the higher impact value. It appears that extensive plastic flow around the graphite
nodules results in stress concentration at graphite-matrix interface which leads to a
decohesion between graphite nodules and the matrix. Figure 12 illustrates the small
graphite nodules within cavities or dimples that initiated the microvoids. Subsequent
growth and coalescence of these microvoids produced dimple rupture network. The
crack, which is likely to initiate near the graphite nodule, propagates through the
matrix to reach the adjoining nodules. It is anticipated that plastic deformation in

the matrix ahead of the regions of decohesion will thus be confined essentially to the
soft ferrite regions [42] and the crack propagation becomes difficult across the tough
austenite to join up with similar micro cracks in the neighboring ferrite needles.
Therefore, one can expect improved toughness with increasing the volume fraction
of retained austenite.

3.2.4 High cycle fatigue analysis

The fatigue life of weld joints after austempering at 300 and 350°C using with-
out and with Ce containing coated electrodes are represented through S-N curve
in Figure 13. The S-N curve is drawn through the data point as best fit line and the
arrows are indicates the samples did not fail before an excess of 10’ cycle or more
stress cycle to called the endurance limit. The maximum strength obtained at 10’
cycles is called the fatigue strength. In Figure 13 illustrate that the fatigue strength
of the weld joints were varied with varying the austempering temperature and
respective weld metal composition. The maximum fatigue strength (302 MPa) was
obtained at 350°C for with Ce weld metals due to higher toughness and lower tensile
strength and hardness of weld metal (Table 4).

At lower (300°C) austempering temperature microstructure shows needle shape
bainitic ferrite with lower amount of retained austenite to indicate higher tensile
strength and hardness with lower impact toughness. However, at higher (350°C)
austempering temperature microstructure shows coarser bainitic ferrite with higher
amount of retained austenite to indicates lower tensile value and hardness with
higher impact toughness indicates higher fatigue strength.

; O Trial 7350°C
2200 p A Trial 7 300°C
] O Trial 4 350°C
200 . %
E | ov A o v Trial4 300 C
= 180
S’ 7
= - v A Dﬂb
Z 1604
=
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Figure 13.
Comparison of S-N curve of high cycle fatigue test for Trial 4 and Trial 7 weld metals at different
austempering conditions (arrow indicating the endurance limit of the each condition).
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The fatigue strength of ADI joints depended on the amount of retained austen-
ite and its carbon content presence in ADI weld metals and the values are increased
with increasing the amount of retained austenite content due to the higher strain
hardening behavior of austenite [46]. Owing to the higher strain hardening
behavior of austenite to delay the formation of persistent slip bands and reduces
the nucleating of fatigue crack growth. However higher amount of retained aus-
tenite transformed to plastic induced martensite during high cycle fatigue test [26,
46, 47]. Such types of transformation was occurred at the plastic zones to ahead
the fatigue crack and relax the stress concentration at the crack tip, as a result to
reduce the fatigue crack growth rate and increase the fracture toughness.

However, the fatigue strength also depends on the shape and size of the bainitic
ferrite, retained austenite and graphite nodules. The fatigue strength of ADI was
improved when the nodule count was increased, in particular at austempered
temperatures for higher toughness [26]. Therefore, ADI with a higher nodule
count with the smaller size exhibits a better fatigue life [26]. The more pronounced
graphite nodule size with higher optimum toughness to exhibits higher amount of
retained austenite indicates maximum fatigue strength.

Presence of Ce content in weld metal illustrates higher fatigue strength than
without Ce content weld metal. Ce content to refine the austenitic grain size also
increasing the amount of retained austenite and its carbon content to illustrate
the higher fatigue life. The smaller retained austenite grain size apparently creates
more dislocation barrier; as a result the formation of precipitate slip band is more
difficult and required more number of cycles to initiate the fatigue crack [14]. The
maximum fatigue strength was obtained at 350°C at Ce containing weld metal,
presence of maximum amount of retained austenite content (46.7%).

The fracture surface of welded fatigue test specimen after austempering at
300 and 350°C for 2 h holding time are analyzed by SEM studies and the fracto-
graphs are shown in Figure 14. In Figure 14, the fracture surface reveals ductile
fracture with dimple formation also some cleavage fracture which is mostly

Figure 14.
Fatigue fracture surface austempered ADI weld metals at (a) lower strength and (b) higher strength using
Trial 4 electrode and (c) lower strength and (b) higher strength using Trial 7 electrode.
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Figure 15.
Fatigue fracture at ADI weld metals indicating the crack initiation and crack propagation path.

occurs in the vicinity of graphite nodules. The combination of ductile striation
and cleavage plane whose river patterns go in to tear rivers is named as quasi
cleavage [47]. At 300°C (Figure 14a and c) austempering temperature shoes
mixture of dimple and quasi-cleavage fracture, however at 350°C shows (Figure
14b and d) fully dimple in nature feature is the dominant fracture mechanism to
indicate ductile or transgranular in nature. Presence of Ce to refined the fracture
surface and shows smaller size dimple in fracture surface and improved the
fatigue strength.

