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Abstract

Hot tear formation has been witnessed during the solidi-

fication of the ferrous alloy by pulling the columnar den-

drites in the transverse direction. The hot tearing

susceptibility of an alloy is influenced by solidification rate,

microstructure and the stress/strain conditions. It is valu-

able to predict the occurrence of tearing in a casting. In

this study, hot tearing susceptibility of stainless steel CF3M

grade casting was investigated using the method of con-

strained T-shaped solidification shrinkage and inducing

strain by pulling dendrites in a transverse direction. An

experimental setup equipped with the real-time measure-

ment of temperature, displacement and contraction/applied

force during solidification at elevated temperature has

been developed. In this study, the sectioning technique was

adopted for residual stress measurement after casting

solidification, wire electric discharge machining has been

identified as a suitable method of cutting along with a

coordinate measuring machine sufficiently accurate for

measurement, and finite element modeling and analysis

were performed to calculate the stress. A metallographic

study using an optical microscope and scanning electron

microscope was performed to evaluate macro- and

microstructure at failure zone of the casting. The study

aims to investigate crack morphology and differentiate hot

tear from other types of cracks in order to troubleshoot

effectively. Stress, strain and temperature data provide

onset of hot tearing and provide a base for mathematical

model and validation. The results show that the strain or

strain rate is more critical for hot tearing than stress. The

studies on residual stress show that the tensile stress is not

required to generate hot tears, but only the tensile strain is

sufficient to form a hot tear.

Keywords: hot tear, stainless steel CF3M (316L),

residual stress, metallographic study, crack morphology

Introduction

Hot tearing is one of the most detrimental casting solidi-

fication defects.1 Hot tearing, in the form of cracks, occurs

at or above the solidus temperature during solidification of

metal casting. The shapes and appearance of hot tear

defects depend on both the local state of stress and

interdendritic feeding. Concerning mechanical properties,

the material in the mushy state can be regarded as a

porous metallic material saturated with its liquid phase.2

Three critical temperatures are closely related to the

strength of the alloy during alloy solidification, i.e.,

coherence temperature, coalescence temperature and

rigidity temperature.3,4 Due to the thermal contraction of

the solid phase during alloy solidification, stress can build

up after the dendritic network is coherent, dendrites begin

to interact each other, and the granular solids form in the

semi-solid zones. In addition, stresses build up in casting

regions due to the geometric constraint of the mold. The

interdendritic liquid flow takes place to compensate for

solidification shrinkage, thermal contraction and local

deformation of the solid phase. When the interdendritic

liquid flow can feed these local deformation regions, in

which dendrite arms are pulled apart over a significant

distance, the space between displaced dendrite arms is

filled, and the hot tears are healed. As solidification pro-

ceeds, the solid fraction increases, the area open for

interdendritic fluid flow decreases, and liquid feeding of

solidification shrinkage becomes more difficult. Thus, at

high-volume fraction of solid, an opening of the dendritic

network caused by tensile deformation is likely to remain

unfilled, allowing cracks to nucleate and grow, and

causing a hot tear defect.5 Causes for hot tears initiation in

castings are the stresses developed during cooling, iso-

lated hot spots, uneven thermal gradients in casting,

constriction stress caused by mold or core, low melt-point
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phases in the interdendritic regions, high pouring tem-

peratures and metal chemistry. Owing to the complex

mechanisms acting during the solidification of metals,

prediction of a hot tearing phenomenon is not an easy

task. Mechanical behavior of CF3M above solidus tem-

perature had not been studied. This study focused on

experimental setup and technology concerned with high-

temperature testing which facilitated the characterization

of material properties, i.e., strength of material in terms of

stress and strain at temperature encountered during cast-

ing process. These test results led to the formulation of the

complex computational model for hot tearing.

Over the years some of the studies on hot tearing

attempted to reveal its characteristics. Most notably,

Pellini,6 was concerned with strain theory and concept of

liquid films. Thomas,7 revealed that hot tearing occurs

near the solidus temperatures due to the combination of

tensile stress and metallurgical embrittlement. Campbell1

postulated that a hot tear was a uniaxial tensile failure in

weak portion of material and suggested theories related to

bifilm for initiation of defect. Clyne and Davies8 revealed

that the strain can be accommodated during liquid and

mass feeding and will occur during the last stage of

solidification. Shimin Li et al. reviewed paper theories of

hot tearing; hot tearing variables; and test methods to

predict hot tearing of aluminum alloy.9 A summary of hot

tearing criteria/models is also provided. It was concluded

that hot tearing is a complex phenomenon that involves

heat flow, melt flow and mass flow, as well as the

development of stresses/strains in the coherent network.

Also it was stated that none of the existing models can

predict whether hot tearing will occur or not. A robust and

reliable hot tearing prediction model is still not available.

Reliable quantitative measurement of hot tearing, as well

as reliable modeling and prediction of hot tearing, will be

of great value to the casting industry. Hot tear modeling

becomes more demanding due to its complexity of mushy

zone.10 Several hot tearing criteria have been imple-

mented in simulation of metal casting with the commer-

cial software, such as ProCAST,11–13 MAGMAsoft,14 and

ABAQUS.15 The finite difference method (FDM) is more

efficient for flow analyses, while finite element method

(FEM) is more accurate below the solidus temperature.

Some of the researchers simulated the high-strength

alloys Co–Cr hip resurfacing prosthesis with ProCAST.13

Simulated location of hot tears and shrinkage porosity and

the severity of hot tearing are in agreement with the

casting practice. Pokorny et al.14 validated a viscoplastic

model to simulate the hot tear with MAGMAsoft in

AZ91D permanent mold casting. The predicted damage

from the simulations was found to be in good agreement

with the hot tears observed in the experiments in terms of

both location and severity. A recent criterion that was

developed for solidification cracking during welding was

also applied for estimating hot tearing during cast-

ing.16, 17 Lin et al. developed a new mechanical model to

predict the hot tearing of steel castings in green sand

molds. In the analysis, they used the methods developed

by Metzger et al. and Chan and Dantzig to take into

account the restraint force in green sand molds.18

In addition to the theoretical analysis and formulations,

casting engineers have developed cast house tests to

evaluate hot tearing tendency by acquiring load, temper-

ature and displacement data during casting solidification.

Many other researchers have carried out extensive work

in this arena19–22 on a variety of systems and also in an

attempt to quantify hot tearing tendency. Zhi-Qiang Wei

et al.23 demonstrated the hot tearing susceptibility of the

duplex stainless steel (DSS). They developed setup

equipped with thermocouple and stress sensor, acquired

data from sample melted and held at 1560 �C for 5 min

and then allowed to solidify in the crucible made up of

Al2O3. Graphs of stress and temperature with respect to

time were recorded and it was concluded that when the

temperature in the core of sample arrives at the liquidus

temperature, its contraction stress is dramatically

increased because the temperature of most of the molten

steel is already below the coalescence temperature, and

the resistance against contraction strain is enhanced

effectively. It was also stated that when the core is at 50%

solid fraction, the contraction stress is released; at that

time, hot tearing susceptibility is largest and least for 2 s

with temperature reduction of 2 �C. Zhijun Li et al.24

investigated the effect of cooling rate on hot-crack

behavior and influences on ferrite/austenite ratio of DSS.

This study revealed that when the cooling rate decreases

from 6 to 1 �C/s, the coarse dendritic microstructure of

austenite in DSS is changed gradually into isolated-island

shapes and the ferrite/austenite ratio decreases from 2.3 to

1.25 as well, while the linear contraction rate increases

from 1.59 to 1.9%. The decrease in ferrite/austenite ratio

in DSS, i.e., increase in austenite content, encourages its

hot-crack susceptibility. A. Stangeland,25 demonstrated

that hot tearing susceptibility depends on liquid pressure

drop and development of viscoplastic strain for Al–Cu

binary alloy by experimentation and simulation. And it

was concluded that changing the parameters in the con-

stitutive equation for thermal strain will result in changes

in the viscoplastic strain and liquid pressure drop that

have opposite effects on the hot tearing susceptibility.

The net effect on the hot tearing susceptibility is small.