The fatigue crack (Figure 15) was initiated from the interface between the
matrix and graphite nodules and crack path through the least resistance matrix
phase due to the week interface bond between graphite and matrix also the lower
elastic modulus of graphite. The crack path preferentially intersects with graphite
nodules and there is an apparent crack branching mechanism to relate the crack-
nodule interactions. This mechanism is responsible for decreasing the fracture
energy and reduce the crack propagation rate [48]. Figure 15 shows, the fatigue
crack was initiated comparatively larger size graphite nodules and propagates to the
nearest graphite through the matrix surface. The graphite nodules are not perfectly
spheroid and the interface between the matrix and graphite are irregulars with
multiple sharp corner and high stress concentration to constitute crack that ema-
nate from the graphite nodules [48]. However, the fatigue crack propagation path
depends on the next graphite nodules ahead of the crack tip [48] and the crack front
connect to the graphite nodules along to the crack path. At higher austempering
temperature (350°C), decohesion of nodules and microcracks was observed around
the graphite nodules.

It is important to note that several graphite nodules are involved with the growth
of crack front, the shape size and distribution of the graphite nodules affects the
average growth of crack [49].

Previous investigators [17, 26, 50, 51] states the crack was initiated at the
interface between the graphite nodules, and a matrix. However crack also may
initiate defects presence in metal such as inclusion, shrinkage and irregular shaped
of graphite nodules [52, 53]. The nucleation of the crack grows very rapidly after
initiation of crack and decelerates due to the interaction of the matrix structure.
The crack is strongly influenced by the microstructure in the crack path region and
propagated through discontinuous manner due to the retardation of the matrix
grain boundary:.
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4, Conclusion
Based on the above studies, the following conclusions can be drawn.

1.Both Trial 4 (without Ce) and Trial 7 (with Ce) weld metals are responds
in austempering heat treatment at 300 and 350°C for 1.5, 2 and 2.5 h hold-
ing time. At 300°C microstructure shows needle shape bainitic ferrite with
retained austenite however at 350°C shows feathery shaped bainitic ferrite
with retained austenite. Ce content in weld metal to refine the bainitic ferrite
and austenite grain size and structures become homogeneous.

2.Volume percentage of retained austenite and its carbon content changed
with changing the austempering temperature and holding time. At 300°C
shows less amount of retained austenite with higher amount of bainitic
ferrite. However at 350°C shows higher amount of retained austenite with
comparatively less amount of bainitic ferrite. Retained austenite also varied
with varying the austempering holding time at respective temperature
and shows maximum retained austenite content at 2 h holding time at each
austempering temperature for both the weld metals. However, Ce content
in weld metal to enlarge the process windows to delay the stage I reac-
tion and shows more amount of retained austenite at each austempering
temperature.

3.The microhardness of weld metal shows lower value at 350°C, presence of
higher amount of retained austenite than 300°C austempering temperature.
With changing the austempering holding time, the hardness values are
changed and show lower hardness value at 2 h holding time with respective
austempering temperature. Ce content in weld metal decreased the hard-
ness value and shows at both the temperature, presence of higher amount
retained austenite and homogeneous microstructure. Tensile test result
shows failure take place from the base metal for both Trial 4 and Trial 7
weld metals at 300 and 350°C for 2 h holding time to indicate the 100%
joint efficiency.

4.Charpy impact values are changes with changing the austempering tempera-
ture with changing the amount of retained austenite in weld metal. 350°C
shows higher impact value for both weld metals presence of higher amount
of retained austenite. Ce in weld metal to improve the Charpy impact value
as a result of refine the microstructure and increasing the amount of retained
austenite. Maximum Charpy impact value shows at Trial 7 weld metal at 350°C
austempering conditions.

5.Fatigue strength of both welded joints was improved with improving the
austempering temperature. At 350°C feathery shaped bainitic ferrite with
higher amount of retained austenite illustrate higher fatigue strength than
needle shaped bainitic ferrite with small amount of retained austenite at
300°C. Presence of Ce content in weld metal Trial 7 weld metal shows higher
fatigue strength at both austempering temperature due to lower hardness and
higher Charpy impact value.

6. Fatigue fracture surface shows at 300°C temperature predominantly mixture

with dimple and reverse pattern quasi-cleavage types fracture, however at
350°C shows dimple types fracture to indicates ductile in nature. Ce content
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in weld metal to refine the dimple size indicates higher toughness. Crack was

initiated in comparatively larger size graphite nodules and propagated through
less resistance matrix to the nearest graphite.
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