H. Akhyar et al.26 evaluated hot tearing susceptibility

(HTS) using qualitative experiments of constrained rod

casting modified-horizontal molds in a combination of

three casting temperatures and four aluminum alloys. The

HTS equation was developed to evaluate the hot tearing

tendency of metal by the length of bars, tear categories

and tear position. In recent research, the hot tearing sus-

ceptibility of stainless steel CF3M has been studied, and

results have revealed that with an increasing degree of

superheat, the hot tearing susceptibility increased. And it

was suggested that viscoplastic constitutive model was
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used to predict the hot tear and an accumulated plastic

strain.27 Few researchers had investigated hot tearing on

Al–Cu multi-component alloys and revealed that the

alloys with nominal high Cu content of 7.3 and 8 wt% Cu

were the most hot tear resistant.28 Tuttle et al. pointed out

the reduced segregation and hot tearing when aluminum

alloys are grain refined. Despite these observed

improvements, grain refinement has not been applied to

steel alloys. It reveals that the TiN and TiC particles

would have a good crystallographic match to d-ferrite
which supports the idea that it acted as nuclei for some of

the primary dendrites. Purposely introducing or forming

many TiN particles will reduce the grain size of castings

leading to improved mechanical properties.29

Most studies have focused only on nonferrous alloy cast-

ings such as aluminum and aluminum alloy, until recently

limited work on ferrous casting like stainless steel has been

carried out. Type SS316L is commonly used in the human

body as prosthesis because of its bio-acceptability as an

implant.30 ASTM (American Society for Testing and

Materials)-type CF3M is the cast equivalent of 316L

(S31603). And cast implants should exhibit certain prop-

erties such as yield strength, fatigue strength, ductility,

hardness and toughness, surface tension and surface

energy, tensile, compressive and shear strength as per

requisite ASTM standards. This study was focused on hot

tear analysis of high-strength ferrous casting and high-

temperature testing machine for real-time data acquisition

which is further supportive for the development of a

computational model of the hot tear. In this study, the

constraint T-shaped casting of a ferrous alloy similar to

CF3M was investigated for hot tearing susceptibility.

Experimentation was performed using casting prepared in

SiO2 sand mold cored by CO2, poured at 1560 �C, tested
on five different test conditions and strain inducing on

casting were recorded forces, temperatures, and displace-

ments with respect to time and data was processed for hot

tear analysis and prediction. As per our previous research,

the numerical model was validated using simulation.27 The

torn casted samples were tested for metallurgical analysis

and also tested for residual stress analysis assisted by wire

cut electro-discharge machining (WEDM) and heat treat-

ments. The study provided the data regarding the alloy’s

physical and chemical changes that occurred due to the

application of ultimate or breaking force during solidifi-

cation and also provided insight into hot tearing in CF3M

alloy.

Experimental Method

Experimental Material

Elemental composition of the alloy similar to CF3M was

obtained by spectrometer test (type CF3M is the cast

equivalent of SS316L) of a material sample tested as per

ASTM E 1086:2008 methods listed in Table 1.

Experimentation

The constrained T-shaped casting experimental setup used

in this study was developed at Visvesvaraya National

Institute of Technology (VNIT), Nagpur, Maharashtra

(India). The experimental setup bears a close resemblance

to one proposed by Monroe and Beckermann.15 The

experimental setup was also stated in our previous

research.27 An approach to investigate hot tearing is to

measure the exerted force and induced strain during

solidification of steel alloy at high temperature. The test

setup used for tests is depicted in Figure 1a, b. T-shape

selected for experimental casting and simulation has

300-mm-long arms and a 100-mm-long and 25-mm-thick

leg as depicted in Figure 2a. Stainless steel bolt is anchored

into a cavity in order to measure contraction force and

induce strain, shown in Figure 2b. The devices were set up

in order to acquire temperature, force and displacement

data. Setup was equipped with measurement devices, i.e.,

K-type and B-type thermocouples, S-type load cell, the

loading device and data acquisition system (DAQ). Tem-

peratures in mold were measured using 100-mm spade

K-type temperature controller thermocouple sensor, 5-mm-

diameter probe , and 1-m-long cable, and temperature at

casting was measured using Type B thermocouple with

joint composition as platinum 30% rhodium and platinum

6% rhodium. Two thermocouples are being placed in hot

spot zone: T1 (Type B) and T2 (Type K) as shown in

Figure 1a. Force data were acquired with a 15KN S-type

load cell, having sensitivity: 2.0 ± 0.05 mV/V, shown in

Figure 3a mounted on right side of the casting. Experi-

mental data were collected using a data acquisition system

shown in Figure 3b.

The molds were made using silica sand (SiO2) bonded with

a sodium silicate binder (Grade NTL-30) and CO2 gas as a

catalyst agent. The molten steel was prepared in a 15-KW

(Electrotherm) induction furnace having 5 kg capacity and

poured at a temperature about 1560 �C with the help of

Table 1. Elemental Composition of the CF3M Casted Samples

Elements Carbon
(C)

Chromium
(Cr)

Copper
(Cu)

Iron
(Fe)

Manganese
(Mn)

Nickel
(Ni)

Molybdenum
(Mo)

Sulfur
(S)

Phosphorus
(P)

Test sample
(wt%)

0.03 16.66 0.39 68.83 1.55 10.13 2.023 0.0147 0.0289
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auto-pour machine in order to maintain the constant flow

rate of molten steel into the mold cavity. When the molten

metal was poured into the T-shaped cavity of the silica

sand mold, rapid solidification around the steel bolts can

transfer the tensile forces between the casting and the

S-type load cell. And then, the unidirectional tensile forces

are applied; as we know, hot tearing initiation and propa-

gation were directly related to the presence of the force or

stress and strain, so control over the magnitude of the

applied force was necessary. The magnitude and rate of

applied force are controlled by the horizontal hydraulic

jack. A jack is connected to the left side of casting opposite

Constraining bolts

(a) (b)

S-type load T-shape mold Hydraulic jack 

T1 

T2 

Thermocouple

Figure 1. (a) Schematic of the experimental setup of T-shaped casting, (b) experi-
mental instrumented setup.

Figure 2. (a) T-shaped pattern 3D model for experiment and simulation, (b) constrain bolt anchoring
into the cavity.

Figure 3. (a) Mold along with S-type load cell and thermocouple, (b) data acquisition system (DAQ)
setup.
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to load cell. Tensile forces are applied at a predetermined

rate until the specimen fractures. During experimentation,

five different test conditions were considered for data

collection and failure analysis, as shown in Table 2, and in

tests 1 and 2, castings were free to contract without any

constraint, i.e., unrestrained casting experiments; this was

for initial benchmark readings required for comparing with

casting simulation results; during test 1, only temperature

readings were recorded with respect to time using two

thermocouples (T1 and T2). In test 2, casting was free to

contract and displacement was measurements with the help

of LVDT (linear variable differential transformer) at each

end of mold. A 3-mm-diameter quartz rod was connected

at one end to LVDT, and the other end was inserted

3–5 mm into mold cavity. To avoid quartz rod slippage in

the casting, end of the rod was bulged into a spherical

shape using an oxy-acetylene torch. Quartz is a suit-

able material to use in this application because of its high

melting point and low thermal expansion. Total length

change in the bar was calculated by adding the displace-

ments of two LVDTs. Tests 3, 4 and 5 were performed in

order to constraint for contraction, i.e., strained casting

experiments and initiate a hot tear in casting with the

application of control magnitude of applied force. In test 3,

casting experiments were performed by constraint with

load bolts from both ends and force with respect to time

was recorded. In test 4, they were performed with the

application of static external force by hydraulic jack. In test

5, they were performed with dynamic application of

external forces by hydraulic jack horizontal displacement,

and readings were recorded for each experiment. At last,

the castings or samples are taken out from the mold after

full solidification and then examined. Each test was repe-

ated 3 times. The data of temperatures and applied forces

were simultaneously acquired by a recorder. After acquir-

ing the data, the temperature curve and applied forces

versus time curve are processed to obtain critical infor-

mation for hot tearing formation.

In order to characterize the casting failure, the following

methods were used: visual inspection, microscopic exam-

ination, and scanning electronic microscope (SEM). The

samples were taken from T-junction, i.e., hot spot (failure

zone) and from an end of the arm, sample cut locations are

marked in Figure 2a. Samples were sectioned from the T

shape of the castings for each condition. These samples

were then ground using varying levels of SiC papers (i.e.,

120, 320 and 600 grit) and subsequently polished using

5-lm alumina, 3-lm diamond suspension and finally 1-lm
diamond suspension. The measurements were taken on a

metallurgical microscope in conjunction with image anal-

ysis software and camera. There are two samples (i.e., one

from T-junction and one at the arm end) for each test

condition. Further, analysis of secondary phases will be

carried out using SEM.

The experimental measurements of the residual stress state

can be taken adopting several methods, such as destructive

and semi-destructive methods which are also called a

mechanical method and nondestructive methods. Thorborg

et al.31 adopted hole drilling technique to evaluate the

residual stress state, but in their work they pointed out that

such a methodology has a limited accuracy, since it was

based on the transformation of information from the strain

gauge response due to stress redistribution when the

material is removed by drilling/removing material in the

surface. Another method, i.e., sectioning technique, inclu-

ded in the group of the destructive techniques,32,33 was

used for the experimental evaluation of the residual stress

state: such a technique relies on the measurements of

deformation due to the release of residual stress upon the

removal of material from the specimen. In order to mini-

mize material alterations due to the cutting, the electro-

discharge machining (EDM) process was used, and the

stress release after the cutting was measured in terms of

displacements with respect to a physical reference mark.

And contour method, also a part of sectioning technique,

was numerically verified by 2D finite element (FE) simu-

lation and experimentally validated on a bent steel beam

having a known residual stress distribution.34 The result

obtained from the contour method was in excellent quan-

titative agreement with the outcome measured by neutron

diffraction technique.

In this study, the sectioning technique was adopted for

residual stress measurement. Application of the sectioning

technique involves four steps: specimen cutting, measure-

ment, data reduction and stress analysis. Specimen cutting

was the first and most critical step, and the subsequent

procedures of measurement, data reduction and stress

analysis are all reliant on the quality of the cutting. Wire

electric discharge machining has been identified as a suit-

able method of cutting of specimen,33 as it uses electrical

discharges (sparks) instead of hard cutting tools to remove

Table 2. Casting Experiments Measured and Simulation Parameters and Test Conditions

Test conditions Test 1 Test 2 Test 3 Test 4 Test 5

Pouring temperature 1560 �C,
Pouring rate (0.7–1.25 kg/s),
Total filling time (Avg. 1.80 S),
Solidification time (3 min)

Free
contraction

Auto-cast
Simulation

Free
contraction
with
displacement
measurement

Constrained
by load bolt
and
tightening

Constrained
by
hydraulic
jack and
load cell

Constrained
by load cell
and pull by
hydraulic
jack
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material. The cut was positioned at the center of the

T-junction as shown in Figure 2a, and the reference marks

L and R are also shown. Following the specimen cutting,

the stress release after the cutting was measured in terms of

displacements with respect to a physical reference mark

and wire as shown in Figure 4. A coordinate measuring

machine (CMM) has been proved to be sufficiently accu-

rate for measurement.34 A CMM was designed to measure

complex shapes with high precision. The deflection of the

stylus triggers a computer to record the position of each

contact point. After acquiring data the data smoothed by

data reduction technique and subsequently finite element

modeling and analysis were performed to calculate the

original stress.

Results and Discussion

Initial investigation of CF3M grade casting for suscepti-

bility to hot tearing due to pouring temperature was

conducted in previous research.27 Figure 5 shows the

measured displacement vs. time curves for CF3M tested at

a three different pouring temperatures, i.e., 1460, 1510 and

1560 �C. Figure 6 shows the stress with respect to time

graphically; it was observed that the solidification of

casting occurred with pouring temperatures 1460, 1510 and

1560 �C and the load started to develop at second, fourth

and sixth seconds, respectively, and increased with time.

From the data and the curves, for 1460, 1510 and 1560 �C
solidification was complete at around 94, 111 and 128 s,

respectively, the total linear shrinkage/contraction (dis-

placement) of the solidification range is around 4.69, 4.89,

and 5.08 mm compared to the length of the bar of 300 mm.

This displacement is expected to correlate with the hot

tearing susceptibility of the alloy. The result has revealed

that with the increasing degree of superheat, the hot tearing

susceptibility increased. The thermal and displacement

history was used for casting simulation and thermo-phys-

ical properties calculations. As the force and displacement

were density and Young’s modulus driven parameters.

Figure 4. Wire electric discharge machining along with casting cut, and wire
position before and after cut.
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Viscoplastic constitutive model was used to predict the hot

tear; and we have found that hot tearing is, in fact, the

accumulated plastic strain.

In continuation with the effect of pouring temperature

experimentation, the constraint T-shaped casting experi-

ments were performed and pouring temperature was

selected about 1560 �C. Load and displacement data

measured from experiments are recorded and are repre-

sented graphically. Table 2 shows the five different test

conditions and simulation parameters. In test 1 casting is

free to contract without any constrain. This is for initial

benchmark reading required for comparing with simulation

result. In test 2 casting is free to contract with displacement

measurement. Test 3, 4 and 5 is performed in order to

constraint for contraction and form a hot tear in casting

with the application of control magnitude of applied force,

was achieved by hydraulic jack horizontal displacement.

Temperature data for test 1 and stresses for test 4 are

collected. The fraction of solid, temperature and cooling

rate with respect to time are shown in Figure 7. Cooling

rate and a fraction of solid are derived from casting sim-

ulation. It is found that the potential solidification heat is

released and cooling slows down when the liquid is con-

verted into solid. Molten steel is at a temperature of

approximately 100 �C overheat, i.e., 1560 �C when the test

begins. Temperature, stress and the first derivative of stress

with respect to time curves are shown Figure 8. The

recorded stress was transferred by two bolts placed at both

ends in molten steel of T-shaped casting, giving a chilling

effect which solidifies the ends first and when temperature

further decreased, a solidification shell is formed on the

surfaces of casting, which indicate some part of melt on the

surface is cooled to the coalescence temperature or at

rigidity temperature. Therefore, rods transmit force effec-

tively to load cell. With the increase in solid fraction, the

ability to resist deformation increases; therefore, stress

increases rapidly with the increase in shrinkage. It can be

seen that the stress release begins at the temperature of

1535 �C and ends at 1527 �C; at same time area which is

solidified first has temperatures 1100 and 1058 �C,
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respectively. The temperature difference and the time

duration in the stress release process are 7 �C and 4 s,

respectively, which confirms the process of the tear for-

mation and healing as shown in Figure 7; the simulation

software shows that the solid fraction is about 16% in the

range of 1535 to 1527 �C when the temperature of the

molten steel decreases to the temperature of stress release.

The same fluctuation of stress release observed in the same

sample is shown in a graph in the temperature range of

1431 to 1421 �C; at that time the solid fraction is around

50% and time duration of 4 s is observed. When the solid

fraction in the core approaches 50%, molten steel in the

core is at mushy state. At this time, the hot tearing

susceptibility of the sample is largest. The sample was torn

at second stress release point, and the first fluctuation

represents the healed hot tear. Recorded stresses during

solidification with respect to temperature are represented

graphically in Figure 9 for last three test conditions, i.e.,

test 3, 4 and 5 as shown in Table 2. Each test was per-

formed thrice, and two sets of readings are depicted in the

graph. From stress to temperature graph, the onset of hot

tear was calculated. Figure 10a, b depicts test 5 castings

having hot tear, Figure 10c shows test 4 casting having

crack observed after magnification, and Figure 10d shows

test 3 casting with no significant defect observed.
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In order to investigate residual stress in constrained casting

after tear, the sectioning technique was adopted for residual

stress measurement. Wire electric discharge machining has

been used for cutting of T-shaped castings specimen. In the

case of test 4 casting, a displacement of 0.0850 ± 1E-

4 mm was measured; in the case of test 5 casting, the

displacement of the side arms was much less, i.e.,

0.0100 ± 1E-4 mm, and finite element modeling and

analysis were performed to calculate the original stress.

Mathematical Models

The viscoplastic constitutive relations are estimated using

data to derive the plastic strain and yield strain in the

failure zone. Hot tear indicator (HT) is, in fact, the accu-

mulated plastic strain ð _evpÞ expressed as Eqn. 1.

HT ¼ r
ffiffiffiffiffiffiffiffi

2=3
p

_evp : _evpds Eqn: 1

Arrhenius equation has been used to express flow stress,

especially at high temperatures; the strain rate can be

express as Eqn. 2:

_eo ¼ AF rð Þ exp � Q

RT

� �

Eqn: 2

where _eo is the reference strain rate, A is the Arrhenius pre-

factor, Q is the activation energy, and R is the universal gas

constant.

The most important mechanical characteristic of a material

is its high strain rate sensitivity (m) of flow stress and can

be expressed as Eqn. 3. The value of m was determined

with the help of stress relaxation test, m is determined as

the slope of the experimental stress versus strain rate plot,

and the equation is derived for all temperature (T) as

Eqn. 4.

eeq ¼ ro þ Kð _eeqÞm Eqn: 3
1

m
¼ 8:132� 1:54� 10�3T Eqn: 4

The yield stress of the solid material is given by

rdy ¼ ro 1þ eeq
eo

� �n

1� _eeq
_eo

� �m

Eqn: 5

where ro is the initial yield stress, eeq is the equivalent

plastic strain, eo is the reference shear strain and given by

eo ¼ ron
E

_eeq is the equivalent plastic strain rate, n is the

strain hardening exponent, m is the strain rate sensitivity,

and E is Young’s modulus.

Figure 10. (a) and (b) Test 5 castings having hot tear c) Test 4 casting having crack
observed after magnification d) Test 3 casting no significant defect observed.
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_eeq ¼ f%chreq � roi
1
m exp � 4:465� 104

T

� �

Eqn: 6

The unknown viscoplastic parameters of Eqns. 5 and 6 are

ro, n, m, eo and _eo. Three parameters (ro, n and m) were

assumed to be linear functions of temperature. A is carbon

content dependent and was assumed to be a quadratic

function, and Q is a temperature independent constant and

the value is 371.220 kJ/mol.

Strain hardening exponent (n) is the measure of increase in

hardness and strength caused by plastic deformation; it

approximated the relation between stress and strain during

plastic deformation of a metal. Strain hardening occurred

on a plastic zone of the stress–strain curve and it’s followed

the power law (i.e., r = K e n). Equation 7 is derived from

the experimental stress–strain curve, and this equation

helps to get the value of n for all temperature range.

N ¼ dInrt=dIne Eqn: 7
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Figure 11. The temperature-dependent thermo-physical properties of CF3M. (a) Den-
sity (g/(cm)3), (b) average expansion coeff. (10e-6 1/K), (c) thermal conductivity (W/
(m * K), (d) Young’s modulus (GPa) (e) Poisson’s ratio (f) specific heat (J/(g K).
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where rt = true stress and e = true strain

n ¼ 0:2436� 5:98� 10�5 T

f%c ¼ 4:655� 104 þ 7:14� 10 %cð Þ þ 1:2� 104 %cð Þ2
ro ¼ 130:5� 5:128� 10�3 T

� �

: _ef2eq
f2 ¼ �0:6289þ 1:114� 10�3 T
T �Cð Þ; req; ro Mpað Þ

The input parameters are stress, strain, temperature and

percentage of carbon, and the output is the viscoplastic

strain. The analysis results show that the viscoplastic strain

is an important factor for the occurrence of hot tearing.

Therefore, the hot tear can be determined from the stress–

strain curve. The constitutive equations help to model the

material above the solidus temperature where steel alloy,

i.e., CF3M, enters into dynamic strain aging regime. A

stress–strain relationship in order to determine flow stresses

and hot tear susceptibility has been successfully deduced.

Derived constitutive equation will be used in finite element

analysis for the alloy modeling at elevated temperature and

also validation with experimental results.

Figure 12. (a) Casting simulation 3D model along with gating system, (b) sand mold with cope and drag with gating
system for T-shaped cavity, and (c) actual experimental T-shaped casting.

Table 3. Material Properties of CO2 sand Mold and Cast Steel CF3M

Sr. no. Properties Mold Cast steel (SS316L)

1 Density (kg/m3) 1770 8000

2 Liquid density (kg/m3) – 7800

3 Thermal conductivity (W/m–K) 0.98 16

4 Specific heat (J/kg-K) 735 514

5 Compressive strength (kPa) 20 –

6 Thermal expansion (lm/m–K) 2.50 15.90

7 Permeability (cm2/mbar-min) 150 –

8 Tensile strength (MPa) – 605

9 Fluidity (mm) – 600
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Figure 13. Fraction of solid with respect to time.
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Casting Simulation

Temperature-dependent heat transfer and mechanical

material properties of CF3M are shown graphically in

Figure 11; data were calculated using J-Mat Pro-V soft-

ware for stainless steel as per chemical composition of the

tested sample. It is observed that as temperature increases,

the thermal conductivity, expansion coefficient, Poisson’s

ratio and specific heat increase. Similarly, density and

Young’s modulus decrease. As the force and displacement

were density and Young’s modulus driven parameters. To

know thermo-physical properties between solidus and liq-

uidus temperatures is important in order to predict the

casting behavior in the hot zone. Casting simulation 3D

model along with gating system, sand mold with cope and

drag having gating system for T-shaped cavity and actual

casting are depicted in Figure 12a–c, respectively.

The T-shaped model and its sodium-silicate-bonded silica

sand mold were simulated using casting simulation soft-

ware Auto-CAST-XI, properties assigned to cast steel

CF3M was obtained from thermo-physical properties cal-

culations and SiO2 sand mold cured by CO2 properties are

derived from previous experimental results and software

database are shown in Table 3. Pouring temperature is

1560 �C, and an interfacial heat transfer coefficient (IHTC)

value between metal and mold, metal(liquid) and air and

metal (solid) and air is 925.5 W/m2-K, and that between

mold and air was 500 W/m2-K. Total filling time is 1.80 s.

The average pouring rate is 1.2 kg/s. Results of the casting

Figure 14. Crack morphology, surface: wide and discontinuous (jagged), Face: very
dark (oxidized) and featuring dendritic regions, cross section: darkly oxidized, deep,
wide, discontinuous, lined with silicates.

Figure 15. Dendritic structure in 100 9 magnification of
cut sample.

Figure 16. Microstructure in (a) 100 9 magnification of sample (b) 500 9 magnifi-
cation of sample.
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simulations from pouring temperature to the solidus tem-

perature are shown in Figure 13 graphically. Graphs show

solid fraction with respect to time. Simulation results are as

follows: solidification time is 3 min and hot cracking sus-

ceptibility (HCS) as per Clyne and Davies criteria8 derived

from calculation is 0.98.

Microscopy

The results of samples found after the cut, mounted, pol-

ished and etched are shown in Figure 14. The crack mor-

phology revealed that the surface was wide and

discontinuous (jagged), face observed was very dark (oxi-

dized) and has featuring dendritic regions, and the cross

section was darkly oxidized, deep, wide, discontinuous,

lined with silicates. Figure 15 shows the cut section

showing dendritic structure after full solidification and

reveals how the bridging of dendrite forms. Also it shows

the journey from coherence and coalescence to rigidity

temperature. Figure 16 shows the microstructure analysis

in 100 9 and 500 9 magnifications, and microstructure

shows ferrite in a matrix of austenite with few precipitated

particles of carbides. Defect like the hot tear was easily

recognized from characteristics; its form is that of a ragged,

branching crack, generally following intergranular paths.

This is particularly clear on a polished section viewed

under the microscope, the failure surface reveals a den-

dritic morphology, and the failure surface is often heavily

oxidized. Its location is often at a hot spot where con-

traction strain from adjoining extensive thinner sections

may be concentrated; it does not always appear under

apparently identical conditions; in fact, it seems subject to

a considerable degree of randomness in relation to its

appearance or non-appearance, and to its extent. In steels,

if the crack is open to the atmosphere, the color of its

surface was a useful guide to when it formed: an uncolored

metallic surface will indicate that the crack occurred at a

temperature near to room temperature; the normal ‘temper

colors’ (the light interference colors reflecting the thickness

of the oxide) range from light straw, formed at somewhere

near 300 �C, through yellow, blue and finally to brown

indicate greater exposure to time at temperature, with

temperatures probably approaching 600 or 700 �C for the

darker colors.

Conclusion

In the present study, developed apparatus used for in situ

casting experiments was equipped with T-shaped mold and

instruments with real-time data recording were used to

characterize, develop and quantify the hot tearing of alloy

similar to type CF3M during solidification. Using this

method, it becomes possible to determine the stress, strain

and temperature along with solid fraction at which hot

tearing occurs. The onset of hot tearing can be determined

from stress versus strain curve. The amount of shrink-

age/contraction can be quantitatively measured.

The temperature difference and the time duration in the

stress release process are 7 �C and 4 s, respectively, solid

fraction is about 16%, which confirms the process of the

tear formation and healing. Repeated stress release is

observed in the same sample in the temperature range of

1431–1421 �C; at that time the solid fraction is around

50% and time duration of 4 s is observed. When the solid

fraction in the core approaches 50%, molten steel in the

core is at mushy state. At this time, the hot tearing sus-

ceptibility of the sample is largest. The sample was torn at

second stress release point, and the first fluctuation repre-

sents the healed hot tear. This study suggested that the

strain or strain rate is more critical for hot tearing than

stress. The studies on residual stress show that the tensile

stress is not required to generate hot tears, but only tensile

strain is sufficient to form a hot tear. The strain-based

criteria compare the proposed critical strain and the

experimentally measured ductility of the alloy. If a calcu-

lated critical strain is higher than the experimentally

determined fracture strain, hot tearing will occur. Residual

stress analysis performed using sectioning method by cut-

ting specimen revealed that the torn casting has negligible

residual stress in it. Our investigations into this area of

residual stress of torn casting are still ongoing using FTIR

and strain gauges and mathematical modeling for same.

Microscopic study revealed the crack morphology; hot tear

had a jagged pattern, darkly oxidized, and lined with sili-

cates. For the open crack, the color of its surface was a

useful guide to know when it formed.
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